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Abstract
Protein-loaded biomaterials are generating considerable interest due to the growing
importance of immunotherapy and tissue engineering in modern medicine.
The complex and fragile structures of many therapeutic proteins require advanced
delivery methods and careful optimisation of formulation and manufacturing
conditions.
Electrohydrodynamic processes (EHD) are material fabrication techniques in which
a polymer solution is drawn by the influence of an electrical field to produce solid
micro-and nano scale fibres and particles. Multiple approaches have been proposed
for the incorporation of therapeutic proteins in electrospun scaffolds, including surface
functionalization and coaxial electrospinning. These concepts are introduced
in Chapter 1.
This PhD thesis explores the EHD fabrication, functionalisation with therapeutically
relevant proteins, and characterization of polycaprolactone (PCL) materials, with the
aim of developing a platform protein delivery technology. Several protein loading
methodologies were investigated on electrospun nanofibres and electrosprayed
microparticles for applications relevant to regenerative medicine. The experimental
procedures used are detailed in Chapter 2.
Chapter 3 explored the feasibility of surface functionalisation of electrospun PCL
nanoscaffolds with proteins using perfluorophenyl azide chemistry. Examples of the
conjugated biomolecules explored include bovine serum albumin, catalase and
antibodies (infliximab and OKT3). The covalently conjugated catalase released from
the fibres at a much slower rate than physically adsorbed catalase, revealing this
approach to be suitable for safe and effective attachment of proteins to hydrocarbonbased biomaterials.

ii

The next application explored is the fabrication of surface-functionalised anti-CD3
antibody-modified electrosprayed PCL microparticles, with the ultimate goal
of achieving targeted T cell activation when the particles are injected intratumorally.
Formulations were prepared by electrospraying PCL particles and subsequent surface
functionalization using perfluorophenylazide chemistry (Chapter 4) and by using
“click” chemistry to conjugate protein to azide-functionalised PCL (Chapter 5). The
developed formulations were extensively characterised with in vitro T cell activation
models. It was found that T cell activation can be achieved following stimulation with
biomimetic electrosprayed microparticles prepared using either of the explored
bioconjugation methods.
The final results chapter, Chapter 6, discusses the fabrication and characterisation
of electrospun PCL patches loaded with a checkpoint inhibitor monoclonal antibody,
ipilimumab. The coaxial electrospinning technology offers a simple solution for the
fabrication of antibody-loaded biocompatible scaffolds that can be easily implanted
at the desired site of action and release the therapeutic cargo in a sustained fashion.
It was also found that electrospinning monoclonal antibodies near to their isoelectric
point leads to improved process stability and enhanced protein encapsulation.
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Impact statement
In recent years, increasing understanding of cancer immunology has led to greater
interest

in targeting

the

immune

system

in

oncology

therapies,

leading

to the emergence of a new therapeutic area – cancer immunotherapy. The field
is rapidly developing, with many therapeutic agents in the drug discovery
and development pipelines of major pharmaceutical companies.
Cancer immunotherapy can be broadly divided into two categories: cellular therapies
and checkpoint inhibitor monoclonal antibodies. Although clinically promising, both
treatment approaches possess inherent disadvantages. For example, high costs and the
complexity of the manufacturing process of cellular therapies is a major limitation.
The preparation of these highly personalised therapies is technically demanding and
requires specialised centres. On the other hand, checkpoint inhibitors often cause
serious immune-related side-effects due to the off-site toxicity.
The manufacturability issues associated with cell-based therapies may be addressed
by employing scaffold-based delivery platforms capable of activating immune cells
directly in vivo, without the need for multi-step ex vivo processing. It is also anticipated
that biomaterials allowing more controlled and localised delivery of checkpoint
inhibitors may be beneficial for minimising the off-target side-effects.
EHD offers a simple way of manufacturing drug-loaded implantable scaffolds, the
properties of which can be tuned according to the therapeutic needs. One possible
application of the EHD technology is the fabrication of antibody-loaded fibres
for a localised delivery of checkpoint inhibitors. Moreover, electrosprayed
or electrospun biomaterials can be surface-functionalised with proteins, for example
with antibodies stimulating T cell activation in cancer immunotherapy applications.
It is anticipated that the platform technology generated in this research may provide
researchers with new tools for surface immobilisation of proteins on polymeric
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biomaterials, which may be beneficial for many biomedically relevant applications
in tissue engineering and regenerative medicine. Moreover, the antibody-loaded
scaffolds developed in this thesis could potentially widen the application of EHD
processes into the cancer immunotherapy field.
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Chapter 1 – Introduction

1.1 Role of the immune system in cancer
Until recently, oncology research focused largely on treating cancer as a single,
genetic disease1. In 2000, Hallmarks of Cancer2, the widely cited publication
by Hanahan and Weinberg that extensively reviewed the most important publications
in the oncology field, summarised six features that describe a cell as cancerous. These
included: (1) resisting cell death, (2) inducing angiogenesis, (3) enabling replicative
immortality, (4) activating invasion and metastasis, (5) evading growth suppressors
and (6) sustaining proliferative signalling. Oncology research has progressed
immensely since the early 2000s. Scientists now regard cancer as a group of systemic
diseases, rather than an individual genetic condition, and the research focus has moved
towards recognising the interaction between cancer and the host, and in particular,
the host’s immune system.
In the decade since the original Hallmarks of Cancer publication, four emerging
cancer features were identified. In 2011, a follow-up review by the same authors
described the mechanisms of immune destruction evasion as the recurring
characteristic of most cancers3,4. Tumours have armed themselves with intricate
protective mechanisms to escape immunosurveillance. During their development,
malignant cells release an array of soluble factors, such as immunosuppressive
cytokines, prostaglandins or vascular endothelial growth factor (VEGF),
which facilitate their growth and protect them from the immune system3,4.
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Another emerging feature described by Hanahan and Weinberg is the existence
of tumour-promoting inflammation in the cancer milieu. The immune system seems
to play a paradoxical role in neoplasia (i.e. abnormal tissue growth). Through the
action of tumour infiltrating lymphocytes (TILs), the immune system can suppress
tumour growth by destroying malignant cells or inhibiting their proliferation.
Conversely, it can facilitate cancer growth by providing favourable conditions within
the tumour microenvironment5.

Lymphocytes
It is now becoming clear that cells of the immune system, in particular cytotoxic
and regulatory T lymphocytes, are involved in allowing malignancies to persist.
Lymphocytes constitute about 20% of the total blood leukocytes6. The two major
populations of lymphocytes are divided into T and B lymphocytes based on the origin
of differentiation. B lymphocytes (B cells) are produced in the bone marrow
and differentiate into plasma cells that produce soluble antibodies against antigens.
T lymphocytes (T cells), generated in the thymus, are essential for cell-mediated
immunity and provide antigen-specific effector and immune memory responses. They
can be distinguished from other lymphocytes by the presence of the T cell receptor
(TCR). The stimulation of TCR is crucial for T cell activation and provocation
of an immune response. Within the T cell population are several subpopulations
of lymphocytes with specific immunological functions, which can be identified
by the cluster of differentiation (CD) markers on the cell surface (Table 1-1).
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Table 1-1: Cluster of Differentiation (CD) markers on lymphocytes.
CD Marker

Lymphocyte population

CD3+

All T cells

CD4+

Helper/amplifier population

CD4+, CD45RA+, CD30+

Th2 helper cells

CD4+, CD45RO+, CD30+

Th1 amplifier cells

CD4+, CD25+, FOXP3

T regulatory (Treg) cells

CD4+CCR4+CCR6+

Th17 helper cells

CD8+

Cytotoxic T cell population

CD8+ CD28-

Tc1 cells

CD8+ CD28+

Tc2 cells

Overview of T cell activation
In order to proliferate, perform effector functions and produce cytokines, T cells
require activation by direct contact with antigen presenting cells (APCs)
such as dendritic cells, B cells and macrophages.
Dendritic cells (DCs) are particularly important in T cell stimulation. Upon activation,
DCs migrate to the lymphoid tissues, where they attract T and B cells by secreting
chemokines and maintain the viability of existing T cell populations7. A schematic
of early T cell activation is presented in Figure 1-1.

Figure 1-1: Overview of early T cell activation for CD4+ T cells (left panel) and CD8+ T cells
(right panel). In Signal 1, the T cell encounters an antigen presenting region on a dendritic cell
and binds the major histocompatibility complex (MHC) through TCR and CD4 or CD8. Signal
2, a co-stimulatory response, occurs through interactions with CD86 or CD80, achieving full
activation and effector function in the T cell. This schematic was created with biorender.com.
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Overall, T cell activation requires three signals. Signal 1 is facilitated by the interaction
between the TCR, a multi-subunit transmembrane complex, and major
histocompatibility complex (MHC) on the surface of the APC. Once the TCR binds
to the antigen held in the MHC complex, the initial activation of T cells occurs.
Accessory

adhesion

molecules,

such

as

CD8

for

MHC

Class

I

and CD4 for MHC Class II are also expressed on the surface of T cells8.
The interaction of naïve CD8+ T cells with the MHC Class I complex induces T cell
proliferation and functional transformation into effector CD8+ T cells. Activation
of CD4+ T (helper) cells, stimulated via MHC class II binding, prompts the synthesis
of pro-inflammatory molecules (cytokines).
In Signal 2, co-stimulatory molecules such as CD28 and B7 (CD80, CD86)
are essential for efficient TCR activation. CD28 is a co-stimulatory receptor present
on 80% of CD4+ T cells and ~50% of CD8+ T cells9. The molecules B7-1 (CD80)
and B7-2 (CD86) are expressed on many antigen-presenting cells and are the principal
ligands for CD28. As an immunological synapse forms, CD28 is released from
intracellular stores, where it enhances the initial weak signal from the TCR.
Both helper and cytotoxic T cells require secondary co-stimulatory signals to maintain
an activated state. One response is regulated by an inhibitory molecule termed
cytotoxic T lymphocyte-associated antigen 4 (CTLA-4)10. While B7-CD28 interaction
triggers naïve T cell activation, CTLA-4 binding inhibits T cell proliferation
and induces peripheral T cell tolerance.
CD8+ T cells rely on a CD28 response to a lesser extent and require additional
stimulation from molecules such as CD70 and CD137 (also known as 4-1BB). Unlike
CD28, CD137 ligands become expressed upon pathogen recognition, ensuring
a cytotoxic T cell response only following interaction with a pathogen11.
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A third signal controls further cell programming, T cell survival and differentiation12,
and can be provided by distinct inflammatory cytokines. In CD8+ T cells, this
stimulus can be provided by interleukin-12 (IL-12) or Type 1 interferons (IFNs), while
CD4+ T cells respond to interleukin-1 (IL-1)13. Stimulation with all three signals
triggers naïve T cell differentiation, increased proliferation, enhanced cytokine
production (Figure 1-2) and the prevention of the activation of cellular death
pathways14,15.

Figure 1-2: Schematic summarising the cytokines released by CD4+ and CD8+ T cell subsets.
IFN – interferon, TNF- tumour necrosis factor, IL-interleukin, TGF- transforming growth factor
GM-CSF- granulocyte macrophage-colony stimulating factor. This schematic was created with
biorender.com.

Certain cancers are capable of paralysing infiltrating cytotoxic T cells by secreting
immunosuppressive factors such as TGF-β or by recruiting immunosuppressive
regulatory T cells3,16,17. An example of an immunosuppressive cytokine released
by tumour cells is interleukin-10 (IL-10). It is a soluble factor predominantly secreted
by regulatory T cells and is responsible for the inhibition of the CD4+ Th1 cell
cytokine synthesis as well as the differentiation, maturation and function of DCs.
The upregulation of IL-10 plays a dual role in cancer development as it both promotes
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(by inhibiting the inflammatory T cell and macrophage responses) and inhibits
(by inducing expansion of CD8+ T cells) tumour growth18.

1.2 Cancer immunotherapy
The increasing understanding of cancer immunology has led to greater interest
in targeting the immune system in oncology therapies. Immunotherapy is rapidly
becoming a standard treatment modality in cancer, alongside surgery, radiotherapy
and chemotherapy19,20. Cancer immunotherapy, or immuno-oncology, aims
to improve the intrinsic ability of the body to generate effective immune responses
against cancer. Many emerging cancer immunotherapies aim to promote tumourspecific T cell responses, and strongly rely on the mechanisms of T cell activation and
regulation21.
In 2013, Science selected cancer immunotherapy for the Breakthrough of the Year
based on the recent developments in two particular areas – chimeric antigen receptor
(CAR) engineering of T cells, and immune checkpoint inhibition22. Cancer
immunotherapy is a fast-developing area of research, and currently can be broadly
classified into two categories: checkpoint inhibitor monoclonal antibodies and cellular
therapies. The latter include cancer vaccines, oncolytic virus therapies and adoptive
cell transfers (Figure 1-3).

Figure 1-3: Summary of current immunotherapeutic strategies. This schematic was created
with biorender.com.
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Checkpoint inhibitors
T cell-mediated cellular responses are orchestrated by a balance of stimulatory
and inhibitory proteins. The inhibitory molecules, often called checkpoint inhibitors,
regulate function and activation of cytotoxic T cells in order to prevent
autoimmunity23. Examples of checkpoint inhibitors relevant in oncology are CTLA-4
and programmed cell death protein 1 (PD-1). Blocking their expression can enhance
immune-mediated tumour targeting by prolonging the action of activated T cells
and reactivating cytotoxic T cells to target cancer24. Both CTLA-4 and PD-1
are present on the surface of activated T cells but upon interaction with their ligands,
either on APCs (CTLA-4 binding to CD80/CD86) or tumour cells (PD-1 binding
to PD-L1), they can elicit an antitumoural response (Figure 1-4)25.

Figure 1-4: The role of CTLA-4 and PD-1 in T cell activation pathways. This schematic was
created with biorender.com.
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For this reason, monoclonal antibodies targeting immunoinhibitory interactions have
been intensively explored in the past 20 years23,24,26–29 and several checkpoint inhibitor
treatments have been approved by the FDA (Table 1-2).
Table 1-2: FDA-approved list of checkpoint inhibitor therapies 30.
Name

Target

Indication

YERVOY

Anti-CTLA-4

Melanoma, renal cell carcinoma

Anti-PD-1

Melanoma, non-small-cell lung cancer, Hodgkin lymphoma,

(Ipilimumab)
KEYTRUDA
(Pembrolizumab)

advanced gastric cancer, microsatellite instability-high
cancer, head and neck cancer and advanced urothelial
bladder cancer

OPDIVO

Anti-PD-1

(Nivolumab)

Unresectable or metastatic melanoma, non-small cell lung
cancer, metastatic small cell lung cancer, advanced renal cell
carcinoma, Hodgkin lymphoma, head and neck squamous cell
carcinoma, urothelial carcinoma, hepatocellular carcinoma

TECENTRIQ

Anti-PD-L1

(Atezolizumab)
BAVENCIO

triple-negative breast cancer (in combination with paclitaxel)
Anti-PD-L1

(Avelumab)
IMFINZI

Metastatic non-small cell lung cancer, urothelial carcinoma,

Metastatic Merkel cell carcinoma, urothelial carcinoma, renal cell
carcinoma

Anti-PD-L1

(Durvalumab)

Unresectable stage III non-small cell lung cancer, urothelial
carcinoma

CTLA-4
CTLA-4 is an inhibitory receptor responsible for downregulation of the initial T cell
activation process that participates in physiological immune responses. Prior to T cell
activation, CTLA-4 is an intracellular protein. Upon antigen-mediated engagement
of the T cell receptor and a CD28 co-stimulatory signal, CTLA-4 migrates to the cell
surface. There it competes with CD28 for binding to CD80 and CD86, thus inhibiting
cytokine production, T cell activation and proliferation31. In the late 1990s and early
2000s, extensive research in the field revealed that blockage of the CTLA-4 pathway
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could lead to tumour regression by preserving the antitumour activity of cytotoxic
T cells32,33.
This discovery led to the development of two monoclonal antibodies to CTLA-4,
ipilimumab and tremelimumab, that entered clinical trials in 2000. Although capable
of causing tumour regression, when administered systemically the treatments were
associated with serious immune-mediated toxicities such as enterocolitis,
inflammatory hepatitis and dermatitis34. Nevertheless, ipilimumab gained marketing
authorisation in Europe and the United States as a first-line therapy for melanoma
patients with metastatic disease based on phase III clinical trials showing improved
patient survivability35. In 2011, Yervoy, the ipilimumab product currently owned
by Bristol Myers Squibb, became the first checkpoint inhibitor treatment on the
market.

PD-1 and PDL-1
Similarly to CTLA-4, PD-1 is largely expressed on the surface of activated
immunosuppressing Treg cells and plays a pivotal role in T cell downregulation23,36,37.
When a T cell recognises the antigen on the target cell, pro-inflammatory cytokines
are produced, priming the inflammatory process. These cytokines cause PD-L1
expression in the tissue, which activates the PD-1 protein on the T cell. This leads
to immune tolerance, where the immune system can no longer trigger
the inflammatory response upon antigen-mediated activation. This pathway
is particularly prominent in certain cancers, for example melanoma, where the tumour
bypasses the immune system by overexpressing PD-L125.
Multiple studies have explored the use of monoclonal antibodies blocking PD-1
and PD-L1, since inhibition of the PD-1/PD-L1 pathway helps to maintain
the function of effector T cells23,25. The first FDA and European Medicines Agency
(EMA) authorisations of PD-1 monoclonal antibodies were pembrolizumab
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and nivolumab, approved for the treatment of patients with refractory melanoma
in 2014 and, in 2015, for patients with advanced non-small-cell lung carcinoma. The
first anti–PD-L1 antibody approved was atezolizumab for urothelial cancers in 2016,
followed by avelumab for Merkel cell carcinoma in 201728.
One of the largest obstacles facing checkpoint inhibitor monotherapies is the relatively
low response rate in clinical trials. Response rate can be defined as the percentage
of patients whose cancer decreases in size, or disappears, following treatment.
To enhance the therapeutic efficacy, treatments are often explored in combination.
For example, as a standalone therapy nivolumab achieved a 28% response rate
in patients

with

melanoma38.

This

increased

to

40%

when

combined

with ipilimumab39 and led to the approval of the combination treatment (ipilimumab
and nivolumab) in 201826,40. Recently, a dual checkpoint inhibition therapy developed
by AstraZeneca (anti-PD-L1 durvalumab and anti-CTLA-4 tremelimumab)
was granted orphan drug designation by the FDA for the treatment of hepatocellular
carcinoma41. However, using combinations of immunomodulators leads to widespread
systemic side effects due to nonspecific immune system activation27,42,43.
Another major limitation of checkpoint inhibitory therapies is the time necessary
for the immune system to become sufficiently activated to elicit an anti-tumour
response. For patients with advanced cancers, only those who are predicted to survive
for more than 6 months are expected to benefit from immune checkpoint inhibitor
treatment44.

Cellular therapies
Cell-based therapies aim to repair the mechanisms governing disease initiation and
progression by stimulating or replacing cells. In the oncology context, T cell and
dendritic cell therapies have been extensively explored. Cellular therapies hold great
promise in regenerative oncology, but their clinical implementation is often hindered
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by practical issues, such as production costs45,46. Nevertheless, several oncology cell
therapies have gained FDA authorisation (Table 1-3) and are offered to patients
at specialist treatment centres.
Table 1-3: FDA-approved oncology cell therapies47.
Brand name

Generic name

Indication

IMLYGIC

Talimogene

Lesions in patients with melanoma recurrent after initial surgery

laherparepvec
KYMRIAH

Tisagenlecleucel

Patients up to 25 years of age with B-cell precursor acute
lymphoblastic leukemia that is refractory or in second or later
relapse. Adult patients with relapsed or refractory large B-cell
lymphoma after two or more lines of systemic therapy including
diffuse large B-cell lymphoma (DLBCL) not otherwise specified,
high grade B-cell lymphoma and DLBCL arising from follicular
lymphoma.

PROVENGE

Sipuleucel-T

Asymptomatic or minimally symptomatic metastatic castrate
resistant (hormone refractory) prostate cancer.

YESCARTA

Axicabtagene

Relapsed or refractory large B-cell lymphoma after two or more

ciloleucel

lines of systemic therapy.

Cancer vaccines
Theoretically, a therapeutic cancer vaccine would stimulate specific immune
responses

towards

tumours

without

impacting

healthy

tissues.

This immunomodulation could lead not only to the lysis of the existing tumour, but
also prevent recurrent disease and metastasis through a systemic immunological
memory48.
To develop a successful cancer vaccine, several factors need to be considered. Firstly,
an immunogenic tumour antigen that can be subsequently taken up and processed by
mature APCs (primarily DCs) needs to be presented. In addition, to achieve full
therapeutic

efficacy

the

vaccine

would

require

a

favourable

immune

microenvironment within the tumour, with the presence of co-stimulatory signals and
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the absence of inhibitory cues that will facilitate the proliferation and activation of Th1
and CD8+ T cells49.
Dendritic cell vaccines are by far the most commonly researched class of cell-based
cancer immunisations50. DCs are incredibly important in the cancer vaccination field
due to their capacity to capture, process and present antigens to T cells51. A good
example of a DC-based cancer vaccine is sipuleucel-T (Provenge), which consists
of peripheral-blood mononuclear cells (PBMCs), including DCs, that have been
activated ex vivo with a recombinant fusion protein containing prostatic acid
phosphatase (PAP) fused to granulocyte-macrophage colony-stimulating factor (GMCSF)52. PAP acts as a prostate antigen, while GM-CSF is a known T cell stimulator53.
In 2014, Provenge gained marketing authorisation in the UK for the treatment
of advanced prostate cancer. However, with the estimated cost being £47,132.68
per patient, the National Institute for Health and Care Excellence (NICE)
did not recommend Provenge as a viable treatment option on the National Health
Service (NHS)54. Consequently, the marketing authorisation was withdrawn
by the European Medicines Agency (EMA) in 2015, following a request from
the manufacturer, Dendreon UK Ltd. The product remains available in the US
for the treatment of asymptomatic or minimally symptomatic metastatic castrateresistant prostate cancer, but its clinical translation remains impeded by the
manufacturing complexities and high costs30.

Oncolytic virus therapies
Oncolytic viruses, which are viruses that specifically target cancer cells,
are a relatively novel drug class with only one clinically registered example. Their
antitumour effect relies on a dual mechanism. Firstly, oncolytic viruses are capable
of selectively replicating within cancer cells, lysing them. Secondly, by releasing viral
particles, the local infection within the tumour is amplified. This stimulates
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the immune system, recruiting immune cells towards the cancer site55,56. Additionally,
oncolytic viruses can be armed with T cell co-stimulatory molecules to favour
intratumoural immune cell recruitment and activation57,58.
In 2015, Imlygic (talimogene laherparepvec) became the first oncolytic
immunotherapy approved by the FDA and EMA for ‘the treatment of adults with
melanoma that cannot be removed by surgery and that has spread either
to the surrounding area or to other areas of the body’59. The preferred route
of administration is a direct injection into the melanoma lesions. Imlygic is derived
from a herpes simplex virus-1 (a common cold sore virus) that has been genetically
modified to preferentially replicate within cancer cells by exploiting disrupted
oncogenic and antiviral signalling pathways60. It is also capable of producing the
immune-stimulating cytokine GM-CSF. The exact mechanism of action is not well
understood, but recent research in the field has provided evidence for tumour-specific
immunity being induced after the treatment with oncolytic viruses60.
As of 2020, clinicaltrials.gov reports over 50 ongoing trials with ‘oncolytic virus’
as a keyword, testing their efficacy in a variety of tumours, including pancreatic
cancer, glioblastoma or colorectal carcinoma61. It should be noted, however, that these
trials usually explore a combination of checkpoint inhibitor and viral therapy, and the
past decade has seen multiple failures of oncolytic viral monotherapies in phase III
trials due to lack of clinical efficacy62. Paradoxically, the immune system often
prevents the oncolytic virus therapy from reaching the desired efficacy levels. The
initial host response to the virus frequently results in its rapid clearance, preventing
viral replication and infection of a tumour cell at the level necessary for the initiation
of an effective vaccination response33,63.
Although oncolytic virus therapy has a relatively safe toxicity profile, extreme caution
should be taken to prevent accidental viral contamination of the environment when
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delivering the therapy in a healthcare setting63. Use is also limited to cancers accessible
via intratumoural injection63.

Adoptive cell therapies
Adoptive T cell therapy (ACT) involves harvesting cancer-specific lymphocytes from
the patient, expanding and modifying them ex vivo, and re-infusing the cell product
back into the bloodstream (Figure 1-5). While the cell product is processed ex vivo,
the patient undergoes ‘preparative lymphodepletion’ to temporarily deactivate the
regulatory T cells that mediate peripheral tolerance64. This improves the persistence
and antitumour efficacy of infused lymphocytes and is often accomplished using
chemotherapy alone or adjunct to total-body irradiation65.

Figure 1-5: An overview of the adoptive T cell therapy procedure. This schematic was created
with biorender.com.

After realising the potential of ACT, researchers worked towards amplifying
antitumoural responses by modifying T cell receptors. Currently, research focuses
on two genetic modifications: constructing T cells to express transgenic T cell
receptors (TCRs) or chimeric antigen receptors (CARs). While TCRs require binding
to MHC, CARs are modified with a single chain variable fragment (scFv), an antibody
fragment which can target extracellular biomarkers on a cancerous cell without the
need for MHC interaction66,67. CAR-T cell therapy research has progressed
significantly further than the TCR approach, and two products have been recently
approved by the FDA – Yescarta and Kymriah. However, global access to CAR-T cell
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therapy remains hindered by high costs and the complexity of the manufacturing
process, which is technically demanding and requires specialised centres68.

1.3 Biomaterials in immunotherapy
While cancer immunotherapy is unquestionably a ground-breaking approach,
it remains largely ineffective in the majority of cancer patients. It is estimated that with
many tumours only ~15% of patients respond to immunomodulatory therapies69.
Tumours are remarkably effective at overcoming immune barriers and building
tolerance to immunotherapeutics, for example by modifying the signalling pathways
and reducing the expression of genes responsible for T cell-mediated elimination
of cancerous cells70. Breaking the local tumour immune tolerance without causing
systemic toxicities or immune-related adverse events (such as colitis, myocarditis,
pneumonitis or autoinflammatory processes) remains challenging, significantly
delaying regulatory approval.
Selective activation of T cells in the local milieu of the tumour is conceptually
interesting but challenging in terms of delivering a local stimulus capable of activating
the T cell population for an appropriate duration of time without causing further
toxicity. Using targeted implantable or injectable biomaterials could be a way
of overcoming this issue71.
The field of biomaterials has grown significantly in the past decade with the increasing
importance of regenerative medicine and tissue engineering. The science
of biomaterials combines medicine, chemistry, biology, physics and engineering, and
recent

years

have

seen

considerable

interest

in

biomaterial-assisted

immunomodulation and cancer immunotherapy72–78.
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Biomaterial-assisted checkpoint inhibitor delivery
Although immunomodulatory antibodies are, in some patients, capable of inducing
profound antitumour responses, their systemic delivery is often associated with
cytokine release syndrome and abnormal liver function79. This off-site toxicity can be
reduced by delivering checkpoint inhibitors in a localised and controlled fashion.
In one study, Rahimian et al.80 focused on sustained delivery of anti-CTLA-4 and antiCD40 encapsulated in polymer microparticles. The microspheres, prepared
by a double emulsion method, were injected in mice near the site of the tumour and
degraded completely within 60 days, releasing the two antibodies over 30 days.
The initial burst release was minimal (1%) in microparticles containing a high
percentage of the polymer. In an in vivo study, the antibodies encapsulated
in microparticles showed lower local toxicity at the site of injection than the control
(incomplete Freund’s adjuvant), while the anti-tumour efficacy was comparable.
To prepare the microparticles, the authors used a hydrophilic poly(D,L-lactic-cohydroxymethyl glycolic acid) (PLHMGA), which is a derivative of the commonly
used

pharmaceutical

polymer

poly(lactic-co-glycolic

acid)

(PLGA).

Upon degradation, PLHMGA showed lower acidification of the local environment
than PLGA, therefore protecting the sensitive antibody cargo.
In 2017, Wang, Ye and Gu81 designed biodegradable microneedle patches
for localised delivery of anti-PD-1 in melanoma. The checkpoint inhibitor
was encapsulated in nanoparticles and transported from the surface of microneedles
through the epidermis to the interstitial fluid, delivering the cargo to the tumour site.
Although promising for early-stage melanomas, the antibody-loaded microneedle
patch has relatively low penetration depth (200 µm), and thus little application in deep
tissue tumours82.
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Li et al.83 described the localised delivery of anti-PD-1 and celecoxib from alginate
hydrogels. Celecoxib, a cyclooxygenase-2 (COX-2) inhibitor, was expected to oppose
the pro-inflammatory effects activated by PD-1 pathway blockade. The hydrogel
delivery allowed for the administration of a lower antibody dose, minimising
the potential toxicity, as well as maintaining a high level of anti-PD-1 in the local
tumour regions for over 2 weeks. The combined therapy (anti-PD-1 and celecoxib)
gave improved local and systemic anti-tumour immunity, showing increased numbers
of CD4+ and CD8+ effector T cells in the tumours and surrounding draining lymph
nodes.

Biomaterial-based cancer vaccines
The major limitation of cell-based cancer vaccine therapies is the need for in vitro
processing to extract, grow and expand cells prior to transplantation. Implantable
biomaterials have great potential in overcoming this issue by providing a physical
structure to attract and support DCs in situ30. The Mooney laboratory was among the
first to exploit the increasing understanding of immunology to design biomaterials that
can potentiate specific immune cell functions. One of their early inventions was
a macroporous PLGA matrix designed to deliver GM-CSF and cancer antigens,
causing recruitment and programming of DCs in vivo84. When implanted
subcutaneously in a melanoma mouse model, the implants showed increased cellular
infiltration, suggesting that the matrix could also serve as a carrier for recruited DCs,
and therefore act as a vaccine. The same group later established through in vivo studies
in mice that there is preferential DC proliferation in macroporous scaffolds as opposed
to microporous systems, and exploited this knowledge in their subsequent designs85.
In contrast to the traditional bolus vaccination, the PLGA biomaterial-based vaccine
can accumulate and present the antigens and stimulatory signals to DCs over at least
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2 weeks84. The controlled release of GM-CSF allowed for continuous DC recruitment
and programming.
The next step in PLGA scaffold development included immobilization of melanoma
tumour lysates into the PLGA matrices to stimulate programmed DCs with tumour
antigens. This putative cancer vaccine was tested in a B16-F10 (melanoma) mouse
model and showed delayed tumour formation as well as prolonged survival
in scaffold-treated

animals.

More

recently,

the

Mooney

lab

explored

the use of a PLGA cancer vaccine with checkpoint inhibitors for a combined
antitumoural effect86. While the co-administration of the vaccine with anti-CTLA-4
led to the depletion of Tregs in the tumour microenvironment, combining
the immunisation with anti-PD-1 antibodies did not bring therapeutic benefits. These
tumour lysate-loaded PLGA matrices are currently tested in Phase 1 clinical trials,
in which they are implanted surgically subcutaneously on the patient’s arm, leg
or torso by cutting into the skin and sliding the scaffold into the pocket formed87.
Although the biomaterials described above have potential in improving DC vaccines,
they require a possibly invasive surgical procedure for implantation, which could
present a logistical challenge. In 2015, the Mooney lab offered a potential solution
to this issue by designing injectable mesoporous silica rods that self-assemble
into macroporous structures in vivo, and are capable of hosting immune cells88.
In addition, they release embedded stimulatory molecules, such as GM-CSF,
and tumour antigens. In animal studies, the silica rod-based scaffolds increased the
proliferation of cytotoxic T cells and extended survival in a lymphoma mouse model.
Apart from scaffold-based delivery systems, several studies explored the feasibility
of incorporating nanoparticles into a vaccine to enhance the localised delivery
of therapeutic agents into organs and tissues. Platforms such a liposomes and PLGA
nanoparticles have been used to deliver peptides and nucleic-acid based vaccines89–91.
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A major disadvantage of this approach is the longevity of therapeutic response.
Due to their small size, nanoparticles are easily internalised by APCs in the tissue,
leading to the loss of activity58. From a clinical point of view, this would require
repeated vaccinations to achieve sufficient anti-tumoural response. While scaffoldbased vaccines require a potentially invasive implantation procedure, they remain
active at the cancer site for longer, providing an amplified anti-tumoural activity58.

Biomaterials for adoptive cell therapy
While adoptive T cell therapy is a promising new strategy in the fight against some
cancers, several hurdles are yet to be overcome before it becomes a viable and widely
used treatment option. Firstly, the generation of DCs or T cells needed to produce
a cell therapy product for an individual patient requires a large amount of blood
product to be collected and processed, which increases the lead time and expense
of this treatment. In oncology patients, lymphodepletive chemotherapy often
has a negative effect on the DC count and quality92,93. Certain tumours have the ability
to alter the immune response of the host by inducing the expression of co-stimulatory
molecules to direct differentiation into regulatory T cells, therefore reducing cytotoxic
T cell production94. Adoptively transferred T cells may not survive the transplant and
could quickly die after injection into patients. To overcome this, scientists have been
looking into maintaining cell survival or directly expanding T cells in vivo using
biomaterial technologies95.

Biomaterial-based implants for adoptive cell transfers
The Stephan lab has focused on enhancing CAR-T cell therapies with a range
of biomaterials96–98. One of their most notable achievements has been the development
of biopolymer implants for delivery of tumour-reactive T cells directly
into the tumour96. These biopolymer scaffolds act as a cell depot, and upon polymer

19

Chapter 1 - Introduction

degradation the cells are released directly into the tumour milieu. The scaffolds were
loaded with porous silica microparticles, encapsulating the interleukin 15 superagonist
to induce T cell proliferation and activation within the scaffold. By doing this, there
is no need for ex vivo T cell expansion in adoptive cell therapy, which could simplify
the procedure.
The same group used a mouse ovarian cancer to model advanced stage unresectable
tumours. Following implantation of a scaffold, six out of ten mice were completely
healed (i.e. tumours were eradicated), while the remaining four showed substantial
tumour regression with a prolonged survival rate (on average 27 days). Due to their
localised action, these scaffolds are not capable of treating widespread metastasised
tumours but offer a relatively safe treatment of unresectable or incompletely resected
cancerous tissue.
In 2010, Stephan et al.97 designed a method for enriching adoptively transferred T cell
products by conjugating cytokine-loaded lipid nanoparticles to the cell surface. Since
T cells possess high levels of reduced thiol groups on their surface, the authors were
able to covalently conjugate maleimide-modified nanoparticles via maleimide-thiol
chemistry. The resultant constructs then released immuno-stimulating cytokines,
namely interleukin 15 (IL-15) and interleukin 21 (IL-21), promoting in vivo T cell
expansion and effector function in a mouse model. In a follow-up publication99,
antibody- and cytokine-decorated immunoliposomes effectively induced expansion
of adoptively-transferred T cells, while minimising the systemic toxicity associated
with cytokine treatments.
In another study98, the Stephan group designed a tumour-targeted liposome delivering
immunomodulatory drugs (an immunostimulant-invariant natural killer T-cell (iNKT)
agonist and a selective inhibitor of the p110δ PI3K kinase) for pre-conditioning
of the tumour microenvironment before CAR-T cell infusion. These liposomes were
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capable of blocking immunosuppressive cells within the tumour microenvironment
while activating and expanding cytotoxic T cells. In a mouse breast cancer model,
infusing CAR-T cells after liposome-mediated preconditioning led to doubled overall
survival rates as compared to traditional CAR-T cell therapy. Recently, the Stephan
group developed CAR-T cell loaded micropatterned nickel titanium (nitinol) selfexpandable stents. Although the implant showed promising results in animal studies,
it is a non-biodegradable alloy stent which would have to be eventually removed,
subjecting the patient to another invasive procedure100.

Artificial antigen presenting cells
Many publications have explored the feasibility of in vivo T cell activation
by delivering soluble MHC proteins101–103. However, it has been found that large
quantities of MHC molecules per T cell were required to achieve an adequate cellular
response in in vitro models. In nature, even a small number of MHC protein molecules
on the APC surface can be sufficient to induce a potent response in T cells.
This observation was translated into the development of artificial antigen presenting
cells (aAPCs) where MHC-peptides or T cell activating proteins are covalently
conjugated to a physical substrate such as a latex bead or tissue culture plastic
to induce a cellular response. The invention of acellular aAPCs has allowed for more
flexibility in oncology cell therapy manufacturing processes. aAPCs have provided
tools for efficient ex vivo activation and expansion of cells for adoptive T cell therapies
bypassing the need for DC extraction from patient’s blood104.
Numerous non-biodegradable aAPCs for T cell activation ex vivo have been examined
in the past, for example carbon nanotube-polymer composites105 or iron-oxide
nanoparticles106. Although these platforms can induce T cell responses ex vivo, they
are unsuitable for in vivo administration as they are not biodegradable. Magnetic nonbiodegradable aAPCs require ex vivo processing with a robust separation protocol
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to remove them from cells without disrupting their integrity. This multi-step
processing could potentially introduce contamination to the blood product.
From a practical point of view, these processes usually occur at multiple
manufacturing sites, take several weeks and are very costly107. T cells harvested
from ex vivo expansion are deprived of their activating stimuli, hence the quality of the
engineered blood product declines rapidly with storage time108. These key issues could
be potentially solved by developing a biodegradable, biocompatible material capable
of expanding T cell directly at the tumour site, in vivo, without a need for ex vivo
manipulations74. Conceptually, this would resemble the scaffold-based DC cancer
vaccine delivery described above (see Section 1.3.2, page 17). Further information
on the development of biodegradable aAPCs is provided in Chapter 4 of this thesis
(Section 4.1, page 121).

Clinical translation
Although the field of immuno-oncology is rapidly developing, the challenges
of its therapeutic delivery remain largely unexplored due to large costs and processing
constraints.

Admittedly,

the

last

ten

years

have

seen

major

progress

in immunomodulatory biomaterial development, but these have had relatively little
impact on patient outcomes so far30,109. Side effects of checkpoint inhibitors, much
like in chemotherapy, remain a major limitation for widespread clinical
implementation. It is therefore anticipated that biomaterials allowing more controlled
and localised delivery of these agents may be of great importance30. Equally,
the manufacturability issues associated with cell-based therapies may be addressed
by employing scaffold-based delivery platforms capable of activating immune cells
directly in vivo30,109.
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1.4 Electrohydrodynamic processes
The electrohydrodynamic (EHD) technique is a material fabrication method in which
a polymer solution is dispersed into a fine jet under the influence of an electric field.
This results in the formation of fibres (electrospinning) or particles (electrospraying).
EHD is a low-cost, time-effective and versatile technique that has been used to process
a wide range of pharmaceutically relevant materials, such as suspensions of cells,
bacteria or polymers110. For the purpose of this thesis, the discussion will centre
on the processing of polymers and protein/polymer mixtures. Polymer-based fibres
and particles loaded with therapeutic agents ranging from small molecules111
to monoclonal antibodies112 have both achieved sustained and localised drug release
in preclinical models.
Electrospinning and electrospraying are sister technologies and use the same basic
experimental apparatus, presented in Figure 1-6.

Figure 1-6: A schematic of standard EHD apparatus and the process of (a) electrospinning
and (b) electrospraying. V – high voltage.

The main components of the EHD apparatus include a high-voltage power supply,
a precision syringe pump, a syringe loaded with a polymer solution and fitted
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with a conductive metal needle (the spinneret) and a collector. To maintain an electric
field, the power supply is connected to both the spinneret and the collector113.
The polymer solution is extruded through the charged spinneret, with the syringe
pump ensuring a controlled flow rate. Without the application of electric charge,
the polymer solution exits the needle forming a spherical droplet owing to the surface
tension forces (Figure 1-7a)113. When subjected to high voltage during extrusion
through a metal needle, the liquid surface becomes charged, causing the spherical
droplet to be retained at the capillary tip (Figure 1-7b). With sufficient voltage applied,
the meniscus deforms into a conical structure, which is often referred to as the Taylor
cone (Figure 1-7c). 114.

Figure 1-7: An illustration of the development of the Taylor cone jet when a polymer solution
is extruded through a metal spinneret under the influence of electrical field. Without electrical
field the shape of liquid droplet is spherical due to surface tension (a). High voltage results
in a charge accumulation on the liquid surface causing deformation of fluid meniscus (b).
Taylor cone is developed when sufficient voltage is applied (c).

In electrospinning, a polymer jet is emitted at the tip of the Taylor cone, which
stretches and reduces in diameter as it travels towards the collector. The solvent
present in the polymer solution evaporates as the jet is drawn and accelerates towards
the collector, therefore producing a solid fibrous product113. In electrospraying,
the Taylor cone breaks into droplets rather than forming a continuous jet, resulting
in the formation of solid particles which are usually spherical in shape113.
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In mono-axial electrospinning, the spinneret is a single metal needle, resulting in the
formation of monolithic fibres from a single working solution. Modified EHD set-ups
include electrospinning through co-axial or side-by-side nozzles to produce
bifunctional biomaterials. In co-axial EHD processing, the spinneret is composed
of two nested concentric needles, which allows for simultaneous dispensing of two
working solutions: the core solution pumped through the inner needle and the shell
solution flowing through the outer needle. Use of side-by-side nozzles in EHD
processing allows for the formation of so-called Janus structures, where the opposing
sides of the material exhibit different surface structure115.

