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ABSTRACT
Biopharmaceutical forms a new class of medicine which is biologically active
and produced by recombinant technology or obtained from living organisms. It can be
diversified into a range of subtype of drugs such as therapeutic enzymes, monoclonal
antibodies, subunit proteins, nucleic acid and genetic materials. They have been used
extensively for clinical application involving disease treatments, prevention and
diagnosis. Unlike small molecule compounds, their chemical structures are more
complex and can crucially influence their activity. However, these highly ordered
conformation are often transformed upon exposure to physical stress during
manufacturing such as extreme temperature, pH and high shear. This posses a challenge
for the development of biologics and highlights the need of a more friendly formulation
technique for macromolecules.
Electrohydrodynamic atomisation (EHDA) is a process where using electrical
energy to break up a bulk liquid into fine jets. The process allows the fabrication of
micro to nano-scaled structures including particles or fibres without using heat
involved. This can avoid the thermally induced degradation emerged during the
formulation of macromolecules. Additionally, numerous materials can be fabricated by
EDHA such as polymers, hydrogels and ceramic, thus enabling the design of various
drug delivery systems.
The aim of this PhD project is to undertake a conceptual study using EHDA to
formulate

biopharmaceuticals.
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immunopotentiator), and ovalbumin (a model vaccine antigen) were processed into
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with

polymers

including

poly(vinylpyrollidone)

(PVP),

poly(ε-

caprolactone) (PCL) and poly(lactide-co-glycolide) (PLGA). Micron-nano sized fibres
and particles for implantable biologic formulations were produced. Material properties
and the activity of the developed formulation were characterised to identify the best
formulation for biopharmaceutics.

i

IMPACT STATEMENT
The exploitation of biopharmaceutical medicines has expanded medical
treatment options since the late 1980s. Biologics form class of medicine distinctly
different from low molecular weight chemical actives that until recently have dominated
the pharmacological agents available for therapeutic use. The biologically active
structures of biologics are much more complex and susceptible to degradation than
traditional small molecule drugs. Biopharmaceuticals are also produced by recombinant
technologies that require completely different manufacturing and purification processes
than are used for low molecular weight drugs.
Current biopharmaceutical products can be divided into two classes: therapeutic
proteins and vaccines. Both have shared similar manufacturing technologies since their
early development, starting with isolation or extraction from living tissues or animals,
and moving forward with production based on recombinant technologies involving the
exploitation of genetic engineering and new expression systems.
Regardless of clinical advances, the molecular complexities of recombinant
products contribute to their limited bioavailability. Biologic drugs are associated with a
propensity to undergo rapid degradation during processing, storage and after
administration. Once injected into a patient, biopharmaceutical degradation can result in
short durations of action, loss of biological activity and increased toxicity (e.g.
immunogenicity). Frequent systemic injection regimens can be performed to maintain
the

requisite

therapeutic

levels.

However,

reduced

bioactivity,

increased

immunogenicity, limited patient compliance and high costs limit the use of frequent
dosing schedules. As more biopharmaceuticals are used to treat chronic diseases,
reduced dosing frequency becomes critical as long-term treatment is essential to limit
disease progression.
The potential of side effects associated with systemic bolus injection is
increased with the number of injections. Further, achieving high concentrations in the
systemic circulation is not always appropriate, for instance where sustained action at a
particular anatomical target is preferable (e.g. the brain, eyes, or bone). This highlights
the unmet need for one-time application of local delivery systems that can prolong the
release of biologics over the treatment course.
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IMPACT STATEMENT
Much research has been focused on the development of prolonged release
systems for biological therapeutics, with examples of such systems being
micro/nanoparticles, liposomes, or injectable hydrogels. However, the clinical
translation of these approaches to develop sustained release formulations for biologics is
limited because these therapeutics are prone to degrade during manufacturing, storage
and use. Degradation which can involve loss of tertiary structure due to unfolding
frequently happens at elevated or ambient temperatures, with pH changes, and at high
shear. Degradation of biologic medicines is major challenge during development, and
highlights the need for more friendly formulation techniques for macromolecules.
Electrohydrodynamic atomisation (EHDA) is an emerging process using
electrical energy to break up a bulk liquid into fine jets. The process allows the
fabrication of micro to nano-scale structures including particles or fibres, without any
heat required. This can avoid the thermally induced degradation which often arises
during the formulation of macromolecules. Additionally, numerous materials can be
processed by EDHA, such as polymers, hydrogels and ceramics, thus enabling the
design of a wide range of novel drug delivery systems.
This thesis exploits EHDA to develop sustained released formulations of
proteins. The research presents both fundamental and applied studies to understand
better the acceptable EHDA processing conditions. Model proteins were used to gain an
increased understanding and knowledge of the EHDA process, which will be
disseminated to the scientific community. Building on this new knowledge, the thesis
then focuses on specific formulations for ocular delivery of bevacizumab and
intradermal vaccine delivery. Successful preparation of formulations able to prolong the
release of intact proteins in both applications was achieved. In the bevacizumab case,
the new system developed in this work is able to extend release active antibody to two
months, a 100% improvement over the current clinical therapy. These findings have
impact in the form of new formulations with potential clinical applications, and
furthermore demonstrate the potential to employ this approach for the design of
biopharmaceutical delivery systems to other biological tissues.
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96

electrospun prepared from 10% w/v PCL in 9:1 v/v TFE : DI
water with varied shell-core flow ratios a) 2:1 (0.6 : 0.3 mL h1

), b) 3:1 (0.9 : 0.3 mL h-1), c) 4:1 (1.2 : 0.3 mL h-1), and d)

5:1 (1.5: 0.3 mL h-1).
Figure 3-11 SEM images of basic fucshin loaded PCL core-shell fibres
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electrospun with varied shell-core flow ratios a) 2:1 (0.6:0.3
xvii

mL h-1), b) 3:1 (0.9:0.3 mL h-1), c) 4:1 (1.2:0.3 mL h-1), and
d) 5:1 (1.5:0.3 mL h-1) and their size distributions (mean ±
SD).
Figure 3-12 Morphological characterisation of the ALP/PVP core-shell
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fibres and ALP/PCL core-shell fibres
Figure 3-13 FTIR spectra of a) ALP loaded PVP core-shell fibres, b) ALP,
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and c) PVP.
Figure 3-14 FTIR spectra of a) ALP loaded PCL core-shell fibres, b) ALP,
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and c) PCL
Figure 3-15 DSC thermograms (heating cycle: heating range 0 – 200 °C,
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-1

heating rate 10 °C min ) of a) ALP loaded PVP core-shell
fibres, b) ALP, and c) PVP
Figure 3-16 DSC analyses (DSC experiment : heating range -70 - 150 °C,
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heating rate 10 °C min-1) of a) ALP loaded PCL core-shell
fibres, b) ALP, and c) pristine PCL
Figure 3-17 XRD patterns of a) the ALP/PVP core-shell fibres, b) ALP,
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and c) pristine PVP
Figure 3-18 XRD patterns of a) the ALP/PCL core-shell fibres, b) ALP
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and, c) pristine PCL
Figure 3-19 Cumulative release profiles of a) ALP/PVP fibres (n=3) and
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b) ALP/PCL fibres (n=3). The concentration of ALP vs time
profiles of c) ALP/PVP fibres and d) ALP/PCL fibres
Figure 3-20 Mechanism of drug release from the ALP/PCL core-shell
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fibres
Figure 3-21 ALP activity assay results of a) ALP in PVP fibres after 3 h
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dissolution and b) ALP in PCL fibres over 2 weeks
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A schematic diagram illustrating the eye structure and ocular
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delivery barriers
Figure 4-2

A schematic diagram depicting the molecular structure of
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bevacizumab
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Figure 4-3

Morphological characterisation of the bevacizumab loaded
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core-shell fibres spun at pH 6.2 (Fbeva) and pH 8.3 (FbevaP)
fibres
Figure 4-4

FTIR spectra of bevacizumab loaded PCL core-shell fibres. a)
pristine PCL, b) bevacizumab/PCL spun with at
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pH 6.2

(Fbeva) and c) bevacizumab/PCL spun at pH 8.3 (FbevaP).
Figure 4-5

TGA analyses of bevacizumab-PCL core shell fibres spun
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with a) diluted Avastin® solution (pH 6.2) (Fbeva) and b)
Trizma buffer pH 8.3 (FbevaP).
Figure 4-6

DSC traces of bevacizumab loaded PCL core shell fibres. a)
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PCL, and the fibres prepared spun at b) pH 6.2 (Fbeva) and c)
at pH 8.3 (FbevaP).
Figure 4-7

XPS spectra of the bevacizumab loaded PCL-core shell fibres:
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a) Fbeva and b) FbevaP
Figure 4-8

The conjugation of FITC and bevacizumab
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Purification

of

the

FITC-bevacizumab
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(FITC-beva)
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conjugation mixture using a) a PD-10 desalting column and b)
SEC
Figure 4-10 Photographs of Novex Bis-Tris 4-12% gels showing FITC-
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bevacizumab 3 (FITC-beva) conjugation (Lanes 1-11): a)
fluorescent gel imaged under a UV lamp (365 nm) and b)
Coomasie blue stained gel
Figure 4-11 The distribution of FITC-bevacizumab (FITC-beva) in the
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PCL fibres. GFP filtered fluorescent microscopy images are
shown of a) Fbeva and b) FbevaP, with TEM images illustrating
the internal structures of c) Fbeva and d) FbevaP
Figure 4-12 Schematic diagrams illustrating of a) aqueous outflow in bleb
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and b) an aqueous outflow bleb model
Figure 4-13 Cumulative release profiles of a) Fbeva and b) FbevaP in a rig
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model mimicking the aqueous flow in the anterior segment of
the human eye
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Figure 4-14 Concentration profiles of a) Fbeva (n=3) and b) FbevaP (n=3) in
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a rig model mimicking the flow in the anterior segment of the
human eye
Figure 4-15 The clearance profile of an Avastin® solution injection (1.25
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mg) in a rig model mimicking the flow in the anterior segment
of the human eye. a) % cumulative release and b)
concentration profile
Figure 4-16 Photographs of Novex Bis-Tris 4-12% silver stained gels
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Figure 4-17 SPR binding screening data for bevacizumab released from a)
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Fbeva and b) FbevaP, from one batch of both fibres, compared
with HPS-EPS buffer (negative control); c) a detailed SPR
binding analysis of bevacizumab from FbevaP of day 30, 40, 60
Figure 4-18 A schematic diagram illustrating the effect of bevacizumab
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(beva) migration during electrospinning on the fibre properties
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Partial structures of poly-IC and its derivatives: a) poly-IC,

154

b) poly-IC complexed with poly(lysine) and formulated with
carboxymethyl cellulose (poly-ICLC), and c) modified polyIC with mismatched uracil residues in poly(cytidylic) strand
(poly-IC12U)
Figure 5- 2

The morphologies of poly-IC loaded PVP fibres, showing
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SEM images at a) 6000× magnification and b) 24000×
magnification. c) The fibre diameter distribution (mean ± SD)
Figure 5-3

Morphology of poly-IC loaded PCL fibres. a) SEM image
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6000× magnification, b) SEM image 24000× magnification,
c) the size distribution of fibre diameter (mean ± SD) and d)
TEM image showing internal structure of the prepared fibres.
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FTIR spectra of a) poly-IC loaded PVP fibres and b) PVP
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Figure 5-5

FTIR spectra of a) poly-IC loaded PCL fibres and b) PCL
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Figure 5-6

DSC thermograms of a) poly-IC loaded PVP fibres and b)
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PVP
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DSC analyses of a) poly-IC loaded PCL fibres and b) pristine
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PCL
Figure 5-8
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FACS analysis of cell obtained from PBMC isolation
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FACS analyses of the enriched CD14 monocytes a) The
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scatter plot and b) The fluorescence histogram of CD14-PE
Figure 5-10

FACS analysis illustrates the significant reduction of CD14
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Figure 5-11

MoDC viability after a 24 h incubation with poly-IC
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formulations: (LPS – LPS 0.1 µg mL-1 positive control, F1
(fibres, poly-IC 1.0 µg mL-1), S1 (solution, poly-IC 1.0 µg
mL-1), S2 (solution, poly-IC 0.5 µg mL-1), F2 (fibres, poly-IC
0.5 µg mL-1) and PVP (10 mg of PVP)
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MoDC morphology after a 24 h incubation with stimuli; a)
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untreated, b) LPS (0.1 µg mL-1; positive control). An insert
demonstrating MoDC with developed dendrite. c) F1 (fibres,
poly-IC 1.0 µg mL-1), d) S1 (solution, poly-IC 1.0 µg mL-1),
e) F2 (fibres, poly-IC 0.5 µg mL-1), f) S2 (solution, poly-IC
0.5 µg mL-1) and g) PVP (10 mg of PVP).
Figure 5-13

The expression of the co-stimulatory molecules CD86, 40 and
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274 after MoDC treatment by the PVP-based formulations
Figure 5-14

The positive population of MoDCs expressing stimulation
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marker after 24 h incubation with PVP-poly-IC formulations
Figure 5-15

Cytokines production after 24 h stimulation with poly-IC-
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PVP fibres, of a) TNF-α and b) IL-6 production quantified
using ELISA
Figure 5-16

The release profile for poly-IC release from PCL fibres over 7
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days. a) cumulative release and b) concentration profile
Figure 5-17

The expression of the co-stimulatory molecules CD86 and
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274 after a 24 h treatment of MoDCs with poly-IC aliquots
released from PCL fibres
Figure 5-18

The positive population of MoDCs expressing stimulation
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markers after 24 h incubation with poly-IC aliquots released
from PCL fibres
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Figure 5-19

Cytokines production after 24 h stimulation with release
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aliquots from poly-IC-PCL fibres, assessed using ELISA
Figure 5-20

A schematic diagram of the proposed formation mechanism
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of PVP-poly-IC interpolyelectrolye complexes (IPC)
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Figure 6-1

A schematic diagram illustrating hypodermal administration
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using conventional needle and microneedles (MN).
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Schematic illustration representing MN technologies and their
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release mechanisms. a) Solid MN (SMN), b) Hollow MN
(HMN), c) Coated MN (CMN), d) Dissolving MN (DMN), e)
Swelling MN (SwMN).
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mechanisms of a) coated Tyn MN and b) coated Gan MN
Figure 6-4

Photos of the EHDA set-up used for MN particle coating
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showing a) the complete apparatus and b) a close- up photo
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Figure 6-5

DAPI- fluorescence filtered overlay microscopic images (4X
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magnification) of a) uncoated Tyn MN, b) Tyn MN after 10
min coating , c) Tyn MN after 20 min coating, and d) Tyn
MN after 30 min coating with ANS/PVP fibres
Figure 6-6
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varied coating times. a-b) uncoated, c-d) 10 min coated, e-f)
20 min coated and g-h) 30 min coated samples
Figure 6-7

Texas-red filtered overlay fluorescence microscope images
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(4X magnification) of a) uncoated Tyn MN, b) Tyn MN after
10 min coating, c) Tyn MN after 20 min coating, and d) Tyn
MN after 30 min coating with nile red/ PCL particles
Figure 6-8

SEM images of nile red/PCL particles coated onto Tyn MN
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for varied coating times; a-b) uncoated, c-d) 10 min coated,
e-f) 20 min coated and g-h) 30 min coated MNs are shown
Figure 6-9

Photographs showing the fibres collected a) on the coating
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substrate and b) on the MN array.
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Figure 6-10

SEM images of Sample I-IV prepared in the PLGA particle
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optimisation study
Figure 6-11

SEM images of Samples III-X obtained during the PLGA
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particle optimisation study
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Photographs of Novex Bis-Tris 4-12% gels showing FITC-
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OVA conjugation
Figure 6-13

SEM images of electrosprayed FITC-OVA loaded PLGA
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particles at a) 10000X and b) 20000X magnification, with c)
the particle size distribution.
Figure 6-14

FTIR spectra of a) pristine PLGA, b) lyophilised FITC-OVA
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and c) FITC-OVA loaded PLGA electrosprayed particles
Figure 6-15

DSC thermograms of electrosprayed FITC-OVA loaded
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PLGA particles a) PLGA, b) lyophilised FITC-OVA and c)
the OVA/PLGA particles
Figure 6-16

The reversing heat flow of FITC-OVA/PLGA electrosprayed
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particles, obtained from a MDSC experiment.
Figure 6-17

XRD patterns of a) the FITC-OVA/PLGA particles, b)
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lyophilised FITC-OVA, and c) PLGA
Figure 6-18

The release profiles of FITC-OVA/PLGA particles showing
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the a) cumulative release and b) concentration vs. time
profiles
Figure 6-19

MoDC viability after a 24 h incubation with FITC-
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OVA/PLGA particles. LPS (LPS 0.1µg mL-1/well, positive
control); P1 (9.0 mg of the labeled OVA particles, 5.0 mg
mL-1 FITC-OVA/well) ; P2 (0.09 mg of the labeled particles;
100-fold dilution of P1), S1 (5.0 mg mL-1 soluble FITCOVA/well), S2 (0.05 mg mL-1 soluble FITC-OVA) and
PLGA (8 mg of PLGA/well).
Figure 6-20

MoDC morphology after a 24 h incubation with FITC-OVA
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formulations, showing GFP-overlay fluorescence microscopic
analyses of a) untreated cells, and cells treated with b) LPS
(LPS 0.1 µg mL-1/well; positive control), c) P1 (9.0 mg of the
labeled OVA particles, 5.0 mg mL-1 FITC-OVA/well), d) P2
(0.09 mg of the labeled particles; 100-fold dilution of P1), e)
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S1 (5.0 mg mL-1 soluble FITC-OVA/well), f) S2 (0.05 mg
mL-1 soluble FITC-OVA) and g) PLGA (8 mg/well of
PLGA). GFP-filtered fluorescence images are also given for
h) P1 and i) S1.
Figure 6-21

FACS analyses of FITC-OVA uptake by MoDCs after a 24 h
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incubation. a) Scatter plot demonstrating the MoDC
population in the R1 gate. b) Fluorescence histograms
showing the FITC intensity, c) Scatter plot showing the
positive populations for FITC
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FACS analyses of CD86 expression by MoDCs after a 24 h
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incubation with FITC-OVA formulations. a) Histograms
showing the PE-CD86 intensity, b) Scatter plot showing
positive populations for CD86
Figure 6-23

Cytokines production after 24 h stimulation with FITC-OVA
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formulations, of a) TNF-α and b) IL-6 production quantified
using ELISA.
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A photograph of Tyn MN and Gan MN coated with FITC-
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OVA/PLGA particles
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SEM images of Tyn and Gan MN before and after coating
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with FITC-OVA/PLGA particles. a) uncoated Tyn MN, b)
uncoated Gan MN, c) coated Tyn MN with particles (at
1000× magnification), d) coated Gan MN with particles (at
1000× magnification), e) coated Tyn MN with particles
(image 5000× magnification), and f) coated Gan MN with
particles (5000× magnification), and their size distributions
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Force-displacement curves of Tyn and Gan MN before and
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after coating. a) uncoated Tyn MN, b) uncoated Gan MN, c)
coated Tyn MN, and d) coated Gan MN.
Figure 6-27

Force of insertion (fi) of Tyn and Gan MN before and after
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particle coating.
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GFP-filtered fluorescence microscopic images of PM films
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after insertion of a set of MN: a) uncoated Tyn MN (4×
magnification), b) coated Tyn MN (4× magnification), c)
coated Tyn MN (10× magnification), d) uncoated Gan MN
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(4× magnification), e) coated Gan MN (4 × magnification)
and f) coated Gan MN (10× magnification)
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Introduction

PREAMBLE
Biopharmaceuticals have played a significant role in modern medicines over the

last four decades with the advent of recombinant technologies. The majority of
biologically derived therapeutic entities are proteins, large complex molecules that must
maintain a tertiary structure to be efficacious. In the early nineteenth century, the first
clinical developments to use biologically derived proteins emerged as a consequence of
better understanding of the therapeutic benefits of endogenous molecules from
mammalian tissues and processes for their isolation (De Mora and Torres, 2010).
However, the production efficiency is crucially important because endogenously
produced biologics are often found in small amounts and must be extracted from a large
number of animals. Therapeutics such as insulin extracted from bovine and blood
derived compounds (e.g. low-molecular weight (LMW) heparins and blood clotting
factors, vaccine antigens) exemplified the rise of biological medicines before the 1980s.
The widespread use of endogenously extracted proteins was limited until the 1980s
when recombinant technologies were scaled for manufacture. The growth of the
biotechnology industries has thus accelerated with newly engineered expression systems
with increased titres and the development of increasingly more efficient downstream
processes to enhance production yields (Walsh, 2000). The details of the recombinant
technologies and expression systems in use are out of the scope of this thesis and have
been reviewed elsewhere (Houdebine, 2009; Stryjewska et al., 2013a, 2013b).
Currently there are more than 200 biopharmaceutical products available on the
market covering many diseases including cancers, hematological, autoimmune and
infectious diseases (Ryu et al., 2012). It is expected that the clinical use of biologics
will expand to new therapeutic areas where small-molecule drugs are currently used,
such as, evolocumab (Repatha®, Amgen) and alirocumab (Praluent®, Sanofi &
Regeneron) for hypercholesterolemia treatment (Kent et al., 2016). It is predicted that
biologic medicines will account for up to 28% of the global pharmaceutical industry by
2020 (Aitken, 2016).
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BIOPHARMACEUTICAL CLASSIFICATION
Despite the growth of the biopharmaceutical industry, the definition of what

comprises a biopharmaceutical is not always unambigously clear. For example,
regulatory bodies often define biopharmaceuticals as biologically active drugs which
can be obtained from nature (i.e. isolation or extraction from tissues or organ) or by
means of biotechnology processes such as recombinant technology or genetic
engineering (Rader, 2008). In contrast, the term has become limited to drugs produced
by genetic modification techniques in the commercial context. The confusion in
terminology could be a problem for product registration and regulatory affairs, given
their need to define and control specification guideline. The US Food and Drug
Administration (USFDA) coins the official term of biopharmaceuticals/biologics as
“any virus, therapeutic serum, toxin, antitoxin, or analogous product applicable to the
prevention, treatment or cure of diseases or injuries of man” in the Code of Federal
Regulations Part 600.3 (2016). It should be noted that this definition is used on the
basis of the original term in the Virus-Toxin Law in 1902 (Rader, 2005). On the other
hand, the European Medicines Agency (EMA) uses “biological medicines” to refer to
biopharmaceuticals and establishes these to be as “a product or the active substance that
is produced by or extracted from a biological resource” as stated in Part I of Annex I of
Directive 2001/83/EC) (2001).
In the context of this PhD thesis, biopharmaceuticals, biotherapeutics, biologics,
biological medicines or other similar terms are used interchangeably and used to cover
both therapeutic proteins and vaccines.
1.2.1

Therapeutic proteins
Proteins play essential roles in the physiology of life. Examples of endogenous

proteins include hormones, enzymes, growth factors and antibodies (Abs). Apart from
their normal functions, some proteins can cause pathogenesis such as amyloid protein
aggregates in Alzheimer’s disease (Aguzzi and O’Connor, 2010) or misfolded proteins
in Parkinson’s disease (Gregersen et al., 2006). From the therapeutic viewpoint, the
functionalities of biopharmaceuticals can be related to (i) replacing deficient
endogenous proteins, (ii) regulating an existing pathway, (iii) providing non-existing
activity in the body and (iv) intervening or interfering with an endogenous compound
(Leader et al., 2008). The following section will classify and discuss protein medicines
based on their key characteristics.
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1.2.1.1 Therapeutic endogenous proteins
This protein drug class generally comprises cytokines, enzymes or hormones.
These protein drugs can be deemed as replacement therapies that supply a protein that is
deficient to regulate clinically important physiological activities such as maintaining red
or white blood cell levels. Replacement proteins emerged quite early after the advent of
recombinant technology as major clinical products. Initially, the production of these
drugs involved the isolation and purification of proteins naturally occurring in human or
animal tissues to obtain the native compound. The classic example of these proteins is
insulin: the therapy involves the substitution of natural insulin when it is not produced
in the body in type I diabetic mellitus (DM), or supplementation of endogenous insulin
with compromised function in type II DM.
Lysosomal storage diseases (LSD) are important target diseases for replacement
enzymes. LSD is related to the abnormality of a housekeeper function called
‘autophagy’ which is responsible for the catalytic turnover of both normal
macromolecules and defective molecules such as aggregates or misfolded proteins in
cells (Futerman and Van Meer, 2004). If the degradation of such compounds is not
conducted efficiently, it results in the accumulation of metabolites in lysosomes, which
in turn cause disease. The primary causes of LSD are associated with defects in geneencoding proteins involved in the autophagy process, which can result in a lack of or
reduction in the catalytic activity of lysosomal enzymes (Ballabio and Gieselmann,
2009). Pompe disease was the first discovered LSD, and arises from a deficiency of αglucosidase causing accumulation of glycogen in lysosomes (Pompe, 1932).
Consequently, the lysosomes can rupture and release glycogen and other toxic
substances as the disease progresses (Van der Ploeg and Reuser, 2008).
Owing to the deficiency of lysosomal enzymes in LSD, one successful treatment
strategy is enzyme replacement therapy (ERT) (Futerman and Van Meer, 2004).
Alglucosidase-α (Myozyme®, Genzyme), a recombinant human α-glucosidase which
cleaves glycogen, is the approved biologic for treating Pompe’s disease (Beck, 2009).
Other LSD and their ERT biopharmaceuticals are imiglucerase (Cerezyme®, Genzyme),
the first approved ERT on the market for treatment of type I Gaucher disease, a
sphingolipid storage disorder; agalsidase-β (Fabrazyme®, Genzyme), a recombinant αgalactosidase A hydrolysing globotriaosylceramine 3 (GL3) for treating Fabry’s
disease; and laronidase (Aldurazyme®, Genzyme), a recombinant enzyme catalysing
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glycosaminoglycans (GAG) for mucopolysaccharidosis I (MPS I) therapy (Kirkegaard,
2013).
Therapeutic enzymes can be employed with the aim of degrading substrates that
could be the cause of disorders, rather than replacing the deficient enzymes. This class
of treatments includes digestive enzymes in the gastrointestinoal tract (e.g. lactase,
lipase, amylase and protease), recombinant human deoxyribonuclease I (rhDNase I) to
reduce the viscosity of sputum in the airways for cystic fibrosis treatment, and tissue
plasminogen activators which cleave blood clots in acute myocardial infarction and
ischemic stroke (Baldo, 2015).
Another class of endogenous proteins is peptide hormones. The function of this
drug class is regulating or augmenting a signaling pathway. The classic example of
these proteins is insulin, where the therapy involves the substitution of natural insulin
that it is not produced in the body in type I DM, or to coordinate with endogenous
insulin with compromised function in type II DM. Also, leuprolide acetate is a ligand
of the gonadotropin-releasing hormone receptor (GnRHR). The binding of GnRHR
leads to the suppression of sex hormones that are a cause of many diseases such as
prostate cancer, breast cancer and endometriosis (Wilson et al., 2007). Calcitonin is
another approved therapeutic hormone, and is used for treating osteoporosis (Siminoski
and Josse, 1996).
1.2.1.2 Immunomodulatory proteins
This protein class is also generally known as ‘immunotherapy’ or ‘cytokine
therapy’. Cytokines are glycoproteins with MW less than 30 kDa, and their roles relate
to the regulation of immune responses against invading pathogens or directing other
immune cells (Dinarello, 2007). Cytokines are highly potent compounds, and biological
effects can be mediated with very low concentrations (Cutler and Brombacher, 2005).
Cytokines can be secreted or bound to the cell membrane of both immune and nonimmune cells. Secreted cytokines can affect the nearby or remote cells. However, the
expression of cytokines can also worsen disease progression, especially in diseases
associated with inflammation or auto-immune diseases which both are the target
diseases for anti-cytokine mAbs (Pasche and Neri, 2012). To date, three main types of
recombinant cytokines have been used clinically including interleukin-2 (IL-2),
interferons (IFNs) and colony stimulating factors (CSFs).
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IL-2 is a monomeric glycoprotein mostly secreted from type 1 T-helper cells
(Th1), a key type of immune cell (Paul and Seder, 1994). IL-2 has effects on various
cell types but predominantly on activated T-cells (Cutler and Brombacher, 2005). Its
functions involve promoting the proliferation and maintenance of T-cells, B-cells and
natural-killer (NK) cells (Gaffen and Liu, 2004). IL-2 was the first cytokine used for
immunotherapy in cancer treatment (Rosenberg, 2014). It was discovered that its antitumour effect revolves around the stimulation of NK-cells and T-cells to kill
hematologic malignancies (Adler et al., 1989). Aldesleukin (Proleukin®, Prometheus) is
a commercial recombinant human IL-2 product approved for metastatic melanoma and
metastatic kidney cancer (Noble and Goa, 1997).
IFNs are another clinically used therapeutic cytokines. IFNs are secreted from
various cells such as NK cells and lymphocytes to protect invasion by pathogens,
especially viruses (De Andrea et al., 2002). The anti-viral activity of IFN involves the
indirect inhibition of an array of viral enzymes which are essential for viral replication
or translation (Sadler and Williams, 2008). Three classes of IFNs have been identified:
type I, II and III (Lavoie et al., 2011). However, only type I IFN has been translated
clinically, with the development of commercial recombinant human IFN (rhIFN)
therapies including IFN-α and IFN-β (Lin and Young, 2014).
IFN-α-2a is a subtype of IFN-α commercially produced in genetically modified
Escherichia coli (E. Coli) (Perry and Wilde, 1998). Roferon A®, developed by Roche,
was the first approved rhIFN-α-2a for treating leukemia. rhIFN-α-2a is also wellestablished for chronic hepatitis C virus (HCV) treatment (Walsh, 2003). IFN-α-2b,
another IFN-α subtype, is used clinically (either as a monotherapy or in combination
with the anti-viral agent ribavirin) for HCV. The efficacy of the monotherapy depends
on the level of viral copies in patients and the genotype of the virus, and the
combination regimen provides better efficacy even with high viral loads (Moriyama and
Arakawa, 2006). A major limitation of IFN-α treatment is the short half-life of the
compound, which means frequent dosing is required. This drawback contributed to the
development of PEGylated-IFN, which will be discussed in detailed in Section 1.4.1.
IFN-β has been widely applied in the clinic to treat multiple sclerosis (MS). MS
is an autoimmune disease which involves the destruction of the central nervous system
(CNS). IFN-β is the current first-line treatment for MS. IFN-β-1a and IFN-β-1b have
slightly different protein sequences (Runkel et al., 1998). As the disease mechanism
evolves around the body exhibiting an immune response against normal cells, the
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pharmacological activity of IFN-β relates to shifting the immune balance from proinflammatory to anti-inflammatory, for instance inhibiting the migration of T-cells to
the CNS, and the upregulation of the immune inhibitor IL-10 (McCormack and Scott,
2004). There are four IFN-β products commercially available for the treatment of
relapsing-remitting MS: two IFN-β-1a products (Rebif®, Merck Serono) and (Avonex®,
Biogen), and two IFN-β-2b products (Betaseron®, Bayer) and (Extavia®, Novartis).
CSFs are haemotopoeitic cytokines which have been found to provide clinical
benefit. Those therapeutics comprise granulocyte-colony stimulating factor (G-CSF)
and granulocyte-macrophage-colony stimulating factor (GM-CSF). The two cytokines
have overlapping functions promoting the proliferation of granulocytes, a class of
lymphocytes playing essential roles in both innate and adaptive immunity. Commercial
products of both biologics are produced by recombinant technology using either
Escherichia coli (E. Coli) or yeast expression systems (Welte, 2014). Filgastrim and
lenogastrim are licensed G-CSF products indicated to boost neutrophil production after
the treatment of myelosuppressive anti-cancer drugs. Commercial GM-CSF products
are sargramostim and molgramostim, approved for treating non-Hodgkin’s and
Hogkin’s lymphoma patients who undergo autologous stem cell transplantation. The
therapeutic effect of these biologics is to enhance myeloid recovery, which in turn
minimises the infection risk after chemotherapy (Arellano and Lonial, 2008).
1.2.1.3 mAbs
mAbs is by far the largest class of therapeutic proteins, and a key driver of
biopharmaceutical growth (Aitken, 2013). There will be approximately 70 mAb
products available on the market by 2020, for treating various diseases (Ecker et al.,
2015). The key property of mAbs is their high specificity, which allows the precise
targeting of molecules or pathogens related to particular diseases. The concept of
therapeutic mAbs has similarity to serum therapy in the pre-antibiotic era or passive
immunization, where patients received serum containing Abs of immunised individuals
(Oleksiewicz et al., 2012). The principle of therapeutic mAbs’ utility lies in blocking
target compounds from binding to their receptors, which effectively inhibits or
downregulates the pathway.
The structure of therapeutic mAbs derives from immunoglobulin G (IgG), a
most abundant Ab in the body. There are four subclasses: IgG1, IgG2, IgG3 and IgG4
(Vidarsson et al., 2014). In general, the IgG structure consists of two identical heavy
chains and two identical light chains (see Figure 1-1). There are three constant domains
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(CH1, CH2 and CH3) and one variable domain (VH) on each heavy chain. The light
chains are composed of one constant domain (CL) and one variable domain (VL). The
CH1 domain is covalently bound to the CL domain through a disulfide bond resulting in
the Ab fragment (Fab) region in human Abs. The light chains are closely associated to
the heavy chains by non-covalent interactions. The VH and VL on the Fab are
responsible for Ab binding and termed FV. There are complementarity-determining
regions (CDR) on FV which influence the specificity of Ab binding. The heavy chains
are linked with a disulfide bond at the flexible hinge region. The CH2 and CH3 of the
heavy chains form the FC region, which can bind to the receptors on effector cells
resulting in effector functions that are clinically important. The length of the hinge
varies between the IgG subclasses leading to different Fc binding profiles (Vidarsson et
al., 2014)
CDR
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Figure 1-1 A schematic diagram representing the modular structure of mAbs.

Both Fab and Fc domains contribute to the functionality of mAbs. Similarly to
Abs produced in the body, therapeutic mAbs recognise a target or epitope by the CDR
on the Fv, which underpins the binding specificity of mAbs (Lipman et al., 2005). On
the other hand, the Fc domain is the ligand for a class of receptor-mediating effector
functions termed ‘Fcγ receptors’ (FcγR). These are largely expressed on immune cells
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such as NK-cells, macrophages and dendritic cells (DCs) (Stewart et al., 2014). Despite
its non-targeting property, the Fc domain endows mAbs with effector functions
involving the stimulation of a specific type of immune response to eliminate the mAbtarget molecule complex. This can include the release of cytotoxic granules and
apoptosis as a result of engagement of FcγRIIIa on NK-cells (Ab-dependent cellmediated cytotoxicity; ADCC); the phagocytosis of Ab-coated target molecules by
macrophages by engaging FcγRIIa (Ab-dependent cell-mediated phagocytosis; ADCP);
and, the engagement of complement protein C1q (complement-dependent cytotoxicity;
CDC) (Desjarlais and Lazar, 2011).
These effector functions can have therapeutic benefits, but may also give
adverse effects in some diseases. For example, it was found that the anti-tumor mAbs
trastuzumab and rituximab failed to prevent tumour growth in Fcγ-deficient mice
(Ravetch et al., 2000), suggesting the significance of effector functions on the efficacy
of mAbs. Conversely, the ADCC and CDC functions of rituximab and alemtuzumab
can contribute to cell lysis and unintended cytokine release (Brennan et al., 2010). Also,
the Fcγ binding properties vary among the IgG subclasses. For example, IgG1 subclass
can bind to all FcγR whereas IgG4 weakly binds to FcγRIIb and moderately to FcγRI
(Jiang et al., 2011). Therefore, the rational design of both the Fab and Fc domains is
essential to modulate therapeutic efficacy and safety profile of mAbs.
The early development of therapeutic mAbs employed murine hybridoma
technology. This technique was invented by Köhler and Milstein, who found that
splenic B-lymphocytes of mice challenged with an antigen become fused with myeloma
cells (Köhler and Milstein, 1975). Myeloma can rapidly proliferate or be immortalised
in cell cultures, and B-lymphocytes produce Abs against antigens of interest. The
characteristic properties of both cells were inherited in the hybridomas, leading to the
feasibility to produce mAbs in vitro. However, murine-derived mAbs (MumAbs) were
not destined for the clinic owing to their short half-life, poor effector function, and the
human antimouse-Ab (HAMA) response (Khazaeli et al., 1994). The preparation
ofhuman hybridomas by fusing human B-lymphocytes with human neoplastic cells was
attempted, but this strategy was inefficient and raised ethical questions; therefore, it was
not widely applied (Sa’ Adu and Zumla, 1995).
Genetic engineering has become an essential tool to reduce the immunogenicity
of conventional Murine mAbs. Three mAb engineering approaches have been explored
(Figure 1-2). Chimeric mAbs are produced by combining the gene-encoding murine FV
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and human FC, which contributes to a 60-70% human domain (Roque et al., 2004).
Moreover, murine CDR can be grafted onto a human framework, generating humanised
mAbs (90-95% human) (McCafferty and Glover, 2000) and fully human mAbs (100%
human).

Figure 1-2 The mAb engineering framework. Three engineered mAbs have been developed. Chimeric
mAbs are composed of FV mouse domain and Fc human domain. Mouse CDR can also be edited and
grated onto a human framework to produce humanised mAbs. Fully human mAbs can be produced by
selection of a human Fab from in vitro libraries. Adapted from Brekke and Sandlie, 2003.

Apart from full length mAbs, genetic engineering is capable of modifing mAbs
to generate small mAb-derived fragments including recombinant Fab, single-chain FV
(scFV) and bispecific Abs (Roque et al., 2004) (Figure 1-3). Recombinant Fab contains
one heterodimer of CH1 and VH covalently linked with CL and VL domains while the FC
portion is deleted (see Figure 1-3a). Fab therapeutics can therefore avoid any unwanted
effector function while binding specifically to the desired target. There are three Fab
therapeutics commercially available: abciximab (ReoPro®/Centocor®, Johnson &
Johnson), an anti-platelet glyocoprotein IIb/IIIa chimeric Fab; ranibizumab (Lucentis®,
Genentech), an anti-vascular endothelial growth factor A (VEGF-A) humanised Fab;
and certolizumab pegol (Cimzia®, UCB) an anti-tumour necrosis factor-α (TNF-α)
pegylated Fab (Nelson, 2010). Other next generation mAbs platforms include scFv
technology, which uses one VH and VL sequence responsible for antigen domain binding
domains connected with a linker sequence (see Figure 1-3b) or bispecific mAbs which
allow dual targeting (see Figure 1-3c). The modification of the length of the scFv linker
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can create derivatised multivalent scFV such as bivalent scFV (diabodies) and trivalent
scFV (tribodies) that enable multi-mAb binding (Roque et al., 2004). However, no
multivalent mAb product is commercially available as yet.

b) scFv

Peptide linker

b

re
gi
o

n

a) Fab
Fa

VH

1
CH

VL
VH
VL

CL

c) Bispecific platforms

IgG2

F(ab’)2

Figure 1-3 Small-mAb derived fragment technologies and next generation mAbs. a) Recombinant Fab,
b) Single chain Fv (scFv) and c) bispecific mAb platforms. The latter can comprise two covalently linked
heterogenous IgG (IgG2) or heterogenous Fab domains (F(ab’)2).

mAbs have played a significant role in cancer therapy, and there are several
examples of the successful application of therapeutic mAbs. Currently, there are more
than 240 mAbs under clinical investigation for immuno-oncology treatments (PhRMA,
2017). The aims of mAbs in cancer therapy can be classified into three key targets:
tumour cells, the tumour microenvironment, and immune cells. The principle behind the
first class is that most tumour progression is associated with high levels of expression of
specific proteins (such as tumour growth factor receptors or tumour antigens).
Therefore, blocking these proteins or ligand binding may reduce the growth rate, induce
apoptosis, or enhance susceptibility to chemotherapy (Adams and Weiner, 2005). For
example, endothelial growth factor receptors (EGFR) are often overexpressed in many
solid tumours (Rocha-Lima et al., 2007) and the EGFR family is the target of major
biologic therapies: for instance, anti-HER 2 (e.g. trastuzumab; Herceptin®, Roche) and
anti-EGFR mAbs (e.g. cetuximab; Erbitux®, Bristol-Myers Squibb) and panitumumab;
Vectibix®, Amgen)). Other mAbs targeting tumour antigens include anti-CD20 (e.g.
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rituximab; Rituxan®, Roche), and anti-CD33 agents (e.g. gemtuzumab; Mylotarg,
Pfizer*).
Targeting the tumour microenvironment leads to another important class of
mAbs for cancer. Angiogenesis, the process of new blood vessel growth, is often
associated with tumour spread and poor prognosis. Many growth factors contribute to
angiogenesis with vascular endothelial growth factor (VEGF) expression being the most
clinically relevant (Holmes and Zachary, 2005). Blocking the action of VEGF decreases
angiogenesis. Bevacizumab (Avastin®, Genentech) is the only anti-VEGF mAb
approved for cancer at the time of writing, and has had great clinical benefit. However,
an increased use of bevacizumab potentially leads to the loss of bevacizumab efficacy,
resulting in the progression of angiogenesis. The acquired inefficiency of bevacizumab
could arise from the upregulation of platelet-derived growth factor (PDGF) by the
tumour to compensate for the anti-VEGF effects (Ellis and Hicklin, 2008) Therefore,
the development of anti-PDGF mAbs is underway for combination use with
bevacizumab (Heldin, 2013). It should be noted that angiogenesis also underpins other
diseases such as age related-macular degeneration and diabetic retinopathy which will
be discussed in more detail in Chapter 4.
Immunity plays an integral part in cancer treatment and can mediate the tumour
killing process. mAbs can be used to target the immune system by exploiting specific
binding to targets on immune cells, or enhancing immunity via Fc effector functions
(Scott et al., 2012). Apart from specific CD20 blocking, the efficacy of rituximab
depends on ADCC and CDC effector functions, and it was found that the mutation of
the gene encoding for FcγRIII enhanced the binding affinity of the Fc portion of
rituximab, resulting in promoting ADCC functions (Cartron et al., 2002). This
additional benefit led to the development of new Fc- engineered mAbs for cancer
therapy to enhance or modulate the effector functions, such as anti-CD20 effects of
atumumab (Genmab®, GSK) with improved CDC function, and ocrelizumab (Roche)
with high ADCC but low CDC functions (Oflazoglu and Audoly, 2010).
The discovery of novel immune signaling pathways provides another foundation
underlying cancer-immune therapy using therapeutic mAbs. CTLA-4 and PD-1, the
immune checkpoints which are related to downregulation in the activity of Tlymphocytes, are the targets for checkpoint inhibitors such as the anti-CLTA-4
biologics

ipilimumab

(Yervoy®,

Bristol-Myers

Squibb)

and

tremelimumab

* Mylotarg was withdrawn in 2010 and re-submitted for approval in 2017
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(MedImmune), and the PD-1 inhibitors pembrolizumab (Keytruda®, Merck & Co.) and
nivolumab (Opdivo®, Bristol-Myers Squibb). In addition to antagonistic functions,
mAbs promoting immune activity are under investigation: for instance, dacetuzumab
(Seattle Genetics) and CP-870893 (Pfizer) target CD40 to promote DC maturation and
tumour-specific CD8+ T-lymphocytes (Weiner et al., 2010).
1.2.2 Vaccines
Vaccination is one of the most successful medical strategies to control the
spread of infectious diseases. The use of childhood vaccines saves more than six million
children from viral and bacterial infections globally every year (Ozawa et al., 2011).
The ability of vaccines to deliver long-term protection makes vaccination superior to
employing therapeutic interventions to treat infection. For instance, protection against
the smallpox virus induced by vaccination can last nearly 75 years after vaccine was
admistered (Hammarlund et al., 2003). Vaccinated patients are much less likely to
contract an illness, effectively preventing disease spreading from one person to another.
This demonstrates the vital role of immunisation in disease eradication worldwide.
The concept of immunisation can be traced back to ancient times. It was a
common Chinese clinical practice to inoculate pus harvested from an infected patient to
another person to prevent smallpox (Plotkin, 2005). This idea is similar to the
vaccination conducted by Edward Jenner in 1796, except that he employed a more
systematic approach (Hilleman, 2000). However, at both these times in history
understanding of the host protection mechanism was not well developed because the
knowledge of immunology was still nascent (Zepp, 2010). The turning point for
vaccinology arrived after the discovery of pathogen attenuation and infection
mechanisms in the late nineteenth century (Hilleman, 2000). The success of vaccine
development has since grown into multiple related disciplines such as immunology, cell
culture techniques, microbiology, biotechnology and genetic engineering (Plotkin,
2014).

13

Chapter 1

Introduction

1.2.2.1 Vaccine immunity

Immune cells
Immunisation mimics the natural protection of the host against pathogens, where
immunity is conferred after infection. In general, the immune protection of vaccines
involves five key types of immune cells
B-cells or B-lymphocytes
B-cells are a type of immune cells derived from lymphoid progenitor cells in
bone marrow (LeBien and Tedder, 2008). B-cells are mainly responsible for the
production of Abs after pathogen recognition; these Abs bind to antigens in a process
known as opsonisation, leading to the invasion being blocked or pathogenic toxins
neutralised. This response is known as humoral immunity.
T-cells or T-lymphocytes
T-cells differentiate from lymphoid progenitor cells in the bone marrows and
migrate to the thymus, where they become mature (Germain, 2002). T-cells can be
divided into three main types: T-helper (Th) cells, cytotoxic T-lymphocytes (CTL) and
regulatory T-cells (Tregs). Th cells act to regulate and mediate the action of other
immune cells, with different sub-types (Th1, Th2 and Th17, inter alia) directing
different profiles of immune response, while CTL directly kill infected cells. On the
other hand, the key role of Tregs involves preventing other immune cells from
generating immune response against normal tissues (Corthay, 2009). In contrast to Bcells, T-cells are unable to detect pathogens or antigens on their own. They acquire
antigens with the assistance of specific cells called antigen presenting cells (APC),
which display antigenic molecules on their membranes to stimulate an immune response
(Sedar and Mascola, 2003). T-cells are key cells in eliciting a cellular mediated immune
response.
Monocytes
Monocytes are a subpopulation of the mononuclear phagocytic system derived
from myeloid progenitor cells in bone marrow (Geissmann et al., 2010). They circulate
in the bloodstream, serving as precursor cells. Upon infection, they migrate through the
endothelium and differentiate into macrophages and dendritic cells.
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Macrophages
Macrophages differentiate from monocytes. Following maturation, macrophages
will reside in peripheral tissues to prevent infection. Such tissues include the lung, liver,
intestine and lymph nodes (Murray and Wynn, 2011). Macrophages are one type of
APC and are essential for T-cell stimulation. They also eliminate Ab-opsonised
pathogen by engulfing the cells, in a process called phagocytosis.
Dendritic cells (DCs)
DCs differentiate from monocytes in a manner similar to macrophages. They
exist in both lymphoid and non-lymphoid tissues. Upon antigen encountering, DCs in
non-lymphoid organs migrate to the lymph nodes where T-cell activation is initiated
(Shortman and Liu, 2002). DCs are professional APC which activate naïve T-cells more
efficiently than other types of APC (Savina and Amigorena, 2007).

Adaptive and innate immunity
There are two main facets of the immune system: adaptive immunity and innate
immunity.
The adaptive response involves specific antigen recognition by receptors on Bcells and T-cells (the B-cell receptor (BCR) and T-cell receptor (TCR)), permitting
them to recognise particular antigens (Moser and Leo, 2010). Upon antigen detection,
B-cells are activated and can produce Abs such as IgG, IgA, and IgM to neutralise the
invade pathogens. (Jacobson and Tarlinton, 2012). B-cells can differentiate into plasma
cells which produce specific Abs against the antigen, or memory B-cells; the latter
persists in the body and aids in it responding to subsequent infections. Often an
effective B-cell response is T-cell mediated (Craft, 2012). This involves interplay
between APCs and T-cells. T-cells recognise antigen from ‘display molecules’ on the
membranes of APCs called major histocompatibility complexes (MHC) (Moser and
Leo, 2010). The class of MHC determines the effector T-cells induced. CTL cells,
characterised by the CD8+ surface marker, can detect MHC class I (Chowdhury and
Lieberman, 2008), whereas CD4+ T-cells can interact with antigenic molecules
presented on the MHC class II complex on APC, which leads to the differentiation of
naïve T-cells to Th cells including Th1, Th2, Th17 and Treg cells (Bettelli et al., 2008;
King, 2009; Moser and Leo, 2010; Murphy and Reiner, 2002). These effector Th cells

15

Chapter 1

Introduction

can provide different types of immune responses, such as Th1 cells for anti-viral
protection or Th2 cells for anti-parasite effect (Tanaka et al., 2007).
The hallmark of vaccine protection lies in the immune memory of T-cells and Bcells, where memory cells which are more sensitised to antigen persist in the immune
system over long periods of time (Zepp, 2010). This immunological memory allows
them to rapidly proliferate and differentiate to effector cells upon reinfection with a
given pathogen, which provides a more effective response on the next antigenic
reencounter.
The innate immune response also provides pathogenic protection. It can be
perceived as the first line host defense mechanism against microorganisms, without
memory induction (Moser and Leo, 2010). As immunological memory is essential for
vaccines, less attention has been focused on innate immunity as a target for vaccine
design. However, exploiting innate immunity has attracted more interest following the
discovery of toll-like receptors (TLR) and the unravelling of DC function (Banchereau
and Steinman, 1998; Lemaitre et al., 1996). Apart from their antigen presenting
function, DCs can produce inflammatory cytokines, chemokines and co-stimulatory
molecules which can amplify or elicit more efficient adaptive immune responses
(Medzhitov, 2001). For example, mature DCs secrete high levels of IL-12, which
induces Th1 stimulation (Heufler et al., 1996). In contrast, IL-4 released from DCs
assists Th2 differentiation (Banchereau and Steinman, 1998).
It has also been found that the receptors on innate immune cells (DCs and
macrophages) can discriminate between pathogens and non-pathogens by common
molecular patterns representative of particular organisms (pathogen-associated
molecular patterns, PAMPs) that are mediated by pattern-recognition receptors (PRRs).
Janeway and Liu (1992) have proposed a “stranger signal” model, in which they
postulate that APCs do not become activated by all antigens, but only to those with a
molecular structure associated with infectious pathogens. TLR are one of the most
important PPR families in innate immunity. At least 11 TLR have been identified in
mammals over the last decade; these can recognise a wide range of PAMPs, including
the bacterial cell wall, polysaccharides and bacterial or viral nucleotides (Kwissa et al.,
2007) (see Table 1-1). For instance, TLR 1, 2, 4, 5, 6 and 11 are able to detect bacterial
derived structures while TLR 3, 7, 8 and 9 are sensitised to viral components (Pashine et
al., 2005).
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Table 1-1 Toll-like receptors (TLRs) and their ligands. Reproduced from Pashine et al.,
2005
Toll-like receptor (TLR)
TLR-1

Ligands
Bacterial

lipoproteins

from

Mycobacterial

Neisseria
TLR-2

Zymosan

yeast

particles,

peptidoglycan,

lipopolysaccharide
TLR-3

Viral double-stranded RNA

TLR-4

Bacterial lipopolysaccharides, plant product taxol

TLR-5

Baterial flagelllins

TLR-6

Yeast

zymosan

particles,

lipotechoic

acid,

lipopeptides from mycoplasma
TLR-7

Single-stranded RNA

TLR-8

Single-stranded RNA

TLR-9

CpG oligonucleotides

TLR-10

Unknown

TLR-11

Bacterial

components

from

uropathogenic

bacteria

The expression of a comprehensive group of TLR on DC indicates the role of
PAMPs on DC maturation (Medzhitov, 2001). Steinman and Banchereau (1998)
discovered that MHC-protein complexes and co-stimulatory molecules were
upregulated upon DC activation. Interestingly, TLR are also found to be linked with
antigen uptake by APCs (Takeda and Akira, 2005). This suggests that direct innate
immune system stimulation via TLR pathways can be used as a tool to regulate adaptive
immunity and immunological memory (Pulendran and Ahmed, 2006).

