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Abstract 

Biopharmaceutical manufacturing is one of largest sectors in the world and purification 

steps are expensive. Packed-bed resins are widely used, but are limited by diffusion 

mass transfer. Convective mass transfer media offer improved productivities using high 

flowrates. Electrospun nanofibres are a non-woven with an open structure and high 

surface area. Cellulose acetate was electrospun into reproducible adsorbents and 

activation methodologies were evaluated. Aldehyde activation caused degradation. 

Epoxy, carboxyl and cyanuric chloride activations were successful and recommended 

for cellulose nanofibres. Compressing cellulose acetate nanofibres improved 

mechanical strength. Functionalisation to diethylaminoethyl and carboxyl adsorbents 

showed the highest DBC10% values at the lowest compression load of 1 MPa at 20 and 

27 mg /mL, respectively. However, at this load the DBC decreased for increasing 

flowrate, whereas, the DBCs of higher loads were consistent. Glucose isomerase is an 

important industrial enzyme used as a sweetener in the drinks industry. Immobilised 

glucose isomerase by epoxy activation showed similar initial activities in static and 

dynamic assays, which represented batch and flowthrough process, respectively. The 

activity of free enzyme was notably higher in the static assay than the immobilised, but 

the poorer mixing in the dynamic assay reduced its activity. The retained activity of 

nanofibre-immobilised glucose isomerase in the dynamic assay supports its application 

to flowthrough reactors. Protein A chromatography is an expensive stage in antibody 

manufacture and was immobilised by cyanuric chloride and spacer arms. For 

comparison, an aldehyde activation was developed with glycidol modification, which 

was preferred to that of cyanuric chloride, recording equilibrium and DBC10% capacities 

of 4.37 and 2.99 mg/mL, respectively. The versatility of electrospun cellulose 

adsorbents are characterised in protein binding and biocatalysis applications, showing 

static and dynamic operations. The continued development of nanofibres into large-

scale systems and a whole process context will reveal their full benefits to 

bioprocessing. 
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1 Introduction 

1.1 Motivation 

Bioprocessing is a research topic of great importance with the overbearing application 

to the manufacture of therapeutics for the treatment of diseases and conditions. 

Improving efficiency and economic value of the processes involved impact the final 

product and availability. Because the cost of protein purification is a significant 

proportion of the overall bioprocess, there is increasing pressure to accommodate higher 

throughput. New biotherapeutics, such as monoclonal antibodies and Fc fusion proteins, 

require specialised purification steps and need to meet high levels of safety. Convective 

mass transfer media, such as porous membranes, have shown to improve purification 

productivities by removing the diffusion limitation of widely used packed-bed resin 

chromatography. However, their low protein binding capacities have restricted 

application in industry to ion exchange chromatography used in polishing steps. 

Binding capacities can be improved using a high surface area porous membrane, but the 

flow becomes restricted. Monolith media have been developed that offer a higher 

binding capacity than that of porous membranes and retain a high operating flowrate, 

resulting in a high productivity that reduces overall process cost.  

 

Nanofibre sheets fabricated by electrospinning show a large surface area, and they have 

been used as tissue engineering cell scaffolds. Cellulosic materials are widely used in 

bioprocessing because of their stability and low nonspecific binding. Electrospun 

cellulose nanofibres have been fabricated to uniform fibre diameter and thickness 

specifications using controlled environmental conditions. Initial chromatography studies 

of cellulose nanofibre adsorbents have shown promising flow properties under dynamic 

binding conditions. Evaluating the application of nanofibre media to bioprocessing 

requires insight into the potential activations and functionalisations. The chemistry 

techniques to activate the cellulose nanofibre surface may affect morphology and 

mechanical properties. The degrees of functionalisation are related to the protein 

binding capacity. Leveraging the high surface area of nanofibres may increase the 

process productivity if high capacity at high flowrates is achieved, resulting in an 

alternative medium for chromatography.  
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Monoclonal antibody products are major business in therapeutics. Purification is 

primarily performed using Protein A chromatography, which is an expensive resin to 

use, and saving costs here will have a large effect on the overall economics. A high 

surface area nanofibre media has the potential productivity to increase the utility of 

Protein A chromatography. The methodology for creating Protein A nanofibres can be 

examined from that of enzyme immobilisation, which has been demonstrated with 

success. The most produced enzyme in the world, glucose isomerase, is used to convert 

glucose to fructose to create a product as sweet, yet cheaper, than sucrose, high fructose 

corn syrup. The promising flow properties of nanofibre may provide insight to applying 

flat sheet technology to glucose isomerase fructose production. Research into the 

activation chemistries for coupling proteins to cellulose surfaces is important for 

specific application to nanofibre materials because their morphology and mechanical 

properties may not be as robust as other media, such as packed-bed resins.  

 

1.2 Bioprocessing  

Bioprocessing has developed rapidly as our understanding of cell biology has increased, 

and biological products are now commonplace in society. The contributions of 

biotechnology products to the global prescription and over-the-counter therapeutics 

markets were estimated to be worth $142 billion in 2011 with an increased focus in the 

therapeutic areas of oncology, anti-diabetes and vaccines [1]. In 2013, monoclonal 

antibody (mAb) therapy, the fastest growing area, was worth $ 75 billion, 

approximately half of all biotherapeutics with Humira (adalimumab) reaching annual 

sales of $11 billion [2]. mAb therapy began with a mouse IgG2a antibody, Orthoclone 

OKT3, 30 years ago for reducing kidney transplant rejection [3]. To improve their 

acceptance into the body, the murine parts of the antibodies needed to be humanized, 

which was done by creating chimeras by domain fusion and replacement of 

hypervariable loops [4]. These advancements have led to one of the most powerful 

weapons for the fight against cancer and autoimmune diseases [5]. As of 2015, there are 

30 antibody products FDA approved for therapeutic use with hundreds more in 

development [6]. The mAb production process is complex, and developments in mAb 

upstream and downstream processes are important to lower cost.  
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Upstream and downstream bioprocesses refer to the growing and harvesting of 

the biomolecule (bioreaction), and their extraction or purification (bioseparation), 

respectively [7,8]. Since the 1990s, upstream processing has benefited from advances in 

cell engineering, growth media and bioreactor technology to develop and optimise 

processes has led to increases in product titres and productivities [9]. The average 

industrial titre for monoclonal antibodies is 3–5 g/L, although titres ranged 0.2–7 g/L in 

2014 [10]. mAb titres have achieved higher values of 25 g/L with a modified perfusion 

process for PER.C6 cell line [11]. The advancement of therapeutics has increased the 

manufacturing demand for complex biomolecules, such as monoclonal antibody 

fragment conjugates [12]. However, the downstream process was not designed for these 

high amounts of mAbs [13]. Single-use disposable systems can be easier to validate and 

remove cleaning actions, contributing to increasing mAb productivities [14].  

 

Downstream processing can account for over 40% of the overall bioprocessing 

cost [7]. The fundamental technology, packed-bed resins, has not changed nor 

developed as substantially as the advancements made in upstream processing [15]. The 

packed-bed resin system of small beads (100–200 µm) with nanopores on the surface 

(2–4 nm) is the gold standard of chromatography [16]. However, desired shorter 

processing times and increased economic pressure, along with challenges to refit 

available facilities to meet demand are creating a bottleneck in the bioprocess caused by 

their limited productivity [17]. Matching high titres from upstream with efficient 

recovery systems is a challenge because of the broad range of factors to account for 

during the process, including the stability of the mAb, volume, concentration and 

amounts of impurities in the feedstock, and the desired purity for therapeutic uses [18].  

 

1.2.1 mAb chromatography  

Adsorptive chromatography purifies the bioreactor feedstock using a stationary phase. 

As the feedstock flows through this phase under binding conditions, controlled by pH 

and salt concentration, the target mAbs adsorb to the pores of the resin. After washing 

with clean buffer, they are eluted by changing the solution conditions. Batch 

chromatography is limited by the size of the stationary phase and the productivity of the 

stationary phase. For large-scale processing columns for packed-bed resins can be over 
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1 m in diameter and 2 m tall. However, large-scale equipment has to consider 

sterilisation and maintenance for repeated uses. Chromatography achieves a high 

resolution, and Protein A is the major capture step for mAbs [19].  

 

Purifying mAbs at large scale is difficult. The target mAb is ≈10% of the 

harvested cell culture, and volumes from 100 to over 1000 L are processed [20]. The 

primary recovery of the cell culture by processes such as centrifugation, depth filtration 

and filtration removes the cells and cell debris, producing a mAb-rich clarified feed for 

chromatography [21]. However, many unwanted molecules remain, including viruses, 

nucleic acids, endotoxins and host cell proteins. The most widely used strategy involves 

capture followed by two steps of polishing. To retain a high yield, the goal is to capture 

as much product as possible. In industry, performing one batch per chromatography step 

saves time and resources, which has led to the application of large columns. For mAb 

processing, ensuring a high yield of Protein A capture, the column is reused multiple 

times from a single clarified cell culture batch [22]. Polishing steps are used to remove 

any impurities carried over from capture as well as any introduced, such as leached 

Protein A and antibody aggregates. For any biomolecule intended as a therapeutic, 

producing an exceedingly high level of safety is imperative. Before, during and after the 

purification process, virus inactivation or reduction may be performed, and after all the 

ultrafiltration steps are used to ensure any remaining contaminants are removed [23]. 

The chromatography media used in mAb purification described in Table 1.1.  

 

Protein A affinity chromatography is widely used as the first capture step of 

mAb purification because of the high capture rate [23]. Protein A is a 42 kDa protein 

from the cell wall of Staphylococcus aureus containing binding sites specific to the Fc 

domain of three classes of human mAbs, IgG 1, 2, and 4 [24]. Protein A does not high 

affinity for all antibody isotypes, and other affinity protein ligands include Protein G 

and Protein L. Elution is performed at a low pH (<3), which positively charges histidine 

residues of Protein A and the binding region of the antibody causing electrostatic 

repulsion. However, the low pH may degrade or aggregate some antibodies [21]. 

Arginine has been used as an additive to improve antibody stability [25]. mAbs unstable 

in acidic conditions are not suitable for Protein A chromatography. Leaching of Protein 
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A is accounted for in following polishing steps. Reusing the column is essential for cost 

efficiency; however, cleaning the column can be difficult. Sodium hydroxide is widely 

used to regenerate the column, but can affect Protein A stability; thus, alkaline resistant 

Protein A has been developed using recombinant technology [26]. Other affinity 

systems can adsorb other targets, such as using dye-based ligands, Cibacron Blue F3GA 

and Procion Blue MX-R, to bind most proteins [27] and heavy metal ions [28].  

 

Table 1.1 Examples of chromatography media commercially available 

mAb process step Mode Functional group Examples 

Capture (mAb) Affinity Protein A mAb Selecta 

Capture, polishing Strong CIEX SP (–SO3
−) Sepharose FFa 

Capture, polishing Strong AIEX Q (–N+(CH3)3) aCIMultusb 

Polishing Weak CIEX CM (COO−) Fractogel EMD COO−c 

Polishing Weak AIEX DEAE (–N+(C2H5)2) bSartobind Dd  

Capture, polishing HIC Phenyl or alkyl 

chains 

Toyopearl Superbutyle 

Phenyl Sepharosea 

Capture, polishing CIEX/ affinity (Ca5(PO4)3OH)2 CHTg 

aresin from GE Healthcare, bmonolith from BIA Separations, cresin from Merck 

Millipore, dporous membrane from Sartorius-Stedim, eresin from Tosoh Bioscience, 

fceramic hydroxyapatite from Bio-Rad 

 

Hydrophobic charge induction chromatography (HCIC) uses the interactions 

between any surface hydrophobic groups on the target protein and a hydrophobic group 

(octyl or butyl chains or phenyl groups) on the medium. HCIC is used as a polishing 

step in mAb purification to remove host cell proteins and aggregates [12]. However, 

HCIC can be used for mAb capture as a cheaper alternative to Protein A [29]. Because 

HCIC binds using hydrophobic interactions, impurities such as host cell proteins, DNA 

and endotoxins may also be bound, reducing the capture yield of mAbs [21]. Despite 

the lower yield, an acceptable mAb purification using HCIC and other chromatography 

modes has been presented [30]. Ceramic hydroxyapatite (CHT) exploits interactions 

with groups on the surface of the target molecule [31]. Amino groups (–NH2
+) on the 

protein interact with the negatively charged phosphate groups (–PO4
2−) on the CHT 
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beads, while carboxyl groups (–COOH) on the protein coordinate to the calcium groups 

(–Ca+) on the CHT beads [32]. CHT has been used to purify mAbs effectively [33,34].  

 

Positively charged amine and negatively charged carboxyl groups are the main 

contributors to the surface charge of a protein or other biomolecule such as nucleic 

acids at a certain pH. These molecules, when carrying a sufficient net charge, can be 

adsorbed to functional groups on a medium using ion exchange chromatography (IEX). 

This widely used process step to purify mAbs exploits binding by controlling the buffer 

pH and elution using a salt that has a higher affinity for the media than that of the target. 

Cation exchange (CIEX) is when a pH below the mAb’s isoelectric point is used to 

positively charge the protein and bind to the negatively charged resin, containing groups 

such as carboxymethyl (CM) or sulphopropyl (SP) [7]. Anion exchange (AIEX) is 

positively charge group at pH above the mAb’s isoelectric point, which creates a 

negative charge on the biomolecules surface, and binds to positively charged ligands 

such as quaternary ammonium (Q) or diethylaminoethyl (DEAE). Many mAb’s can be 

captured in CIEX in mildly acetic conditions, which offers an alternative approach for 

MAbs that are pH sensitive and may denature during Protein A elution (pH<3) [11]. 

Moreover, convective mass transfer media such as porous membranes have been used 

in flowthrough mode to bind impurities, and the target mAb is collected in the 

flowthrough [35]. DEAE flowthrough is particularly useful in mAb purification as a 

polishing step to remove DNA, endotoxins and retroviruses [36]. For IEX, optimising 

the loading and elution conditions is a balance between resolution and capacity, which 

is dependent on loading solution [37].  

 

1.2.2 Chromatography theory 

The mathematic modelling of chromatography operations provides insights into process 

analysis and optimizations. Chromatography works by differential migration, which is 

the separation of a mixture of molecules using interactions with the chemical groups of 

a stationary phase to slow down or capture parts of the mobile phase [38]. In 

conventional resin chromatography, the stationary phase is the packed bed, and the 

mobile phase contains a mixture of desired and unwanted molecules. The fluid 

dynamics of the mobile phase moving through the stationary phase affects the mass 
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transfer of target molecules to the chromatographic medium [16]. As the mobile phase 

is flowed through a column, the proteins are detected by UV, and a representative 

breakthrough curve of one protein is shown in Figure 1.1. Breakthrough analysis is used 

to optimise bed utilisation. The shape of the curve affects the operation of a packed-bed 

resin column [39]. A breakthrough of 10% is widely used to ensure not all the analytes 

are lost before eluting, but this does lead to unused bed capacity.  

 

Figure 1.1 Example of a breakthrough curve showing increasing concentration as 

the target is loaded onto a packed-bed.  

 

The chromatography process for a packed-bed includes the convective transport 

of molecules through the column and around the beads, diffusive transport of molecules 

into the pores of the beads and establishing an equilibrium between the stationary and 

mobile phases [40]. This process is broken down into rate-limiting steps, including 

diffusion time through the boundary layer of the bead, transfer of material into pores 

through the liquid and surface diffusion along the pores prior to elution [41]. The 

purification efficiency of a column is affected by bead shape, size distribution, 

mechanical properties and packing procedure as well as the size of the column 

properties and wall effects. Diffusion mass transfer is determined by pore size, ligand 

properties and loading buffer concentration pH. Additives can be used effectively [42]. 

The adsorption is determined by the thermodynamic equilibrium and the difference in 

distribution constants between the phases. The efficiency is modelled using plate 

theory. Whereby the column is divided into plates (N) as shown in Figure 1.2A. An 

equation relating the number of plates to the column length is: 
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 N= (
L

σL
)

2
= (

tR

σt
)

2
 (1.1) 

Where L is the column length, σL is a relative value representing the peak width when 

equals 4σ for the length of the column, tR is the retention time between injection and 

peak maximum, σt is relative value of peak width for time. The effect of column 

efficiency is related to zone broadening and approximates to the height equivalent of a 

theoretical plate (HETP). The higher the number of plates, the better the resolution and 

more efficient the column. For each plate, there is a separate equilibration between the 

stationary and mobile phases as the target molecule moves through the column. HETP 

is calculated as the ratio of the column length to the number of plates, N. Using a non-

binding ligate solution, acetone, and monitoring the signal can evaluate a column:  

N=
5.54(tR)2

(w1 2⁄ )
2  (1.2) 

Where 𝑤1 2⁄  is the peak width at half the height. However, equation 1.2 cannot fully 

represent all the complicated processes occurring inside a column. Thus, a more 

realistic representation is described by the van Deemter equation (Figure 1.2B): 

𝐻𝐸𝑇𝑃 = 𝐴 +
𝐵

𝜇
+ 𝐶𝜇 (1.3) 

The plate height is dependent on the linear flow rate, µ, and is affected by three 

main contributing factors. The A term or multiflowpath effect is governed by eddy 

diffusion in the column and describes the flow path of a target molecule travelling 

through the column; a longer flow path decreases efficiency [43]. The target flowpath is 

dependent on flow rate, and the packing of the column, bead diameter and shape and 

size distribution. The B term, or longitudinal diffusion effect, describes the random 

movement of the target molecule, which is reduced at high linear flow rates when the 

residence time is short. The C term or mass transfer effect includes the contributions 

from binding kinetics between the solid and liquid phases, taking time to equilibrate. At 

high velocities, the peak broadens as the target molecules do not have sufficient time to 

bind and become spread along the column. The depth of pores on beads also has an 

effect on this term. The optimal linear flow rates for a packed-bed resin lie in the area 

where all three effects are minimized.  
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Figure 1.2 A, Column divided into plates, and B, the van Deemter plot showing 

the combined effects of multiflowpath, longitudinal diffusion and mass transfer 

 

The protein binding capacity is measured using dynamic or equilibrium 

conditions. Dynamic measurements represent the performance under flow conditions. 

The equilibrium measurements allow the media to bind the maximum number of 

proteins, which is used to evaluate the kinetic parameters [39]. The breakthrough curve 

is obtained by continuously loading the column and allows the measurement of dynamic 

binding capacity (DBC). Factors affecting the DBC of a particular protein include the 

chromatography material and its properties, the flow rate, column dimensions, protein 

size and the mass transfer. DBC is obtained experimentally using the concentration of 

the protein when the curve plateaus when the column is fully bound. This plateau is the 

C0 and is the concentration of the protein being loaded. For a DBC of 10% 

breakthrough as a function of the volume of the media (Vmedia) is estimated using the 

following equation:  

𝐷𝐵𝐶10% =
(𝑉10%−𝑉0)𝐶0

𝑉𝑚𝑒𝑑𝑖𝑎
 (1.4) 
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Where V0 is the void volume and V10% is the volume at 10% C0. The maximum DBC is 

that at V100%. DBC testing with different model proteins helps understand how the 

medium interacts with the target molecule. The adsorption kinetics at equilibrium i.e., 

static conditions, can be estimated using the Langmuir isotherm, describing the loading 

on the target adsorbing molecules (A) onto the assumed homogenous surface of 

chromatographic medium with fixed binding sites (S). Thus: 

𝐴 + 𝑆 ↔ 𝐴𝑆 (1.5) 

Where AS is the adsorbent–binding site complex and is governed by an equilibrium 

constant. At equilibrium or maximum adsorption of a saturated monolayer on the 

adsorbent surface, the Langmuir isotherm is written as: 

𝑄 =
𝑄𝑚𝑎𝑥𝐾𝐿𝐶

1+𝐾𝐿𝐶
 (1.6) 

Where C is the equilibrium concentration (mg/mL), Qmax is the maximum capacity of 

adsorbent–binding site complexes (mg/mL), Q is the capacity at equilibrium (mg/mL) 

KL is the distribution constant defined as 

𝐾𝐿 =
𝑘𝑑

𝑘𝑎
 (1.7) 

Where kd and ka are the dissociation and association constants. For application to 

chromatography media at equilibrium, the equation is rewritten with the dissociation 

constant:  

Q=
Qmaxk𝑑C

𝑘d+C
 (1.8) 

If the system is not well-described by the monolayer Langmuir isotherm given above, 

other mathematical models have been used including the multilayer Langmuir isotherm, 

which is better to describe possible target molecule self-interactions that may occur at 

higher concentrations [44]: 

Q=
QmaxKL1

( 
1

C
 )+KL1-2KL2+(KL1-KL2)KL2C

 (1.9) 

where KL1 and KL2 are Langmuir constants. The Freundlich isotherm has been used to 

describe adsorption onto heterogeneous surfaces with binding sites of different energies 
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and assumes that the adsorption energy of a protein binding to a site on an adsorbent 

depends on the vacancy of adjacent sites [45]: 

𝑄 = 𝐾𝑓𝐶
1

𝑛 (1.10) 

Where Kf is the Freundlich constant that indicates adsorption capacity and 1/n is the 

heterogeneity coefficient that indicates adsorption intensity [46]. These equilibrium 

adsorption isotherms allow experimental data to describe the binding behaviour of 

target molecules.  

 

1.2.3 Alternative bioseparation methods 

Packed-bed chromatography remains the mostly widely used system producing a 

reliably high resolution of target biomolecules. Because of the downstream processing 

bottleneck and concerns that packed-bed technology is reaching its physical and cost-

effective potential, techniques with promising advantages over packed bed are 

becoming increasingly viable alternatives, including expanded bed absorption, aqueous 

two-phase extraction, high-performance tangential flow filtration, membrane 

chromatography, centrifugal liquid-liquid chromatography, monoliths, precipitation and 

crystallisation [15].  

 

Aqueous two-phase extraction is a specialised bioseparation technique relying 

on the target biomolecule having a different solubility to that of the unwanted materials 

[7]. The system uses two liquid phases of structurally different components, commonly 

polyethylene glycol and a more hydrophilic phase of salt or dextran [47]. Proteins are 

separated into the two phases depending on their surface properties, namely 

hydrophobicity [48]. The right conditions of polymer and salt concentrations, polymer 

molecular weight and pH attract the target protein into the polymer phase. Back 

extraction is simple to perform by increasing the temperature or changing the pH to 

form a protein precipitate [15]. The polymer and salt mixtures are relatively low cost 

compared with chromatography, but at the large scale, the process requires copious 

amounts of water and correct buffer salt disposal [19]. Aqueous two-phase systems 

have been effective in processing crude cell extract, such as proteins from plant cells 

[49] and mAb purification using a functionalised polymer phase [50].  
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Batch chromatography is widely used; however, a continuously fed process can 

significantly increase the production of biomolecules. The notion is not a new one 

because in the 1950s, researchers studied the separation of complex mixtures using 

continuous chromatography [51]. The moving bed approach is where the solid phase is 

moved in the opposite direction to the liquid phase, i.e., countercurrent, creating a 

binary separation between the materials moving in the two phases. True moving bed 

chromatography refers to moving the resin stationary phase countercurrent to the 

mobile liquid phase and is difficult to implement. Therefore, simulated moving bed 

chromatography (SMB), where the resin remains in columns and valves are used to 

simulate the countermovement is a more viable approach. The technique was first 

described in a patent in 1961 by Broughton et al. [52], and used in industry since the 

1960s to separate sugar from molasses. Using SMB requires a high initial cost because 

of the specialised valves required and at least three columns. The total volume of the 

system is very large, up to 100,000 L, and the system consumes vast amounts of water, 

7.5m3 per m3 feed [23]. However, there are overall savings of 20% in resins and 50% in 

buffer because of less waste. Countercurrent chromatography (CCC) uses two liquid 

phases with a stationary liquid phase kept in place by centrifugal force. The first 

systems, derived in the 1960s [53], had long processing times, poor capacity and 

difficult to scale up. CCC has attracted interest because the ability to machine more 

robust centrifuge systems has increased [54]. Two systems now stand out, 

hydrodynamic and hydrostatic CCC using a two axis and one axis centrifuge. The new 

CCC systems have shown improved advantages in purification with faster separation 

times, higher capacity and predictable scale up [55]. 

 

As a material that has already established industrial application in filtration 

steps, membranes functionalized with binding sites have been applied to the capture of 

molecules. Membrane chromatography uses convection for the mass transfer of the 

target to the adsorbent, alleviating the diffusion limitation of conventional bead 

chromatography [56]. The pores allow for rapid binding, and the processing time and 

buffer use are reduced compared with resin chromatography [57]. However, membrane 

chromatography can be limited by the viscosity of the solution and the size of 

particulates, which can foul the surface and increase the operational backpressure. 
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Membrane chromatography has been shown to handle large amounts of matter in the 

solution, which is useful for a concentrated feedstock [58]. Membranes are excellent at 

simple capture and release purification, and are widely used in polishing [59]. One area 

for improvement in membrane adsorbents is increasing the available surface area by 

decreasing the pore size; however, small pore sizes decreases permeability and prone to 

fouling [60]. Sartorius Stedim [61], Pall [62] and Millipore [63] offer commercially 

available membranes with different groups for chromatography and customisation 

[64,65]. Ligands can be covalently bound to activated surfaces including affinity, IEX, 

HIC, reversed phase and other ligands [60]. Membranes show promise in single-use 

systems, which, at large scale, removes the need for cleaning [66]. Membrane devices 

are available as a filter holder style capable of holding a single or layers of flat discs, as 

pleated folds twisted in a cylinder or as a roll that can be used for protein capture. mAb 

purification has been demonstrated with CIEX captures [35,67].  

 

Monoliths are a stationary phase media made of a continuous polymer matrix 

with an interconnected pore matrix. The first monolith was an in situ polymerization of 

glycidyl methacrylate and ethylene dimethacrylate with porogenic solvents [68]. The 

fabrication process is similar to suspension polymerization used to make polymer beads 

used as packed-bed resins. The rigid monolith structure can be formed to any size and 

shape, and the pores can be tailored [69]. Monoliths use primarily use convective flow 

for mass transfer for purification. For example, the epoxy groups of poly(glycidyl 

methacrylate) monoliths allow direct functionalisation with SP chromatography ligand 

[70]. The interconnected network can be controlled to form macro and mesopores. 

Monoliths with macropores use convective mass transfer and can operate at high 

flowrates without affecting the binding capacity [16]. Monoliths are a solid column, and 

have been commercialised, such as Convective Interaction Media from BIA Separations 

[60,71]. Hydrophobic interaction CIM disks have been demonstrated to remove up to 

85% virus-like particles, which was similar to the performance of Butyl-S Sepharose 

[72]. The chromatography ligands available to monolith media is the same as all 

chromatography media and has been extended to protein immobilisation to further build 

on these supports [73]. This media represents the potential scope of new media offering 

valuable properties to chromatography and the adaptability of the industry.  
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1.3 Electrospun Nanofibres and Chromatography 

Defined as fibres having a diameter of less than 1 µm, nanofibres have stimulated broad 

interest since the 1990s. However, the first evidence of electrospun nanofibres is 

accredited to Anton Formhals and his work on nanofibres for the textiles industry in the 

1930s [74]. Moreover, the history of using electricity to modify the behaviour of a 

solution dates back to the late 1800s [75]. The textile industry went on to develop 

microfibres. Using electrical forces to spin long ultra-thin fibres remained a curious 

technique. Few patents and articles on nanofibres were published. With increasing 

attention in nanomaterials over the last 20 years, nanofibres, their high surface area to 

volume ratio, tunable functionalities and mechanical performance have attracted great 

interest for a number of applications [76,77]. Textile research of nanofibres has shown 

examples in power-generating fabrics by body movement [78] or sunlight [79]. Some 

commercially available products containing nanofibres date back to the 1980s and 

filtration technologies, such as Donaldson Torit’s Ultra-Web cartridges, although their 

use was kept a trade secret for many years. Electrospinning has moved out of the 

laboratory and there are now electrospun nanofibre materials commercially available.  

 

Electrospun materials have been widely researched tor biomedical application 

[80]. Biocompatible polymers such as polyesters, polyglycolic acid, poly lactic acid and 

polycaprolactone are popular, and copolymers of these offer control of their 

biodegradable properties [81]. To increase the hydrophilicity of the nanofibre surface, 

plasma treated polycaprolactone scaffolds showed improved cell culture properties [82]. 

However, unlike natural polymers their chemical composition is dissimilar and can 

release acidic degradation products [83]. Polysaccharide polymers such as chitosan [84] 

and alginate have faster biodegradability than polyesters and are of interest as scaffolds 

[80]. To facilitate cell adhesion and growth DNA and proteins can be incorporated into 

the scaffolds during electrospinning [85]. Fibril forming collagens are the natural 

support polymer and nanofibres can be used to create a biosimilar extracellular matrix 

for cell culture. Aligning the nanofibre architecture was beneficial for smooth muscle 

cell attachment [86]. Biodegradable nanofibres have potential in a range of biomedical 

applications, including wound dressing, implants and drug release systems [87]. 

Nanofibrous microspheres have been shown to encapsulate a cell for knee repair [88].  
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Other than tissue engineering, nanofibre composite materials [89] and fuel cells 

as proton-exchange membranes [90] have attracted attention, as well as carriers of 

carbon nanotubes, improving mechanical properties [91]. The field of nanofibre 

composites is open to sensors, solar cells and magnets. Catalysis applications also 

benefit from the high surface area for enzyme immobilisation [92].  

 

1.3.1 Electrospinning 

Nanofibres can be formed via several ways and one versatile method for creating flat 

sheets is electrospinning [93]. A polymer dissolved in solution is pumped into a charged 

needle suspended above a grounded collector, such as a plate or rotating drum, forming 

a droplet at the needle tip. At a sufficient voltage, >5 kV, the solvent evaporates and the 

surface tension of the droplet ruptures. Under the right conditions of polymer 

concentration, flow rate and voltage, a single jet of continuous fibre is formed. 

Sometimes multiple jets are formed from a single droplet [94]. The polymer jet rapidly 

loses stability as the repelling forces of the positive charges in the solution overcome 

surface tension. Where this instability begins, a conical shape is formed, which is 

known as the Taylor cone after the work of Taylor [95]. The polymer strand then 

spreads out as it moves towards the collector, causing stretching and reducing the 

diameter (Figure 1.3). The nanofibre is gradually layered on to the collector in a random 

non-woven manner creating a unique porous structure.  

 

Figure 1.3 Jet elongation and fibre thinning during electrospinning. Reproduced 

with permission from reference [96] 
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Electrospinning is a widely used technique because of the simple setup, low 

running cost and robust results. However, the variation in electrospinning techniques, 

processing parameters and electrospun materials is extensive. Studies into multi-needle 

setups have been developed theoretically [97] and in a rig [98]. The benefits of a 

multiple needle system has been realised for mass scale production in a commercially 

available instrument from Mechanics Electronics Computer Corporation called EDEN 

(Equipment for Densely Electro-spinning Nanofibres), producing rolls of nanofibres 

[99]. Coaxial-electrospinning uses a needle inside another needle approach to 

simultaneously electrospin two components [100,101]. Core–shell composite fibres 

[102] and hollow fibres [103], i.e., the core is dissolved after spinning, can be obtained 

that offer unique properties. The technique is particularly useful to obtain functional 

fibres with materials that do not electrospin, such as proteins [104,105].  

 

 

Figure 1.4 Electrospinning rig including experimental variables 
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To ensure a uniform fibre is formed and deposited, the control of important 

processing parameters including the solution properties, solvent type voltage applied, 

flow rate and the ambient conditions, temperature and humidity is required. These 

parameters and an example electrospinning rig are summarised in Figure 1.4. Selecting 

the right solvent is crucial because its evaporation rate as the polymer solution leaves 

the needle defines jet formation. One of the largest factors is the solution viscosity, too 

high and a fibre jet will not be formed, but too low causes electrospraying. Similarly, 

the flow rate and voltage need to be optimised for any system to obtain uniform 

nanofibre formation. A method for selecting solvents using a spinnability-solubility 

map including hydrogen bonding, polar and dispersion forces has been described for 

polymethylsilsesquioxane, although the method can easily be applied to any system 

[106]. The ambient conditions, temperature and humidity affect the evaporation rate of 

the solvent and thus fibre formation [107]. For example, when electrospinning cellulose 

acetate, these conditions affect fibre diameter and melt enthalpy [96]. 

 

Needleless electrospinning eliminates issues associated with the needle such as 

clogging and flow rate and allows the mass production of fibres [75]. Using a rotating 

cylinder partly dipped in a bath of polymer solution at the bottom, and as it rotates, 

multiple strands are drawn out from the top of the cylinder to a collector [108]. 

Nanoforce Technology Limited at the Queen Mary University of London have 

produced the Nanospider instrument using a rotating drum of wires as the surfaces to 

separate small amounts of polymer from a bath to form nanofibres [109]. The technique 

has been reported using a 2-layer system of a magnetic and polymer solutions, a 

generated magnetic field in the solution causes spikes in the surface and fibres jet 

upwards from the spike tip to a saw-toothed collector [110]. Another method pumps 

polymer solution through a porous structure and the fibres jet out from the holes [111]. 

Using a conical wire-coil instead of a needle allows multiple jets to form on the coil 

surface [112]. 

 

The variations in collectors are more extensive than those in methods of 

producing the fibre jet [76]. Using a rotating drum collector increases the area that 

fibres are collected on, which increases the size of the sheet and the amount of fibres 
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produced. Fibres have been aligned using a fast spinning collector, as a disc [113] or 

drum [114], by matching the spinning speed to the velocity of the jet formed from the 

needle. Aligned nanofibres can be formed in the separating gap between two flat plates. 

Using another set of electrodes aligned perpendicular to the first set; layers of 

crosshatched fibres can be built up [115]. The application of aligned fibres as a cell 

culture surface has shown good results in promoting neural cell growth, whereas growth 

on crosshatched fibres seemed to divert growth and produced poorer quality cells [116]. 