Parameters affecting EHD processing
As described above, electrospinning and electrospraying rely on the same basic EHD
apparatus. To achieve either fibre or particle formation, the processing parameters
need to be adapted accordingly. Although the assembly of the EHD apparatus and
product collection is relatively simple, the optimisation of experimental parameters
necessary for the fabrication of uniform and reproducible scaffold or particle requires
extensive and detailed experimentation. Critical variables can be broadly classified
into solution properties and processing parameters.

Solution properties
An extremely important characteristic to consider is the viscosity of the EHD solution,
which reflects the level of polymer chain entanglement in the liquid. At low viscosity,
the polymer molecular entanglement will be insufficient for electrospinning to occur
and a polymer jet to be generated. The solution viscosity is largely dependent on the
concentration of the polymer in the solution and its molecular weight, with higher
values of both usually leading to increased viscosity. For electrospinning to happen,
the polymer solution should be viscous enough to form a Taylor cone without clogging

25

Chapter 1 - Introduction

the nozzle. If electrospraying is the desired EHD process, the solution should be less
viscous, leading to the atomisation of the polymer jet and subsequent production
of particles. It is, therefore, possible to alternate between electrospraying and
electrospinning by changing the molecular weight and concentration of the polymer
used113.

1.4.1.1.1. Choice of polymer
Several

aspects

need

to

be

considered

when

choosing

the

polymer

for the electrospinning/spraying solution. Probably the most important consideration
is the intended application of the product. The polymer degradation half-life and byproducts, biocompatibility, and solubility will heavily influence the potential
applications of the product. For example, for fast-release applications, a polymer with
a relatively rapid dissolution/degradation rate and high solubility in aqueous solvents
(such as polyvinylpyrrolidone (PVP)) would be preferred113. In contrast, when
designing a long-term surgical implant, a hydrophobic polymer with slow degradation
rates would be more suitable. In some cases, polymers with special characteristics such
as thermo- or pH-sensitivity are of interest, aiding targeted delivery to the action
site116.

Figure 1-8: Chemical structures of (a) PLGA and (b) PCL.

One of the most commonly used pharmaceutical polymers in EHD is poly(lactic coglycolic) acid (PLGA) (Figure 1-8a). PLGA is a synthetic copolymer formed
of polylactic (PLA) and polyglycolic acids (PGA). PLA can be rendered completely
amorphous (poly D-lactic acid; PDLA) or highly crystalline (poly L-lactic acid;
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PLLA) due to disordered polymer chains117. On the other hand, the lack of methyl side
groups makes PGA highly crystalline117. By altering the molar ratio of the monomers,
PLGA can be rendered either amorphous or crystalline118. PLGA degrades
by hydrolysis of its ester linkages via bulk erosion in aqueous environments. The rate
of degradation can be controlled, for example by adjusting the molecular weight of the
polymer or the molar ratio of the monomer components. As an example, PLGA
copolymers with a higher content of lactic acid will degrade more slowly due to the
presence of hydrophobic methyl groups119.
Another medically important polymer is poly(ԑ-caprolactone) (PCL; Figure 1-8b),
which is an aliphatic polyester composed of hexanoate repeat units. It is a semicrystalline polymer widely used in the manufacturing of surgical sutures, drug delivery
systems and tissue engineering scaffolds, and biodegrades through hydrolysis over
a time period ranging from several months to years, depending on the molecular
weight111,120.
Biomaterials manufactured from PLGA and PCL follow a similar triphasic breakdown
profile. In the hydration step, water penetrates into the amorphous region of the
material, thus disrupting the van der Waals forces. Subsequently, the polymer chain
starts to degrade either by end-chain or random-chain scission and the cleavage
of covalent bonds. This leads to a decrease in the molecular weight121. The degradation
process is then autocatalysed by carboxylic end groups and the particle structure
is severely disrupted by the breakdown of backbone covalent bonds. The resulting
metabolite monomers incorporate into the Krebs cycle and can be safely eliminated
from the body122,123.
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1.4.1.1.2. Choice of solvent
Solvent choice can greatly impact the processability of the working solution.
The solvent used in EHD should be volatile enough to achieve complete evaporation
during the journey between the spinneret and the collector.
Interestingly, using a solvent with lower solubility for the polymer may increase
the likelihood of nanofibre formation by changing the value of the so-called critical
concentration124. A critical minimum concentration (ce) is achieved when the number
of molecular chain entanglements is sufficient to overcome surface tension in the EHD
process, preventing the jet in electrospinning from breaking up. At concentrations
below ce the charged polymer solution will form droplets (electrospraying), while
concentrations above ce will form fibres (electrospinning). The value of ce is dependent
on several properties, for example molecular chain length, polymer structure
and the solvent used to dissolve the polymer. Solvent volatility is critical
for successful EHD process optimisation and has a significant effect on fibre
morphology and diameter113. A solvent should be volatile enough to allow the fibres
or particles to dry completely before reaching the grounded collector. However,
if volatility is too high, the resulting fibres or particles may show defects such as
wrinkled or porous surface morphologies.

Process parameters
In EHD fabrication, process parameters include applied voltage, flow rate, internal
diameter of the spinneret used, collection substrate and the spinneret-to-collector
distance, as well as environmental features, such as temperature and humidity.

Applied voltage
Electrical potential, or voltage, is an important parameter for every EHD experiment.
The applied voltage should be high enough to overcome the surface tension

28

Chapter 1 - Introduction

of the polymer solution and allow a stable Taylor cone to form. Increasing the voltage
can also result in the alteration of the morphology of the produced material,
for example by moving from the fabrication of particles (electrospraying) through
elongated particles or bead-on-string fibres to uniform fibres (electrospinning)125
or by decreasing diameter size of the produced fibre126.

Flow rate
The rate at which polymer solution is ejected through the spinneret to feed the Taylor
cone needs to be optimised on a case-by-case basis. In general, a low flow rate
is preferable as it enable the formation of a more stable Taylor cone and facilitates
efficient solvent evaporation. Conversely, at flow rates below the optimum,
the polymer jet may become discontinuous as not enough polymer solution is passing
through the spinneret in a given unit of time113, therefore leading to the formation
of defected particles or fibres.

Collector distance
The distance between the tip of the spinneret and the collecting substrate will affect
the electric field strength. This can be increased by reducing the collector distance.
However, a shorter collection distance can negatively influence the solvent
evaporation process, leading to incomplete evaporation and the formation of fused
or deformed fibres and particles. The collector distance is particularly important when
using solvents with low volatility, and must be sufficiently large to allow the complete
evaporation of the solvent in the polymer jet before it hits the collecting substrate.
It should be noted, though, that with increasing distance the processing yield tends
to drop as weaker electric field means that particles/fibres may not land on the
collector and deposit elsewhere instead. 113
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Environmental parameters
Temperature and humidity have a major effect on the solution viscosity, surface
tension and conductivity, as well as solvent evaporation rates. The stability
of the Taylor cone and the resulting polymer jet is often influenced by the movement
of air. Environmental chambers are often used to ensure reproducibility and protect
the experiment from the changes to temperature, humidity and air flow113.

Protein delivery using EHD
Protein-loaded

biomaterials

have

long

generated

considerable

interest

due to the growing importance of immunotherapy and tissue engineering in modern
medicine127,128. The complex and fragile structures of many therapeutic proteins
require advanced delivery methods and careful optimisation of formulation
and manufacturing conditions129. Quite often the protein integrity is compromised
by the route of administration, leading to denaturation, aggregation or misfolding.
For example, the loss of fragile tertiary structures of proteins, defined by non-covalent
interactions, may result in loss of biological activity.
For now, parenteral administration of proteins remains the gold standard, as other
delivery routes are limited or not yet clinically feasible. The field of pharmaceutical
technology has long sought possible solutions to protein formulation challenges,
leading to the development of multiple inorganic, lipid or polymer-based formulations.
Some examples of biomaterial technologies used to encapsulate proteins include
solvent evaporation and extraction, coacervation or spray-drying130.
EHD technology could offer a simple route to the fabrication of protein-loaded
biocompatible scaffolds and particles that can be easily implanted or injected at the
desired site of action. Although relatively unexplored in the oncology field (further
discussed in Chapter 6), the EHD technology could be potentially applied

30

Chapter 1 - Introduction

for the delivery of therapeutic antibodies in cancer therapy, for example for localised
release of checkpoint inhibitors or delivery of T cell activating cues on the surface
of artificial antigen presenting cells. Multiple approaches have been proposed
for the incorporation of therapeutic proteins within electrospun and electrosprayed
materials, including monoaxial and co-axial electrospinning.
Both approaches rely on the same basic EHD apparatus (presented in Figure 1-6)
but differ in the spinneret used. For monoaxial electrospinning a uniaxial needle
is used, while co-axial setup requires a concentric nozzle formed from two needles
nested within one another. A schematic showing the differences in the design of these
spinnerets, as well as in the resulting electrospun/sprayed product, is presented
in Figure 1-9.
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Figure 1-9: The differences in monoaxial and co-axial spinneret design and the resultant
material produced. Grey shading represents polymer solution, while white represents the
protein solution being processed.

Monoaxial EHD
Unarguably the simplest EHD process used in protein drug delivery is blend
processing, where the active substance of choice is dissolved or dispersed in a polymer
carrier (usually a volatile solvent)131. Upon application of a high voltage, monolithic
materials are yielded with the drug uniformly dispersed on the molecular level within
the fibre or particle. However, a prolonged exposure to the organic solvent typically
required for EHD may cause misfolding or aggregation of labile biomolecules like
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proteins, leading to loss of activity For this reason, blend electrospinning is rarely used
for encapsulation of therapeutic proteins132.
A controlled and sustained protein delivery can be achieved using emulsion EHD,
where a core-shell structure is formed by electrospraying/spinning of a water-in-oil
emulsion formed from an aqueous phase (protein) and an organic phase (polymer)133.
When subjected to electric charge, the organic phase (typically containing a volatile
solvent) rapidly evaporates. This causes the migration of the aqueous phase (with
protein) to the centre of the jet, forming core-shell structures134 with favourable
localisation of proteins within the centre of the fibres/particles, minimising the risk
of the initial burst release of therapeutic cargo.
In 2017, Frizzell et al.116 developed enzyme-loaded electrospun fibres for peroral
delivery using surfactant-assisted emulsion electrospinning. Horseradish peroxidase
and alkaline phosphatase were blended with a pH-sensitive polymer (Eudragit L100)
in the presence of the surfactant Tween® 20. Eudragit L100 is an anionic co-polymer
of methacrylic acid and methyl methacrylate that is only soluble at pH above 6. The
nanofibres fabricated from Eudragit L100 showed pH-dependent enzyme release
patterns, with ~5% release at pH 2 and almost 100% at pH 7. Use of Eudragit L100
ensured dissolution of the fibres only occurred in neutral and basic pH conditions,
ensuring protected transit of the enzymes through the stomach and preventing acidmedicated protein degradation. The authors found that the bioactivity of the protein
was best preserved by decreasing the aqueous phase content in the emulsion.
Furtmann et al.135 presented a method for the production of PVA-coated PLGA
nanoparticles encapsulating subunit antigens (cytomegalovirus peptides) for the
targeted stimulation of antigen-specific CD8+ T cells. The particles were prepared by
blending peptides with PLGA dissolved in TFE and dimethyl sulfoxide. When tested
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against a soluble peptide, the electrosprayed particles enhanced proliferation and
promoted TNF-α and IFN-γ production.
Although the relative simplicity of emulsion electrospinning is attractive from the
manufacturability point of view, the protein-polymer blend composition must
be carefully optimized to ensure there is no loss of bioactivity resulting from
accidental exposure of the biomolecule to the organic solvent. A non-ionic surfactant
is often incorporated in the formulation to decrease the contact between protein and
organic solvents by forming reverse micelles (emulsions), therefore avoiding
denaturation or aggregation136.

Coaxial EHD
In coaxial EHD, the core solution is pumped through the inner needle and the shell
solution flows through the outer needle. As both solutions are physically separated
until the formation of the fibre or the particle, protein exposure to organic solvents
is limited and therefore accidental degradation can be minimised. The resulting fibre
or particle usually holds the protein in the core with a hydrophobic polymeric shell
allowing for the gradual release of the cargo at the site of action. A notable example
of antibody encapsulation within electrospun fibres using this approach has been
recently published by Angkawinitwong et al.112, and is described in more detail
in Chapter 6 (page 208).

Choice of EHD process
The selection of protein incorporation method will largely depend on the therapeutic
application, the desired release profile and the structure of the protein being processed.
The advantages and disadvantage of the processes described above are summarised in
Table 1-4.
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Table 1-4: Summary of the advantages and disadvantages of blend, emulsion, and coaxial
EHD processing with regard to protein delivery systems131,137,138
EHD
Method
Monoaxial

Advantages

Disadvantages



Simplicity





Protein dissolution within an
appropriate solvent and separation
from the organic conditions
required to dissolve the carrier
polymer
Core-shell structures are obtained
without the use of complex coaxial
spinnerets



Precise control over the location of
the drug within the core or shell of
the fibres or particles
High protein loading capacity
Creation of more complex systems
and multiphasic release profiles





Coaxial








Direct contact with organic solvents
may cause protein denaturation and
loss of function
Lack of control over the distribution
of the therapeutic agent within the
fibres or particles
Unsuitable for polymer solutions with
low surface tension
Use of ultrasonication or absence of
surfactants during the emulsification
process may compromise emulsion
stability, protein structure, and
bioactivity
More complex and expensive setup

1.5 Surface functionalisation
In certain applications, surface presentation of therapeutic molecules is essential
for adequate biological performance, for example in biomaterial-based cancer
vaccines (see Section 1.3.2, page 17), artificial antigen presenting cells design (see
Section 1.3.3.2, page 21 ), or wound healing139. In such cases, loading of protein cargo
into the interior of a particle or fibre would not be suitable. Instead, bioactive
molecules can be immobilised on the surface of electrospun or electrosprayed
materials.
The ability to safely coat a polymer surface with a protein without the loss of its
functional activity is often critical in the successful targeted delivery of biomolecules.
Broadly speaking, proteins can be deposited on the surface by physical adsorption (e.g.
by dip-coating or spray-coating) or by chemical methods, such as bioconjugation.
Bioconjugation often involves the reaction of two molecules, one of which is usually
a biomolecule, and a crosslinking agent that enables the formation of covalent bonding
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between those two entities. A schematic summarising surface functionalisation
approaches discussed in this section is presented in Figure 1-10.

Figure 1-10: Schematic showing functionalisation approaches for attachment of proteins to
polymeric surfaces. R – protein.

Physical adsorption
Physical adsorption is often used to deposit proteins on polymer surfaces. The 3Dstructure of intertwined electrospun fibres provides a large surface area for protein
adsorption, making it an attractive material for surface protein delivery. This approach
does not require multi-step treatments in harsh conditions but relies solely on relatively
weak electrostatic, van der Waals and hydrophobic interactions140.
Norde and Hayes described the mechanism of protein adsorption to solid surfaces
(Figure 1-11). Broadly speaking, a protein in its native state confirmation travels
towards the surface by diffusion and convection (being therefore influenced
by the electrostatic potential of the solid surface). This process may involve
perturbations of the protein structure

Upon attachment, the protein molecule

undergoes further rearrangements in secondary and tertiary structures through
hydrophobic interactions with the surface. Desorption and diffusion back into the
solution can occur, but are less probable for unfolded proteins due to the presence
of a higher number of binding points after unfolding.141,142
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1. Native state
conformation

2. Attachment
to the surface

5. Desorption
from the surface

3. Structural
rearrangements

4. Steady state
perturbated
structure

Figure 1-11: Schematic explaining the mechanism of protein adsorption to solid surfaces.
Adapted from Norde and Hayes141.

A clear advantage of the adsorption approach is that it does not require
any modifications to the protein or the substrate. It is possible to achieve enhanced
protein adsorption to polymer surfaces by optimising experimental properties,
such as the pH and ionic strength of the protein solution or the duration
and temperature of incubation143,144. For example, at the isoelectric point, proteins
possess no net charge, so the electrostatic repulsion between adsorbed molecules
is minimal145. Previous literature suggests that at the isoelectric point proteins are
highly stable, causing reduced spreading at the interface and less steric hindrance21,
and thereby favouring adsorption. Therefore, enhanced protein adsorption
can be achieved by adjusting the protein solution pH to a value near its isoelectric
point145.
Physical adsorption is heavily used in the functionalisation of gold nanoparticles
with therapeutic proteins, with examples including human follicle-stimulating
hormone and chorionic gonadotropin antibodies for use in biosensors146.
The relatively rapid release of adsorbed bioactive agents caused by their
weak interactions with the surface is desired for certain applications where instant
biological action at the delivery site is needed, for instance in antimicrobial
applications147. For example, Xia and Lv148 described the dual delivery of growth
factors for peripheral nerve regeneration using PLA nanofibres. In this study,
recombinant human nerve growth factor (NGF) was first loaded into the core of the
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fibre via emulsion electrospinning. The fibres were then surface-functionalised
with VEGF by physical adsorption. The resulting dual VEGF-NGF PLA nanofibres
were extensively evaluated in vivo, and the walking ability of nerve-injured rats
was visibly enhanced after treatment with the dual-release scaffolds as compared
to controls (autograft, plain fibre, and fibre bearing either NGF or VEGF). Moreover,
in vitro studies showed preferential nerve differentiation of neural crest stem cells
following

incubation

with

the

dual-delivery

nanofibres.

Enzyme-linked

immunosorbent assay (ELISA) results confirmed that physically adsorbed VEGF was
released much faster than NGF loaded in the core of the fibre. However, the authors
did not discuss the stability or activity profile of the released proteins.
Grafahrend et al.149 developed electrospun polymer fibres coated with adhesionpromoting peptides (e.g. a fibronectin fragment (GRGDS) or a collagen IV fragment).
The functionalised scaffolds showed enhanced keratinocyte attachment, indicating
this approach may be suitable for tissue engineering purposes. In another study, PCL
fibres were dip-coated with platelet-rich plasma (PRP) and freeze-dried.
Immobilisation of PRP enhanced hydrophilicity and mesenchymal stem cell
attachment and proliferation on the PCL surface, without inducing differentiation
to a particular linage150.
The physical adsorption approach, however, may not be suitable if prolonged protein
release at the action site is desired. Another potential disadvantage is the effect
of hydrophobic interactions on the protein, which may result in a change to the 3D
conformation and lead to irreversible denaturation by aggregation151. The lack of sitespecific binding to the surface in adsorption may also result in an unfavourable
orientation of the protein on the surface, therefore losing the protein functionality152.
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Chemical conjugation
Covalent chemical conjugation of bioactive molecules onto the surface of polymeric
biomaterials is generally preferred over physical adsorption in regenerative medicine
applications. The covalent bonding ensures effective immobilization of molecules
on the fibre or particle surface over an extended period of time, whereas physically
adsorbed macromolecules can easily desorb from the surface (as illustrated,
for example, in the Xia and Lv148 article). However, the bioconjugation method should
be carefully selected to prevent partial or full loss of activity of the biomolecule
following chemical manipulation153.

Mussel-inspired polydopamine chemistry
Owing to its simplicity and versatility, polydopamine chemistry has lately emerged
as a promising tool in surface modification of polymeric materials. Often referred
to as mussel-inspired functionalisation154,155, this approach relies on the unique ability
of polydopamine to self-polymerize on polymeric surfaces via oxidation in a weak
alkaline environment156. In recent years, there has been considerable interest in the use
of this method for peptide and protein surface modification of hydrophobic nanofibres.
Cheng et al.157 reported successful modification of PLGA fibrous scaffolds
with various biomolecules using the mussel-inspired approach. When tested with
human dermal fibroblasts, nanofibres functionalised with a polymer (polyethylene
glycol; PEG), cell adhesive peptide (RGD) and basic fibroblast growth factor (bFGF)
showed a positive effect on cell repulsion, adhesion and proliferation, respectively.
In a 2019 study, Liu et al.158 explored polydopamine-assisted conjugation
of osteogenic growth peptide (OGP) to PLA nanofibres. Surface-functionalised
nanofibres

showed

improved

human

mesenchymal

stem

cell

adhesion

and proliferation in vitro, owing to increased hydrophilicity and a rougher topology.
In an in vivo bone formation model, OGP-coated fibres achieved superior results than
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unmodified fibres, which the authors attributed to osteogenic effects of OGP. More
recently, Chen and colleagues139 used polydopamine chemistry to immobilize
an enzyme (bromelain) on the surface of PCL fibre patches. Similarly to the previous
studies, the modification led to increased cellular adhesion and proliferation, attributed
to a reduction in material hydrophobicity. An in vivo model demonstrated reduced
inflammation and improved healing rates in rats treated with bromelain-functionalised
fibres, revealing the polydopamine chemistry approach to be suitable for effective
protein surface immobilization.

Sulfhydryl-reactive crosslinker chemistry
The maleimide-sulfhydryl reaction has been largely described in the context
of bioconjugation of proteins containing free thiol groups onto the surface
of nanoparticles. The double bond of maleimides can undergo an alkylation reaction
with sulfhydryl groups at pH between 6.5 to 7.5, forming stable thioether bonds159.
In alkaline conditions, the reaction efficiency decreases due to cross-reactivity with
primary amines and an increased rate of hydrolysis of the maleimide group159 (Scheme
1-1).

Scheme 1-1: Maleimide reaction scheme for chemical conjugation to a sulfhydryl.

Martínez-Jothar160 used maleimide-modified PLGA-PEG to manufacture thiolreactive nanoparticles for conjugation of the peptide cRGDfK. The authors identified
the reaction parameters needed to achieve maximum conjugation of biomolecules,
highlighting the importance of precise reagent stoichiometry in cost-effective
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preparation of protein-targeted using this route. Another example applying
this approach involves conjugation of anti-CD44 antibody to the surface
of maleimide-modified microparticles prepared by electrospraying a blend of PLGA,
maleimide-PEG-NH2 and cisplatin161. The inclusion of anti-CD44 on the surface led
to an enhanced cytotoxic effect against ovarian cancer cell lines.

Carbodiimide crosslinker chemistry
Bioconjugation via carbodiimide crosslinker chemistry has been a popular tool
in chemical modification of biomaterials. This functionalisation approach is highly
attractive as it can occur in an aqueous environment at physiological pH.
Carbodiimides

(e.g.

EDC

(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

hydrochloride)) are zero-length crosslinkers used to form amides from carboxylic
acids and amines in mild conditions162. EDC and its by-products are water-soluble,
making the reaction products easily purifiable by dialysis or gel filtration163. However,
EDC and its intermediates are hydrolytically labile, potentially leading
to inactivation164. This can be overcome to some extent by the incorporation of Nhydroxysuccinimide (NHS). This results in the formation of a reactive ester
of the carboxylic acid (NHS ester) that undergoes an acylation reaction with an amine
to form an amide (Scheme 1-2). NHS esters are generally more stable intermediates
in aqueous media at neutral pH than the corresponding EDC intermediates, therefore
increasing the yield of subsequent protein conjugation165.

Scheme 1-2: The reaction between amine compounds and NHS esters.
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NHS esters undergo rapid hydrolysis under physiological pH conditions. Typically,
the half-life of NHS derivatives decreases with increasing pH162,166. The rate
of hydrolysis can be minimised by maintaining a high concentration of protein
in the reaction medium167.
EDC/NHS chemistry has been widely applied in the surface modification
of electrospun materials. Using this approach, Li et al.168 immobilised collagen on the
surface of poly(methyl methacrylate) nanofibres for use in neural stem cell culture
model. The collagen-modified nanofibres promoted cell attachment, proliferation and
viability compared to unmodified controls. More recently, Guex and colleagues169
evaluated VEGF-functionalised PCL fibres in primary and immortalised HUVEC
cells. Although the growth factor was successfully immobilised on the nanofibre
surface, in cell culture the VEGF-treated fibres performed similarly to the untreated
fibre controls. These unfavourable results may suggest the loss of VEGF functionality,
possibly due to the non-selective nature of the EDC/NHS reaction. The authors
showed that VEGF retained its biological integrity to some extent and was able to
complex with an anti-VEGF antibody. However, protein functionality was confirmed
with fluorescence and not quantified: thus, it is possible that the retention of structural
integrity was only partial and insufficient for triggering biological responses in vitro.
Sadeghi et al.170 combined the partial hydrolysis approach and EDC/NHS chemistry
to functionalise PLGA scaffolds with collagen for skin substitutes (Scheme 1-3).
Similarly to the VEGF-PCL study169, the PLGA-collagen fibres did not achieve
superior biological performance, but rather maintained the cell adhesion and viability
at levels comparable to non-functionalised controls.
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Scheme 1-3: The chemical reaction scheme for EDC/NHS-assisted coupling of a protein
ligand to a carboxylated surface.

Schaub et al.171 explored the effect of surface modification on neurite extension. In this
study, PLA fibres were pretreated with oxygen plasma and modified with EDC/NHS
to conjugate diethylenetriamine (DTA, for amine functionalization), 2-(2aminoethoxy)ethanol (AEO, for alcohol functionalization), or GRGDS (cell adhesion
peptide) to the surface. X-ray photoelectron spectroscopy showed a decrease
in nitrogen signal after washing, suggesting that the active agents were removed from
the surface during washing steps and indicating that covalent conjugation
was unsuccessful. Although GRGDS remained on the surface of the fibre,
the performance of the conjugated fibres was inferior to the unmodified fibre control.
The above case studies suggest that EDC/NHS chemistry may not always be a suitable
approach for surface modification in biological applications.
In another study, aminolysis was combined with N,N′-disuccinimidylcarbonate
to immobilize biomolecules on the surface of PCL scaffolds (Scheme 1-4)172. N,N′disuccinimidylcarbonate is an active carbonate comprised of two NHS moieties.
Partial aminolysis of the PCL using a diamine is followed by activation of free amino
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groups on the scaffold surface with N,N′-disuccinimidylcarbonate to give an activate
carbamate. Upon reaction of the carbamate with a primary amine, the NHS group
is cleaved and a functionalised urea is formed. The resulting peptide-functionalised
aminolysed PCL scaffolds showed adequate biocompatibility and increased cellular
attachment and proliferation in tested cell lines.

Scheme 1-4: Immobilisation of biomolecules on PCL scaffolds using aminolysis-assisted
N,N′-disuccinimidylcarbonate chemistry172.

A major disadvantage of carbodiimide-mediated NHS ester reactions is the lack
of site-specificity and control over protein orientation on the surface of the substrate,
which can lead to the loss of biological activity of the conjugated macromolecules173.

Click chemistry
Click chemistry is an overarching term covering a relatively new family of chemical
reactions and coined by Karl Barry Sharpless in 2001174. The reactions in this group
are modular in nature and achieve high yields, producing non-toxic by-products that
can be easily removed without the use of chromatographic methods175. Click
chemistry requires mild reaction conditions and readily available starting materials.
The reaction products are stable in physiological conditions and easily purifiable
by simple methods such as crystallisation or distillation176. Initially developed
as a drug discovery tool, click chemistry has created new methods for fields such
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as polymer

therapeutics,

gold

and

magnetic

nanoparticle

production,

or bioconjugation177.

Scheme 1-5: Two exemplar click reactions. (a) Cu-catalysed azide-alkyne cycloaddition and
(b) strain-promoted azide-alkyne cycloaddition (SPAAC).

Copper(I)-catalysed azide-alkyne cycloaddition (CuAAC) is one of the most common
click reactions explored (Scheme 1-5a). CuAAC is a highly chemoselective reaction
occurring at physiological temperature and pH in the presence of a copper catalyst.
Due to its orthogonal nature, it has been widely used for the site-selective conjugation
of targeting peptides178,179 and antibodies180 to the surface of nanoparticles
for applications in medical imaging.
Functionalisation of solid polymeric biomaterials with azide or alkyne groups
to facilitate ‘click’ reactivity has now been attempted. One study explored siteselective functionalisation of electrosprayed PLGA Janus particles with acetylene
groups, which were then reacted with azido-PEG-amine in the presence of Cu2+ ions
to undergo Huisgen 1,3-dipolar cycloaddition.181 A similar study was conducted by
Chen et al.182, who functionalised silica Janus microparticles with 1-bromopropane
plasma. These were further reacted with sodium azide via SN2 nucleophilic exchange
to achieve azide functionalisation. The particles were then reacted with fluorescentlylabelled alkyne compounds in the presence of a copper catalyst.
It became clear, however, that the copper catalyst damages the structure of conjugated
biomolecules183,184. Moreover, Cu(I) is known to be cytotoxic even at very
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low concentrations and therefore may not be suitable for use in drug delivery
materials185,186. Recently, a Cu-free strain-promoted azide-alkyne cycloaddition
(SPAAC) has emerged as a more suitable biorthogonal alternative (Scheme 1-5b).
Unlike CuAAC, SPAAC relies solely on the strain within the alkyne ring, enhancing
biocompatibility and simplifying reaction conditions187. The formation of rigid bonds
ensures no interaction between linked molecules, which should prevent possible
aggregation of proteins in the final product. Moreover, such bonds are also stable
in the mildly reducing aqueous biological environment175.
Although the concept of SPAAC is theoretically promising in protein-biomaterial
bioconjugation, it remains relatively unexplored in the current literature.
The applications of SPAAC in surface functionalisation of polymeric materials
are discussed in more detail in Chapter 5 (Section 5.1, page 165).

1.6 Project aims
The field of immuno-oncology is fast-developing, but there is still a strong need
for robust drug delivery systems to simplify manufacturing protocols, amplify their
therapeutic efficacy and minimise immune-associated side-effects. This project
therefore explores the feasibility of assisting adoptive T cell therapies and checkpoint
inhibitor monoclonal antibody delivery with novel biomaterials. It is hypothesised that
protein-decorated biomaterials can be used to enhance the efficacy of immuneoncology
Firstly,

functionalisation

of

implantable

electrospun

polymeric

scaffolds

with pharmaceutically relevant proteins will be explored. To achieve this, a relatively
unexplored method of perfluorophenyl azide surface functionalisation will
be evaluated and tested in in vitro studies.
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Thereafter, the antibody functionalisation of electrosprayed PCL particles will be
attempted in order to design artificial antigen presenting cells, exhibiting T cell
stimulating cues (anti-CD3) on the surface to potentiate T cell activation in PBMCderived human cells. Two methods of surface functionalisation will be explored –
perfluorophenyl azide chemistry and strain-promoted azide-alkyne cycloaddition.
Finally, the fabrication of ipilimumab-loaded scaffolds using coaxial electrospinning
will be explored, and their in vitro functional performance assayed.
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2. Chapter 2 - Materials and methods

2.1. Materials
Chemicals
Chemicals and materials used in experiments for this project are listed by chapter in
Table 2-1, Table 2-2, Table 2-3 and Table 2-4.
Table 2-1: List of chemicals and materials used for experiments in Chapter 3.
Chemicals

Cat No.

Supplier

2-propanol

190764

Sigma-Aldrich

2,2,2–trifluoroethanol (99.8%, TFE)

75898

(UK)

Albumin–fluorescein isothiocyanate conjugate (FITC-BSA)

A9771

Catalase from bovine liver

C9322-5G

Chloroform-d (for NMR)

151823

Dichloromethane

270997

Dimethyl sulfoxide (DMSO) (cell culture reagent)

D4540

Dimethyl sulfoxide-d6 (for NMR)

151874

Ethyl acetate

319902

Hydrochloric acid

320331

Hydrogen peroxide solution

H1009

Magnesium sulfate

M7506

Methanol

34860

Methyl pentafluorobenzoate

AC10247660

N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride
E7750-5G
(EDC·HCl)
N-Hydroxysuccinimide (NHS)

130672

Phosphate-buffered saline (PBS) tablets

003002
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Poly(-ε-caprolactone) (PCL) (80 kDa)

440744

Potassium hydroxide

221473

Potassium periodate

210056

Purpald®

162892

Sodium azide

8223350100

Sodium chloride

S9888

Sodium hydroxide

221465

Sodium phosphate dibasic heptahydrate

S9390

Sodium phosphate monobasic monohydrate

S9638

Tetrahydrofuran

401757

Toluene

179418

N-(6-Aminohexyl)rhodamine 6G-amide bis(trifluoroacetate)

SC-301226

N-Succinimidyl 4-Azido-2,3,5,6-tetrafluorobenzoate

SC-208056

Santa Cruz
Biotechnology
(UK)

0.4% Trypan Blue Solution

15250061

Dulbecco's Modified Eagle Medium, high glucose, GlutaMAX™

ThermoFisher
Scientific

32430100
Supplement, HEPES (DMEM)

(UK)

Gibco® Dulbecco’s phosphate-buffered saline
14190250
(DPBS), no calcium, no magnesium
Gibco® heat inactivated, Fetal Bovine Serum

10082139

Gibco® Penicillin-Streptomycin

15140122

Pierce™ Bovine Serum Albumin Standard, 2 mg/mL

23210

PrestoBlue™ Cell Viability Reagent

A13261

RPMI 1640 Medium, GlutaMAX™ Supplement

61870044

Bradford UltraTM

EP119216

Expedeon
(UK)

Ultra-LEAF™ Purified anti-human CD3 Antibody (anti-CD3)

BioLegend
300465
(UK)

Ultra-LEAF™ Purified anti-human CD28 Antibody (anti-CD28)

302943

Human IL-2 DuoSet ELISA

DY202

R&D systems
(UK)
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Table 2-2: List of chemicals and materials used for experiments in Chapter 4.
Chemicals

Cat No.

Supplier

2,2,2–trifluoroethanol (99.8%, TFE)

75898

Sigma-Aldrich

Albumin–fluorescein isothiocyanate conjugate (FITC-BSA)

A9771

(UK)

Dimethyl sulfoxide (DMSO) (cell culture reagent)

D4540

EDTA (BioReagent)

E6758

Methanol

34860

Phosphate-buffered saline (PBS) tablets

003002

Poly(-ε-caprolactone) (PCL) (45 kDa)

704105

N-(6-Aminohexyl)rhodamine 6G-amide bis(trifluoroacetate)

SC-301226

Santa Cruz
Biotechnology
(UK)

0.4% Trypan Blue Solution

15250061

Gibco® Dulbecco’s phosphate-buffered saline

ThermoFisher
Scientific

14190250
(DPBS), no calcium, no magnesium

(UK)

Gibco® heat inactivated, Fetal Bovine Serum

10082139

Gibco® Penicillin-Streptomycin

15140122

LIVE/DEAD™ Fixable Violet Dead Cell Stain Kit, for 405 nm

L34955

excitation
NanoOrange™ Protein Quantitation Kit

N6666

OneComp eBeads™ Compensation Beads

01-1111-42

PierceTM 16% Formaldehyde (w/v), methanol free

28906

Pierce™ Bovine Serum Albumin Standard, 2 mg/mL

23210

PrestoBlue™ Cell Viability Reagent

A13261

RPMI 1640 Medium, GlutaMAX™ Supplement

61870044

UltraPureTM DNase/RNase-Free Distilled Water

10977035

Bradford UltraTM

EP119216

Expedeon
(UK)

APC anti-human CD4 Antibody

300514

BioLegend

CFSE Cell Division Tracker Kit

423801

(UK)

ELISA MAX™ Deluxe Set Human IFN-γ

430104

ELISA MAX™ Deluxe Set Human TNF-a

4302045

FITC anti-human CD3 Antibody

317306

Human IL-2 DuoSet ELISA

DY202

LymphopureTM

426202

PE anti-human CD8 Antibody

344706
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PE/Cyanine7 anti-human CD3 Antibody

317334

Ultra-LEAF™ Purified anti-human CD28 Antibody (anti-CD28)

302943

Ultra-LEAF™ Purified anti-human CD3 Antibody (anti-CD3)

300465

CD4 Antibody, anti-human, PerCP

130-113-217

Miltenyi

MACSQuant running Buffer

130-092-747

Biotec (UK)

EasySep™ Human CD3 Positive Selection Kit II

17851

Stemcell
Technology
(UK)
Fisher

Honeywell Fluka™ Sulfuric acid solution, 1M

15644920

Scientific
(UK)

Table 2-3: List of chemicals and materials used for experiments in Chapter 5.
Chemicals

Cat No.

Supplier

PCL-N3 (~45 kDa)

N/A

Prepared
Dr

by

Aram

Saeed
(University of
East

Anglia,

UK)
Chloroform

32211-1L-M

DMSO

Sigma-Aldrich
(UK)

1,4-Dithiothreitol

10197777001

2,2,2–trifluoroethanol (TFE)

75898

Click-iT™ Alexa Fluor™ 488 sDIBO Alkyne

C20020

LIVE/DEAD™ Fixable Violet Dead Cell Stain Kit, for 405 nm

L34955

excitation
NuPAGE® LDS sample buffer

NP0007

ThermoFisher

NuPAGE®

NP0001

Scientific (UK)

MOPS running buffer

EDTA (BioReagent)

E6758

Dimethyl sulfoxide (DMSO)

D4540

(cell culture reagent)
Phosphate-buffered saline (PBS) tablets

003002

Gibco® Dulbecco’s phosphate-buffered saline

14190250

DPBS), no calcium, no magnesium
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Gibco® heat inactivated, Foetal Bovine Serum

10082139

Gibco® Penicillin-Streptomycin

15140122

Goat anti-Mouse IgG (H+L), Superclonal™ Recombinant
A28175
Secondary Antibody, Alexa Fluor 488
0.4% Trypan Blue Solution

15250061

Novex sharp pre-stained standard marker

LC5800

Ultra-LEAF™ Purified anti-human CD3 Antibody (anti-CD3)

300465

BioLegend

Ultra-LEAF™ Purified anti-human CD28 Antibody (anti-CD28)

302943

(UK)

CFSE Cell Division Tracker Kit

423801

Human IL-2 DuoSet ELISA

DY202

ELISA MAX™ Deluxe Set Human TNF-a

4302045

ELISA MAX™ Deluxe Set Human IFN-γ

430104

PE/Cyanine7 anti-human CD3 Antibody

317334

PE anti-human CD8 Antibody

344706

APC anti-human CD4 Antibody

300514

FITC anti-human CD3 Antibody

317306

LymphopureTM

426202

CD4 Antibody, anti-human, PerCP

130-113-217

Miltenyi

MACSQuant running Buffer

130-092-747

Biotec (UK)

EasySep TM Human CD3 Positive Selection Kit II

17851

Stemcell
Technology
(UK)

Honeywell Fluka™ Sulfuric acid solution, 1M

Fisher
15644920
Scientific (UK)

Table 2-4: List of chemicals and materials used for experiments in Chapter 6.
Chemicals

Cat No.

Supplier

Yervoy® (ipilimumab 5 mg/mL, 50 mL)

N/A

Clinical
leftover

2,2,2–trifluoroethanol (TFE)

75898

Sigma-Aldrich

Dimethyl sulfoxide (DMSO) (ACS reagent)

472301

(UK)

InstantBlueTM

ISB1L

MicroBCATM

23235

Protein Assay Kit

NHS-Fluorescein (5/6-carboxyfluorescein

46409

succinimmidyl ester), mixed isomer (NHS- FITC)
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Novex sharp pre-stained standard marker

LC5800

NuPAGE® LDS sample buffer

NP0007

NuPAGE®

NP0001

MOPS running buffer

Phosphate-buffered saline (PBS) tablets

003002

Poly(-ε-caprolactone )(PCL) (80 kDa)

440744

Sodium azide (ReagentPlus®)

S2002

Sodium dodecyl sulfate (SDS) (ACS reagent)

436143

Sodium hydroxide

221465

Trizma® base

T1503

Trizma®

T3253

hydrochloride (reagent grade)

TWEEN® 80

P1754

Cell lines
A human T cell line (Jurkat E6.1; TIB-152™) and colorectal adenocarcinoma cell line
Caco-2 (HTB-37) were purchased from ATCC®.

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
Monoaxial electrospinning
Full details of the processing parameters, including polymer properties (molecular
weight, viscoelasticity), applied voltage, polymer solution flow rate and collecting
distance, are described in each chapter. These solutions were carefully loaded
into 5 mL disposable plastic syringes (Terumo, UK), ensuring no air bubble
formation. The syringe was then mounted on a 78-9100C syringe pump (Cole Parmer,
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UK).

A stainless-steel

dispensing

needle

(20G

for

electrospinning,

21G

for electrospraying; Nordson EFD, UK) was attached to the tip of the syringe.
The positive electrode of HCP 35-35000 high voltage DC power supply (FuG
Elektronik, Germany) was then clamped to the spinneret. The grounded electrode
was connected to a 14.7 cm × 20 cm metal plate 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 ± 10%).