1.2.2.2 Vaccine formulations
Most vaccine products are composed of two principal immune provoking
elements: antigens and adjuvants.
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Vaccine antigens
The antigen is the material against which an immune response is provoked; it is
thus the most essential component in all vaccine products. Since the emergence of
vaccination, the development of vaccines has been mainly focused on the discovery of
antigens. There are many vaccine products available that exploit different strategies to
manufacture the antigen. The following sections describe the key features of each
strategy, and highlight vaccine products that have been developed. These products are
also summarised in Table 1-2.
Live attenuated vaccines
Live attenuated organisms are living cells which are able to elicit an immune
response without causing pathogenicity. Pasteur’s concept of using attenuation to
minimise the virulence of organisms is the basis for developing live attenuated vaccines
(Hilleman, 2000). Physical attenuation by oxygen or heat exposure was first used, and
this was exploited to develop useful vaccines against rabies, anthrax and cholera
(Plotkin and Plotkin, 2011). Thereafter, attenuation was conducted by multiple passages
in in vitro cell culture (Plotkin, 2014). The latter was used to produce oral polio
vaccines (OPV), measles-mumps-rubella (MMR) vaccines and the bacilli CalmetteGuerin (BCG) vaccine against tuberculosis. More recently, reassortment, a technique to
combine genetic materials from different species, has been found to reduce virulence.
This technique is widely applied for rotavirus vaccines (Clark et al., 2006).
The ability of the virus antigen to replicate in the host’s body is the key
characteristic of live-attenuated vaccines. This replication allows presentation of the
antigen in the body over a sustained period, which effectively provides prolonged
exposure the antigen and the inculcation of potent immune memory. Therefore, live
attenuated vaccines can allow single shot vaccination, as they can continually stimulate
an immune response with low dose, and often no booster dose is required (Jiskoot et al.,
2008). Also, live vaccines can confer both cellular and humoral immunity
synergistically providing effective protection (Seder and Hill, 2000).
However, concerns are often raised about the possibility of reversion to the
virulent state, and concomitant complications for the immunocompromised population
(Detmer and Glenting, 2006). Some evidence has shown that live attenuated polio
vaccines can be the cause of rare cases of vaccine-associated paralytic poliomyelitis
(VAPP) (Salk and Salk, 1984).
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Non-living organism-based vaccines
Killed whole cell vaccines
Killed vaccines are dead pathogenic organisms that have been inactivated to
decrease their pathogenicity, but their ability to induce immunity is maintained.
Pathogen inactivation is usually achieved by treatment with chemicals or heat to
interfere with the functions of genes or essential cell components, such as via the
chemical modification of nucleotides, or protein crosslinking (Delrue et al., 2012).
Compared to live attenuated vaccines, inactivated vaccines are unable to replicate and
are less likely to cause virulent reversion while maintaining an appropriate level of
immune induction, especially of neutralising Abs (Ada, 1997). However, the required
dose for optimal immunity is usually higher than that of live attenuated systems and
often booster doses are required to prolong immunity. As they are less efficient in
eliciting an immune response adjuvants, an additional component to help elicit an
immunity, are also important for killed vaccines.
Subunit vaccines
Subunit vaccines use certain components or cellular metabolites derived from
pathogens as the antigen rather than the whole organism. Subunit vaccines are not able
to replicate in the host, thus minimising the risk of pathogenicity (Ellis, 1999). Similarly
to inactivated vaccines, subunit vaccines have low immunogenicity, and require an
adjuvant. Subunit vaccines are classified into three categories based on their sources or
the technology used to produce them, as follows.
First, the antigen can be obtained by downstream extraction or purification of
the immunogenic part of a living organism. Toxoids are one well-known example of
purified vaccines. Toxoids are produced by isolation of the toxin from the causative
pathogen; they can be detoxified with a chemical reagent, with the toxoid still enabling
immune induction. Vaccines using such purified antigens include diphtheria and tetanus
toxoid (Plotkin, 2014).
Also, polysaccharide-based vaccines are classic examples of this purified
vaccines class. The polysaccharide units of bacterial capsules can also induce immune
responses. However, the immunogenicity is often poor, and no immunological memory
obtained, especially in infants (Plotkin, 2014). The polysaccharide components can be
coupled with antigenic proteins using glycosylation to improve immunity. This
principle contributed to the development of meningococcal (Menactra®, Sanofi Pasteur)
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(Reisinger et al., 2009) and pneumococcal vaccines (Prevnar®, Pfizer) (Gruber et al.,
2012)
On the other hand, subunit vaccines can be produced by employing recombinant
DNA technology. Recombinant hepatitis B (HepB) vaccine is a notable recombinant
subunit vaccine product. Valenzuela et al. (1982) isolated the S gene encoding for viral
hepatitis B surface antigen and expressed it in the yeast Saccharomyces cerevisiae (S.
cerevisiae) to produce self-assembled virus-like particles (VLP). VLPs are protein
complexes which resemble the viral capsid or envelope but without the virus genome,
ensuring they lack replication ability (Mortellaro and Ricciardi-Castagnoli, 2011).
Two vaccine products for the human papilloma virus (HPV) have also been
developed using recombinant VLP as a viral antigen; these comprise Cervarix® by GSK
and Gardasil® by Merck (Roldão et al., 2010). The L1 virulent protein encoding genes
were inserted into host expression cells. While the host S. cerevisiae was used for VLP
production for Gardasil®, VLP genes were expressed in the recombinant baculovirus for
Cervarix® manufacture (Bae et al., 2009). It was found that these VLPs elicit Ab
responses which can block the viral infection of cells, thus preventing cervical cancer
(Plotkin and Plotkin, 2011). Apart from HepB and HPV vaccines, there are other VLP
based vaccines under development for diseases such as pandemic and seasonal
influenza, enterovirus, avian flu and Ebola (Roldão et al., 2010).
Similarly to other non-live vaccines, subunit vaccines can elicit strong humoral
immunity, while the acquired cellular mediated memory is typically insufficient to
provide long-lasting immunity (Seder and Hill, 2000).
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Table 1-2 A brief summary of the types of vaccine antigens
Antigen

Description
•

Living organism, non-pathogenic
antigen

Live –attenuated vaccines

•

Replicating in host cells

•

Eliciting potent, long lasting
immunity

•

No vaccine adjuvant required

•

Potential of reversion to virulence

•

e.g. rabies vaccines, BCG vaccines
for tuberculosis and typhoid
vaccines etc.

•

Killed, whole-cell antigen

•

Non-replicating in host cells

•

Providing short immunity

Inactivated/killed organism based

•

Vaccine adjuvant is required

vaccines

•

Booster dose is required

•

Low risk of reversion to virulence

•

e.g. typhoid vaccines, pertussis and
tick-borne encephalitis etc.

Subunit vaccines

•

Antigenic component of whole cells

•

Non-replicating in host cells

•

Providing short-lived immunity

•

Vaccine adjuvant is required

•

Booster dose is required

•

Low risk of reversion to virulence

•

e.g. H. influenza type B, hepatitis B,
HPV etc.

Vaccine adjuvants
Adjuvants can be defined as compounds or components that can assist the
induction of immunity to antigens. The adjuvant is thought to have no direct antigenic
effect on its own. As subunit antigens are often poor immune inducers, an adjuvant is
required in such products to induce a sufficiently robust immune response. However,
the mechanism of action of many adjuvants is poorly understood (Mortellaro and
Ricciardi-Castagnoli, 2011). Vaccine adjuvants can be classified as immune potentiators
and delivery systems; the clinically approved adjuvants are summarised in Table1-3.
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Immune potentiators
This class of adjuvants has been developed following the identification of the
key role of innate immune systems and PAMPs on initiating the adaptive immune
response. The adjuvants contain molecular structures similar to the parts of infectious
pathogens which can bind to TLR, resulting in DC stimulation. They can be defined as
TLR ligands such as poly (inosinic-cytidylic acid) (poly-IC – TLR3 ligand),
monophosphoryl lipid A (MPLA – TLR 2,4 ligand) and CpG oligonucleotides (TLR9
ligand) (Wack and Rappuoli, 2005). Only MPLA has been used in licensed products
including Fendrix® (a HepB vaccine) and Cervarix® (a HPV vaccine) (Rappuoli et al.,
2011).
Delivery systems
Compared to the TLR ligand group, the role of these adjuvants in enhancing the
immune response is uncertain and remains open to discussion. It was initially thought
that the delivery system provides a ‘depot effect’ by slowly releasing antigen over
period of time, rather than interacting directly with immune cells. However, recent
studies suggest that the delivery system may somehow possess some inherent
immunogenicity (De Gregorio et al., 2009). This type of adjuvant can be divided into
particulate adjuvants such as aluminum based adjuvants, emulsions, and liposomes.
Aluminium based adjuvants or alum
Alum is the adjuvant most commonly used in vaccine products. There are two
forms of alum adjuvants currently available: aluminum oxyhydroxide (AlO(OH)) and
amorphous aluminum hydroxyphosphate (Al(OH)x(PO4)y) (Shirodkar et al., 1990). The
original report of the alum adjuvant suggested that the antigen could be adsorbed onto
solid alum (Glenny et al., 1931). The adsorbed antigen can be eluted following
exposure to interstitial fluid (Hem and Hogenesch, 2007). This means that the strength
of adsorption of antigen onto the alum surface may dictate its retention on the particles.
Antigen adsorption needs to be controlled to provide a sufficient antigen concentration
to be taken up by APCs at the injection site (Romero et al., 2007). However, the depot
effect of alum has largely been discredited in recent work, while APCs have been found
to take up alum-adsorbed antigen more effectively than soluble antigen (Wilson-Welder
et al., 2009)
Moreover, alum itself also induces immunity. It is well known that it favours
Th2 stimulation rather than Th1 (Mortellaro and RicciardiCastagnoli, 2011). Alum can
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also recruit monocytes to the injection site and initiate them to differentiate into DC (H.
Sun et al., 2003; Ulanova et al., 2001). Also, the adjuvant properties of alum may be
linked to the danger signal concept. Tritto et al. (2009) showed that alum can activate
the production of pro-inflammatory cytokines including IL-1β, IL-13 and IL-18.
Emulsion-based adjuvants
Emulsion adjuvants have been approved for use in human vaccines. Freund’s
adjuvant, the first water in oil (w/o) emulsion used in this setting, was potent but toxic
because it contains non-degradable mineral oil (Brito et al., 2013). As a result, oil in
water (o/w) emulsions with biodegradable oils such as squalene has been used instead.
This has contributed to the emergence of licensed emulsions: MF59 (Novartis
International) in influenza vaccines and Adjuvant System 03 (AS03, GSK Biologicals)
in pre-pandemic influenza vaccines. MF59 exhibited good efficacy and a safe profile in
preventing influenza among older people when it was co-administered with an influenza
vaccine combining subunit antigens against H3N2, H1N1 and B hemagglutinin antigens
(Puig-Barberà et al., 2013). AS03 can lower by almost 30 times the antigen dose needed
for the inculcation of robust immunity to the influenza vaccine (compared to the same
antigen without adjuvant) (Schubert, 2009).
Similarly to alum adjuvants, the exact mechanism behind the enhancement of
immunogenicity is not known for emulsion systems. Both MF59 and AS03 can promote
the recruitment of key cells such as Th1, CTL, monocytes, and macrophages and DCs
(Garçon et al., 2012; Mortellaro and Ricciardi-Castagnoli, 2011; O’Hagan et al., 2013).
It was found that MF59 can enhance leukocyte migration by inducing cytokine and
adhesion molecule expression (Pulendran and Ahmed, 2011). Moreover, Compared to
ovalbumin (OVA) alone, Herbert (1968) saw that the peak Ab titres of mice treated with
OVA in a w/o emulsion were 500-fold higher and lasted for more than one year.
Liposome based adjuvants
Liposomal adjuvants form another adjuvant technology approved for human use.
Liposomes vesicles formed of amphiphilic lipid bilayers. The system predominantly
consists of phospholipid as a main component, to which other compounds such as
cholesterol or proteins can be incorporated if desired. There are two licensed
technologies: Virosome (Crucell/Berna Biotech) and Adjuvant System 01 (ASO1,
GSK). Virosome is a liposome containing influenza hemagglutinin and neuraminidase
proteins from virus particles; this enables cell entry and MHC presentation similar to
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viral particles (Glück et al., 2004). Two vaccine products employing virosomal
technology are available as Epaxal® (Janssen Ltd.) for hepatitis A and Inflexal® V
(Janssen Ltd.) for influenza.
AS01 is a liposomal system containing MPLA and QS21 saponin. It is assumed
that the depot effect and the presence of the MPLA immune potentiator impart
adjuvanticity to the system (Alving et al., 2016). The adjuvant contributes to eliciting
high and persistent specific Ab and CD4+ T-cells responses (Garçon and Van Mechelen,
2011). AS01 has been applied in the first malaria vaccine, Mosquirix® (GSK).
Table 1-3 Currently approved adjuvant technologies. Adapted from Rappuoli et al. ,
2011
Technology
(company)

Adjuvant
system

Compositions

Vaccine products

Alum

Aluminium
based system

Aluminium
phosphate/aluminium
hydroxide

Various

MF 59
(Novartis)

Oil in water
emulsions

Squalene, polysorbate
80, sorbitan trioleate

Fluad® (seasonal influenza),
Focetria® (H1N1 influenza),
Aflunov ® (prepandemic H5N1 influenza)

Virosome
(Crucell/Ber
na Biotech)
ASO1
(GSK)
ASO3
(GSK)
ASO4
(GSK)

Liposomes
Liposomes
Emulsions
Aluminium
based system

DOPC, DOPE
hemaglutinin,
nueuraminidase
MPLA, QS 21 saponin,
liposomes
Squalene , polysorbate
80, α-tocopherol
Alum, MPLA

Inflexal ® (seasonal influenza)
Epaxal® (hepatitis A)
Mosquirix® (malaria)
Pandremix® (pandemic influenza),
Prepandrix® (pre-pandemic influenza)
Fendrix® (HepB)
Cervarix® (HPV)

Abbreviations : DOPC= dioleoylphosphatidylcholine, DOPE = dioleoly-sn-glycero-phosphoethanolamine, HepB = hepatitis B,
HPV= human papilloma virus, MPLA=monophospholyl lipid A, QS-21= Quillaja saponaria fraction 21
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1.3

BIOPHARMACEUTICAL CHALLENGES

1.3.1

Limited bioavailability of therapeutic proteins

Introduction

Despite many recent clinical advances, biopharmaceuticals or biotech based
therapeutics are often associated with delivery challenges owing to their limited
bioavailability in the body. Much research has focused on the pharmacokinetics of
therapeutic proteins (Mahmood and Green, 2005; Xu and Vugmeyster, 2012), while
pharmacokinetic studies of vaccines are limited and complex (Sun et al., 2012; Wolf et
al., 2010). For high bioavailability of therapeutic proteins, we typically aim to achieve a
high concentration in the systematic circulation. In contrast, a potent vaccine seeks to
ensure sufficient antigen presentation at the lymph nodes (Gómez Mantilla et al.,
2016). Nevertheless, vaccines and therapeutic proteins share common challenges since
both therapeutic proteins and vaccines are macromolecular species. An understanding of
the effect of the physicochemical properties of proteins on biodistribution can be
translated to address issues of vaccine kinetics.
It is generally known that proteins are prone to undergo enzymatic degradation
and unfolding especially in the gastrointestinal tract. Oral delivery systems for these
biologically active compounds are hence challenging to develop, unlike most small
molecule drugs. Thus, the routes of administration of biologics are normally parenteral
injection (intravenous, subcutaneous, intramuscular or intradermal). For example, most
proteins and mAbs are formulated for subcutaneous injection (Richter et al., 2012),
while vaccines can be administered by all injection routes (Gómez Mantilla et al.,
2016). Even if parenteral application is used, macromolecule drugs can still suffer from
presystemic degradation by enzymes such as proteases and nucleases, since these are
abundant throughout the body (Pereira de Sousa and Bernkop-Schnürch, 2014). Berger
et al. (1979) reported the half-life of 3H-labeled insulin was 59 min after subcutaneous
administration, suggesting potential degradation at the site of injection.
The hurdles to deliver biological medicines to their therapeutic targets stem from
their physicochemical properties, especially their size. This issue is a major challenge
for the clinical application of large molecules (compared to small molecule drugs)
because the size can have a direct impact on the pharmacokinetic properties, and
therefore significantly affects clinical efficacy. In terms of mass transport, passive
diffusion underpins the permeation or absorption of drugs across cell membranes and
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depends on the size, hydrophilicity-hydrophobicity and charge of the compounds.
However, passive diffusion is limited for biotherapeutics owing to their large sizes and
charge. Given that subcutaneous administration is desired to be the most common route,
macromolecules are likely to be restrict to the interstitial space after injection owing to
their sizes (Takakura et al., 1996). In general, therapeutics can reach blood circulation
by two pathways: via blood capillaries or lymphatic vessels. In the latter case, the
protein is first trafficked in the lymph system, and then reaches the systemic circulation
at the thoracic duct (Richter et al., 2012). However, absorption through blood capillaries
relies on passive transport and is restricted to compounds with a MW cut-off of up to 16
kDa (Supersaxo et al., 1990). Hence, most biotherapeutics will not be able to be
transported via capillary routes, but rather must rely on the lymphatic system.
Owing to the unidirectional flow of lymphatic systems, macromolecules can
travel to the lymphatic vasculature by the convective flow of interstitial fluid, a plasma
exudate leaking from blood capillaries (McLennan et al., 2005). The convective
transport is driven by the differential hydrostatic and osmotic pressure between
capillaries, the interstitial space and lymphatics (Richter et al., 2012). The extracelluar
matrix (ECM), which forms the major component of connective tissues in the
subcutaneous layer, is also important. The ECM is composed of glycosaminoglycans
(GAG) and proteoglycans, which carry negative charges and play a crucial role in
controlling interstitial-lymphatic transport (Aukland and Reed, 1993). It was found that
the negatively charged proteins diffuse into the lymph more rapidly than the positively
charged proteins of the same MW (Xie and Hale, 1996). The issues with MW and
charge of biologics are also major challenges for delivery across tight junction barriers
such as the blood-brain-barrier (BBB) for brain delivery (Bickel et al., 2001), or
delivery to ocular tissues. The latter will be discussed in detail in Chapter 4.
Unlike small molecule drugs, the distribution of biopharmaceuticals, especially
therapeutic proteins, is restricted to the plasma with minimal tissue distribution because
of the high MW (Baumann, 2006). Thus delivering them to target tissues can be
challenging. Therapeutic proteins can be passively distributed from the blood
circulation to peripheral tissues by convective transport through fenestrae pores on
capillaries walls, or through the transcellular pathway via endothelial cells. The latter
mechanism highlights the possibility for active transport of mAbs, which can include
cellular uptake of proteins in surrounding fluid (fluid-phase pinocytosis), receptormediated endocytosis (FcγR mediated) and phagocytosis by immune cells (Shi, 2014).
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Pinocytosis and receptor mediated mechanism appears to be a viable cellular entry
mechanism of mAbs, and then allows the compounds to travel to the tissue or be
recycled back to the vascular space (Tzaban et al., 2009).
As previously described, both presystemic and systemic degradation lead to a
rapid clearance of proteins from the circulation. Biotherapeutics can be metabolised into
peptides and small amino acids inside hepatocytes as a result of transcellular transport.
In the case of mAbs, the intracellular metabolism can be mediated by the neonatal Fc
receptor (FcRn)-recycling pathway. This process underlies the regulation of IgG levels
in the body, of which therapeutic mAbs share similar structures. This recycling
mechanism is related to the binding of the Fc portion of full-length mAbs to FcRn,
which is abundantly expressed in various cells throughout the body, especially
endothelial cell in the vasculature (Roopenian and Akilesh, 2007) (see Figure1-4). The
binding occurs following IgG uptake in the acidic conditions (pH 6.0 – 6.5) within
endosomes. The Fc-FcRn complex relocates to the cell surface, whereas unbound Fc
undergoes lysosomal degradation. The recycled IgG has decreased binding affinity to
FcRn owing to neutral pH, and hence dissociates from FcRn and returns to the
extracellular fluid. This mechanism contributes to the relatively longer half-life of most
full-length mAbs compared to other therapeutic proteins (Baumann, 2006).

Figure 1-4 A schematic diagram illustrating neonatal Fc receptor (FcRn) recycling pathway: 1) IgG and
other proteins are internalized into endocytic vesicles. 2) Endosome becomes acidic resulting in the
binding of Fc domain to FcRn. 3) Bound IgG are recycled back to the cell membrane whereas unbound
proteins are degraded in lysosomal compartment. 4) IgG dissociates at neutral pH (7.4) from FcRn and is
released back into the blood.

27

Introduction

Chapter 1

After metabolism, degraded macromolecules are excreted by the kidney via
glomerular filtration, which is influenced by the size and charge of compounds. In
general, the MW cut-off of glomerular filtration prevents the excretion of
macromolecules such as albumins in normal conditions. However, the elimination of
intact small biologics with the MW < 30 kDa has been show to proceed via this
mechanism (Meibohm, 2013). The size selectivity suggests that glomerular filtration
may have a potential effect on the bioavailability of therapeutic cytokines and peptides,
whereas the effect on mAbs should be negligible (Meibohm and Zhou, 2012).
Immunogenicity is another critical issue for the clinical application of biologics.
Owing to the high complexity of their structures, it is likely that immune systems can
detect biologics as a foreign body in some cases, which does not generally happen with
small molecule actives. This is usually a result of the generation of Abs against
mumAbs or chimeric mAbs (Khazaeli et al., 1994). Immunogenicity against
macromolecules can be considered an unwanted side-effect in the case of therapeutic
proteins and nucleic acid based compounds, whilst it is required for the clinical efficacy
of most vaccines. The mechanism behind the immunogenicity of biologics is similar to
that by which vaccines induce immunity, as previously discussed.
Their

immunogenicity

can

profoundly

affect

the

bioavailability

of

biotherapeutics. Some evidence suggests that some drugs are rapidly removed from the
plasma when the protein-antibody complex forms (Rosenblum et al., 1985). Proteins
also tend to be cleared more quickly when used in a high dose. This is as a result of
their propensity for aggregation (Meibohm and Braeckman, 2008). Often, the greater
the concentration of a protein, the more aggregates that can be produced. However, this
depends on the precise clearance mechanism of the protein. If the phagocytosis in the
reticuloendothelial systems (RES) plays a major role in the elimination of a particular
protein, it will be eliminated more rapidly when a high dose is used. In contrast, the
elimination rate will be decreased with high doses if endocytosis is the major
elimination process (Tabrizi et al., 2006). As endocytosis is receptor-mediated process,
this suggests that the saturation of receptors can influence the bioavailability of protein
drugs targeting surface receptors. This phenomenon is known as ‘antigen sink’, and is
commonly found with mAbs targeting internalising receptors (Wang et al., 2012). To
illustrate the point trastuzumab, an anti-HER 2 receptor antibody, was eliminated slowly
when the dose was high (McKeage and Perry, 2002). This phenomenon was also found
with panitumumab and cetuximab (Rowinsky et al., 2004). On the other hand,
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therapeutic proteins targeting soluble antigens such as anti-VEGF or other anti-cytokine
therapies undergo rapid RES clearance if aggregation or Ab-drug complexation occurs
(Tabrizi et al., 2006).
Because of the low half-life issue, a frequent dosing regimen is required to
maintain the drug at therapeutic levels. This itself can have implications in the clinic.
Ross and co-workers (2000) found that patients were likely to develop an immune
response with more frequent doses of IFN-β 1a via the intramuscular route. Moreover,
an infusion reaction is a common adverse effect associated with parenteral treatment.
The evidence showed the development of acute reactions when patients received
increasing numbers of doses of infliximab, with 61% of patients experiencing an acute
reaction at the fifth dose (Baert et al., 2003). In terms of vaccines, often multiple booster
doses are required to prolong the immune response and inculcate effective memory,
especially for subunit vaccines. Analogously to protein therapeutics, multi-dosing is
thus often required, but can be associated with unwanted effects such as allergic
reactions. In addition, patients are less likely to accept frequent injections, and so this
requirement can contribute to low patient compliance, leading to lower efficacy of
biopharmaceutical products.
1.3.2

Inducing effective immunity with vaccines
The significance of vaccines’ efficacy lies in their abilities to induce long-lived

memory cells which provide high quality protective immune responses upon reinfection
with the same pathogen (Amanna and Slifka, 2011). As T-cells can mediate both
humoral and cellular immune responses, the effective induction of memory T cells is a
key feature that is required in all vaccines. The development of memory T-cells
involves three phases: clonal expansion, contraction, and memory phases (Kaech et al.,
2002). In the first phase, naïve T-cells proliferate and differentiate into effector T-cells
in the presence of antigen bearing APCs. This follows by a second phase where most
effector T-cells die through apoptosis after pathogenic clearance. Thereafter, the
number of surviving cells remains constant over a prolonged period of time during the
memory phase (see Figure 1-5).
It can be postulated from above discussion that the quantity of memory cells is
determined by a balance between cell proliferation and apoptosis. To offset this
equilibrium, possible interventions could include (i) increasing the number of effector
T-cells in the expansion phase or, (ii) decreasing the number of dying cells, and thereby
increasing the survival of cells which can enter the memory phase.
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Figure 1-5 A diagram depicting the development of T-cell memory, which proceeds via expansion phase,
contraction phase and memory phase. Adapted from Kaech et al., 2002.

1.3.3

Formulation challenges
Another challenge to develop biopharmaceuticals lies in their intrinsic

instability. Owing to their complex ordered structures, proteins and vaccines are prone
to undergo physical and chemical transformation which can affect their biological
activities. Physical instabilities are major concern in process development for
biopharmaceutical formulations
Generally, biological compounds have three-dimensional structures (known as
the tertiary structure). Often the folded structure is dictated by an intricate balance of
intra and intermolecular interactions between various functional groups and external
environments. A range of non-covalent interactions are crucial to maintain the native
folded structure, including electrostatic attractions, van der Waals interactions of the
back-bone and side chain residues, hydrogen bonding and hydrophobic interactions
(Roberts, 2014). As the folded structure is in dynamic flux, any factors shifting the
interaction balance can cause the structure to change, which can contribute to an
unstable state of the large molecules. For instance, in aqueous solution more soluble
amino acid residues become exposed to and interact with accessible solvent molecules,
while non-polar residues are encapsulated forming a hydrophobic core.
Protein folding is dictated from the amino acid sequence that leads to the native
biologically active form. Protein in the native structure (N) can be unfolded via an
intermediate state (I) or undergo direct unfolding to a denatured state (U). The folding–
unfolding kinetics are in equilibrium, and are usually reversible processes. Owing to
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their higher free energy, I and U species are prone to assemble to form more stable
complexes by aggregation (A). Aggregates are composed of more than one monomer in
any form, and are strengthened by either covalent or non-covalent bonds. The type of
monomer association can influence the reversibility of the aggregates. For instance,
aggregates of native monomer clusters can be dissociated by dilution (Mahler et al.,
2009). On the other hand, precipitation (P) or irreversible aggregates may result from
the nucleation of different monomers (Philo and Arakawa, 2009). The folding/unfolding
relationship and the aggregation mechanism are summarised in Figure 1-6. However,
the unfolding-aggregation relationship of proteins is complex than above discussion
(Frokjaer and Otzen, 2005) and beyond the scope of this project.

Figure 1-6 A schematic diagram representing the simple folding/ unfolding–aggregation mechanism. (N=
native state, U = unfolded/denatured state, I = intermediate state, A = aggregation and P = precipitation).
Adapted from Santucci et al., 2008.
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Structural alteration of biologics can emerge at any stage of the manufacturing
process, from initial protein expression through handling and storage (Frokjaer and
Otzen, 2005). This can be ascribed to the presence of non-physiological conditions
during the processes that may drive the adaptation of structural variants in the finished
product. This issue is a major challenge in biopharmaceutical development, and
distinctly different to the production of small molecule drugs, where such problems do
not arise. The stresses may arise from various factors such as choices of buffer,
manufacturing techniques, and containers (Manning et al., 2010). For instance, Pikal –
Cleland et al. (2002) demonstrated that lyophilisation led to a pH shift in protein
solutions which affected the protein activity; the issue could be alleviated by adjusting
the concentration of buffer salts. The pH of lyophilisate is also critical to control the
aggregation of recombinant vaccine antigens and often additional stabilisers such as
trehalose, a common stabilisers in lyophilised proteins is required to maintain the
integrity of the antigen (Roy et al., 2008). Also, the contamination of silica particles
from product vials was reported to be a cause of precipitation (Chi et al., 2005).
The presence of non-native proteins in finished biopharmaceutical products can
limit their clinical applications. Aggregation can cause non-uniform dosing when
drawing protein solutions from vials (Angkawinitwong et al., 2015). Unstable biologics
can contribute to a lack of therapeutic effect or adverse effects. For instance, the
aggregation of IFN-β can stimulate the production of neutralising anti-drug Abs (NAb)
which blocks the IFN receptor binding, thus lowering clinical efficacy (Farrell et al.,
2012). The unwanted effects can also arise from induced NAbs on the normal function
of endogenous proteins, especially in the case of therapeutic hormones or cytokines.
Notably, pure-red cell aplasia (PRCA), a sudden severe anemia, was developed in
patients treated with Eprex® rh erythropoietin (McKoy et al., 2008) . The complication
emerged as a result of NAb induced against Eprex® blocking endogenous erythropoietin
(Ratanji et al., 2014). The NAb was induced by aggregation driven by the presence of
formulation ingredients such as polysorbate 80 (Villalobos et al., 2005) and silicone oil
in pre-filled syringes (Kossovsky et al., 1987; Thirumangalathu et al., 2009). Indeed,
the immunogenicity of the denatured protein compound could induce a cellular
mediated immune response similarly to a vaccine inducing immunity (Moussa et al.,
2016).
Biomolecule stability can also affect the efficacy of vaccines, and their
propensity for adverse effects. Surfactants have been extensively used to reduce
32

Chapter 1

Introduction

aggregation in both protein and vaccine formulations. However, the surfactant should be
used cautiously in whole-virus or VLP based vaccines, as disruption of the viral
assembly could arise if the concentration of surfactant exceeds the critical micelle
concentration (Mertens and Velev, 2015). Further, conjunctivitis with respiratory
symptoms called oculorespiratory syndrome (ORS) was associated with the presence of
large virions aggregated in one inactivated influenza vaccine product (Skowronski et
al., 2003). This led to a polarised Th2 response (Babiuk et al., 2004). Thalahamer et al.
(2017) have proposed an effect of folding stability on the induction of T-cell immunity
by vaccines. As the conformational stability of an antigen is related to the MHC
complex processing in APC, native folded antigen can generate Th1 response while the
unfolded structure contributes to Th2 functionality (Scheiblhofer et al., 2017); however
the exact mechanism has not been elucidated to date.

1.4

CURRENT FORMULATION STRATEGIES TO OVERCOME
BIOPHARMACEUTICAL CHALLENGES
Many strategies have been explored in attempts to enhance the in vivo stability

and modify the pharmacokinetic properties of biologics in order to improve their
bioavailability. Two main approaches have been developed: structural modification of
the protein, and the generation of sustained release drug delivery systems (DDS)
(Brown, 2005).
1.4.1

Structural modification

PEGylation
PEGylation is the covalent conjugation of poly(ethylene glycol) to a protein,
The PEG-protein conjugate is considered to be new chemical entity (NCE), usually with
improved properties. PEG can prolong the half-life of biotherapeutics because each
repeat unit in the polymer can form hydrogen bonds with three molecules of water, thus
increasing the hydrodynamic volume (Bailon and Won 2009). An increase in the MW
of a protein can reduce the impact of processes such as glomerular excretion,
immunogenicity (Brown, 2005).
The first PEGylated product to be approved was pegademase (Adagen®,
Leadiant Biosciences). This is a bovine adenosine deaminase hyper-conjugated with 5
kDa mPEG-succinimide to 11-17 lysines on the enzyme. Its clinical indication is for the
treatment of severe combined immunodeficiency disease (SCD). This PEG conjugated
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enzyme has improved pharmacokinetic properties compared with the native compound.
Also, PEGylated L-asparaginase (Oncaspar®, Shire Pharmaceutical), an anti-cancer
drug used in acute lympho-blastic leukemia (ALL), has a longer half-life and reduced
immunogenicity than the unmodified protein (Pasut et al., 2008). In addition, the
administration required is less frequent (every 2 weeks) than that for unmodified Lasparaginase (2-3 times a week), which can improve patient compliance (Graham,
2003). Similarly, PEG-IFN-α-2a (Pegasys®, Genentech), a 40 kDa PEG conjugated to
rh α-2a IFN, enables once weekly dosing (compare to three times weekly for the
unconjugated IFN) and also provides better efficacy (Heathcote et al., 2000). There are
11 PEGylated proteins that are clinically available (see Table 1-4).
In contrast, PEGylation is not applied to vaccines. As disruption of the antigen
presentation process underpins the reduced immunogenicity of PEGylated proteins
(Basu et al., 2006), PEGylation is unlikely to provide benefit for vaccines. However,
PEGylation of a TLR-2 agonist was found to enhance in vivo transportation of antigenTLR-2 complexes to stimulate T-cells at the draining lymph nodes, contributing to
better cell-mediated and humoral immune responses (Sekiya et al., 2017). Current
research tends to exploit PEGylation to functionalise nanocarriers such as liposomes,
rather than direct conjugation to biopharmaceutical compounds (Vllasaliu et al., 2014)
and will be discussed in detail in Section 1.4.2. Moreover, PEGylation can be exploited
as a strategy to formulate stable liquid biopharmaceutical products because it can
minimise aggregation owing to steric hindrance of PEG (Rajan et al., 2006).
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Table 1-4 Currently approved PEGylated biopharmaceuticals. Adapted from
Swierczewska et al., 2015 and Turecek et al., 2016
Product (company)
Pegadamase
(Adagen®, Leadiant
Biosciences)
Pegaspargase
(Oncaspar®, Shire
Pharmaceuticals)
Pegvisomant
(Somavert®, Pfizer)
Pegloticase
(Krystexxa®, Horizon
Pharma)
PEG-IFN-α 2b
(PEG-Intron®, Merck)
PEG-epoetin−β
(Micera®, HoffmanLa Roche)
Pegfilgrastim
(Neulasta®, Amgen)
Pegaptanib
(Macugen®, Eyetech
Pharm/Pfizer)
Certolizumab pegol
(Cimzia®, Nekta/UCB
Pharma)
PEG-IFN-β1
(Plegridy®, Biogen)
PEG-IFN-α 2a
(Pegasys®, Hoffman
La Roche)

Drug

MW of conjugate
PEG

Indication

Adenosine deaminase

5 kDa /multiple
conjugates

SCD

L-asparaginase

5 kDa /69-82
conjugates

Leukemia

GHR antagonist

5 kDa/4-6 conjugates

Acromegaly

Uricase

10 kDa / 9-11
conjugates

Chronic gout

IFN-α-2b

12 kDa

HCV

Erythropoietin

30 kDa

Anemia/CRF

rh-GCSF

20 kDa

Chemotherapy induced
neutropenia

Ant- VEGF-aptamer

20 kDa (x 2 conjugate)

Wet AMD

TNF-α inhibitor

40 kDa, branched

CRA, PA and AXS

IFN-β 1a

20 kDa

Relapse MS

IFN-α 2a

40 kDa, branched

HBV, HCV

Abbreviations : AMD = age-related macular degeneration, AXS = axial spondyloarthritis, CRA= chronic rheumatoid arthritis,
CRF=chronic renal failure, HBV=hepatitis B virus, HCV=hepatitis C virus, IFN=interferon, MS=multiple sclerosis, PA=psoriatic
arthritis, SCD = severe combined immunodeficiency disease, TNF-α = tumour necrosis factor –α

Fc fusion proteins
Fc fusion proteins are another attractive technology to improve the function of
biologic drugs. Fc fusion proteins involve the conjugation of the Fc domain of IgG to
another protein or peptide drug. Improved pharmacokinetics can be seen with Fcfusions, which are attributed to FcRn–recycling (discussed in Section 1.3.1) and
decreased renal clearance because of the increased MW. The two effects together give
prolonged half-lives (Kontermann, 2011). For instance, Fc-engineered bevacizumab and
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cetuximab exhibited three-fold longer half-lives, with greater in vivo efficacy in an
animal study, compared to native IgG1 (Zalevsky et al., 2010). However, Suzuki and
co-workers (2010) suggested that other factors should be taken into account when
considering serum half-life. They found that etanercept (a Fc-fused TNF-α receptor) has
a shorter half-life than infliximab (a chimeric IgG1 anti-TNF-α) and adalimumab
(human IgG1 anti-TNF-α). This could be attributed to the effect of the fusion domain on
the structural environment of the FcRn binding site. Currently, there are nine Fc-fusion
products (see Table 1-5).
Fc-fusions also have the potential to improve vaccine efficacy by exploiting Fcfusions to target FcRs on APCs. For instance, engineered Fc domain targeting
FcγRIIA/FcγRIIB can be used to target APC such as DCs and Langerhans cells
(Czajkowsky et al., 2012).
Table 1-5 Currently approved Fc-fusion products in clinic. Adapted from Czajkowsky
et al., 2012
Product (company)
Abatacept
(Orencia® , Bristol –
Meyers Squibb)
Aflibercept (Eylea®,
Regeneron)
Alefacept (Amevive®,
Astellas Pharma)
Belatacept
(Nulojix®, BristolMeyers Squibb)
Dulaglutide
(Trulicity®, Eli lily)
Efmorotocog -α
(Eloctate®, Biogen)
Etanercept (Enbrel®,
Amgen/Pfizer)
Rilonacept
(Arcalyst®, Regeneron)
Romiplostim
(Nplate®, Amgen/
Pfizer)

Description

Indication

Mutated CTLA-4 fused to the Fc of human
IgG1

RA

VEGFR1/VEGFR2 fused to the Fc of human
IgG1

AMD

LFA-3 fused to the Fc of human IgG1

Psoriasis and transplant
rejection

CTLA-4 fused to the Fc of human IgG1

Organ rejection

GLP-1 fused to the Fc of human IgG4

Type 2 diabetes

B-domain-deleted FVIII fused to the Fc of
human IgG1

Haemophilia A

TNFR fused to the Fc of human IgG1

RA

IL-1R fused to the Fc of human IgG1

CPS

Thrombopoeitin-bidning peptide fused to the Fc
of human IgG1

TCP

Abbreviations : AMD =age-related macular degeneration, CPS = cryopyrin-associated periodic syndromes, CTLA-4 = cytotoxic
T-lymphocyte-associated protein 4, GLP-1= glucagon-like peptide 1, FVIII = factor VIII, LFA-3 = lymphocyte function-associated
antigen 3, IgG= immunoglobulin G, IL-1R= interleukin-1 receptor, RA=rheumatoid arthritis, TCP =thrombocytopenia, TNFR=
tumour necrosis factor receptor, , VEGFR= vascular endothelial growth factor receptors.
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Glycosylation
Glycosylation is a post-translational modification where oligosaccharides are
covalently linked to a protein. Many endogenous proteins are glycosylated, so effort has
focused on adding more glycosyl groups to increase the size and hydrophilicity of
therapeutic proteins. In general, the carbohydrate is linked to asparagine residues (Nglycosylation), or serine or threonine (O-glycosylation) in the protein (Medzihradszky,
2005). As with PEGylation, this can increase the overall size of the therapeutic
molecules which results in an extension of circulation time and improved
pharmacokinetic properties (Sinclair and Elliott, 2005).
The best known clinical example is darbepoetin-alfa, a 37 kDa glycosylated
product that is a second generation version of erythropoietin (EPO). By site directed
mutagenesis, N-glycosylation can be introduced to the native sequence (Egrie and
Browne, 2002). The half-life is increased three-fold, thus allowing dosing once a week
(Aranesp® Package insert, 2001).
Moreover, glycosylation has been applied to conjugate bacterial capsules with
protein antigens to improve the efficacy of T-cell mediated response of bacterial
polysaccharide-based vaccines (Wolfert and Boons, 2013). It was found that
polysaccharide vaccines can stimulate B-cells, but the response is poor owing to the
immunity being T-cell independent with no immune memory induced, as discussed in
Section 1.2.2.1. The conjugated antigen of glycoconjugated vaccines provides a T-cell
mediated immune response, where both memory B-cells and T-cells are developed
(Cuccui and Wren, 2015).
1.4.2

Sustained release DDS
In addition to structural modification, the design of new sustained release DDS

is another route to the development of biopharmaceutical formulations. These provide
benefits in terms of modifying and improving the pharmacokinetics. A slow release
profile can be implemented which is underpinned by the interplay of diffusion of the
encapsulated agent and the degradation of the carrier matrix material. Sustained release
DDS can be grouped into two main systems as discussed below.
1.4.2.1 Nanoscale DDS
Nanoscale DDS apply the advantages of nanotechnology to address the
challenges arising with biologic drugs. These favourable properties include: (i) allowing
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prolonged circulation; (ii) enabling injectable dosage forms; (iii) enhancing tissue
accumulation (e.g. extravasation to tumour cells ); (iv) intracellular targeting delivery
via endocytosis; and, (v) modulating drug release (Yu et al., 2016). Nanoscale DDS can
be defined as formulations with a size in the nanometer range (<1 µm). There are two
main systems: polymeric particles and liposomes.
Polymeric particles
Polymeric particles involve the encapsulation of drugs in a polymeric matrix that
can prolong release. Therefore, protein-loaded particles can eliminate the need for
frequent dosing to maintain therapeutic efficacy. Various pharmaceutical polymers can
be employed such as poly-esters (e.g. poly(lactide-co-glycolide) (PLGA), poly(εcaprolactone) (PCL)), poly-amino acids (e.g. poly(glutamic acid) and poly(lysine) or
natural poly-carbohydrates (e.g. alginate and chitosan) (Rajeev A. Jain, 2000; Sinha and
Trehan, 2003). PLGA is probably the most commonly used polymer for protein
formulations.
PLGA is a co-polymer of glycolic acid and lactic acid that degrades by ester
hydrolysis along the polymer main chain (Makadia and Siegel, 2011). As lactic acid is
relatively hydrophobic, a higher ratio of lactic residues generally gives slower
degradation profiles. Also, the propensity of glycolic residues to crystallise can reduce
degradation (Hines and Kaplan, 2013). Hence, these two properties can be exploited to
modulate drug release (Kapoor et al., 2015). PLGA-based particles is a well-established
technology,

with

a

number

of

currently

available

PLGA

particle-based

biopharmaceutical products (see Table 1-6).
In general, particle encapsulation involves two main processes: the formation of
‘preformed encapsulated particles or carriers’ in colloidal systems, and solvent removal
process (Grabnar and Kristl, 2011). In the first process, a conventional emulsification
based method is used to prepare preformed particles by forming double emulsions. An
aqueous protein solution is added to a solution of hydrophobic polymer in an organic
solvent, and mixed or sonicated to form a water-in-oil (w1/o) primary emulsion. A
secondary aqueous phase containing emulsifiers such as surfactants and poly-vinyl
alcohol (PVA) is subsequently added to form the double emulsion (w1/o/w2). Double
emulsion methods have been used to encapsulate luteinizing hormone into PLGA and
poly(lactic acid) (PLA) microparticles, resulting in monthly and quarterly Lupron
Depot® formulations, respectively (Okada, 1997). Double emulsion method can
overcome the issue of low encapsulation efficacy of single emulsion method regarding
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the protein diffusion from aqueous phase (Taluja et al., 2007). However, it is associated
with the protein aggregation owing to the presence of an organic solvent. Solid protein
can be used instead of an aqueous solution to form solid-in-oil-in water (s/o/w) systems,
potentially alleviating both issues (Yuan et al., 2009).
Spontaneous particle formation can be used instead of emulsification, using the
coacervation approach. Coacervation involves the phase separation of proteins (e.g.
bovine serum albumin and gelatin) from a solution. This can be achieved by adding
desolvating agents such as neutral salts or pH modifiers into a protein aqueous solution
to cause protein salting out thus generating nanoparticles which are subsequently
stabilized using cross-linking agents such as glutaraldehyde or form complex with
anionic polysaccharides (de Kruif et al., 2004). Coacervation can avoid using an organic
solvent, reducing the risk of protein aggregation (Grabnar and Kristl, 2011).
Biotherapeutics can be incorporated into coacervated particles by surface adsorption or
encapsulation during the process (Lohcharoenkal et al., 2014). However, care should be
taken as both desalting agents and cross-linking agents can affect the activity of
therapeutic proteins (Grabnar and Kristl, 2011).
The size of the preformed particles can be reduced to the nanoscale by applying
top-down approaches such as high–pressure homogenization (Rajeev A Jain, 2000) and
microfluidics (Clegg et al., 2016) after the formation of the particles. Additionally,
various drying techniques are used to remove the solvent after particle formation.
Conventional spray drying is widely applied; however, it was reported that insulin
underwent thermal degradation during processing owing to the use of hot-air (Ståhl et
al., 2002). The issue of elevated temperature can be mitigated using spray-freeze drying
method to remove the solvent (Bilati et al., 2005). Alternatively, supercritical fluids
(SCF) can replace the organic solvents. SCF solvents allow liquefying of hydrophobic
polymers and proteins above the critical temperature, and the solvent can be removed
by lowering the pressure, thus precipitating particles with encapsulated proteins. For
instance, Whitaker et al. (2005) demonstrated that the activity of ribonuclease A and
lysozyme loaded poly(DL-lactic acid) (P(DLLA)) particles was maintained after
dissolving the protein with supercritical carbon dioxide and spray drying at 35 °C (the
critical temperature of carbon dioxide > 31.3 °C). SCF technology can avoid any issues
arising with organic solvents and elevated temperature.
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In term of release kinetics, a biphasic release comprising an initial burst release
followed by prolonged release is commonly observed from polymeric particles. The
rapid release of near-surface protein accounts for the burst release, which can be
influenced by many factors such as the polymer composition (White et al., 2013),
encapsulation process, and drying method (Allison, 2008). Apart from the sustained
release, enhanced pharmacokinetics arise from the effect of particle properties on
biodistribution in the body. For instance, lomustine-PLGA nanoparticles (ca. 300 nm)
accumulated in murine kidneys after intravenous administration for 48 hours, whereas
lomustine solution was absent from the kidney (Mehrotra et al., 2015). The particle
accumulation illustrates a decreased renal excretion of the particles.
Polymer particles are also attracting growing interest for vaccine development:
antigen-loaded particles can target DC better than soluble antigen, suggesting improve
antigen presenting properties (Hamdy et al., 2011; Walters et al., 2015). The surface
charge of the particles can also be decorated with cationic polymers to increase APC
uptake (Foged et al., 2005).
Liposomes
Liposomes have gained much attention in developing new DDS for various
compounds, including small molecule drugs, proteins, and vaccines (Anwekar et al.,
2011; Swaminathan and Ehrhardt, 2012). Liposomes are bilayer vesicles consisting of
phospholipids. Owing to their amphiphilic structure, both hydrophilic and hydrophobic
compounds can be encapsulated, in the aqueous core of the vesicle or intercalated into
the bilayer structure, respectively. Liposome formation arises as a result of the
molecular alignment of phospholipids in water. Given the amphiphilic nature of the
phospholipid structure, hydrophilic phosphate head groups are exposed to aqueous
environment while the hydrocarbon chains interact with each other thus forming a lipid
film. The lipid sheet becomes enclosed vesicles upon adding water and stirring (Martins
et al., 2007). Liposomes can contain one bilayer (unilamellar) or multiple bilayer
(multi-lamellar), with the former varying in size from ca. 20 - 100 nm vesicles (small
unilamellar vesicles, SUVs) to larger vesicles at around 100-1000 nm (large unilamellar
vesicles, LUVs) (Martins et al., 2007) (Figure 1-7).
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Figure 1-7 The classification of liposomes based on size and number of layers including multilamellar
vesicles (MLVs), large unilamellar vesicles (LUVs) and small unilamellar vesicles (SUVs).

Various techniques have been employed to prepare liposomes, such as dry lipid
hydration, freeze-thawing extrusion, reverse evaporation and double emulsification
(Martins et al., 2007). All involve the hydration of a lipid film and subsequent
mechanical dispersion to form liposomes. Vigorous shaking is commonly used to
disperse liposomes; however the technique typically generates polydisperse MLVs
(Akbarzadeh et al., 2013). Therefore, the size of liposomes can be controlled and
reduced by extrusion through a small orifice to obtain mono-disperse SUV liposomes
(Patil and Jadhav, 2014). However, many physical stresses (e.g. the use of heat, organic
solvents, and agitation) are involved during the preparation of liposomes, and can
compromise the stability of the encapsulated proteins (Narang et al., 2013).
Many researchers have reported the increased bioavailability of biotherapeutics
incorporated into liposomes. This has been seen with a range of different routes of
administration, suggesting improved in vivo stability of the encapsulated proteins
(Swaminathan and Ehrhardt, 2012). Unlike polymeric particles, conventional liposomal
systems are unable to prolong the release of the encapsulated proteins. Guo and Szoka
Jr. (2003) proposed that the effect of pH on lipsome destabilisation accounts for the
release of encapsulated agents. This can involve processes such as protonation of the
phospholipid head group and acid-catalysed hydrolysis of the bilayer, leading to the
breakdown of the bilayer in vivo. This means that modification of the lipid bilayer is
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required to achieve controlled drug release. By optimisation the choice of phospholipids
and incorporating chloresterol into the layers, liposomes able to sustain release over two
weeks in vitro have been reported (Briuglia et al., 2015). Moreover, PEGylation
strategies have also been applied to functionalise the liposome surface to (Vllasaliu et
al., 2014) enhance liposome stability by decreasing the interactions of protein with
biological fluids, and avoiding liposome aggregation (Immordino et al., 2006). The
mechanism of half-life extension with PEG-liposomes is not completely clear, but it can
be assumed that they reduce renal excretion, increase the residence time at the site of
injection, and avoid RES uptake. As discussed in Section 1.2.2.2, liposomes are
attractive for the development of vaccine adjuvants as they can promote APC uptake
and allow sustained release of antigens (Schwendener, 2014). It also shows potential to
deliver DNA based vaccines (Watson et al., 2012).

1.4.2.2 Macroscale DDS
Macroscale DDS allow the prolonged spatial release of encapsulated protein at
the site where the DDS is located. They can also overcome common biopharmaceutical
challenges such as low in vivo stability, the need for high doses in systemic
administration, and frequent dosing (Kearney and Mooney, 2013). Unlike nanoscale
DDS, macroscale DDS are more suitable for disease treatment where promoting cellular
uptake and enhanced systemic biodistribution are not desired. Such applications are eye
delivery (discussed in detail in Chapter 4), bone and cell delivery for tissue engineering
(Santo et al., 2012).
In situ gel/injectable implants
In situ gel/injectable implants consists of liquid or semisolid of polymer and
encapsulated drug which the entire system can change into solid or semisolid matrices
upon injection. Similarly to polymeric particles, the release controlled mechanism
depends on the properties of the formed matrices (Agarwal and Rupenthal, 2013).
In situ solidification can be triggered by changing of solubility or temperature
after injection without any crosslinking agents. Phase inversion systems is a good
example of in situ solidified implants. Often the system composes of protein drug is
suspended in polymer solution in a water-miscible organic solvent, thus forming
homogenous one-phase system. Upon injection, an organic solvent diffuses out thus
causing polymer to precipitate which protein is effectively encapsulated in the in situ
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micro/nanoparticles (e.g. PLGA, PLA and PCL) are commonly used. However, polar
organic solvent systems are preferable to dissolve polymers in the systems such as Nmethyl pyrollidone (NMP), dimethyl sulfoxide (DMSO), ethanol, triacetin and
glycofurol (Madan et al., 2009). However, organic solvents in the system can
destabilise protein structure and cause irritation upon injection (Agarwal and Rupenthal,
2013). The release profile of the gel systems depends on the gelling rate and porosity
which influences by solvent system and polymers (Vaishya et al., 2015). For instance, it
was found that the burst release of human growth hormone (Hgh) from in situ PLGA
depot was minimised with the slow inversion system and sustained release over 28 days
in mice was achieved (Brodbeck et al., 1999).
Thermosensitive systems are another type of in situ system, and become
solidified as a result of temperature change. Amphiphilic tri-block copolymers of
hydrophobic and hydrophilic block is used to form in situ depot. Owing to their
ampliphilic nature, thermoresponsive polymers is dissolved in aqueous systems which
can eliminate the problem associated with organic solvents (Vaishya et al., 2015). The
gel conversion of thermosensitive polymer is characterised by a lower critical gelation
temperature (LCGT) and a upper critical gelation temperature (UCGT). Gel conversion
occurs at the critical temperature between LCGT and UCGT whereas the system exists
in solution outside the critical range (Agarwal and Rupenthal, 2013). Chen et al. (2005)
correlated the effect of MW of each block of triblock copolymers PLGA-PEG-PLGA
on the release profile. The result showed that the release rate of lysozyme was decreased
as the MW of PLGA block was increased and the sustained release of protein over 4
weeks was observed. The commercial PLGA-PEG-PLGA polymer, ReGel®, has been
exploited to prolong the release of therapeutic proteins and vaccine antigens (Vaishya et
al., 2015). However, the non-biodegradablity and the toxicity limit the application of
thermosensitive polymers (Vermonden et al., 2012).
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ELECTROHYDRODYNAMIC ATOMISATION
Electrohydrodynamic atomisation (EHDA) is a process where a liquid breaks up

into a fine droplet by the influence from an electrical field. The EHDA phenomenon
was reported in 1750 according to the observed generation of fine water mist from an
electrified container (Dumont and Cole, 2014). Regardless of the early observation, the
field was not advanced until early nineteenth century. Zeleny performed the EHDA
experiment and published his observation of the fluid meniscus at the end of glass
capilliary subjected to a high voltage (Zeleny, 1917) which was later elucidated in 1964.
Sir Geoffrey Ingram Taylor (1964) discovered that the cone shape of fluid droplet at the
tip of electrified capillary tube was attributed to the balance force of electrical field and
surface tension exerting on conducted liquid droplet, which is termed “ Taylor Cone”
since then. Ten EHDA spraying modes have been identified on the basis of the
geometrical forms of the meniscus and type of the jet behavior (Jaworek and Krupa,
1999). However, the stable cone-jet mode is of interest and has been studied extensively
for biomedical application (Wu and Clark, 2008). In the context of this PhD thesis, term
“ EHDA” refers to a stable-cone or Taylor cone jet EHDA.
EHDA is a facile ‘top-down’ approach for the continuous production of
nanostructured composites from various materials such as synthetic polymers,
carbohydrates, and proteins. It offers the route to tune material properties such as
controlled morphology, physicochemical properties, surface functionalisation and
complex architecture (Sridhar et al., 2015). The capability of EHDA to produce
complex structures has gained increasing interests in the design of new DDS (Williams
et al., 2012) because it enables drug incorporation in the functional materials thus
diversifying biomedical application. EHDA fabrication has been immensely exploited
in two key DDS designs including temporal controlled release and spatial release DDS
(Meinel et al., 2012). Various advanced release systems have been developed (Bock et
al., 2012) such as delayed release, sustained release pulsatile release and dual/multiple
release. In fact, EHDA formulations have been exploited for local treatments of specific
organs/tissues such as transdermal delivery (Agarwal et al., 2008), gastrointestinal tract
(Jin et al., 2016) and urogenital tracts (Carson et al., 2016). These applications cover
broad therapeutic areas including cancer, infectious diseases and tissue engineering.