By controlling the Taylor cone as it moves to the collector with an electric field, fibre 

deposition can be targeted to specific areas. Multi-filament yarn can be created using 

two rings arranged vertically and separated by a gap, where one of the rings is rotated, 

increasing the tensile strength of the fibre [117]. Different materials that can be 

electrospun are not limited to polymers and fibres from ceramics [118] and inorganic 

composites [119] have been reported. Emulsions and blend electrospinning have the 

advantage of using a single needle to obtain core-shell nanofibres of two different 

materials [120]. Emulsion electrospinning, such as water-in-oil, relies on the two phases 

to separate and form the core and shell parts [121]. However, a stable emulsion being 

pumped into the needle is needed for uniform fibres. Similarly, in blend 

electrospinning, the polymer with a lower viscosity forms the shell, whereas the higher 

viscosity polymer forms the core. Both methods have been applied to encapsulate non-

spinnable compounds, such as drug molecules [122].  

 

1.3.2 Nanofibre Adsorbents 

The goal of applying nanofibres to purify biomolecules is feasible because of the 

membrane technologies used in industry. Nanofibres are produced as the same flat sheet 

medium but with a higher surface area and different flow properties [123]. Membrane 

chromatography has the advantages of using convective flow for mass transfer to avoid 

slow diffusional transport [60]. Nanofibres also use convective mass transfer leading to 

rapid binding and improved productivity [123]. Figure 1.5 shows representative 

scanning electron microscopy images comparing resin, membrane and nanofibre media. 

The nanofibre matrix shows a compact web of available surface area without the large 

pore sizes of porous membranes. However, much larger than the pores on the resin 

which allow the diffusional mass transfer inherent to their application.  
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Figure 1.5 Scanning electron microscopy images comparing protein purification 

media. a) Sartobind S cellulose membrane (Sartorius). b) Compressed and 

heat-treated regenerated cellulose nanofibre adsorbent. c) HiCap packed-bed 

resin (Millipore) with 40–90 µm bead diameters and 0.1 µm pore diameter. 

 

Cellulose membranes are commercially available and have been further 

modified for improved chromatographic function. Sartobind cellulose membranes 

(Sartorius Stedim) functionalised with epoxy and aldehyde were derivatised with an 

inverso Protein A Mimetic (Xeptagen, Auriga, Italy; the L amino acids were replaced 

with their D forms) and MAbsorbent A2P (ProMetic, Cambridge, UK) to create an 

affinity membrane for IgG separation [124]. Protein A has been immobilized on porous 

membranes, but the low binding capacities need improving [125]. For example, 

commercial resins can expect to achieve DBC 10% of 40–60 mg/mL for human IgG 

[17] and Sartobind Protein A membrane claims a DBC of 7,5 mg/mL on their datasheet 

(85034-534-94). Membranes have pore diameters down to 450 nm and specific surface 

area of 2 m2/g, measured by Brunauer Emmett Teller (BET) theory, while the average 

diameters of nanofibres are hundreds of nanometres and have much higher specific 

surface areas [126]. Example relationships between pore size and specific surface area 

and buffer permeability have been reported [127]. Hydrosart regenerated cellulose 

membranes with mean pore sizes 0.45, 1.13 and 2.19 showed specific surface areas of 

2.07, 1.02 and 1.05 m2/g and buffer permeabilities of roughly 27, 95 and 200 kL (h × 

m2 × bar)−1, respectively. Chiu et al showed a static binding of 83 mg/g and a BET 

surface area measurement of 6.2 m2/g for polyacrlyonitrile nanofibre adsorbents [128], 

which were higher than those for Sartobind C porous membrane with a capacity of 28.6 

mg/g and surface area of 0.89 m2/g.  
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Table 1.2 details previous studies of functionalizing nanofibre membranes with 

active groups for chromatography. DEAE bound to cellulose nanofibres showed a two-

fold increase in binding to bovine serum album (BSA) compared with that of 

commercially available membranes [129]. Carboxyl groups can act as weak cation 

exchange ligands and TEMPO-mediated oxidation on ultrafine cellulose whiskers (5–10 

nm) have been applied to remove waterborne bacteria [130]. Moreover, carboxyl groups 

on polyacrylonitrile nanofibre adsorbents formed by carbonization at high temperatures 

showed a lysozyme binding capacity of 170 mg/g, which was 10 times higher than the 

same treatment on microfiber polyacrylonitrile [131]. Similarly, the carboxyl groups on 

poly(acrylonitrile-co-acrylic acid) were used to attach chitosan to the nanofibres, which 

could bind to Concanavalin A as viewed under fluorescence microscopy [132]. 

Cellulose nanofibres functionalized with Protein A/G to purify antibodies showed a 

static binding of 18 mg/g, which was twice that of a Sartobind Protein A membrane 

[133]. However, Protein A/G ligands have shown a higher binding capacity higher than 

that Protein A [134]. Core–shell electrospinning was used to fix CHT beads into 

nanofibres, recording a high static BSA capacity of 176 mg/g [135]  

 

Surface initiated atom transfer radical polymerization (ATRP) grafts monomers 

into a polymer chain. Figure 1.6 shows ATRP on a nanofibre surface to create brushes 

on the surface [136]. For example, using glycidyl methacrylate, which is a widely used 

polymer to fabricate monoliths, has been performed on cellulose membranes resulting 

in a chain of epoxy groups available for further modification [45]. However, the extra 

polymer on the membrane surface does decrease pore size, which affects permeability. 

This polymer grafting method has also been applied to graft a quaternary ammonium-

containing polymer onto a cellulose membrane surface to create a strong cationic 

exchange adsorbent [137]. The high porosity of nanofibres can be an advantage for 

ATRP because the grafted polymer chains are less sterically hindered. For example, 

acrylic acid monomer was ATRP grafted to a regenerated cellulose nanofibre surface, 

creating polyacrylic acid chains full of carboxyl groups. Model binding with lysozyme 

showed that a static adsorption range of 400–2500 mg/g was achieved depending on the 

amount of polymer grafted [138]. This protein binding is the highest found in the 

literature to date and exemplifies the use of polymer grafting techniques to increase 
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capacity. Another study used Ce (IV) initiated polymer grafting of methacrylic acid to 

immobilize Protein A/G to polyethersulphone nanofibres and showed a binding capacity 

of 11.4 µg per mg of fibre [139]. Using the carboxyl functional groups present on 

poly(methacrylic) acid grafted to a polysulphone nanofibre sheet allowed for the 

subsequent covalent binding of BSA or Toluidine Blue O [140]. Polymer grafting 

techniques can be difficult to control but can increase binding capacity. 

 

 

Figure 1.6 Styrene sodium sulphonate (SSNa) polymer brushes grafted on a 

random copolymer of styrene and 4-vinylbenzyl 2-bromopropionate (poly(ST-r-

VBP)) nanofibre sheet. Adapted from [136]. 

 

In summary, nanofibre adsorbents in chromatography show advantages over 

other flat sheet media such as porous membranes in surface area (capacity) and flow 

properties (permeability). As well as over current packed-bed resins in productivity 

enabled by convective mass transfer. Nanofibre adsorbents are not yet possible to 

achieve the high surface area of monoliths, but with polymer grafting, can vastly 

increase capacities. Nanofibres have the additional benefit of building on familiar 

membrane packing configurations and systems that used in industry. For example, 

disposable porous membrane stacks used in polishing stages. Through detailed 

examination of the chromatography performance of nanofibre adsorbents, their potential 

can be evaluated with positive outcomes predicted from the current gamut of research.  
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Table 1.2 Nanofibre membranes used for chromatography  

Nanofibre 

material 
Ligand Functionalisation 

Model 

protein 

Capacity 

(mg/g) 
Ref. 

Cellulose DEAE DAECH addition BSA 40 [129] 

Cellulose DEAE DAECH addition BSA 58 [123] 

Cellulose COOH TEMPO oxidation Lysozyme 119 [123] 

Cellulose COOH ATRP grafting  Lysozyme 400–2500a [138] 

PAN COOH Hydroxide  Lysozyme 83 [128] 

PAN COOH Nitric acid  Lysozyme 170 [131] 

Cellulose 
Protein 

A/G 
Periodate activation  IgG 18 [133] 

Polysulphone 
Protein 

A/G 
CAN grafting  IgG 11 [139] 

PAN 

Cibacron 

Blue 

F3GA 

Triazine coupling Bromelain 162 [141] 

Nylon-6 

Cibacron 

Blue 

F3GA 

Triazine coupling Papain 93.5 [142] 

adepending on the amount of polymer grafted 

DAECH = 2-(Diethylamino) ethyl chloride hydrochloride, TEMPO= (2,2,6,6-

tetramethyl-piperidin-1-yl)oxyl, ATRP = atom transfer radical polymerization, CAN = 

Ce(IV)-induced polymerization 

 

1.4 Electrospun Nanofibres and Biocatalysis 

Biocatalysis uses nature’s catalysts, enzymes, to applications in fine chemicals and 

biopharmaceutical manufacturing. Enzyme reactions apply to many industries such as 

the textile industry in cotton processing and wastewater management [143]. The highly 

specific nature of enzyme-catalysed reactions allows the production of unique 
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chemicals, such as chiral molecules, which are important pharmaceuticals where only 

one enantiomer is an active drug molecule. Enzyme immobilization reduces the 

mobility of the enzyme. This step however significantly improves the catalyst lifetime 

by making enzymes more stable during the reaction, reusable and easy to remove. 

Material structures for enzyme immobilization include particles, membranes sol-gels 

and powders [144]. Nanofibres with their high specific surface have clearly raised much 

interest in catalysis [92]. The three widely used applications of immobilized enzymes 

are in chemical production, biosensors and bioreactors.  

 

Adsorption, entrapment and covalent bonding are the three main enzyme 

immobilization techniques. For nanofibres, a new technique, core–shell coaxial 

spinning, has been developed [120]. The methods applied to nanofibres are presented in 

Figure 1.7. The adsorption of the enzyme to the surface by weak interactions such as 

van der Waals forces, ionic and hydrogen bonding is one of the most widely used 

techniques. This interaction is reversible, which can reduce the lifetime of the catalyst; 

however, regeneration with fresh enzymes can be attractive at the industrial scale. 

Entrapping the enzyme in a crosslinked lattice structure of a support allows the enzyme 

free movement in solution. The support acts as a barrier, hindering reactants, but with 

the advantages of protecting the biocatalyst from unwanted molecules. Encapsulation is 

slightly different and relies on using a polymer that is porous to allow substrate access 

to the enzyme. Electrospinning has been used to fabricate enzyme-carrying nanofibres 

using a solution containing the enzyme and an enzyme stable enough to withstand the 

electric field [145]. Covalent attachment uses the surface functional groups of enzymes 

such as amino (–NH2), carboxyl (–COOH), hydroxyl (–OH) and thiol (–SH) groups to 

bind to the support. Polysaccharide supports have been particularly useful in covalent 

immobilisation because of the flexibility of hydroxyl group chemistry and robust 

chemical structure, including cellulose [146]. The advantage of covalent binding is that 

the strong bond prevents enzyme leaching from the support [147]. Multi-point 

attachment has shown to improve enzyme stability [148]. However, the orientation of 

the enzyme on the support can have a large effect on its activity [149]. Core–shell 

electrospinning uses concentric needles to spin two different solutions. The application 

is advantageous to enzyme immobilisation because the enzyme solution is inside a 
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polymer shell leading to a lower chance of protein leaching that that in encapsulation. 

Moreover, encapsulation requires miscible and stable solutions of polymer and enzyme 

for fabrication. These principles can be extend to further modification by crosslinking 

the core enzymes and then removing the shell to create a pure protein fibre [150].  

 

Figure 1.7 Enzyme immobilisation techniques for electrospun nanofibres. 

Adapted from [150]. 

 

Table 1.3 summarizes the recent work in enzyme immobilization onto 

nanofibres. Lipase enzymes have been the model choice for researching immobilization 

onto nanofibre surfaces. Lipases apply to a broad range of processes including 

alcoholysis, hydrolysis, transesterifications and enantiomer resolution [144]. Polyacrylic 

acid grafted onto cellulose nanofibres served as the active groups for adsorption of 

lipase from Candida rugosa and enzyme activity was diminished in the second and 

third cycles and lost by the fourth one [151]. The carboxyl groups on poly(acrylonitrile-

co-acrylic acid) were used to attach chitosan to the nanofibres and Concanavalin A 

could adsorb to the chitosan chains [132]. Entrapping the enzyme in a lattice structure 

allows the enzyme to work and be easily removable without any leaching [152]. 

Encapsulating by dissolving the enzyme in the same solution as the polymer was 

performed for a Rhizopus oryzae lipase in polystyrene [153]. Crosslinking can be 

applied following electrospinning of the polymer and enzyme to increase the 
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entrapment efficiency and discourage leaching, such as using glutaraldehyde [145,154]. 

Enzyme aggregates that only use crosslinking reagents are important in antibiotic 

biocatalysis [155].  

 

Table 1.3 Examples of enzyme immobilisation to electrospun nanofibres 

Nanofibre Enzyme Immobilisation Loading Ref. 

Cellulose Lipase Covalent PAA grafting [156] 

Cellulose  Lipase Covalent Aldehyde [157] 

Silk fibroin α-chymotrypsin Covalent Glutaraldehyde [158] 

PAN-co-maleic 

acid 
Lipase Covalent EDC/NHS [159] 

PAN-co-GMA Lipase B Covalent Epoxy groups [160] 

PAN-co-acrylic 

acid 

Catalase or 

HRP 
Covalent EDC/NHS [161] 

Poly(styrene) α-chymotrypsin Covalent NPh groups [162] 

Poly(vinyl 

alcohol) 

Lactate 

dehydrogenase 
Core–Shell Enzyme core [163] 

Poly(vinyl 

alcohol) 
Cellulase Core–Shell Enzyme core [154] 

Poly(styrene) and 

poly(styrene-co-

maleic anhydride) 

α-chymotrypsin Encapsulation Spun in fibre [145] 

Polystyrene Lipase Encapsulation Spun in fibre [153] 

PAN Lipase Adsorption Physical [164] 

Poly(aniline) l-asparaginase Ionic COO− or +NH3 [165] 

PAA = poly(acetic acid), EDC = 1-ethyl-3-(dimethyl-aminopropyl) carbodiimide, NHS 

= N-hydroxyl succinimide, PAN = poly(acrylonitrile), GMA = glycidyl methacrylate, 

NPh = nitrophenyl ending group, HRP = horseradish peroxidase 

 

Selecting the polymer material is important for each immobilisation technique. 

For example, poly(vinyl alcohol) is a useful polymer for encapsulation because it is 

soluble acetate buffer at pH 5, which is suitable to avoid protein denaturing [154]. 
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Whereas polymers such as poly(acrylic acid) and poly(glycidyl methacrylate) have 

carboxyl and epoxy active groups, respectively, ready for covalent attachment without 

any pre-activation. Regenerated cellulose nanofibres treated with sodium periodate 

breaks the anhydroglucose ring to form two aldehyde groups, which allowed for direct 

binding to lipase [157]. Electrospinning a polymer that already contains the active 

groups for binding has been performed by reacting 4-nitro-phenyl chloroformate with 

polystyrene and α-chymotrypsin was substituted for the nitrophenyl groups in the 

polystyrene chain [162].  

 

EDAC/NHS reaction is used to couple amines to of carboxyl groups and has 

been reported for immobilizing lipase [159], catalase [166] and horseradish peroxidase 

[161] on polyacrylonitrile co polymer nanofibres. The EDAC/NHS coupling is widely 

used as a reliable attachment method that creates a strong peptide bond between the 

substrate and enzyme, leading to good reusability of the biocatalyst. To improve the 

productivity of the attached enzyme and coupling efficiency, flexible spacer groups 

have been used in the covalent binding. The length of the spacer group can affect the 

activity of the enzyme. Glutaraldehyde is a small chain molecule used for coupling and 

has been reported to immobilize lipase to cellulose [167] and poly(acrylonitrile-co-

glycidyl methacrylate) [160]. However, using coupling chemicals with the same 

reactive group at each end of the chain leads to an amount of crosslinking of the 

polymer with itself. Polyethlyene glycol spacers are used for their hydrophilicity and 

showed that more lipase was bound to cellulose [168].  

 

There are opportunities to use nanofibres as enzyme supports to capitalise on the 

high surface area properties and ease of fabrication. The flow distribution properties are 

beneficial to chromatography are also conducive to biocatalysis reactor design. 

Nanofibre media use convective mass transfer of the substrate to reach the enzyme and 

remove any diffusional limitations of porous bead style supports. Nanofibre enzyme 

supports are expected to continue showing advantages to biocatalysis.  
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1.5 Objectives 

Cellulose has been widely used as a material in resin and porous membrane 

chromatography because of its abundance, stability and low non-specific binding. 

Electrospun cellulose nanofibres were demonstrated in a previous study with the 

fabrication parameters required to produce a consistent nanofibre sheet of uniform fibre 

diameters. This project evaluates the potential of nanofibres to bioprocessing using the 

different chemistry protocols available and familiar to industry to activate or 

functionalise the nanofibre surface. The objective is as follows: 

 

1) Prepare electrospun cellulose nanofibre adsorbents by increasing nanofibre 

production with a multi-needle setup and retain uniform fibre diameters. Assess 

widely used cellulose activation techniques for effects on morphology and 

degree of substitution of active groups. Recommend activations for creating 

cellulose nanofibre adsorbents for bioprocessing.  

2) Evaluate the physical and chemical modifications of nanofibre adsorbents for 

use in ion exchange chromatography, including the mechanical properties, and 

binding capacities and flow distribution properties.  

3) Apply nanofibre adsorbents to biocatalysis using appropriate activation for 

enzyme immobilisation. Glucose isomerase converts glucose to fructose to 

create high-fructose corn syrup as the highest produced enzyme in the world. 

Report the activities for static and dynamic systems to demonstrate the 

flexibility of cellulose nanofibres.  

4) Optimise the activation methods to immobilise Protein A for mAb purification. 

Compare the capacities and productivities with other chromatography media. 

  

By the end of the project, methodologies to fabricate nanofibre adsorbents for 

ion exchange and Protein A affinity chromatography processes, and enzyme 

immobilisation are presented that empower further research into electrospun cellulose 

adsorbents. Preliminary performance data is used to demonstrate the function of each 

adsorbent within model conditions and parameters. This project supports the 

commercial development of cellulose adsorbents in several areas of bioprocessing.  
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2 FABRICATION AND ACTIVATION PROTOCOLS OF 

ELECTROSPUN CELLULOSE NANOFIBRES  

2.1 Introduction 

Applying an electrospun nanofibrous medium to industrial bioprocessing requires the 

material to be non-toxic and reproducible as well as inexpensive. The choice of 

polymers is vast, and it should be safe to use and familiar to industry. The polymers 

widely used in membrane chromatography are polysulphone and cellulose. Cellulose 

was chosen as the electrospun material in this project and used to build on previous 

work towards reproducible fabrication. The wide array of potential activation 

techniques for further modifications also supports using cellulose as the base material. 

The chemistry of cellulose is well-documented [1]. The activation of cellulose is 

essential to functionalising the surface for application in bioprocessing, for example, 

immobilising enzymes or applying chromatography ligands. The following study 

evaluates a series of activations, which serve in these intermediary steps, and protocols 

were developed for nanofibre modification. The aim is to scale-up fabrication and show 

the flexibility of cellulose nanofibre adsorbents as well as provide enough material for 

assessment to assess cellulose activation protocols for bioprocessing application. 

 

Cellulose is the most abundant natural polymer on the planet and 

environmentally sustainable. The chemical structure of cellulose contains repeating 

β(1→4) linked D-glucose units (Figure 2.1). Cellulose is a polysaccharide present in 

nature as the main structural component of woody plants, and in seed hairs of a cotton 

plant. For thousands of years cellulosic materials have been applied as construction 

materials, textiles and paper. Cellulose has been applied as an industrial material over 

the last 150 years. Its chemical formula was first described by Payen in 1838 [2]. In 

1870, the Hyatt Manufacturing Company used nitrocellulose to produce one of the 

world’s first thermoplastic polymers, celluloid. Initially replacing ivory billiard balls, 

celluloid went on to revolutionise photography and subsequently marked the beginning 

of moving pictures. Cellophane and rayon (regenerated cellulose from pulp) are another 

two major processed products of cellulose. Because it is inert, non-toxic and tasteless, 

cellulosic derivatives are used as a filling agent in medicinal capsules and tablets, and 
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even in toothpaste, and in food products as a thickener or emulsifier. Cellulosic media 

are also widely used in the laboratory and industry for filtration and chromatography. It 

has the advantage of being hydrophilic but insoluble in water and resistant to organic 

solvents. For bioprocessing applications, cellulose is biocompatible and has no specific 

binding to proteins. Thus, it is an ideal candidate for electrospun nanofibre media.  
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Figure 2.1 One glucose unit of cellulose showing numbered carbons. 

 

Electrospinning cellulose is difficult because it does not dissolve in common 

solvents, but electrospinning has been performed with ionic mixtures such as N,N-

dimethylacetamide (DMAc)/lithium chloride (LiCl) and N-methylmorpholine 

oxide/water as well as heat [3]. During electrospinning, because the N-

methylmorpholine oxide/water system has low volatility, fibre formation was affected, 

and in the multi-component DMAc/LiCl system, a salt residue was left on the fibres [4]. 

Using ionic liquids in electrospinning can be inherently difficult to control and any 

electrical charge retention can result in unpredictable fibre deposition and even 

agglomeration when the electrical field is removed [5]. For these reasons, researchers 

have electrospun cellulose derivatives, such as cellulose acetate, which is also readily 

available, and subsequently reacted the fibres, with hydroxide, to regenerate cellulose 

[6]. Liu and Hsieh comprehensively described the electrospinning of cellulose acetate 

with a range of solvents and electrospinning conditions [7]. Other cellulosic derivatives 

have also been electrospun to a degree of success and techniques and conditions are 

summarized in Table 2.1. Moreover, there is potential to electrospin cellulose from 

lignocellulosic biomass and durum wheat straw [8]. Such studies explore the important 

topic of sustainable materials, allowing a renewable polymer product to be used across 

many industrial processes.  
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Table 2.1 Electrospinning cellulose and its derivatives. 

Polymer 
Solvent (v/v), 

polymer wt.% 

Spinning 

parameters 

Diameter 

(nm) 
Notes Ref. 

Cellulose 

 

DMAc/LiCl (92/8),  

1–3 wt% 

15–25 kV,  

<50 µL/min 
250–750 

Heated 

needle  
[3] 

Cellulose 
NMMO/H2O 

(85/15), 1–3 wt% 

15–25 kV,  

<50 µL/min 
750 

Heat  

50–60 °C 
[3] 

Cellulose  

(cotton linter) 

AMIMC/DMSO,  

5 wt% 

15 kV,  

50 µL/min 
100–800 

DMSO 

essential  
[9] 

Cellulose  

(wheat) 
TFA, 4 wt% 

15 kV,  

25 µL/min 
270  [10] 

Cellulose  

(hemp) 

EMIMAc/DMF  

14 wt% 
35 kV 200–800 

NaOH 

treatment 
[8] 

Cellulose 

acetate 

Acetone/DMF/EtO

H (40/40/20), 20 

wt% 

20 kV,  

13 µL/min 
500 50% RH [11] 

Cellulose 

acetate 

Acetone/DMAc 

(80/20), 15 wt% 
18 kV 100–450  [12] 

Cellulose 

acetate 

Acetone/ H2O 

(85/15), 17 wt% 

12 k V,  

167 µL/min 
5–8 µm  [6] 

Cellulose 

triacetate 

MC/EtOH (90/10),  

5 wt% 

15 kV,  

17 µL/min 
200–500 

Porous 

strands 
[13] 

CMC 
H2O, CMC/PEO  

4/4 wt% 
35–40 kV – 

PEO 

extracted 
[14] 

Methyl 

cellulose 
H2O/EtOH (50/50), 40 kV –  [14] 

Hydroxypropyl 

methylcellulose 

H2O/EtOH (50/50),  

2–3 wt% 
40 kV –  [14] 

Ethyl-

cyanoethyl 

cellulose 

THF, 16–19 wt% 20–50 kV 
0.2– 

20 µm 

Control 

diameter 

by voltage 

[15] 

DMAc = dimethylacetamide, NMMO = N-methylmorpholine oxide, AMIMC = 1-

Allyl-3-methylimidazolium chloride, TFA = trifluoroacetic acid, EMIMAc = 1-ethyl-3-

methylimidazolium acetate, MC = methylene chloride, carboxymethyl cellulose = 

CMC, PEO = polyethylene oxide, THF = tetrahydrofuran.  
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All fabrication methods are faced with difficulties in tightly controlling the 

variables and producing a reproducible material. As previously published, the 

environmental conditions affect the electrospinning process of cellulose nanofibres, 

including polymer jet formation and fibre diameter [11, 16, 17]. The variables of 

electrospinning include the solvent system to dissolve the polymer in, polymer 

concentration and molecular weight, and the electrospinning parameters of flowrate and 

voltage, as well as the physical specifications of the rig apparatus, such as size and 

material type, needle, collector and needle-to-collector distance. Each variable can have 

an effect on the resulting nanofibre material. In the fabrication of porous membranes for 

chromatography, reproducing pores of the same size is important for a reliable material. 

This pore size relates to capacity, because smaller pores lead to a higher surface area, 

but decreases the permeability, increasing backpressure and easier fouling. Thus, porous 

membranes are widely used in the polishing step, when the feed has been clarified, 

where their productivity over resins improves their efficiency. Because nanofibres show 

a higher surface area and permeability than porous membranes, their application to 

bioprocesses may improve efficiency, and may even widen their application to other 

steps of protein purification such as the initial capture step. Fabricating a consistent 

nanofibre sheet is integral to developing a medium, and the issues faced in scaling-up 

are relevant for application in the industry of bioprocessing.  

 

Annealing is a promising post-fabrication modification of cellulose acetate 

nanofibres to improve mechanical properties [18]. Heating the nanofibre sheet in an 

oven set to near the melting temperature of cellulose acetate causes the fibre strands 

crossing over each other to weld at those cross-points. Heating applied post-

electrospinning has the added benefit of removing solvent from the matrix. The 

annealed cellulose acetate nanofibre is easier to handle and more suitable to solution-

based modifications, which is required in deacetylation for regenerating to cellulose 

[19–21]. Saponification treatment using hydroxide, KOH or NaOH, is commonly 

employed in ethanol or an aqueous ethanol mixture. The ethanol is essential for efficient 

and complete deacetylation. The regenerated cellulose is open to a wide range of 

chemical modifications, which have been applied to a variety of matrices including 

cotton (90% cellulose), wood pulp (40–50% cellulose) and in a pure form as a powder, 
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rayon, microcrystals, microfibrillated/nanocellulose, porous membranes and microbial 

cellulose [22–24]. The hydroxyl groups at carbon positions 2, 3 and 6 are the targets for 

activation. The cellulose ring is polyfunctional because of a primary hydroxyl group 

(C6) and secondary hydroxyl groups (C2 and C3) with reactions possible on either or all 

the hydroxyls present [25]. Reactions occurring with hydroxyl groups have been 

extensively researched and the most common chemistries are esterification, 

etherification and oxidation [26]. Moreover, reactions applying to hydroxyls on 

cellulose can be transferred from other hydroxyl containing polymers, such as 

saccharides (dextrose, agarose) and polyvinyl alcohol, opening up a vast repertoire of 

published literature. As with any reaction, achieving sufficient modification and 

avoiding uneven functionalisation, within the cellulose ring, along a chain or between 

chains is difficult. Homogenous cellulose reactions where the cellulose is dissolved and 

reactions occur in the same phase offer the highest degrees of substitution. 

Heterogeneous reactions between a solid cellulose substrate and the liquid phase are 

hindered in terms of reaction rate and completion. For investigating functionalisations 

of a bioprocessing medium, reactions applied or already used in the pharmaceutical 

industry were the focus of this study, which were heterogeneous to avoid dissolving the 

cellulose and losing the support structure. The activated medium also needed to be 

stable and suitable to further modification such as coupling buffers, pH and temperature 

requirements. Pre-activated media are widely available for modifications such as 

coupling proteins through primary amine groups, and popular media include containing 

aldehyde, epoxy, or CNBr. Pre-activated media allows researchers to control the 

coupling chemistry for their needs. However, the number of activated groups affects 

chromatography performance [27]. A selection of protocols is summarized in Table 2.2. 

Tosylation, cyanogen bromide (CNBr), cyanuric chloride (TsT), epoxidation and 

oxidations to aldehyde or carboxyl activations are examined. 

 

2.1.1 Esterification: Tosylation 

Esters of cellulose have a long history and represent one of the first covalent 

modifications of cellulose derivatives with cellulose acetate and cellulose nitrate being 

synthesised on the industrial scale since their discoveries in 1865 and 1847. Cellulose 

ester with a p-toluenesulphonic acid group is termed tosyl cellulose [1]. They are used 
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as intermediates for further cellulose derivatisation because the tosyl ester is a good 

leaving group for nucleophilic displacement reactions [28]. Moreover, reaction with p-

toluenesulphonyl chloride (TsCl) is preferential to the C6 position of cellulose, adding a 

degree of controllability to where reaction occurs. Heterogeneous reactions with 

cellulose media have been reported; however, a large excess of reactant is required 

under dry conditions to avoid excessive side reactions. The heterogeneous reaction 

involves dehydrating the cellulose media in pyridine, and adding TsCl dissolved in 

acetone [29]. Another method replaces the pyridine with triethylamine [30]. In both 

cases, proteins were immobilised to the cellulose surface with success. Peng et al 

reported that no activation method was superior for immobilising human IgG to 

cellulose beads, which also included CNBr and TsT reactions. The immobilisation of 

collagen showed slower substitution of tosyl groups than the CNBr reaction [31]. The 

use of toxic solvents such as pyridine may not be suitable for bioprocessing media 

without appropriate removal.  

 

Table 2.2 Selected cellulose protocols for chromatography activations. 

Activation Reagents Product Notes Ref. 

Tosylation TsCl, pyridine –SO2PhCH3 Dry conditions [29] 

Epoxidation Epichlorohydrin –C2H2O Side reactions [32] 

CNBr CNBr in NaHCO3 –CN Toxic, ice cold [31] 

TsT TsT in acetone –Ph(Cl)2 Toxic, ice cold [33] 

Aldehyde 50 mM NaIO4 –(CHO)2 Degradation  [19] 

Carboxyl NaNO2 in acids  –COOH Degradation [6] 

Carboxyl TEMPO, NaClO  –COOH Degradation [34] 

Carboxy-

methyl 

Monochloroacetic 

acid in NaOH 
–CH2COOH Cation exchange [35] 

DEAE DAECH Cell–DEAE Anion exchange [35] 

Grafting CAN –GMA Hard to reproduce [23] 

Grafting AIBN –GMA Inert atmosphere [12] 

TsCl = p-toluenesulphonyl chloride, TEMPO = 2,2,6,6-tetramethylpiperidine-1-oxy 

radical, DEACH = 2-(diethylamino) ethyl chloride hydrochloride, CAN = Ce(IV) 

ammonium nitrate, GMA = glycidyl methacrylate, AIBN = azobisisobutyronitrile. 
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2.1.2 Etherification: Epoxidation 

Cellulose ethers include industrial chemicals carboxymethylcellulose and 

hydroxyethylcellulose, and have chemical stability. Studies into etherification reactions 

began after esterification in the early 20th century [1]. A common reaction to form 

cellulose ethers involves the treatment of cellulose with a high concentration of NaOH 

to form alkali cellulose, and reaction with an organic compound containing a halide. 

This reaction is Williamson ether synthesis. The use of epichlorohydrin to activate 

cellulose was first reported by Sundberg and Porath [36]. Epichlorohydrin is a 

bifunctional molecule having an alkyl halide and an alkylene epoxide, and is commonly 

used as a crosslinking agent. In fact a number of side reactions occur and certain 

reaction conditions are advised to reduce them, including using excess epichlorohydrin 

and a catalytic amount of NaOH. The possible side reactions are noted in Figure 2.2.  
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Figure 2.2 Reactions of cellulose (Cell) with epichlorohydrin: A. Producing epoxy 

groups on the cellulose. B Crosslinking reactions between celluloses. C. Side 

reaction of the epoxy group deactivates cellulose. D. Side reaction of two 

epichlorohydrin molecules reduces the number available for cellulose activation. 
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An epoxide group can be used for further reaction through covalent bonding to thiols, 

hydroxyls and carboxylic acids depending on the pH of coupling [37]. However, the 

epoxide group is unstable and easily forms a less reactive di-alcohol group. To reduce 

the hydrolysis of epoxy groups on the cellulose surface, reactions have been carried out 

at room temperature [38]. The addition of diamine chains to cellulose has been reported 

in both two-step and one-step methods without seeing much difference in yield [39]. 

Moreover, to improve the solubility of epichlorohydrin in water, DMSO has been used 

[32]. Epoxy media are flexible intermediates and are widely used because the bond 

formed with the ligand is stable.  

 

2.1.3 Etherification: Cyanogen Bromide 

The reaction of CNBr with cellulose has been used to activate hydroxyls for further 

modification [40]. CNBr-activated supports are widely available in the industry because 

they are simple to use in coupling reactions and of high yields. The produced cyanate 

ester group is highly reactive. However, the cyanate is so reactive, it may undergo an 

interchain rearrangement to form a less reactive cyclic imidocarbonate (C=NH), or even 

hydrolyse in the presence of water and form an inert carbamate (Figure 2.3). The actual 

mechanism has been well studied because the conditions will define the resulting 

coupling bond. The cyanate ester forms an isourea coupling bond, which is charged and 

may break, and the imidocarbonate forms a more stable bond but at a much slower rate 

[30]. The CNBr reagent is hazardous, possibly fatal if HCN gas is allowed to form, and 

precautions need to be taken to ensure safe use and disposal. The activation reaction 

proceeds quickly, under 30 min, and coupling can be completed overnight at 4 °C [41]. 

CNBr activation is suitable for protein immobilisation. Kennedy and Paterson [42] 

showed that adding TEA to improve substitution of CNBr allows protein A to bond to 

small paper rods. The reaction is fast and relatively straightforward other than the 

hazardous controls to take into account.  
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Figure 2.3 Activating cellulose with CNBr to form the highly reactive cyanate 

ester or less reactive imidocarbonate and hydrolysis to inert carbamate. 