Morphological characterization
Scanning electron microscopy (SEM)
A sample of approximately 0.5 cm × 0.5 cm was cut from each fibre formulation.
For particle samples, approximately 1 mg of powder was used. The samples were
mounted onto aluminium stubs (TAAB Laboratories, UK) with carbon-coated
adhesive tabs and sputter-coated with 20 nm gold for 5 minutes (Q150R coater,
Quorum, UK) in an argon atmosphere and analysed with a cerium hexaboride
thermionic filament scanning electron microscope (Phenom Pro, Thermo,
Netherlands)

connected

to

a

secondary

electron

detector.

The

size

of the fibres/particles produced using EHD process was calculated using ImageJ
software version 1.52a (National Institutes of Health, USA) with a minimum sample
size of 100, from three SEM images. The size distribution curves were prepared using
Prism software version 8.4.2 (GraphPad, USA).

Digital microscopy
Transmitted light and green fluorescent protein (GFP) microscope images
were obtained from an EVOS XL Cell Imaging System digital inverted microscope
(ThermoFisher Scientific, UK).
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Physicochemical characterisation
Fourier transform infrared spectroscopy (FTIR)
FTIR spectra of samples (approximately 0.2 cm × 0.2 cm for fibres or 5 mg
for powders) were obtained using a Spectrum 100 spectrometer (Perkin Elmer, USA).
The spectral data were analysed with the Spectragryph v1.2.10 software (Dr. Friedrich
Menges,

Germany)

or Prism

software version 8.4.2 (GraphPad, 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 photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) of samples (approximately 0.2 cm × 0.2 cm
for fibres or 5 mg for powders) was performed using a Thermo Scientific K-alpha
spectrometer (ThermoFisher Scientific, UK) equipped with a 180° hemispherical
analyser, an aluminium K-alpha micro-focused monochromator (1486.68eV) with
a 100W power source, and measurements performed in constant analyser energy
(CAE) mode. Pass energy was set to 50-200 eV, base pressure in the analysis chamber
below 2 × 10-8 Pa, energy step size 0.1 eV and total scan numbers of 15 and 30 were
used for survey and high-resolution scans respectively. Peaks areas were quantified
and corrected for atomic sensitivity from high-resolution elemental surface spectra
using C1s, O1s, N1s, and F1s using Thermo Avantage v.5 software (ThermoFisher
Scientific, UK) or CasaXPS version 2.3.16 (Casa Software Ltd, UK). Prism software
version 8.4.2 (GraphPad, USA) was used to plot survey spectra.

Differential scanning calorimetry (DSC)
Analysis was conducted using a Q2000 DSC (TA Instruments, UK). A small amount
of sample was placed inside a non-hermetically sealed aluminium pan (T130425, TA
Instruments, Germany). DSC analysis was carried out from 0 ºC - 300 ºC
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at a temperature ramp of 10 ºC/min, unless stated otherwise. Oxygen-free nitrogen gas
at a purge rate of 50 mL/min was supplied to the furnace throughout the experiment.
To calculate the degree of crystallinity, the measured values of enthalpy were divided
by the melting enthalpy of 100% crystalline PCL (139.5 J g-1)188. Data analysis was
carried out using the TA Universal Analysis software version 4.5 (TA Instruments,
USA). Prism software version 8.4.2 (GraphPad, USA) was used to plot thermograms.

X-ray diffraction (XRD)
X-ray diffraction (XRD) patterns of the samples and reference materials were obtained
using a Miniflex 600 (Rigaku) diffractometer supplied with Cu-Kα radiation
(λ= 1.5418 Å). A glass sample holder was used. The patterns were recorded in the 2Ө
range of 3 - 60º at a speed of 0.5º min-1. The generator voltage was set at 40 kV
and the current at 15 mA. Data were analysed using the X’Pert Data Viewer software
package (PANAlytical, Netherlands) and visualised using Prism software version
8.4.2 (GraphPad, USA).

Microplate reader
A SpectraMax M2e microplate reader (Molecular Devices, UK) was used to read
absorbance and fluorescence in microplate based-assays. The instrument
was equipped with dual monochromators and a high-power Xenon flashlamp.
The reader was controlled by the SoftMax Pro software, version 6.3 (Molecular
Devices, UK).
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Protein characterisation
Sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE)
SDS-PAGE analyses were performed to characterise the size and estimate the purity
of protein samples in Chapters 5 and 6. Briefly, a NuPAGE® Novex® 4-12% Bis-Tris
Precast gel cassette (Life Technologies, UK) was washed with deionised 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 (20.0 μL) were mixed with NuPAGE® LDS sample buffer (4X)
(6 μL; Life Technologies, UK) and loaded into the sample wells (20.0 μL/well). SDSPAGE was performed for 45 min at 200 V and 120 mA, under ambient conditions.
Afterwards, the gel cassette was removed from the running chamber and rinsed with
deionised (DI) water. The cassette was disassembled, and the gel was immersed in
InstantBlue® Coomassie Protein Stain (ca. 20.0 mL; Abcam, UK). Following
incubation at room temperature for 1 h, the gel was destained in DI water for 2 h before
imaging with a digital scanner.

Protein concentration assays
Absorbance at 280 nm
Antibody working solutions in Chapters 5 and 6 were quantified using the Protein
A280 application module (NanoDrop UV-Vis spectrophotometer, Thermo Scientific,
UK). Sample protein concentrations were calculated using the mass extinction
coefficient of 13.7 at 280 nm for a 10 mg/ml IgG solution.
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Bradford Ultra assay
In perfluorophenyl azide-containing samples (Chapters 3 and 4), proteins
were quantified using a Bradford ULTRA™ kit, which is a Coomasie-binding protein
quantification assay. The assay was performed in accordance with the manufacturer’s
microplate protocol for lower protein concentration range (1-25 µg/mL). Briefly, 150
μL of sample and 150 μL of Bradford ULTRA™ reagent were added to a 96 well plate
and the plate was mixed thoroughly on a plate shaker at 100 rpm for 30 s.
The absorbance was read at 595 nm using the SpectraMax M2e microplate reader
(Molecular Devices, UK). The absorbance of the blank was subtracted
from the reading of the standards or unknown samples. A standard curve was prepared
for each measured protein. Each condition was measured in triplicate.

MicroBCA assay
Proteins were quantified using MicroBCATM protein assay kit (ThermoFisher
Scientific, UK), which is a bicinchoninic acid-based protein quantification assay.
The assay was performed in accordance with the manufacturer’s protocol
for microplate format (linear working range of 2-40 µg/mL). Briefly, the working
reagent (WR) was prepared by mixing MicroBCA reagent A (MA) 50 parts:
MicroBCA reagent B (MB) 48 parts: MicroBCA reagent C (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 at 100 rpm for 30 s. The plate was then
incubated at 37 °C for 2 h. The plate was allowed to cool down to room temperature
(5 min) before reading the absorbance at 562 nm using the SpectraMax M2e
microplate reader (Molecular Devices, UK). A standard curve was prepared for each
measured protein. The absorbance of the blank was subtracted from the reading
of the standards or unknown samples. Each condition was measured in triplicate.
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NanoOrange® assay
Samples containing low concentrations of protein (below 10 µg/mL) were quantified
using a NanoOrange® Protein Quantitation Kit (ThermoFisher Scientific, UK), which
allows for accurate detection of proteins in solution at concentrations between
10 ng/mL and 10 µg/mL. The manufacturer’s protocol was adjusted for microplate
format. Briefly, the concentrated Component B (NanoOrange® protein quantitation
diluent) was diluted 1:10 v/v in distilled water. Component A (NanoOrange® protein
quantitation reagent) was diluted 1:500 v/v with the working concentration (1X)
of component B to make the NanoOrange® working solution. Samples and standards
(100 µL) were firstly pipetted onto a black flat-bottomed 96-well plate (Corning, UK).
Then, 100 µL of NanoOrange® working solution was added into each well. The plate
was covered with a heat-resistant plate seal, wrapped in aluminium foil, briefly mixed
on a plate-shaker and incubated for 10 minutes at 95°C to denature the protein.
Afterwards, the plate was allowed to cool down to room temperature (ca. 20 min) and
180 µL of denatured solution was pipetted into a fresh black flat-bottomed 96-well
plate. The fluorescence (excitation 485 nm, emission cut-off 570 nm, and emission
590 nm, 20 flashes per read) was read using SpectraMax M2e microplate reader
(Molecular Devices, UK). A standard curve was prepared for each measured protein.
The fluorescence of the blank was subtracted from the reading of the standards
or unknown samples. Each condition was measured in triplicate.

Cytokine production assays
Cytokine production in T cell activation assays was quantified using commercially
available sandwich enzyme-linked immunosorbent assay (ELISA) kits according
to the manufacturer’s protocol. A summary of the ELISA assays used in this thesis
is given in Table 2-5.
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Table 2-5: Summary of ELISA assays used in chapter 3,4 and 5.
Target cytokine

Product name

Manufacturer

IL-2

Human IL-2 DuoSet ELISA

R&D Systems, UK

TNF-α

ELISA MAX™ Deluxe Set Human TNF-a

BioLegend, UK

IFN-γ

ELISA MAX™ Deluxe Set Human IFN-γ

BioLegend, UK

The experimental method was identical for all kits used. A high protein-binding 96well plate (Nunc MaxiSorpTM flat-bottomed microplates, ThermoFisher Scientific,
UK) was loaded with 100 µl of capture antibody solution per well and incubated
overnight. On the following day, the capture antibody solution was discarded, and the
plates were thoroughly washed four times with washing buffer (PBS supplemented
with 0.05% Tween 20). Non-specific binding was blocked by adding block buffer (1%
BSA w/v in PBS) and incubating at room temperature for 1 hour. Each plate was then
washed four times as described above.
Subsequently, freshly prepared cytokine standards and cytokine-containing cell
supernatants were diluted with assay diluent (to 100 µl) and pipetted into the
microplates, following by an incubation at room temperature for 2 hours and washing.
A solution of biotin-labelled detection antibody was then added to each well, incubated
at room temperature and washed. After washing away the unbound biotinylated
antibodies, horseradish peroxidase-conjugated streptavidin was pipetted into the wells
and incubate at room temperature. The plate was then once again washed and
a colorimetric substrate solution (100 µL) was added. The reaction was stopped
by adding 2N sulfuric acid (100 µL) and the absorbance at 405 nm measured using
a SpectraMax M2e microplate reader (Molecular Devices, UK) with a wavelength
correction at 540 nm. The absorbance reading of the blank was subtracted from the
reading of standards/unknown samples. The standard curve and interpolation of values
was performed using GraphPad Prism 8.4.2 (GraphPad, USA) software.
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Cell culture
Cell viability testing using Trypan Blue exclusion approach
Cell viability and density in cell culture maintenance was performed using the Trypan
Blue exclusion approach. The dye exclusion test is based upon the concept that viable
cells do not take up impermeable dyes (like Trypan Blue), but dead cells are permeable
and will appear blue when observed under the microscope. Cell suspension (30 µl)
mixed with 0.4% Trypan Blue solution (30 µL; GibcoTM, UK) was prepared and 10 µL
was loaded into a haemocytometer. The number of all cells and blue-stained cells were
counted under a microscope. The total cell count (cells/mL) and percentage of viable
cells was calculated using the equations below (Equations (2.1), (2.2), (2.3)).
𝑐𝑒𝑙𝑙𝑠
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × 104
𝑇𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 (
)=
𝑚𝐿
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑠𝑞𝑢𝑎𝑟𝑒𝑠

(2.1)

𝑐𝑒𝑙𝑙𝑠
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × 104
𝑇𝑜𝑡𝑎𝑙 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡 (
)=
𝑚𝐿
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑠𝑞𝑢𝑎𝑟𝑒𝑠

(2.2)

𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =

𝑡𝑜𝑡𝑎𝑙 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡
× 100
𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡

(2.3)

Cell viability testing using PrestoBlueTM Cell viability reagent
Cell viability in multi-well plate experiments was measured using PrestoBlueTM Cell
viability reagent (ThermoScientific, UK) according to the manufacturer’s protocol.
Briefly, following experimental treatments, the multi-well plate was centrifuged at
1200 rpm for 5 minutes to pellet the cells and the supernatant was removed for further
testing (e.g. ELISA as described in Section 2.2.7, page 59). Then, the pelleted cells
were resuspended in culture medium and the cell viability reagent was added directly
to cells in culture medium at a 1:10 v/v ratio. For example, in the 96-well plate format
the volume of cells + culture medium was 90 µL for 10 µL of the cell viability reagent.
The plate was then incubated for 3 hours at 37 °C under a 5% CO2 atmosphere,
protected from direct light. The results were recorded using fluorescence optical

61

Chapter 2 – Materials and methods

densities (excitation wavelength of 560 nm and emission of 590 nm) measured
on SpectraMax M2e plate reader. The value of blank (culture medium, no cells)
was subtracted from experimental values and the cell viability was expressed
as a percentage where untreated cells or the negative control were taken to have 100%
viability.

Jurkat E6.1
The human T cell line (Jurkat E6.1) was used in T cell activation assays. The cell
culture was maintained in suspension at 37 °C under a 5% CO2 atmosphere in RPMI1640 medium containing L-glutamine (Sigma-Aldrich, UK), supplemented with
10% v/v heat-inactivated foetal bovine serum (FBS; GibcoTM, UK) and 1% v/v
penicillin-streptomycin solution (GibcoTM, UK). The culture was maintained between
1 × 105 and 1 × 106 viable cells/mL by addition or replacement (by centrifugation and
subsequent resuspension) of fresh medium every 2 to 3 days. The cell suspension was
cultured in Corning® T-75 flasks (ThermoFisher, UK) kept upright.

Caco-2
The adherent epithelial cell line Caco-2 was used in Chapter 3 to determine the
cytotoxicity of functionalised fibres. The cell culture was maintained at 37 °C, under
5% CO2, in Dulbecco’s modified Eagle medium (DMEM; GibcoTM, UK)
supplemented with penicillin-streptomycin solution (1% v/v) and 20% v/v heatinactivated foetal bovine serum (GibcoTM, UK). The culture was maintained between
8 × 104 and 1 × 105 viable cells/mL, with media renewal twice per week. The cells
were subcultured upon reaching 80% confluency in Corning® T-75 flasks
(ThermoFisher, UK) according to standard cell culture protocols. Briefly, culture
medium was removed and discarded and the cell layer was rinsed with 0.25% (w/v)
trypsin-0.53 mM EDTA solution (GibcoTM, UK). Afterwards, 3 mL of trypsin-0.53
mM EDTA solution was added and the flask was incubated at 37 °C, under 5% CO2
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until the cell layer was dispersed when observed under a microscope. Once the cells
appeared detached, 7 mL of pre-warmed complete DMEM was added, and the cells
were aspirated by gentle pipetting. The cell suspension was centrifuged, and the
resultant supernatant was discarded. The cells were then resuspended in pre-warmed
complete DMEM and appropriate aliquots (around 1 × 104 viable cells/cm2) were
placed in a new culture vessel.

Isolation of mononuclear cells from leukocyte cones
Isolation of mononuclear cells from human leukocyte cones was performed
in a biosafety cabinet under sterile conditions. Heparinised blood from leukocyte
cones (ca. 10-15 mL) was diluted with an equal volume of Dulbecco’s PBS (DPBS)
buffer without calcium and magnesium in a sterile 50 mL centrifuge tube. A cold
Lymphopure™ (Biolegend, UK) buffer was carefully layered dropwise under the
diluted blood mixture using a sterile plastic Pasteur pipette until a transparent and clear
layer was formed under the blood. No mixing of blood and Lymphopure™ was
allowed to occur.
The tube was then centrifuged at 2000 rpm for 30 minutes at 22°C without braking.
After centrifugation, peripheral blood mononuclear cells (PBMCs) form a defined cell
layer (buffy coat) at the plasma: Lymphopure™ interface, which can be carefully
collected using a sterile plastic Pasteur pipette without disturbing the other fractions.
The harvested buffy coat was then diluted to 50 mL with cold DPBS buffer
supplemented with 2% foetal bovine serum (PBA buffer) and centrifuged at 1800 rpm
at 4 °C for 15 minutes. The cell pellet was then washed with cold PBA buffer and
centrifuged at 1500 rpm at 4 °C for 10 minutes, followed by another wash in cold PBA
containing 5 mM EDTA (PBA-EDTA) and centrifugation at 1200 rpm at 4 °C for 5
minutes. Finally, the isolated PBMCs were resuspended in cold PBA-EDTA and their
viability was determined using the Trypan Blue exclusion approach.
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Cryopreservation of isolated PBMCs
The isolated PBMCs (section 2.2.8.5) were frozen for future use in liquid nitrogen. All
reagents and freezing container (Mr FrostyTM, Sigma-Aldrich, UK) were kept chilled
during the cryopreservation procedure. Briefly, PBMCs were resuspended
in a dropwise manner in a freezing medium (10% DMSO in complete RPMI-1640
medium; 1 × 108 of PBMCs per 1 mL of medium) and transferred to 2 mL cryovials
(Sigma-Aldrich, UK). The cryovials were then placed in a freezing container filled
with isopropyl alcohol and stored at -80 °C overnight. Afterwards, the frozen cryovials
were transferred to the vapour phase of a liquid nitrogen storage vessel.

CD3 T cells
CD3 T cells were generated in vitro using EasySep™ Human CD3 Positive Selection
Kit II (STEMCELL, UK) from PBMCs. Briefly, a vial containing 1 × 108 PBMCs
in 1 mL of freezing medium (10% DMSO in complete RPMI-1640 medium) was
thawed and the contents were transferred to a 5 mL polystyrene round-bottom tube
(Miltenyi, UK). Then, 100 µL of selection cocktail was added, and the contents of the
tube were gently mixed and incubated for 3 minutes at room temperature.
RapidSpheres™ were vortexed for 30 seconds and 60 µL was added to the tube. After
brief mixing and three-minute incubation, the contents were topped up with PBAEDTA and the uncapped tube was placed into a magnet (EasySep™, STEMCELL,
UK) and incubated for 3 minutes. Afterwards, the magnet was inverted and the
supernatant was poured off from the tube. The tube was then removed from the magnet
and the contents were washed with ice cold PBA-EDTA. The washing step was
repeated three times. Afterwards, the cells were resuspended in complete RPMI-1640
medium.
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Carboxyfluorescein succinimidyl ester (CFSE) staining
Isolated CD3+ T cells were stained with CFSE to track proliferation using a CFSE
Cell Division Tracker Kit (BioLegend, UK). A stock solution of CFSE dye was
prepared by reconstituting one vial of CFSE dye in 36 µL of DMSO to give 5 mM
solution. A 5 µM working solution was prepared by diluting 1 µL of stock solution
in 1 mL PBS for every 1 mL of cell suspension. CD3+ T cells prepared in Section
2.2.8.7 were centrifuged and resuspended at 2 × 107 cells/mL in the CFSE working
solution. The cells were then incubated for 20 minutes at 37 °C under a 5% CO2
atmosphere. The staining was quenched by adding 5 times the original staining volume
of complete RPMI-1640. Subsequently, the cells were pelleted and resuspended
in pre-warmed complete RPMI-1640 for in vitro experiments.

Flow cytometry
Flow cytometry 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.
Compensation

beads

(OneComp

eBeads™,

ThermoFisher,

UK)

were used to compensate for spectral overlap in multicolour panels. The instrument
was controlled with the MACSQuantifyTM software version 2.6 (Miltenyi Biotec). Precooled MACS® Chill 96 Racks (Miltenyi Biotec) were used with a microplate to cool
cell samples during flow cytometry experiments. Data were analysed using the FlowJo
software version 10.6.2 (FlowJo, USA) or FCS Express software version 7.04 (USA).

Statistical analysis
All quantitative data are presented as mean ± standard deviation (SD), and have
been calculated and statistically analysed using the Prism software version 8.4.2
(GraphPad, USA). An unpaired two tailed t-test was used for two group comparison.
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Analysis of variance was performed using one-way or two-way repeated measures
ANOVA, with Tukey’s post hoc test. Statistical significance is denoted on figures as:
ns (p-value >0.05), * (p-value ≤0.05) ** (p-value ≤0.01), *** (p-value ≤0.001), ****
(p-value ≤0.001).
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3. Chapter 3 - Perfluorophenyl azide
functionalisation of electrospun
polycaprolactone fibres

3.1 Introduction
Surface functionalisation of polymeric biomaterials is frequently explored
for applications

in

regenerative

medicine

and

tissue

engineering154,189–191.

Modification of a material, for example by increasing the hydrophilicity of the surface,
is often associated with better biological performance by promoting cell attachment192–
194

and stem cell differentiation195–198. Equally, the presentation of therapeutic proteins

on the surface, rather than in the core of a biomaterial, is preferred for some
applications, such as presentation of antigens for T cell activation105 or wound
healing139.
Several bioconjugation methods suitable for the surface functionalisation
of electrospun materials have been described in the introductory chapter of this thesis
(see Section 1.5, page 35). Another approach, relatively unexplored in the literature,
involves surface functionalisation using photo-assisted perfluorophenyl azide (PFPA)
chemistry. The concept of protein photografting using aryl azide crosslinkers has now
been researched for over 20 years. In 1995 Pritchard, Morgan and Cooper199 reported
successful site-specific attachment of antibodies to SiO2 using an analogue
of streptavidin containing a photoactivatable functional group. This compound,
photobiotin, had a terminal aryl azide group capable of forming a reactive aryl nitrene
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group upon exposure to light200. Further heterobifunctional linkers made
of photoreactive phenyl azides and amine-binding NHS groups were developed201–203
and showed enhanced protein conjugation to hydrocarbon containing surfaces.
The photochemical C-H insertion of an NHS functionalised azide was successfully
used to graft proteins such as albumin204, insulin205 or growth factors189 to various
polymer surfaces.

Surface functionalisation via PFPA chemistry
Perfluorophenyl azides can be easily modified with functional groups to enable the
direct conjugation of bioactive molecules206, for example carbohydrates207–209
or proteins210. In a study of carbohydrate conjugation to surface plasmon resonance
(SPR) interfaces, Maalouli et al.211 found the efficiency of a PFPA functionalisation
approach comparable to the popular Cu(I)-catalysed ‘click’ chemistry. Theoretically,
since the nitrene-driven C-H insertion is non-specific, PFPA functionalisation
can be applied to any molecule possessing a hydrocarbon chain. This makes
the method highly attractive for modification of pharmaceutically relevant
biodegradable polymers, such as polycaprolactone, PLGA or polydioxanone
(PDO)212.

Principles of nitrene chemistry
The photoinitiated C-H insertion reactions observed in aryl azide-assisted
conjugations are a result of a reactive nitrene intermediate being formed upon UV
irradiation of the precursor azide group. Upon photochemical or thermal activation,
azides decompose to give singlet nitrene, releasing N2 as a by-product213 (Scheme
3-1). Nitrenes are highly reactive, and therefore can lead to rearrangements in the
parent molecule, provoking a chain of non-specific reactions214. To overcome this,
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aryl azides are used. Resonance stabilisation within the aromatic ring suppresses
molecular rearrangements during photochemical C-H insertion reactions215.

Scheme 3-1: Insertion reaction of singlet perfluorophenylnitrene generated from photolysis or
thermolysis of PFPAs216.

Such phenyl azides are often further substituted with fluorine to give perfluorophenyl
azides (PFPAs). The highly inductive electron-withdrawing effect of the aryl fluorine
substituents ortho to the azido group prolongs the lifetime of the single phenyl
nitrene217,218. This leads to increased reactivity of the nitrogen species by a combined
steric effect and high electronegativity of the fluorine atom219. Functionalised PFPAs
can act as heterobifunctional coupling agents by the combined action of two reactive
centres – a chemoselective functional group and the light-activatable azido group220.

Protein conjugation via PFPA chemistry
The

development

of

perfluorophenyl

azide

functionalised

with

a

N-

hydroxysuccinimide ester (PFPA-NHS) was first reported in 1994 by Mingdi Yan210
and has widened the array of PFPA functionalisation applications. The NHS group
is capable of undergoing reaction with primary amine-containing molecules, therefore
enabling protein conjugation. By adding the NHS group to the PFPA structure, any
amine-containing

molecule

can

in

principle

be

covalently

conjugated

to a hydrocarbon-containing molecule via a stable covalent bond. To support this
hypothesis, Yan et al. successfully attempted immobilization of horseradish
peroxidase on a spin-coated polymer film using PFPA-NHS. 210
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Recently, Luetzow et al. reported an effective method of PDO fibre surface
modification using photo-assisted C-H insertion chemistry221. An electrospun
nanofibre mesh was successfully functionalised with an amine-containing rhodamine
dye that acted as a model for a covalent protein conjugation reaction.
The functionalisation was performed in two steps – firstly, a NHS functionalised
heterobifunctional linker (PFPA with an NHS end group; PFPA-NHS), was grafted
via UV-assisted C-H insertion into the hydrocarbon chain of PDO. Subsequently,
the NHS group was allowed to react under aqueous conditions with an amine groups
of the dye, resulting in surface functionalisation.

Aims of this chapter
Although preliminary studies have shown effective conjugation of model molecules
to hydrocarbon-based surfaces using PFPA-NHS210,221, little is known about the
in vitro performance of such composites. This chapter therefore aimed to explore the
feasibility of conjugating pharmaceutically relevant proteins to electrospun PCL
nanofibres

using

PFPA-NHS

chemistry.

An

extensive

physicochemical

characterisation of the modified fibres was performed, together with an investigation
of conjugation efficiency and screening for biological activity in cell culture models.
Finally, the PFPA functionalisation approach was used to prepare antibody-decorated
scaffolds for in vitro T cell activation.
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3.2 Materials and methods
Synthesis of PFPA-NHS
The three-step synthesis of PFPA-NHS was performed in the dark according
to a previously published synthetic procedure (Scheme 3-2)221.

Scheme 3-2: Synthesis of N-succinimidyl 4-azidotetrafluorobenzoate (PFPA-NHS).

Synthesis of methyl 4-azidotetrafluorobenzoate (B)
Methyl pentafluorobenzoate (A) (10 mL, 15.3 g, 68 mmol) was dissolved in a 2:1 v/v
mixture of acetone (100 mL) and deionized water (50 mL). Sodium azide (5.75 g, 88.5
mmol) was added and the reaction mixture was stirred and heated under reflux for
5 hours. Afterwards, the reaction mixture was allowed to cool down to room
temperature, diluted with water (200 mL) and extracted with ethyl acetate (4 × 100
mL). The extract was washed with brine (2 × 100 mL) and the organic phase was dried
with magnesium sulfate. Ethyl acetate was removed under reduced pressure by
rotoevaporation to produce a yellowish solid (13.30 g, 87%). 1H NMR (500 MHz,
CDCl3): δ = 3.97 (s, 3 H, OCH3) ppm.

13

C NMR (500 MHz, CDCl3): δ = 160.0

(s, CO2CH3), 146.6‐139.5 (qm, C‐F), 123.5 (tt, CN3), 107.8 (t, CCO2CH3), 53.4
(q, OCH3) ppm.
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Synthesis of 4-azidotetrafluorobenzoic acid (C)
Methyl 4-azidotetrafluorobenzoate (13.30 g, 56.6 mmol) (B) was dissolved
in methanol (75 mL) and aqueous sodium hydroxide (5M, 10 mL) was added.
After 5 hours of stirring more methanol (35 mL) and aqueous sodium hydroxide (5M,
2 mL) were added. After 24 hours, the reaction mixture was diluted with water
(15 mL) and acidified with aqueous 1M hydrochloric acid in a dropwise manner under
constant stirring until the solution reached pH=1. The reaction mixture was then
diluted with water (100 mL) and extracted with dichloromethane (4 × 100 mL).
The extract was washed with brine (2 × 100 mL) and the organic phase was dried
with magnesium sulfate. The solvent was removed under reduced pressure
by rotoevaporation to produce a yellowish solid (C) (10.37 g, 78%). 13C NMR (500
MHz, DMSO‐d6): δ = 164.3 (s, CO2H), 146.6‐139.5 (qm, C‐F), 122.7 (s, CN3), 108.4
(s, CCO2H) ppm.

Synthesis of PFPA-NHS (D)
A mixture of (C) (3.2 g, 13.6 mmol), EDC·HCl (3.1 g, 16.2 mmol) and NHS (1.85 g,
16.1 mmol) was dissolved in dichloromethane (70 mL) and allowed to react at 35°C
for 24 hours under constant stirring. Additional EDC·HCl (1.62 g, 8.6 mmol)
was added to the reaction mixture and stirring continued for a further 24 hours. The
reaction mixture was diluted with water (60 mL) and extracted with dichloromethane
(3 × 100 mL). The extract was washed with brine (2 × 100 mL) and the organic phase
was dried with magnesium sulfate. The solvent was removed under reduced pressure
by rotoevaporation to produce a beige solid. The obtained product was purified by
precipitation into ice-cold 2-propanol to produce PFPA-NHS (D) as a white solid (2.65
g, 83%). 1H NMR (500 MHz, CDCl3): δ = 2.90 (s, 4 H, COCH2) ppm. 13C NMR (500
MHz, CDCl3): δ = 168.4 (s, COCH2), 155.3 (t, CO2N), 146.6‐139.5 (qm, C‐F), 126.5
(s, CN3), 102.1 (t, CCO2N), 25.8 (t, CH2) ppm. IR: ν = 2995, 2955 (C─ H), 2120 (N3),
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1775, 1735, 1705,1640 (C═O), 1480 (C═C), 1410, 1360, 1250, 1205, 1135, 1065, 990
cm-1.

Functionalisation of polycaprolactone with PFPA-NHS
Functionalisation of commercially available PCL (Mw ~80 kDa) with PFPA-NHS
in solution was attempted. PFPA-NHS and PCL were dissolved in toluene at varying
ratios (1:9, 5:5, 9:1 w/w) to give a solution with 10% w/v total solute concentration.
The solutions were transferred to a quartz round bottom flask and stirred using
a magnetic bar under UV light (8-watt, 50 Hz, 10 cm, 254 nm) for 2.5 hours.
Afterwards, the reaction mixture was purified by precipitating the product in cold
methanol (3 × 10 mL). The residual solvent was removed under reduced pressure
by rotoevaporation to produce a white solid.

Nuclear magnetic resonance (NMR)
Solution-state 1H NMR and

13

C NMR were performed using a Bruker Avance 500

MHz spectrometer equipped with a helium-cooled multinuclear cryoprobe. A Bruker
Avance Neo 700 instrument equipped with a helium-cooled multinuclear cryoprobe
was used to acquire 19F NMR spectra. The Larmor frequency was 500.13 MHz for 1H
NMR, 125.76 MHz for 13C NMR and 658.780 MHz for 19F NMR. The results were
analysed with the TopSpin 4.0.5 software.

Preparation of electrospun polycaprolactone fibres
Fabrication of electrospun fibres was performed using the equipment described
in Section 2.2.1 (page 53). PCL fibres were prepared by electrospinning a solution
of 12 % w/v PCL (Mw ~80 kDa) in 2,2,2-trifluoroethanol (TFE). The solution
was carefully loaded into 5 mL disposable syringes and dispensed through a 21G
stainless steel needle connected to a high-voltage direct-current power supply (15 kV)
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at a flow rate of 1.8 mL/h. The fibres were collected on aluminium foil placed
on top of a 14.7 cm × 20 cm metal plate collector connected to the grounded electrode.
The distance from the needle to the collector was 16 cm. The experiments
were conducted at 25 ± 2 °C and relative humidity 35 ± 10%.

Functionalisation of PCL fibres
A solution of PFPA-NHS (20 mg/mL in methanol, 10 μL) was pipetted
onto the surface of a square cut from a PCL fibre mat (0.5 cm × 0.5 cm)
and subsequently dried under reduced pressure (in a desiccator) to remove solvent.
Afterwards, the fibre mats were placed under a UV lamp (8-watt, 254 nm, 50 Hz) and
irradiated from a distance of 10 cm. The length of exposure needed to achieve
functionalisation was experimentally determined by monitoring the reaction using
FTIR (see Section 2.2.3.1, page 55). Control samples of untreated and PFPA-treated
but non-irradiated fibres were included in experiments. Following functionalisation,
the scaffolds were briefly immersed in methanol to remove unbound PFPA-NHS
and dried under reduced pressure. The fibres were washed twice with sterile PBS
before incubation with proteins.

Physicochemical characterisation of fibres
The morphology and physicochemical properties of the fibre surface were evaluated
with SEM, FTIR and XPS as described in Section 2.2.3 (page 55).

Conjugation of fluorescently-labelled model molecules
N‐(6‐aminohexyl)rhodamine 6G‐amide bis(trifluoroacetate) (termed “rhodamineamine”) was dissolved in methanol (5 mg/mL). Albumin–fluorescein isothiocyanate
conjugate (termed ‘FITC-albumin’) was diluted with PBS (20 µg/mL). A small piece
of a PFPA‐functionalized electrospun PCL fibre mat (0.5 cm × 0.5 cm) was immersed
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in the dye solution of either rhodamine-amine or FITC-albumin overnight at room
temperature. After thorough washing with PBS to remove the unbound dye, the fibres
were dried and viewed under an inverted fluorescence microscope as described in
Section 2.2.2.2 (page 54).

Preliminary albumin attachment study
Functionalised fibres cut to 1 × 1 cm pieces were placed in a 12-well plate. Each well
was then filled with 1 mL of BSA solution (40 µg/mL in PBS). The fibres
were incubated in the protein solution for 1, 3, 6, 8, 11 and 24 hours. At each time
point, the fibre mat was taken out of the well and washed with PBS. The protein
concentration in the incubation and washing solutions was measured using a Bradford
Ultra protein assay as detailed in Section 2.2.6.2 (page 58). The amount of protein was
calculated by multiplying concentration by the initial BSA solution volume (1 mL).
The percentage protein attachment was calculated using the equation below (3.1).
% 𝑎𝑡𝑡𝑎𝑐ℎ𝑚𝑒𝑛𝑡 =

𝑎𝑚𝑜𝑢𝑛𝑡0 − 𝑎𝑚𝑜𝑢𝑛𝑡𝑥
× 100%
𝑎𝑚𝑜𝑢𝑛𝑡0

(3.1)

where 𝑎𝑚𝑜𝑢𝑛𝑡0 corresponds to the amount of protein at 0 hours (i.e. incubation
solution; ~ 40 µg) and 𝑎𝑚𝑜𝑢𝑛𝑡𝑥 is the amount of protein present at 𝑥 hours.

Cytotoxicity to Caco-2 cells
The colorectal adenocarcinoma cell line Caco-2 (ATCC® HTB-37) was used to test
the cytotoxicity of the functionalised fibres. Cells were maintained as described
in Section 2.2.8.4, page 62. For cytotoxicity studies, 150 µL of cells at 5 × 104 cells/mL
were seeded in a flat-bottom 96-well plate (Costar, UK) and incubated for 24 hours.
Functionalised fibres cut to 0.5 × 0.5 cm pieces were pre-sterilised by brief immersion
in methanol, then thoroughly washed in sterile PBS under aseptic conditions
and introduced to the wells containing adhered cells using sterile tweezers. The plate
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was

incubated

for

one

or

three

days

to

measure

cell

viability.

At the end of the incubation period, the fibres were removed, and cell viability
was quantified using the PrestoBlueTM Cell Viability reagent (Sigma-Aldrich, UK)
as described in Section 2.2.8.2 (page 61). Each experiment was performed three times
on separate days, with three replicate wells per experiment.

Characterisation

and

biological

performance

of

sonicated fibres
Washing step
Following PFPA-functionalisation as described in Section 3.2.5 (page 74), the fibres
were treated with two brief sonication steps. In step one, the scaffolds (cut to 0.5 × 0.5
cm pieces) were placed in a glass vial with 15 mL of methanol and sonicated
in an ultrasonic bath for one minute. In step two, the same procedure was followed,
except methanol was replaced with sterile PBS. Subsequently, the fibres were gently
removed with tweezers and blotted with tissue paper to remove excess PBS from
the surface.

Model protein surface attachment study
Three model proteins were tested in a surface attachment study – BSA, infliximab and
catalase. PFPA-functionalised and sonicated fibres cut to 0.5 × 0.5 cm pieces
were placed in a flat-bottomed 96-well plate and 200 µL of a 25 µg/mL protein
solution in PBS was added. The plate was then tightly sealed and placed on a plate
shaker set to 500 rpm. After 24 hours at room temperature, the incubation solutions
were collected and the fibres washed twice with PBS. The protein concentrations
of the incubation and washing solutions were measured using the Bradford Ultra
protein assay and the total protein loading was calculated using the formula described
previously (Section 3.3.4, page 75).
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Physical characterisation of sonicated fibres
Fibres were characterised using DSC, FTIR and XRD as described in Section 2.2.3
(page 55).

Catalase activity assay
The retention of catalase activity following grafting onto the fibre surface was assessed
using an assay based on the previously published protocol222. Briefly, catalasefunctionalised fibres were prepared as outlined in Section 3.2.10.2 (page 76) and
placed at the bottom of a 96-well plate. The positive control included a freshly
prepared catalase solution (25 µg/mL). For the negative control, the same catalase
solution was heated at 95°C for 10 min to denature the enzyme.
To each well, 100 µL of assay buffer (100 mM sodium phosphate buffer, pH 7.0), 30
µL of methanol and 20 µL of sample buffer (25 mM sodium phosphate buffer, 1 mM
EDTA, 0.1% BSA w/v, pH 7.5) were added. The reaction was initiated by quickly
adding 20 µL of H2O2 (35.28 mM) to all wells. Afterwards, the plate was covered and
incubated for 20 minutes on a plate shaker (100 rpm) at room temperature. Next, 30 µL
of 10 M KOH solution was added to terminate the reaction, followed by 30 µL of
Purpald® solution (25 mg of Purpald® in 4 mL 480 mM HCl). The plate was once
again covered and incubated for 10 minutes on a plate shaker (100 rpm) at room
temperature. To stop the assay, 10 µL of KIO4 (75 mg of KIO4 in 4 mL 470 mM KOH)
was added to each well and the plate was incubated for another 5 minutes on a plate
shaker (100 rpm) at room temperature. Afterwards, the fibres were removed from
the wells and 100 µL of reaction mixture was transferred onto a clean 96-well plate
to read absorbance at 540 nm using a SpectraMax M2e microplate reader (Molecular
Devices, UK). Each formulation was tested in triplicate. The results are presented
as optical density (OD) at 540 nm.
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Catalase release assay
PFPA-functionalised and sonicated fibres cut to 2 × 2 cm pieces were placed in a flatbottomed 12-well plate and 1 mL of 1 mg/mL catalase in PBS was added. The plate
was then tightly sealed and incubated for 24 hours at room temperature under constant
shaking (100 rpm). Afterwards, the fibres were removed from the wells using
tweezers, washed with PBS (2 × 1 mL) and placed in glass vials containing 5 mL of
PBS at 37°C under constant shaking (100 rpm). At pre-determined timepoints, 0.5 mL
of supernatant was removed and replenished with fresh PBS. The protein
concentrations of the incubation and washing solutions were measured using the
Bradford Ultra protein assay and the total amount of protein attached to the fibre was
calculated by depletion using Equation (3.1) (page 75). Cumulative release of catalase
was then calculated using the formula below (3.2).
𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) =

𝐶𝑥 × 𝑉𝑡 + ∑ 𝐶𝑥−1 × 𝑉𝑎
× 100%
𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑙𝑜𝑎𝑑𝑖𝑛𝑔

(3.2)

where 𝐶𝑥 is the protein concentration in release supernatant at time 𝑥, 𝑉𝑡 is the total
volume of release media (5 mL), 𝑉𝑎 is the sampling volume (0.5 mL) and the
𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 is the total amount of protein attached to the fibre.

