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Le glioblastome (GBM) est la forme de cancer du cerveau la plus courante et la plus meurtriere. Sa nature
diffusive entraine une impossibilité d'élimination compléte par chirurgie. Une récidive de la tumeur chez = 90%
des patients peut étre provoqué par des cellules GBM résiduelles se trouvant prés du bord de la cavité de
résection. Un implant pouvant libérer de maniére durable la protéine SDF-1a, qui se lie aux récepteur CXCR4 a la
surface des cellules GBM, peut étre utile pour induire le recrutement des cellules GBM résiduelles, permettre leur
élimination sélective et finalement réduire la récurrence de la tumeur. Dans ce travail, le SDF-1a a été
initialement encapsulé dans des nanoparticules a base d'acide poly-lactique-co-glycolique (PLGA). Une efficacité
d'encapsulation élevée (76%) a pu étre obtenue en utilisant un processus simple de séparation de phase. Les
nanoparticules chargées de SDF-1a ont ensuite été incorporées dans un scaffold a base de chitosan par
électrofilage pour obtenir des implants nanofibreux imitant la structure de la matrice extracellulaire du cerveau.
Une étude de libération in vitro a révélé que I'implant pouvait fournir une libération prolongée de SDF-1a jusqu'a
35 jours, utile pour établir un gradient de concentration de SDF-1a dans le cerveau et induire une attraction des
cellules GBM. Une étude de biocompatibilité in vivo a 7 jours a révélé des signes d'inflammation locale sans
aucun signe visible de détérioration clinique chez les sujets animaux. Une étude a 100 jours visant a confirmer
I'innocuité in vivo des implants avant de passer aux études d'efficacité dans un modele de résection GBM
approprié est actuellement en cours.

mots-clés : Glioblastome; Facteur-1a dérivé des cellules stromales (SDF-1a); Nanoparticules; Scaffold
nanofibreux; Libération contrdlée de protéines; Piege a cellules tumorales



Glioblastoma (GBM) is the most common and lethal form of brain cancer. The diffusive nature of GBM means the
neoplastic tissue cannot be removed completely by surgery. Often, residual GBM cells can be found close to the
border of the resection cavity and these cells can multiply to cause tumor recurrence in 290% of GBM patients.
An implant that can sustainably release chemoattractant molecules called stromal cell-derived factor-1a (SDF-
1a), which bind selectively to CXCR4 receptors on the surface of GBM cells, may be useful for inducing
chemotaxis and recruitment of the residual GBM cells. This may then give access to selective killing of the cells
and ultimately reduce tumor recurrence. In this work, SDF-1a was initially encapsulated into poly-lactic-co-
glycolic acid (PLGA)-based nanoparticles. A high encapsulation efficiency (76%) could be achieved using a simple
phase separation process. The SDF-la-loaded nanoparticles were then incorporated into a chitosan-based
scaffold by electrospinning to obtain nanofibrous implants that mimic the brain extracellular matrix structure. In
vitro release study revealed that the implant could provide sustained SDF-1a release for 5 weeks. The gradual
SDF-1a release will be useful for establishing SDF-1a concentration gradients in the brain, which is critical for the
chemotaxis of GBM cells. A 7-day in vivo biocompatibility study revealed evidence of inflammation at the
implantation site without any visible signs of clinical deterioration in the animal subjects. A long-term study (100
days) aiming to confirm the in vivo safety of the implants before proceeding to efficacy studies in a suitable GBM
resection model is currently underway.

keywords : Glioblastoma; Stromal cell-derived factor-1a (SDF-1a); Nanoparticles; Nanofibrous scaffolds;
Sustained protein release; Tumor cell trap
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Chapter 1

1. GENERAL INTRODUCTION

1.1. GLIOBLASTOMA

Glioblastoma (GBM) is the most common form of brain cancer that affects between 0.59 and
3.69 per 100 000 persons[1,2]. It is a subset of gliomas, which are cancers that originate in the
glial cells of the brain [3]. In fact, GBM arises mainly in the astrocytes and oligodendrocytes
[4], the two most abundant members of the glial family that play important roles in regulating
synaptic transmission between neurons [5,6]. Due to its malignant and invasive phenotype,
GBM s classified as a grade IV central nervous system (CNS) tumor by the World Health
Organization [7]. Indeed, the prognosis of this disease is very poor; less than 5% of GBM

patients survive 5 years past diagnosis [2].

1.1.1. GBM tumor morphology and composition

GBM tumors develop mainly in the right and left cerebral hemispheres [8], and rarely in the
cerebellum [9] or brain stem [10] (Figure 1.1). The tumors arise de novo without a known
precursor in 90% of the cases to form what is called as primary GBM, or develop progressively
from lower grade gliomas into secondary GBM [11]. Despite their invasiveness, these tumors
are usually confined to the brain and cases of metastasis outside the CNS are extremely rare.
Anatomically, this could be due to the barrier created by the cerebral meninges and the absence
of lymphatic vessels in the brain [12,13]. Another possible explanation is that the short survival
time of GBM patients prevent the completion of the lengthy metastasis process before the death
of the patients [13]. Macroscopically, GBM tumors are characterized by infiltrating growth
into the surrounding normal brain tissues, making it an extremely difficult task to define their
borders accurately [14,15]. Although the tumors are highly vascularized, the blood vessels tend
to be leaky and disorganized [16]. The endothelium of the tumor vasculature is lined with frail
basement membrane, which is covered by a discontinuous layer of pericytes (Figure 1.2A)
[17]. As the neighboring tumor cells produce high concentrations of pro-coagulation factors
[18], the narrow blood capillaries are prone to intravascular occlusion. Furthermore, the blood
vessels also lack contact with the astrocyte processes, meaning that the integrity of the blood-
brain barrier (BBB) is almost always compromised [19]. Due to the suboptimal vascular
functions, GBM tumors receive inconsistent blood supply and oxygen delivery that result in
hypoxia and subsequent formation of necrotic regions [20,21]. GBM cells align themselves
neatly around these necrotic foci to form dense layers of cells known as ‘pseudopalisades’,

which is a prominent morphological feature of GBM (Figure 1.2B) [22].
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Brain stem

Cerebellum

Figure 1.1: The compartments of the brain susceptible to GBM development. Image courtesy
of Servier Medical Art.
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Figure 1.2: (A) The state of the blood-brain barrier in normal brain and that typically seen in
GBM, and (B) the typical pseudopalisade formed around a necrotic region in GBM. Image
adapted from [23].
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GBM tumors have a highly heterogenous microenvironment [23]. Their propagation is a result
of close interactions between GBM cells and the supportive non-neoplastic cells present in the
tumor niche. Due to the compromised BBB, circulating immune cells including monocytes
[24] and neutrophils [25] can be found abundantly in the tumor microenvironment. These
infiltrating immune cells, together with the resident brain macrophages called microglial cells,
can secrete pro-angiogenic and immunosuppressive factors to promote maintenance of the
GBM cells and their escape from immune surveillance [24-27]. Furthermore, the paracrine
interaction between GBM cells and astrocytes can promote tumor invasiveness. Indeed, these
glial cells are known to activate multiple signaling pathways in a subset of GBM cells identified
as GBM stem-like cells (GSCs) to promote infiltration into adjacent healthy tissues [28-30].
Being one of the most abundant cell families in the brain, neurons are also implicated in GBM
progression. The synaptic protein neuroligin-3 secreted by these cells has been shown to

promote GBM cell proliferation [31].

Due to the heterogenous and invasive nature of GBM tumors, the clinical management of
patients with this disease involves the use of a multi-modal approach to immediately reduce
tumor burden. The execution of an aggressive therapeutic repertoire is important to halt tumor
progression and to alleviate the debilitating symptoms resulting from increased intracranial

pressure that include seizures, headaches and changes in mental status [32].

1.1.2. Current treatments and their shortcomings

Surgical resection of the tumor is the first-line therapy for newly-diagnosed GBM patients. The
aim of this approach is to reduce as much of the tumor volume as possible [33]. Simultaneously,
the excised tissue can be used for tumor characterization purposes. Although there is a proven
association between gross total tumor resection and longer survival time, only 73% of GBM
patients are fit for surgery at the time of diagnosis [34,35]. When surgical resection is deemed
to be not feasible, such as when the anatomical location of the tumor impedes its resection
without any significant damage to the surrounding healthy brain tissues, or when patients show
impaired neurological functions, a biopsy should still be carried out to characterize the tumor
[33]. Tumor characterization is very important as the presence of certain molecular markers
can guide treatment planning and predict disease outcomes. For example, the methylation of
the promoter sequence that leads to the silencing of the gene encoding for the DNA repair
enzyme O°-methylguanine—-DNA methyltransferase (MGMT) predicts a better response to
alkylating agent chemotherapy [36,37]. In addition, the expression of the mutant form of the
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enzyme isocitrate dehydrogenase (IDH) suggests that the tumor has a prior history of being a
lower grade lesion, which is characteristic of secondary GBM and associated with a more
positive prognosis [7]. To facilitate tumor resection, the intra-operative use of well-established
imaging technologies that help to differentiate between normal brain and tumor tissues such as
magnetic resonance imaging [38] is fundamental. More recent technologies such as fluorescent
guides in the form of 5-aminolevulinic acid [39] and BLZ-100 [40,41] are gradually being
adopted in the clinic. Despite this, achieving complete tumor resection continues to be a major
challenge due to the extensive dissemination of GBM cells deep into the surrounding brain

tissues.

To kill the residual tumor cells, patients will be initiated with concomitant chemoradiotherapy
that forms the standard treatment after surgery. The combination treatment consists of 5
sessions per week of external beam radiation for a duration of 6 weeks to irradiate the resection
area with a total dose of 60 Gy, and concurrent oral chemotherapeutic drug temozolomide
(TMZ) at a daily dose of 75 mg/m? of body surface area. After the completion of the
radiotherapy, the dose of TMZ is changed to 150-200 mg/m? of body surface area daily to be
taken for 5 days every 4 weeks for six repeats [33]. Despite the intensive therapeutic regimen,
the median survival of GBM patients is only 14.6 months [42]. The selective pressures from
the chemoradiotherapy favor the survival of certain tumor subpopulations with more resistant
phenotypes, leading to tumor recurrences and subsequent patient deaths. GBM cells can
overcome the cytotoxic effect of TMZ by overexpressing the MGMT enzymes that reverse the
alkylating action of this chemotherapy [43]. The hypoxic niche of a GBM tumor can also confer
radioresistance to the GSC population via the action of the hypoxia-inducible factors (HIFs)
[44].

As the standard treatments mentioned above yield poor clinical outcomes in GBM patients,
other adjuvant therapies are being used by clinicians to improve patient survival time. Gliadel®
are chemotherapy-impregnated wafers designed to be implanted intra-operatively into the
resection cavity following the removal of the bulk tumor (Figure 1.3) [33]. They are approved
by the Food and Drug Administration (FDA) as a bridging therapy between the tumor resection
and the conventional chemoradiotherapy, as the latter can only be initiated several weeks after
the surgery to permit wound healing [45]. The wafers are made up of the biodegradable co-
polymer polifeprosan 20 impregnated with the chemotherapeutic drug carmustine [46]. The
hydrophobic nature of the co-polymer protects carmustine from hydrolytic degradation and

maintain its release into the local environment over time [47]. The recommended dose of
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carmustine is 61.6 mg, and this amount can be delivered by implanting eight wafers that each
contain 7.7 mg carmustine onto the border of the resection cavity [46]. Although Gliadel®
helps to provide high local concentrations of carmustine [47], their use in combination with
TMZ after surgery and radiotherapy only confer a 3.6-month median survival advantage over
the treatment with TMZ alone (18.2 vs 14.6 months) [48]. Tumor relapse could still be
observed in all Gliadel®-treated patients [49] as the residual GBM cells tend to develop
resistance against the alkylating action of carmustine by overexpressing MGMT enzymes as
mentioned above [50]. In addition, the cytotoxic effect of carmustine on the residual GBM cells
is also limited by its poor diffusion into the brain tissues. Studies in rats and monkeys revealed
that negligible carmustine concentrations could be detected at 3 mm and beyond from the
wafer/tissue interface [47]. This prevents complete killing of the residual GBM cells, which
may reside more than one centimeter away from the bulk tumor border [14,15].

Healthy Gliadel® wafer

brain cells

Damage to
healthy brain

cells /

) Residual Resistant GBM # Tumour
Courtesy of gliadel.com GBM cells cells not killed recurrence

Figure 1.3: The implantation of Gliadel® wafers in the tumor resection cavity and the
undesirable outcome of the treatment.

Optune® is another common adjuvant treatment for GBM. It consists of four adhesive patches
to be placed on the scalp of the patient to deliver low-intensity, alternating electric fields called
Tumor Treating Fields to the tumor [51]. These fields disrupt the cell division process in GBM
cells by targeting the spindle microtubules, the protein-based structures responsible for the
separation and equal distribution of chromosomes during mitosis. The cell cycle arrest can
eventually lead to the apoptosis of the GBM cells as a result of an abnormal chromosome
segregation [52]. The selectivity of this treatment is based on targeting only the cells that are
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actively undergoing cell division such as the cancer cells [53]. Optune® is approved in the
United States, European Union and Switzerland for the treatment of newly-diagnosed GBM
alongside TMZ after surgery and radiotherapy, and recurrent GBM as a monotherapy [54,55].
For the first indication, Optune® improved the median survival of GBM patients by less than
5 months compared to the control group (20.9 vs 16.0 months). The marginal survival benefit
is underwhelming considering that the long-term exposure to an electric field has been reported
to cause side effects including convulsion and scalp irritation [56]. While these side effects
may seem intuitively less troubling, they can certainly impair the quality of life of terminal
GBM patients. In addition, the treatment procedure does not greatly promote patient
convenience as patients are required to wear the patches and carry the associated device with

them throughout the treatment duration.

Bevacizumab (Avastin®) is a human monoclonal antibody that targets the vascular endothelial
growth factor (VEGF) [57]. GBM tumors are known to overexpress VEGF, especially within
the hypoxic regions adjacent to the necrotic foci of the tumor to stimulate the formation of new
blood vessels, a process known as angiogenesis that is crucial to tumor growth [58,59].
Avastin® is administered by intravenous infusion at a dose of 10 mg/kg of body weight every
2 weeks and currently holds FDA approval for the treatment of recurrent GBM [60]. Despite
its large molecular size and the consequential inability to cross the blood-brain barrier,
bevacizumab is claimed to exert its effect on the GBM tumors by neutralizing VEGF in the
lumen of blood vessels in the brain [61]. However, the use of bevacizumab in combination with
a cytotoxic agent such as TMZ or irinotecan prolonged the median survival of recurrent GBM
patients by only 4 months compared to the use of the cytotoxic agent alone [62]. The limited
benefit of bevacizumab could be explained by the downstream consequences of its suppressive
action on angiogenesis. The deprivation of tumor blood supply may result in acute suppression
of tumor growth but GBM lesions are known to respond to the resultant hypoxic condition by
acquiring more malignant and resistant phenotypes via the action of HIFs as mentioned earlier
[63].

In addition to the clinically-approved treatments mentioned so far, many experimental
therapies have been tested in clinical trials to optimize the current standard of care for GBM
patients [64]. These include immunotherapy (e.g. anti-tumor vaccines) [65,66], inhibitors of
epidermal growth factor receptor (e.g. erlotinib and gefitinib) [67,68], radiation sensitizer (e.g.
NVX-108) [69], protease inhibitor (e.g. nelfinavir) [70] and photodynamic therapy (e.g.
Photofrin®) [71]. Nevertheless, all these modalities seem to be unable to yield significant
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improvement in disease outcome. Due to these shortcomings, it is necessary to re-evaluate the
clinical relevance of existing approaches and adopt appropriate novel measures to tackle this

disease more successfully.

1.2. TUMOR CELL TRAPPING: A NOVEL STRATEGY IN CANCER THERAPY

This section briefly discusses tumor cell trapping approach as a novel strategy for treating
cancers, with links to the rationale of its use in the treatment of GBM presented later on. More
detailed appraisal of this strategy can be found in a review paper included in Annex 1 at the

end of the manuscript.

Over the last century, the development of treatments for cancers including GBM has been
driven mainly by the “magic bullet” concept put forward by Paul Ehrlich in 1913. The concept
idealizes the possibility of delivering chemotherapeutic agents exclusively to tumor cells by
targeting specific oncoproteins to induce their death without harming healthy tissues [72].
Although targeted drug delivery has gained traction in the treatment of some cancers (e.g.
Kadcyla® for the treatment of HER2-positive breast cancer [73], Adcetris® for CD30-positive
lymphoma [74] and very recently, Polivy® for CD79b-positive lymphoma [75]), the same feat
could not be achieved in the case of GBM due to their unique anatomical location and
biological features. Although the areas closer to the center of a GBM tumor tend to have leaky
BBB, this is not the case in the peripheries [76], presenting a huge challenge for targeting
vectors such as monoclonal antibody to reach GBM cells after intravenous administration. In
addition, as the GBM cells have high tendency to develop chemoresistance [43,50], the
targeting vectors will have to deliver high concentration of chemotherapeutic drug to induce
tumor cell death that may inevitably harm healthy brain cells.

An attractive novel approach to cancer treatment that is gaining increasing attention over the
last few years is based on the reversal of the current “search-and-destroy” strategy. This refers
to the trapping of tumor cells within a pre-defined location to enable their selective killing
using conventional treatments [77]. This “attract-and-kill” idea was inspired by the “ecological
trap” phenomenon, in which organisms in a certain ecosystem can be influenced by a
misleading cue that leads to their migration into a low-quality habitat where they eventually
die. For example, when sea turtle hatchlings leave their nests on the beach at night, they
normally move towards the bright horizon, which naturally will lead them to the open sea.

However, light sources from man-made constructions in the mainland may act as a
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misinforming cue that causes the hatchlings to migrate away from the sea, ultimately resulting
in their deaths (Figure 1.4A) [78]. The idea of trapping tumor cells has great appeal as it
provides possibilities for limiting undesirable damages on normal brain tissues upon treatment.
Once the tumor cells are recruited to a specific location, cytotoxic doses of existing therapies,
such as chemotherapy or x-/y-ray microbeams, can be applied to the trap (Figure 1.4B). The
translation of an “ecological trap” into a tumor cell trap can possibly be realized by providing

tumor cells with suitable structural and biological cues that direct their migration.

Tumor cell
recruited into the
trap

Application of localized
therapy to kill the tumor
cells

Disseminated

Tumor
tumor cell

cell trap

Figure 1.4: (A) An illustration of the “ecological trap” phenomenon: turtle hatchlings are
misguided to migrate towards man-made lights on the mainland instead of towards the bright
horizon of the open sea. (B) A representation of the potential use of a tumor cell trap in the
treatment of GBM. Images adapted from [77].

1.2.1. Background and rationale of the tumor cell trapping concept

In addition to their aberrant proliferation and anti-apoptotic property, tumor cells are well-
known for their high tendency to invade surrounding healthy tissues. Upon reaching a certain
tumor size, tumor cells can escape from their primary location to colonize distant sites in a
process called metastasis. Importantly, this process does not happen by random chance.
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Stephen Paget first proposed his “seed and soil” hypothesis in 1889 upon observing breast
cancer patients having frequent metastases only in certain organs such as the liver and bone
[79]. His theory inspired the idea of using scaffolds that are carefully designed to mimic
metastatic niches to lure tumor cells away from their conventional colonization sites. Several
groups have engineered scaffolds that emulate bone microenvironments, and these tools were
shown to be successful in attracting and trapping metastasizing breast cancer cells [80,81].
Other groups have attempted to replicate pathological events that are intrinsic to the sites of
metastasis to recruit metastasizing tumor cells. For example, Ko et al. utilized scaffolds made
of several types of material to induce different degrees of inflammatory response at the
implantation site. Such an approach was taken on the basis that a localized inflammatory
cascade usually precedes the colonization of a metastatic site. Indeed, they showed that a
localized and controllable immune response induced by the implanted scaffolds was successful
in recruiting metastasizing melanoma cells, and there was a strong correlation between the
number of accumulated immune cells at the implantation site and the extent of tumor cell
recruitment [82]. A more recent work by Azarin et al. also showed that immune cell infiltration
into an implanted scaffold contributed to the recruitment of metastasizing breast cancer cells
[83]. These findings suggest that there are multiple ways in which a scaffold can be engineered

to manifest an environment conducive to tumor cell trapping.

