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Abstract 

Exosomes are an emerging sub class of extracellular vesicle which are rapidly gaining 

momentum as a novel therapeutic platform. Their regenerative and therapeutic 

potential is reflective of the plethora of cell types from which they can be derived. 

However, as the technology is in its nascent stage, relatively little exists in terms of 

defined manufacturing processes. As exosome technologies progress towards pre-

clinical and clinical stages, the constraints in manufacturing processes, specifically in 

downstream processing, will need to be overcome. 

The current “gold standard” for exosome recovery from conditioned culture medium 

is ultracentrifugation. This step is time consuming, prone to operator error and 

difficult to scale and translate. The work presented here shows that monolith 

chromatography is a scalable, and reproducible purification option which can be 

used to successfully recover functionally active, and highly pure exosomes. 

Exosomes derived from the clinically relevant stem cell line, CTX0E03, were shown 

to present the biomarkers CD 9, CD 63 and CD 81, commonly conserved amongst 

exosome species throughout the literature. The vesicles were characterised as having 

a size distribution between 20 to 150 nm, and a flotation density between 1.136 – 

1.185 g mL-1, as expected based on literature values. Furthermore, exosomes 

recovered by tangential flow filtration (TFF), were shown to promote fibroblast 

migration and wound closure (98% ± 1.5%) in an in vitro potency model, in a dose 

dependant fashion. In contrast exosomes purified by ultracentrifugation could not 

achieve wound closure, with no significant difference observed over the 72 hour 

period. 

TFF recovered exosomes were purified by the processes developed in this thesis. In 

the first instance they were purified by use of an anion exchange monolith using the 

quaternary amine ligand. Exosomes were shown to elute broadly over the elution 

gradient and overlap with DNA and albumin co-present within the feed material. 

Samples obtained post purification had purity ratios of 1.5 x 109 particles per µg of 

protein and 9.3 x 1011 particles per µg of DNA impurity. Based on a hypothetical dose 

size of 109 particles per mL this result indicated purities within the WHO guidelines 



4 
 

for injectable therapeutics (100 µg of protein, 10 ng DNA per dose) and benchmarked 

a potential method for purification of exosomes. 

A second monolith was also tested, using an orthogonal chemistry: hydrophobic 

interaction with an OH ligand. The results of this column surpassed those of the AEX 

process and showed a binding affinity beyond the hypothesized values. Unlike the 

AEX column, the HIC operation did not co-bind impurities in the form of albumin, 

DNA or even cell-0derived organelle matter. Resultantly, purities were even higher 

than those of the AEX column at 3.97 x 109 particles per µg of protein, and 3.12 x 1012 

particles per µg of DNA. 

Finally, combination of the processes showed the potential application of the 

chromatographic options within a larger process for exosome purification and high 

performance capillary electrophoresis analysis showed substantial removal of cell 

culture derived proteins from the recovered material, without substantial loss in 

particle number. The processes were assessed for potency, both individually and in 

sequence. No adverse effect in wound closure was noticed with all samples achieving 

wound closure over 90%. This showed improvement on the current gold-standard 

method, which could not retain product functionality. 
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Impact Statement 

Aiming to restore function to where previous medicines could simply manage the 

aftermath of degenerative disease, the field of regenerative medicine has grown 

vastly over the past few decades. Novel cell and gene therapies are being investigated 

for a wide range of clinical applications: one of the newest of these therapies is the 

field of extracellular vesicles, of which exosomes are perhaps the most widely 

recognised. 

As cellular therapy progressed it became evident that the cells transplanted into 

patients were often found to migrate and perish in vivo and yet their regenerative 

function was still evident long after these events. This led to theories that the cells 

were depositing paracrine molecules which could continue regeneration long after 

the cells themselves had ceased to persist. One such mechanism of this action is 

facilitated by exosomes: nanoplex vesicles which contain cell derived protein and 

genetic material which is reflective of the parent cell type, and with the potential for 

powerful, acellular application. Much of the current focus of research is in 

elucidating and characterising the mechanisms of these powerful therapeutic 

candidates in vitro and in vivo, however as they progress to clinical little exists in the 

realm of scaleable and translatable manufacture to a clinical grade. 

This thesis shows two novel monolith purification steps for the high purity recovery 

of functionally active exosomes. We show that not only can laborious and 

cumbersome steps such as ultracentrifugation be removed from clinical processes, 

but also shows improvement on the step in terms of functional recovery. Such 

purification steps as described in this work will not only aid in the characterisation 

and determination of functional output in research, but also aid in serving as a basis 

for a purification platform when the need for more clinically robust processes is 

required. In addition, we showcase the ability to combine these individual process 

steps to remove a larger variety of process derived impurity, and form the basis for a 

recovery-intermediate level of purification of exosomes from large scale stem cell 

culture-conditioned medium. The further impact derived from this work would be in 

adding to the bioprocess knowledge of exosome therapeutics, with the potential to 

one day translate these candidate therapies into the clinic, for the benefit of patients 

of a multitude of diseases in a more cost-effective and efficacious manner. 
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Table of Figures 

Figure 2.1: Diagrammatic representation of exosome biogenesis and composition. [A] Exosome 

biogenesis is initiated within multivesicular bodies (MVBs) which bud inwards to form intra luminal vesicles 

(ILVs) (1). These ILVs are enriched in functional proteins and genetic material. The MVB then transports 

internalised ILVs (2) to either lysosomes for degradation (3A) or to the cell membrane where fusion releases the 

ILVs as exosomes (3B). Step 4 shows the release of shed vesicles directly from the cell membrane. [B] 

Representation of exosome structure and content conserved across the majority of exosomes from different 

origins. Figure reproduced with permission from Colao et al., (2018). P. 45 

Figure 2.2: Diagrammatic representation of implanted stem cells affecting target cells. Engrafted 

cells have been shown to migrate and die during in vivo implantation, and yet their biological activity persists 

long after the cells have gone. The image represents how implanted cells leave behind factors such as exosomes, 

which can elicit biological function at a distance via exosome mediated signalling and subsequent cellular 

reprogramming. Figure reproduced with permission from Colao et al., (2018). P. 46 

Figure 3.1: Screenshots of early, mid and late phase images during a scratch assay with outlines 

for area calculation. In order to give the area of wound closure, images were taken daily of each experiment 

and analysed in Image J. A polygon select tool was used to outline the wound area which could then allow for 

calculation of the number of pixels within the area. Subsequent daily photos allowed this value to be used to 

determine a percentage healed when compared to each well’s day 0 wound size. P. 76 

Figure 3.2: Process flow diagrams of the ultracentrifugation processes used to recover exosomes 

from conditioned medium. The left process shows the steps performed for the differential ultracentrifugation 

step, which serially removes impurities from cell culture prior to a final exosome sedimentation at 100,000g. The 

major impurity targeted by each step is given. Similarly, the step was modified by addition of a sucrose cushion 

which could further remove particles which do not have the same flotation density as exosomes, known to settle 

within the sucrose cushion. All intermediate steps for impurity removal work by retention and transfer of the 

supernatant into a new tube and discarding of the pellet and tube used for that step. The final sedimentation is 

where the supernatant is discarded, and the pellet resuspended as per experimental requirements. For the 

sucrose cushion, the cushion is collected (i.e. supernatant discarded), diluted to the fill volume of the tube with 

PBS and sedimented where the same process is followed for the 100,000g sedimentation. P. 79 

Figure 3.3: Process flow diagram of the individual steps within the chromatographic processes 

used. The flow diagram details the general stages for column preparation and CIP, regeneration and product 

loading, as well as for the purification proper. Volume of each reagent is given in CVs (column volumes) as is 

standard for chromatographic terminology. Flow rates are given in terms of CV per minute (CV min-1). Where X is 

used to denote volume, this indicates that the volume is variable and is determined on an experimental basis. All 

chromatographic steps were performed on an Äkta Avant system (GE Healthcare, Uppsala, Sweden) and using 

1mL monolith columns (anion exchange or hydrophobic interaction) from BIA Separations (Ljubljana, Slovenia). 

P. 84 

Figure 4.1: Growth curves of CTX cells expanded in T-flask culture at ReNeuron and at UCL. 

Growth curves are given in terms of population doubling level (PDL) versus time in days for the expansion 

process (primary axis, black). Where necessary, banking/revival has been indicated on the graph proper. Cell 

viability has been given as a superimposed secondary y-axis (secondary axis, blue). Cell numbers and viabilities 
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were obtained at each passage by manual cell counting on a haemocytometer. Filled squares (∎) refer to 

ReNeuron grown cells, CTX0E03/07FM, unfilled Squares (□) refer to cells grown at UCL (2014) at the start of the 

project. Filled circles (●) refer to cells grown at UCL (2016). The graph shows that over extended culture the 

immortalised CTX0E03 cells do not lose their proliferative capacity. P. 99 

Figure 4.2: Representative bright-field micrograph of CTX0E03 morphology during proliferative 

growth. Image was obtained by bright-field microscopy during routine, T-flask culture of CTX cells. During 

proliferative culture, CTX cells are shown to be grow as an attached monolayer of cells which exhibit a spiky, 

slightly elongated morphology. Cell populations are devoid of rosettes and rounded or stellate cells indicative of 

differentiated cell populations. Scale bar reads 400 µm. P. 101 

Figure 4.3: In vitro characterisation of CTX0E03 cells expanded in T-flasks for conditioned 

medium production at passage 25. CTX cells were expanded on tissue culture plastic in T-175 flasks. At 

passage 25, cells were transferred to 24-well tissue culture plates for cell staining. Cells were cultured until 

attached and growing as per normal cell culture conditions, and then fixed and labelled with antibodies targeting 

Nestin (C, red), glial fibrillary acidic protein (GFAP, D, green) and β-III tubulin (H, red). Channel overlays are 

shown in panels E and I. Hoechst counterstaining labelled nuclei (B and G, blue). Bright-field images were also 

taken, panels A and F, to compare the phenotypic markers expressed to the overall visible cell population. Bright 

field images also showed the characteristic spiky morphology expected of proliferative CTX cells. Scale bar in all 

panels reads 400 µm. P. 104 

Figure 4.4: In vitro characterisation of CTX0E03 cells expanded in T-flasks for conditioned 

medium production at passage 30. CTX cells were expanded on tissue culture plastic in T-175 flasks. At 

passage 30, cells were transferred to 24-well tissue culture plates for cell staining. Cells were cultured until 

attached and growing as per normal cell culture conditions, and then fixed and labelled with antibodies targeting 

Nestin (C, red), glial fibrillary acidic protein (GFAP, D, green) and β-III tubulin (H, red). Channel overlays are 

shown in panels E and I. Hoechst counterstaining labelled nuclei (B and G, blue). Bright-field images were also 

taken, panels A and F, to compare the phenotypic markers expressed to the overall visible cell population. Bright 

field images also showed the characteristic spiky morphology expected of proliferative CTX cells. Scale bar in all 

panels reads 400 µm. P. 105 

Figure 4.5: In vitro characterisation of CTX0E03 cells expanded in T-flasks for conditioned 

medium production at passage 35. CTX cells were expanded on tissue culture plastic in T-175 flasks. At 

passage 30, cells were transferred to 24-well tissue culture plates for cell staining. Cells were cultured until 

attached and growing as per normal cell culture conditions, and then fixed and labelled with antibodies targeting 

Nestin (C, red), glial fibrillary acidic protein (GFAP, D, green) and β-III tubulin (H, red). Channel overlays are 

shown in panels E and I. Hoechst counterstaining labelled nuclei (B and G, blue). Bright-field images were also 

taken, panels A and F, to compare the phenotypic markers expressed to the overall visible cell population. Bright 

field images also showed the characteristic spiky morphology expected of proliferative CTX cells. Scale bar in all 

panels reads 400 µm. P. 106 

Figure 4.6: Micrographs of exosomes obtained by transmission electron microscopy (TEM). 

Exosomes were recovered from conditioned medium by use of differential ultracentrifugation. Recovered 

material was coated on Formvar copper grids and stained with uranyl acetate prior to observation under TEM at 

80,000 x magnification (A, scale bar reads 200 nm) and 250,000x magnification (B, scale bar reads 50 nm). 

Exosomes are denoted in each image by yellow arrows and exhibit the characteristic “cup-shaped” morphology 
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within the expected size range of exosomes (20-150 nm) as described by literature. Blue arrow in (A) indicates a 

vesicle larger than the expected size of exosomes, and which may be a co-isolating microvesicle. P. 109 

Figure 4.7: Method for the characterisation of CTX-derived exosomes by 72 hour isopycnic 

ultracentrifugation. A) Schematic, and B), actual photograph depicting the discontinuous density gradient 

layers used for separation of species via flotation contained in material recovered from conditioned medium by 

way of large scale tangential flow filtration (TFF). Density gradient fractions were layered (2 mL each) from most 

dense to least dense, manually by P200 pipette. Each density gradient was formed by dilution of 50% Opti-Prep 

(Iodixanol) with a 0.25 molar sucrose solution as described fully in table 3.1. Black arrows highlight visible 

interfaces of the different density layers. P. 111 

Figure 4.8: 3-dimensional ribbon graph showing the particle size distributions and concentration 

of material found in each discrete density fraction. TFF material was separated by isopycnic 

ultracentrifugation: individual density fractions were separated manually and sedimented at 100,000g to extract 

material contained in each one. Analysis of particle size distribution and concentration was determined by NTA 

(nanoparticle tracking analysis) [all samples were measured using a camera level of 13 and a detection threshold 

of 3]. The graphs shows the highest proportion of particles were obtained in fractions 4 to 9, corresponding to a 

density range of 1.136 to 1.185 g mL-1, within the estimated range for exosomes as determined by literature (1.12 

to 1.21 g mL-1). P. 112 

Figure 4.9: Box plot of particle size distributions of particles in each density gradient fraction 

obtained by isopycnic ultracentrifugation. Density fractions of TFF material separated by isopycnic 

ultracentrifugation were analysed for the presence and distribution of particles by use of NTA. Min/max values 

denoted by (-), 1st and 99th percentile values denoted by (x) and mean values denoted by (□). Boxes represent 

25th, 50th and 75th percentile values as standard. Whiskers denote maximum and minimum values beyond 

which sizes are outliers. Pink dashed line represents the maximum assumed cut-off for exosomes at 150nm. The 

graphs shows the most populations contain particles within the expected 20-150 nm range of exosomes, but that 

the populations most contained in this range are in fractions 4 to 11, of which fractions 4-10 are within the 

expected density range of exosomes as determined by literature values. P. 114 

Figure 4.10: Western blot probing for exosomal marker CD 81 across density gradient fractions. 

To further characterise fractions obtained by the isopycnic ultracentrifugation, a western blot was performed to 

probe for the tetraspanin CD 81. CD 81 is a tetraspanin present in the membrane of CTX-derived exosomes, it has 

a predicted molecular weight of approx. 25.8 kDa which is observed around 20 kDa by blotting (Abcam). Results 

of the blot showed the presence of CD 81 corresponded with the fractions (4 to 9: 1.136 to 1.185 g mL-1) where the 

majority of particles were found within the exosome density range as described by literature. P. 116 

Figure 4.11: Western blot showing the effect on band density of western blots for CD 9 and CD 81 

for varying concentrations of particles in serially diluted TFF material. Exosomes recovered by TFF 

(1011 P mL-1) were diluted 10-fold (1010 P mL-1) and 100-fold (109 P mL-1) and tested for detection of CD 9 (panel 

a) and CD 81 (panel b) by western blot. The results indicate that the concentration of particles loaded onto the 

blot which allow for successful detection of exosomal markers correspond to the concentrations of 1011 particle 

per mL (strong banding), and 1010 particles per mL (faint banding). Detection is not possible at 109 particles per 

mL under these conditions. P. 117 
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Figure 4.12: Graph of in vitro fibroblast scratch-wound healing assay for dose titrated TFF 

recovered exosomes compared to unprocessed conditioned medium over 72 hours of culture. 

Human dermal fibroblasts (HDFa) were seeded into Ibidi scratch assay plates at a density of 28000 cells per mL 

in basal medium and left to attach and form a confluent layer within the insert wells overnight. Inserts were 

removed to expose the “wound” between two uniform patches of cells, prior to cell washing with a balanced salt 

solution (HBSS) and medium replacement with fresh basal medium for all experiments (apart from the positive 

control which was fed with the complete growth medium). Exosomes from large scale TFF were dosed at 20 µg, 2 

µg or 0.2 µg. Unprocessed conditioned medium was loaded at 20 µg. Experiment was controlled negatively by 

basal medium only, and positively with complete growth medium. Experiments were performed in triplicate; data 

given per sample per time-point is the mean of triplicates with ± standard deviation as the error bar. The results 

show that as dilution occurs the resultant wound repopulation over the 3 day culture is subsequently reduced, 

with 0.2 µg dosages resulting in no difference to the negative control, and with a 2 µg dose achieving similar 

repopulation to unprocessed conditioned medium. P. 120 

Figure 4.13: Representative images of wound repopulation of HDFa stimulated with exosomes 

recovered from TFF versus conditioned medium. Images of the simulated wound area in vitro were taken 

in 24 hour intervals post-incubation with exosomes, conditioned medium, and controls. Each well was imaged 

and a representative image is presented for day 0 and day 3 for each condition Images shown represent day 0 and 

day 3 images without (1) and with (2) a side-by-side demarcation of the wound area, for visibility. Images are 

lettered independently for day 0 and day 3. Day 0 images: A = TFF (20 µg); C = TFF (2 µg); E = TFF (0.2 µg); G = 

CCM; I = Negative control; K = positive control. Day 3 images: B = TFF (20 µg); D = TFF (2 µg); F = TFF (0.2 µg); 

H = CCM; J = Negative control; L = positive control. Images have been cropped and lightened for presentation 

purposes. As the assay progresses from day 0 to day 3, the HDFa are seen to proliferate within the exposed 

wound area at varying rates. The images show how dosing of exosome containing TFF material reduces the 

overall capacity of the cells to achieve wound coverage by reducing the effect from 100% (20 µg dose) to 54.9% 

(0.2 µg dose). P. 121 

Figure 5.1: Particle size distribution profiles and summary table of exosomes recovered by 

disparate scale down methods, as detected by NTA. Volumes of 200mL were used as the start material for 

the small scale techniques. The particle size distributions obtained in the recovered material from filtration 

(Vivaspin 20, panel a), size exclusion (ExoSpin-Midi, panel b), sucrose cushion ultracentrifugation (panel c) and 

differential ultracentrifugation (panel d) are compared to the distribution obtained for the unprocessed 

conditioned medium (panel e). A summary table is inset as panel f within the figure to describe the key metrics 

obtained by the NTA readings: concentration, and mode and median values. NTA readings performed in triplicate 

with 60s per capture. Black trend is the mean of results, with the red overlay being the error associated with the 

triplicate measures. The graphs show that processing greatly reduces the erratic and random spread of particle 

sizes compared to the conditioned medium, but that the Vivaspin samples control the overall spread of particles 

to within the exosome range more than the alternative processing options. P. 143 

Figure 5.2: Particle size distribution profiles of exosomes recovered by disparate scale down 

methods, given as box plots. 200mL of conditioned medium were processed by filtration (Vivaspin) size 

exclusion (ExoSpin-Midi), sucrose cushion ultracentrifugation and differential ultracentrifugation and are 

compared to the distribution obtained for the unprocessed conditioned medium. Data was obtained by NTA 

NanoSight using triplicate 60s readings: the data is averaged to form the final plot. Max values denoted by (-), 1st 

and 99th percentile values denoted by (x) and mean values denoted by (□). Boxes represent 25th, 50th and 75th 

percentile values as standard. Whiskers denote maximum and minimum values beyond which sizes are outliers. 
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Dashed line represents the maximum assumed cut-off for exosomes at 150nm. The box plots highlight how the 

Vivaspin has the greatest control over size distribution in exosome recovery, with only outlying values falling 

beyond the maximum 150nm cut-off. Exo-Spin and differential ultracentrifugation samples are shown to provide 

broader peaks suggestive of larger vesicle impurities co-isolating in the final product. The sucrose cushion 

ultracentrifugation reduces this broadness compared to the non-cushion counterpart, but still remains broader 

than filtration methods. P. 145 

Figure 5.3: Western blot probing for CD 9 and CD 81 in scale down purified exosome samples. 

Samples processed via filtration (Vivaspin) size exclusion (ExoSpin-Midi), sucrose cushion ultracentrifugation 

and differential ultracentrifugation and the unprocessed conditioned medium were probed for exosome markers 

CD 9 and CD 81. Samples were loaded onto the wells at an equal volume (35 µL) in order to observe the relative 

concentration of exosome markers between samples as processed. Lanes correspond to: 1, Ladder; 2, Vivaspin; 

3, ExoSpin; 4, Differential Ultracentrifugation; 5, Sucrose Cushion Ultracentrifugation; 6, Conditioned 

Medium. Molecular weights are given on the ladder. Due to the difference in concentration between the samples, 

only the ultracentrifugation samples at concentrations exceeding 1011 particles per mL showed bright banding of 

exosome markers, whilst the conditioned medium at 1010 particles per mL gave a faint (almost undiscernible) 

band due to the limits of detection of the assay, shown in figure 4.11, as the samples for both the Vivaspin and 

Exo-Spin preparations were considerably lower than the detection limit of the assay, at 109 particles per mL and 

with final volumes such that further concentration with another method was not practical, no banding could be 

detected, thus requiring additional methods to identify exosome presence (see fig. 5.5). P. 150 

 

Figure 5.4: Western blot probing for HSA in scale down purified exosome samples. Samples 

processed via filtration (Vivaspin) size exclusion (ExoSpin-Midi), sucrose cushion ultracentrifugation and 

differential ultracentrifugation and the unprocessed conditioned medium were probed for culture medium 

derived HSA. Samples were loaded onto the wells at an equal volume (35 µL) in order to observe the relative 

concentration of impurity marker between samples as processed. Lanes correspond to: 1, Ladder; 2, Vivaspin; 3, 

ExoSpin; 4, Differential Ultracentrifugation; 5, Sucrose Cushion Ultracentrifugation; 6, Conditioned Medium. 

Molecular weights are given on the ladder. In all samples HSA was shown to co-isolate with exosomes, as is often 

observed throughout literature. Notably, the highest level of co-isolation was found in the differential 

ultracentrifugation step, but this was drastically reduced when the sucrose cushion was employed as HSA cannot 

permeate the cushion as easily. The Vivaspin also showed relatively high yields of HSA within the final product 

likely from interactions with the membrane causing clogging. As a precipitation/size-exclusion step the Exo-Spins 

provided a relatively clean product, however HSA is still observable. In all cases we see a double band, the higher 

of which shows that HSA is forming polymers of higher molecular weight, thus likely making separation from 

exosome material via size based methods more difficult (e.g. in filtration). P. 151 

Figure 5.5: Transmission Electron Micrographs of exosomes obtained by scale down purification 

methods from conditioned medium. Exosomes were recovered from conditioned medium by use of 

filtration (Vivaspin) size exclusion (ExoSpin-Midi), and sucrose cushion ultracentrifugation. Recovered material 

was coated on Formvar copper grids and stained with uranyl acetate prior to observation under TEM at 60,000 – 

80,000 x magnification (A, C, E: scale bars read 200 nm), and high magnification (120,000 - 250,000 x 

magnification (B, D, F: scale bars read 100nm, 200 nm and 50 nm respectively). Exosomes are denoted in each 

image by yellow arrows and exhibit the characteristic “cup-shaped” morphology within the expected size range of 

exosomes (20-150 nm) as described by literature. In order to verify the presence of exosomes in the samples 

which did not probe positively for CD 9 and CD 81 TEM was used to observe the samples compared to the 

positively stained sucrose cushion ultracentrifugation samples. In all cases, the characteristic cup-
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shaped/deflated sphere exosomes are observed and are within the 20-150nm size range of exosomes. This verifies 

that the lack of detection in the western blots presented in figure 5.3 is due to samples being below the lower level 

of detection for the assay, rather than samples being negative for exosomes. P. 154 

Figure 5.6: Representative images of wound repopulation of HDFa stimulated with exosomes 

recovered by scale down processes versus conditioned medium. Images of the simulated wound area in 

vitro were taken in 24 hour intervals post-incubation with exosomes, conditioned medium, and controls. Each 

well was imaged and a representative image is presented for day 0 and day 3 for each condition. Images are 

lettered independently for day 0 and day 3. Day 0 images: A = differential ultracentrifugation; C = ExoSpin-Midi; 

E = Vivaspin; G = sucrose cushion ultracentrifugation; I = Negative control; K = positive control. Day 3 images: B 

= differential ultracentrifugation; D = ExoSpin-Midi; F = Vivaspin; H = sucrose cushion ultracentrifugation; J = 

Negative control; L = positive control. Images have been cropped and lightened for presentation purposes. The 

images show that the growth of fibroblast cells in vitro can be accelerated to varying degrees by addition of 

exosome preparations from the disparate small scale methods. The Vivaspin material caused the largest stimulus 

to cell migration and proliferation within the wound area, followed by the sucrose cushion step. Material from 

both the Exo-Spin and differential ultracentrifugation did not show much stimulus on the fibroblasts and had 

comparable levels of repopulation to the negative control. P. 158 

Figure 5.7: Graph of in vitro fibroblast scratch-wound healing assay over 72 hours of culture 

when dosed with exosomes from small scale recovery methods. . Images of the simulated wound area 

in vitro were taken in 24 hour intervals post-incubation with exosomes purified at the small scale, conditioned 

medium, and controls. Each condition was performed thrice, the averages of which are presented in the graph 

with the standard deviation of the values corresponding to the error bars. Images were processed by Image J 

using a polygon select tool to outline the wound area, and give an area in pixels for each time point. The wound 

area remaining at time, t, would be presented as a percentage of the area at time 0, thus giving the percentage of 

wound still open, this subsequently was subtracted from 100% to denote the percentage healed. The data show 

that the only condition to provide the expected stimulus at day 3, when compared to the large scale material 

presented in chapter 4, was the Vivaspin filtration step. The data also show that both differential 

ultracentrifugation and size exclusion-precipitation (Exo-Spin) steps could not facilitate greater closure than the 

negative control, suggesting these steps are causing damage or a loss of potency in other ways compared to 

filtration recovered exosomes. The sucrose cushion step, which has been previously shown to reduce co-isolating 

impurities when compared to differential ultracentrifugation, elicits moderate wound repair, suggesting a 

reduction in either obfuscation of effect, or a less damaged product than the differential counterpart. P. 159 

Figure 5.8: Bar graph of in vitro fibroblast scratch-wound healing assay at day 3 dosed with 

exosomes recovered by small scale purification methods. Day 3 data of fibroblast wound repair in vitro 

when dosed with exosomes recovered by small scale processes from conditioned medium: (Vivaspin) size 

exclusion (ExoSpin-Midi), differential ultracentrifugation and sucrose cushion ultracentrifugation. Statistical 

significance calculated by one-way ANOVA with Tukey’s post hoc test. P ≤ 0.05 = *; P ≤ 0.01 = **; P ≤ 0.001 = 

***; P ≤ 0.0001 = ****. The data show that only the Vivaspin sample performed comparably to the positive 

control (and the large scale TFF material presented in figure 4.12) suggesting the product remains intact and 

potent. The other results show a loss of action, with differential ultracentrifugation and the Exo-Spin samples 

achieving the lowest, and non-significantly different level of wound repair compared to the negative control. The 

sucrose cushion step performs moderately well, suggesting the additional step is either removing an impurity 

which dilutes/blocks the potency present in the differential ultracentrifugation step, or is providing a more intact 

product. P. 160 
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Figure 6.1: On-line chromatogram of quaternary amine monolith scouting run using clarified 

conditioned medium. Based on the manufacturer’s estimates of particle binding capacity, a BIA Separations 

QA monolith (1mL, 6µm pore size) was loaded with 200mL of clarified conditioned medium in order to 

determine which species bind the column. On the axes, concentration of B, denotes the percentage of elution 

buffer used, with 100% denoting a 2M NaCl, 50mM Tris solution at pH 8.0. The chromatogram only shows the 

end of the loading phase and the entirety of the elution profile, performed as a single linear gradient, as well as 

the column strip at 2M NaCl (isocratic). The results show species come off of the column early on between 10 and 

30% (or 0.2-0.6 M NaCl) with little spiking (as determined via on-line absorbance measurements) beyond this 

point. P. 174 

Figure 6.2: Assay based chromatogram of quaternary amine monolith scouting run using 

clarified conditioned medium.  A BIA Separations QA monolith (1mL, 6µm pore size) was loaded with 

200mL of clarified conditioned medium in order to determine which species bind the column. In order to verify 

and quantify the results obtained in figure 6.1, protein and DNA assays were performed on the fractions obtained 

during elution. To quantify particles, the NTA Nanosight was used. The results showed that protein eluted earlier 

than the particles with a maximum at 0.3 M NaCl, suggesting that other protein species from the medium were 

binding the column, and that not all protein present was exosome-associated. Closely overlapping was a particle 

peak, with a maximum at 0.375 M NaCl, the peak however was broad across the range of the elution profile, 

suggesting multiple particle species, or a variety of elution points due to heterogeneous exosome make-up 

influencing the binding capability of the particles. A final peak of DNA was observed later on in the elution 

profile, at around 0.6 M NaCl, thus suggesting cell-derived DNA impurity is also present, and meaning that the 

major peak of desired particles is subtended by two cell culture derived impurities. P. 175 

Figure 6.3: On-line chromatogram of quaternary amine monolith scouting run using TFF 

recovered exosomes. A BIA Separations QA monolith (1mL, 6µm pore size) was loaded with 3mL of TFF 

recovered exosomes, diluted to 30mL using loading buffer (0M NaCl, 50mM Tris solution at pH 8.0) in order to 

determine which species bind the column. On the axes, concentration of B, denotes the percentage of elution 

buffer used, with 100% denoting a 2M NaCl, 50mM Tris solution at pH 8.0. The on-line chromatogram closely 

resembles the elution phenomena observed previously when conditioned medium was used, with elution 

predominantly occurring during the early phase of the linear gradient between 10-30% (0.2-0.6 M NaCl). Once 

more very little is observed to elute from the column beyond this point when judged by on-line absorbance 

measurements. P. 178 

Figure 6.4: Assay based chromatogram of quaternary amine monolith scouting run using 

clarified conditioned medium.  A BIA Separations QA monolith (1mL, 6µm pore size) was loaded with 3mL 

of TFF recovered exosomes, diluted to 30mL using loading buffer (0M NaCl, 50mM Tris solution at pH 8.0). In 

order to quantify the results of figure 6.3, protein and DNA assays were performed on the fractions obtained 

during elution and particle quantification by NTA Nanosight. The assay results confirm that the major elution 

phenomena would occur between 0.2 and 0.6 M NaCl, although NanoSight data showed evidence of a trailing 

shoulder beyond this range suggesting particles are more widely spread across the elution spectrum than can be 

determined via on-line analyses alone.  The major initial peaks of protein and particles were shown to elute early 

on and closely overlapped until around 0.4M, whilst DNA was observed to elute later at around 0.6M. A second 

larger peak of particle elution was found to be present with maxima at around 0.7M. P. 179 
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Figure 6.5: On-line chromatogram of loading phase breakthrough to determine dynamic binding 

capacity of the QA monolith.  A 1mL, 6µm pore size QA monolith (BIA Separations) was loaded with 8mL of 

TFF recovered exosomes diluted to 40mL using loading buffer in order to determine column capacity by 

identifying spikes in absorbance during the loading phase (indicative of a loss in ability of newly added species to 

bind the column). The graph shows that over the loading phase (20-60 column volumes) absorbance steadily 

increases as the phase progresses, until a plateau is reached (c.a. 42CVs) which shows no more material is being 

loaded onto the column, as feed concentration is no longer changing. This indicated that the column was capable 

of holding 20 mL of the diluted TFF material, (or an equivalent of 4.2 mL). P. 181 

Figure 6.6: Graph of TFF material breakthrough during loading phase on QA monolith.  A 1mL, 

6µm pore size QA monolith (BIA Separations) was loaded with 8mL of TFF recovered exosomes diluted to 40mL 

using loading buffer in order to determine column capacity. The samples obtained in figure 6.5 were subjected to 

NanoSight particle counting to quantify the level of particle breakthrough during loading of the monolith and to 

verify the observations predicted by the on-line measurements. The graph shows that the column can bind an 

equivalent of around 3.5mL of TFF material before the ratio of C and C0 (particle concentration at sample time, 

and initial particle concentration, respectively) increases. Beyond this the column is rapidly saturated with more 

particle species unable to bind the column, and thus continuing into the flow-through samples. In order to avoid 

product loss during processes, we establish that around 4.2mL of TFF material (or more specifically, 1.37x1011 

particles) can be loaded into the column (alongside co-binding impurities) to achieve 10% breakthrough as is the 

industry standard. P. 182 

Figure 6.7 A & B: Online chromatograms of QA column operated in step elution mode pre-

optimisation (A) and post-optimisation (B).  A 1mL, 6µm pore size QA monolith (BIA Separations) was 

loaded with TFF material in attempts to observe the levels of elution corresponding to increments of 0.2M NaCl 

over a range of 0M to 1M to identify broadly where different species would localise in the elution fractions, 

specifically HSA/culture proteins, DNA and major particle peaks. In A the run shows great overlap of elution 

phenomena with peaks unable to return to baseline, and thus a repeat of the experiment was performed in B 

where the isocratic elution stages were elongated from 4mL per fraction to 14mL and the flow rate was reduced 

from 5 CV-1 to 3 CV-1, in order to allow elution buffers more contact time with the column, and allowing enough 

time for all species to be removed from the column prior to the next elution stage. P. 183 

Figure 6.8 A & B: Graphs of relative concentration (A), and relative percentage (B) of species 

during isocratic elution.  A 1mL, 6µm pore size QA monolith (BIA Separations) was loaded with TFF material 

in attempts to observe the levels of elution corresponding to increments of 0.2M NaCl over a range of 0M to 1M, 

using the optimised elution conditions (3 CV-1 and 14mL elution fractions). Particle concentration was 

determined by NTA NanoSight, and protein and DNA determined by Bradford and Picogreen assays respectively. 

The data show a strong overlap of both particle and protein impurity during the initial 0-0.2M elution, suggesting 

that discrimination between the product and protein impurity may not be easily achieved on the QA column. In 

addition the later 0.6M fraction shows the highest level of dsDNA elution, but with 10% of the particles eluted 

also present in this fraction, and with up to 30% of the particles eluting beyond this point. This broadness of 

particle elution coupled with the elution points of two major impurities suggest a single column will be 

insufficient to provide adequately pure, or economically viable exosome eluates, as the process suggests a 

dichotomy of high recovery versus the removal of one impurity over the other. P. 186 
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Figure 6.9: Online chromatograms of QA column operated in step elution mode stacked with a 

western blot of CD 63. A 1mL, 6µm pore size QA monolith (BIA Separations) was loaded with TFF material in 

attempts to observe the levels of elution corresponding to increments of 0.2M NaCl over a range of 0 to 1M. The 

resultant fractions were ultracentrifuged to concentrate exosomes present for the purpose of western blotting, 

and probed for exosome marker CD 63. As the step elution suggested that particles were eluting broadly off of the 

column throughout the elution phases, a western blot was performed to probe for CD 63, known to be present on 

exosomes in order to narrow down which, if any, of the previously identified particles across the fractions were 

exosomal, or whether any of the peaks were instead impurity vesicles without CD 63 expression. The results of 

the blot (keeping in mind the relative concentrations of the particles across all peaks as identified in fig. 6.8, 

show that CD 63 expression is common across all fractions, and thus likely to contain exosomes in each, further 

highlighting the potential challenge of providing adequately pure samples in a single elution step. P. 188 

Figure 6.10 A & B: Graphs of HSA depletion from mixtures of ultracentrifuge recovered 

exosomes, HSA and PBS to mimic conditioned medium or TFF material by batch adsorption.  Due 

to the overlap between HSA and exosomes from the QA elution, mixtures designed to mimic concentrations of 

particles and HSA present in conditioned medium (S1, S3), TFF material (S2, S4) and a sample of conditioned 

medium (S5) were treated with Mimetic Blue SA P6XL (Prometic Bioseparations) in order to determine whether 

batch adsorption of HSA by use of the resin would sufficiently deplete serum albumin from samples to reduce co-

binding on the QA column. The graphs show the protein concentrations as determined by Bradford assay across 

the entire experiment (15 hours, A), and for the initial 2 hour phase (B) in which depletion was observed to be the 

most profound. The results show that whilst depletion was observed in all samples, none achieved the theoretical 

100% depletion corresponding to the amount of resin added (determined by the manufacturer’s dynamic binding 

capacity) and that use of resins in such a manner, may be limited in use, until a more suitable format (such as 

monolith columns) can be utilised to remove specific impurities. P. 192 

Figure 6.11: Graph of HSA depletion from a mixture of ultracentrifuge recovered exosomes, HSA 

and PBS to mimic TFF material by batch adsorption across varying volumes of HSA adsorbent. In 

light of the previous experiment failing to remove a high level of HSA from the mimic TFF material reported in 

fig. 6.10 an attempt was made at increasing the overall volume of Mimetic Blue SA P6XL resin (Prometic 

Bioseparations) from 100% (2mL, estimated as the amount for 100% depletion based on manufacturer’s DBC) to 

150% (3mL) and 200% (4mL). The results show that depletion is still limited with both 2mL and 4mL resins 

producing an overall removal of 75% of HSA, but also variable, as the 3mL resin depleted less with around 60% 

removal. This suggests that use of such resins in a batch operation is not only variable in efficiency, but is also 

likely limited in removal to the point of requiring an excess of resin (and thus increasing cost, and reducing 

efficiency) due to the limitations in flow within the beads limiting the removal of HSA (as opposed to the intended 

use in a chromatography column where sample is forced through the pores of the beads). P. 194 

Figure 6.12: Side by side representation of assay based chromatograms for QA monolith runs 

with (left) and without (right) batch adsorption pre-treatment. In order to further identify the effect of 

batch adsorption on the QA monolith, samples were run to compare how the batch adsorption would compare 

against a standard run without the pre-treatment using the HSA binding resin. The results show that over the 0M 

to 1M elution profile there are no major deviations as a result of the adsorption in terms of peak location, but that 

the peaks for both protein and particles are reduced in the pre-treated step. Whilst initially promising in terms of 

protein impurity removal, the loss in particles eluting from the column showed how particles were also being 

removed by the adsorption stage, as determined previously in table 6.3. This loss of concentration in both peaks 

suggest that the pre-treatment is reducing both species (albeit HSA to a greater extent, as shown by the increased 
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particle to protein ratio) which suggests the increase in purity may come yet again at the sacrifice of overall 

product recovery. P. 197 

Figure 6.13: Assay based chromatograms of QA monolith runs with pH increases from pH 8.0, pH 

8.3 and pH 8.5. As batch adsorption was not a viable method of removing HSA from TFF material prior to QA 

chromatographic separation, we hypothesized that changes to process pH could yield a more effective manner of 

removing or altering the elution points of either proteins or exosomes across the 0M to 1M NaCl elution gradient. 

Here the 1mL QA monolith was eluted across pH 8.0 (the standard process used thus far), pH 8.3 and pH 8.5, in 

order to determine whether the increased pH could lead to a stronger charge across the exosome surface which 

would allow it be more readily discriminated from the albumin proteins present in the material. The results show 

that the albumin/culture proteins were the components which were more strongly influenced by the pH increase 

and were driven onto the column more strongly, thus reducing the overall binding potential of exosomes. P. 202 

Figure 6.14: Assay based protein and particle elution profiles of QA monolith runs with pH 

increases from pH 8.0, pH 8.3 and pH 8.5. In order to determine more reliably the outputs of the high pH 

screening (8.0 – 8.5) assays were performed on each of the fractions eluted from the column to quantify particles 

(i.e. product) and protein (i.e. impurity) to observe how the interactions change with an increase in process pH. 

The results show that whilst elution locations are not changed, the ratios of particles and protein are substantially 

different, with protein impurity more strongly binding the column as the pH is increased. Consequently this leads 

to a reduction in particle elution as the particles are being outcompeted for binding space on the column which 

has finite binding capacity. P. 203 

Figure 6.15: Assay based chromatograms of QA monolith runs with pH decreases at pH 7.8, pH 

7.5 and pH 7.3. Having shown previously that pH increases served to drive more impurity onto the column in 

favour of product, we attempted to reverse this phenomenon by reducing the pH values below the originally 

selected pH 8.0.  What was observed however, was that whilst a higher article to protein ratio was shown as 

desired, the overall column capacity was dropped drastically as the pH was lowered towards neutral. This 

indicates that whilst there is a potential to run the columns at higher efficiency to reduce the cell culture protein 

impurities, the overall process recovery will be low, and in the format of monoliths which can only be scaled so far 

due to design constraints, that processes may require batch splitting or parallel columns to accommodate such a 

decrease in capacity, especially for an already low-capacity process. P. 205 

Figure 6.16: Assay based protein and particle elution profiles of QA monolith runs with pH 

decreases at pH 7.8, pH 7.5 and pH 7.3. Similarly to the experiment performed for increased pH, we now 

test the effect of lowering pH in attempts to reverse the phenomena of increased protein and decreased particle 

binding under the hypothesis that the lower pH will make fewer of the protein impurities charged enough to 

interact with the column, whilst the more stably charged particles will continue to bind it. In order to do this 

assays were taken of each resultant fraction of the low pH runs (7.8 – 7.3) and plotted side by side. In this case, 

we observe that our hypothesis somewhat holds in that free protein is reduced whilst exosome binding remains 

relatively stable. However, in comparison to the previous run data from pH 8, we notice that column capacity has 

been greatly reduced, thus hindering application of such process steps due to limitations in scalability. P. 206 

Figure 6.17: Online chromatogram of QA monolith runs with shallow elution gradient (0–200mM 

NaCl) with a stacked western blot for HSA and CD 81. The 1mL QA column was loaded with TFF 

recovered exosome material and run with a shallow elution gradient (0 – 200mM NaCl, pH 8.0) in order to 

determine whether a shallower profile could discriminate between free cell-culture derived protein impurity, 

specifically HSA, and exosomes, prior to a final strip of 1M NaCl. The resultant fractions (as denoted on the on-
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line chromatogram) were western blotted and then probed for both HSA and CD 81 in order to determine which 

fractions contained which species. This blot is given underneath the chromatogram for ease of reference to the 

fractions, labelled with the same fraction numbers (A1-B5) as in the corresponding chromatogram. The results 

show that early elution (A1-A5, or 0 – 1M NaCl) shows little to no detectable species being eluted from the 

column. Furthermore, elution of HSA is shown to be broad across the range beyond this, as are exosomes; 

however a single fraction (A6, 0.12M) shows evidence of removal of HSA with undetectable levels of CD 81, 

suggesting an elution point in which some culture protein impurity may be removed with minimal elution of the 

exosome product. P. 210 

Figure 7.1 A & B: Dynamic binding capacity curves of OH monolith run using PEG 6000, and 

ammonium sulfate as elution buffers. A 1mL OH monolith from BIA separations was used to determine 

whether an alternative, more efficient process could be created for the use of exosome purification from TFF 

material. Two runs were performed on the column using PEG 6000 (A) and ammonium sulfate (B). The particle 

content of the load material and the subsequent flow-through fractions were determined by NTA Nanosight and 

the corresponding graphs of C0
 (initial concentration) and C (concentration at time of sample) were generated in 

order to estimate dynamic binding capacity of each process. The results show little of the TFF sample could be 

accommodated onto the PEG process, with the ratio of C/C0
 almost immediately returning 90% product flow-

through, whereas in contrast the ammonium sulfate process achieved a ratio of lower than 1% throughout the 

entire loading phase, suggesting all particles were binding the column and thus, never reaching the flow-through. 

P. 219 

Figure 7.2 A & B: On-line elution chromatograms of OH monolith run using PEG 6000, and 

ammonium sulfate as elution buffers. A 1mL OH monolith from BIA separations was used to determine 

whether PEG 6000 (A) or ammonium sulfate (B) could provide a more efficient process for exosome purification 

from TFF material.  Columns were loaded with TFF recovered exosomes and elution was performed by reduction 

of concentration of the respective buffer component: PEG 6000 was loaded at 10% w/v and reduced to 0% and 

ammonium sulfate loaded at 2M and reduced to 0M. Both solutions were buffered with 50mM sodium phosphate 

at pH 7.0. As there was no discernible elution phenomena in the PEG 6000 process, as highlighted by the low 

binding capacity previously presented, the loading phase has been shown to highlight the immediate plateau to 

loading phase absorbance (indicative or no product binding). In B, we see that mid-way through the elution 

gradient a clear spike in absorbance has been recorded, indicating elution of species from the column. P. 221 

Figure 7.3 A-C: Elution profile and assay based measurements of OH column run with 

ammonium sulfate. Previous experiments determined that the ammonium sulfate process was a potentially 

appropriate method of creating an OH column process for exosome purification. Elution was performed on the 

1mL OH monolith from 2M ammonium sulfate to 0m (pH 7.0) where 42 fractions were obtained. NanoSight, 

protein and DNA assays were performed to quantify particles (exosomes), and process impurities in the form of 

free protein and DNA. A contour graph was created using the Nanosight data to highlight the elution and size 

distribution of particles across the elution volumes across the gradient (A), and overlaid onto the assay based (B) 

and on-line chromatograms (C). The results from A show that particle elution begins at approximately 85 CVs 

(roughly 1M ammonium sulfate when cross-referenced to the online chromatogram) with the majority of particles 

falling within the 150nm upper boundary for exosomes, suggesting there is little to no irreversible product 

precipitation/agglomeration, which would be detected by the majority of particles above these values. The online 

chromatogram further shows that DNA is minimally bound and eluted from the column, whilst some, (lower than 

observed in the QA column) protein is still eluted closely to the exosome product. P. 223 
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Figure 7.4: Western blot of exosome markers present in OH elution fractions. Owing to the initially 

shallow elution profile (in figure 7.3) yielding particle counts too low for individual western blotting to provide 

reliable positive/negative results, the 42 fractions were grouped in a manner allowing for 6 pools of 7 consecutive 

fractions, ultracentrifuged at 100,000 g for 2 hours (to concentrate all particles present) and resuspended in PBS 

to provide concentrated elution pools for western blotting. These pools were measured by NTA NanoSight in 

order to ascertain the relative concentration of recovered particles per pool and probed for CD 63 and CD 81 in 

western blots (loaded with equal volume to indicate relative abundance of exosome markers). The results show 

that as predicted by NanoSight measurements previously, that the fraction pools 1, 2 and 3 contain few to no 

particles which yield sufficient expression of exosome markers, whilst pools 4, 5 and 6 (the fractions from 1 - 0M 

ammonium sulfate) show high levels of expression of these markers, suggesting exosome marker elution occurs 

concomitant with particle presence. P. 228 

Figure 7.5: Determination of HSA elution point on ammonium sulfate process OH column. As HSA 

is a major impurity that is concentrated during TFF processing, and has already been shown to co-isolate with 

exosomes during the QA process, PBS was spiked with HSA and processed on the QA column (pH 7.0, elution 

from 2M to 0M, ammonium sulfate) in order to determine if and where the protein impurity could be found to 

elute (quantified by assay post-elution). The graph also includes overlays of previous data to give the initial 

elution points of exosomes in comparison to the points of initiation and maximum HSA elution to highlight the 

resolution between the two species. The experiment shows that there is greater resolution between HSA maxima 

and the exosome elution points, than found in the QA column, allowing for washes of 1.2-1.4M ammonium sulfate 

to remove the bulk of bound HSA, prior to exosome elution commencement at 1M ammonium sulfate. P. 231 

Figure 7.6: Assay based elution chromatograms of OH monolith runs comparing process outputs 

for Mimetic Blue SA P6XL HSA batch adsorption pre-treatment to the untreated process. The 

experiment performed in chapter 6 (figure 6.12) which compared output of HSA removal by Mimetic Blue SA 

P6XL resin (Prometic Bioseparations) pre-treatment to determine if this removal could impact column 

performance on the QA column was also performed using the OH column presented here. In this case the 

Bradford assay and NanoSight were used to quantify protein and particles respectively.  The results in this case 

show that in both process runs there is minimal impact on the level of HSA elution as evidenced by both 

chromatograms producing similarly low levels of HSA recovery during the elution phase, this suggests that pre-

treatment would likely be an unnecessary and expensive step for minimal purification. We also observe that 

whilst the pre-treatment step seems to increase the recovery of particles (as determined by the maxima of each 

peak increasing from 4x109 to 8x109) it should be noted the column operation for both of these processes were 

well below capacity. This means that this is more likely an artefact from the highly variable TFF material as 

opposed to increased capacity for particles due to protein removal from OH column as the minimal change to 

protein co-elution will not have a drastic impact on the level of particles which can be bound. Alternatively, this 

could also suggest that some HSA which was interacting with the particles, could have been removed, thus 

allowing greater interaction with the column, and thus shows the increase in recovery. P. 233 

Figure 7.7 A & B: Online chromatograms of full process (A) and elution phase (B) of OH monolith 

employing a 1.4M ammonium sulfate wash prior to elution. TFF recovered exosomes were loaded onto a 

1mL OH monolith from BIA separations. The chromatography run was performed using a loading buffer of 2M 

ammonium sulfate at pH 7.0 with 50mM sodium phosphate, a wash step was performed by reduction of 

ammonium sulfate concentration to 1.4M prior to a final product elution at 0M. A shows the entirety of the 

chromatographic run, including loading, wash, elution and the beginning of the CIP strip, whilst B focuses on the 

wash and elution stages. The online chromatograms show that the wash stages do not appear to produce large 
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spikes in absorbance, despite having been shown to be some impurity proteins present in this phase of the elution 

in previous experiments. This is likely due to the fact that the OH column in general only binds a small amount of 

these proteins, and thus their level remains obfuscated by the buffers. During the elution phase however, the 

absorbance spikes and gradually reduces to baseline, suggesting not only elution, but complete elution during this 

phase. P. 237 

Figure 7.8: Western blots probing for HSA, CD 81 and CD 63 in OH column elution samples 

compared to starting TFF material. TFF recovered exosomes were loaded onto a 1mL OH monolith from 

BIA separations and purification was achieved by reduction of ammonium sulfate from 2M to 1.4M (wash to 

remove co-binding HSA) and then finally by reduction from 1.4M to 0M ammonium sulfate to capture exosomes. 

A western blot of the TFF material at the start, the TFF + OH elution and the same but buffer exchanged to 

remove residual ammonium sulfate was then performed in order to probe for two exosomal markers and the co-

binding culture protein HSA. The blot indicates that HSA has been reduced overall by the process, especially in 

the monomeric form, whilst exosome markers are retained to similar intensity levels. This suggests the process is 

removing cell culture derived impurity whilst being able to maintain exosome concentration. P. 241 

Figure 8.1: Process flow diagram of two step chromatography process. The figure shows the proposed 

two step chromatography process to be tested in this chapter. The quaternary amine column precedes 

hydrophobic interaction chromatography (both using 1mL monoliths, BIA Separations). The initial order of 

processes is designed as the elution for the QA column uses a high salt buffer (1M NaCl), whilst loading of HIC 

(OH column) process requires loading under high salt conditions, thus removing the need for an intermediate 

buffer exchange between these stages. A buffer exchange is, however, included at the end of the process to remove 

any residual ammonium sulfate which carries over from the OH column run, and which would otherwise interfere 

with key assays such as western blots, and protein and DNA assays. P. 244 

Figure 8.2: Process flow diagram of two step chromatography process with volumes loaded and 

obtained from each step. The process flow diagram here breaks down the experimental order of columns and 

gives indications of the volumes which are loaded and eluted from the processes: the QA column is loaded with 

4mL of TFF material, and elution is achieved in 4mL also. 2.6mL of this is loaded into the OH column, with 

1.4mL being reserved for analysis. The HIC (OH) process then elutes into 4mL. P. 247 

Figure 8.3 A & B: On-line process chromatograms for two step purification trial using QA (A) and 

OH (B) monoliths sequentially.  4mL of TFF material was loaded onto the QA monolith run at pH 8.0 (0M 

NaCl, 50mM tris loading buffer) washed, and eluted with a buffer of 1M NaCl, 50mM tris (A). 1.4mL of the 

resultant eluate was reserved for assaying, and the remainder loaded onto the OH column, this time loaded in a 

2M ammonium sulfate, 50mM phosphate buffer, prior to being eluted in a single 4mL fraction using 0M 

ammonium sulfate, 50mM sodium phosphate, pH 7.0 (B). In both cases the chromatograms show tightly eluting 

spikes in absorbance during each respective elution phase. The peak maxima for the OH column is notably lower 

than that returned by the QA column as the QA column has been previously shown to co-bind high levels of cell 

culture-derived DNA and protein impurity, which the OH column will not bind as readily. Thus whilst absorbance 

is lower, this is from fewer impurities co-binding the column and entering the product stream during elution. P. 

248 
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Figure 8.4: Western blot probing for CD 81 and HSA at each stage of the two step 

chromatographic process. .  4mL of TFF material was loaded onto the QA monolith run at pH 8.0 (0M NaCl, 

50mM tris loading buffer) washed, and eluted with a buffer of 1M NaCl, 50mM tris. 1.4mL of the resultant eluate 

was reserved for assaying, and the remainder loaded onto the OH column, this time loaded in a 2M ammonium 

sulfate, 50mM phosphate buffer, prior to being eluted in a single 4mL fraction using 0M ammonium sulfate, 

50mM sodium phosphate, pH 7.0. The resultant sample purified by both processes in tandem was then buffer 

exchanged, by use of Slide-A-Lyzer™ dialysis cassettes, into fresh PBS. Each stage of the process was then probed 

for CD 81 and HSA in a western blot, including the starting TFF material. In order to observe the relative 

concentrations of species in each stage, the blots were loaded on a basis of equal volume (35µL). The blot shows 

that as purification progresses CD 81 is present across all samples, showing exosomes are being captured 

throughout the process. Some dilution is observed across the process, reflecting inefficiencies with each process 

stage. Similarly, HSA is also present across all samples; however, the major monomeric band is shown to be 

greatly reduced (to a greater extent than on CD 81) between the QA and OH stages. This reflects how HSA has 

been shown to co-isolate with exosomes during the QA stage, but removed to a greater extent by the subsequent 

HIC process. P. 253 

Figure 8.5: Process flow diagram of two step chromatography process repeat with new, adjusted 

experimental volumes. As the QA has been shown to have greatly lower capacity than the OH column, and 

with the requirement of sampling between the sequential processing stages was required, a modified version of 

the experiment shown in figure 8.2 which made use of two parallel runs of the QA column to yield sufficient 

material or sampling and loading onto the OH column was performed and is described here. In this case, the QA 

column would be run twice, each time processing 3mL of TFF material (eluted into 3.5mL) which could then be 

pooled to generate a loading material, from which the OH could be loaded and sampling between processes could 

be achieved. 4mL of this QA pooled eluate would be loaded onto the OH column, and eluted in 4mL. Process 

conditions are identical to those described previously: the QA process, used 0M NaCl, 50mM tris for 

loading/equilibration, and 1M NaCl, 50mM tris for elution (both, pH 8.0); and the OH process used 2M 

ammonium sulfate, 50mM sodium phosphate buffer for loading/equilibration and 0M ammonium sulfate, 50mM 

sodium phosphate for elution (both, pH 7.0). P. 254 

Figure 8.6 A & B: On-line process chromatograms for two parallel QA column runs. In accordance 

with the process scheme presented in figure 8.5, two 1mL QA monoliths were run in parallel to generate 

partially purified exosomes to load onto the OH monolith. 3mL of TFF recovered exosomes were purified in each 

run by loading onto the columns at pH 8.0 using an equilibration buffer of 0M NaCl, 50mM tris, washed with 

0.14M NaCl, 50mM tris and finally eluted into 3.5mL (each run) using 1M NaCl, 50mM tris. The online 

chromatograms show the reproducible nature of the chromatographic process, with almost identical absorbance 

measurements obtained from each of the process runs. This shows the process may be repeated without deviation 

or unexpected results between batch purifications and highlights the reproducibility sought from processes in this 

thesis. P. 256 

Figure 8.6 C & D: On-line process chromatograms for OH column processing QA elution material 

(A) and OH column process run of impurity heavy feed TFF feed stream (B). Two 1mL OH monolith 

processes were run in parallel to purify exosomes from different feed sources. The first chromatogram shows the 

processing of material obtained from the QA steps performed in figure 8.6 A and B, where both eluates were 

pooled and 4mL of this was loaded into the OH column (figure 8.6 C). Figure 8.6 D shows the chromatogram 

of the OH run which purified exosomes directly from an impurity heavy TFF feed, as a way of testing the 

purification limits of the column. In both cases, standard operation was performed with loading under 2M 
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ammonium sulfate, 50mM phosphate buffer, a wash at 1.4M ammonium sulfate, and elution at 0M ammonium 

sulfate, all at pH 7.The results show comparability between the process runs, despite the load material being 

highly different in terms of impurity burden, with elution at 0M providing peaks in absorbance. Comparatively 

though, the magnitudes of the peaks are 10 times greater for the impurity heavy feed process (D) than for the pre-

purified process in C which is expected as the more impure start material will naturally cause more process 

impurities to remain when compared to an already purified feed. P. 257 

Figure 8.7: Particle size distribution profiles and summary table of exosomes recovered by TFF, 

anion exchange and hydrophobic interaction monoliths during 1 or 2 step purification. Exosomes 

captured by TFF were purified by QA monolith (anion exchange) prior to secondary purification by OH monolith, 

as detailed previously in figure 8.5. Additionally, an impurity heavy TFF retentate was also purified by use of the 

OH process only to determine the capability of the column to process an “unideal” recovery material. Upon 

purification samples were analysed in triplicate by NTA NanoSight in order to determine their particle 

concentration and size distributions, the left hand column of the figure shows the particle size distributions for 

the TFF, TFF + QA, and TFF + QA + OH processes; the right hand column shows the same for the TFFImpurity heavy 

and TFFImpurity heavy + OH processes, as well as a summary table of total particle concentration (mL-1) and modal 

and mean values (nm). The NanoSight graphs are as shown during the runs and thus are representative of their 

diluted values. The diluent used was PBS and was 1000x for all samples, except for the TFF + QA, and TFF + QA 

+ OH processes, where the dilution factor was 100x. The variability of dilution was to accommodate the 

NanoSight’s thresholds during acquisition. In each case the PSD after purification shows tight peaks centred 

around the exosomal range, suggesting that purification methods are not only removing the larger shoulders 

present in the TFF material indicative of non-exosome particles beyond 150nm) but are also not introducing 

major precipitation or aggregation events. P. 263 

Figure 8.8: Western blots of two-step exosome purification process and impurity heavy exosome 

feed purification. TFF recovered exosomes were subjected to purification by sequentially using anion exchange 

and hydrophobic interaction chromatography. In addition an impurity heavy TFF retentate was also directly 

purified using the hydrophobic interaction chromatography monolith, designated TFFIH. Samples were further 

buffer exchanged by Slide-A-Lyzer™ dialysis cassettes, into fresh PBS; prior to being western blotted and probed 

for: exosomal tetraspanins (CD 81, CD 63, and CD 9), an exosomal membrane binding protein (TSG 101), cell 

culture derived proteins (HSA), and a non-exosomal organelle marker (GM 130). Samples are loaded on a basis of 

equal volume to allow for direct comparison of intensity (concentration) as purification progresses.  The blots for 

the exosomal tetraspanins show that each CD marker is present throughout the process, suggesting exosome 

retention. As the purification proceeds, the intensity of each band decreases slightly due to process inefficiencies. 