Contact angle measurements
The hydrophobicity of surface-functionalised fibres was measured using a goniometer
(FTA 1000USA). A water droplet (15 µL) was dispensed from a Gilmont micrometer
syringe (Cole-Parmer Instrument Co. Ltd, UK) fitted to a 20-gauge blunt needle onto
the fibre surface. The liquid droplet was allowed to stabilize on the fibre surface and
photographed to allow for calculation of the contact angle using FTA 1000 software.
Each sample was measured in triplicate, and the results are presented as mean
± standard deviation (n=3).
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In vitro T cell activation
An in vitro T cell activation assay was optimized to achieve a reliable protocol
for quantification of IL-2 release upon T cell receptor activation in anti-CD3
stimulated Jurkat E6.1 cells. The Jurkat E6.1 cell culture method is provided in Section
2.2.8.2, page 61.
Pieces (0.5 × 0.5 cm) of PFPA-treated fibre mats were incubated with 50 µL
of 5, 10 or 20 µg/mL human anti-CD3 antibody solutions (clone: OKT3, Biolegend,
UK) in sterile PBS. Incubation was performed overnight at room temperature
on a plate shaker (500 rpm), and with the plates protected from light.
Following incubation, the fibres were washed once in sterile PBS under aseptic
conditions and transferred to the bottom of a standard flat-bottomed 96-well plate
(Corning, UK) using sterilised tweezers.
Jurkat cells were resuspended at 2.5 x 105 cells/mL and 200 μL of the cell suspension
was transferred to each well. For the positive control, a plate-bound anti-CD3 antibody
solution at the same concentration and volume (50 µL) as the fibre incubation solution
was used. Wells with no antibody stimulation were used as a negative control. For
a co-stimulatory response, soluble anti-CD28 was added to the cell suspension (10 µL
of 10 µg/mL solution in PBS) according to published protocols223. The plate was
then placed in a humidified 37ºC, 5% CO2 incubator under constant shaking (500 rpm)
for four days.
Afterwards, the fibres were carefully removed from each well using sterile tweezers
and the plate was centrifuged at 1200 rpm for 5 minutes to allow the suspended cells
to sediment at the bottom. The supernatant was collected for human IL-2 DuoSet
ELISA (R&D Systems, UK; for experimental details see Section 2.2.7, page 59), while
the viability of the cells following the four-day incubation was measured using the
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PrestoBlue™ Cell Viability Reagent (Sigma-Aldrich, UK) as previously described
(see Section 2.2.8.2, page 61). Each experiment was performed three times on separate
days, with three replicate wells per experiment.
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3.3 Results and discussion
PFPA-NHS synthesis
The three-step synthesis of PFPA-NHS was performed following a known synthetic
route221. Briefly, methyl pentafluorobenzoate underwent nucleophilic aromatic
substitution when reacted with sodium azide to yield methyl 4-azido-2,3,5,6tetrafluorobenzoate. In the next step, the methyl ester group was hydrolysed under
basic

conditions

to

give

4-azido-2,3,5,6-tetrafluorobenzoic

acid.

Finally,

the carbodiimide-assisted (EDC·HCl) coupling of the NHS group to the carboxylic
acid yielded N-succinimidyl 4-Azido-2,3,5,6-tetrafluorobenzoate.
The structure of the purified compound was confirmed using C13 NMR (Figure 3-1)
and FTIR (Figure 3-2). Both NMR and FTIR spectra are consistent with previously
published data on PFPA-NHS210,221 and confirm the successful synthesis of this
compound. In

13

C NMR (Figure 3-1), four multiplets between 148 and 138 ppm

correspond to aromatic carbons substituted with fluorine221. The azide group can be
observed as a singlet at 126.5 ppm, while the peaks at 168.4, 155.3, 126.5 and 102.1
ppm match the chemical structure of the NHS group.
In FTIR (Figure 3-2), C─H stretching vibrations were observed between 3000 and
2850 cm-1. The prominent signal at 2125 cm-1 corresponds to the azide moiety, while
the carbonyl vibrational bands between 1775 and 1640 cm-1 are characteristic for the
NHS group. The CH2 bending modes between 1470-1360 cm-1, CH2 asymmetric
stretching at 2942 and symmetric stretching at 2862 cm-1 as well as the bands at 1160
and 1290 assigned to C─C and C═O stretching are all characteristic for the PFPA
structure224.
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Figure 3-1: Representative 13C NMR (500 MHz, CDCl3) spectrum of PFPA-NHS. δ = 168.4
(s, COCH2), 155.3 (t, CO2N), 147.7-139.6 (qm, CF), 126.5 (s, CN3), 102.1 (t, CCO2N), 25.8 (t,
CH2) ppm.

Figure 3-2: Representative FTIR spectrum of synthesised PFPA-NHS. The grey shading
highlights the signal at 2127 cm-1 corresponding to the azide peak.
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Coupling of PFPA-NHS to PCL in solution
Many examples of perfluorophenyl azide functionalisation on solid polymeric
surfaces have been reported220. However, not many attempts225 have been made
to conjugate PFPA directly onto a polymer in solution, providing a precursor which
could be then purified and used for further material fabrication. Using such ‘off-theshelf’ functionalised polymer could potentially simplify the preparation of proteindecorated electrospun fibres, as it would not require the post-processing step of surface
functionalisation. As the reaction takes place in solution, the products can in theory
be easily isolated and purified to remove unconjugated PFPA-NHS. Therefore,
this experiment aimed to attempt the modification of PCL (Mw 80 kDa) with PFPANHS via photo-mediated C-H insertion in an organic solvent.
It has been previously described that functionalised perfluorophenyl azides undergo
effective C-H insertion reaction when subjected to UV irradiation in hydrocarbon
solvents such as toluene and cyclohexane217; however, reactions in the latter resulted
in lower yield (28%) as compared to the former (52%)213. Solvents that possess many
methylene groups (CH2), such as cyclohexane, may undergo C-H insertion reaction,
therefore interfering with the C-H insertion on the polymer backbone and reducing the
efficiency of the reaction. Although benzene would be an ideal solvent for this reaction
due to the lack of methylene groups, it was not used here because of its toxicity
profile226. Toluene, a CH3 mono-substituted benzene derivative, was selected instead.
Scheme 3-3 shows the proposed synthesis of PCL-PFPA. Briefly, PCL and PFPANHS were dissolved in toluene at varying ratios (1:9, 5:5, 9:1 w/w). The reaction
mixture, placed in a quartz round bottomed flask, was subjected to prolonged UV
irradiation to induce photolysis of the azide moiety on PFPA-NHS and the formation
of highly reactive nitrene species capable of C-H insertion into the hydrocarbon
backbone of PCL.
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Scheme 3-3: The proposed synthesis of polycaprolactone-PFPA functionalisation in solution.

Following 2.5 hours of UV irradiation, the reaction mixtures containing a larger
proportion of perfluorophenyl azide changed colour from pale straw to dark yellow
(Figure 3-3). This could indicate chemical rearrangements in the PFPA structure and
the formation of a new compound. The final purification in cold methanol yielded
a white reaction product.

Figure 3-3: Digital photograph of the PCL-PFPA reaction products before purification. Three
ratios of PCL to PFPA were tested: 9:1 w/w (left), 5:5 w/w (middle) and 1:9 w/w (right).

The 13C NMR, 19F NMR and 1H NMR spectra of the reaction products and starting
materials (PFPA-NHS and PCL) were acquired to investigate the structural changes
following reaction in toluene. As expected, in 13C NMR (Figure 3-4a) the PCL carbon
peaks can be observed in all reaction products. Since the PCL chain has a significantly
higher molecular weight, it is expected to largely overwhelm the signals from the
smaller PFPA molecules. However, a prominent peak at 168 ppm corresponding to
the COCH2 on PFPA-NHS can be seen in samples containing higher ratios of PFPA
to PCL (9:1 and 5:5 w/w).
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The disappearance of the PFPA CN3 signal at 126.5 ppm in all PCL-PFPA samples
could suggest the successful photolysis of the azide group following extended UV
exposure, indicating the formation of nitrene species and possible insertion of PFPA
into the PCL structure. Although C-F groups were undetectable for PCL-PFPA
mixtures at all ratios in 13C NMR, the peaks visible in 19F NMR spectra (Figure 3-4b)
confirm their presence. It is possible that the intensity of the C-F peaks was below the
detectable level for 13C NMR. The 1H NMR spectra (Figure 3-4c) show a prominent
peak at 2.9 ppm corresponding to the NHS moiety in all PCL-PFPA samples,
decreasing in intensity with a decreasing PFPA to PCL ratio.
Although the results presented in Figure 3-4 may suggest successful functionalisation
of PCL with PFPA-NHS, the experimental protocol requires further optimisation to
address key issues. Firstly, a solvent incapable of undergoing C-H insertion (for
example carbon tetrachloride) may increase the reaction yield. Moreover, the current
reaction protocol requires large quantities of PFPA to be used in the synthesis, which
would significantly increase production time. For these reasons, the approach of the
PCL-PFPA-NHS functionalisation in solution was not explored further in this project.
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Figure 3-4: 13C NMR (panel a), 19F NMR (panel b) and 1H NMR (panel c) stacked spectra of
PCL-PFPA synthesised in solution using different mass ratios of PCL and PFPA. The spectra
of starting materials (PFPA-NHS, PCL) are shown for reference. CDCl3 was used as a solvent
in all acquired spectra.
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PFPA-NHS functionalisation of electrospun fibres
The next step was to explore the post-fabrication functionalisation of electrospun PCL
fibres using PFPA-NHS to enable safe conjugation of pharmaceutically relevant
proteins to the surface (Scheme 3-4). In this approach, plain PCL fibres are first
produced and post-functionalised with PFPA-NHS by immersion in methanolic
solution of the compound, followed by photoactivation under UV lamp. The PFPANHS functionalised fibres can then undergo reaction with any amine-containing
compounds (such as proteins) via the NHS moiety.

Scheme 3-4: A schematic of PCL fibre functionalisation using PFPA-NHS followed by protein
conjugation.

Such implantable protein-decorated fibres have a wide array of applications in tissue
engineering, regenerative medicine and drug delivery153. PCL was chosen for this
study due to its long-term degradation profile, making it an attractive polymer for an
implantable fibre (see Section 1.4.1.1.1, page 26 for further information on PCL).
Moreover, PCL is not soluble in methanol or ethanol and can be safely functionalised
with a methanolic PFPA-NHS solution and pre-sterilised in EtOH for biological
applications.
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PCL fibre fabrication
The PCL fibres were prepared using the monoaxial electrospinning technique
described in Section 1.4.2.1 (page 32). The successful formation of electrospun
patches largely depends on the polymer and solvent selected for the fibre fabrication.
For this application, 2,2,2-trifluoroethanol (TFE) was chosen as the solvent due to its
well-described applications in nanofibre fabrication112,190,227. A solution of 12% w/v
PCL (Mw ~ 80 kDa) in TFE was previously found to have appropriate viscosity
for the electrospinning process and thus chosen for use here228. Scanning electron
microscopy images of the scaffolds produced (Figure 3-5a and b) revealed successful
fabrication of smooth, cylindrical fibres with no bead-on-string structures, suggesting
appropriate optimisation of electrospinning conditions. The mean fibre size, calculated
from particle size distribution curve, was found to be 709 nm ± 366 (Figure 3-5c). This
formulation was therefore selected for further surface functionalisation with PFPANHS.
(c)

(b)

(a)

50 µm

10 µm

Figure 3-5: Scanning electron micrographs at two magnifications (a) 2000X; (b) 10 000X and
size distribution (c) of electrospun PCL fibres.

Fibre morphology following PFPA-NHS functionalisation
Physicochemical characterisation was performed to obtain information on the
chemical composition of the modified PCL surface. The initial optimisation of PFPA
conjugation reaction conditions was performed by monitoring the disappearance of the
azide peak in the FTIR spectra (Figure 3-6).
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Figure 3-6: Representative FTIR spectra of untreated fibres and PFPA-treated fibres both
before UV treatment and after 15 or 30 minutes of UV treatment. The grey shadowing at 2127
cm-1 corresponds to the azide peak, while the shadowing at 1650 cm -1 highlights the amide
carbonyl bond. Complete disappearance of the azide peak after 30 minutes of UV-radiation
was observed. Similar results were obtained from three independent experiments and the
results of one representative experiment are shown.

Completion of PFPA photolysis was monitored for 30 minutes with spectra acquired
at 0, 15 and 30 minutes of UV-treatment on each side of the mat. The FTIR spectrum
of the untreated fibres is identical to that of raw PCL111. An asymmetric stretching
vibration of the azide group at 2127 cm-1 and multiple carbonyl stretches of the NHS
moiety between 1650 and 1775 cm-1 were observed in PFPA-treated fibres before
UV treatment. Following 15 minutes of UV radiation, the intensity of the azide peak
decreased, suggesting successful initiation of PFPA photolysis but that the reaction
was not complete. After 30 minutes of UV radiation the reaction appeared
to be complete as evidenced by the disappearance of the azide peak. The carbonyl
stretch at 1650 cm-1, attributed to the coupled NHS group, was retained throughout
UV treatment, although its intensity was markedly reduced after 30 minutes.
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Therefore, it was concluded that a 30-minute UV treatment on each side of the mat
(1 hour in total) is necessary for the completion of a photochemical reaction on the
fibres, and further testing was performed using fibres prepared under these conditions.
The effect of the functionalisation step on fibre morphology was then investigated
with SEM as presented in Figure 3-7.

(a)

(c)

100 µm

(e)

100 µm

100 µm

um
(b)

(d)

30 µm

(f)

30 µm

30 µm

Figure 3-7: Scanning electron micrographs of functionalised electrospun fibres at 500X
(panels a, c, e) and 2250X magnification (panels b, d, f). Untreated (a, b) and PFPA-NHSfunctionalised fibres before (c, d) and after a 30-minute UV treatment (e, f) are presented.
Yellow arrows highlight morphological changes. All the scaffolds were dipped in methanol and
dried under reduced pressure before SEM analysis. Similar results were obtained from three
independent experiments and the results of one representative experiment are shown.

Figure 3-7a and b show the morphology of untreated fibres, with uniform cylindrical
fibres present before surface manipulation. Dipping in methanol clearly does not affect
the fibre morphology. Following incubation in PFPA-NHS solution (Figure 3-7c and
d), the fibres are slightly more irregular in shape and white deposits are visible in the
higher magnification images, as highlighted by yellow arrows. PFPA-and UV-treated
fibres (Figure 3-7e and f) are visibly bundled and intertwined, with white clusters
distributed evenly across the surface of the fibre. The white residue coating the fibres
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could be a precipitate of PFPA-NHS. The fibre patters are markedly less regular after
UV treatment, suggesting that the UV treatment negatively impacted the morphology
of electrospun scaffolds.
As PFPA-NHS functionalisation on the surface of electrospun materials has been tried
only once before221 with PDO patches, little is known about its impact on the fibre
morphology. The authors of the previous study did not include electron micrographs
of the PDO nanofibres after the PFPA functionalisation221. However, the confocal
microscope images they presented do show a rather distorted structure as compared to
the SEM of PDO fibres before functionalisation. A similar observation was made here
for PFPA-treated PCL fibres. The degree of surface morphology change will strongly
depend on the polymer used to fabricate the fibre and the PFPA solvent. For example,
PLGA fibres could not be used for this approach as the polymer is soluble in the same
solvents as PFPA. Therefore, any post-fabrication functionalisation steps would
destroy the integrity of the nanofibre structure. Overall, it appears that the fibre mat
remains intact after PFPA treatment, but the effect of the distorted surface
on biological performance needs to be explored in further experiments.
X-ray photoelectron spectroscopy (XPS) was used to further characterise
the chemistry of the fibre surface. This sensitive method enables detection
and quantification of chemical elements on a solid surface up to 10 nm depth229.
In addition, XPS provides information on the chemical states of the observed atoms230.
Since PFPA-NHS contains fluorine and nitrogen in its structure, these elements were
chosen as diagnostic markers to corroborate successful surface functionalisation.
Representative XPS survey spectra are presented in Figure 3-8.
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Figure 3-8: Representative XPS survey spectra measured for untreated (black) and PFPAtreated fibres before (dark purple) and after UV treatment (light purple). The fluorine 1s (~ 690
eV) and nitrogen 1s (~ 450 eV) peaks are shaded in grey. Similar results were obtained from
three independent experiments and the results of one representative experiment are shown.

For untreated samples, the survey spectra identified elements corresponding to
the PCL structure (carbon and oxygen)111, while in PFPA-treated samples additional
fluorine and nitrogen signals were detected. The XPS survey analysis allowed for the
quantification of surface elements, and the results are given in Table 3-1.
Table 3-1: Elemental composition of the fibre surface. Data are shown as mean ± standard
deviation (n=3).
Sample

Surface C

Surface O

Surface N

Surface F

(at%)

(at%)

(at%)

(at%)

Untreated

76.4 ± 0.7

23.6 ± 0.7

0

0

Before UV

64.7 ± 2.8

20.6 ± 0.3

6.4 ± 1.6

7.8 ± 1.0

After UV

58.7 ± 1.0

22.4 ± 0.2

5.9 ± 0.4

13.0 ± 1.1

The elemental surface compositions display increased nitrogen and fluorine content
in the functionalised fibres, indicating the successful deposition of PFPA on the fibre
surface. As expected, untreated PCL fibres contained no surface nitrogen or fluorine,
while for the PFPA-functionalised fibres before and after UV treatment both elements
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could be detected. The percentage of nitrogen decreases after UV treatment, which
indicates that photolysis of the azide group occurred. However, the percentage
of nitrogen and fluorine present on the surface is relatively low compared to carbon
and oxygen. This can be attributed to the polycaprolactone structure that dominates
in the XPS analysis. Similar observations were made in other studies where PFPA
was conjugated to a polymer surface221,231,232. Next, high resolution C1s XPS spectra
were acquired to investigate the chemical state of carbons present on the surface
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Figure 3-9: High resolution C1s XPS spectra for (a) untreated and PFPA-treated fibres before
(b) and after (c) UV treatment. Similar results were obtained from three independent
experiments and the results of one representative experiment are shown.

The C 1s high-resolution XPS spectra (Figure 3-9) show the changes in carbon
environment following photografting onto the PCL surface. In untreated (Figure 3-9a)
and PFPA-treated fibres before UV treatment (Figure 3-9b), peaks at 284.5 (C─H),
286.2 (C─O─C) and 288.5 eV (O═C─O) are characteristic of the PCL backbone. The
peak detected for UV-treated samples (Figure 3-9c) was fitted into four components:
284.4 (C─H), 286.1 (C═C─N and C─O), 287.6 (C═C─F) and 288.8 eV (O═C─O)231,
confirming the structural change of the fibre.
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Figure 3-10: High resolution N1s XPS spectra for (a) untreated and PFPA-treated fibres
before (b) and after (c) UV treatment. Similar results were obtained from three independent
experiments and the results of one representative experiment are shown.

High-resolution N1s XPS spectra (Figure 3-10) confirmed the covalent
immobilisation of PFPA on the PCL fibre. No nitrogen signal was detected
in untreated fibres (Figure 3-10a). In PFPA-treated samples before UV irradiation
(Figure 3-10b), a prominent peak at 404.5 eV can be assigned to the azide moiety231.
After UV treatment (Figure 3-10c), the peak at 404.5 eV disappears. This peak
corresponds to the N+ in the azide group of PFPA, which decomposes
upon photoactivation. The amine/amide species are visible at 401.5 eV231
as highlighted by the blue line and are visible in both before and after UV treatment
samples . The results agree with the extensive XPS analysis of nitrogen species present
in perfluorophenyl azide-functionalised surfaces performed by Zorn et al.231
Overall, physicochemical characterisation confirmed the successful deposition
of PFPA on the surface of electrospun fibres. Following UV treatment, chemical
changes observed in FTIR (disappearance of the azide peak, formation of carbonyl
bonds) and XPS spectra (lack of peak at 404.5 eV corresponding to N3 moiety, changes
to the chemical state of carbon) give strong evidence for the covalent conjugation
of PFPA to the surface of the PCL scaffold.
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Model protein conjugation
The functionality of the NHS ester group after immobilisation on the polymer fibre
surface was explored using fluorescently-labelled model molecules. Fluorescence
imaging offers visual proof of biomolecule conjugation to the PFPA-modified fibre.
Moreover, it can also provide information on the spatial distribution of the coupled
dye on the surface.
The NHS-assisted amine coupling was simulated using amine-modified rhodamine
(rhodamine-amine) and FITC-albumin. Figure 3-11 presents the fluorescence images
acquired after treating the fibres with these model compounds.
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Figure 3-11: Conjugation of fluorescently-labelled model molecules to untreated electrospun
fibres (a,d) and PFPA-treated fibres before UV (b,e) and after UV irradiation (c,f). Top row
(a,b,c) shows the micrographs of rhodamine-amine treated samples, while bottom row (d,e,f)
presents fibres incubated with FITC-albumin. Similar results were obtained from three
independent experiments and the results of one representative experiment are shown.

Rhodamine-amine has been previously used to confirm the functionality of the PFPANHS moiety following grafting on the electrospun PDO fibre221. Following overnight
incubation in a solution of rhodamine-amine dye, untreated (Figure 3-11a) and PFPAtreated fibres before UV exposure (Figure 3-11b) showed no fluorescence, while
the micrograph of the UV-irradiated sample (Figure 3-11c) revealed a homogenous
distribution of the dye. On the other hand, FITC-albumin treated samples showed
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some level of fluorescence, with relatively lower intensity observed in blank fibres
(Figure 3-11d) than in PFPA samples before and after UV treatment (Figure 3-11e
and f, respectively). This could be due to non-specific adsorption of albumin
to the surface. The fluorescence intensity of the PFPA-treated sample before and after
UV treatment was comparable, suggesting that both formulations were loaded with
similar levels of FITC-BSA.
Compared to rhodamine-amine, FITC-BSA-functionalised fibres showed increased
fluorescence intensity, possibly due to higher number of amine groups: there are lysine
residuess in the BSA structure which are capable of undergoing conjugation.233
Overall, fluorescence imaging confirmed the functionality of the NHS moiety after
photografting onto the PCL surface.
To quantify the effect of PFPA-NHS functionalisation on the protein binding
efficiency, a 24-hour albumin attachment study was next carried out (Figure 3-12).
The percentage of bovine serum albumin conjugation to the PCL fibres was calculated
indirectly by depletion.
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Figure 3-12: Percentage of bovine serum albumin attachment to electrospun PCL fibres as a
function of time. Data are shown as mean ± S.D. and are representative of two independent
experiments performed on separate days, with three replicate wells per experiment. Repeated
measures one-way ANOVA with post hoc Tukey’s test. The asterisks (***) denote p ≤ 0.001.
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At all measured time points the BSA percentage attachment was higher for PFPAtreated samples compared to the untreated control. In PFPA-treated fibres,
the conjugation efficiency increased gradually with time, reaching around 80%
at 11 hours. At this time point, the efficiency of protein attachment was significantly
higher (p < 0.001) in surface-treated fibres than in plain PCL scaffolds. Although the
mean percentage attachment was slightly, but insignificantly (p > 0.05), higher after
24 hours of incubation, the 11-hour time point was selected as more experimentally
practical for further fibre testing. This way the fibres can be fabricated, functionalised
with PFPA-NHS and incubated in protein solution on day 1, allowing further in vitro
testing to be performed on the following morning.
There was no significant difference in BSA uptake by the functionalised fibres before
and after UV irradiation, suggesting that the photografting of PFPA-NHS
was not necessary for successful protein attachment to the polymeric surface.
The results of the protein conjugation study (Figure 3-12) are consistent
with the fluorescence imaging (Figure 3-11) described above, where the PFPA-NHS
samples without UV treatment show a significant level of fluorescence intensity upon
treatment with FITC-BSA. It can be assumed that a certain amount of PFPA-NHS
strongly adsorbs to the PCL fibre and the NHS moieties remain active on the surface,
allowing efficient conjugation of proteins even without covalent attachment.
It is possible that the washing method applied, dipping in methanol solution, may not
be sufficient to remove unconjugated, surface adsorbed, PFPA-NHS from the fibre
surface.
Another interesting difference between the PFPA-treated formulations was discovered
after an 11-hour incubation in BSA solution. Figure 3-13 shows digital photographs
of PCL patches before (a,c,e) and after (b,d,f) albumin conjugation to the surface.
A significant change in fibre colour was observed in the PFPA-treated samples.
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Figure 3-13: Digital photograph of electrospun fibres before and after incubation in BSA
solution. Top row shows PCL patches before incubation (a,b,c), while the bottom row images
were captured after 11 hours in BSA solution (d,e,f). Left – PFPA-untreated, UV-treated fibres
(a,d), middle – PFPA-NHS before UV (b,e), right – PFPA-NHS after UV (c,f).

The untreated PCL patches remained uncoloured following UV treatment (Figure
3-13a and d), while initially white PFPA-functionalised patches before UV irradiation
(Figure 3-13b) turned dark pink upon incubation with BSA (Figure 3-13e). Fibres
treated with UV light became yellowish in appearance before incubation (Figure
3-13c). The darkening of the surface may be caused by the increased oxidation of the
irradiated samples, suggesting the possibility of photocatalysed PCL degradation234.
However, this effect was not observed in UV-treated plain PCL fibres (Figure 3-13a),
and therefore the change in colour is most probably caused by a change in chemical
structure following photografting of PFPA-NHS, as was observed earlier following
PCL-PFPA functionalisation in solution (Figure 3-3). The yellow hue darkened
following prolonged contact with the aqueous BSA solution (Figure 3-13f). Although
the explanation for the colour changes observed in PFPA-treated fibres is unclear,
it indicates a chemical change occurring on the surface.

Cytotoxicity of PFPA functionalisation
To assess the cytotoxicity of PFPA-functionalised fibres, a model human epithelial
cell line (Caco-2) was employed. Cell viability was measured following incubation
with fibres for one or three days. The results are presented in Figure 3-14.
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Figure 3-14: Viability of Caco-2 cells following incubation with PFPA-functionalised fibres for
one (grey) and three (dashed) days. ‘Untreated’ corresponds to untreated (no PFPA) PCL
fibres. Cells only are the negative control. Cells+FAH denotes the positive control (cells treated
with formaldehyde). Data are shown as mean ± S.D. and are representative of three
independent experiments performed on separate days, with triplicate wells per each condition
tested.

Caco-2 cells retained their viability at around 100% after one day of incubation with
the test formulations. However, PFPA-treated fibres, both before and after UV
irradiation, showed cytotoxic properties at day three of incubation, where viability
decreased from ~100% to ~30%. This could suggest that the washing method of briefly
dipping the functionalised fibres in methanol to remove unreacted PFPA-NHS may
not be sufficient, resulting in a possibly toxic azide compound leaching out to the cell
culture medium with longer incubation times.
To test this hypothesis, a more vigorous washing method comprising a two-step
sonication process in an ultrasonic bath was employed. In step 1, unreacted PFPANHS was removed via one-minute sonication in methanol. This step also pre-sterilises
the fibres for cell culture use. In step 2, the functionalised scaffolds were washed
in sterile PBS to remove organic solvent that could be potentially dangerous
for the integrity of the protein that will subsequently be attached to the surface.
The results of cell viability experiments using the new washing protocol are given
in Figure 3-15.
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Figure 3-15: Viability of Caco-2 cells following incubation with sonicated PFPA-functionalised
fibres for one (grey) and three (dashed) days. ‘Untreated’ corresponds to untreated (no PFPA)
PCL fibres. Cells only are the negative control. Cells+FAH denotes the positive control (cells
treated with formaldehyde). Data are shown as mean ± S.D. and are representative of three
independent experiments performed on separate days, with triplicate wells per each condition
tested.

A brief sonication in methanol has a positive effect on cell survival, possibly due to the
efficient removal of unbound PFPA-NHS from the surface of the fibre. Moreover,
high-energy washing steps such as sonication could potentially improve the
penetration of methanol deeper into the nanofibre mesh, therefore aiding better
sterilisation before in vitro experiments. Based on these results, the sonication washing
step was deemed crucial for the effective performance of functionalised fibres
in a biological environment and was introduced to the functionalisation method in
subsequent experiments. The effect of this change to the functionalisation protocol on
the performance and physicochemical properties and performance of the fibres is
explored in the following section.

Protein attachment to sonicated fibres
The attachment of BSA on PFPA-functionalised fibres without the sonication step
was previously investigated in a preliminary study (Figure 3-12). The experiment
presented in Figure 3-16 reflects the effect of the washing method on the surface
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attachment of three model proteins. Functionalised fibres before and after a sonication
washing step were incubated for 11 hours in a solution of BSA, infliximab or catalase.
The model antibody infliximab is a monoclonal antibody against the proinflammatory
cytokine TNF-α, and is used to treat autoimmune conditions such as Crohn’s disease
or rheumatoid arthiritis235. Recently, infliximab has emerged as a potential treatment
for immune checkpoint inhibitor-related colitis236–238. Catalase is an enzyme with
a pivotal role in the protection of cells against the toxic effects of hydrogen peroxide.
The well-established catalase activity assays can be used to confirm the integrity
of protein following attachment to the PCL surface239,240. Albumin was picked to
allow direct comparison with the preliminary protein attachment studies (Figure 3-12).
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Figure 3-16: Attachment of model proteins (BSA – bovine serum albumin, IFX – infliximab,
CAT – catalase) to unwashed and sonicated (Son) PFPA-functionalised fibres following
overnight incubation. Data are shown as mean ± S.D. and are representative of two
independent experiments performed on separate days, with triplicate wells per each condition
tested. Repeated measures one-way ANOVA with post hoc Tukey’s test; statistical
significance: ns (p-value >0.05), * (p-value < 0.05), ** (p-value ≤0.01), *** (p ≤ 0.001) **** (pvalue ≤0.0001).
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All tested conditions achieved at least 30% attachment following overnight incubation
in a protein solution. For non-sonicated samples, the amount of BSA and catalase
associated with untreated fibres was considerably lower than with the PFPA-treated
fibres. The samples before UV treatment performed better than UV-irradiated ones.
Interestingly, a one-minute sonication in methanol generally resulted in enhanced
protein attachment in PFPA-untreated fibres incubated with BSA and catalase. The
percentage protein loading on sonicated blank PCL fibres was therefore comparable
to those of PFPA-functionalised patches. PFPA-functionalised fibres before UV
treatment performed slightly better than those after UV exposure. The observed
difference in the percentage of protein loaded onto PCL was insignificant, suggesting
that PFPA functionalisation may not be needed to achieve an effective surface coating
of PCL fibres pre-treated with a brief sonication in methanol and PBS.
In this study, infliximab achieved a high percentage adsorption on the untreated, dipwashed PCL fibre, contrary to the results obtained for BSA or catalase. This result
agrees with existing literature, as antibodies are more hydrophobic than enzymes
or BSA241 and will adsorb more easily to the hydrophobic surface of the untreated PCL
fibre. Previous studies showed that the efficacy of protein adsorption largely depends
on the hydrophobicity/hydrophilicity of the proteins as well as the polymer substrates.
Absolom et al.241 investigated the attachment of four model proteins (fibrinogen, IgG,
human serum albumin and bovine serum albumin) to four types of small particles
(SiO2, polytetrafluoroethylene, polyvinyl chloride and Nylon 66). Increased protein
hydrophobicity was associated with improved surface adsorption, regardless
of the surface hydrophobicity. Similarly, poor wettability of the substrate has been
linked to elevated surface protein adsorption242.
The introduction of fluorine243 or fluoro-substituted benzene rings244 onto the surface
has been previously associated with increased surface hydrophobicity. Similarly,
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Li et al.232
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following functionalisation with PFPA-NHS. This could explain the enhanced protein
adsorption in the PFPA-treated fibres.
Although the attachment of model proteins was achieved in both untreated and PFPAfunctionalised fibres, it is expected that PFPA functionalisation results in a covalent
conjugation of proteins to the fibre (rather than surface adsorption on the untreated
fibres). This could potentially prevent rapid detachment of proteins upon exposure
to physiological fluids, therefore prolonging the therapeutic efficacy of the scaffold
at the implantation site. This hypothesis is further explored in Section 3.3.9 (page
111).

Changes to surface hydrophobicity post-sonication
Given the above observations, the next step was to investigate changes to surface
hydrophobicity before and after sonication as well as PFPA-NHS functionalisation.
It is possible that sonication in methanolic solution could cause modification of the
PCL surface with hydroxyl groups of the alcohol, therefore rendering the scaffold
more hydrophilic. To test this hypothesis, goniometer measurements were performed
on the surface of the functionalised fibres. The curvature angle of a water droplet upon
contact with the fibres was calculated and is presented in Figure 3-17.
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Figure 3-17: Contact angle measurements performed on untreated and PFPA-treated fibres
before and after UV exposure and sonication treatment. Panel (a) shows the examples
of water droplet contact angle photographs used to derive the contact angle measurements
presented as mean ± SD (n=3) in panel (b). No statistical significance was observed between
untreated fibre controls and the various treatments, apart from with PFPA- and UV-treated
fibres before sonication. Repeated measures one-way ANOVA with post hoc Tukey’s test;
statistical significance: ** (p-value ≤0.01). Similar results were obtained from three
independent experiments and the results of one representative experiment are shown.

It appears that sonication of PCL fibres did not bring significant changes to the fibre
hydrophobicity. A similar trend was observed for PFPA-treated fibres before UV
exposure, where samples before and after sonication had contact angles comparable
to those of untreated fibre controls. The only statistically significant difference
was observed between the untreated control and PFPA-treated fibres after UV
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treatment, where surface functionalisation led to a decreased water droplet contact
angle, suggesting increased hydrophilicity of the surface. This observation once again
contrasts the hypothesis that the introduction of fluorine would lead to enhanced
surface hydrophobicity. Nevertheless, the sonication washing resulted in an increased
contact angle, bringing the value near to that of the untreated control. Further
assessment of physicochemical properties of the functionalised fibres before and after
sonication may be required to explain the differences in these formulations.

Morphology

and

physicochemical

properties

of sonicated fibres
Sonication in an organic solvent (methanol), although brief (1 min), could potentially
affect the morphology of the electrospun fibres. To explore this, SEM was performed,
and the results are presented in Figure 3-18.
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Figure 3-18: Post-sonication scanning electron micrographs of untreated (a) and PFPAtreated fibres before (b) and after UV exposure (c).

Compared to non-sonicated, dip-washed fibres (Figure 3-7, page 90), the morphology
of the untreated fibres (Figure 3-18a) is somewhat distorted after sonication, which
could suggest that the sonication step introduced changes to the fibre morphology. The
clusters observed in PFPA-treated samples in Figure 3-7b and c are no longer observed
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post-sonication (Figure 3-18b and c), indicating that the introduction of the washing
step was necessary for the removal of excess PFPA-NHS from the fibre surface.
The sonicated and non-sonicated fibres were then investigated with FTIR, DSC and
XRD to probe for any physicochemical changes that could have led to increased
protein adsorption post-sonication and changes to the morphology. Figure 3-19
summarises the finding of these experiments.

Figure 3-19: Summary of physical characterisation of sonicated electrospun fibres, showing
FTIR (a), XRD (b) and DSC (c) data collected for untreated and PFPA-treated fibres before
and after UV exposure and sonication treatment. In FTIR, grey shading denotes the areas of
interest – azide and carbonyl peaks. In DSC, the greyed area corresponds to the melting peak
of PCL (~57 °C), the dashed line signifies the melting peak of PFPA-NHS (113 °C), and the
dotted line shows a possible PFPA-NHS degradation peak at 186 °C. Similar results were
obtained from all three independent experiments and the results of one representative
experiment are shown.

In FTIR (Figure 3-19a), no differences were observed for untreated PCL fibres before
and after sonication. The effective washing of the scaffold was confirmed with the
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PFPA-treated scaffold before UV irradiation. The disappearance of the azide peak
at 2100 cm-1 and lack of carbonyl stretches of the NHS group at 1650 cm-1 confirm
that the unbound compound was removed from the surface by sonication washing.
In the UV-exposed PFPA-treated fibres, the carbonyl bond at 1650 cm-1 was retained
following washing, confirming a strong covalent attachment to the surface.
The intensity, however, was lower than in dip-washed scaffolds, suggesting
that a significant amount of unbound PFPA-NHS was successfully removed.
XRD measures the crystallinity of the sample. The sharp Bragg reflections present
in Figure 3-19b for PFPA-NHS (black line) confirm the crystalline nature
of the compound. On the other hand, this signal is not present in any of the fibre
formulations tested, as would be expected given the PFPA-NHS will be molecularly
dispersed across the polymer surface. PCL itself has two broad Bragg reflections,
consistent with the literature and its nature as a semi-crystalline polymer111. After UV
functionalisation, the C-H insertion reaction occurring between PCL and PFPA-NHS
is expected to disrupt the crystal domains, therefore reducing overall crystallinity.
Moreover, the reduced intensity of the peaks after sonication suggests a low reduction
in the extent of crystallinity.
The DSC data (Figure 3-19c) revealed the melting point for PCL-based nanofibres to
be ~ 57 °C, which agrees with existing literature111,245. The melt of PFPA-NHS is not
observed in the fibrous formulations, hence the DSC results are consistent with the
XRD spectra (Figure 3-19b). The fibres before and after UV treatment but no
sonication show a small exothermic peak at ~186 °C, which can be attributed
to degradation of PFPA-NHS. This peak, however, disappears after the sonication
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washing step. The DSC analysis allowed for the calculation of the degree of PCL
crystallinity (Xc) by integration of the melting events at 57 °C (Figure 3-20).
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Figure 3-20: The effect of fibre sonication on the degree of PCL crystallinity as calculated
from the DSC data for untreated and PFPA-treated fibres before and after UV treatment. Data
are shown as mean ± S.D. and are representative of three independent experiments (n=3).

With the sonication treatment, no changes in Xc were observed for untreated and UVirradiated PFPA-treated fibres. Interestingly, the degree of crystallinity increased from
~30% to ~70% for non-UV exposed PFPA-functionalised scaffolds after
the sonication step. Previous studies have found that UV-irradiated PCL showed
a significant increase in the degree of crystallinity following exposure to UV light246.
However, the photolytic effect is decreased in PCL of higher molecular weights
(60 kDa and over) owing to an increased level of crystallisation of the polymer. In this
study, no changes in the degree of crystallinity were observed for the UV-treated
samples, which could indicate that the scaffold retains its structural integrity following
PFPA-NHS photografting.
Overall, the exploration of changes to physicochemical properties following
the introduction of the sonication washing step did not bring conclusive results.
The reason for increased protein adsorption to the sonicated fibres compared to nonsonicated controls (Figure 3-16, page 103) remains unclear. However, thanks
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to the improved cytotoxicity profile following sonication, PFPA-functionalised fibres
show promise for use in biomedical applications.

Catalase activity and release profile
Although protein-loaded electrospun fibres are generally well characterised
from the physicochemical perspective, the published studies often lack conclusive
protein stability or bioactivity data247,248, even though proteins are often mixed with
organic solvents during the fabrication process138. In the PFPA-NHS functionalisation
approach, the fibres are only exposed to organic solvents in the initial PFPA-NHS
functionalisation

step

before

proteins

are

introduced

on

the

surface.

This can potentially protect the structure of a protein from accidental damage during
the functionalisation procedure.
To test this hypothesis, the activity of a model enzyme, catalase, was measured
following attachment to the fibre surface. As previously mentioned, catalase
is responsible for the decomposition of hydrogen peroxide to water and oxygen.
The catalase activity assay is well-characterised in the literature222,239,240,249.
Here, a modified protocol was developed to test the activity of catalase directly
on the surface of the fibre, rather than from release study supernatants. The results
are presented in Figure 3-21.

111

Chapter 3 – Perfluorophenyl azide functionalisation of electrospun polycaprolactone fibres

ns

OD (540 nm)

1.5

1.0

0.5

0.0
Untreated Before UV

After UV

CAT

CAT-DEN

Figure 3-21: Catalase activity for sonicated untreated and PFPA-treated fibres before and
after UV exposure. A freshly prepared catalase solution (CAT) and denatured catalase (CATDEN) were used as positive and negative controls, respectively. The data are presented as
mean ± S.D. (n=3). Repeated measures one-way ANOVA with post hoc Tukey’s test;
statistical significance was not observed (ns).

The results of the catalase assay showed no differences in the enzyme activity
following attachment to the fibre surface. The optical density values were similar
for the freshly prepared solution containing an amount of catalase comparable to this
attached to the fibre surface, while the negative control – catalase heated to 95°C –
showed markedly reduced optical density (OD), suggesting the loss of enzymatic
activity following denaturation at high temperature. Therefore, it can be concluded
that the PFPA-NHS functionalisation does not negatively impact the biological
activity of a protein being conjugated.
The final step in the fibre characterisation was to investigate the release of catalase
from the fibres. Since after sonication the extent of protein attachment to the untreated
PCL fibres was comparable to the PFPA-treated ones (Figure 3-16), it is possible that
simple physical adsorption to the surface may be enough to safely attach proteins
to the electrospun fibres. However, it is anticipated that the reaction with the NHS
group of the PFPA-treated fibres should prolong the presentation of ligands on the
surface due to the covalent bond being formed. To investigate this, the release
of catalase following incubation in PBS over six days was measured and is presented
in Figure 3-22.
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Figure 3-22: Catalase release profile over six days following incubation with untreated and
PFPA-treated fibres before and after UV exposure. Data are shown as mean ± S.D. (n=3).
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the presentation of catalase on the electrospun fibres. Within the first 24 hours,
untreated and PFPA-treated fibres before UV exposure exhibited rapid release
of catalase (60% and 40%, respectively). PFPA-treated fibres after UV exposure
did not follow this trend, with less than 20% of the protein loading being released after
one day. After six days, the cumulative release reached 40% for photo-exposed PFPAtreated fibres, while both untreated and PFPA-treated fibres before UV exposure
showed 70%. It became evident that weak forces of physical adsorption were unable
to retain catalase on the fibre surface in aqueous media under constant shaking.
The data presented above clearly support the idea of using photo-activated PFPA-NHS
on the surface of PCL fibres for prolonged presentation of proteins on the polymeric
surface.
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In vitro activation of Jurkat cells using anti-CD3decorated fibres
The delivery of anti-CD3 on a surface of biomaterials for in vivo T cell activation
has been heavily explored 73,74,95,250–252. Biopolymer implants for enhancing adoptive
T cell therapy have been attracting considerable interest in the growing field of cancer
immunotherapy96. Therefore, the PFPA-NHS functionalisation of electrospun fibres
was explored for this application by conjugating T cell activating anti-CD3
to the surface of PCL scaffolds. Due to the ease of manufacture and controllable size
and thickness of the electrospun patch, such material could be easily implanted near
a tumour resection site and act as an artificial lymph node by attracting T cells
to the area. The covalent conjugation provided by the PFPA-NHS functionalisation
will prolong the presentation of antigens on the surface.
The percentage of protein attachment to the PCL fibres was previously established
using model proteins (Figure 3-16). The effect of varying protein concentration
on the percentage attachment was established using the target therapeutic anti-CD3
(OKT3). The untreated and PFPA-treated fibres following sonication washing were
incubated in a solution of 5, 10 and 20 µg/mL OKT3 in PBS overnight. The percentage
attachment was calculated and is given in Figure 3-23.
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Figure 3-23: Percentage of OKT3 attachment to electrospun fibres after overnight incubation.
Data are shown as mean ± S.D. and are representative of three independent experiments
performed on separate days, with two replicates per experiment.