45

Chapter 1

1.5.1

Introduction

Principle of EHDA fabrication
EHDA underlies two fabrication processes: electrospraying, a process to

fabricate particles and electrospinning (ES), a process to produce fibres. Both
techniques employ the electrical field to atomise polymer solution to produce solid
micro-nanostructure materials. The main difference between these techniques depends
on the properties of polymer solutions while they share similar fabrication principle.
Generally a liquid dripping from a capillary tube is in a spherical droplet under
no electrical field because of the surface tension (Figure 1-8a). In simple EHDA
process, polymer solution is continuously extruded through a metal capillary applied
with the high voltage which in turn generates a charge on the liquid surface. The
electrical charges cause electrostatic pressure on the liquid which deforms the fluid
meniscus at the capillary tip (Figure 1-8b). A “Taylor cone” can be achieved when the
increased voltage is sufficient to overcome surface tension of the liquid and in turn
achieving stable jet emission or atomisation (Figure1-8c) (Jafari-Nodoushan et al.,
2015).

Figure 1-8 Illustration of the development of stable-cone jet under the influence of electrical field. a) The
shape of liquid droplet is spherical owing to surface tension (γ) under no electrical field, b) Applying
high voltage gives a charge accumulation on the liquid surface which cause the electrostatic force against
surface tension of the liquid causing deformation of fluid meniscus at the tip of the needle. c) Stable conejet or Taylor cone is developed when sufficient voltage is applied to overcome surface tension resulting in
stable emission or atomisation of the fluid.
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In Taylor cone-jet mode, the emitted droplets carry the electrical charge. The
critical value of amount of charge on a surface or the maximum surface charge density
can be defined as The Rayleigh limit (Rayleigh, 1897). After atomisation, solvent is
spontaneously evaporated from the emitted drop thus reducing the size of the droplets.
This in turn increases surface charge density approaching to the Rayleigh limit. At the
critical limit, electrical repulsion force called Coulomb fission occurs between each
droplet thus disintegrating the emitted droplets into finer particles (Xie et al., 2015).
This is the fundamental of electrospraying. In contrast, thin fibres are produced as a
result of emission in ES process if a high-viscosity polymer solution is used (Garg and
Bowlin, 2011). This suggests that the optimisation of EHDA is required to tune the type
of fabricated material which will be discussed in Section 1.5.2. The simple EHDA setup is shown in Figure 1-9. A polymer and functional component (e.g. a small molecule
drug or a protein) are dissolved in a volatile solvent. The polymer solution is
continuously dispensed through an electrified metal-tipped syringe often called
‘spinneret’ at a controlled rate using a precision syringe pump. A metal collector plate is
electrically grounded generating electrical field that guides the deposition of the
fabricated materials. Fibres are formed as a continuous non-woven mesh during ES
while electrospraying generates monodisperse discrete particles.

Figure 1-9 A schematic diagram depicting a simple EHDA set-up. Illustration is not to scale.
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EHDA process development

1.5.2.1 EHDA parameters
EHDA fabrication process is simple to operate, however it is complex to control
the consistency because it involves the interplay of molecular interaction, electrical
properties and surface tension of polymer fluid. Successful production lies in an
intricate balance of fabricating material properties and process parameters. Critical
polymer properties include MW, viscoelasticity, surface tension, vapour pressure and
solvent conductivity. Processing parameters include voltage, flow rate, temperature,
humidity, and collecting distance. The understanding of these influences is important to
achieve desired morphologies and functionality of materials. The following section will
briefly discuss the effect of each processing parameters on electrospraying and
electrospining process and the produced materials.
Solution parameters
Solution viscosity and MW of polymer solutions
Solution viscosity and MW are very critical in EHDA process as they influence
polymer interaction termed polymer chain entanglement, dictating the fate of fabricated
material from particles to fibres. Sufficiently high polymer viscosity is required to
generate uniform fibres while low viscous fluid often tends to produce particles of a
given polymer solution (Eda and Shivkumar, 2007). This property indicates that the
extent of polymer interaction required for ES is generally higher than that for
electrospraying. It was reported that approximately 800-4000 cP is recommended
empirically for spinnable solution of any polymer solution (Doshi and Reneker, 1995).
Moreover, MW is another critical character affecting polymer interaction. Similarly to
the viscosity of polymer, the polymer chains are entangled with the high MW thus
favouring the fibre formation. Munir et al. (2009) demonstrated that the uniformed
fibres were achieved at 40% wt (viscosity 153.4 cP) of poly(vinylpyrollidone) (PVP)
(29 kDa) in ethanol: deionised (DI) water (1:1 v/v) whereas particles were fabricated at
20% wt (viscosity 18.5 cP). In contrast, fibre fabrication was not achieved when 10 kDa
PVP was used.
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Surface tension
EHDA process involves the completing action of electrical force over surface
tension of the feed fluid highlighting the challenge to process high surface tension
system. Hence, the fabrication can be facilitated by reducing surface tension of the
polymer fluid. For instance, it was found that the uniform fibres were achieved when
SDS was added into spinning poly(ethyleneoxide) (PEO) fluid (Arayanarakul et al.,
2006). Owing to high surface tension of water, electrospinning of polymer in aqueous
solution is challenging and requires additional solvent in the solvent system.
Solvent
Solvent systems can have an impact on polymer interaction. Solvent can
strengthen or promote intermolecular interaction between polymer chain segments thus
influencing spinnability (Luo et al., 2012). Selected solvent should dissolve all
components in the feeding solution. Also, optimum volatility of solvent is required to
achieve complete evaporation during jet emission. However, highly volatile solvents
should be avoided as it can block polymer at the tip thus interrupting the process
whereas less volatile solvent can prevent solvent evaporation.
Solution conductivity
Solution conductivity is related to the electrical properties of the feeding
solution and is of importance in a stable cone-jet EHDA. The Taylor cone is formed
owing to the sufficient applied external electrostatic field. Adding inorganic salts ( e.g.
NaCl, LiCl, KCl, MgCl2 and CaCl2 ) can promote the electrostatic force thus facilitating
Taylor cone formation (Arayanarakul et al., 2006). However, care should be taken as
additional salt could decrease viscosity which can affect the intermolecular interaction
of polymer
Process parameters
Electrical potential
Electrical potential or voltage is a main drive in EHDA. Applying voltage gives
the electrical force exerting on the liquid droplet to balance the inward stress of surface
tension which effectively causes the stable cone (see Figure 1-8). Typical voltage range
has been reported around 0-30 kV for EHDA process. Applied voltage should be
increased to overcome high surface tension. Also, electrical potential can have an
impact on the particles-fibres transformation. Shenoy et al.

(2005) suggested that
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increasing the voltage can change particles to elongated particles, beaded fibres and
ultimate fibres if the concentration is sufficient. This transformation can occur because
there are more electrified charge on the particle at high voltage thus electrically
stretching the particles.
Flow rate
The flow rate of feeding solution can have impacts on both process and
fabricated materials. According to the EHDA spray classification by Jaworek and Krupa
(1999), the low flow rate is preferable to obtain stable cone-jet. Moreover, the flow rate
can influence solvent evaporation as high flow rate can impede the evaporation thus
lead to defected material. To illustrate the point, ES of 20% poly(sulfone) (PSF) in 9:1
dimethylacetamide (DMAC) : acetone systems generated uniformed fibres at the flow
rate of 0.40 mL h-1 whereas the beaded fibres was obtained when the flow rate was
increased to 0.66 mL h-1 of the same system (Yuan et al., 2004). Indeed, Bock et al.
(2011) indicated that irregular electrosprayed particles were attributed to deformation of
incomplete dried particles upon compaction on the collector which was associated with
the use of high flow rate.
Collector distance
The distance between the tip of nozzle and a collector may affect electrical field
according to Coulomb’s law where the electrical force between two point charges is
proportional to the product of both charges and form inverse proportion to the square of
the distance between them (Zheng et al., 2015). Consequently, reducing the collector
distance will generally increase the electrical field strength similarly to an increase in
applied voltage and vice versa. However, the collector distance also influences solvent
evaporation. Longer distance might be required in low volatile systems to allow
complete solvent removal as oppose to high volatile solvents (Bhardwaj and Kundu,
2010).

1.5.2.2 Modified EHDA
Many researchers have exploited EHDA process to create functional materials.
Current strategies can include the modification of collecting devices or electrical field to
control deposition and modification of nozzle (Sahay et al., 2011). The latter is of
specific interest for design DDS because it allows the production of multifunctional
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systems. Two modified spinnerets, using coaxial and side-by-side nozzles, are discussed
below.
Coaxial nozzle
A coaxial nozzle provides the potential for the fabrication of multicomponent
composites. The coaxial nozzle comprises of two concentric nozzles in which the outer
orifice feeds shell solution while the inner extrudes core fluid (Figure 1-10). The
apparatus is the same as used in single-fluid set-up except for the coaxial nozzle and
additional syringe pump (details are given in Section 2.2.1.1). A coaxial nozzle can give
rise to a variety of core shell structured material, including surface coated/modified,
nanocomposite, bi-component and hollow nanoparticulates (Zhang et al., 2007).
Coaxial systems can encapsulate functional components in the core, such as small
molecule drugs (Williams et al., 2012), nanoparticles (Song et al., 2006) and liquid
crystals (Lagerwall et al., 2008), while the sheath may serve as a protective membrane
which can retard drug diffusion thus enabling sustained release DDS. Apart from
coaxial configuration, the EHDA application of triaxial or multiaxial nozzle have been
reported elsewhere (Yu et al., 2015).

Figure 1-10 A schematic diagram showing coaxial EHDA set-up and the structure of the fabricated
materials (coaxial particles and coaxial fibres). Illustration is not to scale.
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Side-by-side nozzle
Side-by-side nozzle consists of two–phase nozzles that also allows the
production of bifunctional materials (see Figure 1-11). The architecture of fabricated
composites is often called Janus, the termed after the double-faced Roman God Janus.
The Janus fabrication have been extensively exploited for sensor application (Walther
and Müller, 2008). In term of pharmaceutical application, Janus materials have gained
increasing interest as they hold promises to develop multifunctional DDS for several
applications such as theranostic systems, stimulus DDS (Wang et al., 2013) and
biphasic dosing systems (Geng et al., 2017). Vazquez et al. (2017) demonstrated that
Janus PVP particles can enhance the sensitivity of photo-chemotherapy to tumour cells.

Figure 1-11 A schematic diagram showing side-by-side EHDA set-up and the structure of the fabricated
materials (Janus particles and Janus fibres). An illustration is not to scale.

1.5.2.3 Materials fabrication
Similar to polymeric particles, EHDA process allows the fabrication of various
pharmaceutical polymers including as PVP, poly-esters (e.g. PLGA, PCL, PLGA),
poly-amino acids (e.g. poly-aspartic),natural poly-carbohydrates (e.g. alginate and
chitosan, cellulose derivatives), and mucoadhesive polymers (e.g. PEO ) (Bock et al.,
2012; Huang et al., 2003; Williams et al., 2012). The feasibility to fabricate from a wide
range of materials permits the design of several DDS application.

52

Chapter 1

1.5.3

Introduction

EHDA biopharmaceutical application
There is growing interests to employ EHDA to produce advanced DDS with

incorporated biological macromolecules to enhance the bioavailability by spatially and
temporally controlled the drug release (Bock et al., 2012; Mehta et al., 2017). As
electrical force is the main driver of solvent evaporation, EHDA can avoid the use of
high temperatures (common in standard processing methodologies) that can affect
proteins’ tertiary structure. This advantage allows the incorporation of bioactive
molecules into nanofibres under mild conditions, attractive for the development of
encapsulated formulations of labile macromolecules such as proteins, nucleotides (Ji et
al., 2011) and living cells (Klein et al., 2009). However, the technology is relatively
nascent compared to conventional strategies as previously discussed in Section 1.4.2.
The following section will briefly discuss the current development by
classifying into electrospraying and ES application.
1.5.3.1 Electrospraying
In general, electrospraying for biopharmaceutical application has been explored
prominently over ES, presumably owing to the ability to produce injectable
micro/nanoparticles. Pareta et al. (2005) electrosprayed bovine serum albumin (BSA) in
10:90 v/v ethanol : deionised water and the result from circular dichroism (CD) of BSA
after processing demonstrated that BSA remained in native state, indicative of no
detrimental effect of electrospraying. Despite there being no therapeutic benefit of BSA,
the results suggested that there was no impact from the electrical field used during the
process on protein stability, thus providing the potential to use EHDA spray to
incorporate protein drugs. In another study, Yaghoobi et al. (2017) successfully
prepared PLGA single electrosprayed loaded streptokinase, a biotherapeutic enzyme
uses as a thrombolytic agent. 90% drug encapsulation was achieved with 72 h release
profile, however the enzyme activity was ca. 19.2% after preparation due to the
exposure of dichrolomethane (DCM) during preparing feed solutions.
The coaxial nozzle can be used to avoid direct exposure of the protein to organic
solvents during EHDA by separately feeding protein and polymer solution through
different nozzles. Zhang et al. (2015) used coaxial nozzle to produce core-shell
sustained release PLGA particles of ranibizumab, anti-VEGF for treatment of AMD, by
loading the mAb in saline buffer in the core while a PLGA shell in 50:50 v/v
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dichloromethane (DCM) : acetronitrile was fed separately. Despite the lack of in vitro
stability study, the mAb/ core-shell exhibited sustained release profiles over 20 days
whilst causing no inflammation in in vivo testing. Indeed, the coaxial process was also
applied to produce subunit vaccines particles. Gallovic et al. (2016) demonstrated that
subunit anthrax vaccine-loaded acetylated dextran electrosprayed particles was able to
elicit significant total IgG response (humoral immune response). The authors also
suggested that loading the subunit antigen separately from the polymer in organic
solvent was a contributing factor of the effective immune response as oppose to
emulsion preparation.

1.5.3.2 ES
Unlike electrospraying, few research have endeavored to encapsulate therapeutic
proteins in electrospun fibres. Most study have been focusing on the using natural
proteins such as BSA, collagen, gelatin, silk fibroins mixed or blended with other
polymers, serving as fibres forming or encapsulating materials (Khadka and Haynie,
2012). Also, ES has been widely exploited to develop spatial prolonged DDS for
growth factors (Meinel et al., 2012). The early work of incorporating protein by ES was
performed by Chew et al. (2005), where the human β-nerve growth factor (NGF) was
encapsulated in electrospun co-polymer of PCL and ethyl-ethylene-phosphate
(PCLEEP). The result showed that a sustained release of NGF over three months was
observed with the retained biological activity to stimulate neuron differentiation. Also,
glial cell-derived neurotrophic factor (GDNF) loaded PCL fibres exhibited one month
release of biologically active GDNF (Mohtaram et al., 2015). Indeed, E coli. and
bacterial viruses loaded PVA fibres were successfully prepared by ES. It was found
that encapsulated bacteria and virus survived after the process (Salalha et al., 2006).

1.6

PROJECT HYPOTHESES
There is a need for new manufacturing processes to overcome the current issues

of physical stress associated with the production of advanced biopharmaceutical DDS.
EHDA is a mild fabrication process that is hypothesised to be used as the basis for the
design of new protein and vaccine formulations. Electrospun fibres or electrosprayed
particles can be engineered to control the spatial location of a biological agent within a
tailored dosage form designed for optimal release properties and enhanced stability, to
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ensure efficacy is maintained.

To explore the potential of the EHDA process to

formulate sensitive biologically derived drugs, the work in this thesis will be focused on
the following aims:
(i)

Alkaline phosphatase (ALP) will be used as a model enzyme to optimise
the EHDA processing parameters and produce prolonged release delivery
systems in which the stability of ALP is maintained to ensure biological
activity.

(ii)

Coaxial ES will be used to develop a stable solid antibody formulation.
Bevacizumab will be examined in this regard, as this antibody is widely
used to treat ocular angiogenesis and there is a need to prolong its duration
of action.

(iii)

EHDA processing will further be employed to develop vaccine
formulations.

A sustained release formulations of the adjuvant poly-

(inosinic-cytidylic acid) (poly-IC) will be fabricated, and its ability to
stimulate a response in immune cells over a prolonged period of time
investigated. Such formulations could be very beneficial for allowing
long-lasting immunity to be inculcated from single-shot subunit vaccines.
(iv)

The ability of the EDHA process to deposit antigen-loaded particles or
fibres onto microneedles will be studied, with potential application as an
intradermal vaccine formulation. The model antigen ovalbumin (OVA)
will be used, and its release explored.
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2.1

MATERIALS

2.1.1

Chemicals
Chemicals and materials used in experiments for this project are listed by

chapter in Tables 2-1, 2-2, 2-3 and 2-4.
Table 2-1 List of chemicals and materials used for experiments in Chapter 3.
Chemicals
Poly(-ε-caprolactone) (PCL) (80 kDa)
2,2,2–trifluoroethanol (TFE)
Basic fuchsin
Alkaline phosphatase from bovine intestinal
mucosa (≥ 10 DEA units/mg solid) (ALP)
Poly(vinylpyrrolidone) (PVP) (360 kDa)
Sodium dodecyl sulfate (SDS) (ACS reagent)
Dimethyl sulfoxide (DMSO) (ACS reagent)
Sodium azide (ReagentPlus®)
Diethanolamine (Reagent grade)
Para-nitrophenylphosphate (p-NPP) liquid
substrate solution
Phosphate-buffered saline (PBS) tablets
MicroBCATM Protein Assay Kit

Cat no.
440744
75898
B0904

Supplier

P7640
PVP360
436143
472301-M
S2002
D8885

Sigma-Aldrich (UK)

P7998
003002
23235

ThermoFisher Scientific
(UK)

Table 2-2 List of chemicals and materials used for experiments in Chapter 4.
Chemicals
Avastin® (bevacizumab 25 mg mL-1, 16 mL)
Glacial acetic acid (analytical reagent grade)
Absolute ethanol (analytical grade
Novex sharp pre-stained standard marker
NuPAGE® LDS sample buffer
NuPAGE® MOPS running buffer
HBS-EP buffer
Sodium hydrogen carbonate (BioReagent)
Sodium carbonate (anhydrous)
Trizma® base
Trizma® hydrochloride (reagent grade)
Poly(ε-caprolactone ) (PCL) (80 kDa)
2,2,2–trifluoroethanol (TFE)
InstantBlueTM
Recombinant Human Vascular Endothelial
Growth Factor (VEGF165)
Sodium azide (ReagentPlus®)
Sodium dodecyl sulfate (SDS)
(ACS reagent)
Dimethyl sulfoxide (DMSO)
(ACS reagent)
MicroBCATM Protein Assay Kit
NHS-Fluorescein (5/6-carboxyfluorescein
succinimmidyl ester), mixed isomer
(NHS- FITC)
PierceTM Silver Stain Kit
Phosphate-buffered saline (PBS) tablets

Cat no.
NDC 50242061-01
A/0400/PB17
E/0650DF/17
LC5800
NP0007
NP0001
BR-1006-6
S5761
451614
T1503
T3253
440744
75898
ISB1L
V7259

Supplier
Clinical leftover
Fisher Scientific (UK)
Life Technologies (UK)

GE Healthcare (UK)

Sigma-Aldrich
(UK)

S2002
436143
472301-M
23235
46409

ThermoFisher Scientific
(UK)

24612
003002

57

Materials and methods

Chapter 2

Table 2-3 List of chemicals and materials used for experiments in Chapter 5
Chemicals
Poly(-ε-caprolactone )(PCL) (80 kDa)
2,2,2–trifluoroethanol (TFE)

Cat no.
440744
75898

Poly(vinylpyrrolidone) (PVP) (360 kDa)
EDTA (BioReagent)
Resazurin sodium salt (BioReagent)
Dimethyl sulfoxide (DMSO)
(cell culture reagent)
Dimethyl sulfoxide (DMSO)
(ACS reagent)
Sodium dodecyl sulfate (SDS)
(ACS reagent)
Lipopolysaccharides from E coli O11:B4 (LPS)

PVP360
E6758
R7017

472301-M
436143
L4391
130-098-067

Human APC-CD40 antibody

130-099-186

Human PE-CD86 antibody

130-094-877

MACSQuant running Buffer

130-092-747

Human PE-Cy7 – CD274 antibody

329717

Human TNF-α ELISA MAXTM standard

430202

Human IL-6 ELISA MAX

standard

Recombinant human interleukin-4 (rhIL-4)
Recombinant human granulocyte macrophage
colony-stimulating factor (rhGM-SCF)
Poly(inosinic-cytidylic acid) (poly-IC)
Lymphoprep
EasySep

TM

TM

Human Monocyte Enrichment Kit

Absolute ethanol (analytical grade)

Sigma-Aldrich (UK)

D4540

Human PE-CD14 antibody

TM

Supplier

Miltenyi biotec (UK

BioLegend (UK)

430502
200-04
300-03
AV-9030-10
07851
19059

Peprotech (UK)
Source Bioscience (UK)
Stemcell Technology (UK)

E/0650DF/17

Fisher Scientific (UK)

QuantiFluor dsDNA kit

E2670

Promega (UK)

1 StepTM Ultra TMB-ELISA Substrate Solution
PierceTM 16% Formaldehyde (w/v), methanol
free

34028

Phosphate-buffered saline (PBS) tablets
Gibco® RPMI 1640 medium, no glutamine, no
phenol red
Gibco® Dulbecco’s phosphate-buffered saline
(DPBS), no calcium, no magnesium
Gibco® heat inactivated , Fetal Bovine Serum

003002

®

0.4% Trypan Blue Solution
Gibco® Penicillin-Streptomycin
L-glutamine
UltraPure

TM

28906

32404-014
14190250

ThermoFisher Scientific
(UK

10082139
15250061
15-140-1148
25030081

DNase/RNase-Free Distilled Water

10977035

58

Materials and methods

Chapter 2

Table 2-4 List of chemicals and materials used for experiments in Chapter 6
Chemicals
Novex sharp pre-stained standard marker

Cat no.
LC5800

Supplier

NuPAGE® LDS sample buffer

NP0007

Life Technologies (UK)

®

NuPAGE MOPS running buffer

NP0001

Poly(-ε-caprolactone) (PCL) (45 kDa)

704105

2,2,2 –Trifluoroethanol (TFE)

75898

Poly(vinylpyrrolidone) (PVP) (360 kDa)

PVP360

®

Resomer 502 Poly(lactide-co-glycolide) (50:50)
(PLGA; MW 7-17 kDa)

719889

EDTA (BioReagent)

E6758

Resazurin sodium salt (BioReagent)

R7017

Dimethyl sulfoxide (DMSO)
(cell culture reagent)

D4540

Dimethyl sulfoxide (DMSO) (ACS reagent)

472301-M

8-anilino-1-napthalenesulfonic acid (ANS)

139920

Lipopolysaccharides from E coli O11:B4 (LPS)

L4391

Sodium dodecyl sulfate (SDS)
(ACS reagent)

436143

Sodium azide (ReagentPlus®)

S2002

Sodium hydrogen carbonate (BioReagent)

S5761

Sodium carbonate (anhydrous)

451614

Nile red (BioReagent)

19123

Albumin from chicken egg white
(Ovalbumin; OVA)

A5503

1 StepTM Ultra TMB-ELISA Substrate Solution

34028

Phosphate-buffered saline (PBD) tablets

003002

Gibco® RPMI 1640 medium, no glutamine, no
phenol red
Gibco® Dulbecco’s phosphate-buffered saline
(DPBS), no calcium, no magnesium

32404-014
14190250

Gibco ® heat inactivated , Fetal Bovine Serum

10082139

0.4% Trypan Blue Solution

15250061

Gibco® Penicillin-Streptomycin
L-glutamine

Sigma-Aldrich (UK)

ThermoFisher Scientific
(UK)

15-140-1148
25030081

NHS-Fluorescein (5/6-carboxyfluorescein
succinimmidyl ester), mixed isomer

46409

(NHS- FITC)
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Table 2-4 List of chemicals used for experiments in Chapter 6 (continued)
Chemicals
MicroBCATM Protein Assay Kit

Cat no.
23235

Suppliers

Ovalbumin, Fluorescein conjugate

O23020

ThermoFisher Scientific

Pierce

TM

16% Formaldehyde (w/v), methanol

free

28906

Human PE-CD86 antibodies

130-094-877

MACSQuant Running Buffer

130-092-747

Human TNF-α ELISA MAXTM standard
Human IL-6 ELISA MAX

TM

standard

Absolute ethanol (analytical grade)
Chloroform

2.1.2

430202
430502
E/0650DF/17
10255131

(UK)

Miltenyi biotec (UK)
BioLegend (UK)

Fisher Scientific (UK)

Biological samples
Human leukocyte cones from anonymous donors were acquired from the NHS

Blood and Transplant Service (BTS). Ethical approval for these products to be used in
research work was obtained from donors by BTS, and all experiments were conducted
in accordance with the requirements of the Human Tissue Act.

2.2

METHODS

2.2.1

Materials fabrication

2.2.1.1 Electrohydrodynamic atomisation (EHDA)
Single fluid process
The preparation of the feed solutions are described in each chapter. These
solutions were carefully loaded into 1 mL disposable plastic syringes (Terumo, UK) to
ensure there was no air bubble formation. The syringe was then mounted on a 78-9100
C syringe pump (Cole Parmer, UK) or a KDS-100-CE syringe pump (KD scientific,
UK). A 20 G stainless steel dispensing needle (inner diameter 0.61 mm; Nordson EFD,
UK) was attached to the tip of the syringe. The positive electrode of a HCP 35-35000
high voltage DC power supply (FuG Elektronik, Germany) was then attached to the
spinneret. The grounded electrode was connected to a 14.7 cm × 20 cm metal plate
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collector covered with aluminium foil. The polymer solution was ejected from the
syringe at a constant rate at ambient conditions (25 ± 2 °C and relative humidity 35 ±
5%). Full details of the processing parameters are given at the start of the results and
discussion of each chapter.
Coaxial fluid process
The shell and core fluids for each system were prepared as described in the
result sections of each chapter. The core and shell solutions were then loaded into 1 and
5 mL plastic syringes, respectively. The syringes were mounted separately onto two
syringe pumps (a 78-9100 C syringe pump (Cole Parmer, UK) or a KDS-100-CE
syringe pump (KD scientific, UK)). The syringe containing the core solution was tipped
with a nested feeding channel on a coaxial spinneret (inner / outer internal diameters:
0.5 /1.0 mm; Figure 2-1a) whereas the shell syringe was connected to a silicone tube
which attached to the outer channel of the spinneret. The positive electrode of a high
voltage DC power supply was connected to the metal tip of the coaxial spinneret while
the grounded electrode was connected to a metal plate collector wrapped with
aluminium foil. The core and shell fluids were then simultaneously fed through the
spinneret at a fixed flow rate, with the processes were performed under ambient
conditions (25 ± 2 °C and relative humidity 35 ± 5%). Full details of the processing
parameters are given in each chapter.

Figure 2-1b illustrates the coaxial EHDA

experimental set-up.

Figure 2-1 Photographs of the coaxial EHDA process. a) a close-up image of the coaxial spinneret
showing it to comprise two needles, one nested inside the other and b) an image of the coaxial EHDA setup. Two solutions are constantly ejected through a “coaxial spinneret” which is connected to the positive
electrode of the power supply.
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Materials characterisation

2.2.2.1 Morphological characterisation
Scanning electron microscopy (SEM)
A sample of approximately 0.5 cm × 0.5 cm was cut from each fibre
formulation, or in the case of particles approximately 1 mg of powder was taken, and
mounted onto aluminium SEM stubs (TAAB Laboratories, UK) with a carbon-coated
double-sided tape. The samples were then coated with a 20 nm gold sputter (Quorum
Q150T, UK) under argon. A Quanta 200F field emission (FEG) SEM (FEI, the
Netherlands) connected to a secondary electron detector (Everheart-Thomley DetectorETD) was used to generate SEM images of the materials. The size of the fibres/particles
in the samples was measured using the ImageJ software version 1.49 (National
Institutes of Health, USA) to determine the size of objects at up to ca. 150 points of
measurement, from three SEM images.
Transmission electron microscopy (TEM)
A small amount of sample was collected on a TEM grid by spinning directly
onto the grid. The samples were then analysed using a FEI CM 120 Bio-Twin FEI-TEM
(Philips/FEI, USA).
Digital microscopy
Transmitted light and fluorescence microscope images were obtained from an
EVOS XL Cell Imaging System digital inverted microscope (ThermoFisher Scientific,
UK).
2.2.2.2 Physicochemical characterisation
Differential scanning calorimetry (DSC)
DSC analyses of samples were performed on a Q2000 instrument (TA
Instruments, UK). Samples (ca. 1.0 mg) were prepared in T130425 Tzero aluminium
pans (TA instruments, Germany) and hermetically sealed with pin-holed aluminium
lids. Nitrogen gas was purged through the instrument at a flow rate of 50 mL min

-1

throughout the process. Sample pans were typically heated from -60 to 250 °C at 10 °C
min-1, unless stated otherwise. Full details of heating conditions are given in each
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results chapter. Data were processed using the TA Universal Analysis software version
4.5 (TA Instruments, USA).
Thermogravimetric analysis (TGA)
TGA analysis was performed using a Discovery TGA instrument (TA
Instruments, USA). Samples (approximately 1.0 mg) were heated at 30 o C for 2 h in
open aluminum pans. The instrument was purged with nitrogen gas at a flow of 25 mL
min-1 throughout. Data were analysed using the Trios software version 3.3.0.4055 (TA
Instruments, USA).
Fourier transform infrared spectroscopy (FTIR)
FTIR spectra of samples (approximately 0.2 cm × 0.2 cm) were obtained using a
Spectrum 100 spectrometer (Perkin Elmer, USA). The spectral data were analysed with
the Essential FTIR v3.10.016 software (Operant LLC, USA). Data were collected over
the wavenumber range from 650-4000 cm-1, with resolution 1 cm-1 and 4 scans obtained
per sample.
X-ray diffraction (XRD)
Samples were first mounted on an aluminum sample holder. XRD diffraction
patterns were collected using a MiniFlex 600 (Rigaku, Japan) diffractometer equipped
with Cu-Kα radiation (λ= 1.5418 Å). Samples were scanned at 0.5° min-1 over the 2θ
range of 3-50°, at 40 kV and 15 mA. Data were analysed using the X’Pert Data Viewer
software package (PANAlytical, Netherlands).
X-ray photoelectron spectroscopy (XPS)
XPS was performed by the National EPSRC XPS Users’ Service (NEXUS),
Newcastle University. Samples (ca. 1.0 cm2) were scanned using a K-AlphaTM+ X-ray
Photoelectron Spectrometer (XPS) System (ThermoFisher Scientific, UK) equipped
with a micro-focussed, monochromated Al Kα source. Data were analysed using the
CasaXPS software package (Casa Software, UK).
2.2.2.3 Viscosity measurement
The viscosities of polymer solutions were determined using a Bohlin Gemini
HR nano-rheometer (Malvern Instruments, UK). Approximately 2.0 mL of sample was
loaded onto a flat metal plate. A 4°/40 mm cone and plate geometry was used for all
measurements. The viscosities was measured at a scanning shear rate between 0 and
500 s-1 at 25 °C. Each measurement was performed for 180 s, and 20 test points were
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measured. Data were collected using the Bohlin software version 6.51 (Malvern
Instruments, UK).
2.2.2.4 Mechanical characterisation
The mechanical properties of the materials were measured using an Instron
Universal testing instrument, Model 5567 (Instron, USA). The instrument was
controlled using the Bluehill software version 2.0 (Instron, USA).
2.2.2.5 Zeta potential measurement
Zeta potential measurements were performed using a Zetasizer Nano ZS
instrument (Malvern Instruments, UK). Approximately 1.0 mg of sample was
suspended in DI water (18.2 mΩ, 1.0 mL, viscosity (η) 0.8872 cP, refractive index (RI)
1.330, dielectric constant 78.5) and loaded into a DTS1070 disposable folded capillary
polystyrene cell (Malvern Instruments Ltd., UK), which was pre-washed with absolute
ethanol and dried prior to use. The measurements were performed at 25 °C. The value
was calculated with the Zetasizer software version 7.11 (Malvern Instruments Ltd., UK)
using Smoluchowski’s equation with an Henry’s function (f(Kα)) of 1.50.
2.2.3

Protein purification and characterisation

2.2.3.1 Size exclusion chromatography (SEC)
SEC was used to purify protein samples using a mobile phase of PBS (pH 7.4) at
a flow rate of 1 mL min-1. The SEC system was composed of a GLPsuperose 1210/300
column (GE Healthcare, UK), a PU-980 HPLC pump (Jasco, UK), an AS-1555
autosampler (Jasco, UK) and a 1570 UV detector (Jasco, UK). The system was operated
with the Azur software version 5.0.10.0 (Kromatek, UK).
2.2.3.2 SDS-PAGE
SDS-PAGE analyses were performed to characterise the size and estimate the
purity of protein samples. Briefly, a NuPAGE® Novex® 4-12% Bis-Tris Precast gel
cassette (Life Technologies, UK) was washed with DI water. The plastic comb was
removed from the cassette and the sample wells were rinsed with DI water. The gel was
then loaded and locked in an XCell SureLockTM Mini-Cell (Life Technologies, UK)
filled with 1X NuPAGE® MOPS running buffer (ca. 800 mL). Aliquot samples (15.0
µL) were mixed with NuPAGE® LDS sample buffer (4X) (5.0 µL), and then loaded into
the sample wells (ca. 20.0 µL/well). SDS-PAGE was performed for 55 min at 200 V
and 120 mA, under ambient conditions.
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Coomasie blue staining
The gel cassette was removed from the running chamber and rinsed with DI
water after running SDS-PAGE. The cassette was disassembled and the gel was
carefully collected. The gel was then immersed in Instant BlueTM (ca. 20.0 mL) to stain,
and incubated at room temperature for 1 h. The gel was then destained in DI water for 2
h before imaging with a digital scanner.
PierceTM Silver staining
Silver staining was conducted by using the PierceTM Silver Stain Kit, following
the protocol recommended by the manufacturer. Briefly, the gel was thoroughly washed
twice with ultrapure water for 5 min in a clean container after destaining with DI water.
The gel was then fixed with a 30% ethanol: 10% acetic acid solution for 15 min, then
washed twice with 10% ethanol for 10 min per wash, and twice with water (5 min per
wash). The gel was then incubated with a sensitiser working solution (50 µL sensitiser
with 25.0 mL DI water) for 1 min and washed twice with ultrapure water (1 min each).
A silver stain working solution (0.5 mL enhancer with 25.0 mL stain solution) was
added to the gel and incubated for 30 min.
Subsequently, the gel was washed twice with ultrapure water (1 min each). The
developer working solution (0.5 mL enhancer with 25.0 mL developer solution) was
added and the gel incubated until protein bands appeared (usually within 2-15 min). 5%
acetic acid was added for 10 min to stop staining after the required bands were
developed. The gel was finally washed with water before imaging with a digital
scanner.
2.2.3.3 Surface plasmon resonance (SPR) – VEGF binding
The BiacoreTM SPR System (GE Healthcare, UK) was used to assay the binding
of bevacizumab samples in Chapter 4. A CM3 Sensor chip (GE Healthcare, UK) was
first washed for 60 s with aqueous sodium hydroxide (50 mM). The surface of the chip
was then activated for 200 s with N-hydroxysuccinimide (NHS) (300 µL) and 1-ethyl-3(3-dimethylaminopropyl) carbodiimide (EDC) (300 µL) at a 1:1 ratio. The active groups
on the surface of the CM3 chip were then deactivated with ethanolamine-HCL for 180
s. Subsequently, VEGF in acetate buffer (0.1 µg mL-1, pH 5.5) was allowed to flow over
the sensor chip.
Protein standard and samples for SPR analysis were prepared in HBS-EPS
buffer (containing 10.0 mM HEPES at pH 7.4, 150 mM NaCl, 3.0 mM EDTA, 0.005%
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polysorbate 20) and the final concentration was quantified using the MicroBCATM
protein assay. The assessments of protein binding were performed at 25 °C, with a
constant flow rate of 30 µL min-1. The association and dissociation step were set at 180
and 1200 s respectively, followed by a regeneration step with glycine-HCl (pH 2.0) for
30 s. All data were analysed with the BIAevaluation software version 2.1 (GE
Healthcare, UK).
2.2.4

Microplate reader
A SpectraMax M2e microplate reader (Molecular Devices, UK) was used to read

absorbance and fluorescence for microplate based-assays. The instrument was equipped
with dual monochromators and a high-power Xenon flash lamp. The reader was
controlled by the SoftMax Pro software, version 6.3 (Molecular Devices, UK).
2.2.5

Flow cytometry (FACS)
Flow cytometry (FACS) analyses were performed using a MACSQuant®

Analyzer 10 (Miltenyi Biotec, UK) equipped with three lasers (40 mW diode 405 nm,
30 mW diode pumped solid state 488 nm, 20 mW diode 638 nm), and 10 optical
emission channels. The instrument was controlled with the MACSQuantifyTM software
version 2.6 (Miltenyi Biotec, UK). Pre-cooled MACS® Chill 96 Racks (Miltenyi Biotec,
UK) were used with a microplate to cool cell samples during FACS experiment. Data
were analysed using the FlowJo software version 8.7 (FlowJo, USA).
2.2.6

Quantification assays

2.2.6.1 MicroBCATM protein quantification
Proteins were quantified using MicroBCATM protein assay kits. This is a
bicinchoninic acid-based protein quantification assay. The assay was performed in
accordance with the manufacturer’s protocol. Briefly, the working reagent (WR) was
prepared by mixing MicroBCA reagent A (MA) 50 parts : MicroBCA reagent B (MB)
48 parts : MicroBCA reagent (MC) 2 parts. The WR (100 µL/well) was added to protein
solutions (100 µL/well) in a 96 well plate, and the plate mixed thoroughly on a plate
shaker for 30 s. The plate was then incubated at 37 °C for 2 h. The plate was
subsequently incubated at room temperature for 2 min before reading the absorbance at
562 nm using the SpectraMax M2e microplate reader (Molecular Devices, UK). The
absorbance of the blank was substracted from the reading of the standards or unknown
samples.
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MicroBCA was used to quantify three proteins used in this project including
alkaline phosphatase (ALP), bevacizumab and FITC-OVA. Standard curve of each
protein were prepared for each measurement to determine the concentration of unknown
samples. Examples of standard curves for those proteins are shown in Figure 2-2.

Figure 2-2 Example of standard curves of a) ALP, b) bevacizumab and c) FITC-OVA obtained using the
MicroBCATM assay.
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2.2.6.2 Nucleic acid quantification
Poly(inosinic-cytidylic acid) (poly-IC) in Chapter 5 was quantified using the
QuantiFluor® dsDNA system. This is a fluorescent binding-based quantification assay.
The assay was performed in accordance with the protocol recommended by the
manufacturer. Briefly, the working reagent (WR) was prepared by diluting the
QuantiFluor® dsDNA dye 1:400 in 1X diluted triethanolamine buffer (pH 7.5) with
UltraPureTM DNase/RNase-free distilled water. The WR (100 µL/well) was added into
the standard or unknown poly-IC solutions (100 µL/well) in a 96 well plate, and the
plate mixed thoroughly on a plate shaker for 30 s. The plate was then incubated at room
temperature (protected from light) for 5 min, and the fluorescence monitored using a
SpectraMax M2e microplate reader at an excitation wavelength of 504 nm and emission
wavelength of 531 nm. The fluorescence reading of the blank was subtracted from the
reading of the standard or unknown sample.
Standard poly-IC curves were constructed for each measurement to determine
the concentrations of unknown samples (a typical plot is given in Figure 2-3).

Y = 0.8125X - 3.564
R2= 0.99

Fluorescence 531 nm

500
400
300
200
100
0
0

100

200

300

400

500

Poly-IC concentration (ng mL-1)
Figure 2-3 An example of standard curve of poly-IC obtained using the QuantiFluor® dsDNA system.
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In vitro release experiments

2.2.7.1 Determination of encapsulation efficiency
For poly (vinyl pyrollidone) (PVP) fibre formulations, approximately 10 mg of
fibres were immersed in a sodium phosphate buffered saline (PBS) (10.0 mL, pH 7.4)
solution for 3 h at room temperature, with shaking.
Poly (ε-caprolactone) (PCL) samples were extracted using a modified method
from the literature (Ji et al., 2010). Approximately 10 mg of fibres was extracted with a
solution of 0.5% w/v sodium dodecyl sulfate (SDS) in 10/90 v/v dimethyl sulfoxide
(DMSO)/water (5.0 mL), with shaking at 100 rpm, overnight at room temperature.
After incubation, the supernatants of polymer extractions were then collected,
filtered through 0.22 µm Millex-GP syringe filter units (Fischer Scientific, UK) prior to
quantifying the content with fluorescence-based assays.
2.2.7.2 Dissolution studies
Dissolution study (sampling method)
Approximately 10 mg of the fibre sample under test was immersed in a sodium
phosphate buffered saline PBS solution (10.0 mL, pH 7.4) in Corning® Costar® 6-well
plates (Sigma-Aldrich, UK). The medium was stirred at 37 oC. Aliquots (1.0 mL) were
collected from the release medium at predetermined time points, and the release
medium replenished with same volume of fresh medium.
Dissolution study (continuous flow)
An in-house flow rig model (Figure 2-4) was used to determine the release
profiles of slow release formulation. The sample chamber was cylinder with internal
diameter of 8.8 mm and thickness of 3.27 mm, with a volume capacity of 200 µL. Prior
to each experiment, the rigs were dissembled, cleaned and dried. After placing the
sample in the chamber, the rigs were reassembled and connected to the inlet port with a
tube that was continuously supplied with the release medium (PBS buffer (pH 7.4,
supplemented with 0.05% sodium azide and heated to 37 °C) at a flow rate of 2.0 µL
min-1 using a 16- channel Ismatec peristaltic pump (Michael Smith Engineers, UK). All
rigs used in the experiment were placed in a pre-heated oil bath at 37 °C to maintain
their temperature. Aliquots were collected from an outlet port of each rig at
predetermined time points.
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Figure 2-4 A schematic diagram illustrating the dynamic flow cell apparatus used for dissolution studies.
A dispensing pump continuously supplied a sample chamber with PBS buffer (pH 7.4, supplemented with
0.05% sodium azide) at flow rate of 2.0 µL min-1. The chamber was placed in a pre-heated oil bath to
maintain its temperature at 37 °C. Aliquots were removed from the outlet tube at predetermined time
points for further analysis.

Dissolution study (shaking method)
In vitro drug release from the labeled ovalbumin loaded poly (lactide-coglycolide) (OVA/PLGA) particles in Chapter 6 was determined using the shaking
method and following the protocol given elsewhere (Larrãeta et al., 2016). Briefly,
approximately 10 mg of the particles were loaded in PBS buffer (30.0 mL, pH 7.4)
supplemented with 0.05% w/v sodium azide in a 50 mL beaker covered with parafilm to
prevent evaporation of the release medium. The dissolution study was performed in a
shaker incubator at 52 strokes min-1 and 32 °C to mimic the skin temperature
(Sarmento, 2016). Release aliquots (3.0 mL) were collected from the release medium
periodically and replenished with an equal volume of preheated fresh medium.
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Cumulative release
Collected release aliquots at predetermined time point are presented as a percent
cumulative release vs time as shown in Equation 2-1.
% Cumulative protein release = M t × 100
M∞

(Equation 2-1)

where M t is the cumulative amount of drug release at time t and M ∞ is the actual
protein loading of each formulation.

2.2.7.3 Release kinetics
The release profiles of EHDA formulations were mathematically modeled using
a series of models as follows:
Zero-order model
Zero-order release describes concentration independent release as shown in
Equation 2-2 (Costa and Sousa Lobo, 2001).
Qt = Q0 - k0t

(Equation 2-2)

where Qt is the cumulative amount released at time t, Q0 is the initial loading of drug,
and k0 is the release constant.

First-order model
The first order model represents release where the rate depends on the
concentration of drug remaining in drug formulation and solution (Equation 2-3)
(Costa and Sousa Lobo, 2001).

Qt = Q0 e− k1t

(Equation 2-3)

where Q0 is the initial loading , Qt is the cumulative amount released at time t, and k1 is
the first order release constant.
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Korsmeyer Peppas equation
Korsmeyer Peppas (Ritger and Peppas, 1987) devised a semi empirical model to
determine the release mechanism of delivery systems where the drug release depends on
time exponent as given by Equation 2-4:

Mt
M∞

(Equation 2-4)

= kkpt n

in which Mt is the cumulative amount of protein released at time t, M∞ is the amount of
protein loaded, kkp is a release constant, and n is an exponent indicating the release
mechanism.

Mt
M∞

should be less than 0.6 for the model to be applied.

Higuchi equation
The Higuchi equation describes the drug release where this is controlled by
Fickian diffusion processes, and thus is square-root time dependent (Equation 2-5)
(Higuchi, 1963).

Q =k t
t

H

1/2

(Equation 2-5)

where Qt is the amount of drug release at time t, kH is the Higuchi coefficient and t1/2 is
the square root of time.
Kinetic regression analyses of the release profile of each formulation are given
in Appendix 2.
2.2.8

Immunoassay experiments

2.2.8.1 Dendritic cells
Dendritic cells (DCs) were used for immunoassay experiments. DCs are potent
antigen presenting cells (APC) and have been targeted for vaccination purposes. DCs
for immunoassay experiments were generated in in vitro from peripheral blood
mononuclear cells (PBMCs) isolated from human leukocyte cones of anonymous
donors.
Trypan Blue exclusion
Trypan Blue exclusion was performed to evaluate the number of viable cells
from cell culture. Cells suspensions (10.0 µL) mixed with 0.4% Trypan Blue solution
(10.0 µL) were then loaded into a hemocytometer. The number of total cells and blue
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stained cells were counted under a microscope. The percentage viable cells can be
calculated using Equation 2-6.
% Viable cells
= [1.00-(number of blue cells ÷ number of total cells)] ×100

Equation 2-6

PBMC isolation
PBMC isolation processes were performed in a safety cabinet under sterile
conditions. Heparinised blood from leukocyte cones (ca. 10 - 15 mL) was diluted with
Dulbecco’s PBS (DPBS) buffer without calcium and magnesium to approximately 30
mL and gently mixed in 50 mL sterile centrifuge tubes. 10 mL of cold LymphoprepTM
was layered dropwise under the diluted blood mixture using disposable sterile Pasteur
pipettes, until a transparent and clear layer was formed under the blood (Figure 2.5a).
The diluted blood mixture was then centrifuged at 2000 rpm with no brake, with the
centrifuge temperature set to 23 oC, 30 min. The blood mixture then formed four layers
(see Figure 2.5b).
Thereafter, a thin layer between plasma and Lymphoprep layer called buffy coat
was harvested and diluted to 50 mL with cold DPBS buffer supplemented with 2% fetal
bovine serum (FBS) (PBA buffer). The diluted buffy coat was centrifuged at 1800 rpm
(4 oC, 15 min). The cell pellet was resuspended with cold PBA buffer and was
recentrifuged at 1500 rpm (4 oC, 10 min). The cell pellet was then washed with cold
PBA containing 5 mM EDTA (washing buffer) by centrifugation at 1200 rpm (4 oC, 5
min) and resuspended in cold washing buffer. Cell viability was determined using the
Trypan Blue exclusion approach.
a)

b)
Plasma

Blood
sample

Lymphoprep
MNC

Lymphoprep
Before
centrifugation

RBC
+granulocytes
After
centrifugation

Figure 2-5 Images showing PBMC isolation using LymphoprepTM. a) LymphoprepTM was added into the
diluted blood sample prior to centrifugation. b) the MNC layer (buffy coat) separates at the top of the
LymphoprepTM layer after centrifugation due to the low density of these cells, while RBC and
granulocytes sedimented at the bottom. Abbreviations: RBCs = red blood cells, MNCs = mononuclear
cells.
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Monocyte enrichment
CD14+ monocytes were isolated from PBMC using the EasySepTM Human
Monocyte Enrichment Kit. Briefly, the PBMC fraction was diluted with cold washing
buffer (to 1.0 ×108 cells mL-1, 2.0 mL) in a 5 mL sterile round-bottom PS tube. The
diluted PBMC fraction was then gently mixed with the EasySep Human Monocyte
Enrichment Cocktail using 0.1 mL of reagent per 2.0 mL cell suspension. The resultant
mixture was incubated at 4 oC for 10 min. Thereafter, an EasySepD magnetic particles
suspension (StemcellTM Technologies, UK) was gently combined with the cell mixture
(0.1 mL of reagent / 2.0 mL cell suspension) and incubated at 4 oC for 5 min. The cell
mixture was then made up to 2.5 mL with cold washing buffer. The open tube with cell
mixture was then placed into the EasySepTM Magnet (StemcellTM Technologies, UK)
and incubated for 2 min 30 s at room temperature. The enriched monocyte fraction was
subsequently collected by directly pouring the mixture from the magnet into a new
sterile tube. Cell viability was assessed by Trypan Blue exclusion. Monocyte purity was
examined by FACS analysis.
In vitro monocyte-derived dendritic cell (MoDCs) differentiation
CD14+ monocytes were stimulated with recombinant human granulocyte macrophage colony-stimulating factor (rhGM-CSF) and interleukin-4 (rhIL-4) to
generate monocyte-derived dendritic cells (MoDCs). Briefly, CD14+ monocytes were
resuspended in complete RPMI medium (Gibco® RPMI 1640 supplemented with 2mM
L-glutamine, 100 U mL-1 penicillin, 100 µg mL-1 streptomycin, and 10% v/v fetal
bovine serum) to a final concentration of 5 × 105 cells mL-1. These cell suspensions
were incubated with rh-GM-CSF (6.85 µM, 0.10 µg mL-1) and rh-IL-4 (2.65 µM, 0.04
µg mL-1) for 6 days at 37 oC and under 5% CO2. After three days, the cytokines were
supplemented by removing half the cell culture medium, centrifuging, resuspending the
cell pellets in the same volume of complete RPMI medium supplemented with equal
concentrations of both cytokines, and then adding this back to the original suspension.
The cell viability of the generated MoDCs was examined through Trypan Blue
exclusion on day 6. MoDC differentiation was also determined using FACS.
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Alamar Blue assay
Cell viability after in vitro experiments was examined using the Alamar Blue
assay, which measures the reductive environment of the cellular cytoplasm indicative of
cell viability (Aula et al., 2015). Alamar Blue® solution (5 mM sodium rezasurin in
Gibco® RPMI 1640 supplemented with 2 mM L-glutamine, 100 U mL-1 penicillin, 100
µg mL-1 streptomycin, 40.0 µL) was added to each well in a microplate. The
microplates were then incubated at 37 oC / 5% CO2 for 4 h and the fluorescence optical
densities at 555 nm excitation / 585 nm emission monitored using a SpectraMax M2e
microplate reader. Cell viability was expressed as a percentage where untreated cells or
the negative control were taken to have 100% viability.
2.2.8.2 Immunofluorescence staining
Immunofluorescent staining was performed to examine the expression of surface
markers of MoDC by FACS. The protocol was developed by Dr. Ilona Kubajewska.
Prior to FACS analyses, MoDC suspensions (~1 × 105 cells/ well) were transferred to a
96-well round-bottomed microplate (ThermoScientific, UK) and centrifuged at 4 °C and
1200 rpm for 5 min. The supernatant was aspirated completely and the cells
resuspended with cold PBA buffer (23.0 µL/well). To the cell suspensions were added
each antibody reagent (0.5 µL/well) and the plate was protected from light and
incubated in an ice bath on a plate shaker, for 30 min. Additional cold PBA buffer (200
µL/well) was then added to the cells, and the resultant suspension centrifuged at 4°C
and 1200 rpm for 5 min. The supernatant was aspirated and 2% formaldehyde in PBS
(100 µL) added into each well to fix the cells. The plate was protected from light, and
incubated in an ice bath with shaking for 10 min. Cold PBA buffer (100 µL/well) was
then added to neutralise the fixing solution and the cells were washed and centrifuged at
4 °C / 1200 rpm for 5 min. The supernatant was aspirated before the washing and
centrifugation step was repeated with cold PBA (200 µL/well). After aspirating the
supernatant, the cells were finally resuspended in cold PBA buffer (200 µL/well) for
FACS analyses.

2.2.8.3 Cytokine production assays
Cytokine production by MoDC was determined by using Human ELISA MaxTM
kit (BioLegend, UK). Tumour-necrosis factor–α (TNF-α) and interleukin-6 (IL-6) were
the cytokines of interest. The ELISA protocols recommended by the manufacturer were
followed. Briefly, 1X capture antibody, diluted with coating buffer (bicarbonate buffer,
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pH 9.5; 100.0 µL), was added to each well of 96-well Nunc MaxiSorpTM flat-bottomed
microplates (ThermoFisher Scientific, UK). The plates were sealed and incubated at 2-8
°C overnight. The following day, washing buffer (PBS supplemented with 0.05 %
Tween 20) was added and aspirated to wash the plates. Assay diluent (10% fetal bovine
serum in PBS; 200.0 µL) was added to each well and the plates incubated with shaking
at room temperature for 1 h to prevent non-specific binding. Each plate was then
washed with washing buffer. Subsequently, cytokine standards and cytokine-containing
cell supernatants were diluted with assay diluent (to 100.0 µL) and loaded into the
microplates. The plates were incubated with shaking at room temperature for 2 h, and
the washing step repeated. 1X diluted detection antibody (in assay diluent; 100.0
µL/well) was added to each well, and the plates shaken for 1 h before being washed
again. 1X diluted Avidin-horseradish peroxidase (HRP) (in assay diluent; 100.0
µL/well) was added to the wells with shaking for 1 h, and the plates then washed once
more. 1 StepTM Ultra 3,3’,5,5’ tetramethylbenzidine (TMB)-ELISA substrate solution
(100.0 µL) was added to each well and the plates incubated in the dark for 15-30 min or
until color was developed. 2N sulfuric acid (100.0 µL) was finally added to stop the
reaction, before monitoring the endpoint absorbance at 405 nm with a SpectraMax M2e
microplate reader. The absorbance reading of the blank was subtracted from the reading
of standards/unknown samples. Calibration curves were calculated using log-log plots.
Standard curves of TNF-α and IL-6 were prepared for each assay to determine
the concentration of unknown samples. Example plots are given in Figure 2-6.