1.2.2. Tumor cell trapping as a strategy for treating GBM

In addition to luring metastasizing tumor cells, scaffolds functionalized with relevant structural
and biological cues also have the potential to recruit locally disseminated tumor cells. This
approach may be useful for addressing the recurrence issues arising from an incomplete tumor
resection as seen in GBM. By implanting suitably designed scaffolds into the resection cavity,
the residual tumor cells can be recruited and subsequently killed to prevent tumor reformation.
It is worth recalling that GBM cells are well-known for their highly motile phenotype. By
designing a relevant tumor cell-attracting field, their invasiveness can be exploited for
therapeutic purposes. In line with this objective, Jain et al. designed a “tumor guide” in the
form of aligned polymer-based nanofibers that mimic the topography of white matter tracts and
blood vessels, the structures known to provide pathways for the local migration and
dissemination of GBM cells in the brain [84]. They reported that the scaffold was successful
in promoting the migration of GBM cells to an extracortical location, resulting in a reduction

of tumor burden in the brain [85].
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1.2.2.1. Chemotaxis as a means of recruiting GBM cells

Another way of recruiting tumor cells, apart from relying on structural cues, is to load scaffolds
with biological molecules known to attract tumor cells. These molecules are called
chemoattractants and may include many growth factors and cytokines. When released into the
local environment, these molecules may recruit tumor cells to move into the scaffold by a
process known as chemotaxis. Chemotaxis refers to the migration of cells in response to
gradients of soluble chemoattractants. More specifically, the cells move towards regions with
higher chemoattractant concentrations i.e. the source of the chemoattractant (Figure 1.5).

Direction of migration

Figure 1.5: The principle of chemotaxis.

Metastatic breast and prostate cancer cells have been reported to migrate up the concentration
gradient of epidermal growth factor (EGF), and the number of migrated cells as well as their
migration speed correlate closely with the steepness of the concentration gradient [86,87].
Chemotaxis of GBM cells has also been well-documented. The cytokine stromal cell-derived
factor-l1a (SDF-1a) could induce directed migration of several GBM cell lines, including
LN827, LN308 and U87-MG. SDF-1a is an example of chemokines; a cytokine subgroup
known to have the capacity to induce chemotaxis. This 68-amino-acid protein binds strongly
to the C-X-C chemokine receptor type 4 (CXCR4). GBM cells are frequently reported to over-
express this receptor but they often lack the capacity to produce SDF-1a [88,89]. As a result,
CXCR4-positive GBM cells tend to migrate towards the structures in the brain that secrete
SDF-1a such as the blood vessels (Figure 1.6) [89,90]. In fact, the chemotactic migration of
GBM cells towards the blood vessels is an important driver of their invasiveness. In general,
GBM cell invasion can take place through two main compartments of the brain: the
perivascular spaces and the brain parenchyma [91]. The former is a much more feasible route
as they are typically fluid-filled and thus present fewer mechanical and physical barriers to
GBM cell migration. On the other hand, the brain parenchyma is characterized by narrow and
tortuous extracellular spaces that are less permeable to cell movement [91]. Therefore, by being
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chemoattracted towards the blood vessels, GBM cells can subsequently disseminate into

neighboring brain tissues with minimal hindrance.
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Figure 1.6: The migration of CXCR4-expressing GBM cells towards and along the blood
vessels induced by the secretion of SDF-1a from endothelial cells.

As the standard treatments in the form of surgery followed by chemoradiotherapy fail to
remove tumors from the brain completely, the strategy of implanting SDF-1a-releasing tumor
traps into the resection cavity to attract residual GBM cells for their selective killing is of
interest. However, to establish and maintain concentration gradients of SDF-1a that is
important for the chemotaxis of GBM cells, it is necessary to first develop scaffolds that can
provide sustained released of this chemokine. As mentioned earlier, residual GBM cells can
reside more than one centimeter away from the resection cavity border. Prolonged release of
SDF-1a will be crucial to expand the time window for the chemotaxis of GBM cells and thus
increase the likelihood of trapping the entire residual GBM cell population. The scaffolds also
need to be biocompatible to reduce the risk of an unfavorable immune or toxicological response
during the implantation period. Like other protein molecules, SDF-1a may possess inherent
structural instabilities, making its incorporation into a delivery vehicle a challenging process.
In the next section, relevant polymer-based protein delivery systems that may be employed to
achieve sustained and controlled release of SDF-1a will be discussed.
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1.3. POLYMER-BASED PROTEIN DELIVERY SYSTEMS

The previous two decades have seen remarkable progress in biotechnology that enables
production of many proteins for use in biomedical research. To improve their therapeutic
values, much attention has been dedicated to prolonging the biological activity of these proteins
after administration in patients. A common approach involves incorporating the protein
molecules into an appropriate matrix that permits gradual release of the protein load. In doing
so, the matrix limits the exposure of the protein molecules from proteases and neutralizing
antibodies that may be present in the immediate physiological environment, thus preventing
them from undergoing rapid degradation. SDF-1a, for example, can be cleaved by matrix
metalloproteinase-2 and 9 (MMP-2/9) released during a traumatic event such as tumor
resection, resulting in loss of its chemotactic activity [92,93]. Furthermore, gradual release of
SDF-1a from the entrapping matrix may be useful to replenish the SDF-1a supply in the
surrounding brain tissues, maintaining a local concentration gradient necessary for GBM cell
recruitment. Polymers have been widely-used to produce protein-loaded matrices due to the
high versatility of this material group. By changing the type of monomers, controlling the
polymerization conditions or functionalizing the polymer chains with chemical groups of
interest, the physicochemical and biological properties of the polymer matrix, including surface

charge, hydrophobicity, biodegradability and biocompatibility can be regulated.

1.3.1. Common forms of polymer-based protein delivery systems

Common examples of polymer-based systems that have been utilized in recent years to deliver
various drug molecules, including therapeutic proteins, include micro/nanoparticles, hydrogels

and porous scaffolds (Figure 1.7).

Micro/nanoparticles Hydrogel Porous scaffold

Figure 1.7: Common polymer-based systems for drug delivery applications.

1.3.1.1. Micro/nanoparticles

Micro/nanoparticles are injectable drug carriers that are usually prepared from hydrophobic

polymers using straightforward processes such as solvent evaporation, phase separation and
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spray-drying [94]. In the solvent evaporation method, an organic phase is first formed by
dissolving a hydrophobic polymer and the drug molecules to be encapsulated in a water-
immiscible, volatile organic solvent. This phase is then dispersed in an aqueous phase
containing stabilizers such as polyvinyl alcohol under continuous mechanical agitation to form
an oil-in-water (O/W) emulsion. Drug-loaded particles are formed upon evaporation of the
organic solvent from the inner phase at reduced or atmospheric pressure. The particles can then
be collected by filtration or centrifugation, washed to remove the stabilizing molecules
adsorbed to the particle surface and lyophilized to minimize hydrolytic degradation of the
particles during long-term storage. However, the single emulsion technique may not be suitable
for encapsulating hydrophilic drugs such as proteins as they tend to diffuse into the external
aqueous phase during the emulsification step. Therefore, protein molecules are first solubilized
in an aqueous solvent, and then dispersed in a polymer-containing organic phase to form a
primary water-in-oil (W/O) emulsion, followed by dispersion in another aqueous solvent to
from the secondary O/W emulsion [95]. The preparation of the primary W/O emulsion is also
relevant to the phase separation method. Following this step, instead of adding an aqueous
solvent, an organic solvent that is non-solvent to the dissolved polymer is gradually introduced
to extract the polymer solvent and decrease the polymer solubility. The phase separation of the
polymer from its solution contributes to the formation of polymer-rich liquid phase
(coacervate) that surrounds the inner drug-containing aqueous phase. Upon completion of the
phase separation process, the coacervate solidifies to produce drug-loaded particles [96]. An
obvious drawback of this method is the requirement for a large volume of organic solvent.
Recent work proposed the use of water-miscible organic solvents to dissolve the polymer. This
replaces the need for organic solvents to induce phase separation as aqueous solvents such as
water can be used to extract the polymer solvent [97]. Finally, in the spray-drying method, the
W/O emulsion is sprayed into a heated chamber that leads to a spontaneous production of drug-
loaded particles. This method is more rapid and convenient and has fewer processing
parameters than the other two but is limited by the adhesion of the formed particles to the inner
surfaces of the drying chamber [94].
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Figure 1.7: Examples of micro/nanoparticle preparation process.

Due to their small size, micro/nanoparticles can be administered either directly to the intended
site of action or into the systemic circulation to reach a desired location by passive or active
targeting mechanisms [98]. Several peptide-loaded polymer-based microparticle formulations
have been approved by FDA for clinical use. The first one is Lupron Depot®, which received
approval in 1989 to provide sustained release of leuprolide acetate for prostate cancer treatment
[99]. A more recent example is Bydureon® that was approved in 2012, which releases

exenatide to improve glycemic control in type 2 diabetes patients [100].

In general, the drug release from the particles is dependent upon the diffusion rate of the drug
molecules and the degradation rate of the polymer-based matrix [94][99]. However, as
significant proportion of the drug load can be weakly-adsorbed onto the large surface area of
the micro/nanoparticles rather than incorporated in the polymer-based matrix, the drug release
profile of this system is usually characterized by a huge initial burst that is followed by
relatively short duration of release of the remaining drug load [101]. Another disadvantage of
this system is that the particles can move away from the targeted drug release site. The gradual
translocation of the particles can become more prominent as the size of the particle decreases
[98]. This limits the potential of micro/nanoparticles as SDF-1a delivery vehicles in tumor
trapping application, due to the principle requirement for the vehicle to remain at the resection

cavity border to maintain a uniform tumor-attracting field.
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1.3.1.2. Hydrogels

Hydrogels are three-dimensional networks of cross-linked hydrophilic polymers. The cross-
linking can be mediated by the physical interactions (e.g. hydrogen bonds, electrostatic
interactions) between the polymer chains [102,103] or the covalent bonds resulting from the
use of chemical crosslinkers (e.g. carbodiimide, glutaraldehyde) [104-107]. Most hydrogels
are characterized by highly-porous structure. The pore size can range from 10 to 500 um and
is dependent upon the degree of cross-linking in the hydrogel matrix [108,109]. The porous
structure is responsible for the deformability of hydrogels, enabling them to conform to the
shape of the site to which they are applied [110]. Due to their hydrophilicity, water-soluble
drug molecules can be conveniently loaded into the porous structure of a pre-formed hydrogel.
However, this is not always true for high molecular weight drug molecules such as proteins,
which have diffusive limitations to their partitioning into the pores of the hydrogel [110]. The
high dependency of the drug loading process on the pore size of the hydrogel also means that
the loaded drug molecules are usually released rapidly at the site of application as the release
process is governed mainly by the diffusion rate of the drug molecules through the pores [99].
In fact, the release of hydrophilic molecules from a hydrogel system typically lasts for only
several hours or days, shorter than the release durations achieved with micro/nanoparticles
made of hydrophobic polymers [99]. To counter this, several strategies to enhance drug-
hydrogel interactions have been proposed, including the introduction of charged moieties into
the hydrogel to boost ionic interactions [111] and the direct conjugation of the drug molecules
to the hydrogel via covalent bond formation [112]. Another credible strategy to prolong drug
release is to load the drug molecules directly into the hydrogel matrix during the hydrogel
fabrication process instead of loading into the pores of a pre-formed hydrogel [113]. Finally,
several groups proposed the strategy of pre-encapsulating drug molecules into suitable
micro/nanoparticles and co-formulating the particulate system into the hydrogel matrix to

achieve sustained drug release [114,115].

As virtually any water-soluble polymer can be manipulated to produce this system, it is possible
to obtain hydrogels with physicochemical and biological properties that are useful for a wide
range of applications. Despite this, the number of hydrogel-based drug delivery systems
approved for clinical use is still limited. An example of these is Regranex®, which consists of
a carboxymethylcellulose gel that releases recombinant human platelet-derived growth factor
(becaplermin) for the treatment of diabetic foot ulcers [109].
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In addition to the rapid drug release issue mentioned above, hydrogels possess several
drawbacks that limit its use in tumor trapping application. Their poor mechanical strengths
make them susceptible to premature dissolution [110], limiting the time window for tumor cell
recruitment. In addition, in the absence of cell adhesive proteins, hydrogels tend to have low
capacity for cell adhesion and attachment due to their low stiffness [116-118], suggesting that

the system may not be able to retain the recruited tumor cells until the subsequent killing step.

1.3.1.3. Porous scaffolds

Porous scaffolds refer to three-dimensional solid polymer matrices characterized by
interconnected pores. Generally, they are formed by removing the solvent from a polymer
solution that leads to the precipitation of the polymer molecules. Methods that have been
employed to produce porous scaffolds include freeze-drying [119], particulate leaching [120]
and gas foaming [121]. In the first method, a polymer solution is initially frozen at a sub-zero
temperature inside an airtight chamber. The pressure is then gradually decreased to vaporize
the frozen liquid. As more and more solvent evaporates, the polymer molecules precipitate and
solidify to form a porous scaffold [119]. In the particulate leaching method, a polymer solution
is first mixed with salt particles of well-defined size. The polymer solvent is subsequently
removed under vacuum, leaving behind a solid polymer matrix loaded with salt particles. The
subsequent leaching of the salt particles in distilled water results in the formation of a porous
scaffold [120]. Gas foaming is another common method used to make porous scaffolds. It relies
on the nucleation and growth of gas bubbles in a polymer phase. Traditionally, the gas bubbles
can be formed in situ by adding into the polymer phase a foaming agent such as ammonium
bicarbonate, which generates inert gas such as CO> when the pH of the system is decreased. A
porous scaffold is formed upon removal of the dispersed gas bubbles from the polymer phase
[121]. Recently, supercritical fluids have been used as an alternative foaming agent. A
supercritical fluid is any substance existing at a temperature and pressure above its critical point
with an intermediate behavior between that of a liquid and a gas. The use of supercritical fluids
is useful especially in making porous scaffolds from hydrophobic polymers as it circumvents
the need for organic solvents during the preparation of the polymer phase. CO; is widely-used
as a supercritical fluid due to its minimal toxicity and low cost. Initially, polymers can be
dissolved or plasticized in supercritical CO2. Upon depressurization of the system, the rapid
expansion of the polymer phase as a result of the escape of CO gas leads to the formation of
a porous scaffold [122,123].
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Similar to hydrogels, the use of porous scaffolds as a drug delivery system can be achieved by
loading drug molecules into the pores of a pre-formed scaffold or incorporating them directly
into the polymer phase before the scaffold fabrication process. A notable example of clinically-
used porous scaffold-based drug delivery systems is Infuse®, which consists of a porous
collagen scaffold that can be conveniently loaded with recombinant human bone
morphogenetic protein-2 (BMP-2) prior to administration in patients undergoing bone
reconstruction procedure [124]. Interestingly, the osteoinductive effect of this treatment relies
on the chemotactic effect of BMP-2 that induces the infiltration of mesenchymal stem cells
(MSCs) into the pores of the collagen scaffold (Figure 1.8) [125]. The considerable mechanical
strength of the scaffold means that it can withstand the traction forces generated during cell
attachment and migration, thus sustaining the cell infiltration process. After initial
proliferation, the MSCs are further stimulated by BMP-2 to undergo differentiation into bone-
forming osteoblasts to enable new bone formation [126]. Considering its huge clinical success,
Infuse® presents a working example to the idea of using a chemotactic agent and a suitable

scaffold to recruit a certain cell population.
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Figure 1.8: Schematic description of the bone healing action of Infuse®. During a bone
reconstruction surgery, the site of bone defect can be accessed (1) and filled with the Infuse®
bone graft consisting of BMP-2-loaded porous collagen scaffolds to recruit MSCs by
chemotaxis (2). Upon infiltration into the injury site, the MSCs proliferate to increase their
number (3) before undergoing differentiation into the bone-forming osteoblasts (4), which
secrete collagen and calcium-binding proteins to support the formation of mineralized bone
tissues.

1.3.2. Fibrous scaffolds as a polymer-based protein delivery system

Fibrous scaffolds refer to scaffolds made of fibers with diameters on the order of several
micrometers down to the tens of nanometers that are stacked layer-by-layer to form a three-
dimensional non-woven mesh (Figure 1.9). Compared to micro/nanoparticles, hydrogels and
porous scaffolds, the use of fibrous scaffolds as a delivery vehicle for therapeutic proteins is
less common despite many advantages offered by this system. This being said, the amount of
research conducted to investigate the value of fibrous scaffolds in this field of application has
increased steadily over the last two decades and multiple strategies for loading protein

molecules into fibrous scaffolds have been proposed.
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Figure 1.9: A simplified representation of a fibrous scaffold and its internal structure.

1.3.2.1. Fibrous scaffolds with embedded protein molecules

Depending on the scaffold preparation technique, protein molecules can be embedded
randomly in the fibers or partitioned into a specific fiber compartment as in the case of core-
shell fibers (Figure 1.10). Chew et al. incorporated B-nerve growth factor (NGF) into fibers
made of poly(e-caprolactone-ethyl ethylene phosphate) (PCLEEP) and examined the release
profile. They observed that the fibrous scaffold was able to sustain NGF release over a period
of 90 days. They claimed that the slow degradation of PCLEEP contributed to the sustained
release profile as NGF molecules could only be released by diffusion through the hydrophobic
matrix of the fiber [127]. On the other hand, Zhang et al. produced fibers with a core-shell
structure as a vehicle to deliver bovine serum albumin (BSA). The outer shell was made of the
hydrophobic PCL while the core compartment dispersed with the BSA molecules was made of
the hydrophilic poly(ethylene glycol) (PEG). They reported that the core-shell system produced
lower initial burst and longer duration of BSA release than fibers made of a single blend of
PCL, PEG and BSA [128]. Jiang et al. further explored the possibility of tuning the kinetics of
protein release from core-shell fibers. They showed that by varying the mass ratio of PCL and
PEG in the outer shell, the time to achieve complete release of BSA from the inner dextran
core could be varied from one week to approximately one month. BSA release was accelerated
with increasing PEG mass in the outer shell as its water-solubility resulted in formation of

pores through which BSA molecules could escape from the dextran core [129].

Protein molecules may also be encapsulated into micro/nanoparticles prior to incorporation
into fibrous scaffolds. Liu et al. prepared dextran-based nanoparticles loaded with basic
fibroblast growth factor (bFGF) that were subsequently embedded in poly(L-lactic acid)
(PLLA) nanofibers. The duration of bFGF release provided by the nanoparticle-nanofiber
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composite scaffold was 10 days longer compared to what was achieved with nanofibers with
directly embedded bFGF (28 vs. 18 days). In addition, the encapsulation of bFGF into the
dextran-based nanoparticles was also useful in reducing bFGF structural changes during the
fiber-making process [130]. Qi et al. also adopted a similar approach. They incorporated BSA-
loaded alginate microparticles into PLLA fibers and observed that the composite scaffold
produced a longer duration of BSA release compared to the naked alginate microparticles
[131].

1.3.2.2. Fibrous scaffolds with surface-bound protein molecules

Alternatively, protein molecules can be loaded onto the surface of a pre-fabricated fibrous
scaffold. This is especially useful when preparing protein-loaded fibrous scaffold using a
hydrophobic polymer and there is a need to reduce the exposure of the protein molecules to
organic solvents that are needed to solubilize the polymer prior to the scaffold fabrication step.
The nano/micro dimension of the fibers confer a large surface area for adsorption of protein
molecules. In fact, the amount of protein that can be adsorbed by a fibrous scaffold is generally

four times greater than that afforded by a porous scaffold of equal volume [132].