Overall, all three formulations achieved over 60% attachment in the 5 µg/mL
treatment group and 80% in 10 µg/mL and 20 µg/mL. At lower antibody concentration
(5 µg/mL), the calculated percentage attachment was more variable with higher
standard deviations. This could be due to the antibody concentration values reaching
the limit of detection for the protein assay used for this study (10 ng/mL
for NanoOrange®). However, the conjugation of OKT3 to the PCL fibres appeared
to be highly efficient for 10 µg/mL and 20 µg/mL dosing groups, with no significant
differences observed between the two conditions.
The biological performance of antibody-decorated fibres was assessed in an in vitro
T cell activation model, where the functionalised scaffolds were incubated in a culture
of Jurkat cells for four days. Untreated and PFPA-functionalised PCL fibres were
incubated with varying concentrations of anti-CD3 (5, 10, 20 µg/mL) to investigate
the dose-response effect on T cell activation. A standard method of stimulating cells
with tissue culture plastic plate-bound antibody was used as a positive control253,254.
The cytokine IL-2 was chosen as an effective marker of late T cell activation255
and its concentration in the cell culture supernatant was quantified using ELISA. Cell
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viability following the four-day treatment with fibres was also measured to investigate
the potential cytotoxicity of the modified scaffolds.
Figure 3-24 shows the percentage viability of Jurkat cells following incubation
with anti-CD3-functionalised fibre formulations at three antibody concentrations.
Unstimulated Jurkat cells were used as the baseline for viability calculations.
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Figure 3-24: Percentage of viable Jurkat cells following a four-day incubation with fibre
formulations functionalised with varying concentrations of OKT3 (5 µg/mL, 10 µg/mL, 20
µg/mL). Plate-bound antibody (white) was used as a positive control. All fibre samples were
sonicated post-PFPA treatment. Cells only without antibody stimulation (black) acted as the
baseline viability (100%). Untreated (grey) and PFPA-treated fibres before (dashed) and after
UV treatment (dotted) were tested. Data are shown as mean ± S.D. and are representative of
two independent experiments performed on separate days (n=6).

Cell viability remained between 80 and 110%, suggesting adequate biocompatibility
of the formulations tested. Generally, Jurkat cells stimulated with plate-bound
antibody showed lower viability (~ 80% for all tested Ab concentrations). This indirect
cytotoxicity evaluation revealed that neither the neat nor modified PCL scaffolds
released any substances at levels harmful to Jurkat cells. Wells treated with PFPAfunctionalised fibres before UV treatment at 5 µg/mL and 10 µg/mL of antibody
generally achieved slightly higher cell viability than the baseline, which could be an
indicator of cell proliferation.
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Figure 3-25 depicts the IL-2 concentrations detected in the supernatant of Jurkat cell
culture following treatment with the antibody-coated fibres.
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Figure 3-25: IL-2 production in Jurkat T cells following four-day incubation with fibre
formulations functionalised with varying concentrations of OKT3 (5 µg/mL, 10 µg/mL, 20
µg/mL). Plate-bound antibody (white) was used as a positive control. Cells only without
antibody stimulation (black) acted as the negative control. Untreated (grey) and PFPA-treated
fibres before (dashed) and after UV treatment (dotted) were tested. All fibre samples were
sonicated post-PFPA treatment. Data are shown as mean ± S.D. and are representative of
two independent experiments performed on two separate days, with three replicate wells per
tested condition. Repeated measures two-way ANOVA with post hoc Tukey’s test; statistical
significance: ns (p-value >0.05), ** (p-value ≤0.01), **** (p-value ≤0.001).

Stimulation with functionalised fibres achieved a relatively low level of T cell
activation as measured by IL-2 release. At all tested antibody concentrations, IL-2
production was the highest in Jurkat cells stimulated with a plate-bound antibody.
Large standard deviations observed for cells treated with PFPA-functionalised fibres
may suggest uneven antibody conjugation to the surface or uneven cell interactions
with the surface. For untreated PCL scaffolds, a dose-response relationship
was observed, where more IL-2 was released in samples incubated with higher
concentrations of antibody. Interestingly, PFPA-treated fibres before UV treatment
performed significantly better than UV-treated formulations for 5 µg/mL (p≤0.01)
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and 10 µg/mL (p≤0.001), possibly due to the rapid release of physically adsorbed
antibody form the fibre surface. In the 20 µg/mL dosing group, the difference between
these formulations was insignificant. Similarly, the untreated fibre achieved
significantly lower IL-2 stimulation than PFPA-treated non-UV exposed fibres
for the same dosing groups (p≤0.001 for 5 µg/mL and 10 µg/mL).
The in vitro study suggest that this antibody delivery method did not achieve sufficient
level of T cell activation. One explanation for lack of biological activity is that the
conjugated antibody molecules are buried deep into the nanofibre mesh, therefore
reducing the possibility for contact with T cells. Potentially, this could be overcome
by introducing a spacer molecule, such as PEG, that would bring the antibodies back
to the surface of the fibre. It is possible, however, that the buried antibodies may
eventually be released through hydrolysis of the fibre mat.
Using antibody-decorated fibres, rather than particles, could potentially result in better
retention of the biomaterial at the tumour resection site, and therefore prolonged T cell
activation in vivo. However, past studies have reported that T cell stimulation is most
effective with biomaterials that resemble the natural size and shape of lymphocytes,
i.e. spherical or slightly elongated structures of around 10 µm in size12,256. The pore
size of PCL nanofibres may be too small for T cells to enter into the scaffold, leading
to a limited interaction with the antibodies. Therefore, the biological efficacy of
electrospun patches could be enhanced by scission of long fibre strands into shorter,
needle-shaped structures using ultrasonication257 or mortar grinding258. Breaking
down dense PCL fibres into loosened, micro-scale needles would not only enable more
effective interaction with T cells but also increase the functionalisation surface area
and enhance wettability. Another approach would be to produce spherical
microparticles by electrospraying by altering the solution parameters used in the EHD
process.
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3.4 Conclusions
The findings of this study indicate the feasibility of electrospun PCL fibre
functionalisation with perfluorophenyl azides. A thorough surface analysis using
SEM, XPS and FTIR successfully confirmed covalent modifications of the scaffold
by PFPA and encouraged further investigation into potential applications of this
approach. Protein conjugation using perfluorophenyl azide with an NHS moiety was
extensively explored using fluorescence staining and attachment studies, confirming
the retention of amine coupling capability following photografting of PFPA-NHS to
the PCL surface.
The importance of the washing method used to remove unreacted PFPA was
highlighted in Caco-2 viability studies, where unbound PFPA-NHS leaching out of
electrospun fibres appeared to be toxic to cells. A brief sonication in methanol and
PBS seemed to resolve this issue. Protein attachment studies showed that antibodies
can be easily deposited on the surface of PCL fibres with or without prefunctionalisation with NHS moieties. In case of enzyme or albumin attachment,
PFPA-treated samples showed increased surface attachment over the untreated
controls. Catalase retained its enzymatic activity following attachment to the fibres via
PFPA-NHS and released in a sustained manner over the period of 6 days. On the other
hand, physically adsorbed showed much faster release, highlighting the importance of
covalent conjugation via PFPA-NHS to the surface. The PFPA-NHS functionalisation
approach could be of great potential in applications where a prolonged presentation of
protein on the surface is required, for example in the design of growth factor-decorated
implantable scaffolds in bone and cartilage tissue engineering259,260.
In vitro T cell activation experiments highlighted the potential of surface
functionalisation via physical adsorption. Following incubation with anti-CD3, the
untreated fibres showed a dose-dependent performance in vitro. However, antibody-
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decorated fibres did not stimulate T cell activation as potently as the positive control.
Although not effective in short-term in vitro experiments, the UV-treated fibres could
show potential in vivo where a prolonged retention of the scaffold at the tumour
resection site is required. It is anticipated that overall cellular stimulation could be
improved by using electrosprayed particles, rather than electrospun scaffolds, to
mimic the size and shape of T cells. This will be explored in Chapter 4.

120

4. Chapter 4 - Antibody-functionalised
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activation.

4.1 Introduction
Nature

has

long

provided

inspiration

in

pharmaceutical

development.

With an increasing understanding of immunological processes governing conditions
such as cancer2,3, scientists are now more able to translate some of these processes
into effective therapeutic strategies. Research has shown that activated T cells
are capable of infiltrating tumours, recognizing and killing cancerous cells73.
This unique property of the immune system has been widely explored and multiple
cell-based immunotherapies have now been approved and indicated for a variety
of solid and liquid tumours20. The on-going effort to harness the immune response
to treat cancer is particularly evident in recent advancements in chimeric antibody
receptor T cell (CAR-T cell) therapy, a type of adoptive T cell therapy. In this
approach, cancer-specific cytotoxic lymphocytes are harvested from the patient,
expanded and modified ex vivo and subsequently re-infused back into the bloodstream.
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Two recently FDA-approved lymphoma treatments are now on the market
(Kymriah261 and Yeskarta262) and over 700 clinical trials are currently in the pipeline.
A promising tool in the delivery of adoptive immunotherapy entails direct in vivo
T cell activation using biomimetic particulate systems acting as artificial antigen
presenting cells (aAPCs)14,263,264. The concept of aAPCs has been previously described
in the introductory chapter of this thesis (see Section 1.3.3.2, page 21).
The pioneering work of Jonathan Schneck and subsequent developments by the Green
and Fahmy groups have led to the emergence of a new generation of aAPCs106,256,265–
268

. These novel particulate-based aAPCs were created using biodegradable polymers,

allowing for efficient local immuno-stimulation in vivo. As they are fabricated from
biodegradable materials, they can be safely implanted, or injected, into living
organisms, eliminating the need for strenuous ex vivo processing that is currently
required in adoptive T cell therapy protocols.
Surface-functionalised particles for triggering T cell responses have been extensively
explored as biodegradable aAPCs. Such particles should mimic biological APCs
by resembling their size and spherical shape as well as presenting stimulatory cues
on the surface77,255,256,269,270. These essential aAPC design parameters are described
below.

Choice of ligand and bioconjugation method
Broadly speaking, aAPCs are created by coupling T cell activating cues
to a biocompatible substrate. The major advantage of synthetic aAPCs is the control
over ligand choice and density on the surface. As previously discussed (Section 1.1.2,



The number of clinical trials published on www.clinicaltrials.gov with ‘CAR-T cell’ keyword in the
title is 769 on 12/05/20. Available from 334.

122

Chapter 4 - Antibody-functionalised electrosprayed microparticles for T cell activation.

page 3), effective T cell stimulation depends on the provision of two signals, 1 and 2.
Signal 1 is usually provided by an agonistic CD3 antibody or a recombinant antigenloaded MHC protein, while co-stimulatory signal 2 is often recreated by an agonistic
anti-CD28255,265,270 or anti-41BB271. Another approach is to use a mixture of multiple
signal proteins. For example, Rudolf et al.272 explored the co-delivery of CD28
and 41BB antibodies, achieving a three-to fivefold preferential expansion of CD8+
T cells than with anti-CD28 or anti-41BB alone.
Artificial APCs are sometimes explored for sustained delivery of signal 3 cues.
Steenblock et al.273 developed PLGA particles for in-situ release of IL-2, which
showed preferential activation of CD8+ T cells. Based on these findings, the group
then designed TGF-β and IL-2-loaded nanoparticles for targeted stimulation of CD4+
T cells.
With time, biodegradable aAPCs have become even more elaborate. In 2019
Zhang et al.274

described

the

design

of

PLGA

microparticles

bearing

11 immunostimulatory molecules – five encapsulated in the core and six surfaceconjugated using polyethylenimine modification and EDC/NHS chemistry.
The encapsulated proteins (IL-2, IL-15, CCL-21, anti-CTLA-4 and anti-PD1) showed
a burst release in the first two days (62.3%- 71.0%), followed by more sustained
release over 28 days, reaching approximately 81.0 to 88.3% cumulative release.

Particle size
Particle size of aAPCs plays a pivotal role in the potency of immune modulation.
Lymphocyte research by the Mescher lab has largely directed the design of modern
aAPCs12,13,275,276. In 1992, the group demonstrated a clear correlation between particle
size and effective T cell stimulation12. The biological response declined rapidly
for latex microbeads of sizes lower than 4 µm, and this could not be compensated
for by increasing the amount of smaller particles used in the experiment. The clear
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conclusion from this study was that a successful cytotoxic T cell response is highly
dependent on the size of the particle on which stimulatory cues are being delivered,
with preference given to micro-scale materials.
Based on these findings, micro-scale platforms resembling biological T cells have
become hugely popular in aAPC design. Microparticles (1-10 µm) of sizes comparable
to T cells and DCs in diameter (5-7 µm277 and 10-15 µm278, respectively) have been
widely explored76,266,279. In 2008, Steenblock and Fahmy proposed a concept of using
antibody-functionalised biodegradable PLGA micro- and nanoparticles as an ex vivo
T cell expansion platform. CD3 and CD28 antibodies were biotinylated and
immobilised onto avidin-PLGA at a 1:1 (w/w) ratio, and the effect of particle size on
aAPC efficacy was explored. The results of this study showed that micro-sized aAPCs
induced a 3-fold higher response in CD8+ T cell IL-2 release than nano-sized aAPCs
functionalised with the same protein dose255.
More recently, there has been some dispute over the use of nano-sized particles
in aAPC design. Based on the findings in cancer vaccine research280, where OVAcoated polystyrene nanoparticles induced a significantly higher immune response than
their micro-sized equivalent, the authors concluded that nano-APCs may be linked
to a more favoured in vivo biodistribution. Due to their smaller size, nanoparticles
are capable of draining to the lymph nodes, which are the natural site of T cell-APC
interaction264. With the fast-developing landscape of biodegradable aAPC design
research, more research into the effect of particle size and morphology is anticipated,
but currently injectable micro-sized particles that could act as a tissue-localised depot
remain the gold standard in aAPC design.

Aims of this chapter
The previous chapter described the potential for the simple and efficient presentation
of proteins on the surface of polymer-based biomaterials using perfluorophenyl azide
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chemistry. Although the target OKT3 antibody was successfully deposited on PCL
fibres, they did not achieve adequate in vitro cellular response in a T cell activation
model.
Based on the literature reviewed in Section 4.1.2 (page 123), it is anticipated
that delivering anti-CD3 on the surface of spherical microparticles would achieve
a more potent biological response due to the biomimetic nature of the substrate size
and morphology.
Therefore, this chapter aims to employ the previously described PFPA-NHS chemistry
for the conjugation of OKT3 to the surface of electrosprayed PCL particles,
with the ultimate goal of achieving targeted T cell activation when the particles are
injected intratumorally.
Several variations of the electrospraying methodology will be investigated to produce
separated particles in the range of 1-10 µm in diameter. The particles
will be thoroughly

characterised

to

investigate

the

effect

of

PFPA-NHS

functionalisation on surface morphology and composition. Following preliminary
studies with model proteins (albumin, rhodamine-amine, FITC-albumin), anti-CD3functionalised PCL microparticles will be tested in in vitro T cell activation models
created using a cell line and T cells derived from human blood.
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4.2 Experimental details
PCL microparticle fabrication using EHDA
Standard uniaxial electrospraying
The principles of EHDA are described elsewhere in this thesis (see Section 1.4, page
23). PCL microparticles of ca. 10 µm were prepared by electrospraying a solution
of 10 % w/v polycaprolactone (Mw~ 45 kDa, Sigma-Aldrich, UK) in 2,2,2trifluoroethanol (99.8%, ThermoFisher, UK). The solution was dispensed through
a 21G stainless needle (inner diameter 0.51 mm, Nordson EFD, UK) connected
to a high-voltage direct-current power supply (HCP 35-35000, FuG Elektronik,
Germany) at a voltage set at 15 kV. A syringe pump (789100C, Cole Parmer, UK)
was used to control the solution ﬂow rate (1.0 mL/h). The particles were collected
on aluminium foil placed on a grounded plate collector (14.7 × 20 cm). The distance
from the needle to the collector was 16 cm. Temperature was at approximately
25 ± 2 °C and relative humidity was 35 ± 10%. The resultant particles (named PCLTD) were carefully scraped from the foil with a scalpel held perpendicularly (90 º)
to the aluminium plate and stored in air-tight glass vials at room temperature.

Electrospraying into liquid nitrogen
The same procedure as in Section 4.2.1.1 was employed, except that the particles were
collected into liquid nitrogen. Liquid nitrogen was placed in a stainless-steel bowl,
which was hemispheroidal with an inner diameter of 14 cm. The bowl was filled with
liquid nitrogen to 2 cm below the top. The distance from the needle to the surface
of the liquid nitrogen was kept at 16 cm. Once the liquid nitrogen had entirely
evaporated, two methods were used to dry the particles: by freeze-drying (VirTis
Company Inc., Gardiner, UK) overnight at -40 °C (termed PCL-LN-FD) or storing the
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frozen particles in an oven (PF 30, Carbolite, UK) overnight at 45 °C (termed PCLLN-OV). The product was then stored in air-tight glass vials at room temperature.

Electrospraying assisted by pressurised gas
These materials were a kind gift from Bioinicia S.L. (Spain). These were obtained
by the so-called electrospraying assisted by pressurised gas technique using
the FluidnatekTM LE500 CapsultekTM pilot system. The system comprises an injection
unit, a drying chamber, and a cyclonic collector281. The experiments were performed
at controlled ambient conditions, 25 °C and 30% relative humidity. PCL (Mw ~ 14000
kDa; Sigma Aldrich, UK) was dissolved in acetone (Labkem, Spain, Ph. Eur. 99.5%)
at a concentration of 15 % w/w. The solution was pumped at 1 mL/min into an injector
supplied with an assisted air pressure of 10 L/min and a variable electric voltage.
Particles of PCL-PG-1 were prepared at 5 kV and particles of PCL-PG-2 were
manufactured at 2 kV and stored in airtight glass vials at room temperature.

Perflurophenyl azide functionalisation
PFPA-NHS was synthesised as described in Section 3.2 (page 71). PFPA
functionalisation was performed by allowing the microparticles to react with PFPANHS at a final concentration of 50 mg/mL of particles in the functionalisation solution,
with the latter comprising 20 mg/mL PFPA-NHS in methanol. The particles were then
immediately dried under reduced pressure. Afterwards, the particles were transferred
to quartz cuvettes, sealed with parafilm and attached to a plate-shaker with a 0.3 cm
circular orbit (Microplate Mixer, SciQuip, UK) set to 200 rpm. The formulation
was then exposed to UV radiation (8-watt, 254 nm, 50 Hz at a distance of 10 cm)
for 20 minutes. After that, the particles were briefly mixed with a spatula and treated
with UV for another 20 minutes. Subsequently, the particles were moved to centrifuge
tubes and washed once with 1 mL of methanol and twice with 1 mL of PBS,
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by centrifuging and resuspending in fresh solution, to remove unbound PFPA-NHS
and to ensure sterility for in-vitro experiments. Blank PCL particles (no PFPA
solution, no UV radiation) and a set of non-UV treated samples (treated with PFPA
solution, no UV radiation) were prepared as controls.

Morphological and physicochemical characterisation
Particles pre- and post-functionalisation were characterised using SEM, FTIR
and XPS as described in Section 2.2.3 (page 55).

Conjugation

of

fluorescently-labelled

model

biomolecules
The conjugation of biomolecules to particles was simulated using two amine-bearing
model molecules - rhodamine-amine (Santa Cruz Biotechnology, UK) and FITCalbumin (Sigma-Aldrich, UK). PCL particles were incubated either in 20 μg/mL
rhodamine-amine or FITC-albumin in PBS (5 mg of particles in each Eppendorf tube,
immersed in 100 μL of FITC-albumin solution or 100 μL of rhodamine-amine
solution). After 24 hours of incubation at room temperature under constant shaking
and light exclusion, the particles were washed with 2 mL of PBS four times
by centrifuging and resuspending in fresh solution, and imaged with fluorescence
microscopy (EVOS XL Cell Imaging System digital inverted microscope,
ThermoFisher Scientific, UK).

Protein attachment study
The protein attachment was tested indirectly. Five sets of samples were prepared,
corresponding to five time points. In each set, 0.5 mL of a 20 μg/mL solution of bovine
serum albumin (BSA, ThermoFisher Scientific, UK) was added to 20 mg of surfacefunctionalised PCL particles. Afterwards, the particles were incubated in Eppendorf
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tubes at room temperature under constant shaking (500 rpm) on a plate shaker.
Subsequently, after an appropriate incubation period, the individual set corresponding
to each time point (1, 2, 3, 6 or 24 hours) was removed from the plate shaker
and centrifuged. The supernatants were collected, and the protein content
of the supernatants quantified using the Bradford Ultra protein assay (see Section
2.2.6.2, page 58). The percentage attachment was calculated as outlined in Section
3.2.8 (page 75). Each experiment was performed three times on separate days, with
three replicate wells per treatment.

Preparation of anti-CD3-functionalised microparticles
Two methods of PCL microparticle functionalisation were explored. Anti-CD3 IgG
(clone OKT3, BioLegend, UK) was immobilised on the particle surface either
by physical adsorption or via PFPA-NHS functionalisation (as described in Section
4.2.2). The optimal length of the functionalisation reaction and the amount of antibody
used for conjugations was established experimentally (as described in Section 4.2.6.1,
page 129 and Section 4.2.6.2, page 130, respectively).

Anti-CD3 loading quantification
Anti-CD3 attachment onto the particles was determined by depletion, similarly to the
study described in Section 4.2.5, page 128. Microparticles (5 µg) were incubated
at ambient temperature under gentle agitation with a 10 μg/mL (1 mL) solution
of OKT3. The concentration of protein supernatant was determined after particle
separation using the NanoOrange® protein assay as described in Section 2.2.6.4 (page
59), and compared to the protein concentration prior to particle incubation.
Measurements were taken at 1, 2, 3, and 6 hours post-incubation. The optimal particle
functionalisation reaction time was established based on the results of this experiment.
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In-vitro T cell activation using Jurkat cells
An in vitro assay was optimized to achieve a reliable protocol for quantification of IL2 release upon T cell receptor activation in anti-CD3 stimulated Jurkat E6.1 cells
in a 96-well plate format. The antibody-functionalised particles were resuspended
in cell culture medium at varying concentrations (~50-700 µg/well) or antibody doses
(0-10 µg/well) and 50 µL of the suspension was pipetted onto the bottom of a standard
flat-bottomed 96-well plate (Corning, UK). The desired concentration of particle
suspension was established experimentally. The cells were resuspended at 2.5 × 105
cells/mL and 150 μL of the cell suspension was transferred to each well.
The total volume in each well was 200 µL (150 µL cell suspension and 50 µL particle
suspension). For the positive control, a plate-bound antibody solution at the same
OKT3

concentration

as

in

the

microparticle

suspensions

was

used.

Wells with no antibody stimulation were used as a negative control. For control wells,
the 50 µL particle suspension was replaced with 50 µL of pre-warmed cell culture
media to maintain the same cell density per well.
For a co-stimulatory response, 10 µL of 10 µg/mL soluble anti-CD28 in PBS
was added to the cells223. The plate was then placed in a humidified 37 ºC 5% CO2
incubator under constant shaking (500 rpm) on a plate-shaker with a 0.3 cm circular
orbit (Microplate Mixer, SciQuip UK) for four days. Afterwards, the plate was
centrifuged at 1200 rpm for five minutes to allow the suspended cells and
microparticles to sediment at the bottom. The supernatant was collected for Human
IL-2 DuoSet ELISA analysis (R&D Systems, UK; for experimental details see Section
2.2.7, page 59), while the viability of the cells was measured using the PrestoBlue™
Cell Viability Reagent (Sigma-Aldrich, UK) as previously described in Section 2.2.8.2
(page 61).
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Visualisation of antibody conjugation using fluorescence
microscopy
PCL microparticles (5 mg) were functionalised as described in Section 4.2.2 and then
were subsequently incubated for one hour at room temperature with constant gentle
shaking (200 rpm on a plate-shaker with a 0.3 cm circular orbit (Microplate Mixer,
SciQuip, UK)) in a 5 µg/mL solution of FITC-conjugated anti-human CD3 antibody
(clone OKT3, BioLegend, UK). Afterwards, the particles were thoroughly washed
with PBS (3×1 mL) and observed with fluorescence microscopy (EVOS XL Cell
Imaging System digital inverted microscope, ThermoFisher Scientific, UK).

In-vitro T cell activation using CD3 positive T cells
isolated from peripheral blood mononuclear cells.
In vitro T cell activation was performed on CD3+ T cells isolated from peripheral
blood mononuclear cells obtained from three healthy donors, with three replicate wells
per treatment tested.
CD3 positive T cells were isolated as described in Section 2.2.8.5 (page 63). The
antibody-functionalised particles were resuspended in cell culture media (5 mg/mL)
and 50 µL of this suspension was pipetted onto the bottom of a standard flat-bottomed
96-well plate (Corning, UK). The cells were resuspended in complete RPMI
at 2.5 × 105 cells/mL and 150 μL of the cell suspension was transferred to each well.
The total volume in each well was 200 µL (150 µL cell suspension and 50 µL particle
suspension). For the positive control, an antibody solution at the same concentration
as was present in the microparticle incubation solution was pipetted directly into the
well and incubated for 1 hour at room temperature (plate-bound antibody control).
Wells with no antibody stimulation were used as a negative control. For control wells,
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50 µL of particle suspension was replaced with 50 µL of pre-warmed cell culture
media.
For a co-stimulatory response, 10 µL of 10 µg/mL soluble anti-CD28 in PBS was
added to the cells. The plate was then placed in a humidified 37 ºC 5% CO2 incubator
under constant shaking (500 rpm) for four days.

Determination of T cell proliferation using flow cytometry
Immunofluorescent staining was performed to examine the expression of T cell
surface markers by flow cytometry. Following a four-day incubation of particles with
PBMC-derived T cells (see Section 4.3.7), the 96-well culture plate was centrifuged
at 4 °C and 1200 rpm for 5 min. The resultant supernatant was collected and stored at
-20 °C for cytokine production analysis (see Section 4.2.8.2, page 133).
The cells were resuspended in 200 µL of ice-cold PBS (without Ca/Mg2+) and pipetted
into a 96-well V-bottomed plate (Sigma-Aldrich, UK). The cells were then washed
once in 200 µL of ice-cold PBS and resuspended in 30 µL of LIVE/DEAD™ Fixable
Violet Dead Cell Stain (1:1000 v/v dilution in PBS, ThermoFisher, UK). The cells
were mixed by gentle pipetting up and down and incubated with shaking on ice, while
protected from light, for 20 minutes. Following incubation, the cells were washed in
200 µL of ice-cold PBS (without Ca/Mg2+) and 25 µL of antibody cocktail (1 µL of
anti CD3-PE/Cy7, 1 µL of CD4-PerCP in 23 µL of PBA (2% v/v FBS in PBS)) was
added. The plate was again incubated on ice with shaking, and protected from light,
for 30 minutes. Following staining, the cells were washed once in 200 µL of ice-cold
PBA and fixed with 2% formaldehyde solution (80 µL per well, incubated for 10
minutes, shaking, at room temperature). The fixing solution was neutralised with 120
µL of ice-cold PBA and the plate was centrifuged at 4 °C and 1200 rpm for 5 min, and
washed with another 200 µL of ice-cold PBA. Following resuspension in 200 µL of
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ice-cold PBA, the cells were ready for flow cytometry analysis. A summary of
immunofluorescence staining used in proliferation panels is provided in Table 4-1.
Table 4-1: Summary of fluorochromes and markers used in the flow cytometry proliferation
panel.
Fluorochrome

Marker

PE/Cy7

CD3

PerCP

CD4

CellTrace CFSE (488)

Proliferation

Violet (405)

Live/Dead

Flow cytometry analyses were performed using a MACSQuant® Analyzer 10
(Miltenyi Biotec, UK) as previously described (Section 2.2.9, page 65). The results
were analysed using FCS Express version 7.04. The proliferation index was calculated
using the software’s built-in proliferation analysis tool, which uses the following
formula (Equation (4.1)).282
𝑃−1

𝑃𝑟𝑜𝑙𝑖𝑓𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥 = ∑
𝑖=0

𝑁𝑖
2𝑖

(4.1)

where 𝑃 is the total number of peaks found and 𝑁 is the number of cells in a generation.

Cytokine production assays
The cell culture supernatant collected prior to flow cytometry analysis (see section
4.2.8.1, page 132) was used for the determination of cytokine release following a 4day incubation of CD3+ T cells with particle formulations. The production of IFN-γ,
TNF-α and IL-2 were quantified using commercially available ELISA kits
as described in Section 2.2.7, page 59).
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4.3 Results and discussion
This chapter discusses the fabrication, functionalisation, characterisation and the in
vitro biological performance of electrosprayed microspheres surface-functionalised
with anti-CD3 via PFPA chemistry. The work presented below builds on the findings
discussed in the previous chapter (see Chapter 3, page 67), where PFPA-NHS was
used to conjugate model proteins to the surface of electrospun fibres.
Electrospraying is a relatively simple and fast technique for the fabrication of microand nanosized spheres. The intricacies of the process optimisation have been
previously described in the introductory chapter of this thesis (see Section 1.4, page
25). Scheme 4-1 summarises the concept of anti-CD3 decorated PCL particles that
will be explored in the in vitro T cell activation models discussed in this chapter.

Scheme 4-1: Surface functionalisation of electrosprayed microparticles with anti-CD3 using
perfluorophenyl azide chemistry.

Morphology of electrosprayed microparticles
The effect of PFPA-NHS treatment on the surface morphology and the average
diameter of PCL microparticles prepared via a standard top-down electrospraying
method was investigated using SEM (Figure 4-1).
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6.72 ± 0.72 µm

7.20 ± 0.77 µm

7.20 ± 0.90 µm

Figure 4-1: Morphology and size of electrosprayed polycaprolactone particles (PCL-TD)
following PFPA-NHS functionalisation. Scanning electron micrographs and particle size
distribution with mean and standard deviation of untreated (a, b) and PFPA-treated particles
before (c, d) and after UV exposure (e, f). Similar results were obtained from all three
independent experiments and the results of one representative experiment are shown.

Scanning electron micrographs revealed the microsphere morphology to be the same
before and after functionalisation with PFPA-NHS (Figure 4-1a, c, e). In all tested
conditions the particles remained smooth and spherical, suggesting that electrosprayed
microparticles are capable of withstanding exposure to methanol and PBS as well as
centrifugation washing step applied during functionalisation.
It should be noted, however, that a significant level of particle aggregation was
observed in all tested conditions, which could potentially have a negative effect on the
efficiency of surface functionalisation in PFPA-NHS-treated samples. The possible
solutions to particle aggregation will be discussed later in this chapter (see Section
4.3.5, page 147).
A unimodal size distribution with an average particle diameter of ~7 µm was
consistently observed for all particles (Figure 4-1 b, d, f). This lies within the preferred
particle size range for T cell activation purposes (1-10 μm) as previously discussed
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(Section 4.1.2, page 123)266,283. Overall, the PFPA-NHS functionalisation did not
affect the morphology and size of the electrosprayed microparticles. As a simple and
tunable microparticle production method, electrospraying appears to be an appropriate
method for the production of polymeric microparticles for this application.

Physical characterisation
Figure 4-2 shows representative spectra of PFPA-functionalised microparticles before
and after UV-light treatment.
The effect of particle washing and sterilisation method (by immersing in methanol,
followed by subsequent centrifugation and resuspension two times in sterile PBS) was
also investigated. The spectrum of the untreated particles before and after the wash are
identical, suggesting that the repeated washing cycle in methanol and PBS does not
affect the chemical composition of the polymer.
In unwashed PFPA-treated particles before UV treatment the prominent azide peak at
2134 cm-1 (arising from an asymmetric stretching vibration) and carbonyl stretches of
the NHS moiety between 1650 and 1775 cm-1 can be observed. These features cannot
be seen after the washing step, which means that the unbound PFPA-NHS was
successfully removed from the surface of the particle.
After UV treatment, the azide peak significantly decreased in intensity, confirming the
photolysis of the PFPA. However, a small peak remains at 2134 cm-1, which could be
evidence of the unreacted compound still present on the surface. Following washing
in methanol and PBS, the azide peak is removed. Interestingly, the carbonyl stretches
at 1650 and 1775 cm-1 also disappear. The results observed above may indicate that
the photo-initiated C-H insertion reaction did not occur. This could suggest that either
PFPA-NHS was not covalently conjugated to the surface or that the amount of PFPANHS bound to the surface was below the detection limit of FTIR.
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Figure 4-2: Representative FTIR spectra of PFPA-NHS functionalised PCL-TD microparticles.
Untreated particle control is included, as well as PFPA-treated particles before and after UV
exposure. The grey shading denotes the areas of interest – azide (~2134 cm-1) and carbonyl
(~1650 cm-1) peaks. PFPA-NHS functionalisation is visible in microparticles before the
methanol washing step. Afterwards, the carbonyl stretches of the NHS bond are no longer
visible. Similar results were obtained from all three independent experiments and the results
of one representative experiment are shown.

To test the latter, the surface of the microparticles was investigated with a more
sensitive technique. Similarly to the PFPA-treated electrospun fibres described before
(see Section 3.2.6 of chapter 3, page 74) the functionalised microparticles were
analysed with XPS to assess the chemical composition of the particle surface. The
results of the elemental survey analysis are presented in Figure 4-3.
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Figure 4-3: Representative XPS survey spectra measured for untreated and PFPA-treated
PCL-TD particles before and after UV exposure. The effect of a post-functionalisation washing
step on the retention of fluorine and nitrogen on the surface is explored. The fluorine (~ 690
eV) and nitrogen (~ 450 eV) peaks are shaded in grey. Similar results were obtained from all
three independent experiments and the results of one representative experiment are shown.

The highlighted fluorine and nitrogen peaks were used as markers of PFPA
functionalisation. As predicted, untreated particles show no N1s or F1s peaks. It can
be seen that a significant level of fluorine and nitrogen is detected in unwashed PFPAtreated particles before UV treatment, but these elements are no longer present after
the washing cycle. Similarly, while a small fluorine peak can be seen in PFPA- and
UV-treated samples, it vanishes following the washing step.
To gain a better understanding of surface composition, the elements were quantified
based on the survey spectra, and the results are presented in Table 4-2.
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Table 4-2: Elemental surface composition of functionalised particles before and after the
washing step. Data are shown as mean ± SD (n=3).
Surface C

Surface O

Surface F

Surface N

(at%)

(at%)

(at%)

(at%)

Untreated

78.32 ± 0.56

21.68 ± 0.57

0.00

0.00

PFPA-NHS before UV
(unwashed)

68.33 ± 0.17

20.20 ± 0.71

7.36 ± 0.82

4.12 ± 1.35

PFPA-NHS before UV
(washed)

76.39 ± 0.95

23.28 ± 0.77

0.17 ± 0.06

0.16 ± 0.02

PFPA-NHS after UV
(unwashed)

74.86 ± 0.43

23.87 ± 0.03

0.43 ± 0.10

0.84 ± 0.23

PFPA-NHS after UV
(washed)

75.34 ± 0.95

24.66 ± 0.90

0.00

0.00

The results of XPS analysis on the surface of PFPA-functionalised microparticles
match those previously described for electrospun fibres (see Section 3.2.6, page 74).
Elevated nitrogen and fluorine contents in PFPA-treated samples confirm the presence
of the compound on the PCL surface, although in unwashed PFPA- and UV-treated
samples it is relatively low. The decrease in nitrogen content visible in PFPA-NHS
treated samples before (4.12 ± 1.35%) and after UV treatment (0.84 ± 0.23%) could
be partially attributed to the breakdown of the N3 group upon photo-triggered C-H
insertion reaction, releasing N2 as a by-product. This, however, does not explain the
significant drop in surface fluorine content (from 7.36 ± 0.82 % to 0.43 ± 0.10 %).
In both PFPA-treated formulations, the washing cycle removes the majority
of F and N from the surface, suggesting that PFPA-NHS was not covalently
conjugated to the surface or that the washing step was too aggressive. Surprisingly,
some surface fluorine (0.17 ± 0.06 %) and nitrogen (0.16 ± 0.02 %) remains bound
to the PFPA-treated particles without UV treatment. This could mean that there is
some level of strong surface adsorption of PFPA-NHS to the PCL particle surface.
Although the results obtained in FTIR and XPS are rather unfavourable,
it is hypothesised that the level of functionalisation could be below the detection limit
of these analytical techniques. A further investigation into the protein conjugation
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capability was performed to assess the functional performance of the PFPA-NHS
particles.

Model protein conjugation
Fluorescence staining was performed to model protein conjugation using two model
molecules, an amine-bearing small molecule (rhodamine-amine) and albumin (FITCBSA), similarly to the model protein conjugation study discussed for PFPAfunctionalised electrospun fibres in Chapter 3 (see Section 3.2.7, page 74). After
thorough washing, the particles were imaged with a fluorescence microscope
as depicted in Figure 4-4.
(a)

100 µm

(b)

100 µm

(c)

100 µm

(d)

(e)

(f)

100 µm

100 µm

100 µm

Figure 4-4: Conjugation of fluorescently-labelled model molecules to untreated (a,d,) and
PFPA-treated microparticles before UV (b,e) and after UV irradiation (c,f). All samples were
washed following functionalisation. Top row (a,b,c) shows the micrographs of rhodamineamine treated samples, while bottom row (d,e,f) presents microparticles incubated with FITCalbumin. Similar results were obtained from all three independent experiments and the results
of one representative experiment are shown.
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The results presented in Figure 4-4 agree with the similar experiment carried out on the
electrospun fibres (see Figure 3-11, page 97). For rhodamine-amine samples,
untreated (Figure 4-4a) and PFPA-treated particles without UV exposure (Figure 4-4b)
showed no fluorescence in the GFP channel, while the UV-irradiated PFPA-treated
sample (Figure 4-4c) appeared bright green under the microscope.
Although no fluorescence was observed in untreated particles incubated with FITCBSA (Figure 4-4d), some signal was detected in PFPA-treated microspheres. Samples
without UV treatment (Figure 4-4e) were less fluorescent than after photoactivation
(Figure 4-4f).
For both fluorescent dyes, UV-irradiated PFPA-treated particles showed the highest
intensity. Similarly to the fibre functionalisation, the enhanced protein adsorption
in PFPA-treated fibre before UV treatment could be attributed to the presence of
fluorine atoms on the surface. Fluorination of polymers can increase their
hydrophobicity, therefore favouring protein adsorption243. Although the extent
of surface fluorination is quite small, it may be enough to promote protein adsorption,
as observed above. This effect, however, is not observed with small molecules such
as rhodamine-amine and therefore no fluorescence signal can be observed.
Protein surface attachment was additionally quantified by monitoring the percentage
attachment of a model protein (BSA) to the particles (Figure 4-5) over 24 hours.
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Figure 4-5: Percentage of bovine serum albumin attachment to electrosprayed PCL particles
as a function of time. Data are shown as mean ± S.D. and are representative of three
independent experiments performed on three separate days (n=3). Repeated measures oneway ANOVA with post hoc Tukey’s test; Statistical significance: **** (p ≤0.0001).

At all measured time points, PFPA-treated particles performed significantly
(p ≤0.0001) better than the blank PCL microspheres, with over 90% protein
attachment after just one hour of reaction. As each sample was incubated with 10 µg
of protein, this would correspond to ~9 µg of BSA being bound to the surface. For the
untreated particles, protein adsorption to the surface appears to be following a trend
where percentage attachment increases at longer incubation times (6 and 24 hours).
There was no significant difference between PFPA-functionalised samples before and
after UV treatment.
Even though the physicochemical characterisation showed considerably low PFPANHS deposition on the PCL particles (as shown in Figure 4-2 and Figure 4-3), the
surface functionalisation undoubtedly promoted protein conjugation to these particles.
Although the percentage attachment was comparable for PFPA-treated samples
before- and after UV treatment, it is expected that UV-initiated C-H insertion reaction
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will result in covalent binding of the protein to the surface. It is therefore likely that
UV treatment will decrease the rate of protein elution from the surface (as discussed
in Chapter 3, Figure 3-22). The results presented above encouraged further testing
with a target therapeutic molecule.