Figure 2-6 Example of log-log plots of standard a) TNF-α and b) IL-6 using Human ELISA MAXTM kits.
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Data analysis
All quantitative data are presented as mean ± standard deviation (SD), and have

been calculated and statistically analysed using the Prism software version 6.0
(GraphPad, USA). Unpaired two tailed t-test was used for two group comparison.
Analysis of variance was performed using one-way repeated measures. Analysis of
variance (ANOVA), with Tukey’s post hoc test, to evaluate the difference between the
experimental data. A significant difference is defined as being when p <0.05.
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3.1

INTRODUCTION

3.1.1

Coaxial electrospinning for biopharmaceutical formulations
The production of core-shell fibres using the coaxial electrospinning (coaxial

ES) technique has attracted considerable interest as a method to encapsulate
biomolecules in polymeric matrices (Mehta et al., 2017). By encapsulating the protein
in the core and surrounding it with a polymer sheath, this process can resolve a number
of issues encountered in conventional encapsulation methods. For example, placing the
protein in the core can overcome burst release and uneven protein distribution
commonly encountered with microsphere encapsulation (Rosca et al., 2004; AbdulFattah et al., 2008) or single-fluid ES (Jiang et al., 2005). Moreover, proteins confined
in core shell fibres may be prevented from either enzymatic or non-enzymatic
degradation in vivo, therefore prolonging their effective drug level in the circulation
(Sinha and Trehan, 2003).
Coaxial ES enables one-step protein encapsulation under ambient conditions,
therefore reducing the potential risk of heat-induced degradation which can arise with
spray-drying (Angkawinitwong et al., 2015). Due to the nested arrangement of the
capillaries in the spinneret, coaxial ES can also minimise or avoid organic solvents from
coming into contact with the protein during ES encapsulation (Yang et al., 2008).
Coaxial ES can alleviate issues with solvent-induced secondary structure transformation
(Wang, 2005).
3.1.2 Coaxial ES optimisation
The principle of coaxial ES is similar to single-fluid ES as discussed in Section
1.5.1. Briefly, the electrified polymer droplets are stretched to form the Taylor cone
when a sufficiently high voltage is applied. A fine jet is generated from the cone. In the
coaxial process, a two-layer Taylor cone and fluid jet are formed. This is attributed to
the stresses in the sheath fluid generated by electrostatic force drawing the sheath and
core solution from the double cone (Moghe and Gupta, 2008). The double layered
droplet is then continuously stretched to form a conical shape, generating a core-shell
layer along the jet at the tip of the cone.
Analogously to single-fluid ES, important experimental factors can be divided
into two groups: solution parameters and processing parameters (discussed in Section
1.5.2.1). Solution parameters (e.g. polymer concentration, conductivity, surface tension)
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are related to the viscoelastic properties of the spinning fluid affecting the
intermolecular entanglements and fibre formation, while processing parameters (e.g.
electrical potential difference, fluid flow rates, collector distance) are important for
regulating the evaporation process during ES (Pillay et al., 2013). However, there is
interplay between both the solution and processing parameters in coaxial ES, and this
must be balanced to obtain stable core-shell fibres. For example, Zhang and colleagues
(2004) demonstrated that the concentration of the inner spinning fluid affected the fibre
morphology, in that the size of the fibres was increased with more concentrated core
solution.
Moreover, some studies suggest an influence of the solvent miscibility of the
inner/outer fluids on achieving a core-shell structure (He et al., 2009; Kuo et al., 2009).
As with any pharmaceutical process, consistent processes are required for ES to
minimise variance in performance. Therefore, the solution and processing parameters
should both be optimised to obtain high-quality reproducible fibres and develop a
formulation for bioactive proteins. This can usefully be done with low-cost model
proteins.
3.1.3 Alkaline phosphatase (ALP)
Alkaline phosphatase (ALP), a 140-160 kDa phosphodiesterase, is a
metalloenzyme that catalyses the hydrolysis of phosphoesters under basic conditions.
ALP is composed of two symmetric dimers containing three metal binding sites on each
subunit (Coleman, 1992) (see Figure 3-1). ALP can be obtained from various sources
such as bacteria, yeast, and animals. ALP exists in human tissues in different isoforms
and a change in its catalytic activity or concentration can be used to measure the
function of the ALP secreting tissues in the clinic (Price, 1993). For example, bone ALP
is related to bone mineralisation, and hence ALP levels are linked with bone turnover or
bone formation (Christenson, 1997). A high level of liver ALP is associated with
chronic liver diseases (Giannini et al., 2005). ALP can also detoxify lipopolysaccharide
(LPS) bacterial endotoxins due to its dephospholylation activity (Poelstra et al., 1997),
so ALP has been investigated to treat sepsis arising from bacterial infection (LaRosa
and Opal, 2012).
ALP is widely available for purchase and its activity is practical to determine, so
ALP is extensively used as a model to develop formulations for biologics. ALP
probably has little potential for therapeutic use and as an enzyme; the structure of ALP
differs considerably from monoclonal antibodies (mAbs) and the alpha-helical barrel
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proteins (e.g. cytokines) that are used in the clinic. However there are several enzymes
that are used clinically (e.g. blood factors, thrombolytics) and ALP was thought to be a
better model for initial studies than a protein such as albumin which is often used. ALP
has been evaluated in freeze-dried systems (Srirangsan et al., 2011), coacervated
microcapsules (Fujii et al., 2005), hydrogel beads (Karewicz et al., 2014) and
electrospun fibres (Dror et al., 2008). Ji et al. (2010) encapsulated ALP in fibres from
both single and coaxial ES, and suggested that the activity of ALP was diminished after
the ES process. However, the activity of ALP embedded in core-shell fibres has not
been tested to date, a step which is necessary to ensure the functionality of the
encapsulated molecules.
PO4 binding site
Zn2+ binding site

Mg2+binding site
Active site

Figure 3-1 The molecular structure of ALP from Escherichia coli. and its active site (PDB ID: 1 ALK).
Reproduced from Kim and Wyckoff, 1991. Copyright Elsevier 1991.

3.1.4 Aims
The aim was to optimise the coaxial ES parameters to produce uniform
electrospun fibres to develop a model formulation for the prolonged release of
enzymatically active ALP. Coaxial ES was selected owing to its ability to protect the
protein from exposure to organic solvents during the encapsulation process. Poly-εcaprolactone (PCL) is slowly degradable and bioresorbable with good biocompatibility.
PCL has been widely explored in various formulations including (i) micronanoparticles, implants, films, hydrogels and nanofibres (Dash and Konkimalla, 2012),
and (ii) medical devices such as licensed surgical sutures, wound dressings, implant
devices, and dental fillings (Woodruff and Hutmacher, 2010). Moreover, PCL has good
spinnability in ES and has been widely examined for electrospun fibre fabrication
(Cipitria et al., 2011). As a result of its slow degradation profile, PCL appears to be a
good candidate to fabricate the polymer sheath of a core/shell fibre for extended drug
release.
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Firstly, the concentration of PCL and the solvent used were systematically
varied to examine their effects on the production of blend fibres from single-fluid
spinning. The effect of the sheath-core flow rate ratio was then studied to identify
suitable parameters to fabricate core-shell ES fibres of ALP.
In another set of experiments, ALP fibres were prepared using poly
(vinylpyrrolidone) (PVP) and PCL (see Figure 3-2). ALP was loaded into PVP and
PCL core-shell fibres using the optimised parameters previously identified. PVP was
selected due to the fast dissolution of this polymer (the solubility of PVP 360 kDa is
100 mg mL-1 in water), allowing rapid assessment of the functionality of the
encapsulated ALP. The morphology and physicochemical properties of the ALP-loaded
core-shell fibres were characterised. In vitro release of ALP from both PVP and PCL
fibres were studied to investigate the release profile and release mechanism. The
activity of ALP after dissolution studies was also assessed to investigate whether there
were any detrimental effects of ES on the encapsulated ALP. The results from this
chapter will provide a proof-of-concept assessment of the potential of core-shell ES to
develop

spatially-controlled

prolonged

drug

delivery

systems

(DDS)

for

biopharmaceuticals.

Figure 3-2 Chemical structures of a) poly(vinylpyrrolidone) (PVP) b) poly(caprolactone )(PCL).
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3.2 EXPERIMENTAL DETAILS
3.2.1 ES parameter optimisation
3.2.1.1 Optimisation of single-fluid ES parameters
PCL pellets (MW 80 kDa) were dissolved in a solvent system comprising 2,2,2trifluoroethanol (TFE) alone or TFE : deionised water (DI) mixtures and stirred at room
temperature until the polymer was completely dissolved to prepare spinning solutions.
Different solutions were prepared with concentrations ranging from 4-12 % w/v
PCL in TFE. In another optimisation experiment, four different PCL solutions of 12 %
w/v were prepared by varying the volume ratio (9:1, 8:2, 7.5:2.5 and 7:3) of TFE : DI
water. This was undertaken to determine the effect of solvent miscibility of TFE: DI
water on fibre morphology. Three independent experiments were performed for each
solution.
Viscosity measurement
The viscosities of the PCL solutions were determined using a Bohlin Gemini HR
Nano Rheometer following the protocol given in Section 2.2.2.3. Three independent
experiments were performed, and the viscosities obtained from the slope of shear stress
vs shear rate plots as given in Appendix 1. Specific viscosities (ηsp) were calculated
using Equation 3-1 and plotted against PCL concentration.

ηsp =

η − η0
η0

(Equation 3-1)

where η is the measured viscosity (Pa·s) and η0 is the viscosity of TFE at 25 °C. (1.74
mPa·s ; obtained from the supplier data sheet)
Single-fluid ES
Spinning solutions (1.0 mL) were loaded into a 1 mL disposable plastic syringe
(Terumo, UK) with care taken to ensure there was no air bubble formation. The
syringes containing spinning solutions were then processed using the single fluid
EHDA as given in Section 2.2.1.1. ES was performed at room temperature for 1 h. The
collected fibres (ca. 100 mg) were wrapped in aluminum foil after the production and
were dried in an oven at ca. 40 °C overnight (20 h). The fibres were then stored in a
desiccator at room temperature before further characterisation. Full details of the
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experimental parameters are given in Tables 3-1 and 3-2, in Section 3.3.1.1 and
3.3.1.2) Three batches of fibres were produced for each set of parameters to check for
consistency.
3.2.1.2 Optimisation of coaxial ES parameters
Coaxial ES
Core and shell spinning solutions were loaded into disposable plastic syringes
and were processed using the coaxial fluid EHDA as described in Section 2.2.1.1
Coaxial ES was undertaken for 1 h at room temperature. After the ES process, the
resultant samples (ca. 100-150 mg) were dried in an oven at ca. 40 °C overnight (20 h)
and then kept in a desiccator prior to further analysis. Full details of the experimental
parameters are given in Table 3-3, in Section 3.3.1.3. Three batches of fibres were
produced for each set of parameters to check for consistency.
3.2.1.3 Fibre morphological characterisation
The morphology of the electrospun fibres were characterised using SEM and
TEM using the protocols given in Section 2.2.2.1.
3.2.2

Preparation and characterisation of alkaline phosphatase (ALP) core-shell

fibres
3.2.2.1 Coaxial ES process
Freshly dissolved ALP in DI water (10.0 mg mL-1, 1.0 mL) was prepared as a
core solution. 10% w/v PVP (MW 360 kDa) in TFE (5.0 mL) and 10% w/v PCL in 9:1
v/v TFE:DI water were prepared for the shell solutions. ALP/ PVP and ALP/ PCL coreshell fibres were generated using the coaxial fluid protocol described in Section 2.2.1.1
by simultaneously feeding the shell and ALP core solution at a constant flow of 1.5 and
0.3 mL h-1, respectively. The scale of production was 5.0 mL of shell solution : 1.0 mL
of ALP solutions in 3.3 h. Full details of the preparation conditions are given in Table
3-4, in Section 3.3.2.1. Both PVP and PCL/ ALP core-shell fibres (ca. 500 mg) were
wrapped in aluminum foil after spinning and were stored at 2-8 °C before further
characterisation. Three batches of fibres were produced for each material.
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3.2.2.2 Fibre characterisation
Morphological characterisation
The morphology of the ALP loaded PVP and PCL fibres were studied using
SEM and TEM as described in (Section 2.2.2.1).
Physicochemical characterisation
Fibres were characterised using DSC, FTIR and XRD as described in Section
2.2.2.2.
3.2.2.3 Encapsulation efficiency
Approximately 10 mg of both ALP-loaded PVP core-shell fibres and ALPloaded PCL core-shell fibres were taken to determine the encapsulation efficiency using
the protocol given in Section 2.2.7.1. Encapsulation efficiency is presented as the
percentage of actual ALP extracted from the fibers compared to the theoretical amount
of initial ALP ca. 200 µg ALP in 10 mg fibres).
3.2.2.4 In vitro release study
Briefly, approximately 10 mg of the ALP/PVP and the ALP/PCL fibres were
tested using the sampling method and continuous flow method, respectively as
described in Section 2.2.7.2. The release experiments were conducted for 3 h for the
PVP fibres and 2 weeks for PCL. Three independent experiments were performed. The
aliquots taken were filtered through 0.22 µm Millex-GP syringe filter units (Fischer
Scientific, UK) and quantified using the MicroBCATM protein assay, in accordance with
the protocol given in Section 2.2.6.1 The results are presented as a percent cumulative
release vs time as shown using Equation 2-1, Section 2.2.7.2.
The release kinetics were mathematically modeled using the zero-order, firstorder, Korsmeyer and Peppas, and Higuchi models as described in Section 2.2.7.3.
3.2.2.5 ALP activity assay
ALP activity assays were performed (Yang et al., 2009) to determine the activity
of ALP after fabricating the core-shell fibres by ES. Cold diethanolamine buffer (20.0
µL, 1.0 M, pH 9.8) was added to the ALP aliquots from the release studies (80.0 µL) in
a 96-well plate. Then, a para-nitrophenylphosphate (p-NPP) liquid substrate solution
reagent (100.0 µL) was added to the protein samples. The buffer, sample and p-NPP
solution were quickly mixed. Color development was monitored at 405 nm, 37 °C for 5
min using a SpectraMax M2e microplate reader (Molecular Devices, UK). Three
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independent experiments were performed duplicate. The ALP activity was quantified
using Equation 3-2.

Units/ mL enzyme =

(ΔA 405nm / 5 min Test - ΔA 405nm /5min Blank × 0.2
18.5×0.08

(Equation 3-2)

ΔA 405nm at 5 min - ΔA 405nm at 0 min
5 min

ΔA 405nm

=

0.2

= the total volume of the assay (mL)

18.5

= the mM extinction coefficient of p-NPP at 405 nm

0.08

= the volume of ALP standard or sample in the assay (mL)

The results are also presented as a percent relative activity, which is the
measured active units of ALP compared to the expected activity from the concentration
of ALP presented, calculated based on a pre-determined calibration curve (Figure 3-3).

Figure 3-3 Example of ALP activity curve of standard ALP solutions. Data are presented as mean ± SD
(n=3)
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3.3 RESULTS AND DISCUSSION
3.3.1 Optimisation of single and coaxial electrospinning
3.3.1.1 Polymer concentration
Parameter optimisation was first attempted to find suitable conditions to develop
ALP formulations using core-shell ES processing. The important solution and
processing parameters (i.e. PCL concentration, TFE-water ratio, and shell-core flow
ratio) were optimised by varying each parameter systematically. Ji’s study into the
encapsulation of ALP in PCL core shell fibres (Ji et al., 2010) was used as a starting
point for this study.
In general, a polymer molecule is extended in a ‘theta (θ) solvent’ in which the
intermolecular interactions between polymer chain segments and solvent molecules are
thermodynamically favorable. Typically, polymers are freely dissolved in theta
solvents. In non-theta solvents, there will be random walk coil dimensions of the
polymer which affect its solubility, because the interactions between polymer chains are
more favourable than those between the polymer and solvent. Hence, a theta solvent is
necessary to prepare a homogenous spinning fluid for ES. In this study, TFE was
selected to prepare PCL solutions because of its well-established application for PCL
scaffold fabrication (Cao et al., 2010; Jha et al., 2011; Ji et al., 2010). In each polymersolvent system, the solution viscosity significantly affects fibre formation in ES (Li and
Wang, 2013). The Huggins equation (Equation 3-3) is employed to determine the
relationship between polymer concentration and viscosity (Morawetz, 1975).
ηsp (c) = ⎡⎣ η ⎤⎦ c + k H ( ⎡⎣ η ⎤⎦ c) + ...
2

(Equation 3-3)

where ηsp (c) is the specific viscosity, ⎡⎢ η ⎤⎥ is the intrinsic viscosity, c is the polymer
⎣ ⎦
concentration, and kH is the Huggins coefficient. The term ⎡⎢ η ⎤⎥ c in the equation is also
⎣ ⎦
related to polymer chain entanglements, and is termed the Berry number (Be) (Hager
and Berry, 1982). ηsp is significantly influenced by the concentration of polymer
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The ηsp values of the various PCL solutions were determined and are plotted against
PCL concentration in Figure 3-4. The viscosity rises as the concentration is increased.
However, the slope of the graph started changes beyond 8% w/v PCL, with the viscosity
increasing more sharply in the higher concentration range.

Figure 3-4 Dependence of ηsp on PCL concentration (in pure TFE). L1 and L2 demonstrate the linear
dependence of ηsp on concentration in the 4-8.5 % and 8-12 % w/v PCL ranges. Results are presented as
mean ± SD (n=3).

The increase in the slope after the inflection point is possibly due to the different
viscoelastic behavior in the two different concentration ranges. Grassley (1980)
established four dynamic regimes based on the polymer chain behavior in theta
solvents. These are termed the dilute, semidilute unentangled, semidilute entangled and
concentrated regimes (see Figure 3-5). There are little or no inter-chain interactions in
dilute solutions (Figure 3-5(a)) whereas the polymer chains become more entangled in
the semidilute regime. The transit point between these two regions is called the critical
chain overlap concentration (c*).
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Figure 3-5 A schematic diagram depicting the viscoelastic behavior of a polymer in different
concentration regimes. Adapted from Wang et al., 2010. Abbreviations: c* = the critical chain overlap
concentration and ce = the critical entanglement concentration.

Increasing the concentration beyond c* can lead to chain overlap but this is
insufficient to achieve chain entanglement until it reaches the critical entanglement
concentration (ce), where the occupied fraction of the hydrodynamic volume allows
entanglement in the solution. This point separates the semidilute region into
unentangled (c*< c < ce; Figure 3-5b)) and entangled regions (c > ce; Figure 3-5c)).
Beyond ce is the concentrated regime where polymer chains strongly intertwine with
each other (Figure 3-5(d)).
Given the Huggins equation (Equation 3-3), viscosity increases linearly as a
function of polymer concentration when c is very small (the dilute regime). This was
consistent with the findings from Dobrynin’s study (1995). When the polymer solution
is more concentrated, the concentration has a more profound effect on the viscosity (de
Gennes, 1976) Indeed, Gupta and colleague (2005) predicted that the concentration
exponents for the viscosity were 1.25 and 4.25 - 4.5 for unentangled and entangled
polymer in the semidilute regime, respectively. The rise in exponent value for the latter
led to the inflection point on the plot, which can be identified as ce (Colby et al., 1991;
Krause et al., 2001). This suggests that 8% w/v is ce for the PCL-TFE system.
Following the rheological study, single fluid ES of PCL (MW 80 kDa) in pure
TFE was performed to examine the effect of viscosity on the process and then find the
optimum value at which the most uniform fibres were formed. Five PCL fibres (4%,
6%, 8%, 10% and 12 % w/v PCL in TFE) were prepared using parameters as shown in
Table 3-1.
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Table 3-1 Details of PCL solutions used for concentration optimisation
Sample

Spinning fluid

Voltage

Flow rates
-1

Spinneret to collector

(kV)

(mL h )

distance (cm)

4% w/v PCL

4% w/v PCL in TFE

15

1.8

16

6% w/v PCL

6% w/v PCL in TFE

15

1.8

16

8% w/v PCL

8% w/v PCL in TFE

15

1.8

16

10% w/v PCL

10% w/v PCL in TFE

15

1.8

16

12% w/v PCL

12% w/v PCL in TFE

15

1.8

16

As shown in Figure 3-6, SEM images illustrate that fibres were formed with all
PCL solutions. Uniform bead-free fibres were achieved at PCL concentrations higher
than 8%, while “bead-on-string” morphologies were observed below this point.

Figure 3-6 SEM images of PCL fibres electrospun from different concentration solutions in TFE and
their size distributions (mean ± SD) a) 4% w/v, b) 6% w/v, c) 8% w/v, d) 10% w/v, and e) 12% w/v. (left
-images at 3000X magnification and middle – images at 24000X magnification). Bead-free fibres were
achieved at 10% w/v and 12% w/v PCL while the other solutions generated beads as indicated with
arrows in the figures. Similar results were obtained from all three independent experiments and the results
of one representative experiment are shown.
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Figure 3-7 demonstrates that the average diameter of the fibres was increased
with viscosity, indicating a direct relationship between viscosity and fibre size.

Figure 3-7 The relationship of the average viscosity and the average size of the fibres prepared from
varied PCL concentrations in pure TFE. A linear relationship between viscosity and the size of the PCL
fibres is observed. Results are presented as mean ± SD (n=3).

Beaded fibres were seen when the concentration was lower than 8% w/v (see
Figure 3-6 a-c). It was reported that beads form as a result of low viscosity and low net
electrical charge on the surface of polymer fluid (Fong et al., 1999). The former is the
main contributing factor to beaded fibre formation with the 4-8% w/v PCL
concentrations, which also may result from insufficient interactions between PCL
chains precluding entanglement. This suggests that polymer entanglement occurred
when the concentration was above 8 % w/v in this PCL-TFE system. This means that
any concentration ranging from 8.5 – 12 % w/v on L2 was required to form fibres with
the given ES parameters (voltage: 15 kV, flow rate : 1.8 mL h-1, collector distance: 16
cm) (see Figure 3-4). Shenoy and co-workers (2005) proposed that the onset
concentration for fibre formation in ES was equal to the ce and a concentration of twice
this value (c > 2 ce) yields bead-free fibres. Conversely, the present study demonstrated
bead-free fibres to form at a lower concentration value. As the intermolecular
interactions of the polymer depends on the solvent–polymer systems, care should be
taken in applying Shenoy’s assumption empirically. Optimisation should be performed
on a system-by-system basis to find the most appropriate conditions for use.
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3.3.1.2 Solvent system
In ES, a co-solvent system is sometimes preferable to a single solvent as it can aid
fibre formation through improved volatility, conductivity or surface tension properties
(Shenoy et al., 2005b). As high surface tension is critical in ES to initiate a stable cone
jet as discussed in Section 1.5.2.1, lower surface tension system is preferable. It is
thought that a greater miscibility of the solvents used for the shell and core fluids can
lower the surface tension, facilitating the fabrication of core-shell ES fibres (Zhang et
al., 2010). A TFE:DI water solvent system was therefore explored in an attempt to
enhance the miscibility and reduce surface tension between the protein aqueous core
and shell PCL solutions, thus allowing core-shell fabrication. Four PCL fibres were
prepared using different ratios of TFE : DI water as detailed in Table 3-2.
Table 3-2 Experimental conditions for TFE : DI water ratio optimisation
Sample

Spinning fluid

Voltage

Flow rates

Spinneret to

(kV)

(mL h-1)

collector
distance (cm)

Pure TFE

12% w/v PCL

15

1.8

16

15

1.8

16

15

1.8

16

15

1.8

16

in pure TFE
8:2 v/v

12% w/v PCL
in 8:2 v/v TFE : DI water

7.5 : 2.5 v/v

12 % w/v PCL
in 7.5 : 2.5 v/v TFE : DI
water

7:3 v/v

12 % w/v PCL
in 7:3 v/v TFE : DI water

As adding DI water can weaken the intermolecular interaction between PCL and
TFE, 12% w/v PCL in TFE, the highest concentration on L2 (see Figure 3-4), was
selected to exclude the dilution effect. The ratio of solvents was varied, and only
homogenous mixtures were selected for optimisation study. The TFE and water phases
separated when the water ratio exceeded 30% v/v, and thus the solutions could not be
used for ES. As seen in Figure 3-8, nanofibres without beads were achieved with all the
PCL solutions, presumably owing to the concentration of polymer being the same in all
cases and thus there being no change in chain entanglement or intermolecular
interactions for these solutions.
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Figure 3-8 SEM images of PCL fibres electrospun from different TFE : DI water mixtures, and their size
distributions (mean ± SD) a) pure TFE, b) 8:2 v/v, c) 7.5:2.5 v/v , and d) 7:3 v/v (left -images at 3000X
magnification and middle – images at 12000X magnification). The average size of the fibres decreased
proportionally with increasing water content. Arrows indicate wrinkled-like structures termed
‘nanopapilla’. Similar results were obtained from all three independent experiments and the results of one
representative experiment are shown.

The diameters of fibres fabricated with the binary TFE/water system were
reduced compared to those made in pure TFE (Pure TFE > 8:2 ≈ 7:3 > 7.5 : 2.5 TFE :
DI water, repeated measures one-way ANOVA; p<0.001; see Figure 3-8).
Furthermore, the TFE:DI water ratio appeared to affect the size distribution of the
resulting fibres. This is attributed to the increased dielectric constant (ε) of TFE:water
binary solvent when the volume ratio of high ε solvent such as water was added (Luo et
al., 2012). High ε solvent systems increase the electrical force required to overcome the
surface tension (Fong et al., 1999). Since a constant voltage is applied in these
experiments, the additional force available for lower ε solutions could facilitate jet
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thinning, and thus the size of the fibres obtained from TFE:water solvent mixture was
smaller from those from pure TFE.
However, the size of the fibres from 7:3 TFE:water was larger than those from
the 7.5 :2.5 system (see Figure 3-8). This suggests that other factors should be taken
into an account. Luo et al. (2012) pointed out that a higher electrical field was required
with an increase in ε of a solvent system to provide sufficient electrical force to achieve
a stable Taylor cone during ES. This will act against the surface tension factor.
Furthermore, the fibre size variation is influenced by the robustness of Taylor
cone formation, and thus the size distribution can indicate the consistency of the ES
process (Yan and Gevelber, 2010). According to Figure 3-8, this might suggest that the
binary TFE : DI water solvent mixture is superior to pure TFE for ES, as the size
distribution was reduced when the ratio of water phase increased. The amount of water
present also affects the morphology of the fibres. Wrinkles were observed from 70 and
75% TFE systems, while defect-free fibres were seen with higher ratios of TFE (pure
TFE and 8:2 TFE:water) (see Figure 3-8). As a result of its low volatility, adding water
effectively decreases the evaporation rate of the solvent and compromises the
solidification process (Mit-uppatham et al., 2004). Incomplete evaporation can lead to
forming of a discontinuous structure with wrinkle or ‘nanopapilla’ (Zheng et al., 2012).
This finding is in accordance with Zheng’s study, when low volatility DMF was added
to THF. It is evident that the 100 and 80% TFE solvent systems generated smooth
uniform fibres; however, polymer clogging at the tip of the spinneret could occur when
pure TFE was used with 12% w/v PCL, interrupting the fabrication process. Therefore,
somewhere between 8:2 v/v TFE:DI water to pure TFE seem to be the best working
range to prepare the PCL shell solution for ALP loaded core-shell fibres.
3.3.1.3 Shell-core flow ratio
As 12% w/v PCL in pure TFE led to the collection of solid substances on the
needle, and thence to blocking, 10% w/v PCL in 9:1 v/v TFE:DI water was preferred to
avoid this potential issue. Hence, 10% w/v PCL v/v TFE:DI water was used to optimise
the shell-core flow ratio (Table 3-3).
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Table 3-3 Experimental conditions for core-shell flow ratio optimisation
Sample

Spinning fluids

Voltage

Flow rates

Spinneret to

(kV)

(shell/core)

collector distance

-1

(mL h )

(cm)

1:1

Core: 1.0 mg mL-1 basic

15

0.3/0.3

16

2:1

fushcin in DI water

15

0.6/0.3

16

3:1

Shell : 10.0% w/v PCL

15

0.9/0.3

16

4:1

in 9:1 v/v TFE : DI water

15

1.2/0.3

16

15

1.5/0.3

16

5:1

It is generally known that ES of aqueous solution is challenging due to its high
surface tension, as discussed in Section 1.5.2.1. Therefore, the flow rate of the core
fluid was fixed while the shell flow rate was varied to ensure fibre fabrication. Figure
3-9 depicts a core-shell Taylor cone, indicative of coaxial jet initiation. Though the
mechanism of coaxial fibre formation is not completely understood, one would expect
that tangentially electrical force occurring on the surface of the outer fluid causes
stretching which effectively entrains the inner solution during ES (Li and Xia, 2004;
Moghe and Gupta, 2008; Z. Sun et al., 2003).

PCL shell solution

Core solution
Polymer jet

Figure 3-9 A close-up image of the coaxial Taylor cone formed in coaxial ES.

The TEM images of the fibres produced, given in Figure 3-10, show a welldefined core/shell structure in several cases. The images result from the contrast in
electron transmission of the polymer sheath and basic fuchsin dye. The observed
defined internal architecture of the fibres indicates the successful fabrication of coreshell fibres with a minimum shell-core flow ratio of 3:1. This ratio is consistent with the
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value reported elsewhere (Wei and Xia, 2012). In contrast, the experiments performed
with a 1:1 flow ratio did not solidify and no fibre was produced after drying. Therefore,
a 1:1 flow ratio was not taken forward for further characterisation. It is assumed that the
flux of the aqueous core solution was too high for the traction of the PCL fluid and for
drying under ES, resulting in incomplete evaporation and failure to form the core-shell
structure.
Figure 3-10 also demonstrates that the core structure became more defined as
the shell-core flow ratio was increased. A higher flow rate of the sheath fluid causes an
increased shear force on the core solution, which in turn deforms the core fluid into a
conical shape resulting in the co-axial cone developing at the tip of the nozzle and thus
leading to more distinct core/shell compartments in the resultant fibres (Moghe and
Gupta, 2008). Based on the observation from this study, the 5:1 flow ratio appeared to
be best to fabricate core-shell fibres.

a)

b)

a)

2 μm
c)

500 nm
d)

500 nm

500 nm

Figure 3-10 TEM images of the basic fucshin loaded PCL core-shell fibres electrospun prepared from
10% w/v PCL in 9:1 v/v TFE:DI water with varied shell-core flow ratios a) 2:1 (0.6 : 0.3 mL h-1), b) 3:1
(0.9 : 0.3 mL h-1), c) 4:1 (1.2 : 0.3 mL h-1), and d) 5:1 (1.5: 0.3 mL h-1). A defined internal structure was
achieved with a minimum ratio of 3:1. Similar results were obtained from all three independent
experiments and the results of one representative experiment are shown.
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SEM images in Figure 3-11 show the fibres from different flow ratios. More
homogenous fibres were obtained when the flow ratio (shell : core) was increased, as
evident by the narrower size distribution. Also, fused fibres were observed when
shell/core ratios of 2:1, 3:1, and 4:1 were used (see Figure 3-11a-c), but this issue was
resolved as the shell: core ratio was increased. Defect-free fibres were achieved with the
5:1 ratio (see Figure 3-11d). The mechanism of formation of fused fibres seems related
to the volume of the aqueous core when the flow ratio was varied. As there is relatively
more water flux in the lower flow ratios, a stable ES process was less likely to be
achieved because the high surface tension of water impeded jet formation. These
conditions therefore yielded poor homogeneity in the fibres produced. Also, a higher
water ratio in the spinning fluid causes incomplete drying before deposition on the
collector, facilitating the fibres’ fusion. The findings in this study agree with De
Vrieze’s work (2009), in that the propensity for fusion was enhanced when a low shellaqueous core flow ratio was employed and there was more water present in the fibres.
Thus a ratio of 5:1 would be optimum to address the fibre fusion.

Figure 3-11 SEM images of basic fucshin loaded PCL core-shell fibres electrospun with varied shell-core
flow ratios a) 2:1 (0.6:0.3 mL h-1), b) 3:1 (0.9:0.3 mL h-1), c) 4:1 (1.2:0.3 mL h-1), and d) 5:1 (1.5:0.3 mL
h-1) and their size distributions (mean ± SD) (left -images at 3000X magnification and middle – images at
12000X magnification). The average size and size distribution of the fibres decreased with an increase
inthe flow ratio. Similar results were obtained from all three independent experiments and the results of
one representative experiment are shown.
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As previously discussed the fluctuation in the size of the fibres indicates the
consistency of the process, suggesting the improved robustness of fabrication with the
high sheath flow ratio (see Figure 3-11). Overall, the most robust process was achieved
when a 5:1 flow ratio was used, as indicated by it yielding the narrowest size
distribution. Therefore, a flow ratio of 5:1 was used to prepare ALP fibre formulations.
3.3.2

Preparation and characterisation of ALP loaded core shell fibres

3.3.2.1 Fibre morphology
The encapsulation of ALP in core-shell electrospun fibres was studied using
both PVP and PCL as the shell polymer. The optimised parameters for PVP core-shell
fibres have been reported elsewhere (Yu et al., 2012) and were selected to produce the
ALP/PVP fibres in this study. The ALP/ PCL core-shell fibres were fabricated using the
optimised parameters obtained from the previous section (Section 3.3.1). The details of
these ES processes using ALP are shown in Table 3-4.

Table 3-4 Details of preparative conditions for ALP/ PVP core-shell fibres and ALP/
PCL core –shell fibres
Parameter

ALP/PVP core-shell fibres

Spinning fluid (s)

-1

Flow rates (mL h )
Spinneret to collector

ALP/PCL core-shell fibres

Core : ALP in DI water (10.0

Core : ALP in DI water (10.0 mg mL-1,

mg mL-1, 1.0 mL, 10.0 mg)

1.0 mL, 10.0 mg)

Shell : 10% PVP w/v in 9:1 v/v

Shell: 10% PCL w/v in 9:1 v/v TFE : DI

TFE : DI water

water
1.5 (shell) : 0.3 (core)
16

distance (cm)
Voltage (kV)

15

SEM images of the ALP fibre formulations are shown in Figure 3-12. Bead–
free, cylindrical fibres were achieved with both polymers (see Figure 3-12a and b).
However, some clumps were present on the PVP fibre surfaces, whereas these were
absent on the PCL material (see Figure 3-12c and d). Yu et al. (2009) observed clumps
on the surface of ibuprofen loaded-PVP fibres, and assumed the fibres comprised PVP
and encapsulated ibuprofen. The observed clumps could be a result of solvent
convection upon jet cooling leaving ALP particles on the fibre surfaces. Moreover, it
should be noted that the PCL fibres appeared to be relatively flat or ellipsoidal,
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compared to the PVP fibres. Owing to the low hydrophilicity of PCL, the polymer shell
may present a barrier impeding the evaporation of the water core, leading to fibres
existing in a semisolid state during spinning, and thus the shape can be easily deformed
upon deposition on the collector (Koombhongse et al., 2001).

Figure 3-12 Morphological characterisation of the ALP/PVP core-shell fibres and ALP/PCL core-shell
fibres. SEM images at 6000X magnification (a and b), SEM images at 24000X magnification (c and d),
TEM images (e and f), and size distributions (mean ± SD) (g and h). Circles in the SEM and TEM image
of the PVP fibres indicated clumps of ALP at the surface. Dashed lines indicate the core structure of the
PCL fibres. Similar results were obtained from all three independent experiments and the results of one
representative experiment are shown.

99

Chapter 3

Electrospinning process optimisation

Also, TEM images show that core-shell structures were achieved with both
fibres (see Figure 3-12e and f). The major core component was expected to be ALP.
The core size of the PCL fibres appeared smaller and more well-defined than with PVP
potentially suggesting an effect of the different polymers. Some deposition of ALP in
the shell was also observed in the PVP fibres. These deposits were thought to be ALP,
because of the higher contrast of these elements in the TEM (similar to the contrast of
the core). This indicates the possible localisation of ALP on the surface of the fibres.
The average size of the PVP fibres was significantly larger than the PCL analogues
(two-way, unpaired T-test; p<0.0001) (see Figure 3-12g and h). The observation in
both SEM and TEM images of surface or shell immobilised ALP in the PVP system
might suggest that spatial control of the compound in the fibre core is challenging and
may not always be overcome by means of a coaxial spinneret alone.
3.3.2.2 FTIR
FTIR was used to examine the integration of ALP within the fibres and
investigate any possible intermolecular interactions. The FTIR spectra given in Figure
3-13 show the absorption peaks of PVP, ALP and the ALP loaded PVP fibres. The
fibres have a virtually identical spectrum to the PVP material. Peaks are presented at
2940 cm-1 (asymmetric CH2 stretching), 1654 cm-1 (C=O carbonyl stretching), 1420 cm1

(C-N bending), and 1292 cm-1 (C-H bending) (see Figure 3-13a and c). The broad

peak at 3425 cm-1 is due to O-H stretching vibrations of adsorbed water on the fibre
surface (and possibly the presence of some residual water in the core).

Figure 3-13 FTIR spectra of a) ALP loaded PVP core-shell fibres, b) ALP, and c) PVP.
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The interpretation of FTIR data for proteins is often complicated and nonspecific, owing to the complexity of their structures. Nevertheless, the absorption peaks
of protein backbones can indicate their incorporation in the nanofibres. Such peaks are
visible in the ALP spectrum at 3300 and 3070 cm-1 (NH stretching vibrations of amide
A and B), ~1650 cm-1 (amide I), 1550 cm-1 (the out-phase combination of NH bending
and CN stretching, amide II) and 1400 – 1200 cm-1 (amide III) (Barth, 2007). As can be
seen from Figure 3-13, all samples exhibited a sharp peak near 1654 cm-1, and the
amide I peak of ALP maybe obscured by the PVP carbonyl vibration in the fibres. The
signal near 1100 cm-1 of ALP (see Figure 3-13b) is rather more useful to identify ALP
because this peak is absent in PVP. The presence of this peak in the fibres’ spectrum
suggests successful ALP encapsulation (see Figure 3-13a).
FTIR spectra of PCL and the ALP loaded fibres are shown in Figure 3-14. The
characteristic absorption peaks of PCL were observed in both the ALP/PCL fibres and
pure PCL (see Figure 3-14a and c). These include bands at 1240 cm-1 (asymmetric CO-C stretching), 1293 cm-1 (C-O and C-C stretching), 1727 cm-1 (carbonyl stretching),
2847 cm-1 (symmetric CH2 stretching) and 2932 cm-1 (asymmetric CH2 stretching)
(Ghasemi-Mobarakeh et al., 2008).

Figure 3-14 FTIR spectra of a) ALP loaded PCL core-shell fibres, b) ALP, and c) PCL
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It is clearly seen that PCL has intense signals in all the same region as the
protein, and those major peaks could be overlapped in the fibre formulation. Unlike
PVP, the protein peaks were completely obscured by PCL absorptions and owing to the
low loading of ALP (ca. 2%). Therefore, it is difficult to distinguish any ALP signals in
the spectrum of the fibres. The agreement of presence of ALP clump on the surface in
TEM analyses (see Figure 3-12f) and the corresponding ALP FTIR spectrum in the
PVP fabricated fibres (see Figure 3-13a) can mean that the surface protein is more
detectable by FTIR. In other words, the ALP may be located in more deeply inside the
core layer rather than near surface of the core-shell PCL fibres and this may rationalise
the absent of ALP signal in this case. However, it could not be confirmed here, but the
encapsulation of ALP in the core-shell PCL fibres was probed by protein quantification
and activity assays as reported in subsequent sections.

3.3.2.3 DSC
DSC analyses of the ALP loaded PVP fibres (2% ALP loading) show similar
thermograms to PVP material (see Figure 3-15). Both blank PVP and the ALP/PVP
fibres displayed a temperature transition with a midpoint at 180 °C, corresponding to
the glass transition temperature (Tg) of PVP (Turner and Schwartz, 1985).
Tg

a)
b)

c)

Exo
up
Temperature (°C)
Figure 3-15 DSC thermograms (heating cycle: heating range 0 – 200 °C, heating rate 10 °C min-1) of a)
ALP loaded PVP core-shell fibres, b) ALP, and c) PVP. Dashed lines indicate the Tg onset and end points
of Tg.
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Moreover, the endothermic peak of ALP at 60 °C (see Figure 3-15b) was found
to correspond to degradation of the protein owing to the dissociation of its dimer
structure (Atyaksheva et al., 2009). The similarity of the thermograms of PVP and the
fibres indicates the amorphous state of both. The ALP degradation peak was not
visible, presumably due to its low loading.
The DSC thermograms of PCL and the ALP/PCL fibres were also similar, in
that they displayed endothermic peaks at 58 °C (Figure 3-16). This is a melting event
indicative of the semi-crystalline nature of PCL (Woodruff and Hutmacher, 2010).
Although ALP has a degradation temperature at 60 °C, this is not thought to be the
cause of the event in the fibres owing to the low loading of protein. Therefore, the ALP
fibres displayed only the semi crystalline melting peak of PCL.

Figure 3-16 DSC analyses (DSC experiment : heating range -70 - 150 °C, heating rate 10 oC min-1) of a)
ALP loaded PCL core-shell fibres, b) ALP, and c) pristine PCL.

3.3.2.4 XRD
XRD was used to characterise the physical form of ALP and the polymers in the
fibres. The PVP fibres displayed a “halo” diffractogram similar to PVP (Figure 3-17),
indicative of the amorphous state of PVP. These observations are in line with the DSC
analyses. On the other hand, the PCL material and the ALP/PCL fibres showed sharp
Bragg reflections at 21° and 23° (the angles at which X-rays get diffracted by PCL,
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characteristic of crystalline PCL regions (Figure 3-18). ALP is amorphous (Figures 317 and 3-18), and as a result of this and its low loading, no signals from the protein can
be seen in the diffraction data.

Figure 3-17 XRD patterns of a) the ALP/PVP core-shell fibres, b) ALP, and c) pristine PVP. All samples
exhibit a characteristic halo indicative of the amorphous state.

Figure 3-18 XRD patterns of a) the ALP/PCL core-shell fibres, b) ALP and, c) pristine PCL. The
fabricated ALP shows similar PCL peak indicating semi-crystalline form of the fibres. Labels indicate the
characteristic PCL Bragg reflections at 21° and 23° 2θ (°).
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3.3.3 Encapsulation efficiency and in vitro release
The amount of the total encapsulated ALP and the ALP released from the PVP
and PCL fibres was quantified using the MicroBCA assay. Theoretical loading of ALP
in both fibres was calculated based on the amount of polymer and ALP used during
coaxial process. Approximately 10 mg of ALP and 500 mg polymer was processed thus
giving rise to theoretical loading of 20 µg ALP/ 1 mg fibres. Therefore, the
encapsulation efficiency of the PVP fibres was 100.0 ± 18.77 % (ca. 200 µg ALP/ 10
mg fibres), significantly higher than the PCL formulation (27.35 ± 11.27 % ; ca. 54 µg
ALP/10 mg fibres) (mean ± SD, n = 3; unpaired two tailed T-test, p = 0.005). This is
attributed to the compatibility of ALP with the polymers, which has been reported to
affect drug encapsulation in polymeric fibres (Zamani et al., 2013). ALP can interact
more with PVP than PCL owing to possible hydrogen bonding (Ohtake et al., 2011),
Consequently, the PVP shell can accommodate ALP contributing to a higher degree of
ALP encapsulation. Conversely, PCL is unable to form hydrogen bonds with ALP, and
thus very little ALP can be encapsulated in the shell, meaning more ALP would be
found in the core or left unencapsulated. Poor interactions of a drug with a polymer
carrier lead to low encapsulation, as reported for the encapsulation of hydrophilic
compounds in hydrophobic polymers (Allison, 2008).
In vitro release studies for both PVP and PCL were performed using the
sampling and continuous flow methods, respectively. As the PVP fibres dissolve
virtually instantaneous, the direct sampling method allows the measurement of the
solute concentration during real time dissolution. On the other hand, the dynamic flow
route is more appropriate for assessing controlled release dosage forms like the PCL
fibres because of the continuous, slow flow of the medium over a long period of time.
Also, the low convective flow rate in the continuous flow model used in the present
study could mimic the dynamic flow in biological tissues such as the eye (2 µL min-1)
(Awwad et al., 2015; Siggers and Ethier, 2012), or the interstitial flow (5 µL min-1)
(Reddy et al., 2006). The latter is a major drug transport mechanism for many DDS
(Pontrelli and McGinty, 2014). Owing to the low ALP loading in the formulation, both
techniques were modified by using small volumes of medium to avoid dilution effects.
Figure 3-19 shows the cumulative release and concentration profiles of both
fibres. The PVP core-shell fibres showed rapid release where approximately 72 % of the
ALP loading (ca. 144 µg ALP) was released in the first 5 min (Figure 3-19a). In
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contrast, a sustained release profile from the ALP/PCL core-shell fibres was observed
over 2 weeks, after which a total cumulative release of 20.12 ± 4.63 % was obtained
(Figure 3-19b). The concentration profiles of both fibres, given in Figure 3-19c, shows
that a maximum ALP concentration of 18.38 ± 10.97 µg mL-1 (142 µg, 71.13 ± 10.0 %
of the total release) was observed with the PVP material after the first 5 min, followed
by a gradual reduction to 12.59 to 5.21 µg mL-1 after 3 h. Conversely, the initial
concentration of ALP/PCL fibres was 62.91± 56.16 µg mL-1 (45 µg, 4.27 ± 4.3% of the
total release), followed by drastically reduced concentrations from 12.70 ± 11.65 to 1.12
± 1.40 µg mL-1 after 2 weeks of release (see Figure 3-19d). This indicates a burst
release from both formulations which can be ascribed to the high surface-area to volume
ratio of electrospun fibres, regardless of the polymer used (Chou et al., 2015).
The release profiles of the PVP and PCL fibres were fitted with mathematical
models to elucidate the release mechanism of ALP. All the kinetic parameters obtained
are given in Table 3-5. The release profiles of both fibres were best fitted with a firstorder release model (R2 = 0.98 and 0.99, respectively). This suggests that the ALP
release was concentration dependent for both the PVP and PCL fibres. These results are
in agreement with most fast-dissolving polymer systems or electrospun fibres, in which
an initial burst release followed by first-order kinetics have been generally observed
(Sebe et al., 2015; Yeo and Park, 2004).

Figure 3-19 Cumulative release profiles of a) ALP/PVP fibres (n=3) and b) ALP/PCL fibres (n=3). The
PVP fibres exhibited a rapid release of ALP within 3 h, whereas the release from PCL was sustained over
2 weeks. The concentration of ALP vs time profiles of c) ALP/PVP fibres and d) ALP/PCL fibres are
also depicted. Data are presented as mean ± SD (n=3).
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Table 3-5 Release kinetics of ALP loaded core - shell fibres
Release parameters
Zero-order release

ALP/PVP fibres

ALP/PCL fibres

k0

0.26 min-1

1.30 days-1

t1/2

77.30 min

36.95 days

0.27

0.92

k1

0.28 min-1

0.15 days-1

t1/2

2.50 min

4.63 days

0.98

0.99

kH

42.56 µg min-1/2

25.23 µg days-1/2

R2

0.96

0.96

R

2

First-order release

R

2

Higuchi

Korsmeyer-Peppas
n

0.09

kkp

61.80 min

R2

0.95

0.77
-1

2.88 days-1
0.96

Abbreviations: k0 = zero-order rate constant; k1 = first-order rate constant; kH = Higuchi rate constant; kkp = Korsmeyer Peppas
rate constant; n= release exponent of the Korsmeyer-Peppas model; R2 = correlation coefficient; t1/2 = half-life

Considering the release mechanism of the PCL fibres, it is unlikely that PCL
would be degraded during the dissolution study because its degradation time is much
longer than the dissolution test duration (Lam et al., 2009). Hence, the diffusion of ALP
plays a role in the release mechanism. Several studies have pointed out the formation of
the pores during the fabrication of polymeric delivery systems (Shi et al., 2003; Gandhi
et al., 2009; Tiwari et al., 2010). Based on the results from this study, it is postulated
that the water can penetrate into the interconnecting pores inside the PCL shell. This
allows dissolution of the encapsulated ALP and slow diffusion of ALP through the
pores (see Figure 3-20). This phenomenon may also occur in the fabricated ALP/PVP
fibres, but polymer dissolution could be the dominant mechanism as a result of the high
solubility of PVP in aqueous media.
However, further optimisation study is required to understand the release
controlled mechanism. The effect of drug loading or the concentration of polymer shell
fluid should be evaluated as it could affect the release kinetic of the electrospun fibres
(Chou et al., 2015).
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Figure 3-20 Mechanism of drug release from the ALP/PCL core-shell fibres. Solid ALP was
encapsulated in both shell and core compartments. Upon dissolution, the release medium can penetrate
into both interconnecting pores in the polymer shell and the opening to the core presented by cutting the
fibres, which subsequently dissolutes and elutes some ALP. As the core elutes, the fibres becomes
hollow and more medium can fill the interconnecting pores, dissolve ALP and diffuse through the pores
in the shell as the polymer shell is degraded.

3.3.4 ALP activity
The conformation change of encapsulated ALP was monitored using an ALP
activity assay. The assay is based on the hydrolysis of para-nitrophenyl phosphate (pNPP). The enzyme hydrolyses p-NPP at pH 9.8 yielding para-nitrophenol (p-NP), a
yellow product with a high molar extinction coefficient (18,000 M-1 cm-1) (Bessey and
Love, 1952) that can be detected at 405 nm (see Scheme 3-1). The obtained absorbance
is related to the ALP activity, which can be calculated using Equation 3-2.

p-NPP +H2O

ALP
37 °C, pH 9.8

p-NP

+ Pi

(Scheme 3-1)

Absorbance 405 nm

Pi = monophosphate group

Figure 3-21 show the measured ALP activity and theoretical activity calculated
from the standard activity curve of freshly prepared ALP solutions given in Figure 3-3.
The percentage relative activity, the ratio of the measured active units of ALP over the
expected activity obtained from the standard curve, is also given. The activity of ALP
released from the PVP core-shell fibres showed a reduced activity (73.14 ± 6.28 %
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relative activity; Figure 3-21a), but there was no significant difference (p>0.05)
between this value and the predicted value, suggesting the ALP remained largely intact.
In contrast, a significant loss of ALP activity was observed in the PCL fibres after
dissolution (see Figure 3-21b). The relative activity of embedded ALP ranged from
12.16 ± 2.76 % to 24.78 ± 23.46 % in the aliquots collected. The measured activities of
the samples collected from the first week were significantly lower than the expected
activity (p<0.05) whereas those from the second week were inconclusive.. The loss of
ALP activity was consistent with the results from Ji’s study (Ji et al., 2010), in which
ALP was also encapsulated in PCL core-shell fibres.

Figure 3-21 ALP activity assay results of a) ALP in PVP fibres after 3 h dissolution and b) ALP in PCL
fibres over 2 weeks. The ALP/ PVP fibres maintained their ALP activity, while it was significantly
suppressed in the PCL fibres. The dashed line indicates the relative ALP activity over times. Data are
shown as mean ± SD (n=3). Statistical significance: ** p <0.01; * p<0.05. (% relative ALP activity
obtained from the percentage of measured activity over the expected activity).