With the impurity heavy feed however, the bands maintain intensity suggesting the OH column alone can capture 

the product even when burdened with cell culture proteins and suffers less process loss than when the anion 

exchange column is used. TSG 101 is also (faintly) present in each blot, however the protein appears to be present 

in a polymerised form, likely due to the blot technique itself. HSA is shown to be greatly reduced as purification 

proceeds, with the main band almost fully depleted by the end of the OH process in both cases. Similarly, GM 130 

is also shown to be undetectable by the end of both processes, suggesting the column separation can also 

discriminate between certain non-exosome particles which may be present in TFF feed streams, such as Golgi 

bodies. P. 267 
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Figure 8.9: Protein fingerprints of TFF recovered exosomes as determined by high performance 

capillary electrophoresis. Exosomes recovered by TFF were purified on 1mL monoliths from BIA separations 

in a two-step process: TFF retentate was loaded onto an anion exchange column, prior to purification via 

hydrophobic interaction chromatography. The TFF start material (green trace) and TFF + QA + OH purified 

product (purple trace) were sent to deltaDOT for high performance capillary electrophoresis the results of which 

are presented here. In addition an overlay of a molecular weight ladder is also shown (pink trace). The results 

show that initially in the TFF material a large spike is observed between the 50 and 100 kDa ladder peaks; this is 

suggestive of the presence of albumin which has been previously confirmed in this work by other methods and is 

a known process impurity. The purified peak shows this peak to be greatly diminished; suggesting previous 

conclusions of HSA removal were indeed verifiable. In addition, an unexpected high molecular weight peak was 

shown to be reduced post purification. P. 272 

Figure 8.10: Side by side comparison of protein fingerprints of TFF recovered exosomes (left) and 

post-purification exosome samples (right). Exosomes recovered by TFF were purified on 1mL monoliths 

from BIA separations in a two-step process: TFF retentate was loaded onto an anion exchange column, prior to 

purification via hydrophobic interaction chromatography. Samples of the TFF (left graph) and the final TFF + QA 

+ OH (right graph) recovered exosomes were sent to deltaDOT for analysis by high performance capillary 

electrophoresis and are presented side by side, with duplicate results for each. As part of the process, regions and 

peaks of interest were analysed by a General Separation Transform by deltaDOT, and have been demarcated 

using numbers (peaks) and letters (regions): analysis of these are shown in table 8.4. The traces show that the 

majority of peaks are diminished post-purification, suggesting removal of unwanted protein species from the 

sample. The most obvious reduction is that of the double peak at ca. 61 and 72 kDa (arrows 3 and 4) largely 

attributed to HSA retention during the TFF process. We also see a marked reduction in a higher mo0olecular 

weigh peak (arrow 5) at ca. 130 kDa, potentially formed of dimerised HSA or other protein aggregates. P. 273 

Figure 8.11: Comparison of pre- and post- purification exosome samples by high performance 

capillary electrophoresis performed by deltaDOT (left) and the Cell and Gene Therapy Catapult 

(right). Exosomes recovered by TFF were purified on 1mL monoliths (BIA separations) in a two-step process: 

TFF retentate was loaded onto an anion exchange column washed and eluted, and then further purified by 

hydrophobic interaction chromatography. Samples of TFF retentate and the two step purified exosomes were 

then sent for analysis by high performance capillary electrophoresis to deltaDOT (left graph) and the Cell and 

Gene Therapy Catapult (right graph). In addition a GMP run of TFF material provided by ReNeuron was also sent 

to the Catapult to provide comparison of the product run using finalised production methods. The traces show 

comparability between like-for-like samples despite them being processed in different sites, showing reliability 

and reproducibility in the method. As described previously, post-purification samples are greatly reduced in high 

molecular weight protein species including a major peak at ca. 61 kDa which corresponds to HSA, one of the 

major impurities retained by TFF and removed by chromatographic methods. In addition, we observe that 

despite providing a GMP TFF sample, the presence of this same HSA peak is maintained, despite being partially 

reduced compared to the experimental TFF samples used in this project, This shows how the current technology 

for exosome purification is still insufficient at removing the majority of cell culture derived proteins and thus 

warrants further purification in order to provide samples of sufficient purify for clinical application. P. 274 

Figure 8.12: Process flow diagram for potency validation runs of two-step purification. Having 

shown that purification can be achieved by use of monolith chromatography (1mL QA and OH columns, both BIA 

Separations). This experimental set up aims to provide material from each process step in order to determine the 

effect of purification methods on the final potency of the exosome product, both at the start of the process (i.e. 
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TFF recovered) and post-purification by monolith chromatography. In order to do this, 4 lots of 1mL of TFF 

material were processed on the anion exchange column, the eluate (3mL each) of which is to be pooled (i.e. 12mL) 

of which 10.8mL was loaded into the OH column for the final purification step prior to a final elution of 3mL 

prior to buffer exchange by Slide-A-Lyzer™ dialysis cassettes, into fresh PBS in order to remove residual elution 

salts which may impact on potency. Processing in such a manner will aim to reduce the low column capacity of 

the QA column by performing more parallel steps instead of fewer higher loading steps, whilst also providing 

sufficient material for analysis and potency testing between monolith steps. P. 280 

Figure 8.13: Process flow diagram for potency validation runs of two-step purification operated 

with reversed chromatographic processes. In addition to the conventional orientation performed 

throughout this thesis (TFF + QA + OH), we aimed to understand the impact that reversal of the 

chromatographic methods may have on the final outputs of the process (i.e. TFF + OH + QA). To this end this 

figure describes a reversed process to process 4mL of TFF material. In this case 4mL of TFF retentate was loaded 

directly onto a single OH column run (due to the larger column capacity than the QA column, only one OH run 

was required as opposed to four QA runs as in figure 8.12). Elution from the OH monolith was achieved over 

4mL, 1mL of which as retained for analysis, and 3mL of which split into two, 1.5mL aliquots, prior to running the 

QA column twice with an aliquot assigned to each. Each QA run eluted into 1.5mL, and were both pooled at the 

end prior to buffer exchange by Slide-A-Lyzer™ dialysis cassettes, into fresh PBS in order to remove residual 

elution salts which may impact on potency. P. 281 

Figure 8.14 [A-E]: Online chromatograms of two step purification process of TFF into QA (A-D) 

into OH (E). As described in depth in figure 8.12 TFF material was loaded in 1mL aliquots into four 

sequentially run anion exchange columns (QA, A-D) and eluted under standard process conditions (pH 8, 1M 

NaCl at elution). Each run used an elution volume of 3mL, and were pooled together to a final volume of 12mL. 

10.8mL of this pool was loaded into a single OH run, (E) and eluted into a final volume of 4mL once more using 

standard conditions (pH 7, 0M ammonium sulfate for elution). All chromatograms depict the wash and elution 

phases of each run, whilst the QA runs additionally show the column strip post-processing. Observation of A-D 

show almost identical chromatograms for each of the QA runs, which highlight the increased reproducibility and 

predictability of chromatographic separation when compared to the current exosome manufacturing methods. In 

each case, a peak in absorbance is found within the elution phase at 1M NaCl, with a smaller peak during the 

wash phase (pH 7, 0.12 M) where removal of culture protein based impurities (and some exosomes) is achieved. 

In E, depicting the OH step, we observe no major peaks during the wash phase, as typically the column does not 

bind detectable levels of species in this range, upon elution however, a peak is observed suggesting successful 

elution of the target species. Notably the DNA peak associated with the red trace (A260) is lower than that of the 

black protein trace (A280) which is different to the closer overlap shown in A-D. This is because whilst the QA 

column will strongly bind both protein and DNA impurity, the OH column does not have a strong affinity for 

DNA, and thus far less is found to elute from the column. P. 282 

Figure 8.15 [A-C]: Online chromatograms of reversed two step purification process of TFF into 

OH (A) into QA (B & C). As described in figure 8.13 TFF material was loaded into a reversed 

chromatographic process, first loaded onto the OH column (4mL in, 4mL eluted: pH 7, 0M ammonium sulfate for 

elution), and then into two parallel runs of the QA column (pH 8, 1M NaCl at elution), each loaded with 1.5mL of 

the elution material obtained from the OH column and eluted in the same volume prior to buffer exchange into 

fresh PBS. The graphs show that as expected no major peaks were observed during the wash phase of the OH run, 

with elution giving the sole peak obtained in the chromatogram reflecting the eluted product. In addition, the 

wash phases of the QA runs produced a typical peak where culture proteins are eluted before the final elution, 
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notably lower in intensity (ca 20-30 mAU) as opposed to when the QA column precedes the OH step, where the 

wash peaks are closer to 50-100 mAU. P. 284 

Figure 8.16: Western blots of two-step exosome purification process in standard and reversed 

operation versus initial TFF material. TFF exosomes were purified on 1mL monoliths in either the standard 

process: TFF + QA + OH; or in the reversed process: TFF + OH + QA, as described in figures 8.12 & 8.13. 

Samples for analysis were taken at each stage of the processes and probed for HSA, CD 63 and CD 81 by western 

blot. Samples were loaded on a basis of equal volume to give an indication of relative quantities present as 

purification advanced. All blots are labelled with lanes corresponding to: 1 = Ladder, 2 = TFF material; 3 = 

Ladder; 4 = TFF + QA; 5 =TFF + QA + OH; 6 = TFF + OH; 7 = TFF + OH + QA. Observation of the initial TFF 

samples show intense banding for exosomal CD markers, and a high level of HSA which has two major intense 

spots for monomeric and dimeric protein as well as higher molecular weight aggregates. In comparison, purified 

samples are shown to greatly reduce the intensity of the monomeric ban, especially immediately after purification 

by OH in both processes. In addition, the intensity of exosome marker remains intact, although slightly reduced 

by virtue of both process inefficiencies and slight dilution due to elution. P. 290 

Figure 8.17: Representative images of wound repopulation of HDFa dosed with exosome 

preparations pre- and post- chromatographic purification. TFF exosomes were purified on 1mL 

monoliths in either the standard process: TFF + QA + OH; or in the reversed process: TFF + OH + QA, as 

described in figures 8.12 & 8.13 with exosomes to be used for the assay being buffer exchanged using Slide-A-

Lyzer™ dialysis cassettes into PBS. Human dermal fibroblasts (HDFa) were seeded into Ibidi scratch assay plates 

at a density of 28,000 cells per mL, left to attach and form a confluent layer within the insert wells overnight, 

prior to insert removal, gentle washing using HBSS and addition of samples in basal medium. Cell growth was 

monitored every 24 hours for 3 days and images were taken of the wound area. Images were processed using 

ImageJ to determine the number of pixels in the wounds at experiment start, and at each of the growth intervals. 

Images shown represent day 0 and day 3 images without (1) and with (2) a side-by-side demarcation of the 

wound area, for visibility. Images are lettered independently for day 0 and day 3. Day 0 images: A = TFF; C = TFF 

+ QA; E = TFF + QA + OH; G = TFF + OH; I = TFF + OH + QA; K = negative control; M = positive control. Day 0 

images: B = TFF; D = TFF + QA; F = TFF + QA + OH; H = TFF + OH; J = TFF + OH + QA; L = negative control; 

N = positive control. Images have been cropped and lightened for presentation purposes. P. 293 

Figure 8.18: Graph of wound repopulation of HDFa dosed with exosome preparations pre- and 

post- chromatographic purification over 72 hour period. TFF exosomes were purified on 1mL monoliths 

in either the standard process: TFF + QA + OH; or in the reversed process: TFF + OH + QA, as described in 

figures 8.12 & 8.13 with exosomes to be used for the assay being buffer exchanged using Slide-A-Lyzer™ 

dialysis cassettes into PBS. Samples were loaded onto a fibroblast scratch wound healing assay in Ibidi scratch 

assay plates at monitored daily for 3 days. Size of wound area was determined by processing in ImageJ and 

resultant percentages achieved with respect to the day 0 wound. Assay was performed in triplicate for each 

sample, points signify the average of triplicate measures and error bars shown are the standard deviation of the 

data. The graph shows upon addition of purified exosome samples, proliferation rate of fibroblasts is increased 

compared to the negative control of basal medium with no supplementation. By the end of the assay QA + OH, 

and OH samples provide the best wound repopulation and closest levels of closure to the positive control (the 

complete growth medium for the fibroblasts). In addition, OH + QA and QA only samples also provide high levels 

of repopulation, but are lower than QA + OH, and OH samples, likely due to the QA process being less efficient at 

recovering exosomes, and thus giving a lower concentration of exosome particles, for an identical protein 

concentration (as was the basis of the assay). P. 296 
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Figure 8.19: Bar graph of in vitro fibroblast scratch-wound healing assay at day 3 dosed with 

exosomes recovered by one or two step chromatographic separation. Day 3 data of fibroblast wound 

repair in vitro when dosed with exosomes recovered during chromatographic separation for normal (QA + OH) 

and reversed processes (OH + QA), including samples obtained after a single stage of chromatographic separation 

(QA only and OH only). Statistical significance calculated by one-way ANOVA with Tukey’s post hoc test. P ≤ 0.05 

= *; P ≤ 0.01 = **; P ≤ 0.001 = ***; P ≤ 0.0001 = ****. P. 297 

Figure 11.1: Negative control images of In vitro characterisation of CTX0E03 cells expanded in T-

flasks for conditioned medium production. CTX cells were expanded on tissue culture plastic in T-175 

flasks. Cells were transferred to 24-well tissue culture plates for cell staining. Cells were cultured until attached 

and growing as per normal cell culture conditions, and then fixed. Panel A shows the cells as observed by bright-

field microscopy, panel B shows cell nuclei as identified by Hoechst whilst panels C and D show the cells 

incubated only with fluorescent secondary antibodies in the green and red channels. Negative controls were 

probed with only secondary antibodies to detect non-specific binding. Scale bar in all panels reads 400 µm. P. 

313 

Figure 11.2: Overlay of NanoSight data showing the particle size distributions and concentration 

of material found in discrete density fraction of conditioned medium separated by isopycnic 

centrifugation. Crude conditioned medium was separated by isopycnic ultracentrifugation for 72 hours over a 

range of densities from 1.107 gmL-1 to 1,272 gmL-1 as described fully in figure 4.7: individual density fractions 

were separated manually and sedimented at 100,000g for 2 hours to extract material contained in each one. 

Analysis of particle size distribution and concentration was determined by NTA (nanoparticle tracking analysis). 

The data show that the NanoSight was unable to yield reliable results as the original conditioned medium became 

too dilute when fractionated, thus giving no observable trend in particle data. Inset graph shows the cumulative 

data across all fractions, which resemble the original conditioned medium spreads. P. 314 

Figure 11.3: Wound repopulation of fibroblasts dosed with 20 µg of exosomes captured by small 

scale purification methods in in vitro scratch assay. Exosomes were recovered from variable volumes of 

conditioned medium by small scale processes commonly used in exosome purification. Vivaspin filtration 

(240mL conditioned medium), Exo-Spin (200mL conditioned medium) Sucrose Cushion ultracentrifugation 

(192mL conditioned medium), and compared to the original CCM for assessment of potency output. In this 

experiment the second sedimentation step used to recover and re-concentrate the sedimented particles form the 

sucrose cushion step was not performed, and thus the suspension was within a 30% sucrose/D2O cushion. 

Human dermal fibroblasts (HDFa) were seeded into Ibidi scratch assay plates at a density of 28,000 cells per mL, 

left to attach and form a confluent layer within the insert wells overnight, prior to insert removal, gentle washing 

using HBSS and addition of samples in basal medium, based on loading of 20µg on a protein concentration basis. 

Cell growth was monitored every 24 hours for 3 days and images were taken of the wound area. Images were 

processed using ImageJ to determine the number of pixels in the wounds at experiment start, and at each of the 

growth intervals. P. 315 
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List of Tables 

Table 3.1: Table of isopycnic ultracentrifugation density fraction preparations. Density fractions for 

isopycnic ultracentrifugation were created using a mixture of Iodixanol stock and a 0.25M sucrose diluent to 

create the distinct density fractions listed in the table, for the purpose of exosome fractionation. The resulting 

stock density is given alongside the fraction ID which is linked to the vertical direction in which they would be 

layered in the tube, i.e. fraction 1 with the lowest density would be the top most fraction in the ultracentrifuge 

tube with the sample to be fractionated on top of it and all other fractions below it. Each fraction is given as a 

percentage of the 50% Iodixanol stock solution, with the final column showing the volumetric ratio to produce 

10mL of each fraction. P. 81 

Table 3.2: Breakdown of key buffer composition used during chromatographic separation in 

anion exchange and hydrophobic interaction monoliths. Chromatographic techniques require numerous 

buffers for product loading, column washing and equilibration and subsequent elution. This table highlights the 

main buffers used during operation of the 1mL quaternary amine anion exchange and hydrophobic interaction 

monoliths used in this thesis. Unless otherwise stated in the body of the text, e.g. where pH changes are used for 

process optimisation or experimentation, the processes would use these buffers. For a more detailed explanation 

of how and when buffers are used, refer to figure 3.3. P. 83 

Table 3.3: List of antibodies, their concentrations and manufacturers for western blots. As 

exosomes are a specific subset of vesicles present in a milieu of other secreted entities during cell culture, western 

blot can be used to detect exosome-specific markers to aid in characterisation, as well as detecting highly 

occurring  culture impurities such as albumin and other vesicles such as Golgi. The table describes which of these 

antibodies were used during western blot analysis of exosome preparations alongside the concentration used as a 

volumetric ratio to the buffer solution used for incubation of blot membranes, e.g. 1:100 denotes that 1 volume of 

antibody was added to 200 volumes of antibody solution (pre-made, Invitrogen). P. 90 

Table 4.1: Particle concentration in discrete fractions obtained by isopycnic ultracentrifugation. 

Exosomes from TFF were subjected to fractionation by use of density gradient ultracentrifugation. In order to do 

this, twelve 2mL discontinuous layers of Iodixanol/Sucrose stock mixtures designed to achieve the desired 

density range (for preparation, see table 3.1). The fraction IDs used in the header refer to the top-down order of 

fractions (in the vertically standing ultracentrifuge tube) and are as follows in terms of density: F1 = 1.107 gmL-1; 

F2 = 1.117 gmL-1; F3 = 1.127 gmL-1; F4 = 1.136 gmL-1; F5 = 1.146 gmL-1; F6 = 1.156 gmL-1; F7 = 1.165 gmL-1; F8 = 

1.175 gmL-1; F9 = 1.185 gmL-1; F10 = 1.204 gmL-1; F11 = 1.243 gmL-1; and F12 = 1.272 gmL-1. Fractions were 

individually layers by hand, by use of P200 pipette to reduce disturbance to preceding layers. Upon 72 hour 

ultracentrifugation at 100,000g to fractionate TFF material using an Optima-L-100XP ultracentrifuge (Beckman 

Coulter), the supernatant was carefully discarded by pipette, then layers were separated (top-down) to return 

twelve 2mL fractions. As multiple tubes were processed, like-for-like fractions were pooled (i.e. fraction 1 from 

tube 1 would be pooled with fraction 1 from tube 2, &c.) into fresh ultracentrifuge tubes, topped to fill with fresh, 

sterile PBS and ultracentrifuged for 2 hours at 100,000g to recover a pellet from each fraction. Pellets were 

resuspended in PBS immediately following supernatant discard and were assessed for particle concentration by 

NTA NanoSight. P. 113 

Table 5.1: Analysis of a sample of crude conditioned medium. As cells are grown in culture, exosomes 

are naturally expressed and can be found within the medium. This exposure of growth medium to growing cells 

for the purpose of collecting the extracellular secretome is called conditioning, hence conditioned medium. As the 
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first instance in a bioprocess where exosomes can be collected, and subsequently purified from, the conditioned 

medium was analysed for protein concentration by Bradford assay, dsDNA (i.e. DNA specifically associated with 

cell lysis during culture) by Quant-IT Picogreen assay and for total particle concentration by NTA NanoSight. An 

observation key to one of the limitations of NanoSight analysis was also listed, as the NanoSight is not specific to 

a single particle type and interference with the pH indicator dye present in conditioned medium would lead to 

gross over-estimation of particle numbers. P. 134 

Table 5.2: Impurity and product recovery levels of small scale processes used to purify exosomes 

from conditioned medium. CTX0E03 cells were cultured in T175 flasks and the conditioned medium from 30 

flasks at passage 30 was clarified by centrifugation at 3000 RPM prior to being pooled into a single 1L batch. 

From this batch volumes of 200 mL of clarified conditioned medium (CCM) were allotted as the start material for 

processing by the most commonly used (based on the current literature) scale down methods. These methods 

were: Vivaspin 20 (filtration and concentration, 300KDa) centrifugal filters, Exo-Spin Midi (precipitation-size 

exclusion columns), and two forms of high-speed centrifugation: differential centrifugation and differential 

ultracentrifugation with the addition of a sucrose cushion step (process described fully in figure 3.2). Analysis 

was performed on pre- and post-purification samples to quantify the levels of culture derived impurity (in the 

form of protein and dsDNA) and on product recovery (in the form of particle detection as determined by NTA 

NanoSight). Assays used for protein were Bradford assay (for the conditioned medium, and µ-BCA assay for the 

purified samples, owing to the samples being lower than the detection limit of the Bradford assay [and µ-BCA 

detection limit being too low for conditioned medium). dsDNA was quantified by Quant-IT Picogreen assay. 

Percentage recovery/reduction and their respective log reductions are based on the mass of dsDNA/protein or 

particle numbers recovered in respect to the input of 200mL of conditioned medium. P. 136 

Table 5.3: Comparison of TFF exosome samples at early and late stages of optimisation to 

highlight how independent process development of TFF by ReNeuron can impact the quality of 

TFF material used throughout this project. One method for exosome capture from large volumes of 

conditioned medium is to use tangential flow filtration. In this thesis the majority of experimentation will use 

TFF recovered exosomes to enable more realistic process development (as a true DSP platform process would 

have a recovery/volume reduction process prior to chromatographic separation). However, as an independently 

optimised process, the starting material often underwent process improvements, thus significantly changing the 

level of impurity and recovered exosomes present in each batch. This table aims to highlight these changes which 

may impact efficiencies of the processes through this project, in terms of the major impurities dsDNA (as 

detected by Quant-IT Picogreen assay), cell-culture derived protein (Bradford assay) and exosome/particle 

concentration as determined by NTA NanoSight. P. 141 

Table 6.1: Impurity and particle mass balance table of TFF recovered exosomes processed on a QA 

anion exchange monolith under isocratic elution. A 4mL aliquot of TFF recovered exosomes was diluted 

with loading buffer (50mM tris, pH 8.0) to a final volume of 48mL and loaded onto a1mL, 6µm pore size QA 

monolith (BIA Separations) for separation via isocratic elution. Elution was performed by in-line mixing of 

elution buffer (2M NaCl, 50Mm Tris, pH 8.0) and loading buffer to create 5 discrete elution fractions, at 0.2M, 

0.4M, 0.6M, 0.8M and 1M NaCl. Recovered fractions were then assessed for particle number (NTA NanoSight), 

dsDNA (Quant-IT™ Picogreen®) and protein (Bradford assay).  P. 185 

Table 6.2: Sample preparations for batch adsorption experiments for albumin removal using 

Mimetic Blue SA P6XL resin. Breakdown of sample identity for batch adsorption testing for HSA removal. 

Low samples (S1 and S3) are designed to correspond to the protein content of conditioned medium, whilst high 

samples (S2 and S4) mimic TFF material. Exosomes were added to samples S3 and S4 to determine if any 
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interaction with the exosomes was observable, and conditioned medium was tested to see if the batch adsorption 

could aid in reduction of HSA gel layer formation/retention during the TFF step as part of an earlier pre-

treatment step. Resin used in each sample was calculated to be enough to remove 100% of the protein content 

within the sample as based on the manufacturer’s binding capacity. Resin used was Mimetic Blue SA P6XL from 

Prometic Bioseparations. P. 190 

Table 6.3: Batch adsorption using Mimetic Blue SA P6XL resin over time reduces exosome 

concentration. Exosomes were isolated by ultracentrifugation from conditioned medium and resuspended in 

PBS spiked with human albumin to correspond to the concentrations of protein present in conditioned medium 

(S3) and of a TFF retentate (S4), prior to adsorption over 15 hours by using Mimetic Blue SA P6XL resin, as 

described in full in table 6.2. Samples were taken from each experiment at half hourly intervals until 2 hours, 

and then a final overnight sample at 15 hours. Samples were analysed for particle concentration relative to their 

time 0 measurements, as detected by NTA NanoSight. P. 193 

Table 6.4: Comparison of elution fractions obtained by QA monolith chromatography with and 

without batch absorption pre-treatment for albumin removal. In order to test the effects of batch 

adsorption on albumin removal on operation of the QA monolith two aliquots consisting of 50µL albumin 

solution, 1mL of ultracentrifuged exosomes and 4950µL of PBS were created. To the first aliquot, an additional 

330µL of PBS was added (untreated), whilst to the second 330µL of Mimetic Blue SA PX6L resin was added 

(treated). Both samples were left in refrigerated storage for 2 hours prior to processing on the QA column using a 

linear elution gradient from 0M NaCl, 50mM tris to 2M NaCl, 50mM tris (pH 8.0). Elution was performed over 

33 column volumes resulting in 22 fractions of 1.5mL, Fractions were then assayed for protein (Bradford) and 

particle concentration (NanoSight). Table shows the results of the fractions where protein elution was at its 

highest in both runs: A2, A3 and A4 corresponding to a range of 0.3-0.4M NaCl for the purposes of comparing 

peak maxima. P. 196 

Table 6.5: Table summarising key assay-based load and recovery data of QA monolith runs with 

pH increases from pH 8.0, pH 8.3 and pH 8.5. A 1 mL QA monolith was loaded with 3mL of TFF material 

diluted to 30 mL with equilibration buffer at pH 8.0, 8.3 and 8.5 in order to test the effect of process pH changes 

on exosome to impurity ratios during elution. Elution was performed across a linear gradient from 0M to 1.5M 

NaCl for each respective pH value, and over a volume of 30CV, fractionated into 20 discrete fractions. Each 

fraction was assessed for particle concentration by NTA Nanosight (3 x 60s readings, detection threshold 3, 

camera level 13) whilst protein concentration was determined by Bradford assay. The total number of particles 

loaded is based on the reading of the diluted TFF material in loading buffer, multiplied by the dilution factor used 

for acquisition on the NanoSight. Recoveries of both particles and protein are the sum of all fractions divided by 

the amount of each respective analyte in the initial load. Purity expressed is given as the ratio of particles to 

protein in terms of particles per microgram of total protein detected. P. 203 

Table 6.6: Table summarising key assay-based load and recovery data of QA monolith runs with 

pH decreases from pH 7.3, pH 7.5 and pH 7.8. A 1 mL QA monolith was loaded with 3mL of TFF material 

diluted to 30 mL with equilibration buffer at pH 7.3, 7.5 and 7.8 in order to test the effect of process pH changes 

on exosome to impurity ratios during elution. Elution was performed across a linear gradient from 0M to 1.5M 

NaCl for each respective pH value, and over a volume of 30CV, fractionated into 20 discrete fractions. Each 

fraction was assessed for particle concentration by NTA Nanosight (3 x 60s readings, detection threshold 3, 

camera level 13) whilst protein concentration was determined by Bradford assay. The total number of particles 

loaded is based on the reading of the diluted TFF material in loading buffer, multiplied by the dilution factor used 

for acquisition on the NanoSight. Recoveries of both particles and protein are the sum of all fractions divided by 
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the amount of each respective analyte in the initial load. Purity expressed is given as the ratio of particles to 

protein in terms of particles per microgram of total protein detected. P. 207 

Table 7.1: Description of pooled elution fractions obtained by hydrophobic interaction 

chromatography. A 1 mL OH monolith was loaded with 4.8mL of TFF recovered exosomes diluted to 10% with 

loading buffer (2M ammonium sulfate [AS], 50mM sodium phosphate, pH 7.0) and eluted using a linear gradient 

from 2M AS to zero resulting in 42 fractions. In order to detect where exosomes could be detected and due to the 

detection limits of western blotting for exosome markers requiring concentrations of 1010-11 particles per mL, the 

42 fractions were grouped into 6 sets of 7, pooled together and ultracentrifuged at 100,000g for 2 hours in order 

to provide concentrated pellets. These were then processed probed for CD 63 and CD 81. The table describes the 

fraction pools and the corresponding elution concentration range of ammonium sulfate within each pool. N.B. as 

elution on HIC processes begins at high salt and ends at low salt concentrations, the order given in the table is the 

order obtained during elution, with lower concentrations of AS corresponding to later elution progress. P. 227 

Table 7.2: Outputs of first run trial of hydrophobic interaction chromatography with a 1.4M 

ammonium sulfate wash. A 1 mL OH monolith was loaded with 6mL of TFF recovered exosomes diluted to 

10% with loading buffer (2M ammonium sulfate [AS], 50mM sodium phosphate, pH 7.0). The column was given 

a wash using 1.4M ammonium sulfate (10 CVs), prior to isocratic elution at 0M ammonium sulfate. Elution was 

performed over 8mL in total, with the elution phase being split into two even fractions of 4mL. The reason for 

this was to capture the majority of the elution within the first (for ease of detection and maintenance of 

concentration) with the second elution fraction being used to determine whether elution was broad or required a 

longer collection, due to the high levels of material added in this run. Samples were analysed for particle 

concentration by NTA NanoSight (3 x 60s readings, detection threshold 3, and camera level 13), protein by 

Bradford assay and DNA by Quant-IT Picogreen assay. P. 239 

Table 8.1 A & B: The effect of two step chromatography on purity of exosome products. The 1mL QA 

column was loaded with 4mL of TFF material, and eluted in the same volume. 2.6mL of the eluate was loaded 

into the OH column, with 1.4mL being reserved for analysis. The HIC (OH) process then subsequently eluted the 

product into 4mL (as shown in figure 8.2). The resulting eluates of both the single QA step, and the QA + OH 

steps were analysed for presence of cell culture impurities in the form of dsDNA (as detected by Quant-IT 

Picogreen assay), total protein (as detected by Bradford assay) and also for particle concentration (as determined 

by NTA NanoSight). All samples analysed in triplicate with the average result being presented. Table 8.1A shows 

the concentrations of the species present at each stage of the purification, as well as their respective recoveries 

with respect to the initial load of TFF recovered exosomes. Table 8.1B further analyses each step with regards to 

purity levels expressed as a ratio of particles (assumed to be fully exosomal in these cases) to the mass of 

respective impurity in order to demonstrate the increased level of particles, of which the product is contained, to 

the protein and DNA obtained from the cell culture process. P. 250 

Table 8.2 A & B: The effect of two step chromatography on purity of exosome products purified 

via an adapted two-step protocol. In order to better assess the effect of two-step purification, a modified 

protocol of the process as descried in figure 8.5 was performed. In this case two parallel runs of the QA column 

were performed in order to allow reasonable product loads into the OH column, whilst considering the limited 

capacity of the QA monolith. In this case, a 6mL aliquot of TFF retentate was split into 3mL samples. Each of 

these was processed on the QA column, under normal operation (pH 8.0 process, loading at 0M NaCl, 50mM tris, 

washing at 0.12M NaCl, 50mM tris and elution at 1M NaCl, 50mM tris). The resultant eluates, 3.5mL each, were 

pooled into a final QA elution of 7mL. 3mL of this was reserved for analysis, whilst 4mL was loaded into the OH 

column. The OH process used 2M ammonium sulfate, 50mM sodium phosphate buffer for loading/equilibration 
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and 0M ammonium sulfate, 50mM sodium phosphate for elution (both, pH 7.0). As previously, the resulting 

eluates of both the single QA step, and the QA + OH steps were analysed for presence of cell culture impurities in 

the form of dsDNA (as detected by Quant-IT Picogreen assay), total protein (as detected by Bradford assay) and 

also for particle concentration (as determined by NTA NanoSight). All samples analysed in triplicate with the 

average result being presented. Table 8.2A shows the concentrations of the species present at each stage of the 

purification, as well as their respective recoveries with respect to the initial load of TFF recovered exosomes. 

Table 8.2B further analyses each step with regards to purity levels expressed as a ratio of particles (assumed to 

be fully exosomal in these cases) to the mass of respective impurity in order to demonstrate the increased level of 

particles, of which the product is contained, to the protein and DNA obtained from the cell culture process. P. 

259 

Table 8.3: Outputs of hydrophobic interaction chromatography loaded with an impurity heavy 

TFF feed stream. Thus far the OH column has shown evidence of having a larger capacity for exosomes than 

the QA column, and additionally, does not bind as high a percentage of the common process impurities such as 

culture derived protein and DNA. As such an impurity heavy TFF retentate was used to test the capability of the 

column to recover exosomes from a retentate far heavier in culture protein than would normally be obtained. To 

do this the 1 mL OH monolith was loaded with 4 mL of TFF recovered exosomes diluted to 10% with loading 

buffer (2M ammonium sulfate [AS], 50mM sodium phosphate, pH 7.0). The column was given a wash using 1.4M 

ammonium sulfate, 50mM sodium phosphate,  (10 CVs), prior to isocratic elution at 0M ammonium sulfate, 

50mM sodium phosphate, both at pH 7.0. Pre and post purification samples were then were analysed for 

presence of cell culture impurities in the form of dsDNA (as detected by Quant-IT Picogreen assay), total protein 

(as detected by Bradford assay) and also for particle concentration (as determined by NTA NanoSight). P. 261 

Table 8.4: Peak Analysis of pre-purification TFF retentate and post two step purification exosome 

samples by high performance capillary electrophoresis. As described in figure 8.5, TFF material was 

purified on 1mL monoliths in a two-step purification strategy, first by purification by anion exchange on the QA 

monolith, and then by a second purification step using hydrophobic interaction chromatography using the OH 

monolith. Samples were then sent to deltaDOT (London, UK) for analysis by capillary electrophoresis. The table 

shows the results of peak analysis (including determination of molecular weights in kDa, and of peak area) for 

both the TFF start material and the fully purified TFF + QA + OH samples, across duplicate measurements. P. 

276 

Table 8.5 A & B: The effect of two step chromatography operating in standard and reversed order 

on the purity of exosome products. In order to assess purification of exosomes by monolith 

chromatography, the two step process (TFF + QA + OH), as developed thus far was compared to an inverted 

process which used the OH column prior to the QA purification (TFF + OH + QA) in order to determine what 

impact, if any, the reversal of process order had on the resultant product in terms of purity and recovery. The 

results relate to the processes fully described in figure 8.12 (TFF + QA + OH) and figure 8.13 (TFF + OH + 

QA). Briefly, the TFF + QA + OH process purified 4 aliquots of 1mL of TFF material across four parallel runs of 

the 1mL QA monolith, operating at pH 8. The resultant eluates were pooled and subsequently loaded into a single 

OH process run (pH 7), prior to elution and overnight buffer exchange into fresh PBS, to remove residual salt 

which may interfere with assays. The TFF + OH + QA step utilised a single OH purification of 4mL of TFF 

material, subsequently loaded into two QA monolith processes run in parallel, pooled and buffer exchanged into 

fresh PBS. Pre-purified TFF material, single step purified material (i.e. QA only, and OH only) and the two fully 

purified exosome samples were all analysed for presence of cell culture impurities in the form of dsDNA (as 

detected by Quant-IT Picogreen assay), total protein (as detected by Bradford assay) and also for particle 
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concentration (as determined by NTA NanoSight). Table 8.5 A shows the concentration of particles, protein and 

DNA for each process, at each stage of purification and also includes the pooled volumes of elution from the 

intermediate stage, as well as the loading volume for the subsequent stage. Table 8.5 B shows the purity of the 

exosome preparations for all stages, in terms of the ratio of particles to mass of process impurity. P. 286 
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Nomenclature 

[] Concentration (where appropriate) 

24 w.p. 24 well plate 

2D 2-Dimensional 

3D 3-Dimensional 

4-OHT' 4-hydroxytamoxifen 

96 w.p. 96 well plate 

A220 Absorbance at 220nm 

A260 Absorbance at 260nm 

A280 Absorbance at 280nm 

AAV Adeno Associated Virus 

AB Apoptotic Body/Apoptotic Bleb 

AEX Anion Exchange 

AS Ammonium sulphate 

BCA Bicinchoninic Acid 

bFGF Fibroblast Growth Factor (Basic) 

C/C0 Concentration/Initial Concentration 

CCCM Clarified Conditioned Culture Medium 
CCM 
CD 
CGT 
CHO 

Cell Culture Medium/Conditioned Culture Medium 
Cluster of differentiation 
Cell and Gene Therapy (industry) 
Chinese Hamster Ovary (cells) 

CEx 
CE 

Cation Exchange 
Capillary Electrophoresis 

cGMP Current Good Manufacturing Practice 
CIP 
CIM 

Cleaning in Place 
Convective Interaction Media 

CryoEM 
CTX 

Cryo-Electron Microscopy 
(Shorthand) CTX0E03, foetal human neural stem cell line 

CV Column Volumes 

D2O Deuterium Oxide 

DBC Dynamic Binding Capacity 

DF Dilution Factor (not to be confused with Diafiltration) 

DMSO Dimethyl Sulfoxide 

dsDNA Double Stranded Deoxyribonucleic acid 

DSP Downstream Processing 

DTI Defined Trypsin Inhibitor 

DTI/Benz Defined Trypsin Inhibitor with Benzonase 

EDTA Ethylenediaminetetraacetic acid 
EGF 
EtOH 

Epidermal Growth Factor 
(shorthand) ethanol 

Eq'n Equation 

FGM  Fibroblast Growth Medium 

Fig. Figure 

Frxn. Fraction 
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g  Accelerative Force Due to Gravity 

GFs Growth Factors 
GMP 
GST 

Good Manufacturing Practice 
General Separation Transform 

HAS Human Albumin Solution 

HBSS Hank's Balanced Salt Solution 

HCP Host Cell Protein 

HDFa Adult Human Dermal Fibroblasts 
HIC 
HPLC 
HRP 
HSA 

Hydrophobic Interaction Chromatography 
High Performance Liquid Chromatography 
Horseradish peroxidase 
Human Serum Albumin 

kDa Kilo Dalton 

LSGS Low Serum Growth Supplement 

M Molar 

M106 Medium 106 

Milli-Q Water Ultrapure Water 

mM milli Molar 

MV Microvesicle 

NaCl Sodium Chloride 
NaOH 
NTA 
OH 
  

Sodium Hydroxide 
Nanoparticle Tracking Analysis 
(Lit., hydroxyl) refers to the hydrophobic interaction 
monolith with hydroxyl group ligands 

PBS Phosphate Buffered Saline 

PDL Population Doubling Level 

PEG (Poly)Ethylene Glycol 

PSD Particle Size Distribution 
QA 
  

Quaternary Amine, refers to the anion exchange monolith 
with quaternary amine ligands 

RMM  Reduced Modified Medium 

RNA  Ribonucleic Acid 

RPM Revolutions per Minute 

SDS-PAGE Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

SEx Size Exclusion 

TEM Transmission Electron Microscopy 

TFF Tangential Flow Filtration 

Tris/Tris Base Tris(hydroxymethyl)aminomethane 

UCL University College London 

UF/DF Ultrafiltration/Diafiltration 

VLP Virus Like Particles 

WFI Water for Irrigation/Injection 
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Chapter 1.0 

Aims and Objectives 

1.1 Overall Aim of this Thesis 

Based on their in vivo roles as cell-to-cell communication molecules, exosomes have 

recently been proposed as a potential new class of acellular, regenerative 

therapeutics. The majority of research has thus far been focused on the 

characterisation and crude extraction of exosomes from cell culture supernatants, 

but despite making progress towards the clinical setting, relatively little has been 

achieved by way of scalable purification processes, instead relying heavily on 

ultracentrifugation processes.  

Due to this reliance on hard to scale, time consuming and technically difficult 

processes, the aim of this thesis is to develop a monolithic chromatographic process 

step for the high purity recovery of regenerative exosomes from an allogenic, 

clinical stem cell line. 

In order to do this this thesis has a detailed literature review which outlines the 

current data available in the literature to guide the characterisation of the exosome 

product, as well as to describe the current purification platforms to ascertain a 

minimal list of criteria in which to define the product critical quality attributes 

(CQAs). In addition this thesis consists of five results chapters, each containing a 

section of work necessary for the completion of the overall thesis aim, as described 

below. 
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1.2 Chapter Objectives 

The first results chapter, chapter 4, was focused on the characterisation of the 

exosomes and exosome-containing conditioned medium in order to describe the 

product. 

I. To show evidence of successful technology transfer from ReNeuron to UCL of 

the CTXOEO3 cell line used to produce the exosomes. 

II. To biochemically assess exosomes by evaluating the expression of key 

exosome biomarkers by development of western blot protocols.  

III. To physically describe exosomes in terms of particle size distributions by 

Nanoparticle Tracking Analysis (NTA) as well as characterisation of their 

flotation density in comparison to known literature ranges via isopycnic 

ultracentrifugation. The morphology of recovered exomes was also assessed 

visually by transmission electron microscopy, in order to verify the presence of 

exosomes. 

IV. To describe the conditioned medium and large scale recovered exosomes in 

terms of in vitro functional capacity to serve as a baseline therapeutic output. 

The second results chapter, chapter 5, built on the characterisation and literature 

review sections by assessing the current methodologies for exosomes recovery as 

evidenced in the literature review. Specifically the chapter focused on: 

I. Assessment of the limitations and potential uses of the current state-of-the-art 

in exosome purification at the small scale. 

II. Subsequent characterisation of the purified products in terms of exosome and 

impurity concentration, as well as manufacturing constraints with each 

method. 

III. To assess the functional capacity of the recovered exosomes in comparison to 

the large scale tangential flow filtration (TFF) step used to recover the 

exosomes. 
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The third results chapter, chapter 6, subsequently evaluated the use of a strong 

anion exchange monolith for the purification of exosomes recovered by large scale 

TFF. To do this the following objectives were met: 

I. Preliminary bind and elute studies on conditioned medium and TFF material. 

II. Studies on the dynamic binding capacity of the column as well as evaluation of 

the elution points of key process impurities and the exosome product (as 

determined by the previous chapters). 

III. Process optimisation to determine the best conditions which result in pure 

exosome preparations, by way of pre-treatment and process pH changes. 

Upon completion of assessment of the anion exchange column it was determined 

that purity and recovery could yet be improved, so a further process was developed in 

chapter 7, that of hydrophobic interaction chromatography (HIC), which is novel 

for exosome recovery. The focus of this chapter detailed the development of the new 

process and showed further improvement against the anion exchange column in 

terms of recovery and purity. To assess this column a similar set of objectives to 

those for the anion exchange column were used with some process specific 

variations. 

I. A comparative assessment of the potential use of HIC monoliths using PEGs 

and ammonium sulfate as the loading solutions. 

II. Determination of binding capacity and retention of key process impurities. 

III. Re-characterisation of the product in terms of biomarker and size distribution 

(as the process uses a precipitating agent, determination of reversibility of the 

steps was necessary in order to maintain product CQAs. 

Finally, in chapter 8, both of the novel chromatographic steps were validated as 

sequential processes in order to determine the effect of orthogonal purification steps 

on the resultant exosome product.  

For this to be achieved the objectives below were used to guide the experimentation. 

I. The conducting of proof of concept runs of the two-step process with full 

assessment of impurity and product recoveries. 
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II. An expansion of the biomarker and impurity evaluation to further assess the 

quality of the end product, not only in terms of functional exosome markers, 

but by addition of cell-based particle markers (GM130) to determine the 

impact of processing on non-exosomal particle impurity. 

III. To reverse the process from AEX then HIC to HIC then AEX to see if any 

impact on purity or recovery is achieved due to the different impurities which 

can be removed by each process and their subsequent impact on binding in 

the following stage. 

IV. Assessment of a final potency output which describes the relative potency of 

monolith purified exosomes from both columns (individually and 

sequentially) compared to the initial TFF material, which is known to retain 

product function. Above all this test was designed to assess the true clinical 

viability of such processes in the translation of exosome purification processes 

from the lab to clinic. 

A further chapter, chapter 10, is included at the culmination of this thesis to 

discuss the future work and validation steps required to facilitate the commercial 

translation of exosome therapeutics into a clinical setting. 
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Chapter 2.0 

Introduction 

2.1 Exosomes as Emerging Therapeutics 

2.1.1 A Brief History of Exosome Research 

Originally identified as “platelet dust”, exosomes were first observed in an 

experiment by Wolf, (1967) who described the presence of procoagulant material in a 

“minute particulate form”. The communication was focused on the significance of 

platelet products in human plasma, as isolated by ultracentrifugation (the gold-

standard of exosome purification to this day). In the report it was described that 

these minute particulates were responsible for procoagulant activity originating from 

the platelets, but which were intrinsically distinguishable from the intact platelets 

themselves (Wolf, 1967). Unbeknownst to the authors, these minute particulates 

would later become referred to as extracellular vesicles, of which exosomes are a sub-

set, and become widely researched for their therapeutic potential. 

The term “exosome” first emerged in a paper published in 1981, almost two decades 

after this initial observation by Wolf, where it was described that two enzymes, 

plasma membrane ecto-ATPases and ecto-5’-nucleotidases  were released into the 

superfusate medium of cultured cells and were, once again, able to be captured via 

high-speed centrifugation (Wolf, 1967). Observations in this early, seminal article 

showed that the enzymes were present within exfoliated microvesicles, presenting a 

size range of 500 – 1000 nm, and with a subset of smaller vesicles at around 40 nm 

in diameter (Trams & Lauter, 1981). This subset would later be defined as an 

exosome, in contrast to larger microvesicles.   

Further research shortly thereafter, in 1985 and 1987, described evidence of vesicle 

formation during the maturation of sheep reticulocytes by use of electron microscopy 

(Pan, et al., 1985). The same vesicles could once more be isolated by high-speed 

centrifugation (100,000g for 90 minutes) (Johnstone et al., 1987). These vesicles 

were shown to be the source of externalisation of the transferrin receptor from the 

reticulocytes, once more giving evidence of cell-derived function present in 
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extracellular vesicles. A further observation in these articles was the presence of 

multivesicular bodies (MVBs) within the cell which could package the functional 

proteins, such as the transferrin receptor, from the cells and load them within 

vesicles of 0.5 - 1 µm diameters, prior to their release into the extracellular milieu 

(Pan et al., 1985). The release of these vesicles was shown to be via fusion of the MVB 

to the cell membrane, which allowed for exocytosis of the vesicles. Of importance is 

that the methods used in these original publications are still widely considered the 

best known methods for isolation (ultracentrifugation) and characterisation (electron 

microscopy) of exosomes and will be later discussed in more depth throughout this 

chapter. 

2.1.2 Exosome Formation, Biology and Function 

Since those early publications, it has become a well-established fact that living cells 

release vesicles into their local microenvironments, see figure 2.2 or a 

diagrammatic representation of this. This ability of cells to produce communication 

and functional subclasses of vesicles which can disperse around the body in vivo or 

effect cells within a culture in vitro has been largely responsible for the resurgence in 

extracellular vesicle, and exosome, research in recent decades.  

This resurgence is coupled with the notion that as stem cell research has progressed, 

it became increasingly pronounced that many of the ameliorative functions of the 

cells were in fact likely derived from paracrine signalling (Baek et al., 2019; 

Doeppner et al., 2015; Kim et al., 2015; Lee et al., 2012; J. Zhang et al., 2015). This 

understanding has evolved from the implantation of cells in vivo where they are 

often observed to migrate from the target region (Fabian et al., 2017; Lopez-Santalla 

et al., 2017), and do not persist and engraft over longer terms within the desired area 

and yet still manage to contribute to regeneration. These effects are now typically 

ascribed to these paracrine events (Gnecchi et al., 2008), mediated in many cases by 

exosomes or other vesicles (Camussi, Deregibus, & Cantaluppi, 2013).  

As a result it has been shown widely that the effect of exosomes can contribute to 

post-injury regeneration in lieu of the cells themselves. Such examples of exosomal 

regeneration and/or functional recovery being on par with the originating cell type in 

experimental animal models include stroke (Doeppner et al., 2015), traumatic brain 
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injury (Kim et al., 2015), pulmonary hypertension (C. Lee et al., 2012), and wound 

healing (Jieyuan Zhang et al., 2015). 

The reason for this efficacious action harboured within exosomes is largely based on 

their biogenesis, from where they inherit their specific functions (Vlassov et al., 

2012). Exosomes are distinguishable from other vesicle types via their formation 

within the MVB pathway (Raiborg & Stenmark, 2009), which allows for exosomes to 

be enriched with specific proteins and genetic material as determined by the state, 

function and desired effect of the parent cell [type]. 

Exosome biogenesis is initiated within multivesicular bodies through invagination 

and scission events to form intraluminal vesicles (ILVs). These are the precursors of 

exosomes specifically. These ILVs are then loaded with functional proteins and 

genetic material (Collino et al., 2010), prior to transportation of the ILV-containing 

MVB to the cell peripheries for fusion with the cell membrane.  

Examples of the cargo enriched within exosomes include proteins such as major 

histocompatibility complexes (MHCs) (Denzer et al., 2000; Van Niel et al., 2003), 

adhesion and targeting molecules (A. Clayton et al., 2004; Segura et al., 2005), heat 

shock proteins (Lv et al., 2012) and functional mRNA and miRNA (Bellingham, 

Coleman, & Hill, 2012; Bolukbasi et al., 2012; Collino et al., 2010; Lotvall & Valadi, 

2007; Valadi et al., 2007).  

Once proximal to the cell periphery, the MVB fuses with the membrane, causing the 

subsequent release of the ILVs into the extracellular milieu. These ILVs are now 

referred to as exosomes. It is also within this formation pathway that exosomes 

derive their characteristic size range of 20-150 nm in diameter, as they are limited in 

size by the MVBs inside which they are formed (themselves with limiting diameters 

of 200 – 500 nm) (Vlassov et al., 2012).  

This constraint is not present in other vesicles types such as microvesicles (50 - 1000 

nm) or apoptotic blebs (50 – 5000 nm) (Sluijter et al., 2014) which are both shed 

from the cell membrane directly. For a more visual representation of this the 

exosome biogenesis pathway is described in figure 2.1 alongside a diagrammatic 

representation of commonly observed exosomal cargo.  
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Figure 2.1: Diagrammatic representation of exosome biogenesis and composition. [A] Exosome biogenesis is initiated within multivesicular bodies (MVBs) which 

bud inwards to form intra luminal vesicles (ILVs) (1). These ILVs are enriched in functional proteins and genetic material. The MVB then transports internalised ILVs (2) to 

either lysosomes for degradation (3A) or to the cell membrane where fusion releases the ILVs as exosomes (3B). Step 4 shows the release of shed vesicles directly from the cell 

membrane. [B] Representation of exosome structure and content conserved across the majority of exosomes from different origins. Figure reproduced with permission from 

Colao et al., (2018). 
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Figure 2.2: Diagrammatic representation of implanted stem cells affecting target cells. 

Engrafted cells have been shown to migrate and die during in vivo implantation, and yet their biological 

activity persists long after the cells have gone. The image represents how implanted cells leave behind 

factors such as exosomes, which can elicit biological function at a distance via exosome mediated 

signalling and subsequent cellular reprogramming. Reproduced with permission from Colao et al., 

(2018). 
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2.1.3 Exosome CQAs and Identity 

In order to define exosomes and ensure their identification from the plethora 

of vesicles secreted from cells, which often overlap in some manner of 

biochemical or biophysical aspects, the International Society of Extracellular 

Vesicles (ISEV) has produced a positional paper detailing the minimal criteria 

for identification of exosomes (Lotvall et al., 2014). The position paper 

outlines a number of methodologies which can be used to characterise 

exosome material, and which more importantly begins to outline the minimal 

critical quality attributes (CQAs) for exosome manufacture and product 

release specifications.  

The first major criterion is that the vesicles must be isolated from 

extracellular fluids, such as in biofluids or conditioned culture medium. Here 

the term conditioned medium refers to the culture medium which has been 

exposed to cells during routine culture, and thus defined to have the 

extracellular contents of cells within it. Another term for this is spent 

medium, as prior to research in secreted factors, the medium was typically 

discarded as a waste product (Lotvall et al., 2014). 

The second criterion is based on the enrichment of functional proteins on the 

exosome surface, and within the exosome proper. Here the society describes 

the need for biochemical analyses of four main areas, (i) transmembrane or 

lipid-bound extracellular proteins, (ii) cytosolic proteins, (iii) intracellular 

proteins, and (iv) extracellular proteins (as in those contained within the 

culture medium supplied to cells externally.  

In the instances of the first and second protein types, the presence of both of 

these should be confirmed in order to argue the presence of extracellular 

vesicles. The rationale behind this is that the former argues the presence of 

transmembrane or lipid bound proteins, and thus argues the presence of a 

membrane within the isolate, whilst the latter proves evidence of membrane 

or receptor binding function (Lotvall et al., 2014). Both of which are enriched 

and present in EVs and exosomes. Non-exhaustive examples of commonly 

conserved proteins in exosomes are the tetraspanins: CD 9, CD 63 and CD 81 

(Kim et al., 2015; Lamparski et al., 2002a; Logozzi et al., 2009; H.-G. Zhang & 
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Grizzle, 2014); certain growth factor receptors, integrins  and adhesion 

molecules (A. Clayton et al., 2004), whilst commonly observed cytosolic 

proteins include membrane binding proteins such as annexins or TSG 101 

(Lotvall et al., 2014). Within this thesis we present evidence of the presence of 

CD 9, CD 81, CD 63 and TSG101 in order to define our exosomes. 

Intracellular protein presence or absence is further used to describe the 

isolate in terms of relative purity. These proteins are often absent in 

exosomes/EVs but present in other cell-derived particles. Examples of this are 

mitochondrial proteins, such as CYC-1, nucleus proteins such as histones and 

Golgi derived proteins such as GM 130 (which was used within this thesis as a 

marker for non-exosomal cell-derived impurity).  

Finally, the extracellular proteins are related to the cell culture medium and 

are often proteins which have been shown repeatedly in the literature to 

either co-isolate or can bind specifically or non-specifically to membranes. 

Such examples are those of extracellular matrices used for attachment of cells 

(such as laminin, fibronectin &c.) and albumin proteins (Webber & Clayton, 

2013). In this case albumin was chosen, as initial observation of the 

conditioned medium and recovered filtration material showed high level of 

co-isolation of albumin with the exosomes used in this project. 

Further quantifiable metrics used to define exosomes are based on their 

biophysical definition. For example, as exosomes are defined as vesicles 

produced during the endosomal pathway their size is limited to ca. 150nm 

(Conde-Vancells, 2008; Koga et al., 2005; Schageman et al., 2013a; Vlassov et 

al., 2012). This allows for an immediate metric which disregards particles 

significantly larger than this range to be considered potentially microvesicular 

or at least non-exosomal.  

Additionally, exosomes have been shown to be sedimented using high-speed 

centrifugation, or ultracentrifugation, typically in excess of 100,000 g. 

Further analyses on the vesicles show they each have a specific buoyant 

density range, which is generally repeated through the literature, and spans 

ca. 1.12 to 1.18 g L-1 (Kesimer et al., 2009; Tauro et al., 2012; Yuana et al., 

2014). This buoyant density can be used to characterise exosomes when 
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coupled with isopycnic ultracentrifugation, (discussed further on in this 

chapter, and shown in chapter 4). 

In order to characterise the population more fully in terms of size and 

quantity, particle tracking methods have also been widely used. These 

methods are based on Nanoparticle Tracking Analysis (NTA: the preferred 

method of this research project) and of Dynamic Light Scattering (DLS).  

Dynamic light scattering is a technique used to quantify particle size within 

colloidal suspensions. It works on the principles of particles undergoing 

Brownian motion when in suspension. When a light source is introduced, the 

light is scattered off the particles in a manner correlative of their size due to 

changes in the refractive index exhibited by interaction with the particles. 

This technique is still widely reported in the literature however due to the 

nature of the measurements it is more suitable for mono- or bi-modal samples 

(Hoo et al., 2008). As samples from cell culture are far more poly-disperse in 

nature however, there are un-reliabilities which stem from larger particles 

obfuscating the refractive index of the smaller particles (Dragovic et al., 2011). 

As exosomes are within the smallest size range of the secreted vesicle types, 

this naturally poses a challenge as a technique to truly measure their size. 

To this end techniques such as nanoparticle tracking analysis have been more 

widely accepted as a more accurate measure of particle size, with the added 

advantage that the technique allows for simpler quantification of particle 

numbers within a given sample. This technique allows for detection of 

particles within 30 – 1000 nm and tracks the contents of a sample 

simultaneously, thereby removing the issues caused by obfuscation of light 

scattering in polydisperse samples observed with DLS. The reason this is 

achievable is because NTA combines laser light scattering microscopy with a 

CCD camera (charged coupled device) which can subsequently visualise the 

sample and track individual particles (Kramberger et al., 2012). The software 

used allows for determination of particle concentration and size distributions 

(Dragovic et al., 2011; Gardiner et al., 2013) of even polydisperse samples, and 

as such is more suitable for exosome research.  
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In spite of these advantages however, and whilst novel options such as 

fluorescence-based NTA (FNTA) are being increasingly used, both of the 

standard options are still limited in their usage.  

The major constraint is that they cannot differentiate between particle sub-

sets unless coupled with more expensive and difficult techniques (such as 

FNTA), and due to the sensitivity of technologies such as NTA, may even pick 

up aggregates of genetic material, proteins or even salts such as calcium or 

magnesium which may become excited by the laser. 

To this end they are often required to be combined with other evaluation 

methods such as proteomic data, or direct visualisation and assessment of the 

population by electron microscopic methods. 

Due to this, and as exosomes are by nature invisible to the eye, some of the 

earliest used methods to observe MVB formation of vesicles are still the 

preferred method for visual characterisation of exosomes. One such example 

is presented in the 1985 article by Pan et al., which used electron microscopy 

to observe the externalization of the transferrin receptor in vesicular form 

(Pan et al., 1985). This observation was repeated in 1996 where the same 

exosome expressing formation pathway was observed in B-lymphocytes and 

once more verified by electron microscopy. Since these early papers the 

technique has widely been accepted as one of the best methods for exosome 

population definition and characterisation (Gould & Raposo, 2013). 

Interestingly, one of the most characteristic descriptors of exosomes is their 

cup-shaped or deflated-sphere morphology when observed under 

transmission electron microscopy (Gould & Raposo, 2013). 

Further advances which allow for immune-gold labelling and detection of 

specific exosome related (Romancino et al., 2013) proteins further enhance 

the power of this technique in the characterisation of these invisible 

therapeutic agents.  

2.1.4 The Therapeutic Potential of Exosomes 

The consensus on exosomes is that the biological signature of the vesicles 

reflects the state and phenotype of the parent cells from which they are 
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derived. As such the potential applications for EVs and exosomes in a clinical 

setting are numerous.  

The three main areas of exosome research are focused on their properties as 

(i) diagnostic biomarkers, (ii) direct medicinal products and (iii) as potentially 

modifiable medicinal products loaded with surface or internal proteins, 

functional genetic material or small drug compound using the exosomes’ 

natural homing ability to target cells to deliver therapeutic agents. 

In the first instance exosomes have been shown to provide a basis for cancer 

diagnosis across multiple forms including ovarian cancer (Taylor & Gercel-

Taylor, 2008), glioblastoma (Skog et al., 2008), melanoma (Logozzi et al., 

2009), prostate cancer (Pant, Hilton, & Burczynski, 2012) and colorectal 

cancer (Silva et al., 2012). These diagnoses are typically a result of analyses of 

the unique mRNA profiles which cancers transmit to exacerbate pathological 

effects in vivo. In a similar vein, exosomes have also been used as diagnostics 

for infectious diseases due to transmission of infection-specific elements. An 

example of this is seen in a study which extracted exosomes from Huh 7.5 

cells infected with hepatitis C virus. The exosomes themselves were reported 

to infect primary human hepatocytes (Bukong et al., 2014). 

Alternatively, exosomes have shown to be powerful mediators of therapeutic 

outputs in their own right. Their intrinsic properties as cell-to-cell 

communication and signalling vehicles in vivo is the focus of an ever 

increasing volume of scientific research, as harnessing this ability could lead 

to exploitations in regenerative medicine whereby cells which migrate and die 

in vivo can be replaced by these more specific and non-viable (thus lower risk) 

vesicles. 

One salient example of this was shown in experiments where mouse 

embryonic stem cell-derived EVs promoted survival and expansion of mouse 

hematopoietic stem cells in vitro, whilst concomitantly causing an 

upregulation of pluripotency associated transcription factors in the recipient 

cells (Ratajczak et al., 2006). 

Importantly this concept has been supported by in vivo studies in animal 

models as well. For example, inflammation was reduced in a mouse model of 
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collagen-induced arthritis when dosed with exosomes from indoleamine 2, 3-

dioxygenase-positive dendritic cells (Bianco et al., 2009). 

Another study has evidenced the potential therapeutic application of 

exosomes in cardiovascular disease. In two mouse models of cardiac 

ischaemia/reperfusion injury (one in vivo, one in vitro), mesenchymal stem 

cell (MSC) derived exosomes were shown to reduce infarct size by 50% when 

compared to saline controls (Lai et al., 2010; Lai et al., 2013). 

More recently EVs have been shown to promote regeneration after stroke in 

both rat (Xin et al., 2013) and mouse models (Doeppner et al., 2015). In both 

instances functional recovery was accompanied by evidence of neurogenic and 

angiogenic regeneration, as well as improved motor coordination function in 

the animals.  

2.1.5 The Current Commercial Landscape of Exosomes 

As a relatively new field of scientific importance exosome/EV research has 

been gaining momentum exponentially in recent years. The general foci of 

research have been split between three main avenues of direction: (i) 

Development of detection and quantification methods for exosomes, (ii) 

biological and biochemical characterisation and functional studies (including 

diagnostics) of cell-derived exosomes, and (iii) on their isolation and recovery 

from biofluids or cell-culture medium: the major focus of this thesis being the 

lattermost option. 

In spite of these defined areas of interest, the general trend within literature 

has often been varied and difficult to translate. This lack of translation stems 

from multiple areas; including difficulties stemming from such hard to define 

samples with overlapping vesicle types, to the sheer variety of cell sources 

(Yanez-Mo et al., 2015), and methodologies used for characterisation and 

isolation of the vesicles. This in part is what spurred the ISEV consensus 

paper  and other similar reports on the minimal criteria and accepted 

methods outlined previously in this chapter (Lotvall et al., 2014; Witwer, 

Buzás, et al., 2013). 
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It is in this spirit that this thesis aims to describe a purification platform 

which can aid to enable simple and robust translation in the isolation of 

exosomes from cell culture medium, in a manner which is scalable and 

translatable. 

Despite exosome technologies yet being in the nascent phases of research, as 

evidence of their ability to achieve acellular regeneration has led to an 

increased number of academic and industrial groups focusing on their 

exploitation. 

As research into exosomes becomes increasingly more popular (Gardiner et 

al., 2016), as scale-up technologies for cell therapies naturally advance, and as 

the opportunity for acellular therapeutics in the form of EVs/exosomes 

become more attractive to extract value from what was once considered a 

waste product, there has been one major limitation in the form of scalable 

downstream processing.  

Whilst this may seem like a goal far off into the future, manufacturing goes 

hand in hand with the quality and the functional potential of therapeutics. 

Similarly, purity and functional recovery can greatly influence the likelihood 

of success during trials and pre-clinical testing. This is because purer samples 

with retained functional abilities not only influence obvious metrics such as 

potency/efficacy of therapeutics, but also allow for better definition and 

characterisation of the material, lending itself into the production of more 

clinically appropriate candidates. In spite of these processing limitations 

though, the explosion of research into exosomes and EVs as already been 

cause for the development of exosome research to expand into industry, and 

has even given rise to numerous companies which are entirely focused on 

exosomes, rather than showing an interest to them as an aside from cell 

therapy. 

Examples of such companies now involved heavily within the exosome 

industry include Codiak Biosciences, Capricor Therapeutics, and ReNeuron 

Ltd.  
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Each of these industrial partners has a vetted interest in exosome therapies, 

but use a variety of strategies and techniques associated with the robustness 

of this novel platform technology.  

For example, Codiak Biosciences are developing exosome candidates for 

immune-oncological application. Their engEX™ platform is designed to 

create custom exosomes with specific functions. To do this they combine the 

natural homing ability and stability in vivo of exosomes with the 

bioengineering of their producer cells to incorporate novel function within the 

vesicles (www.codiakbio.com). 

Capricor on the other hand use a natural exosomes type (in this case meaning 

unmodified) derived from their company’s pre-existing cardiosphere derived 

cells (CDCs) which have been shown to improve myocardial infarction in 

porcine models (Gallet et al., 2017). 

In a similar model, ReNeuron has made use of their allogeneic CTXOEO3, 

neural stem cell line to produce vast quantities of exosome-containing 

conditioned medium, which is now the focus of development as a product in 

its own right as well as a delivery system for drug delivery 

(www.reneuron.com). For more information on the CTXOEO3 cells please 

refer to Introduction, section 2.1.6. 