In vitro T cell activation in Jurkat cells with microparticles
prepared via standard electrospraying.
As the primary aim of this chapter was to develop artificial antigen-presenting cells,
anti-CD3 conjugation was attempted on the surface of electrosprayed particles to try
to recreate TCR signal 1-delivering aAPCs.
The initial optimisation experiment involved monitoring the antibody attachment over
time (6 hours), to determine the optimal functionalisation reaction time. Each
formulation was incubated in 1 mL of 10 µg/mL OKT3 antibody in PBS. Therefore,
100% conjugation would mean that 10 µg of OKT3 was attached to the surface. The
results are presented in Figure 4-6.
ns
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Figure 4-6: Percentage of OKT3 attachment to the electrosprayed particles as a function of
time. Data are shown as mean ± S.D. and are representative of three independent
experiments performed on separate days (n=3). Repeated measures one-way ANOVA with
post hoc Tukey’s test; Statistical significance: ns (p-value > 0.05), * (p-value ≤ 0.05), *** (pvalue ≤ 0.001).
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All formulations led to over 96% of the soluble protein being taken up onto the particle
surface within the first hour. PFPA-NHS treated particles achieved slightly higher
attachment percentages at all measured time points compared to the particles prepared
by adsorbing the antibody to the surface. At longer incubation times (3 and 6 hours),
the difference in percentage attachment between untreated and UV-irradiated PFPAtreated became significant (p ≤ 0.001). In general, the difference in attachment was
insignificant between PFPA-treated fibres before and after UV treatment, apart from
the difference observed at 3-hour time point (p ≤ 0.05).
The results presented here are consistent with the protein conjugation experiment
conducted for PFPA-NHS functionalised electrospun fibres discussed in Chapter 3
(see Figure 3-16, page 103), where in the untreated PCL fibre control the attachment
of a model antibody, infliximab, was much higher than that of BSA. Here, the
attachment of OKT3 within the first hour of incubation was already at 96% for
untreated PCL particles, while the BSA attachment presented in Figure 4-5 (page 142)
reached 25%. A possible explanation for this effect could be the relatively high
hydrophobicity of antibodies as compared to albumin, which would result
in a favoured adsorption to hydrophobic surfaces as observed in Figure 4-6.
Since the protein loading was over 96% in the first hour post-incubation, this reaction
time was chosen for further experiments. Although no statistical significance was
observed between PFPA-NHS-treated samples and untreated controls, the catalase
release profile evaluated for the electrospun fibres suggests that PFPA-treated
materials may retain the protein at the surface for a longer period of time. A shorter
period of incubation will decrease the exposure of the NHS moiety to an aqueous
buffer, therefore reducing the risk of its hydrolysis and possibility of degradation162.
Moreover, since the PFPA-NHS reaction is carried out at room temperature, longer
incubation times could negatively impact the stability of the antibody being attached
to the surface.
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Optimisation of particle and antibody dose
Once the attachment of OKT3 was successfully confirmed in the protein loading study,
the follow-up experiment aimed to identify the optimal amount of antibody
and particles needed to elicit a response in Jurkat cells. In this study, a varying amount
of antibody-functionalised particles was added to each well: 125 µg (Figure 4-7a
and b), 250 µg (Figure 4-7 c and d), 500 µg (Figure 4-7e and f), 750 µg (Figure 4-7g
and h). Additionally, the effect of antibody amount added to each particulate
formulation was tested: 0, 0.5, 1, 5 and 10 µg. This way, both the effect of particle
dosage and antibody dosage could be isolated. The viability and IL-2 concentration
were tested as presented in Figure 4-7.
For UV-treated samples, this experiment further clarified the cytotoxicity at higher
antibody (Figure 4-7a) and particle (Figure 4-7c, e, g) dosages. Moreover, the UVtreated systems had only minimal biological efficacy (in terms of IL-2 production)
at lower dosages (125 and 250 µg/well; Figure 4-7b and d, respectively) as compared
to the two other treatments. Due to the 100% cell death in the 500 and 750 µg/well
testing groups, the UV-treated formulation was excluded from the IL-2 release
quantification presented in Figure 4-7f and h. This formulation was therefore excluded
from further immunological testing as it was deemed unsuitable for in vivo application.
The reasons for the observed cytotoxicity remain unknown.
The highest release of IL-2 was achieved in the 250 µg/well dosing group (Figure
4-7d). In particular, cells treated with 0.5 µg of antibody retained viability at ~ 75%
(Figure 4-7c) and performed significantly better (p ≤ 0.0001) than the plate-bound
antibody control. Therefore, the dose of 0.5 µg of antibody on 250 µg particles per
well was selected for further testing in T cells isolated from peripheral blood
mononuclear cells.
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Figure 4-7: Summary of cell viability (panels a,c,e,g) and IL-2 concentration (panels b,d,f,h)
in Jurkat cells following treatment with particle. Panels a and b, c and d, e and f, g and h
correspond to treatment with the following doses of particles: 125 µg/well, 250 µg/well, 500
µg/well and 750 µg/well, respectively. Data are shown as mean ± S.D. and are representative
of two independent experiments performed on separate days, with three replicate wells per
condition. Repeated measures two-way ANOVA with post hoc Tukey’s test; Statistical
significance: **** (p-value ≤ 0.0001).
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Particle separation
The efficiency of the surface PFPA-NHS functionalisation approach requires an even
surface coating on the individual particles. A major drawback of microparticles
prepared via electrospraying is their tendency to aggregate (see Figure 4-1). Several
approaches have been described to minimise particle aggregation, for example by
changing the collection vessel from aluminium foil to a water bath284. However,
particles prepared from hydrophobic polymers, such as PCL, collected on a surface
of an aqueous solution often form a film that cannot be easily broken down
to individual particles284,285. Although collection into ethanolic solution has been
previously reported286, this approach may not be suitable for this application,
as a prolonged treatment with alcohols may alter the surface chemistry of the polymer
particle287.
Three electrospraying fabrication set-ups were explored in an attempt to achieve
complete separation of the generated microspheres. These included: standard topdown electrospraying, electrospraying into liquid nitrogen and electrospraying
assisted by pressurized gas (EAPG). Figure 4-8 presents the morphology and size
distribution of the microparticles obtained as a result.
The microparticles produced with a standard top-down electrospraying setup (PCLTD) are depicted in Figure 4-8a, and experimental details are discussed above (see
Section 1.4, p. 23 and Section 4.3, p.134). The resulting microparticles exhibited
a unimodal size distribution (Figure 4-8b) with a mean size of 7.21± 0.91 µm.
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Figure 4-8: Scanning electron microscopy and particle size distribution curves (N=100, mean
± SD) of electrosprayed PCL particles. Following fabrication methods were tested: top-down
electrospraying (PCL-TD; panels a, b), electrospraying into liquid nitrogen followed by drying
in an oven at 45 °C (PCL-LN-OV; c, d) or freeze-drying at - 40 °C (PCL-LN-FD; e, f),
electrospraying assisted by pressurized gas (PCL-PG-1 (g and h) and PCL-PG-2 (i and j)).
Similar results were obtained for three independent experiments.
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The second method involved electrospraying into liquid nitrogen288. In this approach,
a polymer solution is ejected via a charged needle into a dewar containing liquid
nitrogen placed on a grounded aluminium plate to maintain the electric field. Once the
polymer droplets come into contact with liquid nitrogen, any residual solvent becomes
trapped inside the particles, which subsequently sediment at the bottom of the
container. The residual solvent is then removed from the frozen particles via drying
in an oven (PCL-LN-OV; Figure 4-8c and Figure 4-8d) or freeze-drying (PCL-LNFD; Figure 4-8e and Figure 4-8f).
As shown in Figure 4-8c, the particles obtained using liquid nitrogen-assisted
electrospraying showed better separation than in conventional electrospraying (Figure
4-8a), with only minimal defects in the spherical shape. Particle size distribution
remained unimodal with a decrease in mean particle size, where a drop from
7.21 ± 0.91 µm (Figure 4-8b) to 4.55 ± 1.11 µm (Figure 4-8d) was observed.
On the contrary, Figure 4-8e reveals a change in the morphology of particles subjected
to freeze-drying following electrospinning into liquid nitrogen. While the particle size
(Figure 4-8f) was comparable to the reference PCL-TD (Figure 4-8b), the morphology
was significantly altered. During the freeze-drying process, the removal of any
residual frozen solvent via sublimation leads to a characteristic porous structure289,
which is not observed when the solvent is removed in mild conditions such as ovendrying. This morphology could be beneficial for the PFPA-NHS functionalisation
efficiency due to increased surface area. Conversely, it could lead to increased particle
brittleness and higher chance of breakdown upon post-treatments such as immersion
in the functionalisation solvent (PFPA-NHS in methanol) or subsequent washing steps
via centrifugation.
A major drawback of the electrospraying into liquid nitrogen presented in PCL-LNOV and PCL-LN-FD was a low product yield, estimated to be around 5%.
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For comparison, PCL-TD yields around 90%. This could potentially be improved with
further apparatus optimisation, as the low yield is hypothesised to be due to the
distortion of electric field by the collection vessel. The dewar is made of stainless steel
and so is well grounded under the electric field. On the other hand, liquid nitrogen
would not hold charge as well as stainless steel does. It is likely that electrosprayed
droplets are attracted to the dewar, therefore depositing not into the liquid nitrogen,
but on the outer sides of the container. Potentially, using an alternative collection
vessel and focusing the electric field by enclosing the dispensing needle in a copper
ring290 could increase the product yield. However, as the electrospraying process
optimisation was not the primary aim of this study, no further attempts were made to
increase the efficiency of this method.
Electrospraying assisted by pressurized gas (EAPG) is a novel technology developed
by Bioinicia S.L. where a compressed air-assisted pneumatic injector nebulizes
the polymer solution within a high electric field. The solvent is then evaporated
in an evaporation chamber under ambient conditions, allowing the collection
of microparticles as a free-flowing powder291. This high-throughput approach
facilitates industrial-scale manufacture of electrosprayed particles and has been tested
in the production of omega-3281 and docosahexaenoic acid-enriched fish oil291
microcapsules.
EAPG technology resulted in the production of separated particles (PCL-PG-1 and
PCL-PG-2; Figure 4-8g and i, respectively). However, the particles were much smaller
in diameter than the batch manufactured in house on standard electrospinning
apparatus. The average particle size of around 2 µm (Figure 4-8h and j, respectively)
is approximately 3-4 times lower than of microspheres fabricated via a standard topdown electrospraying technique. As the in vitro T cell activation experiments were
optimised with much larger microparticles prone to aggregation, the cellular responses
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observed for PCL-PG-1 and PCL-PG-2 may be significantly different than those
in PCL-TD.
Formulations PCL-TD, PCL-PG-1 and PCL-PG-2 were selected for further testing due
to their ease of fabrication and high production yields291. The particles
are morphologically uniform, lying in the preferable size range of 1-10 µm76,266,279.
The effect of particle size and aggregation differences will be investigated
in biological models.

Anti-CD3 attachment on electrosprayed microparticles
OKT3 antibody attachment over time was previously established using microparticles
prepared by standard electrospraying (PCL-TD), and the results are shown in Figure
4-6. To visualise anti-CD3 surface functionalisation of PCL-PG-1 and PCL-PG-2, the
particles were incubated in a solution of FITC-OKT3 for one hour, based on the
antibody attachment experiment presented in Figure 4-6, where over 96% OKT3
attachment was achieved within the first hour of incubation with the microparticles.
Figure 4-9 shows the fluorescence micrographs of PCL-PG-1 (a, b), PCL-PG-2 (c, d)
and PCL-TD (e, f) following incubation with OKT3-FITC. Both antibody attachment
approaches achieved a similar level of fluorescence, suggesting efficient antibody
distribution on the surface of particles both with the PFPA-NHS and adsorption
approaches. This method of antibody conjugation detection, however, was not
sensitive enough to differentiate between the two attachment approaches.
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Figure 4-9: Fluorescence microscopy images obtained after reacting microparticles with
OKT3-FITC. The following formulations were tested: PCL-PG-1 with (a) and without PFPANHS treatment (b), PCL-PG-2 with (c) and without PFPA-NHS treatment (d), with (e) and
without PFPA-NHS treatment (f). Similar results were obtained from all three independent
experiments and the results of one representative experiment are shown.

In vitro PBMC-derived T cell activation assay
Previous experiments in Jurkat cells have shown significant activation of T cells by
antibody-decorated particles, as measured by IL-2 release. However, a study by Bartelt
et al.292 explored the differences between continuous cell lines and peripheral bloodderived T cells. In this comparison, Jurkat E6.1 cells showed exaggerated IL-2
responses upon CD3/CD28 stimulation, but did not produce other activation markers
such as TNF-α or IFN-γ. For the purpose of this thesis, the Jurkat T cell line was used
for initial optimisation experiments on PCL-TD microparticles due to the lower costs
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of cell culture maintenance and the lack of donor to donor variation. Following
preliminary studies, the lead formulations were then tested in PBMC-derived T cells.

CD3+ T cell viability following particle treatment
The viability of CD3+ T cells derived from human PBMCs following incubation with
particle formulations was established before setting up further immunological tests.
Percentage viability was calculated using T cells stimulated with a plate-bound
antibody as the baseline (100%).

Viability (%)

150
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PCL-PG-1 PCL-PG-1 PCL-PG-2 PCL-PG-2 PCL-TD
PFPA-NHS
PFPA-NHS
PFPA-NHS

PCL-TD Plate-bound
No
stimulation

Figure 4-10: Viability of CD3+ T cells stimulated with antibody-coated microparticles.
Formulations tested were: PCL-PG-1, PCL-PG-2 and PCL-TD with (PFPA-NHS) and without
PFPA-NHS functionalisation. ‘Plate-bound’ denotes cells stimulated with a plate-bound
antibody. ‘No stimulation’ denotes cells only. Data are shown as mean ± S.D. and are
representative of independent experiments performed on PBMCs isolated from three donors
(one experiment per donor, three replicates per experiment).

As seen in Figure 4-10, cell viability was above 100% in cells incubated with
particulate formulations, with means ranging from 100 to 150%. Percentage viability
above 100% could be an indicator of increased T cell proliferation in these samples.
The PrestoBlue® cell viability assay is based on the reduction of resazurin to resorufin
in the redox environment of metabolically active cells293. With increasing numbers
of proliferated and viable cells, more resorufin is formed, leading to higher
fluorescence output.
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Production of T cell activation markers in CD3+ T cells
Once the viability of the tested T cells was confirmed, further immunological testing
was performed by measuring the levels of cytokines released into the cell culture.
The characteristic feature of CD4+ T cells is the generation of large amount of IFN-γ
and TNF-α294. Similarly, CD8+ T cells release IL-2, IFN-γ and TNF-α upon
activation294. Measuring the levels of these three T cell activation markers will allow
an accurate estimation of the primary T cell stimulation in the in vitro model. The
results for IFN-γ (Figure 4-11), TNF-α (Figure 4-12) and IL-2 (Figure 4-13)
production are presented as the mean supernatant cytokine concentration pooled from
cells derived from three donors.
The release of the pro-inflammatory cytokine IFN-γ is readily observed in Th1 CD4+
T cells and CD8+ T cells (Figure 1-2, page 3), and is responsible for activation
of effector cells such as macrophages and neutrophils as well as regulation of CD4+
Th cell differentiation. Thanks to their role in the cell activation pathways, IFN-γ
is commonly used as a late-stage T cell activation marker15,267,295–297. The production
of IFN-γ in particle-stimulated CD3+ T cells is given in Figure 4-11.
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Figure 4-11: Production of IFN-γ in CD3+ T cells stimulated with antibody-coated
microparticles. Formulations tested were: PCL-PG-1, PCL-PG-2 and PCL-TD with (PFPANHS) and without PFPA-NHS functionalisation. ‘Plate-bound’ denotes cells stimulated with
a plate-bound antibody. ‘No stimulation’ denotes cells only. Data are shown as mean ± S.D.
and are representative of independent experiments performed on PBMCs isolated from three
donors (one experiment per donor, three replicates per experiment). Repeated measures oneway ANOVA with post hoc Tukey’s test; Statistical significance: ns (p-value >0.05), *** (pvalue ≤0.001).

The production of IFN-γ was significantly enhanced (p ≤0.001) in the cells incubated
with surface-functionalised microparticles as compared to the antibody delivered on
tissue culture plastic. No significant variation between formulations was observed.
The mean IFN-γ concentration in all particle-treated wells (~1400 pg/mL) was double
that of plate-bound antibody controls (~ 650 pg/mL). In cells with no anti-CD3
treatment IFN-γ production was minimal (~75 pg/mL). The results presented above
could suggest an efficient activation of both CD4+ and CD8+ T cell populations
in particle-treated samples, although does not show any differentiation between the
formulations tested.
The next cytokine tested was TNF-α, a pro-inflammatory cytokine released
by a variety of immune cells. It is responsible for the activation and proliferation
of T cells, natural killer (NK) cells, B cells, macrophages and dendritic cells.
However, although its presence is necessary for effective immunosurveillance, high
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levels of TNF-α may induce pathogenic effects298. When dysregulated, TNF-α has
been associated with a wide variety of cancers299. Although it is not a specific T cell
activation marker, it provides information on the induction of pro-inflammatory
responses following therapeutic treatment. Figure 4-12 presents a summary of TNF-α
production in T cells following incubation with microparticles.

Figure 4-12: Production of TNF-α in CD3+ T cells stimulated with antibody-coated
microparticles. Formulations tested were: PCL-PG-1, PCL-PG-2 and PCL-TD with (PFPANHS) and without PFPA-NHS functionalisation. ‘Plate-bound’ denotes cells stimulated with
a plate-bound antibody. ‘No stimulation’ denotes cells only. Data are shown as mean ± S.D.
and are representative of independent experiments performed on PBMCs isolated from three
donors (one experiment per donor, three replicates per experiment). Repeated measures oneway ANOVA with post hoc Tukey’s test; Statistical significance: ns (p-value >0.05), ** (p-value
≤0.01), *** (p-value ≤0.001), **** (p-value ≤0.0001).

The quantification of TNF-α release revealed some differences between the
formulations. In agreement with the IFN-γ data (Figure 4-11), all treatments resulted
in significantly higher cytokine production than the positive control (p ≤0.0001) and
no TNF-α release was measured in unstimulated cells (negative control). Interestingly,
some differences were observed between PFPA-NHS-functionalised and untreated
particles. For PFPA-NHS treated formulations prepared from EAPG particles (PCLPG-1+PFPA-NHS),

TNF-α

release

was

significantly

higher

(p

≤0.001)

than in particles functionalised via physical adsorption (PCL-PG-1). Although
no significance was observed with PCL-PG-2+PFPA-NHS and PCL-PG-1, the mean
TNF-α concentration was still higher in PFPA-treated samples (629 ± 92 pg/mL) than
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in untreated particles (PCL-PG-2; 526 ± 123 pg/mL). The same trend was observed in
larger particles with (PCL-TD+PFPA-NHS) and without functionalisation (PCL-TD)
(p ≤0.01).
Although increased TNF-α production could be an indicator of successful T cell
activation, the results should be interpreted with caution as it is not a cytokine specific
to T cell populations, and overstimulating with TNF-α may result in pathological
responses in vivo, as discussed above. IL-2 is much more established in immunological
protocols as an indicator of early T cell activation, specifically in CD8+ cytotoxic
T cell populations, which are of paramount importance in cancer immunotherapy
treatments300. Figure 4-13 summarises the release of IL-2 observed in CD3+ T cell
treated with particles.

Figure 4-13: Production of IL-2 in CD3+ T cells stimulated with antibody-coated
microparticles. Formulations tested were: PCL-PG-1, PCL-PG-2 and PCL-TD with (PFPANHS) and without PFPA-NHS functionalisation. ‘Plate-bound’ denotes cells stimulated with
a plate-bound antibody. ‘No stimulation’ denotes cells only. Data are shown as mean ± S.D.
and are representative of independent experiments performed on PBMCs isolated from three
donors (one experiment per donor, three replicates per experiment). Repeated measures oneway ANOVA with post hoc Tukey’s test; Statistical significance: ns (p-value >0.05), ** (p-value
≤0.01), *** (p-value ≤0.001), **** (p-value ≤0.0001).

Overall, large donor-to-donor variability was observed, with some donors showing
extremely low IL-2 production. The extent of IL-2 release was significantly lower than
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in the Jurkat cells (Figure 4-7). This is consistent with previously published studies292
where IL-2 secretion was reduced in primary cells than in Jurkat cells. Nevertheless,
plate-bound antibody and unstimulated cells led to negligible levels of IL-2 release
compared to any of the particle treatments. All tested formulations showed
significantly higher IL-2 production. Interestingly, the formulations without PFPANHS functionalisation (PCL-PG-1 and PCL-PG-2) performed significantly better than
those treated with PFPA-NHS (PCL-PG-1+PFPA-NHS and PCL-PG-2+PFPA-NHS)
when compared with the plate-bound antibody control. No significance was observed
between pairs of formulations prepared from the same microparticles with and without
functionalisation (e.g. PCL-PG-1 and PCL-PG-1+PFPA-NHS). An effect of particle
separation was clearly visible, with smaller and separated particles (PCL-PG-1 and
PCL-PG-2 with and without PFPA-NHS) showing higher IL-2 production than larger
and aggregated ones (PCL-TD and PCL-TD+PFPA-NHS).

Proliferation assessment
A further understanding of the T cell behaviour following stimulation with the surfacefunctionalised microparticles was gained from flow cytometry-based assessment
of cell proliferation. The carboxyfluorescein succinimidyl ester (CFSE) proliferation
assay is a tool commonly used in immunological studies301,302. Staining of T cells with
this vital dye allows for live monitoring of proliferating cells by dye dilution. Live
cells are covalently labelled with a bright and stable dye visible in the green
fluorescence protein (GFP) channel. With every generation produced, the dye
concentration should in theory halve. Hence, when subjected to flow cytometry
analysis, every generation of cells should appear as a different peak on a CFSE
channel histogram. An example of the visualisation of CFSE-stained T cells with
fluorescence microscopy is presented in Figure 4-14. An overlay micrograph
of brightfield and GFP microscopy is shown, with bright green spherical T cells and
dark green particle outlines present.
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T cells

Particles
100 µm

Figure 4-14: An exemplar micrograph of CFSE-labelled T cells incubated with unlabelled
microparticles. Bright green spherical dots correspond to CFSE-labelled T cells, while dark
green clusters show PCL-TD microparticles, as indicated by arrows.

As the microparticles used as aAPCs are supposed to resemble the size and shape
of T cells, it is particularly difficult to differentiate between them in cellular assays.
Due to the nature of the experiment, with a high density of both cells and microspheres
present in each well, the flow cytometry study was particularly challenging to optimise
and analyse. An example of a gating strategy is shown in Figure 4-15.

Figure 4-15: Example of gating strategy in flow cytometry analysis. In this exemplar gating,
cells were first gated for lymphocytes (SSC-A vs. FSC-A) (panel a). The lymphocyte gate is
further analysed for their uptake of the Live/Dead Violet stain to determine live versus dead
cells and exclude unstained microparticles (panel b). The gated population can be then
analysed for proliferation using the CFSE stain (panel c).

FSC vs SSC gating is commonly used to identify cells of interest based on size and
granularity. In this study, the particles present in the samples introduced a significant
level of noise in forward versus side scatter (FSC vs SSC) plots. Lymphocytes, with
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an average size of 10 µm, would normally appear in the bottom right region of the
plot303. To remove some of the noise created by the microparticles, the first step
was to gate the region of interest (lymphocytes) as presented in Figure 4-15a.
A live/dead stain was then used to differentiate between viable and dead cells as well
as non-cellular material, such as particles. The reactive dye used here can permeate
the compromised membranes of necrotic cells and react with free amines both
in the interior and on the cell surface, resulting in intense fluorescent staining.
As the membranes of viable cells are not permeable, only the cell surface can react
with the dye, resulting in a relatively dim staining. A live/dead channel histogram
(Figure 4-15b) can therefore be used to gate the live cell population, removing both
intensively stained dead cells and unstained particles. Once the cells of interest were
successfully gated, the CFSE histograms (Figure 4-15c) could be used to analyse the
proliferation behaviour following microparticle treatments (Figure 4-16).
The CFSE histograms presented above confirm the successful formation of T cell
generations in particle-treated samples. The dashed line denotes the parent generation
of unstimulated T cells. Subsequent generations can be observed as distinct peaks with
decreasing dye intensity (i.e. to the left of the parent peak on the x-axis).
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Figure 4-16: Proliferation of CD3+ T cells stimulated with functionalised particles, observed
by monitoring CFSE dye dilution after 4 days of culture. The data shown are gated on the
viable CD3+ T cells (see Figure 4.15). The unstimulated parent generation is denoted with
a dashed line. Data are shown as mean ± S.D. and are representative of independent
experiments performed on PBMCs isolated from three donors (one experiment per donor,
three replicates per experiment).

In unstimulated cells, only the parent peak is observed, showing the requirement
for antibody stimulation in the proliferation of T cells. Although the histograms allow
for the estimation of the number of T cell generations formed (by counting the peaks),
it is more accurate to calculate the proliferation index (i.e. mean number of divisions
of responding cells304) using the built-in flow cytometry software tools.
This is provided in Figure 4-17.
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Figure 4-17: Proliferation index calculated by modelling of cell proliferation in CD3+ T cells.
Data are shown as mean ± S.D. and are representative of independent experiments
performed on PBMCs isolated from three donors (one experiment per donor, three replicates
per experiment). Repeated measures one-way ANOVA with post hoc Tukey’s test; statistical
significance: ns (p-value >0.05), * (p-value <0.05), **** (p-value ≤0.001).

The results of proliferation index calculations clearly show the enhanced proliferative
effect achieved with all microparticle formulations. No proliferation was observed
in unstimulated cells. Compared to the plate-bound antibody control, formulations
PCL-PG-1, PCL-PG-2+PFPA-NHS and PCL-PG-2 showed significantly higher
(p≤0.001) proliferation. Moreover, for all three microparticle types tested,
formulations without PFPA-NHS performed better than those functionalised with the
compound. Altogether, the results of the proliferation testing encourage the use
of antibody-functionalised microparticles for the stimulation of CD3+ T cells.

Summary of T cell activation characterisation
The activation of PBMC-derived CD3+ T cells was characterised by measuring the
production of three cytokines (IFN-γ, TNF-α and IL-2) and the investigation
of cellular proliferation using CFSE dye. Taken together, the results show benefits
of delivering antibodies on the surface of electrosprayed microparticles in immune
system stimulation. For all tested markers, the particle-treated cells showed enhanced
stimulation of CD3 positive T cells.
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It should be noted, however, that the PFPA-NHS functionalisation may not be
necessary to achieve efficient T cell stimulation. Although IFN-γ and TNF-α results
did not clearly differentiate between formulations, the IL-2 and proliferation index
data suggest that the deposition of the antibody on the microparticle by physical
adsorption may be sufficient to trigger cellular responses.
Another important parameter tested in T cell activation studies was the effect
of particle size on the efficiency of the designed aAPCs. Here, IL-2 production and
proliferation index clearly demonstrate the superiority of smaller and more separated
microparticles prepared via electrospraying assisted with pressurised gas (PCL-PG-1
and PCL-PG-2) compared to larger and more aggregated microspheres prepared using
standard top-down electrospraying (PCL-TD-1). This agrees with previous literature,
where biomaterials of 1-10 µm are generally preferred for T cell activation (see
Section 4.1.2, page 123). Although the individual particle size of PCL-TD-1 is ~ 7 µm,
this formulation should be considered as a cluster of multiple particles. On the other
hand, PCL-PG-1 and PCL-PG-2 particles are separated and therefore can be more
efficiently coated with the target OKT3 antibody, allowing for an easier access for
individual particles to interact with T cells.

4.4 Conclusions and future work
The experiments presented in this chapter focused on the development of anti-CD3functionalised polymeric microparticles mimicking biological T cells in size and
shape. PCL particles in the desired size range (1-10 µm) were first prepared using
standard top-down electrospraying. The surface conjugation of model proteins was
then attempted, with albumin attaching more readily to PFPA-NHS-functionalised
particles than untreated ones. This effect was not observed in the anti-CD3 attachment
studies, where both untreated and PFPA-NHS particles performed similarly. The antiCD3-decorated particles were then used in Jurkat T cell line activation studies, and the
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optimal antibody and particle dosage were established experimentally by monitoring
cell viability and IL-2 production.
Next, the problem of particle aggregation in electrospraying was addressed, and
several solutions to the problem offered. These included collecting particles into liquid
nitrogen and electrospraying assisted with pressurised gas. The latter was selected due
to higher yields, and further immunological testing was conducted to investigate the
effect of particle size and surface functionalisation on T cell activation.
In human PBMC-derived CD3+ T cell studies, the screening of three activation
markers and proliferation showed superior results when the antibody was delivered on
the surface of spherical electrosprayed particles, as opposed to the tissue culture plastic
flat substrate. No cytotoxicity to CD3+ T cells was observed. Smaller and more
separated particles generally performed better than larger and aggregated ones (as
shown in enhanced T cell cytokine production and proliferation), and there is some
evidence suggesting that attaching anti-CD3 by physical adsorption, without the
PFPA-NHS linker, may be sufficient to provoke cellular responses.
Anti-CD3 stimulation is a simple way to deliver signal 1 of T cell activation, butit does
not provide the antigen specificity that a biological APC offers. More targeted T cell
stimulation could be provided by using MHC class I (for CD8+ T cells) or MHC class
II (for CD4+ T cells) molecules, such as anti-CD28. The versatility of the surface
protein delivery platform developed in this chapter should allow future studies
involving conjugation of other stimulatory cues, moving beyond anti-CD3 delivery.
Although PFPA-NHS appeared not to be necessary for the attachment of anti-CD3 to
the particle surface, this could be due to the relatively higher hydrophobicity of
antibodies as compared to other biomolecules. It is therefore possible that the PFPANHS chemistry may still be beneficial for the surface presentation of other, less
hydrophobic proteins that may not adsorb readily to hydrophobic polymeric surfaces.
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5.1. Introduction
The attachment of proteins to surfaces using NHS esters is often criticised for its lack
of site-specific selectivity or control over the number of proteins conjugated173.
Moreover, the NHS-bearing compounds are susceptible to hydrolysis in aqueous
conditions, leading to reduced immobilisation yield220.
Bioorthogonal reactions with paired functional groups could be a way of solving
this site-selectivity

challenge.

For

example,

strain-promoted

azide-alkyne

cycloaddition (SPAAC) between an azide-bearing substrate and strained alkynemodified protein could prevent non-selective conjugation that commonly occurs
in carbodiimide-based reactions. SPAAC belongs to the family of cycloaddition
reactions (known as click reactions), the concept of which has been described in the
introductory chapter of this thesis (see Section 1.5.2.4, page 44).

Modification of proteins to enable SPAAC reactions
A way of enabling SPAAC conjugation is to modify a protein of interest with
a strained alkyne functional group. To achieve this, a dibenzocyclooctyne (DBCO)
moiety can be used. DBCO compounds can undergo reaction with azide functionalised
compounds without the need for a Cu(I) catalyst, resulting in a stable triazole linkage
(as previously presented in Scheme 1-5, page 45). Numerous DBCO protein
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modification agents are now commercially available, with some examples presented
in Figure 5-1.

Figure 5-1: Chemical structures of commercially available DBCO-based crosslinking agents.

The DBCO reagents can be selected based on the desired site of conjugation. Further
modification to the linker can be made by adding a PEG spacer arm to increase its
solubility in water. An example of a site-specific DBCO reagent is bis-sulfone-PEGDBCO (Figure 5-2), which comprises three structural entities: a substituted propenyl
group (the conjugation moiety), a PEG linker and a DBCO moiety.

Figure 5-2: Chemical structure of bis-sulfone-PEG-DBCO.

Bis-sulfone-PEG-DBCO undergoes site-specific protein modification by disulfide
rebridging conjugation. This approach benefits from the fact that most proteins (such
as IgGs) have thiol groups as paired cysteines in disulfide bridges (Figure 5-3).
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Figure 5-3: Schematic drawing showing the basic structure of IgG antibodies.

Partial reduction of the accessible IgG disulfides to cleave the sulfur-sulfur bond can
be accomplished using dithiothreitol (DTT) (Scheme 5-1). Reduction is initiated when
DTT forms a mixed disulfide followed by intramolecular disulfide cyclisation of DTT,
which drives the reaction to completion. 305 To avoid re-oxidation of the IgG disulfide,
the buffers used for conjugation should include EDTA (to exclude metal ions) and be
purged with argon or nitrogen to exclude oxygen from the solution306.

Scheme 5-1: Reaction mechanism of disulfide bridge reduction using dithiothreitol (DTT).

Once the disulfide bridge is reduced, the liberated cysteine thiols can undergo a series
of addition-elimination reactions with a PEG bis-sulfone reagent (Scheme 5-2). The
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bis-sulfone first undergoes elimination to give the corresponding unsaturated
monosulfone adduct. Afterwards, the disulfide is re-bridged by bis-alkylation
via a three-carbon bridge to which PEG and DBCO are covalently attached. Antibody
PEGylation using bis-sulfone-PEG has been reported to cause no irreversible
denaturation of the protein or disruption of the tertiary structure, as a result of which
the protein retains its biological activity306–309. To date, there are no published
examples of DBCO-antibody modification using bis-sulfone-PEG-DBCO.

Scheme 5-2: Site-specific PEGylation of a reduced disulfide bond. The reduced disulfide bond
exposes thiols that are capable of reacting with PEG monosulfone, followed by sulfinic acid
elimination to create a double bond, which undergoes second thiol addition to re-bridge
disulfides with the incorporated PEG-DBCO moiety. Adapted with permission from Balan
et al.309

Although in theory a protein can be modified with either a strained alkyne or azide
(with the counterpart bearing an azide or a strained alkyne moiety, respectively),
it is noticeably more common to attach the DBCO group to the protein,
and functionalise the polymer particle with an azide. However, an example of the
opposite conjugation strategy was described by Jung and Yi, who used NHS-PEG12azide to modify anti-green fluorescent protein (GFP) antibody for conjugation to
DBCO-functionalised chitosan-PEG microparticles.310 The proposed modification
does not offer site-specific conjugation of the antibody since it is based on the NHSprimary amine interaction. Nevertheless, the particle-conjugated antibodies retained
their structural activity and showed long-term stability upon storage in aqueous
conditions.
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Azide-functionalisation of polymer materials
Another component necessary for the SPAAC reaction to occur is an azidefunctionalised substrate to which a DBCO-modified protein can undergo reaction.
Although SPAAC reactions are generally discussed in the context of reactions
between two reagents in solution, there has been a considerable interest in using the
SPACC reaction for surface functionalisation of solid polymer substrates. For
example, Lallana et al.311 reported the SPAAC conjugation of an anti-BSA rabbit IgG
modified with PEG-DBCO compound to chitosan-PEG-N3 nanoparticles, showing
retention of binding ability using laser scanning confocal microscopy. The preparation
of chitosan-PEG-N3 nanoparticles required a three-step modification of chitosan by
grafting an azide-terminated PEG carrying a carboxylic acid.
In a 2019 paper, Walden et al.312 used the click chemistry approach for the conjugation
of a model biomolecule, albumin, to the surface of polymer microparticles.
In this study, human serum albumin was modified with dibenzylcyclooctyne−PEG4−
maleimide (DBCO−PEG-mal) by reaction with the free cysteine thiol in albumin. The
modified biomolecule was then allowed to react with microspheres prepared from an
azide-functionalised PCL (Figure 5-4), forming a particle-protein conjugate through a
SPAAC reaction at physiological conditions (phosphate saline buffer, pH 7.4).
Unfortunately a major limitation of this study is the lack of reported protein stability
or cellular toxicity data.

Figure 5-4: Chemical structure of azide-functionalised polycaprolactone (PCL-N3)312.
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Aims of this chapter
Recent examples in the literature suggest that it is possible to conjugate therapeutically
relevant proteins directly to the surface of a polymer substrate using SPAAC
chemistry. This chapter therefore focuses on the attachment of an anti-CD3 antibody
to the surface of PCL microparticles using strain-promoted azide-alkyne
cycloaddition. For preliminary studies, azide-bearing PCL microparticles were
prepared using standard top-down electrospraying. An anti-CD3 antibody (OKT3)
was modified with a strained alkyne (DBCO) to facilitate the SPAAC reaction.
The microparticles were allowed to react with the strained-alkyne anti-CD3,
and the retention of protein functionality was tested in in vitro T cell activation studies
using the Jurkat cell line. Finally, the ability of the PCL-N3-DBCO-OKT3 conjugates
to activate T cells was tested in human PBMC-derived CD3+ T cell activation studies.
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5.2. Experimental details
Preparation of azide-functionalised microparticles
Azide-functionalised PCL (Mw~ 45 kDa) was a kind gift from Dr Aram Saeed,
University of East Anglia. Azide-functionalised PCL particles of ca. 20 µm were
prepared by electrospraying a solution of 10 % w/v PCL-N3 (Mw~ 45 kDa) in either
TFE, chloroform or mixtures of both (25/75 v/v; 50/50 v/v; 75/25 v/v) (ThermoFisher,
UK). The solution was dispensed through a 21G stainless needle (inner diameter 0.51
mm, Nordson EFD) connected to a high-voltage direct-current power supply (HCP
35-35000, FuG Elektronik, Germany) at a voltage set at 10 kV. A syringe pump
(789100C, Cole Parmer, UK) was used to control the solution ﬂow rate (1.0 mL/h).
The particles were collected on aluminium foil placed on a grounded plate collector
(14.7 × 20 cm). The distance from the needle to the collector was 20 cm. Temperature
was at approximately 25 ± 2 °C and relative humidity was 35 ± 10%. The resultant
particles (named PCL-N3) were carefully scraped from the foil with a scalpel held
perpendicularly (90 º) to the aluminium plate and stored in air-tight glass vials at room
temperature. The average diameter of the PCL-N3 particles was calculated using SEM
as described in Section 2.2.2.1, page 54.

Preparation of PCL and PCL-N3 films
PCL and PCL-N3 films were prepared by dipping 13 mm diameter, 0.16 mm thick
D263 M borosilicate coverslip glasses (VWR, UK) in a solution of either 10% w/v
PCL (Mw ~45 kDa, Sigma-Aldrich, UK) in CHCl3 or PCL-N3 (Mw~ 45 kDa)
in CHCl3 and letting the solvent evaporate overnight.
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Characterisation of PCL-N3 particles
The fabricated PCL-N3 particles were characterised using SEM, FTIR and XPS
as described in Sections 2.2.2 (page 54) and 2.2.3 (page 55).

Confirmation of azide group presence in PCL-N3
particles
To confirm the presence of azide groups on the particle and film surfaces and their
ability to undergo click reaction with strained alkynes, a fluorescently-labelled
strained alkyne compound was used. A small amount of PCL-N3 particles (1 mg) was
mixed with Click-iT™ Alexa Fluor™ 488 sDIBO Alkyne (2 µL; 20 mM in DMSO;
ThermoFisher, UK) and PBS (48 µL, pH 7.4). After 24 hours of incubation at room
temperature under constant shaking and light exclusion, the particles were washed
with 2 mL of PBS four times by centrifuging and resuspending in fresh solution and
imaged with fluorescence microscopy (EVOS XL Cell Imaging System digital
inverted microscope, ThermoFisher Scientific, UK).

Cytotoxicity of PCL-N3 particles to Jurkat cells
The effect of azide-bearing particles on the viability of Jurkat cells was investigated
in a 96-well plate format. The Jurkat E6.1 cell culture method is provided in Section
2.2.8.2, page 61. A varying amount of particles per well (125-500 µg) was tested,
using non-functionalised PCL particles as a control (PCL-PG-1, prepared as described
in Section 4.2.1.3, page 127).
Briefly, PCL-N3 particles (5 mg) were thoroughly washed with sterile PBS (4 × 1 mL)
by centrifuging and resuspending in fresh solution. Next, the particles were
resuspended in 1 mL of pre-warmed cell media (5 mg/mL), and, a varying volume
of particle suspension (25-100 µL) was pipetted onto the bottom of a standard flat-
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bottomed 96-well plate. The volume of liquid in each well was adjusted to 100 µL
by adding pre-warmed cell media. Afterwards, a suspension of Jurkat cells (100 µL,
6 × 105 cells/mL) was added to all wells to give a final number of 3 × 105 cells per well.
The plate was placed in a humidified 37ºC 5% CO2 incubator under constant shaking
(500 rpm) and cell viability was measured after 2, 3 and 4 days using the PrestoBlue™
Cell Viability Reagent (Sigma-Aldrich, UK) as previously described (see Section
2.2.8.2, page 61). Each experiment was performed on three separate days, with three
replicate wells per treatment.