It was hypothesised that solvent-induced unfolding can destabilise the secondary
structure of an encapsulated protein in blend ES, and that this detrimental effect can be
diminished by using coaxial or double walled spinnerets (Zhang et al., 2006). However,
the results from the ALP activity assay suggested otherwise in that the activity of
encapsulated ALP was suppressed in both the PVP and (to a greater extent) the PCL
fibres (Figure 3-21). During ES, the low evaporation rate of the aqueous core and the
solvent convection upon electrified drying may allow ALP molecules to diffuse to the
polymer shell and become exposed to TFE. As a result, the ALP could become unfolded
and embedded in the polymer sheath: this is consistent with the clumps seen in the PVP
fibres (see Figure 3-12c). Often unfolded proteins are prone to adsorb to accessible
hydrophobic surfaces (Pinholt et al., 2011). This can cause two adsorption scenarios:
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proteins aggregates via protein-protein interactions, or non-specific adsorption in
protein-polymer adsorption. If irreversible adsorption occurs, this leads to a loss of
protein activity (Frokjaer and Otzen, 2005) and incomplete drug release (Van de Weert
et al., 2000), as seen in the case of the ALP/PCL fibres. However, this issue was
alleviated in the PVP systems probably owing to the stabilisation effect of PVP (Ohtake
et al., 2011).
As a polymer/core interface is inevitable in protein encapsulation in core/shell
ES fibres, additional strategies that can avoid unfolding and adsorption might be
required in coaxial ES. For example, hydrophillic polymers or hydrogels can be added
to the core (Zhang et al., 2004). The network structure of these core polymers serves as
a barrier for protein diffusion, confining the protein in the core. Also, other stabilisers
could be incorporated into the core solution to maintain protein integrity. Such additives
include poly(ethylene glycol) (PEG) (Ji et al., 2010; Zhang et al., 2006), other sugars,
and surfactants (Tiwari et al., 2010).
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3.4 CONCLUSIONS
Coaxial ES allows the one-step fabrication of polymeric nanofibres. A study to
optimise the ES parameters was performed, and the polymer concentration and solvent
system found to be crucial in determining fibre quality and process robustness. Good
quality PCL core-shell fibres with no defect were produced using the optimised
parameters (10 % w/v PCL in 90/ 10 v/v TFE /water, shell: core flow rates of 1.5 : 0.3
mL h-1). These parameters which were applied to encapsulate ALP into the core of the
formulations.
Successful encapsulation of ALP was achieved using both PVP and PCL materials.
The mean diameter of the resulting PVP and PCL core-shell fibres was 689 and 445 nm,
respectively. A morphological study suggested potential immobilisation of some ALP
in the polymer shell of the PVP fibres, whereas ALP was largely centralised in core of
the PCL fibres. A physicochemical properties study revealed the properties of the fibres
to be dominated by the polymer shell, as would be expected given the low proportion of
ALP present (ca. 2 %). The PVP fibres showed high ALP encapsulation efficiency of
100 %, as opposed to the PCL matrices at ca. 27%. Both the PVP and PCL fibres
showed an initial burst release, followed by slower release. Approximately 97% of the
entrapped ALP was released in 3 h for the PVP fibres, whereas release from PCL
peaked after 24 h, followed by apparent slow release of small amounts of ALP over 2
weeks (caution must be taken here however, given that the protein concentrations
determined are near the quantification level). ALP activity assays showed that the
activity of the encapsulated protein was highly suppressed in the PCL fibres, but was
largely preserved in the PVP material. This could be a result of the different interactions
between the polymer and protein, with favourable H-bonding possible with PVP but not
with PCL. Further strategies are required to improve the stability of the bioactive
compounds in coaxial ES, especially in PCL fibres.
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4.1

Sustained release bevacizumab fibres

INTRODUCTION

4.1.1 Ocular implants
Ensuring therapeutic levels of a drug presented over a prolonged period of time
within the eye is a major challenge. Conventional topical formulations or instillation are
preferable for patients owing to their non-invasive nature and ease of application, but
they are not efficient at transporting drug into the eye (Hughes et al., 2005). This is
attributed to the anatomy and physiology of the eye, which imparts both biochemical
and physical barriers to ocular transport.
The ocular barriers can be classified into static and dynamic barriers (see Figure
4-1). The static barrier involves the intricate structure of the eye tissues, which is crucial
for permeation. It is composed of three main tissues: connective, vascular and neural
tissues. Connective tissues are the outer layer of the eye, including the cornea and
sclera. Vascular tissues include ciliary bodies connected by the iris and choroid. In the
middle layer, there is uveal which is combined of blood vessels, nerves, and pigment.
Neural tissues such as retina and optic nerve are in the innermost layer of the eye. Other
ocular components include the conjunctiva, lens, trabecular meshwork and Schlemm’s
canal. When applying topical formulations, drugs have to penetrate through the cornea
which is composed of multiple layers with different polarities (Barar et al., 2008). For
instance, corneal stroma is highly hydrated structure which accounts for 90% thickness
of the corneal layer (Gaudana et al., 2010). This property impedes the penetration of
lipophilic drugs such as steroids while it is preferable for hydrophilic drugs. Hence, a
fine balance of hydrophilicity and hydrophobicity of the compound for permeation via
the corneal route is of importance.
Also, the presence of tight junctions in the conjunctiva is found to limit the
passage of compounds with molecular weights (MW) between 20 and 40 kDa (Järvinen
et al., 1995), thus effectively blocking large protein transportation. However, the sclera
permeability is relatively greater owing to it being poorly vascularised (Ambati et al.,
2000). A similar tight junction-like complex is also found at the outer layer of the
retinal pigmented epithelium (RPE) or blood-retinal barrier (BRB), and the inner BRB
at the back of the eye (El Sanharawi et al., 2010). This complex architecture contributes
to the difficulty to delivery drug for the treatment of diseases at the back of the eye,
especially for therapeutic proteins by systemic administration (Anderson et al., 2010).
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The dynamic barrier is related to the physiological functions of the eye rather
than its structure. The tear film has a role in maintaining a healthy ocular surface
(Gaudana et al., 2010). Owing to the antiadhesive property of the film (Barar et al.,
2008) any applied drug is unlikely to be retained and completely absorbed via the
cornea, but the drug is washed off to the nasolacrimal duct almost instantaneously.
Aqueous outflow is an important physiological function of the eye; it is required to
maintain a positive pressure to ensure the accurate position of the eye components and
visual clarity, and also to supply nutrients throughout the eye especially for avascular
ocular tissues such as cornea and lens (Siggers and Ethier, 2012). However, this
dynamic flow serves as a delivery barrier that also affects ocular pharmacokinetics.
Following permeation across the corneal layer, drugs may undergo elimination by
aqueous turnover to the trabecular meshwork and Schlemm’s canal, and the blood flow
in the anterior uvea (Urtti, 2006).

Figure 4-1 A schematic diagram illustrating the eye structure and ocular delivery barriers. There are two
categories of barriers. Static barriers (red): 1) transcorneal permeation, 2) conjunctival tight junction, and
3) tight junction complex at blood-retinal barrier (BRB); and dynamic barriers (blue): 4) tear turn over, 5)
aqueous humour turnover, 6) drug diffusion from vitreous cavity to aqueous flow, and 7) drug permeation
across the BRB. Adapted from Urtti, 2006.
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This combination of barriers imposes a major challenge in delivering drugs to
the posterior segment of the eye via the topical route using eye drops. The corneal
barrier can, in principle, be bypassed by the transcleral route, however it is by direct
intravitreal (IVT) injection to the vitreous cavity that gives a reproducible dose to the
back of the eye. However, the retention times of active compounds in the back of the
eye need to be improved for chronic conditions (e.g. AMD) where patients require IVT
injections for many years. Drug clearance from the vitreous cavity occurs by diffusion
into the aqueous outflow and, if the drug is permeable, by permeation through the BRB
(Gaudana et al., 2010).
As a consequence, frequent dosing is required to reach a therapeutic dose in the
eye; however this could associate with potential side effects and complications
especially with ocular injection (Lee et al., 2010). The development of long acting
dosage forms is needed to decrease the number and frequency of IVT injections. The
ocular implant strategy is one route which holds promise in prolonging the local action
of therapeutics to the eye, therefore minimising the number of doses required and
unpleasant side effects. Generally, ocular implants can be classified as nonbiodegradable and biodegradable materials. Non-biodegradable implants require
surgical removal of the devices after treatment whereas biodegradable systems can
undergo either enzymatic or non-enzymatic degradation without the need for removal
(Yasukawa et al., 2006). Ocular implants are extensively employed for controlling the
release of various small molecule drugs, biotherapeutics, and cells to treat diseases at
the front and the back of the eye (Kompella et al., 2010). It should be highlighted that
most

approved

clinical

implants

are

developed

for

steroids

drugs

while

biopharmaceutical implants is limited to early development (Radhakrishnan et al.,
2017) . Current clinical developments in the field of ocular implants are listed in. Table
4-1.
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®

Betamethasone

Triamcinolone
acetonide (6.9-13.8
mg)

Dexamethasone

Dexamethasone
(0.7 mg)

Drug delivered

PLGA

Lipid based
DDS

PLGA

Material

ST

IVT

AS

IVT

Up to 3 monthsb

DME

ME following BRVO
II/III

I/II

8 daysc

360 days

III

Postoperative cataract
surgery

6 monthsa

Adjunctive with
ranibizumab
treatment in wet
AMD/CN

Approved

ME following BRVO
or CRVO
DME
UVT

c

Clinical
Status

Indication

Implant
Duration of
site
action1
Biodegradable implants

NCT01411254

NCT01512901

NCT01175395

NCT01606735

PI

ClinicalTrials.gov ID
/Ref

i

Obtained from prescribing information of the approved products (a)/ pharmacokinetic study as stated in related patent documents (b) / primary outcomes measured (c)

Abbreviations : I = clinical trial phase I, II = clinical trial phase II, III = clinical trial phase III, AS = anterior segment, BRVO = branch retinal vein occlusion, CN= choroidal neovascularisation, CRVO = central retinal
vein occlusion, DDS = drug delivery system, DME = diabetic macular edema, IVT = intravitreal, ME = macular edema, PI = prescribing information, PLGA = poly(lactide-co-glycolide), ST = sub-tenon, UVT = uveitis

Chroniject TM - DE-102
(Santen Pharmaceutical codeveloped with Oakwood
Laboratories)

VerisomeTM
(ICON Bioscience)

Ozurdex (DEX PS DDS )
(Allergan)

®

Technology
(Company)

Table 4-1 Controlled release ocular implants currently approved by the FDA or under clinical investigation
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Travoprost XR

ENV515
(Envisia Therapeutics)

Fluocinolone
acetonide (0.59 mg)

Implant
site

Duration of
actioni

Silicone/PVA

EVA/PVA

IVT

IVT

Up to 30
monthsa

6-8 monthsc

Embeded drug
14 daysc
loaded PLGA
microparticles
ICN
in hydrogel
30 daysc
punctum plug
Fully
biodegradable
PRINT®
ICMb
1 monthb
particles
(PLGA)
Non-biodegradable implants

Material

III
I

RVO

Approved

Approved

II
(recruiting)

DME

UVT

CMV retinitis

G, OH

II

III

Post ocular surgical
inflammation and
pain
Dry eye

Clinical
Status

Indication

NCT00636493

NCT00502541

PI

PI

NCT02371746

NCT02468700

NCT02089113

ClinicalTrials.gov ID
/Ref

2

i

Obtained from prescribing information of the approved products (a)/ pharmacokinetic study as stated in related patent documents (b) / primary outcomes measured (c)
Developed by Bausch & Lomb and was acquired by Valeant Pharmaceutical in 2013 owing to merger and acquisition

Abbreviations: I = clinical trial phase I, II = clinical trial phase II, III = clinical trial phase III, CMV = cytomegalovirus, DME = diabetic macular edema, EVA = ethylene-vinyl acetate, G = glaucoma, ICN =
intracanalicular, ICM =intracameral, IVT = intravitreal, ME = macular edema, OH = ocular hypertension, PI = prescribing information, PLGA = poly(lactide-co-glycolide), PRINT = Particle Replication in Non-Wetting
Templates; PVA = poly(vinyl alcohol), RVO = retinal vein occlusion, UVT = uveitis, XR = extended release

Retisert ®
(Bausch & Lomb
/pSividia/ Valeant
Pharmaceutical)ii

Ganciclovir (4.5 mg)

Dexamethasone

DextenzaTM
(Ocular Therapeutix)

Vitrasert®
(Bausch & Lomb/
Valeant Pharmaceutical)2

Drug delivered

Technology
(Company)

Table 4-1 Controlled release ocular implants currently approved by the FDA or under clinical investigation (continued)
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IVT

At least 12
monthsb

8 weeksb

4 weeksc

Up to 2 yearsc

36 monthsa
(0.25 ug/day)

Duration of
actioni

RP
MD
IJT
OAG
ION/ONS

OH, OAG

OH, OAG

GVHD

DME

Indication

NCT00447993
NCT447954
NCT01327911
NCT01408472
NCT01411657
I

NCT02358369

NCT01037036

NCT00102583

PI

ClinicalTrials.gov ID
/Ref

II

II

II

I

Approved

Clinical
Status

3

i

Obtained from prescribing information of the approved products (a)/ pharmacokinetic study as stated in related patent documents (b) / primary outcomes measured (c)
Developed by ForSight Vision 5 and was acquired by Allergan owing to merger and acquisition in 2016

Abbreviations: I = clinical trial phase I, II = clinical trial phase II, III = clinical trial phase III, CNTF = ciliary neurotrophic factor, DME = diabetic macular edema, GVHD = graft versus host disease, ICN =
intracanalicular, ICM =intracameral, IJT = idiopathic juxtafoveal telangiectasia, ION = ischemic optic neurophathy, IVT = intravitreal, OAG = open angle glaucoma, OH = ocular hypertension, ONS = optic nerve
stroke, MD =macular degeneration, PI = prescribing information, PO = periocular, PVA = poly(vinyl alcohol), RP = retinitis pigmentosa, SCJ = subconjunctiva

CNTF producing
cells

Encapsulated
cells in a hollow
thermoplastic
fibres

NT-501 ECT
(Neurotech Pharmaceuticals)

PO

Bimatoprost –
silicone or other
thermosetting
polymer matrix
ring

Bimatoprost

ICN

Polyurethanes /
silicone

Latanoprost

Bimatoprost Ocular Insert
(ForSight Vision5/ Allergan)3

SCJ

IVT

Polyimide tube
sealed with PVA
and silicone on
each other end
Silicone

Implant
site

Material

Cyclosporin

Fluocinolone
acetonide (0.19 mg)

Iluvien® / Medidur®
(pSivida/Alimera Sciences)

Lumitect®
(NEI and NIH/Lux
Biosciences)
Punctual Plug Drug Delivery
System (PPDS)
(Mati Therapeutics)

Drug delivered

Technology
(Company)

Table 4-1 Controlled release ocular implants currently approved by the FDA or under clinical investigation (continued)
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4.1.2 Anti-VEGF biopharmaceutics for ocular diseases
Vascular endothelial growth factor (VEGF) is a 45 kDa dimeric glycoprotein
with functions in the vascular system (Bressler, 2009) . Six VEGF protein families have
been identified including VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E and the
placental growth factor (PGF) (Holmes and Zachary, 2005). VEGF binds to VEGF
receptors (VEGFR) including VEGFR-1, VEGFR-2 and VEGFR-3. The activation of
different VEGFR can lead to different biological functions. For example, VEGFR-1 and
2 are related to angiogenesis while VEGFR3 can regulate the formation of lymphatic
vessels and cardiovascular development (Ellis and Hicklin, 2008). It has been reported
that the overexpression of VEGF is involved in the pathogenesis of a number of
diseases such as cancer, rheumatoid arthritis and ocular diseases (Kiselyov et al., 2007).
The landscape of anti-VEGF therapy was first investigated for cancer treatment
after the successful isolation of VEGF in 1989 (Keck et al., 1989). This initial finding is
fundamental for understanding the mechanisms underlying the uncontrolled growth of
new blood vessels in other diseases. In humans, VEGF-A dominates over other VEGFs
in its biological functions, and four VEGF-A isoforms have been characterised (VEGFA121, VEGF-A165, VEGF-A189, and VEGF-A206 (Penn et al., 2008)). Binding of VEGF-A
to VEGFR-2 enhances vascular permeability. VEGF-A has been found to be
excessively expressed in tumors and neovascularised ocular tissues (Carmeliet and Jain,
2011). This results in abnormal structure and functionality of the newly formed blood
vessels, for instance, in the generation of highly fenestrated thin walled vessels and
compromised blood flow thus promoting tumor progression.
The uncontrolled growth and leakage of blood vessels can also disrupt the
structure of eye tissues, since avascularised and vascularized tissue layers are in a close
proximity in the eye (Schlingemann and van Hinsbergh, 1997). The consequence of
angiogenesis potentially contributes to bleeding, tissue hypoxia, chronic inflammation
and scarring of ocular tissues (Bressler, 2009). The severity of these effects depends on
the location of the damage. Often retinal diseases ultimately lead to irreversible visual
loss; this is the case for age-related macular degeneration (AMD), diabetic retinopathy
(DR), retinal-vein occlusion (RVO), and choroidal neovascularisation (CN) (Zhang et
al., 2012). As these conditions normally exist in the back of the eye and in deeper
retinal tissues, delivering and maintaining drug action is one of the main challenges in
the development of pharmacological treatments (Urtti, 2006).
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The vast majority of anti-VEGF compounds under investigation for ocular
diseases are biopharmaceuticals. Their mechanisms can be grouped into four categories:
(i) monoclonal antibodies (mAbs) against VEGF-A, including bevacizumab (Avastin®;
Roche/Genentech), ranibizumab (Lucentis®; Roche/Genentech), and brolucizumab
(RTH-258, ESB-1008; Novartis AG); (ii) VEGF-A blockers including pegaptanib
(Macugen®; Eyetech Pharmaceutical/Pfizer) and abicipar pegol (AGN-150998;
Allergan); (iii) soluble VEGFR (VEGF trap or VEGFR decoys) such as aflibercept
(Eylea®; Regeneron/Sanofi Aventis), conbercept (Lumitin®; Chengdu-Kanghong),;
and (iv) molecules impeding VEGF production, comprising PF-04523655 siRNA
(Quark Pharmaceutical/Pfizer). Details of some of these anti-VEGF biotherapeutics are
given in Table 4-2.
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Anti-VEGF-A
VEGF trap blocking
VEGF-A/B/C/D and
PGF-1

VEGF-A blocking

VEGF Trap- blocking
VEGF-A/B ,PGF-1

Fab fragment (48 kDa)
Glycosylated recombinant fusion protein
of partial VEGFR1 and 2 domains fused
with Fc domain (115 kDa)
Pegylated RNA aptamers
Recombinant designed ankyrin repeat
protein (DARPin) (26 kDa )
Recombinant fusion protein of partial
VEGFR1 and 2 domains fused with Fc
domain (143 kDa)
scFv (26kDa)

Ranibizumab
(Lucentis®; Genentech, Novartis, Roche)

Aflibercept
(EyLea® ; Regeneron/Sanofi Aventis)

Pegaptanib (Macugen®; Eyetech
Pharmaceutical/Pfizer)

Abiciparpegol
(AGN-150998; Allergan)

Conbercept
(Lumitin®; Chengdu-Kanghong)

Brolucizumab
(RTH-258, ESB-1008; Novartis AG)

Wet AMD

Wet AMD
DME

Wet AMD

Wet AMD

Wet AMD
DME

Wet AMD
DME

Wet AMD

Indication

III

III
(Chinese
FDA)

III

Approved

Approved

Approved

Unlicensed

Clinical
status

NCT02507388

(Nguyen and
Guymer, 2015)

NCT02462486
NCT02462928

PI

PI

PI

PI

ClinicalTrials.gov
ID/Refs

Abbreviations: I = clinical trial phase I, II = clinical trial phase II, III = clinical trial phase III, AMD = age-related macular degeneration, DARPin = designed ankyrin repeat protein, DME = diabetic macular edema, Fab
= antibody fragment, Fc = fragment crystallisable region, mAb = monoclonal antibodies, PGF = placental growth factor, PI = prescribing information, scFv =single chain variable fragment, VEGF = vascular endothelial
growth factor, VEGFR = vascular endothelial growth factor receptor.

Anti-VEGF –A

VEGF-A blocking

Anti -VEGF-A

Full-length IgG mAb (150 kDa)

Bevacizumab (Avastin®; Genentech)

Mechanism of action

Description

Drug (Company)

Table 4-2 Anti-VEGF biopharmaceuticals for intraocular diseases approved by the FDA or in clinical trials
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4.1.3 Bevacizumab
Bevacizumab (Avastin®) is the first anti-VEGF developed for clinical use
(Brekke, 2003). It is a recombinant 150 kDa humanised IgG mAb and is composed of a
human antibody framework and six murine complementarity determining region (CDR)
residues (see Figure 4-2) (Ferrara et al., 2004). Bevacizumab binds to all isoforms of
VEGF-A and prevents it binding to VEGFR-2, thus effectively inhibiting the VEGF
signaling pathway (Ellis and Hicklin, 2008) to slow tumour progression. In a pioneering
study, the growth of human A673 rhabdomyosarcoma cells in mice was suppressed by
treatment with bevacizumab twice weekly (Presta et al., 1997). The efficacy of
bevacizumab for cancer treatment was further evaluated in early clinical trials in
hormone-refractory metastatic prostate cancer, relapsed breast cancer, and kidney
cancer, but the most promising results were seen in metastatic colorectal cancer and
non-small-cell-lung cancer (NSCLC) (Ferrara et al., 2004). This led to its approval as
an adjunct therapy (along with first or second line chemotherapy) for those cancers.

Figure 4-2 A schematic diagram depicting the molecular structure of bevacizumab. Bevacizumab is a
humanised IgG1 mAb consisting of human antibody framework with grafted six murine CDR residues.
IgG structure reproduced from Saphire et al., 2001; Copyright AAAS 2001.
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Anti-VEGF therapy has also been clinically applied for angiogenic diseases of
the eyes, owing to its ability to inhibit the formation of new blood vessels in AMD.
Ranibizumab, pegapatanib and aflibercept are licensed for retinal angiogenic diseases,
while bevacizumab is used unlicensed for this condition (Smith and Kaiser, 2014). One
pre-clinical study showed that full-length mAbs like bevacizumab were unlikely to
penetrate to the retinal membrane, whereas the diffusion of Fab fragments like
ranibizumab to the RPE layer was observed in rhesus monkeys (Mordenti et al., 1999),
suggesting better ocular pharmacokinetics of ranibizumab (Ferrara et al., 2006). It was
also predicted based on pharmacokinetic modeling that every three days bevacizumab
IVT injection (2.5 mg) over one month was required to achieve equivalent VEGF
binding activities after a ranibizumab injection (Stewart, 2007). However, many headto-head studies comparing bevacizumab and ranibizumab demonstrated the comparable
efficacy of both compounds (Solomon et al., 2014). For instance, the primary outcome
after one year treatment from the CATT trial showed that monthly bevacizumab led to
equivalent improved visual acuity to ranibizumab treatment when the signs of
neovascularisation emerged (The CATT Research, 2011).
Apart from the AMD treatment, bevacizumab can be used to prevent scarring.
Wong et al. (1994) discovered that VEGF also plays a role in promoting scarring. AntiVEGF therapy is therefore advantageous in adjunctive treatment following glaucoma
filtration surgery (GFS) or trabeculectomy. GFS aims to reduce the intraocular pressure
(IOP) in glaucoma by allowing drainage via an incised channel (Lama and Fechtner,
2003). However, postoperative failure may arise in terms of scar formation being
promoted by Tenon’s fibroblasts at the excision site (Li et al., 2009). Memarzadaeh et
al. (2009) treated rabbit eyes with subconjuntival (SCJ) bevacizumab after performing
GFS and compared the findings to those obtained with 5-fluorouracil (5-FU), which is
conventionally used for this indication. The results demonstrated that bevacizumab led
to significantly lower levels of scar formation than 5-FU. Indeed, a number of antiVEGF therapies studied in the clinic have demonstrated potential benefits
postoperatively for GFS such as significant IOP reduction and improved bleb
appearance (Grewal et al., 2008; Nilforushan et al., 2012).

123

Chapter 4

Sustained release bevacizumab fibres

However, the difficulty of bevacizumab treatment in AMD and scarring after
GFS lies in the chronic nature of the diseases which is long continual process (Lama
and Fechtner, 2003; Nita et al., 2014). Long-term treatment is required to control the
diseases progression and prevent complication. Nevertheless, the ocular application of
bevacizumab is limited by the ocular barriers. In one-pilot study, Moisseiev et al.
(2014) showed that there was no detection of bevacizumab in both anterior and
posterior segments after topical administration whereas IVT bevacizumab achieved the
mean half-life of ocular clearance of 4.9 days. As a consequence, frequent injections are
needed for bevacizumab treatment to overcome the delivery barriers and prolong
therapeutic effect at local ocular target tissues.
The design of slow release formulations of bevacizumab has been attempted in
many preclinical studies and is discussed in detail elsewhere (Radhakrishnan et al.,
2017). In brief, common strategies for design sustained release drug delivery systems
(DDS) for biopharmaceuticals (discussed in Section 1.4.2) have been used including
micro/nanoparticles, liposomes, injectable hydrogels. However, maintaining protein
stability during development those DDS is a main challenge. Varshochian et al. (2013)
pointed out that the adsorption of bevacizumab at the water-oil interface during
microsphere preparation by double emulsion methods was the main cause of its
conformational transformation. Using other encapsulation technologies that can avoid
the presence of an interface is thus desired to minimise degradation. Building on the
results from Chapter 3, it was hypothesised that coaxial electrospinning (coaxial ES)
could potentially be used to prepare sustained released bevacizumab formulations.
4.1.4 Aims
Continuing the study from Chapter 3, the aim of this chapter was to explore the
feasibility of using coaxial ES to develop implantable bevacizumab formulations for
ocular use. It is hypothesised that protein-loaded core-shell fibres could be ready-to-use
implants which can increase the residence time of the drug in the SCJ space of the eye.
PCL was selected to prepare ocular implants owing to its slow degradation profile (2-4
years for complete degradation in vivo (Woodruff and Hutmacher, 2010)). This makes it
is a good candidate material for bevacizumab treatments of chronic ocular diseases,
where the course of treatment can be years (Solomon et al., 2014) . Also, PCL has been
found to have a good ocular compatibility profile (Bernards et al., 2013). Bevacizumab
formulations were prepared using the optimised coaxial ES parameters for PCL core124
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shell fibre formulation in Chapter 3. Given the possible protein migration during ES
identified in Chapter 3, the influence of the ionisation of the encapsulated protein was
determined. Hence, fibres were prepared with two different core solutions: Avastin®
solution (pH 6.2 (Genentech, 2004) and bevacizimab at its isoelectric point (pI = 8.3,
(Kaja et al., 2011; Vlčková et al., 2008)) to examine the effect of ionisation on the
fibres’ properties. Proteins are electrically neutral at pI while they carry positively
charged at pH 6.2. Under the electrical field during ES process, the difference of the
charge of encapsulated proteins may influence the proteins distribution in the fibres.
Therefore, controlling the charge of proteins during ES encapsulation could be used to
better limit protein confinement in the core. The in vitro release profiles of both
formulations were then evaluated in an ocular flow model that mimics the SCJ aqueous
outflow to determine the release profile. Finally, the bevacizumab released was
subjected to protein integrity and binding assays to evaluate the potential instability of
bevacizumab after ES process.
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EXPERIMENTAL DETAILS
Preparation and characterisation of bevacizumab loaded core shell fibres

4.2.1.1 Coaxial ES
Avastin® (25 mg mL-1 bevacizumab concentrated solution for infusion,
Genentech, USA) was freshly two-fold diluted with sodium phosphate buffered saline
(PBS) to prepare a bevacizumab (beva) core solution (1.0 mL, 12.5 mg mL-1). A second
bevacizumab core solution at its pI (bevaP; 1.0 mL, 12.5 mg mL-1, pH 8.3) was
prepared by desalting and exchanging Avastin® solution with Trizma® buffer (pH 8.3,
50 mM) using PD-10 desalting column (VWR International Ltd, UK).
Thereafter, 10% w/v PCL in a 9:1 v/v 2,2,2-trifluoroethanol (TFE):deionised
(DI) water mixture was prepared as a shell fluid. The PCL shell and bevacizumab core
solutions (beva and bevaP) were separately loaded into 5 and 1 mL plastic syringes,
respectively and were processed using the coaxial ES protocol given in Section 2.2.1.1.
Full details are given in Table 4-3. Coaxial ES was performed for 3.33 h. After the ES
process, each electrospun fibre mat (ca. 500 mg) was stored at 2-8 ºC before further
characterisation. Three batches of each fibre formulations were produced.
4.2.1.2 Fibre characterisation
4.2.1.2.1 Morphological characterisation
The morphology of both sets of fibres was studied by SEM using the protocol
given in Section 2.2.2.1.

4.2.1.2.2 Physicochemical charactersisation
The physicochemical properties of the fabricated fibres were characterised using
FTIR, TGA and XPS. The detailed protocols for each instrument are described in
Section 2.2.2.2
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4.2.2 Determination of bevacizumab distribution in the fabricated fibres
FITC-bevacizumab conjugation
FITC-conjugated bevacizumab (FITC-beva) was prepared to probe the
distribution of bevacizumab in the fibres. Briefly, bevacizumab solution (Avastin®, 25
mg mL-1) was prepared in the conjugation buffer (bicarbonate buffer, pH 9, 100 mM)
using a PD-10 desalting column to obtain the protein in the buffered solution (1 mg mL1

, 3.5 mL, 2.33 × 10-5 mmol). NHS-fluorescein (NHS-FITC) in conjugation buffer (1

mg mL-1, 210 µL, 4.44 × 10-4 mmol) was incubated with the bevacizumab solution for 8
h at room temperature under gentle stirring and protected from light. The protein
labeling ratio was 20:1. Thereafter, the reaction mixture (ca. 2.5 mL) was loaded onto a
PD-desalting column and then eluted with PBS buffer (ca. 3.5 mL). The first fractions
from the elution step were subjected to further SEC purification. The washing and
elution steps were repeated to finish purification of the whole mixture.
The eluted fraction from the desalting column was then subjected to size
exclusion chromatography to purify the labeled bevacizumab using the protocol given
in Section 2.2.3.1 The purified FITC-beva was centrifuged for 3 min using a Vivaspin
6® centrifugal concentrator (MWCO 30 kDa) (VWR International, UK) at 4000 rpm
and stored at 2-8 ºC prior to further use. The conjugation reaction and purification were
monitored using SDS-PAGE. The gels were observed under a UVLS-28EL UV lamp at
254/ 365 nm (UVP, UK) to identify each FITC-beva fraction. Also, the gels were
stained with Instant blue. The protocols for SDS-PAGE and Instant blue staining are
given in Section 2.2.3.2. Four independent experiments were performed.
To determine the fluorescent label ratio (F/P) and the FITC-beva concentration,
the first fraction eluted from the desalting columns was 10-fold diluted with DI water
and its absorbance monitored at 280 and 495 nm. The concentration of FITC-beva and
F/P were calculated using Equations 4-1 and 4-2 respectively, as recommended in the
supplier instructions (ThermoFisher Scientific).
FITC-beva concentration (mM) (c)
=

A280nm −( A495nm ×0.3)
×dilution factor
ε×10−3

(Equation 4-1)
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F/P of FITC-beva
=

A495nm
×dilution factor
ε′ ×c

(Equation 4-2)

A280nm = Absorbance at 280 nm of the FITC-beva
A495nm = Absorbance at 495 nm of the FITC-beva
0.3

= Correction factor (the absorbance of FITC at 280 nm)

ε = Molar extinction coefficient of bevacizumab (210000 M-1 cm-1 for IgG )
ε′ = Molar extinction coefficient of FITC (68000 M-1 cm-1)
c = Concentration of FITC-beva (mM)
Also, the conjugation efficiency was also examined by comparing the
concentration of the obtained FITC-beva with that of the starting bevacizumab (1 mg
mL-1), and was expressed as percent of the ratio.
Coaxial ES
FITC-beva loaded PCL core-shell fibres were prepared with two core solutions
(pH 6.2 in PBS buffer and pH 8.3 in Trizma® buffer) using the same process as for the
Fbeva and FbevaP fibres in Section 4.2.1.1.
Determination of the spatial distribution of bevacizumab in the fibres
The distribution of FITC-beva in both sets of fibres was investigated using TEM
and fluorescent microscopy. A small sample of the fibres were collected on a TEM grid
and glass slides to observe the FITC-beva fibres using TEM and fluorescence
microscopy, respectively as explained in Section 2.2.2.1.
4.2.3 Encapsulation efficacy
Approximately 20 mg of both set of bevacizumab-loaded fibres were extracted
using the protocol given in Section 2.2.7.1 for PCL systems. The encapsulation
efficiency is presented as the percentage of actual protein extracted from the fibres
divided by the theoretical amount of protein which should be present (ca. 490 µg
bevacizumab / 20 mg of fibres).
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4.2.4 In vitro release study
Dissolution studies of the Fbeva and FbevaP fibres were performed in a home-made
continuous flow rig (see Figure 2-4). Briefly, approximately 52 mg (5.2 × 7.2 ×1.8
mm3) of each set of bevacizumab fibres were placed in the sample chamber. The
protocol and experimental condition are given in Section 2.2.7.2. Sample aliquots were
collected at predetermined time points from the outlet tube over 3 weeks and 2 months
for Fbeva and FbevaP, respectively. The aliquots were stored at 2-8 °C for further study.
The clearance of Avastin® solution (1.25 mg in 200 µL phosphate buffer) was also
performed using the same apparatus. Three independent experiments were conducted
for each material (n=3). The bevacizumab aliquots from each experiment were filtered
with 0.22 µm Millex-GP Syringe Filter Unit (Fischer Scientific, UK) prior to
quantification using the MicroBCA assay, following the protocol given in Section
2.2.6.1. The results are presented as a percent cumulative release vs time where the
cumulative amount of bevacizumab release compared with actual loading of protein in
each fibre, as defined in Equation 2-1., Section 2.2.7.2.
Further, the release profiles of the bevacizumab fibres were mathematically
modeled using the equations in Section 2.2.7.3, including the zero-order, first order, and
Korsmeyer-Peppas and Higuchi equations.
4.2.5 In vitro stability
4.2.5.1 Silver staining SDS-PAGE
The stability of the encapsulated bevacizumab from both formulations was
studied using SDS-PAGE. Protein aliquots collected from the in vitro release study
were filtered with 0.22 µm Millex-GP Syringe Filter Unit (Fischer Scientific, UK)
before running SDS-PAGE. The gel was then stained with Coomasie blue and destained
Also, the gels were stained with PierceTM Silver Stain Kit using the protocol as
recommended by the manufacture. The protocols for SDS-PAGE, Coomasie blue and
PierceTM Silver staining are given in Section 2.2.3.2.
4.2.5.2 Surface plasmon resonance assay
The binding of the bevacizumab released from both fibre formulations was
assayed using a BiacoreTM SPR System (GE Healthcare, UK). The immobilisation of
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human VEGF165 (38 kDa) on a surface plasmon resonance (SPR) sensor chip was
conducted prior to SPR analysis using the protocol given in Section 2.2.3.3. The
required VEGF immobilisation level was 50.4 relative response value (RU).
The standard bevacizumab and aliquot samples were prepared in HBS-EPS
buffer (containing 10.0 mM HEPES at pH 7.4, 150 mM NaCl, 3.0 mM EDTA, 0.005%
polysorbate 20) and the final concentration was quantified using MicroBCA protein
assay. Preliminary binding screening of bevacizumab samples from both fibre sets of
one batch and the detailed binding analyses were performed on FbevaP release fraction at
day 30, 40 and 60. Data are presented as relative response (RU) which the software
recorded the response of sample and compared with the baseline response of buffer.
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4.3

RESULTS AND DISCUSSION

4.3.1 Preparation and characterisation of bevacizumab-loaded core-shell fibres
4.3.1.1 Fibre morphology
Bevacizumab-loaded PCL core-shell fibres: bevacizumab electrospun at pH 6.2
(Fbeva) and bevacizumab electrospun at pH 8.3 (FbevaP), were fabricated using the
optimised parameters listed in Table 4-3. After two-fold dilution of Avastin® solution
with PBS, the pH of the beva solution was 6.2, similar to the pH of commercial
Avastin® solution. SEM images of Fbeva and FbevaP fibres are shown in Figure 4-3 a-d.
Both formulations generated uniform bead-free fibres (see Figure 4-3 a and b). The
surface of Fbeva appeared to be smoother and less wrinkled than FbevaP (Figure 4-3 c and
d). This is ascribed to the presence of polysorbate 20 in the Avastin® solution (0.04%),
which is added as a stabiliser (Genentech, 2004). This surfactant can reduce the surface
tension of the beva core solution, favouring linear fibre formation (Arayanarakul et al.,
2006). The diameter of the Fbeva fibres was significantly larger than that of FbevaP (520 ±
120 nm vs 469 ± 83 nm, p < 0.05) (see Figure 4-3 e and f).
Table 4-3 Preparative conditions for bevacizumab loaded PCL core-shell fibres
Parameters
Core solution

Fbeva

FbevaP

Two-fold dilution of

Bevavacizumab in Trizma ® buffer

Avastin® solution (25 mg

(bevaP solution)

-1

(pH 8.3, 12.5 mg mL-1)

mL ) (beva solution)
(pH 6.2, 12.5 mg mL-1)
Shell solution

10% PCL in 9:1 v/v TFE: DI water

Sheath/core flow

1.5 : 0.3 mL h-1

rates
Spinneret to

16 cm

collector distance
Voltage

15 kV
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Figure 4-3 Morphological characterisation of the bevacizumab loaded core-shell fibres spun at pH 6.2
(Fbeva) and pH 8.3 (FbevaP) fibres. SEM images at 6000X magnification (a and b), SEM images at
24000X magnification (c and d) and the average diameters (mean ± SD) (e and f) are shown. Uniform
bead-free fibres were obtained from both formulations. Similar results were obtained from all three
independent experiments and the results of one representative experiment are shown.
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4.3.1.2 Physical characterisation
FTIR
FTIR analyses of the Fbeva and FbevaP fibres displayed only the distinct peaks of
PCL (see Figure 4-4), which was similar to the ALP loaded PCL core-shell fibres
described in Section 3.3.2.2, Chapter 3. The antibody loading was low (ca. 2.4 %
loading) so the PCL signal dominated as anticipated.

Figure 4-4 FTIR spectra of bevacizumab loaded PCL core-shell fibres. a) pristine PCL, b)
bevacizumab/PCL spun with at pH 6.2 (Fbeva) and c) bevacizumab/PCL spun at pH 8.3 (FbevaP). The
FTIR spectra of both Fbeva and FbevaP are identical and contain only absorbance bands corresponding to
PCL.
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TGA
TGA was used to probe for any residual water left in both sets of fibres. The
TGA experiment was performed by heating the samples at 30 °C for 2 h, as it was
hypothesised that residual water in the fibres would be evaporated under these
conditions (Bellich et al., 2015). This temperature is lower than the melting point of
PCL (~60 °C) (Woodruff and Hutmacher, 2010) which means that any mass loss over
time as a result of degradation of the material can be ruled out and that mass loss was
only due to dehydration. TGA thermograms show that there was ca. 0.01% mass loss
from both fibre sets during TGA experiment (see Figure 4-5). However, this value was
ten-fold lower than the sensitivity of the instrument (± 0.1% mass change; Discovery
TGA user manual (TA Instruments). The unchanged mass in the TGA curve suggests
that the ES process can completely evaporate TFE (boiling point 78 °C) and water
(boiling point 100 °C) from both the shell and core compartments.
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Figure 4-5 TGA analyses of bevacizumab-PCL core shell fibres spun with a) diluted Avastin® solution
(pH 6.2) (Fbeva) and b) Trizma buffer pH 8.3 (FbevaP). No mass loss was observed from either set of fibres
during the experiment (isothermal, 30 °C, 2 h) indicating no residual solvent remained.
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DSC
DSC thermograms of the Fbeva and FbevaP fibres display a melting peak for PCL
at 56 °C (see Figure 4-6). While most biopharmaceutical stability study examines the
degradation temperature (Td) of protein in solutions (Johnson, 2013), it was unlikely to
find the reference Td value of bevacizumab in the solid state. Using similar DSC
instrument (DSC Q2000), Cerasoli et al., (2014) reported that the Td of native IgG was
76 °C. However, it was not possible to observe the corresponding Td peak, possibly
owing to low bevacizumab loading in the fibres, which was similar to the observations
noted with ALP loaded core-shell fibres (Section 3.3.2.3, Chapter 3).

Figure 4-6 DSC traces of bevacizumab loaded PCL core shell fibres. a) PCL, and the fibres prepared
spun at b) pH 6.2 (Fbeva) and c) at pH 8.3 (FbevaP). The thermograms show only the melting endotherm of
PCL. (DSC experiment : heating range -70 – 150 °C (10 °C min-1)
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XPS
XPS studies were performed to analyse the surface chemistry of the Fbeva and
FbevaP fibres. The XPS spectra of Fbeva and FbevaP fibres are shown in Figure 4-7a. The
elemental peaks were calibrated with the reference peaks by the software to identify the
observed peak of the samples. The O 1s, C 1s and N 1s peak for the Fbeva sample occur
at 532, 285 and 400 eV. In contrast, the FbevaP fibres exhibited only two peaks at 532
and 285 eV, corresponding to O 1s and C 1s: the N 1s peak was absent (see Figure 47b). The N 1s region had to be magnified to determine if the N peak was present. The
nitrogen signal in the the Fbeva fibres accounted for 1.26 % of the material (Figure 47c). No N peak could be observed for FbevaP (see Figure 4-7d). The presence of nitrogen
in the N peak can only arise from the amide and amine functional groups in the protein
structure.

Figure 4-7 XPS spectra of the bevacizumab loaded PCL-core shell fibres: a) Fbeva and b) FbevaP. Both
fibres show C and O elemental peaks arising from PCL and/or the protein. A detailed inspection of the N
1 s region of c) Fbeva and d) FbevaP show a nitrogen peak for the former, but not the latter. This indicates
the presence of protein near the surface of Fbeva whereas the protein was kept in the core of FbevaP. Similar
results were obtained from two samples of each fibre, and the results of one representative experiment are
shown.
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XPS provides information about the surface region rather than the whole sample
owing to the limited distances over which emitted electrons can travel (Baer and
Engelhard, 2010). The penetration depth of the XPS instrument used for this study was
10 nm, which means that the signal observed must correspond to the surface or nearsurface of the fibres: that is, the PCL shell. The presence of a N peak in the Fbeva fibres
suggests there is some protein in the shell or near the surface, whereas its absence in
FbevaP indicates protein encapsulation only in the core.

4.3.2

Determination of the bevacizumab distribution

4.3.2.1 FITC-bevacizumab conjugation
The FITC- bevacizumab 3 (FITC-beva) conjugate was prepared to investigate
the location of the labeled protein in the fibres by fluorescent microscopy. The
conjugate 3 was obtained by the nucleophilic attack of an amine functional group in the
bevacizumab 1 with the FITC-NHS ester 2 (see Figure 4-8) (Hermanson, 2008). The
FITC labeled bevacizumab 3 possesses similar fluorescent properties to FITC in term of
excitation and emission wavelengths (The and Feltkamp, 1970).

Figure 4-8 The conjugation of FITC and bevacizumab.
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After conjugation, the reaction mixture was purified using a PD-10 desalting
column, which separates compounds based on their molecular size. The image in
Figure 4-9a shows that free bevacizumab 1 and FITC-beva 3 were eluted first (fraction
1), while unreacted NHS-FITC 2 and NHS leaving group 4 (fraction 2) remained on the
column. Fraction 1 was subjected to SEC purification. The chromatogram in Figure 49b shows two unresolved peaks at about 9 min and 13 min with the latter peak being
much larger which suggests that at least one conjugated product was obtained from the
reaction.
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Figure 4-9 Purification of the FITC-bevacizumab (FITC-beva) conjugation mixture using a) a PD-10
desalting column and b) SEC .

SDS-PAGE was also used to monitor the conjugation and purification of FITCbeva 3 (Figure 4-10). All the SDS-PAGE samples show a single protein band at around
150 kDa, corresponding to bevacizumab (Palmer et al., 2013). The gels also suggested
that the first (sample lane 5-6) and second peaks from SEC (sample lane 7-9) contain
the conjugated FITC-beva 3 as there is a fluorescent band present at the MW of
bevacizumab 1 (see Figure 4-10a). The fluorescent analysis of the gels and the
Coomasie blue stained gel were in agreement, indicating that a FITC beva conjugate 3
was produced. FITC-beva 3 can be readily collected after the desalting process. The
conjugation efficiency was ca. 27.49± 2.16 % (mean ± SD, n = 4), with an F/P ratio of
ca. 4. The FITC-beva fractions were concentrated using Vivaspin 6® with no change in
protein molecular weight observed by SDS PAGE (Figure 4-10).
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Figure 4-10 Photographs of Novex Bis-Tris 4-12% gels showing FITC-bevacizumab 3 (FITC-beva)
conjugation (Lanes 1-11): a) fluorescent gel imaged under a UV lamp (365 nm) and b) Coomasie blue
stained gel. M: molecular weight standard; Lane 1: freshly prepared bevacizumab solution (0.5 mg mL1
); Lane 2: FITC (1 mg mL-1 in DMSO); Lane 3: the FITC-beva conjugation reaction mixture; Lane 4:
desalted FITC-beva reaction mixture with PBS buffer (fraction 1); Lanes 5 - 9: the SEC fractions
collected at 9 min (Lane 5), 10 min (Lane 6), 11.70 min (Lane 7), 12.90 min (Lane 8) and 15 min (Lane
9); Lane 10: the Vivaspin 6® concentrated pooled fraction from SEC peak 1; Lane 11: the Vivaspin 6®
concentrated pooled fraction from SEC peak 2. Rectangle indicates respective FITC-beva band. Similar
results were obtained from four independent experiments, and the results of one representative
experiment are shown.

4.3.2.2 The spatial control of bevacizumab distribution in electrospun fibres
The localisation of bevacizumab in the electrospun fibres was evaluated with
FITC-beva with the processing conditions that were used to prepare Fbeva (electrospun at
pH 6.2) and FbevaP (electrospun at pH 8.3). The fluorescence intensity of the FITC-beva
fibres spun at pH 6.2 appeared to be higher than that for those processed at pH 8.3 (see
Figure 4-11a and b). There was a greater tendency for the antibody to migrate to the
fibre shell when the pH of the antibody core solution was 6.2. TEM results (Figure 411c and d) also indicated that a greater amount of the antibody (Fbeva) was localised at
the fibre shell, suggesting that the FbevaP system yielded a clearly defined core/shell
structure with more of the antibody in the core solution rather than at the core/shell
interface. The bevacizumab in Fbeva (pH 6.2) has a net positive charge, but in FbevaP (pH
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8.3) the charge of the antibody would be expected to be neutral. These experiments
indicate that the charge of the protein during ES has a significant effect on the protein
distribution in the resultant fibres.

Fbeva

FbevaP

a)

b)

100 μm
c)

Encapsulated
FITC-beva

500 nm

100 μm
d)

Encapsulated
FITC-beva

500 nm

Figure 4-11 The distribution of FITC-bevacizumab (FITC-beva) in the PCL fibres. GFP filtered
fluorescent microscopy images are shown of a) Fbeva and b) FbevaP, with TEM images illustrating the
internal structures of c) Fbeva and d) FbevaP. Arrows indicate the encapsulated FITC-beva in the PCL coreshell fibres.

Given the zwitterionic properties of proteins, pH changes cause the net charge of
bevacizumab to change, which appears to affect the migration from the core to the shell
fluid during ES in the formulations that were examined. As the isoelectric point of
bevacizumab is 8.3 (Kaja et al., 2011), the bevacizumab in Fbeva is net positively
charged at pH 6.2. The expectation is that there is no net charge on bevacizumab when
ES was conducted with Trizma® buffer at the isoelectric point of pH 8.3. Tang et al.
(2012) reported that the migration of macromolecules is driven by dielectrophoretic
movement in the non-uniform electrical field generated during the ES process. This
motion under electrical field means that any polarisable species may migrate toward the
area where the strongest field is present, regardless of its electrostatic charge. Ion
migration during ES has been discussed for various systems such as PVA blended with
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sodium alginate (SA) or hyaruronic acid (HA) (Mu et al., 2012), and nitrate salts
(Tsaroom et al., 2011).
Coaxial ES is more complicated than single-fluid ES because a compound
Taylor cone is developed. Luo and Edirisinghe (2014) pointed out that charges can
localise at the external interface between the shell polymer and air, thus creating an
electrical field. This means that the outer cone will possess higher electric field intensity
than the inner cone. Thus, it is expected that more charged macromolecules would
accumulate in the shell than the core. In contrast, neutral moieties would be localised in
the core. It can hence be hypothesised that bevacizumab will migrate to the shell in the
spinning of Fbeva fibres, whereas in FbevaP the protein would be completely encapsulated
in the core.
4.3.3

Encapsulation efficiency and in vitro release study
The encapsulation efficiencies of Fbeva and FbevaP were determined prior to

investigating the release kinetics. The theoretical amount of bevacizumab loaded in both
fibres was calculated based on the flow rate of PCL shell fluid and core bevacizumab.
(1.5: 0.3 mL h-1). After 3.33 h, the total 5 mL of PCL solution (10% w/v, 100 mg mL-1)
and 1 mL of bevacizumab solution (12.5 mg mL-1) were used, thus 500 mg PCL and
12.5 mg bevacizumab were electrospun. Hence, the theoretical amount of bevacizumab
loaded in both fibres was approximately 2.4% or 24 µg of bevacizumab / 1 mg of the
core-shell fibres. The encapsulation efficiency of Fbeva was 71.61 ± 1.04 % (ca. 17.3 µg
bevacizumab/1 mg fibres), significantly higher than that observed for FbevaP (62.26 ±
0.30 %; ca. 15 µg/ 1 mg fibres bevacizumab; p < 0.05).
Release studies were conducted in an in vitro aqueous outflow model mimicking
the subconjunctival space that forms a bleb following glaucoma filtration surgery (GFS)
(Paluch and Raz, 2013) (see Figure 4-12). The volume (50-400 µL) and shape of blebs
varies among individuals (Wells et al., 2004) and thus representative cylindrical rigs
with a chamber capacity of 200 µL were used. The flow rig model was also used to
study the in vitro profile of implantable tablets of matrix matalloprotease inhibitors
(MMPi) such as ilomastat which is poorly soluble and displayed a release profile
lasting 3-4 weeks depending on dose (Parkinson et al., 2012).
The flow apparatus was selected over the USP I or IV instruments because it
more closely mimics the clearance for the subconjunctival space. A constant flow rate
of 2.0 µL min-1 was used to mimic the aqueous outflow from the anterior chamber into
141

Sustained release bevacizumab fibres

Chapter 4

the subconjunctival space (Brubaker, 1982; Toris et al., 1999). The release media was
supplemented with 0.05% sodium azide to prevent microbial growth.

a) Aqueous outflow after GFS

Aqueous
humour

b) An aqueous outflow model

Aqueous flow through
new channel after GFS

Bleb

Inlet port
PBS buffer flow at 2.0 μL/min
to mimic the rate of
aqueous turnover flow

Figure 4-12 Schematic diagrams illustrating of a) aqueous outflow in bleb and b) an aqueous outflow
bleb model

Sustained release profiles were observed with both formulations. Fbeva displayed
a half-life (t1/2) of 11.37 ± 4.36 days (n=3) with a cumulative release of 60.6 ± 7.3% (ca.
662 µg) over 19 days (Figure 4-13a). The FbevaP formulation displayed a much more
prolonged release profile, with t1/2 of 52.85 ± 14.81 days (n=3) (p = 0.0096). The
amount of bevacizumab released from FbevaP was 55.6 ± 16.8% (ca. 439 µg) after 60
days (Figure 4-13b).

Figure 4-13 Cumulative release profiles of a) Fbeva and b) FbevaP in a rig model mimicking the aqueous
flow in the anterior segment of the human eye. The inset in b) shows the release profile in the first 5 days
of the release experiment of FbevaP. Data are shown as mean ± SD (n=3).
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Considering the profiles in more detail, it is clear that the concentration profile
of Fbeva is a biphasic release profile beginning with a burst phase over the first day (see
Figure 4-14a). After 24 h, a bevacizumab concentration of 60.04 ± 45.48 µg mL-1 (248
µg, accounting for 24.6 ± 19.3% of the total release) was observed. This is followed by
a near constant rate of release with the concentration ranging from 5.29 – 17.00 µg mL-1
after 1 week of release and also over the remainder of the study period. Conversely,
FbevaP displayed a continuous, monophasic, release profile over two months, with the
concentration of bevacizumab ranging from 0.78 ± 0.34 to 7.38 ± 6.67 µg mL-1 (Figure
4-14b).

Figure 4-14 Concentration profiles of a) Fbeva (n=3) and b) FbevaP (n=3) in a rig model mimicking the
flow in the anterior segment of the human eye. Data are shown as mean ± SD (n=3).

The commercial bevacizumab formulation (Avastin®) was also tested in the in
vitro flow rig using the same dose (1.25 mg in 200 µL of sodium phosphate buffer) and
displayed a t1/2 of ~ 4 h (see Figure 4-15). These results indicate that the bevacizumab
fibres displayed a much extended release profile over a simple bevacizumab injection.

Figure 4-15 The clearance profile of an Avastin® solution injection (1.25 mg) in a rig model mimicking
the flow in the anterior segment of the human eye. a) % cumulative release and b) concentration profile.
The half-life of bevacizumab in the flow was 4 h, and complete elimination occurred after 24 h. Data are
presented in mean ± SD (n=3).
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To elucidate the drug release mechanism, the release profiles were fitted with
mathematical models including zero-order, first-order, Korsmeyer-Peppas model and
Higuchi model which the equations are given in Section 2.2.7.3. Diffusion is expected
to be a key mechanism contributing to the release of bevacizumab from the fibres. This
is because, given the slow hydrolytic degradation of PCL (Woodruff and Hutmacher,
2010), it is unlikely that this polymer would undergo complete degradation in the
conditions used to study release. Correlation coefficients (R2), slopes after linear
regression, release rate constants (k) and the other kinetic parameters obtained are given
in Table 4-4 and the kinetic plots are shown in Appendix 2.
It is evident that the release profiles of both the Fbeva and FbevaP fibres are
governed by diffusion controlled mechanisms, as indicated by R2 being close to 1 for
diffusion-release models. Considering the kinetics, the release profile of Fbeva was best
fitted with a first-order equation (R2 = 0.99). This is consistent with the results reported
for most drug-loaded PCL fiber formulations, such as those containing tetracycline
hydrochloride (Haroosh et al., 2014), bovine serum albumin (Jiang et al., 2005) and
alkaline phosphatase (ALP) (Ji et al., 2010). In contrast, the release profile from FbevaP
displayed zero-order kinetics, which is highly desirable in the design of controlled
release system. A zero-order release profile can be difficult to achieve for most
electrospun systems because there is usually an initial burst release of drug owing to the
high surface area to volume ratio of the fibres and the presence of significant amounts
of drug at or near the fibre surface (Siegel and Rathbone, 2012).
To gain further understanding of the release behavior, Korsmeyer-Peppas (or
Ritger-Peppas) equation (Ritger and Peppas, 1987) was employed which the equation is
given in Equation 2-4,

Section 2.2.7.3. The n exponent in this model gives

information on the release phenomena from different geometric dosage forms. It can be
assumed that the release mechanism of polymeric systems follow Fick’s law, in which
drug diffusion is concentration-gradient dependent (Fu and Kao, 2010). In the
Korsmeyer-Peppas model, ideal Fickian diffusion is observed when n = 0.5 for a thin
film, 0.45 for a cylindrical geometry, and 0.43 for a sphere; polymeric swelling is
predominant when n is equal to 1.0, 0.89 and 0.85, respectively.
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The n exponents from Fbeva and FbevaP were 0.60 and 0.81, respectively. These
values are between 0.45 and 0.89, which is indicative of non-Fickian diffusion. Since
the fibres are cylindrical, non-Fickian diffusion is suggestive that bevacizumab is being
released by a more complex drug release mechanism. However, care is required with
interpretation because the Korsmeyer-Peppas model is applicable only for systems with
homogeneous drug distribution, which it is not the case in FbevaP (as indicated by TEM
analysis). Also, the release data for both set of fibres can be fitted well using the
Higuchi model (see Table 4-4), which suggests two or more complex release pathways.
First, this confirms that diffusion is a key release mechanism. Further, the Higuchi
model can also be applied in the case of drug release from a porous matrix structure
(Costa and Sousa Lobo, 2001). This supports the release mechanism proposed for
similar PCL core-shell fibres in Section 3.3.3. This means that bevacizumab release
may occur through water-filled interconnecting channels in the polymer shell.