Immobilization of protein molecules to the surface of the fibers can be mediated by non-
covalent interactions including hydrophobic interaction, van der Waals interaction, hydrogen
bonding and electrostatic interaction. Heparin, a naturally-occurring polysaccharide, is known
to have strong binding affinity for various growth factors (e.g. VEGF, transforming growth
factor-B (TGF-B)), morphogens (e.g. BMP-2, BMP-7, BMP-14) [133] and extracellular matrix
(ECM) proteins (e.g. laminin) [134] due to its ability to form non-covalent interactions with
these proteins. Therefore, heparin-functionalized fibrous scaffolds can be conveniently loaded
with these proteins for local delivery applications. Casper et al. prepared poly(ethylene oxide)
(PEO) and poly(lactic-co-glycolic acid) (PLGA) nanofibers functionalized with low molecular
weight heparin (LMWH) that were adsorbed with bFGF. To slow down the dissociation of
LMWH from the fibrous scaffold and thus prolong the duration of bFGF release, LMWH was
conjugated to PEG prior to its incorporation into the nanofibers. Although the bFGF release
profile was not assessed in their study, they reported that LMWH was retained in the fibrous
scaffolds for at least 14 days [135]. Furthermore, Patel et al. prepared heparin-functionalized
PLLA nanofibers as a delivery vehicle for bFGF and laminin. The adsorption of bFGF and
laminin to the surface of PLLA nanofibers was very stable, with less than 0.1% of the total

amount of immobilized protein molecules released into the surrounding solution after 20 days.
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The slow release of the adsorbed protein molecules could be useful in certain neuroregenerative
applications as the immobilized bFGF was found to be as effective as its soluble counterpart in
inducing neurite outgrowths from dorsal root ganglion tissues [136]. Fiber surfaces can also be
adsorbed with protein-loaded nanoparticles. Wei et al. prepared BMP-7-loaded PLGA
nanoparticles that were subsequently immobilized onto PLLA nanofibers. They reported that
the release kinetics of BMP-7 could be controlled by varying the degradation rate of the PLGA
nanoparticles. However, as the nanoparticle surfaces were exposed to the surrounding
solutions, a characteristic burst release could be observed with each formulation of BMP-7-

loaded PLGA nanoparticles prepared in their study [137].

Another widely-used method for functionalizing fiber surfaces with proteins is by chemical
immobilization. This approach results in formation of covalent bonds between the fiber
surfaces and the protein molecules. As the covalently-attached protein molecules cannot be
easily desorbed from the fibers, this functionalization method is especially useful in many
regenerative applications, where long-term immobilization of protein molecules in the fibrous
scaffold is often necessary for the reparative actions to take place. Primary amine and carboxyl
groups are the most common example of functional groups utilized in covalent conjugation of
fibers and protein molecules. Many groups have prepared polymer-based nanofibers
functionalized with carboxyl groups that can be activated by a combination of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) for subsequent
conjugation with primary amine groups present in protein molecules. Ye et al. prepared
nanofibers from poly(acrylonitrile-co-maleic acid) (PANCMA) that were subsequently
functionalized with lipase. However, the immobilized lipase molecules were found to have
lower enzymatic activities than their soluble counterparts [138]. A similar loss in activity was
also reported by a group that functionalized polystyrene (PS) nanofibers with a-chymotrypsin
[139]. There are two possible explanations for the partial inactivation of the immobilized
enzymes. First, the immobilization process may introduce covalent alterations to the active
sites of the enzyme. The other is that direct conjugation of protein molecules to the fiber
surfaces may cause certain parts of the immobilized molecules to be sterically inaccessible to
their corresponding ligands [140]. To address the latter issue, several polymer-based linkers
have been utilized to introduce a physical gap between the immobilized molecules and the fiber
surfaces. To obtain these linkers, primary amine-terminated hydrophilic polymers such as
PEG-diamine can be chemically-conjugated to a hydrophobic polymer such as PCL and PLGA.

The linker can then be mixed with an unconjugated hydrophobic polymer to prepare fibers
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displaying primary amine groups on their surface that can be conjugated with protein
molecules. Choi et al. immobilized EGF on the surface of fibers composed of PCL and PCL-
PEG-NH: for wound healing applications. They showed that the EGF-functionalized fibers
were able to induce differentiation of keratinocytes to a greater extent than fibers supplemented
with EGF solution. The enhanced activity of the former could potentially be attributed to the
fact that covalently-immobilized EGF could be better retained at the wound site and thus was
able to induce more durable pro-differentiation signals in the locally-residing keratinocytes
[141]. Kim et al. also utilized a polymer-based linker to conjugate lysozyme to the surface of
PLGA nanofibers. The immobilized lysozyme displayed comparable activity to its soluble
counterpart [142]. This is opposite to the significant loss of enzymatic activities observed with

direct conjugation of enzyme molecules to the fiber surfaces as discussed above.
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Figure 1.10: Different modes of protein loading into a fibrous scaffold. Adapted from
[143,144].

1.3.3. Electrospinning as a method to prepare protein-loaded fibrous scaffolds

In addition to their great potential to function as a delivery system for proteins such as SDF-1a
as discussed in the previous section, fibrous scaffolds are known to provide excellent substrates
for cell adhesion and migration [145-147]. Their large surface area enables extensive
adsorption of adhesive proteins commonly found in the ECM such as fibronectin and

vitronectin that mediate cell interactions with the scaffold [132]. Furthermore, the range of

Page | 23 () DOC)



Chapter 1

fiber diameter in these scaffolds correlates to the size scale of the fibrous ECM network,
providing suitable structural and potentially mechanical cues for cell migration [148,149].
Relevant modifications during their preparation process may also permit fabrication of fibrous
scaffolds with a degree of porosity that is most conducive to cell infiltration to maximize tumor

cell trapping capacity.

Electrospinning is arguably the most common method of producing fibrous scaffolds. Table 1
summarizes the work that utilized electrospinning to fabricate fibrous scaffolds loaded with
therapeutic proteins. The widespread use of electrospinning is driven by its relative ease of use
and versatility. By changing one or more of its processing parameters, this method can permit
the fabrication of micro/nanofibers from a number of natural and synthetic materials. The
possibility of varying the diameter, orientation and composition of the electrospun fibers means
fibrous scaffolds with a wide range of mechanical and biological properties can be prepared.
In addition, proteins such as SDF-1a can be loaded conveniently into fibrous scaffolds during

or after electrospinning to form protein delivery systems.

Table 1: Fibrous scaffolds loaded with therapeutic proteins prepared by electrospinning.

Polymer Protein Application Mechanism of protein References
loading
PCLEEP NGF Nerve regeneration Direct embedment [127]
PLLA bFGF Tendon Embedment as protein- [130]
regeneration loaded particles
PEO/PLGA bFGF Nerve regeneration  Heparin-mediated surface [135]
adsorption
PLLA bFGF Nerve regeneration  Heparin-mediated surface [136]
adsorption
PCL/PCL-PEG EGF Treatment of Chemically-mediated [141]
diabetic ulcers surface adsorption
PLLACL/collagen BMP-2 Bone tissue Direct embedment [150]
engineering
PCL/PEO bFGF Connective tissue Direct embedment [151]
regeneration
PCL PDGF Non-specific tissue Direct embedment [151]
engineering
PLCL VEGF Cardiac tissue Direct embedment [152]
engineering
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1.3.3.1. Overview of the electrospinning process

Electrospinning involves the use of high voltage to draw fibers out of a solubilized or molten
polymer. A typical electrospinning setup consists of a capillary (e.g. a metal needle) through
which the polymer solution/melt to be electrospun can flow, a high voltage generator and a
grounded collector (Figure 1.11A). A syringe pump is usually employed to maintain a constant
flow of the polymer solution/melt towards the tip of the capillary. An electrode from the high
voltage generator is then attached to the capillary to introduce charges of a certain polarity into
the polymer phase. As the voltage is increased, there will be an increasing repulsion between
the like charges in the liquid. Simultaneously, the attractive force between the liquid and the
collector arising from their opposite polarity becomes stronger. These two forces combine to
stretch the pendant drop at the tip of the capillary (Figure 1.11B). Eventually, these forces
balance the surface tension of the liquid, causing the leading edge of the liquid to change from
a rounded meniscus to what is known as the Taylor cone. Upon further increase in the electric
field strength, a fiber jet is eventually ejected from the tip of the cone and subsequently

accelerated towards the grounded collector [153,154].

A Collector

Nanofiber
Polymer

solution/melt

Syringe driver

High voltage

Fsr>>Fe Fer>Fe Fsr=Fe Fst<Fe

Figure 1.11: (A) A schematic representation of a typical electrospinning setup. (B) The
interaction between surface tension (Fst) and electrostatic force (Fe) at the tip of the capillary.
The increasing electrostatic force initially stretches the pendant drop. When it matches the
surface tension of the liquid, a Taylor cone is formed. Eventually, a fiber jet is formed when
the electrostatic force exceeds the surface tension.
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As the fiber jet travels through the atmosphere towards the collector, the interactions between
the charges in the jet and the applied electric field induce a chaotic bending instability, which
increasing the path length to the collector. The corresponding increase in the transit time of the
jet allows for more complete solvent evaporation and further decrease in the jet diameter. In
fact, as the jet gets thinner, the like charges in it are brought closer to one another, leading to
an increase in the repulsion that further contributes to the chaotic whipping movement and
reduction in the fiber diameter [155]. The jet whipping can be so rapid that it may appear as if
it has split into multiple smaller fibers [156]. However, recent studies employing high speed
photography confirmed that the jet reached the collector as a single, rapidly whipping fiber
[157].

The fiber jet is eventually deposited onto the collector to gradually form a non-woven mat.
Depending on the intended application, a range of collector configurations has been studied to
manipulate the overall structure and shape of the fibrous scaffold. The use of a stationary
collector can lead to the assembly of fibers with random orientation [158-160]. On the other
hand, mats composed of aligned fibers can be formed using a rotating collector [161-163].
Regardless of the degree of anisotropy, fibrous mats generated by electrospinning tend to have
high fiber packing density, which may be less desirable in applications requiring cell
infiltration into the scaffold. However, the packing density may be reduced by using a collector
made of a material with low conductivity. Liu and Hsieh found that the porosity of cellulose
acetate fibrous scaffolds increases when the fibers were collected on a piece of paper instead
of a copper mesh. Non-conducting collectors are less capable of dissipating the charges
entrapped in the deposited fibers than collectors made of conductive materials, resulting in
increased electrostatic repulsions and thus a looser packing of the fibers. The same authors also
found that by using a more porous collector, the fiber packing density could be decreased. For
example, fibers collected on a copper mesh were more loosely packed than those deposited
onto a piece of aluminum foil. This could be due to the difference in the rate of diffusion and
evaporation of solvents from fibers deposited on the different targets. The authors hypothesized
that the slower removal of solvent molecules from fibers collected on solid targets may cause
the fibers to be pulled together and pack more closely [164]. Finally, it is also possible to
control the final shape of the generated fibrous scaffold by changing the geometry of the
collector. For example, a flat piece of aluminum foil can be used to form a sheet [159,160],

while a tubular structure can be obtained by using a rotating rod or drum [165,166].
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1.3.3.2. Important processing parameters in electrospinning

Despite its relative ease of use, electrospinning can only generate uniform fibers if several
processing parameters have been carefully optimized. These parameters include the applied
voltage, the flow rate of the polymer solution/melt and the distance between the capillary tip

and the collector.

e Applied voltage

As the applied voltage influences the strength of the stretching force on the pendant drop at the
tip of the capillary, there is a threshold voltage for the Taylor cone formation and fiber jet
generation for each polymer solution/melt. However, the effect of applied voltage on the
morphology of the electrospun fibers has been rather controversial. Contradicting results have
been reported by research groups who studied different types of polymer. Yuan et al. observed
that increasing voltage does not significantly change the overall morphology of polysulfone
nanofibers [167]. A similar result was obtained by Zhu et al. who studied poly(vinylidene
fluoride) (PVDF) nanofibers [168]. However, Lee et al. reported a decrease in poly(vinyl
alcohol) (PVA) fiber diameter with increasing applied voltage [169]. This finding was echoed
by Beachley and Wen when the pair who produced nanofibers from different concentrations of
PCL solution [170]. The decrease in fiber diameter could be explained by the greater stretching
force exerted on the pendant drop at the capillary tip with higher applied voltage, leading to
more pronounced jet elongation (Figure 1.12). Interestingly, Meechaisue et al. found that
increasing the electric field strength actually increases the diameter of poly(desaminotyrosyl-
tyrosine ethyl ester carbonate) (PDTEC) [171]. A potential explanation for this is that as the
voltage reaches a certain value, the attractive force between the travelling fiber jet and the
collector becomes so strong that it reduces the flight time and thus decreases the stretching time
of the jet prior to its deposition on the collector (Figure 1.12). With this, it can be concluded
that the influence of voltage over fiber diameter varies across different polymer solutions and

may be dependent on other processing and solution parameters.
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Increased jet elongation Reduced flight time
- thinner fibers - thicker fibers

Figure 1.12: Two possible outcomes of increasing the applied voltage in electrospinning.
Alternatively, the two effects may balance each other out to cause no change in the fiber
diameter.

e Solution flow rate

To produce uniform fibers, it is important to maintain the balance between the flow rate of the
polymer solution/melt through the capillary and the rate at which the liquid is ejected toward
the collector. Zargham et al. showed that at this optimum flow rate, a stable and symmetric
Taylor cone can be formed that permits production of fibers with a narrow diameter distribution
(Figure 1.13) [172]. Beyond this point, beaded nanofibers of larger diameter may be produced
[173,174]. The formation of beads at high flow rates could be a result of excess liquid that
accumulated at the tip of the capillary being ejected as intermittent lumps of polymer instead
of a smooth jet (Figure 1.13) [175]. High flow rates can also distort the shape of the Taylor
cone and increase the initial radius of the ejected fiber jet that leads to deposition of large
ribbon-like fibers on the collector [176]. Conversely, when the flow rate is below its optimum
value, fiber diameter tends to decrease as the Taylor cone recedes and the fiber jet is ejected
from the inside of the capillary (Figure 1.13) [172]. Someswararao et al. reported that the
diameter of titanium dioxide-poly(vinyl pyrrolidone) (TiO2-PVP) nanofiber decreased from
247 to 111 nm as the flow rate of the liquid material was reduced from 1.2 to 0.6 mL/h. They
also observed that the reduction in fiber diameter coincided with a decrease in the formation of
beads [177].
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Figure 1.13: Effect of changing solution flow rate on the morphology of electrospun fibers.

e Tip-to-collector distance

The distance between the tip of the capillary and the collector is another key parameter that
influences the morphology of the electrospun fibers. This parameter determines the travel time
for the jet fiber to reach the collector. As mentioned earlier, the jet fiber undergoes chaotic
bending instabilities that causes it to whip around during its travel through the atmosphere,
which increases the path length to the collector, leaving more time for solvent evaporation and
fiber thinning. If the distance between the capillary tip and the collector is too short, the path
length of the jet is shortened and there is less time for fiber drying and thinning. The subsequent
diffusion of the residual solvent out of the deposited fibers can contribute to the formation of
fused fibers [178]. Typically, a distance of between 10 to 15 cm is needed to achieve a flight
time that is sufficient for complete solvent evaporation [167,169,171,174-176]. As the distance
is increased, dry fibers of thinner diameter can be produced [179,180]. However, beyond a
certain limit, fiber diameter may start to increase again, and fusion of fibers deposited on the
collector may reappear. As the bending instability that is responsible for the elongation of the
fiber jet depends on the electrostatic interaction between the charged jet and the external
electric field, too high of a capillary tip-collector distance will result in a weaker electric field
strength that contributes to less whipping movement of the jet and a shorter path length to the
collector. This consequently reduces the time available for fiber thinning and solvent removal
[178].
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1.3.3.3. Important solution parameters in electrospinning

Equally important as the processing conditions to the success of electrospinning are the
properties of the polymer solution or melt itself. Electrospinning of polymer melt takes place
at high temperature to maintain the fluidity of the material and thus is less useful in preparing
fibrous scaffolds loaded with protein molecules that are often thermally labile. Therefore,
solubilization of a polymer in a suitable solvent is a more popular way of preparing materials
for electrospinning. Depending on several solution parameters, the same polymer and
processing conditions can vyield fibers of very different morphologies. These parameters
include the solution viscosity, solvent volatility and solution conductivity.

e Solution viscosity

The viscosity of a polymer solution determines whether a fiber jet can be ejected towards the
collector or not. This parameter is closely related to the concentration and molecular weight of
the dissolved polymer. When the viscosity is too high, the electrostatic force induced by the
applied voltage may not be sufficient to induce the formation of Taylor cone and subsequent
jet ejection. Conversely, if the solution is too dilute, the fiber jet will break up into droplets
during its travel through the atmosphere. Thus, there is an optimum range of viscosity in which
a stable fiber jet can be ejected when all other processing and solution parameters are kept
constant. For example, Doshi and Reneker prepared PEO solutions with different viscosities
by dissolving different amount of the polymer in a given volume of water. They reported that
only those solutions with viscosity ranging from 800 to 4,000 centipoises (cP) can be
electrospun to generate nanofibers [181]. Within the optimal viscosity range, fibers of larger
diameter can be obtained with increasing viscosity. Huan et al. observed that the diameter of
PS nanofibers increased from 1 to 5 um as the concentration of PS solution in
dimethylformamide (DMF) is increased from 23 to 40% (w/v) , which corresponded to an
increase in viscosity from 300 to 1210 cP [182]. On the other hand, Nezarati et al. varied the
viscosity of poly(carbonate urethane) (PCU) solution by dissolving the same mass of different
molecular weight variants of this polymer in N,N-dimethylacetamide (DMAc). They showed
that a small decrease in PCU molecular weight (from 241 to 217 kDa) could significantly
reduce the viscosity of the polymer solution (from 10,000 to 8,000 cP). They also reported that
the solution with the lower viscosity yielded fibers with more beads. This could be due to the
increasing effect of surface tension, which forces the travelling fiber jet to assume a more

rounded shape to reduce the surface area [183].
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e Solvent volatility

Solvent volatility influences the minimum flight time required for complete solvent
evaporation and obtention of dry fibers on the collector. As less volatile solvents require a
longer time to evaporate, polymer solutions prepared from these solvents are more likely to
contribute to the generation of fused fibers if appropriate changes in the processing conditions
such as increasing the capillary tip-collector distance and decreasing the relative humidity are
not implemented. Yuya et al. prepared 10% (w/v) solutions of PVP in four solvents with
different volatility; methanol (boiling point (BP) = 64.7 °C), ethanol (BP = 78.4 °C), water (BP
= 100 °C) and DMF (BP = 153 °C). All solutions were eventually electrospun at a relative
humidity of 30% and a capillary tip-collector distance of 15 cm. With the solutions prepared
from the more volatile methanol and ethanol, dry fibers could be deposited on the collector.
Conversely, blobs and films were obtained with the solutions prepared from water and DMF
[184]. The use of volatile solvents does not only permit the production of dry and separate
fibers, but also encourage the formation of pores on the fiber surfaces. Megelski et al. studied
the surface structure of PS nanofibers electrospun from solutions containing DMF and
tetrahydrofuran (THF) (BP = 66 °C) at different ratios. They observed that PS solutions
containing THF produced fibers with porous surfaces, and the pores became smaller and more
frequent as the proportion of THF in the total solvent volume was increased [185]. A similar
result was also obtained by Celebioglu and Uyar. The pair reported that fibers with porous
surfaces can be obtained from a solution of cellulose acetate in a mixture of dichloromethane
(DCM) (BP = 39.6 °C) and acetone (BP = 56.1 °C). However, the microtexture disappeared
and fibers with smooth surfaces were obtained when DCM was replaced with the less volatile
DMACc (BP = 165 °C) [186]. The formation of porous fibers with the use of volatile solvents
increases the surface area of the formed fibrous scaffolds, which may be beneficial in drug
delivery applications as more drug molecules can be adsorbed onto the fiber surfaces. However,
using solvents that are too volatile may hinder the formation of continuous fibers altogether. If
a solvent evaporates too fast, solidification of polymer may take place at the capillary tip. The
solids may grow and eventually block the flow of the polymer solution. As more solution is
delivered toward the tip, the increasing pressure inside the capillary may dislodge the solidified
plug, enabling the ejection of a new fiber jet. However, this intermittent fiber formation is likely
to promote the introduction of artefacts onto the collector [154].
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e Solution conductivity