Similarly, as the number of early proof of concept studies and pre-clinical 

trials begins, the need for more stringent and robust bioprocessing methods 

capable of handling the increases in volumes of conditioned media will 

become more apparent. This can be seen in the handful of early studies which 

has shown therapeutic promise in exosome technologies. Included in these 

are studies which show the use of autologous dendritic-EVs for 

immunotherapy (Besse et al., 2016; Viaud et al., 2011), allogenic MSC-EVs for 

treatment of chronic kidney disease (Nassar et al., 2016), diabetes mellitus 

(clinical trial NCT02138331), ischaemic stroke (clinical trial NCT03384433) 

and wound repair (clinical trial NCT02565264) using autologous plasma-

derived EVs. A further study showed a single patient was cured of graft vs host 

disease (GvHD) by use of allogeneic MSC-EVs, (Kordelas et al., 2014; 

Kordelas et al., 2013).  
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The move towards increased patient treatment is therefore inevitable in the 

foreseeable future. As such, focus towards larger titres of high purity 

exosomes, and manufacturing capabilities in general within the exosome field 

is highly critical to implement in order to facilitate the translation of these 

multifaceted therapeutic candidates. 

2.1.6 CTXOEO3 Cell Line 

The exosomes used in this project are derived from the CTXOEO3, foetal, 

human neural stem cell (hNSC) line (Pollock et al., 2005).  The cells are 

notable as they are conditionally immortalised with the c-mycERTAM 

transgene (Pollock et al., 2005); this transgene is based on a modified 

oestrogen receptor which preferentially binds a synthetic drug, 4-

hydroxytamoxifen (4-OHT’) (Littlewood et al., 1995; Pollock & Sinden, 2008). 

Using this system of a fusion protein coupled with a growth promoting gene 

(c-myc), regulated by the oestrogen receptor which only binds the synthetic 

drug 4-OHT’ allows the cells to become conditionally immortal (Pollock et al., 

2005; Stevanato et al., 2009). This means that upon the removal of the 

synthetic drug the cells revert back to a mortal state, which acts as a safety 

mechanism in vivo. 

Due to this ability of the cells to be expanded indefinitely, the cell line has 

become an allogeneic therapeutic candidate for the treatment of ischaemic 

stroke (Sinden, Vishnubhatla, & Muir, 2012) due to its abilities to promote 

angiogenesis and neurogenesis (Katare et al., 2014).  

The regenerative potential of the CTX cells have been evidence in numerous 

studies. One such study used a MCAo rat model to highlight the 

improvements in sensorimotor function and gross motor asymmetry between 

6-12 weeks post engraftment of the cells (Pollock et al., 2005).  

In 2012 the cells were shown to upregulate and maintain endogenous 

proliferation within the striatum of ischaemic brains post engraftment of a 

particular subset of double cortin positive neuroblasts in a response to stroke 

in comparison to vehicle treated brains. In addition it was shown that an 

enhanced immune response was observed with engraftment of CTX cells as 
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measured by an increase in proliferating CD11b+ microglial cells (Hassani et 

al., 2012). In 2014 the cells were also tested for their ability to promote 

neovascularization in mouse models of hindlimb ischaemia, for possible 

translation to clinical studies. The study showed that administration of 

CTXOEO3, 7 days post-occlusion, produced comparable restorative effects 

when compared to acute treatment (Katare et al., 2014).   

The CTXOEO3 cell line has since shown steady progress within clinical trials, 

and is now in phase IIb for the treatment of stroke disability, with previous 

clinical reports of safety in vivo (clinical trial NCT01151124: Kalladka et al., 

(2016).  

The potent biological effects of the cells were also noticeable within the 

conditioned medium of the cells (Hicks et al., 2013), in this case in the context 

of angiogenesis with the study concluding that the cells are likely secreting 

paracrine factors which can promote these positive outcomes.  

Since then the conditioned medium from the cells has been researched and 

shown to express a large number of exosomes (www.reneuron.com) which are 

currently in pre-clinical testing, and with research focusing on process 

development to isolate exosomes from large scale culture of allogeneic stem 

cells, of which this thesis is a small part. 

With regard to the CTX cells, there are many areas of interest which make 

them a promising candidate for the large scale production of therapeutic 

exosomes: the first of which comes from the fact that their parent cells are 

already a clinically appropriate and GMP compliant cell line.  

This ensures that not only are the resultant exosomes likely to be safe (as their 

production in previous in vivo models would have likely become apparent. An 

additional factor is that the cells are produced using a serum-free medium 

(Thomas et al., 2009), using purified albumin and a mixture of growth factors 

in lieu of the more complex and variable sera products.  

This is important as exosome research has been largely hindered by the use of 

sera and platelet lysates in the routine culture. From a cell culture standpoint, 

whilst efficacious at causing cell growth, the products are often animal derived 
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(in the case of foetal bovine/calf sera) or, even if human derived, (such as 

human platelet lysate) are pooled from multiple donors and can never be fully 

controlled in terms of viral or disease transmission. In addition to this, and 

more poignant in terms of exosome research, these products are often heavily 

burdened with endogenous exosomes which must be removed prior to cell 

culture. Typically this involves in house removal of the exosomes via laborious 

and expensive processing steps such as ultracentrifugation (Kahlert et al., 

2014; Kornilov et al., 2018; Shelke, Lasser, Gho, & Lotvall, 2014) (which in 

turn risks compromising the sterility of the media and exacerbates process 

costs).  

Alternatively this requires transitions to novel commercial media/sera 

containing reagents which are exosome free (which can cause process changes 

and difficulties growing established cell lines or even in the exosomes 

themselves, (J. Li et al., 2015). More recently the use of conditioning phases 

where cells are removed from complete media and grown in exosome free 

basal media for exosome collection have also been used, for example using 

commercial reagents such as RoosterCollect™, marketed by Rooster Bio 

(www.roosterbio.com). Whilst these options do exist they inevitably fall short 

of idyllic for products which are reflective of the state of the cells which 

produced them, as any stressors or changes to cells may impart negative 

effects on the exosomes by which they use to communicate with. 

An additional benefit to using cells such as the CTX line is that their 

conditional immortalisation allows for almost unlimited proliferation 

capacity. This in turn allows for an easy platform from which to generate litres 

of conditioned medium for more robust characterisation and analysis, as well 

as facilitating transition to larger scales when required during the trial or 

commercial phases. A further benefit here is that as a single cell line, rather 

than of multiple origins and, thus, quality, once the material is characterised 

no re-derivation would be required. 
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2.2 Downstream Processing of Exosomes 

2.2.1 Ultracentrifugation   

As the previous section has demonstrated, the frequency and intensity of 

exosome research is rapidly expanding at an alarming rate, due in no short 

part to the numerous benefits that the vesicles can provide in the healthcare 

industry. With such increases the need for scalable, robust and reproducible 

techniques is becoming more apparent within the industry. 

The current landscape of exosomes is still dominated by the usage of 

ultracentrifugation (Gardiner et al., 2016; Li et al., 2017), a technique which 

has been used extensively for organelle (D. A. Clayton & Shadel, 2014) and 

virus recovery (Bustos et al., 1991; Reimer et al., 1967) for many decades. 

In exosome research there are two main modes of operation which are widely 

utilised. The first is that of sequential centrifugation steps which ae used to 

remove the larger vesicle types based on their ability to be sedimented at 

lower speeds than exosomes. This technique is referred to as differential 

ultracentrifugation and makes use of sedimentation force as the main 

criterion for isolation. Typical forces used in this method are: 3,000 – 

10,000g  (for the sedimentation of cell debris/fragments), 10,000 – 20,000g 

(for the removal of organelles and microvesicles, and a final sedimentation 

step at 100,000 – 120,000g to pellet exosomes (Théry, et al., 2006).  

The second operational mode makes use of the distinctive flotation densities 

of exosomes against other protein and vesicle impurities within the 

conditioned medium. In this case, the use of high density cushions or 

gradients to isolate exosomes from these impurities based on the exosomal 

density range of 1.12-1.16 g mL-1 (M. Kesimer et al., 2009; E van der Pol et al., 

2010). The methods in which to create the density cushions rely on mixtures 

of dense chemicals or commercial reagents, examples of these are caesium 

chloride (CsCl) (used mainly in the viral bioprocessing industry (Axis Shield, 

2014; Dantas-Lima et al., 2013), and, more frequently, iodixanol (Bosch et al., 

2016; Choi, Choi, & Hong, 2012; Kowal et al., 2016; Yanez-Mo et al., 2015), 
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and deuterium oxide (D2O)/ sucrose cushions (Lamparski et al., 2002a; 

Mears et al., 2004; Vlassov et al., 2012). 

Whilst these methods may provide researchers looking into exosome 

characterisation with methods of obtaining highly concentrated, and 

relatively pure samples even from limited starting material volumes (such as 

biopsy/biofluids, or autologous cell types) they still remain inefficient at 

providing absolute purity of exosome material. One example of this is seen in 

a study from 2014 which showed that high-density lipoproteins were found to 

overlap significantly with the exosome flotation density (Yuana et al., 2014).   

Furthermore, the relative lack of information on other vesicles types and their 

subsequent overlap is yet to be fully elucidated, one study reports that whilst 

apoptotic blebs have been reported to possess a buoyant density of 1.16-1.28 g 

mL-1, no such data was available for microvesicles (C. P.-K. Lai & Breakefield, 

2012), which are significantly closer in size to exosomes than apoptotic blebs. 

Additionally, despite long-standing usage even at scale in the viral 

vaccine/VLP sectors (Baumgartner et al., 2003), the method of 

ultracentrifugation is highly unattractive from manufacturing perspectives. 

 The reasons for this are bipartite. The first major concern relates to product 

quality, with issues surrounding maintenance of sterility, conflicting results 

over post-centrifugation functionality (Edwin van der Pol et al., 2015), 

aggregation of EVs (Linares, Tan, Gounou, Arraud, & Brisson, 2015) and 

overlap of other vesicle types.  

The second major concern stems from a manufacturing perspective and an 

inherent lack of ability to translate the process either in a simple scale-up 

model, or even from laboratory to laboratory. One of the major issues in using 

ultracentrifugation is that the process itself can last in excess of 72 hours, 

even for bench scale processes, as well as the high level of skill required (in 

balancing samples, gradient generation, pellet resuspension) which 

consequently leads to higher levels of operation error. This becomes more 

unattractive when coupled with the difficulties in interpreting process 

efficiencies across multiple research groups, as exosome pelleting itself, whilst 

simplified to “100,000 g” is not quite so simple. Here many parameters can 
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contribute to changes in observations of yield and efficiency stemming from 

both the sample itself (relative density, content, viscosity) to the centrifuges 

used (k-factor, tube lengths, rotor type and size &c.) (Witwer et al., 2013). 

It is for these same reasons that the virus bioprocessing industry has been 

shifting to more scalable and reproducible methods in lieu of 

ultracentrifugation. 

2.2.2 Size Exclusion & Precipitation  

Often used as an alternative to ultracentrifugation, non-specific precipitation 

of exosomes has been reported widely in many research articles (D. A. Clayton 

& Shadel, 2014; Gardiner et al., 2016). The reason for this is due in part to the 

relative convenience of the step, as commercial reagents for exosome 

precipitation can be commercially purchased with a  wide variety of choice 

from manufacturers, such options include: the Total Exosome Isolation (TEI) 

kit  (Thermo Fisher Scientific), ExoQuick® (SystemBio), and the combination 

precipitation-size exclusion kit, Exo-Spin (CellGS). 

These options have provided researchers with opportunities to isolate and 

extract exosomes from cell culture supernatants and biofluids without the 

need to access ultracentrifuges, as precipitation allows for sedimentation of 

exosome pellets at relatively lower centrifugal forces (ca. 18,000g – 20,000g, 

as opposed to 100,000g) which can be performed on benchtop centrifuges. 

Whilst convenient methods, they maintain a certain lack of purity which is 

found in more complex methods such as density gradient separation (which 

in itself cannot guarantee a pure vesicle population comprised of only 

exosomes).  This lack of specificity often requires further purification steps 

with which to remove the concentrated impurities within the final preparation 

(Agrahari et al., 2018). 

The reasons for this is that the precipitation methods, often achieved through 

the use of volume excluding polymers such as poly(ethylene glycol) (PEGs), 

also cause precipitation of protein and non-exosomal vesicle impurity 

(Paganini et al., 2019). An example of this is shown in one study which 

performed an analysis on multiple purification methods, and found that TEI 

caused high levels of serum proteins to co-isolate within the exosome 
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preparation (Patel et al., 2019). Additionally the same study showed that PEG 

removal was inefficient, and that PEGs were retained in the final product, as 

analysed by HPLC. 

This added need to remove PEGs from the process is often difficult to achieve 

as there are no good methods to ensure complete removal from the final 

product (Vishnubhatla et al., 2014). 

As previously mentioned, the precipitation is often coupled with methods 

such as size exclusion, especially when sample volumes are relatively large 

(>100 mL), an example of this is the Exo-Spin kit which provides size-

exclusion columns for additional purification of the final pellet. In these 

instances, the size exclusion has been shown to be a powerful tool in removing 

co-isolated proteins, but due to the nature of the steps, may still be limited in 

distinguishing between vesicular subpopulations, due to their naturally 

occurring biophysical overlaps (Agrahari et al., 2018; Paganini et al., 2019). 

Despite these limitations there has been some promise in the techniques by 

researchers when compared to ultracentrifugation, although in both cases the 

literature as a whole becomes conflicting with reports of yields, purities and 

recoveries due to the translational issues notable in most of exosome 

downstream processing (Helwa et al., 2017; Tauro et al., 2012; Webber & 

Clayton, 2013). Such examples include one study which processed samples of 

human serum to achieve 80 to 300-fold higher yields of exosomes compared 

to ultracentrifugation (Helwa et al., 2017) whilst another showed that TEI 

gave the highest yield compared to ultracentrifugation (Patel et al., 2019). 

In contrast it has also been reported that density gradient ultracentrifugation 

is superior to these methods (precipitation-size exclusion) based on measures 

of purity (Kalra et al., 2013). 

These inconsistencies between methodologies and results have often been 

noted throughout the literature, and certain position articles have even been 

produced in attempts to stem the discrepancies observed by these 

technologies which lack in simple translation. Examples of this are position 

articles on standardising the reporting of results, including the parameters of 

the ultracentrifuge itself, (Witwer, Buzas, et al., 2013), on the minimal 
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experimental outcomes and factors for exosome definition and presence, 

(Lotvall et al., 2014) and on the need for recognised nomenclature and 

stringent purification criteria (J. Simpson & Mathivanan, 2012). 

In addition to this a further issue of scale is also probable in the future when 

cell culture strategies have advanced to mimic bioreactor volumes used for 

macromolecular processing processes (Chen, Reuveny, & Oh, 2013). The 

reason for this is that whilst size exclusion is an attractive convenience for the 

current scale of stem cell culture, and where for allogeneics and biofluids the 

need for larger systems may not wholly be necessary, the inevitable goal of cell 

therapy manufacturing is to be able to produce high volume batches of cells 

by translation into scalable upstream processes (Badenes et al., 2016; Chen et 

al., 2011; Schnitzler et al., 2018). 

Alongside this development there will naturally arise a pronounced limitation 

in technologies such as ultracentrifugation and size exclusion which will likely 

limit their usage or confine it to niche application. For ultracentrifugation, the 

likelihood is that it will retain its position as a powerful characterisation 

technique, and whilst perhaps it may be used as a final concentration step, 

other possible methodologies may be more practical, such as tangential flow 

filtration, discussed in section 2.2.3.  

Additionally methods such as size exclusion which will be limited as methods 

earlier on in the purification process, due to limitations derived from the use 

of beads with large, open pore structures in size exclusion chromatography. 

These mechanical constraints of the system are known to cause a lack of 

scaleability due to pressure limitations and the subsequent increased risk of 

bed collapse. This means that large scale columns are limited to either to be 

between 30 or 60cm in length, and require additional columns for material 

larger loads, which will therefore impact processing time and even resolution 

efficiencies depending on the operational modes selected (Hong, Koza, & 

Bouvier, 2012). Although one study has shown the potential for high yield 

recovery using sequential multi-column size exclusion (Moleirinho et al., 

2019), it is more likely that the step will be employed as a final polishing 

process (as it is with macromolecular bioprocessing). This is down to the fact 
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that it [size exclusion] does not increase elution volume (hence lowering 

concentration), unlike traditional chromatographic methods operating in 

bind-elute mode, and can be used to remove the final traces of impurity. 

2.2.3 Ultrafiltration & Tangential Flow Filtration 

Due to the limitations observed in reproducibility and scaleability with 

regards to size-exclusion and ultracentrifugation there has been a focus on 

alternative methods to capture exosomes from crude liquor. One promising 

method is that of ultrafiltration and/or tangential flow filtration (Gardiner et 

al., 2016; P. Li et al., 2017). 

This method has also been employed in the viral vaccine industry and was 

seen as a viable alternative to ultracentrifugation for large scale recovery of 

viruses from as early as 1969, (Rhim et al., 1969), with studies on filtration 

continuing consistently until present in order to find optimal operational 

methods to phase out ultracentrifugation processes (Saha, Y-C, & P.K.Y., 

1994; Wickramasinghe et al., 2005). This is an important fact as viral 

processing and exosome processing are highly similar owing to the nature of 

both products, essentially, being nanoplex “vesicles” with functional surface 

and internal components which must be conserved to achieve cell binding and 

potency. 

To this end studies have shown that systems such as hollow-fiber membranes 

with pore-sizes in the range of 100-500 kDa (Kornilov et al., 2018; Lamparski 

et al., 2002a), hence ultrafiltration, can be successfully used to isolate 

exosome populations from crude liquor, whilst concomitantly reducing 

sample volume, impurity levels and allowing for ancillary operations such as 

buffer exchanges all in a scaleable and GMP compliant manner (D. C. Watson 

et al., 2018). The combination of TFF with a cut-off filter above the exosomal 

size range (such as a 0.1 or 0.22 µm filtration step) adds on further ability to 

purify exosomes form the majority of larger vesicle types, and has been used 

in the same manner, once more, in the virus industry (Andreadis et al., 1999). 

Despite these benefits there are still certain aspects of TFF which make it 

difficult to adopt, especially when scales are low as in most cases of exosome 

research. These are often operational (as filtration requires intensive 
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development to optimise pressures, module length vs number, and optimal 

pore size) or cost based (due to the highly expensive cost of consumables and 

high buffer volumes required. 

A further constraint which requires efficient development is that material 

characterisation must preclude optimisation of filtration, as the starting 

liquor can have major impacts on the process due to content of DNA, cell-

culture associated/serum proteins and level of large particle impurity, all of 

which can severely limit the efficiency and purity of recovered material. This 

can also lead to issues in pressure rises and irreversible membrane fouling or 

breakage if left unchecked.  

If avoided though the system has potential as a forerunner in the primary 

recovery of exosomes at scale, especially when coupled with the fact that 

correctly run systems can retain the biological activity of exosomes (Nordin et 

al., 2015), where commercial kits can lead to (toxic) PEG accumulation (Patel 

et al., 2019) and where ultracentrifugation is reported to cause aggregation 

and damage to exosomes (Linares et al., 2015). 

2.2.4 Immuno-Capture 

Whilst this thesis does not involve itself with the use of immune-capture for 

recovery and purification of western blots, the concepts of the process leans 

on the descriptions of process scale, quality and the need for orthogonal 

techniques to the predominantly size based methods in ultracentrifugation, 

TFF and size-exclusion, often referred to in this thesis. As such, a brief 

description of the applications will be described here. 

Immunoaffinity methods are perhaps one of the scarcest available in the 

literature for exosome capture, due in no small part to the large variety of 

potential exosomal targets, a lack of knowledge on their binding and elution 

mechanics, and due to the highly expensive and explorative nature of the 

process.  

At present the format of immuocapture is more often cited with reference to 

antibody-conjugated magnetic beads which are used to extract exosomes from 

crude medium. One study showed that exosomes could be extracted 
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successfully from the spent medium of a human colon cancer cell line 

(LIM1863) and provided a higher level of quality compared to the gold-

standard ultracentrifugation (Tauro et al., 2012). Not only was the expression 

of known exosomal markers superior to the ultracentrifuge steps, but the 

particles were more homogeneous too with tighter particle size distributions, 

likely as larger vesicular impurities were vastly reduced by use of immune-

selection targeted to be more exosome specific. This study also allowed for 

sufficiently pure samples to detect new exosome-associated molecules 

(ESCRT-III component VPS32C/CHMP4C and SNARE synaptobrevin 2 

[VAMP2]) for the first time (Tauro et al., 2012). 

In spite of promising studies such as this the usage is less frequent than the 

counterpart methods, especially in the format of magnetic bead separation, 

which not only requires expensive anti-bodies and beads, but is also limited to 

scale-up beyond characterisation experiments. In spite of this however, the 

possibility of translation into a more appropriate manufacturing format, such 

as affinity ligands on a chromatographic support, would allow for the issues of 

scale and re-usability to be allayed. A further issue surrounding this technique 

is that there has also been anecdotal evidence across researchers that, as there 

is scarce to no, definite characterisation of ligand-receptor binding in this 

format for exosomal proteins, there have been issues surrounding losses in 

biological or activity as a result from damage during elution. 

2.2.5 Monolithic Chromatography 

This use of orthogonal techniques in scaleable formats naturally progresses 

into the realms of chromatography: in this case, monolith chromatography (or 

membrane chromatography as an alternative variant). 

Chromatography is a method used to separate and isolate components via a 

process of differential migration. The technique, which originated in 1903, in 

an experiment performed by a botanist from Russia (M.S. Tswett) widely 

considered to be the father of modern chromatography. In this experiment he 

showed the separation leaf pigments on a column packed with adsorbents 

such as inulin, calcium carbonate or alumina in powdered form. As he added 

the pigments he noticed the separation and banding of the pigments as they 
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progressed down the column (Ettre, 2003). To this day this remains the basis 

of chromatographic separations. 

In the present day, changes to the migrational rates (or subsequent 

retardation of them) are caused by interactions of the molecules to the 

stationary phase of the column. The stationary phase (traditionally consisting 

of beads of around 40 - 100 µm with surface pores of around 100 nm, packed 

into a column) is often coupled with ligands or has biochemical/chemical 

properties which interact with the molecules in predictable manners based on 

a number of qualities such as charge, hydrophobicity, or affinity to specific 

ligands. The material for resolution, which contains the product of isolation, 

is found in the mobile phase which passes the sample over the stationary 

phase to achieve interaction. By changing buffer compositions and using 

specific ligands appropriate to the target molecule, one can achieve selective 

isolation of most biological samples to varying degrees. This degree of 

variation is linked with the specificity of the operation and the buffers used to 

achieve binding (for example in ion exchange chromatography, multiple 

proteins in a sample may have similar charges at a given pH and thus co-

elute; whilst in affinity chromatography if the ligand is specific to a unique 

entity within the starting material, almost no-co-elution will be observed). As 

remarked in a paper on retrovirus processing from 1999, “a disadvantage of 

adsorption techniques is their imperfect selectivity….higher resolution can be 

attained by immunoaffinity chromatography”, (Andreadis et al., 1999). 

Monolith chromatography is a variant to the traditional packed bed 

chromatography which makes use of a single solid support which has a more 

open pore structure (2 - 6 µm) and which have been used for larger 

particulate burdened feed streams due to their higher flow rates and lower 

incidence of clogging from particles which would otherwise block the smaller 

pores on a traditional packed bed column. This makes them perfect 

candidates for the separation of viruses, VLPs and now, exosomes and 

microvesicles. 

If the history of the virus/viral vaccine bioprocessing shift is in any way 

reflective of that of the future of exosome bioprocessing; movement to 
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monolithic chromatographic techniques is certainly a promising development 

to be achieved. Examples of monolith chromatographic use for viruses 

includes separation of VLP (virus-like particles) from yeast homogenate 

(Burden et al., 2012), Vero cell-derived influenza A and B virus (Banjac et al., 

2014) and the use of sequential moving bed, continuous chromatography to 

show the possibility of purifying influenza A from a continuous culture, as 

part of an integrated process (Fischer, Wolff, & Reichl, 2018). 

This process has further shown to be promising in a small number of 

exosome/EV-based research where one study showed the applicability of a 

quaternary amine (QA) anion-exchange column (AEX) to isolate amniotic 

fluid derived exosomes (Kosanovic et al., 2017). The quality of these exosomes 

was assessed within the same study and shown to be of higher quality in terms 

of soluble impurity removal and in terms of CD-marker positive and negative-

exosome species (Kosanovic et al., 2017). 

A more recent study found that monolith anion exchange chromatography 

could recover exosomes from 1 L of crude medium. The quality of the product 

was similar in comparison to those isolated by ultracentrifugation in terms of 

yield, biomarker expression and morphology (Heath et al., 2018). 

Interestingly the choice to recover directly from crude medium meant that the 

time to purify 1 L took around 3 hours, and whilst this seems unconventional 

for chromatographic operations, was based on the logic to perform 

purification in a single step (which opposes the view of this thesis which is to 

combine primary recovery, by TFF, and chromatography for further 

purification). 

When compared to TFF the chromatographic eluate was lower in impurity 

from debris and protein (Heath et al., 2018).  The process was also 

translatable and performed well on exosomes derived from multiple cell 

types. 

Interestingly the choice of monolith in these references is the very same as 

one of the processes developed in this thesis, the QA, 6 µm pore, Convective 

Interaction Medium™ (CIM) monolithic column from BIA Separations 

(Ajdovščina, Slovenia) and, as in this thesis, all show beneficial outcomes 
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from using monolithic chromatography, albeit for different exosome types, 

sources, and initial volumes/qualities of material.  

This informal comparison serves to highlight the likelihood of translation of 

this process type as a robust, scaleable and easily translatable method, even 

between research groups using different material sources. 

2.2.6 Ion Exchange Chromatography 

The work presented in this thesis makes use of two types of chromatographic 

separation. The first is anion exchange chromatography which uses the 

principles of electrostatic interactions between ligand and sample to achieve 

binding.  

Anion exchangers can be either negatively charged (cation exchange, CEx) or 

positively charged (anion exchange, AEX). The latter is the type of exchanger 

used within this work as exosomes have been reported to have a negative 

charge/zeta potential (Lener et al., 2015; Paganini et al., 2019; Sokolova et al., 

2011) which can allow for binding to the column.  

Within AEX there are two different strengths of exchangers, strong and weak. 

An example of a weak anion exchanger is diethylaminoethyl (DEAE) whilst 

the quaternary amine (QA) is a strong exchanger. The differences between 

strength indicate the range in which the ligands become ionized, with 

stronger exchangers being ionized over a larger pH range. 

As these exchanger works on the principles of charged species within a 

sample, separation is influenced by the differences in charge between the 

sample and the ligand. This allows for changes in salt concentration, pH and 

the ionic strength of the buffer to all influence the final elution points of the 

species within a mixture to be resolved. As such operations on AEX columns 

are typically such that loading is performed in low salt solutions, with elution 

attained by increasing the salt concentration within the solution. This increase 

in salts allows for preferential displacement of the charged species on the 

sample surface from the ligand, with the strength of the species based on the 

Hofmeister series. In spite of this the strongest displacement ions are not 

necessarily the best to achieve elution. 
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2.2.6 Hydrophobic Interaction Chromatography 

The second type of chromatography utilised in this project is that of 

hydrophobic interaction chromatography (HIC). In this case the interaction 

between species and the ligand is based on interactions between hydrophobic 

patches on the molecular surface.  

When two hydrophobic species interact with one another, an increase in 

entropy (which implies a loss in Gibbs free energy, thus causing a 

thermodynamically favourable process) is observed as the ordered structure 

of water molecules is disturbed around the interacting species. To reverse this 

a reduction in salt concentration is often used, however changes to pH, use of 

organic solvents and even changes to the type of salt in the mobile phase can 

be used. 

It is because of this that the process is run with a loading buffer at high salt 

concentrations, with elution achieved by reduction of the salts. The reason for 

the interactional changes between the ligand and samples are complex but 

have effect stemming from conformational changes to the protein structure 

(exposing more hydrophobic regions in high salt concentration solutions) as 

well as the overall hydration of the species, and factors such as the surface 

tension of the solution (Tomaz, Chapter 7 - Hydrophobic Interaction 

Chromatography in Fanali et al., Liquid Chromatography - Fundamentals 

and Intrumentation , Elsevier 2017).  
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Chapter 3.0 

Materials and Methods 

 

3.1 CTX0E03 Cell Culture 

The exosomes derived for this project were produced natively during the 

proliferative growth of CTXOEO3 cells and secreted into the conditioned 

culture medium. Cell banks of the CTX cell line were provided by ReNeuron, 

and are a human derived foetal neural stem cell line, immortalised by the 

oncogene c-mycERTAM. 

3.1.1 Revival and Cell Seeding 

Cells were revived from working cell banks at passages 22-24. The banks were 

cryopreserved in complete culture medium + 10% DMSO (Sigma). Upon 

revival a new culture ID is generated and passage number is increased by 1 to 

allow for traceability and reproducible numbering between lines.  

Cells were removed from liquid nitrogen and defrosted in a pre-warmed water 

bath at 37°C by gentle swirling; ensuring the cap of the vial is never 

submerged. The maximum time for thawing is limited to 5 minutes and time 

is recorded in every instance of revival. 

Once thawed, the contents of the vial are diluted to 10 mL by addition of fresh 

growth medium, and centrifuged at 1500 RPM for 5 minutes. The supernatant 

is carefully aspirated and discarded, and the cell pellet resuspended in 1 mL of 

the complete medium. The nomenclature of the complete medium is: reduced 

modified medium + growth factors (or, RMM+GFs). The preparation of which 

is detailed in section 3.1.3. 

3.1.2 Cell Counting 

Once cell pellets from passage or revival are resuspended, cell counting is 

performed to determine the number of cells recovered, and to determine the 
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volume required to seed flasks (seeding occurs at 3-5 x 106 cells per T-175 

flask). To do this, 20 µL of cell suspension is mixed with an equal volume of 

Trypan Blue stain (Gibco or Sigma). Viable and dead cells are then counted on 

a haemocytometer: the sum of which gives the total cell count. 

In order to determine the viable cell count the following formula is used: 

𝑇𝑜𝑡𝑎𝑙 𝑉𝑖𝑎𝑏𝑙𝑒 𝐶𝑒𝑙𝑙𝑠 = 10,000 × 𝑉𝑖𝑎𝑏𝑙𝑒 𝐶𝑜𝑢𝑛𝑡 × 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 × 𝑉𝑜𝑙𝑢𝑚𝑒  

Cells are then seeded into pre-coated T-175 NuncTM cell culture treated flasks, 

(Thermo Fischer Scientific, Thermo Scientific, UK) using the aforementioned 

seeding density. The flasks are then returned to a humidified incubator 

maintained at 37°C ± 1°C, 5% CO2 ± 0.5%. 

3.1.3 Flask Preparation 

All flasks manipulations are performed in Class II biological safety cabinets. 

Flasks are coated with Cultrex Mouse Laminin (Trevigen, Gaithersburg) by 

diluting 240 µL of Laminin with 12 mL of DMEM:F12 (Thermo Fischer 

Scientific, Gibco, UK). The flasks are inspected and manipulated manually to 

ensure full coverage of the attachment area, and returned to the incubator for 

a period of no less than 1 hour to allow coating of the flask surface. The 

mixture is prepared cold to ensure ease of handling. 

Once coating has been achieved the coating solution is aspirated and replaced 

by 35 mL of pre-warmed complete growth medium containing 4-

hydroxytamoxifen (RMM + GFs + 4-OHT’) to avoid drying out of the surface. 

The flasks are once more returned to the incubator until cell seeding. 

3.1.4 Preparation of RMM + GFs + 4-OHT’ 

Reduced Modified Medium (RMM) is prepared by using DMEM:F12 as a base 

to which supplements including growth factors and 4-Hydroxytamoxifen are 

added.  

The constitution of the full RMM+GF+4-OHT is as follows per 500mL of 

DMEM:F12: 12 mL is discarded prior to addition of: 20% Human Albumin 

Solution (Albunorm20%, Octapharma, Manchester); 20 mg/mL Human 

Recombinant Transferrin (Millipore); 8.1 mg/mL Putrescine Dihydrochloride 
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(Sigma); 10 mg/mL Human Recombinant Insulin (Sigma); 20 μg/mL 

Progesterone (Sigma); 200 mM L-Glutamine (Invitrogen); 20 μg/mL Sodium 

Selenite (Sigma); 10 μg/mL bFGF (Peprotech) and 10 μg/mL EGF 

(Peprotech).  

The medium is passed through a 0.2 μm filter; 1 mM 4-OHT’ (Sigma) [in 

ethanol] is added only when the medium is aliquoted and pre-warmed prior 

to use. 

Each batch of RMM+GFs can be kept for a period of no longer than 2 weeks. 

All supplement aliquots used must have been used within a 3 month period 

from the date of preparation except from Transferrin which has an expiry 

time of 1 year. 

3.1.5 Feeding of Cells and Conditioned Medium Recovery 

To maintain growth cells are fed between passages in order to remove 

metabolic waste and maintain nutritional balance. Cells were fed between 2 

and 3 days of culture to allow for conditioning of the medium whilst 

remaining within the culture guidelines set by ReNeuron for the cells. An 

additional feed would also be performed a day post revival or passage to 

remove excess of dead/unattached cells, however this medium would be 

discarded rather than retained for use in the project due to the increased 

likelihood of cell debris and apoptotic derived vesicles. 

Upon feeding any spent medium (now known as: conditioned medium or CM) 

would be collected in 50 mL centrifuge tubes and debris sedimented 

immediately by centrifugation at 1500 RPM for 5 minutes. The supernatant 

was then removed into a fresh tube, or pooled into the appropriate container 

(pooling only occurred between conditioned medium from multiple flasks of 

the same cell batches) and frozen at -80°C until required for further 

processing. This clarified-CM is also referred to as CCM. All stored medium is 

labelled in full with the originating cell batch ID, date or preparation and cell 

passage number to ensure traceability between batches of medium. 

Cells are maintained in culture until they reach an estimated 70-80 % 

confluency (by visual inspection), whereupon passing is then performed. 
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3.1.6 Passaging of CTX Cells 

To passage the cells spent culture medium is removed from the flasks (and 

stored as per 3.1.5) prior to washing with HBSS without Ca2+/Mg2+ with 

phenol red (Thermo Fisher Scientific, Invitrogen, UK). Washing is performed 

by aspirating the medium over the cell surface 3-5 times to ensure 

dead/detached cell removal. The wash solution is discarded and the 

dissociation reagent (TrypZean/EDTA, (Lonza, UK)) is added at a volume of 5 

mL per T-175 flask. The flasks are recapped and replaced in the incubator, and 

a timer set for 5 minutes for the dissociation process to complete. Once 

completed the flasks are inspected for detachment under an inverted light 

microscope and either moved into the culture hood for quenching or returned 

to the incubator for up to 5 more minutes if detachment was 

incomplete/inefficient. 

To quench the reaction, 5 mL of defined trypsin inhibitor (DTI) (Thermo 

Fischer Scientific, Invitrogen, UK) containing Benzonase® Endonuclease 

(Merck Millipore, Hertfordshire, UK) (DTI/Benz) is added to the flask and 

mixed by trituration of the mixture within the flask. This also serves to detach 

any remaining cells in the flask, ensuring maximal recovery of cells.  

The cell containing solution is transferred to a centrifuge tube, and pelleted at 

1500 RPM for 5 minutes, 4°C. The supernatant is removed and discarded, and 

the cell pellet is resuspended in RMM + GFs (the volumes used for 

resuspension are based on 1 mL per flask pellet). Cell counting is then 

performed, and cells are seeded as descried previously. 

3.1.7 Cell Banking 

Upon detachment and resuspension, cells are banked in cryovials (Merck 

Millipore, Nalgene, Hertfordshire, UK) at a density of 3-5 x 106 cells per vial 

in RMM + GFs, 10% DMSO. Each vial is labelled with cell number, ID, 

Passage number (upon banking). Vials are kept in Mr Frostys or equivalent 

overnight at -80°C to ensure controlled cooling/minimal cell disruption, and 

then transferred to liquid nitrogen for long term storage. 

 



74 
 

3.2 HDFa Cell Culture/ Scratch Assay 

3.2.1 HDFa Subculture 

In this thesis the potency output of the exosome product is determined by the 

scratch wound healing/migration assay which uses adult, human dermal 

fibroblasts (HDFas) purchased from Cascade Biologics (Thermo Fisher 

Scientific, Gibco, UK). For the purposes of this work, the cells upon purchase 

were recorded as passage 1, and banked between passages 3-6, with a 

maximum passage number of 11 prior to use due to reduced growth potential 

of older cells. 

Cells were cultured in T75 flasks in medium 106 (referred to as M106, or basal 

medium in assessment of the scratch assay) supplemented with low-serum 

growth supplement (LSGS), both from Thermo Fisher Scientific, Gibco, UK. 

This medium and supplement combination is a complete medium and 

referred to as full growth medium (FGM), or the positive control, in the 

context of the scratch assay. 

Cryopreserved cells were thawed in a water bath at 37°C and moved to a Class 

II biological safety cabinet. The vial contents were triturated, diluted into 

fresh complete medium and centrifuged as described for the CTX cells, but 

using the FGM. Cells were seeded at a density of 5 x 103 cells per cm2 in T75 

flasks. No prior coating of the flasks was required.  

Passaging occurs at 70-80% confluence, as described in the protocol for the 

CTX cells, however using trypsin/EDTA and defined trypsin inhibitor (both: 

Thermo Fisher Scientific, Life Technologies, UK) for the detachment and 

quenching reagents respectively. 

3.2.2 Scratch Wound Healing Assay 

Sub-cultured HDFas were resuspended in basal medium and seeded into 

each of the wells within the culture insert of Ibidi 24 µ-well scratch assay 

plates, (Ibidi) at a density of 4 x 105 cells mL-1: 70 µL of this suspension was 

seeded within each insert well resulting in 28,000 cells per insert well. 
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The surrounding well was fed with 0.5 mL of basal medium to ensure they did 

not dry out overnight, and were replaced in incubators to allow cell 

attachment and confluence within the well inserts.  Once achieved, inserts 

were carefully removed by use of sterile tweezers in a Class II cell culture 

hood. Visual inspection of the first well was performed prior to removal of the 

remaining inserts, and then all wells were inspected to ensure no detrimental 

effect to the cell layers was observed. In all cases extra wells were seeded as 

contingency for disruption to the cell layers to ensure enough replicates across 

experiments. 

The medium in the wells was then removed and replaced by with basal 

medium except for the instances a positive control was being used, this 

control would instead contain FGM. For comparability studies between 

purification methods, 20 µg of the exosome preparations were loaded into 

each well for experimentation. In the cases of titration curves the dosing of 

exosome material is listed within the experiment proper. Each sample was 

tested in triplicate as a minimum. 

3.2.3 Scratch Assay Analysis 

The assay was observed every 24 hours for 3 days, and images (between 4-10x 

magnification, but always constant within an experiment duration) were 

taken of the centre of the wound, including immediately after the samples 

were dosed to the assay in order to give an initial wound area. 

Images were then processed by use of Image J software to count the pixel area 

of the wound. The initial count of the wound size is represented as 100% 

wound size or 0% closure, and the resultant percentages of closure are given 

as a function of this initial wound size, from which an average of replicates 

can be taken.  Errors reported in the data are the standard deviations of the 

replicate results. 

In order to measure the wound a manual border was used to outline the 

wound areas, prior to measurement within Image J, an example of this is 

shown below in figure 3.1. 
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Figure 3.1: Screenshots of early, mid and late phase images during a scratch assay with 

outlines for area calculation. In order to give the area of wound closure, images were taken daily of 

each experiment and analysed in Image J. A polygon select tool was used to outline the wound area 

which could then allow for calculation of the number of pixels within the area. Subsequent daily photos 

allowed this value to be used to determine a percentage healed when compared to each well’s day 0 

wound size. 
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3.3 Small Scale Downstream Processing 

3.3.1 USD Tangential Flow Filtration  

The filtration system used by ReNeuron for large scale recovery of exosomes 

from conditioned medium is a hollow-fiber membrane with a nominal pore 

size of 300 kDa, preceded by a 0.1 µm filtration to remove larger than 

desirable particles prior to concentration.  

To replicate this at the small scale 0.1 µm syringe filters (Merck, Darmstadt) 

were used to provide the initial large particle removal. To emulate the 

concentration within the 300 kDa hollow-fiber, Vivaspin 20 300kDa 

m0olecular weight cut-off, centrifugal concentrator filters were utilised 

(Sartorius, Goettingen). 

As the capacity of each of these is 20 mL, in experiments where more than 

this volume was required to be processed the samples were serially 

concentrated until the final volume to be processed had been achieved. To do 

this each 20 mL required centrifugation for 10-20 minutes at 3000g. The 

sample retentate was then removed by use of a P200 or P1000 pipette and the 

true volume calculated via back-pipetting the sample. This volume was used 

for subsequent dilution factors and mass balances where the sample would 

have to be diluted to span multiple assays (the typical retentate range was ca. 

200-400 µL). 

Full scale TFF was performed by ReNeuron using 3-10L batches of 

conditioned medium prepared at UCL by the author. The filtration was 

performed on a 300kDa hollow-fiber membrane and rig from Spectrum Labs. 

3.3.2 Exo-Spin™ Midi Protocol – Sample Preparation 

As a commonly referenced method of exosome isolation, the PEG-

precipitation/size exclusion systems from Cell Guidance Systems were 

employed. The operation was as per the manufacturer’s protocol, but is 

described here. 

Briefly, conditioned medium was clarified by serial centrifugation at 300g for 

10 minutes and then 20,000g for an hour, each time retaining the 
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supernatant (and transferring to clean tubes) and discarding the pellet. The 

reagent “Buffer A” supplied with the kit, was then added at a ratio of 1 volume 

of sample to 0.5 volumes of Buffer A and left to precipitate overnight at 4-8°C. 

The mixture was then centrifuged once more at 20,000g for one hour to pellet 

the exosomes. The supernatant was then discarded. The pellet which 

remained invisible was resuspended in 1000 µL of PBS. In order to ensure the 

pellet was not disturbed, a fixed angle rotor was used (to provide a stronger 

pellet than a swing out rotor) and the location of the expected pellet marked 

by a fine lab marker. 

3.3.3 Exo-Spin™ Midi Protocol – Size Exclusion 

The size exclusion step was performed according to the manufacturer’s 

instructions. Briefly, the columns were voided of storage buffer and 

equilibrated. To do this the outlet plugs were removed and the column 

allowed to drain under gravity. The column was equilibrated with 10 mL of 

PBS (added to the top of the column once the liquid surface had past the 

column surface to ensure no drying out of the column) and once more allowed 

to drain. This step was repeated once more. 

Once the equilibration buffer had past the column surface, the 1 mL pellet was 

added to the top of the column followed by 2 mL of PBS. Once drained, a 

further 3 to 5 mL is added and the resultant eluate is collected.  

3.3.4 Differential Ultracentrifugation/Sucrose Cushion Ultracentrifugation 

Differential ultracentrifugation was used as a method of exosome enrichment, 

and was compared to a differential ultracentrifugation coupled with a 30% 

(w/w) sucrose/D2O cushion. This was chosen to match the flotation density 

of exosome populations as observed in literature (Mehmet Kesimer et al., 

2009; R. C. Lai et al., 2012). The procedures for both steps are as outlined by 

Figure 3.2.  
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Figure 3.2: Process flow diagrams of the ultracentrifugation processes used to recover 

exosomes from conditioned medium. The left process shows the steps performed for the 

differential ultracentrifugation step, which serially removes impurities from cell culture prior to final 

exosome sedimentation at 100,000g. The major impurity targeted by each step is given. Similarly, the 

step was modified by addition of a sucrose cushion which could further remove particles which do not 

have the same flotation density as exosomes, known to settle within the sucrose cushion. All 

intermediate steps for impurity removal work by retention and transfer of the supernatant into a new 

tube and discarding of the pellet and tube used for that step. The final sedimentation is where the 

supernatant is discarded, and the pellet resuspended as per experimental requirements. For the sucrose 

cushion, the cushion is collected (i.e. supernatant discarded), diluted to the fill volume of the tube with 

PBS and sedimented where the same process is followed for the 100,000g sedimentation. 
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The process operations are almost identical between the two variants, with 

the only difference being the additional stage to remove the sucrose cushion 

from the final preparation by us of a second pelleting step. 

The sucrose/D2O cushion itself was 0.2 µm filtered to deplete the cushion of 

particles. The cushion was loaded into the ultra-centrifuge tubes (40 mL) at 

1/6th to 1/8th of the volume of the tube. Sample loading for the non-cushion 

step was achieved when the tubes were brimmed. The tubes used for all 

ultracentrifugation steps were Thinwall Ultra-Clear™ tubes (25 x 89 mm) for 

use in the SW 28 Ti rotor of a Beckman Optima-L-100XP Ultracentrifuge (all: 

Beckman Coulter). 100,000g was achieved in the SW 28 Ti rotor by a 

centrifugal speed of ~23,600 RPM.  

When layering the clarified conditioned medium onto the cushion the first 1 

to 2 mL would be done via a P200 micropipette to avoid disruption of the 

cushion.  

In every case of ultracentrifugation, the total mass of filled tube, tube-holder 

and cap was balanced to ± 0.1 g. No brakes were used to slow the centrifuge 

for the cushion variant of the protocol as braking at such high forces could 

lead to disruption of the cushion, whilst maximum braking was used for the 

direct pelleting of exosomes onto the tube surface. 

3.3.4 Isopycnic/Density Gradient Ultracentrifugation 

A range of density layers were produced by combining Iodixanol, trade name 

Opti-Prep™ (Alere Technologies, Axis-Shield Density Gradient Media, 

Norway), initially a 60% solution, in a ratio of 5 to 1 volumes of 0.25 M 

sucrose stock solution (containing 60mM Tris-HCL, 6 mM EDTA) to produce 

a final 50% Iodixanol stock (as described in the Axis-Shield application note, 

www.optiprep.com). This 50% stock was then diluted further (table 3.1) by 

the same 0.25 M sucrose stock in order to create the density gradients used 

for fractionation of conditioned medium and large scale TFF-recovered 

exosomes.  

In order to layer 2 mL of each cushion onto one another a rack was set up on a 

low bench that allowed eye-level observation of the centrifuge tubes when the 
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operator was sat on their knees. Each 2mL cushion (beginning with highest 

density at the bottom) was gently layered using a P200 pipette, with 

aspiration being targeted to the wall of the tube, such that the layers settled on 

top of one another with minimal mixing. To add the exosome material on top 

of the uppermost fraction, this process was repeated until at least 5 mL was 

layered, whereby a P1000 pipette was used to add the remaining volume. 

 Fraction Density % Iodixanol Composition Ratio (10mL) 

(-) (g/mL) (%) Iodixanol Stock 0.25M Sucrose 

1 1.107 16% 3.2 6.8 
2 1.117 18% 3.6 6.4 

3 1.127 20% 4.0 6.0 
4 1.136 22% 4.4 5.6 
5 1.146 24% 4.8 5.2 
6 1.156 26% 5.2 4.8 
7 1.165 28% 5.6 4.4 
8 1.175 30% 6.0 4.0 
9 1.185 32% 6.4 3.6 

10 1.204 36% 7.2 2.8 
11 1.243 44% 8.8 1.2 

12 1.272 50% 10.0 0.0 

 

Table 3.1: Table of isopycnic ultracentrifugation density fraction preparations. Density 

fractions for isopycnic ultracentrifugation were created using a mixture of Iodixanol stock and a 0.25M 

sucrose diluent to create the distinct density fractions listed in the table, for the purpose of exosome 

fractionation. The resulting stock density is given alongside the fraction ID which is linked to the 

vertical direction in which they would be layered in the tube, i.e. fraction 1 with the lowest density would 

be the top most fraction in the ultracentrifuge tube with the sample to be fractionated on top of it and all 

other fractions below it. Each fraction is given as a percentage of the 50% Iodixanol stock solution, with 

the final column showing the volumetric ratio to produce 10mL of each fraction.  

Once layered and balanced to ± 0.1 g, the tubes would be centrifuged at 

100,000g for 72 hours with no braking to slow the centrifuge. The fractions 

were then separated from the top-down, ensuring to take care not to disturb 

the boundaries in the process. Each of the 2 mL layers would be pooled with 

those of the other tubes (like-for-like layers), diluted in PBS and re-

centrifuged at 100,000g to provide a pellet which could be resuspended for 

analysis. The final centrifugation lasted 1 hour and applied maximum braking 

to slow the rotor. 
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3.4 Monolith Chromatography 

This thesis made use of two Convective Interaction Media™ (CIM) monolith 

columns purchased from Bia Separations (Ajdovščina, Slovenia). Both 

columns had a (nominal) 6 µm pore size and were of 1 mL volumes. The first 

column tested was a strong anon exchanger (AEX) with the quaternary amine 

as the ligand (QA). This is referred to often in the results as the QA column. 

The second monolithic column was that of a hydrophobic interaction 

chromatography monolith (HIC), which made use of the hydroxyl ion as the 

binding ligand (OH). This column is referred to as HIC or OH column through 

the results. All chromatographic separation was performed on the Äkta Avant 

liquid chromatography system (GE Healthcare, Uppsala, Sweden).  

Both columns were operated under the same protocols, with differences only 

stemming from the buffers used for equilibration/sample loading, washing 

and elution/column stripping. The general protocol for column preparation 

and running is shown in figure 3.3, whilst a more detailed table outlining 

the specific buffers for each column is given in table 3.2.  

All buffers were sterile filtered  (Thermo Fisher Scientific, Nalgene™ Rapid-

Flow™, 0.22 µm) prior to use in the system and were made fresh on the day of 

use. To prepare buffers all chemicals were purchased in solid form from 

Sigma Aldrich. 
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Buffer ID QA Column OH Column 

Loading/ 

Equilibration/Wash 

50 mM Tris, pH 8.0 2M (NH4)2SO4, 50 mM 

Sodium Phosphate, pH 

7.0 

Elution 2M NaCl, 50 mM Tris, pH 

8.0 

50 mM Sodium 

Phosphate, pH 7.0 

Column Rinse Milli-Q H2O Milli-Q H2O 

Column CIP 1M NaOH, 2M NaCl 1M NaOH, 2M NaCl 

Column Storage 20%(v/v) EtOH, in Milli-Q 

H2O 

20%(v/v) EtOH, in Milli-

Q H2O 

 

Table 3.2: Breakdown of key buffer composition used during chromatographic 

separation in anion exchange and hydrophobic interaction monoliths. Chromatographic 

techniques require numerous buffers for product loading, column washing and equilibration and 

subsequent elution. This table highlights the main buffers used during operation of the 1mL quaternary 

amine anion exchange and hydrophobic interaction monoliths used in this thesis. Unless otherwise 

stated in the body of the text, e.g. where pH changes are used for process optimisation or 

experimentation, the processes would use these buffers. For a more detailed explanation of how and 

when buffers are used, refer to figure 3.3.  
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Figure 3.3: Process flow diagram of the individual steps within the chromatographic 

processes used. The flow diagram details the general stages for column preparation and CIP, 

regeneration and product loading, as well as for the purification proper. Volume of each reagent is given 

in CVs (column volumes) as is standard for chromatographic terminology. Flow rates are given in terms 

of CV per minute (CV min-1). Where X is used to denote volume, this indicates that the volume is 

variable and is determined on an experimental basis. All chromatographic steps were performed on an 

Äkta Avant system (GE Healthcare, Uppsala, Sweden) and using 1mL monolith columns (anion 

exchange or hydrophobic interaction) from BIA Separations (Ljubljana, Slovenia). 
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3.5 Process Analytics 

3.5.1 Cell Staining 

Cells were fixed in 4% paraformaldehyde (Sigma) for 15 minutes at room 

temperature. They were then washed with thrice with PBS for 5 minutes per 

wash, prior to being permeabilised with a solution of 0.1% triton-X 100 

(Sigma) in PBS for a further 15 minutes. Samples were then blocked for non-

specific binding with a 10% solution of foetal bovine serum (FBS) in PBS at 

room temperature for 1 hour. Cells were then probed with antibodies for 

nestin (1:200, mouse anti-human, Millipore), GFAP (1:5000, rabbit anti-

human, DAKO) and β-III tubulin (1:500, mouse anti-human, Sigma) 

prepared in a PBS solution containing 1% FBS. N.B. as both nestin and β-III 

tubulin used anti-mouse primary antibodies, these were performed on 

separate wells. Excess antibody was washed from the samples with PBS three 

times for 5 minutes per wash. After the wash, the cells were probed with their 

respective secondary antibodies (1 hour, room temperature, sealed in 

aluminium foil to prevent light interaction) raised in goat at a dilution of 

1:200 in 1% FBS/PBS. Secondary antibodies used were both from Molecular 

probes: Alexa 568 (goat anti-mouse) and Alexa 488 (goat anti-rabbit). Cells 

were once more washed in triplicate with PBS for 5 minutes per wash and 

counterstained with 1 µM Hoechst 33342 (Sigma) for 2 minutes prior to 

image acquisition on an EVOS FL fluorescence microscope. 

3.5.2 Impurity assays (Protein &DNA) 

Protein was measured using the appropriate choice of assay between the µ-

Bicinchoninic protein assay [BCA] (Thermo Fisher Scientific) for low 

concentration protein samples (i.e. those in the small scale work and early 

characterisation/high purity material) and for more abundantly concentrated 

protein samples the Pierce™ Coomassie Bradford protein assay (Thermo 

Fisher Scientific). The reason for use of two different assays was due to the 

differences in the lower limit of quantification between the two assay choices, 

where the Bradford assay has one of 20 µg mL-1, the µ-BCA assay permits 

quantification as low as 2 µg mL-1. In instances where the µ-BCA assay was 

used, the Bradford would be used instead, and where the Bradford assay was 
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overexposed, serial dilutions would be performed using fresh PBS (also used 

as the zero standard), and resultant values multiplied by the dilution factor. 

In both cases standard curves were generated from stock ampoules of 2 mg 

mL-1 BSA (Thermo Fisher Scientific), used to generate a mathematical 

relationship between absorbance and protein concentration, used to quantify 

the unknown sample concentrations. Computation was performed in Excel. In 

both cases samples were tested and analysed in accordance with the 

manufacturers’ instructions. 

For quantification of dsDNA in the samples, the Quant-IT™ PicoGreen® 

dsDNA assay was used (Molecular Probes Inc.). Samples were once again 

analysed as per manufacturer’s instructions. Standard curves were generated 

using the dsDNA standards supplied with the assay.  

3.5.3 Nanoparticle Tracking Analysis (NTA) 

The NTA NanoSight LM10 (Malvern Instruments, Malvern, UK) was used for 

quantification of particle concentration and size distribution. The principles 

of NTA are to employ Brownian motion and light scattering to particles in a 

sample in order to detect and quantify size and number of particles within 

polydisperse preparations.  

The following process was employed for each sample to ensure reproducible, 

accurate and comparable analyses. The optical flat and top plate were cleaned 

with 70% ethanol, dried and then cleaned with water (both particle free). To 

clean the top plate the cleaning solutions would be injected into the inlet and 

allowed to pass through the outlet port. The holes in the base of the top plate 

would also be injected (gently) to ensure removal of the previous sample. Care 

was taken to ensure ethanol was fully dried (via compressed air) prior to 

addition of water to ensure no ethanol-water “vesicles” were left within the 

system. Similarly the plate was thoroughly dried with compressed air prior to 

sample injection.  An alternative method for top plate drying was to use a 

60mL syringe to blow air into the inlet port, forcing any residual cleaning 

solutions to be removed. The surfaces of the top plate and optical flat were 

dried with particle free tissues.  



87 
 

The optical flat was then replaced within the laser housing and an injection of 

particle free water or PBS was used to validate the cleaning procedure. This 

stage also allowed for focusing of the camera-microscope unit. To do this the 

laser would be connected, and the capture button on the software selected. 

Initial camera settings for placement were set to 14 to allow detection of the 

“fingerprint” which could then allow camera focusing. A test run of the 

particle free material would be performed, and if no particles were detected, 

the cleaning protocol, was validated. 

To process the samples, the cleaning procedure was repeated in its entirety 

between all samples. This ensures no dilution or false positives from the 

previous sample were allowed, and also prevented unnecessary waste of 

sample. Particles would be recorded for 60 to 90s seconds either 3 or 5 times 

(always consistent within an experiment) depending on the number of 

samples to be processed in a day and the polydispersity of the sample 

(determined by an initial reading). For experiments requiring more than 30 

measurements in a single sitting the lower replicate number was used to avoid 

overnight storage of samples as the adherence of exosomes to the plastics 

used was unknown. For sample analysis the camera level was set between 11-

13 depending on the size and concentration of particles within the sample (to 

ensure detection was precise). Specifically, a camera level of 13 was used for 

all samples which had been purified, whereas the lower camera level of 11 was 

used for conditioned medium samples, and samples which retained high 

levels of brightness from phenol red, such as where conditioned medium was 

processed on the QA column. The reason for this is that in bright samples the 

higher camera level often contributes more substantially to measured particle 

concentration by addition of noise than a small change in camera level (Maas 

et al., 2015).  

Where possible the sample was injected at a concentration of 108-109 particles 

per mL. If the reading showed the concentration was higher than this, a 

second, diluted sample would be prepared using the particle free PBS, with a 

second measurement to re-validate the diluent. In the instances of samples 

with lower than the detection range, (e.g. within chromatograms where no 

particles have yet eluted) the samples were measured as normal, however no 
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conclusions would be drawn from the size distribution curves as these do not 

get fit by the algorithm within the system as well as within the range. 

3.5.4 SDS Page and Western Blotting 

Pre-cast 10-well, 1.5mm thick NuPAGE® Novex 4-12% Bis-Tris Gels (Thermo 

Fisher Scientific, Invitrogen) employed for the separation of protein species in 

samples, prior to transferral to a PVDF membrane (Thermo Fisher Scientific, 

Invitrogen) for western blotting.  

To perform the blot an SDS-PAGE was performed using 1x MES buffer 

(Invitrogen) at a constant voltage of 200V, roughly 125mA using a vertical 

Invitrogen electrophoresis tank. In all samples a Multicolour Spectra protein 

ladder (20 µL per well, Invitrogen) was used to allow detection during the 

transfer stage and to benchmark the completion of the SDS-PAGE. Samples 

were prepared by boiling at 90°C for 10 minutes when combined 3:1 with a 4X 

sample buffer (Invitrogen). Samples were briefly centrifuged to ensure 

condensate was returned to the sample and 35 µL was then loaded per well.  

The electrophoresis was deemed complete when the smallest band had 

reached close to the bottom of the gel, and the voltage was removed, 

terminating further separation. The gel was broken open using a metal 

spatula and a western blotting sandwich was prepared. The layers used were 

as follows: filter paper, SDS-PAGE gel, PVDF membrane, and a final filter 

paper. These layers would be enclosed by thick, clean sponge and sealed 

within the western blot holder of a BioRad western blot tank to ensure a tight 

sandwich for optimal transfer. All layers aside from the gel itself were soaked 

in methanol prior to sandwich assembly. Air bubbles were rolled out by use of 

a 10mL serological pipette or gel roller.  

The western blot tank was filled with transfer buffer [1L recipe: Milli-Q 

750mL H2O, 250mL methanol (Sigma), 14.41 g glycine (Sigma) and 3.03 g 

Tris (Sigma)], until the designated level was achieved. 1.5 L of the buffer 

would be prepared the night before and refrigerated to ensure the transfer 

process remained cold for the duration as excessive heating can cause 

detriment to protein transfer efficiency and blot clarity- where possible 

transfers could also be performed in a cold-room. 100 V for 1 hour was 
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sufficient for transfer for single blots, but often a further 20-30 minutes was 

required for double blots. In all cases transfer was judged by opening the 

sandwich carefully to ensure the membrane and gel were not displaced from 

one another, and gently peeling back the membrane to observe transfer of the 

visible ladder. The best place to determine transfer was found to be the 

uppermost band corresponding to the highest molecular weight protein, as 

transfer is slower with increasing protein size. 

Once transfer was complete, membranes were blocked in square petri-dishes 

with blocking solution (Invitrogen) for 30-60 minutes, placed on a rocker. 

They were then washed twice for 5 minutes using Milli-Q water. Membranes 

were maintained face up throughout the procedure. 

Primary antibody was added at an appropriate concentration to the antibody 

solution (Invitrogen) and allowed to bind overnight (refrigerated and rocked). 

For a list of antibodies and concentrations see table 3.3.  

An antibody wash-solution (Invitrogen) as used to wash the membrane thrice 

at 5 minutes each. The secondary antibody was prepared at 1:2500 in the 

antibody solution and incubated at room temperature for 1-2 hours. The 

membrane was washed once more with wash solution 3 times.  

When ready to image, membranes were incubated briefly (<10s) with 

SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Fisher 

Scientific) and imaged using the AI600 gel and western imaging system (GE 

Healthcare, Uppsala, Sweden).  
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Antibody Concentration Manufacturer 

Anti-CD 81 1:100 Thermo Fisher Scientific 

(Life Technologies) 

Anti-CD 63 1:100 Thermo Fisher Scientific 

(Life Technologies) 

Anti-CD 9 1:100 Thermo Fisher Scientific 

(Life Technologies) 

Anti-HSA 1:2500 Abcam 

Anti-GM130 1:1000 Abcam 

Anti-TSG101 1:1000 Thermo Fisher Scientific 

(Life Technologies) 

(2°) Goat anti-Mouse or 

anti-Rabbit IgG (H+L) 

Cross-Adsorbed 

Secondary Antibody, 

HRP 

1:2000 Thermo Fisher Scientific 

(Life Technologies) 

 

Table 3.3: List of antibodies, their concentrations and manufacturers for western blots. 

As exosomes are a specific subset of vesicles present in a milieu of other secreted entities during cell 

culture, western blot can be used to detect exosome-specific markers to aid in characterisation, as well 

as detecting highly occurring  culture impurities such as albumin and other vesicles such as Golgi. The 

table describes which of these antibodies were used during western blot analysis of exosome 

preparations alongside the concentration used as a volumetric ratio to the buffer solution used for 

incubation of blot membranes, e.g. 1:100 denotes that 1 volume of antibody was added to 100 volumes 

of antibody solution (pre-made, Invitrogen). 

3.5.5 Transmission Electron Microscopy 

Particle counts are non-specific to exosomes and as such must be 

complemented by other methods of analysis. To this end samples were 

visualised under Transmission Electron Microscopy.  

Samples for the TEM were diluted to an appropriate low salt solution if not 

already in a suitable buffer. This was done to minimise noise in the final 

imaging.  
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To each carbon coated Formvar 400-mesh copper grid (held by tweezers) a 2 

to 4 μL drop of sample was left to air dry under a lamp. Once almost dry the 

sample was washed in a drop of water. Some filter paper was then used to 

drain the liquid and the wash step repeated in a second drop of water. Finally 

the grid was put on a drop of uranyl acetate (the stain) and left for 30s before 

draining under an optic microscope. A thin film was left and the grid placed 

into the TEM for imaging between 80,000× and 250,000× magnification.  