 

2.1.4 Etherification: Cyanuric Chloride 

Another technique that has been used since the early days of hydroxyl activation of 

chromatography media is one with trichloro-S-triazine (TsT) or cyanuric chloride, 

which is a symmetrical cyclic compound with three reactive chlorine atoms. There is 

widespread industrial use of TsT for making pesticides and dyes, and it is commonly 

used in organic synthesis. TsT attaches easily to the hydroxyl group, replacing the 

hydrogen, in a similar manner to that in acyl chloride chemistry. The attached TsT still 

has two active chlorine atoms available for further reaction. One chlorine may be 

selectively reacted with a compound such as aniline to create a monofunctional ligand 

suitable for immobilising proteins without damaging the protein structure [37]. 

However, the reactivity of the chlorine diminishes as each Cl is reacted. The 

bifunctional ligand may have an advantage to attach two small molecules to each Cl, 

increasing ligands [33]. Similar to CNBr, TsT is highly toxic, has a rapid activation rate 

and coupling rate. TsT has been used to activate electrospun poly(acrylonitrile-co-2-

hydroxyethyl methacrylate) nanofibres for lipase immobilisation, and a moderate 

activity was recorded [43]. The ease of activation of the reactive compound is suitable 

for laboratory investigations; however, larger scale application may become difficult 

with homogenous activation across a surface and safety issues.  
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2.1.5 Oxidation: Aldehydes 

Oxidation of the hydroxyl group creates a reactive aldehyde group capable of further 

modification. The oxidising agent used needs to be reactive enough to oxidise the 

hydroxyls without being too reactive and completely break up the cellulose chain. 

Aldehyde-activated media are commercially available alongside their CNBr, carboxyl 

and epoxy counterparts. Sodium periodate (NaIO4) is commonly used, and cleaves the 

diol carbon–carbon bond between C2 and C3, replacing the secondary hydroxyls with 

aldehyde groups. The resulting structure is called 2,3-dialdehyde cellulose. The time of 

oxidation is an important factor where highly oxidised cellulose may take up to a week 

or more [44]. However, the presence of hydroxide groups or a high pH buffer causes 

degradation, which increases with higher degrees of oxidation [45]. Huang et al have 

shown that optimised NaIO4 oxidation on cellulose nanofibres increases lipase 

immobilisation [46]. Interestingly in a study on cellulose fibres obtained from pulp, 

ultrasound treatment of the fibres prior to oxidation by NaIO4 increased the number of 

dialdehyde groups because microcavities were created on the microfibre surface [47]. 

periodate breaks the cellulose ring and creates two aldehyde groups for 

functionalisation, which can be an advantage [48] or a disadvantage by sacrificing 

structural integrity. The aldehyde groups may hydrolyse to form hemiacetals, which is a 

reversible process and can still be used in further modification under certain reaction 

conditions [49]. The reaction requires optimisation and care to avoid degradation, but a 

protein coupling bond via the Schiff base reaction is stable, supporting its use.  

 

2.1.6 Oxidation: Carboxylic acids using TEMPO catalyst 

The selective oxidation of primary alcohols has the advantage of creating one activated 

group per cellulose ring. Introducing carboxylic acid groups into carbohydrates using an 

oxidant and 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) has only been 

studied over the last few decades, and has raised a great deal of attention [50]. A 

TEMPO/NaClO/NaBr system has been extensively studied by Saito et al. for the 

disintegration of cellulose fibres and formation of nanofibrils [51]. The reaction has 

been extended commercially to the pretreatment of cellulose pulp in the manufacture of 

nanocelluloses [52]. The reaction proceeds via two steps and the TEMPO radical is 

regenerated (Figure 2.4). This two-step process first forms an aldehyde group and then a 
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carboxyl group. The formation of 6-carboxy cellulose is rapid and controllable using the 

amount and rate of NaClO added. The benefit of controlling oxidation allows the 

tailoring of the number of activated groups, which can then achieve higher ligand 

density than commercial carboxymethyl beads [53]. The ion-exchange behaviour for 

metal ions has been reported [54]. There is potential for use in bioprocessing in 

cellulose activation considering the reactivity of the carboxyl group and the fact they 

are used as a weak cation exchanger in carboxymethyl chromatography. A 

TEMPO/NaClO reaction has been used to separate waterborne bacteria using cellulose 

[55]. Other methods to activate cellulose with carboxyl groups are used, such as that 

with monochloroacetic acid but the high concentration of NaOH required may lead to 

cellulose degradation [35]. 
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Figure 2.4 Activating cellulose with TEMPO to form carboxyl groups on the 

cellulose surface by first oxidising alcohol groups to aldehyde groups. 
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Attachment of proteins to carboxyls is prolific with the use of 

ethyl(dimethylaminopropyl) carbodiimide (EDC) as a single-step or in a two-step 

process with N-hydroxysuccinimide (NHS) coupling chemistry [56]. The EDC reacts 

with the carboxyl to create an intermediate ester, and that reacts to an amine group or 

with NHS to create a stable ester intermediate [37]. The two-step reaction is widely 

used for coupling to proteins because carboxyl groups on the protein are also prone to 

reaction to EDC. COO-activated nanofibres would benefit from the reliability and 

controllability of EDC/NHS coupling of proteins for application in Protein A 

chromatography and enzyme biocatalysis.  

 

2.1.7 Objectives 

The reproducible and controlled fabrication of cellulose acetate nanofibres has been 

reported using a one-needle system. Increasing the number of needles for 

electrospinning is one approach to increasing the deposition and has been applied in 

large-scale electrospinning manufacture. Environmental conditions are crucial to 

attaining consistent cellulose acetate electrospinning with one needle and are expected 

to have a role in multi-needle systems. The cellulose acetate polymer solution will be 

kept the same. Using a linear array of needles, the electrospinning parameters will be 

varied. Increasing the throughput of nanofibre sheets will show that electrospun 

cellulose adsorbents are suitable for scaling-up and industrial application. Moreover, a 

suitable number of sheets required for chemical modification can be easily produced. 

For the second part of the study, cellulose activation protocols that have been selected 

from the literature and are relevant to bioprocessing will be assessed for degree of 

activation, duration, controllability and methodology. The characterisation methods 

include SEM for morphology analysis to check for degradation, and vibrational spectra 

analysis using RAMAN and FTIR to show the chemical group changes of cellulose. 

The activations are applied on a single disc per pot reaction using a small magnetic flea 

for agitation. The summary of activations available and their suitability to further 

modification will be assessed. Recommendations will be made to extend the use of 

electron cellulose nanofibre media into bioprocessing applications, which include 

enzyme immobilisation and the chromatography of proteins.  
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2.2 Materials and Methods 

2.2.1 Electrospinning Cellulose Acetate 

The electrospinning apparatus and parameters were developed from the basic setup 

described in the Chapter 1. The productivity of the process was increased from a one-

needle array to a four-needle array as shown in Figure 2.5. The polymers and chemicals 

were supplied by Sigma–Aldrich (Dorset, UK) unless otherwise stated. The polymer 

solution formulation was the same throughout, using a 17.5 wt.% cellulose acetate (CA; 

Mr = 29,000, 40% acetyl groups) in acetone:DMF:ethanol (2:2:1) [11]. The rotating 

collector was an aluminium tube 200 mm in diameter and 300 mm long attached to an 

electric motor controlled using a power supply to rotate at 60 rpm. The collector was 

wrapped in greaseproof paper. The collector was placed on a horizontal (x-axis) 

translation stage, which was controlled using a PC. A 300-mm x-axis displacement (150 

mm of the needle array centre) at a rate of five loops per minute was used with a 1-s 

dwell time at each end to provide a smooth cross-sectional profile. The needle array was 

a 150 mm piece of aluminium containing eight holes to attempt different distances 

between the needles. The microneedles were 70 or 100 mm in length and 0.5 mm in 

internal diameter. The apparatus was enclosed in an environmental control system 

(ClimateZone A1-safetech, Luton, UK). The optimal electrospinning conditions were 

investigated for different needle setups. The interactions between spinning jets emitting 

from the needles are expected to interfere with the deposition. A Harvard PHD 4400 

syringe pump (Harvard Apparatus, Kent, UK) and high voltage supply were controlled 

using LabVIEW software (National Instruments, Austin, TX, USA) on a PC.  

 

2.2.2 Layering, Baking and Regenerating Cellulose 

The collected nanofibre sheet was folded in half for easier handling, cut and layered (8 

layers) as 80 × 80 mm squares. The squares were baked in a preheated oven (NR30F, 

Carbolite, Sheffield, UK) at 213 °C for 30 min. CA mats were cut into five 25-mm discs 

and regenerated to cellulose by deacetylation using 0.1 M sodium hydroxide in 2:1 

H2O:EtOH overnight in a 50-mL centrifuge tube. The discs were extensively washed in 

water and dried in a vacuum oven. Broken discs that delaminated were discarded. The 

25-mm discs were the regenerated cellulose (RC) for subsequent activations.  
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Figure 2.5 Electrospinning apparatus to fabricate nanofibre sheets using a four-

needle array with humidity and temperature controls. 

 

2.2.3 Esterification: Tosylation 

The following protocol modified from Albayrak & Yang was employed to investigate 

the tosylation of cellulose nanofibre adsorbents [29]. Reagents were dried over 

molecular sieves 4A. A cellulose nanofibre disc was pretreated in 10 mL dry pyridine in 

a sealed 15-mL centrifuge tube and shaken for 3 h. An excess of p-toluenesulphonic 

acid (4 g) was premixed in dry acetone and added to the pyridine and cellulose tube 

then shaken for another 3 h. The cellulose disc was washed first in acetone, plenty of 

weak HCl (0.005M), copious amounts of ultrapure water and allowed to air dry.  

 

2.2.4 Etherification: Cyanogen Bromide 

The method followed that previously reported [31, 41, 57]. A cellulose disc in 2 M 

sodium carbonate (10 mL) was placed in a 20-mL beaker and in an ice bath to cool to 5 

°C. A 0.1-g amount of CNBr was dissolved in 2 mL acetone, precooled to 5 °C and 

added to reaction mixture. Stirring with a magnetic flea at 100 rpm was performed for 

15 min. The cellulose disc was transferred to another jar, washed in 0.1 M sodium 

bicarbonate solution and water and dried in air.  
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2.2.5 Etherification: Cyanuric Chloride 

The method was adjusted for nanofibres from [33]. The cellulose disc was stirred in 10 

mL ice cold 1 M NaOH for 30 min in a 20-mL beaker. The disc was removed and 

excess NaOH was allowed to run off. The disc was added to another beaker containing 

ice cold 0.1g TsT in 10 mL acetone and stirred for 30 min at 100 rpm. Washes were 

done in cold acetone and water. The disc was dried in air.  

 

2.2.6 Etherification: Epoxidation 

Initial methods to functionalise the cellulose surface with epoxy groups followed the 

protocols detailed in previous reports [38, 39, 58]. Briefly, epichlorohydrin (3 mL in 40 

mL 1.1 M NaOH) was mixed in a 50-mL centrifuge tube and four regenerated cellulose 

nanofibre discs 0.4 g) added. A small amount of sodium borohydride (4 mg) was added. 

The reaction time was 4 h at room temperature followed by excessive washing in water 

and drying for analysis. Later methods involved the addition of a solvent to help the 

epichlorohydrin dissolve in the aqueous NaOH. This protocol was modified from [32]. 

Where the 40-mL solution contained 19 mL DMSO, 11 mL epichlorohydrin and 10 mL 

of 1 M NaOH and reactions were completed overnight (16 h). The discs were washed 

with a 2:1 ratio of DMSO:water and with water only. An epoxy group titration was 

performed using sodium thiosulphate to react with the epoxy groups, producing OH− 

ions, which were titrated with HCl. Briefly, 10 mL of 1.3 M sodium thiosulphate was 

added to a beaker containing one epoxy-cellulose disc and mixed for 30 min. Using a 

pH meter, 0.01 M HCl was added dropwise until the pH returned to neutral. The amount 

of epoxy groups was calculated as a 1:1 reaction.  

 

2.2.7 Oxidation: Aldehydes 

Creating a cellulose surface containing aldehyde groups using sodium periodate is a 

well-researched technique [19, 37, 59]. One disc of cellulose nanofibre was added to a 

10-mL 50 mM periodate solution in a 20-mL beaker (wrapped in tin foil to protect from 

the light) and mixed for 4 or 7 h. The reaction was stopped using ethylene glycol (1mL) 

with stirring for 30 min. The disc was washed for in water to remove reagents and 

allowed to dry for analysis. 
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2.2.8 Oxidation: Carboxylic acid 

The procedure was modified from that previously reported [51]. A 50-mL aqueous 

mixture of TEMPO (0.01 g) and NaBr (0.1 g) was adjusted to a pH of 10.5 using 

aqueous 0.1 M NaOH and used as stock. A cellulose disc (0.1g) was added to 10 mL of 

that mixture in a 20-mL beaker and stirred for 5 min. A syringe pump was used to 

dropwise add 1 mL of 10–15% sodium hypochlorite (NaClO). The times taken to add 

NaClO was 10 min and 30 min. Ethanol (5 mL) was added to quench the reaction and 

stirred for 10 min. The disc was washed thoroughly with ultrapure water.  

 

2.2.9 Nanofibre Characterisation: SEM, FTIR-ATR and RAMAN 

SEM is a valuable characterisation resource of nanofibre morphology analysis. Two 

SEM instruments were used to characterise nanofibres in the present dissertation, a Jeol 

JSM-6610LV SEM (Welwyn Garden City, UK) coupled with an EDX spectrometer for 

elemental analysis and a Phenom G2 Pro (Phenom-World BV, Eindhoven, The 

Netherlands). The Jeol SEM measured the energies from secondary electrons to 

generate an image, whereas the Phenom measured backscattered electrons to achieve a 

suitable contrast for image analysis.  

 

FTIR measures light absorption corresponding to dipole moments of a bond 

between two atoms. The resulting sample spectrum provides a fingerprint of peaks 

corresponding to certain bonded atoms i.e., functional groups. FTIR was coupled with 

an attenuated total reflectance (ATR) module, which shines the IR beam through a 

crystal in contact with a solid sample to measure the IR spectra using evanescent waves. 

RAMAN is another vibrational spectroscopic technique, measuring the scattering of 

light by vibrating molecules. Bonds exhibiting polarizability will be RAMAN active 

and bonds that can undergo a dipole moment change will be FTIR active. Some bonds 

are active in both spectroscopies, some in one of them and some in none of them. The 

techniques were used together to determine the chemical group changes in activated 

cellulose nanofibres. A Thermo Scientific Nicolet iS10 FT-IR Spectrometer fitted with 

an ATR module (Loughborough, UK) was used to characterise different surface groups. 

Spectra were recorded in the range 4000–500 cm−1 by an accumulation of 50 scans. A 

background was measured with 10 scans prior to each sampling. A Renishaw inVia 
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RAMAM microscope system (Wotton-under-Edge, UK) with an exciting wavelength of 

810 nm was used. The nanofibre sample was directly sampled at a small working 

distance (0.2 mm). Spectra were recorded in the range 500–1500 nm with cosmic ray 

removal. The baseline was subtracted using Wire (3.2) software. 

 

2.3 Results 

2.3.1 Electrospinning  

An electrospinning process using up to four needles was evaluated to produce a 

consistent material of uniform fibre diameter and sheet thickness (Table 2.3). The 

parameters of flowrate and voltage control nanofibre fabrication were initially varied in 

small changes until a stable polymer jet was formed. Run 0 was the original one-needle 

method from previous study [11]. The solution volume for electrospinning was 

increased to form a thicker material to reduce the number of layers to handle when 

creating an adsorbent. This technique provided a 3.2-g nanofibre sheet of approximately 

600×180 mm area, 0.4 mm thick, equating to 30 g/m2 with fibre diameters of 200–800 

nm. Run 0 used an electrospinning time of nearly 48 h. However, some nanofibre 

deposition occurred around the collector and on the sides of the cabinet, indicating 

inefficiency. A symmetrical three-needle array was assembled, the same electrospinning 

parameters were used and the flowrate was multiplied by three. In Run 1, these 

parameters were insufficient for electrospinning. The voltage was increased and 

flowrate decreased for Run 2 and each needle achieved a Taylor cone jet. Preliminary 

analysis showed uniform fibre diameter but there was a large amount of nanofibre 

deposition occurring around the collector. The jets may interact with each other and 

because they are of the same charge repel themselves, leading to a scattered deposition.  

 

Longer needles (100 mm) were used to reduce any electrical effects of the 

charged needle holder, and blank needles were placed on the end of the holder to focus 

deposition onto the collector. Run 3 showed good nanofibre deposition on the collector. 

For the next step, the needle array was increased to four and spaced with equal distance 

(Run 4). Polymer build-up on the tip caused by slow evaporation dripped polymer 

solvent solution on the collector, which dissolved the nanofibre sheet. This build-up 

remained regardless of the voltage or flowrate. However, increasing the humidity was 
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able to control the build-up of polymer, which supported its use as an important factor 

in ensuring consistent jet formation. Run 5 was completed using a lower volume than 

that of Run 0 to produce the same sheet properties because the deposition was more 

efficient. The electrospinning time was reduced from 48 h of Run 0 to 13 h. However, 

the measured thickness was 0.3–0.6 mm, which was unsuitable. 

 

Table 2.3 Developing a four-needle array method of electrospinning CA. 

Run 
Flowrate 

Voltage 
Needles Humidity Jet 

Fibre 

diameter 
Comments 

0 
0.6 mL/h 

20 kV 
One 60% Yes 350 nm [11] 

1 
1.8 mL/h 

20 kV 
Three 60% No –  

2 
1.5 mL/h 

31 kV 
Three 65 % Yes – 

Random 

deposition 

3 
1.5 mL/h 

31 kV 
Three 65 % Yes – 

Longer needles 

used  

4 
2.0 mL/h 

30 kV 
Four 65% Yes – 

Polymer build up 

on needle tip 

5 
2.0 mL/h 

30 kV 
Four 70% Yes – 

Varying sheet 

thickness 

6 
2.4 mL/h 

30 kV 
Four 70% Yes 200–400 nm 

Parameters used 

for this project 

 

To achieve a smooth profile, a horizontal translation stage was placed under the 

collector. The needles in the array were also moved into two pairs separated by a gap in 

the middle (60 mm). In the middle was the connection for the high voltage cable, and 

the electric field may interfere with jet formation. This configuration was also useful to 

reduce jet-to-jet repulsion. The volume of solution was reduced to half and the flowrate 

was increased, which required a 5.5 h electrospinning time. The translation stage speeds 

and dwell times were varied to produce a smooth profile. To create a 30 g/m2 material, 

the sheet was folded in half. Run 6 defines the parameters used to electrospin the CA 
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nanofibre starting material throughout this study. SEM was used to confirm uniform 

fibre diameters and representative images of Run 1 and Run 6 are shown in Figure 2.6. 

The SEM images were captured on two different microscopes, the JEOL for Run 0 

image, which used secondary electrons, and the Phenom for Run 6 which used back 

scattered electrons giving the fibres less of a ‘3D’ appearance. The fibre diameters were 

measured for Run 6 using an automated fibre recognition software on the Phenom SEM. 

A representative measurement image and resulting histogram of the range of fibre 

diameters are shown in Figure 2.6c. The fibre diameters were in a similar range to those 

previously reported [11]. 

 

 

Figure 2.6. SEM images of CA nanofibres from (a) Run 0, (b) Run 6 and its (c) 

fibre diameter measurements and d) histogram of diameter distribution. 

 

2.3.2 Deacetylating electrospun CA nanofibres 

Electrospinning cellulose directly is difficult because cellulose does not dissolve 

suitably for consistent fabrication and a preferred approach is to regenerate CA to 

cellulose by removing the acetyl group attached by an ester bond. The electrospun CA 
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nanofibres were stacked as 8 layers, annealed at 213 °C, cut into 25-mm discs and 

deacylated. SEM was used to check for any morphological changes after deacetylation 

and there were no apparent changes (Figure 2.7). The fibre diameters of RC appeared 

slightly smaller but remained uniform and in a small range. The RC material felt 

different and was less statically charged, and changed from a hydrophobic compound to 

a hydrophilic one. The dry masses of 25 mm discs from different deacetylation runs 

were measured. On average mass was reduced by 37%. The calculated mass lost by 

removing the 40% of acetyl groups on each cellulose ring results in an estimated 28% 

drop in mass. The missing 9% may be broken nanofibre strands left in the solution. 

From six deacetylation experiments, a mass change SD of ±0.4% suggested a consistent 

loss. If all the mass lost was from the acetyl groups then an acetyl group percentage of 

the CA nanofibre material would be 53%. Therefore, the number of acetyl groups of the 

polymer supplied may have varied from that given in the specification. Any changes in 

polymer properties between batches impact scale-up because the number of acetyl 

groups and the molecular weight affect spinning.  

 

  

Figure 2.7 SEMs a) cellulose acetate (CA) and b) regenerated cellulose (RC). 

 

FTIR-ATR and RAMAN was used to record chemical changes (Figure 2.8). The 

successful removal of the acetyl groups in CA corresponded with their peaks 

disappearing and being replaced by hydroxyl peaks in the RC spectrum. The CA 

spectrum shows acetyl peaks at 1740, 1365, and 1221 cm−1 corresponding to the 

carbonyl (C=O), methyl (CCH3) and ester linkage (OC=O), respectively. A wide peak 

from the stretching of the O–H hydroxyl group was more apparent on the RC spectrum 
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in the 3300–3500 cm−1 region. Both spectra showed peaks below 1200 cm−1 and 

correspond to symmetric and asymmetric bond stretching of the glycosidic linkage C–

O–C in the cellulose backbone. The largest RC peaks of primary and secondary alcohol 

(C–O) stretching were around 1025 and 1060 cm−1, respectively.  

 

 

Figure 2.8 Vibrational spectra from a) FTIR-ATR and b) RAMAN of cellulose 

acetate (CA) and regenerated cellulose (RC). 

 

In the RAMAN spectra, the acetyl peaks at 655 and 1740 cm−1 were attributed 

to O–C=O and C=O, respectively, and were not present in the RC spectrum. In the 

region from 1070 to 1160 cm−1, peaks were attributed to the C–O and C–OH vibrations 

in and around the cellulose ring. The signals, particularly the one at 1097 cm−1, became 

stronger and more apparent in the RC spectrum because the acetyl groups were replaced 

by alcohol groups. Moreover, the cellulose backbone peak on CA at 911 cm−1 shifts to 

897 cm−1 in the RC spectrum and the peak 837 cm−1 disappears entirely. The peaks in 

region 1340–1460 cm−1 were associated with CH2 vibrations groups on the cellulose 

ring and CH3 groups on the acetyl groups, which notably lost a peak at 1432 cm−1 in the 

RC spectrum. The RAMAN spectra were more informative of the chemical changes 
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between CA and RC than the FTIR-ATR spectra. Deacetylation of CA nanofibres in 

sodium hydroxide 2:1 water:ethanol solution was completed for the overnight 

timeframe. The RC nanofibre discs produced were kept dry in a vacuum oven for the 

next stage of evaluating different activation chemistries.  

 

2.3.3 Activating electrospun RC nanofibres  

2.3.3.1 Esterification: Tosylation 

The activation of cellulose with TsCl aimed to form a tosylate at the hydroxyl group at 

position C6 on cellulose. The reaction proceeded under dry solvent conditions to 

discourage side reactions of TsCl with water. After the reaction, the nanofibre disc was 

solvent exchanged back to water for analysis. The SEM image of the resulting tosyl 

cellulose shows the nanofibre morphology was unaffected by the reaction (Figure 2.9). 

The nanofibre diameters remained in the same small range and uniformly distributed. 

This result also shows that RC is resistant to organic solvents. 

 

 

Figure 2.9 SEMs of a) regenerated cellulose (RC) and b) tosyl cellulose (TsC). 

 

The FTIR and RAMAN spectra of tosyl cellulose showed no new peaks from 

those of RC (Figure 2.10). This result indicates a low number or absence of tosyl groups 

on the cellulose structure. The RAMAN spectrum of tosyl cellulose showed a decrease 

in peak height at 1143 cm−1, which is part of the region belonging to CC and CO ring 

breathing, may suggest a change in groups attached to the cellulose ring. However, no 

new peaks detected, and tosylation was considered unsuccessful. 
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Figure 2.10 Vibrational spectra from a) FTIR-ATR and b) RAMAN showing no 

changes in activating regenerated cellulose (RC) to tosyl cellulose (TsC). 

 

2.3.3.2 Etherification: Cyanogen Bromide 

The reaction of RC nanofibre with cyanogen bromide was performed in 1M sodium 

carbonate buffer under ice-cold conditions. The resulting FTIR spectrum indicates a 

new peak at 1740 cm−1 that was attributed to a carbonyl group (Figure 2.11). The 

carbonyl group was likely present because the highly reactive cyanate species was 

hydrolysed to the inert carbamate. No cyanate ester or imidocarbonate peaks were 

present. A reaction occurred and the morphology of the resulting nanofibre was similar 

to previous experiments. CNBr activation did not cause degradation; however, the 

cellulose nanofibre was not activated. 
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Figure 2.11 Cyanogen bromide activation results a) FTIR and b) SEM image. 

 

2.3.3.3 Etherification: Cyanuric Chloride 

A RC nanofibre disc, pretreated with 1M NaOH, was reacted with TsT dissolved in ice-

cold acetone. As well as a single treatment sample, this last step of TsT was repeated to 

increase TsT activation. FTIR analysis shows a successful TsT activation with new 

peaks (Figure 2.12). The increasing peak height of the reacted triazine frame at 1567 

cm−1 from TsT and TsT×2 indicated that more TsT groups were present on the cellulose 

surface following a repeat treatment. Several bands more apparent in the TsT×2 

spectrum at 1310, 1364, 1414, and 1462 cm−1 were attributed to the triazine ring. The 

two peaks at 822 and 897 cm−1 corresponded to C–Cl bonds; however, 897 cm−1 was 

present in the RC spectrum with a low peak intensity. Moreover, the addition of TsT 

groups to cellulose showed no change in morphology (Figure 2.12). TsT is a potential 

activated substrate for RC nanofibre investigation.  
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Figure 2.12 a) Close-up FTIR of activating regenerated cellulose (RC) with 

cyanuric chloride (TsT) including one- and two-treatment (TsT×2) protocols and 

b) a representative SEM image of TsT×2. 

2.3.3.4 Etherification: Epoxide 

The introduction of epoxide groups onto the surface of RC was initially investigated for 

a 50 mL reaction volume and 0.1 g RC using 3.5 mL and 0.5 mL epichlorohydrin 

volumes in 0.1M aq. NaOH. The excess of reagent is essential to functionalise the 

surface because of the number of side reactions that may occur (Figure 2.2). However, 

the epichlorohydrin in the 3.5 mL test did not fully dissolve in the aqueous solution. A 

representative SEM for epoxy activated with 3.5 mL epichlorohydrin is shown in Figure 

2.13. The morphology was not changed. However, the reagent required vigorous 

washing, which caused some nanofibre samples to degrade. The reaction showed no 

peak changes in FTIR or RAMAN spectra, suggesting no or little epoxidation occurred. 

The temperature of the reaction was increased as previously published [60]. However, 

the resulting spectra remained unchanged (Figure 2.14). Furthermore, the spectra of RC 

reacted with 3.5 mL and 0.15 mL epichlorohydrin appeared identical, suggesting that 

the amount of epichlorohydrin had no effect on the reaction. A titration reaction for the 
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presence of epoxy groups was performed and the number of epoxy groups measured for 

the 3.2 mL sample was 67 µmol per gram cellulose nanofibre. The number of epoxy 

groups for the 0.15-mL sample was within the standard deviation range for the blank 

samples and considered zero.  

 

 

Figure 2.13 Representative SEM image showing the initial reaction from a) 

regenerated cellulose (RC) to b) cellulose activated with epoxy groups (EPO). 

 

 

Figure 2.14 a) Close-up FTIR and b) RAMAN spectra of cellulose epoxidation 

using 0.15 mL or 3.5 mL of epichlorohydrin (EClH). 
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DMSO was used to help dissolve the epichlorohydrin in a higher amount of 

aqueous 1M NaOH following a published protocol [32]. A DMSO: 1M NaOH ratio of 

2:1 was applied with epichlorohydrin (25 vol.%). The resulting FTIR spectrum and 

SEM image are shown in Figure 2.15. The spectrum showed no new peaks relating to 

epoxy activation; however, there were small changes in the two most intense peaks. The 

peak at 1059 cm−1 was attributed to the C–O stretching in the secondary alcohol at C3 

in the cellulose ring and remained a similar relative intensity. The peak at 1026 cm−1 

that corresponds to the C–O stretching in the primary alcohol (C–OH) at C6 was 

reduced. This change in peak intensity may indicate a change in the C–O stretching at 

C6 where the epichlorohydrin would react. The change in peak intensities was also 

shown in the TsT activation (Figure 2.12). However, this change was only suggestive 

that a reaction on the cellulose surface occurred. The SEM image showed no change in 

morphology, showing a resistance of the cellulose nanofibre to DMSO and 1M aqueous 

NaOH for the overnight reaction. A titration was performed on the DMSO epoxy-

activated nanofibres, and an average of epoxy groups of 194 µmol/g was calculated. 

This number was considerably higher than that of epoxy cellulose fabricated without 

DMSO. The results suggested DMSO is important for the epoxy activation with 

epichlorohydrin. The number of epoxy groups is sufficient for further reaction. 

 

 

Figure 2.15 a) Close-up FTIR showing no new peaks following epoxy activation 

with DMSO and b) SEM indicating no change in morphology. 
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2.3.3.5 Oxidation: Aldehydes 

Cellulose activated with aldehyde groups is, like epoxy groups, a common precursor for 

further modification. The degree of oxidation is related to duration and two durations 

were compared, 4 and 7h. The nanofibre sample after 7 h activation with aldehyde 

groups retained a generally consistent morphology (Figure 2.16). Some degradation of 

fibre morphology was expected for this reaction because periodate breaks the cellulose 

ring structure to oxidise the two diol to two aldehydes. The SEM image after 4 h was 

also similar to that of RC. Degradation was not present by looking at the morphology. 

The FTIR and RAMAN spectra of the reaction from RC to aldehyde-activated 

nanofibres are shown in Figure 2.17. A new peak appeared in the FTIR spectra after 

aldehyde activation at 1738 cm−1 that corresponds to carbonyl peaks. The peak 

increases in intensity from the reaction time of 4 h to that of 7 h, suggesting that an 

increased number of aldehyde groups were present for the longer duration. The FTIR 

spectra from RC to 7 h reaction time also showed a peak change at 1060 cm−1, 

corresponding to the C–O group of the secondary alcohols, decreased in intensity as the 

reaction time increased. This is the alcohol group associated with cellulose ring 

breaking to form the dialdehyde.  

 

 

Figure 2.16 Representative SEM images showing the difference in morphology 

activating regenerated cellulose (RC) with aldehyde groups (ALD) via periodate 

oxidation for 7 h.  
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The RAMAN spectra of oxidised fibres generally appeared identical to that of 

regenerated cellulose, suggesting that no the carbonyls present. The number of aldehyde 

groups may be too low for detection. The region of 1080–1180 cm−1 corresponds to 

COC ring breathing and some alteration in the cellulosic ring structure was expected but 

the peaks did not change. Further increasing the reaction times may be required to 

analyse the material using RAMAN. However, when the material was reacted with 

alkaline coupling buffers containing hydroxide, the nanofibre disc dissolved. This 

dissolution indicated aldehyde groups were present. However, because hydroxide and 

alkaline coupling buffers are widely used as cleaning agent and chromatography 

buffers, the periodate activation appears unsuitable. Any further modification would 

require a method of deactivating the aldehyde groups to avoid this degradation.  

 

 

Figure 2.17 a) Close-up FTIR and b) RAMAN spectra of reacting regenerated 

cellulose (RC) to 2,3-dialdehyde cellulose for 4 h (Ald4h) and 7h (Ald7h) 

reaction times using sodium periodate. 
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2.3.3.6 Oxidation: Carboxylic Acid  

The second oxidation technique used TEMPO as a catalyst to control the oxidation of 

the primary alcohol group at C6 to a carboxylic acid group. The time scales for reaction 

with sodium hypochlorite were considerably lower than those used in the aldehyde 

oxidation at 10 and 30 min. The resulting SEM images of the carboxyl (COO) activated 

cellulose nanofibres show that after 10 min, there was no change in morphology from 

that of RC (Figure 2.18). However, the morphology after 30 min reaction was different, 

and the fibre structure was almost completely degraded. The fibres were welded 

together in many areas and the porous structure was unrecognisable compared with that 

of the original RC nanofibre. This appearance was a result of excessive oxidation.  

 

 

Figure 2.18 SEM images showing morphologies after cellulose oxidation to 

carboxylic acid groups for two durations a) 10 min and b) 30 min. 

 

The FTIR and RAMAN spectra are shown in Figure 2.19. A new FTIR peak 

appears in both spectra at 1610 cm−1, which was attributed to the sodium carboxylate 

salt group. The carboxylic acid group under the basic conditions in the presence of 

sodium ions was more likely to form the salt. The peak also increased in intensity from 

the 10 min to 30 min reaction time, suggesting more COO groups were present, which 

agrees with the oxidation causing the change in morphology. The RAMAN spectra of 

COO-cellulose nanofibres appeared generally similar to the RC spectrum. The peak at 

1411 cm−1 slightly increased in intensity with the increasing reaction duration. The peak 

corresponds to bending of the CH2, HCC, HCO and COH bonds of the cellulose ring 

[61]. Because the FTIR indicates an increase in COO groups, this RAMAN peak 
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increase is attributed to the reaction. However, the peak does not correspond to the 

expected peak of the COO group (1680–1820 cm−1). 

 

Figure 2.19 FTIR and RAMAN spectra following the activation of cellulose 

nanofibres to contain carboxylic acid groups as a duration of time compared 

with regenerated cellulose (RC). 

 

The modification was repeated for the 10 min reaction. After, treatment with 

sodium chlorite (NaClO2) in 1M acetic acid for 48 h was used to convert any remaining 

aldehyde groups from the first step of the TEMPO reaction to carboxylic acid groups 

and maximise the activation [51]. The FTIR spectrum is shown in Figure 2.20 along 

with an SEM image. The SEM was taken at a higher magnification than before to reveal 

any smaller changes in morphology because of the potential degradation recorded 

before. The fibre structure showed some joining of fibres but overall retained an 

acceptable level of retained nanofibre web-like matrix. The FTIR shows a new peak 

present at 1740 cm−1 corresponding to the carbonyl bond (C=O) present in the 

carboxylic acid. This new peak may be present because the nanofibre sample was 

treated with acid and the carbonyl peak replaced that of carboxylate salt peak, which is 

also present. The controllable addition of COO groups is useful for further study.  
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Figure 2.20 a) FTIR spectra following carboxylic acid activation and sodium 

chlorite (NaClO2) treatment and b) SEM image. 