Solution conductivity determines the magnitude of electrostatic force exerted on a fiber jet.
Highly conductive solutions carry high number of charges per unit volume and thus will be
subjected to a stronger electrostatic force in an electric field of a certain strength than will a
solution of low conductivity. This property is also responsible for greater bending instabilities
observed with fiber jets ejected from highly conductive polymer solutions that lengthen the jet
path to the collector. Consequently, the diameter of electrospun fibers often decreases with an
increase in the conductivity of the polymer solution [187]. Two most common ways of
changing the solution conductivity is by varying the concentration or type of salt dissolved in
the polymer solution. Zhang et al. dissolved different amount of NaCl in the same volume of
PVA solutions and measured the diameter of fibers electrospun from these solutions. As the
NaCl concentration was increased from 0.05 to 0.2 % (w/v), the solution conductivity increased
from 1.53 to 10.5 mS/cm and the fiber diameter decreased from 214 to 159 nm. The authors
claimed that an increase in NaCl concentration can increase the net charge density of the fiber
jet, resulting in a greater electrostatic force exerted on the jet that favors its elongation and
thinning [175]. On the other hand, Zong et al. prepared poly(D,L-lactic acid) (PDLA) solutions
containing the same concentration of three different salts; NaCl, NaH2PO4 and KH2POa. They
found that the diameter of fibers electrospun from the NaCl-containing solution was 210 nm,
but this value increased to 330 and 1000 nm when NaCl was replaced with NaH2PO4 and
KH2PO4 respectively. The authors proposed that ions with smaller atomic radius have a higher
mobility in an electric field than larger-sized ions of the same net charge. The higher mobility
leads to better conductivity and thus greater electrostatic force exerted on the jet [188].
Although the addition of salts into a polymer solution generally reduces the diameter of the
electrospun fibers, in some cases, the opposite may happen. Mit-uppatham et al. prepared
polyamide-6 solutions containing different concentrations of NaCl or LiCl. While the solution
conductivity increased with increasing salt concentration, the solution viscosity also followed
the same trend. The authors proposed that the increase in the viscosity outweighed the increase
in the electrostatic force exerted on the fiber jet, resulting in fibers with larger diameter [189].
Based on these results, it is important to consider any potential interaction between the salt and
polymer molecules when attempting to vary the solution conductivity to achieve control over

the fiber diameter.
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1.3.34. Nozzle configuration options in electrospinning

Depending on the modes of protein loading, different nozzle configurations can be employed
to produce fibers with different internal structures. These include single, side-by-side and co-

axial nozzle configurations.

e Single nozzle configuration

The most common and straightforward configuration involves the use of a single nozzle where
a polymer solution is channeled through a single capillary during electrospinning. This
configuration has been used to electrospin polymer-protein co-solutions and emulsions
consisting of an inner protein phase and an external polymer phase. In the former case, Zeng
et al. co-dissolved PVA and BSA or luciferase in water and electrospun the co-solution to
produce protein-loaded nanofibers. Both proteins could be incorporated into the PVA
nanofibers. The authors also coated the electrospun nanofibers with poly(p-xylylene) (PPX)
using a technique called chemical vapor deposition polymerization. The PPX coating helped
to minimize the burst release of proteins from the PVA nanofibers [190]. For the preparation
of protein-loaded nanofibers from hydrophobic polymers, protein solutions can be emulsified
in a polymer-containing organic phase prior to electrospinning. Maretschek et al. emulsified
an aqueous solution of cytochrome c in PLLA-containing chloroform and electrospun the
emulsion. To vary the cytochrome c release kinetics, they include different concentration of
hydrophilic poly(ethylene imine) (PEI) into the aqueous phase. The authors observed that the
rate of release is proportional to the PEI concentration in the emulsified cytochrome c solution
[191].

e Side-by-side/co-axial nozzle configuration

In certain cases, generation of nanofibers with distinct compartments made of different
polymers may be useful to achieve better control over the drug loading and release processes.
Two types of nozzle configurations, namely side-by-side and co-axial (Figure 1.14), are
commonly used to produce such nanofibers. In these configurations, component polymers are
dissolved separately instead of blended into a single solution. The individual polymer solutions
are then forced to flow through separate capillaries, never coming into contact with each other
until they reach the very end of the capillaries. As such, these configurations are useful to
produce fibers from a combination of polymers that are not mutually soluble (e.g. hydrophobic
vs. hydrophilic polymer) or interact non-favorably (hydrophilic polymers with opposite

charge) in a common solvent. In the side-by-side nozzle configuration, two separate polymer
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solutions flow through two equally sized capillaries placed next to each other. This setup
usually results in fibers composed of two distinct halves; each contributed by one of the two
polymer solutions. However, to achieve this balanced fiber composition, it is important that the
processing parameters (e.g. flow rate) and solution parameters (e.g. viscosity and conductivity)
of the component polymer solutions are kept roughly the same. Gupta and Wilkes conducted
side-by-side electrospinning of bicomponent polymer systems in the form of (1) poly(vinyl
chloride) (PVC) and segmented polyurethane (PU) (PVC/PU) and (2) PVC and poly(vinyl
fluoride) (PVF) (PVC/PVF). They found that for each of the two systems, two Taylor cones
and subsequently two fiber jets were generated. They claim that this was due to the much higher
conductivity of the PVC solution compared to the PU or PVF solution. Upon decreasing the
electric field strength to minimize the difference in the electrostatic force exerted on the
solutions, a single Taylor cone could be generated from each system to ensure production of
fibers with a more balanced composition [192]. In the more widely used co-axial nozzle
configuration, two separate polymer solutions are forced through two different-sized
capillaries, where the larger capillary encases the smaller one. Consequently, this setup
produces fibers with a distinct core-shell morphology. Core-shell fibers have been used as a
vehicle for many therapeutic proteins including bFGF [151], BMP-2 [150], platelet derived
growth factor (PDGF) [193] and EGF [194]. Similar to the side-to-side configuration, the
success of coaxial electrospinning requires that the two polymer solutions to have similar
conductivity and viscosity. However, due to the difference in the size of the two capillaries, it
is important that the flow rate in the outer capillary is set to be higher than that in the inner one.
The recommended relative flow rate of polymer solution in the two capillaries may depend on
multiple factors such as polymer type, solution concentration and the actual size of the two
capillaries, but a ratio of between 3:1 to 16:1 has been shown to produce uniform core-shell
fibers [150,151,193-195]. Regardless of the slight differences in the processing requirement
between the side-to-side and the coaxial configuration, both setups produce compartmentalized
fibers composed of two or more polymers. By varying the type of the constituent polymers, the
physicochemical properties of each fiber compartment can be tailored accordingly to achieve
better control over the release kinetics of the protein load. For example, the incorporation of
protein molecules into a hydrophobic compartment that is stable to hydrolytic degradation may
help to slow down protein release. Furthermore, the spatial distribution of the protein molecules
also dictates the kinetics of release. In core-shell fibers, proteins loaded into the outer shell may

be released quicker than when they were loaded into the inner core.
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Figure 1.14: Schematic representation of the side-to-side and co-axial nozzle configurations
and the typical structure of fibers produced from these setups.

1.3.3.5. Polymers for electrospinning

Various polymers have been successfully electrospun to produce micro/nanofibers for
numerous biomedical applications. These polymers can be roughly categorized into natural and
synthetic polymers. Of particular interest is the former group as these polymers generally offer
excellent biocompatibility due to their biologically relevant structures. These polymers include
polysaccharides (e.g. alginate, hyaluronic acid, cellulose, chitin and chitosan) (Figure 1.15) and
protein-based polymers (e.g. collagen, silk) and they are extractable from numerous animal-
based and plant-based sources. Some of these polymers are constituents of the human ECM,
granting them desirable biological properties that include good cell adhesion and proliferation
capacity. However, their natural origin may also introduce several drawbacks. These include
batch-to-batch variations, complex purification procedures and the possible transmission of
disease from the source organisms. In the context of electrospinning, many of these polymers
are implicated with processing difficulties that stem from their innate physicochemical
properties. In these cases, the use of synthetic polymers as an additive may improve the

electrospinnability of these natural polymers.
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Figure 1.15: Chemical structures of polysaccharides that are commonly-used in
electrospinning.

e Alginate

Alginate is an anionic polysaccharide composed of -(1,4)-D-mannuronic acid and a-(1,4)-L-
guluronic acid residues (Figure 1.15) that is extractable from brown seaweed. Prior to
electrospinning, it can be easily dissolved in water due to the presence of ionizable carboxylate
groups along its molecular backbone. However, the same functional groups are responsible for
intermolecular repulsion that prevent chain entanglement required for the production of
continuous and uniform fibers. This problem is further exacerbated by the rigid and extended
conformation of alginate molecules in aqueous solution. To improve the electrospinnability of
alginate, water-soluble synthetic polymers such as PEO and PV A could be added to an alginate

solution. These polymers increase chain entanglement by forming hydrogen bonds with the
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hydroxyl groups of alginate [196]. Generally, the fiber morphology becomes smoother and
more uniform as the mass ratio of the synthetic polymer to alginate exceeds 1:1 [196,197]. To
prevent the dissolution of the electrospun fibers in aqueous physiological media, relevant
crosslinking procedures must be carried out after electrospinning. Lu et al. combined physical
and chemical crosslinking methods to obtain alginate/PEO fibers that remained stable in water
for 3 days. The electrospun fibers were initially treated with hexamethylene diisocyanate that
facilitated covalent crosslinking between the hydroxyl groups of alginate. This was followed
by immersion into CaCl; solution to achieve Ca?*-mediated crosslinking of the carboxyl groups
[197].

e Hyaluronic acid

Hyaluronic acid (HA), also known as hyaluronan or hyaluronate, is a linear polysaccharide
consisting of repeating disaccharide units of -(1,4)-D-glucuronic acid and p-(1,3)-N-acetyl-
D-glucosamine (Figure 1.15). Like alginate, it is also an anionic polysaccharide. It is a member
of the glycosaminoglycans, which can be found abundantly in the human body especially in
the connective, epithelial and the neural tissues. However, unlike other glycosaminoglycans,
its molecular weight can reach millions of Daltons. High molecular weight HA serves as a
matrix, in which cells are embedded, in soft tissues such as the brain, dermis and umbilical
cord. In addition, its ability to imbibe water to form a viscoelastic network makes HA useful
as a shock absorber in synovial joints [198]. In the context of electrospinning, the high
molecular weight of HA can pose significant processing difficulties. HA solutions have very
high viscosity at concentrations well below the one required to achieve a degree of chain
entanglement that is sufficient for generation of continuous fibers during electrospinning [199-
201]. Several modifications have been tested to overcome this problem. Ji et al. used a low
molecular weight HA derivative to reduce viscosity and added PEO to the HA solution ata 1:1
mass ratio to promote chain entanglement [202]. To obtain fibers made of pure HA without
any synthetic polymer, Liu et al. utilized a combination solution of formic acid/DMF/water as
a solvent for HA. They claimed that formic acid reduced the rigidity of HA chains to increase
entanglement while DMF decreased the surface tension to facilitate the ejection of a stable
fiber jet [203]. However, formic acid reduces the pH of the polymer solution, leading to
protonation of the carboxyl groups of HA that reduces the conductivity of the polymer solution.
Kim et al. dissolved HA in NaOH/DMEF to achieve complete deprotonation of HA’s carboxyl
groups to increase the solution conductivity and thus the magnitude of electrostatic force

exerted on the pendent drop at the tip of the capillary [200]. Despite the improvement in the
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electrospinnability, the extremely high pH of the solution induces rapid degradation of the HA
chains. Brenner et al. observed that HA solution prepared in a 4:1 NaOH/DMF solvent system
lost its electrospinnability after 30 minutes. This coincided with a decrease in viscosity that
highlighted significant degradation of HA chains. To counter this, the authors replaced the
NaOH with the less basic NH4sOH to reduce the solution pH and ensure no interruption to the
electrospinning process [201]. In addition to the high viscosity issue, the high water retention
capacity of HA can pose another challenge to the electrospinning of this polymer. Under
atmospheric conditions, electrospinning of HA often generates fused fibers on the collector
plate as a result of insufficient solvent evaporation from the travelling fiber jet. To facilitate
fiber drying, Um et al. modified their electrospinning setup to introduce a continuous stream
of hot air into the space between the capillary tip and the collector. The degree of fiber fusion
decreased significantly with an increase in the temperature of the blown air from 25 to 57 °C
[204]. Li et al. took a step further by raising both the solution and ambient temperature to 40
°C to break the hydrogen bonds that mediate the interaction between HA chains and water
molecules [199]. As the temperature is comparable to the physiological condition, their setup
may be useful for incorporating protein molecules into HA fibers. Finally, as in the case of
alginate, electrospun HA fibers are water-soluble and must be crosslinked to prevent rapid
dissolution in the aqueous physiological environment. Various chemicals have been used to
crosslink HA molecules functionalized with relevant chemical groups [205,206]. For example,
Ji et al. utilized PEG-diacrylate to cross link electrospun fibers composed of 3,3’-dithiobis-
(propanoic dihydrazide)-modified HA. The crosslinked fibers were stable in the cell culture

medium and able to support the attachment of mouse fibroblast cells [202].

e Collagen

Collagen is the most abundant protein in mammals. In humans, collagen makes up about one
third of the total protein content [207]. It is commonly found as insoluble fibers in the
extracellular matrix of connective tissues such as bones, tendons and skin. Each collagen fiber
is an aggregate of collagen fibrils, each of which consists of a triple helical structure referred
to as the collagen monomer (Figure 1.16) [208]. Each of the three polypeptide strands that
make up a collagen monomer has a distinct amino acid composition in the sense that it is rich
in glycine, proline and hydroxyproline [209]. Although there are more than 20 types of collagen
identified to date, some of which are of non-fibrillar structures, 70 to 90% of the collagen found
in humans are of the fibrillar type 1 [210]. Collagen is poorly soluble in water, unlike alginate

and HA, as it has an isoelectric point that is close to the physiological pH [211]. The water
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solubility of collagen can be improved by increasing the temperature or decreasing the pH of
the solution. Huang et al. prepared collagen solution for electrospinning by dissolving
Iyophilized collagen in 10 mM HCI solution at room temperature. Uniform nanofibers could
be obtained only when PEO was added to the collagen solution at a PEO/collagen mass ratio
of 2:1 [212]. To obtain fibers made of pure collagen, other solvents have been utilized. For
example, Matthews et al. used 1,1,1,3,3,3-hexafluoro-2-propanol (HFP) and managed to obtain
pure collagen fibers at a minimum collagen concentration of 83 mg/mL [213]. Despite this, the
use of HFP in collagen processing is limited by its toxic and volatile nature that poses
significant health risks to humans. The corrosive property of HFP can also damage the natural
triple helical configuration of collagen. Yang et al. reported that 45% of the collagen’s triple
helical structure was denatured after electrospinning in HFP. This structural alteration rendered
the electrospun fibers more soluble in water and thus less stable in the aqueous physiological
environment [214]. Several groups have utilized ethanol-based solvent systems to replace the
toxic HFP [215,216]. Although these solvents enabled the production of collagen fibers without
requiring any additive polymer, the electrospun fibers remained characteristically soluble in
water, suggesting that the collagen’s triple helical structure was not fully preserved during
electrospinning. To improve water stability, Dong et al. employed the NHS/EDC reaction to
crosslink collagen fibers without losing the nanofibrous morphology of the electrospun
construct. The authors reported that the collagen fibers were stable in water after the
crosslinking reaction [215]. However, Jiang et al. argued that such a crosslinking process can
only provide short-term water stability. They instead used a citric acid/sodium hypophosphite
crosslinking method that yielded fibers that were stable in phosphate-buffered saline (PBS) at
37 °C for at least 30 days [216].
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Figure 1.16: Three different levels of structure of fibrous collagen.

e Silk fibroin

Silk fibroin (SF) refers to insoluble proteins found in silk produced by spiders, silkworms
(Bombyx mori), scorpions, bees and many types of insect [217]. Among these sources, silk
from Bombyx mori is highly favored for research and industrial use due to the ease of its
acquisition from the advanced sericulture industry [218]. SF is a fibrous protein that makes up
approximately 70 — 75% of silk composition [219]. The rest of the silk is made up mostly of
sericin, an amorphous protein with adhesive property that functions to bind SF fibers together
[220]. As it is water-soluble, sericin can be removed from SF using a simple process known as
degumming [221]. The amino acid composition of SF sourced from Bombyx mori is rich in
glycine (43%), alanine (30%) and serine (12%). The high number of small-sized amino acids
in the form of glycine and alanine allows for tight packing of the anti-parallel B-sheets in SF,
contributing to the immense strength of this protein [218]. Traditionally, the electrospinning of
silk fibroin is conducted in an organic solvent. Zarkoob et al. successfully prepared nanofibers
by electrospinning SF solution in HFP [222]. Similarly, Ohgo et al. utilized hexafluoroacetone
as an electrospinning solvent to produce beadless SF fibers [223]. However, concerns have
been raised over the potential risks posed by the residual solvents in the fibers upon
administration into patients. In response to this, several groups have attempted to remove the
dependency on the toxic organic solvents by electrospinning from an aqueous SF solution.
Wang et al. dissolved SF in a LiBr solution and removed the salt by dialysis prior to
electrospinning. They reported that fibers of 400 — 800 nm in diameter could be electrospun

from the SF solution. However, this was only true when the SF concentration in the solution
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was 17% (w/v) or higher [224]. The requirement for such a high polymer concentration to
achieve sufficient molecular entanglement presents an additional processing difficulty as the
working solutions tend to be highly viscous and can transform into gel very easily to disrupt
the electrospinning process. Kishimoto et al. utilized the same solvent system but managed to
produce fibers at a much lower SF concentration (as low as 5% (w/v) for the highest molecular
weight tested). This feat was achieved by increasing the pH of the SF solution before
electrospinning. The authors claimed that under basic conditions, SF molecules have a higher
number of charged residues [225]. The resultant increase in the repulsion between different
segments along the polypeptide chain could possibly contribute to the relaxation of the packed
structure of SF, leading to an increase in molecular entanglement that facilitated
electrospinning. Regardless of the solvent used, electrospun SF fibers dissolve easily in water
and require appropriate stabilizing treatment before they can be used in any biomedical
application that demands slow biodegradation. For this, the electrospun fibers can be treated

with methanol to increase SF’s f-sheet content and achieve greater water stability [225].

e Cellulose and cellulose derivatives

Cellulose is a linear polysaccharide composed of a few hundreds to several thousands of -
(1,4)-D-glucose units (Figure 1.15) [226]. Unlike alginate and hyaluronic acid, cellulose is a
neutral polysaccharide as it does not bear any ionizable chemical groups. It is the main
structural component of the cell walls in plants and algae. It also makes up a large component
of the biofilms produced by some species of bacteria [227]. As it is the most abundant natural
polymer on earth, the research and industrial use of cellulose is widespread. However, the use
of cellulose in electrospinning is very restricted due to the limited number of solvents that can
be used to dissolve this polymer. Two common solvent systems used in the electrospinning of
cellulose are N-methyl-morpholine N-oxide (NMMO)/water and lithium chloride
(LiCI)/DMACc [228,229]. Each of these has its own drawback that complicates the fiber
manufacturing process. In the case of NMMO/water, electrospinning is only possible at a
temperature above the melting temperature of this solvent system (between 80 to 130 °C) [230],
restricting the incorporation of any thermo-labile drugs such as proteins into the cellulose
fibers. As for LiCI/DMACc, the preparation of this solvent system involves lengthy steps and
the Li* and CI" cannot be completely removed from the electrospun fibers [231]. Recently,
electrospinning of cellulose in ionic liquids has been reported [232]. However, the low
volatility of these solvents means appropriate modifications must be made to the

electrospinning setup to obtain dry, unfused fibers.
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To improve the solubility of cellulose, and thus increase the range of solvents that can be used
for the electrospinning of this polymer, various cellulose derivatives have been synthesized.
These include cellulose acetate [230,233,234], hydroxypropyl cellulose [235] and alkyl
cellulose (e.g. methyl and ethyl cellulose) [236,237]. Han et al. produced cellulose acetate
nanofibers by electrospinning the polymer in a simple acetic acid/water solvent system [230].
To increase the water stability of the electrospun fibers, cellulose derivatives can be converted
to cellulose using a straightforward hydrolysis process. For example, Son et al. stabilized
cellulose acetate nanofibers electrospun in a water/ethanol solvent system by treating them with
KOH solution in ethanol. They reported that the fibers were completely deacetylated after 20
minutes [233].

e Chitin and chitosan

Chitin is the second most abundant natural polymer behind cellulose. It is a linear
polysaccharide consists of B-(1,4)-N-acetyl-D-glucosamine units (Figure 1.15). This polymer
forms a major structural component of fungal cell walls and the exoskeletons of arthropods
(e.g. crustaceans and insects) [238]. Like cellulose, chitin is a neutral polymer that is soluble
in a limited range of solvents. Published work on the electrospinning of chitin mostly utilized
HFP as a solvent [239-241]. For example, Min et al. successfully obtained nanofibers of 40 —
600 nm diameter by electrospinning 5 % (w/v) chitin solution in HFP. However, the solubility
of native chitin molecules in HFP is relatively poor (no more than 0.65 % (w/v)). To achieve a
concentration that is feasible for electrospinning, the authors pre-treated the native chitin with

gamma irradiation to reduce the polymer chain length prior to dissolving it in HFP [239].