DBCO-PEG-OKT3 conjugation
The modification of anti-CD3 (OKT3) antibody with a strained alkyne moiety
(DBCO) was performed using a bis-alkylating labelling reagent (bis-sulfone-PEGDBCO, prepared by Prof Steve Brocchini). Conjugation buffer (50 mM sodium
phosphate, pH 7.4, 10 mM EDTA in ultrapure water, purged with argon) was freshly
prepared prior to DBCO-PEG-OKT3 conjugation. 1,4-Dithiothreitol (DTT; 1 mg) was
dissolved in the conjugation buffer (2 mL). A solution of OKT3 in PBS (1 mL,
1 mg/mL) was added to the reaction vessel containing DTT, mixed and incubated for
30 minutes at room temperature. Afterwards, the reaction mixture was eluted through
a PD-10 desalting column (VWR International Ltd, UK) equilibrated with conjugation
buffer (3 mL). Bis-sulfone-PEG-DBCO was dissolved in the conjugation buffer
(5 mg/mL) and added to the eluted reaction mixture at various molar equivalents
of bis-sulfone-PEG-DBCO to OKT3 (2, 4, 10, 20, 40). Following a 3-hour incubation
at room temperature, unreacted bis-sulfone-PEG-DBCO, was removed using
a Vivaspin 6® centrifugal concentrator (molecular weight cut-off 30 kDa; VWR
International, UK). The conjugation reaction was monitored with SDS-PAGE
(as described in Section 2.2.5.1, page 57). The concentration of the modified antibody
was established using the Bradford assay (Section 2.2.6.2, page 58).
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To test the retention of biological activity and potential cytotoxicity to Jurkat cells,
the DBCO-modified OKT3 (DBCO-OKT3) was tested in an in vitro T cell activation
experiment. The Jurkat E6.1 cell culture method is provided in Section 2.2.8.2, page
61. Briefly, 50 µL of either native OKT3 or DBCO-OKT3 (10 µg/mL in PBS), or PBS
only (for unstimulated cells control) was pipetted onto a flat-bottomed 96-well plate
(Corning, UK) and incubated for 2 hours at room temperature. After thorough washing
of the wells to remove unbound antibody (3 × 400 µL PBS), a suspension of Jurkat
cells (200 µL, 3× 105 cells/mL) was added to all wells. The plate was then placed
in a humidified 37ºC 5% CO2 incubator for four days. The supernatant was collected
for human IL-2 DuoSet ELISA (R&D Systems, UK; for experimental details see
Section 2.2.7, page 59), while the viability of the cells following the four-day
incubation was measured using the PrestoBlue™ Cell Viability Reagent (SigmaAldrich, UK) as previously described (see Section 2.2.8.2, page 61). Each experiment
was performed three times on separate days, with three replicate wells per experiment.

SPAAC of DBCO-OKT3 to PCL-N3 particles
PCL-N3 microparticles (named PCL-N3) were weighed into 2 mL Eppendorf tubes
(9 mg) and pre-sterilised by washing once with methanol (1 mL) and twice with sterile
PBS (2 × 1 mL) through centrifuging and resuspending in fresh solution. Particles with
no azide functionality (named PCL) were used as a control. To each tube, 200 µL
of sterile PBS and 18 µL of either native OKT3 (named OKT3; 1 mg/mL) or DBCOmodified OKT3 (named DBCO; 1 mg/mL) were added to give the following
formulations:

DBCO-PCL-N3,

DBCO-PCL,

OKT3-PCL-N3,

OKT3-PCL.

The particles were incubated for four hours under constant shaking (500 rpm)
on a plate-shaker with a 0.3 cm circular orbit (Microplate Mixer, SciQuip, UK).
Afterwards, the unbound antibody was removed by washing the particles twice with
1 mL PBS via centrifuging and resuspending in fresh solution.
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Conjugation of a fluorescently-labelled secondary antibody
A small sample of antibody-functionalised particles (~ 1 mg) prepared as described
in Section 5.2.7 was incubated with 100 µL of goat anti-mouse IgG Superclonal™
recombinant secondary antibody conjugated to Alexa Fluor 488 (2 µg/mL in PBS;
ThermoFisher, UK). The suspended particles were incubated for 3 hours protected
from light at room temperature and under constant shaking (500 rpm) on a plate-shaker
with a 0.3 cm circular orbit (Microplate Mixer, SciQuip, UK). Afterwards,
the particles were washed four times with sterile PBS (4 × 1 mL) by centrifuging and
resuspending in fresh solution. After this, the particles were resuspended in 100 µL
PBS and pipetted onto a glass microscope slide. After allowing PBS to evaporate
overnight, the particles were imaged with fluorescence microscopy (EVOS XL Cell
Imaging System digital inverted microscope, ThermoFisher Scientific, UK).

Preliminary in vitro T cell activation experiment
The antibody-functionalised particles prepared as described in Section 5.2.7 were
resuspended in cell culture media to give a final concentration of 5 mg/mL and 50 µL
of such suspension was pipetted onto the flat-bottomed 96-well plate. The cells were
resuspended at 2.5 × 105 cells/mL and 150 μL of the cell suspension was transferred
to each well. The total volume in each well was 200 µL (150 µL cell suspension and
50 µL particle suspension). For the positive control, a plate-bound antibody solution
at the same concentration as in the microparticle suspensions was used. Wells with
no antibody stimulation were used as a negative control. For control wells, the 50 µL
particle suspension was replaced with 50 µL of pre-warmed cell culture media
to maintain the same cell density per well.
For a co-stimulatory response, soluble anti-CD28 was added at 2 μg/mL of cell
suspension. The plate was then placed in a humidified 37ºC 5% CO2 incubator under
constant shaking (500 rpm) on a plate-shaker with a 0.3 cm circular orbit (Microplate
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Mixer, SciQuip, UK) for four days. Afterwards, the plate was centrifuged at 1200 rpm
for five minutes to allow the suspended cells and microparticles to sediment at the
bottom. The supernatant was collected for human IL-2 DuoSet ELISA (R&D Systems,
UK; for experimental details see Section 2.2.7, page 59), while the viability of the cells
following the four-day incubation was measured using the PrestoBlue™ Cell Viability
Reagent (Sigma-Aldrich, UK) as previously described (see Section 2.2.8.2, page 61).

Performance of DBCO-PCL-N3 particles in human
PBMC-derived CD3+ T cell activation model
Preparation of antibody-functionalised particles
PCL-N3 microparticles were weighed into 2 mL Eppendorf tubes (9 mg) and presterilised by washing once with methanol (1 mL) and twice with sterile PBS
(2 × 1 mL) through centrifuging and resuspending in fresh solution. To each tube
200 µL of sterile PBS and 18 µL of either native OKT3 (1 mg/mL) or DBCO-modified
OKT3 (1 mg/mL) were added. The tubes were incubated on a plate-shaker
set to 500 rpm for 4 or 24 hours at room temperature. The particles were washed once
with sterile PBS (1 mL) in preparation for incubation with CD3+ T cells. A small
amount of particles (~10 µg) was removed from each tube and stored for surface
analysis using XPS as previously described (Section 2.2.3.2, page 55).

CD3+ T cell isolation and CFSE staining
In vitro T cell activation was performed on CD3+ T cells isolated from peripheral
blood mononuclear cells obtained from three healthy donors, with three replicate wells
per treatment tested. The assay was conducted in a flat-bottomed 48-well plate format
(Corning, UK). CD3 positive T cells were isolated as described in Section 2.2.8.5
(page 63) and stained with the CFSE proliferation stain (Section 2.2.8.8, page
65). staining was confirmed with fluorescence microscopy (EVOS XL Cell Imaging
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System digital inverted microscope, ThermoFisher Scientific, UK) prior to further
experiments.

Incubation of particles with CD3+ T cells
The particles prepared in Section 5.2.8.1 were resuspended in complete RPMI-1640
(1.8 mL) and 150 µL of particle suspension was added to each well. For the positive
control, an antibody solution at the same concentration as was present
in the microparticle incubation solution was pipetted directly into the well (18 µg
of antibody in 200 µL PBS) and incubated for 4 hours or 24 hours at room temperature
(plate-bound antibody control). Wells with no antibody stimulation were used
as a negative control. For control wells with no particles, the suspension was replaced
with 150 µL of complete RPMI-1640.
Finally, 450 µL of CD3+ T cell suspension at 1 × 106 cells/mL was added. The total
volume in each well was 600 µL (150 µL particle suspension/media and 450 µL cell
suspension). For a co-stimulatory response, 30 µL of 10 µg/mL soluble anti-CD28
in PBS was added to the cells. The plate was then placed in a humidified 37 ºC 5%
CO2 incubator under constant shaking (500 rpm) for four days.

Immunofluorescence staining
Immunofluorescence staining was performed to examine the expression of T cell
surface markers by flow cytometry. Following a four-day incubation of particles with
PBMC-derived T cells (see Section 4.3.7), the 48-well culture plate was centrifuged
at 4 °C and 1200 rpm for 5 min. The resultant supernatant was collected and stored
at -20 °C for cytokine production analysis (see Section 4.2.8.2, page 133). The cells
were resuspended in 200 µL of ice-cold PBS (without Ca/Mg2+) and pipetted into a 96well V-bottomed plate (Sigma-Aldrich, UK). The cells were then washed once in 200
µL of ice-cold PBS and resuspended in 30 µL of LIVE/DEAD™ Fixable Violet Dead
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Cell Stain (1:1000 v/v dilution in PBS, ThermoFisher, UK). The cells were mixed by
gentle pipetting up and down and incubated with shaking on ice, while protected from
light for 20 minutes. Following incubation, the cells were washed in 200 µL of icecold PBS (without Ca/Mg2+) and 25 µL of antibody cocktail (1 µL of anti CD3PE/Cy7, 1 µL of CD4-APC, 1 µL of CD8-PE in 22 µL of PBA) was added. The plate
was again incubated on ice with shaking, and protected from light, for 30 minutes.
Following staining, the cells were washed once in 200 µL of ice-cold PBA and fixed
with 2% v/v formaldehyde in PBS solution (80 µL per well, incubated for 10 minutes,
shaking, at room temperature). The fixing solution was neutralised with 120 µL of icecold PBA and the plate was centrifuged at 4 °C and 1200 rpm for 5 min, and washed
with another 200 µL of ice-cold PBA. Following resuspension in 100 µL of ice-cold
PBA, the cells were ready for flow cytometry analysis. The summary
of immunofluorescence staining used in proliferation panels is summarised in the table
below (Table 5-1).
Table 5-1: Summary of fluorochromes and markers used in the flow cytometry cell
phenotyping and proliferation marker
Fluorochrome

Marker

PE/Cy7

CD3

PE

CD8

APC

CD4

CellTrace CFSE (488)

Proliferation

Violet (405)

Live/Dead

Flow cytometry analyses were performed using a CytoFLEX S cell analyser
(Beckman Coulter, UK). The results were analysed using FCS Express version 7.04
(US). The proliferation index was calculated as previously described in Section 4.2.8.1
(page 132).
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Cytokine production assays
The cell culture supernatant collected prior to the flow cytometry analysis (see Section
4.2.8.1, page 132) was used for the determination of cytokine release following the
four-day incubation of CD3+ T cells with the particle formulations. The production
of IFN-γ, TNF-α and IL-2 were quantified using commercially available ELISA kits
as described in Section 2.2.7, page 59).
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5.3 Results and discussion
Scheme 5-3 summarises the concept of the bioconjugation of anti-CD3 IgG
to the surface of PCL microparticle via SPAAC reaction.

Scheme 5-3: A schematic of the DBCO-modified OKT3 antibody conjugation to azidefunctionalised microparticles using strain-promoted azide-alkyne cycloaddition.

For SPAAC conjugation to occur, there is a need for azide modification of the particle
and strained alkyne labelling of the antibody. The preparation of both will be discussed
in this section.

Preparation of azide-functionalised microparticles
The previous chapter presented the fabrication of polycaprolactone microparticles
by electrospraying. Here, the fabrication of azide-presenting PCL microparticles using
the same method was evaluated. The initial experimental parameters were based
on those used for plain PCL microparticles described in the previous chapter (see
Section 4.3.1, page 134). There, the fabrication of smooth microspheres of ~7 µm
by standard top-down electrospraying of 10% PCL (Mw ~45 kDa) in TFE
was demonstrated. Figure 5-5 shows the optimisation of PCL-N3 electrospraying
by varying the composition of the solvent used to dissolve the polymer.
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Figure 5-5: Scanning electron micrographs at 1000x (panels a,c,e,g,i) and 2000x (panels
b,d,f,h,j) of the products of PCL-N3 electrospraying. The following solvent mixtures were
tested: 100% TFE (panels a and b), 75% TFE/ 25% CHCl3 (panels c and d), 50% TFE/ 50%
CHCl3 (panels e and f), 25% TFE/ 75% CHCl3 (panels g and h), 100% CHCl3 (panels i and j).
Increasing CHCl3 content resulted in the formation of microparticles.
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It became apparent that electrospraying of PCL-N3 dissolved in TFE using the same
processing conditions as previously used for PCL microparticles results in the
formation of a fibrous material with an irregular structure (Figure 5-5a and b). The
decision was then made to include a more volatile solvent, chloroform, in the
system113. By varying the ratio of chloroform to TFE, it was possible to shift the
process from the fabrication of fibrous products to microparticles. The gradual
formation of microspheres is visible in the micrographs, with an increasing
concentration of chloroform resulting in a greater number of particles formed (Figure
5-5c-h), finally reaching the target spherical morphology visible in Figure 5-5i-j
at 100% CHCl3.
The solvent used to manufacture unmodified PCL particles in Chapter 4, TFE, was
therefore deemed unsuitable for the fabrication of PCL-N3 microparticles and
chloroform was selected instead. Although the particles had an uneven morphology,
they appeared to be free flowing and separated. The rougher surface morphology
could potentially provide a larger area for surface functionalisation, which could be
beneficial for the proposed application of protein attachment313.
It should be noted, however, that further process optimisation could potentially
decrease the abundance of surface defects observed, such as the flattening of particles,
which likely arises due to incomplete solvent evaporation during electrospraying.
The average particle size of 16 µm ± 2 µm (Figure 5-6) in diameter could potentially
negatively influence the performance of these particles in in vitro T cell activation
models as particle sizes of 1-10 µm are generally preferred (as discussed in Chapter 4).
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Figure 5-6: Particle size distribution of electrosprayed PCL-N3 particles.

Physicochemical characterisation of PCL-N3 particles
The next step was to characterise the fabricated PCL-N3 particles using FTIR. The
spectra of commercial PCL, electrosprayed PCL particles (prepared as described
in Section 4.2.1.3, page 127), unprocessed PCL-N3 polymer and electrosprayed PCLN3 particles is given in Figure 5-7.

%Transmittance

(a)
(b)
(c)
(d)

4000

3000

2000

1000

Wavenumber (cm-1)

Figure 5-7: FTIR spectra of raw PCL (a), PCL particles (b), raw PCL-N3 (c) and PCL-N3
particles (d). Grey shading highlights the area of N=N=N stretching (2120-2160 cm-1). Similar
results were obtained from three independent experiments and the results of one
representative experiment are shown.
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The spectra of the azide-functionalised particles were identical to those of the
reference samples of raw PCL polymer (Figure 5-7a) and electrosprayed PCL particles
(Figure 5-7b). With both the raw PCL-N3 polymer (Figure 5-7c) as well as the
electrosprayed PCL-N3 particles (Figure 5-7d), no signal was detected between 21202160 cm-1 where the azide stretching is typically observed314. It is possible that the
FTIR analysis was not sensitive enough to detect the relatively small azide group (N3)
in the large polymer chain.
To characterise the fabricated particles further, a more sensitive method, XPS, was
used to analyse the elemental composition of the surface (Figure 5-8). High resolution
spectra for C1s, O1s and N1s were acquired, allowing for a closer analysis of chemical
states of these three elements.
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Figure 5-8: High resolution C1s (panels a-c), O1s (panels d-f) and N1s (panels g-i) XPS
spectra for PCL particles (a,d,g), PCL-N3 polymer (b,e,h) and PCL-N3 particles (c,f,i). Similar
results were obtained from three independent experiments and the results of one
representative experiment are shown.

Similarly to the FTIR results (Figure 5-7), the XPS spectra for plain PCL particles,
raw PCL-N3 polymer and PCL-N3 particles were identical. High resolution C1s
(Figure 5-8a-c) and O1s (Figure 5-8d-f) spectra do not show changes to the chemical
states of carbon and oxygen, respectively. Equally, no nitrogen corresponding to N3
groups on the surface of azide-functionalised materials was detected in high resolution
N1s spectra (Figure 5-8g-i).
The spectroscopic methods used for physicochemical characterisation of the produced
PCL-N3 particles thus failed to detect azide groups on the particle surface. It is possible
that the large molecular weight of the PCL polymer chains overwhelmed the signal
produced by relatively small azide groups. The PCL-N3 polymer is also only endfunctionalised, meaning that two azide groups would be expected per 45 kDa of PCL.
An alternative explanation could be that the azide end-groups fold towards the core
of the particle during electrospraying and therefore no azides are present on the
surface.
An alternative method of azide detection was hence explored instead. To simplify
the procedure and ascertain that the click reaction would proceed if the azide groups
were available, a PCL-N3 polymeric film was prepared by dipping a coverslip
in a solution of 10% w/v PCL-N3 in CHCl3 and allowing the solvent to evaporate.
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A control coverslip prepared from 10% w/v PCL in CHCl3 was also prepared. Such
prepared films were then incubated in a solution of fluorophore-conjugated strainedalkyne compound (Click-IT AlexaFluor® 488) for 4 hours, followed by extensive
washing to remove unbound dye. If azide groups were present at the surface, they
would undergo the SPAAC reaction, conjugating the fluorophore to the film surface.
Figure 5-9 shows the fluorescence micrographs of the resultant films.
(a)

(b)

Figure 5-9: Conjugation of a fluorescently-labelled strained alkyne reagent (Click-IT
AlexaFluor® 488) to PCL-N3 polymer films. Plain PCL (panel a) showed no fluorescence, while
the PCL-N3 film (panel b) showed a bright signal, suggesting the presence of azide functional
groups on the surface. Similar results were obtained from three independent experiments and
the results of one representative experiment are shown.

As seen in Figure 5-9a, no fluorescence was detected in the plain PCL coverslip
control, which could suggest a lack of fluorophore conjugation to the surface. In Figure
5-9b, the fluorescent regions of the coverslip can be clearly seen, proving
the conjugation of Click-IT AlexaFluor® 488 to the azide groups of PCL-N3 films.
This experiment, therefore, successfully confirmed the presence of the azide groups
and their reactivity with strained alkynes.
The experiment was repeated on electrosprayed PCL-N3 particles to test whether azide
groups continue to be present on the surface following the electrospraying process
(Figure 5-10).
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(a)

(b)
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Figure 5-10: Conjugation of fluorescently-labelled strained alkyne reagent (Click-IT
AlexaFluor 488) to electrosprayed PCL-N3 particles. Plain PCL particles (panel a) showed little
fluorescence, while PCL-N3 particles (panel b) showed bright signal, suggesting the presence
of azide functional groups on the surface. Similar results were obtained from three
independent experiments and the results of one representative experiment are shown.

Similarly to the results obtained for polymer films (Figure 5-9), Figure 5-10a shows
very low levels of fluorescence signal for PCL particle, while there appeared
to be a surface coating of PCL-N3 microparticles with the fluorescently-labelled
strained alkyne reagent (Figure 5-10b). The results of this experiment are consistent
with SPAAC conjugation of the dye to the PCL-N3 particles.

Cytotoxicity to Jurkat cells
Soluble azide functionality is often associated with cytotoxic effects in living
organisms315. Since the particles in this chapter are manufactured from covalentlyfunctionalised PCL, rather than surface-coated with azide compounds, the risk of azide
groups releasing into cell culture medium is relatively low. As previously mentioned,
PCL-N3 is end-functionalised, so azide groups are low abundance, therefore less likely
to cause effect on cytotoxicity. Nevertheless, it was essential to establish the viability
of T cells following incubation with azide-functionalised microparticles before
attempting further in vitro testing. To do this, a human T cell line (Jurkat cells) was
used, and the viability monitored using PrestoBlue assay at 1, 2, 3 and 4 days postincubation. A range of particle concentrations was tested to investigate any dosedependent effect on the cells. The results are depicted in Figure 5-11.
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Figure 5-11: Cytotoxicity of PCL-N3 particles following incubation for 1, 2, 3 and 4 days with
Jurkat cells. Five dosing groups were tested: 0, 125, 250, 375 and 500 µg of particles per well.
The cells only control was used to calculate the percentage viability. Data are shown as
mean ± S.D. and are representative of three independent experiments performed on separate
days, with three replicate wells per experiment.

The PCL-N3 particles showed no cytotoxicity to Jurkat cells, with viability remaining
at over 90% in all tested conditions over the period of four days, indicating that the
PCL-N3 particles can be safely used in subsequent T cell activation assays without
causing harm to the cells.
Similar results were obtained by Ruizendaal et al.316, who explored the Caco-2 cell
line cytotoxicity of silicon nanoparticles functionalised with positively (amine),
neutral (azide) and negatively (carboxylic acid) charged covalently attached organic
monolayers. The authors found relatively low toxicity of azide-terminated silicon
nanoparticles, which they attributed to the neutral nature of the azide group leading to
less extensive interactions with the lipid membranes of cells.

DBCO modification of OKT3
Once the fabrication method of PCL-N3 particles was established, the next step was to
attempt the labelling of the target therapeutic anti-CD3 IgG, OKT3, with a strained
alkyne to enable SPAAC reaction using bis-sulfone-PEG-DBCO. Changes to the
molecular weight of OKT3 native antibody were monitored at each step of the
conjugation reaction (Figure 5-12)
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Figure 5-12: Photograph of a Novex Bis-Tris 4-12% gel showing DBCO-PEG conjugation to
OKT3. M: molecular weight standard; Lane 1: native OKT3; Lane 2: unpurified DTT-OKT3
reaction mixture; Lane 3: DTT-OKT3 following purification with PD-10; Lanes 4-8 show OKT3
after reacting with varying equivalents (eq) of bis-sulfone-PEG-DBCO: 2 eq (lane 4), 4 eq
(lane 5), 10 eq (lane 6), 20 eq (lane 7) and 40 eq (lane 8). Black line denotes the 150 kDa
threshold.

Lane 1 shows a band at the molecular weight of the full antibody (~150 kDa).
Antibody disulfide bonds were then reduced with excess DTT to expose cysteine
thiols. Incubation of IgG with DTT results in dissociation of the heavy and light
chains, which can be seen on SDS-PAGE as the reduction in molecular weight and
appearance of additional bands317 (lane 2). The unreacted DTT was removed
by elution of the reduced antibody solution over a PD-10 column (lane 3), without
causing re-oxidation of the antibody.
The reduction of the accessible disulfides was necessary for the reaction of thiols with
bis-sulfone-PEG-DBCO to incorporate DBCO moiety into OKT3 (as discussed in
Section 5.1.1, page 165). OKT3 is a mouse IgG2a antibody with three disulfide
bridges318, therefore their reduction should yield six cysteine thiols as possible
conjugation sites319. The native antibody exhibits molecular weight of 150 kDa320
(lane 1). As the molecular weight of bis-sulfone-PEG-DBCO reagent used for
conjugations was ~ 5 kDa, an increase in the molecular weight of the antibody to 180
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kDa would suggest successful conjugation of the DBCO functionality to the native
antibody (estimated 5 kDa for every thiol available, ~30 kDa in total).
To initiate the conjugation reactions, a solution of bis-sulfone-PEG-DBCO reagent
was added at different molar equivalents (eq) to identify the sufficient amount
of reagent needed for successful modification of OKT3 – 2 eq (lane 4), 4 eq (lane 5),
10 eq (lane 6), 20 eq (lane 7) and 40 eq (lane 8). The increase in molecular weight
observed in all 5 lanes suggests the successful reformation of the disulfide bridge
by bis-alkylation309. The increase in molecular weight at around 180 kDa was
observed at 10 eq of bis-sulfone-PEG-DBCO per OKT3 (lane 6) and above (20 eq;
lane 7, 40 eq; lane 8) and therefore this molar equivalency was chosen for future
conjugations. The smudging in SDS-PAGE may suggest that further purification
of the conjugate is required in future experiments. Nevertheless, the OKT3 antibody
seem to have been fully reduced, and the reduced adducts from lane 2 appear to have
been consumed.
To verify whether DBCO modification affected the biological activity of OKT3, both
native and DBCO-labelled antibodies were tested in an in vitro T cell activation model
in Jurkat cells. A standard 96-well plate was coated with a solution of each antibody
(10 µg in PBS, 50 µL) by incubation for two hours at 37°C223. Following incubation
with Jurkat cells for four days, IL-2 production and cell viability were measured and
the results are presented in Figure 5-13.
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(a)

(b)

Figure 5-13: IL-2 production (panel a) and Jurkat cell viability (b) following stimulation with
plate bound antibodies: DBCO-modified OKT3 (DBCO OKT3) and native OKT3. Unstimulated
cells were used as a negative control (no stimulation). Data are shown as mean ± S.D. and
are representative of three independent experiments performed on separate days, with three
replicate wells per experiment. Repeated measures one-way ANOVA with post hoc Tukey’s
test; statistical significance: ** (p-value ≤0.01), **** (p-value ≤0.0001).

DBCO modification of OKT3 resulted in significantly higher (p ≤0.0001) stimulation
of T cells as measured by IL-2 production (Figure 5-13a). The reason for this effect
is unclear. One possible hypothesis is that the DBCO-PEG-modification increases
the hydrophobicity of the antibody, as has been observed in antibody-drug
conjugates321. This would potentially improve the extent and orientation of DBCOOKT3 binding to tissue culture plastic, therefore enhancing its performance in cellular
assays.
The bulky, hydrophobic, structure of the cyclooctyne component is sometimes
associated with the alteration of the integrity and safety of the protein conjugates322.
However, experiments conducted on Jurkat cells in this work did not show any
negative effects on the cell viability (Figure 5-13b).
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Conjugation of DBCO-OKT3 to PCL-N3 particles
Once the fabrication of PCL-N3 particles and the DBCO modification of OKT3
antibody was explored, the next step was to attempt the SPAAC reaction by incubating
the modified particle and protein. In the biomedical field, the SPAAC reaction
is particularly attractive as it does not require harsh conditions and can be conducted
at room temperature and in aqueous solutions176. The effective conjugation of DBCOmodified fluorophore after four hours of incubation with PCL-N3 microparticles
is shown above (Figure 5-10, page 187). For this reason, a four-hour incubation time
was selected as the initial reaction duration for DBCO-OKT3 and PCL-N3 particle
conjugation.
To determine if the successful conjugation of the antibody to the particles occurred,
a fluorescence microscopy assay was developed, whereby (1) DBCO-OKT3 and PCLN3 particles were incubated in PBS for four hours at room temperature, followed
by washing to remove unbound antibody, and then (2) a secondary antibody modified
with a fluorophore was incubated for another 3 hours to allow binding to the primary
DBCO-OKT3 antibody. This way, not only the spatial distribution of the antibody
on the particle surface but also the retention of antibody activity (i.e. binding
to primary antibody) could be observed (Figure 5-14).
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Figure 5-14: A summary of the fluorescence microscopy assay used to detect OKT3 on the
PCL-N3 particle surface. PCL-N3 particles are first incubated with DBCO-modified OKT3 at
room temperature (RT; ~25°C) to facilitate SPAAC (strain-promoted azide-alkyne
cycloaddition) reaction. After washing to remove unbound antibody, the OKT3-functionalised
particles are then incubated with a fluorophore-labelled secondary antibody for 3 hours at RT.
If OKT3 is present on the particle surface, the particles should appear fluorescent under the
microscope through primary to secondary antibody conjugation.

Figure 5-15 depicts the results of this experiment. Low levels of autofluorescence can
be seen in the untreated (no antibody) control PCL-N3 (Figure 5-15a) and PCL (Figure
5-15b) particles. In particles incubated with unmodified OKT3 (Figure 5-15c and d)
the considerably greater fluorescence signal may suggest some level of OKT3
adsorbing physically to the surface, as observed in Chapter 4 (see Figure 4-9, page
152). PCL-N3 clearly reacted with DBCO-modified OKT3 (Figure 5-15e), resulting
in bright green particle staining and indicating a high ligand density on the surface.
PCL particles incubated with DBCO-modified OKT3 (Figure 5-15f) also appeared
fluorescent, possibly due to physical adsorption of the protein to the surface.
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Figure 5-15: Fluorescence micrographs acquired after reacting particles with goat anti-mouse
IgG conjugated to Alexa Fluor 488. Untreated PCL-N3 (panel a) and PCL (panel b) particles
were used as negative controls. Test conditions were: PCL-N3 particles incubated with native
OKT3 (panel c), PCL particles incubated with native OKT3 (panel d), PCL-N3 incubated with
DBCO-OKT3 (panel e) and PCL particle with DBCO-OKT3 (panel f).

T cell activation using modified PCL particles
The follow-up experiment aimed to identify the optimal dosage of particles needed
to provoke a T cell-activating response in Jurkat cells, measured in terms of the release
of IL-2. A similar experiment was conducted in Chapter 4 (Figure 4-7, page 146).
Here, a varying amount of antibody-functionalised particles was added to each well:
125 µg, 250 µg, 375 µg and 500 µg. These dosing groups were selected based on the
results of Chapter 4, where a dose of 250 µg particles functionalised with 0.5 µg OKT3
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achieved the highest levels of IL-2 production. Figure 5-16 summarises the findings
of this experiment.

Figure 5-16: Production of IL-2 following incubation with antibody-functionalised
microparticles at varying doses – 125, 250, 375 and 500 µg per well. Formulations tested
were: PCL-N3 particles incubated with DBCO-modified OKT3 (DBCO+PCL-N3), PCL particles
incubated with DBCO-modified OKT3 (DBCO+PCL), PCL-N3 particles incubated with native
OKT3 (OKT3+PCL-N3), and PCL particles incubated with native OKT3 (OKT3+PCL). Data are
shown as mean ± S.D. and are representative of three independent experiments performed
on separate days, with three replicates per experiment. Repeated measures two-way ANOVA
with post hoc Tukey’s test; statistical significance: ns (p-value >0.05), **** (p-value ≤0.0001).

The preliminary T cell activation experiment identified significant changes in the IL2 production following particle treatments. It appears that the control group of OKT3
physically adsorbed to PCL particles (OKT3-PCL) achieved the highest T cell
stimulation across all tested dosing groups, and IL-2 production was significantly
higher (p ≤0.0001) than in PCL-N3 particles reacted with DBCO-OKT3. It is possible
that physically adsorbed antibody quickly detaches from the particles, therefore
eluting OKT3 into media, which leads to more activation on the timescale of these
experiments. As the levels of IL-2 production were comparable at doses
of 250 µg per well and higher, this dose was selected for further experiments to reduce
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the amount of particulate material needed. The unfavourable results with DBCO-PCLN3 particles could suggest that the 4-hour reaction time was insufficient to achieve
effective antibody conjugation to the surface. Previous attempts at protein conjugation
to polymer substrates reported incubation times of 12 to 24 hours312,323, therefore it
was hypothesised that extending the reaction time to 24 hours may result in a
potentiated therapeutic response in T cells. Nevertheless, at 250 µg dosage
DBCO+PCL-N3 conjugates performed better than DBCO+PCL and OKT+ PCL-N3
controls.

In vitro performance of SPAAC antibody-particle
conjugates
The effect of SPAAC reaction time (4 and 24 hours) on the therapeutic efficacy of the
antibody-particle conjugates was tested in human PBMC-derived CD3+ T cells. These
cells were selected over Jurkat cells to allow for a more detailed characterisation of T
cell responses by quantifying three cytokines – IFN-γ, TNF-α and IL-2 (Figure 5-17).

Figure 5-17: Production of IFN-γ (a), TNF-α (b) and IL-2 (c) following incubation with particles
functionalised with OKT3 via SPAAC (DBCO-PCL-N3). The effect of SPAAC reaction time on
the therapeutic efficacy of the microparticles was investigated at 4 and 24 hours. ‘DBCO’
denotes plate-bound DBCO-OKT3 antibody, ‘PCL-N3’ – particles without the antibody,’
No stimulation’ – unstimulated cells. Data are shown as mean ± S.D. and are representative
of independent experiment performed on PBMCs isolated from three donors (n=3). Repeated
measures two-way ANOVA with post hoc Tukey’s test; statistical significance: ns (p-value
>0.05).
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The cytokine production assay data presented above indicated that prolonging
the DBCO-OKT3 and PCL-N3 incubation time from 4 to 24 hours did not result
in an enhanced performance of the formulation. No statistically significant differences
between these two timepoints were detected. In fact, the 4-hour reaction
duration resulted in a slightly increased (although statistically insignificant)
production of IFN-γ (Figure 5-17a), TNF-α (Figure 5-17b) and IL-2 (Figure 5-17c)
and therefore this incubation time was selected for further experiments. For all tested
outputs, delivering antibody on the surface of the microparticles resulted in enhanced
cytokine production when compared to non-functionalised PCL-N3 particles and cells
only controls, while the levels of cytokine release were comparable to the positive
control of plate-bound DBCO-OKT3.
Although DBCO-OKT3-PCL-N3 conjugates stimulated PBMCs, as confirmed by the
release of activation markers (Figure 5-16), it was important to compare their
performance with other formulation controls. It is possible that DBCO-OKT3 was
adsorbed physically to the surface, rather than covalently conjugated. To test this
hypothesis, additional particle controls were included in further PBMC-derived T cell
activation experiments and the performance of these formulations were measured
in terms of the production of IFN-γ, TNF-α, IL-2 as well as T cell proliferation (Figure
5-18, Figure 5-19, Figure 5-20, Figure 5-22).

IFN-γ release
The analysis of IFN-γ production (Figure 5-18) following stimulation with
microparticles revealed no statistically significant differences between the particulate
formulations tested.
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Figure 5-18: Production of IFN-γ by CD3+ T cells stimulated with antibody-coated
microparticles. Formulations tested were: PCL-N3 particles incubated with DBCO-modified
OKT3 (DBCO+PCL-N3), PCL particles incubated with DBCO-modified OKT3 (DBCO+PCL),
PCL-N3 particles incubated with native OKT3 (OKT3+ PCL-N3), PCL particles incubated with
native OKT3 (OKT3+PCL). Plate-bound OKT3 (OKT3) and DBCO-OKT3 (DBCO) were used
as a positive control. Particles without antibody (PCL-N3 and PCL) as well as unstimulated
cells negative controls were included. Data are shown as mean ± S.D. and are representative
of independent experiment performed on PBMCs isolated from three donors, with three
replicate wells per condition tested. Repeated measures one-way ANOVA with post hoc
Tukey’s test; statistical significance: ns (p-value >0.05), **** (p-value ≤0.0001).

In general, the results presented below give evidence for successful deposition of the
antibody on the particle surface as all the antibody-loaded formulations performed
significantly better than their non-antibody functionalised controls (PCL-N3 and PCL
for azide functionalised and plain PCL particles, respectively). Delivering the native
OKT3 antibody on the surface of PCL particles (OKT3-PCL and OKT3-PCL-N3)
resulted in a significantly higher (p ≤0.001) IFN-γ production than in plate-bound
antibody control (OKT3). The same, however, was not true for the DBCO-OKT3based formulations, where the plate-bound antibody led to very high levels of IFN-γ
release (~2000 pg/mL) comparable to those of the DBCO-based particulate
formulations (DBCO-PCL-N3 and DBCO-PCL).
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TNF-α release
The quantification of TNF-α release (Figure 5-19) gave findings similar to the results
with IFN-γ.

Figure 5-19: Production of TNF-α in CD3+ T cells stimulated with antibody-coated
microparticles. Formulations tested were: PCL-N3 particles incubated with DBCO-modified
OKT3 (DBCO+PCL-N3), PCL particles incubated with DBCO-modified OKT3 (DBCO+PCL),
PCL-N3 particles incubated with native OKT3 (OKT3+ PCL-N3), PCL particles incubated with
native OKT3 (OKT3+PCL). Plate-bound OKT3 (OKT3) and DBCO-OKT3 (DBCO) were used
as a positive control. Particles without antibody (PCL-N3 and PCL) as well as unstimulated
cells negative controls were included. Data are shown as mean ± S.D. and are representative
of independent experiment performed on PBMCs isolated from three donors, with three
replicate wells per condition tested. Repeated measures one-way ANOVA with post hoc
Tukey’s test; statistical significance: ns (p-value >0.05), ** (p-value ≤0.01), **** (p-value
≤0.0001).

Again, there were no significant differences between the DBCO-PCL-N3 and DBCOPCL formulations, and the overall TNF-α levels were higher (but not significantly)
in non-azide functionalised particle formulation (DBCO-PCL) than in DBCO-PCLN3. Although the results should be interpreted with caution due to high donor-to-donor
variability, the observed trend may be the effect of the differences in particle size. The
PCL-N3 particles are much larger than the PCL analogue, with an average sizes
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of ~16 µm for PCL-N3 and ~2 µm for PCL (see Chapter 4, Figure 4-8, page 148). The
higher particle size for PCL-N3 may negatively affect the interaction with T cells, as
previously discussed in Chapter 4 (Section 4.1.2, page 123). This effect, however,
was not observed in native OKT3-functionalised particles (OKT3-PCL-N3 and OKT3PCL, p >0.05).
Similarly to the IFN-γ data, TNF-α production following stimulation with plate-bound
DBCO-OKT3 (DBCO) was comparable to the DBCO-functionalised particulate
formulations (DBCO-PCL-N3 and DBCO-PCL). None of the differences observed
were statistically significant. On the other hand, presenting native OKT3
on the surface of particles resulted in enhanced TNF-α release in both OKT3-PCL-N3
and OKT3-PCL formulations (p ≤0.0001).

IL-2 release
Figure 5-20 shows the production of IL-2 by CD3+ T cells following incubation with
SPAAC antibody-particle conjugates. Some donor-to-donor variability was observed,
as in the TNF-α production quantification (Figure 5-19).
Here, both DBCO- and OKT3-functionalised PCL-N3 formulations performed worse
than their PCL counterparts (DBCO-PCL and OKT3-PCL, respectively). This could
potentially highlight the importance of appropriate particle size (1-10 µm, as
previously described in Chapter 4) on T cell activation.
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Figure 5-20: Production of IL-2 in CD3+ T cells stimulated with antibody-coated
microparticles. Formulations tested were: PCL-N3 particles incubated with DBCO-modified
OKT3 (DBCO+PCL-N3), PCL particles incubated with DBCO-modified OKT3 (DBCO+PCL),
PCL-N3 particles incubated with native OKT3 (OKT3+ PCL-N3), PCL particles incubated with
native OKT3 (OKT3+PCL). Plate-bound OKT3 (OKT3) and DBCO-OKT3 (DBCO) were used
as a positive control. Particles without antibody (PCL-N3 and PCL) as well as unstimulated
cells negative controls were included. Data are shown as mean ± S.D. and are representative
of independent experiment performed on PBMCs isolated from three donors (n=3). Repeated
measures one-way ANOVA with post hoc Tukey’s test; statistical significance: ns (p-value
>0.05), *** (p-value ≤0.001), **** (p-value ≤0.001).

Again, no statistically significant differences were observed between DBCO delivered
on tissue culture plastic (DBCO) and on the surface of the particles (DBCO-PCL-N3
and DBCO-PCL). PCL particles delivering physically adsorbed OKT3 (OKT3-PCL)
performed significantly better than plate-bound OKT3 (p≤0.001). Overall, the
cytokine quantification experiments (Figure 5-18, Figure 5-19, Figure 5-20) show that
the SPAAC antibody-particle conjugates are capable of inducing T cell activation
as measured by cytokine production.
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Proliferation and cell phenotyping
The proliferation of particle-stimulated CD3+ T cells was measured using CFSE
staining as previously described in Chapter 4 (Section 4.3.7.3, page 158). The
inclusion of CD4 and CD8 markers allowed for more detailed investigation of cellular
behaviours by comparing the proliferation patterns for T helper cells (CD4 positive)
and cytotoxic T cells (CD8 positive). An example of CD4 vs CD8 dot plots as well as
the CFSE histograms obtained based on these plots is presented in Figure 5-21.

Figure 5-21: Example of results obtained in flow cytometry experiments. The inclusion of CD4
and CD8 markers allowed for the differentiation between CD4+ and CD8+ T cell populations.
Then, CFSE histograms for individual populations were fitted into the proliferation modelling
tool. The red line denotes peak fitting for CD4+ T cells, while the blue line shows peak fitting
for CD8+ T cells.