Exosomes do not take up the stain and can be seen as deflated spheres. 

3.5.6 Buffer Exchange 

Often it was found that residual salt from monolithic chromatography elution 

would cause interference with assays. In order to allay this buffer exchanges 

were performed on the final elution material prior to further testing in order 

to provide more accurate and reliable results. 

For this Slide-A-Lyzer™ G2 Dialysis Cassettes were purchased from Thermo 

Fisher Scientific. The cassette sizes used were the 0.5 mL, 3 mL and 5-15 mL 

options and used based on the volume of elution material to process.  The 

molecular weight cut-off of the membranes were 10 kDa to ensure minimal 

loss of protein and particles during the buffer exchange step (i.e. assuming no 

further purification was occurring, only salt removal). 

To dialyse samples the following protocol was used based on the 

manufacturer’s instructions. Briefly, in a class II biological safety cabinet, 500 

to 700 mL of fresh sterile PBS was added to a sterile, glass beaker. The Slide-

A-Lyzer™ was submerged and held until membrane softening was achieved 

(c.a. 2 minutes). The empty Slide-A-Lyzer™ was then removed from the PBS 

and lightly tapped on paper to drain the excess fluid on the surface of the 

plastic housing. Care was taken to ensure not to touch the membrane. The 

sample port was opened by twisting the cap until it stopped and lifting out, 

being placed handle down on the tissue to avoid contact with the parts which 

make contact with the sample. The sample was pipetted in and the excess air 

was squeezed out by applying pressure from the (gloved) forefinger and 

thumb to the membrane. Whilst the Slide-A-Lyzer™ was air free, the sample 

port was replaced and closed, and the Slide-A-Lyzer™ was placed into the 
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beaker of PBS. A small magnetic stirrer was added to the beaker. The beaker 

was sealed to avoid contamination when removed from the hood and 

transferred to a walk in refrigerated lab (4-8°C) and placed upon a magnetic 

stirrer platform. The speed was set such that the cassette would turn in the 

liquid gently in a stable position, with no vortexing or erratic submersions. 

The dialysis was performed for 2 hours, the PBS replaced and repeated for 

another 2 hours and then once more replaced and left overnight. This allowed 

for gradual removal of salt as the concentration in the sample decreased with 

each dialysis operation. The sample was removed either by the entry port with 

a pipette, or, if swollen and at risk of overflow upon opening, through the 

syringe port on the side of the cassette. In all cases the sample volume was 

meticulously measured both before and after the buffer exchange to ascertain 

the change in volumes to allow for dialysis-based dilutions in the final 

calculations of recovery and yield for each process. 

3.5.7 Capillary Electrophoresis 

Samples were sent to DeltaDOT (Camden, London, UK) and to the Cell and 

Gene Therapy Catapult (London, UK) for analysis by capillary gel 

electrophoresis. 
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Chapter 4.0 

Production and characterisation of 

CTX0E03 Derived Exosomes 

 

4.0.1 Chapter Introduction 

The first step in the development of any downstream process should be to 

understand the upstream and to be able to describe the product in a manner 

which can be used to aid the development of purification techniques. In this 

case, exosomes are derived from the allogeneic stem cell line, CTXOEO3: a 

human foetal neural stem cell line. These cells have been conditionally 

immortalised for routine, scale-out culture as a therapeutic in their own right 

(Sinden et al., 2017) but also express large quantities of exosomes into the 

growth medium, which can be collected and purified to provide a secondary 

exosome product (Vishnubhatla et al., 2014).  

As a product derived from and reflective of their parent cells, therapeutic 

exosomes must be produced in a consistent manner. Any changes to the cells’ 

phenotype or health could induce changes to the final product, such evidence 

of this was shown in a study which analysed the effect of cellular stress on 

endothelial derived exosomes and showed several proteins and mRNA in 

exosomes were altered in abundance (Jong et al., 2012).  

Additionally, understanding of the start material, how it is produced and the 

likely major components within is paramount for delivering downstream 

processing options which successfully remove the impurities not only at the 

current scale of operation, but which can, in future, provide clearance at 

larger scale production of the exosome product. An example of such future 

technologies is that of industrial shifts to bioreactor or scale-up technologies 

for dedicated exosome production, which are currently under investigation for 

a large variety of cell therapies (Paganini et al., 2019; Whitford, Ludlow, & 

Cadwell, 2015). Currently the growth of stem cells is typically limited to 
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adherent, flask based culture, which is gentle and less likely to cause 

mechanical damage to the cells thus limiting levels of impurities which derive 

from dying cells such as DNA and organelles: however a good downstream 

process should also cater to the potential challenges of these shifts and, if 

possible, provide solutions which can be implemented in the case of upstream 

advancement. 
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4.0.2 Aims, Motivation & Rationale 

The aims of this chapter are:  

• To determine growth curves of CTX0E03 to outline the process for 

conditioned medium generation 

• To characterise cell morphology/phenotyping and determine whether 

it is maintained in the proliferative stage throughout the process 

• To determine whether conditioned medium contained exosomes based 

on criteria derived from relevant literature 

• To undertake biochemical and physical characterisation of the 

exosomes 

With these aims the chapter will provide evidence for the presence of 

exosomes as indigenously expressed from CTX0E03 in its non-differentiated 

form, as well as establishing key markers to be used for the later identification 

of exosomes in process development. 
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4.1 Mass Production of CTXOEO3 

In order to produce exosomes CTX0E03 cells were expanded in T175 flasks 

between passages 21 to 40. Conditioned medium was harvested and clarified 

to produce the conditioned medium throughout this project. For the small 

scale work or use as the crude start material, volumes required were between 

200-500 mL, with each T-175 giving 35 mL per feed. For the later work 

conducted where tangential flow filtration was used to produce a primarily 

recovered exosome feed, volumes were between 3 to 10 L with T-flask 

passages scaled and maintained at 30 to 50 flasks in order to provide 

sufficient material.  

During the expansion of CTX cells, a high priority was the maintenance of 

high viability culture, so as to limit formation of apoptotic blebs (Vlassov, et 

al., 2012) which might increase the impurity levels within the final product. 

Additionally, any stress from undue cell death could cause a shift in the 

regenerative potential of the exosomes, or cause shifts in phenotype (Jong et 

al., 2012). As a clinical cell line, the minimum allowable viability was set to 

90% in accordance with the in house culture of CTX at ReNeuron. 

Further criteria for maintenance of the cells included keeping them in their 

proliferative state (i.e. not allowing them to begin the process of 

differentiation). To do this care was taken to ensure passages occurred 

between 70-80% confluency, to avoid any risk of contact inhibition and 

subsequent shifts toward a more differentiated phenotype. Additionally with 

each feed or passage, notes on morphology, attachment (evenness and 

completeness), and confluency were made in order to trace any aberrant 

results. 

In order to compare the cells grown at UCL to those grown at ReNeuron, we 

show evidence of growth rates, doubling levels, viability, as well as 

morphology and biomarker expression. As this project is focused within the 

cell and gene therapy industry, we note that the nomenclature used may not 

be standard for the entire audience reading this work (for example, if their 

background is in mammalian culture, working with cells such as CHO for 

therapeutic protein production, but who may be interested in methods of 
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subsequently purifying exosomes from their culture broth for the purposes of 

capturing exosomes for drug loading). Thus, prior to data analysis, we define 

the terms to be used in this section.  

In line with terminology used at ReNeuron, and within the wider CGT field, 

we express cell age in terms of passages (the number of times a cell has 

completed the whole process of growth on culture plastic, trypsinisation and 

reseeding onto fresh plastic) and then more specifically by use of what is 

called the population doubling level of the cells [PDL]. This PDL, is 

cumulative over the manufacturing process for the cells, and is given by the 

following formula: 

① PDLNEW = PDLOLD + ΔPDL, 

where the new PDL of a cell culture process is the sum of the cumulative, 

population doublings of the cells since their extraction from primary tissue, 

plus the additive population doubling level of the most recent passage. 

In order to calculate these, the change in PDL during a passage is defined as: 

② ΔPDL = 
ℓ𝑛|

𝐶𝑓

𝐶0
|

ℓ𝑛 2
 , 

where, Cf is the number of cells at the end of a passage (i.e. upon harvest), and Ci 

is the number of cells seeded. 

Growth Mechanics of CTXOEO3 

In figure 4.1, a comparison of growth and viability from cells grown at 

ReNeuron as part of the training for the technology transfer to UCL, and two 

of the lines grown at UCL are shown with the purpose of comparing cell 

growth before and after the transfer of technology from one facility to the 

other.  

In this case each of the cell banks that were expanded typically retained 

viability of over 90% as required: the exceptions being during revival stages as 

viability decreases upon banking and revival steps. Due to the fact the cells are 

under stress and are lower than 90% viable as a result upon revival, no 

conditioned medium was collected for these stages. Similarly for passages 
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lower than 90% such as on day 22 for the CTX0E03/07FM cells, medium was 

not collected.  

These measures were meant to help reduce the impact of poor cell viability 

and growth on exosome production, whilst also limiting the generation of 

apoptotic vesicles as potential impurities. 

In the case of the cells grown at ReNeuron, flask number was maintained 

between 2 to 4, in both cases of the UCL banks, flasks were expanded as 

rapidly as allowable (using the pre-defined seeding density of 3 x 106 to 5 x 106 

cells per T-157) to the 50 flask limit. The cells grown at ReNeuron were 

derived from a production bank, whilst the cells donated to UCL were 

research grade CTX cells, although no differences were expected from either 

origin due to the single population origin of CTX (Pollock et al., 2005). As 

such any differences observed are more likely due to variations in scale and 

operation. One possible reason for this is that as cell counting is performed 

during passage, and is a manual operation using haemocytometer: the 

increased number of flasks results in larger errors to be introduced due to 

increased dilution factors required to remain within the functional range of 

the counting method. This limitation in manual cell counting is one which has 

been widely observed through the cell and gene therapy industry, especially 

where more reliable on-line and automated methods are not possible. 

The resultant growth curves in figure 4.1 show that the line grown at 

ReNeuron had a higher overall doubling rate than those grown at UCL, with a 

doubling average of 0.35-1 per day compared to the two UCL banks which had 

0.26-1 ( CTX0E03/07UCB) and 0.25-1 per day doubling (CTX0E03 (New)). 

When compared to the ReNeuron grown cells, we observed that the CTX0E03 

(New) line actually began proliferation at a higher rate than those grown at 

UCL, however upon early banking and cessation of the culture due to 

logistical constraints (ca. day 7, marked with an arrow on the figure proper) 

that upon revival the line exhibited a period of extended lag. This same lag is 

also noticeable on the CTX0E03/UCB line, beyond which both of the UCL 

cells lost some doubling efficiency. 
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Figure 4.1: Growth curves of CTX cells expanded in T-flask culture at ReNeuron and at 

UCL. Growth curves are given in terms of population doubling level (PDL) versus time in days for the 

expansion process (primary axis, black). Where necessary, banking/revival has been indicated on the 

graph proper. Cell viability has been given as a superimposed secondary y-axis (secondary axis, blue). 

Cell numbers and viabilities were obtained at each passage by manual cell counting on a 

haemocytometer. Filled squares (∎) refer to ReNeuron grown cells, CTX0E03/07FM, unfilled Squares 

(□) refer to cells grown at UCL (2014) at the start of the project. Filled circles (●) refer to cells grown at 

UCL (2016). The graph shows that over extended culture the immortalised CTX0E03 cells do not lose 

their proliferative capacity. 

The likely effect is that the extra freezing levels of the cells for the research 

bank contributed to slower growth, a phenomenon which is typically not 

observed in CTX as once revived for production culture is not stopped until 

the final product. 

A further possible explanation for the lower overall growth in the cells can be 

attributed to the scale of operation, as this been observed in CTX grown in 24-

well plates which had doublings times of 36-48 hours whereas at larger scales 

this was observed to have been increased to 50-60 hours (Pollock et al., 

2005).  



100 
 

Another reason which would have changed the apparent doubling rate is also 

down to the sheer difference in the number of flasks to be passaged. The 

ReNeuron line was always maintained in a maximum of four flasks, all of 

which could be easily observed for confluence, morphology and even seeding 

without significant detriment to the final cell temperature. In contrast, those 

grown at UCL, would not be maintained at the low flask numbers beyond the 

first few passages, as such, the increased number of flasks and the subsequent 

limitations in observation of all flasks (which would cause rapid incubator and 

cell cooling which is considerably more detrimental to the overall cell 

populations) meant that there could have been inhomogeneities in seeding 

and/or incomplete cell recovery when multiple flasks were being handled 

simultaneously. This coupled with the fact that cells would be pooled and 

counted (and thus require significantly higher dilution for haemocytometric 

counting) would also introduce further error, likely also contributing to 

differences in observed doubling. 

A final observation is that despite this relative loss in doubling, the UCL banks 

both mapped onto each other reproducibly once the lag phases had been 

overcome, suggesting culture within UCL was reproducible. 

CTXOEO3 Morphology and Phenotype 

Importantly, doubling was not the only surrogate for cell quality, and, at each 

passage flasks would be inspected using bright-field microscopy for 

morphology and attachment. In the case of CTX0E03 there are major 

differences between the proliferative and differentiated cell with regards to 

biomarker distribution and physical shape of the cells which allow for 

relatively easy monitoring of the cells in culture.  

The most apparent of these differences is the characteristic shape of the 

proliferative cells which present as a monolayer of spiky and slightly 

elongated cells (Fig. 4.2) (Pollock et al., 2005). This is in contrast to the 

differentiated cells which produce rosettes within the cell population (Pollock 

et al., 2005). Additionally differentiated CTX will visibly contain cells which 

are elongated and present more as mature neurons, and also exhibit the 
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presence of astrocytes and oligodendrocytes which describe the neuronal and 

glial potential of the cells (Pollock et al., 2005). 

 

Figure 4.2: Representative bright-field micrograph of CTX0E03 morphology during 

proliferative growth. Image was obtained by bright-field microscopy during routine, T-flask culture 

of CTX cells. During proliferative culture, CTX cells are shown to grow as an attached monolayer of cells 

which exhibit a spiky, slightly elongated morphology. Cell populations are devoid of rosettes and 

rounded or stellate cells indicative of differentiated cell populations. Scale bar reads 400 µm. 

Beyond routine imaging during the passaging stages to ensure the cells, and 

thus the resultant exosome product, were stable, immunostaining was 

conducted to characterise cell biomarker expression. In this experiment 

staining for Nestin, GFAP and β-III tubulin was conducted for cells at passage 

25 (fig. 4.3), passage 30 (fig. 4.4) and passage 35 (fig. 4.5) in order to 

characterise the phenotype of the cells across the expansion process. Negative 

staining controls are provided in Appendix I. 

The reasons for the choices of biomarkers were based on the requirement of 

the exosome product to originate from the desire to maintain the cells in their 

undifferentiated and immature form during proliferative culture. One clear 

way in which this could be observed then, was by staining for the filament 

protein nestin, which has commonly been used as a marker for neural stem 

400 µm 
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cells (Suzuki, et al., 2010), largely due to the fact that mature cells of the 

central nervous system (CNS) typically do not express this protein. 

Additionally early characterisation studies of CTX0E03 described the cells as 

universally positive for nestin (Pollock et al., 2005), thus consolidating the 

use of this marker for characterisation of the cells during growth.  

In conjunction with this cells were also examined for markers which are also 

present in proliferative CTX  (GFAP and β-III tubulin) but which also 

evidence the potential lineages into which the cells could and have been 

observed to develop into during differentiation (neuronal or astroglial) 

(Pollock et al., 2005). 

The first of these markers is GFAP which, although commonly reported as an 

astrocyte marker, has also been shown to be co-expressed with nestin and  β-

III tubulin in immature cells and which can also be present in radial 

glia/progenitor cells with the potential to generate neuronal cells (Juan Zhang 

& Jiao, 2015). The next marker, β-III tubulin, is typically present in immature 

neurons and progenitor cells. 

In each of these cases, co-expression with nestin is the major indicator for the 

retention of the immature state of CTX stem cells (Pollock et al., 2005; Juan 

Zhang & Jiao, 2015), whilst the absence of one of either GFAP or β-III tubulin, 

and the total absence of nestin would suggest the cells have become 

committed to a specific differentiation pathway, and that the derivative 

exosome product would also likely have changed in terms of function and 

phenotype.  

By inspection of figures 4.3D, 4.4D and 4.5D it is observed that nestin is 

present in all cells to a high degree (as gauged qualitatively by intensity of the 

staining), confirming that the cells are in an immature state. 

The intensity of staining appears lower in the respective images for nestin in 

figures 4.4 and 4.5, however during image acquisition high levels of auto-

fluorescence were observed within these samples. This is likely a remnant 

arising from the use of FBS as blocking agent rather than NGS (normal goat 

serum) (www.abcam.com; www.thermofisher.com), which prevented optimal 
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blocking of the secondary antibodies which were raised in goat. Upon 

background removal across all fluorescence images (by subtraction of the 

noise found in the negative controls) in order to return a black background, it 

was noticed that the P30 and P35 samples were slightly dimmer in 

comparison to the P25 sample.  

Alternatively, the argument that nestin downregulation was occurring is 

another option, however as the cells maintained their proliferative 

phenotypes throughout culture, with no evidence of differentiation-like cells 

or morphologies, this seems unlikely. As the differentiated CTX product also 

requires a 12-week differentiation protocol which is initiated by removal of 

growth factors, tamoxifen and grown under contact inhibition, this again 

seems an unlikely source of the differences between figure 4.3D, and 

figures 4.4D and 4.5D. Further evidence which allows for this conclusion 

is that the cells were never observed to be in a state of decline or growth 

arrest, aside from periods of lag in the initial revival stages. Despite this in 

both cases the UCL cells were shown to both grow at consistent rates, albeit 

slightly slower than the ReNeuron ones, figure 4.1.  

Any biological changes associated with growth arrest and/or differentiation 

would also be evident in both visual inspections. There were no observable 

rosettes or astrocyte/neuronal presence in culture, a known occurrence for 

early CTX differentiation (Pollock et al., 2005). Furthermore morphological 

characteristics appear to be conserved across populations (fig. 4.3-4.5; 

panels A & F), with the retention of the characteristic spiky shape of 

proliferative CTX (Pollock et al., 2005). 
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Figure 4.3: In vitro characterisation of CTX0E03 cells expanded in T-flasks for 

conditioned medium production at passage 25. CTX cells were expanded on tissue culture 

plastic in T-175 flasks. At passage 25, cells were transferred to 24-well tissue culture plates for cell 

staining. Cells were cultured until attached and growing as per normal cell culture conditions, and then 

fixed and labelled with antibodies targeting Nestin (C, red), glial fibrillary acidic protein (GFAP, D, 

green) and β-III tubulin (H, red). Channel overlays are shown in panels E and I. Hoechst 

counterstaining labelled nuclei (B and G, blue). Bright-field images were also taken, panels A and F, to 

compare the phenotypic markers expressed to the overall visible cell population. Bright field images also 

showed the characteristic spiky morphology expected of proliferative CTX cells. Scale bar in all panels 

reads 400 µm. 
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Figure 4.4: In vitro characterisation of CTX0E03 cells expanded in T-flasks for 

conditioned medium production at passage 30. CTX cells were expanded on tissue culture 

plastic in T-175 flasks. At passage 30, cells were transferred to 24-well tissue culture plates for cell 

staining. Cells were cultured until attached and growing as per normal cell culture conditions, and then 

fixed and labelled with antibodies targeting Nestin (C, red), glial fibrillary acidic protein (GFAP, D, 

green) and β-III tubulin (H, red). Channel overlays are shown in panels E and I. Hoechst 

counterstaining labelled nuclei (B and G, blue). Bright-field images were also taken, panels A and F, to 

compare the phenotypic markers expressed to the overall visible cell population. Bright field images also 

showed the characteristic spiky morphology expected of proliferative CTX cells. Scale bar in all panels 

reads 400 µm. 
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Figure 4.5: In vitro characterisation of CTX0E03 cells expanded in T-flasks for 

conditioned medium production at passage 35. CTX cells were expanded on tissue culture 

plastic in T-175 flasks. At passage 30, cells were transferred to 24-well tissue culture plates for cell 

staining. Cells were cultured until attached and growing as per normal cell culture conditions, and then 

fixed and labelled with antibodies targeting Nestin (C, red), glial fibrillary acidic protein (GFAP, D, 

green) and β-III tubulin (H, red). Channel overlays are shown in panels E and I. Hoechst 

counterstaining labelled nuclei (B and G, blue). Bright-field images were also taken, panels A and F, to 

compare the phenotypic markers expressed to the overall visible cell population. Bright field images also 

showed the characteristic spiky morphology expected of proliferative CTX cells. Scale bar in all panels 

reads 400 µm. 
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Additionally, positivity for GFAP and β-III tubulin was also observed across 

the passages, suggesting that the cells were growing in a consistent manner 

for the duration of experiments. Moreover, the co-expression of GFAP and 

nestin in all samples suggests the cells have maintained pluripotency 

(Kriegstein & Götz, 2003; Malatesta, Appolloni, & Calzolari, 2008). 

This consistency is also observable with the exosomes throughout this thesis, 

where potency outputs were maintained positively across the project. This is 

because the CTX-derived exosomes reflect the state of CTX cells: in this case 

with the proliferative product promoting migration of fibroblasts in vitro (the 

potency assay used throughout this project) whilst the differentiated product 

does not cause proliferation (ReNeuron, personal communication). Thus any 

intrinsic changes to the starting material would be readily observable in the 

function of the exosomes: no such loss in potency was recorded. 

A further point of discussion is that the scientific literature for biomarker 

expression in neural stem, progenitor and differentiated cell populations 

reveals conflicting evidence about the use of using single or few markers to 

make conclusions on whether these cells have fully differentiated or not 

(Draberova et al., 2008). A way in which this possible shift could have been 

better observed would have been to probe for S100β positivity which would 

allow for positive discrimination of population losses in NSC potential to a 

more mature stage (Juan Zhang & Jiao, 2015). 
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4.2 Characterisation of CTX Derived Exosomes 

As CTX cells are grown they continuously produce exosomes and release them 

into the growth medium. These exosomes are typically between 20 to 150 nm 

in size and have been shown to harbour regenerative potential derived from 

the CTX themselves. One such regenerative action which exosomes can 

stimulate is the increase in proliferation of human fibroblasts facilitating 

wound repair (ReNeuron, personal communication). Interestingly the 

exosomes derived from proliferative CTX mimic the stimulation of 

proliferation, whilst, conversely, the differentiated cells provide exosomes 

which do not promote this stimulation in cell expansion (ReNeuron, personal 

communication). The importance of this is that exosomes in either crude 

conditioned media (CCM) or recovered from conditioned medium via 

tangential flow filtration (TFF) could be used as a control in a potency assay 

for the final exosomes product and to confirm the cells were in the 

appropriate phenotypic state and still capable of regenerative function.  

Biophysical Characteristics of CTX Derived Exosomes 

The first method used to describe CTX derived exosomes was to use 

ultracentrifugation in order to provide a concentrated sample of exosomes 

from conditioned medium. The process used was a direct pelleting step at 

100,000g for 2 hours, based on the commonly reported processes used for 

exosome recovery in this way (Helwa et al., 2017; Jeppesen et al., 2014; Patel 

et al., 2019). The samples were then resuspended in PBS and imaged using 

transmission electron microscopy (TEM), shown in figure 4.6. 

Observation of figures 4.6 A and B show ultracentrifugation samples which 

have been whole mounted on a Formvar coated copper grid and contrasted 

with uranyl acetate. Within these samples are particles which appear to have 

deformed, and present a cup-shaped morphology (denoted by arrows). These 

particles are exosomes exhibiting their characteristic (van der Pol, et al., 

2012), but artificial, structure (Graça Raposo & Stoorvogel, 2013). The reason 

for this is simply an artefact of deflation during sample preparation but is 

commonly recorded as an indicator for exosomal presence within samples 

imaged in this way.  
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Figure 4.6 A & B: Micrographs of exosomes obtained by transmission electron 

microscopy (TEM). Exosomes were recovered from conditioned medium by use of differential 

ultracentrifugation. Recovered material was coated on Formvar copper grids and stained with uranyl 

acetate prior to observation under TEM at 80,000 x magnification (A, scale bar reads 200 nm) and 

250,000 x magnification (B, scale bar reads 50 nm). Exosomes are denoted in each image by yellow 

arrows and exhibit the characteristic “cup-shaped” morphology within the expected size range of 

exosomes (20-150 nm) as described by literature. Blue arrow in (A) indicates a vesicle larger than the 

expected size of exosomes, and which may be a co-isolating microvesicle. 
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200 nm 
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Further evidence for their identification as exosomes is found in their sizes, 

which aside from the particle marked with a blue arrow (which is likely a 

microvesicle) which all fall within the expected 20-150nm range.  

Whilst visual observation is useful for identifying the presence of exosomes, 

far more data is required on their biochemical and physical properties when 

looking for methods to purify exosomes, especially as in this case, where the 

product is a clinical candidate. An example of the need for robust 

identification strategies presents itself in figures 4.6 A where the presence 

of particles which may appear similar in appearance or size but which are in 

fact different biologically can arise. 

To aid in the purification development described later in this thesis then, a 

study was conducted on exosomes which were recovered at the large scale (in 

this case referring to 5-20L batches) from CCM by use of TFF.  

The experiment not only attempted to verify exosomal presence by isopycnic 

isolation along a sucrose/deuterium oxide (D2O) gradient, the schematic of 

which and breakdown of fraction numbers and density can be found in 

figure 4.7, but also further linked the resultant fractions to size distribution 

profiles and concentrations, and to biomarker data using one of the most 

highly conserved exosomal markers, the tetraspanin protein CD81. 

According to literature, exosomes have been reported to typically have 

flotation densities in the range of 1.12 to 1.21 g mL-1 with the exact boundaries 

of this range often varying by +/- 0.03 g mL-1 across the different sources or 

experimental outcomes (De Jong, et al., 2014; Kesimer et al., 2009; Lai et al., 

2010; Mathivanan, et al., 2012; Tan et al., 2013, Kalra et al., 2013). For the 

purposes of this experiment the density changes per step accounted for this 

potential variation in range to create a boundary of densities before and after 

the anticipated exosomal range which could also serve as controls for the 

comparison of where the particles would inevitably settle. In this case before 

the exosomal range (as denoted by fractions 3 to 9 and indicated in fig. 4.7) 

fractions 1 and 2 were expected to be low in/devoid of particles, or at least 

those of exosomal identification, whereas beyond the range three step 

gradients were expected to be bereft of exosomal presence (i.e. fractions 10, 11 
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and 12, which corresponded to densities of 1.204, 1.243 and 1.272 g mL-1, 

respectively). In the case of fraction 10 which is a boundary between the 

density ranges, there was also a possibility of exosomal presence; however this 

was expected to be minimal at most. 

             

Figure 4.7 A & B: Method for the characterisation of CTX-derived exosomes by 72 hour 

isopycnic ultracentrifugation. A) Schematic, and B), actual photograph depicting the discontinuous 

density gradient layers used for separation of species via flotation contained in material recovered from 

conditioned medium by way of large scale tangential flow filtration (TFF). Density gradient fractions 

were layered (2 mL each) from most dense to least dense, manually by P200 pipette. Each density 

gradient was formed by dilution of 50% Opti-Prep (Iodixanol) with a 0.25 molar sucrose solution as 

described fully in table 3.1. Black arrows highlight visible interfaces of the different density layers. 

The experiment was initially conducted using conditioned medium, however, 

the dilution across all fractions and the low concentration of particles in the 

start material, as well as process losses from the final 

sedimentation/resuspension of each individual fraction caused the 

experiment to fail in terms of detection in both particle counting and via 

immune-detection, the results can however be found in Appendix II for 

completeness. Once the 72h centrifugation had been completed, each fraction 

was manually separated and like for like fractions across the 2 tubes used 

were pooled, e.g. fraction 1 from each tube was pooled, prior to being diluted 

A. B. 
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in PBS and added to a fresh centrifuge tube to be sedimented at 100,000g for 

2 hours and resuspended in PBS for analysis. 

 

Figure 4.8: 3-dimensional ribbon graph showing the particle size distributions and 

concentration of material found in each discrete density fraction. TFF material was separated 

by isopycnic ultracentrifugation: individual density fractions were separated manually and sedimented 

at 100,000g to extract material contained in each one. Analysis of particle size distribution and 

concentration was determined by NTA (nanoparticle tracking analysis) [all samples were measured 

using a camera level of 13 and a detection threshold of 3]. The graphs shows the highest proportion of 

particles were obtained in fractions 4 to 9, corresponding to a density range of 1.136 to 1.185 g mL-1, 

within the estimated range for exosomes as determined by literature (1.12 to 1.21 g mL-1). 
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Fraction  

ID 

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 

[Particles] 

(/mL) 

1.
2

8
 x

 1
0

9
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 x

 1
0
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Table 4.1: Particle concentration in discrete fractions obtained by isopycnic 

ultracentrifugation. Exosomes from TFF were subjected to fractionation by use of density gradient 

ultracentrifugation. In order to do this, twelve 2mL discontinuous layers of Iodixanol/Sucrose stock 

mixtures designed to achieve the desired density range (for preparation, see table 3.1). The fraction IDs 

used in the header refer to the top-down order of fractions (in the vertically standing ultracentrifuge 

tube) and are as follows in terms of density: F1 = 1.107 gmL-1; F2 = 1.117 gmL-1; F3 = 1.127 gmL-1; F4 = 

1.136 gmL-1; F5 = 1.146 gmL-1; F6 = 1.156 gmL-1; F7 = 1.165 gmL-1; F8 = 1.175 gmL-1; F9 = 1.185 gmL-1; 

F10 = 1.204 gmL-1; F11 = 1.243 gmL-1; and F12 = 1.272 gmL-1. Fractions were individually layers by hand, 

by use of P200 pipette to reduce disturbance to preceding layers. Upon 72 hour ultracentrifugation at 

100,000g to fractionate TFF material using an Optima-L-100XP ultracentrifuge (Beckman Coulter), the 

supernatant was carefully discarded by pipette, then layers were separated (top-down) to return twelve 

2mL fractions. As multiple tubes were processed, like-for-like fractions were pooled (i.e. fraction 1 from 

tube 1 would be pooled with fraction 1 from tube 2, &c.) into fresh ultracentrifuge tubes, topped to fill 

with fresh, sterile PBS and ultracentrifuged for 2 hours at 100,000g to recover a pellet from each 

fraction. Pellets were resuspended in PBS immediately following supernatant discard and were assessed 

for particle concentration by NTA NanoSight. 

The data in figure 4.8 prove conclusively that the particles contained within 

material recovered from CCM by use of TFF fall within the expected exosomal 

range of densities. The disparity between particle containing fractions and 

those which appear flat on the graph is between 100 to 1000 times the levels 

of concentration.  

In this case the particles have preference for settling within the denser 

fractions as evidenced by their increased concentration in fractions 6 to 9 

suggesting the majority of the particles in this material have buoyant densities 

of 1.156 to 1.185 g mL-1, a range firmly rooted within the aforementioned 

density range typical for exosomes (1.12 to 1.21 g mL-1). This data suggests 

that the majority of particles within the TFF recovered material have 

exosomal properties and, whilst not conclusive on its own, likely contains a 

high proportion of exosomes. 
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Figure 4.9: Box plot of particle size distributions of particles in each density gradient 

fraction obtained by isopycnic ultracentrifugation. Density fractions of TFF material separated 

by isopycnic ultracentrifugation were analysed for the presence and distribution of particles by use of 

NTA. Min/max values denoted by (-), 1st and 99th percentile values denoted by (x) and mean values 

denoted by (□). Boxes represent 25th, 50th and 75th percentile values as standard. Whiskers denote 

maximum and minimum values beyond which sizes are outliers. Pink dashed line represents the 

maximum assumed cut-off for exosomes at 150nm. The graphs shows the most populations contain 

particles within the expected 20-150 nm range of exosomes, but that the populations most contained in 

this range are in fractions 4 to 11, of which fractions 4-10 are within the expected density range of 

exosomes as determined by literature values. 

As previously stated, tentative exosomal particles must also exhibit other 

characteristics in addition to size in order to be described as exosomes. These 

characteristics include biophysical and biochemical characteristics and rely on 

the positivity of these factors to ensure the candidate is described as 

thoroughly as possible.  

The first of these addresses the biophysical, which not only requires the 

flotation density to be within the correct range but also the size of the particles 

themselves, as exosome biogenesis limits their diameter to around 150nm due 

to their formation within multivesicular bodies.  

For this a box plot was generated, figure 4.9, which shows the particle size 

distributions of each fraction in terms of percentile data but which does not 
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account for concentration, and thus should be interpreted in combination 

with data in figure 4.8  and table 4.1. 

In each fraction the distribution of particles shows that the mean particle 

value is typically centred on or below the exosomal cut-off line, with fraction 3 

being the exception with particles which present slightly higher forming the 

mean value. Initial analysis of these trends suggests that there are high levels 

of particles which can be described as exosomes within each fraction. 

However, in the cases of fractions 1 to 3 and 10 to 12 the concentrations of 

particles are in magnitudes at least 100-1000 times lower than those of 

fractions 4 to 6. This suggests that contained within these fractions beyond 

the expected exosomal range we are instead seeing protein or DNA aggregates 

or more dense material such as cell debris or other vesicle types which 

account for smaller populations of the total recovered material.  

Within fractions 4 to 9 we also can observe a peak around the central fraction 

which is subtended by two troughs in terms of size distribution; this could be 

a random effect due to a normal distribution of exosomes/particles within the 

expected density range where smaller particles seem to sediment on the 

peripheries of the density range whilst the larger species fall within the central 

region, or more likely still, where other particulate species have also 

sedimented throughout this region and have skewed the size distribution in 

fraction 7 thus forming what appears to be a peak in size distribution.  
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Biochemical Characteristics of CTX Derived Exosomes 

The particles enumerated in the NTA analysis still require biological 

properties to be characterised. As such a western blot using one of the highly 

conserved exosomal markers, CD 81, was performed to verify exosomal 

presence in these fractions, shown in figure 4.10. 

 

 

Figure 4.10: Western blot probing for exosomal marker CD 81 across density gradient 

fractions. To further characterise fractions obtained by the isopycnic ultracentrifugation, a western 

blot was performed to probe for the tetraspanin CD 81. CD 81 is a tetraspanin present in the membrane 

of CTX-derived exosomes; it has a predicted molecular weight of approx. 25.8 kDa which is observed 

around 20 kDa by blotting (Abcam). Results of the blot showed the presence of CD 81 corresponded 

with the fractions (4 to 9: 1.136 to 1.185 g mL-1) where the majority of particles were found within the 

exosome density range as described by literature.  

The western blot clearly shows that the presence of exosomal markers are 

highly concentrated around the fractions which also present the highest 

concentration of particles, and additionally which fall within the expected 

exosomal density range confirming that the TFF recovered material is highly 

enriched in exosomes. In addition to this, reference to table 4.1 is important 

to maintain as the detection limit of the westerns (as evidenced in figure 

4.11) also shows that only samples F1, F11 and F12 were at particle 

concentrations too low for positive detection via the western blot.  

Additionally the data implies that there are significantly fewer particles which 

have exosomal markers which present beyond the expected range, thus 
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showing the use of these CD markers is likely to indicate exosomal presence 

with minimal background in terms of physically similar particulate matter. 

This information also yields verification that whilst highly enriched in 

exosomes, the TFF material is not completely pure and thus requires further 

downstream processing to ensure a product of clinical standards. 

 

Figure 4.11: Western blot showing the effect on band density of western blots for CD 9 

and CD 81 for varying concentrations of particles in serially diluted TFF material. 

Exosomes recovered by TFF (1011 P mL-1) were diluted 10-fold (1010 P mL-1) and 100-fold (109 P mL-1) in 

PBS and tested for detection of CD 9 (panel a) and CD 81 (panel b) by western blot. The results indicate 

that the concentration of particles loaded onto the blot which allow for successful detection of exosomal 

markers correspond to the concentrations of 1011 particle per mL (strong banding), and 1010 particles 

per mL (faint banding). Detection is not possible at 109 particles per mL under these conditions. 
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The Functional Capacity of CTX Derived Exosomes 

In addition to determination of exosomal characteristics based on biophysical 

and biochemical data there is a further way in which to describe exosomes, 

namely their potency or functional capacity. In this section we describe the 

effects of CTX derived exosomes on a migration assay using adult human 

dermal fibroblasts (HDFa, henceforth). 

The exosome product of proliferative CTX has been reported to enhance 

proliferation of human dermal fibroblasts (ReNeuron, personal 

communication) and has been shown to enhance cell repopulation in wound 

healing assays (a direct contrast to the function of differentiated CTX 

exosomes). This proliferative effect can be monitored using a reproducible 

wound healing model based on a scratch assay which has HDFa’s dosed with 

20 µg exosomes (based on total protein) in basal medium (M106, Gibco). The 

assay is then incubated at 37°C over a period of three days and the level of 

wound repopulation is gauged by daily observation. To do this a microscope 

image is taken of the wound at each daily interval, and processed for wound 

area remaining via analysis in ImageJ (also shown in figure 3.1).  

The selection of a three-day duration for the assay took multiple factors into 

consideration. Firstly, as an in vitro assay, with the fibroblasts used requiring 

feeds of every 2 to 3 days in culture, we assumed that no adverse effect would 

occur over this time period without a medium change. In addition, as multiple 

animal studies have dosed exosomes at concentrations of 109-11 particles per 

mL over time periods which exceeded 3 days in some cases (Didiot et al., 

2016; Haraszti et al., 2018; Kamerkar et al., 2017), it was assumed that 

depletion in this assay would not occur, as the dosages of particles throughout 

this thesis were on par with 107-11 particles per assay replicate. Finally, we 

justify the use of the assay period as the positive control would always fully 

recover the wound area within this timeframe, thus giving a reproducible 

benchmark for the expected growth capacity of the cells under optimal 

conditions. 

The positive control for the experiment is complete medium (i.e. the basal 

medium combined with a low serum growth supplement) whilst negative 
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controls are based on growth solely in the basal medium without 

supplementation. The range of growth obtained by both of these gives an 

experimental growth rate region in which exosome function may be 

monitored and compared directly to the different controls for significance. 

The functional capacity of exosomes to support wound closure was assessed. 

We tested clarified conditioned media (containing dilute exosome material) 

and then TFF-processed media (containing concentrated exosomes). We also 

assessed a range of concentrations by diluting TFF-processed material by 10 

and 100 fold. 
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Figure 4.12: Graph of in vitro fibroblast scratch-wound healing assay for dose titrated 

TFF recovered exosomes compared to unprocessed conditioned medium over 72 hours of 

culture. Human dermal fibroblasts (HDFa) were seeded into Ibidi scratch assay plates at a density of 

28000 cells per mL in basal medium and left to attach and form a confluent layer within the insert wells 

overnight. Inserts were removed to expose the “wound” between two uniform patches of cells, prior to 

cell washing with a balanced salt solution (HBSS) and medium replacement with fresh basal medium 

for all experiments (apart from the positive control which was fed with the complete growth medium). 

Exosomes from large scale TFF were dosed at 20 µg, 2 µg or 0.2 µg. Unprocessed conditioned medium 

was loaded at 20 µg. Experiment was controlled negatively by basal medium only, and positively with 

complete growth medium. Experiments were performed in triplicate; data given per sample per time-

point is the mean of triplicates with ± standard deviation as the error bar. The results show that as 

dilution occurs the resultant wound repopulation over the 3 day culture is subsequently reduced, with 

0.2 µg dosages resulting in no difference to the negative control, and with a 2 µg dose achieving similar 

repopulation to unprocessed conditioned medium. 
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Figure 4.13: Representative images of wound repopulation of HDFa stimulated with 

exosomes recovered from TFF versus conditioned medium. Images of the simulated wound 

area in vitro were taken in 24 hour intervals post-incubation with exosomes, conditioned medium, and 

controls. Each well was imaged and a representative image is presented for day 0 and day 3 for each 

condition Images shown represent day 0 and day 3 images without (1) and with (2) a side-by-side 

demarcation of the wound area, for visibility. Images are lettered independently for day 0 and day 3. 

Day 0 images: A = TFF (20 µg); C = TFF (2 µg); E = TFF (0.2 µg); G = CCM; I = Negative control; K = 

positive control. Day 3 images: B = TFF (20 µg); D = TFF (2 µg); F = TFF (0.2 µg); H = CCM; J = 

Negative control; L = positive control. Images have been cropped and lightened for presentation 

purposes. As the assay progresses from day 0 to day 3, the HDFa are seen to proliferate within the 

exposed wound area at varying rates. The images show how dosing of exosome containing TFF material 

reduces the overall capacity of the cells to achieve wound coverage by reducing the effect from 100% (20 

µg dose) to 54.9% (0.2 µg dose). 
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The results obtained in this experiment, as shown in figure 4.12 

demonstrate that the TFF material at a full dosage of 20µg performs most 

comparably to the positive control in that they were the only two samples to 

achieve healing in the 72 hour period. This observation, whilst expected, is 

important as it shows the functional capacity for relatively impure but highly 

concentrated exosomes to match the complete growth medium specifically 

designed for these cells to be grown in and also gives the benchmark for 

functionality post further downstream processing to verify any damage to the 

product during these stages. 

The conditioned medium also performed on par with a 2 µg dose of the TFF 

recovered exosomes, both of which outperformed the negative control and 0.2 

µg dose of TFF material. This indicates that exosomes present in the impure 

state in conditioned medium can still visibly have the regenerative effects of a 

lower dose, but when compared to the purer, full dose TFF material, suggests 

that concentration and partial purification of exosomes yields significantly 

higher levels of wound repair, and as such would be more appropriate 

clinically. 

In this case, the crude conditioned medium at a 20 µg dosage and the 2 µg 

dose of TFF material show similar levels of wound repair to one another. An 

important conclusion can be drawn from this: the conditioned medium 

contains growth factors, cell derived proteins and other vesicles which could 

all, in some way, contribute to changes in functional performance and be 

assumed to be the true functional entities but is outperformed by TFF 

material dosed 10 times lower and which has had the majority of growth 

factors and larger vesicle types (>100nm) removed. This indicates that the 

species which is being enriched and concentrated by the greatest factor, in 

this case the exosomes, are more likely to be the purveyors of the functional 

output. This argument is also applicable for human serum albumin (HSA) 

which is retained within the TFF material, however, if HSA were to be the 

major contributor to function, the results would show that the conditioned 

medium, the contents of which is in the majority HSA (in comparison to all of 

the other growth factors and elements) should be on par with the 20 µg dose 

of TFF material, and not the 2 µg dose.  
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These results further verify the need for purification and concentration in 

such products as the lower functionality in conditioned medium may be due 

to negative effects of other entities contained within the medium itself, 

thereby validating the main aim of this thesis.  

One of the main limitations in this experiment however, is the assumption 

that the exosomes present within the TFF material are the direct causes for 

increased proliferation of the fibroblasts. In addition, we make the 

assumption that the filtration is performing optimally with regards to removal 

of the smaller proteins present in the conditioned medium and retaining only 

albumin as a major protein impurity. By comparison of the conditioned 

medium (which is essentially a dilute exosome containing solution, 

predominated by culture medium components) and the TFF material at the 

20 µg dose, we see that not only is the functional response of the fibroblasts 

different, with full wound closure only being achieved post-TFF (i.e. where 

smaller growth proteins and larger non-exosomal vesicles have been 

removed), but also that the kinetics of the growth of the fibroblasts appear to 

be different.  

Looking at the TFF trends, across all dilutions, we see that the cells in the 

assay respond immediately and in increasing fashion with the concentration 

added. In stark contrast, the conditioned medium responds slower than the 

TFF samples. Additionally, whilst the TFF increase is more linear and even 

across days 1 and 2, tapering into a plateau across the third day, the response 

for conditioned medium more closely resembles an “s-shaped” curve. This 

suggests that the cellular responses are different between the samples, with 

TFF samples appearing to provide a relatively steady and immediate stimulus 

to the fibroblasts, and the conditioned medium undergoing an initial lag 

phase on the first day, followed by a marked exponential increase prior to 

tapering once more in the third day. 

The reason for this may be because of the components of both samples. The 

TFF material is known to contain a high concentration of particles which 

present exosomal CD markers (figures 4.8 - 4.11) and is also markedly 

reduced in many of the smaller cell culture proteins, aside from albumin 
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which is conserved (this is shown more clearly in analysis of TFF material by 

capillary electrophoresis in figures 8.9 – 8.11, chapter 8). Contrastingly, 

the unprocessed conditioned medium is relatively dilute in exosomes, and will 

maintain the full complement of cell culture proteins/reagents used in the 

culture of CTX cells. As such, the longer response time of the cells when 

stimulated with conditioned medium, could well be due to the shift in 

metabolism to the new culture components, whilst the response to TFF 

material, a more direct response to the exosomes present at far higher 

concentrations within the TFF material, causing stimulation of proliferation 

in a more rapid manner. Notably, this phenomenon of conditioned medium 

providing an s-shaped response curve is also observed in Appendix 3, 

during the results of a small scale purification screen in the method 

development phase of the project, further lending evidence to this 

phenomenon of differing mode of actions between media and purified 

exosome preparations. 

Another way of interpreting the response of the dose titration would be to 

look at the daily increase, specifically of the initial 24 hours of the experiment. 

The reason to do this would be in order to determine if the assumption on 

dosing made previously, is holding, or if there appears to be some reduction 

in stimulation past the second day. In this case the initial day one data show 

the following increases in proliferation in the samples: TFF (20 µg) has an 

increase in 53.4% (±6%); TFF (2 µg) has an increase in 43.1% (±5%); TFF 

(0.2µg) has an increase in 31.1% (±6%); and conditioned medium with an 

increase of 13.5% (±2.5%).  

When looking at the values for the TFF dilutions, we can see that as dosage is 

reduced 10-fold in terms of protein mass added, that the overall initial 

stimulation in the first 24-hours is reduced steadily by around 10% with each 

decreasing increment. This is suggestive of the dose responsive nature to the 

species being added. In addition, we also observe that the TFF dosage has an 

effect on the second day of proliferation as well: with the 20µg dose 

maintaining relatively steady increase into this period with an additional 

increase of 39%, whilst the 2 µg and 0.2 µg dose responses are increased by a 

reduced amount over the second day (14% and 17%, respectively). This 
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reduction in day 2 response by the lower doses could be suggestive of 

depletion of the added stimulus, as typically when 20 µg of TFF material is 

added, the response more closely resembles a linear daily increase (until the 

limit of the assay is reached, i.e. 100%, where a plateau is naturally required). 

As a result what this might indicate is that, whilst 20 µg contains sufficient 

material to promote repopulation over the course of the assay, 10- and 100- 

fold decreases are insufficient to stimulate the initial 56000 fibroblasts to 

their maximum potential over the first day, and as a result cause an 

immediate reduction in activity by day two. 

Out of phase with these results however, are the values of the conditioned 

medium which only respond by 13.5%, which is not only substantially lower 

than the lowest TFF dose, but also below the response of the negative control 

(25.8 ±1.8%). One could argue that the result is anomalous however a similar 

study which used conditioned medium presented within Appendix 3 of this 

thesis would suggest this is not the case. What seems more likely is that the 

fibroblasts within the assay are unable to proliferate efficiently upon direct 

addition of conditioned medium, but require a day in order to acclimatise to 

this stimulus. As discussed previously this could be down to shifts in 

metabolism to accommodate what is essentially supplementation of new 

medium components within the conditioned medium, and not being 

influenced as strongly by direct communication of exosome species, which are 

dilute in the un-purified medium. However, once this change has occurred, at 

second ay data show a rapid increase in proliferation of the cells, resulting in 

an additional wound closure of 53%. However, by the third day, we see once 

more, that stimulation is decreased again to only 11.5% suggesting 

conditioned medium alone may also suffer from inadequate dosing beyond a 

day of utility by the cells (assuming no major depletion activity is occurring 

during the initial first day lag). 

From the data presented in this chapter, we can formulate a hypothesis for 

later experiments that when purified from conditioned medium, we can 

expect a steady increase in proliferation on a daily basis, provided that dosing 

is sufficient, which will become limited as 100% closure is achieved. The 

caveat to this hypothesis is that it is indeed the exosomes within the TFF 
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isolate that are causing such proliferative stimulation in the fibroblasts, 

especially as TFF material will have co-concentration of larger culture 

proteins such as albumin which are also known to isolate with exosomes.  

Thus, if one can show that purification efficiently removes cell culture derived 

proteins, but retains high concentrations of particles which present exosomal 

markers, this would sufficiently prove the origin of efficacy to be non-culture 

protein associated. This is because, despite being loaded at a basis of equal 

mass of protein, the relative ratio of cell culture protein to exosome protein 

would be drastically changed by selective removal of cell culture proteins, and 

thus for an equal mass load, would still effectively change the relative amount 

of active ingredient added, whether this is exosome or culture protein. If this 

were incorrect, and the source of activity was the culture proteins, then we 

would expect high particle / low culture protein samples to be reduced in 

efficacy, based on the dose responsive nature of the TFF isolates from this 

chapter as a result. 
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4.3 Chapter Summary & Conclusions 

This chapter has outlined several key assumptions that form the basis of this 

thesis regarding the production and characterisation of exosomes derived 

from CTX0E03 and has established a basic understanding of key, 

fundamental features of the exosomes to be used throughout the project. 

Initial experiments focused on expansion of CTX cells during relatively large 

scale T-flask culture (30-50 T-175 flasks at maximum) such that they retain 

their proliferative state and do not become differentiated across the 

production process. It was observed that the key marker for retention of 

neural stem identity (nestin) was present across passages 25 to 35. When 

combined with a steady growth rate and visual observation which relied on 

knowledge of the characteristic spiky morphology, a lack of rosettes, 

elongation (neuronal differentiation) or astrocytes present in the culture, it 

could be concluded that the cells were being maintained in a state acceptable 

for exosome production.  

This proliferative state was reflected in the exosomes obtained by TFF from 

the conditioned medium: the exosomes promoted wound repair of human 

dermal fibroblasts as expected in a dose responsive manner, (ReNeuron, 

personal communication). 

The exosomes derived from this production method were also assessed in 

terms of physical and biochemical criteria which are in consensus to be 

amongst the minimal set of requirements to provide ample proof of exosomal 

presence (Lotvall et al., 2014).   

Transmission electron microscopy showed the presence of particles within the 

exosomal range and which featured their characteristic cup-shaped 

morphology (Raposo et al., 1996) when prepared for such samples. In 

addition ultracentrifugal isopycnic fractionation proved evidence that TFF 

concentrated material from conditioned medium contained exosomes based 

on particle settling within the expected density range for exosomes as 

determined by peer-review literature (Mehmet Kesimer et al., 2009), and that 



128 
 

CD 81 (a protein which is a commonly and highly conserved exosomal 

marker) was present in perfect correlation with these particles. 

In summary this chapter has provided evidence for the presence and 

definition of CTX derived exosomes, and has shown the limits of key assays in 

the process of exosomal characterisation (such as the 1010 P/mL detection 

limit on western blots. In terms of potency we show preliminary evidence 

which suggests that exosomes can facilitate wound repair in an in vitro wound 

repair model, but will require further evidence and testing to determine the 

exact source of function, owing to the co-concentrated protein impurity within 

TFF recovered exosome preparations. 
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Chapter 5.0 

Assessment of Current Technologies for 

(Small Scale) Exosome Recovery 

 

5.0.1 Chapter Introduction 

As a relatively new therapeutic candidate, exosome research has been split 

between three major areas: (i) characterisation of exosomes in terms of 

functional and biological potential; (ii) detection methods for the 

identification, quantification of exosomes, and (iii) the enrichment and 

isolation of exosomes from conditioned medium, the latter of which is the 

focus of this project. 

Exosomes have been isolated form a range of different  sources, for example: 

blood (Baranyai et al., 2015; Bastos-Amador et al., 2012; Khan et al., 2012), 

urine (Lozano-Ramos et al., 2015), breast milk (Zonneveld et al., 2014), stem 

cells (Lai, Chen, & Lim, 2011; Vishnubhatla et al., 2014; Zhou et al., 2013), or 

even synthetically produced exosomes (Kooijmanset al., 2012; Tan, De La 

Peña, & Seifalian, 2010)).  

Due to this vast diversity in start material and consequent volumes from 

which to isolate the vesicles, research has used a wide variety of different 

techniques to isolate exosomes. As such there is relatively little 

standardisation amongst protocols and methodologies used in their recovery. 

To date research into exosome recovery has been largely focused on 

separating the vesicles based on their physical characteristics, such as size or 

sedimentation density, through techniques such as ultracentrifugation, 

filtration and size exclusion, (Gardiner et al., 2016; Webber & Clayton, 2013). 

There are alternative options to physical separation such as immuno-affinity 

methods and microfluidic devices, however these are either expensive or 

require substantial levels of optimisation and are less widely reported in the 
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literature. In this chapter we report on the three main techniques used in 

exosome studies: ultracentrifugation, filtration and PEG-based separation.  

Ultracentrifugation is widely used for exosomes recovery, with up to 80% of 

researchers using it, according to a 2016 survey (Gardiner et al., 2016). It is 

considered as the gold standard for exosome isolation (Li et al., 2017) due to 

the ability to pellet exosomes directly from a wide variety of start material 

(Baranyai et al., 2015; Helwa et al., 2017; Tauro et al., 2012; Yuana et al., 

2014). The method was widely used in the viral vaccine industry (Reimer et 

al., 1967) and is the most routinely used method to date. 

As a consequence of the intensive manual processing, need for specialist 

equipment and difficulty in scale up that accompanies the use of 

ultracentrifugation methods, researchers have more recently turned to other 

methods which are simpler and can be performed without specialist 

equipment. One such technique is PEG-based precipitation which can also be 

coupled with size exclusion chromatography. There are numerous 

commercially available precipitation-size exclusion kits with defined protocols 

which allow for faster, easier and more reproducible recovery of exosomes. 

Examples are columns available from CellGS and iZON. These methods 

replace ultracentrifugation, enabling sedimentation of the precipitated 

exosomes on benchtop centrifuges, whilst clearing up the product using a size 

exclusion column. Additionally, these stages can be used independently of one 

another or in combination (Böing et al., 2014; Helwa et al., 2017; Varga & 

Yuana, 2014; Welton, Webber, & Botos, 2015). 

A third valuable technique is filtration (Nordin et al., 2015; Vishnubhatla et 

al., 2014). Method variants such as tangential flow filtration (D. C. Watson et 

al., 2018) using hollow fiber membranes can concentrate large amounts of 

conditioned medium and enable buffer exchange whilst removing large 

amounts of impurities whilst also being fully scaleable technologies. Such 

methodologies have also been used to phase out ultracentrifugation recovery 

in the viral vaccine industry (Wickramasinghe et al., 2005). 

Each of these options has associated advantages and disadvantages for 

exosome bioprocessing, and typically rely on convenience, availability of 
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equipment and scale of operation. With this in mind, however, this chapter 

will endeavour to compare the three steps to ascertain more concretely which 

of each step is superior in terms of exosome recovery and functionality, and 

which can be used as part of a dedicated exosome purification process with 

the greatest likelihood of success.  

In comparing these techniques, the chapter will aim to describe the current 

state of the art in exosome purification. Doing so will enable understanding of 

the current limitations of each process, and help to design and focus the 

processes to be developed in the later chapters of this thesis. 
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5.0.2 Aims, Motivation & Rationale 

The aim of this chapter was to assess current small-scale versions of 

technologies that can be used for exosome recovery at large scale, in order to 

evaluate their performance side-by-side. 

The specific objectives were: 

• To undertake exosome isolation using size-exclusion and filtration 

methods, comparing them to ultracentrifugation 

• To characterise the recovered exosomes in terms of particle sizes and 

concentration 

• To characterise recovered exosomes in terms of biologic potency. 

Achieving these objectives will allow an understanding of whether alternative, 

scalable technologies for exosome purification offer enhanced performance 

over the conventional ultracentrifugation method.   
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5.1 Exosome Recovery from Conditioned Medium 

Exosome containing conditioned medium was used as the start material for 

the experiments in this section. A single culture of CTX0E03 cells contributed 

to a collection of over 1L which was split into 200mL volumes as the start 

material for each process.  

Two protocols were used for ultracentrifugation, one using differential 

ultracentrifugation and one with a sucrose cushion flotation and subsequent 

pellet step (both at 100,000g) as described fully in Materials and 

Methods, section 3.3. The next sample was used for the PEG-

precipitation/size exclusion column (Exo-Spin) which was precipitated 

overnight at 4°C, sedimented at 18,500g and processed through the size 

exclusion column. The final sample was filtered by use of syringe filters with 

nominal pore size of 0.1 µm and then concentrated using Vivaspin 20 

centrifugal filters of 300 kDa to mimic the cut-off sizes of the TFF process 

used at ReNeuron to produce large scale filtration material (ReNeuron, 

personal communication). Of the different processes the filtration was the 

only one where the operational parameters were different from the large scale 

option as the centrifugal filters performed more as dead end filtration rather 

than tangential flow. Full methods for each are described in Materials and 

Methods, section 3.3. 

Impurity Removal and Particle Recovery 

The first metrics to evaluate performance of purification options are those 

that relate to the product recovery and the removal of impurities from the 

start material. For this the need to define the start material is also of 

paramount importance, the results of which have been described in table 5.1. 

One key factor to observe is that the conditioned medium contains phenol 

red, a dye that indicates pH change in the medium during cell culture. This 

dye becomes excited  when passed through the laser module of the NanoSight, 

thus causing high levels of background readings (Jeppesen et al., 2014). 

Hence, Nanosight data should be interpreted with an understanding that 

there will be some interference. 
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 [Protein] 

(µg mL-1) 

[dsDNA] 

(µg mL-1) 

[Particles] 

( mL-1) 

Observations 

Conditioned 

Medium 
256 0.603 2.62 x 1010 

CCM contains high levels of 

phenol red which interferes 

with NanoSight readings. 

 

Table 5.1: Analysis of a sample of crude conditioned medium. As cells are grown in culture, 

exosomes are naturally expressed and can be found within the medium. This exposure of growth 

medium to growing cells for the purpose of collecting the extracellular secretome is called conditioning, 

hence conditioned medium. As the first instance in a bioprocess where exosomes can be collected, and 

subsequently purified from, the conditioned medium was analysed for protein concentration by 

Bradford assay, dsDNA (i.e. DNA specifically associated with cell lysis during culture) by Quant-IT 

Picogreen assay and for total particle concentration by NTA NanoSight. An observation key to one of the 

limitations of NanoSight analysis was also listed, as the NanoSight is not specific to a single particle type 

and interference with the pH indicator dye present in conditioned medium would lead to gross over-

estimation of particle numbers. 

Table 5.1 gives the baseline concentration of particles, DNA and protein 

content found in the conditioned medium. The medium is naturally high in 

both protein and DNA levels. The high protein level is attributed to the fact 

that the growth medium itself contains high levels of HSA, growth factors and 

will have also been enriched in cell-derived proteins throughout the 

conditioning phase. Similarly, the exposure of the medium to the CTX cells 

during growth also gives rise to a relatively high level of DNA within the 

sample, both of which must be removed prior to patient administration (for 

injectable therapeutics the maximum residual DNA allowed in a therapeutic is 

10 ng per dose (World Health Organisaiton, 2013a), which sets a benchmark 

for purification development). As such we find the primary aims of the 

processes are to remove host-cell and cell-culture derived proteins and DNA 

from the exosomes. 

Additionally, as a material which contains many other cell derived particles, 

and entities which may also, at high concentrations, be detected as particles 

such as protein or DNA aggregates, in addition to the exosomes themselves, 

we must also ensure that the methods used yield particle distributions which 
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are tightly centred within the exosomal range (20-150µm) and which limit 

particulate matter beyond these points. 

A summary table, table 5.2 describes the ability of the methodologies tested 

to remove key process impurities. 
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Sample Vfinal 

(mL) 

[Protein] 

(µg mL-1) 

Protein 

% Red. 

(Log10 Red.) 

[DNA] 

(µg mL-1) 

DNA 

% Red. 

(Log10 Red.) 

[Particles] 

(mL-1) 

Particles 

(% Recovery) 

CCM 200 256 n/a 0.603 n/a 2.62 x 1010 n/a 

Vivaspin 2 36.8 
99.9% 

(2.84) 
0.130 

99.8% 

(2.66) 
2.35 x 109 0.09% 

Exo-Spin 5 13.9 
99.9% 

(2.87) 
0.128 

99.5% 

(2.27) 
1.47 x 109 0.14% 

Diff. U/C 5 144 
98.6% 

(1.85) 
1.21 

95.0% 

(1.30) 
2.11 x 1011 20.13% 

Suc. U/C 5 30.2 
99.7% 

(2.53) 
0.289 

98.8% 

(1.92) 
1.46 x 1011 13.93% 

 

Table 5.2: Impurity and product recovery levels of small scale processes used to purify exosomes from conditioned medium. CTX0E03 cells were cultured 

in T175 flasks and the conditioned medium from 30 flasks at passage 30 was clarified by centrifugation at 3000 RPM prior to being pooled into a single 1L batch. From this 

batch volumes of 200 mL of clarified conditioned medium (CCM) were allotted as the start material for processing by the most commonly used (based on the current literature) 

scale down methods. These methods were: Vivaspin 20 (filtration and concentration, 300KDa) centrifugal filters, Exo-Spin Midi (precipitation-size exclusion columns), and 

two forms of high-speed centrifugation: differential centrifugation and differential ultracentrifugation with the addition of a sucrose cushion step (process described fully in 

figure 3.2). Analysis was performed on pre- and post-purification samples to quantify the levels of culture derived impurity (in the form of protein and dsDNA) and on 

product recovery (in the form of particle detection as determined by NTA NanoSight). Assays used for protein were Bradford assay (for the conditioned medium, and µ-BCA 

assay for the purified samples, owing to the samples being lower than the detection limit of the Bradford assay [and µ-BCA detection limit being too low for conditioned 

medium). dsDNA was quantified by Quant-IT Picogreen assay. Percentage recovery/reduction and their respective log reductions are based on the mass of dsDNA/protein or 

particle numbers recovered in respect to the input of 200mL of conditioned medium. 
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The results in table 5.2 reveal that all the methods tested are highly efficient 

at removal of both protein and DNA from the starting material. However, 

upon closer observation it appears that the differential ultracentrifugation 

step is perhaps the worst performing in terms of impurity removal out of the 

four processing options. In all but one of the cases of both protein and DNA 

removal we see that the level of purification for differential ultracentrifugation 

is 10-fold lower than other methods. This is evidenced for protein by log10 

reductions of 1.85 compared to log10 reductions > 2 for all the other 

purification methods, and similarly a log10 reduction of 1.3 compared to 2.66 

(Vivaspin), 2.27 (ExoSpin). In terms of DNA removal the differential 

ultracentrifugation was almost 10-fold lower than the sucrose-cushion 

ultracentrifugation, but was still outperformed by the cushion variation with 

log10 removals of 1.3 compared to 1.92. 