To obtain a polymer with a better solubility profile, chitin can be partially deacetylated through
a simple chemical or enzymatic process to form chitosan. Chitosan can be described as a co-
polymer of B-(1,4)-linked N-acetyl-D-glucosamine and D-glucosamine (Figure 1.15), with the
latter comprising at least 50% of the total number of monomers [242]. The free amino groups
generated by the deacetylation reaction make chitosan the only pseudo-natural cationic
polymer on earth. These amino groups are, however, only weakly-basic (pKa = 6.5) [243].
Chitosan remains insoluble in water at neutral pH as only a small percentage of its amino
groups are ionized under this condition. Consequently, the electrospinning of chitosan is
usually conducted in dilute or concentrated solutions of organic acids such as acetic acid
[158,244-247] and, to a lesser extent, formic acid [248,249]. However, the electrospinning of

chitosan alone often fails to generate uniform fibers [158,250,251]. As in the case of alginate
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and HA, the electrostatic repulsion between charged groups along the chitosan polymer
backbone can inhibit molecular entanglement that is needed to sustain the generation of fiber
jet from the capillary tip during electrospinning [239]. Therefore, the addition of high
molecular weight synthetic polymers is often necessary to increase the electrospinnability of
chitosan. It should be noted that the minimum mass percentage of the synthetic polymer needed
to ensure good electrospinnability is generally much lower in the case of chitosan than in the
case of alginate and HA. While the latter polymers often require the addition of a synthetic
polymer at a 1:1 mass ratio [196,197,202], successful electrospinning of chitosan/PEO
solutions mixed at a 9:1 mass ratio and above has been reported [252—-254]. This confers an
important advantage to chitosan as a polymer for making fibers to be used as a vehicle for
protein delivery. As discussed in the earlier section of this chapter, proteins can be embedded
into polymer-based fibers by mixing protein molecules or protein-loaded particles with a
polymer solution prior to electrospinning. However, if a significant proportion of the fiber
matrix is made of water-soluble synthetic polymers such as PEO and PVA, there is a strong
probability for burst release to be seen upon the introduction of the fibrous scaffold into an
aqueous environment, as the protein molecules/protein-loaded particles can escape rapidly
from the soluble portions of the fibers. In fact, this fiber solubilization issue may become
apparent during aqueous crosslinking or other stabilization treatments, contributing to loss of
protein load even before the in vivo administration of the fibrous scaffold. Electrospun chitosan
fibers are composed of the protonated version of this polymer that form ionic complexes with
the conjugate base of the organic acid used to dissolve chitosan in the first place (e.g. acetate
or formate ions). Not unexpectedly, these fibers are susceptible to dissolution in water. To
improve their aqueous stability, the fibers can be treated with an alkaline solution (e.g. NaOH,
Na2CO3, K2CO3) to deprotonate the amino groups [246,255,256]. Alkali-treated fibers have
been shown to possess good aqueous stability. Sangsanoh et al. reported that chitosan fibers
treated with an aqueous Na>COs solution were stable in PBS for up to 3 months [256].
Furthermore, Lemma et al. utilized K2COs solution in ethanol/water for the neutralization step
and obtained chitosan fibers that were resistant to aqueous dissolution for half a year [246].
The simple alkaline stabilization procedure also eliminates the need for chemical crosslinkers,

thus avoiding any potential toxicity associated with these agents [257,258].

As discussed above, chitosan is a polymer with unique physicochemical properties owing to
its weakly-basic nature. The small number of positively-charged groups at neutral pH allow

chitosan molecules to form electrostatic complexes with numerous negatively-charged natural
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or synthetic polymers [259-263]. This special aspect of chitosan may contribute greatly to the
development of highly biocompatible protein delivery vehicles. Protein molecules can be
loaded into micro/nanoparticles composed of FDA-approved polymers such as PLA and PLGA
to form primary protein carriers. The negatively-charged carboxyl groups in these polyesters
can facilitate the incorporation of these particles into chitosan fibers to produce a composite
vehicle that may provide sustained protein release. In addition, as chitosan is not naturally
found in human tissues, it is reasonable to coat the surface of chitosan fibers with relevant
human ECM components to obtain a more biologically relevant final construct. For example,
for implantation into the brain, it may be useful to coat the fibers with HA, which is negatively-
charged, as this polysaccharide forms a major component of the brain ECM [264].
Furthermore, the well-reported aqueous stability of neutralized chitosan fibers may present a
twofold advantage to its use as a chemokine delivery vehicle in tumor trapping applications.
First, chitosan fibers may act as a stable scaffold to hold the chemokine-loaded particles in
place during the chemokine release process, helping to create and maintain a chemokine
concentration gradient that is essential for the chemotaxis of tumor cells. Second, the slow
degradation of the chitosan fibers can prolong the time window for the tumor cells to move up
the chemokine concentration gradient and be trapped within a well-confined space, rendering
these cells accessible to subsequent selective killing procedures. All of these potential benefits
warrant the use of chitosan in the development of SDF-1a-releasing electrospun fibrous
scaffolds to be used in the glioblastoma cell trapping application.
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2. THESIS AIM AND OBJECTIVES

The chemokine SDF-1a. is known to direct the migration of GBM cells by chemotaxis. GBM
cells move up the SDF-1a concentration gradient to invade surrounding healthy brain tissues.
It is also a well-known fact that complete GBM tumor resection is often not achievable using
current surgical procedures. The residual GBM cells in the brain can multiply to re-form the
tumor, contributing to the worsening of the patients’ clinical status and a high rate of mortality.
With this in mind, the project aimed to develop a polymer-based implant capable of
sustainably releasing SDF-1a that could be introduced into the resection cavity to attract
the residual GBM cells to facilitate their selective killing (Figure 2.1).

The following objectives have been identified to be crucial to the fulfilment of the

aforementioned aim:

e Toencapsulate SDF-1a in polymer-based nanoparticles to form primary carriers of this
chemokine
e To incorporate SDF-1a-loaded nanoparticles into a nanofibrous scaffold to provide a

secondary barrier to the SDF-1a release process

The following two chapters of this thesis (Chapters 3 and 4) present and discuss the results
related to these objectives.

Chapter 3 is titled “Encapsulation of SDF-1a into Polymer-based Nanoparticles”. This chapter
discusses on the preparation of uniform nanoparticles from PLGA and PEG-PLGA co-polymer
to encapsulate SDF-1a. Highlights of this chapter include the careful tailoring of the
composition of the nanoparticles to obtain a good balance between SDF-1a encapsulation

efficiency and release capacity.

Chapter 4 is titled “Incorporation of SDF-1a-loaded PLGA/PEG-PLGA Nanoparticles into
Chitosan Nanofibers”. This chapter focuses on the preparation of nanoparticle-nanofiber
composite scaffolds by electrospinning. Detailed discussions on the effect of different
nanoparticle loads on the morphology of the electrospun fibers as well as the SDF-1a release

profile of the composite scaffolds were included in this part of the thesis.
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Figure 2.1: Schematic description of the aim of the project. Surgical resection of a GBM tumor
often leaves behind residual GBM cells close to the resection cavity border (1). The
implantation of an SDF-1a-releasing scaffold into the resection cavity (2) may attract the
residual GBM cells to localize them in a pre-defined space (3), facilitating their selective
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3. ENCAPSULATION OF SDF-1A INTO POLYMER-BASED NANOPARTICLES

3.1. INTRODUCTION

This chapter concerns the design of a novel nanoparticle formulation process to encapsulate
SDF-1a as a first attempt to produce a biocompatible polymer-based vehicle capable of
providing sustained release of this protein. Encapsulation of proteins into polymer-based
nanoparticles is attractive in the sense that the encapsulation efficiency, release rate and the
biocompatibility of the nanocarriers can be controlled at the level of the constituent polymers.
It is possible to choose from a long list of polymers that offer a wide range of physicochemical
properties to optimize these critical parameters. Of these, hydrophobic polymers such as PLGA
and PCL are of significant interest as their relatively slow degradation rate in aqueous
environments is likely to be useful in ensuring gradual drug release from the polymer matrix
[1,2].

However, the process of formulating nanoparticles from hydrophobic polymers is often
complicated by the toxicity of the organic solvents involved [3]. Due to the physical and
chemical stress associated with the formulation process, denaturation of the encapsulated
protein is also a common problem [4]. In addition, it is often challenging to obtain nanoparticles
that can efficiently encapsulate proteins and are also able to subsequently release the protein
load at the site of application. Another important issue regarding the use of polymer-based
nanoparticles as protein carriers is their instability during storage. Freeze-drying is often
required to prolong the shelf-life of nanoparticles formulated from polymers that are
susceptible to hydrolysis [5]. However, freeze-drying can induce irreversible particle

aggregation, which may affect the protein release profile of the formulation [6].

The work presented in this chapter was centered around achieving the first objective of this
project, which is to encapsulate SDF-1a into polymer-based nanoparticles to form primary

carriers of this chemokine, while addressing the problems mentioned above.

Part of this chapter (Section 3.3.1) has been published in the form of an article titled
“Development of a non-toxic and non-denaturing formulation process for encapsulation of
SDF-1a into PLGA/PEG-PLGA nanoparticles to achieve sustained release” in the European

Journal of Pharmaceutics and Biopharmaceutics.
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3.2. Summary of the results

Nanoparticles were formulated from a combination of PLGA and PEG-PLGA using a benign
water-miscible organic solvent in the form of isosorbide dimethyl ether. Two different types of
PLGA were investigated; one with uncapped carboxylic acid terminals (PLGA-COOH) and
the other had capped terminals (PLGA-COOR). Thanks to the amphiphilic property of the
PEG-PLGA co-polymer, the formation of stable nanoparticles can be induced by a simple
phase separation process that took place readily at room temperature and pressure. In addition,
proteins were precipitated prior to the encapsulation process to increase their structural stability
and minimize denaturation. Changing between the two types of PLGA not only led to variations
in the physicochemical characteristics of the nanoparticles (e.g. average size, width of size
distribution, zeta-potential) but also the encapsulation efficiencies and release rates. After
careful optimization, nanoparticles composed of PLGA-COOR and PEG-PLGA at a mass ratio
of 67:33 (referred to as “Formulation 8” in Section 3.3.1) were identified to be a suitable carrier
for SDF-1a. These nanoparticles had an average size of 259 + 8 nm, a narrow size distribution
(polydispersity index of 0.19 + 0.01) and a slightly negative zeta-potential (—2.9 £ 0.2 mV)
when loaded with SDF-1a. By buffering the pH of the aqueous phase used to induce the phase
separation to a value close to the isoelectric point of SDF-1a, a high encapsulation efficiency
(75.5 £ 2.2%) could be achieved. The nanoparticle formulation could provide SDF-1a release
over a 72-hour period when incubated in a buffer solution supplemented with a physiologically
relevant salt concentration at pH 7.4. The released SDF-1a molecules were verified to retain
their biological activity using an in vitro bioassay. The nanoparticles were also found to exert
negligible cytotoxicity on one human (Thp-1 macrophages) and one animal (NIH3T3 mouse
fibroblasts) cell line. Finally, in the presence of hydroxypropyl-p-cyclodextrin as a protective
agent, the nanoparticles could be freeze-dried without detectable loss in the nanoparticle size

uniformity.
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3.3. RESULTS

3.3.1. Publication 1: EJPB 125 (2018) 38-50
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Chapter 3

Abstract

Chemokines are known to stimulate directed migration of cancer cells. Therefore, the strategy
involving gradual chemokine release from polymeric vehicles for trapping cancer cells is of
interest. In this work, the chemokine stromal cell-derived factor-1o. (SDF-1a) was encapsulated
into nanoparticles composed of poly(lactic-co-glycolic acid) (PLGA) and a polyethylene glycol
(PEG)-PLGA co-polymer to achieve sustained release. SDF-1a, and lysozyme as a model
protein, were firstly precipitated to promote their stability upon encapsulation. A novel phase
separation method utilizing a non-toxic solvent in the form of isosorbide dimethyl ether was
developed for the individual encapsulation of SDF-1a and lysozyme precipitates. Uniform
nanoparticles of 200-250 nm in size with spherical morphologies were successfully
synthesized under mild formulation conditions and conveniently freeze-dried in the presence
of hydroxypropyl-p-cyclodextrin as a stabilizer. The effect of PLGA carboxylic acid terminal
capping on protein encapsulation efficiency and release rate was also explored. Following
optimization, sustained release of SDF-1a was achieved over a period of 72 h. Importantly, the
novel encapsulation process was found to induce negligible protein denaturation. The obtained
SDF-1a nanocarriers may be subsequently incorporated within a hydrogel or other scaffolds to

establish a chemokine concentration gradient for the trapping of glioblastoma cells.
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1. Introduction

Stromal cell-derived factor-1a (SDF-1a) is a chemokine composed of 68 amino acids [7] that
binds to its cognate receptor, C-X-C chemokine receptor type 4 (CXCR4) [8]. One of its
important physiological functions is to retain high concentrations of CXCR4-expressing stem
and progenitor cells within the bone marrow by creating a positive concentration gradient from
the blood to this organ [9]. In the events of tissue damage, the SDF-1a expression at the injury
site is elevated [10-12] in a simultaneous fashion to the increased SDF-1a. degradation in the
bone marrow [13,14] to allow mobilisation of the stem and progenitor cells and their
subsequent chemoattraction to the site of damage. In addition to its roles in tissue repair and
regeneration, SDF-1a-mediated chemotaxis is also implicated in tumour metastases. CXCR4-
expressing cancerous cells that are present in the blood or lymphatic circulation after getting
dislodged from the primary tumour site can be chemoattracted to SDF-1a-secreting sites such
as the bone marrow [15], liver [16] and lymph nodes [17] for future metastatic growth. This
pathological role of SDF-1a has inspired the design of implants capable of creating a SDF-1a
concentration gradient for trapping CXCR4-expressing cancerous cells relevant to multiple
types of malignant cancers such as glioblastoma (GBM) [18], gastric carcinoma [19] and small-
cell lung cancer [20].

Due to its solubility and rapid diffusion in physiological media, a sustained delivery of SDF-
la is a prerequisite for establishing its concentration gradient. Encapsulation of SDF-1a into
polymeric nanoparticles is a credible strategy for achieving a gradual SDF-1a release at the site
of application. In this regard, poly(lactic-co-glycolic acid) (PLGA) is a polymer of choice for
nanoparticle formulations, owing to its biocompatibility, biodegradability and most
importantly, its status as a Food and Drug Administration-approved pharmaceutical excipient
[21]. However, due to its hydrophobicity, the formation of stable PLGA nanoparticles often
necessitates the use of amphiphilic surfactants such as polyvinyl alcohol (PVA) [22,23] and
poloxamer 188 (P188) [24] in the formulation process. Although these surfactants are
innocuous when used in isolation, residual PVA and P188 bound to the PLGA nanoparticle
surfaces have been reported to induce toxicities especially at nanoparticle concentrations
exceeding 1 mg/mL [25], which are relevant to many local applications of PLGA-based
nanoparticles. The development of a PLGA-based nanoparticle formulation process that avoids

or reduces the need for surfactants is therefore in demand.

Page | 72 (WSO



Chapter 3

To encapsulate hydrophilic drugs in hydrophobic PLGA matrices, the double emulsion
(water/oil/water) process is often preferred [26,27]. While this process is excellent for
encapsulating small hydrophilic molecules, problems can arise with drugs of complex
structures such as proteins. The first step of this process that involves emulsification of a
protein solution in the polymer-containing organic phase can lead to adsorption of protein
molecules to the water/organic solvent interface and their subsequent unfolding. The structural
instability of dissolved proteins is actually exaggerated by their conformational flexibility that
makes it possible for their hydrophobic pockets to be externalized to make contact with the
organic phase upon emulsification [28]. Thus, a possible solution to promote protein stability
during encapsulation is by minimizing their conformational mobility through the use of
proteins in solid form. In this regard, techniques such as freeze-drying and spray-freeze-drying
have been employed to produce fine protein particles for subsequent encapsulation [29,30].
However, these techniques themselves can induce substantial protein structural changes. On
the other hand, proteins in solution can be precipitated by adding a water-miscible organic
solvent [31]. This technique produces homogenous nano-sized protein particles without
affecting protein structures and bioactivities, and therefore serves as a suitable protein

treatment prior to encapsulation.

Currently, the encapsulation of proteins or peptides into PLGA nanoparticles typically involves
the use of toxic halogenated solvents such as chloroform and dichloromethane as the polymer
solvent [32-34]. Other common harmful PLGA solvents include acetonitrile [35], N-
methylpyrrolidone [36], N,N-dimethylformamide and tetrahydrofuran [37]. These solvents
belong to Class 2 according to the International Conference on Harmonization (ICH), which
are harmful solvents that can pose serious threats to patient safety [38]. Less toxic solvents
such as acetone [39], ethyl acetate [40] and dimethyl sulfoxide [36] are being increasingly used
as alternatives. Nevertheless, they are still regarded as potential hazards to human health by the
ICH. Differently, the safety of non-volatile water-miscible organic solvents such as glycofurol
and isosorbide dimethyl ether (DMI) have been demonstrated in vivo. They have been
recommended as solvents suitable for intravascular injections [41,42] due to their negligible
toxicity. Thus, the use of these solvents for protein encapsulation into PLGA-based

nanoparticles is well-motivated.

In the present study, an amphiphilic polyethylene glycol (PEG)-PLGA co-polymer was
synthesized and used together with hydrophobic PLGA polymers to produce stable

nanoparticles via a phase separation method without the use of conventional surfactants. In
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addition, the non-toxic DMI was utilized as a solvent for the PLGA polymers and the PEG-
PLGA co-polymer. To the best of our knowledge, this is the first example of the use of this
benign solvent to produce PLGA/PEG-PLGA nanoparticles. PLGA with capped or uncapped
carboxylic acid terminals were combined with the PEG-PLGA co-polymer at different
proportions to produce nanoparticles of different size distributions and surface charges. The
nanoparticles were then freeze-dried in the presence of three excipients to explore the
possibility of obtaining nanocarriers with a prolonged shelf-life. Following the optimization of
the PLGA/PEG-PLGA nanoparticle synthesis, lysozyme (14.3 kDa, isoelectric point: 11.35)
was initially used as a model protein to optimize the encapsulation of SDF-1a (8.0 kDa,
isoelectric point: 10.5). To preserve the protein bioactivity throughout the formulation process,
lysozyme and SDF-1a precipitates were prepared by mixing respective protein solutions with
glycofurol prior to encapsulation. Then, in vitro release of lysozyme and SDF-1a from the
PLGA/PEG-PLGA nanoparticles was studied. The bioactivity of the released SDF-1a was
subsequently assessed in terms of its capacity to induce migration of CXCR4-expressing
human GBM cells (U87-MG). Finally, the cytocompatibility of the newly-developed

nanoparticles was assessed in vitro.
2. Materials and methods

2.1. Materials

PLGA with capped carboxylic acid terminals and PEG-PLGA co-polymer were synthesised as
described in Section 2.2.. PLGA 75:25 with uncapped terminals (Resomer® RG752H, Mw =
9850 Da, polydispersity index (PDI) = 2.4), lysozyme of chicken egg white, Micrococcus
lysodeikticus, glycofurol (tetraglycol or tetranydrofurfuryl alcohol polyethyleneglycol ether),
isosorbide dimethyl ether (dimethyl isosorbide), dimethyl sulfoxide (DMSQO), sodium chloride,
poloxamer 188 (Lutrol® F68), glycine, sucrose, trehalose, 37% hydrochloric acid, 10 M
sodium hydroxide, tris(hydroxymethyl)aminomethane (Tris) base (Trizma®) and agarose with
low gelling temperature were obtained from Sigma-Aldrich (Saint Quentin Fallavier, France).
DL-lactide (Purasorb® DL) and glycolide (Purasorb® G) were obtained from Purac
Biomaterials, Frankfurt, Germany. Bovine serum albumin fraction V was obtained from Roche
Diagnostics (Mannheim, Germany), human SDF-1a from Miltenyi Biotech (Paris, France),
hydroxypropyl-p-cyclodextrin (Kleptose® HPBCD) from Roquette (Lestrem, France),
Dulbecco’s phosphate-buffered saline (Biowhittaker®) from Lonza (Verviers, Belgium), and
Dulbecco’s Modified Eagle’s Medium (Gibco® DMEM) from Thermo Fisher Scientific
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(Villebon sur Yvette, France). Ultrapure water dispensed from a Milli-Q® Advantage A10

system (Millipore, Paris, France) was used in all experiments.