 

2.4 Discussion 

2.4.1 Fabricating electrospun cellulose nanofibre adsorbents 

The parameters of voltage, flowrate and humidity were varied to assess the potential of 

a large-scale reproducible process for fabricating nanofibre materials of uniform 

diameter and sheet thickness. Increasing the number of needles in electrospinning 

increases production, and the electric field has an important role in deposition and jet 

formation [62]. Three- then four-needle linear arrays with 100 mm needles to reduce the 

electric field effects of the array were successful in jet formation (Figure 2.5). However, 

the Columbic repulsion of neighbouring jets forces the deposition away from the 

collector could not be avoided [63]. Empty needles and a horizontal translation stage 

were used to reduce jet bending away from the array and to create a smooth profile. A 

high humidity was required to achieve a suitable rate of solvent evaporation at the 

needle tip to allow consistent jet formation of the hydrophobic CA material, creating 

reproducible uniform nanofibre diameters [11]. Voltage and flowrate are connected 

parameters, with increasing voltage relating to increasing the solvent evaporation and 
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flowrate as the supply of dissolved polymer. Optimising these parameters is important 

but the solvent system (rate of evaporation) is also important [64]. However, for CA 

spinning, increasing the humidity ensured jet formation and deposition of nanofibres 

[17]. The improved productivity of CA electrospinning using a needle-array suggests 

there would be no issues in scale-up of nanofibre production. 

 

 The mass production of nanofibres is integral to their commercialisation and a 

few companies sell large rolls of fibres. Additionally, rigs for mass production can be 

purchased commercial or self-built. Needle spinning at large scales has the advantage 

using knowledge transferred from a single-needle setup [65]. However, issues such as 

needle blocking are multiplied with the number of needles, and the electric field effects 

of needle-to-needle interaction may hinder deposition. An alternative nanofibre 

fabrication system is needleless electrospinning. For example, a rotating drum is 

partially immersed into a polymer solution and as the drum turns towards a collector 

electrode, electrostatic charges allow many jets to form and shoot towards the collector 

[66]. As well as using a drum as a surface for jet formation, a conical wire coil [67] or a 

disc spinneret [68] have also been used. The number of jets possible per unit area is 

much greater than what is achievable with needle electrospinning, which increases the 

productivity [69]. However, this open tank approach can restrict needleless spinning to 

aqueous-based solutions because they do not evaporate rapidly at ambient conditions. 

Nanofibre morphology may change as the amount of solution is reduced, and thus 

constant replenishing or a large tank is required. To dissolve water insoluble polymers 

acid can be added or heated to melt the polymer, which requires additional apparatus 

[70]. Surfactants can be used to control jet formation and, electrospinning from foams 

and bubbles have been shown [71]. Thus, there are viable options for the scale-up of 

nanofibre production, which is important to their industrial application.  

 

A single-layer CA disc is too fragile for solution-based chemistry and may tear 

during mixing. However, thicker mats can reduce the flow properties of a medium used 

in a chromatography system. As an average starting mass to consider, a 25-mm disc of 

RC was to have a 0.07 g mass, which was similar to the mass of Sartobind cellulose 

porous membrane discs used as a chromatography medium. The CA was eight layers 
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thick and lightly pressed together by hand to ensure good contact for baking at close to 

the melting point at 213 °C, which has been successfully used by others [19]. The points 

where nanofibre strands cross and touch, melt and weld together. The annealing process 

needs to be monitored because over-welding at cross points can lead to a substantial 

change in morphology [72]. The baked nanofibre sheet was easier to handle and suitable 

for further modification.  

 

Deacetylation was applied to discs cut from the nanofibre sheet to regenerate cellulose 

[20, 73, 74]. Ethanol is important to allow the hydroxide ions near the hydrophobic CA 

nanofibre strands [1]. The mixing of 25-mm CA discs was performed in a 50 mL tube 

on a shaker, which allowed light mixing. Discs collided with each other, leading to 

degradation, and some were discarded. A small amount of nanofibre rubbed off the 

discs. The mass change from CA to RC was 37%, which was higher than that calculated 

from the removal of the 40% of acetyl groups present on CA (as specified on the 

container). The number of acetyl groups actually present may have been higher than 

specified. The fibre diameters did not decrease from a qualitative comparison of SEM 

images and the thicknesses of the discs were similar. FTIR and RAMAN are both 

vibrational spectra that were successfully applied to monitoring the deacetylation. IR 

detects the stretching and bending of chemical bonds caused by a change in the 

electrical dipole moment, giving stronger signals for more polar bonds. RAMAN 

spectroscopy detects bonds that are polarisable, such as symmetrical non-polar groups 

[75]. The degree of substitution of acetyl groups was high enough to see related peaks 

in both FTIR and RAMAN. Figure 2.8 shows that acetate related peaks were not present 

in the either vibrational spectra of RC, indicating successful regeneration [21]. A 

RAMAN investigation into deacetylation of CA proved invaluable in peak labelling 

[76]. This regenerated cellulose material was the base material used throughout.  

 

2.4.2 Activating electrospun cellulose nanofibres 

The next step for characterising nanofibre media in bioprocessing was activating the 

cellulose surface for further modification via covalent binding such as protein 

immobilisation or attaching ionic groups. The criteria for activations were suitable to 

coupling with an amine groups (strong lasting bond and biocompatible conditions), 
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inexpensive reagents and controllable. Coupling to amines is one of the most frequently 

applied protein immobilisation techniques because of the abundance of lysine groups on 

a protein, and the strong amide bond formed can enhance enzyme stability in 

biotransformations and biocatalysis [77]. Controlling ligand density is useful because 

excessive numbers of ligands can deactivate an immobilised enzyme. There are a 

number of amine-terminated compounds applicable to chromatography processes such 

as sulphopropyl or quaternary amine ligands for ion exchange chromatography or 

alkyl/phenyl groups for hydrophobic induction chromatography. The selection process 

also considered common commercially available activated supports, such as CNBr, 

aldehyde or epoxy groups.  

 

Esterification is a commonly functionalisation of cellulose for example in the 

manufacture of CA [26]. However, ester linkage for attaching enzymes or other ligands 

may not be suitable for bioprocessing application because the bond can be broken with 

hydroxide treatment, which is used in cleaning actions. Sulphonates of cellulose and 

particularly p-toluenesulphonates have been well-studied [28]. A tosyl chloride group 

attached to cellulose at the C-6 position serves as an excellent leaving group, allowing 

for further functionalisation of cellulose via an ether bond rather than an ester [30]. The 

immobilization of the β-galactosidase of Aspergillus oryzae on tosylated cotton cloth 

has been reported using pyridine as the base [29]. A mechanistic analysis on the 

homogeneous reaction to form tosyl cellulose suggests ester formation in the presence 

of TEA, DMAc and water [78]. A previous study suggested tosyl cellulose peaks at 

1176 and 1364 cm−1 related to SO2 symmetric and asymmetric stretches, respectively 

[79]. Using acetic acid and tosyl chloride activation in a heterogeneous reaction with 

pyridine showed a 1750 cm−1 FTIR peak [80]. In this study, the FTIR spectrum of the 

tosyl cellulose nanofibres showed no peaks. The reaction may require a larger excess of 

tosyl chloride and longer duration of 2–4 days than that used. However, leaving a 

nanofibre sample mixing for this long may cause degradation. Moreover, the reaction is 

performed in hazardous solvents. Tosyl chloride was unsuitable to further study because 

of the difficulty of functionalisation.  
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Etherification of cellulose on the industrial scale is predominantly performed 

heterogeneously, under alkali conditions [1]. Cellulose ethers are widely used end 

products such as food thickeners, toothpaste and detergents because of non-toxic and 

hypoallergenic properties. Ethers such as CNBr- or epoxy-activated Sepharose are 

popular media for biocatalysis or chromatography. Cyanogen bromide is a long-

standing activation technique despite its extreme toxicity. Using aqueous conditions, the 

generated cyanate ester is highly reactive towards amines and creates an isourea bond 

[81]. However, the isourea bond is unstable because it is positively charged at neutral 

conditions. Moreover, the generated cyanate ester group used for coupling is not stable 

and susceptible to hydrolysis, particularly in protein coupling conditions, leading to 

diminishing reactivity during coupling [41]. The presence of the carbonyl group in the 

FTIR spectrum of CNBr cellulose suggested hydrolysis of the cyanate ester occurred 

(Figure 2.11). There was no cyanate ester peak in the FTIR, suggesting complete 

hydrolysis. The buffer is aqueous, but ice-cold conditions are used to slow down side 

reactions. However, the time taken to dry at room temperature for FTIR analysis may 

have led to a completely hydrolysed material. After activation, the media is used 

immediately. However, experiments to immobilise Protein A was conducted on the 

CNBr media, but no activity was recorded unlike other methods (see Chapter 5). Protein 

A has been attached to a supermacroporous poly(hydroxyethyl methacrylate) cryogel 

using CNBr activation [82]. Moreover, CNBr has been used to activate cellulose and 

poly(vinyl alcohol) for immobilising collagen [31]. The high reactivity of the cyanate 

ester may require a different protocol to that used here to assess its use as a cellulose 

nanofibre activation.  

 

TsT is widely available, but toxic. TsT hydrolyses quickly with water and the 

reaction conditions are kept ice cold to deter this. The FTIR spectrum showed a 

successful TsT activation with the presence of new peaks that increased in intensity 

when the treatment of TsT was repeated (Figure 2.12). Using a higher concentration of 

TsT may lead to hydrolysis to cyanuric acid, which would be shown by an FTIR 

carbonyl peak around 1710 cm−1 [83]. No peak was detected in the repeated TsT 

nanofibre. Lipase immobilisation onto electrospun nanofibres containing hydroxyl 

groups, poly(acrylonitrile-co-2-hydroxyethyl methacrylate). TsT activation compared 
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with epichlorohydrin epoxide activation showed similar loading but a lower activity and 

stability [43]. On a TsT activated surface, one TsT has been reacted with two spacer 

arms to increase potential ligand attachment sites and ligand mobility [33]. Approaching 

from a different direction, TsT was first used in the organic synthesis of an affinity 

ligand, using two of the reactive Cl groups, and then the last Cl was used to attach the 

ligand to an amine group at the end of a spacer arm. The membrane was used to purify 

human immunoglobulin G [84].  

 

Epoxy activated media are readily available. Perhaps one reason is the ability of 

the epoxy group to bond with thiols, amines or hydroxyls using coupling with pH 

conditions, 7.5–8.5, 9–11 or >11, respectively [37]. Epichlorohydrin is the most 

commonly used reagent for activating substrates with epoxy groups, and is a simple 

molecule with an epoxy group and a chlorine attached to a central carbon, allowing 

either group to attack the hydroxyl of cellulose. Other compounds have epoxy groups 

on each end of a chain, such as 1,4 butanediol glycidyl ether, which can be applied as a 

space arm and activating agent [32]. Epoxide formation depends on the amount of 

epichlorohydrin used and the amount of sodium hydroxide; a 1:1 mole:mole ratio is 

necessary and a concentration of 2.5–3 M NaOH yielded the highest number of epoxide 

groups on a xanthate viscose matrix containing TiO2, with higher concentrations leading 

to more crosslinking and hydrolysis [44]. The reaction of cellulose with epichlorohydrin 

is quite sensitive to a number of factors, such as temperature [23]. Pyridine has been 

employed as a base to enhance the reaction with hydroxyls on agricultural residues [85].  

 

No FTIR epoxide group peaks are at 906, 848, and 759 cm−1 were recorded, 

which may be because cellulose peaks are also present in this region, potentially 

masking the epoxy peaks [86, 23]. The FTIR spectrum did indicate change in the 

cellulose ring structure, which is expected for epichlorohydrin epoxidation [32]. The 

initial method followed a reported protocol and it was noticed that epichlorohydrin was 

not fully dissolved in the sodium hydroxide solution [39]. Because epichlorohydrin is 

only partially soluble in water, solvents such as DMSO are useful to allow a reaction to 

occur. DMSO proved essential to activating with epoxy groups and this was shown 

using titration with sodium thiosulphate [87]. The number of epoxy groups calculated 



98 

 

was 194 µmol/g, which was much higher than that without DMSO (67 µmol/g), and 

100 times higher than that found in using RC membranes of a 0.45 µm pore size [32]. 

The higher surface area of cellulose nanofibres was considered the major contributing 

factor to a higher ligand density, which is beneficial to further coupling.  

 

Partial cellulose oxidation is an important reaction to generate products with 

valuable properties and is applied industrially in the paper industry and processing of 

wood pulp to cellulose. As an activation chemistry of cellulose, aldehyde and 

carboxylic acid groups have been used widely for coupling to amine groups, forming a 

strong amide bond. Cellulose can be oxidised by a number of reagents including 

hydrogen peroxide, peracetic acid and hypochlorus acid [88]. Nanofibres have been 

oxidised using a nitric acid/phosphoric acid/sodium nitrite and mixing for 48 h, creating 

a mix of carboxyl and carbonyl (ketone) groups [6]. The oxidation of cellulose by 

reaction with sodium periodate to form 2,3-dialdehyde cellulose and breaking the 

cellulose ring via cleavage at the bond between C2 and C3 is commonly used [45, 59]. 

The degree of oxidation and number of aldehyde groups is simply controlled by the 

length of reaction time [49]. To avoid radical-induced depolymerisation, the reaction 

was conducted in the dark and ethylene glycol was added at the end of the reaction as a 

radical scavenger. For comparison, cellulose nanofibre sheets were reacted for 4 h and 7 

h (Figure 2.17). Carbonyl peaks in both oxidised nanofibre spectra appear at 1738 cm−1 

as previously reported [46]. However, the intensity of the peak is low compared with 

peaks previously reported with increasing degrees of oxidation [49]. The differences 

between oxidation reaction times of 4 h and 7 h suggest the degree of oxidation 

increased with time. However, a coupling reaction using the aldehyde nanofibres in 

alkaline conditions, or a buffer that had been pH corrected with sodium hydroxide, led 

to complete sample degradation and dissolution. Clearly, aldehyde groups were present 

from the periodate reaction even though the FTIR spectra showed only a small peak. 

One possible explanation for the small carbonyl peak is the aldehyde group rearranging 

to the hemiacetal form, particularly in the presence of water [45]. 

 

Sodium periodate activation has been successfully applied to cellulose for 

coupling with amino-terminated compounds or proteins, including immobilising trypsin 
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on ashless powder [59] and human IgG on cellulose beads [30]. Protocols for aldehyde 

coupling with amino-terminated compounds commonly use borohydride to reduce the 

Schiff base, irreversibly forming an amine bond [89]. Cellulose nanofibres have also 

been used for immobilising Candida rugosa lipase [46] and Protein A [19] on 

regenerated cellulose nanofibres. For the latter study, an oxidation time of 9 h was 

optimal to obtain a high Protein A immobilisation. However, the degradation 

susceptibility in hydroxide-containing buffers of aldehyde nanofibres suggests 

precluding them from further modifications. Moreover, sodium hydroxide is a cleaning 

agent in chromatography, which would completely degrade this aldehyde nanofibre.  

 

The direct and selective oxidation of primary alcohols to aldehydes remains 

elusive [1]. The oxidation of the primary alcohol to 6-carboxy cellulose has been 

demonstrated using the TEMPO/NaClO/NaBr system as a controllable technique for a 

number of applications including cellulose nanofibrillation of wood pulp [90], 

composites [91] and ion-exchange substrates [54]. The TEMPO catalyst is expensive 

compared with the other components of the system; however, as a catalyst only tiny 

amounts are used (in this study 2% of the cellulose mass). Moreover, a commercial 

biorefinery producing nanocellulose from wood pulp is operating in Quebec 

(Celluforce) and pilot plants in the University of Maine and the Forest Products 

Laboratory offer nanocellulose samples made from scaled-up TEMPO-based processes 

[52]. Using a TEMPO/NaOCl/NaBr system, the amount of NaOCl determines the 

degree of oxidation and because of the continuous production of protons, an alkaline 

solution needs adding as the reaction proceeds [92].  

 

Figure 2.18 shows the effect of increasing duration on morphology because the 

high number of COO groups gave a melted appearance and almost complete loss of 

fibrous character. The reaction time used for nanofibrillation was varied between 2 and 

72 h [93], and was reduced accordingly to avoid degradation. Changing the morphology 

of the nanofibre sheet may have detrimental effects on the mechanical properties and 

flow properties such as permeability because the degree of oxidation related to the 

extent of degradation [1]. The morphology of poly(acrylonitrile) nanofibres showed 

fibres conglutinating for higher degrees of amination with diethlyenetriamine, which 
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was used for ionic adsorption of metal ions [94]. Because polar groups are water 

soluble, interacting via hydrogen bonding, the cellulose molecular chain in aqueous 

solution may branch away from the fibre strand assisted by electrostatic repulsion from 

other oxidised cellulose rings. The swelling behaviour of oxidised cellulose has been 

reported and thermal degradation was notably lowered [6]. Upon drying, cellulose 

chains and shows a melted morphology.  

 

Li and Renneckar published a detailed study of using TEMPO-mediated 

oxidised cellulose and included a detailed analysis of the FTIR and RAMAN spectra 

[61]. The reaction time of 30 min did indicate more COO groups on the FTIR indicating 

a higher degree of oxidation than that of 10 min. RAMAN peaks attributed to COO 

groups were expected at 1416 cm−1 [59], and some change in peak intensity occurred at 

1411 cm−1. Thus, reconfirming the presence of COO ions on the cellulose surface 

following TEMPO-mediated oxidation. TEMPO has also been used under neutral 

conditions by employing a TEMPO/NaOCl/NaO2Cl system to ensure removal of any 

aldehyde intermediate groups that are inevitably present in the TEMPO/NaOCl/NaBr 

system [93]. The treatment of COO nanofibres with sodium chlorite was applied to 

convert any remaining aldehydes to COO groups [34]. Converting any aldehyde groups 

ensured the maximum number of COO groups were present. The effect on the FTIR 

spectrum saw the one peak at 1610 cm−1 of the carboxylate salt [61] reduce in intensity 

and a new peak at 1740 cm−1 corresponding to a carbonyl bond in the carboxylic acid 

group appeared. Previous reports have shown FTIR spectra with both peaks in 

microcrystalline cellulose [95], and only one peak of the carboxylate salt on oxidised 

wood pulp [61] or cellulose dialysis tubing [96]. The COO cellulose nanofibres would 

be a useful intermediate for functionalisation with amino-terminated ligands. The 

addition of octadecylamine using its amino group to TEMPO-oxidised nanocelluloses 

has been shown via carbodiimide coupling [95], and EDC/NHS coupling has been used 

to bind chitosan to nanofibres [97].  

 

Table 2.4 shows important criteria for selecting an activation method. Tosyl was 

simple to disregard for showing no new groups present, requiring dry organic solvents, 

some moderately toxic (pyridine or triethylamine), and being unfavourable for 
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heterogeneous reactions. For their toxicity, CNBr and TsT activations are unsuitable 

considering there are other techniques available that show as much promise for 

cellulose activation. The CNBr activation showed hydrolysis and the cellulose 

nanofibre was not able to undergo further modification. TsT has the benefit of 

increasing the activated sites, which may be especially useful for attaching spacer arms.  

 

Table 2.4 Activation methods applied to cellulose nanofibres. 

 Duration Groups present Safety/Toxicity Further modification 

Carboxyl 15 min High Low EDC/NHS coupling 

CNBr 30 min 
Present but 

unreactive 
High Direct coupling 

TsT 1 h Moderate High Direct coupling 

Tosyl 3 h None Moderate Direct substitution 

Aldehyde 7 h Low Low Schiff base reduction 

Epoxide 16 h Moderate Moderate Direct coupling 

 

Aldehyde activation was promising, but sample degradation weakening the fibre 

strands precludes its further use without deactivating the aldehydes. Oxidation using 

TEMPO as a catalyst was fast and COO groups were present. The reaction needs 

controlling because the extent of oxidation can lead to fibre degradation over a short 

period. The dropwise addition of oxidant and any mixing effects may lead to 

inhomogeneous surface coverage. The coupling procedure can be performed via 

EDC/NHS chemistry, which is a widely used technique. Epoxidation can be increased 

with the reaction duration, which was the longest of the studied methods. The method 

does use the partially water soluble epichlorohydrin reagent, which requires vigorous 

cleaning steps to ensure complete removal. The epoxy ligand density was promisingly 

much higher than that found in porous RC membranes because of the higher surface 

area of nanofibres. In summary, COO, TsT and epoxy activations showed the highest 

degrees of substitutions and offer stable coupling techniques for further modifications. 

 

Almost all the activations tested employ industrially used reagents that are 

widely available and inexpensive. Polymerisation is an attractive alternative activation 
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chemistry to increase the number of activated groups on the cellulose surface, and 

monomers have been polymerised onto the surface to form a brush [98]. Glycidyl 

methacrylate contains an epoxy group and is perhaps the most widely applied monomer 

to activating cellulose porous membranes via atom transfer radical polymerisation 

(ATRP) [99, 100]. ATRP applied to porous membranes greatly increased the number of 

groups but at the expense of reducing pore size and increasing back pressure [101]. 

Polymerisation has a good potential for nanofibres because of the more open structure 

and increased surface area properties of the matrix. These techniques are being applied 

to nanofibres [102]. There is one study showing the lysozyme separation capability of 

the carboxylic acid groups of poly acrylic acid branches on cellulose nanofibres, 

showing a very high capacity [74]. There is a concern about the ability to control the 

polymerisation process, and radicals are required to initiate the process, which may be 

harmful to biological molecules.  

 

There is an alternative to the grafting from cellulose and that is grafting to 

cellulose, where a polymer of predefined length is synthesised and attached to the 

substrate surface. The difficulty with the grafting to approach is the steric hindrance of a 

long polymer coupling with a substrate. Therefore, this technique benefits from the 

facile click chemistry methodology, which is the copper (I) catalysed reaction between 

azides and alkyne terminated compounds [103]. The click reaction has emerged over 

the last two decades as an organic synthesis technique of reliable reactions, producing 

very high yields. One click reaction used TsT activation to introduce azide and alkyne 

groups to the surface, which could then functionalised [104]. Click chemistry is adding 

more steps to the functionalisation process but the reliable coupling is advantageous 

when using ligands not readily available. In the bioprocessing field, these may include 

peptide ligands designed to bind to specific areas of a certain protein or even couple a 

protein that has been modified at a certain point so as not to lose activity when 

immobilised [105]. These two chemistries have yet to achieve industrially recognition, 

but using one of them, or a combination, suit nanofibres because of their high surface 

area exposing a high number of reactive hydroxyl groups.  
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2.5 Conclusions 

Investigating large-scale nanofibre fabrication is important to their potential commercial 

application. The multi-needle setup showed that scale-up was possible from a single 

needle following a logical approach. The humidity was shown to be a critical parameter 

as important as those of voltage and flowrate for electrospinning CA. The uniform 

diameters and the consistent profile achieved provide a reproducible nanofibre material 

for this project. This assessment of activations considers the widely used methods of the 

bioprocessing industry and applies them to electrospun cellulose nanofibres. Because 

the structure of nanofibres is different to those of beads and porous membranes, the 

protocols were amended accordingly. For example, mixing was performed at a low rpm 

to avoid damaging the disc. Pre-activated media are available with aldehyde, epoxy, 

carboxyl and CNBr functionalities; however, they are not as flexible as being able to 

control the activation and groups. The activation protocols used here exhibited a 

measure of control by increasing the reactant concentrations or duration, or repeating 

the reaction. The morphologies were generally unaffected by the reaction except that 

over-oxidation using TEMPO showed a conglutinated morphology, which did not 

happen when the duration was reduced. The recommended activations include COO by 

TEMPO-mediated oxidation, TsT and epoxy because they were successful and showed 

the highest degree of controllability.  

 

This chapter lays the groundwork of activation protocols for creating a cellulose 

nanofibre adsorbent for bioprocessing application. Each activation, with the exception 

of tosyl, can be functionalised with an active group for chromatography or in enzyme 

immobilisation. SEM is a vital technique to adsorbent assessment and FTIR-ATR a 

rapid technique to assess chemical group changes. Building on this chapter, the 

following studies examine one or to activations more closely with application to 

chromatography and biocatalysis. The aim is to showcase nanofibre adsorbents, their 

unique properties, non-woven structure and high surface area and demonstrate their 

potential to improving the efficiency of bioprocessing.  
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3 DESIGNING ELECTROSPUN CELLULOSE 

NANOFIBRE ADSORBENTS FOR ION-EXCHANGE 

CHROMATOGRAPHY 

3.1 Introduction 

The nanofibre adsorbents evaluated in Chapter 2 occasionally suffered damage during 

chemical modification from handling and mixing in solution. This fragility may hinder 

the amount and homogeneity of functionalisation, and be unsuitable for cartridge 

packing. Thus, improving the mechanical properties of nanofibres is important to 

reproducible separations. Cellulose acetate nanofibres were heat-treated before 

deacetylation to increase mechanical strength by creating spot-welds at strand crossover 

points [1]. However, layers of the cellulose acetate sheets used to create an adsorbent 

thickness suitable for chromatography can delaminate in later modification stages. The 

layering was done prior to heat treatment but there was still delamination because there 

was not enough crossover points welded together to hold them together. Nanofibres 

have been packed into a filter holder cartridge, and chemically modified to avoid 

degradation from mixing in an open pot held together. However, this method was time 

consuming and limited by the number of filter holders. Because adsorbents are subject 

to compression in the filter holder, compression at earlier stages of the adsorbent 

process prior to heat treatment was evaluated. The aim was to form more spot-welds to 

retain the adsorbent packing density and shape.  

 

Ion-exchange chromatography uses charged functional groups on the surface to 

attract biomolecules of opposite charge. The bound biomolecules can then be washed 

and eluted by replacing them with a molecule of a higher ionic interaction, salt. The 

technique is perhaps the most widely applied in chromatography because of its 

versatility. The technique can be used to bind the target or to bind impurities such as 

DNA and host cell proteins. Step gradients of salt concentration are used to separate 

fractions based on the ionic interaction and used to elute the target selectively. This 

resolution present in packed-bed resin chromatography is not present in membrane 

technology, which relies on a bind–elute on–off system of purification [2]. The current 



114 

 

binding capacities of membrane media, poor flow distribution and economic value 

discourage application to the capture stage of chromatography [3]. The large-scale 

application of membrane media is restricted to purification of dilute feedstreams or, the 

more widely used application, polishing steps. For example, mAb purification in flow-

through mode for the host cell protein clearance [4]. The random non-woven open 

matrix and high surface areas of nanofibre adsorbents may overcome two of those 

issues in large-scale membrane application, which would increase their economic 

utility. A process validation has been reported on for replacing resin for nanofibre 

adsorbents in a mAb purification, showing vast improvements in efficiency and thus 

amount of media required, labour and reducing the overall cost [5].  

 

Chemical modifications of chromatographic media using hydroxyl groups on the 

support for application in chromatography have been researched [6]. Electrospun 

nanofibre adsorbents in chromatography have been reported for cellulose [7] and other 

polymers including polysulphone [8] and polyacrylonitrile [9]. Diethylaminoethyl 

(DEAE) cellulose electrospun nanofibres have been fabricated by Williamson ether 

synthesis using 2-(diethylamino) ethyl chloride hydrochloride (DAECH) to show 

improved separation productivity compared with porous membranes [10,11]. Alcohol 

groups on cellulose have been controllably oxidised to carboxylate (COO) groups using 

(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) as a catalyst and sodium hypochlorite 

as the oxidant [18,19]. The main application of TEMPO is in the preparation of 

nanocellulose from wood pulp where the ionic repulsion of COO groups helps force 

cellulose fibres apart during processing, reducing the mechanical energy required [14]. 

The use of TEMPO-mediated oxidised electrospun cellulose nanofibre has been used 

before to bind metal ions [13] and viruses [15].  

 

Polymer grafting techniques have shown advantages in vastly improving protein 

binding capacities [16]. An equilibrium capacity range using a nanofibre adsorbent was 

shown to be 4–25 times higher than that in this study, also using lysozyme and 

dependent on the amount of polymer grafted [7]. Polymer grafting techniques are 

inherently difficult to control but can have great advantages. For example, acrylic acid 

monomer was grafted to a regenerated cellulose nanofibre surface, creating polyacrylic 
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acid chains full of carboxyl groups. Model binding with lysozyme showed that a static 

adsorption range of 400–2500 mg/g was achieved depending on the amount of polymer 

grafted [7]. The high binding capacity achieved by polymer grafting has been employed 

advantageously to porous membranes [17]. Grafting material on to the nanofibre surface 

will create larger fibre diameters and reduce pore size, but nanofibres are highly porous, 

minimizing this effect. 

 

The physical and chemical methods applied in fabricating electrospun cellulose 

nanofibre adsorbents affect chromatography performance and controlling parameters is 

important to fabricating a reproducible material. Physical modification of nanofibres 

has been applied for different application. Heat treatment has also been applied to 

remove water from poly(vinyl alcohol) nanofibres (water-soluble) after spinning to 

create a more robust material [18]. Heat treatment of poly(styrene) nanofibres created 

smaller but smoother pores, which led to improved separation efficiency in the 

coalescing filtration of oily wastewaters [19]. Studies have also used heat and 

compression to improve the mechanical properties of polyvinylidene fluoride to 

withstand very high flowrates for desalination application [20].  

 

Compressing nanofibre sheets combined with annealing via heat treatment is 

used to improve mechanical properties than heat treatment alone. A robust nanofibre 

adsorbent is essential in scaled up packed bed configurations such as pleated cartridges, 

as seen in membrane chromatography. However, chemical modifications applied to 

nanofibres may adversely affect morphology and structure and requires investigating.  

 

3.2 Materials and Methods 

3.2.1 Compressed Adsorbents for DEAE and COO functionalisations 

The 4-needle electrospinning apparatus described in Chapter 2 was used. The operating 

voltage was 30 kV, the humidity set to 70% and temperature to 25 °C. A 20 wt.% 

cellulose acetate (Mr = 29,000, 40% acetyl groups, Sigma–Aldrich, Dorset, UK) 

solution was prepared in acetone:DMF:ethanol (Sigma–Aldrich) at a ratio of 2:2:1 as 

previously described [14,19]. The solution was spun at 2.5 mL/h for 10 h. The collector 

was a rotating drum (200 mm dia.; 300 mm length) set at 60 rpm on a translation stage 



116 

 

set at 300 mm x-axis displacement (150 mm either side of the needle array centre) at a 

rate of five loops per minute. A sheet 600 × 180 mm was produced equating to 

approximately 30 g/m2. Squares (80 × 80 mm) were cut, layered and placed in between 

two 100 × 100 mm square aluminium blocks to act as the die. Compression was held for 

2 min in a manual hydraulic press under different loads of 1000, 5000 and 10 000 kg as 

indicated on the gauge, corresponding to 0.98, 4.9 and 9.8 MPa, respectively, for 

brevity, we used rounded up values; 1, 5 and 10 MPa. To study the effects of physical 

modification, eight layers were compressed at loads of 1, 5 and 10 MPa, and 4, 8 and 12 

layers were compressed at 5 MPa. The nanofibre sheet was removed from the dies and 

immediately placed in a preheated oven set at 213 °C for 30 min. Cellulose acetate 

sheets were deacetylated using 0.1 M sodium hydroxide in 2:1 H2O:EtOH overnight in 

a 1-L beaker using magnetic flea stirring (50-mm bar; 250 rpm) with a Teflon mesh 

separating the flea from the sheet to avoid damaging the nanofibre mat.  

 

Cellulose adsorbents were reacted directly with DAECH to form DEAE ligands 

via alkylation [10,11]. A reaction solution of 100 mL deionised water was employed 

with DAECH at 50 or 200 mmol per gram cellulose. The RC nanofibre sheet was 

placed in a 1-L beaker with a Teflon mesh and stirred at 250 rpm with a magnetic flea 

for 15 min. The sheet was treated in hot (90 °C) 0.5 M NaOH solution for 10 min to 

complete the reaction and dissolve any unwanted reactants. The hot NaOH solution is 

used to ensure a fast reaction. To improve DEAE functionalisation, a repeat reaction 

was performed using 200 mmol DAECH per gram cellulose (2×200 mmol) as 

previously reported [21]. The DEAE-cellulose sheet was rinsed extensively in water and 

discs were cut using a 25-mm wad punch (RS components, Corby, UK). The resulting 

25-mm discs for the 4-, 8- and 12-layer DEAE adsorbents weighed 0.035±0.003, 

0.075±0.004 and 0.1±0.004 g, respectively. 

 

A COO-cellulose adsorbent was produced following the protocol of Chapter 2. 

A 100-mL aqueous mixture of TEMPO (0.002 g; Sigma–Aldrich) and NaBr (0.02 g; 

Sigma–Aldrich) was adjusted to a pH of 10.5 using aqueous 0.1 M NaOH. The 

nanofibre sheet was stirred in a 1-L beaker with a Teflon mesh for 5 min at 250 rpm. A 

syringe pump was used to dropwise add sodium hypochlorite (NaClO; Sigma–Aldrich) 
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for the three concentrations investigated; 5, 10 and 20 mmol sodium hypochlorite 

(NaClO) per gram cellulose. The pH was monitored to ensure pH remained above 10.5 

to encourage oxidation of the C6 hydroxyl on the cellulose. The time taken to add 

NaClO was 10 min and the mixture was allowed to stir for a further 5 min. Ethanol (10 

mL, Sigma–Aldrich) was added to quench the reaction and stirred for 10 min. To 

oxidize any remaining aldehyde groups, sodium chlorite (Sigma–Aldrich) treatment 

(0.45 g in 45 mL 1 M acetic acid using a 50-mL centrifuge tube in the dark) was 

performed for 48 h as previously described [22]. The resulting 25-mm discs for the 4-, 

8- and 12-layer COO adsorbents weighed 0.04±0.003, 0.08±0.006 and 0.1±0.007 g, 

respectively. 