In this case the ultracentrifugation steps show that there will likely need to be 

further removal of both genetic and protein based material at the larger scale, 

especially where potential production changes further upstream will require 

technologies such as bioreactors which increase the level of cell disruption 

and, subsequently, more impurity in the feed stream. As a platform recovery 

method for a therapeutic product, ultracentrifugation requires additional 

downstream processing compared to Exo-Spin or Vivaspin alternatives, whilst 

also requiring substantially longer processing times. This could pose issues at 

a later stage in the process development cycle, especially if bioreactor 

technologies are to be used as is the intended focus of the cell therapy 

industry. These new upstream technologies will increase the level of process 

forces upon the cells, and subsequently cause more damage and cell death 

during production, compared to static culture. This will lead to increased 

levels of intracellular protein and DNA release into the conditioned medium 

and must therefore be considered as part of process development. 

With respect to particle numbers obtained, ultracentrifugation recovered 

more than 100-fold more particles than both the Vivaspin and Exo-Spin. This 

indicates that ultracentrifugation maintains value for processes where low 

volume recovery may be essential, for example for autologous cell types or 

biopsy material, and for characterisation studies. 
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The difference in recovery between the sucrose cushion and standard 

differential ultracentrifugation also indicates that the sucrose cushion may be 

removing some of the less dense particles and entities which cannot settle 

within the cushion alongside exosomes, but which still get pelleted down at 

100,000g during the standard ultracentrifugation protocol. It may also be 

possible that the higher levels of protein and DNA within the differential step 

are caused by protein and DNA aggregates which are otherwise removed by 

the sucrose cushion variant. These aggregates could also be detected as 

particles overlapping the exosomal size range. 

Assuming negligible loss of particles between each centrifugation step and 

100% sedimentation efficiency during each, then almost 40% of the particles 

within the differential ultracentrifugation stage would be non-exosomal or do 

not sediment within the sucrose cushion variant. This suggests that use of 

direct pelleting, even with prior lower speed centrifugation most likely will not 

be enough to provide a highly pure sample, especially when scaled up to larger 

volumes. This is because centrifugal efficiency typically becomes lower the 

more material or longer the sedimentation path lengths are. This implies that 

in order to maintain or improve sedimentation efficiency at larger scales, not 

only will processing times become more elongated but that considerable work 

will be required to be undertaken in terms of matching the physical 

characteristics of the processes, all the way from attempting to compensate 

for changes to rotor type, centrifugal direction/force, k-factors and time to 

achieve the same level of sedimentation (Cvjetkovic, Lotvall, & Lasser, 2014).  

In contrast to the relatively high levels of recovery from the 

ultracentrifugation steps however, we see that the filtration mimic (Vivaspin) 

and the precipitation-size exclusion kit (Exo-Spin) do not contribute nearly as 

much recovery, with over 100-fold fewer particles being recovered. The reason 

for this may be that the Vivaspin is acting as a dead end filtration, which is 

causing clogging of the membrane and thus a lower yield of particles to be 

recovered. In the case of the Exo-Spin, this may be due to incomplete 

precipitation or inefficiencies in pelleting. 
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It was also observed that the efficiency of ultracentrifugation and also of 

recovery steps such as the commercially available size-exclusion kits has been 

inconclusive across the literature, with some articles reporting higher yields 

using size exclusion, and others for the ultracentrifugation.  

Examples of these inconsistencies can be found by comparing research 

articles throughout the literature. For example, one study found that the Exo-

Spin recovered substantially more particles than the ultracentrifugation (Lane 

et al., 2015). Another paper also reported that a size-exclusion method could 

yield high levels of particles but that the subsequent concentration steps, of 

which one was ultracentrifugation, drastically lowered the overall yield 

(Welton et al., 2015). In contrast to these, a different 2015 report showed that 

10 mL size-exclusions columns such as the Exo-Spin or qEV columns have 

low efficiency for the isolation of exosomes from blood plasma, but also that 

ultracentrifugation recovery was also low (Baranyai et al., 2015).  

These disparities could be due to a multitude of factors, such as incorrect or 

suboptimal use of ultracentrifuges, which require a number of physical factors 

to be matched as described in depth by Cvjetkovic, Lotvall, & Lasser, (2014) 

such as rotor type, k-factor, centrifugation time and product viscosity, which 

can cause large differences in yields reported across the literature.  

One limitation of the experiment presented in this chapter regarding the 

Vivaspin was that the filtration mimic made use of a centrifugal protein 

concentrator, which acts more as dead-end filtration, whereas the benchmark 

operation for filtration-based recovery at scale was a TFF step in a hollow-

fiber filter. This difference means that there is a limit to the level of 

comparability in terms of impurity removal and particle recovery as the 

clogging and retention within the filter will be considerably different between 

the operational modes. In spite of this, consistency in the expected particle 

size distributions is expected to be relatively conserved as both filtration 

operations still work on the basis of removing particles below the pore size, in 

this case 300 kDa. The Exo-Spin however was run as per the manufacturer’s 

protocol and aside from use of pumps and higher pressures at the large scale, 

no major differences between operational modes was made. As such it can be 
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concluded that precipitation-size exclusion is the least promising of the four 

candidate recovery methods, despite marginally higher particle recovery 

compared to the Vivaspin. 

A further constraint to the use of size exclusion comes from application at the 

large scale. Not only are the columns limited in size due to the need for large 

beads which are more easily compressed, but that if used in tandem with 

precipitation reagents, an additional challenge will arise as the reagent will 

have to be removed from the final product. This will require further 

purification, buffer exchanges and intensive validation (in proving adequate 

removal) (Vishnubhatla et al., 2014).  

In contrast, a filtration step is not only more amenable to scale-up but can 

also be used to allow buffer exchanges immediately before subsequent 

processing stages, and whilst the filtration mimic used here was limited as a 

scale-down model, recovery from the large scale model provide a highly 

concentrated product. Due to this limitation of the filtration mimic, it was 

deemed necessary to provide evidence of the ability to recover and purify 

exosomes by comparison of the TFF material used throughout the project. As 

such a reference table was generated for two batches of TFF material: one 

dubbed as “old” corresponding to the TFF in the early development stage and 

another, “new” which was closer to the final preparations once optimisation 

had been completed, table 5.3. 
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Table 5.3: Comparison of TFF exosome samples at early and late stages of optimisation to highlight how independent process development of TFF by 

ReNeuron can impact the quality of TFF material used throughout this project. One method for exosome capture from large volumes of conditioned medium is to 

use tangential flow filtration. In this thesis the majority of experimentation will use TFF recovered exosomes to enable more realistic process development (as a true DSP 

platform process would have a recovery/volume reduction process prior to chromatographic separation). However, as an independently optimised process, the starting 

material often underwent process improvements, thus significantly changing the level of impurity and recovered exosomes present in each batch. This table aims to highlight 

these changes which may impact efficiencies of the processes through this project, in terms of the major impurities dsDNA (as detected by Quant-IT Picogreen assay), cell-

culture derived protein (Bradford assay) and exosome/particle concentration as determined by NTA NanoSight. 

  

Sample Vi (CCM) 

(L) 

Vfinal 

(mL) 

[Protein] 

(µg mL-1) 

Protein 

% Red. 

(Log10 Red.) 

[DNA] 

(µg mL-1) 

DNA 

% Red. 

(Log10 Red.) 

[Particles] 

(mL-1) 

Particles 

(% Recovery) 

TFF 

(Old) 
3.5 11 379 

99.8% 

(2.70) 
17.6 

65.7% 

(0.46) 
4.00 x 109 0.05% 

TFF 

(New) 
5 40 543 

97.6% 

(1.77) 
0.599 

99.2% 

(2.10) 
8.02 x 1011 24.5% 
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Table 5.3 shows that the TFF step in the early stages was still inefficient, 

with high levels of DNA being trapped in the retentate. Despite this protein 

removal was on par with the levels seen across the methods reported in table 

5.2 and performed better than the newer TFF step. This could be down to the 

fact that as the particle feed was larger, an increase in membrane blocking 

was observed, thus causing additional protein to be left over resulting in a 

lower overall removal. Despite this additional protein carry-over however, the 

newer iteration of the process resulted in a higher overall concentration of 

particles as was the goal for a primary recovery step.  

5.2 Product Identity & Functional Capacity 

Particle Identity: Size Distribution and Biomarkers 

As described in Chapter 4, exosomes have a strict definition in term of 

particle size and biomarker expression. This definition includes, but is not 

limited to, the expression of CD 81, CD 9 and CD 63 and particles which have 

a range of 20-150nm in diameter. To this end, the processes were also 

assessed in their ability to recover exosomes of the correct size distribution to 

supplement the data of the previous section. 

In bioprocessing, a clear and thorough definition of a therapeutic product is 

required in order to establish and define the critical quality attributes used to 

assess the quality of the final product. Due to their characteristic size and 

biomarker expression, these are commonly used for exosomes as a basis for 

definition of a product, hence the importance of seeking these data beyond 

simple recovery levels. These criteria will also become necessary at later 

stages where product definition and batch acceptance criteria become more 

closely linked and the need for product identity is just as important, if not 

more-so, than purity. 
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Figure 5.1: Particle size distribution profiles and summary table of exosomes recovered by disparate scale down methods, as detected by NTA. Volumes 

of 200mL were used as the start material for the small scale techniques. The particle size distributions obtained in the recovered material from filtration (Vivaspin 20, panel a), 

size exclusion (ExoSpin-Midi, panel b), sucrose cushion ultracentrifugation (panel c) and differential ultracentrifugation (panel d) are compared to the distribution obtained for 

the unprocessed conditioned medium (panel e). A summary table is inset as panel f within the figure to describe the key metrics obtained by the NTA readings: concentration, 
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and mode and median values. NTA readings performed in triplicate with 60s per capture. Black trend is the mean of results, with the red overlay being the error associated with 

the triplicate measures. The graphs show that processing greatly reduces the erratic and random spread of particle sizes compared to the conditioned medium, but that the 

Vivaspin samples control the overall spread of particles to within the exosome range more than the alternative processing options.  
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Figure 5.2: Particle size distribution profiles of exosomes recovered by disparate scale 

down methods, given as box plots. 200mL of conditioned medium were processed by filtration 

(Vivaspin) size exclusion (ExoSpin-Midi), sucrose cushion ultracentrifugation and differential 

ultracentrifugation and are compared to the distribution obtained for the unprocessed conditioned 

medium. Data was obtained by NTA NanoSight using triplicate 60s readings: the data is averaged to 

form the final plot. Max values denoted by (-), 1st and 99th percentile values denoted by (x) and mean 

values denoted by (□). Boxes represent 25th, 50th and 75th percentile values as standard. Whiskers 

denote maximum and minimum values beyond which sizes are outliers. Dashed line represents the 

maximum assumed cut-off for exosomes at 150nm. The box plots highlight how the Vivaspin has the 

greatest control over size distribution in exosome recovery, with only outlying values falling beyond the 

maximum 150nm cut-off. Exo-Spin and differential ultracentrifugation samples are shown to provide 

broader peaks suggestive of larger vesicle impurities co-isolating in the final product. The sucrose 

cushion ultracentrifugation reduces this broadness compared to the non-cushion counterpart, but still 

remains broader than filtration methods. 

 

In order to assess the level of particles consistent with the exosomal range the 

size-distributions of the samples are provided, (figure 5.1), and 

subsequently, the data presented as box-plots (figure 5.2) in order to 

evaluate the differences in percentile data across all samples and also to the 

original conditioned medium. 
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Given that the production of exosomes is limited by the formation within the 

endosomal pathway (see Introduction for more) and their size is 

constrained to a range of 20-150 nm (from a variety of cell types) (Lamparski 

et al., 2002; Lopez-Verrilli & Court, 2013; Marleauet al., 2012; Schageman et 

al., 2013; Zhang & Grizzle, 2014) a simple way to determine product quality 

would be to define the desired particle size distributions within this range. 

This would result in a threshold size (here assumed at 150 nm as this is the 

highest reported size throughout the literature) beyond which particles could 

be classified as non-exosomal. Additionally, a percentile allowance beyond the 

range could be given as a way of measuring product quality, with larger, 

broader peaks extending beyond the range being less desirable than tighter 

peaks centred about the median value, i.e. around 85 - 90 nm.  

A limitation to this is that the NanoSight will inevitably record all particles 

present, and thus not be specific to exosomes but also record other vesicles 

from cell-culture and protein aggregates. The data should be interpreted with 

this in mind, and thus we must make the following assumption: that the 

methods, all designed specifically for exosome enrichment, will naturally 

contain a large proportion of the desired material, as well as these additional 

factors which will increase the overall particle counts and broadness of 

distributions. For example, using ultracentrifugation data as a basis, we 

observe that the majority of particles within the distribution fall within the 

exosome range of 20-150nm, as would be expected of a process designed to 

capture these vesicles. Here we assume the contents to be both exosomal and 

partly non-exosomal. In addition we see a broad peak which extends beyond 

this, the contents of which we assume to be entirely non-exosomal. 

The logic behind this choice is based on the assumptions that each particle 

type, exosome or impurity (organelle, other vesicles), will form entirely within 

their literature based ranges, for example, exosomes entirely within 20-

150nm and microvesicles from 50-1000nm. In addition to this, we assume 

each individual particle has a normal distribution within its own range, which 

would result in 95% of the particles falling within the first two standard 

deviations from the mean value of their size. This would mean only a small 
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proportion of exosomes (or indeed other particulate impurities) would fall in 

the extreme segments of their respective distribution curve of particle sizes.  

What this means is that, whilst overlapping sections of particles within the 

exosomal range are certainly present, we expect them to be at a lower relative 

concentration when compared to exosomes, as the purification methods are 

designed to discriminate from these other vesicles, albeit to varying extents. 

This would not apply to conditioned medium however, which is unprocessed, 

unless the medium has been filtered at 0.2 µm for example. Furthermore, we 

assume no significant amount of particles share a range entirely within the 

exosome range, as exosomes are typically the smallest vesicle type within a 

preparation. Some cell-derived particles such as organelles, fragments may be 

within this range, but as culture of stem cells is by nature intended to be high 

viability and low shear, we expect cell lysis and thus contamination by these 

elements to be negligible. 

As a result of these assumptions, we can broadly define a tighter and narrower 

distribution centred within the exosome range to be higher proportionally in 

exosomes. The converse is also true, in that as the distributions become 

broader, we expect the relative ratio of non-exosomal entities to increase. 

Thus, inspection of figure 5.1 shows that the Vivaspin sample stands out in 

terms of tightness of particle size distribution. Additionally the peak of the 

curve is centred at 107 nm, well within the boundaries of the exosomal 

definition. The curve which ranks in second place in terms of tightness of 

distribution within the exosomal range is the Exo-Spin column, however 

evidence of some follow-through of non-exosomal particles is given by the 

trailing peak which yields a larger than desirable mean value of 141 nm 

compared to a mean of 100 nm, thus showing the data is more spread than 

the Vivaspin obtained product.  

In contrast the ultracentrifugation steps both give particle sizes far larger than 

the other processes, with the differential ultracentrifugation yielding a modal 

particle size of 126nm. Whilst this is within the exosomal range, the spread of 

data once more shows that there is a large likelihood of non-exosomal 

particles or aggregates of protein/genetic material within this product as the 
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mean size centres about 160 nm, which, upon reference to figure 5.2 shows 

that 45% of the particles are above the exosomal range.  

One report also noted similar increases to this in particle diameters from 

ultracentrifugation, in this case attributed to the possible aggregation of 

particles and  proteins other impurities (Helwa et al., 2017).  

The sucrose cushion ultracentrifugation produces a tighter peak than the 

differential variant. In this case the trailing shoulder of the curve is lessened 

in comparison to the differential step, and the modal and mean values have 

been reduced to 110 nm and 140 nm, respectively, thus indicating removal of 

larger particles/aggregates which cannot penetrate the sucrose cushion, this 

was also observed in the data obtained previously and shows why the recovery 

was lower in terms of total particles, and perhaps why protein and DNA 

concentration is lower. However, for both of these steps, the trailing peak is 

still far too pronounced to assume a purely exosomal composition.  

In terms of percentile data within the exosomal range, the following ranking is 

achieved: Vivaspin with 89% lower than 150nm, Exo-Spin and Sucrose 

cushion ultracentrifugation with 68% and finally, the differential 

ultracentrifugation with 55% of particles lower than 150nm. 

These data serve to highlight the potential of each process to provide tight 

product distributions and suggest that in terms of product identity the 

filtration-based options may provide more adequate removal of non-exosomal 

particles from the final product. This is likely attributed to the fact that 

filtration is based on the explicit exclusion of entities by size, whereas 

ultracentrifugation can only be as specific to remove particles via 

discrimination of sedimentation and flotation densities, of which there seems 

to be a more pronounced overlap in terms of biological particulates (Sluijter, 

et al., 2014). Size-exclusion in the currently used iteration is intended to 

discriminate via size however, the use of a non-specific or PEG-based 

precipitation prior for size exclusion likely allows for the inclusion of several 

non-exosomal particles. Alternatively, the extended curves could be down to 

the incomplete re-solubilisation of the precipitated product, thus causing 

larger aggregates of exosomes, or even damage and swelling of the exosomes. 
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This does not preclude size-exclusion from use, but warrants the need for 

further development and enhancement to provide more suitable product 

profiles. 

Whilst there can be much interest in particle size distributions and the data 

they yield, one must also not forget that these methods also have their own 

limits: nanoparticle tracking analysis is indiscriminate between exosomes and 

non-exosomes, even within the exosomal size range, unless using antibody-

conjugated fluorescence systems or other specific methods. 

As such gaining information on the biomarker expression within a sample is 

important when comparing purification methods. In order to do this, an even 

volume of 35 µL of each sample was loaded into two western blots designed to 

probe for the exosomal tetraspanins, CD 81 and CD 9 and are presented in 

figure 5.3.  Notably however, the presence of detectible levels of these CD 

markers certainly does not preclude the presence of non-exosomal 

vesicles/particles within the final preparations. 

Figure 5.3 revealed strong presence of CD9 and CD81 following 

ultracentrifugation (lanes 4 and 5). In addition, a faint band was observed in 

lane 6, corresponding to conditioned medium; however, no banding is 

observable in lanes 1 and 2 which correspond to the Vivaspin and Exo-Spin, 

respectively. This result could be interpreted as the samples not containing 

exosomes, but the previous titration western blot would also suggest that 

detection limits of the assay itself were not met.  

The titration western in figure 4.11 revealed that no band was detected for 

particle concentrations in the order of 109 particles per mL; only faint banding 

with 1010 particles per mL, and strong banding in excess of 1011 particles per 

mL. The concentrations of the ultracentrifugation samples are within the 1011 

range, the conditioned medium in the 1010 range and the Vivaspin and Exo-

Spin 109. Therefore, we could not concretely determine a lack or presence of 

exosomal markers for these samples, despite being able to provide presence of 

exosomal proteins in the conditioned medium, and ultracentrifugation 

samples.  
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Figure 5.3: Western blot probing for CD 9 and CD 81 in scale down purified exosome 

samples. Samples processed via filtration (Vivaspin) size exclusion (ExoSpin-Midi), sucrose cushion 

ultracentrifugation and differential ultracentrifugation and the unprocessed conditioned medium were 

probed for exosome markers CD 9 and CD 81. Samples were loaded onto the wells at an equal volume 

(35 µL) in order to observe the relative concentration of exosome markers between samples as 

processed. Lanes correspond to: 1, Ladder; 2, Vivaspin; 3, ExoSpin; 4, Differential 

Ultracentrifugation; 5, Sucrose Cushion Ultracentrifugation; 6, Conditioned Medium. Molecular 

weights are given on the ladder. Due to the difference in concentration between the samples, only the 

ultracentrifugation samples at concentrations exceeding 1011 particles per mL showed bright banding of 

exosome markers, whilst the conditioned medium at 1010 particles per mL gave a faint (almost 

undiscernible) band due to the limits of detection of the assay, shown in figure 4.11, as the samples for 

both the Vivaspin and Exo-Spin preparations were considerably lower than the detection limit of the 

assay, at 109 particles per mL and with final volumes such that further concentration with another 

method was not practical, no banding could be detected, thus requiring additional methods to identify 

exosome presence (see fig. 5.5). 

 

Thus, TEM visualisation was used to confirm/deny exosomal presence 

(figure 5.5). The reason TEM was employed as an alternative method to 

confirm/deny exosome presence was due to equipment constraints and the 

low volumes recovered from each step: as no further concentration (via a 

secondary pelleting step using ultracentrifugation, for example) was possible. 
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One conclusion that this does provide, however, is that depending on the scale 

of operation, ultracentrifugation is still a valuable process for researchers 

looking to characterise exosomes due to the ability to recover vastly greater 

levels of particles detectable by immunoblotting or other proteomic/genetic 

detection that the other scale down systems may not be able to fully 

accomplish. 

 

 

Figure 5.4: Western blot probing for HSA in scale down purified exosome samples. 

Samples processed via filtration (Vivaspin) size exclusion (ExoSpin-Midi), sucrose cushion 

ultracentrifugation and differential ultracentrifugation and the unprocessed conditioned medium were 

probed for culture medium derived HSA. Samples were loaded onto the wells at an equal volume (35 

µL) in order to observe the relative concentration of impurity marker between samples as processed. 

Lanes correspond to: 1, Ladder; 2, Vivaspin; 3, ExoSpin; 4, Differential Ultracentrifugation; 5, 

Sucrose Cushion Ultracentrifugation; 6, Conditioned Medium. Molecular weights are given on the 

ladder. In all samples HSA was shown to co-isolate with exosomes, as is often observed throughout 

literature. Notably, the highest level of co-isolation was found in the differential ultracentrifugation 

step, but this was drastically reduced when the sucrose cushion was employed as HSA cannot permeate 

the cushion as easily. The Vivaspin also showed relatively high yields of HSA within the final product 

likely from interactions with the membrane causing clogging. As a precipitation/size-exclusion step the 

Exo-Spins provided a relatively clean product, however HSA is still observable. In all cases we see a 

double band, the higher of which shows that HSA is forming polymers of higher molecular weight, thus 

likely making separation from exosome material via size based methods more difficult (e.g. in filtration). 
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In terms of impurities however, reference to figure 5.4 shows that each of 

the samples still retained some amount of HSA, as suspected, and that this 

protein, as one reported to co-isolate with exosomes often (Lobb, Becker, & 

Wen, 2015) and which is typically present in high concentration in stem cell 

growth media, will be of key importance to remove for future bioprocesses at 

the large scale. 

In terms of band intensity, we see that the lowest is found in the Exo-Spin 

sample, which also provided the greatest level of protein removal. On one 

hand this may be interpreted as efficient purification, however, considering 

the variable results associated with such commercial size exclusion kits across 

the literature, this could also be a sign of a lack of recovery of any species 

present within the conditioned medium. 

Similarly the intensity of HSA bands increase in line with the trend set by 

protein removal detailed in table 5.2, which ranked Vivaspin as second most 

efficient at protein removal, then sucrose cushion ultracentrifugation, 

followed finally by the differential ultracentrifugation. In this case the 

Vivaspin sample contains more HSA than the sucrose cushion 

ultracentrifugation, however. This result may be explained by the similar 

protein concentrations in the samples: the Vivaspin contained 36.8 µg mL-1 

compared to the sucrose cushion step which was lower at 30.2 µg mL-1.  

Furthermore, comparison of the sucrose cushion and direct pelleting 

ultracentrifugation steps provides some verification that the sucrose cushion 

is able to efficiently remove larger protein aggregates. 

These results also mimic another study which showed ultracentrifugation 

samples to contain more albumin when compared with size exclusion 

methods (Baranyai et al., 2015). The article further stated that 

ultracentrifugation may not be applicable for provision of samples for use in 

vivo where higher levels of purity are required, but for characterisation in 

instances where the impurities retained would not interfere with the 

measurements (Baranyai et al., 2015),  
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Particle Identity: TEM 

In order to provide evidence of exosomal presence or absence in the two 

samples which did not provide ample material for positive western detection, 

transmission electron microscopy (TEM) was used to visualise the samples, 

alongside an ultracentrifugation sample (figure 5.5). 

The images provided in figure 5.5 are shown at low and high magnification 

to provide a sample overview as well as higher magnification images of 

individual exosomes. The Vivaspin and Exo-Spin samples were used 

undiluted, however the ultracentrifugation sample had to be diluted in a low 

salt solution prior to imaging and so is not indicative of population density 

within the sample. 

Observation of figure 5.5 shows that all samples contained exosomes, based 

on positive identification via their cup-shaped, deflated sphere-like 

morphology. The Exo-Spin samples show a greater uptake of the uranyl 

acetate stain which is evidenced by their darker colour compared to the other 

samples which show dark centres with white edges. This suggests there is 

possibly some damage occurring to the exosomes during the Exo-Spin 

process, which may cause permeability in the exosomal membrane to greater 

extents than the Vivaspin and ultracentrifuge samples. When inspecting 

image D in figure 5.5, there seems to be some roughness and disruption to 

the membrane when compared to the smoother, more intact images A, B, E 

and F. 

Importantly, the images do show exosomal presence in all of the samples. 

This allows for the conclusion that the negative detection in the western blots 

for CD 9 and CD 81, in the Vivaspin and Exo-Spin samples, is most likely 

attributed to the low concentration at recovery, and not due to a lack of 

exosomes.  
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Figure 5.5: Transmission Electron Micrographs of exosomes obtained by scale down purification methods from conditioned medium. Exosomes were 

recovered from conditioned medium by use of filtration (Vivaspin) size exclusion (ExoSpin-Midi), and sucrose cushion ultracentrifugation. Recovered material was coated on 

Formvar copper grids and stained with uranyl acetate prior to observation under TEM at 60,000 – 80,000 x magnification (A, C, E: scale bars read 200 nm), and high 

magnification (120,000 - 250,000 x magnification (B, D, F: scale bars read 100nm, 200 nm and 50 nm respectively). Exosomes are denoted in each image by yellow arrows and 

exhibit the characteristic “cup-shaped” morphology within the expected size range of exosomes (20-150 nm) as described by literature. In order to verify the presence of 
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exosomes in the samples which did not probe positively for CD 9 and CD 81 TEM was used to observe the samples compared to the positively stained sucrose cushion 

ultracentrifugation samples. In all cases, the characteristic cup-shaped/deflated sphere exosomes are observed and are within the 20-150nm size range of exosomes. This 

verifies that the lack of detection in the western blots presented in figure 5.3 is due to samples being below the lower level of detection for the assay, rather than samples being 

negative for exosomes. 
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Functional Capacity of Recovered Exosomes 

Another important aspect to purification of therapeutics is to recover a 

product which retains its intended potency. To this end a fibroblast wound 

repopulation assay was used to determine the potency of the recovered 

exosomes based their ability to accelerate wound closure, on equal loading of 

protein by mass and compared to complete serum-containing growth medium 

as the positive control, and the basal medium as the negative control. 

Based on the outputs generated by the scratch assay presented in chapter 4, 

we could make hypotheses on the likely results that would be obtained. First, 

as each of the process methodologies involved have been shown to recover 

exosomes as well as to reduce culture proteins, albeit to different extents 

owing to their distinctive operations, we would expect to see the linear 

increases in stimulation observed for TFF material dosed at 20 µg previously. 

However, as the material is from a lower scale than the TFF sample, and thus 

relative concentrations of particles will also be lower, we expect that the 

samples may not necessarily reach the full wound closure.  

Additionally, as described in the literature review section of this thesis, it 

would also be reasonably expected that ultracentrifugal methods in particular, 

may cause a loss of function due to numerous reports over the potential 

damage to exosomes sustained by the process. Similarly, as TEM images have 

previously shown in this chapter, the Exo-Spin recovered vesicles appear to 

have damaged membranes, and thus, we expect as a result a lower potency. In 

contrast, as large scale TFF methods have shown promise in functional 

capacity, we expect the small scale filtration to be able to provide similar 

function. 

Finally, each of the samples has shown strong western blot presence of human 

albumin across the different purification methods, where we can likely 

surmise that serum is the major contributor to protein content of the samples. 

As such, it could be argued that were the culture proteins responsible for the 

activity of fibroblast stimulation, and as dosing is based on mass of total 

protein, we would find that functional output is correlated strongly with the 

strength of banding observed by the western blot results. One limitation of 
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this however, is that we have no knowledge on the relative abundance of other 

protein species and how they vary between the differing process 

methodologies. 

In order to test these hypotheses, doses of each purified sample were assayed 

in triplicate on the fibroblast wound healing assay, based on the optimal dose 

of 20 µg shown in chapter 4. Representative images of the fibroblast 

migration are given in figure 5.6 for day 0 and day 3 of the assay. A growth 

curve of the daily wound coverage is shown in figure 5.7 whilst a statistical 

analysis of the final levels of wound healing by day three is provided in figure 

5.8.  
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Figure 5.6: Representative images of wound repopulation of HDFa stimulated with 

exosomes recovered by scale down processes versus conditioned medium. Images of the 

simulated wound area in vitro were taken in 24 hour intervals post-incubation with exosomes, 

conditioned medium, and controls. Each well was imaged and a representative image is presented for 

day 0 and day 3 for each condition. Images are lettered independently for day 0 and day 3. Day 0 

images: A = differential ultracentrifugation; C = ExoSpin-Midi; E = Vivaspin; G = sucrose cushion 

ultracentrifugation; I = Negative control; K = positive control. Day 3 images: B = differential 
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ultracentrifugation; D = ExoSpin-Midi; F = Vivaspin; H = sucrose cushion ultracentrifugation; J = 

Negative control; L = positive control. Images have been cropped and lightened for presentation 

purposes. The images show that the growth of fibroblast cells in vitro can be accelerated to varying 

degrees by addition of exosome preparations from the disparate small scale methods. The Vivaspin 

material caused the largest stimulus to cell migration and proliferation within the wound area, followed 

by the sucrose cushion step. Material from both the Exo-Spin and differential ultracentrifugation did 

not show much stimulus on the fibroblasts and had comparable levels of repopulation to the negative 

control.  

 

 

Figure 5.7: Graph of in vitro fibroblast scratch-wound healing assay over 72 hours of 

culture when dosed with exosomes from small scale recovery methods. Images of the 

simulated wound area in vitro were taken in 24 hour intervals post-incubation with exosomes purified 

at the small scale, conditioned medium, and controls. Each condition was performed thrice, the 

averages of which are presented in the graph with the standard deviation of the values corresponding to 

the error bars. Images were processed by Image J using a polygon select tool to outline the wound area, 

and give an area in pixels for each time point. The wound area remaining at time, t, would be presented 

as a percentage of the area at time 0, thus giving the percentage of wound still open, this subsequently 

was subtracted from 100% to denote the percentage healed. The data show that the only condition to 

provide the expected stimulus at day 3, when compared to the large scale material presented in chapter 

4, was the Vivaspin filtration step. The data also show that both differential ultracentrifugation and size 

exclusion-precipitation (Exo-Spin) steps could not facilitate greater closure than the negative control, 

suggesting these steps are causing damage or a loss of potency in other ways compared to filtration 

recovered exosomes. The sucrose cushion step, which has been previously shown to reduce co-isolating 

impurities when compared to differential ultracentrifugation, elicits moderate wound repair, suggesting 

a reduction in either obfuscation of effect, or a less damaged product than the differential counterpart.  
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Figure 5.8: Bar graph of in vitro fibroblast scratch-wound healing assay at day 3 dosed 

with exosomes recovered by small scale purification methods. Day 3 data of fibroblast wound 

repair in vitro when dosed with exosomes recovered by small scale processes from conditioned medium: 

(Vivaspin) size exclusion (ExoSpin-Midi), differential ultracentrifugation and sucrose cushion 

ultracentrifugation. Statistical significance calculated by one-way ANOVA with Tukey’s post hoc test. P 

≤ 0.05 = *; P ≤ 0.01 = **; P ≤ 0.001 = ***; P ≤ 0.0001 = ****. The data show that only the Vivaspin 

sample performed comparably to the positive control (and the large scale TFF material presented in 

figure 4.12) suggesting the product remains intact and potent. The other results show a loss of action, 

with differential ultracentrifugation and the Exo-Spin samples achieving the lowest, and non-

significantly different level of wound repair compared to the negative control. The sucrose cushion step 

performs moderately well, suggesting the additional step is either removing an impurity which 

dilutes/blocks the potency present in the differential ultracentrifugation step, or is providing a more 

intact product. 

Vivaspin processed exosomes were the most potent at promoting wound 

repopulation. In this case an average of 92.5% wound closure was achieved 

over the three day period. This suggests that the Vivaspin, in spite of low 

recovery levels, provided a functional product which matched the data of the 

large scale samples in chapter 4. This level of healing is statistically 

significant to a degree where the P value is lower than 0.0001% from all of the 

other experimental datasets, aside from the positive control in which there is 

no observable significance between the sets (P = 0.54). Such results imply that 

the filtration, especially when optimised for recovery, is potentially a powerful 
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tool for exosome recovery whilst maintaining the functional capacity of the 

therapeutic product.  

Furthermore a common trend can be observed between the 

ultracentrifugation samples, namely, that the sucrose cushion seems to be 

providing a product of higher quality than the differential ultracentrifugation. 

This observation stems from the fact that the sucrose cushion provided an 

average of 57.6% wound closure compared to the 21.9% closure achieved by 

the differential variant of the process. This phenomenon could stem from the 

previously identified removal of non-essential/non-functional particles from 

the conditioned medium that the sucrose cushion step is able to achieve to a 

greater extent than the differential ultracentrifugation. In this case where the 

mass of protein loaded between samples is equal, one could argue that the 

lower levels of background particles are not only causing an increased dosage 

of exosomal/functional particles to the assay, but also that any negative or 

hindering effects of the non-exosomal entities are being diminished to allow 

for greater levels of wound repair. 

Despite this increase in potency by switching to flotation based 

ultracentrifugation however, it must be remembered that the wound repair is 

still outperformed by the filtration option, despite a dosing of 6.39 x 108 

particles for the Vivaspin, and 4.83 x 1010 particles for the sucrose cushion 

ultracentrifugation due to the difference in particle concentration across the 

samples. This disparity indicates strongly that some adverse effect is being 

observed during ultracentrifugation which is causing a lack of potency in the 

final product. Overdosing of the sample by the ultracentrifugation steps, 

however, can be ruled out as the large scale filtration method which used 

material of comparable concentration, was loaded with around 4 x 1010 

particles for the 20 µg dose, but still achieved complete healing in the same 

time period (figures 4.12 & 4.13). This loss of potency compared to the 

Vivaspin samples could be further attributed due to either damage of 

aggregation of ultracentrifuged samples, (Linares, et al., 2015; van der Pol et 

al., 2015). 
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Finally, the Exo-Spin sample provided as little recovery as the negative 

control and differential ultracentrifugation samples. This could be related to 

observations in figure 5.5 where the TEM images show the entire exosome 

population’s membranes seem more disrupted in the exosomes obtained by 

the other purification methods.  This membrane damage could either be 

contributing to a loss of ability of exosome docking, which is achieved by the 

membrane proteins, or a loss of the internal therapeutic payload of the 

exosomes. This damage seems most likely to have occurred during the 

precipitation step, perhaps as a consequence of the addition of the 

precipitating reagent (possibly by osmotic pressure differences (Pencer, 

White, & Hallett, 2001)) or perhaps, occurring during resuspension of the 

precipitated and sedimented pellet. The likelihood of damage occurring 

during the size exclusion step itself is low as this was performed under gravity 

and as such is typically gentle on the product. 

Once more, in addition to the data obtained from the full 72 hour assay, we 

can also begin to identify trends within the time course of the assay itself as in 

chapter 4. Here we see that over the initial 24-hour period upon dosing, the 

Vivaspin sample promoted an increase of 24.5% ± 6%, the sucrose cushion 

ultracentrifugation yielding an increase of 12.4% ± 10% whilst the ExoSpin 

and differential ultracentrifugation steps provided wound coverages with 

increases of 12.1% ± 4.8% and 7.9% ± 7.8%, respectively.  

In addition to this, day two stimulation was only readily conserved in the 

Vivaspin and sucrose cushion experiments, as expected by the large scale TFF 

study, with each respectively increasing expansion further by 43% and 15%. In 

contrast, the differential ultracentrifugation and Exo-Spin steps appeared to 

plateau during the second day. This plateau was unexpected, and closely 

resembled the trends observed in the negative control, which corresponds to 

the minimal potential of the cells without addition of extra stimulus beyond a 

basal, un-supplemented medium. This could be suggestive of the fact that the 

species within both isolates were inactivated and had almost no discernible 

function, or at the very least could not facilitate stimulation in the fibroblasts 

to the same extent as the other processing methods. As literature reports 

(variably) upon the functionality of exosomes obtained by these methods, this 
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could be due to damage occurring to the exosomes (Linares et al., 2015), or in 

the case of the ExoSpin which requires preparation using a precipitation prior 

to size exclusion via toxicity of reagents which are not efficiently removed 

(Patel et al., 2019).  

Having noted the similarity to the negative controls however, one might also 

argue that the cells, which add some biological variability to the experiment 

due to differences in the quality of fibroblasts obtained by the same 

manufacturer, are also the underlying cause of these unexpected results. For 

example, comparison of the control values of the cells used in chapter 4 

appear to show that the cells used here exhibit slower growth when comparing 

negative controls, and indeed the early data for the positive control.  

To some extent this variability is valid, but it seems unlikely that the trends in 

the results obtained here are simply down to biological differences causing 

inaccuracies in the performance of the assay, especially as one would expect 

the same changes to be present across all samples, which make use of 

identical cells. The reason we believe this, is that during the early stages of 

method development, a previous run of this experiment was performed 

(presented in Appendix 3). The reason for the omission of the experiment 

within the main body of this thesis was due to the slight differences in starting 

volume of conditioned medium within the different preparations: (Vivaspin, 

240mL; Exo-Spin 200mL; sucrose cushion ultracentrifugation 192mL) and 

also the fact that the sucrose cushion ultracentrifugation step did not make 

use of a second 100,000g sedimentation to remove the final isolate from the 

cushion itself. Initially we considered that this would allow the final product 

to be intact as traditional ultracentrifugation has been reported to cause 

damage to exosomes, but reconsideration suggested the preparation may 

potentially cause detriment to function due to the presence of D2O which is 

reported to be inhibitive to cell growth (Kalkur, et al., 2014). However, in spite 

of the slight differences in start material, and the different cells used in the 

assay, a similar trend was nonetheless observed for the samples. Briefly, after 

three days, the Vivaspin managed to repopulate 92.5% of the wound, whilst 

the Exo-Spin and sucrose cushion managed 21.6% and 21.9% each. When 

considering the sucrose cushion would have had a potentially lowered 
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functional output when the product was left within the sucrose/D2O cushion, 

one might find this trend is unlikely to be coincidental and based solely on the 

biological differences between the fibroblasts used between the experiments. 

Returning to the results of this chapter, an alternative argument for these 

results could also be obtained by comparison of the particle doses received by 

each preparation. As exosomes are thought to be the functional entity, one 

could argue that the Vivaspin outperformed the other samples due to 

variations in the number of particles dosed considering loading was based on 

a mass of total protein. However, dosing of particles in each sample also 

appear to be in no direct relation to wound healing as the Vivaspin was by far 

the lowest dosed with 6.39×108 particles per replicate compared to the Exo-

Spin (1.06×109), differential ultracentrifugation (1.47×1010) and sucrose 

cushion ultracentrifugation (4.83×1010). Similarly, the inverse of the logic 

suggesting an increased number of particles dosed would cause lower function 

is also untrue, as the sucrose cushion step outperformed the differential step 

despite being loaded with 3.3-fold the number of particles. Thus what appears 

more likely is that in fact the quality of the particles loaded are the major 

contributors to function, either by virtue of identity or by intactness. 

As previously shown, exosomes can be removed from other particle species by 

use of density gradients: this is the reason that a sucrose cushion is employed 

in lieu of direct ultracentrifugation. The additional step allows one to remove 

the particles and species within a preparation that would otherwise sediment 

alongside exosomes at 100,000g. Thus from this perspective, we would expect 

the sucrose cushion particles to be more highly enriched with exosomes, as 

compared to a direct pellet which would contain increased proportions of 

non-exosomal vesicles which could alter overall function of a product. This 

logic may also be applied in the case of the Exo-Spin column, which requires 

the conditioned medium to be precipitated with a PEG based reagent, in order 

to provide a sedimentable pellet. This reagent however is non-specific to 

exosomes and generally provides enrichment of non-exosomal vesicles and 

entities  (Patel et al., 2019), whilst the size exclusion step itself, can only 

discriminate between single proteins and general vesicles, but not between 

vesicle sub-types. In contrast, the Vivaspin method, is based on a double 
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filtration: one to remove the bulk of non-exosomal particles by use of a 0.1µm 

filtration (thus immediately removing most of the larger species beyond the 

exosome range of 20-150nm) and then by concentration via the 300kDa 

membrane designed to hold the particles, but which allow most of the culture 

proteins which are considerably smaller to pass through. 

In this case then, the results reflect more closely the levels of quality expected 

of each preparation, and thus may logically be proposed as the reason for the 

level of wound repair observed. This would also fit with the hypothesis that 

exosome stimulation provides a more linear response over the culture, which 

is what was observed for the Vivaspin and sucrose cushion samples, but not 

observed with the differential ultracentrifugation and ExoSpin samples. 
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5.3 Chapter Summary & Conclusions 

This chapter has provided a pilot study on the different exosome recovery 

platforms at the research/lab scale, with starting material volumes of 200mL. 

The purpose for this study was to determine the potential uses and confines of 

the current technologies available, and to assess their applicability in future 

downstream processing at the large scale. Furthermore, candidate product 

attributes for exosome therapeutics (recovery and yield, purity, identity and 

potency) were assessed to provide insight as to the limitations of the current 

state of the art, and needs for future bioprocess options in order to influence 

and direct the experimental rationale and decisions in the forthcoming 

chapters of this thesis. 

In terms of purity, all process methods could efficiently remove the vast 

majority of protein and DNA from the conditioned medium, and visually, 

none of the samples retained the dye phenol red which is commonly included 

in stem cell media. However, whilst still removing high level of DNA (95.0%) 

and protein (98.6%), the differential ultracentrifugation step was less efficient 

by a log10 reduction than other processes. In the case of impurity removal, the 

Vivaspin and Exo-Spin provided the greatest levels of impurity clearance. 

However, in terms of recovery of total particles, however, the Vivaspin and 

Exo-Spin methods were substantially less efficient, yielding concentrations 

two-fold lower than the centrifugation options. In this case the differential 

ultracentrifugation and sucrose cushion variant were the clear optimal 

choices.  

In terms of particle size distributions however, the ultracentrifugation options 

did provide profiles which implied the heavy concentration of non-exosomal 

products with 45% of particles being larger than the expected exosomal range 

for the differential ultracentrifugation and 32% for the sucrose cushion 

variant, which appeared to preclude the inclusion of some of the larger 

particulate matter from the final preparation. This low level of specificity is 

pronounced when compared to the processes which select based on side 

rather than sedimentation density, the Vivaspin and Exo-Spin, which 

provided tighter distributions. In this situation the Vivaspin was the best 
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performing with only 11% of particles above the expected range, followed by 

the Exo-Spin which matched the sucrose cushion in terms of percentage 

above the expected 150nm mark, the result of which likely stems from the 

precipitation step which could cause product aggregation, or the lower 

resolution of the size-exclusion column itself compared to filtration. 

Concerning the evaluation of product identity, the Vivaspin and Exo-Spin 

steps were unable to provide adequately concentrated material for detection 

by western blotting; however exosomes were confirmed via electron 

microscopy in all samples, albeit somewhat damaged in the Exo-Spin 

preparations. In contrast, the ultracentrifugation samples with their superior 

level of exosomal recovery provided intense banding, confirming the presence 

of CD 81 and CD 9, exosomal markers. This result indicated that 

ultracentrifugation is still a powerful tool for low volume recovery for 

exosome characterisation. The ease and efficiency at which exosomes can be 

concentrated from small volumes of sample to a level which can provide 

detection of exosomal proteins and, if desired, genetic material such as 

functional RNAs is testament to the continued usage of this step in exosome 

research.  

To this point the ultracentrifugation options, in particular the sucrose cushion 

variant seemed to be, on balance, the most appropriate for exosomal recovery, 

however upon reference to the potency data, re-evaluation was necessary. 

This was due to the fact that both of the ultracentrifugation options and the 

Exo-Spin samples were greatly reduced in their final potency. This indicated 

that damage was occurring throughout the processes, all of which shared the 

commonality of requiring a high-speed centrifugation step, thereby indicating 

some limitation in resuspension or the centrifugation itself, which led to 

damage of the product.  

The Vivaspin sample however, performed statistically no different from the 

positive control, and led to an average of 92.5% wound restoration. This, 

coupled with the recovery data of large scale TFF runs which attributed the 

low levels of particle recovery in the Vivaspin to a lack of comparability in the 

use of protein concentrators to hollow-fibre membranes, provided evidence 
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that a filtration recovery step could provide recovery of a product which 

closely resembled the expected size distribution profiles of exosomes as 

reported by literature, but which did not cause a reduction in the product’s 

therapeutic effects.  
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Chapter 6.0 

Ion Exchange Chromatography Step 

Development for Post-TFF Exosome 

Purification  

 

6.0.1 Chapter Introduction 

The previous chapter described the limitations and potential applications of 

the current state of the art in exosome bioprocessing. One major drawback 

which was described was the lack of ease in scalability in two of the three most 

commonly used methods: ultracentrifugation and size-exclusion 

chromatography. Similarly all of the methods tested shared a commonality: 

the use of physical characteristics with which to perform the isolation. Whilst 

exosomes do exhibit a characteristic size range, the use of only physically 

based isolation methods is deeply limiting in terms of full bioprocessing, as 

often other debris, protein and DNA aggregates, and other vesicle types will 

fall within the exosomal size range. As such reliance on solely physically based 

separations, whilst convenient and modestly priced at the lab or research 

scale, is not enough when considering large scale application and clinical 

usage, of which the purity criteria will be necessarily much higher. To this end 

this chapter is focused on the development of the first monolithic 

chromatography step presented in this thesis. 

Ion exchange chromatography has been widely utilised in bioprocessing of 

therapeutic proteins and even larger macromolecular structures such as 

viruses and viral vectors (Banjac et al., 2014; Burden et al., 2012; Fischer, 

Wolff, & Reichl, 2018). Due to the structural similarity between viruses and 

exosomes, it was hypothesized that the use of ion exchange would be a 

promising start point for monolithic development. This hypothesis is based on 

the need for columns which can allow large entities such as viruses or 
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exosomes to pass through the open pore structure freely without clogging, and 

which can also be captured by the ligand: of which the quaternary amine 

group has been shown to be able to do (Warner & Nochumson, 2003). 

Additionally the process step must conserve product functionality, and if a 

virus structure can be preserved functionally, i.e. membrane binding proteins 

and inner genetic material remains intact, exosomes may also retain their 

functionality under similar processing conditions. 

During the progression of this project it was also observed that sources began 

to emerge which also conveyed the same rationale of using combinations of 

anion exchange and/or monolithic technology to isolate exosomes from cell 

culture supernatants (Heath et al., 2018; Kim et al., 2015), both of which 

showed that exosomes could indeed be captured on the quaternary ion 

chemistry due to their  naturally occurring negative charge (Deregibus et al., 

2016). Neither study however, optimised the processes for tangential flow 

filtration, or even primary recovered exosomes, nor did they attempt to 

deliver a bioprocess beyond a single step, both of which this thesis aims to 

achieve as part of the novelty and for the sake of completeness. 

Monolithic chromatography, rather than conventional packed bed systems, 

was selected as the open pore structure would allow for exosomes and other 

particulates to pass through the column freely without causing blocking or 

over-pressure of the system. In this project the monolith selected was the 

convective interaction media [CIM] columns from BIA Separations 

(Slovenia), the column selected was a 1mL column with a pore size of 6 µm. 

This column type has been successfully used in viral purification (Banjac et 

al., 2014) and personal communication with the suppliers confirmed potential 

use in exosome purification also.  

Initially, anion exchange chromatography was examined. The chemistry used 

is a complex one with a wide variety of ligands with differing strengths of 

interaction, but which are typically split into strong and weak exchangers. In 

this case a strong anion exchanger, the quaternary amine [QA] was selected 

based on previous use in viral purification. Anion exchangers have a 

chemistry which, as the name suggests, interacts and binds with negatively 
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charged entities under high pH and low salt conditions, and can elute them 

under increasing salt concentration. By using such a chemistry, it was 

hypothesized that the negative charge of exosomes could be exploited and 

they could be bound to the column, however, proteins such as serum albumin 

which are present to high degrees in the feed stream and negatively charged 

genetic material were also expected to co-bind the column, thus leading to the 

need for robust development and analysis to determine whether or not 

isolation of exosomes away from these impurities was achievable, or whether 

further downstream processing would be required. 
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6.0.2 Aims, Motivation & Rationale 

The aim of this chapter was to determine whether monolithic 

chromatography, specifically, a strong anion exchanger (the quaternary amine 

ligand) to isolate exosomes from TFF-recovered feed streams.  

• Preliminary bind and elute studies on exosomes in conditioned 

medium 

• Bind and elute study on TFF material with use of a shallow elution 

gradient to identify key elution points of the product and major 

impurities 

• Optimisation of the process in terms of pre-treatment, pH and elution 

method to allow for identification of local maxima in terms of purity 

and recovery 

• Verification of process outputs via assays, particle counting and 

western blotting. 

By completing these objectives at the using TFF material derived from large 

scale processes, the study will aid in the evaluation and applicability of QA 

monoliths in the isolation and commercial manufacture of exosomes as large-

scale therapies in a manner which is directly related to the likely outcomes of 

purification at the larger scale. The study will further evaluate the limitations 

of the two step recovery and ion-exchange chromatography stages. 
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6.1 Preliminary Trial of QA Monoliths for Exosome Isolation 

from Conditioned Medium and TFF Material. 

In the first experiment, crude clarified conditioned medium (CCM) was used 

to determine binding onto the column and the rough elution points (if any) 

that were achievable by use of the monolith. The volume of conditioned 

medium added to the column was 200mL, based on the theoretical particle 

binding capacity of similar columns for viral application; and based on the 

manufacturer’s estimates (c.a. 1 x 1011-12 Particles per mL of column; BIA 

Separations, Ajdovščina, Slovenia). Beyond this preliminary experiment, the 

material used was recovered by TFF from volumes of conditioned medium 

ranging between 3 to 10 L. The TFF material used throughout this thesis was 

obtained from multiple process batches. This means that there would be 

potential for batch to batch variation in the material quality. 

6.1.1 Evaluation of the Potential Use of QA Monoliths 

For the preliminary run using CCM, 200 mL was loaded onto a column pre-

equilibrated to pH 8.0 using 50 mM Tris buffer, which also served as the 

wash, loading and elution diluent buffers as described in Materials and 

Methods 3.4. Once loaded, a column wash of 20mL was performed prior to 

commencement of the shallow linear gradient. The gradient was made via in-

line mixing of the 50mM Tris buffer (A buffer) and 2.0 M NaCl, 50mM Tris (B 

buffer) at pH 8.0, until a final concentration of 1.5 M (or 75% B) to provide 

adequate coverage of potential elution points on the column. A total of 20 

even fractions were collected, however due to the setting of the system which 

elongate the final elution concentration to allow for delay volumes, an 

additional two fractions were collected, resulting in a total of 22 samples. 

Each fraction was 1.5 mL in volume to allow sufficient volume for assaying 

and represented a change of 0.075 M NaCl.  

The hypothesis for this experiment was that exosomes could be extracted 

from the conditioned medium as previously reported in the literature. 

However, was remained to be elucidated was which other species present 

within the medium would co-bind and co-isolate with exosomes, and 

subsequently, where they would be eluted. 
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 Figure 6.1: On-line chromatogram of quaternary amine monolith scouting run using 

clarified conditioned medium. Based on the manufacturer’s estimates of particle binding capacity, 

a BIA Separations QA monolith (1mL, 6µm pore size) was loaded with 200mL of clarified conditioned 

medium in order to determine which species bind the column. On the axes, concentration of B denotes 

the percentage of elution buffer used, with 100% denoting a 2M NaCl, 50mM Tris solution at pH 8.0. 

The chromatogram only shows the end of the loading phase and the entirety of the elution profile, 

performed as a single linear gradient, as well as the column strip at 2M NaCl (isocratic). The results 

show species come off of the column early on between 10 and 30% (or 0.2-0.6 M NaCl) with little 

spiking (as determined via on-line absorbance measurements) beyond this point. 
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 Figure 6.2: Assay based chromatogram of quaternary amine monolith scouting run using 

clarified conditioned medium.  A BIA Separations QA monolith (1mL, 6µm pore size) was loaded 

with 200mL of clarified conditioned medium in order to determine which species bind the column. In 

order to verify and quantify the results obtained in figure 6.1, protein and DNA assays were performed 

on the fractions obtained during elution. To quantify particles, the NTA Nanosight was used. The results 

showed that protein eluted earlier than the particles with a maximum at 0.3 M NaCl, suggesting that 

other protein species from the medium were binding the column, and that not all protein present was 

exosome-associated. Closely overlapping was a particle peak, with a maximum at 0.375 M NaCl, the 

peak however was broad across the range of the elution profile, suggesting multiple particle species, or a 

variety of elution points due to heterogeneous exosome make-up influencing the binding capability of 

the particles. A final peak of DNA was observed later on in the elution profile, at around 0.6 M NaCl, 

thus suggesting cell-derived DNA impurity is also present, and meaning that the major peak of desired 

particles is subtended by two cell culture derived impurities.  

The preliminary process run on CCM yielded the results presented in figures 

6.1 & 6.2, and showed that entities within the conditioned medium were in 

fact binding and eluting from the column. Elution was observed to occur at 

the low to mid-range concentrations of sodium chloride (between 0.2 and 0.6 

M) as determined by the online absorbance readings and confirmed by the 

assay based results. Furthermore the column strip at 2 M NaCl (which is 

depicted in figure 6.1 only) shows that nothing, to a detectable level, elutes, 

thus provided a working range of salt concentration of up to around 1 M NaCl, 

beyond which recovery of DNA, particles and protein (as shown in the assay 

based chromatogram, figure 6.2) is negligible and tends to baseline.  
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With regards to the assay based chromatograms, we can also see the rough 

levels of each impurity which might co-fractionate with exosomes; in this case 

a maximum of 266 µg mL-1 of protein was eluted in fraction 4 which 

corresponded to an elution concentration of 0.3 M sodium chloride. DNA 

(assumed to be predominantly as free DNA from lysed cells) was observed to 

elute at a maximum of 3 µg mL-1 in fraction 8 (0.6 M, NaCl) and particles 

were observed to elute at concentrations of up to 2.02 x 1010 mL-1 in fraction 5 

(0. 375 M, NaCl). The sum total of particles recovered by this process across 

all elution peaks totalled 1.29 x 1011, which also verified the estimates 

provided by the manufacturer on column capacity and relevant literature on 

viruses. 

This experiment further showed that whilst some distinction between peak 

maxima is noticeable, that particles tend to overlap across a relatively large 

range of salt concentrations in comparison to DNA and protein, as depicted 

by the base of each peak. In this case particle concentrations in the high 

concentration range of 1010 mL-1 were observed across fractions 5 to 8 which 

represented a salt concentration range of 0.375 to 0.6 M sodium chloride. 

This range immediately identified the likelihood of co-elution of DNA within 

the major particle containing fractions and identified an area to be further 

investigated. 

Furthermore, as conditioned medium was used as the start material, the 

phenol red within the eluted fractions was eluted in a manner which 

overlapped particle concentration, and caused interference in particle 

counting, hence leaving this trial promising but somewhat inconclusive as to 

the actual range of elution for particles/exosomes. In addition to this 

limitation, NTA measurement alone wold not be sufficient to detect which, if 

any, of the peaks were exosomal, and thus further characterisation by western 

blotting would necessarily have to be performed. 

In spite of this, the fact no elements were observed beyond a reasonable range 

of salt concentrations suggested promise in the utilisation of the process. 

Additionally, as phenol red heavily bound the column, we formed the 

conclusion that concentration and buffer exchange to remove the dye,  from 
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the medium, by use of  TFF was necessary, prior to chromatographic 

separation. Furthermore, whilst the previously mentioned reports did use the 

raw medium, from a bioprocessing perspective, upon scale up of cell culture 

into bioreactors, liquid handling would be excessive and cumbersome, and 

thus would cause the same issues as current exosome processing. As such we 

hypothesized that not only would TFF material allow for a simpler 

downstream process, and provide for material more readily assessed by the 

NanoSight (or similar technologies) but by design would be a practice more 

amenable to future scales. 

 To this end the following figures, figures 6.3 & 6.4 show the results of a 

shallow elution run using 3mL of material recovered from a TFF run (5L of 

conditioned medium concentrated to 40mL) diluted 10-fold with 

equilibration buffer (to maintain loading at pH 8.0 and to allow for the dead 

volumes of the system and ensure the desired amount was loaded onto the 

column.  

In figure 6.3 it can be immediately observed that the trend for the elution of 

agents which have bound the column is almost identical in location of the 

previous experiment using conditioned medium, which suggests that 

interference from reagents and impurities found in conditioned medium but 

not in the concentrated TFF material have low impact on the elution trends 

on the column. Additionally, it can be observed that DNA and protein are 

closely eluted based on absorbance (260 nm for DNA and 280 nm for 

protein), and that as indicated in the assay based chromatogram in figure 

6.2 that a predominantly DNA-containing peak around the 0.6 M sodium 

chloride region (as denoted by the 260 nm trace forming a larger peak than 

the 280 nm peak) is still apparent. Similarly the argument is that protein 

peaks predominate the earlier region of the elution which is again suggested 

by the previous assay based figure. 

These indications are further verified by observation of the assay based 

chromatogram, figure 6.4, which show that up to around 0.4 M NaCl, both 

high levels of protein, and then particles can be found to be eluted, followed 

later by DNA. What is interesting in this case though is that there appears to 
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be a second peak of particles which is, in fact, greater than the first. This could 

be down to the fact that as a sample, the TFF material has a far greater 

concentration of particles within the feed stream and thus more apparent 

differences are noted during elution. Alternatively, this could suggest either 

multiple sub-divisions of exosomes and/or different particulate populations 

entirely. This double peak of particles does however suggest that there may be 

greater issue in separation of all the entities (product, DNA impurity and 

protein impurity), than might have been believed initially. 

 

 

Figure 6.3: On-line chromatogram of quaternary amine monolith scouting run using TFF 

recovered exosomes. A BIA Separations QA monolith (1mL, 6µm pore size) was loaded with 3mL of 

TFF recovered exosomes, diluted to 30mL using loading buffer (0M NaCl, 50mM Tris solution at pH 

8.0) in order to determine which species bind the column. On the axes, concentration of B, denotes the 

percentage of elution buffer used, with 100% denoting a 2M NaCl, 50mM Tris solution at pH 8.0. The 

on-line chromatogram closely resembles the elution phenomena observed previously when conditioned 

medium was used, with elution predominantly occurring during the early phase of the linear gradient 

between 10-30% (0.2-0.6 M NaCl). Once more very little is observed to elute from the column beyond 

this point when judged by on-line absorbance measurements. 
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Figure 6.4: Assay based chromatogram of quaternary amine monolith scouting run using 

clarified conditioned medium.  A BIA Separations QA monolith (1mL, 6µm pore size) was loaded 

with 3mL of TFF recovered exosomes, diluted to 30mL using loading buffer (0M NaCl, 50mM Tris 

solution at pH 8.0). In order to quantify the results of figure 6.3, protein and DNA assays were 

performed on the fractions obtained during elution and particle quantification by NTA Nanosight. The 

assay results confirm that the major elution phenomena would occur between 0.2 and 0.6 M NaCl, 

although NanoSight data showed evidence of a trailing shoulder beyond this range suggesting particles 

are more widely spread across the elution spectrum than can be determined via on-line analyses alone.  

The major initial peaks of protein and particles were shown to elute early on and closely overlapped 

until around 0.4M, whilst DNA was observed to elute later at around 0.6M. A second larger peak of 

particle elution was found to be present with maxima at around 0.7M. 

The data does suggest however, that the column can handle feed streams of a 

more concentrated nature, such as primary recovery material form large scale 

TFF processes, and shows the potential for particles in concentrations in the 

range of 1011 mL-1 to be attained. This is important as it suggests that 

monolithic technology should accommodate increased volumes provided 

column sizing scaled appropriately. 

In order to better determine the capacity of the column in terms of exosomal 

particles, and to determine levels of impurity in the form of DNA and total 

protein, a step-wise elution was performed on TFF material, which also 

included a dynamic binding capacity study, figures 6.5 & 6.6.  
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Reference to figures 6.5 & 6.6 show that as TFF material (diluted 1 part per 

5 of loading buffer) is loaded onto the column in excess that breakthrough is 

observed in the online chromatogram, and verified by the Nanosight derived 

curves. With respect to the online chromatogram, after loading 10 mL of 

material there was a slight increase in absorbance, which then plateaued at 

around 20 mL loaded (denoted by 40 column volumes on the graph itself). 

Similarly, in the particle based curve we see that the inflection point on the 

graph where C/C0 tends to 100% begins at an addition of around 20mL of the 

diluted load, which corresponds to around 4.2 mL of the TFF material in an 

undiluted state. More importantly, the column achieves 10% breakthrough at 

a loading of 1.37 x 1011 P mL-1. This corresponds with the manufacturer’s 

estimates as reported previously in this chapter. Naturally though, with a 

column which also strongly binds DNA and protein, the opportunity to 

increase particle capacity by removal of protein and DNA or even by the 

selective removal of non-exosomal particles is present and discussed within 

this chapter, and also in Future Work. 