2.2. Synthesis and characterization of PLGA with capped carboxylic acid terminals
(PLGA-COOR) and PEG-PLGA co-polymer

2.2.1. Synthesis

The synthesis of PLGA-COOR was adapted from the ring-opening polymerization method
described by Yoo and Park [43]. Briefly, a mixture of DL-lactide (Purasorb® DL) and
glycolide (Purasorb® G) in the molar ratio of 3:1 was heated with the initiator benzyl alcohol
to 140 °C under nitrogen atmosphere for complete melting. The use of this initiator would
result in a benzyl group being the R-group in the PLGA-COOR product. Then, 0.04% (w/w)
stannous octoate was added, and the reaction mixture was further heated to 180 °C. The
temperature was maintained for 3 hours for polymerization to take place under static vacuum.
The polymer was then recovered by dissolution in dichloromethane before precipitation in
heptane. The precipitate was subsequently filtered and dried at 25 °C for 24 hours under
vacuum. For the synthesis of PEG-PLGA co-polymer, the same procedure was adopted except
that monomethoxy-PEG of number average molecular weight (Mn) of 5 kDa (Sigma-Aldrich)
was used as an initiator instead of benzyl alcohol, and the precipitation of PEG-PLGA was
carried out in diethyl ether chilled to -20 °C.

2.2.2. Characterization

H nuclear magnetic resonance (*H-NMR) spectra were recorded using a Bruker Avance® 400
apparatus (Bruker, Brussels, Belgium) to characterise the polymer/co-polymer composition
and to estimate Mn. Deuterated DMSO and chloroform were used as solvents for PLGA-
COOR and PEG-PLGA co-polymer respectively. Spectra were recorded at 400 MHz in the
Fourier Transform mode at 25 °C with chemical shifts expressed in ppm with respect to the
tetramethylsilane standard. The polymer/co-polymer was also characterized by size exclusion
chromatography (SEC) using a Viscotek® TDA-305 equipment (Malvern, Worcestershire,
UK). Polymer/co-polymer was dissolved in tetrahydrofuran at 5 mg/mL for elution at a flow
rate of 1 mL/min at 45 °C. The weight-average molecular weight (Mw) and Mn were expressed
with respect to polystyrene standards. The PDI of the polymer/co-polymer was subsequently
obtained by calculating the ratio of Mw to Mn.

2.3. Preparation of lysozyme and SDF-1a precipitates
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Proteins were precipitated using a technique adapted from Giteau et al. [31]. Briefly,
lyophilized protein as provided by the supplier was dissolved in sodium chloride (NaCl)
solution containing 20% (w/v) P188 as a protein protective agent. 25 pL of the protein solution
was then added to 975 pL glycofurol in a 10 mL Nalgene® Oak Ridge High-Speed centrifuge
tube (Thermo Fisher Scientific) prior to incubation in ice for 30 minutes. The optimal
concentrations of protein and NaCl were investigated initially using lysozyme as a model
protein. To evaluate the precipitation efficiency (PE), the formed suspension of protein
precipitates was centrifuged at 12,800 x g for 30 minutes. The supernatant was carefully
discarded and the pelleted protein precipitates were dissolved in 1 mL 0.05 M Tris-HCI buffer
solution containing 0.1% (w/v) bovine serum albumin (BSA) and diluted for further

quantification (see Section 2.7.). PE was calculated using Equation 1.

Mass of protein recovered after precipitation
Initial mass of protein used as a starting material

PE (%) =

x 100  (Equation 1)

2.4. Preparation of lysozyme- and SDF-1a-loaded nanoparticles

Nanoparticles were formed using a phase separation method adapted from Tran et al. [17].
Briefly, PLGA-COOR, PLGA-COOH and PEG-PLGA co-polymer were dissolved separately
in DMI at 12% (w/v). The three polymer solutions were mixed in different proportions to give
a total volume of 300 pul. For protein encapsulation, 100 pl protein precipitate suspension in
glycofurol consisting of either 25 ug lysozyme or 10 ug SDF-1a was added to the polymer
solutions prior to magnetic stirring at 1300 rpm for 30 seconds. The theoretical drug loadings
(DL), as calculated using Equation 2, were 0.07 % and 0.03 % for lysozyme and SDF-1a
respectively. For the synthesis of unloaded nanoparticles, the 100 pl protein precipitates was
replaced with an equal volume of glycofurol alone. Then, 100ul aqueous phase in the form of
0.05 M glycine-NaOH buffer solution was added under magnetic stirring to initiate phase
separation. After 1 minute, another 500ul aqueous phase was added every 30 seconds for four
times to enhance the phase separation process. The pH of the aqueous phase was varied to
investigate the effect of protein solubility on encapsulation efficiencies. The formed
nanoparticle suspension was diluted with water to 30 mL to allow diffusion of residual solvents
out of the nanoparticles. After 1 hour, the nanoparticle suspension was centrifuged for 30
minutes at 10,000 x g. The supernatant was discarded and the nanoparticle pellet was re-
suspended in water. The centrifugation was repeated once to complete the purification process

and the resultant nanoparticle suspension was concentrated to a final volume of 1 mL.
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) __ Initial mass of protein used as a starting material

DL (%
Total mass of PLGA and PEG—PLGA

x 100  (Equation 2)

2.5. Freeze-drying of nanoparticles

After purification, 1 mL of nanoparticle suspension was transferred into a 20 mL glass vial. To
ensure the stability of the nanoparticles throughout the freeze-drying process, 1 mL of
cryoprotectant solution was added to the nanoparticle suspension to give a total volume of 2
mL and a final nanoparticle concentration of approximately 15 mg/mL. The cryoprotectants
tested were HPBCD, trehalose and sucrose, at a final concentration of 5% (w/v). The vial was
then immersed in liquid nitrogen (-196 °C) for 1 minute to freeze the nanoparticle-
cryoprotectant mixture, and subsequently placed on the shelf of the freeze-dryer pre-cooled to
-35 °C for 2 hours. The samples were subsequently lyophilized, alongside cryoprotectant-free
nanoparticle samples as a control, in a Lyovax® GT freeze-dryer (Steris, Bordeaux, France) at
-20 °C and 0.3 mbar for 16 hours. The nanoparticle size was measured (as described in 2.6.1.)
before and after freeze-drying. The nanoparticles were assumed to be stable throughout the
freeze-drying process if the ratio of final to initial size (S#Si) and polydispersity index
(PDI+/PDI;) is close to 1.

2.6. Nanoparticle characterization
2.6.1. Size distribution and zeta-potential

The nanoparticle size distribution was determined by a dynamic light scattering (DLS)
technique whereas zeta-potentials were derived from electrophoretic mobility values using the
Smoluchowski's approximation. Nanoparticle samples were prepared by dilution in water or
0.01 M NaCl solution for size and zeta-potential measurements respectively, to obtain
concentrations suitable for analyses in a Nanosizer® ZS (Malvern) such that the attenuator
value was in the range of 5 - 7. Each sample was measured in triplicate, with each measurement
representing an average value of at least 10 runs. All measurements were made at 25°C under
automatic mode. Besides average particle size, the DLS protocol of Nanosizer® ZS produced

a PDI value ranging between 0 — 1 that estimates the width of the size distribution.

2.6.2. Scanning electron microscopy (SEM), transmission electron microscopy (TEM)

and atomic force microscopy (AFM)

The nanoparticle morphology was visualised under SEM (JSM 6310F, JEOL, Paris, France),
TEM (JEM 1400, JEOL, Paris, France) and AFM (AutoProbe CP-Research, Veeco Digital
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Instruments, Santa Barbara, California, USA). A 2 pL drop of purified nanoparticle suspension
at a concentration of 200 pg/mL was added onto the centre of a glass slide (for SEM and AFM)
or carbon-coated nickel grid (for TEM), and left to dry overnight at room temperature. For
SEM, the sample was coated with a gold layer of 5 nm thickness prior to observation while no
coating was applied to TEM or AFM samples. For AFM, tapping mode (resonance frequency

= 300 kHz) was used instead of contact mode to minimise sample damage upon observation.

For the observation of protein nanoprecipitates, the undiluted protein nanoprecipitate
suspension was used to prepare samples for SEM, via the same procedure as the preparation of

nanoparticle samples.
2.6.3. Protein encapsulation efficiency

Lyophilized protein-loaded nanoparticles, and unloaded nanoparticles as a control, were
dissolved in 1 mL DMSO for 1 hour before the addition of 3 mL 0.01 M HCI. The solution
was left to stand for another hour for protein extraction from the nanoparticle fragments. The
samples were then diluted for use in protein quantification assays (see Section 2.7.).

Encapsulation efficiency (EE) was calculated using Equation 3.

Mass of protein recovered from dissolved nanoparticles

EE (%) = x 100 (Equation 3)

Initial mass of protein used as a starting material
2.7. Protein quantification
2.7.1. Quantification of lysozyme

Lysozyme was quantified using Micrococcus lysodeikticus cell suspension as a substrate as
described by Morille et al. [44]. Briefly, 100 pL lysozyme solution or sample was added to 2.9
mL suspension of M. lysodeikticus (0.015% (w/v)) in 0.05 M Tris-HCI buffer solution (pH
7.4). After 4 hours of incubation at 37°C, the absorbance was measured at 450 nm. For the
construction of a standard curve, the concentration of lysozyme solutions used was between
100 - 1000 ng/mL. 0.05 M Tris-HCI buffer solution (pH 7.4) was used to prepare several
dilutions of the samples to obtain absorbance readings that were within the standard curve

range.
2.7.2. Quantification of SDF-1a,

SDF-1a was quantified using an enzyme-linked immunosorbent assay (ELISA) according to
the supplier’s instructions (R&D Systems, Lille, France). Briefly, SDF-1a capture antibody
solution was added to a Nunc Maxisorp® 96-well microplate (Thermo Fisher Scientific) and

Page | 78 (WSO



Chapter 3

incubated overnight to coat the wells. The microplate was then washed with 0.05% (w/v)
Tween® 20 in phosphate-buffered saline (PBS) solution (pH 7.4), followed by a 1-hour
incubation with PBS solution (pH 7.4) containing 1% (w/v) BSA to block the microplate. After
washing, the kit standard and samples diluted in PBS (pH 7.4) containing 1% (w/v) BSA were
added to the microplate for a 2-hour incubation. Then, the microplate was washed before
addition of a detection antibody solution for another 2-hour incubation. The washing step was
subsequently repeated prior to incubation with a streptavidin-horseradish peroxidase solution
for 20 minutes. After the final wash, a substrate solution was added for another 20-minute
incubation. Finally, 2 N sulphuric acid was added to terminate the enzymatic reaction followed
by immediate measurement of absorbance at 450 nm. All incubations were done at room

temperature.
2.8. Assessment of SDF-1a bioactivity

The bioactivity of the precipitated and released SDF-1a was assessed using the agarose drop
migration assay as adapted from Milner et al. [45]. Briefly, U87-MG cells (American Tissue
Culture Collection, Rockville, Maryland, USA), previously transfected to express CXCR4
receptor by Séhédic et al. [46], were seeded into a 24-well flat-bottomed culture plate (Nunc,
Strasbourg, France) at a density of 1 x 10° cells per well and cultured in medium supplemented
with 10% foetal bovine serum (FBS) and 1% penicillin/streptomycin. The wells were
previously treated with 500 pL of a 10 pg/mL poly-D-lysine hydrobromide (Sigma-Aldrich)
solution for 15 minutes at 37 °C and washed three times with PBS prior to cell seeding. After
72 hours of incubation at 37 °C under a 5% CO> humidified atmosphere, the culture medium
was removed and the cells were lysed by adding water (500 pL per well) to cover the well
surfaces with a thin cell-derived matrix. After 20 minutes, the wells were washed three times
with PBS and allowed to air-dry. Then, 2 pL of 1% (w/v) low gelling point agarose solution
containing U87-MG cells at a density of 50 x 10° cells/mL was dropped onto the centre of each
well and allowed to gel at 4 °C for 15 minutes. At this point, 400 pL of SDF-1a-free medium
or medium supplemented with 40 ng/mL native/precipitated/released SDF-10 was added to the
cell-laden agarose drops prior to incubation. After 72 hours, optical microscopic images of the
plan view of each well were taken. Cell migration was estimated by measuring the distance
between the furthest-migrating cells and the edge of the cell-laden agarose drop. Measurements
were made on four sides (north, east, south and west) of the drop using ImageJ software and
subsequently averaged to obtain a representative value of a drop. Three drops were prepared

for each medium condition in each experiment.
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2.9. In vitro protein release

Protein-loaded nanoparticles, and unloaded nanoparticles as a control, were suspended in 2 mL
buffer solution containing 0.1% (w/v) BSA as a protein stabilizer and kept in a 2 mL centrifuge
tube. The tube was incubated at 37°C in a shaking water bath (125 rpm). At pre-defined time
intervals, the tube was centrifuged at 8500 x g for 30 minutes. 0.3 mL of the supernatant was
collected and replaced with fresh buffer. The supernatant was stored at -20 °C until protein
quantification (as described in Section 2.7 for lysozyme and SDF-1a) and biological activity

assessment (as described in Section 2.8 for SDF-1a).
2.10. In vitro cytotoxicity of nanoparticles

In vitro cytotoxicity of unloaded PLGA/PEG-PLGA nanoparticles was evaluated using a
resazurin-based assay adapted from Swed et al. [47]. NIH3T3 mouse fibroblast cell line was
cultured at 37 °C and 5% CO: in medium supplemented with 10% FBS and 1%
penicillin/streptomycin, and replaced every 3 days. The cells were seeded in a 96-well flat-
bottomed culture plate (Nunc) at a density of 5.5 x 10% cells/well in 100 pL medium and
incubated at 37 °C and 5% COz for 24 h. At this point, 50 pL of the old medium was replaced
with an equal volume of nanoparticle-containing fresh medium, to obtain final nanoparticle
concentrations of 0.01, 0.1, 1 and 10 mg/mL. As a negative control, cells incubated with the
medium alone were prepared. After 48 h of incubation (72 h post-seeding) in the presence or
absence of nanoparticles, the entire medium was replaced with 100 pL fresh medium
containing 44 UM resazurin. The resazurin-containing medium was also added in three wells
of the assay plates (without cells), which served as blank. The plate was incubated for another
3 h 30 m. Cell viability was estimated from the fluorescence intensity of the reduced product
of resazurin, called resorufin, which was measured using a ClarioStar microplate fluorometer
(BMG Labtech GmbH, Ortenberg, Germany) at 545 nm excitation and 600 nm emission. All

readings were normalised to those obtained with the nanoparticle-untreated cells.

In addition to the PLGA/PEG-PLGA nanoparticles, two other types of nanoparticles, namely
lipid nanocapsules (LNC) and polystyrene (PS) nanoparticles, were tested in this assay to
obtain information on the relative safety of the newly-developed nanoparticles. LNC (average
size = 122 nm, PDI = 0.088) were prepared using a phase inversion method as discussed by
Heurtault et al. [48]. PS nanoparticles (average size = 285 nm, PDI = 0.175) were purchased
from Sigma-Aldrich.

2.11. Statistical analysis
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Data are presented as the mean value * standard deviation (SD) of at least three experiments
(n > 3). One-way ANOVA with post-Dunnet’s multiple comparison test with a threshold P-
value of 0.05 was used to investigate any significant difference between multiple groups of
data. In the figures, * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001 and

**k** indicates P < 0.0001.
3. Results and discussion

3.1. Characterization of PLGA-COOR and PEG-PLGA co-polymer

'H-NMR spectrum of PLGA-COOR in Figure 1 revealed the presence of lactide units at 5.19
ppm and 1.46 ppm, glycolide units at 4.91 ppm, and benzyl capping groups at 7.37 ppm. Using
the signal at 7.37 ppm as a reference for integration, Mn was calculated to be 5.5 kDa, with a
lactide/glycolide molar percentage of 75/25. For the PEG-PLGA co-polymer, the signal at 3.64
ppm, which is characteristic of ethylene glycol units, indicated the successful co-
polymerization of monomethoxy-PEG 5 kDa to the lactide and glycolide units. Using this
signal as a reference, the Mn of the co-polymer was 30.7 kDa (PEG 5 kDa - PLGA 25.7 kDa)
whereas the lactide/glycolide molar percentage was calculated to be 75/25. On the other hand,
SEC analyses showed that the Mw/Mn values were 11.2/5.7 kDa (PDI = 2.0) and 44.1/21.0
kDa (PDI = 2.1) for PLGA-COOR and PEG-PLGA co-polymer respectively. The disparity
between the PEG-PLGA Mn values calculated using these two techniques could be attributed
to the amphiphilic nature of the co-polymer [44,49,50] that may have modified the
hydrodynamic volume to prolong the retention time, which subsequently produced an

underestimated Mn value using SEC.
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Figure 1: 1"-NMR of PLGA-COOR and PEG-PLGA co-polymer in deuterated DMSO and
chloroform respectively.

3.2. Lysozyme and SDF-1a precipitation

Due to the greater stability of proteins in their solid state, proteins dissolved in a salt solution
containing P188 were precipitated through their addition to an organic solvent as a preparation
for encapsulation. Glycofurol was the organic solvent of choice for two main reasons. Firstly,

its water-miscibility enables an efficient separation of water from protein molecules to induce
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precipitation. Secondly, it has been used to precipitate many proteins without causing their
denaturation [31,44,51,52]. P188 was added due to its ability to refold any unfolded protein
[53] and also to reduce protein adsorption to the hydrophobic PLGA following encapsulation,
which in turn may allow for greater cumulative release [44,54]. To minimise any potential
toxicity, the amount of P188 used to precipitate the amount of protein sufficient for one
nanoparticle formulation was kept at 500 pg. Proteins were initially dissolved in NaCl solution
to neutralise the charged protein molecules and promote attractive hydrophobic interactions.
The concentration of NaCl that would decrease the aqueous solubility of SDF-1o without
causing its denaturation was investigated using lysozyme as a model protein. Following
precipitation, the amount of bioactive lysozyme was quantified using the Micrococcus
lysodeikticus assay. As shown in Figure 2, 0.15 M NaCl resulted in a successful precipitation
with a complete preservation of lysozyme bioactivity. Lower PE was obtained in the absence
of NaCl, possibly due to the repulsion between charged protein molecules that hindered the
formation of precipitates. On the other hand, PE decreased when the NaCl concentration was
increased above 0.15 M. Although high concentrations of salt can reduce the aqueous solubility
of a protein and facilitate precipitation, the excess charge neutralisation may simultaneously
promote protein denaturation by allowing any unfolded protein molecules to spontaneously
form aggregates and therefore preventing their re-folding [55]. On this basis, 0.15 M NaCl was
used to precipitate SDF-1a. The effect of protein concentrations on PE was also investigated.
PE values were greater with higher lysozyme concentrations, due to greater tendencies for
protein molecules to collide and interact with one another. Although 10 mg/mL or higher
lysozyme concentrations were identified to result in a maximum PE, it was not possible to
dissolve SDF-1a in 0.15 M NaCl at these concentrations. Therefore, SDF-1a was precipitated
at 2.67 mg/mL, which was the highest concentration that could be achieved without the
appearance of visible protein solids. Using ELISA, the PE was calculated to be 91 + 5%. More
importantly, the bioactivity of the re-constituted SDF-1a precipitates was not significantly
different from the native SDF-1a when tested using the agarose drop migration assay (Figure
6B,C).