 

3.2.2 Morphological, Chemical and Tensile Strength Analyses 

SEM imaging was performed using a Phenom G2 Pro (Phenom-World BV, Eindhoven, 

The Netherlands) at an accelerating voltage of 10 keV. Images were captured and 

analysed with Fibrometric software (Phenom-World BV) to estimate fibre diameter. 

Fourier transform infrared attenuated total reflectance (FTIR-ATR) was used to 

characterise the chemical group changes on a Thermo Scientific Nicolet iS10 FT-IR 

Spectrometer (Loughborough, UK). Spectra were recorded from dry samples in the 

range 4000–500 cm−1 by an accumulation of 50 scans. A background was measured 

with 10 scans prior to each sampling. For ultimate tensile strength measurements, 

compressed adsorbent samples, 1, 5 and 10 MPa, were cut from the functionalised sheet 

into 15 × 10 mm (L×W) strips and placed into a tensometer (Instrom 3300, High 

Wycombe, UK). The strips were stretched at 1 mm/min and the highest recorded force 

before breaking was the ultimate tensile strength.  

 

3.2.3 Equilibrium Adsorption Capacities 

To assess the nanofibre equilibrium binding capacity, the discs were incubated in 10 mL 

of 0.0–2.0 mg/mL model protein solutions in a six-well plate using a rotary shaker. UV 

absorbance readings at 280 nm (Jasco V-630, Essex, UK) were taken before binding, 

after binding (16 h), wash (1 h) and elution (1 h). For testing the DEAE cellulose 

nanofibre, BSA was used as the model protein in 10 mM Tris buffer at pH 8.0. For the 

COO-cellulose binding study, lysozyme was used in 20 mM sodium acetate buffer at 
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pH 5.5. The elution buffers used were the same as the respective binding buffer and 

containing 0.5 M NaCl. After elution, the nanofibres were regenerated in 0.1 M aqueous 

NaOH for repeat testing. Three tests were performed and the adsorbed equilibrium 

protein concentrations (Q) and liquid phase equilibrium concentrations (C) were 

averaged. The Langmuir adsorption isotherm Q=QmaxKdC/Kd+C was used, where Qmax 

is the maximum capacity of protein bound, and Kd is the equilibrium dissociation 

constant. The linearised form of Langmuir isotherm was plotted and from a line of best 

fit, the Qmax and Kd values were estimated. The wet bed height was measured with a 

micrometer to calculate the volume. Elution performance was calculated as a ratio of 

the protein recovered and the adsorbed equilibrium protein concentration. The 

recovered protein concentration was 75% for DEAE and 90% for COO adsorbents. 

 

3.2.4 DBCs and Transbed Pressures 

The dynamic binding capacity (DBC) was measured using an AKTA Basic (GE 

Healthcare, Uppsala, Sweden) system with UV measurement at 280 nm. A custom-

made 25-mm PEEK filter holder was previously designed using frit spacers to ensure 

full radial flow distribution across an adsorbent at very high flowrates [19]. The buffers 

and model proteins were the same as used in the equilibrium adsorption study. The 

binding flowrates were varied between 10 and 610 cm/h. BSA or lysozyme at a 

concentration of 2 mg/mL in a 2-mL sample loop was injected for DEAE and COO 

adsorbents testing in most cases. For 8-layer adsorbents compressed at 1 MPa, all of the 

protein injected was bound to the adsorbent and the protein concentration was increased 

to 3 mg/mL and 5 mg/mL of BSA and lysozyme to provide a maximum DBC for the 

DEAE and COO adsorbents, respectively. Elution was performed with a 30% mix of 1 

M NaCl in respective binding buffer at 610 cm/h and re-equilibration with binding 

buffer. The DBC was calculated using the following equation DBC10% = ((V10% – V0) × 

CLoad)/ VBed Where V0 is the void volume of the entire system, CLoad is the concentration 

of the protein solution loaded, and V10% is the volume of sample that must be loaded 

before achieving 10% breakthrough. VBed is the bed volume in mL measured from a bed 

height range between 0.014 cm and 0.07 cm with a digital micrometer (Mitutoyo, 

Kawasaki, Japan). Bed volumes were taken as an average of the three adsorbents tested. 

For DEAE adsorbents: 1 MPa, 0.35 mL; 5 MPa (8 layers), 0.16 mL; 10 MPa, 0.16 mL; 
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4 layers, 0.07 mL; and 12 layers, 0.21 mL. For COO adsorbents: 1 MPa, 0.34 mL; 5 

MPa (8 layers), 0.19 mL; 10 MPa, 0.20 mL, 4 layers, 0.09 mL and 12 layers, 0.21 mL. 

Blank tests using non-pressed unmodified cellulose adsorbents were performed as 

controls. To measure transbed pressure, the AKTA was programmed to increase in 

flowrate in steps up to 50 mL/min and presented as the recorded backpressure minus the 

system backpressure including a filter holder containing no adsorbent. 

 

3.3 Results  

3.3.1 Tensile Strength 

 

Figure 3.1 Tensile strengths of DEAE and COO cellulose nanofibre adsorbents 

pressed under varying loads. 

 

Compressing after electrospinning followed by heat treatment was evaluated to produce 

a uniform adsorbent and prevent degradation during chemical modification. Samples 

were compared with non-compressed and heat-treated regenerated cellulose, which are 

indicated as the ‘No Press’ sample (Figure 3.1). The functionalisations were compared 

to assess the effects of chemical group changes on the mechanical properties of 

adsorbents. DEAE and COO adsorbents compressed at 1 MPa showed a 40% and 30% 

increase in tensile strengths compared with the non-compressed sample, respectively. 

Increasing compression to 5 and 10 MPa improved tensile strength over non-

compressed further, recording percentage differences of 85% and 105% for DEAE and 

130% and 120% for COO, respectively. However, the large standard deviation errors 
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for 5 and 10 MPa compressions indicate no statistical difference between them. Thus, a 

maximum increase in tensile strength was achieved for adsorbents pressed ≥5 MPa. The 

differences between DEAE and COO functionalisations were negligible, suggesting that 

at these degrees of substitution, there were no notable effects on mechanical properties. 

Regenerated cellulose nanofibre adsorbents used for mAb purification showed tensile 

strength of 7.6 MPa that decreased for increasing periodate oxidation [23]. The value 

was slightly higher than the No Press sample here. Improving tensile strength for 

cellulose nanofibres relies on the baking technique creating more spot-welds between 

fibre crossover points, which can be achieved with compression just prior to heating. 

The improved mechanical strength allows for a robust material that is easier to handle 

and functionalise in wet chemistry reactions and resistant to delamination.  

 

3.3.2 SEM morphology analysis 

SEM is an important tool for investigating morphologies and fibre diameters of 

electrospun nanofibres as shown in Chapter 2. Figure 3.2 shows that there is no change 

in morphology between compressed nanofibre diameters of cellulose acetate at 5 MPa 

and those of regenerated cellulose, and fibre diameters appeared similar. Figure 3.2c 

and 3.2d show the points where fibre diameter measurements were recorded using the 

Phenom software. The distributions of fibre diameters are similar in shape but indicate a 

slight reduction between the diameters of CA, centred in the range 600–700 nm, and 

those of RC in the range 450–550 nm. This reduction was not clear from only 

measuring a few strands and became recognisable by the increased number of 

measurements made possible using the software. Although the frequency of fibre 

diameters measure <500nmwas lower than expected for a bell-curve distribution. The 

uncompressed CA diameters in Chapter 2.3.2 were centred on 300 nm, and were similar 

to those using a single-needle setup [24]. The multi needle setup and compression 

allowed more fibre diameters to be measured in the depth range of the SEM and a more 

reliable range of diameters.  

 

Using the average fibre diameters for CA and RC of 576 and 665 nm, 

respectively, the surface area of a continuous cylinder was estimated using the literature 

values of density and a nanofibre mass of one gram. The densities of CA and RC were 
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1.62 and 1.28 g/cm3, respectively. From these calculations, the surface areas for one 

gram of RC and CA nanofibre were 5.63 and 3.85 m2/g. However, the CA results the 

percentage mass loss of deacetylating CA to RC was 37% (Chapter 2.3.2). Amending 

the calculation for 1.59 g CA (required for 1 g RC), the surface area of CA before 

deacetylation was 6.08 m2, which is close to that of RC, suggesting little surface area is 

lost or gained. These calculations do not account for surface area lost at the crosspoints 

of fibre strands, which increase during the compression and baking steps. The actual 

surface areas may be slightly lower.  

 

Figure 3.3 shows SEM images of the DEAE adsorbents evaluated for different 

reactant concentrations. Eight layers of cellulose acetate were compressed at 5 MPa, 

oven-baked and deacetylated to produce the RC, and functionalised with DAECH. 

Increasing amounts of DAECH from 50 mmol to 400 mmol per gram RC showed little 

effect on the nanofibre morphology. However, repeating the treatments two (2×200 

mmol) or three (3×200 mmol) times started to affect the morphology. The 2×200 mmol 

sample generally retained a porous fibre matrix morphology. The fibre diameters were 

similar to those of the non-modified regenerated cellulose material. The morphology of 

3×200 mmol showed a melted appearance where fibre strands conglutinated to other 

strands and the porous matrix was lost. The fibres may interact with nearby fibres 

during mixing in solution and, when dried, show this flat conglutinated appearance. 

 

COO adsorbents were evaluated for increasing NaClO concentrations from 5 

mmol to 20 mmol per gram RC (Figure 3.4). The TEMPO-mediated oxidation reaction 

time was 10 min as concluded in Chapter 2. Increasing the concentration of NaClO in 

this range was expected to avoid the degradation by oxidation. COO adsorbents all 

retained the fibre morphology for the concentrations of NaClO used. The melted 

morphology of the increased NaClO reaction time was not present. The reactant 

concentrations can affect morphology as seen in 3×200 mmol DEAE, and chemistry 

protocols of 2×200 mmol DEAE and 20 mmol COO were selected to study the physical 

modification of cellulose adsorbents. 
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Figure 3.2 SEM investigation of the morphology and fibre diameters for the 

deacetylation of eight-layer nanofibre adsorbents compressed at 5 MPa. 
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Figure 3.3 SEM images of DEAE-cellulose reacted with varying amounts of 

DAECH for eight-layer adsorbents compressed at 5 MPa. 
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Figure 3.4 SEM images of COO-cellulose reacted with varying amounts of 

NaClO for eight-layer adsorbent compressed at 5 MPa. 
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Figure 3.5 SEM images and fibre diameters of eight-layer DEAE adsorbents 

from varying compressions functionalised with 2×200 mmol DAECH. 
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Compression loads were applied to eight layers of cellulose acetate prior to heat 

treatment. The fibre diameters were also measured using the Phenom software to 

evaluate any compression effects. Figure 3.5 shows that the morphologies were similar 

for the DEAE adsorbents. Compressed at 1 MPa, DEAE-cellulose showed a few 

nanofibre strands joined, but not enough to change the open matrix structure. The most 

frequent fibre diameters were in the ranges 400–600, 450–700 and 450–600 nm for the 

compressions 1, 5 and 10 MPa, respectively. The ranges were similar to that of the 

blank RC and to each other despite the increasing compression, suggesting that 

compression does not affect fibre diameters. Compressed adsorbents were fabricated 

consistently and suitable for chromatography testing.  

 

The compression effects on COO adsorbents are shown in Figure 3.6.The 

morphologies of 1 and 5 MPa appeared unchanged from the reaction and recorded fibre 

diameters ranged 450–650 and 400–600 nm, respectively. However, the 10 MPa load 

functionalised with COO groups showed a drastic change in morphology, which was 

completely lost and fibre diameters could not be measured. The level of conglutination 

was as great as that seen in the over-oxidation using TEMPO for 30 min in Chapter 2. 

The degradation occurred on the fibre strands at the surface of the adsorbent because 

beneath the surface, the strands appeared to retain a nanofibre matrix appearance. The 

short reaction duration may have prevented degradation for lower compressions, but the 

high compression seen at 10 MPa allowed conglutination to occur during the TEMPO 

reaction (Figure 3.6e and 3.6f). The fibre diameters could not be measured. The 

compression caused fibre strands to close proximity, which may allow for strand–strand 

interactions that show conglutination upon drying. In summary, the differences in 

morphology were characterised using the Phenom system and showed that excessive 

reaction conditions affect morphology and their potential use as adsorbents.  
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Figure 3.6 SEM images and fibre diameters of eight-layer COO adsorbents 

from varying compression loads functionalised with 20 mmol NaClO. c1) and 

c2) show the conglutination of the same 10 MPa compressed adsorbent 
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3.3.3 FTIR-ATR characterisation 

FTIR-ATR was employed to investigate the changes in chemical groups on the surface 

of cellulose nanofibre adsorbents throughout the different modifications. Representative 

spectra are shown in Figure 3.7. Cellulose acetate deacetylation to regenerated cellulose 

was discussed in Chapter 2 and evident by the replacement of acetate peaks (ester 

carbonyl (C=O); 1740 cm−1, carbon-methyl (CCH3); 1365 cm−1 and ester linkage 

(OC=O); 1221 cm−1) by a broad and larger alcohol (OH) peak in the 3300–3500 cm−1 

region. The DEAE spectrum of 2×200 mmol DAECH showed no new peaks, but the 

bands of amine groups are weaker than those containing oxygen atoms.  

 

Figure 3.7 FTIR-ATR spectra of eight-layer nanofibre sheets of a) cellulose 

acetate, regenerated cellulose and 2×200 mmol DEAE, and COO-cellulose at 

b) varying NaClO concentrations, and c) varying compressions at 20 mmol. 
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Figure 3.7b shows that COO-cellulose created a new peak at 1740 cm−1, corresponding 

to a carbonyl group (C=O) and a peak of lower intensity at 1610 cm−1corresponding to 

the COO stretching of the carboxylate salt (COONa). As the amount of oxidant NaClO 

was increased, the C=O peak height increased, indicating an increase in COO groups. 

Figure 3.7c shows the spectra for varying compression loads and there appears no 

difference in peak intensities for C=O for COONa, suggesting the number of COO 

groups were similar. The 10 MPa adsorbent showed a conglutinated morphology 

because of the extent of oxidation; however, the similar peak height suggests a similar 

degree of substitution of COO groups as the other compressions. Thus, conglutination is 

may occur because of the closer fibre proximity, resulting from a higher compression.  

 

3.3.4 Transbed Pressures 

Transbed pressures were recorded for increasing flowrates using adsorbents prepared at 

chemical modifications of 2×200 mmol DAECH for DEAE and 20 mmol NaClO for 

COO adsorbents. The COO 10 MPa adsorbent was included in the experiment despite 

the degraded morphology for a full analysis of the compression load range. Figure 3.8 

shows similarly increasing transbed pressures for varying compressions of 8-layer 

DEAE adsorbents with increasing flowrate with 10 MPa showing the highest of the 

three. Increasing compression during fabrication should increase transbed pressures 

because the nanofibre matrix is more packed and porosity is reduced. COO adsorbents 

show considerably higher transbed pressures than those of DEAE and differences 

between increasing compression loads (Figure 3.8b). The 10 MPa COO pressure was 

higher than that of 5 MPa, which was expected because of the reduced porosity seen in 

the SEM image. However, the morphologies of 1 MPa and 5 MPa were similar and the 

pressures were different, indicating SEM alone is not sufficient to estimate porosity. 

The small difference in pressure for 10 MPa and 5 MPa COO supports the idea that 

only the surface of 10 MPa was conglutinated and the core adsorbent matrix was of 

similar packing densities. Transbed pressures of 4-, 8- and 12-layer adsorbents 

compressed at 5 MPa increased with increasing layers. COO adsorbents showed twice 

as high pressure as those of DEAE. The 5 MPa compression for COO did not 

conglutinate, and this compression may be suitable for attaining reliable and consistent 

adsorbent properties. 
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Figure 3.8 Transbed pressures of eight-layer a) 2×200 mmol DEAE and b) 20 

mmol COO adsorbents at varying compressions, and varying layers of c) 2×200 

mmol DEAE and d) 20 mmol COO adsorbents compressed at 5 MPa. 

 

3.3.5 Equilibrium Binding Capacity 

Reactant concentrations were varied to investigate capacities using 8-layer adsorbents 

compressed at 5 MPa (Figure 3.9). DEAE modifications were varied with DAECH 

concentrations of 50 and 200 mmol per gram cellulose and a repeated treatment (2×200 

mmol). The Qmax and Kd values were evaluated using the linearised form of Langmuir 

isotherm and are shown in Table 3.1. However, the lack of data in the low concentration 

region of the isotherm detracted from the reliability of the Kd values. Capacity was 

increased from 50 mmol to 200 mmol showing, that functionalization can be controlled 

using DAECH amount. COO nanofibre adsorbents showed an increase in Qmax for 

increasing concentrations of oxidizing reagent, NaClO and the results agree that a 

higher number of COO groups, as suggested in the FTIR spectra, increases capacity.  
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Figure 3.9 Equilibrium binding adsorption isotherms of a) DEAE- and b) COO. 

Error bars indicate ±SD of the average Q and C values of three replicates.  

 

Table 3.1 Equilibrium binding capacity data of varying concentrations used for 

DEAE and COO adsorbents.  

Sample DEAE-cellulose  COO-cellulose 

Conc. per gram 

cellulose 

50  

mmol 

200 

mmol 

2×200 

mmol 
 

5 

mmol 

10 

mmol 

20 

mmol 

Qmax (mg/mL) 7.5 13.0 27.4  11.8 18.9 47.5 

Kd  (mg/mL) 0.077 0.044 0.11  0.065 0.034 0.049 

 

3.3.6 DBC  

An AKTA system and a custom filter holder for efficient flow distribution were used to 

estimate the DBCs at 10% breakthrough at varying flowrates of the adsorbents from the 

equilibrium binding study (Figure 3.10). The residence times are shown to exemplify 

how little time is required for convective mass transfer of the target protein with a 

nanofibre adsorbent and ranged from 4 s to 0.3 s. The highest DBCs were recorded for 

the highest functionalisations found in the equilibrium binding study and were 12 mg 

BSA/mL for 2×200 mmol DEAE and 21 mg lysozyme/mL for 20 mmol COO. 

However, capacities were more than half the value than those of the equilibrium study. 

The DBCs retained a similar capacity despite increasing flowrates up to 30 mL/min, 

indicating that 5 MPa compressed adsorbents achieved a consistent capacity.  
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Figure 3.10 DBCs at 10% breakthrough of eight-layer a) DEAE and b) COO 

cellulose adsorbents compressed at 5 MPa. Error bars indicate ±SD. 

 

The DBCs of varying compression loads of 8-layer adsorbents at 1, 5 and 10 MPa and 

varying bed layers (4, 8 and 12) compressed at 5 MPa were investigated for 

functionalisations 2×200 mmol DEAE and 20 mmol COO (Figure 3.11). The DEAE 

and COO adsorbents compressed at 1 MPa recorded the highest DBCs at the lowest 

flowrate tested of 900 CV/h recording 20 mg BSA/mL and 27 mg lysozyme/mL, 

respectively. A decreasing capacity of 1 MPa adsorbents was recorded from 900 CV/h 

to around 2000 CV/h was present and then the DBC appeared to stabilise for up to 12 

000 CV/h. Lower DBCs were found for loads 5 MPa and 10 MPa with DBCs as 12 and 

9 mg BSA/mL for DEAE and 20 and 17 mg lysozyme/ mL for COO, respectively. The 

morphology of COO 10 MPa indicated a conglutinated surface, loss of area and high 

pressure; however, chromatography was achieved. The higher capacities of 1 MPa 

adsorbents suggest a higher surface area even though DEAE transbed pressures 

indicated similar porosities. Varying bed layers and compression at 5 MPa showed high 

DBCs for the 4-layer adsorbents, where the bed volumes and pressures were low. 

Increasing the number of bed layers showed reduced DBCs. However, the COO 12-

layer adsorbents recorded similar DBCs as those as 8-layer up to 3000 CV/h but at 

higher flowrates the DBCs began to decrease, which is possibly because of the high 

transbed pressure caused by reduced porosity. The DBCs followed a trend of lower 

compression recording higher values and small bed heights. The DBCs depend heavily 

on the combination of physical and chemical modifications.  
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Figure 3.11 DBCs at 10% breakthrough for eight-layer a) 2×200 mmol DEAE 

and b) 20 mmol COO adsorbents at varying compressions, and varying layers 

of c) 2×200 mmol DEAE and d) 20 mmol COO adsorbents compressed at 5 

MPa. Error bars indicate ±SD.  

 

3.4 Discussion 

Compression and heat treatment during the fabrication of nanofibre adsorbents tunes 

their physical properties towards their application as a chromatography medium. 

Mechanical properties of chromatography media are critical for handling and packing 

into large-scale devices, which impacts operable flowrates and column capacity. 

Functionalisations also directly affect these chromatography properties. Ion-exchange 

chromatography is widely and has relatively simple chemical functionalisations. DEAE 

membrane chromatography is widely used in flow-through mode as a polishing step in 
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the industrial scale purification of antibodies. Compressions prior to heat-treatment 

considerable improved the handleability of the unbaked cellulose acetate nanofibre 

sheet. Annealing as a post-spinning treatment on cellulose acetate is widely used for the 

same reasons of improving the mechanical properties. Combining the two steps created 

adsorbents with a higher tensile strength than that of baking alone (Figure 3.1). 

Increasing tensile strength of nanofibres is important for high-performance polymer 

composites and nanofibre materials to improve their durability [25]. Another way to 

increase tensile strength was shown by embedding carbon nanotubes in regenerated 

cellulose nanofibres [26]. The blank cellulose sample in that study gave a tensile 

strength of 22 MPa, which was considerably higher than the reported value in this study 

(5 MPa) and was possibly because of the difference in sample holders. A cellulose 

nanofibre used to immobilise Protein A/G reported a non-compressed value of 7.6 MPa, 

which was slightly higher than that here and similar to that of 1 MPa compression, 

suggesting some level of compression may have been used in their fabrication 

methodology [23]. The samples were tested when dry and the weak ion-exchange 

groups of DEAE and COO would be in their neutral form to avoid any effects from 

ionic repulsion. Tensile strengths increased with greater levels of compression after 

electrospinning with no significant difference between functionalisations. TEMPO-

mediated oxidation has been used in nanocellulose production, assisting fibre 

degradation during mechanical processing in solution through ionic repulsion [27]. The 

changes in morphology between chemical modifications were negligible at this 5 MPa 

compression load and implied that chemical modification has little or no effect. 

Improving the mechanical strength of adsorbents contributes to creating a robust 

material for packing into large-scale pleated or spiral-wound configurations. 

 

FTIR-ATR was used to characterise the chemical groups on the nanofibre 

adsorbents for each functionalisation. The reaction with hydroxide to replace the acetate 

groups at the C-6 position with hydroxyl groups, forming regenerated cellulose, was 

discussed in Chapter 2 and was similarly successful here (Figure 3.7). The DEAE 

spectrum indicates no new peaks, which is attributed to the weak stretching of tertiary 

amines being masked by the peak cellulose peaks and their relatively low concentration 

[10]. Even the DEAE 3×200 mmol did not show any new peaks despite the clear 
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functionalisation as shown in the SEM. Another previous FTIR-ATR study also showed 

that no peaks were found [11]. The spectrum of COO-cellulose shows a new peak at 

1731 cm−1, corresponding to C=O carbonyl bonds of the carboxyl group, and at 1603 

cm−1 peak, the asymmetric COO− stretching vibrations in the carboxylate salt [27]. By 

increasing the concentration of NaClO from 5 mmol per gram cellulose to 20 mmol, the 

COO-cellulose peaks also increase, suggesting the degree of oxidation increased. The 

more COO groups available, the higher the binding capacity for proteins expected. 

Figure 3.7 also shows the effects of compression on the number of COO groups. The 

peaks were of a similar size, suggesting the number of COO groups were similar for 

each adsorbent, which was expected using the same 20 mmol concentration and 10 min 

duration in the reaction. The conglutination of 10 MPa COO appears not to affect the 

number of COO groups detected by FTIR.  

 

SEM is a reliable technique to investigate surface morphology as shown in 

Chapter 2. Diameters of the regenerated nanofibres from the regenerated cellulose 

acetate ranged 200–700 nm as expected from the base material [24]. The compressed 

cellulose acetate nanofibres were larger in diameter than those of RC, suggesting a loss 

of sample mass as previously recorded but unexplained in Chapter 2. The compressed 

sheet allowed the SEM to measure more fibre diameters, which increased sampling size 

and allowed a reliable measurement of diameter. This result supports the need for 

increasing sample sizes and measurements in testing because subtle differences are easy 

to miss with smaller sample pools. Varying concentrations of the main reactants were 

studied to control the amount of functionalisation. The aim was to optimize the 

adsorbent for a high protein binding capacity without damaging the nanofibre matrix. 

The DEAE functionalisation has been previously reported to achieve a protein 

separation on cotton fabric [28], cellulose beads [29] and cellulose nanofibres [10,11]. 

The single treatment of DAECH showed no change in morphology. The alkylation 

reaction of DAECH with the hydroxyls of cellulose is usually performed in the presence 

of hydroxide because deprotonating the hydroxyl is essential [21]. Here and in other 

nanofibre studies, the hydroxide and added after the material had been soaked in 

DAECH to control the degree of substitution, and heating the NaOH is important for a 

fast reaction, reducing the chance of NaOH swelling the fibres [10,11]. To further this 
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protocol the DAECH then hydroxide treatment was repeated up to three times. The 

morphology for the three times repeated treatment was effected in a similar manner to 

the over-functionalisation of COO groups in the TEMPO-mediated experiments of 

Chapter 2. The conglutinating of fibre strands has been reported for nanofibres 

functionalised with ionic groups [30]. The 3×200 mmol treatment was not considered 

for further experimentation. The double treatment affects the morphology much less 

than that of the triple treatment. Using this protocol, compressed adsorbents were 

functionalised and fibre diameters were similar to those of the original RC (Figure 3.5).  

 

As shown in Chapter 2, the duration for the TEMPO-mediated oxidation 

degraded the nanofibre morphology. TEMPO-mediated oxidation of cellulose sheets is 

known to cause degradation and was controlled to avoid this [31]. Keeping the reaction 

time as 10 min was sufficient to prevent any changes in morphology for a concentration 

of NaClO up to 20 mmol per gram cellulose (Figure 3.3). Moreover, fibre diameters 

were retained in the expected range. However, the effect of 10 MPa compression load 

prior to baking showed a detrimental effect of some areas of the morphology (Figure 

3.4). The inhomogeneous oxidation of the nanofibre samples in solution during 

TEMPO-mediated oxidation may lead to higher degrees of oxidation on some of the 

nanofibres and an inconsistency in the surface morphology COO nanofibres. However, 

many areas of the adsorbents were examined and appeared consistent. The morphology 

of 10 MPa COO-cellulose shown in the SEM is conglutinated, as previously mentioned 

in Chapter 2 and partially what occurred for DEAE 3×200 mmol, because the 

compression decreased strand–strand proximity and the network of fibre strands welled 

and interacted in solution. This interaction of the ionic groups forcing themselves away 

from the fibre strands by same-charge repulsion in solution causes strands to 

conglutinate upon drying. This effect has been previously reported in ion-exchange 

nanofibres [32]. TEMPO-mediated oxidation is used for this purpose in the 

nanofibrillation of wood pulp to prepare nanocellulose particles and fibrils. By charging 

the cellulose polymer chains with COO groups, the process of homogenizing wood pulp 

consumes less energy because ionic repulsion forces assists in fibril separation [23]. 

This ionic repulsion is used to degrade wood fibrils into nanofibrils 3–4 nm in diameter 

[27]. This effect on morphology is the reason to control the degree of substitution of 
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ionic groups. The high surface area of nanofibres may allow higher binding capacities 

but the nanofibre matrix is less supported than other media. In beads, membranes or 

monoliths, the support structure beneath the surface is larger and the effects of high 

ionic group substitutions are acceptable because the overall structure is robust enough.  

 

Porous membranes, like nanofibre adsorbents, are produced as flat sheets and 

designing a media with multiple layers to increase bed height is one method to increase 

bed volume. Membranes with smaller pore diameter have larges surface areas and 

should therefore have more surface functional groups for covalent bonding to ligands. 

However, cast porous membranes with small pore diameters lead to a high backpressure 

when flowing through solution thus limiting the flow rate. As feed is flowed through the 

membrane, the flow-path will take a preferential route and miss out the smaller pores, 

reducing overall binding efficiency [2]. This channelling generally does not affect 

nanofibres because of their open fibre matrix [11]. Using thin layers to create a 

membrane stack has been shown to reduce the porosity issues from using thicker porous 

membranes [33]. The transbed pressures of varying nanofibre layers were assessed 

alongside compression loads. Interestingly, varying compression loads of DEAE 

adsorbents showed little effect on pressures, recording similar profiles. However, they 

were higher than those of non-compressed DEAE adsorbents previously reported [10]. 

The transbed pressures of 4, 8 and 12 layer DEAE adsorbents were clearly different as 

expected for increasing the material amount.  

 

The change in pressures of COO adsorbents at different compression loads was 

in the order 1 < 5 < 10 MPa as would be expected for increasing the pressure load 

decreases porosity. The SEM image of 10 MPa showed areas of melted morphology and 

yet the transbed pressure was not that much higher than that of 5 MPa. The areas of 

melted morphology were present but not high enough to cause a substantial effect of 

backpressure, suggesting only the surface was conglutinated. The differences in DEAE 

adsorbents were present but not significant, and was considered the same as regenerated 

cellulose. The COO adsorbents recorded nearly a twice as high pressure as that of 

DEAE and is emphasised by the hydrophilic nature of COO groups. This difference has 

been previously shown to cause a higher backpressure when comparing CM- with 
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DEAE-modified cellulose beads, suggesting this swelling effect contributes to increases 

in transbed pressure [34]. Both groups are ionic but the carboxylate oxygen atoms 

interact more with water through hydrogen bonding than DEAE groups. The layered 

COO-cellulose samples were also twice as high as those of DEAE. The COO-cellulose 

12-layer adsorbent bed volume was similar to that of the 8-layer, but the packing of 

nanofibre matrix much higher, which was evidenced in the increase of transbed 

pressure. The 4-layer adsorbents of both chemistries were of such small bed volumes 

that hardly any pressure was recorded. Transbed pressures provided an insight to the 

packing of nanofibres, which had clearly increased with increasing compression from 

the tensile strength results. Higher transbed pressures may reduce capacity because of 

the channelling effect seen in porous membranes where the proteins do not have enough 

time to adsorb to all the surface area.  

 

The binding isotherms and maximum equilibrium binding capacities were used 

to examine the effect of reactant concentration on protein binding. The DEAE 

adsorbents recorded lower capacities than those of COO. Increasing the concentration 

increased capacity but an increase above 200 mmol showed a similar capacity. The 

DEAE 200 mmol single treatment Qmax of 13 mg BSA/mL was similar to that we 

previously recorded for an uncompressed nanofibre adsorbent [10] but was lower than 

that of Zhang et al [11]. Repeating the DAECH treatment has been previously shown to 

increase adsorbent capacity and the equilibrium capacity here was increased to 27.4 mg 

BSA/mL that was twice that of single treatment [29]. 2×200 mmol DEAE compared 

well with the binding capacity of >22 mg/ml for Sartobind D (Sartorius datasheet) 

porous membrane sheet, considering the high surface area of nanofibres and the simple 

DEAE derivatisation used, nanofibres do have the potential to reach higher capacities as 

shown in the result of COO adsorbents. In another study with the same static BSA 

conditions, modified porous membranes with 1-µm pore sizes were compared with 

Sartobind D and HiTrap DEAE FF resin with maximum protein capacities of 135, 55 

and 95 mg/mL, respectively [17]. These values are remarkably higher than in the 

present study and Sartobind D recorded a higher value than that on the datasheet. 

Repeat treatment was beneficial to increase the capacity beyond that previously 

achieved and promotes DAECH addition as a functionalisation. 
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The COO adsorbents also showed increases of capacity with reactant 

concentration, which matched the increases in peak intensity from the FTIR spectra. 

The COO 20 mmol Qmax of 47.5 mg lysozyme/mL was comparable to some previously 

reported values for commercially available packed-bed resins, which have exceptionally 

high surface areas [35]. A study on commercially available CM resins using lysozyme 

at 1 mg/mL as the protein solution found for Fractogel EMD COO–, MacroPrep CM, 

CM Cellufine C-500 and CM Hyper Z binding capacities of 50, 50, 106 and 95 mg/mL, 

respectively. Some of the resin’s values were similar to 20 mmol adsorbent, which is 

promising for nanofibre adsorbents to achieve a capacity similar to resins. The 

increased productivity from nanofibres supports their role to replace diffusion mass 

transfer based chromatography [10]. The swelling effect noted in the transbed pressure 

tests was difficult to account for under equilibrium binding conditions and may 

contribute to increasing the volume and thus the capacity. The COO 20 mmol value was 

higher than that achieved with 2×200 mmol DEAE, suggesting a higher degree of 

substitution. Both levels of concentration were close to the point of causing 

conglutination in the fibre morphology as noted in the SEMs of 3×200 mmol and 20 

mmol COO 10 MPa, indicating the highest functionalisations feasible by these methods.  

 

Other COO nanofibre adsorbents have been studied. Treatment of carbonized 

polyacrylonitrile nanofibres with a strong acid created carboxyl groups and achieved a 

capacity of 170 mg/g, which was nearly eight times higher compared with that of an 

acid treated carbon microfibre, highlighting the surface area advantage of nanofibres 

[36]. Chiu et al used electrospun polyacrylonitrile and following hydroxide treatment to 

introduce COO groups, achieved an equilibrium binding capacity of 21 mg/mL, and a 

Sartobind C (Sartorius) value of around 14 mg/mL, which was also lower than this 

study [37]. Moreover, in the study by Chiu et al, the BET measured surface area of 6.2 

m2/g for the nanofibre was nearly seven times larger than that of the Sartobind C porous 

membrane with a surface area of 0.89 m2/g, contributing to the higher capacity. 

However, this increase in surface area between membrane and nanofibre did not 

proportionately equate to the same increase in binding capacity. The surface area of RC 

nanofibre was calculated from the density as 5.62 m2/g, which is similar to that of 

polyacrylonitrile measured by the BET method in the study by Chiu et al with fibre 
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diameters in the range 200–250 nm. The thinner fibre diameters should create a higher 

surface area, and the BET method should account for fibre crosspoints, which the 

calculations from density do not. Electrospun PEO nanofibers with diameters in the 

range 0.2–0.5 µm exhibited BET specific surface areas of 10–20 m2/g, with the smaller 

fiber diameters leading to a higher surface area [38]. The surface area is proportional to 

the fibre diameter, but the fibre density of different polymers and spinning conditions 

may account for surface area differences.  