There is however a caveat to this DBC value, in that we concede the TFF 

material, whilst heavily enriched in exosomes, is not of pure exosomal 

composition, and thus whilst the binding capacity of the column is set to 

around 1-2x1011 P/mL, this will certainly include a reasonable, non-

insignificant number of non-exosomal particles. The assumption here 

however, is that due to the enrichment process targeting exosomes via size 

discrimination that the majority of these particles are likely to be exosomal, 

unless proven otherwise via orthogonal detection methods showing a lack of 

exosomal presence in some/all fractions eluted. 
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Figure 6.5: On-line chromatogram of loading phase breakthrough to determine dynamic 

binding capacity of the QA monolith.  A 1mL, 6µm pore size QA monolith (BIA Separations) was 

loaded with 8mL of TFF recovered exosomes diluted to 40mL using loading buffer in order to determine 

column capacity by identifying spikes in absorbance during the loading phase (indicative of a loss in 

ability of newly added species to bind the column). The graph shows that over the loading phase (20-60 

column volumes) absorbance steadily increases as the phase progresses, until a plateau is reached (c.a. 

42CVs) which shows no more material is being loaded onto the column, as feed concentration is no 

longer changing. This indicated that the column was capable of holding 20 mL of the diluted TFF 

material, (or an equivalent of 4.2 mL). 
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Figure 6.6: Graph of TFF material breakthrough during loading phase on QA monolith.  A 

1mL, 6µm pore size QA monolith (BIA Separations) was loaded with 8mL of TFF recovered exosomes 

diluted to 40mL using loading buffer in order to determine column capacity. The samples obtained in 

figure 6.5 were subjected to NanoSight particle counting to quantify the level of particle breakthrough 

during loading of the monolith and to verify the observations predicted by the on-line measurements. 

The graph shows that the column can bind an equivalent of around 3.5mL of TFF material before the 

ratio of C and C0 (particle concentration at sample time, and initial particle concentration, respectively) 

increases. Beyond this the column is rapidly saturated with more particle species unable to bind the 

column, and thus continuing into the flow-through samples. In order to avoid product loss during 

processes, we establish that around 4.2mL of TFF material (or more specifically, 1.37x1011 particles) can 

be loaded into the column (alongside co-binding impurities) to achieve 10% breakthrough as is the 

industry standard.  
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Figure 6.7 A & B: Online chromatograms of QA column operated in step elution mode 

pre-optimisation (A) and post-optimisation (B).  A 1mL, 6µm pore size QA monolith (BIA 

Separations) was loaded with TFF material in attempts to observe the levels of elution corresponding to 

increments of 0.2M NaCl over a range of 0M to 1M to identify broadly where different species would 

localise in the elution fractions, specifically HSA/culture proteins, DNA and major particle peaks. In A 

the run shows great overlap of elution phenomena with peaks unable to return to baseline, and thus a 

repeat of the experiment was performed in B where the isocratic elution stages were elongated from 

4mL per fraction to 14mL and the flow rate was reduced from 5 CV-1 to 3 CV-1, in order to allow elution 

buffers more contact time with the column, and allowing enough time for all species to be removed from 

the column prior to the next elution stage. 
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Due to the overlaps indicated previously between DNA, protein and particles, 

an attempt at fractionation of the chromatogram was performed, with the 

intention of better observing where each impurity localises, and whether each 

can be simply removed from one another.  To do this the process was repeated 

but this time used isocratic elution at 0.2M intervals from 0m NaCl to 1M 

NaCl. These are presented in figs. 6.7A&B. In performing this process 

however, it was observed that the initial parameters for elution were 

inefficient and caused bleeding of fractions into the next. This occurs due to 

incomplete removal of species from the column during the preceding elution 

prior to commencement of its successor. This is shown in 6.7A. The process 

was then optimised by use of previous chromatographic data which showed 

the delay times for baseline to be achieved, and the process was changed in 

such a manner that was predicted to allow for each absorbance peak to return 

to baseline prior to the next elution stage.  

In order to resolve this, the method was modified by increasing the collection 

volume of each fraction from 4 mL to 14 mL. This increase was determined 

based on data from previous runs that revealed the approximate time to 

achieve a plateau in conductivity, i.e. a steady concentration and the flow rate 

reduced from 5 CV min-1 to 3 CV min-1. This allowed for greater interaction of 

buffer with the column, but which did not cause too great a loss of process 

times at this scale, whilst still operating within the flow rates designated by 

the column (0.5 CV min-1 to 20 CV min-1).  

As a result the chromatogram shown in figure 6.7 B was achieved: one in 

which each isocratic elution phase (a phase in which the composition of the 

mobile phase is kept constant) was allowed to reach the intended 

concentration, and which also, all absorbance peaks were reduced to baseline 

prior to commencement of the next step, thus suggesting a minimisation in 

elements from the previous step skewing the results of the next elution. 

The resulting peaks of the experiment conducted in figure 6.7 B were then 

analysed for particle count, DNA and protein to better observe the ratios 

obtainable in each of the discrete fractions. These are presented in figure 6.8 

A & B, and displayed numerically in Table 6.1.  
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Sample ID Number of Particles (-) 

(% per Fraction) 

Mass Protein (µg) 

(% per Fraction) 

Mass DNA (µg) 

(% per Fraction) 

Load 
2.63 x 1012 

(100) 

2820 

(100) 

16.6 

(100) 

0.2 M 
7.68 x 1011 

(29.3) 

2410 

(85.2) 

2.83 

(17.0) 

0.4 M 
4.52 x 1011 

(17.2) 

310 

(10.9) 

2.28 

(13.7) 

0.6 M 
3.32 x 1011 

(12.7) 

Undetected 

(< 1) 

8.18 

(49.2) 

0.8 M 
2.98 x 1011 

(11.3) 

Undetected 

(< 1) 

1.23 

(7.4) 

1.0 M 
1.71 x 1011 

(6.5) 

Undetected 

(< 1) 

0.744 

(4.5) 

Σ Recovery (%) 77 % 96% 92% 

 

Table 6.1: Impurity and particle mass balance table of TFF recovered exosomes processed on a QA anion exchange monolith under isocratic elution. A 

4mL aliquot of TFF recovered exosomes was diluted with loading buffer (50mM tris, pH 8.0) to a final volume of 48mL and loaded onto a1mL, 6µm pore size QA monolith (BIA 

Separations) for separation via isocratic elution. Elution was performed by in-line mixing of elution buffer (2M NaCl, 50Mm Tris, pH 8.0) and loading buffer to create 5 

discrete elution fractions, at 0.2M, 0.4M, 0.6M, 0.8M and 1M NaCl. Recovered fractions were then assessed for particle number (NTA NanoSight), dsDNA (Quant-IT™ 

picogreen®) and protein (Bradford assay).  
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Figure 6.8 A & B: Graphs of relative concentration (A), and relative percentage (B) of 

species during isocratic elution.  A 1mL, 6µm pore size QA monolith (BIA Separations) was loaded 

with TFF material in attempts to observe the levels of elution corresponding to increments of 0.2M NaCl 

over a range of 0M to 1M, using the optimised elution conditions (3 CV-1 and 14mL elution fractions). 
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Particle concentration was determined by NTA NanoSight, and protein and DNA determined by 

Bradford and Picogreen assays respectively. The data show a strong overlap of both particle and protein 

impurity during the initial 0-0.2M elution, suggesting that discrimination between the product and 

protein impurity may not be easily achieved on the QA column. In addition the later 0.6M fraction 

shows the highest level of dsDNA elution, but with 10% of the particles eluted also present in this 

fraction, and with up to 30% of the particles eluting beyond this point. This broadness of particle elution 

coupled with the elution points of two major impurities suggest a single column will be insufficient to 

provide adequately pure, or economically viable exosome eluates, as the process suggests a dichotomy of 

high recovery versus the removal of one impurity over the other. 

Based on the data presented in figure 6.8 A & B, it is apparent that particle 

matter elutes from the column across the entirety of the elution steps in a 

reducing manner. As the TFF material is a complex mixture of proteins, DNA 

and cell-derived particles, including exosomes, the range of elution 

phenomena across each 0.2M step is not surprising. However, further 

evaluation of the particles within each peak was required to understand if 

exosomal presence was found across the chromatogram, or whether distinctly 

different vesicle/particle populations were being fractionated. 

To verify where exosomal presence was located, a western blot probing for CD 

63 across the fractions (concentrated further via ultracentrifugation to satisfy 

the detection limits of the blot) was conducted in order to see where exosomal 

markers were found (Figure 6.9). 

The results of the western revealed that exosomes are detected in all of the 

fractions, aside from the 1.0M one, thus verifying the claim that exosomes 

appear to elute across the majority of the elution profile. This trend was also 

observed in a similar study which used the same column for HEK293T 

derived exosomes recovered from 1 L of culture medium by TFF, although the 

exact locations of the elution maxima are slightly different. This suggests that 

whilst the process may be translatable across exosomes, specific identification 

of elution peaks will be necessary on a case by case basis (Heath et al., 2018). 

This elution across the wider spread of NaCl concentrations does pose a slight 

issue with recovery, as both protein and DNA impurity would ideally be 

removed whilst retaining the product fraction. In this case however, removal 

of the 0.2M peak containing the bulk of cell culture derived protein would 

cause an immediate loss of around 30% of the particles from the process, 
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whilst removal of the DNA containing peak would also remove around 30% of 

the particles (as fractions 0.6-1.0). 

 

Figure 6.9: Online chromatograms of QA column operated in step elution mode stacked 

with a western blot of CD 63. A 1mL, 6µm pore size QA monolith (BIA Separations) was loaded with 

TFF material in attempts to observe the levels of elution corresponding to increments of 0.2M NaCl over 

a range of 0 to 1M. The resultant fractions were ultracentrifuged to concentrate exosomes present for 

the purpose of western blotting, and probed for exosome marker CD 63. As the step elution suggested 

that particles were eluting broadly off of the column throughout the elution phases, a western blot was 

performed to probe for CD 63, known to be present on exosomes in order to narrow down which, if any, 

of the previously identified particles across the fractions were exosomal, or whether any of the peaks 

were instead impurity vesicles without CD 63 expression. The results of the blot (keeping in mind the 

relative concentrations of the particles across all peaks as identified in fig. 6.8, show that CD 63 

expression is common across all fractions, and thus likely to contain exosomes in each, further 

highlighting the potential challenge of providing adequately pure samples in a single elution step. 

In order to develop a process which optimises recovery and purification a 

decision was made regarding which of the impurities should be prioritised for 

removal by the process step, as removal of both DNA and protein would 

drastically reduce exosome recovery. To this end it was decided that cell 

culture derived protein (as naturally the exosomes themselves do contain 
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proteins) should be the impurity of interest to be removed by the quaternary 

amine column for several reasons. The first reason was that in the earlier 

assay based chromatogram, fig. 6.4, it was observed that there was a slight 

difference in the maximum elution points of the protein and particles, thus 

giving potential into exploiting this resolution between product and impurity. 

Whilst proteins may also be detected as particle matter in the NanoSight 

which does confer some inaccuracy with the detection method, the trends in 

figure 6.8B suggest that despite detectable particle counts in the latter 

fractions, protein level was almost undetectable; this suggests that the bulk of 

the protein is not particle associated, but rather free flowing. 

The second reason stemmed from product recovery, where it has been shown 

quite undeniably that the majority of exosomes settled within the earlier 

fractions, and so any removal of protein whilst limiting exosomal loss would 

yield more profound changes to product purity than by removal of DNA.  

Thirdly, knowledge of viral bioprocessing has previously found host cell DNA 

must also be removed and that benzonase treatment can aid in this function. 

Furthermore, anion exchange chromatography is reported to be the most 

convenient and efficient chromatographic step for benzonase removal, due to 

the pI of Benzonase being 6.85. In comparison, the pI of proteins such as 

human serum albumin is between 4.9-5.9 (Gianazza, et al., 1984), which at 

buffer concentrations of pH 8.0, as in this process step, would bind more 

favourably and strongly to the quaternary ion, thus suggesting that the 

Benzonase would be the most weakly interacting species, and easily 

removable before exosome particles begin to elute off of the column. 

Additionally, we hypothesize  that Benzonase should ideally be incorporated 

between cell culture harvest and the TFF step, so that DNA aggregation and 

material viscosity is reduced, facilitating passage of material through the 

300kDa membrane, (see: Chapter 10.2 Validation).  
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6.1.2 Batch Adsorption for Albumin Removal 

As the use of Benzonase pre-treatment of the TFF material was determined to 

be most appropriate, overnight incubation at 4°C as outlined by the Millipore 

Sigma data for Benzonase usage (www.merckmillipore.com) was conducted in 

order to conserve the stability of exosomes. As this was the case sample pre-

treatment was also tested to see if albumin specifically could be removed from 

the feed stream of the QA column via batch adsorption of HSA by Mimetic 

Blue serum affinity beads by Prometic Bioseparations. 

To ascertain the applicability of such a batch adsorption step, 2mL of resin 

was used to deplete 5 different samples over an overnight period, with 

samples taken from initiation to 2 hours, every 30 minutes, and a final sample 

taken at 15 hours. The breakdown of samples can be found in Table 6.2. 

Sample Reference Volumes 

S1 –HSA (Low) 18 µL HSA 

5,982 µL PBS 

120 µL Resin (washed and resuspended in 2mL PBS) 

S2 – HSA (High) 300 µL HSA 

5,700 µL PBS 

2,000 µL Resin, (washed and resuspended in 2mL PBS) 

S3 – HSA (Low) + Exosomes 18 µL HSA 

5,982 µL PBS 

120 µL Resin (washed and resuspended in 2mL PBS) 

1mL of ultracentrifuged exosomes 

S4 – HSA (High) + Exosomes 300 µL HSA 

5,700 µL PBS 

2,000 µL Resin, (washed and resuspended in 2mL PBS) 

1mL of ultracentrifuged exosomes 

S5 – Conditioned Medium 6,000 µL Conditioned Medium 

120 µL Resin (washed and resuspended in 2mL PBS) 

 

Table 6.2: Sample preparations for batch adsorption experiments for albumin removal 

using Mimetic Blue SA P6XL resin. Breakdown of sample identity for batch adsorption testing for 

HSA removal. Low samples (S1 and S3) are designed to correspond to the protein content of 

conditioned medium, whilst high samples (S2 and S4) mimic TFF material. Exosomes were added to 

samples S3 and S4 to determine if any interaction with the exosomes was observable, and conditioned 
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medium was tested to see if the batch adsorption could aid in reduction of HSA gel layer 

formation/retention during the TFF step as part of an earlier pre-treatment step. Resin used in each 

sample was calculated to be enough to remove 100% of the protein content within the sample as based 

on the manufacturer’s binding capacity. Resin used was Mimetic Blue SA P6XL from Prometic 

Bioseparations. 

Observation of the graphs presented in Figure 6.10 shows that use of these 

beads as a batch adsorption step is inefficient compared to the binding 

capacities given by the manufacturer. This was to be expected as typically 

these beads would be run as a packed bed column, however personal 

correspondence with the manufacturer indicated that the particle sizes of 

exosomes may cause the bed to act more as a depth filter and as such would 

limit use in this format. In spite of this lack of efficiency compared to standard 

operational use, there is marked removal of HSA by the beads in all samples, 

with up 20-30% removal in samples S1, S3 and S5 (all of the low 

concentration samples) and around 45% removal in both the high 

concentration samples, S2 and S4. This similarity in like-for-like results 

indicated that despite the relative inefficiency of the step, the beads 

themselves were not largely impacted by the difference in sample formulation 

of either PBS (i.e. mimicking TFF/buffer exchanged media) or the use of 

conditioned medium which would contain a far greater variety of other 

proteins, cell debris/organelles, DNA and phenol red.  

When comparing the reduction in exosomal particle counts between samples 

S3 and S4 however, it was noticed that even in a mixed, batch adsorption 

mode, that particle were also being removed from the final processed 

material, in this case, 10% for sample S3 and 18% for sample S4, as denoted 

by table 6.3. 
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Figure 6.10 A & B: Graphs of HSA depletion from mixtures of ultracentrifuge recovered 

exosomes, HSA and PBS to mimic conditioned medium or TFF material by batch 

adsorption.  Due to the overlap between HSA and exosomes from the QA elution, mixtures designed 

to mimic concentrations of particles and HSA present in conditioned medium (S1, S3), TFF material 

(S2, S4) and a sample of conditioned medium (S5) were treated with Mimetic Blue SA P6XL (Prometic 

Bioseparations) in order to determine whether batch adsorption of HSA by use of the resin would 

B. 

A. 
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sufficiently deplete serum albumin from samples to reduce co-binding on the QA column. The graphs 

show the protein concentrations as determined by Bradford assay across the entire experiment (15 

hours, A), and for the initial 2 hour phase (B) in which depletion was observed to be the most profound. 

The results show that whilst depletion was observed in all samples, none achieved the theoretical 100% 

depletion corresponding to the amount of resin added (determined by the manufacturer’s dynamic 

binding capacity) and that use of resins in such a manner, may be limited in use, until a more suitable 

format (such as monolith columns) can be utilised to remove specific impurities. 

 

Time 

(Hours) 

Sample S3 

% of particles 

remaining 

Sample S4 

% of particles 

remaining 

0 100 100 

0.5 82.5 62.8 

1 88.0 71.9 

1.5 90.2 58.7 

2 82.1 77.8 

15 89.9 82.5 

 

Table 6.3: Batch adsorption using Mimetic Blue SA P6XL resin over time reduces 

exosome concentration. Exosomes were isolated by ultracentrifugation from conditioned medium 

and resuspended in PBS spiked with human albumin to correspond to the concentrations of protein 

present in conditioned medium (S3) and of a TFF retentate (S4), prior to adsorption over 15 hours by 

using Mimetic Blue SA P6XL resin, as described in full in table 6.2. Samples were taken from each 

experiment at half hourly intervals until 2 hours, and then a final overnight sample at 15 hours. Samples 

were analysed for particle concentration relative to their time 0 measurements, as detected by NTA 

NanoSight. 

These results suggest that the batch adsorption method could result in some 

particle loss as well as protein removal. The likely reason for this loss in 

particles is because exosomes and HSA are often found to co-isolate, and such 

interactions could mean the beads which are binding the HSA are also 

inadvertently causing exosomal retention. Alternatively, the beads could be 

promoting some form of non-specific binding of the vesicles. 

As the beads were performing sub-optimally with regards to binding the 

serum albumin, a further experiment was conducted to determine if increases 

in the bead volume would result in greater removal of protein from the feed 
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stream. In this case 2, 3 and 4mL of resin were used for identical samples, in 

order to determine if HSA removal could be increased to the point where 

some particle loss would be acceptable. The results are shown in figure 6.11. 
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Figure 6.11: Graph of HSA depletion from a mixture of ultracentrifuge recovered 

exosomes, HSA and PBS to mimic TFF material by batch adsorption across varying 

volumes of HSA adsorbent. In light of the previous experiment failing to remove a high level of HSA 

from the mimic TFF material reported in fig. 6.10 an attempt was made at increasing the overall 

volume of Mimetic Blue SA P6XL resin (Prometic Bioseparations) from 100% (2mL, estimated as the 

amount for 100% depletion based on manufacturer’s DBC) to 150% (3mL) and 200% (4mL). The results 

show that depletion is still limited with both 2mL and 4mL resins producing an overall removal of 75% 

of HSA, but also variable, as the 3mL resin depleted less with around 60% removal. This suggests that 

use of such resins in a batch operation is not only variable in efficiency, but is also likely limited in 

removal to the point of requiring an excess of resin (and thus increasing cost, and reducing efficiency) 

due to the limitations in flow within the beads limiting the removal of HSA (as opposed to the intended 

use in a chromatography column where sample is forced through the pores of the beads).  

Figure 6.11 shows that removal of serum via batch adsorption is limited, and 

that even increases of resin from 2 mL to 4 mL provide variable removal with 

no distinct trend between resin volume and reduction of HSA. In this case the 
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2 mL resin was able to remove 27% of protein, the 3 mL sample removed 39%, 

and the 4 mL sample only removed 25% of the protein available as 

determined by the changes in concentration shown in figure 6.11 after 3 

hours. This shows that the batch adsorption process is highly variable in 

outputs and will likely require further experimentation. An additional factor 

observed from these experiments which added reasons to not employ batch 

adsorption in this process, was that the ligand which is based on a blue dye 

which can bind the albumin, was found to leach into the final process 

material, and would subsequently warrant further removal later on in the 

process. As the goal of this project was to develop scalable methods of 

purification, the requirement for additional liquid handling and mixing stages 

as well as having leached dye which would require subsequent removal (and 

thus additional process inefficiencies) meant that alternative methods for 

serum removal would be preferential.  

In spite of this and for completeness a comparative process run of the QA 

column with and without the batch adsorption was performed†. The data 

presented in figure 6.12 shows that whilst protein is reduced from the batch 

adsorption process, particles have also been removed from the final eluate, 

which corroborates the data shown in table 6.3. What is more poignant 

though, is that despite the large reduction in the peak maxima (from 788 

µg/mL to 515 µg/mL) analyses of the individual fractions showed that the 

batch adsorption step exhibited peak broadening with regards to protein 

removal (described in table 6.4) and that the overall impact of the reduction 

in protein across the whole elution profile was only 7.1% whilst particle losses 

were 19%. 

 

 

 

 

 
† The experiment was also conducted with the OH column, whose development is descried in 
Chapter 7. 
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Elution fraction 

Without Batch 

Adsorption 

[Protein] (µg/mL) 

With Batch Adsorption 

 

[Protein] (µg/mL) 

A2 (0.3 M NaCl) 11.2 292 

A3 (0.4 M NaCl) 788 515 

A4 (0.5 M NaCl) 390 276 

 

Table 6.4: Comparison of elution fractions obtained by QA monolith chromatography 

with and without batch absorption pre-treatment for albumin removal. In order to test the 

effects of batch adsorption on albumin removal on operation of the QA monolith two aliquots consisting 

of 50µL albumin solution, 1mL of ultracentrifuged exosomes and 4950µL of PBS were created. To the 

first aliquot, an additional 330µL of PBS was added (untreated), whilst to the second 330µL of Mimetic 

Blue SA PX6L resin was added (treated). Both samples were left in refrigerated storage for 2 hours prior 

to processing on the QA column using a linear elution gradient from 0M NaCl, 50mM tris to 2M NaCl, 

50mM tris (pH 8.0). Elution was performed over 33 column volumes resulting in 22 fractions of 1.5mL, 

Fractions were then assayed for protein (Bradford) and particle concentration (NanoSight). Table shows 

the results of the fractions where protein elution was at its highest in both runs: A2, A3 and A4 

corresponding to a range of 0.3-0.4M NaCl for the purposes of comparing peak maxima. 
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Figure 6.12: Side by side representation of assay based chromatograms for QA monolith runs with (left) and without (right) batch adsorption pre-

treatment. In order to further identify the effect of batch adsorption on the QA monolith, samples were run to compare how the batch adsorption would compare against a 

standard run without the pre-treatment using the HSA binding resin. The results show that over the 0M to 1M elution profile there are no major deviations as a result of the 

adsorption in terms of peak location, but that the peaks for both protein and particles are reduced in the pre-treated step. Whilst initially promising in terms of protein impurity 

removal, the loss in particles eluting from the column showed how particles were also being removed by the adsorption stage, as determined previously in table 6.3. This loss 

of concentration in both peaks suggest that the pre-treatment is reducing both species (albeit HSA to a greater extent, as shown by the increased particle to protein ratio) which 

suggests the increase in purity may come yet again at the sacrifice of overall product recovery. 
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Due to these reductions in yield, but accompanying increases in process costs 

and time, for marginal increase in overall yield or purity of the final product, 

the batch adsorption was deemed inappropriate to be taken forward and 

further developed. Instead, focus was instead directed at operational changes 

in the process (the effect of pH change to the binding phenomena during the 

process) and to evaluation of whether the resolution between the maxima of 

the protein and particle peaks, could be exploited to remove HSA in a simpler 

and more efficient manner than pre-treatment. 

Within this section we must also list a limitation based on the detection of 

particles, which may also influence interpretation of the final results 

presented in fig. 6.12. It could be argued that aggregates of high 

concentrations of albumin are being detected by the NanoSight and 

presenting as articles in the non-adsorbed chromatogram. To some extent this 

is likely true, but as the batch adsorption still could not reduce protein to a 

reasonably low level, whereby the protein to particle ratio was within the 

higher region of exosome purity levels reported (1012+ particles per µg protein) 

and considering the bioprocess considerations listed previously regarding the 

need for dye removal, and of extra handling requirements/storage tanks, the 

process was deemed inefficient in favour of alternative developments. 

6.1.3 pH Changes on QA Performance 

Having determined previously that batch adsorption would not be a 

commercially viable method for removal of HSA removal, the next logical 

method to test was the of pH changes to the process. Initially, a pH of 8.0 was 

chosen as the operating condition due to previously being effective on virus 

particles, and exosomes recovered from conditioned medium, due to their net 

negative charge. As the QA column was found to co-bind both HSA and 

exosome particles at highly overlapping elution points, as described in figure 

6.8, we hypothesized that a change in pH may cause shifts in the elution 

points of the two species (as well as, to some extent DNA). For context DNA 

was disregarded for consideration here as the use of Benzonase to digest this 

was a preferable method and thus led to a simplified two-species focus.  
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Specifically, in this case, we hypothesized that an increase in the pH from 8.0 

to 8.3 and 8.5 (beyond which we were uncertain as to the likelihood of 

functionality of the exosomes) could possibly allow for changes to the elution 

points of either HSA or exosomes. The reason for this hypothesis was that as 

the two species are very distinct in their sizes (with one being a single protein, 

and the other a vesicle with multiple surface proteins) the changes to pH 

would cause different levels of influence between charges on the two species. 

For example, as a smaller protein, albumin would become charged to a 

maximum level, whilst the exosomes, as far larger species, would be affected 

less by the change in pH due to the presence of more areas on the surface 

which could negate the equilibrium. Alternatively, we posited that as a single 

protein, the albumin may not have much capacity to become more charged or 

polarised, whilst the exosomes with their abundance of surface proteins may 

find favourably charged binding points which are active at higher pH levels. 

In order to test this, three, 3 mL aliquots of TFF recovered exosomes were 

subsequently diluted into a total volume of 30 mL by addition of loading 

buffer (50mM Tris) buffered to pH 8.0, 8.3 and 8.5 respectively. Each sample 

was processed by loading and then washing (using the respectively pH 

balanced loading buffer/equilibration buffer) for 20 column volumes, prior to 

elution using a linear gradient of NaCl containing elution buffer (each at the 

same pH as the experiment) up to a final concentration of 1.5M NaCl. The 

complete elution gradient was achieved over 30 column volumes, with 1.5 mL 

fractions being collected and subsequently analysed for protein concentration 

(via appropriate selection of either Bradford or µ-BCA assay) and for particle 

concentration and size distribution via NTA NanoSight. The assay based 

results have been overlaid on the chromatographic separations for each of 

these pH runs have been presented as chromatograms in figure 6.13. In 

addition, for visual comparison, a set of stacked graphs showing (separately) 

the protein and particle concentrations for each pH variation have been given 

in figure 6.14.  

Inspection of figures 6.13 and 6.14 identify trends which conflict with the 

original hypothesis of the experiment. Notably, the elution points for both 

species, either cell culture-derived protein or particles, do not seem to shift 
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noticeably with protein maxima achieve within the 3rd fraction (100-150 mM 

NaCl) and particle elution occurring to the greatest extent over 4th  and 5th 

fractions (150-200 and 200-250 mM, respectively) for all of the runs. 

Importantly, this reflects the information obtained in the previous experiment 

shown in figure 6.8 which indicated similar trends of elution points for both 

species.  

However, whilst the hypothesis of shifting the elution points based on 

potential changes to the strength of interaction failed, another trend was also 

observed by the increase in pH: as the pH increased, the level of binding of 

cell culture protein was greatly enhanced, and as a result the level of particles 

which could bind the column were reduced as a result. This suggests that pH 

did indeed have a greater influence on the culture proteins than the larger 

exosomes, likely due to the ability for smaller species to be more readily 

polarised and charged compared to the larger vesicles. In addition, this 

increase consequently meant that overall particle binding was lowered 

compared to the standard pH 8.0 process. Interestingly however, the particle 

concentration at maxima did not fall linearly as would be expected of a simple 

loss in competitiveness, which can be better highlighted by the recoveries of 

particles across the entire elution profile given in table 6.5.  

As pH was increased from 8.0 to 8.3, we observed a reduction in the number 

of particles, as is expected for the increased competition by culture proteins to 

bind the column (as the capacity of the column is finite). This resulted in a 

reduction in overall particle recovery from 84.4% (pH 8.0) to 37.4% (pH 8.3). 

However, when the pH was increased again from pH 8.3 to 8.5, where one 

would expect the protein to increase once more and the particle concentration 

to fall due to increased competition, a different result was obtained. The 

protein concentration once more spiked up, showing an ever increasing 

propensity to bind the column in advance of other species, but the number of 

particles also increased slightly, although still severely lower than the original 

pH 8.0 process.  

One reason for this phenomenon could be that as pH is increased beyond pH 

8.3, the column becomes more readily able to accept a higher number of 
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species, i.e. the column capacity has been increased by the process conditions 

and thus even though the protein is still outcompeting the particles overall, 

more particles can be accommodated due to an overall increase in capacity. 

Alternatively, one could posit that as pH is increased beyond this threshold, 

particles which were unable to bind under any condition (i.e. those which 

retained neutral or net positive charges initially) had become negative, and 

thus shifted the ratio of particles able to actively participate in the competition 

for space. This possibility however, is less likely, as a particle only just within 

range of binding would more likely be as outcompeted as those already able to 

bind the column at lower pH values. A third possibility however, could come 

from the experimental basis itself, as the major assay used to determine 

particle measurements, the NanoSight, has a major limitation in that it is 

certainly not specific to exosomes, or to particles in general, and that the 

overall increase in detectable between pH 8.3 and pH 8.5 could be a result of 

the increased protein concentration in the final product, either by direct 

detection of proteins, or their aggregates. In order to better verify such a 

result, it would be recommended that additional, orthogonal assays are used 

to verify which of these possibilities holds true, for example, an exosome 

specific ELISA coupled with NanoSight and/or (semi-)quantitative electron 

microscopy methods could elucidate which if any of these phenomena are 

occurring.  

However, in spite of this, one conclusion is still readily obtained from this 

work: that an increase in process pH of the quaternary amine monolith, does 

not lead to greater exosome recovery or purity, and instead preferentially 

binds cell-culture based proteins. This is evident in that overall recovery for 

the pH 8.0 process was initially 84.4%, and was reduced to 37.4% and 47.7% 

by increases of pH to 8.3 and 8.5, respectively, whilst overall purity was found 

to decrease throughout all of the experiments by an order of magnitude (as 

shown in table 8.5) from 2.89 x 108 Pµg-1 to 3.79 x 107 Pµg-1. 
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Figure 6.13: Assay based chromatograms of QA monolith runs with pH increases from pH 8.0, pH 8.3 and pH 8.5. As batch adsorption was not a viable 

method of removing HSA from TFF material prior to QA chromatographic separation, we hypothesized that changes to process pH could yield a more effective manner of 

removing or altering the elution points of either proteins or exosomes across the 0M to 1.5M NaCl elution gradient. Here the 1mL QA monolith was eluted across pH 8.0 (the 

standard process used thus far), pH 8.3 and pH 8.5, in order to determine whether the increased pH could lead to a stronger charge across the exosome surface which would 

allow it be more readily discriminated from the albumin proteins present in the material. The results show that the albumin/culture proteins were the components which were 

more strongly influenced by the pH increase and were driven onto the column more strongly, thus reducing the overall binding potential of exosomes. 
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Figure 6.14: Assay based protein and particle elution profiles of QA monolith runs with 

pH increases from pH 8.0, pH 8.3 and pH 8.5. In order to determine more reliably the outputs of 

the high pH screening (8.0 – 8.5) assays were performed on each of the fractions eluted from the 

column to quantify particles (i.e. product) and protein (i.e. impurity) to observe how the interactions 

change with an increase in process pH. The results show that whilst elution locations are unchanged, the 

ratios of particles and protein are substantially different, with protein impurity more strongly binding 

the column as the pH is increased. Consequently this leads to a reduction in particle elution as the 

particles are being outcompeted for binding space on the column which has finite binding capacity. 

 

Sample Particles 

Loaded (-) 

Particle 

Recovery (%) 

Protein 

Removal (%) 

Purity 

(P/µgProtein) 

pH 8.0 1.4 x 1011 84.4 92.3 2.89 x 108 

pH 8.3 1.8 x 1011 37.4 77.0 5.09 x 107 

pH 8.5 2.0 x 1011 47.7 55.1 3.79 x 107 

 

Table 6.5: Table summarising key assay-based load and recovery data of QA monolith 

runs with pH increases from pH 8.0, pH 8.3 and pH 8.5. A 1 mL QA monolith was loaded with 

3mL of TFF material diluted to 30 mL with equilibration buffer at pH 8.0, 8.3 and 8.5 in order to test 

the effect of process pH changes on exosome to impurity ratios during elution. Elution was performed 

across a linear gradient from 0M to 1.5M NaCl for each respective pH value, and over a volume of 30CV, 

fractionated into 20 discrete fractions. Each fraction was assessed for particle concentration by NTA 

Nanosight (3 x 60s readings, detection threshold 3, camera level 13) whilst protein concentration was 

determined by Bradford assay. The total number of particles loaded is based on the reading of the 

diluted TFF material in loading buffer, multiplied by the dilution factor used for acquisition on the 
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NanoSight. Recoveries of both particles and protein are the sum of all fractions divided by the amount 

of each respective analyte in the initial load. Purity expressed is given as the ratio of particles to protein 

in terms of particles per microgram of total protein detected. 

Upon conclusion of the experiment to increase pH resulting in an overall 

reduction in product recovery and quality, it was decided to test the reverse, 

with a new hypothesis being formed. Based on the outcome of the previous 

experiment, we posited that a reduction in pH would potentially allow for the 

reverse of the overall trends observed in the previous experiment. Namely, it 

was expected that a reduction in pH (but still above 7 for column operation) 

would reverse the increase in out-competition by the cell culture protein 

whilst causing less of an effect on the exosomes in terms of their ability to 

bind the column, due to their naturally occurring net negative charges. In 

addition, it was also hypothesized that the effects of column capacity increases 

overall observed by an increase in pH could potentially occur in reverse upon 

lowering the column, thus resulting in a process with a lower binding 

capacity.  

In order to determine how operation at lower pH would affect QA column 

processing of TFF recovered exosomes, a similar experiment to that of the 

increased pH range was performed, with the singular change being to use the 

following pH values: pH 7.3, 7.5, and 7.8). In addition a new aliquot of TFF 

material was used, but all other conditions and volumes remained identical. 

As before results have been presented as assay based chromatograms, as 

derived by protein and NanoSight, figure 6.15, and a side by side 

comparison of separated protein and particle concentration curves, figure 

6.16. In addition a table summarising key data if the final product elution has 

been given, table 6.6.  
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Figure 6.15: Assay based chromatograms of QA monolith runs with pH decreases at pH 7.8, pH 7.5 and pH 7.3. Having shown previously that pH increases 

served to drive more impurity onto the column in favour of product, we attempted to reverse this phenomenon by reducing the pH values below the originally selected pH 8.0.  

What was observed however, was that whilst a higher article to protein ratio was shown as desired, the overall column capacity was dropped drastically as the pH was lowered 

towards neutral. This indicates that whilst there is a potential to run the columns at higher efficiency to reduce the cell culture protein impurities, the overall process recovery 

will be low, and in the format of monoliths which can only be scaled so far due to design constraints, that processes may require batch splitting or parallel columns to 

accommodate such a decrease in capacity, especially for an already low-capacity process. 
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Figure 6.16: Assay based protein and particle elution profiles of QA monolith runs with 

pH decreases at pH 7.8, pH 7.5 and pH 7.3. Similarly to the experiment performed for increased 

pH, we now test the effect of lowering pH in attempts to reverse the phenomena of increased protein 

and decreased particle binding under the hypothesis that the lower pH will make fewer of the protein 

impurities charged enough to interact with the column, whilst the more stably charged particles will 

continue to bind it. In order to do this assays were taken of each resultant fraction of the low pH runs 

(7.8 – 7.3) and plotted side by side. In this case, we observe that our hypothesis somewhat holds in that 

free protein is reduced whilst exosome binding remains relatively stable. However, in comparison to the 

previous run data from pH 8.0, we notice that column capacity has been greatly reduced, thus hindering 

application of such process steps due to limitations in scalability. 

Inspection of the chromatograms presented in figure 6.15 and  6.16 show 

immediately that upon reduction of pH from 7.8 to 7.5, that the level of 

particle binding is increased within the column, whilst concomitantly showing 

a marked reduction in protein binding. This suggests that the secondary 

hypothesis formed during these experiments is likely correct, in that the lower 

pH causes a reduction in ability of cell culture derived impurity from binding 

the column, thus creating more space for exosomes to bind more 

preferentially. A further decrease in the pH from 7.5 to 7.3 however, has 

minimal effect on the increase of particle retention, also only slightly reduced 

the level of protein binding. This appears to suggest that column operation at 
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pH levels below 7.5 have smaller effects on the process. One limitation of this 

idea is that if operation were to be lowered sufficiently to be below the 

[variable] pI of common culture protein impurities, such as serum albumin, 

and overall exosome charge was not impacted by this, then there is a potential 

for operation of the column to further decrease the binding of these culture 

proteins, however, this was not tested. 

In addition to these results, purity was shown to be increased with these 

process reductions as given in table 6.6.  

Sample Particles 

Loaded (-) 

Particle 

Recovery (%) 

Protein 

Removal (%) 

Purity 

(P/µgProtein) 

pH 7.3 1.9 x 1011 54.4 96.1 3.84 x 108 

pH 7.5 2.3 x 1011 42.7 95.1 2.81 x 108 

pH 7.8 2.4 x 1011 34.8 85.6 8.99 x 107 

 

Table 6.6: Table summarising key assay-based load and recovery data of QA monolith 

runs with pH decreases from pH 7.3, pH 7.5 and pH 7.8. A 1 mL QA monolith was loaded with 

3mL of TFF material diluted to 30 mL with equilibration buffer at pH 7.3, 7.5 and 7.8 in order to test the 

effect of process pH changes on exosome to impurity ratios during elution. Elution was performed 

across a linear gradient from 0M to 1.5M NaCl for each respective pH value, and over a volume of 30CV, 

fractionated into 20 discrete fractions. Each fraction was assessed for particle concentration by NTA 

Nanosight (3 x 60s readings, detection threshold 3, camera level 13) whilst protein concentration was 

determined by Bradford assay. The total number of particles loaded is based on the reading of the 

diluted TFF material in loading buffer, multiplied by the dilution factor used for acquisition on the 

NanoSight. Recoveries of both particles and protein are the sum of all fractions divided by the amount 

of each respective analyte in the initial load. Purity expressed is given as the ratio of particles to protein 

in terms of particles per microgram of total protein detected. 

As the pH was lowered purity in terms of particle to protein mass ratio was 

shown to increase from 8.99 x 107 Pµg-1  (pH 7.8) to 2.81 x 108 Pµg-1 at pH 7.5, 

and finally to 3.84 x 108 Pµg-1 at pH 7.3. This result appeared promising at 

first glance; however one issue with this result was present which precluded it 

from being adopted within the overall process. This limitation in the lower pH 

process is that the increased purity comes at the sacrifice of overall column 

capacity. Despite there being relatively less competition from the culture 

proteins, thus enabling exosomes to more favourably bind the column, the 

overall ability to capture the product of the process, compared to the higher 

pH runs, meant that only 34.8% of the product loaded into the column was 
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actually recovered. As a result, this meant that whilst theoretically one could 

capture exosomes at a higher overall purity at pH 7.3, in comparison to pH 8, 

say, a column of around 3-fold greater volume would be required for the same 

amount of product to be processed. Typically in chromatographic steps, this 

would not necessarily pose a problem as scale up is less limited in packed bed 

columns. However, due to the pore sizes and pressures used with monoliths, 

currently their scale up is limited to only 8L at maximum, which although 

relatively high, would likely require either multiple batch separations, or the 

need for unfeasibly large columns when adopted by processes at a later 

production stage. This limitation and the fact that the material for this work is 

derived from large scale cultures, with assays requiring certain minimal limits 

of particle to be recovered (e.g. positive exosomal detection on western blots 

requires a minimum of 1010-11 particles per mL) thus meant the change to a 

lower process pH for further investigation was unpractical. This is not to say 

that further experimentation in this area should not be considered, but as the 

specific application of the processes developed in this thesis are intended for 

future yields and scale up scenarios for bioreactor cultures of allogeneic stem 

cell-derived exosomes it was decided to not proceed with this line of 

investigation.  Further consideration to this decision was also justified by the 

parallel development of the hydrophobic interaction column, which had given 

preliminary data suggesting more efficient removal of culture proteins, 

without detriment to overall column capacity, described fully in chapter 7. 

Additional discussion centred over alternative routes for process 

development, such as affinity methods to remove the culture proteins prior to 

intermediate purification by QA monoliths, has also been presented in the 

future work chapter of this thesis. 
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6.1.4 Shallow Elution Gradient 

Upon selection of pH 8 for the remainder of experiments, a method was 

devised to elongate the distinction between protein and particle maxima 

elution phenomena, and is shown in figure 6.17. For this process use of a 

0.2M NaCl elution buffer was designed to elongate the initial fractions, prior 

to a 1M NaCl strip for collection of the remainder of the particle material. In 

order to determine more accurately the expression of protein and particle 

identity, a western blot was overlaid to show more clearly the overlap in 

elution profiles. 

The main elution gradient between A1 to B5 show that the early elution shown 

throughout this chapter is still observable. With inspection of the 

corresponding western blot we saw that exosome proteins and HSA were not 

detected before Fraction A6 (0.12 M), at which point HSA protein elution 

begins. Immediately after this in fraction A7 (0.014 M) and in fraction A8 it is 

observed that the vast majority of HSA is removed from the column, but that 

the highest concentrations of exosomal markers also come off of the column. 

These trends mimic those observed in earlier experiments in this chapter, and 

further confirm that exosomal identity is spread across the entirety of the 

chromatogram (as evidenced by the continuation of positive banding from A8 

to B5 and in the final column strip at 1.0M). As the highest levels of HSA are 

removed in fraction A7 though, and only the initial elution of CD 81 

containing particles are lost, the decision was made to alter future process 

protocols to include a 70% wash of 0.2M NaCl (i.e. removal at 0.12-0.14 M) 

prior to a full column strip at 1.0 M followed by buffer exchange, or 

immediate further downstream processing on the OH column, described in 

the following chapter. 
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Figure 6.17: Online chromatogram of QA monolith runs with shallow elution gradient (0–200 mM NaCl) with a stacked western blot for HSA and CD 

81. The 1mL QA column was loaded with TFF recovered exosome material and run with a shallow elution gradient (0 – 200mM NaCl, pH 8.0) in order to determine whether a 

shallower profile could discriminate between free cell-culture derived protein impurity, specifically HSA, and exosomes, prior to a final strip of 1M NaCl. The resultant fractions 

(as denoted on the on-line chromatogram) were western blotted and then probed for both HSA and CD 81 in order to determine which fractions contained which species. This 
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blot is given underneath the chromatogram for ease of reference to the fractions, labelled with the same fraction numbers (A1-B5) as in the corresponding chromatogram. The 

results show that early elution (A1-A5, or 0 – 1M NaCl) shows little to no detectable species being eluted from the column. Furthermore, elution of HSA is shown to be broad 

across the range beyond this, as are exosomes; however a single fraction (A6, 0.12M) shows evidence of removal of HSA with undetectable levels of CD 81, suggesting an elution 

point in which some culture protein impurity may be removed with minimal elution of the exosome product. 
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6.2 Chapter Summary & Conclusions 

In this chapter we have shown the feasibility of using a quaternary amine anion-

exchange monolithic column for the capture and partial purification of tangential 

flow filtration recovered exosomes. Key conclusions from this work are that 

exosomes elute over a broader elution spectrum than single proteins and DNA and 

that this causes large levels of overlap in elution phenomena between the three 

species, thus causing significant challenge in optimisation of process yield versus 

process recovery.  

In order to achieve a local optimum in operational performance, pre-clearance by 

batch adsorption of HSA, pH changes to the process and elongation of early elution 

gradients were performed. This was in addition to the addition of an overnight 

benzonase incubation step at 4°C, as is often observed in viral processing, to elicit 

removal of DNA whilst product elution profiles precluded the direct removal from 

the product as would typically be expected from chromatographic separation.  

Batch adsorption of HSA by use of the mimetic blue ligand immobilised onto beads 

showed variable output with inefficient removal of the serum proteins, accompanied 

by losses in exosome particles. Further leaching of the blue dye into the final feed 

stream caused further issue to reject this option in the current format. Despite this, 

some promise remains that if operational limitations in bead pore size and dye 

leaching could be addressed, that the step could possibly form the basis of a packed 

bed flow-through step for HSA pre-clearance of TFF recovered exosome material and 

possibly be a cheaper alternative to (or increase function of) an exosome affinity step 

as the primary downstream unit operation post-TFF. 

Changes of process pH showed that increase beyond pH 8 were causing reductions in 

exosomal binding and an increased interaction of serum proteins with the column, 

and as such were rejected outright as viable candidates. Reduction in pH however, 

led to reduced binding capacity on the column. In this case the optimum conditions 

for protein removal were pH 8 and pH 7.3 (92.3% and 96.1% removal, respectively), 

whilst these same conditions also provided the highest purity in terms of particle to 

mass protein ratio (2.89 x 108 and 3.84 x 108 P/µgProtein, respectively). However, 

despite this increase in purity from the baseline process (pH 8) the pH 7.3 column 

was affected to a greater extent by the loss of particles binding the column, with 
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overall recovery lowered from 84.4% to 54.4%, thus creating a situation where some 

increased purity would be attained at significant process inefficiencies when 

compared to the baseline process. As monolithic columns are limited to around 8L in 

size due to pore sizes limiting the structure sizes available, and as cell therapy 

products are quickly gaining momentum in the transition from small-scale, flask 

based culture to bioreactor technologies, the option to proceed with the original 

condition of pH 8.0 was decided from a commercial viability perspective, especially 

as the OH column was also being developed with high promise of exosomal capture 

at the same time, as shown in the following chapter. 

A final experiment verified the elution profiles of exosomes and serum albumin 

across the initial phase of the elution profile by use of a 0.2 M, shallow gradient 

elution. The results showed that overlap is highly conserved between the two species, 

and that for optimum results, a wash step of 0.14 M could be used prior to a recovery 

elution using the full 1.0 M NaCl elution buffer, beyond which no exosomal particles 

are present. 
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Chapter 7.0 

Hydrophobic Interaction Chromatography (HIC) 

Step Development  

 

7.0.1 Chapter Introduction 

As was demonstrated in chapter 6, monolithic chromatography steps show promise 

for the recovery and partial purification of exosome material from tangential flow 

filtration recovered material. However, in the case of the QA column, it was found 

that protein and DNA would strongly bind the column in addition to exosomes, 

hence a second step was tested in order to examine whether it can either improve 

further the purity following QA purification or to replace QA as a stand-alone step 

with superior purification capacity.  

To this end a selection of a hydrophobic interaction column (HIC) was chosen, 

specifically the hydroxyl chemistry which has been shown to be used in both VLP 

purification (with an ammonium sulfate loading solution) (Burden, et al., 2012) and 

virus and IgG purification by using PEGs as the solution for column binding under 

the method known as steric exclusion chromatography (J. Lee et al., 2012). The 

mode of action of hydrophobic interaction chromatography is, as evidenced by the 

name of the method, one which involves the interactions of hydrophobic patches on 

the surface of biological compounds and the hydrophobic nature of the ligand on the 

column (Tomaz, 2017). 

This ability to bind large particles such as VLP and viruses is notably the major 

reason for selection of such a step to investigate (for reasons already described 

extensively through this thesis), however, processing considerations also informed 

the development of such a step. In summary, hydrophobic columns are known to be 

run with high salt levels during the binding phase prior to low-salt elution. This 

couples conveniently and efficiently with the QA step which elutes in high salt, 

thereby reducing the need for intermediate buffer exchanges between the process 

steps, thus limiting product loss, extra processing requirements and longer 
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processing times. It is for these reasons that hydrophobic interaction 

chromatography [HIC] is often used as an intermediate or polishing step after initial 

recovery (www.gelifesciences.com). 

Additionally, as HSA was the focus of removal in the QA development, it stands to 

reason that the additional step should be able to adequately tackle the consideration 

of DNA removal, despite use of the Benzonase digestion as described previously 

(Banjac et al., 2014). As the structure of DNA is that of an outwardly presenting 

hydrophilic sugar-phosphate backbone designed to hide away the hydrophobic core 

consisting of the bases (J. D. Watson & Crick, 1953), then the likelihood of DNA 

exterior binding the column is drastically minimised, thereby allowing the hypothesis 

that little to no DNA will bind the column and thus, co-elute with any other eluted 

matter. 

A final consideration was that as a process which utilises high-levels of salt to induce 

exclusion of water and drive biological samples onto the column, and is often found 

to be synonymous with reversible-precipitation as a result, one may conclude that 

the ability to capture far greater levels of particles from the feed stream and 

concentrate them down further is possible. In fact, one method of using the columns 

is to do just this and then load the more concentrated material onto size-exclusion 

chromatography steps (www.gelifesciences.com). 
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7.0.2 Aims, Motivation & Rationale 

The aim of this chapter was to determine whether hydrophobic interaction 

chromatography, specifically of the hydroxyl chemistry, was a suitable downstream 

processing step for exosome purification either in lieu of, or in addition to, the 

previously developed QA chromatography step. 

 

In order to achieve this, the objectives were: 

• A suitability study of OH column processing using PEG and ammonium 

sulfate loading conditions 

 

• Determination of particle binding capacity and elution profiles  

 

• Determination and quantification of impurity removal in the form of total 

protein/HSA and of DNA material 

 

• Characterisation of eluted material in terms of biomarker distribution. 
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7.1 Determination of Baseline Process Conditions for HIC 

Monolithic Separation 

Hydrophobic interaction chromatography can be operated under a number of 

conditions and so the initial scouting run performed in this section of work was to 

find a suitable operational condition for exosome capture. To this end two different 

methods were chosen as potential start points due to their high recovery and 

purification levels of protein and virus/VLP using the same columns in the literature. 

In this case, the method used by Burden et al. (2012) using ammonium sulfate which 

successfully purified VLPs from yeast homogenate, as well as previous experience 

with ammonium sulfate as a reversible precipitation reagent; and the PEG based 

method used by Lee et al, (2012) for the capture of both IgM and viruses.  

Use of PEGs in this manner seemed a promising way in which to begin 

experimentation as PEG-based methods have been widely reported for use in 

commercial kits for size-exclusion of exosome materials (Patel et al., 2019), as 

reported in more depth in chapter 2. This prior knowledge that PEGs can 

precipitate exosomes, as well as having the capacity of reversing this precipitation by 

dilution/PEG removal, makes it an option in this column, as perhaps the need for 

size-exclusion/precipitation kits could be better transitioned into commercial 

environments by using this more scalable method instead. In contrast to this, the 

ability to use easily soluble, less viscous materials such as ammonium sulfate 

solutions, allowed for the possibility of reducing ancillary process limitations: 

notably the increased difficulty in removing substances such as PEGs from the 

process stream entirely, as well as reducing difficulties in liquid handling and 

pumping. Similarly, as a substance used as a protein stabiliser in formulation, and 

recognised by pharmacopoeia, the addition of ammonium sulfate in place of PEGs 

could potentially reduce the handling requirements without severe detriment to the 

final product formulation in terms of applicability for human use. 

As such the HIC column was run using 10% TFF material, with the additional 90% of 

buffer consisting of the equilibration buffers of each respective process. In this case 

the buffers used were: i) 10% w/v PEG 6000, chosen based on the ability to achieve 

high levels of binding in bacteriophage as reported in Lee et al., (2012), and ii) using 

2M ammonium sulfate, pH 7.0, in 50mM sodium phosphate buffer, which differed 
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from Burden et al., (2012) only by replacement of 20mM sodium phosphate for 

50mM in this case. 

As was the case with the QA column, the first experiment was to determine the base-

line capture of particles from the feed stream for both of these operational methods, 

by use of a dynamic binding capacity study, presented for both processes in Figure 

7.1. 
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Figure 7.1 A & B: Dynamic binding capacity curves of OH monolith run using PEG 6000, and 

ammonium sulfate as elution buffers. A 1mL OH monolith from BIA separations was used to determine 

whether an alternative, more efficient process could be created for the use of exosome purification from TFF 

material. Two runs were performed on the column using PEG 6000 (A) and ammonium sulfate (B). The particle 

content of the load material and the subsequent flow-through fractions were determined by NTA Nanosight and 

the corresponding graphs of C0
 (initial concentration) and C (concentration at time of sample) were generated in 

order to estimate dynamic binding capacity of each process. The results show little of the TFF sample could be 

accommodated onto the PEG process, with the ratio of C/C0
 almost immediately returning 90% product flow-

through, whereas in contrast the ammonium sulfate process achieved a ratio of lower than 1% throughout the 

entire loading phase, suggesting all particles were binding the column and thus, never reaching the flow-through. 
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Observation of these dynamic binding capacity curves shows vastly different levels of 

binding of particles for both of the process options. In this case we see that for the 

same amount of TFF material loaded for the ammonium sulfate [AS] and PEG 

columns, that in the PEG based method breakthrough is achieved almost 

immediately upon loading, resulting in 89% breakthrough (or product loss) before 

even 1mL of TFF material (in its undiluted form) has passed through the column. 

This suggests that the process despite showing promise for a virus (J. Lee et al., 

2012) may not be suitable for application on exosome material. However, the 

literature from which the process is derived further specifies the need to balance 

other factors such as pH, salt concentration and PEG length, and so perhaps this 

could be optimised to provide similar levels of recovery as in the cited research(J. Lee 

et al., 2012). 

In stark contrast though, we observe that the HIC column using ammonium sulfate 

as the anti-chaotropic agent causes extremely high levels of particle interaction 

binding to the column, thus suggesting it’s applicability for this process with regards 

to high levels of particle recovery. To contrast this with the similar experiment 

performed on the QA column, whilst the QA achieved 10% breakthrough at around 

4mL of TFF material, the OH column did not even reach 1% breakthrough upon the 

addition of the same amount. Whilst promising, this could be suggestive of either i) 

complete precipitation prior to the addition to the column- thus resulting in null 

loading, ii) irreversible binding to the column, or iii) that the conditions selected 

provide an undeterminably high level of particle retention, and thus capture, based 

on material volumes used in this experiment. 

In order to prove or disprove these hypotheses, the data in figure 7.2 A & B show 

the process chromatograms which were derived within the same experiment to 

determine where (if any) elution points were to be found. Elution in both cases was 

performed by reduction of either PEG 6000 or ammonium sulfate via a linearly 

decreasing gradient, to observe where hydrophobic interaction promoted by the 

agents would cease to provide adequate sample interaction with the column, and 

thus cause elution. 
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Figure 7.2 A & B: On-line elution chromatograms of OH monolith run using PEG 6000, and 

ammonium sulfate as elution buffers. A 1mL OH monolith from BIA separations was used to determine 

whether PEG 6000 (A) or ammonium sulfate (B) could provide a more efficient process for exosome purification 

from TFF material.  Columns were loaded with TFF recovered exosomes and elution was performed by reduction 

of concentration of the respective buffer component: PEG 6000 was loaded at 10% w/v and reduced to 0% and 

ammonium sulfate loaded at 2M and reduced to 0M. Both solutions were buffered with 50mM sodium phosphate 
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at pH 7.0. As there was no discernible elution phenomena in the PEG 6000 process, as highlighted by the low 

binding capacity previously presented, the loading phase has been shown to highlight the immediate plateau to 

loading phase absorbance (indicative or no product binding). In B, however, we see that mid-way through the 

elution gradient a clear spike in absorbance has been recorded, indicating elution of species from the column. 

Figure 7.2 A shows that not only is the process inefficient at binding species in the 

load material (as evidenced by the immediate plateau in absorbance during the 

loading phase) but also that the elution phase yields an absorbance trace which 

remains undisturbed upon the baseline. This indicates, and verifies the initial DBC 

study, that almost nothing is binding the column and as such nothing can be eluted 

from it. Furthermore, a small peak was observed upon the water wash step prior to 

column CIP, which could either be attributed to a blip from changing from a 

buffered, salt containing elution buffer, into water, or possibly that the small material 

that did bind the column could only be eluted by addition of pure water to the 

column.  

Figure 7.2 B on the other hand, clearly shows that the ammonium sulfate option 

was by far more suitable for large scale processes. It shows that high levels of 

material could be recovered from the column as denoted by the black and red traces 

based on absorbance measurements (A280nm and A260nm respectively). As no particles 

were observed in the flow-through this suggests that the particles are being eluted 

from the column, with a maximum around the 1.0 M value.  

Due to the differences in the initial binding potential and the fact that the 

ammonium sulfate option seemed a more successful route for further investigation, 

the PEG process was terminated from further development. 

As of yet however, no data presented thus far gives indication of the ability to reverse 

the precipitation occurring on the exosomes and no data has been shown regarding 

what species are binding the column. To this end figure 7.3 shows the particle 

concentrations and distributions across the elution phase, with an exosome 

maximum boundary line for reference (A), as well as the traces of both the assay 

based (B) and on-line chromatograms (C).   
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Figure 7.3 A-C: Elution profile and assay based measurements of OH column run with ammonium sulfate. Previous experiments determined that the 

ammonium sulfate process was a potentially appropriate method of creating an OH column process for exosome purification. Elution was performed on the 1mL OH monolith 

from 2M ammonium sulfate to 0m (pH 7.0) where 42 fractions were obtained. NanoSight, protein and DNA assays were performed to quantify particles (exosomes), and 

process impurities in the form of free protein and DNA. A contour graph was created using the Nanosight data to highlight the elution and size distribution of particles across 

Max. Exosome Size 

A. 

B. C. 
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the elution volumes across the gradient (A), and overlaid onto the assay based (B) and on-line chromatograms (C). The results from A show that particle elution begins at 

approximately 85 CVs (roughly 1M ammonium sulfate when cross-referenced to the online chromatogram) with the majority of particles falling within the 150nm upper 

boundary for exosomes, suggesting there is little to no irreversible product precipitation/agglomeration, which would be detected by the majority of particles above these 

values. The online chromatogram further shows that DNA is minimally bound and eluted from the column, whilst some, (lower than observed in the QA column) protein is still 

eluted closely to the exosome product. 
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Evaluation of the contour plot in figure 7.3A shows that the particles eluting from 

the column at the 1.0M ammonium sulfate mark are predominantly within the 

exosomal range, with only low levels of particle presence beyond the 150nm point. 

This suggests that the precipitation occurring during sample preparation is reversible 

and that the exosome product is not present in a more aggregated form to high levels 

in the final eluate, but rather in single vesicle suspension. Furthermore this suggests 

that the column is in fact able to be used for high-capacity exosome bind-elute, and 

likely viable in a commercial environment, although this must be verified by 

biomarker expression. Further analyses of the 42 fractions obtained during elution in 

figure 7.2B show that, as hypothesized, DNA is interacting with the column to a 

lesser extent than with the QA column, and is removed to greater extents by elution, 

as evidenced by a consistently low level of detection (around 0.2 µg mL-1 in 

comparison to peaks ranging from 3 to 6 µg mL-1 in the QA column runs reported in 

chapter 6). 

Another observation and possible conclusion in this experiment is that protein 

binding to the column is also greatly reduced when compared to the QA column, as 

suggested by the assay based chromatograms, which both present low levels of 

protein and DNA (>50 µg/mL and >0.2 µg/mL), respectively. As such this suggests 

that the HIC column may be far superior not only in terms of particle capture, but of 

impurity removal in terms of both free protein and DNA. 
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7.2 HIC Process Characterisation and Development 

7.2.1 Exosomal Marker Detection 

The initial results presented thus far were incomplete however, with biomarker 

distribution required to be verified in the eluate. As such, an attempt was also made 

to detect the exosomal marker content within the eluate. However, as each fraction 

contained varying levels of ammonium sulfate, which interferes with protein assays 

and the reagents used in western blotting, the fractions were pooled together in 

groups of 7 (i.e. 1-7, 8-14, 15-21, 22-28, 29-35, 36-42, inclusive). These were diluted 

to the centrifuge tube volume (40mL) in particle free PBS (new bottle opened 

specifically for the run) and then ultracentrifuged in order to act as a combined 

pellet-wash and re-concentration step. This even split was to allow for like for like 

sample volumes in each of the 6 tubes for the practicality of centrifuge balance and 

an even split of material, but also, coincidentally and more importantly, if one refers 

back to the online chromatogram, it is noticeable that the particle elution appears 

when the ammonium sulfate has been reduced to around 1M from 2M, which means 

that the fractions pooled in tubes 1-3 should also act as a negative control to the later 

samples, in the sense that no exosomes are expected to be observed due to the lack of 

particles in these fractions, provided the hypothesis that the particles were exosomal, 

and not in fact irreversibly precipitated protein These data are shown in figure 7.4, 

with the fraction table represented in table 7.1 for reference. 
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Ultracentrifuge Tube Sample Fractions (Elution Range of AS) 

Tube 1 Fractions 1 -7 (2.0 M to 1.66 M) 

Tube 2 Fractions 8- 14 (1.66 M to 1.33 M) 

Tube 3 Fractions 15-21 (1.33 M to 0.99 M) 

Tube 4 Fractions 22-28 (0.99 M to 0.66 M) 

Tube 5 Fractions 29-35 (0.66 M to 0.33 M) 

Tube 6 Fractions 36-42 (0.3 M to 0M) 

 

Table 7.1: Description of pooled elution fractions obtained by hydrophobic interaction 

chromatography. A 1 mL OH monolith was loaded with 4.8mL of TFF recovered exosomes diluted to 10% with 

loading buffer (2M ammonium sulfate [AS], 50mM sodium phosphate, pH 7.0) and eluted using a linear gradient 

from 2M AS to zero resulting in 42 fractions. In order to detect where exosomes could be detected and due to the 

detection limits of western blotting for exosome markers requiring concentrations of 1010-11 particles per mL, the 

42 fractions were grouped into 6 sets of 7, pooled together and ultracentrifuged at 100,000g for 2 hours in order 

to provide concentrated pellets. These were then processed probed for CD 63 and CD 81. The table describes the 

fraction pools and the corresponding elution concentration range of ammonium sulfate within each pool. N.B. as 

elution on HIC processes begins at high salt and ends at low salt concentrations, the order given in the table is the 

order obtained during elution, with lower concentrations of AS corresponding to later elution progress. 
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Figure 7.4: Western blot of exosome markers present in OH elution fractions. Owing to the initially 

shallow elution profile (in figure 7.3) yielding particle counts too low for individual western blotting to provide 

reliable positive/negative results, the 42 fractions were grouped in a manner allowing for 6 pools of 7 consecutive 

fractions, ultracentrifuged at 100,000 g for 2 hours (to concentrate all particles present) and resuspended in PBS 

to provide concentrated elution pools for western blotting. These pools were measured by NTA NanoSight in 

order to ascertain the relative concentration of recovered particles per pool and probed for CD 63 and CD 81 in 

western blots (loaded with equal volume to indicate relative abundance of exosome markers). The results show 

that as predicted by NanoSight measurements previously, that the fraction pools 1, 2 and 3 contain few to no 

particles which yield sufficient expression of exosome markers, whilst pools 4, 5 and 6 (the fractions from 1 - 0M 

ammonium sulfate) show high levels of expression of these markers, suggesting exosome marker elution occurs 

concomitant with particle presence. 