Following the optimisation of precipitation conditions, the morphology of the precipitates was
observed under SEM. The precipitates of both proteins were mostly spherical in shape (Figure
3). Furthermore, their size distributions (as estimated using the ImageJ software) were 57 + 10

nm and 57 £ 25 nm for lysozyme and SDF-1a respectively. The sub-100 nm sizes of the protein
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precipitates make them ideal for subsequent encapsulation into the PLGA/PEG-PLGA
nanoparticles.
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Figure 2: Effect of (A) NaCl and (B) lysozyme concentrations on lysozyme precipitation
efficiency. For (A), lysozyme concentration was fixed at 10 mg/mL whereas NaCl
concentration was fixed at 0.15 M for (B). Statistical analysis was conducted to investigate any
significant difference (P < 0.05) in comparison to 0.15 M NaCl or 5 mg/mL lysozyme

concentration for (A) and (B) respectively. **** indicates P <0.0001, n = 3 for each lysozyme
precipitation condition.

Figure 3: Scanning electronic microscopy of (A) lysozyme and (B) SDF-1a nanoprecipitates.

3.3. Preparation and characterization of lysozyme- and SDF-1a-loaded nanoparticles
3.3.1. Optimisation of PLGA/PEG-PLGA nanoparticle synthesis

Due to the amphiphilic behaviour of PEG-PLGA, it was predicted that uniform and stable
nanoparticles can be obtained by mixing this co-polymer with the hydrophobic PLGA. Using
this combination instead of the co-polymer alone can provide additional means for controlling
the nanoparticle physicochemical properties that are critical for protein encapsulation and
release, such as the size and zeta-potential, by varying the chemical constituents of the PLGA
component such as the number of uncapped carboxylic acid groups.
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The physicochemical characteristics of unloaded nanoparticles made from different
combinations of PEG-PLGA co-polymer and PLGA polymers are shown in Table 1. No
homogeneous nanoparticle suspension could be obtained in the absence of PEG-PLGA
(Formulations 1 & 5) whereas the size and PDI values decreased as the PEG-PLGA proportion
was increased when used in combination with either PLGA-COOH (Formulations 2 - 4) or
PLGA-COOR (Formulations 6 - 8). These observations confirmed the critical nanoparticle-
stabilizing roles of the co-polymer to compensate for the lack of use of surfactants such as PVA
and P188. Furthermore, zeta-potential values generally became less negative with increasing
PEG-PLGA proportion, which can be explained by the increasing density of PEG layer on the
nanoparticle surface that shields the negatively-charged PLGA carboxylic acid groups [56].
Based on these observations and literature data [57], the synthesized nanoparticles can be
thought of to possess a structure consisting of a hydrophilic PEG layer surrounding a
hydrophobic PLGA core.

Upon substituting PLGA-COOH with an equal proportion of PLGA-COOR, the nanoparticle
size increased and zeta-potential values became less negative (Formulations 2 vs. 6, 3 vs. 7 and
4 vs. 8), which suggested that PLGA terminal capping has an effect on nanoparticle properties.
To confirm this, PLGA-COOH and PLGA-COOR were combined with a fixed proportion of
PEG-PLGA that is sufficient to produce uniform nanoparticles (Formulation 9 and 10). Taking
together the results obtained when only either PLGA-COOH or PLGA-COOR was combined
with PEG-PLGA (Formulations 4 and 8), it was confirmed that the nanoparticle size increased
as the PLGA-COOH was gradually replaced with PLGA-COOR. Simultaneously, the zeta-
potential values also became less negative. The largest zeta-potential change was seen in
alkaline conditions (pH 10) due to deprotonation of all uncapped carboxylic acid groups. The
greater abundance of uncapped carboxylic acid terminals found in nanoparticles made of higher
PLGA-COOH proportions may lead to higher inter-particle electrostatic repulsions, which

prevent particle collusion and consequently reduce the average size.
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Table 1: Average size, polydispersity index (PDI) and zeta-potential (ZP) of unloaded
nanoparticle formulations. Data are presented as mean + SD, n = 3.

Formulation Proportion (%) Average Average Average ZP (mV)P
number PLGA- PLGA- PEG- size PDI? pH 4 pH7 pH 10
COOH COOR PLGA  (nm)®

1 100 0 0 n.d.c

2 92 0 8 599+20 046+0.08 -166+10 -20.7+22 -28.0%24
3 75 0 25 279+3 017+ 003 -99+08 -121+13 -157+%15
4 67 0 33 202+3 008+ 005 -66+10 -89+0.8 -98+0.7
5 0 100 0 n.d.c

6 0 92 8 >1000 1 -29+05 -47+04 -64106
7 0 75 25 691+23 040+005 -18+01 -23+03 -3.1+04
8 0 67 33 255+4 0.14+004 -12+02 -3.0+x06 -29%0.2
9 33 33 33 215+7 0.10+0.03 -41+02 -48+05 -43+03
10 17 50 33 2366 0.10+0.02 -28+04 -4.1+0.6 -40+04

2 Purified nanoparticle suspension was diluted to 100 pug/mL in water prior to measurement

b Purified nanoparticle suspension was diluted to 100 pug/mL in 0.01 M NaCl and 0.1 M HCI or NaOH was
used to adjust the pH of the suspension to pH 4, 7 or 10 prior to measurement

¢ n.d. = not determined, as no homogenous particle suspension was obtained

To ensure good colloidal stability, zeta potential values of greater than +30 mV or lower than
-30 mV are generally regarded as ideal, as this ensures strong electrostatic repulsive forces
between the nanoparticles [58]. In this work, the presence of the external PEG layer inevitably
decreased the zeta potential magnitude of the PLGA/PEG-PLGA nanoparticles. Despite the
loss in electrostatic stabilization, the nanoparticle suspension benefited from the steric
stabilization conferred by the PEG chains. To verify this, Formulation 8 was suspended in 0.05
M Tris-HCI buffer (pH 7.4) containing 0.15 M NaCl at 1 mg/mL concentration and the
suspension was kept at 37 °C. There were minimal changes in the average size of the
nanoparticles after 20 days (Supplementary Figure 1A). Interestingly, the zeta-potential values
became increasingly negative with time (Supplementary Figure 1B). It was likely that PEG-
mediated steric repulsions provided the main stabilization force for freshly-produced
nanoparticles. As the PLGA ester bonds gradually hydrolyzed to reveal more negatively-
charged carboxylic acid terminals, the increasing magnitude of electrostatic repulsions

prevented the formation of any aggregates.
3.3.2. Freeze-drying of PLGA/PEG-PLGA nanoparticles

Polyesters such as PLGA are prone to degradation by means of hydrolysis of the ester bonds,
which may lead to leakage of the drug load encapsulated within polyester-based nanocarriers.
Therefore, dehydration of PLGA-based nanoparticles, commonly by freeze-drying, is

imperative to ensure their long-term stability. To protect the nanoparticles from freezing and
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drying stresses, cryoprotectants should be added to the nanoparticle suspension before freezing.
Disaccharides such as sucrose and trehalose, and oligosaccharides such as HPBCD have been
shown to be excellent protectants [59]. Nevertheless, it is also important that the drying
temperature is maintained below the collapse temperature (T¢) of the protectant to prevent the
collapse of the freeze-dried products [60], which may lead to prolonged nanoparticle

reconstitution times [59,61] and higher residual humidity [62].

In this study, 5% (w/v) sucrose, trehalose and HPBCD with T¢ of -32, -30 and -15 °C
respectively [63,64] were used as protectants. The shelf temperature throughout the drying
phase was fixed at -20 °C as this was the lowest temperature for water vaporization at 0.3 mbar,
which was the lowest pressure achievable by the freeze-dryer used in this study. As predicted,
the freeze-dried product containing either sucrose or trehalose appeared collapsed and required
sonication for reconstitution while the non-collapsed HPBCD-stabilised product could be
reconstituted completely by gentle agitation alone. The formulation collapse resulted in a
decrease in the degree of porosity of the freeze-dried product, which subsequently reduced its
surface area to volume ratio and hydration rate [62]. Nevertheless, all three protectants
produced better results compared to that obtained from the lyophilization of nanoparticle

suspension alone, confirming the protective roles of these excipients during freeze-drying.

Following reconstitution, the nanoparticle size and PDI were measured again to evaluate the
protective effect of sucrose, trehalose and HPBCD. The highest protective effect, as
demonstrated by the maximum preservation of nanoparticle size and PDI, was obtained with
HPBCD (Table 2). It is likely that the volume shrinkage resulting from the collapse of the
sucrose and trehalose matrices has reduced the distance of separation between the
nanoparticles, allowing the PEG layers of neighbouring particles to interact and form stable
crystalline bridges as reported in the literature [57,65]. Differently, in the presence of HPBCD,
the PLGA/PEG-PLGA nanoparticles were easily freeze-dried, which may be convenient for
long-term storage and transportation. In future work, the protective effects of sucrose and
trehalose can be re-evaluated by setting the drying temperature to be lower than their respective

T¢ to minimise dependency on the relatively costly HPBCD.
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Table 2: Characterization of PLGA/PEG-PLGA nanoparticles (Formulation 8) before and after
freeze-drying without any cryoprotectant or with sucrose, trehalose or HPBCD. Data are
presented as mean = SD, n = 3.

Protectant Average size (nm) Average PDI SiSi PDI+/PDI;
Before After Before After
freeze- freeze- freeze- freeze-
drying? drying® drying? drying®
- n.d.c n.d.c
Sucrose 308+ 5 0.22+ 0.01 1.21 1.69
Trehalose 255+ 8 266+ 5 0132001 (194 001 1.04 1.46
HPBCD 255+ 3 0.14 + 0.02 1.00 1.08

2 purified nanoparticle suspension was diluted to 100 pg/mL in water prior to measurement

® Freeze-dried nanoparticles were re-suspended in 2 mL water and diluted to 100 pg/mL in the same diluent
prior to measurement

¢ n.d. = not determined, as the freeze-dried product could not be reconstituted completely even after 10
minutes sonication

3.3.3. Lysozyme and SDF-1a encapsulation
3.3.3.1. Effect of pH of the aqueous phase on encapsulation efficiencies

Protein molecules have smaller net electrical charge and thus lower aqueous solubility when
the pH is buffered near the protein’s isoelectric point (pI). This may decrease the leakage of
protein into the aqueous phase during the formulation process to subsequently maximise
encapsulation efficiency. The results shown in Table 3 supported this hypothesis as both
lysozyme and SDF-1a were encapsulated most successfully when the pH of the aqueous phase
was buffered closest to their respective pl (lysozyme —11.35; SDF-1a — 10.5). In addition to a
decrease in aqueous solubility, it is likely that the smaller net charge also attenuated the
electrostatic repulsions between protein molecules to allow the protein load to be compacted,
which can facilitate its entrapment within the nanoparticles [66,67]. For these reasons, the pH

of the aqueous phase was always set to the protein’s pl in subsequent encapsulations.

Table 3: Effect of pH of aqueous phase on encapsulation efficiencies of lysozyme. Data are
presented as mean + SD, n = 3.

Formulation number pH of aqueous phase? Encapsulation efficiency (%)
Lysozyme SDF-1a
4 8.4 18.0+ 0.8 343+ 37
94 28.1+ 1.7 79.7+ 4.1
10.4 66.0+ 1.6 107.7+ 1.5
11.4 107.0% 3.6 -

20.05 M glycine-NaOH buffer solution was used as the aqueous phase

3.3.3.2. Effect of PLGA carboxylic acid terminal capping on encapsulation efficiencies
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Since both proteins and PLGA possess ionisable groups, electrostatic interactions can have a
major influence on lysozyme and SDF-1a encapsulation. Due to the complexity associated with
protein charge modifications, the proportions of PLGA-COOH and PLGA-COOR were altered
accordingly to vary the number of ionisable groups in the nanoparticles instead. The
encapsulation of both proteins decreased slightly when PLGA-COOH was substituted with an
equal amount of PLGA-COOR (Formulation 4 vs. 8 in Table 4). These results suggested that
protein-polymer electrostatic interactions can influence the protein encapsulation efficiencies.
Although protein leakage during the encapsulation process can be minimised by adjusting the
pH of the aqueous phase to be similar to the protein’s pl, proteins located close to the
nanoparticle surface can be lost during subsequent purification stages when the nanoparticles
were suspended in non-buffered water. This is especially true since the presence of the outer
hydrophilic PEG layer can facilitate the access of water to the PLGA core to cause dissolution
of any loosely-trapped proteins [68]. However, the strong electrostatic interactions between the
negatively-charged carboxylic acid terminals, which are more abundant in PLGA-COOH than
in PLGA-COOR, and the positively-charged basic proteins such as lysozyme and SDF-1a. can
reduce protein loss. Interestingly, additional experiments with lysozyme (Formulation 9 and
10) and SDF-1a (Formulation 10) produced similar results as Formulation 4. Considering the
very low protein loading involved, it seems that the inclusion of a small proportion of PLGA-
COOH is sufficient to ensure that the nanoparticles have an adequate number of carboxylic
acid groups to interact with the protein molecules for maximum encapsulation efficiency.

Table 4: Effect of the PLGA-COOH proportion on encapsulation efficiencies of lysozyme and
SDF-1a. Data are presented as mean + SD, n = 3 and 4 for lysozyme and SDF-1a respectively.

Formulation number PLGA-COOH Encapsulation efficiency (%)
proportion (%) Lysozyme SDF-la
4 67 107.0+ 3.6 107.7+ 15
8 0 89.6+5.7 755+ 2.2
9 33 108.2+1.9 -
10 17 111.0+3.9 104.0+ 2.8

3.3.3.3. Physicochemical characteristics of protein-loaded nanoparticles

Protein encapsulation did not affect the size or zeta-potential of the nanoparticles regardless of
the type of formulation or encapsulated protein (Table 5), possibly due to the low amount of
protein being encapsulated. In terms of morphology, both the unloaded and SDF-1a-loaded
nanoparticles appeared similar under the vacuum condition of SEM or TEM (Figure 4). In

addition, the image taken using AFM under a non-vacuum condition confirmed the consistent
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appearance of the SDF-1a-loaded nanoparticles regardless of the conditions under which the

nanoparticles were observed and the differences in the sample treatment prior to observation.

Table 5: Average size, polydispersity index (PDI) and zeta-potential (ZP) of lysozyme and
SDF-1a-loaded nanoparticles. Data are presented as mean + SD, n = 3.

Formulation Encapsulated Average size (nm)? Average PDI? Average ZP (mV)P

number protein
4 Lysozyme 202+ 5 0.09+ 0.01 -9.7+ 0.8
SDF-la 197+ 2 0.08 + 0.01 9.6+ 0.7
8 Lysozyme 253+ 5 0.17 + 0.03 -3.3+ 0.3
SDF-la 259+ 8 0.19+ 0.01 -29+ 0.2

a Purified nanoparticle suspension was diluted to 100 pg/mL in water prior to measurement
® Pyrified nanoparticle suspension was diluted to 100 pg/mL in 0.01 M NaCl solution and the pH of the
suspension was adjusted to pH 7 prior to measurement
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Figure 4: Morphology of PLGA/PEG-PLGA nanoparticles. SEM and TEM images of (A, C)
unloaded and (B, D) SDF-la-loaded nanoparticles. (E) AFM image of SDF-1a-loaded
nanoparticles.
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3.4. In vitro protein release

Protein release was studied by suspending the nanoparticles in a buffer solution followed by
centrifugation at pre-defined time intervals to collect the supernatant for protein quantification.
Initially, lysozyme release patterns in different buffer solutions was studied. At the
physiologically-relevant pH 7.4 (0.05 M Tris-HCI buffer), the proportion of PLGA-COOH in
the nanoparticles was shown to affect the extent of lysozyme release (Figure 5A). The highest
release of encapsulated lysozyme was achieved with Formulation 8 (43%) whereas negligible
protein release was observed with Formulation 4 even after 15 days. When a mixture of PLGA-
COOH and PLGA-COOR was tested (Formulation 10), only 12% encapsulated lysozyme was
successfully released. The lack of protein release from PLGA particles containing uncapped
carboxylic end groups has been previously reported [44,47,69]. Concurrent measurement of
zeta-potentials during the release study offered a possible explanation for this observation.
Nanoparticles made from higher PLGA-COOH proportions had more negative zeta-potential
values in the early stages of the release study (Figure 5B). At pH 7.4, these nanoparticles are
expected to establish electrostatic interactions with the positively-charged lysozyme molecules
(pl = 11.35), which hinders their release. These interactions seem to be the governing factor
for protein load entrapment, as no further protein release was observed despite the continuous
degradation of PLGA matrices into acidic products, as inferred from the increasingly negative

zeta-potential values of all the formulations, taking place throughout the release study period.

To confirm the obstructive effect of lysozyme-PLGA electrostatic interactions on lysozyme
release, the study was repeated in release medium buffered to pH 4.0 (0.01 M citrate buffer).
It can be hypothesised that the excess protons present in the release medium will neutralise the
PLGA carboxylic acid groups, which in turn should trigger the release of lysozyme molecules.
As expected, release of lysozyme was enhanced regardless of the nanoparticle’s PLGA-COOH
proportion (Figure 5C). However, incomplete release was still observed with Formulation 4,
even after 30 days. It is likely that the high proportion of PLGA-COOH in this formulation led
to incomplete neutralisation of the carboxylic acid groups, hindering complete lysozyme
release. Besides pH, another factor that may affect lysozyme-PLGA electrostatic interactions
is the concentration of cations in the release medium, as these ions can also displace lysozyme
molecules from the PLGA carboxylic acid groups. As predicted, in the presence of 0.15 M
sodium chloride, release of lysozyme at pH 7.4 was enhanced (Figure 5D), recording levels
similar to those obtained at acidic pH. These release medium conditions were selected for

subsequent SDF-1a release study due to their physiological relevance.
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Figure 5: Release study of lysozyme. (A) Cumulative release of lysozyme in 0.05 M Tris-HCI
buffer at pH 7.4 and (B) concurrent changes in the zeta-potential value of different nanoparticle
formulations. Nanoparticle suspension was diluted 200-fold in 0.01 M NacCl solution and the
pH was adjusted to pH 7 prior to zeta-potential measurement. (C) Cumulative lysozyme release
in 0.01 M citrate buffer at pH 4.0 or (D) 0.05 M Tris-HCI buffer at pH 7.4 containing 0.15 M
NaCl. Each data point with error bar represents mean + SD, n = 3 for each formulation.

Interestingly, although the biphasic release pattern seen in lysozyme release study was
reproduced, the release of SDF-1a was reduced in all formulations (Figure 6A). After 30 days,
the nanoparticles were lyophilized and dissolved to quantify the amount of unreleased SDF-1a
using ELISA. The sum of released SDF-1a and the unreleased proportion, was equal to 95 —
98% of the total encapsulated SDF-1a for all the studied formulations. SDF-10 may establish
stronger electrostatic interactions with PLGA carboxylic acid groups than lysozyme because
of the greater percentage of basic amino acid residues in the SDF-1o primary sequence,
resulting in lower cumulative SDF-1a releases. Despite the multiple literature-approved
measures taken in this study to reduce protein-polymer interactions, including protein
precipitation in the presence of poloxamer 188 [44] and use of more hydrophilic polymer
materials [69] in the form of PEG-PLGA co-polymer, additional approaches such as protein
PEGylation [70,71] should be considered in future work to obtain more complete protein
release. Nevertheless, the bioactivity of SDF-1a in the release sample collected up to 72 hours

(after which further SDF-1a release was negligible) was found to be similar to that of its native

Page | 93 (WSO



Chapter 3

counterpart when assessed using the agarose drop migration assay (Figure 6B,C), suggesting
that the encapsulation process did not induce protein denaturation. In the context of patient
safety, the preservation of protein bioactivity throughout formulation processes is imperative
as denatured proteins tend to be more immunogenic than their native forms [72,73].
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Figure 6. Release study of SDF-1a and its biological activity assessment. (A) Cumulative
release of SDF-1a in 0.05 M Tris-HCI buffer at pH 7.4 containing 0.15 M NaCl. Each data
point with error bar represents mean + SD, n = 4 for each formulation. (B) Distance migrated
by U87-MG cells induced by the culture medium alone (Blank), or supplemented with 40
ng/mL native, precipitated or released SDF-1a collected from Formulation 8 at different time
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points of the release study. Statistical analysis was conducted to investigate any significant
difference (P < 0.05) in comparison to the native SDF-1a. **** indicates P < 0.0001, n =3 for
each type of SDF-1a treatment. (C) Examples of optical microscopic images of U87-MG cell-
laden agarose drops after 72 h treatment with culture medium alone (top left) or medium
containing 40 ng/mL native (top right), precipitated (bottom left) or released SDF-1a (bottom
right).