Table 4-4 Kinetic parameters for drug release from the bevacizumab-loaded PCL coreshell fibres
Release parameters
Zero-order release

Fbeva

FbevaP

k0

2.66 day-1

0.84 day-1

t1/2

15.87 days

57.30 days

R2

0.90

0.99

k1

0.13 day-1

0.01 day-1

t1/2

5.28 days

64.23 days

0.99

0.66

First-order release

R

2

Korsmeyer-Peppas
n

0.60

0.81
-1

1.73 day-1

kkp

13.30 day

R2

0.99

0.96

kH

127.35 µg day-1/2

13.68 µg day-1/2

R2

0.99

0.99

Higuchi

Abbreviations: k0 = zero-order rate constant, k1 = first-order rate constant, kkp = Korsmeyer Peppas rate constant, kH = Higuchi
rate constant, n= release exponent of the Korsemeyer-Peppas model, R2 = correlation coefficient, t1/2 = half-life.
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4.3.4 Bevacizumab stability
4.3.4.1 SDS-PAGE
The bevacizumab released from the in vitro flow rigs was examined by SDSPAGE using silver stain for detection. Silver staining was selected over Coomasie blue
because it can detect protein at very low nanogram (sensitivity for PierceTM Silver
Staining 0.25 ng) which could allow detection low level of structural variants such as
fragmented proteins. The detection of trace amount of degraded protein can help to
assess the stability of the formulation. Aliquots from days 1, 5, 10, 15 and 19 of the
Fbeva release study, and those from days 1, 5, 10, 15, 20, 30, 40, and 60 from the FbevaP
release study were evaluated (Figure 4-16). Intact bevacizumab is detected as a band at
approximately 150 kDa (see control lane, Figure 4-16). The Avastin® solution
displayed aggregates (band > 160 kDa) along with the intact bevacizumab (150 kDa)
and bevacizumab fragments (< 160 kDa; lane 1). A trace amount of antibody fragment
was present at 50 kDa along with other unidentified fragments. This indicates that the
bevacizumab molecules underwent chemical degradation during the in vitro release
study (Vlasak and Ionescu, 2011). Similar degradation profiles were observed with all
fractions released from Fbeva fibres (see lanes 2-6, Figure 4-16). The Fbeva fibres hence
do not appear to stabilise bevacizumab. However, all the release fractions from the
FbevaP formulation displayed only the band at 150 kDa for the intact antibody (see lanes
7-14, Figure 4-16). There did not appear to be any protein fragmentation or
aggregation, and FbevaP thus successfully maintains the stability of the antibody.
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Figure 4-16 Photographs of Novex Bis-Tris 4-12% silver stained gels showing bevacizumab collected
from the release studies (lanes 1-14). Lanes are labelled as follows: M: molecular weight standard;
Control: Avastin® solution from a new vial ; Lane 1: Avastin® solution after incubation in the flow rig;
aliquots from Fbeva collected at day 1, 5, 10, 15 and 19 (Lanes 2-6, respectively); aliquots from FbevaP
collected at day 1, 5, 10, 15, 20, 30, 40 and 60 (Lanes 7-14, respectively). The Fbeva fibres showed some
fragmented bevacizumab similarly to the commercial bevacizumab solution, whereas only intact protein
was observed from the FbevaP fibres. Similar results were obtained from three batches of both fibres, and
the results of one representative experiment are shown.

4.3.4.2 Surface plasmon resonance assay
Surface plasmon resonance (SPR) was used to determine if the released
bevacizumab could bind to immobilised VEGF. Positive relative response unit (RU)
values mean that bevacizumab underwent binding to VEGF whereas a zero value refers
to no observed specific binding. Non-specific binding from the buffer (HBS-EPS;
negative control) should also give a RU value of zero. Preliminary binding screening
results from both fibres are shown in Figure 4-17. For Fbeva, positive RU values were
observed in the samples collected up to day 15, but a negative RU value was obtained at
day 19 (see Figure 4-17a). Thus, only the samples collected in the first two weeks
retained any binding affinity for VEGF. In contrast, all aliquots from the FbevaP
formulation showed positive RU values (Figure 4-17b). Bevacizumab released at days
30, 40 and 60 from three batches of FbevaP showed positive RU values (Figure 4-17c).
This suggests that the protein in FbevaP maintained some binding affinity for VEGF after
a two-month period. The SPR results were in good agreement with the SDS-PAGE
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analysis in the case of FbevaP fibres, confirming that the bevacizumab molecules remain
intact over two months of release. However, the SPR and SDS-PAGE results for Fbeva
are more complicated as there is a combination of intact, aggregated and fragmented
bevacizumab in the collected aliquots (Figure 4-16), and the fragments could contribute
to antibody binding in the SPR study if the binding site was not cleaved (Vlasak and
Ionescu, 2011). Even though some fractions from Fbeva show affinity, the inconsistent
aggregation and fragmentation of bevacizumab that is visible in SDS-PAGE raises
concerns regarding this formulation.
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Figure 4-17 SPR binding screening data for bevacizumab released from a) Fbeva and b) FbevaP, from one
batch of both fibres, compared with HBS-EPS buffer (negative control); c) a detailed SPR binding
analysis of bevacizumab from FbevaP of day 30, 40 and 60. The concentration of bevacizumab quantified
by MicroBCA assay are given in the figure. Data are presented as mean ±SD (n=3)

The results presented in this study suggest there may be some spatial control of
the core-encapsulated antibody in the electrospun formulation. The ionisation state of
bevacizumab has profound effects on the resultant fibre properties (Fbeva and FbevaP) in
coaxial ES in term of the controlled release profile and the stability during ES process.
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As the isoelectric point of bevacizumab is 8.3 (Kaja et al., 2011), the bevacizumab in
Fbeva is positively charged at pH 6.2. The charged protein at pH 6.2 can hence migrate to
the PCL fluid during Taylor cone development, and become immobilised there upon
fiber solidification (see Figure 4-18a). This results in uncontrolled distribution of
bevacizumab throughout the Fbeva fibres, which may contribute to the release behavior
of the fibres being similar to a monolithic system. In contrast, neutral bevacizumab at
the pI was localised in the core of the FbevaP fibres (Figure 4-18b), resulting in zeroorder release kinetics consistent with reservoir systems reported in the literature
(Siepmann and Siepmann, 2008). The results from this study thus show that zero-order
release devices can be fabricated using coaxial ES by controlling the charge on the
active ingredient being explored. This approach could be applied widely to other
therapeutic payloads where zero-order systems are highly desirable (Siegel and
Rathbone, 2012).
a)

b)

Fbeva(ES at pH 6.2 , <pI,

FbevaP (ES at pH 8.3, pI
neutral charged bevacizumab)

positively charged bevacizumab )
Coaxial Taylor cone

PCL
shell fluid

PCL shell fluid
Bevacizumab core
solution

Bevacizumab core
solution

Reservoir

First-order kinetic

Time

Solidified jet
Intact bevazicumab

% Cumulative release

% Cumulative release

Monolithic

Zero-order kinetic

Time

Unfolded bevacizumab

Figure 4-18 A schematic diagram illustrating the effect of bevacizumab (beva) migration during
electrospinning on the fibre properties. a) During the fabrication of Fbeva, the protein carries a net positive
charge at pH 6.2; this causes it to migrate uncontrollably from the aqueous core to the polymer shell and
become unfolded upon exposure to TFE. The resultant distribution of both intact and unfolded
bevacizumab within the Fbeva core and shell contributes to the first-order release behavior observed. b) In
contrast, the uncharged protein remains in the aqueous core for FbevaP (prepared at the pI, pH 8.3), which
leads to zero-order release and intact bevacizumab.
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The protein distribution proposed for the Fbeva and FbevaP fibres also explains the
observed stabilities. Some positively charged bevacizumab in Fbeva may be exposed to
TFE in the shell polymer fluid upon migration during Taylor cone formation. This could
in turn lead to the protein becoming unfolded. Despite the possible unfolding mediated
by TFE (Gast et al., 1999), however the loss in structural integrity observed in this
study is mostly ascribed to heavy-light chain fragmentation, as evidenced by the SDSPAGE analyses. It is assumed that some bevacizumab molecules exposed to TFE were
unfolded and immobilised in the polymer shell after ES. After elution and diffusion out
of the fibres, the unfolded state of these proteins facilitates degradation during the
release study. In contrast, the neutral bevacizumab remained in the core solution during
FbevaP fabrication, thus precluding exposure to TFE (Figure 4-18b). Therefore, the
antibody remained intact after fabrication, and during the release study as no
fragmentation was detected in SDS-PAGE. ES at the pI of the antibody thus clearly
improves the in-process stability of therapeutic proteins.
It should be noted that the salting out effect might also play a role in the
observed properties of the fabricated fibres. Adding different salts with different
concentration can have an impact on protein solubility and stability. At low salt
concentrations, a protein becomes more soluble owing to the presence of solvate ions at
the protein-water interface; this is termed salting-in (Arakawa and Timasheff, 1984).
Upon increasing its concentration, the salt will preferentially interact more with water
and shield the protein. Proteins will thus become more compact or fold to minimise
their contact with water, thus reducing solubility. The latter is termed salting–out
(Wingfield, 2001). Salting-out can also take place at near-pI conditions. As the charged
residues of the protein are neutralised at the pI, proteins respond by reducing their
interactions with the solvent, leading to a less soluble form. The presence of such lowsolubility bevacizumab can alleviate any initial burst release, as discovered with the
systems in Chapter 3 and contributing to the slow release profile of the FbevaP fibres.
Also, reduced interaction with the solvent means that the protein is in a more stable
state, thus improving the in-process stability. These two advantages were also observed
when lysozyme was encapsulated in PCL fibres (Puhl et al., 2014). However, care
should be taken when encapsulating proteins at the pI, because this can leads to
favourable protein-protein interactions and hence aggregation (Vázquez-Rey and Lang,
2011).
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The encapsulation efficacy is another attribute which is influenced by the charge
of the encapsulated bevacizumab. As previously described, charge generation on the
polymer surface arising during ES contributes to the transportation of charged and
uncharged species in the spinning fluid. Positively charged species are repelled from the
inner surface of the needle and migrate toward the grounded electrode whereas neutral
species remain in the core (Yarin et al., 2014). In this study, the positively charged
protein in Fbeva results in more bevacizumab being embedded in the polymer shell while
the neutral species presented during production of FbevaP is less subject to be drawn
under the electrical field, resulting in a lower amount of encapsulated bevacizumab.
Also, increased adsorption of protein to plastic syringes or tubing could lead to lower
encapsulation with FbevaP as the protein becomes more hydrophobic at its pI (Pinholt et
al., 2011). This leads to higher encapsulation efficacies with Fbeva than FbevaP. However,
further investigation is required to elucidate in more detail the effects of charge
transport on the encapsulation efficacy, as this is a complex process and there is an
interplay of several different factors which should be taken into account.
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CONCLUSIONS
In this study, sustained release systems for bevacizumab were fabricated using

coaxial ES. Core/shell systems were generated with an aqueous protein solution
forming the core and PCL as the shell polymer. Morphological studies showed that
under the optimised conditions distinct core-shell fibres were produced, and the protein
was successfully encapsulated. The pH of the core solution (6.2 or 8.3 (the pI of
bevacizumab)) used for fabrication was varied and found to affect profoundly the
release mechanism and stability of the protein in the fibres. Much improved spatial
control of the encapsulated bevacizumab was achieved when coaxial ES was performed
at the protein’s pI.
Sustained release profiles were seen from both sets of fibres, with those
processed at the pI exhibiting a longer half-life than those at pH 6.2 in an in-house
ocular flow rig. Also, the release behavior of the fibres formed at the pI followed zero
order kinetics, while those prepared at the lower pH showed an initial burst release and
first order kinetics. Moreover, ES at the protein pI enhances its stability during release.
Therefore, coaxial ES shows great promise for the design of novel prolonged antiVEGF release devices.
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Electrospun fibres for vaccine adjuvant delivery

5.1 INTRODUCTION
5.1.1 Poly (inosinic-polycytidylic acid) (poly-IC)
Poly-IC is an adjuvant molecule known to stimulate toll-like receptor 3 (TLR-3),
a member of the TLR family. As discussed in Section 1.2.2.1, TLRs comprise one of
the well-established pattern-recognition receptors (PRRs) systems that can sense double
strand RNA (dsRNA), viral pathogen associated molecular patterns (PAMPs) which is
expressed during replication (Jacobs and Langland, 1996). Synthetic dsRNA can also
activate the TLR-3 pathway (Matsumoto and Seya, 2008), and several combinations of
poly-ribonucleotides have been investigated in this regard. It was identified early on that
poly(inosinic-polycytidylic acid) (poly-IC) generated the most potent interferon (IFN)
response, which is related to anti-viral activity (Field et al., 1967). Poly-IC is a 1.5-8 kb
ribonucleotide homopolymer pair composed of repeated units of inosinic acid forming
complexes with cytidylic acid (Figure 5-1a). Currently, there are three poly-IC
materials under investigation including poly-IC, a complex of poly-IC with poly(Llysine) formulated with carboxymethyl cellulose (CMC) (poly-ICLC; Hiltonol®)
(Figure 5-1b), and a mismatched uracil of poly-IC, poly-IC12U (Ampligen®) (Figure 51c). Poly-ICLC and poly-IC12U have been studied both as a monotherapy and in a
combination therapy with conventional treatments in several clinical trials for many
diseases, including respiratory infections, cancers and HIV (Gosu et al., 2012).

Figure 5-1 Partial structures of poly-IC and its derivatives: a) poly-IC, b) poly-IC complexed with
poly(lysine) and formulated with carboxymethyl cellulose (poly-ICLC), and c) modified poly-IC with
mismatched uracil residues in poly-cytidylic strand (poly-IC12U).
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The main target of poly-IC is a TLR-3 receptor located in intracellular
endosomes (Blasius and Beutler, 2010). The activation of TLR-3 leads to the ultimate
induction of both innate and adaptive immunity, including the maturation of specific B
and T-cells (Li and Verma, 2002), the production of type I IFN for viral defense
(Colonna, 2007) and the upregulation of co-stimulatory molecules that helps elicit an
effective adaptive response, including the co-stimulatory molecules CD40, CD86, the
maturation marker CD83 and cytokines including TNF-α, IL-6, IL-10, and IL-12
(Agaugué et al., 2006).
5.1.2 Formulation challenges with poly-IC
Despite its therapeutic potential, the clinical use of poly-IC is limited as a result
of potential toxicity from the treatment. Further, its propensity to undergo nuclease
degradation leads to a short half-life in the body, and a requirement for repeated dosing.
This can impose additional risks of side effects, since it requires a high dose for
injections (Martins et al., 2015). Adverse effects can also arise from the activity of
TLR-3 on other cells. Apart from potent immune cells, the expression of TLR-3 is also
found in non-immune cells such fibroblasts, epithelial cells, keratinocytes, glial cells
and neuronal cells (Gauzzi et al., 2010). TLR-3 receptors on non-immune cells can be
stimulated non-specifically when the systemic administration of poly-IC is employed,
potentially causing unwanted effects including autoimmune reactions and inflammation
(Hu et al., 2014; Ichikawa et al., 2014). In fact, the side effects of poly-IC treatment can
also be attributed to its IFN-inducing activity, especially when administrated
sytemetically at high dose (Lampkin et al., 1985). Balancing the therapeutic benefits
and toxicity of poly-IC can be achieved by continuously delivering the drug at low dose
to specific site (Hafner et al., 2013)
Polymer delivery systems have been explored for developing better poly-IC
formulations through encapsulation and polymer conjugation (Hafner et al., 2013).
Polymeric formulations offer the ability to tune the delivery profile spatially, and to
enhance stability both during handling and in vivo. As noted above, Hiltonol® is a
licensed product of poly-IC complexed with poly(lysine) and formulated with CMC. It
was found that the RNAse hydrolysis rates of this poly-IC complex was slower by 10%
compared with the parent compound (Levy et al., 1975), suggesting the production of a
more stable poly-IC formulation. Moreover, various particle technologies have been
studied for the formulation of poly-IC, including the electrostatic adsorption of poly-IC
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on microparticles (Wischke et al., 2009) or entrapment in pH sensitive polymer
matrices (Heffernan et al., 2009).
Electrospun fabrication is another attractive route to produce prolonged local
release systems for nucleic acids, but to date none of study have utilised electrospinning
(ES) process for poly-IC formulation. As previously discussed in Section 1.5, the
advantages of this method are facile production, a broad range of material choices, and
the ability to systematically tune the formulation properties. Electrospun nanofibres
provides potentially beneficial features such as high surface-area-to-volume ratios, and
their extracellular matrix (ECM)-like morphology can enhance cell interactions with the
scaffold, presumably improving nucleic acid delivery efficiency (Kang and Yoo, 2014).
Liang et al. (2005) firstly pioneered the use of ES to produce gene delivery systems, and
their results demonstrated higher DNA transfections were obtained from PLGA fibers
than from naked DNA in MC3T3-E1 pre-osteoblastic cells. Moreover, the microRNA126 (miR-126) complex, an angiogenesis regulating microRNA system, was co-axially
electrospun with poly(ethylene glycol)-b-poly(l-lactide-co-ε-caprolactone) to form
(PELCL)-PCL/gelatin core-shell fibers, and a sustained release profile was seen over 56
days in in vitro dissolution studies (Zhou et al., 2016). These successful developments
of gene carriers show the potential of the EHDA approach to formulate local prolongedrelease systems for poly-IC.
5.1.3 Aims
This chapter is a proof of concept study aiming to demonstrate the feasibility of
using ES process to produce polymer-based poly-IC formulations. Similarly to the
experimental framework in Chapter 3, poly-IC loaded PVP electrospun fibres was first
prepared to facilitate the rapid evaluation of the in vitro immune activity of the
formulation, along with morphological and physicochemical characterisation. It was
hypothesised that encapsulated poly-IC, when freed from the electrospun formulation,
would be able to stimulate a comparable immune response to soluble poly-IC.
Subsequently, a preliminary study into the preparation of poly-IC sustained
release fibres was performed. Poly-IC was encapsulated in PCL core-shell fibres using
the optimised parameters from Chapter 3 to produce prolonged release formulations.
The materials’ properties, including morphology and physicochemical properties, were
examined. In vitro dissolution tests were also performed to determine the release
profile, and the cellular immune stimulation was tested to investigate the activity of
poly-IC after processing.
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EXPERIMENTAL DETAILS

5.2.1 Preparation of poly-IC loaded PVP fibres
To prepare the PVP spinning fluid, 10% w/v PVP in absolute ethanol (2.0 g PVP
360 kDa in 20.0 mL absolute ethanol) was prepared by stirring at room temperature
until the polymer was completely dissolved. Freshly diluted poly-IC in RNAse-free
water (1.0 mg mL-1, 0.1 mL, 0.1 mg) was added to the PVP solution (10 % w/v, 0.9
mL) and stirred for 30 min at room temperature.
Poly-IC/PVP spinning solutions (1.0 mL) were loaded into a 1 mL disposable
plastic syringe (Terumo, UK) with care taken to ensure there was no air bubble
formation. The syringes containing spinning solutions were then processed using the
single fluid EHDA as given in Section 2.2.1.1. ES was performed at room temperature
for 1 h. The collected fibres (ca. 100 mg) were wrapped in aluminum foil after the
production and were store at 2-8 °C for further analysis. Full details of the experimental
parameters are given in Table 5-3, Section 5.3.1.1. Three batches of fibres were
produced for each formulation to check for consistency.
5.2.2

Preparation of poly-IC loaded PCL fibres
Coaxial ES of poly-IC loaded PCL fibres were produced. Briefly, freshly diluted

poly-IC in RNAse-free water (150.0 µg mL-1, 1.0 mL, 150.0 µg) and 10% PCL w/v in
9:1 v/v TFE : deionised water (5.0 mL) were loaded into 1 and 5 mL plastic syringes
and used as the core and shell solution, respectively. Syringes containing shell and core
solution were processed to produce poly-IC loaded PCL core-shell fibres using the
using the coaxial fluid protocol described in Section 2.2.1.1 by simultaneously feeding
the PCL shell and poly-IC core solution at a constant flow of 1.5 and 0.3 mL h-1,
respectively. Electrospinning was performed for 3.33 h at room temperature. Full details
of the experimental parameters are given in Table 5-3, Section 5.3.1.1
After the process, poly-IC loaded PCL fibres (ca. 500 mg) were wrapped in
aluminum foil after fabrication, and were stored at 2-8 ºC before further
characterisation.
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5.2.3 Fibre characterisation
Morphological characterisation
The morphology of both poly-IC loaded PVP fibres and poly-IC loaded PCL
core-shell fibres were characterised using SEM and TEM using the protocols given in
Section 2.2.2.1.
Physicochemical characterisation
Fibres were characterised using DSC and FTIR as described in Section 2.2.2.2.
5.2.4 Encapsulation efficiency
Approximately 10 mg of poly-IC loaded PVP fibres and poly-IC loaded PCL
fibres were extracted using the protocols given in Section 2.2.7.1. The amount of polyIC from the extraction was quantified using by the QuantiFluor® dsDNA kit according
to the protocol suggested by the manufacturer given in Section 2.2.6.2. The
encapsulation efficiency was then calculated as the percentage of the actual loading
which was extracted over the theoretical loading. Three independent experiments were
performed. Data are presented as mean ± SD (n=3).
5.2.5

In vitro release study of poly-IC loaded PCL fibres
In vitro release of poly-IC from the PCL fibres was also performed.

Approximately 15 mg of poly-IC PCL fibres was immersed in sterile Gibco® RPMI
1640 without glutamine and phenol red (10.0 mL) in Corning® Costar® 6-well plates.
Dissolution tests of the poly-IC/PCL systems were performed at 37 oC, and under 5 %
CO2 in a Galaxy

®

CO2 incubator (Eppendorf, UK). Aliquots (1.0 mL) were collected

from the release medium every day for one week, and the release medium replenished
with same volume of fresh pre-warmed medium. The release aliquots were quantified
by the QuantiFluor® dsDNA kit according to the protocol suggested by the
manufacturer given in Section 2.2.6.2 The results are presented as a percent cumulative
release vs time by following the calculation in Section 2.2.7.2. Data are presented as
mean ± SD (n=2).
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5.2.6

In vitro study

5.2.6.1 In vitro monocyte derived dendritic cell (MoDC) differentiation
MoDC were generated by stimulation of enriched CD14+ monocytes isolated
from anonymous donors. The protocols for peripheral blood mononuclear cells
(PBMCs) isolation, monocyte enrichment and in vitro stimulation are given in Section
2.2.8.1.
MoDC were collected and stained with a human PE-CD14 antibody (Ab) using
immunofluorescent

staining

protocol

described

in

Section

2.2.8.2.

MoDC

differentiation was then determined using flow cytometry (FACS). The protocol for
FACS is given in Section 2.2.5. MoDC generation were calculated as
•

Δ Median fluorescence intensity (ΔMFI) =

(Equation 5-1)

MFICD14-PE of enriched monocytes - MFICD14-PE of generated MoDC

•
(

% MoDC generation =

%f

CD14+

of enriched monocytes -%

%f
where

%f

CD14+

CD14

+

f

CD14+

of generated MoDC

of enriched monocytes

) × 100

(Equation 5-2)

is % frequency of CD14+ population obtained from FACS

Three batches of MoDC were generated from different donors. % MoDC
generation are presented as mean ± SD (n=3).
5.2.6.2 In vitro MoDC stimulation by poly-IC PVP formulations
An MoDC suspension in complete RPMI medium (Gibco® RPMI 1640
supplemented with 2 mM L-glutamine, 100 U mL-1 penicillin, 100 µg mL-1
streptomycin and 10% v/v fetal bovine serum) was seeded (1 × 105 cells/0.1 mL/well)
in a 96-flat bottom well plate and incubated at 37 oC / 5% CO2 for 3 h prior to
stimulation. Approximately 0.2 mg of poly-IC PVP fibres (0.2 µg poly-IC theoretical
loading) was dissolved in complete RPMI (0.1 mL/well). MoDCs were then incubated
with 0.1 mL of the dissolved formulations, together with a series of controls, as shown
in Table 5-1. Incubation was performed for 24 h at 37 oC and 5% CO2.
159

Electrospun fibres for vaccine adjuvant delivery

Chapter 5

Three independent experiments were performed with duplicate conditions in
each, using three different blood donors (n=3) .
Table 5-1 Details of the poly-IC / PVP formulations used to assess immunogenicity
Stimuli
LPS

Treatment
Diluted LPS in complete RPMI (100 ng mL-1 / well) (positive control)

F1

0.2 mg of poly-IC PVP fibres in complete RPMI medium (1.0 µg mL-1 poly-IC/well)

F2

A two-fold dilution of the F1 solution in complete RPMI (0.5 µg mL-1 poly-IC/well)

S1

Diluted poly-IC in complete RPMI (1.0 µg mL-1 poly-IC/well)

S2

Diluted poly-IC in complete RPMI (0.5 µg mL-1 poly-IC/well)

PVP

0.2 mg of PVP powder in complete RPMI (1.0 mg PVP/well)

MoDC morphology
After 24 h incubation, any morphological changes occurring after MoDC
exposure to the formulations were assessed using an EVOS XL Cell Imaging System
digital inverted microscope. The microplates were centrifuged (4 °C, 1200 rpm, 5 min),
the supernatants were collected and stored at -80°C for cytokine production
determination. MoDCs were then washed three times with cold washing buffer (sterile
Gibco® Dulbecco’s phosphate-buffered saline (DPBS) without calcium and magnesium,
supplemented with 2% fetal bovine serum and 5 mM EDTA; 200 µL), with the cells
recovered by centrifugation (4 °C, 1200 rpm, 5 min) after each wash, and finally
resuspended in cold washing buffer prior to observation.
Cell viability
Cell viability of stimulated MoDCs was assessed using the Alamar Blue assay,
following 24 h incubation with the solutions listed in Table 5-1. Each well of the
microplates was replenished with fresh complete RPMI medium (0.2 mL). The protocol
for Alamar blue assay is given in Section 2.2.8.1. Three independent experiments were
performed with duplicates in each, using different donors for each experiment. Cell
viability was expressed as a percentage where untreated cells were taken to have 100%
viability. Data are presented as mean ± SD (n=3).
MoDC expression of co-stimulatory molecules
Sample immunostaining preparation for FACS was performed as described in
Section 2.2.8.2 following 24 h incubation with poly-IC stimuli. The expression of costimulatory molecules was determined using a cocktail of Ab including human
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APC- CD40 and human PE-CD86 and human PE-Cy7-CD274 Ab. The fluorescence
from each Ab was quantified, and is presented as an expression ratio which is defined as
the MFI of treated group divided by the value obtained from untreated, and % positive
cells recorded by the MACS QuantifyTM software. Data are presented as mean ± SD
(n=3).
Cytokines production
Cytokine secretion by stimulated MoDCs was determined using enzyme-linked
immunosorbent assay (ELISA). TNF-α and IL-6 production were quantified using
Human ELISA MAX kits according to the manufacture’s protocol given in Section
2.2.8.3. Data are presented as mean ± SD (n=3).
5.2.6.3 In vitro MoDC stimulation of poly-IC PCL electrospun formulations
MoDC suspensions in complete RPMI medium were seeded (1 × 105 cells/0.1
mL/well) in 96-flat bottom well plates, and incubated at 37 oC, 5% CO2 for 3 h prior to
stimulation. Aliquots collected from the poly-IC PCL fibre dissolution experiments,
together with controls as listed in Table 5-2, were filtered (0.22 µm) and added (0.1
mL) to cell suspension and were incubated for 24 h at 37 oC, 5% CO2. Two independent
experiments were performed with duplicates in each, using different donors for each
experiment.

Table 5-2 Details of the poly-IC / PCL formulations used for immunoassay
Stimuli
LPS
Poly-IC

Formulation
LPS in RPMI medium (100 ng mL-1 / well) (positive control)
Poly-IC in complete RPMI medium (0.15 µg mL-1/ well)

Day 1

Release aliquot from day 1

Day 3

Release aliquot from day 3

Day 5

Release aliquot from day 5

Day 7

Release aliquot from day 7

MoDC expression of co-stimulatory molecules
The MoDC expression of co-stimulatory molecules were performed as for the
PVP systems with the only difference being CD86 and CD274 expression examined.
Data are presented as mean ± SD (n=2).
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Cytokines production
TNF-α and IL-6 were performed as for the PVP systems. Data are presented as
mean ± SD (n=2).
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5.3 RESULTS AND DISCUSSION
5.3.1

Preparation and characterisation of poly-IC loaded PVP and PCL fibres

5.3.1.1 Fibre morphology
Poly-IC loaded PVP fibres and poly-IC loaded PCL fibres were prepared using
optimised parameters as shown in Table 5-3. Figure 5-2a and b depict the morphology
of the PVP fibres. No bead-on-string morphologies could be seen, and smooth
cylindrical fibres were obtained. However, a bimodal size distribution was observed
with primary and secondary sized fibres of 972 ± 163 nm and 161 ± 36 nm, respectively
(see Figure 5-2c).

Table 5-3 Preparation conditions for poly-IC loaded fibres
Parameters
Spinning fluid (s)

PVP fibres

PCL fibres

0.1 mg Poly-IC in 10% w/v

Core: poly-IC in RNAse-free water (0.5

PVP in absolute ethanol

mg mL-1, 0.3 mL, 0.15 mg)
Shell: 10% PCL w/v in 9:1 v/v: TFE : DI
water

Flow rates
Nozzle to collector

1.0 mL h

-1

1.5 (shell) : 0.3 (core) mL h-1

16 cm

16 cm

15 kV

15 kV

Single-fluid ES

Coaxial ES

distance
Voltage
ES setting

Figure 5-2 The morphologies of poly-IC loaded PVP fibres, showing SEM images at a) 6000×
magnification and b) 24000× magnification. Arrows indicate the primary and secondary size populations,
and flat/ ribbon fibres. c) The fibre diameter distribution (mean ± SD). Similar morphology was observed
for all three fibre batches.
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On the other hand, the PCL formulations containing poly-IC- exhibited
unimodal fibres, with a smaller diameter of 380 ± 68 nm (see Figure 5-3a and b).
Smooth cylindrical fibres were again obtained. TEM analysis demonstrates that the
internal structure of PCL fibres comprised a single compartment, rather than a coreshell architecture (see Figure 5-3d).

Figure 5-3 Morphology of poly-IC loaded PCL fibres a) SEM image 6000× magnification, b) SEM
image 24000× magnification, c) the size distribution of fibre diameter (mean ± SD), and d) TEM image
showing internal structure of the prepared fibres. Similar morphology was observed for all three fibre
batches.

The presence of two different sizes of PVP fibres could be considered either as a
desired attribute or defect of the formulation (Carpenter and Crowe, 1989). Cell-toscaffold adhesion can be favoured by using nanofibres mixed with microfibres (Soliman
et al., 2010). Several studies have suggested that polymer phase separation is
responsible for the bimodal sized electrospun fibres (Han et al., 2005). Phase separation
occurs when a polymer solution becomes separated into a polymer-rich phase and
polymer-poor phase (Koombhongse et al., 2001).
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It was reported that secondary fibres were observed when a low boiling point
solvent was used, or the fibres processed at low relative humidity, suggesting that rapid
solvent evaporation contributes to the observation of multimodal fibres (Ding et al.,
2006). Nevertheless, Tiwari et al. (2016) later discovered that the incomplete
evaporation can also contribute to multimodal fibre populations regardless of the
evaporation environment.
Furthermore, flat ribbons were observed in the PVP case, whereas more
cylindrical shaped fibres were seen in the PCL formulation. Flat-ribbon fibres have been
reported in a number of ES systems such as those made from nylon 11 (Dhanalakshmi
and Jog, 2008), cellulose acetate (Celebioglu and Uyar, 2011) and annealed
PVP/ammonium metatungstate (Stanishevsky et al., 2015). These studies all agree that
the slow evaporation of the solvent is the underlying mechanism of the ribbon-like
morphology. Following solvent evaporation, a tube-like structure was collapsed owing
to atmospheric pressure and formed flat-ribbon fibres.
5.3.1.2 Physical characterisation
FTIR
FTIR was used to analyse the composition of the prepared fibres. FTIR spectra
of poly-IC loaded PVP fibres and poly-IC loaded PCL fibres are given in Figure 5-4
and 5, respectively. Figure 5-4 shows that the spectrum of the PVP fibres closely
resembled the raw PVP material. The interpretation of FTIR spectra of PVP was similar
to that as discussed in Section 3.3.2.2.

Figure 5-4 FTIR spectra of a) poly-IC loaded PVP fibres and b) PVP.
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Furthermore, the PCL fibres and raw material both showed the same distinctive
features (see Figure 5-5). Those characteristic signals were similar to the ALP/PCL
formulation in Chapter 3 (see Section 3.3.2.2). The fact that the fibres and raw
materials have similar spectra suggested that there were no chemical changes after the
ES process.

Figure 5-5 FTIR spectra of a) poly-IC loaded PCL fibres and b) PCL.

Owing to its poly-ribonucleic acid structure (see Figure 5-1), the IR spectrum of
poly-IC displays four main regions: (i) 1800-1500 cm-1 corresponding to C=O, C=N,
C=C and N-H stretching vibrations of the bases, (ii) 1500-1250 cm-1, indicative of the
vibrational signals of base-sugars, (iii) 1250 – 1000 cm-1 corresponding to PO2- (sugarphosphate group) symmetric and asymmetric stretching vibrations and C-O stretching
vibrations, and (iv) 1000-800 cm-1 related to vibrational patterns of ribose sugars
(Tajmir-Riahi et al., 2009; Olsztyńska-Janus et al., 2012). However, the signals in those
regions of the fibers’ spectra were dominated by PVP and PCL owing to the much
lower content of poly-IC at merely 0.1% (ca. 1 µg poly-IC / 1 mg fibres). It was
reported that the limit of detection of adsorbed TLR agonist by FTIR-ATR instrument
was 0.6% of total content (Dowling et al., 2015). This means that the corresponding
poly-IC signal was unlikely to show and therefore only corresponding polymer signal
were observed.
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DSC
DSC analyses of poly-IC loaded PVP fibre mats show similar thermograms to
PVP material (see Figure 5-6). The poly-IC loaded PVP fibres exhibited a temperature
transition with the onset at 178 °C to 182 °C and a mid-point ca. 180 °C, which was in
agreement with the DSC result of the ALP/PVP fibres from Section 3.3.2.3, thus
indicating the Tg of PVP. The observed Tg demonstrated the amorphous state of the PVP
fibres.

Figure 5-6 DSC thermograms of a) poly-IC loaded PVP fibres and b) PVP. Arrows and dash lines
indicate the Tg onset, end points of Tg and mid point of both samples. (DSC experiment: second heating
cycle: heating range 0 - 200 oC , heating rate 10 oC min-1).

On the other hand, the thermogram of the poly-IC/PCL fibres exhibits one
endothermic peak at 57 oC, similar to pristine PCL and indicative of the semi-crystalline
nature of the PCL formulation (Figure 5-7).

Figure 5-7 DSC analyses of a) poly-IC loaded PCL fibres and b) pristine PCL. Arrows and dash lines
indicate the Tm of both samples. (DSC experiment: heating range -70 - 150 °C, heating rate 10 °C min-1).
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Encapsulation efficiency
The amount of the total encapsulated poly-IC in both the PVP and PCL fibres

was quantified using the QuantiFluor® dsDNA kit. The amount of poly-IC used in the
process (0.1 mg poly-IC in 100 mg PVP) was accounted for 0.1 % loading (1 µg polyIC / 1 mg fibres). Hence, the encapsulation efficiency of poly-IC PVP fibres was 81.31
± 4.67% (mean ± SD) (n=3) of the theoretical loading (ca. 0.81 µg poly-IC/1mg PVP
fibres). In contrast, the theoretical loading of poly-IC loaded PCL fibres were calculated
based on the flow rate of shell and core fluid (1.5 : 0.3 mL h-1). After 3.33 h, 0.15 mg
poly-IC and 500 mg PCL were processed which was equal to 0.03 % loading (300 ng
poly-IC/ 1 mg PCL fibres). The encapsulation efficiency of the PCL systems was 21.29
±10.56 % of theoretical amount (ca. 63 ng poly-IC/1 mg PCL fibres).
5.3.3

In vitro study

5.3.3.1 PBMC isolation and monocyte enrichment
PBMCs are made up of three main cell types including lymphocytes (e.g. T-cells
and B-cells), monocytes, and DCs. Lymphocytes account for 70-90% of PBMCs and
the monocyte content varies from 10-30 %, whereas only 0.2 % of DCs is found (Nair
et al., 2012). Therefore, the direct isolation of DCs from PBMC is not really useful
here, since large numbers of cells are required for experiments. Alternatively, DCs can
be generated in vitro from precursor cells such as CD34+ haematopoeitic progenitor
cells and monocytes (Shortman and Liu, 2002). Regardless of their similar phenotype
and T-cell stimulation capacity, DC generation from CD34+ stem cells is a more
complex process (Bai et al., 2002). In contrast, the process of MoDC generation is
relatively straightforward and their potential for regulating both innate and adaptive
immunity is well established (Qu et al., 2014). Consequently, MoDCs were used to
evaluation the efficacy of the poly-IC electrospun formulations.
FACS analyses were performed to assess the purity of the monocyte fractions
isolated by negative selection. Figure 5-8 depicts a scatter plot representing the cell
population from the mononuclear cells in buffy coat layer. The plot was grouped into
four subpopulations based on the size and granularity of the cells, as reflected by the
forward (FSC) and side scatter (SSC) scaling signals, respectively. Cell debris was
identified near the origin and were excluded for analyses owing to the loss of their

168

Chapter 5

Electrospun fibres for vaccine adjuvant delivery

shapes and granules. Since red blood cells (RBCs) sediment after centrifugation (see
Figure 2-5), it is unlikely that one would find RBCs in the buffy coat layer, and
therefore these were grouped with dead cells near the origin. Platelets and lymphocytes
were gated as R1 and R2 according to their sizes, respectively. It is well established that
the size of monocytes is larger than other immune cells (Keitel, 2015), and therefore the
R3 gate was assigned to monocytes.

Figure 5-8 FACS analysis of cell obtained from PBMC isolation. Four subpopulations were obtained
from buffy coat fraction and were identified based on the size of cells: cell debris and red blood cells
(RBCs) (near origin), platelets (R1), lymphocytes (R2) and monocytes (R3). Three independent
experiments were performed (mean ± SD, n=3). Gating was performed on the live cell population and one
representative experiment out of three is presented here.

Figure 5-9a shows that most of the platelets (gate R1) and lymphocytes (gate
R2) were removed after the immunomagnetic separation process while R4 demonstrated
the enriched monocytes. The fluorescence histogram of the enriched monocytes in
Figure 5-9b displays 2 subpopulations of CD14+ positive cells, expected to be classical
CD14high monocytes and intermediate CD14low monocytes (Ziegler-Heitbrock et al.,
2010). The monocyte purity of the enriched fraction was 70.68 ± 6.66 % (mean ± SD,
n=3). The purity of isolation can be improved by repeating the isolation step.

Figure 5-9 FACS analyses of the enriched CD14+ monocytes. a) The scatter plot demonstrates that only
monocytes were recovered in R4 after immunomagnetic separation. b) The fluorescence histogram of
CD14-PE exhibited two CD14 positive subpopulations. The open black line and the filled gray line
represent auto-fluorescence and CD14 fluorescence, respectively. The number in the figure demonstrates
the average purity of monocytes after the negative selection process. Arrows indicate CD14high and
CD14low monocytes. Three independent experiments were performed (mean ± SD, n=3). Gating was
performed on the live cell population and one representative experiment out of three is presented here.
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5.3.3.2 MoDC differentiation
Enriched CD14+ monocytes were cultured with GM-CSF and IL-4 for 6 days.
Sallusto et al. (1994) firstly attempted to generate MoDCs by stimulating with
cytokines including TNF-α, GM-CSF and IL-4. The results from their study
demonstrated that the stimulation with the combination of GM-CSF with either TNF-α
or IL-4 showed better results in MoDC generation than treating with a single cytokine,
suggesting the synergistic role of cytokines in DC differentiation. Therefore, this
approach has been adopted in the literature.
One of the hallmarks of MoDC differentiation is a reduction in CD14 expression
(Sallusto and Lanzavecchia, 1994). This was used as indicator for in vitro DC
generation in this study. Figure 5-10 clearly shows the markedly decrease in MFI of
PE-CD14 with a ΔMFI of 628.87 ± 119.48 (n=3). The CD14 MFI of the enriched
monocytes was ca. 680 whereas MFI of MoDC was 54, 12 times less CD14 expression.
This is equal to 64.75 ± 6.43% (n=3) MoDCs generated from CD14 monocytes,
accounting for 4.56 % of initial PBMC. This recovery is slightly lower than the range
reported in Nair’s study (2012), in which 5-12 % recovery was stated. This can be
ascribed to donor-to-donor variation. Also, Zhou and Tedder (1996) reported that in
vitro MoDC may maintain CD14 expression due to variation in expression profiles at
different stages of differentiation. This may contribute to underestimated MoDC
recovery being obtained in this study, as the generation ratio is calculated based on
CD14 expression.

Figure 5-10 FACS analysis illustrates the significant reduction of CD14 expression after the generation
of MoDCs. The open black, filled black and grey represent auto-fluorescence, CD14 fluorescence of the
generated MoDCs, and enriched monocytes, respectively.. The number presented in the figure represents
the average CD14 ΔMFI of MoDC and enriched monocytes, and the percentage of MoDC generated from
the monocytes (in brackets) obtained (mean ± SD, n=3). Gating was performed on live cell populations
and one representative experiment out of three is presented here.
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5.3.3.3 In vitro MoDC stimulation of poly-IC PVP electrospun formulations
Cell viability
Alamar blue was performed to determine cell viability after exposure to the
dissolved poly-IC formulation for 24 h. Figure 5-11 shows that the MoDCs treated
with F1 (poly-IC fibres 1.0 µg mL-1), F2 (poly-IC fibres 0.5 µg mL-1) and PVP (PVP
material) exhibited slightly higher viability compared to untreated cells. In contrast, the
cells treated with S1 (poly-IC solution 1.0 µg mL-1) and S2 (poly-IC solution 0.5 µg
mL-1) solutions displayed reduced cellular activity of 91-93%, approximately. However,
the difference was statistically insignificant (repeated measured one-way ANOVA; p
>0.05). This means that both poly-IC solutions and the dissolved poly-IC –PVP fibres
PVP viability

have no distinct effect on cell viability, and did not cause any cytotoxicity to MoDCs.
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Figure 5-11 MoDC viability after a 24 h incubation with poly-IC formulations (LPS – LPS 0.1 µg mL-1
positive control, F1 (fibres, poly-IC 1.0 µg mL-1), S1 (solution, poly-IC 1.0 µg mL-1), S2 (solution, polyIC 0.5 µg mL-1), F2 (fibres, poly-IC 0.5 µg mL-1) and PVP (10 mg of PVP). All stimuli gave no effect on
cell viability (Repeated measures One-way ANOVA, p>0.05). Three independent experiments, with
duplicate wells in each, were performed (n=3). Results are presented as mean ± SD.
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Morphology
In general, immature MoDCs (iDCs) undergo morphological, phenotypical and
functional transformation upon maturation. Digital phase contrast microscopy was used
to examine the morphology of MoDC after 24 h incubation with LPS, F1, F2, S1, S2 and
PVP. As expected, untreated MoDC, exhibited round shapes with no developed
structure, indicating their immature state (Figure 5-12a). In contrast, LPS-treated cells
became more aggregated cells and exhibited more irregular shape with dendrite
development (Figure 5-12b) suggesting the development of mature MoDCs (mDCs).
Similar observation was reported elsewhere when MoDC were treated with 100 ng mL-1
of LPS solution (Madaan et al., 2014).
Clusters of mDCs were formed and the cells developed cytoplasmic projections
after treatment with F1, demonstrating cell stimulation (Figure 5-12c). S1 treated-cells
also showed agglomeration but to a lesser extent (Figure 5-12d). Conversely, cells
treated with F2, S2 and PVP displayed mostly round shape cells, which suggest no
effect of these formulations on MoDC morphology (see Figure 5-12e, f and g,
respectively). The change in morphology of MoDC observed from the F1 and S1treated group was in agreement with Verdijk’s work (1999), where DCs were stimulated
after poly-IC treatment.
MoDC expression of co-stimulatory molecules
Similarly to other PPRs, the engagement of TLR3 contributes to the expression
of co-stimulatory molecules on DCs including the B7 family (e.g. CD80 (B7-1), CD86
(B7-2)), and TNFR family (e.g. CD40, CD70 and OX-40L (Bakdash et al., 2013)). The
latter plays an important role in facilitating and sustaining effective T-cell stimulation
(Martins et al., 2015). The absence of a co-stimulatory signal leads to the inactivation of
T-cells upon antigen encounter or T-cell immune tolerance (Schwartz, 2003). Gröschel
and colleagues (2008) demonstrated that MoDC stimulated with poly-IC could
upregulate co-stimulatory CD86 and co-inhibitory PD-L1 or CD274. Hence, the
expression of these molecules can be employed as stimulation markers to determine the
immunogenicity of poly-IC electrospun formulations.
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Figure 5-12 MoDC morphology after a 24 h incubation with stimuli; a) untreated, b) LPS (0.1 µg mL-1;
positive control). An insert demonstrates MoDCs with developed dendrite. c) F1 (fibres, poly-IC 1.0 µg
mL-1), d) S1 (solution, poly-IC 1.0 µg mL-1), e) F2 (fibres, poly-IC 0.5 µg mL-1), f) S2 (solution, poly-IC
0.5 µg mL-1) and g) PVP (10 mg of PVP). The development of cytoplasmic projections and MoDC
clusters was observed in the F1-treated group, indicating mDC formation similarly to LPS, whereas round
MoDC were observed with the other poly-IC stimuli, suggesting iDC. Arrows indicate mDC
morphology. One representative experiment out of three is presented. Abbreviations: iDC –immature
dendritic cells and mDC – mature dendritic cells.

The expression of co-stimulatory CD86, CD40 and CD274 were evaluated using
FACS analyses following a 24 h incubation with the formulations. The expression is
presented as expression ratio which is the measured MFI of treated cells over the
untreated, and % positive cells ; of which both MFI and % positive population were
obtained from the software. Figure 5-13 shows histograms of the stimulation marker
expression by MoDCs after stimulation. Histograms for CD86 shift to higher
fluorescent intensity in the LPS, F1, and F2 treated cells, whereas the data for S1, S2
and PVP display fluorescence intensities comparable to untreated cells. According to
the expression ratio, the stimulated MoDCs expressed CD86 five times higher than the
untreated iDC, indicating mDC formation. Similar expression profiles were observed
for CD274, in that LPS, F1, and F2 showed up to approximately 20 fold greater
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expression than S1, S2 and PVP. Conversely, minimal difference in CD40 expression
was obtained in the treatment groups, as the expression ratio was close to 2 in all cases.
Nevertheless, statistical testing showed no significant differences between treated and
untreated cells the expression of all three markers (repeated measures One-way
ANOVA , p>0.05).

Figure 5-13 The expression of the co-stimulatory molecules CD86, 40 and 274 after MoDC treatment by
the PVP-based formulations. The fluorescence histograms show that CD86 and CD274 expression were
higher in electrospun poly-IC treated groups (F1 and F2) than with poly-IC solutions (S1 and S2),
whereas only marginal differences in CD40 upregulation were obtained with all treatments. Histograms
demonstrate the marker expression profile. The open and the filled grey lines represent auto-fluorescence
and fluorophore fluorescence, respectively. One representative experiment from one donor out of three is
presented. The numbers in the figures represent the expression ratio of co-stimulatory molecules obtained
from three donors (mean ± SD, n=3).
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In terms of positive populations, significant CD86 expression was obtained in
LPS (p = 0.008) and the F2 group (p = 0.045), while S1, S2 and PVP generated a very
small CD86 population similar to untreated cells (see Figure 5-14). Both the positive
populations and the expression ratios agree in that poly-IC fibres triggered more CD86
and CD274 positive cells than the poly-IC solutions. Since PVP did not show any
effect, this suggests a potential benefit of the combination of PVP and poly-IC in
stimulating MoDCs. It has been previously reported that polymeric TLR-4 formulations
displayed higher efficacy in CD86 and CD40 upregulation than solution forms
(Elamanchili et al., 2007). This also means that electrospun PVP fibres may improve
the immune activity of poly-IC molecules.

Figure 5-14 The positive population of MoDCs expressing stimulation marker after 24 h incubation with
PVP-poly-IC formulations. These show similar trends to the histograms, where the poly-IC loaded fibres
(F1, poly-IC 1.0 µg mL-1) led to greater stimulation than poly-IC solutions. Only F2 (fibres, poly-IC 0.5
µg mL-1) generated a statistically greater number of CD86 cells compared to controls (p = 0.045). Three
independent experiments were performed (n=3). (Repeated measures One-way ANOVA with post hoc
Tukey’s test; Statistical significance : * (p <0.05) and ** ( p <0.01)).

175

Electrospun fibres for vaccine adjuvant delivery

Chapter 5

Cytokines production
In addition to the expression of co-stimulatory molecules, cytokine secretion by
MoDCs was assessed to determine the efficacy of the poly-IC formulations. Following
a 24 hour incubation, the cell-free supernatant from each treatment group was collected
to measure the inflammatory cytokines, TNF-α and IL-6 using ELISA. The results from
three different donors are given in Figure 5-15.
As expected, untreated cells produced little or no TNF-α after 24 h, indicative of
immature MoDCs and serving as baseline. TNF-α production was higher in the fibre
groups compared to solution poly-IC. The production of TNF-α was significantly higher
in MoDCs treated with F1 as compared to untreated and S1 treated (p<0.05).
Stimulation by F1 generated comparable levels of TNF-α to LPS. In contrast, soluble
poly-IC (S1 and S2) and the raw PVP material showed little or no effect on TNF-α
secretion (Figure 5-15a). IL-6 secretion also followed this pattern; however, here the
difference was statistically insignificant between the treatment groups and negative
control (p >0.05). Nevertheless, the trend for both TNF-α and IL-6 exhibited similar
patterns to CD86 and CD274 expression, in that the response from the fibre
formulations was higher than their solution counterparts, demonstrating that PVP fibres
improved the immunogenicity of poly-IC over soluble poly-IC.

a)

b)

Figure 5-15 Cytokines production after 24 h stimulation with poly-IC-PVP fibres, of a) TNF-α and b)
IL-6 production quantified using ELISA. F1 fibres (poly-IC 1.0 µg mL-1) led to significantly higher TNFα levels than untreated cells, and those exposed to S1 and PVP (p<0.05), while the IL-6 data did not show
any statistical significance. Three independent experiments were performed (n=3). (Repeated measures
One-way ANOVA with post hoc Tukey’s test; Statistical significance: * (p <0.05).
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5.3.3.4 In vitro study of poly-IC loaded PCL fibres
In vitro dissolution
Dissolution studies of poly-IC loaded PCL fibres were performed to quantify the
release of the poly-IC over 7 days, using the QuantiFluoro® dsDNA kit. Figure 5-16
shows the cumulative release and concentration profiles of poly-IC/PCL fibres. The
cumulative release showed the burst release on the first day 36.45 ± 0.81 % and
culminated at 45.53 ± 6.56 % at day 7 (see Figure 5-16a). Moreover, the concentration
profile was in accordance with the cumulative release that an initial burst release was
observed in day 1, with a concentration of 360.88 ± 8.05 ng mL-1 (mean ± SD, n=2).
The release rate then decreased with a concentration of 44.91 ± 13.76 ng mL-1 on
second day, and further decreasing values over the next 6 days (Figure 5-16b). As
previously described in Section 4.3.3, the localisation of encapsulated molecules at the
surface of electrospun fibres is known to contribute to a high burst release. The negative
charge of poly-IC may cause its migration towards to the surface of the fibres; this is
consistent with the TEM data (see Figure 5-3), which showed that despite the use of a
coaxial set-up the core/shell fibres was not achieved.