Observation of figure 7.4 shows that the fraction pool particle concentrations are 

reflective of the original elution profile with recoveries in excess of 1012 particles from 

the fractions which corresponded with the on-line chromatogram peaks. The figure 

further shows that the particle containing fractions (as gauged by the original 

chromatogram: 4, 5 and 6), all show high expression of both exosomal markers, CD 

63 and CD 81. There is one exception to this in the final fraction pool of CD 63, which 

could possibly be indicative of a CD 63 negative sub-population. Alternatively, and 

more likely, as the lowest concentration fraction of the three particle containing 

tubes, this could be simply due to low detection limits of the assay which at this point 

was not as sensitive as later iterations and equipment would allow. 
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The western blots in this experiment do look noticeably different from the majority 

of those presented in this thesis. This is not down to preparation or protocol, but 

rather as the original imaging system for western blots was replaced early on in the 

project, some images found in this thesis (figure 7.4 and figure 6.9), have a 

different look compared to all other western blot images throughout this thesis. The 

greyer, grainier background in these is indicative of the imaging system itself, and 

not from changes to exposure or increased background in these two samples. 

In order to begin development of the ammonium sulfate process, the initial 

chromatography results were studied and compared to the QA column to see how the 

processes compared with one another. Observations gained from comparisons of the 

QA runs and the OH scouting run showed these initial differences: 

1. Elution from the OH column does not show more than a steady baseline of 

DNA, whereas the QA column has a distinct peak at around 0.6M NaCl. 

2. The peak maxima for protein in the initial OH run reached 250 µg mL-1, when 

compared to the peaks observed in the QA run throughout chapter 6, we 

observe peak maxima spanning a range of 200-600 µg mL-1, suggesting the 

column may hold the potential to remove more of the HSA without 

operational changes than the QA column 

3. The level of binding of particles to the OH column was far greater than that of 

the QA column. It was observed that for similar amounts of large scale TFF 

material loaded onto the columns, the QA achieved breakthrough at around 

4mL of material added (corresponding to 1011-12 particles per mL column) the 

OH column did not flow through any particles up to the maximum load of 

6mL, suggesting the column’s potential use as a concentration and polishing 

step may be possible. 

Based on these observations, the following premises were used to direct the 

development of the column, and later, the process steps as a whole in tandem: 

1. The OH column should be performed after the QA step, due to the ability 

to polish and concentrate the material, as well as the lower requirement for 

buffer exchange/hold steps due to salt concentration flows between the 

processes. As such development should reflect this process flow where 

possible. 
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2. The OH column does not need to be further developed to remove DNA, 

especially as the QA step already contains a digestion of the DNA with 

Benzonase. 

3. The OH, as a step which also presents a strong free-protein peak prior to 

particle elution, may be able to further reduce the protein which will co-

elute in the QA process to ideally provide a high concentration product 

with minimal free-protein or DNA level. 

7.2.2 HSA Removal: Pre-treatment vs Washing 

Based on these principles the initial work reflected that of the development in the QA 

column, with regards to free protein removal, with a specific focus on HSA as the 

predominantly concentrated protein during TFF. As with the QA column, a process 

was performed on the OH column designed to evaluate the elution point specifically 

of HSA. To do this a solution of PBS spiked with HSA was loaded onto the column for 

elution via a linear gradient from 2M ammonium sulfate until 0M, as previously 

performed during the scouting run. 

It was found that if only serum albumin solution is loaded onto the column, 

inevitably some binding phenomena will occur, as evidenced by the elution peak 

which initiates when ammonium sulfate drops from 2M at loading to 1.5M during the 

elution gradient (figure 7.5). This elution then reaches its maximum at a 

concentration when the ammonium sulfate concentration drops to 1.1M, which, 

when compared to the original elution phenomena observed in figures 7.2B and 

7.3, that show exosomal presence at the 1M concentration, suggests that a high level 

of the serum proteins may be readily washed out prior to stripping the column of 

exosomes.  
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Figure 7.5: Determination of HSA elution point on ammonium sulfate process OH column. As HSA 

is a major impurity that is concentrated during TFF processing, and has already been shown to co-isolate with 

exosomes during the QA process, PBS was spiked with HSA and processed on the QA column (pH 7.0, elution 

from 2M to 0M, ammonium sulfate) in order to determine if and where the protein impurity could be found to 

elute (quantified by assay post-elution). The graph also includes overlays of previous data to give the initial 

elution points of exosomes in comparison to the points of initiation and maximum HSA elution to highlight the 

resolution between the two species. The experiment shows that there is greater resolution between HSA maxima 

and the exosome elution points, than found in the QA column, allowing for washes of 1.2-1.4M ammonium sulfate 

to remove the bulk of bound HSA, prior to exosome elution commencement at 1M ammonium sulfate. 

As a result of these data, operation of the OH column was designed to incorporate a 

wash step which would allow for the removal of the bound serum proteins, in this 

case, by using washes between 1.4M and 1.2M ammonium sulfate prior to product 

elution using a column strip at 0M. 

A further experiment was performed on the HIC column to evaluate other means of 

serum removal, referenced originally in chapter 6. This experiment made use of the 

batch adsorption with the HIC column as well as the QA column as previously 

described, but due to limitations in the format of the process in terms of scalability, 

process leachables and inefficiencies, shall only be discussed briefly here. Notably 

though, this experiment made use of the column wash as shown by the initiation of 
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the elution gradient at 1.2M ammonium sulfate (figure 7.6), rather than 2.0M as 

originally used. 
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Figure 7.6: Assay based elution chromatograms of OH monolith runs comparing process outputs for Mimetic Blue SA P6XL HSA batch adsorption pre-

treatment to the untreated process. The experiment performed in chapter 6 (figure 6.12) which compared output of HSA removal by Mimetic Blue SA P6XL resin 

(Prometic Bioseparations) pre-treatment to determine if this removal could impact column performance on the QA column was also performed using the OH column presented 

here. In this case the Bradford assay and NanoSight were used to quantify protein and particles respectively.  The results in this case show that in both process runs there is 

minimal impact on the level of HSA elution as evidenced by both chromatograms producing similarly low levels of HSA recovery during the elution phase, this suggests that 

pre-treatment would likely be an unnecessary and expensive step for minimal purification. We also observe that whilst the pre-treatment step seems to increase the recovery of 

particles (as determined by the maxima of each peak increasing from 4x109 to 8x109) it should be noted the column operation for both of these processes were well below 
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capacity. This means that this is more likely an artefact from the highly variable TFF material as opposed to increased capacity for particles due to protein removal from OH 

column as the minimal change to protein co-elution will not have a drastic impact on the level of particles which can be bound. Alternatively, this could also suggest that some 

HSA which was interacting with the particles, could have been removed, thus allowing greater interaction with the column, and thus shows the increase in recovery. 
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The graphs shown in figure 7.6 show at a glance that both processes do not vary 

drastically in the level of protein elution when a batch adsorption is used compared 

to when it is omitted, likely due to the initial wash step performing a greater extent of 

the elution and thus leaving any batch adsorption with no major role to play in 

further purification whilst making the process more complex and expensive to run. 

However, when mass balancing the sum of protein eluted across the entire trend, a 

20% removal of protein is actually achieved when using the batch adsorption, (551 µg 

compared to 688 µg recovered without adsorption) thus showing more potential over 

the results shown in the QA experiment. For context though, this reduction in 

protein translates to an average of 3.7 µg mL-1 over the entire elution, which is well 

below the lowest sensitivity for a Bradford assay, and thus should be considered 

carefully. 

More significantly however, using the wash step prior to the elution seems to give far 

greater and more controllable results, as noted when comparing the peak maxima in 

this experiment to those shown in the original chromatograms presented in this 

chapter: where before the maxima were in the range of 200 µg/mL and now they 

reach a maximum of 29 µg in the case of the non-adsorbed process.  

Additionally, a rise in particle number is also achieved; however this is most likely 

attributed to material inhomogeneities rather than increased binding opportunity on 

the column. This is because the initial DBC results show a far larger excess of 

particles loaded onto the columns without reaching capacity, and so the argument 

that more space is freed up on the column by removal of the extra serum via batch 

adsorption in this experiment (which used far less material for loading) is invalid. 

Whilst these results may have shown more promise than that of the QA column, they 

were not deemed adequate enough to warrant the newly introduced impurities in the 

form of the blue dye used as ligand to serum, nor were the process, in the current 

format, particularly amenable to scalable processing. Once more it was concluded 

then, to forgo further development of this process, as combination of the monolithic 

columns and incorporation of the appropriately designed wash steps for both, 

seemed more profound and simpler to achieve higher purities.   

Based on this an experiment was performed to determine the yields and recoveries 

achievable when operating the process as it would be intended, i.e. with a wash step 
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and isocratic elution for product recovery. For this experiment 6mL of TFF material 

was loaded into the column (diluted 1 in 10 with the 2M ammonium sulfate loading 

buffer) and then washed at 1.4 M ammonium sulfate for a total of 10 CV (or 10mL)- 

this corresponded to 30% addition of the elution buffer, denoted as buffer B on the 

axis of figure 7.7 A & B. Material was then eluted by stripping the column with the 

full elution buffer which did not contain ammonium sulfate (i.e. 50mM sodium 

phosphate buffer, pH 7: or 100% of the B buffer). Elution was performed over 8mL 

with the sample split into two 4mL samples. This split was due to the fact that 

routine operation of the QA monolith showed that generally beyond 4mL no further 

product was observed, but due to the higher nature of binding and potential peak 

broadening which could occur as a result, the extra volume was given to determine if 

longer elution volumes could recover more product, or if indeed the 4mL originally 

estimated was sufficient with no further benefit added by extension of the elution 

length. Post purification, the samples were buffer exchanged at 4°C, overnight with 

PBS to remove residual ammonium sulfate which would interfere with assays- 

however testing was also performed on pre-buffer exchanged and post-buffer 

exchanged material for the elution peaks so as to reduce the chance of incorrect 

measurements if product was bound to the buffer exchange cartridges or overly 

diluted during the process to the point assays could no longer detect*. The results of 

the analysis are shown in table 7.2. 

*N.B. Buffer exchanges were not performed on the loading flow-through steps, and 

as such, each one remained in 2M ammonium sulfate. This meant that only 

NanoSight readings could be performed on the samples, and no protein/DNA assay 

data is available due to interference. 
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Figure 7.7 A & B: Online chromatograms of full process (A) and elution phase (B) of OH monolith 

employing a 1.4M ammonium sulfate wash prior to elution. TFF recovered exosomes were loaded onto a 

1mL OH monolith from BIA separations. The chromatography run was performed using a loading buffer of 2M 

ammonium sulfate at pH 7.0 with 50mM sodium phosphate, a wash step was performed by reduction of 

ammonium sulfate concentration to 1.4M prior to a final product elution at 0M. A shows the entirety of the 

chromatographic run, including loading, wash, elution and the beginning of the CIP strip, whilst B focuses on the 
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wash and elution stages. The online chromatograms show that the wash stages do not appear to produce large 

spikes in absorbance, despite having been shown to be some impurity proteins present in this phase of the elution 

in previous experiments. This is likely due to the fact that the OH column in general only binds a small amount of 

these proteins, and thus their level remains obfuscated by the buffers. During the elution phase however, the 

absorbance spikes and gradually reduces to baseline, suggesting not only elution, but complete elution during this 

phase.  
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Sample ID Volume 

(mL) 

[Particles] (P/mL) 

(% of Load) 

Mass Protein (µg) 

(% of Load) 

Mass DNA (µg) 

(% of Load)  

Purity Prot.  

(P µg-1) 

Purity DNA 

(P µg-1) 

TFF Start Load 6 1.28 x 1012  (100) 3440 (100) 3.12 (100) 2.23 x 109 2.46 x 1012 

Load recovery 1 6 5.82 x 107 (0.00) N/A N/A N/A N/A 

Load Recovery 2 6 8.08 x 107 (0.01) N/A N/A N/A N/A 

Load Recovery 3 6 1.07 x 108 (0.01) N/A N/A N/A N/A 

Load Recovery 4 6 1.89 x 108 (0.01) N/A N/A N/A N/A 

Load Recovery 5 6 2.26 x 108 (0.02)  N/A N/A N/A N/A 

Load Recovery 6 6 1.51 x 108 (0.01)  N/A N/A N/A N/A 

Column Wash 10 1.49 x 109  (0.19)  801 (23.3) 0.22 (7.2) N/A N/A 

Elution 1 4 1.35 x 1012 (70.3) 1220 (35.3) 0.73 (23.3) 4.44 x 109 7.44 x 1012 

Elution 1 (+ BE) 4 9.93 x 1011 (51.7) 780 (22.7) 1.11 (35.5) 5.08 x 109 3.59 x 1012 

Elution 2 4 8.13 x 1011  (42.3) 262 (7.61) 0.19 (5.93) 1.24 x 1010 1.76 x 1013 

Column Strip 10 6.43 x 108  (0.08) 471 (13.7) 0.30 (9.75) N/A N/A 

 

Table 7.2: Outputs of first run trial of hydrophobic interaction chromatography with a 1.4M ammonium sulfate wash. A 1 mL OH monolith was loaded with 

6mL of TFF recovered exosomes diluted to 10% with loading buffer (2M ammonium sulfate [AS], 50mM sodium phosphate, pH 7.0). The column was given a wash using 1.4M 

ammonium sulfate (10 CVs), prior to isocratic elution at 0M ammonium sulfate. Elution was performed over 8mL in total, with the elution phase being split into two even 

fractions of 4mL. The reason for this was to capture the majority of the elution within the first (for ease of detection and maintenance of concentration) with the second elution 

fraction being used to determine whether elution was broad or required a longer collection, due to the high levels of material added in this run. Samples were analysed for 

particle concentration by NTA NanoSight (3 x 60s readings, detection threshold 3, and camera level 13), protein by Bradford assay and DNA by Quant-IT Picogreen assay. 
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7.2.3 Mass Balancing and Process Selection  

The results of this process trial show immediately that high levels of particles can be 

recovered as a result of the HIC purification: with up to 70% recovery in the first 

batch of the elution (although upon buffer exchange this appears lower at 52%, some 

loss may have occurred as part of the extra processing step). Additionally, as the 

NanoSight is sensitive to even subtle changes in dilution, and the fact that these 

samples had to be diluted 1000-fold to be within the operational range of the 

instrument, one should retain the fact that even the subtlest change is greatly 

emphasised by such a dilution and re-calculation. This is evidential in that the 

second phase of the elution also presented a recovery value of 42%, and thus either 

110% of particles were captured or 90% depending on the value chosen. As 110% is 

impossible, one must retain this effect of the NanoSight’s sensitivity and the dilutions 

at play when ascribing values to recoveries in such processes, especially as the 

NanoSight cannot distinguish types of particles from one another. In spite of this 

lack of absolute certainty, it can at least be concluded with certainty that particle 

recovery is in the range of 90% when adding both elution fractions together, 

especially when considering the other fractions barely sum to a single percent to 

complete the mass balance. 

In addition to this, we observe that protein and DNA are greatly reduced in the final 

eluate, with 23-35% remaining within the final elution (results respective of elution 

part 1), and even less in the second part of the elution (8% and 6% respectively). 

These reductions in protein and DNA impurities show that exosomal preparations 

can be prepared in a commercially applicable format to purity ratios exceeding 109-10 

P µg-1 (protein) and up to 1013 P µg-1 (DNA). Whilst no common metric for free-DNA 

ratios is available in the literature, ratios approaching 3 x 1010 particles per 

microgram of protein are described as  “high-purity”, (Webber & Clayton, 2013). 

Another way in which to make sense of these purity ratios is by determination of a 

dose size, which whilst highly variable depending on the therapeutic of interest and 

the mechanism of action/indication for treatment, could be estimated by virus doses, 

due to the similarity physically and the unit operations applicable for use. In this case 

an example of a dose for vaccinia virus would be around 1 x 109 particles mL-1 (Couch 

et al., 2007).Using this as a benchmark for exosome doses then, and using the WHO 
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guidelines on impurity thresholds in injectables, 100 µg and 10 ng per dose of protein 

and DNA respectively, we can ascertain whether the preparations derived from the 

OH column are within clinically acceptable levels. As the ratio for protein to particles 

is between 109 and 1010 particles per microgram of protein, we can convert this to say 

the preparations are at the level of 1-10 doses per microgram of protein, and thus 

well within the clinical boundaries. Similarly, evaluation of the DNA ratio of 1012 

particles per µg of DNA (or for simplicity, 109 per ng of DNA) we once more show 

that one dose of 109 particles contains one tenth of the highest tolerable limit in 

injectable formulations (World Health Organisaiton, 2013b). 

To further evaluate the contents of the elution western blots were performed to 

determine exosomal marker presence (CD 63 and CD 81) as well as to verify the 

removal of serum albumin. The results are shown in figure 7.8 and compare TFF 

material used at the start with pre- and post- buffer exchanged OH purified material 

(from elution 1).  

  

Figure 7.8: Western blots probing for HSA, CD 81 and CD 63 in OH column elution samples 

compared to starting TFF material. TFF recovered exosomes were loaded onto a 1mL OH monolith from 

BIA separations and purification was achieved by reduction of ammonium sulfate from 2M to 1.4M (wash to 

remove co-binding HSA) and then finally by reduction from 1.4M to 0M ammonium sulfate to capture exosomes. 

A western blot of the TFF material at the start, the TFF + OH elution and the same but buffer exchanged to 

remove residual ammonium sulfate was then performed in order to probe for two exosomal markers and the co-

binding culture protein HSA. The blot indicates that HSA has been reduced overall by the process, especially in 

the monomeric form, whilst exosome markers are retained to similar intensity levels. This suggests the process is 

removing cell culture derived impurity whilst being able to maintain exosome concentration. 
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The data shown in figure 7.8 visually represent the data found in the mass balance 

table (table 7.2) and show that not only are exosomal markers CD 63 and CD 81 

conserved, as is their relative intensity compared to the starting material, but that 

serum albumin is reduced post HIC process. The buffer exchange also shows the 

effects that residual ammonium sulfate has on the western preparation, as without 

this exchange, the bands are slightly obfuscated in part for the CD marker westerns 

compared to when the buffer exchange has taken place. 
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7.3 Chapter Summary & Conclusions 

This chapter has shown the ability of hydrophobic interaction monoliths to i) capture 

and recover exosomes from TFF material to a higher extent than the QA column, and 

ii) to provide high levels of DNA and protein impurity removal. The baseline process 

developed in order to achieve this was based on loading under 2M ammonium 

sulfate, 50mM sodium phosphate buffer (pH 7.0) and elution by reduction of the 

ammonium sulfate concentration to 0. The column did not perform to the same 

standards when using PEG based loading buffers, in spite of previous studies on 

differing (non-exosomal) products showing process successes. As such development 

was focused solely on the ammonium sulfate variation. 

The process appeared initially to capture exosomes to an unexpectedly high degree 

with 6mL of large scale TFF material unable to reach breakthrough on a 1mL 

column: for context, the QA column of the same size and pore structure could only 

reach 1.5mL prior to product flow-through. This early success once evaluated also 

showed a tendency for the column to bind far less cell-culture derived protein and 

cell-derived DNA, which in turn meant that the development required on the column 

was far less intensive that the QA column.  

A comparison of protein removal methods was tested, but batch adsorption was once 

again forgone for the simpler and more efficacious use of a wash step- in this case 

with far lower product to protein overlap than in the case of the QA development, 

where affinity removal of proteins or the product from proteins could still well be a 

viable alternative in a more applicable format. However here the most efficient and 

economic choice was to apply a wash of between 1.2-1.4M ammonium sulfate prior to 

elution at 0M. In doing so we have shown that both cell-culture derived protein and 

free-DNA can be removed to clinically acceptable levels if a dose size of 109 particles 

is assumed based on previously described vaccinia virus dose sizes, in lieu of 

exosomal dosing specifically.  

In conclusion, we found that HIC using ammonium sulphate buffer enabled achieve 

high levels of particle recovery whilst minimising protein and DNA co-elution. 

Furthermore, this work presented is novel in that it is the first time an OH monolith 

is used for exosome purification within the scope of currently published literature. 
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Chapter 8.0 

Two Step Downstream Processing Using QA 

and HIC Columns in Tandem  

 

8.0.1 Chapter Introduction 

Having previously evaluated the purification potential of the QA column and OH 

column, chapters 6 and 7, respectively, this chapter will determine their 

performance when used sequentially with each other.  

The majority of the chapter will cover the process in the order depicted in figure 

8.1; however a variation which flips the process to have HIC preceding anion 

exchange is also presented within the chapter for completeness. 

 

Figure 8.1: Process flow diagram of two step chromatography process. The figure shows the proposed 

two step chromatography process to be tested in this chapter. The quaternary amine column precedes 

hydrophobic interaction chromatography (both using 1mL monoliths, BIA Separations). The initial order of 

processes is designed as the elution for the QA column uses a high salt buffer (1M NaCl), whilst loading of HIC 

(OH column) process requires loading under high salt conditions, thus removing the need for an intermediate 

buffer exchange between these stages. A buffer exchange is, however, included at the end of the process to remove 

any residual ammonium sulfate which carries over from the OH column run, and which would otherwise interfere 

with key assays such as western blots, and protein and DNA assays. 

TFF QA OH
Buffer 

Exchange
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The reasoning for this choice of process order is based largely on the processing 

considerations made throughout this thesis, and also based on the translation of 

these processes into a commercial setting, where streamlined, efficient and lean 

processes are desirable. The first reason for the suggested process flow is based on 

the ability to reduce the burden required on the buffer exchange performed at the 

final stage. Whilst it is possible to run the HIC eluate into the QA column due to low 

salt elution prior to high salt elution, the final product from this process would then 

be in high salt and would require greater buffer exchange requirements and removal 

of salts prior to subsequent formulation stages (depending on the process to follow). 

This in turn would increase the likelihood of product dilution in these experiments 

(as the buffer exchange cartridges will take in more of the exchange buffer due to 

osmotic pressures) or will require more specifically formulated buffers to be used 

and changed throughout the process (i.e. instead of 0M ammonium sulfate direct 

into PBS, 1M NaCl would be buffer exchanged to equilibrium with 0.5M NaCl, then 

0.25M, then 0M, as an example), with the risk of dilution still greater than in the HIC 

direct to PBS step. 

Use of the HIC as a secondary step also allows for the higher capacity of the column 

to be used to greater effect: the QA column would naturally be a larger column than 

the HIC to accommodate the same batch of TFF material. Assuming a 6mL batch, his 

column would size to roughly 8-10mL in size and remain 1mL for the HIC column 

based on the DBCs generated in chapters 6 and 7. This would allow for the more 

diluted QA material to be concentrated greatly onto the HIC, and thus reduce liquid 

handling requirements further downstream. 

Additionally, the QA column operates with a Benzonase pre-treatment. Whilst in 

literature the nuclease has been shown to flow-through the column upon loading, it 

is safer to assume this is not 100% efficient, and so having a further purification 

method between this pre-treatment and the final clinical output gives the chance to 

remove residual Benzonase, and any DNA fragments which bound the QA column 

and co-eluted with the product. 
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8.0.2 Aims, Motivation & Rationale 

The aim of this chapter was to determine the effect of running both the anion 

exchange and hydrophobic interaction process in sequence of one another to assess 

the impact of purification when combined and to produce data showing a scaled 

down version of the process to describe the potential application in the commercial 

and clinical setting.  

 

To achieve this, the following objectives were required to be met: 

• Initial proof of concept (PoC) runs of the 2 step process with mass balances 

and product characterisation. 

 

• Expansion of the biomarker profiles used for characterisation to better 

describe the process outputs. 

 

 

• Adapted runs of the process to allow for any limitations observed in the PoC 

study. 

 

• A reversal of the process outlined in figure 8.1, to determine the impact, if 

any, on the final product. 

 

• A potency study compared to the original TFF material to determine i) the 

influence of the process steps on product functionality, and ii) to determine 

how purification impacts product function compared to the primary recovered 

material. 
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8.1 Two-Step Process Trials 

The data in this chapter begins with a proof of concept run on the processes designed 

to verify the results achieved at the culmination of chapters 6 & 7. For this run the 

process used is shown in figure 8.2. The experiment produced the chromatograms 

presented in figure 8.3 A and B. 

 

 

 

 

 

Figure 8.2: Process flow diagram of two step chromatography process with volumes loaded and 

obtained from each step. The process flow diagram here breaks down the experimental order of columns and 

gives indications of the volumes which are loaded and eluted from the processes: the QA column is loaded with 

4mL of TFF material, and elution is achieved in 4mL also. 2.6mL of this is loaded into the OH column, with 

1.4mL being reserved for analysis. The HIC (OH) process then elutes into 4mL. 

TFF

4mL Loaded onto QA

QA 

4mL Eluted

2.6mL Loaded onto OH

OH Column

4mL Elution volume
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Figure 8.3 A & B: On-line process chromatograms for two step purification trial using QA (A) and 

OH (B) monoliths sequentially.  4mL of TFF material was loaded onto the QA monolith run at pH 8.0 (0M 

NaCl, 50mM tris loading buffer) washed, and eluted with a buffer of 1M NaCl, 50mM tris (A). 1.4mL of the 

resultant eluate was reserved for assaying, and the remainder loaded onto the OH column, this time loaded in a 

2M ammonium sulfate, 50mM phosphate buffer, prior to being eluted in a single 4mL fraction using 0M 

ammonium sulfate, 50mM sodium phosphate, pH 7.0 (B). In both cases the chromatograms show tightly eluting 

spikes in absorbance during each respective elution phase. The peak maxima for the OH column is notably lower 

than that returned by the QA column as the QA column has been previously shown to co-bind high levels of cell 

A. 

B. 
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culture-derived DNA and protein impurity, which the OH column will not bind as readily. Thus whilst absorbance 

is lower, this is from fewer impurities co-binding the column and entering the product stream during elution. 

Immediately upon observation of the chromatograms, it is observed that the OH 

column appears to be under-loaded with material due to the losses from sampling 

required for the QA step (a total of 1.4 mL was taken to allow for protein, DNA, 

NanoSight and Western Blot assaying). This under-loading is evidential in the scales 

of the absorbance readings obtained in figure 8.3B (which presented maxima at 35 

mAU for absorbance at 260 nm and 150 mAU for absorbance at 280 nm). Whilst 

these absorbance peaks are typically lower than those of the QA column, they still 

usually exceed the 200 mAU mark when loaded correctly. 

In order for the analyses to be correct then, this sampling loss was calculated and 

taken into account for the mass balances of the OH process, as reported in table 8.1. 

In this case, the OH process reports recovery of species in relative terms to the 

previous QA step’s load volume and not to the overall 4mL eluted from the step. 

The initial trial shows increased purity in terms of DNA for both processes, with an 

overall purification factor of 5. This result is important as DNA a necessarily low 

threshold impurity in therapeutics, and adequate removal by a process is highly 

important to avoid potential immunogenic or oncogenic DNA introduction into the 

patient derived from genetically modified cells (World Health Organisaiton, 2013b), 

such as the immortalised CTX stem cell line. In this case as a therapeutic product 

itself, the risk could be argued to be relatively low. However, for applications where 

the cells are designed and modified to be producers of exosomes only and thus 

harbour no directly tested safety in vivo, such DNA removal capabilities are 

increasingly of importance. 
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Sample [Particles] 

(mL-1) 

[Protein] 

(µg mL-1) 

[DNA] 

(µg mL-1) 

Particle 

Recovery  

(%) 

Protein 

Removal 

(%) 

DNA 

Removal 

(%) 

Elution 

Volume 

(mL) 

Load Vol. To 

Next Step 

(mL) 

TFF 8.02 x 1011   543 0.599 n/a n/a n/a n/a 4 

TFF + QA 4.81  x 1011   341 0.294 60.0 37.2 50.9 4 2.6 

TFF + QA + OH 2.92 x 1011   75.6 0.04 89.9 67.2 78.1 4 n/a 

 

Sample Purity (Protein)
 

(P µg-1) 

Purity (DNA)
 

(P µg-1) 

TFF 1.48 x 109 1.34 x 1012   

TFF + QA 1.41 x 109 1.63 x 1012   

TFF + QA + OH 3.86 x 109 6.71 x 1012   

Process Purification 

Factor (TFF+QA+OH) 

 
2.62 

 
5.02 

 

Table 8.1 A & B: The effect of two step chromatography on purity of exosome products. The 1mL QA column was loaded with 4mL of TFF material, and eluted in 

the same volume. 2.6mL of the eluate was loaded into the OH column, with 1.4mL being reserved for analysis. The HIC (OH) process then subsequently eluted the product into 

4mL (as shown in figure 8.2). The resulting eluates of both the single QA step, and the QA + OH steps were analysed for presence of cell culture impurities in the form of 

dsDNA (as detected by Quant-IT Picogreen assay), total protein (as detected by Bradford assay) and also for particle concentration (as determined by NTA NanoSight). All 

samples analysed in triplicate with the average result being presented. Table 8.1A shows the concentrations of the species present at each stage of the purification, as well as 

their respective recoveries with respect to the initial load of TFF recovered exosomes. Table 8.1B further analyses each step with regards to purity levels expressed as a ratio of 

particles (assumed to be fully exosomal in these cases) to the mass of respective impurity in order to demonstrate the increased level of particles, of which the product is 

contained, to the protein and DNA obtained from the cell culture process.  

B. 

A. 
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Additionally, the data shows an overall purification of cell culture-derived protein; 

however this is a lower-fold reduction (2.6) than the DNA purification factor. In both 

cases the most profound increases both come from the OH column, which, in spite of 

being under-loaded, still exhibited strong performance, especially when compared to 

the QA step.  This agrees with the data previously described in this thesis, but here 

gives a direct comparison of the two steps, albeit in tandem.  

When looking directly at the performance of the QA column in this experiment, we 

find that the purity of protein is reduced slightly compared to that of the TFF 

material, this likely stems from two conditions: i) the column was still overloaded 

and such losses in particles were outweighed by the removal of protein (as evidenced 

by 40% losses in particles and 37% removal of protein), and ii) increased burdens of 

protein and the resultant co-competition for binding motifs means that even subtle 

batch-to-batch variations in protein and DNA concentration will cause the column to 

produce varied results, such as appearing overloaded despite calculating the product 

load as tolerable for the column as in this experiment. This in turn leads to the 

conclusion that for optimal operation of the column, more detailed assessment of the 

impurity burden from the incoming TFF step should be conducted, and the output 

quality attributes from that process be linked to those of the operational parameters 

in the QA column. Examples of the burdens to measure would include identification 

and quantification of cell culture derived proteins, quantification of non-exosome 

particle matter such as debris or organelles which lie beyond the exosome size range, 

and the level of DNA present in the sample. 

This variability of quality of the starting material due to the TFF itself being 

optimised throughout the duration of the project is one of the limitations involved in 

developing precise process outputs. As TFF material improves the volume and 

concentration factor of the material increases. In addition to this, the relative ratio of 

protein and particles fluctuates, which causes unpredictable shifts on the binding 

capacity of the columns. As a result, especially when using the QA column which is 

highly susceptible to being overloaded or having albumin outcompete the particles, 

one finds that the recoveries are often lower than expected. In addition, the QA 

column suffers process dilution as a result. In an ideal bioprocess, once the final 

process volume and quality of the TFF material becomes constant this would likely 

facilitate a more efficient process which can be more reliably sized based on the lower 
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variation between process batches. Such a change would allow the columns to either 

concentrate (if the feed stream of TFF material were left relatively dilute, i.e. under 

the 1012 P/mL capacity of the column, also reducing the burden of superfluous 

concentration early on during the initial TFF) or at least to feed in a manner that 

would conserve the concentration, rather than resulting in a dilution due to the 

nature of chromatographic separation being unable to elute efficiently in lower than 

the volume of the column itself.  

In addition to the total protein assays conducted and described previously, a western 

blot probing for HSA and CD 81 was once more performed here to determine 

impurity and exosome biomarker expression between the samples to verify the 

conclusions put forward with regards to particle and protein identities. These are 

shown in figure 8.4. 

The results of the western blot correspond strongly with the data presented in the 

summaries in table 8.1, which indicate that the QA column has similar purities 

compared to the original TFF material. This is evidenced by the fact that both the CD 

81 and HSA markers for TFF and QA present with similar intensities (indicative of 

concentration). Additionally, the OH column not only shows a marked reduction in 

the HSA banding per volume loaded, but also shows a slight reduction in intensity 

for the CD 81 band, suggesting a higher purity as described. This phenomenon of 

exosomal “loss” could be attributed to the under-loading of the column whilst not 

reducing the final elution volume to match the changed material load (this was done 

to ensure the minimum system volume to attain the full elution buffer was achieved) 

and not from the process performance varying from the trends previously shown in 

chapter 7. This subsequently diluted the final preparation and hence the lower 

intensity in exosomal presence than in the TFF and TFF + QA steps, despite being 

the process which had the highest particle recovery (percentage) of the two 

chromatographic systems. 

 



253 
 

 

Figure 8.4: Western blot probing for CD 81 and HSA at each stage of the two step 

chromatographic process. .  4mL of TFF material was loaded onto the QA monolith run at pH 8.0 (0M NaCl, 

50mM tris loading buffer) washed, and eluted with a buffer of 1M NaCl, 50mM tris. 1.4mL of the resultant eluate 

was reserved for assaying, and the remainder loaded onto the OH column, this time loaded in a 2M ammonium 

sulfate, 50mM phosphate buffer, prior to being eluted in a single 4mL fraction using 0M ammonium sulfate, 

50mM sodium phosphate, pH 7.0. The resultant sample purified by both processes in tandem was then buffer 

exchanged, by use of Slide-A-Lyzer™ dialysis cassettes, into fresh PBS. Each stage of the process was then probed 

for CD 81 and HSA in a western blot, including the starting TFF material. In order to observe the relative 

concentrations of species in each stage, the blots were loaded on a basis of equal volume (35µL). The blot shows 

that as purification progresses CD 81 is present across all samples, showing exosomes are being captured 

throughout the process. Some dilution is observed across the process, reflecting inefficiencies with each process 

stage. Similarly, HSA is also present across all samples; however, the major monomeric band is shown to be 

greatly reduced (to a greater extent than on CD 81) between the QA and OH stages. This reflects how HSA has 

been shown to co-isolate with exosomes during the QA stage, but removed to a greater extent by the subsequent 

HIC process. 
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In order to rectify the observed limitations derived from material loading constraints, 

a further two step process was repeated, this time using the following process flow 

diagram, figure, 8.5. 

 

 

 

 

Figure 8.5: Process flow diagram of two step chromatography process repeat with new, adjusted 

experimental volumes. As the QA has been shown to have greatly lower capacity than the OH column, and 

with the requirement of sampling between the sequential processing stages was required, a modified version of 

the experiment shown in figure 8.2 which made use of two parallel runs of the QA column to yield sufficient 

material or sampling and loading onto the OH column was performed and is described here. In this case, the QA 

column would be run twice, each time processing 3mL of TFF material (eluted into 3.5mL) which could then be 

pooled to generate a loading material, from which the OH could be loaded and sampling between processes could 

be achieved. 4mL of this QA pooled eluate would be loaded onto the OH column, and eluted in 4mL. Process 

conditions are identical to those described previously: the QA process, used 0M NaCl, 50mM tris for 

loading/equilibration, and 1M NaCl, 50mM tris for elution (both, pH 8.0); and the OH process used 2M 

ammonium sulfate, 50mM sodium phosphate buffer for loading/equilibration and 0M ammonium sulfate, 50mM 

sodium phosphate for elution (both, pH 7.0). 
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For this we hypothesized that as the QA column was overloaded, running two parallel 

processes to accommodate a volume which would still allow sufficient loading into 

the OH column was ideal. A single aliquot of TFF material was split and processed by 

two QA column steps, the eluates of which were recombined, and into 7mL, 4mL of 

which was loaded directly onto a single OH column process. 

In addition to this process, a further experiment was conducted using a second batch 

of TFF material which varied significantly from the TFF material typically received. 

The first batch of TFF material used was similar to that used throughout this thesis: 

high concentrations of particles and a moderately high level of DNA and protein, 

(most of which is attributed predominantly to HSA retention during the TFF step). 

This was used to test the two step process under “routine” primary recovery 

conditions to verify the results previously found.  

The second batch however, was one which was obtained from a development run 

(rather than routine processing) by ReNeuron and was visibly more viscous and 

yellow, suggesting higher concentrations of proteins/HSA than typically observed. 

This presented a fortuitous opportunity to use material more heavily concentrated in 

impurity than usual to emulate a process test on the HIC column to mimic the 

“spiking” experiments typically used in industry to determine the maximum burdens 

which processes may cope in impurity removal. Such experiments are important in 

understanding how processes cope with changes to feed streams and are used to 

determine the critical quality attributes of the loading material. As the HIC column 

consistently outperformed the QA column, it was deemed an appropriate choice for 

testing such heavily impurity burdened material to see whether this would have any 

negative effect on its operation compared to normal. The QA column which is known 

to preferentially co-bind (to high degrees) HSA and DNA however, was hypothesized 

to be insufficiently effective for such material and was thus omitted from this 

experiment.  

The chromatograms for the repeated two-step process are presented in figures 8.6 

[A-C] and the single step HIC column run is presented in figure 8.6 D. 
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Figure 8.6 A & B: On-line process chromatograms for two parallel QA column runs. In accordance with the process scheme presented in figure 8.5, two 1mL QA 

monoliths were run in parallel to generate partially purified exosomes to load onto the OH monolith. 3mL of TFF recovered exosomes were purified in each run by loading onto 

the columns at pH 8.0 using an equilibration buffer of 0M NaCl, 50mM tris, washed with 0.14M NaCl, 50mM tris and finally eluted into 3.5mL (each run) using 1M NaCl, 

50mM tris. The online chromatograms show the reproducible nature of the chromatographic process, with almost identical absorbance measurements obtained from each of 

the process runs. This shows the process may be repeated without deviation or unexpected results between batch purifications and highlights the reproducibility sought from 

processes in this thesis. 
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Figure 8.6 C & D: On-line process chromatograms for OH column processing QA elution material (A) and OH column process run of impurity heavy 

feed TFF feed stream (B). Two 1mL OH monolith processes were run in parallel to purify exosomes from different feed sources. The first chromatogram shows the 

processing of material obtained from the QA steps performed in figure 8.6 A and B, where both eluates were pooled and 4mL of this was loaded into the OH column (figure 

8.6 C). Figure 8.6 D shows the chromatogram of the OH run which purified exosomes directly from an impurity heavy TFF feed, as a way of testing the purification limits of 

the column. In both cases, standard operation was performed with loading under 2M ammonium sulfate, 50mM phosphate buffer, a wash at 1.4M ammonium sulfate, and 

elution at 0M ammonium sulfate, all at pH 7.The results show comparability between the process runs, despite the load material being highly different in terms of impurity 

burden, with elution at 0M providing peaks in absorbance. Comparatively though, the magnitudes of the peaks are 10 times greater for the impurity heavy feed process (D) 

than for the pre-purified process in C which is expected as the more impure start material will naturally cause more process impurities to remain when compared to an already 

purified feed. 
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Comparisons of Figures 8.6 A and B show almost identical chromatograms as 

would be expected from repeated process runs, although the absorbance measures 

for A tend to slightly higher values at peak than for B. This evidences that the 

column operation, whilst still similar to the previous runs reported throughout this 

chapter, is repeatable when performing multiple runs. Notably, and as expected, 

comparison of these initial steps to the HIC column chromatogram in C show a vast 

reduction in the absorbance levels. This is attributed to the high level of impurity 

removal which is characteristic of the column.  

When comparing the cleaner and more routine TFF feed used as the basis for A-C to 

the single step process in D however, we see significantly higher absorbance readings 

on the HIC column when compared directly to its counterpart in C. This suggested 

that the process does indeed have its limits in terms of impurity removal and that a 

higher limit to the impurity burden would necessarily have to be determined when 

translating this process into a commercial setting. One way in which this could be 

achieved is by spiking studies which increase the impurity burden to a routine batch 

of material until the final elution product is no longer within the acceptable limits, or 

to the extent where column operation is non-conformant or altered. 

To further quantify the results of both experiments, assays were conducted as 

standard for these samples, once more including NanoSight particle counts, protein 

quantification via Bradford assay and DNA quantification via Quant-IT dsDNA assay. 

The results are presented in table 8.2. 

Results of the individual HIC run on the impurity heavy feed stream are presented in 

table 8.3. 
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Sample [Particles] 

(mL-1) 

[Protein] 

(µg mL-1) 

[DNA] 

(µg mL-1) 

Particle 

Recovery  

(%) 

Protein Removal 

(%) 

DNA Removal 

(%) 

Elution 

Volume 

(mL) 

Load Vol. To 

Next Step (mL) 

TFF 1.21 x 1012   602 0.581 n/a n/a n/a n/a 6 

TFF + QA 2.66 x 1011   176 0.287 25.6 80.5 50.6 7 4 

TFF + QA + OH 3.26 x 1011   57.5 0.187 70.0 51.1 34.6 4 n/a 

 

Sample Purity (Protein)
 

(P µg-1) 

Purity (DNA)
 

(P µg-1) 

TFF 2.0 x 109 2.1 x 1012   

TFF + QA 1.5 x 109 9.3 x 1011   

TFF + QA + OH 5.7 x 109 1.7 x 1012   

Process Purification Factor  
2.82 

 
< 1.0 

 

Table 8.2 A & B: The effect of two step chromatography on purity of exosome products purified via an adapted two-step protocol. In order to better assess 

the effect of two-step purification, a modified protocol of the process as descried in figure 8.5 was performed. In this case two parallel runs of the QA column were performed 

in order to allow reasonable product loads into the OH column, whilst considering the limited capacity of the QA monolith. In this case, a 6 mL aliquot of TFF retentate was 

split into 3mL samples. Each of these was processed on the QA column, under normal operation (pH 8.0 process, loading at 0M NaCl, 50mM tris, washing at 0.12M NaCl, 

50mM tris and elution at 1M NaCl, 50mM tris). The resultant eluates, 3.5 mL each, were pooled into a final QA elution of 7mL. 3mL of this was reserved for analysis, whilst 

4mL was loaded into the OH column. The OH process used 2M ammonium sulfate, 50mM sodium phosphate buffer for loading/equilibration and 0M ammonium sulfate, 

50mM sodium phosphate for elution (both, pH 7.0). As previously, the resulting eluates of both the single QA step, and the QA + OH steps were analysed for presence of cell 

culture impurities in the form of dsDNA (as detected by Quant-IT Picogreen assay), total protein (as detected by Bradford assay) and also for particle concentration (as 

determined by NTA NanoSight). All samples analysed in triplicate with the average result being presented. Table 8.2A shows the concentrations of the species present at each 

stage of the purification, as well as their respective recoveries with respect to the initial load of TFF recovered exosomes. Table 8.2B further analyses each step with regards to 

purity levels expressed as a ratio of particles (assumed to be fully exosomal in these cases) to the mass of respective impurity in order to demonstrate the increased level of 

particles, of which the product is contained, to the protein and DNA obtained from the cell culture process.  

B. 

A. 
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The results summarised in table 8.2 A and B show initially lower particle recoveries 

than have been previously reported for both of the process steps, as well as 

uncharacteristically high levels of protein removal from the QA column. This 

phenomenon is attributed to over-loading of the QA column, which has led to lower 

particle recovery (as most of the particles - and impurities- loaded did not bind the 

column initially) and subsequently high removal of impurities in the mass balancing.  

The reason for this is due to the variability in batches of TFF material and their 

resultant impact on loading of the columns, and highlights the importance of pre- 

and post- process testing, especially when more constrained processes like the QA 

are used.  In this case we see the particle concentration in the TFF feed was 1.21 x 

1012 particles per mL where for the majority of this project the concentrations were 

closer to 1011 per mL  (an example of this is the material reported in table 8.1). This 

meant that despite ensuring enough material was left for the HIC process by running 

two iterations of the QA column, the QA column was overloaded with particles once 

more, thus causing higher than expected process losses in the final mass balances. In 

order to allay this overloading would be to use a larger column size for the QA 

process, as discussed further in Chapter 10, Validation. 

When looking at the relative purity of the eluted material (i.e. material which was 

recovered and took part actively in the processing stage) the protein purification 

factor was almost identical to the previous experiment, with 2.62 (previously) and 

2.82 observed.  

Despite consistent reductions in DNA mass per elution across both the QA and OH 

column however, this repetition of trends is not observed in terms of DNA purity, 

which was reduced slightly by the end of this process. This result is explained 

mathematically by two factors: i) the overloading in the QA column caused a drop in 

particle concentration by 73% across the entirety of the process, despite the HIC 

column capturing 70% of the particles loaded onto it from the QA column, and ii) the 

fact that as a naturally low-mass impurity, DNA to product ratios are more likely to 

be influenced by such large changes in particle concentration than by reductions of 

the impurity itself which are relatively modest. 

Another observation from this data, once more compared to the previous data in 

table 8.1, is that the OH column continues to produce consistently strong levels of 
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purification of material eluted from the QA column. In this case as the column was 

more correctly loaded than in the previous experiment, we see higher particle 

concentrations suggestive of the high capacity and concentration ability of the 

process. Additionally we observe lower levels of DNA and protein removal. The 

reduction in protein could be attributed in part to the column performing at greater 

efficiency when severely under-loaded with product as was in the case of the previous 

experiment, but also must take into account the fact that exosomes present proteins 

themselves, and thus the higher concentration of exosomes would naturally cause 

some degree in increase of product-based protein content. This increase in exosomal 

concentration does not apply for the dsDNA however, and is thus more likely to be 

solely attributed to higher purification when running the column when under-loaded 

with product. 

 

Sample [Particles] 

(mL-1) 

[Protein] 

(µg mL-1) 

[DNA] 

(µg mL-1) 

Particle 

Recovery  

(%) 

Protein 

Removal 

(%) 

DNA 

Removal 

(%) 

TFF 2.08 x 1012 8260 18.4 n/a n/a n/a 

TFF+OH 2.88 x 1012 910 0.840 >99.9 90.5 95.4 

 

Table 8.3: Outputs of hydrophobic interaction chromatography loaded with an impurity heavy 

TFF feed stream. Thus far the OH column has shown evidence of having a larger capacity for exosomes than 

the QA column, and additionally, does not bind as high a percentage of the common process impurities such as 

culture derived protein and DNA. As such an impurity heavy TFF retentate was used to test the capability of the 

column to recover exosomes from a retentate far heavier in culture protein than would normally be obtained. To 

do this the 1 mL OH monolith was loaded with 4 mL of TFF recovered exosomes diluted to 10% with loading 

buffer (2M ammonium sulfate [AS], 50mM sodium phosphate, pH 7.0). The column was given a wash using 1.4M 

ammonium sulfate, 50mM sodium phosphate,  (10 CVs), prior to isocratic elution at 0M ammonium sulfate, 

50mM sodium phosphate, both at pH 7.0. Pre and post purification samples were then were analysed for 

presence of cell culture impurities in the form of dsDNA (as detected by Quant-IT Picogreen assay), total protein 

(as detected by Bradford assay) and also for particle concentration (as determined by NTA NanoSight).  

Results from the first two-step process (table 8.1) suggested that operation of the 

HIC column led to improved reduction in protein and DNA when under-loaded with 

material, especially when compared to the results in table 8.2. This in turn could be 

interpreted as a preferential mode of operation as the major impurities are being 

removed without losing much of the product even at the need for larger unit 
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operations. By reference to the experiment conducted on the impurity heavy TFF 

material loaded directly onto the HIC column though, table 8.3, we show that this is 

in fact, not the case, and that more conventional loading is better, not only for the 

reduced process sizing but for the levels of purification and recovery attainable, 

provided the previous downstream processing options are suitably operated. 

In this experiment we show that not only can a highly viscous and non-conforming 

material be loaded onto the HIC column, but at little to no sacrifice to the resultant 

product quality.  The results of assays showed that not only did the material loaded 

contain over 10-fold the levels of both protein and DNA than typically observed, but 

that the HIC column found no detriment on this to particle recovery (which exceeded 

100% due to the native error in requiring 1000-fold dilutions and subsequent 

exacerbations during back-calculation on the NanoSight for both samples). 

Furthermore we show that despite the chromatogram showing an increased level in 

protein and DNA in the elution (figure 8.6 D) which matches the increased 

concentrations determined by assays (table 8.3), that the level of purification was 

still favourable with 90.5% and  95.4% removal of protein and DNA respectively. This 

ability to extricate particle matter from such impurity dense material shows the 

impact that use of such a column could make as a robust polishing step for exosome 

therapeutics.  

In terms of purity ratios for this process we also see how the single column step may 

be used to provide ample purification of sub-optimal feeds. The TFF material had a 

protein purity ratio of 2.43 x 108 P.µgProtein-1, whilst in terms of DNA the ratio was 

3.16 x 109 P.µgDNA-1 prior to purification on the HIC column. Once purified however, 

the ratios were not only increased, but to levels of clinical relevance with 3.16 x 109 

P.µgProtein-1, and 3.43 x 109 P.µgDNA-1, as discussed in more depth in chapter 7. 

In order to further establish criteria on the elution products derived for this 

experiment a comparison was made on the particle size distributions generated from 

the TFF starting material and the two-step repeat and for the impurity heavy TFF 

material and subsequent HIC-only purification. The data are presented in figure 

8.7.  
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Figure 8.7: Particle size distribution profiles and summary table of exosomes recovered by TFF, anion exchange and hydrophobic interaction 

monoliths during 1 or 2-step purification. Exosomes captured by TFF were purified by QA monolith (anion exchange) prior to secondary purification by OH monolith, as 

detailed previously in figure 8.5. Additionally, an impurity heavy TFF retentate was also purified by use of the OH process only to determine the capability of the column to 

process an “unideal” recovery material. Upon purification samples were analysed in triplicate by NTA NanoSight in order to determine their particle concentration and size 

distributions, the left hand column of the figure shows the particle size distributions for the TFF, TFF + QA, and TFF + QA + OH processes; the right hand column shows the 
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same for the TFFImpurity heavy and TFFImpurity heavy + OH processes, as well as a summary table of total particle concentration (mL-1) and modal and mean values (nm). The 

NanoSight graphs are as shown during the runs and thus are representative of their diluted values. The diluent used was PBS and was 1000x for all samples, except for the TFF 

+ QA, and TFF + QA + OH processes, where the dilution factor was 100x. The variability of dilution was to accommodate the NanoSight’s thresholds during acquisition. In each 

case the PSD after purification shows tight peaks centred around the exosomal range, suggesting that purification methods are not only removing the larger shoulders present 

in the TFF material indicative of non-exosome particles beyond 150nm) but are also not introducing major precipitation or aggregation events. 
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Figure 8.7 shows that the largest particle sizes by mode arose from both of the TFF 

samples, indicating a higher-frequency of slightly larger particles than in subsequent 

processing steps. In both experiments, we see that this modal value is reduced 

suggesting removal of larger particles (protein or DNA aggregates, non-exosomal 

particles &c.). Importantly we show that in both cases the tailing of the particle size 

distributions are reduced with further downstream processing when compared to the 

TFF samples which have noticeable, albeit small, peaks within the 300-400nm 

range, none of which could be considered to contain exosomes. 

The mean values are also shown to be reduced in the 3-step process; however in the 

impurity heavy process we observe an increase in the mean value, despite reduction 

in the modal population. In this case whilst both mean and modal values for the OH 

process are still within the previously described desirable ranges for exosome 

particles, as discussed in chapter 5, it was a surprising observation to discover. The 

increase in the mean particle size is likely due to the change in particle types during 

pre- and post-elution. In this case the TFF material was depleted of the higher-end 

particles between 300-400nm, however we also observe that the trailing tail of the 

main peak, at around 200nm, is shown to be persist, suggesting some larger particles 

were still retained, thus showing the potential where the 9nm increase in mean is 

observed. An alternative explanation for why an increase in mean value is observed 

could be that the impurity heavy TFF material which was visibly concentrated with 

his levels of protein, also included aggregates of proteins, which were still of a lower 

overall size than the smallest particulates found in the samples, and upon removal by 

OH purification, the relative size of the particles subsequently increased. In the 

NanoSight graphs given, whilst the impurity heavy feed does lose the furthermost 

peak at the high end of the distribution (ca. 300 -400nm) the major reduction in 

concentration actually comes from the centre of the exosome range in the main peak, 

which would account for this change, and could be possibly explained by this 

hypothesis. 

Alternatively, as both samples were high in particles to well beyond the capability of 

the NanoSight, and which required dilutions of 1000-fold for measurements, the 

disparity could also be down to error. Indeed when assessing particle recoveries from 

such a sensitive and indiscriminate instrument, and where dilutions can exacerbate 

errors, such a result is likely.  
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As NanoSight alone is limited in the information it can give with regards to the 

composition of the feed and product streams, a panel of western blots was used in 

order to visualise the relative composition of the elution material with respect to the 

starting TFF samples. Within these blots we not only used the CD markers, and HSA, 

but also expanded the panel based on the minimal criteria outlined by ISEV (Lotvall 

et al., 2014), and are presented in figure 8.8. For this the following panel was used: 

1. Transmembrane/lipid-bound proteins to argue the presence of a membrane in the 

isolate (markers used were CD 9, CD 63 and CD 81). These markers are 

present/enriched in exosomes. 

2. Cytosolic proteins with membrane of receptor binding function (marker used was 

TSG 101). This marker is present/enriched in exosomes as part of the ESCRT (Morita 

et al., 2007). 

3. Intracellular proteins to determine presence of non-exosomal vesicles/particles in 

the isolate (GM130, a Golgi marker, was used to determine organelle presence). 

4. Proteins which co-isolate with exosomes. For this HSA was used. 
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Figure 8.8: Western blots of two-step exosome purification process and impurity heavy exosome feed purification. TFF recovered exosomes were subjected 

to purification by sequentially using anion exchange and hydrophobic interaction chromatography. In addition an impurity heavy TFF retentate was also directly purified using 

the hydrophobic interaction chromatography monolith, designated TFFIH. Samples were further buffer exchanged by Slide-A-Lyzer™ dialysis cassettes, into fresh PBS; prior to 

being western blotted and probed for: exosomal tetraspanins (CD 81, CD 63, and CD 9), an exosomal membrane binding protein (TSG 101), cell culture derived proteins (HSA), 

Molecular Weight 

Ladder for all 

Blots 
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and a non-exosomal organelle marker (GM 130). Samples are loaded on a basis of equal volume to allow for direct comparison of intensity (concentration) as purification 

progresses.  The blots for the exosomal tetraspanins show that each CD marker is present throughout the process, suggesting exosome retention. As the purification proceeds, 

the intensity of each band decreases slightly due to process inefficiencies. With the impurity heavy feed however, the bands maintain intensity suggesting the OH column alone 

can capture the product even when burdened with cell culture proteins and suffers less process loss than when the anion exchange column is used. TSG 101 is also (faintly) 

present in each blot, however the protein appears to be present in a polymerised form, likely due to the blot technique itself. HSA is shown to be greatly reduced as purification 

proceeds, with the main band almost fully depleted by the end of the OH process in both cases. Similarly, GM 130 is also shown to be undetectable by the end of both processes, 

suggesting the column separation can also discriminate between certain non-exosome particles which may be present in TFF feed streams, such as Golgi bodies.  
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In all cases the presence of the exosomal tetraspanins CD 9, 63 and 81 are confirmed. 

When looking at the concentrations of the tetraspanins for the 2-step process though 

there is some loss in intensity of the signal as processing proceeded, this is indicative 

of the results described in Table 8.2 which showed particle losses were observed 

during the QA step as a result of column over-loading, and thus concentration 

relative to the starting material was reduced. Conversely, on the OH only process 

which purified impurity heavy TFF material, which did not suffer losses in particle 

concentration, we observe the CD markers all present to the same extent as the 

original material. This not only provides further evidence of the process step for 

exosomal capture but also helps to verify the argument that the reduction in the 

tetraspanins was down to product dilution in the 2 step experiment. 

With regards to the next protein present in exosomes, TSG101, we observe faint 

banding in the 45-50kDa region (highlighted with a yellow arrow) which represents 

the expected band size for the marker (www.abcam.com) (Deun et al., 2014). In this 

case the concentration appears to be decreasing across all samples, which is in 

contrast to the polymerised form of the protein which is denoted by the red arrow, 

which conversely increases with processing. The reasons for this phenomenon is 

unknown but could possibly be attributed to sample preparation and the remnants of 

elution buffers causing this polymerisation. In spite of this however, the TFF fed 

directly into the HIC process did not seem to exhibit such drastic polymerisation 

once purified. A further observation across all samples of the TSG101 s that it was 

notably of very low concentration relative to all of the other species, and is the only 

blot in which the camera settings were required to be changed to allow observable 

visualisation of the banding (hence the darker ladder and background to the blot 

membrane). 

Regarding the first of the impurity markers, human albumin, we show that once 

more in all samples it is depleted suggesting removal across processing. Whilst 

dilution relative to the initial material is a factor to consider during the 2-step 

process, the change we see from TFF to TFF + QA + OH suggests complete removal 

of the HSA marker, whilst the same samples still maintained exosomal presence, 

which is also reflected in the purity increase from 2 x 109 P/µgProtein for the TFF 

material compared to 5.7 x 109 P/µgProtein for the TFF + QA + OH elution. When 

inspecting the blot for the impurity heavy feed, and as was suggested by the yellow-
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tinged colouration and viscous nature of the TFF material, the material was 

excessively concentrated by albumin to the extent the blot clogged around the 

protein (which also caused the distortion in the TSG101 blot in the same area). More 

profoundly though, we show that the HIC process has almost entirely removed this 

albumin content from the processed material, which when compared to the retention 

of CD markers, i.e. those denoting the product, highlight the commercial application 

of the process on even highly impure feeds. 

As a cell derived particle exosomes are only one of many likely particles within the 

isolated material from TFF, and in subsequent downstream processing. As such, a 

blot for GM130 was performed to detect proteins from Golgi which would be derived 

from lysing cells during cell culture. The rationale for this is that whilst other vesicle 

types are expected within the isolates and often removed via density or the size range 

of the particles (despite some overlap between these EV species) cell culture will 

rarely be maintained at 100% viability with no cell damage or lysis. Because of this 

there also is a risk of organelles (or their fragments) or particles from within the cell 

being introduced into the product stream. This concern will also likely become 

exacerbated by transition to novel, dynamic bioreactor technologies which will 

increase cell lysis events due to the forces introduced to the cells (which are currently 

in the majority derived from static 2-dimensional culture systems). As a process 

designed to be used at a commercially applicable scale then, logic dictates that some 

knowledge of these impurities are factored into the design of processes, even prior to 

adaptation to dynamic culturing technologies.  

Here we show that for the 2-step process using the TFF material generated by 

routine operation (rather than developmental experimentation as with the impurity 

heavy feed) that Golgi is detected in low abundance in the TFF stream, but removed 

entirely by the final OH step. In contrast the impurity heavy TFF material shows a 

high level of Golgi retention, likely a consequence of excessive clogging within the 

hollow-fiber TFF membrane leading to DNA, serum and particle retention beyond 

the norm. This retention however is almost entirely removed via a single purification 

process on the HIC column, suggesting that not only are exosomes retained whilst 

sera proteins and DNA are removed, but also that some cell derived particle 

impurities are also removed specifically by use of the column. 
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A further experiment was also conducted to better determine the protein 

composition of the TFF material and of the material post-purification (in this case a 

new run of the full process: TFF + QA + OH). Protein fingerprinting was performed 

by deltaDOT (London, UK) (www.deltaDOT.com) using their high performance 

capillary electrophoresis technology to compare the fingerprints of the starting TFF 

material and the final elution product. A second repeat using the same material was 

also sent to the Cell and Gene Therapy Catapult (CGTC, henceforth) (London, UK), 

this time with the inclusion of a GMP run of ReNeuron’s TFF process for 

comparison. 

In order to evaluate the peaks a molecular weight ladder was also analysed to provide 

the overlay on figure 8.9 for referral to the results in both processes. All data were 

analysed using deltaDOT’s General Separation Transform which is a front end 

algorithm designed to reduce the signal to noise ratio whilst maintaining sample 

peak shape information (www.deltadot.com). 

The data presented in figures 8.9-8.11 show the traces that resulted from the 

capillary electrophoresis analysis. Where indicated in the deltaDOT run samples, 

further numerical analysis on the specific peaks/regions was conducted, the data for 

which have been provided in table 8.4. 
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Figure 8.9: Protein fingerprints of TFF recovered exosomes as determined by high performance capillary electrophoresis. Exosomes recovered by TFF were 

purified on 1mL monoliths from BIA separations in a two-step process: TFF retentate was loaded onto an anion exchange column, prior to purification via hydrophobic 

interaction chromatography. The TFF start material (green trace) and TFF + QA + OH purified product (purple trace) were sent to deltaDOT for high performance capillary 

electrophoresis the results of which are presented here. In addition an overlay of a molecular weight ladder is also shown (pink trace). The results show that initially in the TFF 

material a large spike is observed between the 50 and 100 kDa ladder peaks; this is suggestive of the presence of albumin which has been previously confirmed in this work by 

other methods and is a known process impurity. The purified peak shows this peak to be greatly diminished; suggesting previous conclusions of HSA removal were indeed 

verifiable. In addition, an unexpected high molecular weight peak was shown to be reduced post purification. 
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Figure 8.10: Side by side comparison of protein fingerprints of TFF recovered exosomes (left) and post-purification exosome samples (right). Exosomes 

recovered by TFF were purified on 1mL monoliths from BIA separations in a two-step process: TFF retentate was loaded onto an anion exchange column, prior to purification 

via hydrophobic interaction chromatography. Samples of the TFF (left graph) and the final TFF + QA + OH (right graph) recovered exosomes were sent to deltaDOT for 

analysis by high performance capillary electrophoresis and are presented side by side, with duplicate results for each. As part of the process, regions and peaks of interest were 

analysed by a General Separation Transform by deltaDOT, and have been demarcated using numbers (peaks) and letters (regions): analysis of these are shown in table 8.4. 