 

The same adsorbents from the equilibrium study were tested on an AKTA 

machine to measure DBC at 10% breakthrough. These nanofibre adsorbents 

reciprocated the differences in reactant concentrations seen in the equilibrium study. 

DBCs (12 mg/mL DEAE; 21 mg/mL COO) compared poorly against packed-bed 

media, which are in the 30–85 mg/mL range for DEAE and 40–100 mg/mL for COO 

and CM resins, despite suggesting reasonable capacities, at least with COO, for binding 

in the equilibrium study [23,26]. DBCs plateaued for increasing flowrates as expected 

for a convection medium, whereas traditional packed-bed chromatography sees 

continual loss through in diffusion mass transfer. There was a large capacity drop 

between the Qmax values and DBCs of over half the capacity, which was not expected 

because nanofibres adsorb through convection mass transfer, which should be very fast. 

This difference has been previously reported for a non-pressed DEAE nanofibre 

adsorbent tested under identical conditions [19]. Flow distribution properties of the 

custom filter holder used were considered as an explanation for the difference between 

Qmax values and DBCs. The filter holder was developed using spacer frits for complete 

flow distribution across an adsorbent and tested visibly using coloured dyes. However, 

the tests may not have been able to reveal the internal microscale structure of nanofibre 

matrix and some areas may be unreachable for binding under flow conditions but 

available under static conditions. Another contributing factor would be the chemical 

nature of the ion-exchange groups. The hydrophilic nature of the COO group and the 

swelling effect attributed to causing higher transbed pressure may allow for greater 

capacity under static conditions if a gel-like layer was formed around nanofibre strands. 

Convective mass transfer media and particularly the non-dead-end structure of 

nanofibre adsorbents, have the ability to operate at considerably higher flowrates, which 
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benefits the overall productivity to separate proteins [10,39]. Therefore, a high dynamic 

capacity can be less important than attaining a repeatable capacity at higher flowrates 

because capacity can be circumnavigated with higher volumes of adsorbent and 

repeated bind–elute cycles. 

 

DBCs for varying compression loads and varying layers were evaluated, and the 

1 MPa adsorbents recorded the highest values. The low transbed pressures suggested 

they retain an open structure, also shown by the higher bed volumes, and allowed 

functionalization to cover more surface area than those of the higher compression loads. 

However, the capacity for 1 MPa in both functionalisations decreased with increasing 

flowrates, suggesting channelling effects were present for higher flowrates. The initial 

capacity drop was the largest and evened out for flowrates over 2000 CV/h. The 1 MPa 

DEAE adsorbent at a 5 mL/min flowrate recorded a 20 mg/mL DBC, which lower than 

that in the Zhang et al. study where a 1 mL/min flowrate was used and the drop between 

Qmax and DBC was smaller than that in this study. Their adsorbent was not compressed, 

so may retain a high surface area matrix, which allows the similar Qmax and DBC values 

at this low flowrate because of the fast convective mass transfer. The DBCs of 5 MPa 

and 10 MPa DEAE adsorbents were lower than those of 1 MPa, but stable across all 

flowrates tested and showed similar transbed pressures. Any effects of channelling were 

not clear at these flowrates. The nanofibre matrix of 1 MPa DEAE may have been open 

enough to allow a higher capacity, but restrictive enough in other areas to reduce 

protein adsorption at high flowrates.  

 

The higher DBCs for 1 MPa COO were also explainable by the higher porosity 

than those of the other compressions. At this compression, the DBCs did drop for 

increasing flowrates, as did those for 1 MPa DEAE with channelling effects being the 

likely reason. Stable DBCs across the range of flowrates tested where seen in the higher 

compression loads, 5 and 10 MPa. COO 10 MPa, which appeared heavily degraded on 

the surface, was able to bind lysozyme under dynamic conditions. The surface 

degradation of the adsorbent with a nanofibre structure remaining underneath can be 

seen in the SEM images in Figure 3.6 and this hidden surface area may explain the 

ability to adsorb protein at a close level to that of 5 MPa. The large transbed pressure of 
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10 MPa may have suggested a reduced capacity because of channelling but this does not 

appear to be the case with stable DBCs recorded for 5 and 10 MPa COO. The 

compression at 5 MPa may not record the highest capacity in this study but the stable 

capacity across high flowrates would be ideal for flowrate independent applications, 

such as a continuous chromatography using a multi-column system.  

 

The flow distribution through nanofibre adsorbents should be excellent because 

of the highly open pore structure, decreasing the effects of channelling, which can be a 

limitation in membrane chromatography. . However, channelling may be the reason for 

a capacity drop at 1 MPa adsorbents here. The bed layer results indicated a second 

consideration in fabricating nanofibre adsorbents where controlling the bed volume with 

layers affected DBCs. In these studies the thinnest adsorbent (4 layers) showed the 

highest DBC. These adsorbents were compressed at 5 MPa and created a robust 

material considering how thin the 4-layer samples were (≈120 µm). The thickness of a 

non-compressed DEAE adsorbent was 225 µm [11], which would be similar to that of 4 

layers uncompressed here. In another study, cellulose nanofibre was much thinner at 

100 µm [23]. One MPa adsorbents showed a higher DBC than 5 MPa because of 

compression reducing the available surface area, and the 4-layer adsorbent may be 

capable of higher DBCs using a lower compression setting. The open pore structure of 

nanofibres is exemplified in the 4-layer adsorbent because the low transbed pressure 

and high available surface area resulted in a good capacity and support its use at high 

flowrates. The increase in layers increased transbed pressure and DBC dropped possibly 

because of channelling effects restricting protein access to areas of the nanofibre 

structure. Interestingly the 8- and 12-layer COO adsorbents recorded similar DBCs up 

to 4000 CV/h and the 12-layer DBC dropped off when the transbed pressure causes 

channelling effects. The investigation of nanofibre layers at this 5 MPa compression 

contradicts the use of increasing layers to improve membrane unit efficiency with 

higher capacities for thinner nanofibre adsorbents suggesting a larger unit of thinner bed 

heights would be more productive. The open structure of the nanofibre web is best 

utilised at a lower compression level.  
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The advantage of membrane adsorbents over resins is convective mass transfer of 

protein to the binding site allowing rapid on–off binding with lower buffer volumes and 

processing times. Membranes are currently more costly than resins and have a lower 

binding capacity. Membrane units see increases in capacity with number of layers 

because of the preferential flow through large pores seen in lower numbers of layers and 

their inefficient flow distribution [40]. To maintain a similar expense in a bind and elute 

system between beads and membranes, the number of cycles is increased for a 

membrane stack of smaller bed volume. However such operation requires more 

cleaning and regenerating operations, which all requires validation and currently 

restricts their use in bind and elute [40]. Anion-exchange membranes used in flow-

through for binding host cell proteins and DNA in polishing because of their increased 

productivity over packed-bed approaches [41]. The productivity of a DEAE nanofibre 

adsorbent has been shown to be higher than that of membranes [10]. The higher 

capacity reported here than the previous study supports their development to compete 

with porous membrane flat sheet media, by improving productivity and reducing costs.  

 

3.5 Conclusions 

This study shows that the relationships between fabrication and functionalisation 

in the synthesis of nanofibre adsorbents are critical to their chromatography properties. 

Annealing is an essential part of electrospun cellulose adsorbent fabrication and 

compression beforehand improves tensile strength. Functionalisations required 

optimisation to avoid affecting the nanofibre matrix. For example, applying ion-

exchange ligands, the water solubility of polar groups during the modification reaction 

leads to conglutination and a melted appearance, which is a degrading effect due to the 

proximities of the nanoscale architectures. Transbed pressures can relate capacities and 

porosities for COO adsorbents; however, the relationship is less apparent for DEAE 

adsorbents. DBCs are the highest reported for the functionalisations used on nanofibre 

materials without polymer grafting. Light compression (1 MPa) achieves the highest 

protein binding capacity, but reduces with increasing flowrates. Further use of nanofibre 

materials requires that all properties are measured and understood alongside 

developments in surface chemistry in order to strike the correct balance of capacity and 

material strength to tailor the adsorbent to the chromatography stage. The opportunities 
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for nanofibre adsorbents are open to build within current industrial parameters of 

membrane chromatography. To extend this work further, the evaluation of large-scale 

systems through mass fabrication and functionalisations will reveal the true potential of 

nanofibre adsorbents to ion exchange chromatography.  
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4 IMMOBILISING GLUCOSE ISOMERASE ONTO 

NANOFIBRES FOR FRUCTOSE PRODUCTION 

4.1 Introduction 

Biocatalysis uses enzymes in chemical and pharmaceutical manufacturing. A range of 

enzymes and accompanying reactions are possible, and some have been implemented 

with broad success [1]. Enzyme immobilisation improves biocatalysis application by 

stabilising enzymes during reaction as well as allowing simple separation from the 

product [2]. Many supports and crosslinking mechanisms have been used in biocatalysis 

[3]. Electrospun nanofibres have made recent progress in the area, capitalising on their 

high surface area and mass transfer properties [4]. The specificity of enzyme catalysis 

and advancing technology to analyse and isolate proteins over the last 50 years has led 

to a surge in industrial uses. The prime example of industrial manufacturing with an 

enzyme is none greater than that of glucose isomerase (GI; D-xylose ketol isomerase, 

EC 5.3.1.5)) to produce high fructose corn syrup (HFCS), which is used predominantly 

as a sweetener in soft drinks [5]. The success of GI was its immobilisation, the 

development of the HFCS production and thus economic viability of providing a 

cheaper alternative to sucrose.  

 

GI is a tetramer of 40-45 kDa subunits that converts D-xylose to D-xylulose in 

vivo and has been isolated from over a hundred organisms [6]. Divalent metal ions are 

required for activity such as Mg2+, Mn2+ or Co2+ with each subunit requiring two metal 

atoms [7]. GI is also specific in catalysing the conversion of glucose to fructose, which 

was first reported in 1957 [8]. At the time, the food and drink industry was using 

sucrose obtained from sugar beet and sugar cane as a sweetener. Glucose is not as sweet 

as sucrose and is unsuitable. Fructose, however, is much sweeter, but the chemical 

isomerization from glucose is economically unfavourable compared with sucrose for the 

food industry. A GI-catalysed process of glucose from corn was developed. In 1967, the 

Clinton Corn Processing Co. immobilised GI onto DEAE cellulose and started the first 

industrial-scale production of HFCS, which has become a major biocatalysis product. 
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The conversion of glucose to fructose by GI is reversible and at equilibrium 

achieves a conversion of 45% fructose [5]. With the help of chromatographic separation 

of fructose to concentrate the syrup later, a 55% HFCS is the main product accounting 

for 70% of HFCS sales. With the increasing price of sucrose, by 1984, the two largest 

drinks manufacturers (Coca Cola and Pepsi) both switched to only using HFCS. GI is 

the first enzyme to be used in industry and is one of the largest produced enzyme in the 

world. In 2014, 9.3 million metric tons of HFCS was produced in the US [9]. GI is 

commercially available majorly in two immobilised forms Sweetzyme (Novozymes) 

and Gensweet IGI, (Genencor/DuPont) and both methods use glutaraldehyde to 

crosslink whole cell homogenate with an inorganic component such as clay [5]. 

Sweetzyme shows reasonable activities. The enzyme units (U) are defined as one 

micromole of fructose produced in one minute, The Sweetzyme starts from 150 U/g 

support, and has a stable half-life of around a year [10].  

 

The extensive research into GI and its immobilisation have produced a variety of 

supports and activities. The optimal parameters for GI have been widely reported as a 

temperature of 60 °C and pH at 7.5 [11]. Activity is retained up to 70 °C but 

temperatures above that cause the enzyme to be unstable [12]. In its first application, GI 

was immobilised to DEAE-cellulose, and recorded the highest activities (1700 U/g). 

This support allows regeneration with fresh enzyme, as the used ones become inactive 

[13]. GI entrapment in calcium alginate gel beads allowed a moderate activity and 

reusability, which was improved by crosslinking with glutaraldehyde [14]. Covalent 

attachment to alumina supports containing magnesium was reported with activities in 

the hundreds of enzyme units [15]. Covalent bonding to cellulose via CNBr was able to 

show higher activities than those using adsorption to DEAE-cellulose, but reagent costs 

outweighed their application [16]. Plasma was used to functionalise the surface of a 

polysulphone film (50-µm thick) with amines and then glutaraldehyde used to attach GI 

and activities were 20–60 U/g [17].  

 

GI has been applied in ethanol production using simultaneous glucose 

isomerization and yeast fermentation [18]. The yeast, Saccharomyces cerevisiae, widely 

used in industrial ethanol production because of its stability in ethanol. This yeast 
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readily converts the glucose fraction of hemicellulose produced after cellulose 

hydrolysis but cannot convert the pentose fraction containing xylose. GI isomerises 

xylose to xylulose, which is can be converted by the yeast to produce ethanol. Thus, 

there can be a higher utilisation of hemicellulose with a bioreactor containing S. 

cerevisiae and GI. The addition of GI has also shown to improve yeast cell growth and 

thus ethanol productivity [19]. This new arm of research applies GI immobilised 

technology to improve the ethanol industrial process  

 

Diffusion effects have not been shown to affect GI catalysis in stirred tank 

batches or continuous dynamic processes where a low flowrate is needed to allow 

sufficient residence time [15]. Electrospun nanofibres are an advantageous enzyme 

support because of their high surface area and controllable morphology [20]. Of the 

immobilisation methods, covalent attachment was chosen building on the activations 

researched in Chapter 2. For GI immobilisation to electrospun nanofibres, the epoxy 

activation has been used before and was evaluated here [16]. Spacer groups reduce the 

steric effects between enzyme and support to improve immobilisation and efficiency 

[21]. Glycidol is a small molecule containing an epoxy group and a hydroxyl, and can 

be used to grow spacer chains from a surface with an abundance of hydroxyl groups 

[22]. The glycidol reaction proceeds the same as that for epichlorohydrin requiring 

DMSO to improve reactant solubility and NaOH for epoxy ring cleavage. The proposed 

reaction to create an epoxy-activated surface is shown in Figure 4.1. The glycidol 

modification is expected to increase the number of potential hydroxyls for reaction with 

epichlorohydrin and increase the number of epoxy groups as well as allow flexibility of 

the chains to react with the amine groups of GI. The GI activity is assessed using 

optimal conversion conditions reported in the literature and compared for static and 

dynamic assays, representing batch and flow-through (continuous) processes.  

 

4.2 Materials and Methods 

4.2.1 Fabricating electrospun cellulose nanofibre adsorbents 

Electrospinning cellulose acetate was performed under the same conditions listed in 

Chapter 2.1 using a four-needle array. The resulting sheet was layered six times and 

then pressed together using a rolling pin and a moderate amount of force using manual 
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compression. This method was developed after the conclusions of Chapter 3 suggest 

compression of layered adsorbents before baking decreases the available surface area 

and porosity. The adsorbent was immediately baked to retain its slightly pressed shape. 

Baking was performed at 213 °C for 30 min. Discs (25 mm diameter; 75 mg) were 

punched out of the baked cellulose acetate sheet for deacetylation. The regenerated 

cellulose discs were in the range 74±2 mg. Discs thickness when wet was 0.25 mm.  

 

Figure 4.1 Chemical activation with epoxides after glycidol modification.  

 

4.2.2 Activating cellulose with epoxy groups via glycidol modification 

Glycidol was used to grow chains from the cellulose surface to create spacers arms and 

increase the number of hydroxyl groups for activation. The reaction was performed in 

excess glycidol to maximise functionalisation of the surface with hydroxyls. In a 40 mL 

reaction pot, 10 cellulose nanofibre discs were added to a 30-mL solution of 2:1 

DMSO:1 M NaOH and 5% v/v glycidol and stirred overnight. The pot contained a 

Teflon mesh to separate the discs from the magnetic flea stirrer, which was operated at 

250 rpm. Epichlorohydrin was used to activate the cellulose with the same apparatus 

and following a similar procedure as that in Chapter 2. Briefly, 25% v/v 

epichlorohydrin with 30 mL of 2:1 DMSO:1 M NaOH was stirred overnight. The 

number of epoxy groups was measured using 1.3 M sodium thiosulfate treatment as 

described in Chapter 2.  
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4.2.3 Immobilising glucose isomerase 

GI was a gift from Novozymes (Bagsvaerd, Denmark) and used as received. The state 

was crude and difficult to estimate the protein concentration from UV or Bradford 

assays. The bottle was shaken and v/v percentage stock solutions created with the 

coupling buffer. For coupling to epoxide-activated cellulose, a 1 M pH 8 borate buffer 

containing 1 M of ammonium sulphate was used, which was essential for coupling of 

GI from the crude mixture [23]. A 5% GI solution was prepared and four discs were 

added to a 20-mL solution stirred using a magnetic flea at 250 rpm in a 40-mL reaction 

pot containing a Teflon mesh. The coupling time was varied and 5 days resulted in the 

highest activity. The reaction was repeated at 5 days coupling and these were used for 

this study. Vigorous washing with fresh buffer and vacuum filtration was used to clean 

the adsorbent. The adsorbents were kept in coupling buffer in a refrigerator (4 °C) 

 

4.2.4 Fructose production 

Static and dynamic assays were used to examine fructose production to represent batch 

and packed-bed systems. Assays were performed in conversion buffer (5mM 

magnesium sulphate, 5 mM sodium sulphite and 5 mM sodium bicarbonate at a pH of 

7.5) [15]. Sodium sulphite is superior to ammonium bicarbonate as an electrolyte that 

reacts with dissolved oxygen to form SO2, which can act as an antimicrobial agent [15]. 

Glucose was dissolved into the conversion buffer from a solid. The reaction was 

performed at 60 °C at a 10 mL final volume in a 20-mL beaker with magnetic flea 

mixing at 250 rpm. The equipment for the dynamic study is shown in Figure 4.2. The 

conversion buffer was pulled from a mixing pot stirred with a magnetic flea, pumped 

and heated using a loop of tubing in a water bath set at 60 °C, passed through the filter 

holder and returned to the mixing pot. The system was insulated with foil to avoid heat 

loss. The volume of the system estimated from the tubing lengths and filter holder dead 

volume was 3.14 mL. The nanofibre adsorbent was 0.25 mL. The reaction volume was 

kept the same as the static assay by equilibrating the system temperature with 10 mL 

buffer and removing the appropriate volume such as 3.14 (system volume) + 0.25 

(adsorbent) + 0.5 mL (glucose). A 0.5 mL glucose volume was added to initiate the 

assay. The rpm of the peristaltic pump was 10 rpm and was estimated as a flowrate of 2 

mL/min. Samples (100 µL) were taken at set time points and the fructose concentration 
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was calculated using a colourimetric test with resorcinol [24]. The sample was mixed 

with 900 µL of 0.5 % v/v resorcinol in 4 M HCl. The vial was incubated in a water bath 

set to 80 °C for 10 min. The wavelength at 480 nm was measured using a Tecan plate 

reader. The amount of enzyme immobilised was not reliably calculated by measuring 

absorbance 280 nm or the Bradford method because of the high concentration used 

(10% v/v) and the relatively low mass of the nanofibre disc for immobilisation. The 

experiments were repeated. Following each run with the immobilised GI, a 50-µL 

sample of the reaction mixture was taken to analyse for leached protein. The protein 

concentration was estimated using absorbance at 280 nm and the calculated extinction 

coefficient 45660 M−1 cm−1. The leached GI in the reactor was <5.5 nM.  

 

Figure 4.2 Dynamic assay testing equipment of fructose production. The 

peristaltic pump pushes the solution through a loop submerged in a beaker of 

water heated to 60 °C to the immobilised glucose isomerase in the filter holder. 

4.3 Results 
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4.3.1 GI immobilisation 

Glycidol modification prior to epichlorohydrin activation successfully increased the 

number of epoxy groups present on cellulose nanofibres. Without glycidol modification, 

the average of epoxy groups per gram cellulose was 193.9±15.0 µmol/g support. Epoxy 

activation after glycidol modification increased the epoxy groups to 283.2±25.8 µmol/g. 

GI coupling required 5 d. Shorter coupling times of 16 h, 24 h and 48 h were attempted 

but no fructose activity was recorded suggesting no GI immobilisation. Moreover, there 

was no activity recorded for GI immobilised epoxy-activated nanofibres without 

glycidol modification. Thus, glycidol modification was important to increase the epoxy 

groups and allow the immobilisation of GI within 5 d. Increasing the coupling time may 

lead to increase in GI coupling and activity.  

 

Previous studies have widely used ionic adsorption and showed lower coupling 

times than the 5 d used in this study. Indion 48-R, quaternary ammonium anion-

exchange beads, used coupling times of 2 h at 4 °C for immobilisation [12,25]. DEAE-

cellulose has been used with a duration of 30 min [13]. Calcium alginate beads were 

used to entrap GI for fructose production for a longer time of 1 d [14]. These studies 

also used a purification step of the GI prior to coupling, which may have allowed 

shorter coupling times. Glutaraldehyde has been used to crosslink GI and immobilise it 

to a surface. In commercially available media, Sweetzyme (Novozymes) and Gensweet 

(DuPont Genecor, Rochester, NY USA), glutaraldehyde is used to crosslink with clay 

supports [5]. Glutaraldehyde coupling to chitosan was used, and 2 h was sufficient time 

for an activity twice as high as Gensweet [19]. Epoxy and CNBr activations have been 

investigated for covalent attachment of cellulose beads, using overnight coupling [16]. 

Eupergit C media are epoxy-activated beads and 24 h at neutral conditions was used for 

GI immobilisation [24]. The use of ammonium sulphate was essential here to help 

dissolve GI for epoxy coupling, but may have contributed to the long coupling time. 

Epoxy activations have been used successfully and worked here; however, the 5 d 

coupling time is not attractive for large-scale immobilisations because reproducibility 

may become a problem.  
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4.3.2 Static and dynamic assays of fructose production 

The concentration of fructose was recorded at time intervals for both assay types up to 2 

h when the equilibrium conversion of fructose and glucose is reached. A maximum 

conversion of around 45–50% of fructose is expected [5]. However, the equilibrium 

conversion has also been shown to rise with temperature for the Sweetzyme catalyst 

[26]. Figure 4.3 shows the time taken to reach a fractional equilibrium of fructose and 

cellulose for free and immobilised enzymes in the static assay with a starting solution of 

50 mM glucose. The equilibrium recorded here for both enzymes was 45 %, which was 

22.5 mM fructose. The free enzyme was faster at producing fructose than the 

immobilised nanofibre, achieving equilibrium in 30 min. The initial rates were 

measured for the first 15 min of reaction (Table 4.1). The soluble free enzyme produced 

fructose four times faster than the immobilised adsorbent, which is expected because of 

the kinetics and has been reported previously [14]. The static assay represents a batch 

process where the adsorbent is a fixed bed in a stirred tank reactor. The nanofibre 

adsorbent achieved equilibrium after 80 min and shows that GI was immobilised 

successfully using the 5 days and borate buffer coupling conditions.  

 

 

Figure 4.3 Fructose conversion in the static assay using 50 mM glucose in 5 

mM MgSO4 buffer pH 7.5 at 60 °C. Error bars indicate ±SD. 
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Table 4.1 Initial enzyme rates for fructose production using 50 mM glucose. 

  Initial rate (µmol/min) 

Static Assay 
Free enzyme 12.6 

Immobilised 3.09 

Dynamic Assay 
Free enzyme 4.20 

Immobilised 3.03 

 

The dynamic assay was performed by recirculating a 10-mL volume through a 

filter holder as shown in Figure 4.2. This assay represents fixed-bed flow-through 

conditions that could be used in a continuous process. Because of the time taken for one 

cycle, approximately 94–102 s for the 3.14 (free) or 3.39 mL system volume, 

respectively, the conversions was expected to be slower than that of the static assay. 

The initial activity of free enzyme was initially faster than that of immobilised enzyme 

(Figure 4.4). The fructose concentrations (conversions) after 2 h were lower than those 

of the static assay at 17.9 (35.8%) and 19 mM (38%) for the free and immobilised 

enzymes, respectively. The free enzyme was expected to quickly convert that glucose as 

shown in the static assay glucose; however, the increase in fructose concentration 

appears to plateau at 60–80 min, suggesting equilibrium may have been reached. The 

immobilised enzyme assay was achieved 22.7 mM (45.4%) at 160 min, which is nearly 

double the time of the static assay. Table 4.1 shows the initial rates for the 50 mM 

glucose starting concentration. The rate of free enzyme was considerably slower here 

than that of the static assay, but still faster than the immobilised enzyme. The mixing in 

the dynamic assay hindered the free enzyme activity, which may be because the mixing 

pot was not stirred as fast as the static assay. The initial rate of the immobilised 

enzymes was similar to that in the static assay, despite the longer time taken to reach 

equilibrium. This result indicates that the reduced mixing did not affect the initial 

activity of the GI nanofibre adsorbent. However, the cycle time of the recirculation did 

affect the duration to reach equilibrium and using a higher flowrate, which is feasible 

for nanofibre adsorbents, may improve the rate. These data suggest the flow distribution 

properties of nanofibres and the filter holder are good and suitable for biocatalysis in 

this flow-through mode.  
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Figure 4.4 Fructose conversion in the dynamic assay using 50 mM glucose in 5 

mM MgSO4 buffer pH 7.5 at 60 °C. Error bars indicate ±SD. 

 

4.4 Discussion 

Nanofibre adsorbents can operate at high flowrates, and there is an opportunity to use 

the high surface area and flow distribution properties in biocatalysis to improve enzyme 

activity. GI was covalently immobilised to glycidol-modified cellulose nanofibres 

activated with epoxy groups using a long coupling time of 5 d. Fructose activity was 

demonstrated in both static and dynamic assays recording similar initial activities in 

each for the immobilised enzyme. Immobilisation is important to improve the storage 

stability and reusability [15]. GI immobilisation technique and substrate concentrations 

affect fructose production activities. Studies showed that free GI enzyme has a similar 

activity to that of immobilised enzyme [12,14,15]. Activity for an immobilised GI has 

been higher than that of free enzyme for ionic adsorption to beads [13]. Research into 

jet flow reactors for liquid–liquid systems has shown to vastly improve activity [27]. 

Reaction conditions also affect activities, and heating to 70 °C can lead to a fractional 

conversion of 50% fructose when the widely reported conversion is 45% as shown in 

this study [6].  
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The initial activity presented here is only a glimpse at the kinetics of GI 

nanofibres, and the adsorbent should be evaluated using different starting substrate 

concentrations. Using Michaelis–Menten kinetics, the Vmax and Km can be obtained, 

which are the maximum rate at infinite substrate concentration (Vmax) and Michaelis 

constant in the equation  V = Vmax[S]/(Km+[S]), where V is the rate for a given substrate 

concentration ([S]). The specific activity is the activity per total enzyme, which can be 

calculated by dividing the Vmax by reactor volume and grams of enzyme. The activity is 

a measure of the purity or quality of an enzyme. Selected specific activities from the 

literature are shown in Table 4.2. The bound enzyme to nanofibre adsorbents was 

unreliable to measure using Bradford or absorbance at 280 nm because the 

concentration of GI in the coupling reaction was high compared with the low volume of 

adsorbent. Without knowing the bound enzyme, a direct comparison to these values is 

not possible. However, they do show how specific activities vary with conditions and 

studies.  

 

Table 4.2 Comparing activities at a starting concentration of 50 mM glucose. 

Material Specific activitya 

(µmol/min/g) 

Km 

(mol/L) 

Ref 

Sweetzyme (250 U/g) 292 0.7 [28] 

Sweetzyme (350 U/g) 395 0.7 [28] 

Sweetzyme (400 U/g) 316 0.54 [28] 

Sweetzyme (350 U/g) 

Microwave heating 
184 0.179 [29] 

Sweetzyme (350 U/g) 

Conventional heating 
123 0.22 [29] 

Sweetzyme  (350 U/g) 276 0.21 [11] 

Sweetzyme (450 U/g) 1015 0.672 [26] 

DEAE-cellulose 9320 0.17 [13] 

DEAE-cellulose >2500 0.5 [5] 

aMaximum rate at infinite substrate concentration per gram enzyme 

 

The Sweetzyme catalyst from Novzymes was widely reported and specific 

activities did vary in different studies. Silva et al. showed activities from theirs and 
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other studies for different manufacturer provided maximum activities of 400, and 250 

and 350 IGU/g, but they did not match the trend of specific activities because of the 

different reaction conditions [28]. Microwave heating was used to increase the activity 

of 350 IGU/g Sweetzyme over that of conventional heating, indicating the importance 

of conditions [29]. Further experimentation here using varying temperatures is required 

to assess the activation energies. This method can reveal the characteristic temperature, 

where the reaction rate is linearly dependent on substrate concentration, which was 

shown to be 67 °C for the Sweetzyme catalyst [26].  

 

For a rudimentary comparison the initial rate in this study is divided by an 

example bound enzyme mass using the protein binding data from Chapter 3. The 47.5 

mg/mL equilibrium binding capacity of lysosome to carboxyl nanofibres, the highest in 

the study, equated to 113 mg/g. If the same level of protein bound was achieved with 

GI, then the adsorbent used here would contain 8.5 mg GI. A specific activity at the 50 

mM substrate concentration would be 362 units/g, which is similar to many Sweetzyme 

studies (Table 4.2) and would be a promising start. The specific activity is expected to 

be higher for higher starting substrate concentrations as the Vmax value is reached. This 

assumption supports the continuing research into GI immobilised nanofibre adsorbents 

for fructose production.  

 

The activities per gram support have been reported for ionicly bound GI 

adsorbents, which were 140 units/g DEAE Sephadex A-25and 453 units/g for DEAE 

Sephadex A-50, where A-25 has smaller and more GI-restrictive pores than those of A-

50 [13]. The specific activities for these media were both 9320 µmol/min/g, which is 

the highest I could find in the literature. The activities per gram support did not relate to 

specific activity and the 41.8 units/g nanofibre found here for the initial rate at 50 mM 

glucose does not compare well. Using the assumed specific activity above also does not 

compare. However, the specific activities of the other studies are much lower than those 

of DEAE-cellulose (Table 1). Because DEAE nanofibre adsorbents were used 

successfully in Chapter 3, there is an opportunity to use them to immobilise GI and 

assess their activities. From other GI studies on DEAE, a high specific activity is 

expected. An example of a convective mass transfer medium is using plasma to assist 
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the functionalisation of polysulphone films with amine groups to allow glutaraldehyde 

coupling and recorded an activity of 59 units/g film for a starting concentration of 100 

mM glucose [17]. The slightly higher activity than that here may be explained by the 

higher glucose concentration. The comparisons suggest the GI-immobilised nanofibre 

has a specific activity in the expected magnitude for a convective mass transfer medium 

and if 8.4 mg of GI is bound, the activity is within that seen for the range 200–400 

µmol/min/g of Sweetzyme media.  

 

Immobilised GI is used to produce HFCS, which is used as sweetener throughout 

the drinks industry. GI has also shown potential to improve bioethanol production 

alongside yeast fermentation. The promising flow properties of nanofibre media and the 

large surface area support continuous conversion in flow-through biocatalysis [30]. A 

continuous conversion using GI-bound nanofibres could compete with current 

immobilised media technologies because the higher flowrates could lower economic 

costs. However, the peristaltic pump used in this study did not achieve consistent flow 

above 2 mL/min because of the backpressure of the filter holder. A higher flowrate in 

this system would lead to unreproducible residence times, which affects activity. 

Chapter 3 showed that nanofibre adsorbent are suitable for chromatography at high 

flowrates. A suitable pump would be ideal to characterise the dynamic assay further and 

assess the potential of continuous conversion. The nanofibre adsorbent has potential. 

However, more work is required to evaluate this media by investigating different 

substrate concentrations for Michaelis–Menten kinetics, different temperatures and 

buffers for optimum conditions as well as accurately measuring the bound enzyme to 

evaluate the specific activity.  

 

4.5 Conclusion 

Enzyme immobilisation on nanofibres has become attractive and the GI immobilised 

example shown here adds to the growing list of potential biocatalysis applications of 

these adsorbents. The glycidol modification increased the number of epoxy groups and 

allowed successful GI immobilisation. The initial rate of free enzyme was notably 

reduced in the dynamic assay from that of the static assay because of less mixing. The 

rate was only slightly higher than that of immobilised form. The rates of immobilised 
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enzyme in both assays suggest that the reduced mixing in the dynamic assay was 

compensated for by the flow properties on the GI nanofibre. The initial rates could not 

be directly compared with other studies, but an assumed specific activity showed the 

activity compares well with the Sweetzyme media. Moreover, the retained rate between 

assays indicates that these results on the adsorbent are a promising start for GI 

immobilisation on cellulose nanofibres. 
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5 IMMOBILISING PROTEIN A ONTO ADSORBENTS 

FOR MONOCLONAL ANTIBODY PURIFICATION 

5.1 Introduction 

Antibodies are glycoproteins used to combat bacteria and viruses in living organisms 

and are integral to the immune system. They are a Y-shaped protein with two binding 

sites located on the ‘Y’ tips that precisely bind to the specific antigen of the invading 

object. Once bound the antibody acts to protect the body from pathogens by several 

processes depending on their role. The antigen-binding region allows for a wide variety 

of antibodies required to maintain the immune system. Antibody-based therapy was first 

realised in the 1890s through serum treatment and was applied to treat pneumonia 

through to the 1930s. However, the crude mixture of antibodies isolated from a human 

donor may only contain a low level or none of the antibodies desired and had no 

protection from the transmission of disease [1]. Thus, the widespread use of antibodies 

was abandoned until hybridoma technology in the 1970s started to provide the means to 

produce monoclonal antibodies (mAbs), an antibody with specific binding to one 

antigen. The ‘magic bullet’ concept popularized by 1908 Nobel Prize winner Paul 

Enhrlich could now start on the path to applied use in medicine. The first approved uses 

of mAbs were in reducing transplant rejection but have since taken over the therapeutic 

market. The main targets for approved mAbs and those undergoing clinical trials are in 

cancer treatment and autoimmune diseases such as rheumatoid arthritis. mAbs are now 

the highest earning of all biotherapeutics and revenues are expected to grow [2]. 