Figure 5-16 The release profile for poly-IC release from PCL fibres over 7 days. a) cumulative release
and b) concentration profile . A burst release was observed after day 1, before the poly-IC concentration
declined over the remainder of the study. Data are presented as mean ± SD (n=2).
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MoDC expression of co-stimulatory molecules
Poly-IC aliquots were collected from the in vitro release study and the activity of
the fractions collected on day 1, 3, 5 and 7 were tested with MoDCs. It was seen that
only histograms from cells treated with LPS and poly-IC control solutions (0.15 µg mL1

) showed higher fluorescence signals for CD86 and CD274, both in terms of expression

ratio and percent positive cells (see Figure 5-17 and 18). Conversely, no significant
expression was obtained from poly-IC release fractions (p>0.05). Considering the
working concentration of poly-IC (30 ng mL-1 – 10 µg mL-1) as reported by the
supplier, the concentration of released poly-IC from the fibres from the first day aliquot
in cell culture (ca. 180 ng mL-1/well) was in the effective range while the concentration
of other release aliquots appeared to be lower than the working range. However, the
first day fractions was not able to generate co-stimulatory effect while the poly-IC
control solution (150 ng mL-1 /well) generated CD86 and CD274. This suggests that
released poly-IC may undergo degradation during the in vitro release study resulting in
poor immune stimulation.
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Figure 5-17 The expression of the co-stimulatory molecules CD86 and 274 after a 24 h treatment of
MoDCs with poly-IC aliquots released from PCL fibres. The fluorescence histograms show no CD86 and
CD274 upregulation by the poly-IC aliquots. Open and grey histograms represent auto-fluorescence and
fluorophore marker fluorescence, respectively. The number in the figures represents the expression ratio
of co-stimulatory molecules obtained from 2 donors (mean ± SD, n=2).

Figure 5-18 The positive population of MoDCs expressing stimulation markers after 24 h incubation
with poly-IC aliquots released from PCL fibres. Poly-IC control solutions (0.15 µg mL-1) generated
significant increases in the CD86 and 274 positive population (p<0.01), while the groups treated with the
release aliquots do not. Two independent experiments were performed (n=2). (Repeated measures Oneway ANOVA with post hoc Tukey’s test; Statistical significance: * (p <0.05) and ** ( p <0.01)).
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Cytokines production
The trends in terms of cytokine production were similar as those for costimulatory markers: no significant amounts of TNF-α and IL-6 were produced from
MoDC treated with released poly-IC (p>0.05) (see Figure 5-19). In contrast, LPS and
poly-IC control solutions stimulated significant cytokine secretion compared with
untreated. Hence, it can be concluded that poly-IC released from the PCL fibres may
undergo degradation and therefore unable to stimulate DC maturation.
a)

b)

Figure 5-19 Cytokines production after 24 h stimulation with release aliquots from poly-IC-PCL fibres,
of a) TNF-α and b) IL-6 production assessed using ELISA. The figures demonstrate that a poly-IC
solution (0.15 µg mL-1) generated greater concentrations of TNF-α than all release fractions (p<0.01).
Two independent experiments were conducted. Data are shown as mean ± SD (n=2) obtained from two
independent experiments. (Repeated measures One-way ANOVA with post hoc Tukey’s test;Statistical
significance : * (p<0.05) and ** ( p<0.01)).

The MoDC immunstimulation study showed that poly-IC loaded PVP fibres led
to the upregulation of co-stimulatory CD86 and CD274 and also stimulated greater
cytokine production as opposed to soluble poly-IC. In contrast, no additional effect was
seen from poly-IC loaded PCL formulation. Thus, poly-IC PVP fibres showed greater
potential to develop vaccine adjuvant delivery systems.
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Several studies have demonstrated the potential benefit of particulate
formulations of immune potentiators both in vitro and in vivo (Irvine et al., 2015). The
additional advantages may stem from the fact that these systems present themselves as
foreign particles similarly to pathogens (De Temmerman et al., 2011), consequently
targeting APCs more effectively than soluble compounds. In addition, the enhanced
response can be augmented by the adjuvanticity of the carrier material of choice.
Babensee and Paranjpe (2005) examined the effect of various materials on DC
stimulation. Their results showed that hydrophobic materials such as PLGA and
chitosan exhibited higher immune activity than hydrophilic materials. Similar work also
postulated that DCs or APCs use PRR to detect biomaterials and generate immune
response (Babensee, 2008). However, other reports have contradicted this proposed
mechanism as they found no influence of blank particles on immune stimulation, but
suggest instead enhanced immunity owing to improved delivery properties, such as
passive targeting, enhancing in vivo stability (Fischer et al., 2007; Hafner et al., 2013;
Wischke et al., 2009).
These findings are in line with the finding from this study, where PVP treated
MoDCs did not upregulate co-stimulatory markers or increase cytokine production (see
Figure 5-13 to 5-15). It has been thought that enhanced stimulation by particulate
platforms is correlated to the properties of the particle in its solid form, such as size,
charge, and rigidity (Benne et al., 2016). However, this is unlikely to be the case for
poly-IC loaded PVP fibres, because MoDCs were treated with the fibres after they had
been dissolved. This means that the improved immunity is related to the synergistic
effect of both poly-IC and PVP in the solution state which could be attributed to the
self-aggregation of poly-IC and PVP .
Given its chemical structure, PVP serves as a weak polyelectrolyte which can
interact with DNA by hydrophobic interaction and hydrogen bonding (Roques et al.,
2009), and hence a similar mechanism may be applicable for the PVP-poly-IC complex.
The interaction is possibly reinforced during the ES process (see Figure 5-20), as has
been shown to be the case for other polyelectrolyte complexes in electrospun fibres such
as chitosan-gelatin (Haider et al., 2010) or poly (acrylic acid) (PAA)-poly (allylamine
hydrochloride) (PAH) (Boas et al., 2015). Moreover, Mumper et al. (1998) discovered
higher transfection efficiency of PVP-plasmid DNA complexes over naked DNA after
intramuscular injection. A diethylaminoethyl (DEAE)-dextran–poly-IC complex was
also found to enhance the transfection of poly-IC in vitro (Richmond, 1971). Both
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effects are presumably owing to the formation of “interpolyelectrolyte complexes”
(IPC) of PVP and DNA that can protect DNA from nuclease degradation and increase
cellular uptake through hydrophobic interaction with cell membranes (Kabanov, 1995).
This effect presumably is the case both for the enhanced co-stimulatory expression and
cytokine production observed from the poly-IC fibres (F1 and F2). In contrast, the polyIC solutions (S1 and S2) possibly underwent degradation during in vitro testing,
resulting in a low immune cell response. However, attempts to study the interactions
between PVP and poly-IC by FTIR failed owing to low drug loading, and therefore the
mechanism underlying the improved response to this formulation remains elusive.
Further investigation into the polymer-poly-IC complex is required to gain better
understanding.

Figure 5-20 A schematic diagram of the proposed formation mechanism of PVP-poly-IC
interpolyelectrolye complexes (IPC). The PVP network in solution is transformed to stretched, oriented
polymer chain and comes in close vicinity to the poly-IC during jet development, thus facilitating IPC
formation.

In contrast, the poly-IC released from PCL fibres failed to generate an immune
response. This is ascribed to the lack of protection mechanism for the released poly-IC
against nuclease degradation, unlike the PVP case. Also, the amount of drug release was
possibly too low (3-180 ng mL-1) to give an effect compared with poly-IC control
solution (150 ng mL-1). This may arise because of the slow degradation of PCL
suggesting that the formulations did not release effective level of poly-IC during the
study period. To facilitate in vitro assessment, other polymers with faster degradation
rates (e.g. PLGA) could be used to fabricate electrospun fibres for in vitro testing with
MoDCs.
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CONCLUSIONS
EHDA provides significant potential to develop polymeric formulation for the

immune potentiator poly-IC. Poly-IC loaded electrospun fibres were successfully
prepared using the PVP and PCL polymers. A morphological study suggested that
smooth nanosized fibres were achieved in both materials. While the PCL formulations
gave unimodal-sized fibres, the PVP fibres showed a bimodal size distribution. Rapid
release of poly-IC from the PVP fibres was seen, with an encapsulation efficacy of ca.
80%. The released poly-IC has no significant effect on MoDC viability. Morphological
and immunoassay analyses suggested the PVP electrospun formulations to be potent
immunomodulators. MoDC expression of CD86, CD274 and TNF-α production were
all increased, and the poly-IC fibre formulation shown to be more potent than soluble
poly-IC. This is thought to be a result of PVP-poly-IC IPC formation reinforced during
ES, that prevents the poly-IC from nuclease degradation during in vitro testing.
In contrast, the poly-IC/PCL fibres were not successful as immunomodulators.
The encapsulation efficiency of poly-IC was low in PCL fibres (~22%). A burst release
of poly-IC was observed after 24 h incubation of the formulation in vitro, and the
cumulative drug release was ~45% after one week. These effects were attributed to the
surface localization of a significant proportion of the poly-IC in the system, while much
remained embedded in the centre of the slow-dissolving PCL fibres. The released polyIC failed to promote an immune response. This could be ascribed to the low levels of
drug release, and also potentially poly-IC degradation during in vitro experiments since
no IPC can form between PCL and poly-IC.
.
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6.1.1

EHDA coating of microneedles

INTRODUCTION
Microneedle technologies
Microneedles (MN) comprise a medical device which allows transdermal drug

delivery to skin microcirculation. It consists of array of microsized needles on a planar
base support. The length of needles ranges from 25 to 2000 µm with various geometries
(Garland et al., 2011). Upon MN application, the needles disrupt skin barrier and create
transiently microscopic pores which enhance transdermal transport (Henry et al., 1998).
The needles penetrate from stratum corneum to dermis, but not hypodermal layer where
dermal nerves, connective tissue and dermal vessels predominantly exists (Donnelly et
al., 2012). In contrast, hypodermic needles for parenteral administration can penetrate
into deeper structure such as subcutis, muscles and dermis (Figure 6-1). The short length
of MN needles can prevent the stimulation of sensory nerves and damage of dermal
vessels upon MN injection, unlike hypodermic injection (Kaushik et al., 2001). This
provides benefit for MN use over conventional hypodermic that allows patients to
conduct their own minimally invasive self-injection without the need of medical training.
MN can be produced from various materials including silicon, metals, ceramic,
polymers, glass and sugars (Garland et al., 2011; Larrañeta et al., 2016a).

Figure 6-1 A schematic diagram illustrating hypodermal administration using conventional needle and
microneedles (MN). Hypodermal injection can deliver drugs to deeper skin layers including dermis
(intradermal injection; ID), subcutis (subcutaneous injection; SC) and muscles (intramuscular injection;
IM) depending on the angle of injection. MN injection can deposit drugs directly to dermis where there are
potent immune cells, Langerhan cells (LCs) and dendritic cells (DCs) predominantly exist. MN
administration can avoid the disruption of skin structure at deeper layer such as pain nerve ending ne00a0r
subcutaneous layer, nerves, connective tissues and muscles. The illustration is not to scale. Adapted from
Hegde et al., 2011.
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There are five main types of MN have been developed and the details of some
commercial MN technologies are given in Table 6-1. MN has been discussed in several
literature reviews for different aspects including biomedical applications (Kim et al.,
2012; Larrañeta et al., 2016b; Prausnitz, 2004; Rejinold et al., 2016), manufacturing
(Henry et al., 1998; Ita, 2015; Larrañeta et al., 2016a) and clinical perception and
opinions (Birchall et al., 2011; Hegde et al., 2011; Marshall et al., 2016; Quinn et al.,
2014). A brief summary of each technology is overviewed below.

Solid MN (SMN) is the first MN type explored for transdermal application. It is
a filled solid needle without drug incorporated. The use of SMN can consider as
‘pretreatment’ of the skin prior to applying drug formulation. The delivery mechanism of
SMN is based on the so-called ‘poke then patch’ method (see Figure 6-2a). Applying
SMN on the skin can create aqueous pores that allow drug to passively diffuse (Ita,
2015). This means that the release is mainly dictated by the formulation. Hence, physical
disruption of the skin barrier is the main contributing factor that enhances drug delivery.
Henry et al. (1998) first pioneered employing SMN to enhance through-skin
permeability and reported that the mass transport of calcein was three-fold increased.
The advantage of SMN is the feasibility to develop the MN as opposed to drugincorporated MN. Nevertheless, the limitations of the application are drug delivery
depending of passive diffusion, two-step administration and uncontrolled dosing release.
Hollow MN (HMN) is conduited MN systems which allow delivery of liquid
formulations similarly to hypodermic needles. Solution can be delivered directly from a
fluid reservoir integrated on the MN array, or solutions can be dispensed from a syringe
after MN injection, thus giving precise microinjection through the needles and high dose
delivery. The delivery method of HMN is called ‘poke and flow’ (see Figure 6-2b).
Pressure while injection influences the flow rate of the fluid, providing that the rate of
drug administration (i.e a bolus, a slow infusion or varied rate) can be manipulated. The
choice of HMN material and the arrangement of the hollow structure in the needle is
critical for mechanical strength of the needles. Also, other downsides of HMN are
limited to liquid formulations, potential needles clogging and leakage of the solutions
(Ita, 2015; Larrañeta et al., 2016a).
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Coated MN (CMN) has gained growing interest in biomedical application. CMN
is often coated with therapeutic mixed with coating formulation using different
approaches which will be discussed in the next section. CMN can deliver pure drug
compounds or drug delivery systems (DDS) from the coating solution thus enabling
multi-DDS. The drug transport mechanism is called “ coat, poke and release” (see
Figure 6-2c) in which dissolution or the release rate depends on the coating formulation
properties. The administration of CMN is a simple one-step approach thus ease of
utilisation. Low drug loading and coating uniformity are drawbacks (Haj-Ahmad et al.,
2015).
Dissolving MN (DMN) allows encapsulation of payload in the needles which are
dissolved or degraded upon skin insertion, leaving no biological waste afterward, and
MN removal is not required. The strategy can be termed as “poke and release” (see
Figure 6-2d). Often DMN is made of common pharmaceutical materials such as sugars
(e.g. maltose and dextrin), hydrophilic polymers (e.g. poly(vinylalcohol) (PVA),
poly(vinylpyrollidone) (PVP), dextran, poly-(ethyleneglycol (PEG),

carboxymethyl

cellulose (CMC)), and biodegradable polymers (e.g. poly(lactide-co-glycolide) (PLGA),
poly(lactic acid) (PLA), poly(glycolic acid); PGA)); thus ensuring a good
biocompatibility profile (Larrañeta et al., 2016a). The degradation or dissolution of these
materials is factor for drug release. DMN offers convenience for patient owing one-step
application, but fracture or deformation of the needle could occur owing to the
brittleness. Fast dissolving, hygroscopic can be a concern in terms of shelf-life stability.
Swelling MN (SwMN) is new generation MN. Donnelly et al. (2014) explored
hydrogel forming polymer, poly(methylvinylether-co-maleic anhydride) (PMVE/MA;
Gantrez S-97®), to fabricate ‘super swelling’ SwMN. SwMN is employed with a
lyophilised drug reservoir covered with backing layer . Owing to the hydrogel properties,
the fabricated SwMN uptakes interstitial fluid and rapidly swells effectively forming
conduits upon insertion. This causes dissolution of the drug wafer and releases to the
skin through SwMN. The dissolution property of the lyophilised drug determines drug
release and the mechanism can be called “ poke, swell and release ” (see Figure 6-2e).
The proposed advantages of SwMN are no needle blocking, the MN remaining intact
after removal, and ease of sterilization. Despite the nascence of the technology, SwMN
has been widely explored for various applications apart from DDS such as drug
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monitoring, phototherapy, point-of-care diagnostic tools (Hardy et al., 2016; Larrañeta et
al., 2016a).

Figure 6-2 Schematic illustration representing MN technologies and their release mechanisms. a) Solid
MN (SMN), b) Hollow MN (HMN), c) Coated MN (CMN), d) Dissolving MN (DMN), e) Swelling MN
(SwMN). The illustration is not to scale Adapted from Larrañeta et al., 2016b.
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Switzerland)

DebioJectTM (Debiotech,

(Zosano Pharma Inc, USA)

microprojection array patch

Macroflux® / ZP Patch

Isarael)

(NanoPass Technologies Ltd,

MicronJet

Technology (Company)

A unique hole on the side of the needles
Needle length : 700 µm
Capable of deliver up to 0.5mL in 5 s
Drug tested: Vaccin rabique Pasteur®

•

•

•

al., 2001).

al., 2006), antisense oligonucleotides (Lin et

2011), teriparatide, ovalbumin (Widera et

parathyroid hormone (Daddona et al.,

erythropoietin (Peters et al., 2012),

hormone (Ameri et al., 2014),

Drug tested : zolmitriptan, human growth

length of 300 µm.

1-2 cm2, 190 microprojections with the

Pasteur)

polio vaccine booster (IPOL, Sanofi

insulin, Fluarix , glucagon, inactivated

®

Drug tested : inactivated influenza vaccine,

µm length (Van Damme et al., 2009)

An array of four silicon crystal, each 450

•

•

•

•

•

Description

HMN

CMN

HMN

technologies

MN

Phase I

Phase II (zolmitriptan) (ongoing)

NCT02538185

NCT02745392

NCT00489918

NCT00602914

Early phase I (insulin)

Phase II (teriparatide)

NCT01049490

NCT01684956

NCT01686503

ID/Refs

ClinicalTrials.gov

Phase I (inactivated influenza virus)

Phase II (insulin and glucagon)

Phase II (IPOL)

Clinical study

Table 6-1 Commercial MN array technologies under current clinical investigation.
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Hollow Microstructured

(3 M Corp, USA)

Transdermal System (hMTS)

3M

TM

Drug tested : certolizumab pegol (Cimzia®),

•
website)

mAbs and protein (data from company

Injection time range from 1- 5 min

to 80 cp

formulation with varied viscosities from 25

Capable of deliver 0.5 to 2 mL of liquid

µm length

1 cm2 patch of 12 needles with the 1,500

•

•

•

Drug tested :Inactivated influenza vaccine

•

Prausnitz- Georgia Institute of

Technology, USA)

A microneedle patch

cutaneous T-cell lymphoma

Drug tested : doxorubicin to target

2014)

Fabricated material : CMC (Bediz et al.,

reservoir

A microneedle array equipped with liquid

•

•

•

•

Description

Microneedle Patch (Mark

Inactivated Influenza Vaccine

(University of Pittsburgh, USA)

MNA-D

Flugen (Flugen Inc, USA)

Technologies (Company)

HMN

N/A

DMN

HMN

technologies

MN

Phase I

Phase I (ongoing)

Phase I

Phase I

Clinical study

Table 6-1 Commercial MN array technologies under current clinical investigation (continued)

NCT01257763

WO2014105458/

NCT02438423

NCT02192021

WO2011084951

NCT01767337/

ID/Refs

ClinicalTrials.gov
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properties of the compound

regardless of the physicochemical

Capable of drug deliver to dermis

A MN patch technology

•
•

Drug tested : seasonal influenza antigen

carboxymethyl cellulose (sodium CMC)

Fabricated material :sodium

length of 1,500 µm.

1 cm2 MN array of 29 needles with the

to <15 min)

Rapid release of coating drugs (from 30 s

VLP vaccine to APCs

Capable of deliver up to 300 µg of model

length -250, 500, 750 µm

1 cm needles array with the variable

•

•

•

•

•

•

2

Description

HMN

DMN

CMN

technologies

MN

Preclinical

Preclinical

Preclinical study

Clinical study

2016)

(Rejinold et al.,

al., 2012)

(Kommareddy et

(3M, 2009)

ID/Refs

ClinicalTrials.gov

Abbreviations: APCs = antigen presenting cells, CMC = carboxymethyl cellulose, CMN = coated microneedles, DMN = dissolving microneedles, HMN = hollow microneedles, MN = microneedles, PCT = Patent
Cooperation Treaty, VLP = virus-like particles

(Valeritas Inc, USA)

TM

(Theraject Inc., USA)

Micro-Trans

VaxMat

®

(3M Corp, USA)

Transdermal System (sMTS)

3MTM Solid Microstructured

Technologies (Company)

Table 6-1 Commercial MN array technologies under current clinical investigation (continued)
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MN application for biopharmaceuticals
MN has been extensively explored for transdermal application for wide range of

compounds such as small-molecule drugs, therapeutic proteins and vaccines, and gene
therapy (Rejinold et al., 2016). MN would be significantly advantageous for
biopharmaceuticals as it addresses delivery challenges by bypassing stratum corneum
barrier. Minimally invasive MN might allow self-administration of bioactive
compounds for patients, similarly to oral dosage forms.
Li et al. (2010) examined the mass transport of IgG via transdermal route
following maltose and DermaRollerTM SMN. The amount of IgG permeation was
significantly higher in the receiver chamber of Franz diffusion cells in both MN type
treated group whereas the diffusion of IgG solution was not achieved over 24 h period.
Moreover, chitosan-coated CMN increased transdermal BSA permeation to rat skin
indirectly proportional to chitosan content in the coating and thickness of coated layer
(Xie et al., 2005). This emphasises the impact of coating drug release. It was also found
that most insulin was readily released from hyaluronic DMN within 1 h after skin
injection and the effect on decrease plasma glucose level was comparable to the
subcutaneous (SC) injection of the same insulin dose (Liu et al., 2012).
An elegant study by Prausnitz group (Kim et al., 2014) employing stainless steel
CMN and glass HMN to delivery bevacizumab to cornea stroma of rabbit eyes. The
study demonstrated that both MN were effective in treatment of corneal
neovascularisation (CN) using low dose of bevacizumab (4.4 µg) while 2.5 mg was
required for subconjunctival (SCJ) dose. The injection site on the cornea was closed and
appeared intact with no sign of inflammation indicative of the safety profile of the MN
treatment (Kim et al., 2014) . The study demonstrates additional MN applications
beyond transdermal delivery.
Vaccines exemplify the MN clinical applications and has been investigated
widely (Kim et al., 2012; Larrañeta et al., 2016a). MN allows transcutaneous
immunisation (TCI) which is highly effective in eliciting both adaptive and innate
immune response (Bal et al., 2010). TCI takes advantage of professional APCs. For
instance LCs in epidermis and DCs in dermis (see Figure 6-1) (Wang et al., 1999). TCI
by MN is capable of target these resident APCs in epidermal/dermal layer, hence
leading to robust immunity (Nicolas and Guy, 2008). For example, vaccinating guinea
pigs with ovalbumin (OVA) coated Macroflux® microprojection elicited comparable
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antibody (Ab) titer to equivalent dose of intradermal (ID )injection, but 50-fold higher
than subcutaneous (SC) or intramuscular (IM) (Matriano et al., 2002). In another study,
HIV-VLP and DNA – CMN vaccination in oral cavity generated equivalent level of
serum IgG to IM injection. However, only MN vaccination can produce unique saliva
IgA response, but not acquired with IM (Ma et al., 2014).
As noted above, influenza virus based MN technology is being investigated for
vaccine purposes in an ongoing clinical trial (Ansaldi et al., 2012). It was found that ID
vaccination using SoluviaTM HMN technology provided an equivalent immune response
to IM application in young healthy volunteers (Icardi et al., 2012). Moreover, the MNbased vaccine generates a superior response to IM injection in elderly people, and the
immunity was further prolonged after prime and booster doses with MN (Arnou et al.,
2009), illustrating the potential of MN for the immunisation of the aging population.
6.1.3

MN coating
CMN has a number of benefits for developing DDS, as previously discussed.

However, there are five critical issues that must be addressed for CMN production (Gill
and Prausnitz, 2007a; Kim et al., 2012) : (i) the controllability, uniformity and thickness
of the coating layer, (ii) the dissolution of the coating formulation, (iii) the mechanical
strength of the CMN, (iv) the stability of the drug(s) of interest after coating, and (v) the
biocompatibility of the coating formulation. The development of coating techniques and
the formulation used are crucial to satisfy these critical attributes. Currently, there are
five coating processes which have been explored for the development of CMN (HajAhmad et al., 2015) as highlighted below and summarised in Table 6-2.
Dip-coating is the simplest coating process and has been extensively applied for
various applications such as protective surface coatings (Zandi-zand et al., 2005), film
coating for oral dosage forms (Maroni et al., 2013) and bioactive or biocompatible
implants (Leedy et al., 2011). The process can be simply performed by dipping a
substrate or MN once or repeatedly into a coating solution, and then drying. The coated
portion of the MN platform (i.e. the base or shaft) can also be controlled by using a
mold (Gill and Prausnitz, 2007a). The surface tension, viscosity and contact angle of the
coating solution are critical parameters which must be controlled to achieve the desired
coating. Surfactants and viscosity enhancers such as cellulose derivatives can be added
to enhance the coating (Gill and Prausnitz, 2007b). However, therapeutics (especially
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biopharmaceuticals) can be damaged by drying at high temperatures, and thus care must
be taken in this step (Kim et al., 2012).
Gas drying can be used to address the issue with high temperature drying; this
works by applying flow of inert gas above the MN following the dip-coating process
(Chen et al., 2009). The localisation of the coated area can be controlled by changing
the incident angle of the gas (Chen et al., 2011). Despite the potential benefits of the
dried air approach, it has been found that some biologics such as inactivated influenza
vaccine dramatically lose their activity during such drying; this can be resolved by
adding trehalose, a common stabiliser in protein formulations (Kim et al., 2010).
Spray-coating atomises a coating solution into microdroplets before depositing
this onto the MN surface, and subsequently forming a film coating. This approach is
similar to the conventional spray coating widely used in the pharmaceutical industry,
which highlights the potential viability and scalability of the spray-coating technique.
McGrath et al. (2011) first investigated the application of spray-drying to coat silicon
MN. These authors suggested that a complex interplay of process parameters, such as
the spray duration, atomisation air pressure, atomisation to surface distance, and liquid
input rate affect the efficiency of coating. MN spray-coated with live recombinant
adenovirus and modified vaccinia virus Ankara (MVVA) (formulated using a sugarbased coating solution) were able to elicit an effective immune response, indicating the
presence of intact live virus, but the technique was unable to achieve a uniform coating.
It was found that there was more coating at the shaft rather than the tips of the MN
(Vrdoljak et al., 2012).
Piezoelectric inkjet printing is based on the generation of fine droplets from a
nozzle via a pressure pulse, produced by a piezoelectric actuator that transforms an
electric field into mechanical waves (Derby, 2010). This mechanical force effectively
produces droplets which become solidified after compaction on the substrate. The
technique can dispense high resolution liquid droplets on the picoliter scale (Delaney et
al., 2009), therefore enabling highly precise coating and deposition. Boehm et al. (2015)
succeeded in printing a voriconazole coating solution, formulated with the Gantrez AN119BF polymer onto PGA MN. The study showed that a highly uniform and smooth
coating on the needles was obtained, and they had the ability to penetrate porcine skin.
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EHDA coating can create a nanostructure coated surface with either electrospun
fibres or electrosprayed particles. These can be deposited with a controllable thickness.
The principles of EHDA were discussed in Section 1.5.1, Chapter 1. Khan et al.
(2014) pioneered EHDA for MN coating. Stainless steel MN was evenly coated with
PVP electrospun fibres (with size ranging from 400 nm to 1 µm) and PVP
electrosprayed particles (from 100 nm to 3 µm). Coating was concentrated on the
needles, while the base was left uncoated by masking with an insulating layer, and the
coating thickness could be controlled by varying the deposition time (Khan et al.,
2014). The key advantage here is that the coating formulation contained only PVP and
ethanol : methanol (50:50 v/v), without any additional surfactant or viscosity enhancer
required. Thus, the EHDA parameters alone can be tuned to control the coating
achieved.

Table 6-2 The advantages and limitations of the various coating techniques for MN
Technique

Advantages
•

Dip-coating

Limitations
•

Existing pharmaceutical
applications (large scale feasibility)

•

Uncontrolled deposition of
coating

•

Simple, low-cost

Potential instability of
biopharmaceuticals

Gas drying

•

Controlled coating deposition

•

Potential instability of
therapeutics

Spray-coating

•

Existing pharmaceutical applications
(large scale feasibility)

•

Uncontrolled deposition of
coating

•

Potential instability of
biopharmaceuticals

Piezoelectric
inkjet printing

EHDA

•

High precision coating deposition

•

Potential to maintain stability of

•

Limited results in
pharmaceutical applications

biopharmaceuticals

•

Limited scalability

•

High precision coating deposition

•

Limited results in

•

Potential to maintain stability of

pharmaceutical applications

biopharmaceuticals
•

Multi-DDS capability
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Aims
The potential applications of EHDA to produce controlled release formulations

for biopharmaceuticals were previously demonstrated in Chapters 4 and 5. It is also
thought that the process could be used to coat or load drugs on MN. This suggests that
both

strategies

can

be

combined

to

produce

multi-functional

DDS

for

biopharmaceuticals based on EHDA and MN technology. The systems could enable
minimally invasive implantation of controlled release formulations in the skin. This
strategy could overcome any requirement for frequent dosing, owing to the modified
release properties which can be achieved through judicious choice of the polymer used
in coating. For vaccine applications, a combination of EHDA and MN technologies
could also improve immunity via three potential mechanisms. First, MN can implant
antigen or adjuvant-loaded EHDA particulates in the epidermis layer, facilitating uptake
by potent APCs. Many study have suggested that APCs can recognise particulate
antigen much better than antigen in the soluble form (De Temmerman et al., 2011;
Irvine et al., 2015). Implanted EHDA matrices could serve as a depot that slowly
releases antigen and/or adjuvant over a prolonged period of time resulting in a potent
immune response from a single dose. These synergistic effects might allow one-shot
vaccination without a booster dose, which presently is often required for subunit
vaccines to inculcate robust immunity.
This chapter therefore aimed to develop EHDA process to coat MN with vaccine
particles. To best of the author’s knowledge, only one proof-of-concept study
employing this approach has been published (Khan et al., 2014). The experiments in
this chapter were performed in collaboration with Prof. Ryan Donnelly’s laboratory at
Queen’s University Belfast. Two types of MN were fabricated by Prof. Donnelly’s
group, Tyndal silicon SMN (Tyn MN) and Gantrez SwMN (Gan MN), and were
employed throughout the study. The experimental framework of this chapter is
composed of three elements. A preliminary EHDA coating study was first performed to
observe and to identify key processing parameters which can be used to control the MN
coating. PVP and PCL were explored for coating, by directly performing EHDA onto
the MN. The performance of EHDA coating was qualitatively evaluated in term of type
of EHDA material (i.e. electrosprayed vs electrospun) and coating time.
Subsequent optimisation studies were conducted employing PLGA to deposit
antigen loaded PLGA particles onto the MN (Kapoor et al., 2015). PLGA was selected
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to develop a coating for MN because of its well-established properties and safety in
pharmaceutical products, and also in vaccine research (Silva et al., 2015). A model
protein antigen, ovalbumin (OVA), was processed with PLGA by electrospraying to
prepare OVA-PLGA EHDA particulates. The morphology and physicochemical
properties of the particles were characterised. The in vitro performance of the OVAPLGA

particles

was

evaluated

via

dissolution

studies,

cell

viability

and

immunestimulation assays.
The final set of experiments aimed to perform MN coating and evaluate the
CMN

performance

using

the

optimised

EHDA

parameters.

Morphological

characterisation by SEM and coating coverage were determined. The CMNs were then
subject to mechanical testing to verify the performance of the MN before and after
coating, and microscopic observations on a membrane model performed to determine
the extent of particles left on the substrate or deposited in the membrane.
It is hypothesised that coated Tyn MN would give a “coat, poke and release”
(Figure 6-3a) mechanism whereas coated Gan MN would exhibit a hybrid mechanism
of both MN types: “coat, poke, swell and release” (Figure 6-3b), but without the need
for any drug reservoir or lyophilised drug wafer.

Figure 6-3 Schematic illustration depicting the proposed release mechanisms of a) coated Tyn MN and
b) coated Gan MN. Coated Tyn MN will exhibit ‘coat, poke and release’ whereas coated Gan MN will
posses a novel hybrid mechanism ‘coat, poke, swell and release’. The illustration is not to scale.
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EXPERIMENTAL DETAILS
EHDA coating optimisation
8-anilino-1-napthalenesulfonic acid (ANS) (1.0 mg) was loaded into 10% w/v

PVP (360 kDa) in absolute ethanol (5.0 mL) and mixed until homogenous. A PCL
electrospraying solution was prepared by adding nile red fluorescent dye (5 mg) into
10% w/v PCL (45 kDa) in chloroform (5.0 mL) and mixed until homogenous. Tyn MN
(1×1 cm2 arrays, 8 × 8 needles, needle length 310 µm) were mounted with Blue Tack®
adhesive glue onto a grounded electrode which was adhered to an insulated metal
clamp. The PVP spinning fluid (1.0 mL) or PCL spraying fluid (1.0 mL) was then
loaded into a 1 mL plastic syringe and processed using the single fluid EHDA protocol
as given in Section 2.2.1.1.
The processing time was varied (10 min, 20 min and 30 min). Full details of the
experimental parameters for both processes are given in Table 6-4, Section 6.3.1. The
coating capability of each process was then qualitatively determined using SEM and
fluorescent microscopy, following the protocols given in Section 2.2.2.1).
6.2.2

Electrosprayed PLGA coating

6.2.2.1 PVP film casting
PVP films were used for electrospraying optimisation. The films were prepared
by solvent casting technique. 10% w/v PVP in ethanol (ca. 10 mL) was slowly poured
onto a 90 mm diameter petri dish with care taken to ensure no air bubbles formed. The
PVP films were left to dry overnight at 30 °C. 1×1 cm2 sections of the dried PVP film
were cut for subsequent coating experiments.
6.2.2.2 Electrosprayed coating optimisation
PLGA 50:50 (Mw 7-17 kDa) was dissolved in TFE, with stirring at room
temperature undertaken until the polymer was completely dissolved. Four PLGA
solutions were prepared with varied concentrations: 2%, 4%, 6% and 8% w/v. PLGA
particles were produced using single fluid EHDA as detailed in Section 2.2.1.1. Instead
of a 14.7 × 20 cm2 metal collector plate, a 1×1 cm2 aluminum collector plate was used.
The plate was attached to the tip of a 20 gauge stainless steel needle which was
mounted on a height adjustable stand. A cast PVP film was placed on the coating plate
and the grounded electrode was clipped on the needle. The experimental set-up is
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shown in Figure 6-4. PLGA solution was directly electrosprayed onto the PVP film for
30 min. Full details of the experimental parameters are shown in Table 6-5, Section
6.3.2 The coated PVP films were stored at room temperature prior to further analysis.
Three independent experiments were performed.

Figure 6-4 Photos of the EHDA set-up used for MN particle coating showing a) the complete apparatus
and b) a close- up photo of the collector.

6.2.2.3 Preparation and characterisation of OVA/PLGA coating formulation

FITC-OVA conjugation
Lyophilised OVA was dissolved in conjugation buffer (bicarbonate buffer, pH
9.0, 100 mM) to achieve a final concentration of 30 mg mL-1 (1.0 mL, 30 mg, 6.67×10-4
mmol). N-hydroxysuccimide-FITC (NHS-FITC) in DMSO (10 mg mL-1, 630 µL, 6.3
mg, 1.32×10-2 mmol) was incubated with the OVA solution for 8 h at ambient
temperature, and protected from light. The protein labeling ratio was 20:1 (1 mg OVA :
0.21 mg NHS-FITC). Further purification of the FITC-OVA reaction mixtures was
performed using PD-10 desalting column, the protocol is given in Section 4.2.2. The
FITC-OVA fractions were stored at -20 ºC for further experiments.
The FITC-OVA concentration and the fluorescent label ratio (F/P) were
determined using Equations 4-1 and 4-2 (see Section 4.2.2), except that the molar
extinction coefficient of OVA ( ε ) (34,200 M-1 cm-1) was used. Four independent
batches of FITC-OVA were prepared. The conjugation efficiency, a percentage ratio of
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the concentration of FITC-OVA obtained compared to the starting OVA concentration
(30 mg mL-1), was also determined. Data are presented as mean ± SD (n=4).
Electrospraying
PLGA spraying solutions were prepared in a safety cabinet under sterile
conditions. FITC-OVA solution (ca. 10 mg mL-1, 1.0 mL, 10 mg) was centrifuged in a
Vivaspin 6® centrifugal concentrator (MWCO 30 kDa) (VWR International, UK) at
4000 rpm, 15 min, 9 °C to obtain a concentrated FITC-OVA solution (100 mg mL-1, 0.1
mL). The concentrated fluorescent protein (0.1 mL) was then added to an 8% w/v
PLGA (lactic:glycolic) 50:50 (Resomer® RG 502) solution in TFE (1.0 mL) and gently
mixed until the mixture became homogenous. The resultant solution was loaded into a 1
mL plastic syringe. The EHDA chamber and apparatus was wiped with 70% alcohol
before processing was undertaken. A sterile aluminum cup (diameter 38 mm, height 19
mm) was filled with sterile deionised (DI) water (2.5 mL) and the edge of the cup was
connected to the grounded electrode. Electrospraying was performed using the single
fluid EHDA protocol given in Section 2.2.1.1, but without the metal collector plate. The
process time was 5 h and full details of the parameters are given in Table 6-6, Section
6.3.2.1.2.
After the electrospraying process, the OVA/PLGA particle suspension was
sonicated for 30 min at RT in a sonicator bath to disintegrate any cluster of particles.
Subsequently, the OVA/PLGA particles were lyophilised by freezing at -60 °C for 2 h
and subsequent drying at -20 °C for 3 days (primary drying). Thereafter, the
temperature was increased to 20 °C for 2 h for secondary drying before sample
collection. The lyophilised OVA/PLGA particles were weighed to determine the
production yields, which are presented as a percentage of lyophilised particles over the
theoretical weight of protein loaded PLGA particles (90 mg). Four independent
experiments were performed to ensure batch reproducibility. Data are presented as
mean ± SD (n=4).
6.2.2.3.1 Particle characterisation
Morphological characterisation
The morphology of PLGA particles (ca. 1 mg) was studied by SEM using the
protocol given in Section 2.2.2.1.
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Physicochemical characterisation
The physicochemical properties of the PLGA particles were characterised using
FTIR, DSC and XRD. The detailed protocols for each instrument are described in
Section 2.2.2.2.
Zeta-potential measurement
Approximately 1 mg of OVA/PLGA particles was resuspended in DI water
(18.2 mΩ, 1.0 mL, viscosity (η) 0.8872 cP, refractive index (RI) 1.330, dielectric
constant 78.5) and sonicated at room temperature for 15 min to redisperse the particles
before analyses. Zeta potential of the particles was analysed using Zetasizer Nano ZS
instrument (Malvern Instruments Ltd., UK) with the protocol given in Section 2.2.2.5.
Triplicate measurements were performed. The results are presented as mean ± SD
(n=3).
6.2.2.3.2 Encapsulation efficacy
The encapsulation efficacy of FITC-OVA/ PLGA particles was determined
using a protocol described in the literature (Gupta et al., 1997). Briefly, approximately 1
mg of the OVA particles were extracted with 0.5% w/v sodium dodecyl sulfate (SDS)
in sodium hydroxide (100 mM, 1.0 mL) with shaking at 100 rpm at room temperature
overnight. The supernatants were then collected, filtered through 0.22 µm Millex-GP
syringe filter units (Fischer Scientific, UK), and 10-fold diluted with DI water prior to
determining the protein content using the MicroBCATM assay according to the protocol
suggested by the manufacturer described in Section 2.2.6.1. The encapsulation
efficiency is presented as the percentage of FITC-OVA extracted from the particles
compared to the maximum theoretical amount of FITC-OVA which could have been
incorporated (111 µg). Data are presented as mean ± SD (n=4).

6.2.2.3.3 In vitro studies
6.2.2.3.3.1 Dissolution study
In vitro drug release from the labeled PLGA/OVA particles was determined
using the shaking method and following the protocol given elsewhere (Larrãeta et al.,
2016). The protocol is given in Section 2.2.7.2. Three independent experiments were
performed.
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The collected aliquots were filtered with 0.22 µm Millex-GP syringe filter units
(Fisher Scientific, UK) and quantified using the MicroBCATM protein assay, in
accordance with the protocol given in Section 2.2.6.1. The results are presented as
percentage cumulative release vs time as given in Equation 2-1, Section 2.2.7.2. Data
are presented as mean ± SD (n=3). The release kinetics were mathematically modeled
using the zero-order, first-order, Korsmeyer and Peppas, and Higuchi models, as
described in Section 2.2.7.3.

6.2.2.3.3.2 In vitro cell experiments
In vitro monocyte derived dendritic cell differentiation
CD14+ monocytes from leukocyte cones acquired from NHS Blood and
Transplant Services (UK) were isolated and enriched using the protocols given in
Section 2.2.8.1. Enriched CD14+ monocytes were subsequently stimulated to
differentiate them into monocyte derived dendritic cells (MoDCs), using the protocols
described in Section 2.2.8.1.
In vitro MoDC FITC-OVA/PLGA particle uptake
An MoDC suspension in complete RPMI medium (Gibco® 1640 RPMI medium
without phenol red, supplemented with 2 mM L-glutamine, 100 U mL-1 penicillin, 100
µg mL-1 streptomycin, and 10% v/v fetal bovine serum) was seeded (~1 × 105 cells/0.1
mL/well) in a 96-well flat bottomed plate and incubated at 37 °C/5% CO2 for 3 h before
the experiment. Approximately 45 mg of the PLGA/OVA particles (5 mg FITC-OVA
theoretical loading) was resuspended in complete RPMI (0.5 mL). The particle
suspension was then sonicated at room temperature for 15 min to redisperse the
particles. MoDCs were then treated with the particle suspension (0.1 mL) or controls as
shown in Table 6-3. Experiments were performed for 24 h at 37 °C and 5% CO2. Three
independent experiments were performed with duplicate conditions in each, using three
different blood donors.
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Table 6-3 Details of the conditions used to probe FITC-OVA/PLGA particle uptake by
MoDCs
Formulations
LPS
P1

Treatment
Diluted LPS in complete RPMI (LPS 100 ng mL-1 /well) (positive control)
FITC-OVA/PLGA particle (9.0 mg particles/ 0.1 mL complete RPMI
medium/well)

P2

A 100-fold dilution of the P1 suspension in complete RPMI (0.1 mL/well)

S1

A diluted FITC-OVA in complete RPMI (1.0 mg FITC-OVA/0.1mL/ well)

S2

A 100-fold dilution of the S1 solution in complete RPPMI (10.0 µg FITC-OVA/ 0.1
mL/well)

PLGA

PLGA powder in complete RPMI (8 mg PLGA/0.1mL/ well)

Cell viability
After the incubation period, the microplates were centrifuged at 1200 rpm, for 5
min at 4 °C. The supernatant was collected for ELISA. MoDCs in each well were then
washed three times with cold washing buffer (Dulbecco’s PBS (DPBS) buffer without
calcium and magnesium buffer, supplemented with 2% fetal bovine serum and 5 mM
EDTA) and resuspended with complete RPMI medium (0.2 mL/well). The cell
morphology and particle uptake were then observed under an EVOS XL Cell Imaging
System digital inverted microscope using the protocol given in Section 2.2.2.1.
Subsequently, the Alamar Blue viability assay was performed using the method
given in Section 2.2.8.1. Cell viability is presented as a percentage where untreated
cells were taken to have 100% viability. Data are given as mean ± SD (n=3).
Flow cytometry
Flow cytometry (FACS) was employed to quantify the uptake of the FITC-OVA
particles and to determine the expression of co-stimulatory molecules following 24 h
incubation with the formulations. Sample preparation for FACS and antibody (Ab)
staining was performed as described in Section 2.2.5. Human PE- CD86 Ab was used
to probe surface marker expression.
The uptake of FITC-labeled OVA and the expression of co-stimulatory CD86
were quantified by determining median fluorescence intensity (MFI) and percent %
positive cells in the FITC and PE channels, respectively. The measured MFI is
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presented as an expression ratio by dividing the MFI of the treated group over the
obtained value for untreated cells. Three independent experiments were performed with
duplicates in each, using different donors for each experiment. Data are presented as
mean ± SD (n=3).
ELISA
Cytokine secretion (TNF-α and IL-6) after 24 h incubation was determined
using enzyme-linked immunosorbent assay (ELISA). Supernatants collected from cell
culture experiments were explored with Human ELISA MAX kits according to the
manufacturer’s protocol (Section 2.2.8.3 ). Data are presented as mean ± SD (n=3).

6.2.3

MN coating

6.2.3.1 FITC-OVA/PLGA coating
Tyn MN (1×1 cm2, 16×16 MN array, needle length 175 µm) and Gan MN (1×1
cm2 19×19 MN array, needle length 600 µm) were coated with FITC-OVA/PLGA
electrosprayed particles. The coating formulation preparation and EHDA parameters
was repeated with the protocol in Section 6.2.2.3, except the 1 × 1 cm2 aluminum
collector plate coating setting was used. The process time was 30 min. The coating
efficiency was evaluated by calculating the percentage ratio of the weight of particles
collected on the MN compared to the theoretical weight (9 mg). Four independent
studies were performed. Data are presented as mean ± SD (n=4).
6.2.3.2 Morphological characterisation
The morphology of the coated MN array was evaluated using SEM following
the protocol given in Section 2.2.2.1.
6.2.3.3 MN insertion study
The insertion performance of coated Tyn and Gan MN was evaluated using an
Instron universal testing instrument, Model 5567 (Instron Ltd., USA) and EVOS XL
Cell Imaging System digital inverted microscope. The evaluation of MN insertion
followed the experimental protocol described elsewhere (Larraneta et al., 2014). Eight
sheets of Parafilm M (PM) film (Sigma Aldrich, UK) were stacked (thickness ca. 1
mm) and used as the membrane for penetration studies. This setting was chosen as it has
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shown similar mechanical properties to porcine skin for MN testing (Larraneta et al.,
2014).
The PM stack was placed on the solid support of the Instron instrument. The
microneedle arrays were placed on top of the film membrane, and the back of the array
was mounted to the solid support with sellotape, with great care taken to avoid applying
force. A 100 N static load was lowered onto the membrane at a rate of 0.5 mm s-1,
compressing the MN until a target force of 50 N was achieved. Subsequently, the static
load was moved upward back to the reference point. Forces were held for 30 s in each
test. Data were analysed using the Bluehill Software 2 (version 2.6; Instron Ltd, USA).
The collected data were plotted in scatter plots to establish force (load) - displacement
curves using the Origin software version b.9.2.2.14. The discontinuous point in the
curve demonstrated the force of injection (fi). Data are presented as mean ± SD (n=3).
The MN arrays were removed from the PM membrane after insertion testing.
The uppermost layer of the PM films was peeled from the stack and investigated using
an EVOS XL Cell Imaging System digital inverted microscope equipped with a GFP
fluorescence filter. This method was employed to determine the extent of particle
deposition after the insertion of each MN array.

205

Chapter 6

6.3
6.3.1

EHDA coating of microneedles

RESULTS AND DISCUSSION
EHDA coating optimisation
EHDA coating on Tyn MN was performed using the optimised parameters listed

in Table 6-4, and the process time was varied to examine the effect on coating. The
parameters were selected based on their ability to successfully fabricate PVP ES fibres
(see Section 3.3.2) and electrosprayed PCL particles (Bock et al., 2011).
Table 6-4
Parameters

EHDA conditions for coating Tyn MN
Fibre coating

Particle coating

ANS (0.2 mg mL-1) in 10% w/v

Nile red (1 mg mL-1) in 10%

PVP in absolute ethanol

PCL w/v in chloroform

Flow rate (mL h )

0.1

1.0

Spinneret to MN distance (cm)

12

15

Coating solution
-1

Voltage (kV)

10

The fluorescence microscope images given in Figure 6-5 show the coverage of
PVP fibres on Tyn MN after varied deposition times. The fluorescence intensity reflects
the extent of fibre deposition. Regardless of the coating time, all the coated Tyn MN
exhibited stronger fluorescence intensity at the tips and the base of the arrays, while
there was uncoated space surrounding the shaft (Figure 6-5 b-d). As expected, the
deposition amount increased as the coating process was longer.

Figure 6-5 DAPI-fluorescence filtered overlay microscopic images (4X magnification) of a) uncoated
Tyn MN, b) Tyn MN after 10 min coating , c) Tyn MN after 20 min coating, and d) Tyn MN after 30 min
coating with ANS/PVP fibres. Blue fluorescence illustrates the coating area. Arrows indicate the MN tip
and base of the MN plate. The coating was concentrated at the needle tip and the base.
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SEM images (Figure 6-6) reveal that the geometry of the Tyn MN needles was
octahedral pyramids (see Figures 6-6 a-b). Uniforms fibres were observed on all the
coated MN samples (Figure 6-6 c-f). The SEM analysis was in line with the
fluorescence microscopy, in that the coating was concentrated at the tip and the base.
The fibres completely covered the tips of the needles when the process time was 30
min, whereas the tips were incompletely coated at shorter coating times (10 and 20
min).

Figure 6-6 SEM images of Tyn MN coated with ANS/ PVP fibres after varied coating times. Images are
given at 100X (left) and 800X (right) for a-b) uncoated, c-d) 10 min coated, e-f) 20 min coated and g-h)
30 min coated samples. The tip and base of the MN were preferentially coated.
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In contrast, no difference in the fluorescence intensities was observed across the
MN plate when the MN were coated with PCL particles for varied times, indicating
uniform coating at the needle tips and base of the arrays (see Figure 6-7). In fact, an
even coverage of the MN was achieved in the first 10 min of coating. However, more
particles were deposited at the MN tips when the processing time was longer. The SEM
images in Figure 6-8 demonstrate that monodisperse PCL particles were deposited on
the MN. As expected, a longer coating time led to more particles deposited on the MN
and a thicker coating.

Figure 6-7 Texas-red filtered overlay fluorescence microscopic images (4X magnification) of a)
uncoated Tyn MN, b) MN after 10 min coating, c) MN after 20 min coating, and d) MN after 30 min
coating with Nile red/ PCL particles. Red fluorescence illustrates the coating area. Arrows indicate the
MN tip and the base of the MN plate. The particles are evenly deposited across the entire MN array.
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Figure 6-8 SEM images of nile red/PCL particles coated onto Tyn MN for varied coating times. Images
at 100X (left) and 800X magnification (right) for a-b) uncoated, c-d) 10 min coated, e-f) 20 min coated
and g-h) 30 min coated MNs are shown. An even coating was achieved in all cases.

Electrical field focusing is the main mechanism underpinning EHDA coating.
The deposition of the EHDA products follows the electrical field line from the spinneret
to the collector. Therefore, the electrical field can potentially be controlled to improve
the arrangement of deposited particulates. Such modification can be achieved using a
different shaped collector or adding an auxillary electrode (Sahay et al., 2011).
Secasanu et al. (2009) performed computational simulations and combined these
with experimental work to determine the electrical field around point electrodes as
compared to flat plates. The results from the simulation and experiment were consistent,
and showed that the electrical field was concentrated on the tip and the lateral part of
the point electrodes. The field enhancement at the tip also was noted when electrospun
fibres were deposited onto pyramidal microscale protrusions (Ding et al., 2009).
Rezvanpour and Wang (2011) suggested that the deposited electrosprayed particles on
the collector might change the electrical focusing if the charge was not completely
dissipated, resulting in more accumulation of the particles on the already coated surface.
The accumulation also depends on the coating time. These factors contribute to greater
deposition of the PVP fibres and PCL particles on the needle tips (see Figure 6-5 and
6-7).
Moreover, it should be highlighted here that the observation of an unenven fibre
coating (see Figure 6-5) could also be ascribed to the electrical charge. Given that the
fibres from the nozzle hold similar charge as those deposited on the tip, the polymer jet
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might be repelled by the already-deposited fibres repulsed and deposited beyond the tip
vicinity, leaving some areas uncoated. This effect appears to be important in the fibre
coating (Figure 6-5). This could be attributed to the whipping movements of polymer
jet loops during ES that controls the alignment of the fibres on the MN (Lavielle et al.,
2012). In contrast, the particle coating was evenly distributed across the needles and the
base (see Figure 6-7), thought to be because no whipping motion of the polymer jet
occurrs during electrospraying. An even fibre coating was reported in the previous study
of EHDA MN coating (Khan et al., 2014); the difference is ascribed to variations in the
needle geometry and the orientation of the needle array used in the previous study and
the present work.
Aside from the coating coverage, the continuity of the coating should be taken
into account. Khan et al. (2014) reported the occurrence of short, fragmented, fibres
after MN insertion. As the drug encapsulation in an electrospun product will occur
continuously throughout the length of the fibres, the above finding can mean that the
embedded compound might leak and not be properly controlled for delivery into the
skin. On the other hand, the payloads are encapsulated in individual particles in
electrospraying, and the breaking of these systems is less likely to occur owing to their
particulate nature. Therefore, electrosprayed particles are more promising candidates to
both achieve an even coating and maintain the formulation integrity upon insertion.
It is worth mentioning here that there was particle deposition other than on the
coating substrate, which led to the loss of material during production (Figure 6-9). In
the case of ES, a greater amount of deposition of the fibres was seen on the base parallel
to the direction of the electrode. This could indicate a non-uniform electrical field
distribution led to uneven coating (see Figure 6-5).