The traces show that the majority of peaks are diminished post-purification, suggesting removal of unwanted protein species from the sample. The most obvious reduction is 

that of the double peak at ca. 61 and 72 kDa (arrows 3 and 4) largely attributed to HSA retention during the TFF process. We also see a marked reduction in a higher 

mo0olecular weigh peak (arrow 5) at ca. 130 kDa, potentially formed of dimerised HSA or other protein aggregates. 

 

TFF Material TFF + QA + OH 
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Figure 8.11: Comparison of pre- and post- purification exosome samples by high performance capillary electrophoresis performed by deltaDOT (left) 

and the Cell and Gene Therapy Catapult (right). Exosomes recovered by TFF were purified on 1mL monoliths (BIA separations) in a two-step process: TFF retentate was 

loaded onto an anion exchange column washed and eluted, and then further purified by hydrophobic interaction chromatography. Samples of TFF retentate and the two step 

purified exosomes were then sent for analysis by high performance capillary electrophoresis to deltaDOT (left graph) and the Cell and Gene Therapy Catapult (right graph). In 

TFF Material 

TFF + QA + OH 

TFF Material 

TFF + QA +OH 

GMP TFF 



275 
 

addition a GMP run of TFF material provided by ReNeuron was also sent to the Catapult to provide comparison of the product run using finalised production methods. The 

traces show comparability between like-for-like samples despite them being processed in different sites, showing reliability and reproducibility in the method. As described 

previously, post-purification samples are greatly reduced in high molecular weight protein species including a major peak at ca. 61 kDa which corresponds to HSA, one of the 

major impurities retained by TFF and removed by chromatographic methods. In addition, we observe that despite providing a GMP TFF sample, the presence of this same HSA 

peak is maintained, despite being partially reduced compared to the experimental TFF samples used in this project, This shows how the current technology for exosome 

purification is still insufficient at removing the majority of cell culture derived proteins and thus warrants further purification in order to provide samples of sufficient purify for 

clinical application. 
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Replicate 1 

Peak ID 

Mass 

(kDa) 

Corrected Area % Area Replicate 2 

Peak ID 

Mass 

(kDa) 

Corrected Area % Area 

1 14.5 2.21 x 10-3 10.01 1 14.5 9.93 x 10-4 5.83 

2 27.5 4.93 x 10-4 2.23 2 29.8 1.57 x 10-3 9.24 

3 61.9 3.20 x 10-3 14.48 3 61.4 2.10 x 10-3 12.35 

4 73.5 2.52 x 10-3 11.39 4 74.5 4.74 x 10-5 0.28 

5 137.0 2.13 x 10-3 9.62 5 126.0     4.32 x 10-3 25.36 

 

Table 8.4: Peak Analysis of pre-purification TFF retentate and post two step purification exosome samples by high performance capillary 

electrophoresis. As described in figure 8.5, TFF material was purified on 1mL monoliths in a two-step purification strategy, first by purification by anion exchange on the 

QA monolith, and then by a second purification step using hydrophobic interaction chromatography using the OH monolith. Samples were then sent to deltaDOT (London, UK) 

for analysis by capillary electrophoresis. The table shows the results of peak analysis (including determination of molecular weights in kDa, and of peak area) for both the TFF 

start material and the fully purified TFF + QA + OH samples, across duplicate measurements. 

Replicate 1 

Peak ID 

Mass 

(kDa) 

Corrected Area % Area Replicate 2 

Peak ID 

Mass 

(kDa) 

Corrected Area % Area 

1 14.5 9.65 x 10-3 7.05 1 14.5 1.03 x 10-2 7.37 

2 27.4 7.49 x 10-4 0.55 2 27.5 6.95 x 10-4 0.50 

3 61.2 6.29 x 10-2 45.95 3 61.6 6.45 x 10-2 46.32 

4 73.3 2.06 x 10-2 15.02 4 73.3 2.17 x 10-2 15.61 

5 129.0 1.48 x 10-2 10.82 5 129.0     1.62 x 10-2 11.64 

TFF Material 

TFF + QA + OH 
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The results presented across figures 8.9, 8.10 and 8.11 give further evidence to the 

removal of high molecular weight species removal (in this case likely cell-culture 

derived proteins) in the recovered material post chromatographic separation when 

compared to the TFF material. Of the peaks present in the original TFF material and 

selected for analysis (numbered arrows on traces; table 8.4 for analyses) there is 

one double peak which stands at far higher concentration than the others and is 

centred between 61 and 73 kDa, which is the molecular weight of human albumin. 

This vast level of albumin compared to higher and lower molecular weight entities 

serves to verify the assumption made throughout this thesis, that of all the proteins 

in conditioned media, the one which is retained the most and concentrated by the 

TFF steps is albumin. The fact that the peaks are reduced in size during the 

chromatographic process (with peak area reductions from 45-46% to 12-14%) serves 

to verify the results in western blots and of the general protein concentrations as 

determined by assays throughout this work. 

Observation of other potential species which have been retained from the cell culture 

medium is also highly informative. The other peaks reported and quantified are 

based on sizes of 14.5, 27.4, 61.6, 73.5 and 129-136 kDa. Whilst the majority of the 61 

and 73 kDa peaks are likely to be mainly HSA, it should be noted that another two 

proteins are present in the growth medium of the CTX cell line which have a size of 

around 70kDa, epidermal growth factor (EGF) and transferrin (79.6 kDa). Similarly, 

by comparison to the growth medium contents, one could attribute another peak to 

basic fibroblast growth factor (BFGF, 17kDa). However, these estimations would 

need to be verified by specific protein analysis methods such as ELISA, or 2D gel 

electrophoresis, for example. 

Interestingly, there appears evidence of a large >225 kDa protein species (located in 

region E) in the traces which is present in the TFF samples, and in the deltaDOT run 

experiment for the 2-step process samples, but which is absent in the CGTC run 

sample of the same material. This could possibly be the extracellular matrix protein 

laminin which is used for adhesion of the cells to culture plastics and has since been 

retained in the TFF.  

A further observation from these data is that with development, the TFF step can be 

optimised to retain lower levels of HSA, as demonstrated in figure 8.11 which 
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includes a GMP TFF run performed in house at ReNeuron. In this case it was found 

that HSA was greatly reduced when compared to the more developmental runs 

performed for this project, however the quantity of HSA (or equivalent weight 

proteins) is still higher than the 2-step process. This evidences the utility of the 

chromatographic steps as a post-recovery, intermediate and/or polishing strategy. 

This development also further serves to increase the promise of the QA column 

which can suffer capacity issues due to competitive binding for the QA ligand from 

albumin which would be reduced if consistently clean batches as shown here could 

be produced. 
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8.2 Process Validation Runs & Potency Testing 

Having ascertained the potential of using the column in tandem and abstracted the 

major difficulties with regards to product loading from column to column a final 

experiment was performed to validate the process and evaluate the impact, if any, on 

column operation on the final potency of the exosomes. 

To do this a rework of the process described in figure 8.5 was derived so at to 

optimise the recovery on the QA step due to the increased concentration of particles 

in newer TFF batches, whilst still providing enough material for the analysis of the 

QA step (including buffer exchange to remove NaCl for the potency assay), and 

sufficient loading into the subsequent HIC column (see figure 8.12). In parallel 

with this, a reversed version of the chromatographic processes was also performed in 

order to determine the effects of OH purification on QA column loading (see figure 

8.13). 
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Figure 8.12: Process flow diagram for potency validation runs of two-step purification. Having 

shown that purification can be achieved by use of monolith chromatography (1mL QA and OH columns, both BIA 

Separations). This experimental set up aims to provide material from each process step in order to determine the 

effect of purification methods on the final potency of the exosome product, both at the start of the process (i.e. 

TFF recovered) and post-purification by monolith chromatography. In order to do this, 4 lots of 1mL of TFF 

material were processed on the anion exchange column, the eluate (3mL each) of which is to be pooled (i.e. 12mL) 

of which 10.8mL was loaded into the OH column for the final purification step prior to a final elution of 3mL 

prior to buffer exchange by Slide-A-Lyzer™ dialysis cassettes, into fresh PBS in order to remove residual elution 

salts which may impact on potency. Processing in such a manner will aim to reduce the low column capacity of 

the QA column by performing more parallel steps instead of fewer higher loading steps, whilst also providing 

sufficient material for analysis and potency testing between monolith steps.  
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TFF Material (4 x 1 mL) 
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Figure 8.13: Process flow diagram for potency validation runs of two-step purification operated 

with reversed chromatographic processes. In addition to the conventional orientation performed 

throughout this thesis (TFF + QA + OH), we aimed to understand the impact that reversal of the 

chromatographic methods may have on the final outputs of the process (i.e. TFF + OH + QA). To this end this 

figure describes a reversed process to process 4mL of TFF material. In this case 4mL of TFF retentate was loaded 

directly onto a single OH column run (due to the larger column capacity than the QA column, only one OH run 

was required as opposed to four QA runs as in figure 8.12). Elution from the OH monolith was achieved over 

4mL, 1mL of which as retained for analysis, and 3mL of which split into two, 1.5mL aliquots, prior to running the 

QA column twice with an aliquot assigned to each. Each QA run eluted into 1.5mL, and were both pooled at the 

end prior to buffer exchange by Slide-A-Lyzer™ dialysis cassettes, into fresh PBS in order to remove residual 

elution salts which may impact on potency. 

The chromatograms for the standard two-step process are found in figure 8.14 [A-

E], whilst those for the reversed process are depicted in figure 8.15 [A-C]. The 

resultant purity and product metrics as a result of these experiments can be found in 

table 8.5. 
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Figure 8.14 [A-E]: Online chromatograms of two step purification process of TFF into QA (A-D) into OH (E). As described in depth in figure 8.12 TFF 

material was loaded in 1mL aliquots into four sequentially run anion exchange columns (QA, A-D) and eluted under standard process conditions (pH 8, 1M NaCl at elution). 

Each run used an elution volume of 3mL, and were pooled together to a final volume of 12mL. 10.8mL of this pool was loaded into a single OH run, (E) and eluted into a final 

volume of 4mL once more using standard conditions (pH 7, 0M ammonium sulfate for elution). All chromatograms depict the wash and elution phases of each run, whilst the 

30 35 40 45 50 55 60 65 70 75

0

50

100

150

200

A
bs

 (
28

0)
 (

m
A

U
)

CV (-)

0

50

100

150

200

A
bs

 (
26

0)
 (

m
A

U
)

0

100

200

300

C
on

du
ct

iv
ity

 (
m

S
/c

m
)

0

50

100

150

C
on

ce
nt

ra
tio

n 
B

 (
%

)

4

6

8

10

pH
 (

-)

30 35 40 45 50 55 60 65 70 75

0

50

100

150

200

A
bs

 (
28

0)
 (

m
A

U
)

CV (-)

0

50

100

150

200

A
bs

 (
26

0)
 (

m
A

U
)

0

100

200

300

C
on

du
ct

iv
ity

 (
m

S
/c

m
)

0

50

100

150

C
on

ce
nt

ra
tio

n 
B

 (
%

)

4

6

8

10

pH
 (

-)

30 35 40 45 50 55 60 65 70 75

0

50

100

150

200

A
bs

 (
28

0)
 (

m
A

U
)

CV (-)

0

50

100

150

200

A
bs

 (
26

0)
 (

m
A

U
)

0

100

200

300

C
on

du
ct

iv
ity

 (
m

S
/c

m
)

0

50

100

150

C
on

ce
nt

ra
tio

n 
B

 (
%

)

4

6

8

10

pH
 (

-)

30 35 40 45 50 55 60 65 70 75

0

50

100

150

200

A
bs

 (
28

0)
 (

m
A

U
)

CV (-)

0

50

100

150

200

A
bs

 (
26

0)
 (

m
A

U
)

0

100

200

300

C
on

du
ct

iv
ity

 (
m

S
/c

m
)

0

50

100

150

C
on

ce
nt

ra
tio

n 
B

 (
%

)

4

6

8

10

pH
 (

-)

95 100 105 110 115 120

0

50

100

150

A
bs

 (
28

0)
 (

m
A

U
)

CV (-)

0.0

12.5

25.0

37.5

50.0

A
bs

 (
26

0)
 (

m
A

U
)

0

100

200

300

C
on

du
ct

iv
ity

 (
m

S
/c

m
)

0

50

100

150

C
on

ce
nt

ra
tio

n 
B

 (
%

)

4

6

8

10

pH
 (

-)

A. B. 

C. D. 

E. 



283 
 

QA runs additionally show the column strip post-processing. Observation of A-D show almost identical chromatograms for each of the QA runs, which highlight the increased 

reproducibility and predictability of chromatographic separation when compared to the current exosome manufacturing methods. In each case, a peak in absorbance is found 

within the elution phase at 1M NaCl, with a smaller peak during the wash phase (pH 7, 0.12 M) where removal of culture protein based impurities (and some exosomes) is 

achieved. In E, depicting the OH step, we observe no major peaks during the wash phase, as typically the column does not bind detectable levels of species in this range, upon 

elution however, a peak is observed suggesting successful elution of the target species. Notably the DNA peak associated with the red trace (A260) is lower than that of the black 

protein trace (A280) which is different to the closer overlap shown in A-D. This is because whilst the QA column will strongly bind both protein and DNA impurity, the OH 

column does not have a strong affinity for DNA, and thus far less is found to elute from the column. 
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Figure 8.15 [A-C]: Online chromatograms of reversed two step purification process of TFF into OH (A) into QA (B & C). As described in figure 8.13 TFF 

material was loaded into a reversed chromatographic process, first loaded onto the OH column (4mL in, 4mL eluted: pH 7, 0M ammonium sulfate for elution), and then into 

two parallel runs of the QA column (pH 8, 1M NaCl at elution), each loaded with 1.5mL of the elution material obtained from the OH column and eluted in the same volume 

prior to buffer exchange into fresh PBS. The graphs show that as expected no major peaks were observed during the wash phase of the OH run, with elution giving the sole peak 
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obtained in the chromatogram reflecting the eluted product. In addition, the wash phases of the QA runs produced a typical peak where culture proteins are eluted before the 

final elution, notably lower in intensity (ca 20-30 mAU) as opposed to when the QA column precedes the OH step, where the wash peaks are closer to 50-100 mAU. 
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Sample [Particles] 

(mL-1) 

[Protein] 

(µg mL-1) 

[DNA] 

(µg mL-1) 

Particle 

Recovery  

(%) 

Protein 

Removal 

(%) 

DNA Removal 

(%) 

Elution 

Volume 

(mL) 

Load Vol. To 

Next Step (mL) 

TFF 1.88 x 1012   771 9.98 n/a n/a n/a n/a 4 

TFF + QA 1.62 x 1011   58.3 0.75 46.5 77.3 77.4 12 10.8 

TFF + QA + OH 3.27 x 1011   78.5 0.22 37.1 (17) 13.5 (90.8) 20.9 (98.3) 3 n/a 

TFF + OH 8.87 x 1011 172 0.28 47.2  71.1 97.2 4 3 

TFF + OH + QA 2.71 x 1011 100 0.19 55.0 (26) 12.3 (83.3) 1.4 (98.5) 3 n/a 

 

Sample Purity (Protein)
 

(P µg-1) 

Purity (DNA)
 

(P µg-1) 

 TFF 2.44 x 109 1.88 x 1011   

TFF + QA  5.00 x 109 3.88 x 1011   

TFF + QA + OH  4.10 x 109 1.75 x 1012 

TFF + OH 3.97 x 109 3.12 x 1012 

TFF + OH + QA 3.79 x 109 2.50 x 1012 

 

Table 8.5 A & B: The effect of two step chromatography operating in standard and reversed order on the purity of exosome products. In order to assess 

purification of exosomes by monolith chromatography, the two step process (TFF + QA + OH), as developed thus far was compared to an inverted process which used the OH 

column prior to the QA purification (TFF + OH + QA) in order to determine what impact, if any, the reversal of process order had on the resultant product in terms of purity 

and recovery. The results relate to the processes fully described in figure 8.12 (TFF + QA + OH) and figure 8.13 (TFF + OH + QA). Briefly, the TFF + QA + OH process 

purified 4 aliquots of 1mL of TFF material across four parallel runs of the 1mL QA monolith, operating at pH 8. The resultant eluates were pooled and subsequently loaded into 

a single OH process run (pH 7), prior to elution and overnight buffer exchange into fresh PBS, to remove residual salt which may interfere with assays. The TFF + OH + QA step 

utilised a single OH purification of 4mL of TFF material, subsequently loaded into two QA monolith processes run in parallel, pooled and buffer exchanged into fresh PBS. Pre-

purified TFF material, single step purified material (i.e. QA only, and OH only) and the two fully purified exosome samples were all analysed for presence of cell culture 

impurities in the form of dsDNA (as detected by Quant-IT Picogreen assay), total protein (as detected by Bradford assay) and also for particle concentration (as determined by 

A. 

B. 

b. 
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NTA NanoSight). Table 8.5 A shows the concentration of particles, protein and DNA for each process, at each stage of purification and also includes the pooled volumes of 

elution from the intermediate stage, as well as the loading volume for the subsequent stage. Table 8.5 B shows the purity of the exosome preparations for all stages, in terms of 

the ratio of particles to mass of process impurity. 
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The chromatograms presented in figures 8.14 A-C and 8.15 A-E show the 

reproducibility in the elution profiles for the repeated QA processes, even between 

experiments. Similarly they show this reproducibility for the HIC column, albeit only 

twice as opposed to the six QA runs. In both cases the operation which was run as the 

second process, consistently has lower elution peaks as based on online A280 and A260 

measurements than the same step when performed as the first step in the two. This is 

down to the previous step performing product purification (and also product loss) 

when compared to the initial TFF load.  

In terms of process performance as described in table 8.5, with regards to impurity 

removal, the standard QA + OH step performed better in terms of protein removal, 

but identically in terms of DNA removal across the process. This suggests that of the 

two impurities DNA is less susceptible to process order. With regards to protein 

removal though, it could be argued that the samples are more similar than the 7.5% 

difference between both processes may suggest, as the TFF + OH + QA process which 

appears to have a lower level of protein reduction, does also have higher particle 

capture overall, thus suggesting some extent of exosome-protein influencing the final 

concentrations. It would also explain the similarity in DNA between both process 

options, as exosomes are known to contain miRNAs rather than dsDNA, but in either 

case, would be encapsulated within the exosome and prevented from being assayed 

by the pico-green reagent. Both variations of the process also show increases in 

purity overall, but once more evidence the trade-off between particle loss and purity 

ratios, as in the case for the TFF + OH + QA step shows for DNA purity. 

A further conclusion from this experiment is that depending on process ordering, 

there is an important consideration to factor with regards to concentration versus 

overall recovery, as in the original process (TFF + QA + OH) we see higher 

concentrations of particles in the final product, however, when the chromatographic 

processes are reversed, we see lower final concentrations but a higher final recovery 

of 26% across the reversed process versus 17% in the original. Determination of 

which is a better option would inevitably have to come down to further downstream 

processing options necessary beyond these stages. Such considerations could include 

whether the high salt elution of the QA column, and thus greater buffer exchange 

requirement would cause increases in loss compared to less intensive buffer 
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exchanges (in terms of volume and reaching low salt concentrations) when compared 

to the low-salt and more concentrated elution from the OH column. 

To further evaluate the contents of the elution material western blots were conducted 

on the samples to determine the levels of HSA, and exosomes by use of markers CD 

63 and CD 81. These are shown in figure 8.16. 
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Figure 8.16: Western blots of two-step exosome purification process in standard and reversed 

operation versus initial TFF material. TFF exosomes were purified on 1mL monoliths in either the standard 

process: TFF + QA + OH; or in the reversed process: TFF + OH + QA, as described in figures 8.12 & 8.13. 

Samples for analysis were taken at each stage of the processes and probed for HSA, CD 63 and CD 81 by western 

blot. Samples were loaded on a basis of equal volume to give an indication of relative quantities present as 

purification advanced. All blots are labelled with lanes corresponding to: 1 = Ladder, 2 = TFF material; 3 = 

Ladder; 4 = TFF + QA; 5 =TFF + QA + OH; 6 = TFF + OH; 7 = TFF + OH + QA. Observation of the initial TFF 

samples show intense banding for exosomal CD markers, and a high level of HSA which has two major intense 

spots for monomeric and dimeric protein as well as higher molecular weight aggregates. In comparison, purified 

samples are shown to greatly reduce the intensity of the monomeric ban, especially immediately after purification 

by OH in both processes. In addition, the intensity of exosome marker remains intact, although slightly reduced 

by virtue of both process inefficiencies and slight dilution due to elution. 
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The results in figure 8.16 verify the existence of particles with exosomal origin as 

well as reflect the concentration between the samples (proportional to intensity of 

the blot). An example of this can be seen in comparison of lanes 4 and 5 westerns 

(which correspond to TFF + QA, and the TFF + QA + OH samples) which are 

increased in intensity in both the CD 81 and CD 63, which matches the data observed 

in table 8.5. Similarly the reduction in concentration observed in the reverse 

process lanes 6 and 7) is also noticed in the exosomal expression. In addition to this 

we also observe similarities between the samples and the original TFF material, 

suggesting high levels of exosome recovery, as opposed to the less precise total 

particle recoveries. 

Furthermore, the trends all show vast depletion of HSA compared to the TFF 

material, however the higher molecular aggregates of the protein do still remain. One 

anomaly does exist here however, and that is the OH column used at the beginning of 

the reversed process appears to retain more HSA than usual, the reasons for which 

are unknown, and in direct contrast to experiments earlier in this thesis. One 

possibility may the lowering of the column efficiency after numerous uses; however 

this would require extensive reusability studies to confirm or deny. Another 

possibility may be on the material itself that some serum may have aggregated with 

species which present enough hydrophobicity to allow the binding on the column, 

and may also explain the retention of the higher molecular weight aggregates too. 

Having thus far successfully proven both the anion exchange and hydrophobic 

interaction monolith stages to be able to remove the vast majority of culture protein 

derived impurities previously, the final question to satisfy whether these processes 

could be used successfully in an advanced bioprocess for exosome purification 

remained: that of potency. In order to test whether the exosomes obtained via these 

purification steps (TFF + QA + OH, and TFF + OH + QA) as well as their respective 

mid-process single stage purified material (TFF + QA, TFF + OH) a scratch assay 

using fibroblasts was once more performed. The results of the previous scratch 

assays have thus far yielded several trends and hypotheses which can be applied 

here, and which also generate questions for this assay to prove.  

The first of these questions then, was, will the purified exosomes, now having shown 

marked reduction of culture proteins (as determined by western blot, capillary 
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electrophoresis, total protein assays) and other particle impurities (removal of 

GM130) provide the same stimulus as the TFF material? Within this thesis the 

assumption has been that the major purveyor of effect within the TFF material was 

correctly attributed to the exosomes therein and not the co-concentration of various 

proteins which may also influence growth. The fact of exosomal function was 

somewhat proven during the small scale screening, however due to the nature of the 

experiment multiple unknowns such as complete protein content and vesicle damage 

made this difficult to assess correctly. In this experiment however, we have TFF 

material (including all of its respective protein impurity) to compare to the purer, 

protein depleted samples obtained via monolith chromatography. Thus, assuming 

these processes do not cause any direct damage to the exosomes themselves, we 

would expect the potency to match that of the TFF material.  

The possibility of damage via the process is present but the risk is believed to be 

small as these methods are known to be commonly used to retain viral function and 

intactness and are widely used for these purposes. Despite this, the hypothesis would 

remain unchanged: that monolith purified exosomes can provide would repopulation 

on this assay on par with the original TFF material. If potency is lost by these 

methods, this could then be attributed to either a loss of the true functional entity by 

removal of key culture proteins which masqueraded as the effect of exosomes, or by 

damage to the vesicles, either way; this would require further, deeper investigation. 

Previously it has been shown that exosomes on the scratch assay when seemingly 

purified without damage and when dosed appropriately can cause linear growth in 

the fibroblasts (as opposed to conditioned medium which promoted a more delayed 

response) over the first and second day of culture, with the third day usually 

plateaued due to assay completion and what is possibly the slowing of cells naturally 

as their density increases within the culture area. Thus we would expect the trend in 

growth to remain constant for all samples, and for wound repopulation to be 

achieved to completion over the three days.  

To this end we tested the samples obtained from both two-step processes, and 

performed the scratch assay using the standard 20µg dosing. The day 0 and day 3 

images are shown in figure 8.17 whilst the compete growth curve is depicted in fig. 

8.18 and the statistical analysis of the completed assay results in fig. 8.19. 
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Figure 8.17: Representative images of wound repopulation of HDFa dosed with exosome 

preparations pre- and post- chromatographic purification. TFF exosomes were purified on 1mL 

monoliths in either the standard process: TFF + QA + OH; or in the reversed process: TFF + OH + QA, as 

described in figures 8.12 & 8.13 with exosomes to be used for the assay being buffer exchanged using Slide-A-

Lyzer™ dialysis cassettes into PBS. Human dermal fibroblasts (HDFa) were seeded into Ibidi scratch assay plates 
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at a density of 28,000 cells per mL, left to attach and form a confluent layer within the insert wells overnight, 

prior to insert removal, gentle washing using HBSS and addition of samples in basal medium. Cell growth was 

monitored every 24 hours for 3 days and images were taken of the wound area. Images were processed using 

ImageJ to determine the number of pixels in the wounds at experiment start, and at each of the growth intervals. 

Images shown represent day 0 and day 3 images without (1) and with (2) a side-by-side demarcation of the 

wound area, for visibility. Images are lettered independently for day 0 and day 3. Day 0 images: A = TFF; C = TFF 

+ QA; E = TFF + QA + OH; G = TFF + OH; I = TFF + OH + QA; K = negative control; M = positive control. Day 0 

images: B = TFF; D = TFF + QA; F = TFF + QA + OH; H = TFF + OH; J = TFF + OH + QA; L = negative control; 

N = positive control. Images have been cropped and lightened for presentation purposes. 

Observation of the images shows high levels of wound repopulation in all samples, 

with the exception of the negative control. This immediately suggests that 

purification by monolith chromatography has no major adverse effects on the 

outcome of the assay. To note however, is that of the samples assayed, the TFF and 

TFF + QA + OH and TFF + OH had more complete coverage of the growth area, with 

only small sections remaining, whilst the TFF + QA and TFF + OH + QA both had 

more numerous small gaps remaining within the assay area, suggesting some lower 

efficacy in these samples. 

Observation of the numerical data for the assay time course shown in figure 8.18 

show that over all replicates these data were reproducibly observed, and thus yield 

the same ranking in terms of final output. The TFF material and TFF + QA + OH 

both scored similarly, with 98.0% ± 1.48% and 98.0 ± 0.38%, respectively. These 

values are promising as they show the ability of the standard two-step process to 

yield the same level of functional activity at the starting material, despite being 

reduced in culture proteins, other particle impurity and DNA impurity as shown 

previously. In addition these results would suggest that no damage is occurring by 

the process steps. 

The next ranked output comes from the TFF + OH yielding 96.4% ± 1.48%. This 

result is interesting as it shows that the single purification step of TFF + OH can 

outperform the two step purified (reversed) process of TFF + OH + QA, which only 

achieved 86.2% ± 8.63%. This in itself could suggest that, when combined with the 

fact the lowest wound coverage achieved in this assay were from processes ending 

with the QA step, that the QA step is causing a lower potency compared to the OH 

ending processes. It would not be logical though, to assume damage is occurring, as 

when the QA material is fed into the OH column potency is once more achieved. 

What is more logical is that the QA column, which has consistently been shown to 
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dilute the final product throughout this thesis, and which often removes less culture 

protein than the OH column, is simply dosing a less pure, less concentrated product, 

in comparison to the OH ending samples. Alternatively as the QA column has elution 

at 1M NaCl, there is a possibility that the buffer exchange steps did not sufficiently 

remove all of the salt and it is causing retardation of growth in comparison to the OH 

column, however, this is unlikely as the volumes used were in excess of 1L fresh PBS 

per 1mL of sample.  

Another factor intrinsic to the assay itself may also be causing the influence of the 

particular value related to the TFF + OH + QA column however. Within this dataset, 

one will notice the errors typically are around 0.3 to 2%, whilst that of the TFF + OH 

+ QA are 8% which suggests something less standard occurring in each sample. It 

was observed that in one of the replicates, a small section of the wound area was 

never covered by the cells, despite being close to the wound periphery. The reason for 

this is unknown but the cells were observed to grow around this area, suggesting the 

section of the well itself may have been at fault (i.e. by virtue of uneven/failed culture 

treatment during manufacturing, or glue remaining on the surface upon insert 

removal). The basis of this argument, aside from visual observation during data 

acquisition, is also that the error and area were sustained over the entire time course, 

and are reflected by the larger than expected error bars in each time point for this 

single replicate. Assuming this to be the correct provenance of the error, one can 

compare the data without the spurious replicate to assess the impact on the final 

result. The results for the replicates were: 92.2%, 76.3% and 90.1%, yielding the 

average presented as 86.2%. By removal of the potentially inaccurate sample, we 

observe instead an elevated average of 91.2% ± 1.43%. These corrected results appear 

to fall more closely in line with the other data sets, especially in terms of error. 

Importantly though, they do not remove the fact that the trend of QA ending 

processes providing slightly lower levels of growth when compared to the OH ending 

processes and thus do not detract from the overall trends observed. 
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Figure 8.18: Graph of wound repopulation of HDFa dosed with exosome preparations pre- and 

post- chromatographic purification over 72 hour period. TFF exosomes were purified on 1mL monoliths 

in either the standard process: TFF + QA + OH; or in the reversed process: TFF + OH + QA, as described in 

figures 8.12 & 8.13 with exosomes to be used for the assay being buffer exchanged using Slide-A-Lyzer™ 

dialysis cassettes into PBS. Samples were loaded onto a fibroblast scratch wound healing assay in Ibidi scratch 

assay plates at monitored daily for 3 days. Size of wound area was determined by processing in ImageJ and 

resultant percentages achieved with respect to the day 0 wound. Assay was performed in triplicate for each 

sample, points signify the average of triplicate measures and error bars shown are the standard deviation of the 

data. The graph shows upon addition of purified exosome samples, proliferation rate of fibroblasts is increased 

compared to the negative control of basal medium with no supplementation. By the end of the assay QA + OH, 

and OH samples provide the best wound repopulation and closest levels of closure to the positive control (the 

complete growth medium for the fibroblasts). In addition, OH + QA and QA only samples also provide high levels 

of repopulation, but are lower than QA + OH, and OH samples, likely due to the QA process being less efficient at 

recovering exosomes, and thus giving a lower concentration of exosome particles, for an identical protein 

concentration load (as was the basis of the assay). 

In addition to these analyses, we can also observe the growth trends on a daily basis 

for each of the samples. Previously we have shown the successfully purified and 

appropriately dosed exosome preparations can yield a linear growth increase over 

the first 48 hours of culture. In this experiment we see each of the samples following 

this trend closely with the second day increases being slightly lower than the day 1 
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increases, likely as a result of depletion of the active ingredient over time. 

Additionally, the first 24 hour period increase is also reflective of the final results of 

the assay in terms of coverage, aside from when the TFF + OH + QA data is shown to 

drop below the TFF + QA, which once more shows the impact of the low replicate in 

the data. 

This reflection of initial growth rate to the final ranking in wound coverage is 

highlighted by the dataset: TFF yielded an immediate increase of 53.5%, whilst the 

TFF + QA + OH covered 51.9% initially, (both rank =1 by end of assay), the TFF + 

OH provided the next highest initial growth, covering 47.8% (rank 3, by end of assay) 

whilst the QA and OH + QA samples yielded initial growth of 35.3% (rank 5 by end of 

assay) and 41.9% (rank 4 by end of assay), respectively. 

  

Figure 8.19: Bar graph of in vitro fibroblast scratch-wound healing assay at day 3 dosed with 

exosomes recovered by one or two step chromatographic separation. Day 3 data of fibroblast wound 

repair in vitro when dosed with exosomes recovered during chromatographic separation for normal (QA + OH) 

and reversed processes (OH + QA), including samples obtained after a single stage of chromatographic separation 
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(QA only and OH only). Statistical significance calculated by one-way ANOVA with Tukey’s post hoc test. P ≤ 0.05 

= *; P ≤ 0.01 = **; P ≤ 0.001 = ***; P ≤ 0.0001 = ****. 

In addition we can also consider the results of the significance testing for the final 

day data, which show strong significance values for all samples compared to the 

negative control. This means specifically that there is almost no possibility (<<0.01% 

in all cases) that addition of the samples to the basal medium were not contributory 

to the final outcomes of increased growth. Within the samples we only see few 

instances of there being statistical significance all of which are linked to the TFF + 

OH + QA result which discussed previously may contain a spurious replicate. In this 

case though, the probabilities are far greater (1% < P < 5%), and thus have a higher 

chance of containing an incorrect evaluation refuting the null hypothesis that there 

was no difference between results in terms of wound repopulation. One of the 

limitations of such analyses is that they only provide a probability that the values 

obtained either reject or accept the premise of the test itself, rather than give a 

definitive answer.  

Thus when looking at such data, one must also evaluate the context and surrounding 

data, especially as the results are assessed in comparison to one another. Typically a 

5% cut-off is used to reject the null hypothesis, however, in this data set, the trends 

are overwhelmingly clear as to the outcome, especially in context of the negative 

control, with probabilities spanning 3.07x10-4 % to 7.5x10-6 %. As such the choice of 

testing may not necessarily be completely appropriate, especially when compared to 

logical and critical analyses. For example, if there was a true relationship between the 

TFF + OH + QA step and the other stages to which it tested significantly different 

from, one could conclude that the use of one or both steps in combination resulted in 

a product of lower quality, by virtue of damage or impurity burden/dilution. This 

however, we know to be false as both individual steps have been shown to provide no 

such damage, and whilst reversed the TFF + QA + OH yielded the best repopulation 

of the purified methods. In a similar vein, were the OH + QA sample not included at 

all, or where a duplicate and a “missing data” value was used instead of the third 

spurious data value, this significance would disappear, and potentially shift 

significance to other values instead. As such, whilst we may present the data as such, 

we would argue that to say the outcome of TFF + OH + QA sample provides a less 

potent product would be misleading and incorrect. Instead it would be more 
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justifiable to explain that in the context of the asynchronous replicate, dose 

responsiveness and the dilution observed by the processes which end in QA columns 

the effect of the product was lessened in comparison to purer, higher particle 

concentration containing samples. By this logic one would still assign importance to 

the value and not pass it off as “insignificant”, but rather giving the more correct 

interpretation, that of being less compatible than other values within the same 

interval. Further in depth analysis of the use of statistical significance in the 

biological sciences is beyond the scope of this project, however, and better left to 

discussions as those found in (Amrhein, Greenland, & Mcshane, 2019). 

By doing such an assignment, one could then generate a series of follow up 

experiments in order to validate and prove the claims of the testing. In this case, one 

might suggest using a labelled exosome purified by the same processes, and loaded 

with a constant particle number, in order to enhance understanding of the rate of 

uptake by the cells and the impact of the purification methods on each of these, as 

described in future work.  

With these considerations in mind however, the overall conclusion of this 

experiment has shown the following: firstly, that exosomes from TFF are most likely 

to indeed be the active ingredient, as significantly drastic changes to cell-culture 

protein content by monolith purification caused no major disruption to the overall 

effect on the fibroblasts in terms of wound repopulation. Secondly, we conclude that 

no adverse effects related to damage of the exosomes are likely to have occurred as a 

result of monolith purification, but that minor changes to potency output are more 

likely to be associated with process derived inefficiencies in terms of product 

dilution/purity at different stages of the two-step processes.  

We observe finally that tangential flow filtration combined with monolith 

purification methods, in combination or in isolation, can provide exosome 

preparations of enhanced purity and maintained functional output, in a scalable and 

versatile manner, within the novel bioprocesses described in this thesis, and which 

may be further added to or optimised to achieve greater  yield/purity. Thus we 

believe that the thesis statement that monolith chromatography can be used to 

improve downstream processing options for clinically relevant, therapeutic exosomes 

has been fulfilled.  
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8.3 Chapter Summary & Conclusions 

This chapter has built on the developmental work achieved in chapters 6 and 7 to 

examine the effect of sequential operation of the two chromatographic options. The 

work undertaken here showed that not only are exosomal markers conserved in 

proportion to the relative particle concentration in both processes, but that HSA as a 

major impurity retained in TFF feed streams can also be greatly reduced. The OH 

column was also found to deplete Golgi derived impurities which may also be causing 

background in particle counts from the feed material (and thus to some extent be 

causing a lower overall recovery, without prior means to determine the definitive 

number of exosomes to total particles in the material). 

We further go on to verify the reduction in background proteins by the TFF + QA + 

OH process by use of an orthogonal method to western blotting: high-performance 

capillary electrophoresis. This shows reductions of protein peaks within the samples 

post-purification when compared to the originating material from TFF, including 

almost complete depletion of a double peak centred around 63-70 kDa, of which 

three cell culture medium proteins are assumed to occupy, HSA, transferrin and 

EGF. 

Finally this chapter provides proof that purification by monolithic chromatography 

does not cause damage to the exosomes used in this thesis by their ability to heal a 

simulated wound of human dermal fibroblasts. In this case all results showed 

between 90-98% wound closures compared to the negative control. Any slight loss in 

potency here is hypothesized to be due to either reagent/salt retention, or due to 

dosing of particles between the samples as a product of sample dilution rather than 

damage which has previously been shown to negate proliferative action, chapter 5, 

but necessarily would need further investigation prior to commencement of 

industrial application. 
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Chapter 9.0 

Conclusions 

9.1 Conclusion 

The overall aim of this thesis was to develop methods of purifying exosomes from cell 

culture supernatant which can be applied to a commercial scale whilst retaining 

product function and identity. This has been achieved through the development of 

two monolith chromatography processes, AEX and HIC, which provide orthogonal 

modes of purification from the traditional, physically based methods used to date 

within the industry. 

Exosomal presence was confirmed via a variety of analytical techniques which define 

the key elements of exosomal presence. These have been shown to include the 

tetraspanin biomarkers, CD 9, CD 81 and CD 63 which are commonly conserved and 

enriched amongst multiple exosomes of differing origin. The western blot developed 

to detect these was shown to have a lower limit of detection of 109 particles per mL. 

Additionally physical characterisation of exosomes was confirmed by NTA which 

showed  typical and reproducible size range within the 30-150 nm range as given by 

literature both pre- and post- chromatographic separation. In addition exosomes 

were shown to retain the cup-shaped morphology when imaged under transmission 

electron microscopy, which also verified the particle size ranges obtained through 

NTA. Exosomes were characterised by isopycnic ultracentrifugation and shown to 

settle within a density range of 1.136 – 1.185 g mL-1 as expected based on literature 

values for exosomal density. 

Finally, exosomes were also shown to contribute to in vitro potency in a fibroblast 

wound healing model in a dose dependant manner, with a 20 µg load of large scale 

TFF recovered exosomes resulting in 98% ± 1.5% wound closure over 72 hours of 

culture. When diluted 10-fold, the 2.0 µg load (71% ± 4.8%) performed comparably 

to the unprocessed conditioned medium (loaded at 20 µg, 78% ± 2.8%) thereby 

showing purification and concentration of exosomes was indeed the main purveyor 
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of regenerative function, as opposed to the generic contents of the spent culture 

medium. 

Analysis of the current state of the art methods used in exosome showed that whilst 

ultracentrifugation could outperform both size exclusion and a scale-down model of 

filtration in terms of recovery the particle size distributions were broader with high 

levels (30-45%) of particles beyond the maximum allowable exosome size range. 

Additionally, despite the higher concentration of particles obtained through 

ultracentrifugation, we showed that this came at the price of final product potency, 

likely as a result of damage through the process. As such, despite being loaded with 

material two orders of magnitude more concentrated than the filtration model, 

potency was not significantly different from the negative control. In contrast the 

potency obtained by filtration recovered vesicles was comparable to the large scale 

TFF material with 92.5% wound restoration compared to 21.9% and 57.6% wound 

closure for differential ultracentrifugation and sucrose cushion steps. The size 

exclusion also performed poorly in the potency model with a final wound closure 

similar to that of the differential ultracentrifugation. 

Based on these results a benchmark on exosome biochemistry, physical identity and 

functional capacity was used as the benchmark with which to ensure purification 

processes that could maintain these quality attributes. 

The first process developed was the AEX column which showed high levels of 

competition for binding sites on the column through competition of exosome 

particles, as well as two major impurities in the form of albumin and dsDNA from the 

cell culture medium. As the aim of this project was to yield exosomes of a clinically 

applicable quality, the WHO guidelines on injectable therapeutics were used to set a 

maximum impurity threshold for both protein and DNA impurity based on an 

assumed single dose of 1 x 109 particles with a limit of 10 ng of DNA and 100 µg of 

protein. 

As the elution point of exosomes was broad over the entirety of the column elution 

range and with DNA and protein overlapping significant regions of high 

concentration of particles, it was deemed that the focus of development should focus 

on protein, whilst DNA could be removed by use of Benzonase pre-treatment, and 

then subsequently cleared by the HIC column. As such a final wash step was 
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incorporated which allowed for minimal loss of exosomes, whilst removing some of 

the co-eluting serum albumin from the TFF recovered material, resulting in samples 

with a protein purity around 1.5 x 109 particles per µg of protein (or in effect 150 µg 

of protein per 100 doses of product) Similarly, DNA was reduced to a final purity of 

9.3 x 1011 particles per µg of DNA impurity, again once more exceeding the threshold 

based on the WHO specifications. 

Further development of the HIC process showed an even greater binding capacity for 

exosomes than the AEX column with an undefined upper limit on the number of 

particles which could be captured by the 1 mL column due to limitations in the 

volume of material needed to find this value. The process not only bound exosomes 

to high degrees but drastically reduced DNA and protein co-isolation, thus improving 

the quality of the exosome preparations when used alone, or sequentially to the AEX 

column. Purities of the optimised process were shown to be 3.97 x 109 particles per 

µg of protein, and 3.12 x 1012 particles per µg of DNA. 

When used in combination, a final validation experiment was performed which ran 

the process sequentially, but also compared it to a reversed process where the HIC 

column was used as the intermediate purification step and the QA column used as a 

final polish to determine, amongst others, the effect of swapping process order in 

terms of efficiency of the QA column which out of the two options was more 

susceptible to losses in binding capacity due to competing impurity species. In both 

instances high levels of purification were achieved, surpassing the steps individually, 

but the final purities were lower for the TFF + OH + QA (or TFF + HIC + AEX) 

column than for the original process which has the HIC preceded by the QA. This was 

largely down to process losses still being a factor in the AEX column thus causing a 

loss in particles from the more concentrated eluate from the HIC column. In addition 

to this the baseline analytical characterisation was expanded to include additional 

markers. In this case we observed the processes, in particular the HIC column, could 

successfully remove particle impurity derived from the cell culture, in the form of 

GM130. This was a major achievement of the processes as overlap of non-exosomal 

vesicles is still a large challenge within the industry today and is often considered a 

key limitation in the gold standard ultracentrifugation techniques. In addition the 

presence of the exosomal marker TSG101 was confirmed, and like the previously 

mentioned CD markers, was consistently present throughout purification. Further 
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evaluation of the eluates in comparison to the TFF material by high performance 

capillary electrophoresis verified the removal of high molecular weight protein 

species. 

Finally, a potency assay was performed on the samples on both the original and 

reversed process, (including output from the first step of each only) against the TFF 

material which we showed to have full wound closure over 72 hours of culture. In all 

cases 20 µg of sample was loaded into the simulated wound in vitro and in all cases 

no significant losses in potency were observed.  

These final experiments showed that not only could exosomes be purified to clinically 

relevant levels, but that no adverse effect was observable from either the Benzonase 

pre-treatment or AEX column bind-elute steps, or from the HIC bind-elute which 

used a precipitating reagent to cause the hydrophobic interaction between exosome 

and column. In summary, we show the development of two monolithic 

chromatographic steps for the high purity recovery of therapeutic exosomes can be 

achieved in a scalable, translatable manner, with no negative effects to the final 

product, where the current gold-standard, ultracentrifugation, has been shown to 

impair product functionality.  

This work therefore leads to a novel bioprocess design for the commercial 

manufacture of therapeutic exosomes derived form a regenerative cell product in 

which a tangential flow filtration recovery step can be followed by a combination of, 

or individually by, anion exchange and hydrophobic interaction monolith 

chromatography. This novel process improves purity to clinically relevant levels and 

which improves upon cumbersome single step processes which would not be 

acceptable for commercial manufacture of therapeutic products either in terms of 

scale, or adequate removal of culture derived impurity. 
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Chapter 10.0 

Future Work & Validation 

10.1 Future Work 

The work presented in this thesis has shown great promise in the addition of two 

novel monolithic chromatography steps for the recovery of exosomes from TFF 

recovered material on the large scale. However, as with all process development 

there are many improvements which can be made in order to build upon and 

improve the work conducted in this thesis. The following section shall detail a list of 

proposals which can be made to continue the translation of therapeutic exosomes 

into a clinical environment. 

10.1.1 Further Development of Analytical Techniques 

The current work surrounding exosomes, both within this thesis and throughout the 

literature, uses a wide variety of assays and detection methods to verify and describe 

the exosome material. Due to their nanoplex morphology and plethora of cell-derived 

markers this can often be difficult to achieve in a simple or convenient manner. To 

this end development of further improvements to the assays used within this project 

could be made. One such technology includes the development of high-sensitivity 

ELISAs (enzyme-linked immunosorbent assays) which can cover a wider range of 

exosomal markers which can be used to generate more quantifiable results of 

expression or particle number. This in conjunction with fluorescence based NTA 

(FNTA) or use with flow cytometry methods capable of “seeing” individual vesicles 

(such as the ImageStream® MKII, Luminex, USA) could better allow for more 

definitive analyses of exosome populations and potential targets for binding or 

function if used with an appropriate screening experiment. This would further allow 

for better identification of sub-populations and additionally could aid in the 

description of non-exosome impurities in a more quantifiable manner to better tailor 

downstream processing. This would also allow for more reliable results in terms of 

particle binding capacity and recovery levels, as the NanoSight alone is insufficient to 

distinguish exosomes from other particle impurity. 



306 
 

Another development in the analytical spectrum concerns itself with the impurities, 

especially in areas where the cell culture medium is ill-defined due to use of complex 

biological components such as human platelet lysates of full sera products. This can 

be achieved by similar screening strategies and will allow for more precise impurity 

profile. In turn this will allow for more specific development of downstream 

processes which will give a product of higher purity, and likely higher safety as a 

result.  

10.1.2 Development of Affinity Columns 

One of the major limitations found in the AEX column was the high levels of 

competition for binding sites on the monolith by cell-culture derived impurities such 

as DNA and proteins. One way in which this could be reduced to allow the AEX to 

operate at higher efficiencies and also to achieve a purer and better defined product 

in general, would be to develop affinity based chromatography steps with which to 

remove the bulk impurity from the primary-recovery material.  

One way in which this could be done is to combine a blank monolithic column with a 

custom made affinity antibody, or alternatively affimers, which can bind to a known 

exosome-enriched surface protein. Such examples could include the CD markers 

initially as these are well conserved between many exosomes of differing origin, but 

could also be adapted to more exosome-specific antigens depending on the 

expression and impurity identity within each exosome preparation, on a more case-

by-case basis. 

To do this not only would studies on a range of binding conditions, times and 

antibody concentrations be required to be tested on blank columns (such as carboxy 

imidazole columns, BIA Separations, Slovenia), but also studies on bind-elute on 

product function versus overall purification/recovery will be necessary as these 

become highly expensive processes to develop due to the need to test out custom, 

chromatography appropriate antibodies. As such the ideal format for such a study 

would be in columns smaller than those used in this thesis, for example the 0.1 mL 

CIMmic™ disks from BIA Separations. 

This development would allow for higher impurity feeds to be more efficiently 

purified, as in traditional macromolecular downstream processing, where the 

majority of impurity retained from primary recovery is allowed to flow through the 
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column due to the inability to bind to such specific ligands. This would allow both the 

AEX and HIC columns to then be used more naturally as intermediate and polishing 

steps rather than immediately after the primary recovery where impurity burden is 

still high. 

10.1.3 Further Development of Exosome Storage Buffers and Conditions 

Even within the literature there have been extensive disagreements with exosome 

stability and storage in terms of temperature, buffers/formulations and even the 

material of the final vials. Naturally this lends itself to a further area of work which 

complements the final downstream process: those of the final fill and finish of the 

product.  

Whilst initially this may seem separate to the main downstream process, these 

further processing steps rely heavily on the material that is passed on from 

purification. As such, in depth knowledge of the stability of exosomes in the various 

buffers used to purify the product, and their subsequent removal, are intrinsic to the 

manufacturing of a fully potent therapeutic. In the case of this chapter we have used 

buffers of Tris (pH 7.0-8.5) containing up to 1 M NaCl (during the AEX development) 

and in phosphate buffers containing 2M ammonium sulfate (for the HIC column). 

But no work in this thesis detailed the stability of exosomes in these buffers for 

prolonged times, instead relying on immediate buffer exchanges to conserve potency 

as well as possible. Such missing data, as well as the general knowledge of storage 

conditions most appropriate to the exosome material, will greatly influence the final 

process, as well as logistical constraints during routine manufacture.  

In a similar vein, a study comparing the final formulation requirements of the 

product would not only lend itself to more stable off the shelf therapies, one of the 

major intentions of exosomes, but would also allow for processes to add in buffer 

exchanges which can achieve the desired formulations prior to secondary 

manufacture. 

10.1.4 Upstream Process Development 

This section was something beyond the remit of this thesis, as the CTX cell line is 

already an established allogenic cell line which can be cultured to large scales. 

However, for man cell lines this is not the case, and whilst not all exosome products 
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will be allogeneic, and thus suitable for scale up strategies, the general trend in the 

cell therapy sector of late has been the development of scale up strategies less 

manually intensive than increasing flask number. 

Development of more appropriate and controlled technologies such as hollow-fiber 

reactor, bioreactor or micro-carrier cultures would be of major benefit to exosome 

research as well, as the resultant increase in culture medium would better enable 

studies a larger amount of starting material. Additionally, having fundamental 

knowledge of the future processes and their subsequent impact on product quality 

are highly important to downstream processing development. In this thesis for 

example, the cultures were grown in T-175 flasks, with a maximum of 50 flasks per 

passage at the height of the culture. Not only was this cumbersome and costly but the 

lack of control or ability to ensure homogeneity between all flasks was apparent. 

Bioreactor strategies offer better process control, less operator based risk and 

handling and, most likely, a more controlled product. However, on the reverse side of 

this argument, the increased levels in process forces as well as the ability to extend 

culture times with increases to the internal surface area (in the case of additional 

microcarriers for example) will naturally increase the level of cell disruption and 

thus, impurity burden from cell debris, internal proteins and DNA. This is important 

as in this thesis, it was already observed to play a large role in process inefficiencies, 

despite the spent medium being from gentle, high viability culture. As such any 

upstream developments should cater to higher levels of process control, and product 

definition, but should also come hand-in-hand with development of suitable 

downstream processing operations which can cater to the changes which will 

inevitably arise from such paradigm shifts. 
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10.2 Validation 

As part of the fulfilment of the Engineering Doctorate (EngD) a course on bioprocess 

validation was taken and the knowledge used to form this section of the thesis. The 

work is based on the future validation experiments required in order to translate the 

processes described within this thesis into a commercial setting. 

10.2.1 Validation of Column Performance 

Whilst the repetition of processes throughout this thesis serves in part as evidence 

for the repeatability of the process further work can be performed in order to 

establish the translatability of such processes. 

To do this, the first study to be performed would be to further continue the work 

using feed streams of TFF recovered exosomes with varying levels of spiked impurity, 

to better gauge the limits of each process and the resulting impact of material 

deviance. This will also serve to provide a design space in which operation can be 

successfully performed, with which to further define the quality expected of the 

primary recovery process. 

In addition, column re-usability studies should also be performed to elucidate the 

number of process and CIP cycles which can be tolerated by the systems before they 

lose efficiency. This will better enable strategic planning to be incorporated into 

production schedules, whilst mitigating any potential impact that lower efficiency 

processes may have on the final product quality. To do this multiple sequential 

processes would have to be performed, and the binding capacity, recovery and purity 

of the eluate analysed to determine the point at which decline is observable. A further 

consideration to the lifecycle would be to assay and quantify the levels of leachables 

and extractables, such as ligands, which may enter the product stream as the process 

is repeated. 

A further study which should be conducted is to validate the binding of exosomes 

and the process impurities to similar columns from different suppliers. This would 

not only give the process more flexibility in case of supply issues, but will also act as a 

proof of exosome-ligand interaction, rather than binding being to the material of 

column itself no matter how unlikely this may be. This method would also allow for 

determination of an overall design space to compare to the ones described in this 
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thesis. If a second column of the same chemistry, for example a different QA column, 

were to be used and the resultant pH and elution points were only a small change 

away from the columns used in this thesis, the impact to the product quality and 

stability would be relatively low and simple to validate. If, however, the process 

required a far greater pH and caused significant elution point changes where higher 

salt concentrations were required, this may create an entirely new design space and 

critical process parameters which would need to be further investigated for their 

impact to the final product critical quality attributes (CQAs) such as potency, and 

identity. 

Additionally in this work it was noticed that the AEX column suffered process 

inefficiency due to the high impurity level of the feed material, and due to this, 

despite efforts at maintaining consistent loading, there were often limitations in 

product recovery due to the dynamic binding capacity being heavily influenced by 

competing species. A way in which to better evaluate the binding capacity would be 

to use a larger variant of the column, for example the 8 mL product, to better cope 

with the high concentrations obtained from the TFF feed. This would also allow for 

the feed into the HIC column to be sufficiently large to accommodate the higher 

binding capacity of the (HIC) process, which will allow for more definite 

quantification of the process outputs when overloaded. 

Use of a larger AEX column would also reduce the need to run parallel processes to 

obtain enough material to cover all product quality assays and be processed further. 

A further benefit to this would be to being to determine scale-up models and limits 

for the columns and begin work on transition to the full scale. 

10.2.2 Overall Process Validation 

Whilst the results reported in this thesis are the local optima for the respective 

columns, this is only true when recording the specific ligand chemistry, buffer 

choices and pH values used. To better evaluate the process optima, an experiment 

could be performed to screen a range of similar chemistries (for example, strong vs 

weak anion exchangers) or a choice of ligands (for example, OH vs butyl &c.) using a 

design or experiments (DoE) approach. This would allow determination of whether 

the process may be run more efficiently, or whether a reduction in co-binding of 

process impurities can be removed in a simpler manner. It would also likely change 
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the local optima and performance metrics, thereby causing a shift in the process 

parameters which may have to be validated for their impact on process CQAs once 

more. 

A final consideration is that ancillary reagents used within the process, such as 

benzonase pre-treatment, should be removed and validated by development of 

specific assays to detect this. 

10.2.3 CIP Validation 

Coupled with this previously mentioned reusability study is also that of column 

cleaning. Further determination of the impact of column fouling should be assessed 

by using columns subjected to multiple reuses to determine irreversible 

binding/cleaning protocols. Additionally, all cleaning reagents used should be 

validated for their impact on the column life-cycle, and also their removal post CIP.  

To do this a detailed characterisation of the feed streams must be performed, as 

knowledge of what is entering the column will influence determination of species 

which are most likely to be retained of irreversibly bound to the column. This is 

important not just for the column life cycle, but also for process performance and for 

safety, as what is retained in one process may be extracted later in another, and if 

untested pose a potential risk to the end recipient of the product. The ICH further 

states that the risk to quality should be based on scientific knowledge and always 

linked to patient safety (G Sofer & Yourkin, 2007), and so knowledge on the potential 

carry over species will allow for determination of the highest risk species, and 

subsequent setting of carry-over limits. 

In the case of this project the CIP reagent for both columns was a solution of 1M 

NaOH containing 2M NaCl. However there is the potential to use isopropanol at 20% 

and 80% concentrations if stronger cleaning reagents are required in the case of 

fouling. All of these reagents must be validated in terms of their complete removal 

from the column prior to processing, and a such development of assays which can be 

used to detect these at appropriately low levels is also vital as part of the validation. 
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10.2.4 Virus Co-Isolation 

As exosomes are processed and recovered using the same methodologies used for 

decades to isolate functional viruses, there is a risk that endogenous viruses within 

the producer cell lines may also co-isolate and concentrate with the final product.  

Despite the fact that therapeutic cell lines are screened for a high number of 

dangerous viruses, not all of them can be screened. This coupled with the increased 

likelihood of concentration of the virus species may make something undetectable 

early on in the process, highly concentrated in the final product. Hence validation 

must be completed to provide adequate safety evidence that viral presence in the 

final product is not observable. This is especially critical in instances where the 

vesicles are larger than the 0.22 µm filters (for example microvesicle products) which 

are typically used to remove virus from smaller products such as therapeutic 

proteins. Alternatively, for exosome based products which can pass through 0.22 µm 

filters, care should be taken to determine the presence of sub 0.22 µm viruses which 

may also be indistinguishable from exosomes if using only basic particle counting 

techniques, for example, adeno associated virus is around 20 nm in diameter, 

overlapping with the lower part of the exosomal range. 

Methods in which to determine viral presence could be the use of the polymerase 

chain reaction (PCR) to test for specific viral patterns, or to use ELISAs to determine 

viral antigens.  

Regarding viral inactivation/removal however, this would likely have to be evaluated, 

initially, on a case by case basis, as typical strategies either disrupt the virus binding 

sites (heat/pH treatment), or the inner genetic components (irradiation) (Sofer, 

Lister, & Boose, 2003), which are coincidentally the same features of exosomes 

which allow their therapeutic action. Thus destruction of one species may result in 

destruction of the other. 
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Chapter 11 

Appendices 

Appendix 1: Negative Staining Controls for CTX Cell Staining 

 

 

  

Figure 11.1: Negative control images of In vitro characterisation of CTX0E03 cells expanded in T-flasks for conditioned 

medium production. CTX cells were expanded on tissue culture plastic in T-175 flasks. Cells were transferred to 24-well 

tissue culture plates for cell staining. Cells were cultured until attached and growing as per normal cell culture conditions, 

and then fixed. Panel A shows the cells as observed by bright-field microscopy, panel B shows cell nuclei as identified by 

Hoechst whilst panels C and D show the cells incubated only with fluorescent secondary antibodies in the green and red 

channels. Negative controls were probed with only secondary antibodies to detect non-specific binding. Scale bar in all 

panels reads 400 µm. 

 

In order to determine non-specific binding in the immunofluorescence images of 

CTX cells, negative controls such as those presented in figure 11.1 were performed, 

where only the secondary antibody was incubated with the cells. The reason for this 

is to show that no fluorescent markers would bind the cells without the presence of 

the primary antibody for the markers to be identified. The results shown in panels C 

and D confirm this, as no fluorescence is detected on the cells, proven to be present 

in panels A and B, without the primary antibody.  

A

  

B

  

C

  

D
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Appendix 2: Graph of Density Gradient Fractionation Attempt Using 

Conditioned Medium 

 

 

 

Figure 11.2: Overlay of NanoSight data showing the particle size distributions and concentration of material found in 

discrete density fraction of conditioned medium separated by isopycnic centrifugation. Crude conditioned medium was 

separated by isopycnic ultracentrifugation for 72 hours over a range of densities from 1.107 gmL-1 to 1,272 gmL-1 as 

described fully in figure 4.7: individual density fractions were separated manually and sedimented at 100,000g for 2 hours 

to extract material contained in each one. Analysis of particle size distribution and concentration was determined by NTA 

(nanoparticle tracking analysis). The data show that the NanoSight was unable to yield reliable results as the original 

conditioned medium became too dilute when fractionated, thus giving no observable trend in particle data. Inset graph 

shows the cumulative data across all fractions, which resemble the original conditioned medium spreads. 

 

The first attempt to characterise exosomes via isopycnic fractionation was not 

successful. Initially, conditioned medium was used instead of TFF recovered 

exosome preparations, and thus upon fractionation the samples were too dilute to 

achieve the minimum concentrations necessary for accurate NanoSight 

measurements, seen above.   
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Appendix 3: Graph of Fibroblast wound repopulation in vitro when 

dosed with exosomes obtained from small scale purification 

methods. 

 

 

Figure 11.3: Wound repopulation of fibroblasts dosed with 20µg of exosomes captured by small scale purification 

methods in in vitro scratch assay. Exosomes were recovered from variable volumes of conditioned medium by small scale 

processes commonly used in exosome purification. Vivaspin filtration (240mL conditioned medium), Exo-Spin (200mL 

conditioned medium) Sucrose Cushion ultracentrifugation (192mL conditioned medium), and compared to the original 

CCM for assessment of potency output. In this experiment the second sedimentation step used to recover and re-

concentrate the sedimented particles form the sucrose cushion step was not performed, and thus the suspension was 

within a 30% sucrose/D2O cushion. Human dermal fibroblasts (HDFa) were seeded into Ibidi scratch assay plates at a 

density of 28,000 cells per mL, left to attach and form a confluent layer within the insert wells overnight, prior to insert 

removal, gentle washing using HBSS and addition of samples in basal medium, based on loading of 20µg on a protein 

concentration basis. Cell growth was monitored every 24 hours for 3 days and images were taken of the wound area. 

Images were processed using ImageJ to determine the number of pixels in the wounds at experiment start, and at each of 

the growth intervals.  

During the initial method development phase of the project, an early version of the 

small scale potency experiment presented in chapter 5 was performed. In this case 

the starting volumes of conditioned medium were uneven and thus would be unfair 

to compare directly due to the additional factor inadvertently assessed. In addition, 

the sucrose cushion was not further removed by a secondary sedimentation, due to 
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the initial motivation to test the reduced damage by use of a cushion, which would be 

potentially reversed during the secondary direct pellet, however later consideration 

of the potentially negative effects of D2O meant the experiment was repeated.  All 

samples were dosed at 20µg of protein. In addition to this the raw conditioned 

medium was also tested, and shows a similar trend to those observed within the main 

body of the thesis in chapter 4 when assessing TFF material in comparison to 

dilutions and the crude conditioned medium.  
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