 

The antibody class G (IgG) are the major isotypes targeting pathogens and 

inciting an immunoresponse and thus make up most of the clinically relevant mAbs. 

The purification of mAbs and Fc fusion proteins has been pioneered since the discovery 

of Protein A (rSpA) in the wall of Staphylococcus aureus because of its strong affinity 

for the Fc domain of mAbs [3]. Protein A affinity chromatography is considered the 

industry standard for large-scale mAb purification [4]. Protein A is a 42 kDa protein 

containing binding sites specific to the Fc domain of three classes of human IgG 1, 2, 

and 4 (Figure 5.1). Protein G is another affinity protein used for its specificity to IgG 3 

and has been recombinated with Protein A to form Protein A/G, which can bind all four 
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IgG classes. Protein L binds to a wider range of antibodies than Protein A, G or A/G but 

only to those containing a sufficient number of light chains [5]. Non-protein mAb 

purification has been performed using mimetic ligands that were designed by modelling 

and protein engineering [6]. A2P mimics the Protein A amino acid side chains specific 

to binding to the CH2 and CH3 domains of a mAb. Another ligand, D-PAM, is a 

tetrameric polypeptide capable of binding to other antibody classes (like Protein L) [7]. 

These affinity techniques are not the only chromatography available to purify antibodies 

and because the cost of Protein A is high, these techniques may be more attractive at a 

large scale. If the target antibody is stable at the appropriate pH and can withstand salt 

elution then ion-exchange chromatography can be used. Hydrophobic charge induction 

chromatography can also be used binding to antibodies through thiophillic and 

hydrophobic effects [8]. Moreover, a combination of the two in multi modal ligands has 

become a popular non-protein option [9,10].  

 

 

 

Figure 5.1 Fc domains (CH2 and CH3) of a mAb used by Protein A for binding 

reproduced with permission from Elsevier in reference [11]. 
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Protein A remains the affinity ligand of choice for mAb purification with 

surveyed industry participants indicating they are not actively seeking a replacement 

and predict a timescale of 2–5 years to replace Protein A [2]. The highly selective 

capture of mAbs using Protein A is the first step of a three-step process to remove 

unwanted contaminants such as host cell proteins (HCPs), DNA, endotoxins and cell 

culture additives. The additional purification steps often include anion and cation 

exchange chromatography. They may be run in flowthrough mode to bind impurities to 

the stationary phase, allowing the mAbs to pass through [12]. This mode works best 

when the impurities have a higher binding affinity to the matrix than the target 

molecule. The application of membrane adsorber columns has found success in flow-

through polishing with respect to the higher flowrates attainable improving efficiency 

and general ease of column set up [13]. This method is the major application of 

convective mass transfer media, porous membranes, in industry. Other chromatography 

steps that have been applied in the mAb purification process include size-exclusion, 

immobilised metal affinity and hydroxyapatite where the target mAb and feedstream 

conditions have allowed for them.  

 

Protein A resins are expensive compared with other chromatography products. 

The cost driver for mAb manufacture is increasing the bioreactor titre, which puts more 

pressure on increasing the cost effectiveness of downstream processing. Membrane 

adsorbents alleviate the diffusive mass transfer limitation of packed bed resins and 

operate at higher flow rates to improve productivity. Electrospun nanofibre adsorbents 

have a high available surface area and porosity than porous membranes and this 

advantage has been shown to improve productivity as well [2]. The aim of this project is 

to immobilise Protein A onto cellulose nanofibre adsorbents and show that nanofibre 

adsorbents can achieve a higher capacity and productivity over current Protein A media. 

Moreover, the large spaces between nanofibre strands prevent fouling. Different 

strategies and media for Protein A immobilisation and capacities from the literature are 

presented in Table 5.1. These data are reference points for this study and a goal of what 

capacity to achieve, or exceed, using cellulose nanofibre adsorbents.  
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Table 5.1 Protein A immobilisation strategies. 

Medium Activation 
Immobilisation 

conditionsa 

Qmax  

(mg/mL) 
Ref. 

Electrospun 

cellulose acetate 

Aldehyde via 

periodate 

5mL Protein A/G in PBS 

pH 7.4 shaken overnight 
9.4 

[14] 

 

Electrospun 

polyethersulphone 

Carboxyl via grafted 

methacrylic acid 

EDC:NHS 1:1 activation 

of carboxyl, Protein A/G 

in PBS pH 7.4 for 24 h 

4.5 [15] 

Monolith CIM 

Epoxy 

Hydrolyse epoxy and 

use 

carbonyldiimidazole 

PBS 0.5 M 2mg/mL 48 h 

incubation 
9  [16] 

Poly(hydroxyethyl 

methacrylate) 

cryogel 

CNBr 

Pretreatment with 

carbonate buffer, 2 h 

incubation of Protein A at 

pH 6.5 

102 

mg/ga 
[17] 

Sartobind Epoxy 

porous membrane 

Preactivated with 

epoxy groups 

1 mg/mL Protein A in 

0.5M PBS pH 8 2–24 h 

recirculated in a filter 

holder 

0.51  [18] 

Polyamide hollow 

fibre 

GA to attach terminal 

amine or carboxyl 

EDC activation in MES 

pH 4.5 of carboxyl groups 

on Protein A or membrane 

for coupling to amine 

groups on membrane or 

Protein A 

28.3 [19] 

Regenerated 

cellulose Sartobind 

Protein A 

– – 2.8  [20] 

Porous glass beads – – 42–69 [21] 

MabSelect agarose 

beads 
– – 35–65b [22] 

a Milligram mAb per gram cryogel. b Dynamic binding capacities recorded under 

different loadings. PBS = phosphate buffered saline, GA = glutaraldehyde, EDC = 1-

ethyl-3-(dimethyl-aminopropyl) carbodiimide, NHS = N-hydroxyl succinimide, MES = 

2-morpholino- ethane sulphonic acid. 

 

Building on the previous knowledge from Chapter 2, two activation protocols 

were developed for Protein A immobilisation to electrospun cellulose membranes and 

described in the mechanisms in Figure 5.2. The activation by TsT was promising from 

the FTIR results, indicating a successful reaction. The study by Klein et al. recorded 
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favourably capacities using spacer arms and polyamide hollow fibres [19]. This TsT 

activation can be coupled with spacers to reduce the effect of steric hindrance in both 

immobilising Protein A and that of binding IgG. Jeffamines are a proprietary group of 

polyetheramine compounds used in epoxy resins and polyurea coatings. The diamines 

separated by a polyethylene glycol chain have been used as spacer arms because the 

central chain is hydrophilic which helps in protein immobilisation [23]. The other 

spacer was aminocaproic acid (ACA) which would functionalise the surface with 

carboxyl groups and allow the use of EDC/NHS coupling, which is highly reliable and 

specific to creating a covalent bond between a carboxyl and amine groups. Because TsT 

on the activated cellulose surface retains two reactive –Cl groups [24], adding spacers 

can increase the number of binding sites available for rSpA immobilisation. Combined 

with less steric hindrance, spacers are expected to improve the mAb binding capacity.  

 

 

Figure 5.2 Reaction mechanisms depicting the activation protocols evaluated. 

 

Glycidol treatment of hydroxyl groups has been used to pseudo-graft chains of diols. 

After periodate treatment, there are many more aldehydes than on a medium without 
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glycidol treatment [25]. These chains of aldehyde groups increased the active binding 

sites and act as a spacer to reduce steric hindrance [26]. The combined activation has 

been used on agarose and termed glyoxyl for multi-point attachment of several enzymes 

[27]. Such supports have also been shown to stabilise enzymes attached to the surface 

[28]. This reaction is evaluated as a potential activation to increase the aldehyde groups 

present on cellulose nanofibre adsorbent and increase rSpA immobilisation (Figure 5.2). 

Aldehyde activation has been successful for rSpA immobilisation onto electrospun 

cellulose nanofibres [14]. However, from Chapter 2, the aldehyde activation was 

unstable and nanofibres degraded under hydroxide. The mechanism of the cellulose 

rings breaking under periodate attack is shown in Figure 5.3. The aldehyde groups in 

close proximity along the PEG backbone are vulnerable to hydroxide attack, which 

breaks the polymer chain, probably by an interchain rearrangement, and leads to 

degradation. The glycidol chains of diols are less sterically hindered for periodate attack 

and should react faster than the diol on the cellulose ring. Moreover there are no 

dialdehydes formed that can be attacked by hydroxide in the similar manner. If the 

glycidol chains can react before the cellulose ring, the mechanical strength of the 

nanofibre can be retained.  

 

Figure 5.3 The breaking up of four connected cellulose rings when the ring’s 

diol reacts with sodium periodate forming two aldehyde groups. 

 

TsT activation can increase coupling sites using spacer arms because there are two 

active sites to each TsT. Spacer arms reduce steric hindrance of protein coupling and all 

immobilised rSpA more freedom to bind mAbs. TsT activation is varied and two spacer 

arms are evaluated for rSpA immobilisation and mAb capacity. The aldehyde activation 
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has been used in other studies to couple proteins, but this method caused degradation of 

cellulose nanofibres as shown in Chapter 2.Using glycidol to increase hydroxyl groups 

and create spacers arms was successful in Chapter 4 using epoxy activation. Periodate 

treatment of glycidol-modified adsorbents is investigated for the number of aldehyde 

groups. The two activations are compared and evaluated. The optimal rSpA coupling 

method is further investigated using a model mAb solution and standard mAb 

purification conditions for comparison with other media from the literature. The high 

surface area of nanofibres and increase in active groups has potential as rSpA affinity 

chromatography adsorbents.  

 

5.2 Materials and Methods 

Electrospun cellulose acetate discs were fabricated following the same protocol as those 

in Chapter 2 and four layers were lightly compressed to create 0.15-mm thick sheet. 

Discs of 25mm diameter were cut and the mass range was 35±3mg. 

 

5.2.1 Activating cellulose with TsT for rSpA immobilisation 

Activation with TsT was performed as previously described and consisted of treatment 

with aqueous NaOH and then mixing with TsT in acetone [25,29]. One disc was added 

to a 10 mL ice-cold solution of 1M NaOH in a 20 mL beaker in an ice bath and stirred 

at 250 rpm with a magnetic flea. The disc was removed and immediately placed into 

another 20 mL beaker containing 10 mL ice cold 50 mM TsT in acetone. Then stirred in 

an ice bath for 30 min. The disc was washed with ice-cold acetone and immediately 

used. To block one of the activating groups on the TsT bound to cellulose, 2 M aniline 

in acetone treatment was performed for 30 min. The TsT-activated adsorbent was 

washed well with water and then with coupling buffer prior to immobilisation.  

 

A previously described protocol using 0.1 M PBS 0.15 M NaCl coupling buffer in pH 

region 5–6 at 30 °C for direct immobilisation of Protein A (rSpA; Repligen, Lund, 

Sweden) to the TsT-activated adsorbent was used [25,30]. The pH of coupling buffers 

and time lengths investigated are described in Table 5.2. Immobilisation of rSpA at 

different concentrations was evaluated. Moreover, volume and technique were varied to 

examine the mixing conditions for immobilisation. The TsT-activated disc was placed 
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in a filter holder. A 10 mg/mL rSpA 1 mL solution held in a water bath at 30 °C was 

continuously infused and refilled through an Advantec polypropylene filter holder for 

25-mm membranes (Cole-Palmer, London, UK) at 6 mL/h. For the pot reactions, a 20-

mL beaker was filled with either 5 or 10 mL rSpA solution and heated to 30 °C. The 

TsT-activated disc was added and the mixture was stirred at 250 rpm. The rSpA-

immobilised adsorbent was washed in coupling buffer and transferred to another 20 mL 

beaker containing 10 ml 1 M ethanolamine at pH 9. The blocking reaction was carried 

out for 1 h at room temperature. The adsorbent was washed with coupling buffer and 

stored in a coupling buffer 20% ethanol solution at 4 °C.  

 

5.2.2 Using Jeffamine spacer for rSpA immobilisation 

The first step is to neutralise the Jeffamine to allow for mixing with the coupling buffer 

without changing the pH. The Jeffamine used here was ED-600 (Huntsman, Everberg, 

Belgium). A stock solution was made. Ten millilitres of Jeffamine ED-600 was slowly 

mixed in an ice bath with 30mL 1 M HCl to reach a pH of 8.5. The stock solution was 

made up to 100 mL and the pH was checked again. This reaction can cause heating and 

large-scale neutralisations require adding frozen distilled water cubes along with the 

acid [25]. The coupling of diamine with the TsT-activated adsorbent used a 0.1 M 

borate 0.15 M NaCl with 10% Jeffamine at pH 8.5 solution. Borate was used as the salt 

because precipitates formed when PBS salts were used. The adsorbent was added into a 

20 mL beaker containing 10 mL Jeffamine solution at 30 °C for overnight mixing at 

250 rpm. Disc washed with 0.1 M PBS pH 7. To activate the amine groups present on 

the adsorbent, glutaraldehyde activation was performed as previously reported [31]. A 

5% glutaraldehyde 0.2 M PBS at pH 7 for 2 h treatment was done on the adsorbents and 

then washed with 0.1 M PBS pH 7. rSpA binding was performed in a filter holder at 10 

mg/mL and 1mL volume using 25 mM PBS 0.5 M NaCl pH 7 coupling buffer at 30 °C 

overnight. The remaining aldehyde groups were blocked with 1 M ethanolamine 0.1 M 

PBS pH 7 for 1 h. Then to ensure all the Schiff bonds were reduced by mixing with a 2 

mg/mL sodium borohydride in 1 M ethanolamine 0.1 M PBS pH 7 for a further 1 h. The 

adsorbent was washed with coupling buffer and stored in a 0.1 M PBS pH 7 buffer with 

20% ethanol at 4 °C. 
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5.2.3 Using aminocaproic acid spacer for rSpA immobilisation 

ACA was dissolved as a 5 % solution in 1 M sodium dibasic phosphate and 10 mL 

placed in a 20-mL beaker. A TsT-activated disc was added and stirred for 16 h at 30 °C 

for overnight. This protocol was developed from a previous study to attach small 

molecule amines to a TsT-activated surface [29]. For protein immobilisation to carboxyl 

groups, a two-step protocol is advised. Sulpho-NHS is water soluble and preferred, but 

a protocol using NHS has been reported [32]. The EDC:NHS ratio used was 1:1.1. NHS 

(0.22 g; Pierce, Waltham, MA) and EDC (0.2 g; Carbosynth, Compton, UK) were 

dissolved separately in 50 mM MES buffer pH 4.7 (Pierce). Five millilitres of each 

solution were mixed together in a 20 mL beaker. An aminocaproic acid modified 

adsorbent was added and stirred for 15 min. The adsorbent was washed with the 0.1 M 

PBS pH 7 buffer. For this immobilisation, the coupling was performed in a 20 -mL 

beaker using 10 mL working volume and an rSpA concentration of 1 mg/mL. The 

reaction was overnight (16 h), stirring at 30 °C. The adsorbent was washed with buffer 

and active sites blocked using 1 M ethanolamine pH 7 for 30 min. The adsorbent was 

washed with buffer and stored in a 0.1 M PBS pH 7 with 20% ethanol at 4 °C. 

 

5.2.4 Glyoxyl activation and rSpA immobilisation 

Creating a cellulose surface of aldehyde groups from diols using sodium periodate is a 

well-researched technique and is described in Chapter 2 [14,25,33]. Glycidol was used 

to increase the number of diols by grafting chains (Figure 5.1). A 5% glycidol solution 

was mixed in aqueous sodium hydroxide and DMSO (10%) to a reaction volume of 10 

mL and a single disc was added and stirred overnight. Once a protocol was set, eight 

discs were reacted by shaking in a flask. A 50 mM periodate solution in water was used 

to react the formed diols into aldehydes, which occurred within 10 min. Ethylene 

glycol, 1 mL, was added for 5 min to stop the reaction. The disc was washed for in 

water to remove reagents and allowed to dry for analysis. The discs for rSpA 

immobilisation were used immediately. A 0.1 M carbonate coupling buffer pH 10.6 

with an rSpA concentration of 1 mg/mL was used in a 10-mL reaction volume and 

incubated with the activated disc for a varied duration. To deactivate the formed Schiff 

base, the disc was placed in sodium borohydride, 2 mg/mL 0.1 M PBS pH 7.2, for 1 h. 

The disc was washed thoroughly and stored in 20% ethanol.  
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The Purpald test was used to calculate the number of formaldehyde groups 

produced in the periodate reaction of the glycidol formed diols. Thus, represent the 

number of aldehydes present on the nanofibre. The procedure was developed from that 

previously published [34]. A small amount of volume (200 µL) was taken from the 

reaction pot and mixed with 300 µL of Purpald reagent, freshly made as 10 mg/mL in 

1M NaOH. The 2-mL tube was shaken for 30 min and then 500 µL of 2 mg/mL sodium 

borohydride solution was added and shaken for 10 min. A UV reading at 550 nm was 

taken of a 20 times diluted sample. A calibration curve was made using 5-mM D-

glucose reacted in 50 mM sodium periodate solution overnight to create a 5 mM 

formaldehyde solution. Diluting accordingly allowed produced a calibration curve and 

the following equation was used: number of aldehydes (µmol) = (absorbance at 280 nm 

/ 0.0055) × volume (l). The value was corrected by the dilution factor to calculate 

aldehyde groups in reaction mixture and divided by the cellulose disc mass.  

 

5.2.5 Push–pull syringe test for protein binding capacity 

 

The design space of variables investigated through chemistry applied and 

immobilisation and each one was prepared in duplicate lead to numerous adsorbents 

requiring analysis. Thus, for rapid analysis of capacity, a syringe push–pull test using 

only a UV spectrophotometer was devised. The test avoids the use of loading samples 

for AKTA testing and waiting for equilibrium binding. The test was limited but the 

semi-quantitative results were deemed acceptable to allow the design variables to be 

compared. The test used the Advantec filter holder to house the adsorbent and 1-mm 

syringes to simulate the bind, wash and elute stages of protein separation. The binding 

buffer used was 10 mM PBS pH 7.2 and the elution buffer was 20 mM sodium citrate 

pH 3. The model mAb was IgG4 solution at 1 mg/mL. The procedure is as follows: 1 

mL of mAb solution is infused/refilled (push–pull) through the filter holder 10 times to 

simulate binding. A UV reading at 280 nm was taken and labelled “flowthrough”. For 

wash a single pass of binding buffer was infused for three 1 mL loads, UV analysed and 

labelled “Wash 1, 2 and 3”. Previous UV analysis of wash steps after 3 mL showed no 

absorbance, indicating no or very little unbound protein remained. However, to ensure 

all unbound IgG4 was removed from the adsorbent, 5 mL of binding buffer was passed 

through and discarded. Elution was simulated using 1 mL of elution buffer and was 
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infused/refilled 10 times; labelled “Elute 1”. Then repeated and labelled “Elute 2”, and 

“Elute 3”. Similarly, to the wash steps, analysis showed that all the bound IgG4 was 

eluted in the first two steps. To regenerate the adsorbent, a further 5 mL of elution 

buffer was infused, followed by re-equilibration using 5 mL of binding buffer. Each 

cycle of bind and elute would take less than 3 min including UV analysis. The amount 

of IgG bound was calculated by taking the UV absorbance of the starting 1 mg/mL IgG 

solution before each cycle to allow for UV drift during the testing and between testing 

days. The bound protein was calculated as the amount of protein eluted. Adsorbent 

thicknesses were measured using a micrometer and an average volume of 0.15 mL was 

used to calculate a capacity. The total amount of protein found during the test was 

estimated with an average around 85% accounted for from the original 1 mg/mL 

injection. The test was repeated for each adsorbent and an average capacity was 

reported. The load step was performed 10 times to simulate equilibrium binding and 

ensure consistent results. Without infusing and refilling the bind step, there was 

variance in capacity resulting from the poor flow distribution of the filter holder used.  

 

5.2.6 Equilibrium and dynamic binding capacities 

Discs were incubated in 0.0–2.0 mg/mL model mAb solutions in 0.1 M PBS pH 7.4 and 

UV absorbance readings at 280 nm were taken at each step of before binding, after 

binding (16 h), wash (1 h) and elution (1 h). Elution was performed with 0.1M citrate 

buffer pH 3. Three tests were performed and the adsorbed equilibrium protein 

concentrations (Q) and liquid phase equilibrium concentrations (C) were averaged. The 

Langmuir adsorption isotherm Q=QmaxKdC/Kd+C was used, where Qmax is the 

maximum capacity of protein bound, and Kd is the equilibrium dissociation constant. A 

non-linear fit was performed using Origin to estimate the Qmax and Kd values. The wet 

bed height was measured with a micrometer to calculate the volume. The dynamic 

binding capacity (DBC) was measured using an AKTA Basic (GE Healthcare, Uppsala, 

Sweden) system with UV measurement at 280 nm. A custom-made 25-mm PEEK filter 

holder was previously designed using frit spacers to ensure full radial flow distribution 

across an adsorbent at very high flowrates [20]. The buffers and mAb were the same as 

used in the equilibrium adsorption study. The nanofibre adsorbent in the filter holder 

was well equilibrated prior to binding. The binding flowrates were 10 and 30 mL/min. 



175 

 

Elution and cleaning was performed at 30 mL/min. The DBC was calculated at 10% 

breakthrough using the following equation DBC10% = ((V10% – V0) × CLoad)/ VBed, where 

V0 is the void volume of the entire system, CLoad is the concentration of the protein 

solution loaded, and V10% is the volume of sample that must be loaded before achieving 

10% breakthrough. VBed is the bed volume in mL measured with a digital micrometer. 

Bed volumes were taken as an average of the three adsorbents tested. 

 

5.3 Results  

5.3.1 SEM morphology analysis 

The adsorbents were activated following the mechanisms outlined in Figure 5.2 and the 

resulting morphologies are shown in the SEM images in Figure 5.4. Overall, the 

morphologies were similar to that of RC. The TsT-activated adsorbents those further 

modification with spacer arms showed no change in fibre network structure. The 

glycidol-modified adsorbent appeared similar in the larger image. However, the close-

up shown in the inset shows that a small amount of conglutination had occurred. The 

SEM image is representative of several images studied and more joining up than that in 

the RC image. This effect may occur from any crosslinking reactions, which may still 

occur. The glycidol-modified adsorbent was reacted with sodium periodate for 10 min 

and the joining up of fibres was more identifiable in the inset of Figure 5.4c. This 

incidence of crosslinking is possible between an aldehyde group and a hydroxyl group 

and is likely the cause of the fibres joining. However, the lack of major changes in the 

fibre structures of all the activated adsorbents suggests they are unaffected by the 

modifications and suitable for the immobilisation of rSpA.  
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Figure 5.4 SEM images showing the morphologies of the activations used to 

immobilise rSpA to cellulose adsorbents. 
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5.3.2 FTIR-ATR characterisation 

The TsT activated adsorbents showed the expected 1567 cm−1 peak of the triazine frame 

and the peaks of the C–Cl bonds around 820 cm−1 as shown in Figure 5.5. The TsT 

ACA spectrum shows the TsT peak, and a peak next to it at 1590 cm−1, which is due to 

the carboxylate salt as described the peak in the COO spectrum at 1610 cm−1 in Chapter 

3. The C–Cl peak at 820 cm−1 is difficult to spot but it is likely that Cl groups remain on 

the TsT ACA adsorbent. The Jeffamine spectrum shows a new peak at 1622 cm−1 

hidden by the TsT peak corresponding to the amide linkage to TsT [35]. Because the 

PEG chains of Jeffamine (C–O–C) groups are masked by the same glycosidic bonds in 

cellulose. The amine (NH2) groups is expected at 3300–3500 cm−1 which is the region 

covered by the broad spectrum of OH groups on cellulose. C–Cl groups also remain on 

the TsT Jeff sample. rSpA was immobilised on a TsT-activated adsorbent and the FTIR 

spectrum is shown in Figure 5.5. The TsT peak remains and so does the C–Cl bond 

peak. The success of the TsT rSpA adsorbent immobilisation is difficult to verify from 

this spectrum because there are no new peaks. A protein contains many functional 

groups but unless the concentration is high, the FTIR cannot detect any significant 

changes from the TsT adsorbent spectrum. 

 

 

Figure 5.5 FTIR spectra of TsT activation, with spacers and immobilised rSpA. 
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The glyoxyl activation was used to immobilise rSpA and FTIR spectra are shown in 

Figure 5.6. The FTIR spectra of glycidol without periodation showed no new peaks to 

that of RC because there were no new groups introduced to the adsorbent. The glycidol 

modification created more groups (C–O–C, C–OH, CH2) already present in cellulose. 

The adsorbent was activated with periodate to create aldehyde groups and then used to 

immobilise rSpA. The GlyAld spectrum shows a small peak at 1720 cm−1 which 

corresponds to the carbonyl (C=O) group of aldehyde. The peak is weaker than that of 

Ald7h in Chapter 2. The number of aldehyde groups for GlyAld was expected to be 

higher than that of Ald7h but the aldehydes may revert to the hemiacetal form under 

neutral conditions. The peak next to carbonyl is adsorbed water peak at 1640 cm−1. The 

two tallest peaks in the spectra are at 1025 and 1060 cm−1 corresponding to the C–O 

bond in primary and secondary alcohols, respectively. In the GlyAld spectrum, the peak 

for the C–O bond in primary alcohols is much stronger than that for secondary alcohols, 

indicating a reaction. The change in these two peaks was also noted in Chapter 2.  

 

 

Figure 5.6 FTIR spectra of glycidol modification, aldehyde activation and 

followed by rSpA immobilisation. 
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5.3.3 Protein binding capacity testing of the nanofibre adsorbent 

To evaluate the protein binding capacity quickly without loading onto an AKTA, 

syringes were used to simulate the loading, washing and elution steps of a purification 

process. A 1 mL load of a 1 mg/mL mAb solution was used. The adsorbents produced 

from the TsT activation are shown in Table 5.2. There were two immobilisations 

evaluated, one of a high concentration (10 mg/mL rSpA in a 1 mL amount) was passed 

repeatedly through an adsorbent in a filter holder, and the other of a low concentration 

(1 or 5 mg/mL in a larger volume of 10 or 5 mL) in a 20 mL pot with a stirrer bar. A 0.1 

M PBS buffer with 0.15 M NaCl at pH 5 or 6 was used. The TsT activation alone was 

sufficient to immobilise rSpA and the lower buffer pH of 5 recorded a higher capacity. 

The difference in capacity between coupling methods was low showing 1.47 and 1.27 

mg/mL, for the filter holder and pot (10 mL), methods, respectively. The pot reaction 

was continued because the Advantec filter holder has poor flow distribution and 

multiple reactions were performed simultaneously.  

 

The TsT activation was repeated, TsT×2, and this change actually reduced the 

capacity to 0.74 mg/mL, which may have been because of rSpA molecules unable to get 

to the binding sites because of too many TsT groups or a case of multi-point attachment 

and deactivation of rSpA. Aniline was used a selective blocker of one Cl on each TsT 

and an increase in capacity was seen for the repeated TsT activation which was the 

converse to the activation without aniline blocking. However, the capacities were still 

lower than those for TsT×1. The spacers of Jeffamine ED-600 and ACA were bound 

next to TsT×2 activation to increase the number of spacers. Glutaraldehyde activation 

of the amine on Jeffamine was used to bind to rSpA and interestingly the shorter GA 

treatment time showed a higher capacity. Multi-point attachment of the rSpA molecule 

may deactivate the rSpA for mAb binding. Functionalising the TsT activated surface 

with carboxyl groups allowed for the widely used EDC/NHS coupling chemistry to be 

applied. However, even though the TsT×2 and ACA adsorbent showed an increase in 

capacity, the capacities were much lower than those without spacers or with Jeffamine. 

Control tests of the syringe test were performed on TsT-activated and Jeffamine 

adsorbents. A control under non-binding conditions at pH 3 was also performed. No 

mAb was bound indicating that non-specific binding was not present.  
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Table 5.2 Experimental matrix of coupling buffers and times for immobilising 

rSpA to TsT-activated cellulose nanofibre adsorbent showing mAb binding 

capacities measured using a syringe to simulate a bind–elute cycles. 

Sample TsT Spacer/blocker 
rSpA 

(mg/mL) 

Vol. 

(mL) 

PBS 

pH 

Time 

(h) 

Capacity 

(mg/mL 

adsorbent) 

SD 

TsT×1pH6 ×1 – 10 1 6 16 h 0.56 0.07 

TsT×1pH5 ×1 – 10 1 5 16 h 1.47 0.01 

TsT×1pH5 ×1 – 5 5 5 16 h 1.14 0.15 

TsT×1pH5 ×1 – 1 10 5 16 h 1.27 0.04 

TsT×2pH6 ×2 – 10 1 6 16 h 0.74 0.17 

TsT×1Ani ×1 Aniline 10 1 5 16 h 0.38 0.03 

TsT×2Ani ×2 Aniline 10 1 5 16 h 0.8 0.04 

TsT×2Jeff1 ×2 Jeff → GA 1h a 10 1 7 16 h 1.53 0.1 

TsT×2Jeff2 ×2 Jeff → GA 2h a 10 1 7 16 h 0.4 0.03 

TsT×1ACA ×1 ACA → E/N b 1 10 7 16 h 0.3 0.01 

TsT×2ACA ×2 ACA → E/N b 1 10 7 16 h 0.49 0.09 

TsT×1 ×1 – – – – – 0.03  

TsT×1Jeff ×1 Jeffamine – – – – 0.08  

TsT×1 NBC c ×1 – 10 1 5 16 h 0.00  

TEMPO 

COOd 
– EDC/NHS 1 10 7 16 h 0.11 

0.04 

a GA = glutaraldehyde. b E/N = EDC/NHS activation. c NBC = Non-binding conditions 

of mAb diluted in pH 3 elution buffer. d COO protocol from Chapter 2. 

 

Glycidol was used to grow long chains from the nanofibre surface and periodate was 

used to create aldehyde groups at the ends of these chains. The Purpald test was used to 

investigate the amount of aldehydes for nanofibre adsorbents reacted with 5% glycidol 

in DMSO with varying amounts of NaOH used to control. The NaOH concentration 

was used to control the amount of glycidol grafting [25]. Figure 5.7 shows that a 0.5 M 

NaOH produced the most aldehyde groups and this was used to activate the glycidol-

modified cellulose adsorbent. Moreover, 10 min of reaction was sufficient to react most 

of the glycidol diols to aldehydes (data not shown). This duration is a short reaction 

time and avoids degrading any cellulose rings, which require longer durations.  
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Figure 5.7 Number of aldehyde groups for glyoxyl adsorbents functionalised 

with glycidol 5% DMSO 10% and varying concentrations of NaOH. 

 

The rSpA immobilisation was evaluated for coupling time and coupling buffer pH, and 

the results are shown in Table 5.3. The syringe test was used to test capacity. The 

aldehyde groups of each adsorbent were in a wide range of 700–900 µmol/g, which 

suggested a variation in glycidol grafting. The buffer pH of carbonate buffer was varied 

in the range 9–10.5 because a high pH is required to encourage aldehyde coupling to the 

amine groups on rSpA. The procedure was performed in PBS pH 7.2 and the capacity 

was lower than those for carbonate, but the capacity did increase with coupling time (24 

h). The carbonate buffer allowed for a short coupling time and at pH 10 and 10.5 

recorded the highest capacities of 1.54 and 1.56 mg/mL respectively. The coupling time 

was varied between 30 min and 4 h. A coupling time of above 2 h was sufficient to 

record the highest capacity with a slight drop in capacity at 4 h, which may have been 

the over reacting of aldehydes with rSpA leading to multi-point attachment and 

deactivation for the mAb binding site. As a comparison, the reaction was also 

performed on commercially available Sartobind Aldehyde and a lower capacity was 

recorded than that of nanofibre adsorbent. This finding indicates that a high surface area 

of nanofibres is beneficial to increasing protein binding capacity. The nanofibre 

adsorbent of Ald7h from Chapter was used; however, the high pH of solution degraded 

and dissolved the adsorbent in solution.  
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Table 5.3 Experimental matrix and mAb binding capacities for the GlyAld study. 

Sample 

0.1 M 

carbonate 

buffer 

Time  
Aldehydes 

(µmol/g) 

Capacity 

(mg/mL) 
SD 

rSpA pH7.2 pH 7.2a 24 h 724 0.84 0.013 

rSpA pH9 pH 9 2 h 855 1.09 0.017 

rSpA pH9.5 pH 9.5 2 h 878 1.33 0.14 

rSpA pH10 pH 10 2 h 679 1.54 0.015 

rSpA pH10.5 pH 10.5 2 h 812 1.56 0.052 

rSpA 30min pH 10.5 30 min 884 0.77 0.014 

rSpA 1h pH 10.5 1 h 752 0.97 0.043 

rSpA 2h pH 10.5 2 h 808 1.57 0.13 

rSpA 4h pH 10.5 4 h 796 1.39 0.021 

Sartobind Aldb pH 10.5 2 h – 0.59 0.012 

Ald7hc pH 10.5 2 h – – – 

aPBS buffer. bSartobind Aldehyde porous membrane purchased from Sartorius Stedim. c 

Ald7h from Chapter 2.2.7 (no glycidol) dissolved in solution during coupling. 

 

Of the two protocols, the glyoxyl method was promising because it avoids the 

use of toxic chemicals. The activation time for TsT×2 without spacers was shorter 

considering the overnight glycidol reaction but the rSpA immobilisation was longer for 

TsT activated protocols. Because of the abundance of aldehydes from the glycidol 

modification, there may be further increases in capacity possible. This activation was 

repeated to analyse the equilibrium and dynamic binding capacities.  

 

5.3.4 Analysing the GlyAld-rSpA adsorbent 

The GlyAld-rSpA adsorbent for studying the equilibrium and dynamic capacities was 

made by reacting four discs of GlyAld in a 10-mL volume at a coupling concentration 

of 5 mg/mL. The morphology and fibre diameters of the resulting adsorbent are shown 

in Figure 5.8. The morphology shows less fibre joining than on that of GlyAld (Figure 

5.4c) and retains a good fibre structure as that of RC.  
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Figure 5.8 a) Representative SEM image and b) fibre diameters of the GlyAld-

rSpA cellulose adsorbent used for capacity testing. 