Figure 6-9 Photographs showing the fibres collected a) on the coating substrate and b) on the MN array.
Arrows indicate the observed uncontrollable deposition leading to reduced yield.
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To alleviate both issues, the set-up was modified to focus the electrical field on
the coating substrate. This was performed by using a 1×1 cm2 aluminum plate as the
collector plate. The size of the plate was similar to that of the MN arrays, which should
help to focus the field on to the arrays (see Figure 6-4). A point collector was employed
to concentrate the electrical field line and control the trajectory of the products, helping
to ensure they deposit on a finite area (Sahay et al., 2011). Both strategies were
executed by mounting the coating plate on the tip of a needle, which was connected to
the ground electrode.
6.3.2

PLGA electrospraying optimisation
The previous section demonstrated promising results for Tyn MN coating by

electrospraying. The successful coating observed could be attributed to the
semiconductive properties of silicon, which could facilitate electrical field distribution
on the MN arrays. On the other hand, non-conductive materials, such as polymers,
would be more challenging to coat by EHDA. Since one of the aims of this study was to
coat Gan polymeric MN, electrospraying was first used to coat a polymer substrate to
determine the feasibility of coating on polymeric substrates. PVP films were used as a
coating substrate for optimisation. PLGA was selected to produce a coating of
nano/microparticles, with an eye to application in vaccines (Joshi et al., 2013; Kapoor et
al., 2015; Silva et al., 2015). PLGA electrospraying was performed using the
parameters listed in Table 6-5.
Table 6-5 PLGA coating optimisation conditions
Sample

Coating solution

Flow

Spinneret to MN

Voltage

Process

rates

distance (cm)

(kV)

time

-1

(mL h )
I

2% w/v PLGA in TFE

0.2

II

4% w/v PLGA in TFE

0.4

III

6% w/v PLGA in TFE

0.6

IV

8% w/v PLGA in TFE

0.8

V

6% w/v PLGA in TFE

0.2

VI

6% w/v PLGA in TFE

0.4

VII

6% w/v PLGA in TFE

0.8

VIII

8% w/v PLGA in TFE

0.2

IX

8% w/v PLGA in TFE

0.4

X

8% w/v PLGA in TFE

0.6

(min)

10

12

30
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Sample I-IV were prepared first to determine the effect of the PLGA
concentration and the flow rate on the morphology of the fabricated particles. SEM
images in Figure 6-10 demonstrate the effect of these parameters on the particle
morphology. Irregular particles were obtained in Sample I whereas fibres mixed with
particles were seen in Samples II and III. In contrast, electrospun fibres were produced
in Sample IV (see Figure 6-10).

Figure 6-10 SEM images of Sample I-IV prepared in the PLGA particle optimisation study. Particles
tend to be produced at low flow rates and low PLGA concentrations, whereas electrospun fibres were
generated at higher flow rates or concentrations. Arrows indicate bead on string structures ,primary and
secondary particles in Sample II and III, respectively.

The difference of observed morphology is underpinned by the mechanism of
electrospraying. As previously discussed in Section 1.5.1 - Chapter 1, Rayleigh’s limit
involves the break-up of electrified polymer jet owing to the repulsive electric force
overcoming surface tension which can generate either electrosprayed or electrospun
particulates in cone-jet EHDA (Xie et al., 2015). Almería et al. (2010) discussed the
additional effect from polymer entanglement on the morphology of sprayed PLGA
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particles. As discussed in Section 3.3.1.1 – Chapter 3, polymer entanglement revolves
around the intermolecular interaction between polymer that allows polymer chain
intertwine. In the case of atomised particles, the entanglement is related to compactness
of the particles (Wang et al., 2009). It was found that the shape of particles was
maintained if the polymer volume fraction was close to polymer entanglement value
before reaching the volume fraction at the onset of Rayleigh’s limit and vice versa
(Almería et al., 2010). Considering electrosprayed PLGA particles in Figure 6-10 it can
be assumed that the concentration is not sufficient for the polymer to hold or become
entangled in Sample I, thus generating defected particles (i.e. irregular and subparticles) were evident. Alternatively, the entanglement was dominated in Sample IV
regarding developed fibres with little or no particles. According to the SEM
observation, it appears that at least 6% w/v PLGA was optimum to gain some levels of
entanglement in respect to 2 and 4% w/v PLGA. It is worth mentioning here that the
increased flow rate also contributed to the morphology of the resulting particles. This
means that further flow rate optimisation should be performed at a fix concentration.
Electrosprayed PLGA particles of 6% and 8% were then fabricated by varying the flow
rate, as shown in Table 6-5.
Figure 6-11 demonstrates that fibres mixed with particles in different
proportions were also observed from all 6 and 8% w/v solutions (Sample III to X).
Monodisperse PLGA particles were predominant in Samples V and VIII. More fibres
were obtained as the flow rate was increased at given concentration (see Figure 6-11).
This suggests the flow rate effect on the particle morphology. Based on these
observations, the generation of fine particles was favoured at low flow rate whereas
fibres were achieved with the increased flow rate at 8% w/v PLGA. SEM images in
Figure 6-11 suggested that the suitable condition to produce electrosprayed particles
were either 6% or 8% w/v PLGA at 0.2 mL h-1. However, higher polymer concentration
was more preferable to ensure the compactness of the produced particles (Wang et al.,
2009). Therefore, the process condition of 8% w/v PLGA and 0.2 mL h-1 was proceeded
in further experiment.

213

Chapter 6

EHDA coating of microneedles

Figure 6-11 SEM images of Sample III-X obtained during the PLGA particle optimisation study. Fibres
were produced as the flow rate was increased (Sample V, IX, X). Sample V and VIII showed
monodisperse PLGA particles, with a small number of fibres also present.
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6.3.2.1 Preparation and characterisation of electrosprayed coating formulation
6.3.2.1.1 FITC-OVA conjugation
There are five amino acids on OVA which are available for undergoing
conjugation, including 20 Lys, 10 Tyr, 6 Cys, 14 Asp and 33 Glu (Harlow and Lane,
1988). The conjugation and purification of FITC-OVA was examined using SDSPAGE. The Coomasie blue stained gels show two high intensity protein bands in the
reaction mixture at approximately 45 kDa and 110 kDa, corresponding to the molecular
weight of OVA and aggregates (Figure 6-12). The fluorescence imaged gel also
demonstrates that FITC-OVA was successfully labeled, as the OVA band at 45 kDa
became fluorescent in both the reaction mixture (Lane 8) and the first fraction eluted
from a PD-10 column in purification (Lane 10) (Figure 6-12).

Figure 6-12 Photographs of Novex Bis-Tris 4-12% gels showing FITC-OVA conjugation (Lanes 1-10).
The Coomasie blue stained gel (left) has lanes as followed. M: molecular weight standard; Lane 1:
freshly prepared OVA solution (0.1 mg mL-1); Lane 2: NHS-FITC (1 mg mL-1 in DMSO); Lane 3: the
FITC-OVA conjugation reaction mixture; Lane 4: a freshly prepared FITC-OVA standard solution (0.1
mg mL-1); Lane 5: the desalted FITC-OVA reaction mixture with PBS buffer. The fluorescent gel (right)
imaged under a UV lamp (365nm) has the following lanes. Lane 6: freshly prepared OVA solution (0.1
mg mL-1); Lane 7: FITC (1 mg mL-1 in DMSO); Lane 8: the FITC-OVA conjugation reaction mixture;
Lane 9: a freshly prepared FITC-OVA standard solution (0.1 mg mL-1); Lane 10: the desalted FITCOVA reaction mixture with PBS buffer. The FITC-OVA reaction mixture and the purified fraction
present a protein band at 45 kDa under UV, indicating successful formation of FITC-OVA. The results of
one representative experiment are shown.
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The high molecular weight band at 100 kDa was also observed in all conjugated
FITC samples, including freshly prepared commercial FITC-OVA (Lane 4 and 9). This
was possibly due to the tendency of OVA to aggregate during SDS-PAGE, as similar
bands have been observed from OVA in several literature reports (Arakawa and Kita,
2000; Heilmann et al., 2014; Liu et al., 2016; Yang et al., 2015). The conjugation
efficiency was approximately 42.83 ± 4.07 % (mean ± SD, n = 4), with an F/P ratio of
approximately 0.8 suggesting 1:1 conjugations.
6.3.2.1.2 Particle characterisation
Morphological characterisation
FITC-OVA-loaded PLGA particles were produced to determine their properties
prior to coating the MN. The processing parameters are listed in Table 6-6. As particle
recovery was very low (less than 1% yield) when harvesting from a solid substrate,
PLGA particles were electrosprayed into DI water to enhance the yield. Owing to the
non-solvent property of DI water for PLGA, the particles produced floated on the
surface of the water, thus facilitating particle collections. SEM images (Figure 6-13)
show monodisperse OVA/PLGA particles with size of 777 ± 138 nm were produced.
However, the particles appeared to be aggregated rather than existing as discrete
entities. This is in line with the results from Seth’s study (Seth and Katti, 2012), and is
due to the hydrophobicity and poor wetting properties of PLGA. Nonetheless, the
production yield was remarkably high at 71.83 ± 6.19 % (n=4). Some deposition of
particles on the edge of the aluminum container was observed, which contributed to the
production loss.
Table 6-6 FITC-OVA/PLGA electrospraying conditions
Parameters

FITC-OVA/PLGA particles
10 mg FITC- OVA loaded in 8% w/v PLGA (50:50)

Spraying solution

in TFE (1.0 mL)

Flow rate (mL h-1)

10

Spinneret to collector

10

distance (cm)
Voltage (kV)

12
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Figure 6-13 SEM images of electrosprayed FITC-OVA loaded PLGA particles at a) 10000X and b)
20000X magnification, with c) the particle size distribution. Monodispersed OVA/PLGA particles were
produced. The results of one represetative batch are shown.
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Physicochemical characterisation
FTIR
The chemical composition of the OVA/PLGA particles was explored using
FTIR. Figure 6-14 displays the FTIR spectra of PLGA, FITC-OVA and the sprayed
particles. PLGA shows absorption peaks at 1752 cm-1 (C=O carbonyl stretching) and
1270 cm-1, 1174 cm-1 and 1084 cm-1 (asymmetric and symmetric C-O vibrations), which
are characteristic peaks for ester functional groups (see Figure 6-14a). The spectrum of
PLGA is consistent with the results reported elsewhere (D’Avila Carvalho Erbetta et al.,
2012; Wang et al., 2011). Three main peaks were observed in lyophilised FITC-OVA at
3282 cm-1, 1654 cm-1 and 1529 cm-1; these correspond to the stretching vibration of OH
groups (water adsorption), the amide I band (C=O stretching) and the amide II band (NH bending and C-N stretching) (Baghaei et al., 2015). The assigned bands are
characteristic in the IR spectra of proteins (Barth, 2007; Olsztyńska-Janus et al., 2012;
Pikal et al., 2008; Schüle et al., 2007) (Figure 6-14b).

Figure 6-14 FTIR spectra of a) pristine PLGA, b) lyophilised FITC-OVA and c) FITC-OVA loaded
PLGA electrosprayed particles.
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Absorption peaks of FITC might be expected for FITC-OVA between 1400 1500 cm-1, corresponding to aromatic ring stretching vibration (Zhang et al., 2013).
However, the FITC signal is obscured by the protein signals, which are both strong and
complex in this region. This is sensible, given the small number of FITC functional
groups present compared to the protein groups. The OVA/PLGA particles exhibited the
IR bands of both PLGA and OVA, including the ester functional groups of PLGA
(1084, 1174, 1270, and 1752 cm-1) and the protein amide region (1534 and 1654 cm-1)
(Figure 6-14c). This indicates the successful encapsulation of OVA by electrospraying.
DSC
DSC analyses of the OVA/PLGA particles show similar thermograms to the
pure PLGA material, in that an endothermic peak at ca. 46 °C was observed (see Figure
6-15). This is reported to be the Tg of PLGA (D’Avila Carvalho Erbetta et al., 2012;
Kapoor et al., 2015). However, the peak appears like an endothermic melt because of
relaxation of polymer molecules towards a crystalline state upon storage (Haque et al.,
2006). To confirm this, the PLGA particles were subjected to modulated temperature
DSC (MDSC) to identify the Tg.

Figure 6-15 DSC thermograms of electrosprayed FITC-OVA loaded PLGA particles a) PLGA, b)
lyophilised FITC-OVA and c) the OVA/PLGA particles. (DSC experiment: heating range 0 -150 °C , 10
c° min-1).
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MSDC allows the separation of reversible and non-reversible (amorphous
relaxation) events. These will present in either the non-reversing or reversing heat flow.
While irreversible thermal events such as degradation would be observed in the first
case, Tg as a reversible process could be expected in the reversing flow. Figure 6-16
shows the reversing heat flow MDSC thermogram of the OVA/PLGA particles. A
transition in baseline with a midpoint of 44 °C was evident, followed by endothermic
peak around 45.82 °C, indicative of the Tg of PLGA. Therefore, the results suggest that
the PLGA particles were amorphous, similar to the PLGA starting material.

Figure 6-16 The reversing heat flow of FITC-OVA/PLGA electrosprayed particles, obtained from a
MDSC experiment. (MDSC experiment: heating range 0-150 °C, 3 °c min-1, frequency 60s, Amplitude 1
°c).
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XRD
XRD was used to characterise the physical form of the FITC-OVA/PLGA
particles. The particles displayed a “halo” diffractogram similar to FITC-OVA and
PLGA (Figure 6-17), indicative of the amorphous nature of the material. The
diffraction data are in agreement with DSC data, confirming the amorphous form of the
FITC-OVA/PLGA particles.

Figure 6-17 XRD patterns of a) the FITC-OVA/PLGA particles, b) lyophilised FITC-OVA, and c).
PLGA

Zeta-potential
The zeta potential of the PLGA particles was also measured at 25 °C by
suspending the PLGA particles in DI water and found to be -27.30 ± 3.48 mV (n=3),
suggesting negatively charged particle surfaces. The negative charge can be attributed
to the carboxylate groups of PLGA, which can be expected to be ionised at pH 7.4 (Yoo
et al., 2010).
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6.3.2.2 In vitro studies
6.3.2.2.1 Encapsulation efficiency and in vitro release study
The MicroBCATM assay was used to quantify the total OVA encapsulation and
the protein released from the PLGA sprayed particles. The encapsulation efficiency of
the PLGA particles was 95.62 ± 5.87 % (n=4) (ca. 105 µg FITC-OVA/ mg particles).
High OVA encapsulation could be ascribed to the compatibility of OVA with the
polymer, as a result of hydrophobic interactions between OVA and PLGA (Mittal et al.,
2007). In vitro release studies for the FITC-OVA loaded particles were performed using
the shaking method, which has been widely used to explore the dissolution of
microparticles (Mi et al., 2003; Yen et al., 2001) and also allows further investigation of
the release from MN (Larraneta et al., 2014). A 30 day-study period was selected, but
the drug released from one experiment was under the detection limit of the protein assay
(~ 2 µg mL-1) after day 25th of the experiment. Consequently, the release profiles for 25
days were determined.
The cumulative release and concentration profiles of the sprayed particles are
given in Figure 6-18. The particles exhibited a burst release of approximately 13% of
the OVA loading (ca. 144 µg FITC-OVA) after the first day followed by sustained
release over the rest of the study period, and culminating in total release of 32.64 ± 6.46
% (ca. 355 µg FITC-OVA) (n=3; Figure 6-18a). The concentration profile of the
particles given in Figure 6-18b was in agreement with the cumulative release, in that a
burst release of 58.38 ± 20.46 µg mL-1 (ca. 175 µg OVA, 37.29 ± 5.70 % of the total
release) was initially seen. This was followed by fluctuation of the protein concentration
over the range from 2.52 ± 0.60 µg mL-1 (ca. 7.5 µg OVA, 1.36 ± 0.18% of the total
release) to 7.19 ± 3.88 µg mL-1 (ca. 21.56 µg OVA, 4.47 ± 0.87 % of the total release)
over the rest of the study period.

Figure 6-18 The release profiles of FITC-OVA/PLGA particles showing the a) cumulative release and b)
concentration vs. time profiles. Data are shown as mean ± SD (n=3).
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The release profiles of the PLGA particles were fitted with mathematical models
to elucidate the release mechanism of FITC-OVA. All the kinetic parameters obtained
are given in Table 6-7. The release profile of the particles was best fitted with the
Korsmeyer – Peppas release model (R2 = 0.97). An exponent of 0.21 indicates that the
OVA release mechanism was dominated by Fickian diffusion (Costa and Sousa Lobo,
2001). A similar principle was also found to underpin the release of BSA from PLA
electrospraying (Shan et al., 2015).
Table 6-7 Release kinetics of the FITC-OVA loaded PLGA particles
Release parameters
Zero-order release

FITC-OVA/PLGA particles

k0

0.78 day-1

t1/2

56.87 days

R

2

0.84

First-order release
k1

0.05 day -1

t1/2

12.91 days

R

2

0.86

Higuchi
kH

168.68 µg day-1/2

R2

0.91

n

0.21

kkp

11.99 day-1

R2

0.97

Korsmeyer-Peppas

Abbreviations : k0 = zero-order rate constant, k1 = first-order rate constant, kH = Higuchi rate constant, kkp = Korsmeyer Peppas
rate constant, n= release exponent of the Korsmeyer-Peppas model, R2 = correlation coefficient, t1/2 = half-life

A burst release of encapsulated agents is often reported after encapsulation via the
emulsion method (Ye et al., 2010). A common challenge associated with the
encapsulation of hydrophilic compounds such as proteins in PLGA systems is the
random distribution of the drug in the polymer system. The presence of drug at the
particle surfaces gives it a facile route to diffuse into solution, which can contribute to
high burst release (Allison, 2008) In fact, this difficulty is even more pronounced in
single-fluid electrospraying systems which the encapsulated compound may localise on
the particle surface owing to electrical field driven migration. Other strategies to confine
the encapsulated compound in the particles could ameliorate the issue. For instance, a
drug can be encapsulated in the core of the particles by coaxial electrospraying, while
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the polymer shell serves as a barrier to retard and control release (Wang et al., 2013). In
fact, controlling the charge of encapsulated entities may be used to engineer distribution
of compounds in the electrosprayed particles similarly to work done in Chapter 4.

6.3.2.2.2 In vitro cell experiments
Cell viability
MoDC viability was assessed after 24 h incubation with the particle
formulations. Figure 6-19 shows that all treated MoDCs exhibited virtually 100%
viability, very similar to the untreated control (repeated measures One-way ANOVA; p
> 0.05). Many reports in the literature suggest that the cytotoxicity of micronanoparticle systems depends on the material properties such as charge and surface
chemistry (Irvine et al., 2015). For instance, many study showed that PLGA does not
give any cytotoxicity to DCs while poly(ethyleneimine) (PEI) decorated PLGA particles
generated higher cytotoxicity than BSA coated PLGA particles (Romero et al., 2010).
Considering the physicochemical properties of the particles, the contributing factor to
the toxicity is expected to stem from the positive charge of the PEI/PLGA particles, but
the mechanism has been yet elucidated. Achieving approximately 100% cell viability
from most treatments suggests that FITC-OVA, PLGA and the FITC-OVA/PLGA
particles have no cytotoxicity to MoDCs.Cell viability
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Figure 6-19 MoDC viability after a 24 h incubation with FITC-OVA/PLGA particles. LPS (LPS 0.1µg
mL-1/well, positive control); P1 (9.0 mg of the labeled OVA particles, 1.0 mg mL-1 FITC-OVA/well); P2
(0.09 mg of the labeled particles, 100-fold dilution of P1); S1 (1.0 mg mL-1 soluble FITC-OVA/well); S2
(0.01 mg mL-1 soluble FITC-OVA) and PLGA (8 mg of PLGA/well). All the formulations had no effect
on cell viability (repeated measures One-way ANOVA, p>0.05). The results are presented as mean ± SD
(n=3).
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Particle uptake
The uptake of FITC-OVA loaded PLGA particles was determined using a
fluorescence digital microscope and FACS after the incubation period. MoDCs were
washed with cold buffer to reduce any further particle uptake (Yoshida and Babensee,
2006). This means that the particles and any FITC-OVA left in solution could be
removed before analyses, and presumably any observed fluorescence corresponded to
intracellular fluorescence due to uptake.
Figure 6-20 shows the MoDC morphology exposure to the particles. All FITCOVA treated cells (P1, P2, S1, S2) exhibited round morphologies similar to untreated
cells, while LPS-treated cells showed more branched morphology and aggregation
suggesting the development of mature MoDCs (Figure 6-20b). This morphology is a
result of the very high immunogenicity of LPS, and similar findings were also observed
when bone-marrow derived DCs (BMDCs) were treated with the same concentration of
LPS (Madaan et al., 2014). It is also evident that all FITC-OVA treated cells showed
intracellular fluorescence after 24 h incubation, indicating successful FITC-OVA uptake
(see Figure 6-20 c-f). The morphology of the particles visible in this experiment
(Figure 6-20g) was consistent with the SEM and microscopic study, in that the particles
formed aggregates which were not redispersible.
It should be mentioned here that it is not possible to identify the form of FITC
present inside the cell in the case of the OVA/PLGA particle treated MoDC. Given the
size of the aggregates obtained from digital microscopy (ca. 58.72 ± 22.80 µm), it can
be asserted that cells were unable to take these up within 24 h, as the size of the
particles exceeds the cut-off for cellular uptake (Champion et al., 2008; Shah et al.,
2014). However, the cells could uptake released FITC-OVA, of which there will be a
significant amount given the initial burst release identified in the in vitro release study.
Further fluorescence microscopy studies revealed that MoDCs tended to adhere to
particle aggregates in the particle-treated groups, while the cells appeared more spread
out in the FITC-OVA solution treated group (see Figure 6-20 h and i, respectively). In
term of vaccine applications, these result suggest that the OVA/PLGA particles serve as
depots that slowly release OVA and recruits cells to the site of application.
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Figure 6-20 MoDC morphology after a 24 h incubation with FITC-OVA formulations, showing GFPoverlay fluorescence microscopic analyses of a) untreated cells, and cells treated with b) LPS (LPS 0.1
µg mL-1/well; positive control), c) P1 (9.0 mg of the labeled OVA particles, 5.0 mg mL-1 FITCOVA/well), d) P2 (0.09 mg of the labeled particles; 100-fold dilution of P1), e) S1 (5.0 mg mL-1 soluble
FITC-OVA/well), f) S2 (0.05 mg mL-1 soluble FITC-OVA) and g) PLGA (8 mg/well of PLGA). GFPfiltered fluorescence images are also given for h) P1 and i) S1. MoDCs showed the uptake of all FICTOVA formulations (P1, P2, S1 and S2) after 24 h. Particle aggregates were observed, in which MoDCs
tended to adhere at the surface of particles whereas the solution–treated cells spread over the wells.
Arrows in c), d), e), f) indicate intracellular FITC. One representative experiment out of three is
presented. Abbreviations: iDC –immature dendritic cells amd mDC – mature dendritic cells.

FACS analyses of FITC-OVA uptake by MoDCs are given in Figure 6-21. The
expression ratio of each treatment group is depicted.

R1 was first gated as the

population of interest (see Figure 6-21a). The fluorescence histograms in Figure 6-21b
show that the highest MFI in the FITC channel was observed from the S1 solution (5.0
mg mL-1 soluble FITC-OVA/well) group, followed by the P1 particles (9.0 mg of the
labeled OVA particles, 5.0 mg mL-1 FITC-OVA/well), the S2 solution (0.05 mg mL-1
soluble FITC-OVA) and the P2 particle treated group (0.09 mg of the labeled particles;
100-fold dilution of P1).
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The FITC-OVA uptake was approximately 300 times higher in P1 and S1
treated cells compared to the untreated cells control, whereas the uptake level was
lowered when the loading of labeled OVA was lowered (P2 and S2). Moreover, the
FITC positive populations from all treatment groups were markedly higher than the
untreated cells (post-hoc Tukey’s comparison test; p < 0.001), except that from the P2
treatment group (see Figure 6-21c). The percentage positive population followed the
trend of the MFI ratio, in that the uptake was concentration dependent and there was no
significant difference between the solution and particle formulations in the case of S1
and P1. The percentage FITC positive cells substantiated the assumption that the burst
of FITC-OVA release gave rise to its uptake in soluble form rather than as particles.
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Figure 6-21 FACS analyses of FITC-OVA uptake by MoDCs after a 24 h incubation. a) Scatter plot
demonstrating the MoDC population in the R1 gate. b) Fluorescence histograms showing the FITC
intensity. The values in the table represent the MFI ratio obtained from three donors. The filled grey lines
and open and lines represent auto-fluorescence and fluorophore fluorescence, respectively. c) Scatter plot
showing the positive populations for FITC. All FITC-OVA formulation gave rise to significant FITC
intracellular intensity, indicating successful uptake by MoDCs, except the P2 treated MoDCs. One
representative experiment from one donor out of three is presented. (Repeated measures One-way
ANOVA with post hoc Tukey’s test: Statistical significance: * (p-<0.05), ** (p<0.01) and ***
(p<0.001). – Treatments - (LPS (LPS 0.1 µg mL-1/well; positive control), P1 (9.0 mg of the labeled OVA
particles, 5.0 mg mL-1 FITC-OVA/well), P2 (0.09 mg of the labeled particles; 100-fold dilution of P1),
S1 (5.0 mg mL-1 soluble FITC-OVA/well), S2 (0.05 mg mL-1 soluble FITC-OVA) and PLGA (8 mg/well
of PLGA).

Expression of co-stimulatory molecules
Following a 24 h incubation with the formulations, the expression of costimulatory CD86 was evaluated using FACS analyses, to determine the potential
immune activity of the OVA/PLGA particles. Figure 6-22a depicts fluorescence
histograms. The histograms for CD86 of most FITC-OVA formulations show minor
shift of the fluorescence intensities. In contrast, the data for the LPS treated group
exhibited fluorescence intensities four times higher than the untreated cells, indicating
the development of mature DCs (mDCs). The percentage CD86-positive population
followed the same trend, with the expression ratio with the LPS treated group by far the
highest while the other treatment groups were similar to untreated cells (post-hoc
Tukey’s test; p > 0.05; see Figure 6-22b).
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Many studies have highlighted the potential immunostimulatory activity of
vaccine particles (De Temmerman et al., 2011; O’Hagan, 1998). However, FACS
analyses showed no significant effects of the particles in this study, probably because
the cells were unable to uptake the entire particle aggregates. The cells were able to
uptake the soluble FITC-OVA released from the particles, but OVA is nonimmunogenic in in vitro testing. Therefore, the CD86 expression of particle-treated cells
was similar to that from the solution group.

Figure 6-22 FACS analyses of CD86 expression by MoDCs after a 24 h incubation with FITC-OVA
formulations. a) Histograms showing the PE-CD86 intensity. The value in the figures represent the MFI
ratio obtained from three donors. The filled grey and open lines represent auto-fluorescence and
fluorophore fluorescence, respectively. b) Scatter plot showing positive populations for CD86. All FITCOVA formulation gave rise to insignificant PE-CD86 intensity, indicating no significant immune
stimulating effects. One representative experiment from one donor out of three is presented. (Repeated
measures One-way ANOVA with post hoc Tukey’s test: Statistical significance: * (p<0.05), ** (p<0.01)
and *** (p<0.001). Treatments - (LPS (LPS 0.1 µg mL-1/well; positive control), P1 (9.0 mg of the
labeled OVA particles, 5.0 mg mL-1 FITC-OVA/well), P2 (0.09 mg of the labeled particles; 100-fold
dilution of P1), S1 (5.0 mg mL-1 soluble FITC-OVA/well), S2 (0.05 mg mL-1 soluble FITC-OVA) and
PLGA(8 mg/well of PLGA).
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Cytokines production
The trends in terms of cytokine production were the same as those for the CD86
co-stimulatory marker, as no significant increase in the amounts of TNF-α and IL-6
produced were seen after treatment with the FITC-OVA formulations (repeated
measures one-way ANOVA; p>0.05; see Figure 6-23). As discussed above, the FITCOVA particle–treated cells (P1 and P2) were unable to ingest the particles owing to the
aggregation of the latter.

Figure 6-23 Cytokines production after 24 h stimulation with FITC-OVA formulations, of a) TNF-α and
b) IL-6 production quantified using ELISA. All treated MoDCs had no significant increase in TNF-α and
IL-6 production, consistent with the CD86 results. Thus, this suggests no immune stimulation of the
electrosprayed particles. Three independent experiments were performed (n=3). (Repeated measures Oneway ANOVA with post hoc Tukey’s test; Statistical significance: * (p <0.05), ** ( p<0.01) and *** (p<
0.001). Treatments - (LPS (LPS 0.1 µg mL-1/well; positive control), P1 (9.0 mg of the labeled OVA
particles, 5.0 mg mL-1 FITC-OVA/well), P2 (0.09 mg of the labeled particles; 100-fold dilution of P1),
S1 (5.0 mg mL-1 soluble FITC-OVA/well), S2 (0.05 mg mL-1 soluble FITC-OVA) and PLGA(8 mg/well
of PLGA).

In conclusion, FACS analyses demonstrated the FITC-OVA uptake by MoDCs
after a 24 h incubation with particle formulations. MoDCs were stimulated after treating
with P1 formulation (9.0 mg of the labeled OVA particles, 5.0 mg mL-1 FITCOVA/well) as the slightly increased in CD86 expression was observed compared to
soluble formulation and untreated cells, however it was insignificant statistically. The
determination of the expression of co-stimulatory molecules and cytokine production
was in accordance in that the labeled OVA particles did not generate greater response
compared to the soluble OVA. It is assumed that the size of the particle aggregates
influences cellular uptake which can affect immune stimulation.
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MN coating

6.3.3.1 FITC-OVA/PLGA electrosprayed coating
Figure 6-24 shows Tyn and Gan MN coated with the OVA/PLGA particles. In
terms of the coating performance, the coating efficiency of Tyn MN was 29.19 ± 6.99
% while 27.41 ± 2.47 % was obtained for Gan MN. Statistical testing showed no
significant difference between the two (unpaired two-way T-test ; p > 0.05, n=4). This
coating was approximately equal to 2.7 mg of the OVA/PLGA particles per 1 cm2 MN
array. Taking the coating efficiency as the production yield, the efficiency was
approximately half of that when the particles were produced using a liquid collector (ca.
71%, see Section 6.3.2.1.2). The lower yield may arise from a smaller deposition area
used in this experiment while more particles deposited on the liquid collector. Also, the
change in electrical field lines upon the coating the charged particles on the MN arrays
should be taken into an account, because this can cause off-target deposition thus
affecting the coating efficiency (Rezvanpour and Wang, 2011). To improve the
deposition yield, other electrical focusing strategies could be employed, such as using a
ring electrode to concentrate the electrical field to the coating substrate (Guo et al.,
2015)
Gill and Prausnitz (2007b) reported that a multi-dip coating process enabled
MNs to be loaded with riboflavin to a maximum amount of 1 mg per 10 – 20 cm2 MN
array. MN coating by inkjet printing technique gave a maximum loading of 600 µg of 5fluoruracil/polymer formulation per 1 cm2 MN array (Uddin et al., 2015). The loading
reported here is higher than these literature values, which suggests that performing MN
coating using EHDA may provide higher coating efficiencies.
Coated Tyn MN
Coated Gan MN

Figure 6-24 A photograph of Tyn MN and Gan MN coated with FITC-OVA/PLGA particles
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6.3.3.2 Morphological characterisation
SEM images of both MN before and after coating are given in Figure 6-25. It is
evident that the geometry of the needles in the MN types is different. The Tyn MN
comprise out-of-plane polyhexagonal pyramids, whereas the shape for Gan MN are
conical (Figure 6-25 a and b). The particle deposition was evenly distributed along the
tip and shaft of both the Tyn MN and Gan MN needles (Figure 6-25c-d). The particles
collected on the Tyn and Gan MN arrays were uniform and smooth spherical particles
with average sizes of 1060 ± 120 and 960± 130 nm respectively (Figure 6-25d-e).

Figure 6-25 SEM images of Tyn and Gan MN before and after coating with FITC-OVA/PLGA particles.
a) uncoated Tyn MN, b) uncoated Gan MN, c) coated Tyn MN with particles (at 1000× magnification),
d) coated Gan MN with particles (at 1000× magnification ), e) coated Tyn MN with particles (image
5000× magnification), and f) coated Gan MN with particles (5000× magnification) and their size
distribution. Both MN were successfully coated with uniform, monodisperse OVA/PLGA particles.
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6.3.3.3 MN insertion study
The insertion of coated Tyn and Gan MN was explored to evaluate the effect of
coating the arrays with particles on their mechanical properties. Several techniques have
been commonly employed to determine these properties, including the MN failure
force, transverse needle bending, base-plate strength and flexibility tests (Larrañeta et
al., 2016a). However, the aforementioned approaches involve the destruction of the MN
arrays. Owing to the limited MN availability, a non-destructive measurement was
preferable. Force of insertion (fi) was thus used to characterise the MN performance in
the present study. Davis et al. (2004) proposed that fi was the force required to press the
needles such that they tear the skin and penetrate into it, and established a relationship
between the force and needle displacement. In the insertion study, the MN were
mounted on an upper static load cell which was moving with a constant speed (0.5 mm
s-1), giving rise to the constant slope of the force-displacement curve (see Figure 6-26).
Upon the onset of insertion, the needles compress on the Parafilm membrane, and the
compression force was increased until the target of 50 N was reached. This changes the
slope of the force-displacement plot, resulting in a discontinuity in the curve; this
inflection was identified as fi. Figure 6-26 demonstrates that the fi of Tyn MN was
reduced after coating, whereas this value was increased for coated Gan MN as oppose to
the uncoated.

Figure 6-26 Force-displacement curves of Tyn and Gan MN before and after coating. a) Uncoated Tyn
MN, b) uncoated Gan MN, c) coated Tyn MN, and d) coated Gan MN. The labeled discontinuity in the
curve is identified as the force of insertion (fi).
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However, there was no difference statistically (p > 0.05) (see Figure 6-27). The
equivalent fi of both Tyn and Gan MN suggests that the mechanical properties of the
MN were not compromised by the OVA-loaded particle coating.

Figure 6-27 Force of insertion (fi) of Tyn and Gan MN before and after particle coating. The fi of coated
Tyn and Gan MN showed no significant difference compared with the uncoated MN, indicating no
detrimental effect of coating on the MN insertion performance. (Repeated measures One-way ANOVA
Statistical significance: * (p<0.05), ** ( p<0.01) and *** (p<0.001)).

The films after MN insertion were observed under fluorescence microscopy to
determine the extent of particle deposition on the film upon MN withdrawal. Figure 628 shows that a minimal amount of the particles was left on the film after the insertion
of coated Tyn MN, while significant amounts of particles were observed from the
coated Gan MN-pierced films. It should be noted here that some green fluorescence was
also observed with the uncoated MN. This could be attributed to autofluorescence of the
MN material. However, the FITC-OVA particles displayed much more intense
fluorescence compared to the uncoated material, as seen in Figure 6-28e and f, thus
confirming the deposition of the particles.
Moreover, it can be assumed from the fluorescence images that most leftover
particles were transferred from the tip of the Gan MN: it can be seen from the
microscope images that the trace of particles accumulated in the center of the needle
imprinted on the membrane, rather than the needle shaft. The low level of deposited
particles from the Tyn MN may arise from the hydrophobicity of the silica material
used to manufacture them, and the favourable interactions this can have with the PLGA
in the particles.
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Figure 6-28 GFP-filtered fluorescence microscopic images of PM films after insertion of a set of MN: a)
uncoated Tyn MN (4× magnification), b) coated Tyn MN (4× magnification), c) coated Tyn MN (10×
magnification), d) uncoated Gan MN (4× magnification), e) coated Gan MN (4× magnification), and f)
coated Gan MN (10× magnification). Minimal fluorescent particles were observed to remain after the
insertion of coated Tyn MN, whereas many were deposited on the films after coated Gan MN insertion.
This indicates the potential of coated Gan MN to deliver PLGA particles after MN insertion.

Several studies highlight the adsorption of polyester on silica material such as
poly(ethylene –o-phthalate) (Peyser et al., 1967), poly(3-hydroxybutyric acid) (Numata
et al., 2006) . Similarly, the OVA/PLGA particles may adsorb onto the Tyn MN,
leading to a lower extent of particles transfer to the membrane after MN removal. High
adsorption of the coating particles could be an issue for further through skin
permeability or in-skin dissolution testing because the particle dissociation from the
MN array could be low. Core-shell particles coated using a hydrophilic polymer to form
the shell should minimise hydrophobic interactions between the particles and Tyn MN,
therefore decreasing adsorption. In contrast, the high amounts of the OVA/PLGA
particles transferred after Gan MN removal could contribute to higher skin permeation,
which suggests the potential application of this novel coated SwMN for transdermal
DDS.
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CONCLUSIONS
This chapter sought to develop EHDA process to coat MN arrays for vaccine-

based applications. Both electrospun and electrosprayed formulations can be used to
coat MN arrays, but the electrospraying process gave better coating coverage. A
modification of the coating substrate to have a similar size to the MN array could
concentrate the electrical field on the target, thus improving the deposition of the
electrosprayed particles on the MN in preference to their collection elsewhere in the
processing chamber. Optimisation study of PLGA particle electrospaying suggested that
the polymer concentration and the flow rate of the process have significant impacts on
the morphology of the products, with 8% w/v PLGA (lactic : glycolic ) 50:50 in TFE,
0.2 mL h-1 being the best conditions to obtain monodisperse particles. Uniform FITCOVA/PLGA particles were obtained when 8% w/v PLGA in TFE and a flow rate of 0.2
mL h-1 were used. However, the particles had a tendency to form aggregates, regardless
of whether a solid substrate or liquid collector was used. This was attributed to the
hydrophobicity of PLGA.
The FITC-OVA PLGA particles showed a sustained release profile over 25
days, with an initial burst release during the first 24 h. A MoDC uptake study
demonstrated the uptake of FITC-OVA both from the particles and solutions. It was
assumed that the burst release of soluble FITC-OVA from the PLGA particles led to the
uptake, rather than the particles themselves being ingested, owing to the size of the
aggregates. OVA in P1 electrosprayed particles elicited minimal CD86 expression but
not significantly. As soluble OVA is not immunogenic in vitro, the expression of costimulatory CD86 and TNF-α and IL-6 production by particle-treated MoDCs was
comparable to that of untreated cells.
Almost 30% coating coverage was achieved on both silicon Tyn MN and super
swelling Gan MN when the optimised EHDA setting was employed. The coating
particles comprised uniform micron sized spheres on both MN sets. The evaluation of
MN force of injection showed the MN arrays to have similar properties before and after
coating. After insertion, microscopic analyses showed that the coated Gan MN could
efficiently delivery their particle coating to the acceptor membrane than the analogous
coated Tyn MN. Hydrophobic interactions between PLGA and the Tyn MN was
thought to give rise to this low particle deposition after insertion. Overall, electrospray
coating of Gan MN holds promise to develop novel hybrid ‘coat and swell’ MN for
vaccine applications.
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Chapter 7

7.1 SUMMARY OF RESEARCH FINDINGS
Many drug delivery systems (DDS) have been examined to prolong the
residence times of biopharmaceuticals at target tissues. As discussed in Chapter 1, such
systems include polymer particles, liposomes and hydrogels. However, the clinical
translation of such carriers is currently limited to low molecular weight molecule drugs
such as steroid ocular implants and peptides. The major fabrication technologies were
originally designed to control the release of conventional small molecule drugs (Yun et
al., 2015) which are relatively stable during formulation, unlike biopharmaceuticals. In
contrast,

no

controlled

release

DDS

is

currently

clinically

approved

for

biopharmaceuticals, suggesting that new processes for developing these therapeutics are
required. The aims of this project were to develop DDS for biologics by exploring the
potential of electrohydrodynamic atomization (EHDA) to prepare products able to
extend release times, and also ensure the encapsulated biopharmaceutical remained
active.
7.1.1

ELECTROSPINNING PROCESS OPTIMISATION
The work performed in Chapter 3 demonstrated the potential of using coaxial

electrospinning (ES) to fabricate polymeric nanofibres loaded with alkaline phosphatase
(ALP). The polymer concentration, solvent system and shell/core fluid flow rates were
optimised, and found to be critical parameters that must be controlled to produce
uniform core-shell fibre formulations. Despite the success in encapsulating of ALP in
poly(vinyl pyrollidone) (PVP) and poly(ε-caprolactone) (PCL), the results obtained
suggested that the configuration of the coaxial nozzle alone was not able to control the
spatial distribution of ALP in the fabricated fibres, and protein aggregates were
observed on the surface of the PVP fibres. Also, the issue of organic solvent induced
unfolding of the protein was not fully alleviated by using coaxial needles, as shown
from the reduced activity of ALP released from both PVP and PCL core-shell fibres.
The interactions of ALP with the polymer carrier were found to have a major influence
on protein stability. Intermolecular interactions such as hydrogen bonding between ALP
and PVP contributed to higher encapsulation efficacy and significant activity of the
ALP released from this system, while the lack of such hydrogen bonding between ALP
and PCL led to reduction in both encapsulation efficiency and activity.
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7.1.2 SUSTAINED RELEASE BEVACIZUMAB FIBRES
In Chapter 4, extended release DDS for bevacizumab were investigated,
intended for ocular use. This study revealed that the spatial distribution of the biologic
in the fibres is heavily influenced by dielectrophoretic movement of the encapsulated
macromolecules under the electrical field created during ES. The control of protein
distribution is critical for developing controlled release systems from coaxial ES. The
results obtained showed that formulating bevacizumab at its isoelectric point, where it
carries zero net charge, appear to limit protein migration from the core to the shell
solution, thus avoiding organic solvent exposure and precluding a significant burst
release.
The bevacizumab release profiles obtained using a continuous ocular flow
model showed that fibres processed with the bevacizumab solution at pH 8.3 gave zeroorder release over ca. 2 months, while the pH 6.2 fibres exhibited first-order kinetic
over 19 days. The bevacizumab released from the pH 8.3 formulation remained intact,
with the ability to bind VEGF, whereas fragmented bevacizumab was observed when
fibres were produced at pH 6.2. This is attributed to differences in protein location in
the fibres as a result of the different processing pHs.
7.1.3 ELECTROSPUN FIBRES FOR VACCINE ADJUVANT DELIVERY
In Chapter 5, poly(inosinic-cytidylic acid) (poly-IC) DDS were successfully
developed by ES. Poly-IC loaded PVP fibres rapidly dissolved within 3 h and produced
stronger immunomodulatory effects than soluble poly-IC. In contrast, poly-IC loaded
PCL fibres showed a high burst release of poly-IC after 24 h as a result of some poly-IC
localised on the fibre surfaces. The PCL formulation showed no change in
immunostimulation compared to the poly-IC solution whereas the poly-IC/PVP fibres
generated a superior immune response to soluble poly-IC. The potent stimulation
caused by poly-IC/PVP fibres was attributed to the formation of complexes between
PVP and poly-IC after dissolution that could prevent the degradation of poly-IC in vitro.
In contrast, only poly-IC was released from the PCL formulations as the PCL was not
dissolved or degraded appreciably over the time period of the experiment. Hence, such
complexes between PCL and poly-IC could not form and poly-IC may have been
degraded, leading to the observed poor immune response.
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7.1.4 EHDA COATING OF MICRONEEDLES
The work in Chapter 6 demonstrates the potential to use EHDA to coat
microneedle (MN) arrays for developing implantable protein-loaded poly(lactide-coglycolide) (PLGA) particles. MN coating by both electrospun and electrosprayed
materials was achievable but the electrospraying process led to a more uniform coating.
The electrical field distribution during EHDA coating is crucial to controlling the latter,
and focusing the electrical field on the MN array improved the coating uniformity. The
PLGA concentration and flow rate are also critical parameters that must be controlled to
produce reproducible monodisperse particle coating. However, the hydrophobicity of
PLGA material led to aggregation of the electrosprayed particles
PLGA particles loaded with fluorescently labelled model protein (FITC-OVA)
exhibited prolonged release over 25 days, albeit with an initial burst release which was
expected with PLGA. OVA uptake by dendritic cells (DCs) was clearly observed,
similarly to soluble FITC-OVA. The particles did not show any significant
immunomodulatory activity: DC expression of the costimulatory molecule CD86 and
pro-inflammatory cytokine production were slightly elevated with the particle-treated
cells, but this was not statistically significant. This could however easily be increased
through inclusion of an adjuvant into the formulation. Moreover, the particles coating
did not compromise the injection properties of the MN explored which suggests
potential to use the EHDA approach to deposit vaccine particles for delivery to skin.
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FUTURE WORKS
The work described in this thesis has developed fundamental knowledge of how

to develop DDS for biopharmaceuticals using the EHDA process. Further investigation
is required to improve the properties of these formulations and move them closer to the
clinic, which falls into three categories.
7.2.1 Formulation optimisation
Sustained release DDS are typically developed using slowly degradable
hydrophobic polymers, such as PLGA and PCL. The hydrophobicity of the polymer can
critically affect the properties of the formulation, especially for biopharmaceuticals,
causing issues including burst release and aggregation. The addition of a hydrophilic
polymer is required to address these issues. In the case of coaxial ALP and poly-IC
loaded PCL formulations (Chapters 3 and 5), the use of a core containing a
hydrophilic polymer as well as the biologic should allow interactions between the
polymer and macromolecules in the core. Biologics are charged molecules that tend to
migrate to interfaces resulting in denaturation. Optimised EHDA processes would
hopefully localise more of the biological molecule in the bulk core thus maintaining
long term stability. Additionally, the use of a hydrophilic polymer and excipient
composition to confine the encapsulated biologic in the core should preclude the
exposure to organic solvent or polymer-air interface during EHDA This strategy to use
a polymer shell would also be expected to improve the release profile, as the burst
release will be decreased while prolonged activity is maintained.
The aggregation of electrosprayed particles observed in Chapter 6 can be
reduced by adding surfactants to increase wettability while decreasing particle-particle
interactions. The production of coaxial particles for coating MN should also be
considered to address the issue with particle aggregation. The presence of a rapidly
disintegrating shell layer surrounding the antigen-loaded hydrophobic core would
reduce aggregation and increase particle deposition. Moreover, the tuning of the
electrical field distribution performed in Chapter 6 indicates the potential to use this to
manipulate the size of an electrospun fibre mesh, which can be applied to reduce the
size and increase the density of biopharmaceutical loaded fibre mat (i.e. bevacizumab
loaded fibres and poly-IC fibres). The reduced size and increased density of the fibre
mats would assist in further in vivo experiments, as a minimally invasive procedure is
attainable with a smaller device.
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7.2.2 Using charge control to tailor EHDA encapsulation
The effect of dielectrophoretic movement during the EHDA process on protein
location and release (as identified in Chapter 4) is a key finding of this project, and can
be exploited to control the distribution of biologics in other electrospun fibres and
potentially, to electrosprayed particles. As this hypothesis was postulated based on the
findings with coaxial fibres, further experiments employing the charge control strategy
with coaxial electrosprayed particles could verify the proposed hypothesis. A range of
materials could then be prepared, based both on polymers and fibres, and loaded with
therapeutic proteins such as PLGA or poly amino acids.
7.2.3

Further in vitro cell experiments
Some in vitro studies were performed in this project aimed to measure the

activities of the encapsulated biologics after processing. These involved collecting the
release aliquots and testing with appropriate cell types. However, the effect of the DDS
produced on cell interactions or behaviours have not been fully elucidated, especially
for the PCL and PLGA formulations, and further cell-based experiments are required to
gain better understanding of the advantages of these local release formulations. For
instance, in vitro angiogenesis assays using HUVEC (human umbilical vein endothelial
cells) and the AngioKit® proliferation assay could be used to evaluate the efficacy of
the bevacizumab released from the fibres reported in Chapter 4, and bioactivity
correlated with the already performed SPR binding assays (Khalili et al., 2013).
In term of immunoactivity assays, the kinetic immune response should be
studied after incubating DCs with the released poly-IC (Chapter 5) or FITC-OVA
(Chapter 6) because the expression of co-stimulatory markers and cytokine production
are time-dependent processes governed by feedback effects (Johansen et al., 2008).
This kinetic study could then be correlated with the in vitro release results. Also,
immunoactivity assays using co-cultures of DCs and T-cells would be of interest to gain
better understanding of the role of OVA or poly-IC-loaded EHDA formulations on DCs
in regulating T-cell responses (Park et al., 2015), which is important for vaccination.
Further work on the MN platforms includes a study of through-skin dissolution
and permeation of the coated Gan MN. An in vivo study to address this has been
planned, and will be performed in late 2017 by the group of Professor Ryan Donnelly at
Queen’s University Belfast. The in vivo study would demonstrate the role of
implantable vaccine particles on eliciting immune response.
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APPENDICES

Appendix 1 : Viscosity measurement
The viscosities of PCL in TFE were measured using a Bohlin Gemini HR Nano
Rheometer by using the protocol give in Section 2.2.2.3. Measured viscosities is
obtained from the slope of shear rate vs shear stress.

4% w/v PCL
40

Y = 0.05827*X - 0.009483

Shear stress (Pa)

R2

=

0.9931

30

20

10

0

0

200

400

Shear rate (1/s)
Figure A1-1 A shear rate vs shear stress plot of 4% w/v PCL in TFE. Data are presented as mean ± SD
(n=3)
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Figure A1-2 A shear rate vs shear stress plot of 5.5% w/v PCL in TFE. Data are presented as mean ± SD
(n=3)
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Figure A1-3 A shear rate vs shear stress plot of 6% w/vPCL in TFE . Data are presented as mean ± SD
(n=3).
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Figure A1-4 A shear rate vs shear stress plot of 7.5% w/vPCL in TFE. Data are presented as mean ± SD
(n=3).
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Figure A1-5 A shear rate vs shear stress plot of 8% w/v PCL in TFE. Data are presented as mean ± SD
(n=3).
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Figure A1-6 A shear rate vs shear stress plot of 8.5% w/v PCL in TFE. Data are presented as mean ± SD
(n=3).

279

9% w/v PCL

Shear stress (Pa)

400

Y = 0.5641*X + 2.818
R2 = 0.9997

300
200
100
0

0

200

400

600

Shear rate (1/s)
Figure A1-7 A shear rate vs shear stress plot of 9% w/v PCL in TFE. Data are presented as mean ± SD
(n=3).
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Figure A1-8 A shear rate vs shear stress plot of 9.5% w/v PCL in TFE. Data are presented as mean ± SD
(n=3).
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Figure A1-9 A shear rate vs shear stress plot of 10% w/v PCL in TFE. Data

are presented as mean

± SD (n=3).
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Figure A1-10 A shear rate vs shear stress plot of 12% w/v PCL in TFE. Data are presented as mean ± SD
(n=3).
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Appendix 2 : Kinetic analyses of developed formulations
The release profile of alkaline phosphatase (ALP) loaded PVP fibres and ALP
loaded core-shell fibres (Chapter 3); bevacizumab loaded PCL core-shell fibres
electrospun at pH 6.2 (Fbeva) and pH 8.3 (FbevaP) fibres (Chapter 4) and FITC-OVA
loaded PLGA electrosprayed particles (Chapter 6) were fitted with four release model :
zero-order release, first-oreder release, Korsmeyer Peppas model and Higuchi model as
listed in Section 2.2.7.3, Chapter 2. The kinetic plots and kinetic parameters are given
below
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Figure A2-1 Zero-order regression analysis of ALP loaded PVP fibres. Data are presented as mean ± SD
(n=3).
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Figure A2-2 First-order regression analysis of ALP loaded PVP fibres. Data are presented as mean ± SD
(n=3).
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Figure A2-3 Korsmeyer-Peppas regression analysis of ALP loaded PVP fibres. Data are presented as
mean ± SD (n=3).
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Figure A2-4 Higuchi regression analysis of ALP loaded PVP fibres. Data are presented as mean ± SD
(n=3).

ALP loaded PCL core-shell fibres
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Figure A2-5 Zero-order regression analysis of ALP loaded PCL fibres. Data are presented as mean ± SD
(n=3).
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Figure A2-6 First-order regression analysis of ALP loaded PCL fibres. Data are presented as mean ± SD
(n=3).
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Figure A2-7 Korsmeyer-Peppas regression analysis of ALP loaded PCL fibres. Data are presented as
mean ± SD (n=3).
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Figure A2-8 Higuchi regression analysis of ALP loaded PCL fibres. Data are presented as mean ± SD
(n=3).
zero order of AVS release profile (separate)

% Bevacizumab remaining

Bevacizumab loaed PCL fibres electrospun at pH 6.2 (Fbeva)

140

Y = -2.660X + 84.41

120

R2 = 0.9017

100
80
60
40
20
0

0

5

10

15

20

Day
Zero-order release constant (k0)

Half-life (t1/2)
(days)

2.66 ± 0.23 days-1

15.87 ± 3.97

Figure A2-9 Zero-order regression analysis of Fbeva fibres. Data are presented as mean ± SD (n=3).
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Figure A2-10 First-order regression analysis of Fbeva fibres. Data are presented as mean ± SD (n=3).
Korsemeyer- Peppas kinetic regression analysis of FAVS fibres
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Figure A2-11 Korsmeyer-Peppas regression analysis of Fbeva fibres Data are presented as mean ± SD
(n=3).
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Figure A2-12 Higuchi regression analysis of Fbeva fibres. Data are presented as mean ± SD (n=3).
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Figure A2-13 Zero order regression analysis of FbevaP fibres. Data are presented as mean ± SD (n=3).
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Figure A2-14 First order regression analysis of FbevaP fibres. Data are presented as mean ± SD (n=3).
Korsemeyer- Peppas kinetic regression analysis of FAVSP fibres
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Figure A2-15 Korsmeyer Peppas regression analysis of FbevaP fibres. Data are presented as mean ± SD
(n=3).
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Figure A2-16 Higuchi regression analysis of FbevaP fibres. Data are presented as mean ± SD (n=3).

FITC-OVA loaded PLGA particles
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Figure A2-17 Zero order regression analysis of FITC-OVA/PLGA particles. Data are presented as mean
± SD (n=3).
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Figure A2-18 First-order regression analysis of FITC-OVA particles. Data are presented as mean ± SD
(n=3).
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Figure A2-19 Korsmeyer Peppas regression analysis of FITC-OVA particles. Data are presented as mean
± SD (n=3).
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Figure A2-20 Higuchi regression analysis of FITC-OVA particles. Data are presented as mean ± SD
(n=3).
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Appendix 3 Zeta-potential measurement of FITC-OVA/PLGA particles

2

293