The inclusion of CD4 and CD8 markers allowed for further differentiation of cells
(either CD4 or CD8 positive) from unstained particles, as shown in the gating strategy.
The proliferation index was calculated based on the proliferation model fitting into
CFSE histograms, and a summary of the obtained results is presented in Figure 5-22.
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Figure 5-22: Proliferation indices of CD3+ T cells following incubation with SPAAC antibodyparticle conjugates, calculated for subpopulations of CD4+ and CD8+ T cells. Formulations
tested were: PCL-N3 particles incubated with DBCO-modified OKT3 (PCL-N3+DBCO), PCL
particles incubated with DBCO-modified OKT3 (PCL+DBCO), PCL-N3 particles incubated with
native OKT3 (PCL-N3+OKT3), PCL particles incubated with native OKT3 (PCL+OKT3). Platebound OKT3 (OKT3) and DBCO-OKT3 (DBCO) were used as a positive control. Particles
without antibody (PCL-N3 and PCL) as well as unstimulated cells (No stimulation) negative
controls were included. Data are shown as mean ± S.D. and are representative of independent
experiment performed on PBMCs isolated from three donors (n=3). Repeated measures twoway ANOVA with post hoc Tukey’s test; statistical significance: ns (p-value >0.05), *** (p-value
≤0.001).

No proliferation was observed in non-antibody stimulated controls (non-Abfunctionalised PCL-N3 or PCL particles and cells only wells). In general, cells
stimulated with antibody-functionalised particles exhibited varying levels of
proliferation, with preferential expansion of cytotoxic (CD8+) T cells. However,
statistical significance was only observed in PCL-N3-DBCO conjugates (p ≤0.001).
This result is particularly important for the intended application of these formulations
in cancer immunotherapy, where the expansion of cytotoxic CD8+ T cells is desired32.
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When compared against the plate-bound antibody control (DBCO), PCL-N3-DBCO
resulted in significantly lower proliferation of CD4+ T cells (p ≤0.01), but higher
CD8+ T cell expansion (p >0.05). For CD4+ T cells, the proliferation index was
comparable for all particle formulations (PCL-N3-DBCO, PCL-DBCO, PCL-N3OKT3, PCL-OKT3; p >0.05). CD8+ T cell proliferation achieved in PCL-N3-DBCO
was significantly higher than in PCL-DBCO (p ≤0.001), but comparable to PCL-N3OKT3 (p >0.05). As observed in Jurkat cells (Figure 5-13), stimulation with DBCOmodified OKT3 resulted in a significantly higher expansion of both CD4+ (p ≤0.001)
and CD8+ T cells (p ≤0.01) than for the unmodified OKT3 plate-bound control.

Summary of T cell activation assay results
The cytokine production assays and the calculations of proliferation index provide
useful information on the biological performance of SPAAC antibody-particle
conjugates. The increased proliferation and elevated production of all tested cytokines
by particle-stimulated T cells suggests the successful delivery of the anti-CD3
antibody using this method. The results also confirm the superior performance
of DBCO-modified antibody as compared to its unmodified state, with DBCO-OKT3
stimulating significantly higher cytokine production and proliferation of both CD4+
and CD8+ T cells. The results, however, do not conclusively confirm whether the
SPAAC reaction on the particle surface was successful. The DBCO-PCL-N3
formulation achieved results comparable to those of the particle controls (DBCO-PCL,
OKT3-PCL-N3, OKT3-PCL).
To probe for possible differences in the extent of antibody attachment to the surface,
the surface composition of the particle formulations tested in the T cell activation assay
was investigated with XPS. The data obtained in survey spectra allowed for the
quantification of the elements present on the particle surface. The presence of the
antibody on the surface can be investigated by quantifying the nitrogen content, as the
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N peak can only arise from the amide and amine functionalities in the antibody. Nonantibody functionalised particle controls were used as controls. Figure 5-23
summarises the surface nitrogen percentage relative to carbon and oxygen detected on
the surface.
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Figure 5-23: Nitrogen content (at%) at the surface of the antibody-functionalised particles
after 4-hour incubation in antibody solution. Following formulations were tested: DBCO+PCLN3, DBCO-PCL, OKT3+PCL-N3, OKT3+PCL. Non-functionalised particles (PCL-N3 and PCL)
were used as controls. Data are shown as mean ± standard deviation (n=3). Repeated
measures one-way ANOVA with post hoc Tukey’s test; statistical significance: ns (p-value
>0.05), * (p-value <0.05), ** (p-value ≤0.01), **** (p-value ≤0.0001).

All particle formulations exhibited significantly higher surface nitrogen content than
their non-antibody-functionalised controls, providing further evidence of the antibody
conjugation. Nitrogen content was lowest for OKT3-PCL, followed by DBCO-PCLN3, DBCO-PCL and OKT3-PCL-N3. These spectroscopic results, however, do not
directly correlate to the performance of particles in vitro, possibly because they do not
reflect on the accessibility of surface-conjugated antibodies, the elution rate and the
complexity of the particle-T cell interaction.
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Two parameters that potentially could be causing the inconclusive results of the
in vitro T cell activation are (1) the difference in particle size in morphology for PCLN3 and PCL and (b) the biological potency of DBCO-OKT3 and OKT3. The effect
of particle size on T cell activation was previously discussed in the context of
electrosprayed PCL particles (Chapter 4). It is possible that the PCL-N3 particles are
inherently inferior to PCL particles due to their larger size (~16 µm). To allow a more
accurate comparison, the particles should ideally exhibit the same mean diameter and
morphology. Hence, further optimisation of the PCL-N3 electrospraying process may
be required.
Additionally, the plate-bound DBCO-modified OKT3 control was seen to cause
significantly higher T cell activation than the native (OKT3) antibody. A more detailed
characterisation of this novel DBCO-OKT3 conjugate should be performed
to understand its chemistry and biological function. Further modifications to the
DBCO-OKT3 conjugation protocol, for example by employing an additional
purification step or by varying the molecular weight of the bis-sulfone-PEG-DBCO
reagent would be interesting to explore.
Overall, the in vitro T cell activation results further confirm that T cell activating
antibody can be safely deposited on the surface of electrosprayed particles via SPAAC
reaction, and that such particle-antibody conjugates are capable of evoking responses
in human-derived CD4+ T cells.

5.4 Conclusions
This chapter evaluated the feasibility of in vitro T cell activation using SPAAC
antibody-particle conjugates. Azide-functionalised microparticles were prepared
by electrospraying a solution of PCL-N3. Although the process requires further
optimisation to improve the morphology and decrease the diameter of the
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manufactured particles, the PCL-N3 particles showed of the ability to conjugate model
DBCO compounds in fluorescence microscopy experiments.
The modification of OKT3 antibody with DBCO moieties was achieved by bisalkylation using a bis-sulfone-PEG-DBCO reagent to yield DBCO-OKT3.
The modified antibody appeared to retain biological function (as tested in a T cell
activation model) and was not toxic to Jurkat cells.
Finally, the SPAAC reaction of DBCO-OKT3 and PCL-N3 particles was attempted
and achieved. The antibody delivered on the surface of the particles evoked T cell
activation in PBMC-derived T cell experiments. Stimulation with the functionalised
microspheres led to increased cytokine production (IFN-γ, TNF-α, IL-2) and enhanced
proliferation of both CD4+ and CD8+ T cells. It is, however, unclear whether the
observed effect was caused by the covalent conjugation via SPAAC, or simply through
physical adsorption of the antibody to the particle surface. Further investigation into
the individual components of the SPAAC reaction (PCL-N3 particles, DBCO-OKT3
antibody) is needed to allow for more detailed analysis of the efficiency of this click
reaction.
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delivery of immunotherapy

6.1 Introduction
Although surgical removal remains the first line treatment for most solid tumours,
in some cases it is not feasible to fully resect the tumour due to its size or location.
The residual tumour cells may regrow, causing cancer relapse. To prevent this, the use
of implantable drug-eluting biomaterials have long been explored324–326.
Immune checkpoint inhibitors, previously described in Section 1.2 (page 7), are
showing promise in clinical trials for a variety of solid tumours. Still, the
implementation of these agents into clinical treatment frameworks is often impeded
by the abundance of severely debilitating immune-related adverse events. As an
example, for anti-CTLA-4 antibodies, the most commonly observed side-effects
include rash, pruritus, vitiligo (in 44-68% patients), and colitis (35-44%)327. One way
to minimise the side-effects is to provide a more controlled and precisely localised
release of these agents directly into the tumour site. Delivering cancer immunotherapy
in a localised and sustained fashion could also decrease the amount of drug needed to
elicit a therapeutic response. This could potentially lead to a decrease in the costs
associated with these therapies (e.g. a £75,000 treatment course for Yervoy®328),
which could facilitate the widespread use of these drugs in the clinic by removing the
financial barriers.
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Several biomaterial-assisted checkpoint inhibitor delivery systems have been
proposed (as discussed in Section 1.3.1, page 16), but the field remains largely
unexplored. The delicate structures of the monoclonal antibodies that comprise
immune checkpoint inhibitors pose multiple challenges in the design of suitable drug
delivery platforms. Many biomaterial fabrication processes may negatively impact the
stability of the protein being formulated. Typical conventional encapsulation methods,
such as spray-drying or hot melt extrusion, require harsh conditions (e.g. application
of heat or prolonged contact with solvents) that can potentially cause protein
misfolding or aggregation, and consequent loss of activity.
Electrospinning offers a simple way of manufacturing drug-loaded implantable
scaffolds, the properties of which can be tuned according to the therapeutic needs. In
cancer care, electrospun patches have been mostly discussed in the context of localised
delivery of chemotherapeutic agents and small molecule drugs329,330. However, recent
advancements in protein electrospinning (discussed in Section 1.4.2, page 30) could
potentially widen the application of EHD processes into the cancer immunotherapy
field.
Angkawinitwong et al.112 explored coaxial electrospinning in the fabrication
of bevacizumab-loaded PCL nanofibres for the treatment of age-related macular
degeneration in the eye. The study provided a valuable insight into the feasibility
of using coaxial electrospinning for immunotherapy delivery,

highlighting

the importance of the pH of the protein solution. It was found that electrospinning
protein solutions at the isoelectric point of the antibody significantly enhances its inprocess stability. Bevacizumab released from the optimal core-shell fibres remained
intact and biologically active, confirming the appropriateness of the approach
for sustained and localised delivery of antibodies. However, the encapsulation
efficiency was negatively affected by electrospinning at the pI of bevacizumab, which

209

Chapter 6 – Implantable antibody-loaded electrospun fibres for localised delivery of immunotherapy

was attributed to the lack of electrostatic interactions driving the migration of protein
towards the grounded electrode when the antibody is in its uncharged state.
Until recently, implementation of electrospinning on an industrial scale was hindered
by limitations in the process scale-up. A number of high throughput ES technologies
and instruments have emerged recently, making it an attractive method for the largescale production of drug-eluting implants that can be manufactured in Good
Manufacturing Practice (GMP) conditions138,281.

Aims of this chapter
The delivery of therapeutic antibodies by incorporation in electrospun fibres has been
largely overlooked, with only two published examples up to date112,331. To the best
of our knowledge, electrospinning of cancer immunotherapeutics has not been
attempted.
This chapter therefore aimed to prepare implantable and biodegradable electrospun
formulations of an anti-CTLA-4 antibody, ipilimumab, for sustained release of this
immune checkpoint inhibitors near to the tumour site. The ipilimumab-loaded fibre
formulation was prepared using the core-shell EHD technology and the processing
parameters were based on the previous literature in the field112,228.
The effect of the pH of the core (antibody) solution on the stability of the
electrospinning process as well as the product morphology, physical properties and
drug release profile was investigated. Finally, the ipilimumab released from the fibres
was tested for protein integrity to evaluate the effect of the electrospinning process
on antibody stability.
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6.2 Experimental details
Preparation of antibody-loaded fibres using co-axial
electrospinning
Preparation of the shell solution
For shell solution, PCL pellets (80 kDa) were dissolved in a mixture of 2,2,2trifluoroethanol (TFE) and deionized water (DI) (9:1 v/v) at a concentration of 10%
w/v112,228.

Preparation of the core solutions
Unused Yervoy® solution was recovered from Bart’s Hospital (London, UK) and used
to prepare the core solutions. For both formulations (ipilimumab at pH 8.3 named ‘IPI
8.3’ and and ipilimumab at pH (IPI 6.7)), the commercial antibody buffer was
exchanged with Trizma® buffer (50 mM, pH 8.3 and 6.7, respectively) using a PD-10
desalting column (VWR International Ltd, UK). The resulting antibody solutions were
concentrated to 12.5 mg/mL using a Vivaspin 6® centrifugal concentrator (molecular
weight cut-off 30 kDa; VWR International, UK) for 3 minutes at 4000 rpm.
Concentrations of antibody solutions were calculated using two methods:
by measuring absorbance at 280 nm (as described in Section 2.2.6.1, page 57) and
using Bradford assay (as described in Section 2.2.6.2, page 58).

Coaxial electrospinning process
Electrospun antibody-loaded fibres were prepared using coaxial electrospinning. The
details of this EHD technique are described in Section 1.4 (page 23).
Core and shell solutions were respectively loaded into 1 and 5 mL plastic syringes
(Terumo, UK) immediately prior to the electrospinning process, to prevent
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degradation of the antibody solution at room temperature. Afterwards, the syringes
were mounted separately onto two syringe pumps (78-9100 C, Cole Parmer, 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) 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 baking paper. The core and shell fluids were
then simultaneously fed through the spinneret at a fixed flow rate. EHD was performed
under ambient conditions (temperature 25 ± 2 °C and relative humidity 35 ± 10%).
Coaxial electrospinning was performed for 2 hours (spinning 3 mL of shell and 0.6
mL of core solution). The fibre mats were collected onto a collector. Afterwards, each
sample was carefully removed from the baking paper using a scalpel and stored at 28 ºC prior to further experiments. Three batches of each fibre formulations were
produced. Table 6-1 summarises the electrospinning parameters used.
Table 6-1: Summary of coaxial ES parameters used to prepare ipilimumab-loaded fibres.
Parameters

IPI 8.3

IPI 6.7

Core solution

Yervoy® (ipilimumab) solution

Yervoy® (ipilimumab)

in Trizma® buffer

solution in Trizma® buffer

(12.5 mg/mL, pH 8.3)

(12.5 mg/mL, pH 6.7)

Shell solution

10% w/v PCL in 9:1 v/v TFE:deionized water

Core : shell flow rates

0.3 mL h-1 : 1.5 mL h-1

Spinneret to collector distance

16 cm

Voltage

20-22 kV
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Physicochemical characterisation
The morphology and physicochemical properties of the produced fibres were
evaluated with SEM, FTIR, XPS, DSC and XRD as described in Sections 2.2.2 (page
54) and 2.2.3 (page 55).

Confirmation of antibody encapsulation
Transmission electron microscopy
The core-shell structure of antibody-loaded electrospun fibres was investigated
with transmission electron microscopy (TEM). A small amount of sample
was collected by electrospinning directly onto the TEM grid (TAAB, UK).
The samples were then analysed by Dr Andrew Weston using a FEI CM 120 Bio-Twin
TEM (Philips/FEI, USA).

FITC-ipilimumab conjugation
FITC-conjugated ipilimumab (FITC-IPI) was prepared to visualize the distribution
of ipilimumab in the fibres. Briefly, the core solutions prepared in Section 6.2.1.2
(page 211) were diluted with PBS (pH 7.4) to 1 mg/mL (1 mL). NHS-fluorescein
(NHS-FITC; Sigma-Aldrich, UK) was dissolved in DMSO (10 mg/mL, 100 µL)
immediately before the reaction. Afterwards, 4.7 μL of NHS-FITC solution was added
into a reaction tube containing 1 mL of a 1 mg/mL ipilimumab solution. NHS-FITC
was used in molar excess (15 equivalents) to ipilimumab, as per the manufacturer’s
recommendations. The reaction was incubated for 1 h at room temperature under
gentle stirring and protected from light. Thereafter, the reaction mixture (ca. 1 mL)
was loaded onto a PD-10 desalting column (VWR International Ltd, UK) and eluted
with Trizma® buffer (ca. 4 mL; pH 8.3 and pH 6.7 for FITC-IPI-8.3 and FITC-IPI-6.7,
respectively). The washing and elution steps were repeated to finish purification of the
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whole mixture. The final concentration of FITC-labelled antibody was measured using
the formula below (Equation (6.1)):
𝐹𝐼𝑇𝐶 − 𝐼𝑃𝐼 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑀) =

𝐴280 − 𝐴493 × 𝐶𝐹
× 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
𝜀𝑝𝑟𝑜𝑡𝑒𝑖𝑛

(6.1)

where 𝐴280 = absorbance at 280 nm, 𝐴493 = absorbance at 493 nm, CF=correction factor (0.3),
𝜀𝑝𝑟𝑜𝑡𝑒𝑖𝑛 = extinction coefficient for ipilimumab (210000 M-1 cm-1 for IgG).

The FITC-IPI solution was then concentrated to 12.5 mg/mL using a Vivaspin 6®
centrifugal concentrator (molecular weight cut-off 30 kDa; VWR International, UK)
and used in the electrospinning experiment in place of unlabeled IPI. A small amount
of fibres was collected onto a glass microscope slide and visualized with an EVOS XL
Cell Imaging System digital inverted microscope (ThermoFisher Scientific, UK) set to
green fluorescent protein (GFP) filter.

Determination of encapsulation efficiency
Fibre samples were extracted using a modified method from the literature112.
Approximately 10 mg of fibres were dissolved in 1 mL DMSO and gently agitated for
one hour. A solution (5 mL) of NaOH (0.05 M) and sodium dodecyl sulfate (SDS;
0.05% w/v in PBS) was then added to the sample solution, which was left under
constant shaking at 100 rpm for another hour at room temperature. The resulting
solution was collected and filtered through 0.22 μm Millex-GP syringe filter units
(Fisher Scientific, UK) prior to quantification with microBCATM as previously
described (Section 2.2.6.3, page 58). Each formulation was tested in triplicate.

In vitro release study
Cumulative release
Approximately 50 mg of each formulation was placed in a 28 mL glass vial and filled
with PBS (5.0 mL, pH 7.4), supplemented with 0.05% w/v sodium azide and 0.5% v/v
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Tween® 80. The samples were then placed in a shaking incubator (Incu-Shake MINI,
SciQuip, UK) set to 37 °C and 120 rpm. Aliquots (0.5 mL) were collected from
the release medium at predetermined timepoints, and the release medium replenished
with same volume of fresh medium. Protein content was measured using microBCATM
as previously described (Section 2.2.6.3, page 58) and the results are presented
as cumulative release (calculated using Equation (3.2), page 78). Each formulation
was tested in triplicate.

Antibody stability
The stability of the ipilimumab released from both formulations (IPI 8.3 and IPI 6.7)
was studied using SDS-PAGE. Protein aliquots (20 μL) collected from the in vitro
release study were filtered with 0.22 μm Millex-GP syringe filter unit (Fisher
Scientific, UK) before running SDS-PAGE, followed by Coomasie blue staining (see
Section 2.2.5.1, page 57).
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6.3 Results and discussion
The electrospinning parameters used for the fabrication of ipilimumab-loaded fibres
were chosen based on existing literature112. The effect of the pH of the core solution
became apparent from the onset of the electrospinning process, where the formulation
with the core solution at the isoelectric point of ipilimumab (IPI 8.3) resulting
in the formation of a distinct Taylor cone, clearly visible in Figure 6-1a, and the
electrospinning process remaining stable throughout the experiment (2 hours).
In contrast, when the core solution at pH 6.7 (IPI 6.7) was spun, the process was rather
unstable, with the Taylor cone splitting as observed in Figure 6-1b. The tip of the
coaxial needle required frequent cleaning to prevent the clogging of the outlet,
due to a build-up of semi-solid polymer residue resulting from the unstable
electrospinning process.
(b)

(a)

Figure 6-1: Photographs presenting the stability of a Taylor cone when electrospinning IPI 8.3
(panel a) and IPI 6.7 (panel b).

Fibre size and morphology
The morphology and size distribution of the electrospun fibres was investigated with
SEM (Figure 6-2).
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Figure 6-2: Scanning electron micrographs of ipilimumab-loaded fibres at two magnifications:
4000x (a,b) and 10 000x (c,d). Panels (a) and (c) show IPI 8.3, while panels (b) and (d)
represent IPI 6.7. Size distributions as well as mean ± S.D. fibre diamaters were calculated
from micrographs for IPI 8.3 (panel e) and IPI 6.7 (panel f). Similar results were obtained from
three independent experiments and the results of one representative experiment are shown.
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Both formulations generated bead-free fibres, although their morphology differed.
Samples prepared from a solution at the isoelectric point of ipilimumab (IPI 8.3)
formed relatively uniform and smooth strands (Figure 6-2a and c) of 413 ± 141 nm
(Figure 6-2e). Conversely, the IPI 6.7 formulation showed a branched and tangled
structure (Figure 6-2b and d). The diameter of the individual strands varied widely,
with a mean of 510 ± 430 nm (Figure 6-2f). The relatively distorted structure of the
fibres spun at pH 6.7 could be the result of the unstable electrospinning process
discussed above (Figure 6-1).

Physicochemical characterisation
FTIR analysis of ipilimumab-loaded fibres (Figure 6-3) did not reveal any clear
evidence for the presence of the antibody. The spectra in Figure 6-3 for the IPI-loaded
formulations are identical to that of PCL. It is possible that the PCL signal dominated
due to the low antibody loading, and this being confined within the core of the fibre.
Similar results were obtained for bevacizumab-loaded fibres prepared using the same
electrospinning parameters228.

%Transmittance
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Figure 6-3: FTIR spectra of ipilimumab-loaded fibres. The following samples were measured:
a) plain PCL fibre, and ipilimumab-loaded fibres spun at b) pH 6.7 and c) pH 8.3. No structural
differences between plain and antibody-loaded fibres were observed. Similar results were
obtained from all three independent experiments and the results of one representative
experiment are shown.
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XPS was used to investigate the elemental composition at the surface of the antibodyloaded fibres. Since PCL does not contain nitrogen in its structure (Figure 1-8, page
26), any signal from nitrogen will indicate the presence of amide and amine functional
groups within the protein structure. High resolution N1s XPS spectra are presented
in Figure 6-4.
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Figure 6-4: High resolution N1s XPS spectra for (a) plain PCL fibres, and ipilimumab-loaded
fibre spun at b) pH 6.7 and c) pH 8.3. Similar results were obtained from three independent
experiments and the results of one representative experiment are shown.

A control blank PCL fibre sample (Figure 6-4a) showed no signal between 408-396
eV, indicating no nitrogen present on the surface. In contrast, a nitrogen peak
was detected in ipilimumab-loaded fibres spun at both pH 6.7 (Figure 6-4b) and pH
8.3 (Figure 6-4c). The survey spectra obtained for these samples were used to quantify
the elemental composition at the surface, and the results are presented in Table 6-2.
Table 6-2: Elemental composition of the fibre surfaces. Data are shown as mean ± standard
deviation (n=3).
Formulation

Surface C (at%)

Surface O (at%)

Surface N (at%)

PCL fibre

76.38 ± 0.74

23.62 ± 0.71

0

IPI 6.7

75.05 ± 0.31

23.44 ± 0.44

1.51 ± 0.15

IPI 8.3

76.76 ± 0.05

22.63 ± 0.06

0.62 ± 0.10

Since the penetration depth of the X-ray beam in the XPS instrument is 10 nm,
it can be assumed that the nitrogen signal observed in the antibody-loaded fibres
corresponds to the protein present either on or near to the surface of the scaffold. This
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could indicate that some protein has become encapsulated in the fibre shell, or that the
thickness of the shell is less than 10 nm. The increased surface N percentage of IPI 6.7
could potentially accelerate the release of the therapeutic antibody from this
formulation. It has been previously hypothesised that, under the electric field applied
during the electrospinning process, easily polarisable charged macromolecules
such as proteins may migrate from the core to the shell fluid. At the isoelectric point
of ipilimumab (pH ~8.3), the antibody possesses no charge and migration to the fibre
surface is unlikely to occur, while at pH 6.7 it is positively charged and therefore more
prone to migration towards the shell via dielectrophoretic movements228. This could
potentially explain the increased nitrogen percentage detected on the surface
of IPI 6.7.

Confirmation of antibody presence within electrospun
scaffolds
The localisation of ipilimumab within the fibres was explored with FITC-conjugated
ipilimumab, electrospun under the same processing conditions used to prepare IPI 8.3
and IPI 6.7. The fibre structure was investigated with fluorescence microscopy and the
results are presented in Figure 6-5. The light microscopy images (Figure 6-5a and b)
were acquired to map the electrospun fibres on the microscope slide. The presence of
fluorescence (Figure 6-5c and d) in both samples tested, at comparable intensity levels,
indicates the successful encapsulation of the antibody within the fibres. The
fluorescence is easily observed in the fibre strands of the larger diameter.
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Figure 6-5: Light (a,b) and fluorescence (c,d) micrographs of electrospun ipilimumab-loaded
nanofibres magnified 10x. The following formulations are presented: IPI 8.3 (a,c) and IPI 6.7
(b,d). Similar results were obtained from three independent experiments and the results of
one representative experiment are shown.

Further information on the core-shell structure of the electrospun fibres was obtained
with TEM (Figure 6-6). In TEM micrograph of IPI 8.3, (Figure 6-6a), the darker core
is embedded within the lighter shell, as indicated by arrows. The TEM images of IPI
6.7 show a poorly defined core-shell structure, with irregularities observed in Figure
6-6b that may suggest non-uniform distribution of the antibody within the fibre.
In contrast to Figure 6-6c (IPI 8.3), where the core-shell structure is clearly defined,
it appears that the thickness of the shell is much smaller for the IPI 6.7 fibres (Figure
6-6d), and/or that the mixing of the core and shell solutions during electrospinning
occurred. As discussed above in the context of XPS results, the migration of a charged
protein towards the surface of the fibre under the electric field may occur. Both the
XPS and TEM results support the hypothesis that electrospinning near the isoelectric
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point of a protein results in accumulation of the drug cargo within the core with little
or no migration to the surface visible, and are consistent with previous literature in the
field112.
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Figure 6-6: Transmission electron micrographs of electrospun fibres. The following
formulations are presented: IPI 8.3 (a,c) and IPI 6.7 (b,d). Similar results were obtained from
three independent experiments and the results of one representative experiment are shown.

Preliminary in vitro ipilimumab release study
The release of ipilimumab from IPI 8.3 and IPI 6.7 was observed over 16 days (Figure
6-7).
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Figure 6-7: Cumulative release profiles of ipilimumab from antibody-loaded PCL fibres.
Formulations tested were: IPI 8.3 and IPI 6.7. Data are presented as mean ± SD (n=6).

The fibres spun with a core solution at the isoelectric point of ipilimumab (IPI 8.3)
showed a 13.8 ± 3.2% burst release at day 2, followed by a period of sustained release
for the next 8 days, reaching 23.3 ± 5.5% at day 10. On the other hand, the IPI 6.7
fibres exhibited a burst of 32.5 ± 6.7% release at day 2, accelerating to 46.6 ± 1.9%
at day 10. For both formulations the release seems to plateau after day 10, showing
only a modest increase from 23.3 ± 5.5% to 25.8 ± 4.8% for IPI 8.3 and 46.6 ± 1.9%
to 47.5 ± 3.2% for IPI 6.7 These results are consistent with the previously presented
hypothesis that the morphological defects and irregular distribution of the antibody
in the IPI 6.7 formulation may result in an accelerated and less controlled release
of the therapeutic agent from the fibre. The release profile of IPI 8.3, on the other hand,
shows promise for the sustained delivery of ipilimumab. It should be noted, however,
that neither of the formulations released their complete drug cargo within 16 days and
therefore long-term release profiles should be established to characterise the release
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kinetics more accurately. Here, a nonionic surfactant (Tween® 80) was added to the
release medium to enhance wetting of the hydrophobic PCL shell. This will have
accelerated fibre degradation and antibody release, allowing quantification within
a relatively short timeframe of two weeks. Future experiments should include further
optimisation of the protein release study to mimic the tumour microenvironment more
accurately and exclude the need for detergent supplementation of the release medium.
Ipilimumab released from the fibres was analysed with SDS-PAGE, followed
by Coomasie staining to investigate the protein stability (Figure 6.8).

Figure 6-8: Photograph of a Novex Bis-Tris 4-12% gel showing ipilimumab collected from the
release studies. Lanes are labelled as follows: M - molecular weight standard; Lane 1: control
ipilimumab solution at pH 8.3; lanes 2, 3, 4 – supernatant of IPI 8.3 release at days 2, 6, 10
respectively; lane 5 – control ipilimumab solution at pH 6.7; lanes 6, 7, 8 - supernatant of IPI
6.7 release at days 2, 6, 10 respectively. Similar results were obtained from three batches of
each fibre formulation, and the results of one representative experiment are shown.

Lanes 1 and 5 serve as controls for IPI 8.3 and IPI 6.7, respectively, and show the
intact ipilimumab solutions used for the fabrication of the loaded electrospun fibres.
Lanes 2-4 show the supernatant of IPI8.3 release study at days 2, 6, and 10. A large
proportion of the intact antibody is still present, with bright blue lines visible at around
~150 kDa. However, the appearance of faint bands at 110 and 50 kDa may suggest
some level of antibody fragmentation332. A similar trend is observed for IPI 6.7 release
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supernatants (lanes 6-8 for days 2, 6, 10, respectively), however, the extent of protein
fragmentation is considerably higher than in IPI 8.3.
The antibody fragmentation observed in the release study supernatants could also be
a result of the inclusion of a nonionic surfactant, Tween® 80, in the release medium.
Although the addition of Tween® 20 or Tween® 80 at low concentrations (0.01-0.05%)
has been associated with protection against aggregation in protein solutions, at higher
concentrations the detergents may cause protein unfolding.333
Due to limited literature on the localised delivery of anti-CTLA-4 antibodies, it is
difficult to estimate the preferred duration of action of such implants at the tumour
resection site. Previous publications explored the antibody release over 60 days80 or 2
weeks81. Future in vitro CTLA-4 blockade experiments could potentially aid the
selection of a favourable antibody release profile by establishing the therapeutic
window needed to elicit responses in immune cells. As the core-shell electrospinning
process described above can be easily tweaked to increase or decrease antibody
loading, the release profiles may be tuned to match the intended application.

6.4 Conclusions
The results presented in this chapter suggest successful fabrication of ipilimumabeluting electrospun PCL fibres that could potentially be used for sustained delivery of
checkpoint inhibitors at the tumour site. PCL scaffolds were prepared using coaxial
electrospinning, and the effect of the pH of the aqueous antibody core solution on the
fabrication process and material performance was investigated.
It became apparent that adjusting the pH to the isoelectric point of ipilimumab results
in the formation of uniform fibres with a clear core-shell structure. On the other hand,
a core solution at lower pH (6.7) destabilises the electrospinning process, causing
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irregular morphology of the fibres and migration of the antibody towards the polymer
shell, as observed with TEM and XPS.
The release of ipilimumab from both formulations was compared in a 16-day study.
The formulation spun at pH 8.3 showed more sustained release, reaching ~30% at day
10. Further investigation of long-term release profiles should be performed in a more
biorelevant dissolution model to allow for further analysis of the release kinetics.
Nevertheless, in these preliminary studies, the electrospun ipilimumab-loaded PCL
scaffolds show promise for sustained and controlled delivery of immunotherapeutics,
with little or no damage to the encapsulated monoclonal antibody being evident.
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7. Chapter 7 – Conclusions and future
work

7.1 Summary of research findings
The work described in this thesis explores the feasibility of using antibodyfunctionalised biomaterials to address critical issues associated with modern cancer
immunotherapies. In recent years there has been growing interest in harnessing the
immune system for fighting cancer. In particular, adoptive T cell therapy has been
widely explored. A common obstacle to the widespread use of cell therapies is the
manufacturing complexity associated with them. To overcome this, a number of
approaches have been applied and the existing literature in the field suggests that it is
possible to potentiate T cell responses directly in vivo, without the need for ex vivo
processing of T cells in a laboratory setting. In nature, T cells become activated upon
contact with antigen presenting cells, and it may be possible to mimic this interaction
using biomaterials surface-functionalised with T cell stimulating molecules, such as
anti-CD3 antibodies.
Therefore, Chapter 3 explored the feasibility of surface functionalisation
of electrospun PCL nanoscaffolds with antibodies using perfluorophenyl azide
chemistry. This method of surface modification is relatively unexplored, hence
extensive optimisation experiments were carried out before attempting the attachment
of the target (OKT3) antibody. The work presented addresses several knowledge gaps
in the field, for example by testing the potential cytotoxicity of PFPA-NHS in Caco-2
cells and by exploring the effect of PFPA-NHS functionalisation on the biological
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activity of the protein being conjugated. A model enzyme, catalase, was successfully
attached to the surface of PCL fibres using PFPA-NHS with no negative impact on its
activity, as measured by catalase activity assay. The covalently conjugated catalase
released from the fibres at a much slower rate than physically adsorbed catalase,
revealing this approach to be suitable for safe and effective attachment of proteins
to hydrocarbon-based biomaterials.
For the first time, the conjugation of antibodies via PFPA-NHS was next attempted.
The PFPA-NHS chemistry was used to attach a model (infliximab) and the target
T cell-activating antibody (OKT3) to the surface of electrospun PCL patches. Such
an antibody-decorated scaffold could be implanted at the tumour resection site
for promoting T cell activation and proliferation. However, the scaffolds did not
stimulate T cell activation as effectively as the positive control of plate-bound
antibody. It is possible that the conjugated antibody was buried deep into the
nanofibrous mesh and therefore inaccessible for T cells to interact with. It was then
hypothesised that using a biomaterial resembling T cells in size and shape may lead to
a better performance in vitro and, subsequently, in vivo.
To address this, two chapters of this thesis explored the development of polymeric
microparticles surface-functionalised with OKT3. The particles were fabricated by
electrospraying of biodegradable polymers and functionalised using either
perfluorophenyl azide chemistry (Chapter 4) or strain-promoted azide-alkyne
cycloaddition (Chapter 5). The morphological and physicochemical properties of
particle-antibody conjugates were extensively characterised using SEM, FTIR and
XPS. In Chapter 4, PCL microparticles were prepared by electrospraying. The
standard method of top-down electrospraying generated aggregated microspheres and
therefore several modifications of the electrospraying setup were explored to yield
separated particles. The method of electrospraying

into liquid nitrogen
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was conceptually interesting, but further improvements to the experimental design
need to be introduced to increase the yield of produced particles.
PFPA-NHS was undetectable with FTIR and only trace amounts of fluorine and
nitrogen were found in XPS survey spectra, which suggests that the extent of the
surface functionalisation was rather low. However, the visual confirmation of surface
antibody attachment conducted using fluorescently-labelled reagents confirmed the
results previously obtained for PFPA-NHS functionalised fibres (Chapter 3). Surface
protein loading was successfully quantified by depletion. Finally, in vitro T cell
behaviour following stimulation with antibody-functionalised microparticles was
explored in both cell line (Jurkat cells) and human PBMC-derived T cell activation
models.
In human PBMC-derived CD3+ T cell studies conducted in Chapter 4, the screening
of three activation markers and proliferation showed superior results when the
antibody was delivered on the surface of spherical electrosprayed particles, as opposed
to the tissue culture plastic flat substrate. The effect of particle size was investigated,
showing enhanced T cell activation when smaller (~2 µm) and separated
microparticles were used, as opposed to larger (~ 7 µm) and more aggregated ones. It
should be noted that the flow cytometry experiments were severely affected by the
interference of the microparticles which could not be safely separated from the cells
and therefore created noise in forward scatter vs side scatter plots.
In Chapter 5, conjugation of the anti-CD3 OKT3 antibody to polymeric particles using
strain-promoted azide-alkyne cycloaddition (SPAAC) was successfully achieved.
Azide-bearing PCL particles capable of undergoing SPAAC with fluorescentlylabelled model molecules were prepared using electrospraying and showed no
cytotoxicity in Jurkat cells. It was, however, impossible to confirm the azide groups
presence using spectroscopical methods. Additionally, the OKT3 antibody was
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successfully modified by bis-sulfone-PEG-DBCO conjugation, with no detriment to
biological activity. Both components of the SPAAC reaction were developed using
novel protocols, with no precedence in current literature. The antibody-particle
conjugates were extensively tested in human PBMC-derived CD3+ T cells and
showed a positive effect on T cell proliferation and cytokine production.
Taken together, the results of Chapter 4 and Chapter 5 show that it is possible
to conjugate antibodies to the surface of electrosprayed PCL particles, and that such
antibody-particle

conjugates

are

capable

of

potentiating

the

activation

and proliferation of human CD3+ T cells.
The final experimental chapter of this thesis tackled another commonly encountered
challenge in cancer immunotherapy. Checkpoint inhibitor monoclonal antibodies,
although capable of reducing tumour sizes, are associated with serious immune-related
side-effects when administered intravenously. The off-target toxicity profile often
prevents these agents from reaching the market. Chapter 6 therefore aimed to prepare
implantable and biodegradable electrospun formulations of an anti-CTLA-4 antibody,
ipilimumab, for sustained release of this immune checkpoint inhibitors near to the
tumour site. The ipilimumab-loaded fibre formulation was prepared using the coreshell electrospinning technology. This study built on the existing literature, confirming
that electrospinning monoclonal antibodies near to their isoelectric point leads
to improved process stability and enhanced protein encapsulation. Moreover,
such formulated antibody retains its structural integrity and releases from the scaffold
in a sustained fashion. On the other hand, the formulation prepared from a solution
at a lower pH (~ 6.7) resulted in the formation of irregular fibres with an unfavourable
release profile. At the isoelectric point proteins carry zero net charge, therefore
limiting protein migration from the core to the shell solution. This protects the delicate
protein cargo from accidental damage due to solvent exposure during the
electrospinning process. The results of this chapter suggest that core-shell
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electrospinning technology can be used for the formulation of pharmaceutically
relevant monoclonal antibodies within implantable and biodegradable scaffolds
for a safe and localised protein delivery.

7.2 Future work
The results presented in this thesis provide information on the development of proteinbearing biomaterials for various pharmaceutical applications. Nevertheless, further
experiments are required to further optimise the developed formulations.
The PFPA-NHS functionalisation approach could be of great potential in applications
where a prolonged presentation of protein on the surface is required, for example in the
design of growth factor-decorated implantable scaffolds. Therefore, it would
be interesting to explore the attachment of growth factors to the surface of electrospun
PCL patches, e.g. for applications in nerve regeneration.
The

antibody-functionalised

particles

developed

in

Chapter

4

showed

promise in a PBMC-derived T cell activation model, but the particles were incubated
with cells for a relatively short period of time (4 days). Within this timeframe it was
impossible to distinguish between the efficacy of physisorbed and covalently attached
antibody-particle formulations. It is anticipated that the covalently attached antibody
will be presented on the particle surface for a prolonged period of time, therefore
eliciting an extended response in T cells. To test this hypothesis, a long-term (1421 days) T cell activation experiment should be conducted, taking into account
possible T cell exhaustion caused by prolonged overstimulation of naïve T cells.
Chapter 5 reported a study on the preparation of azide-bearing PCL microparticles
via electrospraying. However, further process optimisation is required to improve
the size and morphology of the fabricated microparticles. For the intended application
in T cell activation, a mean particle diameter of below 10 µm would be of benefit.
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Moreover, the DBCO modification of the target antibody (OKT3) could be improved
by introducing further purification steps, for example using ion exchange
chromatography. Further investigation into the structure of DBCO-OKT3
(e.g. by circular dichroism) is needed to characterise the conjugate. Taken together,
the knowledge gained in further experiments will allow for more accurate analysis
of the efficiency of the SPAAC reaction occurring between the PCL-N3 particle
and DBCO-OKT3 antibody.
In Chapter 6, further investigation of long-term release profiles should be performed
in a more biorelevant dissolution model to allow for further analysis of the release
kinetics. The retention of biological activity of the formulated antibodies could
be tested using surface plasmon resonance (SPR) or ELISA. The ipilimumab-loaded
fibres could also be tested in in vitro and in vivo experiments. For example,
a commercially available CTLA-4 blockade bioassay could be used to measure the
potency and stability of CTLA-4 targeting antibodies in an assay using two engineered
cell lines (CTLA-4 effector cells and aAPC/Raji cells). If successful, the formulation
could be tested further in human PBMC-derived co-culture T cell suppression assays.
The

feasibility

of

core-shell

electrospinning

as

a

platform

technology

for the encapsulation of monoclonal antibodies for various pharmaceutical
applications is further verified in this work. Fibre fabrication and the characterisation
of protein release and stability could be performed using additional model antibodies,
for example nivolumab (anti-PD-1) or infliximab (anti-TNF-α). The project would
also benefit from an investigation into the process scale-up. This could be achieved by
using a climate-controlled Bioinicia Fluidnatek LE-50 electrospinning machine which
resembles the equipment used by Bioinicia in their GMP facility, allowing
for an immediate transition into scalable clinical-grade GMP manufacture if the
antibody-loaded scaffolds show promise in pre-clinical studies.
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