 

Figure 5.9a shows the Langmuir isotherm from the equilibrium binding study. The Qmax 

and Kd values estimated from a non-linear fit were 4.37 mg/mL and 0.012, respectively 

(Table 5.4). The capacity was higher than expected because the syringe test showed a 

maximum of 1.56 mg/mL. The Kd value compares well with that of 2×200 mmol DEAE 

from the IEX adsorbent study in Chapter 3, which was 0.11, suggesting binding 

strength of Protein A for mAb is similar. Figure 5.9b shows a representative 

chromatogram taken from the AKTA for one bind and elute cycle of 0.5 mL of 1 

mg/mL mAb binding to Protein A. The peaks were well resolved and repeated for three 

cycles of each disc to calculate the DBC at 10% breakthrough. The DBC 10% values at 

two flowrates 120 and 360 cm/h (10 and 30 mL/min) were 2.99 and 2.78 mg IgG4 /mL, 

respectively (Table 5.4). These capacities were also higher than anticipated and 

indicated a higher immobilisation using a 5 mg/mL rSpA solution than those achieved 

using a 1 mg/mL solution. The syringe test used in the chemical modification 

experiments was performed for these adsorbents, recording an average of 2.72 mg/mL, 

which was similar to the DBC value and supported the use of this quick test to evaluate 

capacities of multiple adsorbents. The filter holder for the syringe test has poor flow 

distribution and lower capacity than the equilibrium capacity. Because of the 10 

perfusions through the adsorbent, a similar capacity to the equilibrium was expected 

considering the rapid convective mass transfer of nanofibre adsorbents.  
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Figure 5.9 GlyAld-rSpA mAb capacity testing. a) Equilibrium binding isotherm 

and b) representative GlyAld-rSpA chromatogram showing the flowthrough and 

elution peaks of a 500 µL load and 1 mg/mL mAb under a flowrate of 120 cm/h. 

 

Table 5.4 mAb binding capacities of mAb binding to GlyAld-rSpA. 

GlyAld-rSpA 

adsorbent 

 Equilibrium 

binding capacity 

 
Dynamic binding capacity 

 Syringe test 

capacity 

Mass 

(g) 

Volume 

(mL) 

 
Qmax 

(mg/mL) 
Kd 

 
120 cm/h 

(mg/mL) 

360 cm/h 

(mg/mL) 

 1 mL 

loading 

(mg/mL) 

0.036 0.14  4.37 0.012  2.99 ± 0.26 2.78 ± 0.31  2.72 ± 0.31 

 

5.4 Discussion 

Developing Protein A technology for mAb purification is important to improve media 

efficiency and reduce economic costs. Electrospun cellulose nanofibre adsorbents show 

potential as alternative media because of favourable flow properties and high surface 

area (Chapter 3). Two chemistry schemes were evaluated and both showed rSpA 

immobilisation by binding a model mAb solution. The highest capacities obtained from 

the syringe test were 1.47, 1.53 and 1.57 mg/mL for TsT×1 (single treatment) with pH 5 

coupling, Tst×2Jeff1 (Jeffamine spacer) with 1-h glutaraldehyde coupling and GlyAld-

rSpA 2h (glycidol modified periodate activated) with pH 10.5 coupling. The optimal 

coupling buffer for rSpA was at pH 5 and PBS was used instead of acetate buffer 

because the carboxyl groups of the buffer may also react with the TsT groups. The 
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single TsT activation (TsT×1) was promising because the activation has a short duration 

and was promising as shown in Chapter 2. Increasing the TsT groups or blocking one of 

the groups decreased capacity. The low pH for coupling to TsT adsorbents is essential 

to prevent the negative charges on the Cl− ions from repelling the protein and faster 

reactions. The ability of TsT to react with a number of functional groups including 

hydroxyls, amines and thiols is suited for facile covalent protein immobilisation [30]. 

The addition of spacers to the TsT-activated cellulose should reduce any steric 

hindrance and allow covalent coupling away from the nanofibre surface. Direct 

attachment of rSpA to nylon surface hollow fibre membrane without spacer resulted in 

lower IgG capacities [19]. The two spacers were very different in length with Jeffamine 

ED-600 and ACA having central chain lengths of 15 and 6 carbons, respectively. 

Jeffamine is a polyethylene glycol-based compound that avoids any issues of 

hydrophobicity repelling the protein, and does not generate, within the cross-bridge, any 

charged sites with ion-exchange potential [25]. However, for diamine spacers, 

crosslinking is expected so a large excess is required. They are extremely basic in liquid 

form. Thus, they require neutralisation before reacting, which must be performed slowly 

because the reaction is highly exothermic.  

 

Both spacers required a second-activation step to immobilise protein, which also 

increased the chain length between the nanofibre surface and rSpA molecule. 

Glutaraldehyde is a widely-used crosslinker that binds to many functional groups such 

as hydroxyls and amines. Thus, the increased capacity of the Jeffamine spacer adsorbent 

may have been improved by the ability of glutaraldehyde to bind with any remaining 

free sites on TsT or even the hydroxyl surface directly [36]. The EDC/NHS chemistry 

for the aminocaproic acid spacer is widely used for the selectively coupling of 

carboxyls to amines [37]. This chemistry is neat, but produced a lower capacity than 

TsT×1. The potential to bind spacers is a major advantage of TsT activation, creating 

two groups from each bound TsT. However, the mAb capacity TsT bound with ACA or 

Jeffamine was not any higher than that without spacers. The major disadvantage of TsT 

activation is the use of toxic chemical, although ice-cold conditions are used to control 

the reaction. Modifying large sheets of nanofibres may become restricted with these 

requirements, and there may be issues in the validation for use in mAb purification.  
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The aldehyde activation from Chapter 2 using periodate was considered 

unsuitable for cellulose nanofibres because of the problem of breaking the cellulose 

rings as shown in the reaction in Figure 5.3. The dissolution of cellulose beads from the 

over-activation of periodate has been reported before and the authors aired caution 

when applying this technique [38]. However, two studies have immobilised lipase [39] 

and Protein A/G [14] onto electrospun cellulose nanofibre without mentioning the 

problem of fibre dissolution. Glycidol has been used to created aldehyde groups (via 

periodate activation) away from the surface of a gel to remove steric hindrance from 

protein immobilisation [26]. The glycidol chains formed on the cellulose surface also 

increase the number of aldehydes available for binding, and the mobility of the chains 

can allow easier multi-point attachment. The reaction rate of the diols on the glycerol 

chains was fast and most aldehyde groups were formed within 10 min periodate 

treatment with little increase thereafter. The rate for periodate to react with the diol on 

the cellulose ring is slow because of the hydrogen bond network formed from free 

hydroxyls on the cellulose chains [40]. This result supports using glycidol to protect the 

nanofibre strands from hydroxide degradation in a periodate activation. Studies show 

that the periodate treatment of cellulose requires more than 4 h to achieve a reasonable 

concentration of aldehyde groups on the surface for protein immobilisation [14,41]. In 

this study, 10 min was sufficient and thus the cellulose nanofibre strands should retain 

their mechanical properties and resistance to hydroxide.  

 

The amount of glycidol bound to cellulose was controlled using NaOH 

concentration and the highest number of aldehyde groups was reported for 0.5 M 

NaOH. However, all the concentrations tested produced high amounts of aldehydes on 

the adsorbent surfaces. The amount of aldehydes created from glycidol-modified 

supports can be controlled by adding the equivalent amount of sodium periodate, which 

may be a more reliable method than using sodium hydroxide concentration [42]. 

Although the number of aldehydes was expected to be much higher for glycidol-

modified adsorbents than that without glycidol, only a small FTIR peak of the carbonyl 

for periodate oxidation of cellulose nanofibres at 1720 cm−1 was observed. This peak is 

similar to that of Ald7h in Chapter 2 and in a study of cellulose nanofibres [14]. 
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The Schiff base formed between aldehyde and an amine groups requires 

reducing to form the irreversible secondary amine bond. Sodium cyanoborohydride is a 

milder reducing agent than sodium borohydride and does not reduce the aldehyde group 

to hydroxyls, deactivating the material. However, sodium borohydride was used in this 

study to reduce the Schiff bases because it shows a higher immobilisation of rSpA than 

that using cyanoborohydride. Immobilisation of proteins to aldehyde activated support 

is ideal at higher pH (10–10.5) because of faster Schiff base formation as shown by the 

buffer results in Table 5.3 and elsewhere [25,42]. However, other studies have shown 

that using a neutral pH is possible [14,39]. The coupling time was varied and a time of 2 

h produced the highest capacity, which may indicate a deactivation of bound rSpA from 

multipoint attachment for longer times, considering the amount of aldehyde groups 

present and the mobility of the glycidol chains. This result supports the lower capacity 

shown for TsT×2 because of an rSpA deactivation by multi-point covalent attachment. 

The shorter immobilisation time agreed with other activation chemistries of CNBr [17] 

and epoxy [18]. Using a lower pH (7.2) and a longer incubation time (24 h) was tried 

following a previous report [14], but the capacity was the lowest of the aldehyde-

activated adsorbents. The increased number of aldehydes on glycidol adsorbents and the 

high surface area of nanofibre adsorbents contributed to achieving a higher capacity.  

 

The similar capacity values from single disc activation in TsT and glyoxyl 

modifications and coupling suggested a maximum rSpA immobilisation on cellulose 

nanofibres under these conditions. Considering the toxicity of TsT and the reliable 

aldehyde–amine chemistry of GlyAld adsorbents, the latter chemistry was applied to a 

bulk amount of discs, and the reagents and volumes adjusted accordingly for further 

study. The capacities were noticeably higher than the previous test using single discs in 

pots with a syringe capacity at 2.72 mg/mL (Table 5.4). The reason for this increased 

capacity may be the effect of a higher rSpA concentration pushing proteins toward 

binding sites. A 10-mL 5 mg/mL rSpA solution containing five discs is a higher 

concentration that that used to react a single disc with rSpA coupling of 1 mg/mL in 10 

mL. The chromatogram from the AKTA showed consistent bind–elute peaks for each 

cycle (Figure 5.9) and the DBCs at 10% breakthrough was nearly 3 mg/mL. The 

capacity is lower than that previously reported for cellulose nanofibre media with 
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immobilised Protein A/G at 9.4 mg/mL [14]. However, the Protein A/G has been shown 

to have a higher capacity than that of Protein A [43]. These dynamic capacities are still 

much lower than commercial resins such as MabSelect recording 30 mg/mL [5] and 

others in the region of 40–60 mg/mL [22].  

 

The optimal coupling technique was performed on pre-activated Sartobind 

porous membrane sheet and a capacity much lower was recorded. The slight drop in 

capacity for increasing flowrate indicates the antibody in solution did not have enough 

time to bind to Protein A potentially through channelling effects, which were present in 

1 MPa compressed adsorbents in Chapter 3. The transbed pressure was 0.2 MPa, which 

was similar to that of the 4-layer adsorbents in Chapter 3. The presence of channelling 

is difficult to support at such low backpressures and the reduction in capacity may be 

because of these adsorbents were not compressed and the bed height may compress 

under high flowrates. The successful binding of mAb under dynamic conditions shows 

the potential for nanofibre adsorbents as an affinity medium. When coupled with the 

potential high productivities of nanofibre adsorbents, their application to capture stages 

of mAb purification are increased [44]. 

 

Using a non-linear Langmuir fit, a Qmax of 4.37 mg/mL was modelled, which 

compared well with some of the media described in Table 5.1. It was a similar capacity 

as the electrospun polyethersulphone that used polymer grafting to grow chains of 

carboxyl groups for rSpA immobilisation and reported a Qmax of 4.5 mg/mL [15]. Both 

nanofibre media used spacer chains to improve rSpA coupling. The highest reported 

nanofibre adsorbent was that of periodate activated cellulose in a method similar to that 

of Ald7h from Chapter 2. The capacity of 9.4 mg/mL was twice as high as the adsorbent 

here and similar to that found for rSpA immobilisation on a monolith [14,16]. The 

commercially available porous membrane, Sartobind Protein A, showed a lower 

capacity of that here at 2.8 mg/mL, which is attributed to the lower surface area [20]. 

Moreover hollow fibre paper was studied as flat sheet membranes of decreasing 

nominal pore sizes 0.65, 0.45 and 0.2 µm recording capacities IgG of 12.4, 17.1 and 

21.4 mg/mL, indicating the relationship of capacity and surface area [19].  
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The convective mass transfer media, nanofibre, membranes and monoliths, show 

lower capacities than the diffusion-based resins (Table 5.5), which are the media of 

choice for mAb purification in industry. This study shows the effect of surface area on 

capacity and supports the application of high surface area media to overcome the barrier 

of convective media application to affinity chromatography. However, at small pore 

sizes, porous membranes can easily block and require a highly clarified feedstock. 

Nanofibre adsorbents have shown resistance to fouling, which is another advantage of 

their open fibre matrix [44]. Thus, nanofibre adsorbents are a potential high capacity 

medium that can handle the feedstock of a capture stage in chromatography, which can 

reduce economic costs of monoclonal antibody production. The productivities of 

GlyAld-rSpA nanofibres were estimated from their capacities at the two flowrates 

tested and compared with recommended flowrates and capacities taken from the 

datasheets of three rSpA media (porous membrane, monolith and resin).  

 

Table 5.5 Productivities for mAb purification of GlyAld-rSpA nanofibres 

compared with those of three rSpA media. 

 DBC 

10% 

(mg/mL) 

Operating 

flowrate 

(cm/h) 

Bed height 

(cm) 

Productivity (g 

mAb/ mL 

adsorbent/ h) 

GlyAld-rSpA 2.99 120 0.204 1.76 

GlyAld-rSpA 2.78 360 0.204 4.91 

GlyAld-rSpA 2.5 1200 0.204 14.71 

Sartobind Protein Aa 7.5 120 0.204 4.41 

CIM r-Protein Ab 10 625 0.42 14.89 

MabSelect SuRec 30 400 2.5 4.8 

aSartorius Stedim Datasheet 85034-534-94, bBIA Separations product specification 

sheet 317.1004, capplication note 28-9198-56 AA 

 

The productivities show the relationship between flowrate and capacity for the 

different media. From the datasheet values, the CIM monolith achieves the highest 

productivity. The GlyAld-rSpA productivity improves with flowrate. The 360 cm/h 

flowrate results in this experiment match the productivities of the porous membrane 
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(Sartobind) and resin (MabSelect). Using a hypothetical flowrate of 1200 cm/h (50 

mL/min) and accounting for DBC lost (reduced to 2.5 mg/mL) improves the 

productivity of the nanofibre adsorbent to that of CIM. To realise further increases of 

productivity in nanofibres, higher flowrates or increases in DBC are needed. These 

values indicate the potential of rSpA nanofibre adsorbents.  

 

5.5 Conclusion 

The research into Protein A media is important to highlight techniques of improving the 

efficiency and productivity of mAb purification. rSpA nanofibre adsorbents were 

produced by different chemical activations and coupling methods. The optimal methods 

with the highest capacities were single TsT treatment without spacer, TsT and 

Jeffamine spacer followed by glutaraldehyde coupling and glyoxyl adsorbents in 0.1M 

sodium carbonate at pH 10.5 with a coupling time of 2 h. The glyoxyl method was 

promising and further adsorbents were produced that showed higher capacities than 

predicted, indicating the importance of mixing and Protein A concentration when 

coupling. The capacity, Qmax and DBC10% of 4.37 and 2.99 mg/mL, respectively, is 

slightly higher than Sartobind Protein A porous membrane, and much higher than when 

the same coupling buffer and duration were used on Sartobind Aldehyde, showing that 

the high surface area of nanofibres is beneficial for mAb purification. However, 

capacity was much lower than resin media. Nanofibre adsorbents were operated at a 

higher flowrate than packed-bed resins and the lower capacity can still result in a higher 

productivity. For the next step, the glycidol-modified adsorbents can be modified using 

the TEMPO-mediated oxidation protocol given in Chapters 2 and 3 to functionalise the 

nanofibres with carboxyl groups. EDC/NHS chemistry used here for the ACA spacer 

can attach Protein A with a stable bond and potentially achieve a higher binding 

capacity. Epichlorohydrin to create epoxy groups as shown in Chapter 4 would also be 

worth considering because a lower pH coupling buffer (pH 8) is used can allow for the 

required longer coupling times. A Protein A nanofibre adsorbent applied to mAb 

purification has the potential to reduce cost through the higher productivity allowed by 

operating at higher flowrates.  
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6 CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

The aim of this project has been to assess and characterise electrospun cellulose 

adsorbents for application to bioprocessing. Chapter 1 summarises the background of 

chromatography, biocatalysis and electrospinning with examples of nanofibre 

adsorbents. The main research of nanofibres occurs in tissue engineering, cell scaffolds 

and wound dressings because the fibrous morphology is similar to that of fibril network 

in vivo. This network of high surface area makes nanofibres attractive for high capacity 

and loadings and the porosity to dynamic flow applications. Nanofibre adsorbents have 

shown potential but the current research has been fragmented across different polymers, 

activation methods and chromatography applications. The present study endears to 

provide a logical analysis of the requirements and potential to apply nanofibres in 

bioprocessing.   

 

Chapter 2 reviews the activation protocols applied to cellulose media for 

bioprocessing application. COO, TsT and epoxy activations showed promising results 

with successful modification and no change in morphology. Each activation also 

showed that the number of groups could be controlled by the reagent amount, duration 

and by repeating the treatment. TsT was recommended even though the reagents are 

hazardous because for each bound molecule there are two active groups, which makes 

using TsT activation promising for attaching spacer arms and doubling potential protein 

coupling sites. SEM and FTIR techniques were cemented as ideal characterisations for 

observing degradation or chemical group changes. RAMAN is also possible but 

produces similar results as FTIR for the activations analysed. The repertoire of 

activations can be applied for further modifications except for tosyl, which was 

unsuccessful in these heterogeneous reactions.  

 

Chapter 3 shows that the effects of chemical functionalisations and compression 

affect the chromatography performance. Following protocol optimisation, COO groups 

were functionalised in a development of the protocol in Chapter 2 and recorded 

reasonable equilibrium (Qmax) and dynamic binding capacities (DBC10%) of 47.5 and 20 
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mg/mL for the 5 MPa compression. DEAE functionalisation was improved over those 

previously reported by repeating the DAECH treatment and recorded lower capacities 

than those of COO at 27.4 (Qmax) and 12 (DBC) mg/mL at 5 MPa. The capacities were 

higher when the adsorbent was compressed at 1 MPa at the lowest flowrate tested (900 

CV/h; 5 mL/min) at 20 (DEAE) and 27 mg/mL (COO), which was because of a more 

open nanofibre structure. However, the tensile strength was also lower at 1 MPa and 

showed DBCs that decreased for increasing flowrates, suggesting channelling effects 

reducing the available protein binding sites. The chapter demonstrates the usefulness of 

compression and annealing to improve adsorbent mechanical properties and indicates 

their effect on protein binding capacity. A promising adsorbent for further evaluation 

uses a low compression load to retain the highly porous nanofibre network and capacity 

at a lower number of layers to help keep the backpressure low to allow higher operating 

flowrates. Convective mass transfer media are applied in the polishing steps in industry 

using IEX for the flow-through capture of impurities. With nanofibre adsorbents, 

achieving higher capacities than porous membranes the efficiency of polishing steps 

increases and their use is commercially attractive. 

 

In Chapter 4, an epoxy activation protocol is combined with glycidol modification 

to immobilise glucose isomerase and the activities of glucose conversion to fructose in 

static and dynamic assays are presented. Glycidol modification increased the number of 

epoxy groups than epoxy activation alone. The initial rate of the free enzyme was 

higher than that of the immobilised glucose isomerase in the static assay. However, in 

the dynamic recirculating system the rate of the free enzyme was only slightly higher 

than that of the immobilised enzyme. The reason being the reduced amount of mixing 

as the free enzyme travels through the tubing and the lower stirring rate of the mixing 

pot. Moreover, the rate of the immobilised enzyme in the static assay was similar to that 

in the dynamic assay, indicating that the reduced mixing did not affect the initial rate. 

However, the time take to reach equilibrium of immobilised enzyme in the dynamic 

assay was twice as long as that in the static assay. The immobilised enzyme could not 

be directly compared with other supports but the retained activity between static and 

dynamic assays show potential. Nanofibres are promising supports to operate 

biocatalysis in a dynamic system at higher flowrates to improve enzyme activity.  
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Protein A chromatography accounts for a large cost percentage in the downstream 

processing of monoclonal antibodies and the overall production costs. Activations were 

compared for the immobilisation of Protein A. TsT activation was used with spacer 

attachment. The results showed the highest capacities for single TsT treatment without 

spacer and Jeffamine spacer with glutaraldehyde coupling. Glycidol modification 

enables a fast periodate treatment, and 10 min was sufficient to activate the nanofibre 

with aldehyde groups. This duration is short enough to avoid the degradation caused by 

cellulose ring cleavage, which dissolved the previous adsorbents in alkaline conditions. 

The optimal conditions for the glycidol aldehyde adsorbents were 0.1M sodium 

carbonate at pH 10.5 and a coupling time of 2 h. These conditions were repeated on 

adsorbents for equilibrium and dynamic binding capacities (DBC10%), which were 4.37 

and 2.99 mg/mL. This capacity was higher than that shown for porous membrane but 

still much lower than those of resin media. Nanofibre adsorbents have shown higher 

productivities of protein separation than packed-bed resin, with a low capacity because 

of the flowrates achievable.  

 

The studies presented in this project support the ongoing development of 

electrospun cellulose nanofibre adsorbents in bioprocessing. Their abilities have been 

promoted beyond previous research, and their development is open to the future work 

described to cement their position as a viable medium in bioprocessing. 

 

6.2 Suggestions for Future Work 

The development of nanofibre adsorbents for bioprocessing has open problems that 

require further research in several areas. Their progression into a commercially viable 

medium also involves expanding this project’s conclusions into more in-depth studies 

of the fabrication, functionalisation and application.  

 

6.2.1 Nanofibres at the large-scale 

The electrospinning technique is flexible to fabricate nanofibre structures with almost 

any polymer or combination of polymers (core–shell). Uniformity and consistency of 

fibre diameters and the sheets were objectives in this project to ensure repeatable 

application. Scaling-up production using needle or needleless systems is vital to show 
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the commercial potential of electrospun cellulose nanofibres. There are companies 

offering large volumes of cellulose acetate sheets, but quality control of diameters and 

morphology by SEM is still necessary. Cellulose acetate dissolves readily in organic 

solvents such as acetone and DMF and shown to produce uniform diameters and 

reproducible sheets. As the electrospinning equipment is increased in size, the 

evaporation of solvent can become an issue in a multi-needle system. A needle-less 

system of two rotating drums, one to initiate spinning and one to collect, is the ideal 

system for large area spinning. However, an aqueous-based solvent system is required 

because organic solvents would evaporate too quickly. Cellulose acetate has been 

electrospun in acetic acid [1], despite some studies reporting the difficulty of using this 

solvent system [2,3] and could be used in a needless spinning system. Custom-built 

equipment can produce sheets as large an area as the collecting drum. Thus, the 

handling and packing of large sheets presents a problem. Sheets were annealed in an 

oven but a simultaneous compression and annealing process on rollers may present an 

ideal process. The parameters would need assessing at smaller scales but the result may 

lead to a continuous production line of electrospinning, compressing and annealing. The 

chemical activation of large sheets may require custom reactors where loosely rolled 

sheets can be placed in a container and mixed with reagents. Alternatively, a flow-

through cartridge could be designed for reactions with recirculating reagents.  

 

Producing large areas of nanofibre sheets is essential for packing cartridges suitable 

to large-scale bioprocessing. The 25-mm filter holder used in this study is suitable for 

chemical protocol optimisations but large membrane stacks are available up to 5 L bed 

volume, 8 mm bed height with a membrane area of 18.2 m2. A different nanofibre 

device spiral wound or pleated would need designing to analyse the flow and capacity 

properties of higher bed volumes. Comparing nanofibre media with porous membranes 

of a smaller stack at 150 mL bed volume using equipment capable of processing such 

volumes such as an AKTA Pilot would be a start to assessing their large-scale potential. 

The membrane bed height is 4 mm and large pore size, >3 µm, is required to operate the 

stack and at backpressures lower than 0.4 MPa. Nanofibres can be layered but 

increasing backpressures are expected and it may not be feasible to have 4 mm bed 

height of only nanofibre sheets. A spacer sheet of non-specific binding material such as 
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PTFE may be useful to help retained a lower backpressure and assist in flow 

distribution. Nanofibre stacks would require study including integrity and flux testing as 

well as dye studies to evaluate axial and radial mixing. The assessment of a large-scale 

chromatography opens the door for commercialisation and application: 

 Design and build a large electrospinning setup to fabricate cellulose acetate 

sheets of at least 0.5 m2, or finding and purchasing high quality sheets 

commercially 

 Design and fabricate a cartridge deign to support nanofibre adsorbents and 

provide complete flow distribution using frits and spacers. Suitable materials 

are stainless steel and PEEK and the cartridge should withstand high 

backpressures.  

 DEAE modification achieved a reasonable capacity and showed a lower 

backpressure than that of COO modification.  

 Performing flow and mixing studies with dyes to compare bed height (layers), 

and frit and spacer pore sizes 

 Using a HPLC system such as an AKTA to assess the binding capacity and 

bind–elute profiles of a model protein at high flowrates   

 Calculate the productivity of purifying a volume of model feedstock using 

repeated short cycles of bind–elute and compare with that of a large packed-bed 

column  

Large-scale testing of nanofibre adsorbents is essential to demonstrate their advantages 

as a convective mass transfer medium. With a high capacity, nanofibre adsorbents can 

compete with packed-bed resins in industrial application. 

 

6.2.2 Direct Electrospinning of Cellulose 

Cellulose was chosen for its stability and non-specific binding properties. There 

are opportunities for creating an adsorbent starting from the fabrication procedure and 

not relying on further chemical modification methods for functionalisation. There is 

opportunity to electrospin cellulose directly using customised equipment using heat to 

dissolve the polymer solution in an ionic liquid such as 1-ethyl-3-methylimidazolium 

acetate and DMF [4]. The step for deacetylation would be removed. Potential cellulose 

sources may include that from lignocellulosic biomass to demonstrate the use of a 

renewable source of adsorbent for bioprocessing. Electrospinning activated cellulose 

removes another post-electrospinning modification step.  



200 

 

Homogenous cellulose reactions are performed dissolving cellulose in 

dimethylacetamide and lithium chloride and can achieve higher degrees of substitution 

than the heterogeneous reaction. Tosyl cellulose has a good leaving group for further 

modification, but the reaction was unsuccessful in this project. Creating tosyl cellulose 

homogeneously at a high enough degree of substitutions becomes soluble in organic 

solvents, which may then allow for electrospinning [5]. Homogenous reactions can be 

extended to the other protocols shown in this study. For example, electrospinning a 

cellulose support containing aldehyde groups for Protein A attachment. Producing an 

IEX adsorbent directly is interesting because the electric field can affect the charged 

groups on the polymer to orient outwards, which may help create a uniform distribution 

of ionic groups on the fibre surface. Electrospinning can be sensitive to all the variables 

involved including environmental conditions. With cellulose already being difficult to 

dissolve, control over these parameters is even more important to ensure a consistent 

material is fabricated. Heating the polymer solution for a large-scale system such as 

those given above could be problematic and costly. However, the nanofibre network 

produced may be customisable for porosity by changing the nanofibre diameter and 

adds a level of potential control on the finished adsorbent. Removing the post-

fabrication steps of deacetylation and activation in cellulose acetate will be viable if the 

ligand density is high enough. Achieving this objective would follow these points:  

 Adapt electrospinning equipment to electrospin cellulose by adding a heated 

jacket to a suitable syringe and test using stock cellulose 

 Design homogenous cellulose functionalisation protocols for an IEX such as SP 

and activated such as epoxy powders.  

 Dissolve the powders in a suitable solvent system and evaluate their 

electrospinning parameters 

 Assess the mechanical properties of the nanofibre and decide whether an 

annealing or crosslinking step is required 

 Couple with Protein A or enzyme if necessary, evaluate the performance and 

compare with that for starting with a cellulose acetate nanofibre 

Direct electrospinning of cellulose nanofibres reduces the post-fabrication steps 

of deacetylation and activation. The degree of substitution may increase the 

performance of chromatography or biocatalysis.  
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6.2.3 Increasing Ligand Density 

The glycidol modification of cellulose presented here has shown two 

advantages. That of increasing the number of hydroxyls for activation by aldehyde or 

epoxy groups, and that of providing a spacer arm to increase protein coupling and 

activity by reducing steric hindrance. Sodium hydroxide was used to maximise glycidol 

modification but actual structure length and branching (mobility) remained unknown. 

Further investigation into the reaction is required to assess the level of controllability 

and reproducibility. The glycidol amount could be reduced or the reaction temperature 

increased to speed up reaction. Generally, the experience has shown that maximising 

the number of active groups has been advantageous for chromatography and 

biocatalysis. However, even though multi-point attachment to proteins can increase 

stability of immobilisation, too many covalent bonds can pull apart and deactivate the 

protein. A matrix of coupling experiments is required for each adsorbent to find the 

optimal binding efficiency for activity or capacity.  

 

Glyoxyl supports (glycidol then aldehyde) have been reported for agarose beads 

as a promising enzyme support [6], and their advantages transfer to nanofibres. Because 

a shorter duration of periodate treatment was used in Chapter 5 to immobilise Protein A, 

the chances of cellulose ring cleavage and fibre degradation were reduced and allowed 

this activation. However, at industrial scale, periodate is a contaminant and 

immobilising proteins at the high pH required may cause denaturing for other enzymes. 

These reasons detract from using glyoxyl supports. However, the abundance of 

hydroxyl groups from glycidol modification may be used in other activations as shown 

in Chapter 4 with epoxy activation. Extra hydroxyls with less steric restrictions would 

increase IEX capacity above those presented in Chapter 3 using the same protocols. 

Using TEMPO-mediated oxidation to functionalise the glyoxyls with carboxyl groups 

allows EDC/NHS coupling to Protein A is another potential nanofibre study.  

 

Examples of grafting polymerised adsorbents have been given throughout the 

project because they offer the highest level of functional groups for separation or 

enzyme immobilisation. Grafting from a nanofibre can be performed using a free 

radical system such as Ce(IV) ammonium nitrate or surface-initiated atom transfer 
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radical polymerization. All these methods require an inert or vacuum atmosphere to 

avoid any side reactions with oxygen. The grafter polymer can be controlled to some 

extent, because it contains active groups less sterically hindered than those of the fibre. 

Polymer grafting applied to porous membrane showed a decrease in permeability and 

pore size [7]. The same effect may not happen on nanofibres because of their highly 

open structure. A nanofibre has been shown to bind 2500 milligrams of lysozyme per 

gram of support and is attractive for any separation [8]. High-throughput screening 

techniques to scout optimal purification parameters have become increasingly popular. 

A 2500 mg/g capacity adsorbent in a 96-well plate at a mass of 50 µg can bind 1.25 mg 

of protein and showcase the nanofibre potential in a different format. Similarly, a 

cartridge of Protein A media at this capacity is very attractive for monoclonal antibody 

purification. An assessment can be carried out as follows: 

 Use glycidol-modified nanofibre adsorbents with DEAE modification and 

compare performance with those in Chapter 3 

 Assess TEMPO-mediated adsorbents for lysozyme capacity and for Protein A 

coupling by EDC/NHS 

 Use ATRP to graft glycidyl methacrylate from nanofibres which contain epoxy 

groups for Protein A or enzyme attachment to improve mAb binding capacity or 

catalytic activity  

 Assess the flow properties of polymerised nanofibre for reduced permeability 

because of the grafted chains 

 Select a suitably high capacity adsorbent to develop a high throughput 

screening 96-well plate. Design a well plate suitable for a vacuum mould and fix 

a layer of nanofibre between the wells and plate bottom. This can be done with 

glue or laser welding.  

 Use the plate to asses optimal binding conditions of a protein or to capture 

proteins for biochemical analysis 

Increasing the ligand density using glycidol or polymerisation, or electrospinning highly 

substituted cellulose is important to improve the capacity and performance of nanofibre 

adsorbents in bioprocessing.  

 

6.2.4 Application of nanofibres within a whole process context 

The successful chemical modifications presented in this project showed 

controllability of active groups and their effects on chromatography. However, some 

functionalisations were not presented, including SP and Q ligands in IEX and those in 
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HIC. Using amine-terminated compounds the current aldehyde, COO, TsT or epoxy 

activations can be used to functionalise fibres with other active groups. An electrospun 

cellulose adsorbent for each chromatography mode is useful to evaluate their 

application to any bioprocess system. A full nanofibre purification process from capture 

to polishing is important to demonstrate using a feedstock solution from upstream. 

Comparing this process with a packed-bed resin process is essential to highlight the real 

advantage of nanofibres in productivity and economic evaluation. The capacities 

achieved for IEX may be higher than those for Protein A affinity and the purification 

methods would need adjusting accordingly. For example, the nanofibre adsorbents may 

be better utilised with repeated bind–elute cycles.  

 

One potential test for the nanofibre absorbents is to load a less-clarified 

feedstock because the open network of fibres is resistant fouling. Thus, there is potential 

to reduce the downstream process time in clarification. If a nanofibre adsorbent can 

capture monoclonal antibody targets from a homogenised only feedstock, the costs of 

downstream processing would decrease and combined with increased productivity in 

capture, become more viable as a technology. An additional advantage of nanofibre 

adsorbents in chromatography would be demonstrated.  

 

 Select a bioprocess, such as monoclonal antibody production, and select the 

purification stages to evaluate, such as Protein A capture, SP IEX intermediate 

and flow-through DEAE polishing.  

 Activations from Chapter 2 can be used with amine-terminated compounds such 

as 3-amino-1-propanesulphonic acid for SP functionalisation using coupling 

suitable for small molecules 

 A solution to demonstrate the process is required from an actual upstream 

process or a model solution spiked with impurities 

 A design of experiments process to optimise purification of the nanofibre 

process and an equivalent packed bed process 

 Of the optimised process a full evaluation of buffer use, preparation time and 

costs comparing the two media 

Demonstrating a full repertoire of potential chemistries supports the advances of 

nanofibres across the bioprocessing range. Coupled with application at the large-scale 

and nanofibre adsorbents have the potential to become a standard technology.  
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