The biphasic release patterns observed in lysozyme and SDF-1a release studies were consistent
with literature data on PEG-containing PLGA nanoparticles [67,74]. The initial burst release
was due to the rapid liberation of proteins located adjacent to the nanoparticle surface, which
was a consequence of the efflux of residual solvents during the purification step that drew most
proteins away from the core of the nanoparticles. This stage was then followed by a slower
release attributable to the diffusion of proteins from deeper parts of the nanoparticles. In
relation to future work, the initial rapid SDF-1a release is useful for establishing a
concentration gradient within a hydrogel to immediately induce chemotaxis of cancer cells
while the subsequent gradual release may be beneficial to maintain the established gradient. It
was also observed that the cumulative release curves began to plateau after 72 hours. This
relatively short duration of release was expected as the huge surface area to volume ratio of the
nanoparticles contributed to a rapid protein release. However, as the SDF-1a-loaded
nanoparticles are intended in the future to be incorporated within a hydrogel and not suspended
directly in physiological fluids, literature data suggested that the release duration can be
prolonged [75], which would allow more time for cancer cells to migrate into the
hydrogel/nanoparticle composite implant to be trapped.

3.5. In vitro cytotoxicity study

Due to the innocuous nature of the solvent used in the formulation process and the well-
reported safety of PLGA, the newly-developed nanoparticles are expected to exhibit negligible
cytotoxicity. To prove this, NIH3T3 mouse embryonic fibroblasts were treated with unloaded
PLGA/PEG-PLGA nanoparticles (Formulation 8) for 48 hours. This cell line was chosen as it
has been reported to be highly-sensitive to chemical-induced toxicities [76]. Alongside
PLGA/PEG-PLGA nanoparticles, lipid nanocapsules (LNC) and polystyrene (PS)
nanoparticles, which have been widely utilised in various pharmaceutical research, were tested
to investigate the relative cytocompatibility of the newly-developed nanocarriers. The range of
nanoparticle concentrations for cell treatment in this study was set to 0.01 - 10 mg/mL to assess
the suitability of the PLGA/PEG-PLGA nanoparticles for both systemic and local drug delivery

applications. In comparison to the two reference nanoparticles, the PLGA/PEG-PLGA
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nanoparticles induced minimal cell deaths even at the highest concentration tested (Figure 7).
In addition, the LNC was found to be the most toxic between the three types of nanoparticles
at high concentrations. Two studies reported similar findings [77,78] and suggested that the
high amount of surfactant (up to 2.8% (w/v)) required to stabilize the LNC formulation is
responsible for the high toxicity due to the ability of the hydrophilic and hydrophobic
components of surfactant molecules to interact with the phosphate groups and fatty acid tails
of lipid bilayer respectively to cause disruption of cellular membranes [79]. On the other hand,
the PS nanoparticles exhibited intermediate cytotoxicity, possibly due to the lower amount of
surfactant used in their formulation (up to 0.5% (w/v) as described by the manufacturer).
Although one can speculate that the differences in the cytotoxicity can be attributed to other
components of the three types of nanoparticles, as well as to differences in their
physicochemical characteristics such as size and surface charge, the surfactant-free formulation
process using non-toxic components developed in the present work can undoubtedly produce
nanocarriers with excellent biocompatibility that are more suitable for local drug delivery

applications compared to several other well-established alternatives.

1201
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Figure 7. Effect of different concentrations of PLGA/PEG-PLGA nanoparticles (Formulation
8), lipid nanocapsules (LNC) and polystyrene (PS) nanoparticles on the viability of NIH3T3
cells after 48h incubation. n = 3 for each nanoparticle treatment.

4. Conclusion
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This study reports on the development of novel SDF-1a nanocarriers composed of PLGA and
a PEG-PLGA co-polymer. Following optimization using lysozyme as a model protein, SDF-
la was successfully precipitated and subsequently loaded into these nanoparticles under mild
formulation conditions. SDF-1a was also released in its bioactive conformation in a gradual
fashion. Furthermore, by changing the number of uncapped carboxylic acid groups in the
PLGA core, the novel formulation process allows the production of nanoparticles with different
physicochemical properties that influence encapsulation efficiencies and the extent of protein
release. In addition, the use of non-toxic polymers and solvents ensured the excellent
biocompatibility of the synthesised nanoparticles. Thus, the novel SDF-1a nanocarriers are
promising for future cancer cell trapping applications and will be incorporated into a suitable

hydrogel for studying chemotaxis of glioblastoma cells.
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Figure S1. Changes in average size and pDI (A), and zeta potential (B) with time of incubation
of 1 mg/mL PLGA/PEG-PLGA nanoparticles (Formulation 8) in 0.05 M Tris-HCI buffer (pH
7.4) at 37 °C. Each data point with error bar represents mean + SD, n = 3. For size and pDI
measurement, nanoparticle suspension was diluted in water. For zeta-potential measurement,
nanoparticle suspension was diluted in 0.01 M NaCl solution and the pH was adjusted to pH 7.

3.3.2. Unpublished results

In publication 1, the cytotoxicity of the developed PLGA/PEG-PLGA nanoparticles was
evaluated using NIH3T3 mouse embryonic fibroblasts. Although no cytotoxicity was observed
on this cell line, even at the highest nanoparticle concentration tested, it was imperative to
establish that the PLGA/PEG-PLGA nanoparticles were compatible with cells that could be
present in the human brain. Therefore, the cytotoxicity assay was also conducted on a human
macrophage cell line known as Thp-1 macrophages. Under normal physiological
circumstances, macrophages usually reside in the peripheral blood system as monocytes.
However, they can be found ubiquitously in GBM tumors as they are free to cross the leaky
BBB that is characteristic to the pathology of this disease [80]. Macrophages play important
tumor suppressive roles that include production of pro-inflammatory cytokines and reactive
oxygen species, especially when they are polarized towards the classical M1 phenotype [81].
Thus, it is crucial that these cells are not harmed by any of the active agents or excipients used
in the treatment of GBM.

3.3.2.1. Materials and Methods

To obtain Thp-1 macrophages, Thp-1 monocytes (TIB-202™, ATCC) were seeded in a 96-
well flat-bottomed culture plate (Nunc) at a density of 40 x 103 cells/well in 100 puL complete
Roswell Park Memorial Institute (RPMI) 1640 medium (Sigma-Aldrich) supplemented with
80 nM phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich) and incubated at 37 °C and
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5% CO. for 24 h. Following this, the pMA-containing medium was replaced with fresh pMA.-
free medium and the cells were incubated for another 24 hours. Then, the old medium was
replaced with fresh medium containing unloaded nanoparticles at a concentration of 0.01, 0.1,
1 or 10 mg/mL. As a negative control, cells incubated with the medium alone were prepared.
After 48 h of incubation (72 h post-seeding) in the presence or absence of nanoparticles, the
entire medium was replaced with 100 pL fresh medium containing 44 uM resazurin. The
resazurin-containing medium was also added in three wells of the assay plates (without cells),
which served as blank. The plate was incubated for another 3 h 30 m. Cell viability was
estimated from the fluorescence intensity of the reduced product of resazurin, called resorufin,
which was measured using a ClarioStar microplate fluorometer (BMG Labtech GmbH,
Ortenberg, Germany) at 545 nm excitation and 600 nm emission. All readings were normalized
to those obtained with the nanoparticle-untreated cells.

In addition to the PLGA/PEG-PLGA nanoparticles, two other types of nanoparticles, namely
lipid nanocapsules (LNC) and polystyrene (PS) nanoparticles, were tested in this assay to
obtain information on the relative safety of the newly-developed nanoparticles. LNC (average
size = 122 nm, PDI = 0.088) were prepared using a phase inversion method [48]. PS

nanoparticles (average size = 285 nm, PDI = 0.175) were purchased from Sigma-Aldrich.

3.3.2.2. Results and Discussion

As observed with the NIH3T3 cell line, PLGA/PEG-PLGA nanoparticles induced negligible
cytotoxicity on Thp-1 macrophages across the tested range of concentration. This result
provided another preliminary evidence of the safety of these nanoparticles as a vehicle to be

used in local protein delivery applications.
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Figure 3.1: Effect of different concentrations of PLGA/PEG-PLGA nanoparticles
(Formulation 8), lipid nanocapsules (LNC) and polystyrene (PS) nanoparticles on the viability
of NIH3T3 cells after 48h incubation. n = 3 for each nanoparticle treatment.

3.4. CONCLUSION OF CHAPTER 3

In this part of the study, a novel formulation process yielding uniform nanoparticles with high
SDF-1a encapsulation efficiency and good cytocompatibility was developed. PLGA was used
as the main constituent polymer in the preparation of the nanoparticles due to its high
versatility. It is a co-polymer of lactic acid and glycolic acid, meaning that its molecular chain
always ends with a carboxyl group (Figure 3.2) that provides a site for chemical conjugation
or physical interaction with other polymers or protein molecules. For example, PLGA can be
conjugated with a hydrophilic polymer such as PEG to form an amphiphilic di-block (as
produced in this study) or tri-block co-polymer [52] that may be used as a replacement for
surfactant molecules, which are often needed in the preparation of micro/nanoparticle
formulations. When uncapped, the carboxyl groups can also interact electrostatically with basic
protein molecules to contribute to high encapsulation efficiencies. Being a hydrophobic
polymer, PLGA degrades slowly in an aqueous environment [82]. This property is thought to
be valuable in preparing polymer-based carriers that are intended to provide sustained protein
release. The lactide component of PLGA is actually more hydrophobic than the glycolide
residue as the former bears a methyl side group. Having a high lactide-to-glycolide ratio is
therefore useful in slowing down the hydrolytic degradation of PLGA [83].
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Figure 3.2: Chemical structures of the PLGA-COOH, PLGA-COOR and PEG-PLGA used in
this work.

The PLGA-COOH, PLGA-COOR and PEG-PLGA used in this study all had a lactide-to-
glycolide ratio of 75:25. With these, it was expected that the formulated nanoparticles would
have a slow degradation rate. In fact, the degradation time of PLGA 75:25 has been reported
to be in the order of several months [84,85]. Despite this, the formulated nanoparticles were
shown to release most of their protein load very rapidly (approximately 72 hours) when
incubated in appropriate release media. While the particle degradation rate may appear to be
an important determinant of the release kinetics, this is not the only factor that controls the rate
of diffusion of water molecules into the polymer matrix and the subsequent dissolution of the
protein load [86]. Diffusion of organic solvents out of the polymer matrix during the extraction
step have often led to the formation of nanoparticles with a porous internal structure (Figure
3.3) [87]. These pores could increase the total surface area accessible to the release medium
and speed up the dissolution of the protein molecules that were surface-adsorbed or only
partially embedded in the polymer matrix. This explains why a huge burst release was seen
with the developed nanoparticle system. In addition, the porous internal structure could also
reduce the distance of diffusion required for the embedded protein molecules to escape from

the polymer matrix, thus shortening the overall duration of protein release.
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Figure 3.3: Proposed structure of the SDF-la-loaded PLGA/PEG-PLGA nanoparticles
developed in this study.
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The rapid protein release from the nanoparticles is likely to provide only a short window of
time for the chemotactic attraction of GBM cells in the brain. GBM are known to be very
invasive and can penetrate diffusively into the surrounding brain parenchyma. An autopsy
study showed that infiltrating GBM cells could be found as far as 14 mm away from the tumor
border outlined using magnetic resonance imaging (MRI) [88]. As surgical resection of GBM
is generally defined by the contrast-enhanced areas in MRI, these infiltrating GBM cells were
often unremoved from the brain and could subsequently multiply to re-form the tumor. In fact,
96% of GBM recurrence occurred within 20 mm from the MRI-defined tumor border [89].
Although no information on the in vivo migration speed of GBM cells has been published so
far, a recent in vitro study investigating the three-dimensional migratory behavior of GBM cells
seeded into micro-chambers within a collagen hydrogel estimated a migration speed of between
245 to 720 um/day across the four GBM cell lines tested [90]. Using the two-dimensional
agarose drop migration assay, we observed that U87-MG cells migrated at a speed of 284
pm/day when incubated in a medium supplemented with SDF-1a. Although these values may
not necessarily reflect the in vivo behavior of GBM cells, they still provide valuable insights
into the migration capacity of these cells. With regards to the in vivo trapping of GBM cells, a
slower migration rate is expected as the cells would have to make their way through the dense
peritumoral matrices [91] in order to be recruited into the SDF-1a-releasing scaffold implanted
into the resection cavity. Regardless, if we assume that GBM cells migrate at the maximum
speed observed in vitro (720 um/day), it may still take approximately 20 days for the GBM
cells located 14 mm away from the resection border to be recruited into the tumor trap. This
estimation provides a reasonable explanation on why scaffolds capable of providing sustained
release of SDF-1a are very much needed to increase the likelihood of trapping the entire

residual GBM cell population post-surgery. The development of such scaffolds was furthered
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by incorporating the developed SDF-1a-loaded nanoparticles into chitosan nanofibers as

discussed in the next chapter.
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4. INCORPORATION OF SDF-1A-LOADED PLGA/PEG-PLGA NANOPARTICLES
INTO CHITOSAN NANOFIBERS

4.1. INTRODUCTION

In the previous chapter, nanoparticles loaded with SDF-1a were successfully produced from a
combination of PLGA and PEG-PLGA using a non-toxic and non-denaturing phase separation
method. The nanoparticles had high SDF-la encapsulation efficiencies and good
cytocompatibility. However, one significant disadvantage of the developed nanoparticle
system was its incapability to provide sustained release of SDF-1a, which is perceived to be
crucial for providing a sufficient time window for the post-surgical recruitment of GBM cells.
The fast release of SDF-1a can be attributed to the rapid dissolution of the protein load as a

result of free penetration of solvent molecules into the porous structure of the nanoparticles.

To restrict the access of solvent molecules to the protein load in the nanoparticles, and thus
reduce the initial burst and prolong the short duration of release typically seen with PLGA-
based nanoparticles, incorporation of the protein-loaded nanoparticles into an appropriate
scaffold may be a useful strategy. The external scaffold may present an additional barrier to
the diffusion of protein and solvent molecules to slow down the release process, especially
when the scaffold phase consists of materials with high degree of crystallinity and low water
solubility. Gentile et al. incorporated parathyroid hormone (PTH)-loaded PLGA nanoparticles
into porous chitosan/gelatin scaffolds by freeze-drying the nanoparticles in a chitosan/gelatin
blend solution. They observed a reduction in the percentage of the protein load released in the
first 48 hours from 75 to 15% upon incorporation of the nanoparticles into the porous scaffold
[1]. Similarly, Asghar et al. observed sustained protein release over a period of 30 days after

embedding BSA-loaded PLGA nanoparticles into porous collagen scaffolds [2].

This chapter concerns the fulfillment of the second objective of this thesis, which is to
incorporate the SDF-1a-loaded nanoparticles developed in the previous chapter into chitosan-
based nanofibrous scaffolds to provide a secondary barrier to the SDF-1a release process. As
discussed briefly at the end of Section 1.3.3.5, chitosan was the material of choice for making
nanofibrous scaffolds due to its cationic property that permit electrostatic interactions with
PLGA-based nanoparticles during processing. Electrospinning was the preferred processing
technique as it can reliably produce fibrous scaffolds with a range of fiber diameter that
correlates to the size scale of the fibrous ECM network, which may help to provide relevant
structural and potentially mechanical cues for cell adhesion and migration, and subsequently
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facilitates the trapping of GBM cells. After the optimization of the electrospinning step, the
cytotoxicity and biocompatibility of the generated nanofibrous scaffolds were also evaluated

using suitable in vitro and in vivo assays.

Part of this chapter (Section 4.3.1) will be submitted for publication in the form of an article
titled “Development of nanoparticle-containing nanofibrous scaffolds to achieve sustained
release of SDF-1a” in the Journal of Materials Chemistry B.

4.2. SUMMARY OF THE RESULTS

SDF-1a-loaded PLGA/PEG-PLGA nanoparticles were successfully co-electrospun with
chitosan in the presence of the fiber-forming additive PEO. Up to 10 mg of nanoparticles could
be loaded into nanofibers electrospun from a mixture of 110 mg chitosan and 15 mg PEO. The
presence of the nanoparticles within the nanofibers was verified using FTIR spectroscopy,
SEM and TEM. After electrospinning, the amino groups of chitosan could be deprotonated to
turn the nanofibers water-stable by treating the electrospun scaffold with 0.1 M NaOH. The
deprotonation process did not significantly affect the nanofibrous morphology or the integrity
of the nanoparticles. The deprotonated nanofibers bearing the SDF-1a-loaded nanoparticles
could provide sustained release of the chemokine for up to 5 weeks. For the same period of
time, the scaffold also did not degrade significantly when incubated in buffer solutions
supplemented with physiologically-relevant concentration of lysozyme, the main enzyme
known to digest chitosan. Furthermore, the nanofibrous morphology of the scaffold could
support the attachment of U87-MG cells. All these point towards excellent potential for the
scaffold to function as an efficient trap for glioblastoma cells. In terms of safety, the scaffold
was shown to be highly cytocompatible with NIH3T3 fibroblasts, Thp-1 macrophages as well
as the primary astrocytes extracted from the brain of newborn rats. These encouraging in vitro
results called for the assessment of the scaffold’s biocompatibility in animals. Thus, the
scaffold was implanted into the brain of healthy rats using a customized surgical procedure and
followed up. The results of a short-term study (7 days) revealed that the scaffold could induce
a strong immune response at the site of implantation. However, the animals did not show any
signs of distress throughout the follow-up period. The long-term study (100 days) to obtain
more information regarding possible chronic inflammation and tissue integration of the

scaffold is currently underway.
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Abstract

Chemokines such as stromal cell-derived factor-1a (SDF-1a) regulate the migration of cancer
cells. In vivo, cancer cells can spread from their primary tumor site by migrating up an SDF-
la concentration gradient, facilitating their local invasion and metastasis. Therefore, the
implantation of SDF-1a-releasing scaffolds can be a useful strategy to trap cancer cells
expressing the receptor for SDF-1a. In this work, SDF-1a was encapsulated into poly(lactic-
co-glycolic acid) (PLGA)-based nanoparticles and subsequently electrospun with chitosan to
produce nanofibrous scaffolds intended for trapping glioblastoma (GBM) cells. The
encapsulated SDF-1a maintained its biological activity after the electrospinning process and
the scaffolds could provide sustained release of SDF-1a for at least 5 weeks. Using a mouse
fibroblast cell line, we showed that the scaffolds possessed high cytocompatibility.
Furthermore, the nanofibrous structure of the scaffolds provided excellent anchoring sites to
support the adhesion of human GBM cells. The scaffolds also demonstrated slow degradation
kinetics, which may be useful in maximizing the time window for trapping GBM cells. As
surgical resection does not permit a complete removal of GBM tumors, our results support
future implantation of these scaffolds into the walls of the resection cavity to attract and trap
the residual GBM cells in the brain.
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1. Introduction

Stromal cell-derived factor-1a (SDF-1a) is a 68-amino-acid chemokine [3] with a strong
binding affinity to the C-X-C chemokine receptor type 4 (CXCR4) [4]. One of its prominent
physiological functions is to induce the migration of CXCR4-expressing stem and progenitor
cells from the bone marrow towards a site of injury to initiate the process of tissue repair and
recovery [5]. The directed migration is an effect of an elevated SDF-1a expression at the injury
site [6-8] and the simultaneous increase in SDF-1a degradation in the bone marrow [9,10] that
creates a positive SDF-1a concentration gradient towards the site needing repair. In addition to
its role in tissue regeneration, SDF-1a-induced chemotaxis also mediates the spreading of
cancer cells that escaped their respective primary tumor sites. CXCR4-expressing cancer cells
have been shown to penetrate the blood or lymphatic circulation and subsequently be
chemoattracted to SDF-1a-secreting organs such as the liver [11], bone marrow [12] and lymph
nodes [13] for future metastatic colonization. Even in non-metastasizing cancers, the
chemotactic effect of SDF-1a can support tumor progression by facilitating the invasion of
cancer cells into proximal healthy tissues [14]. The significant influence of SDF-1a on the
migration of cancer cells has motivated the design of implants capable of releasing this
chemokine to create a local concentration gradient that may attract CXCR4-expressing cancer
cells relevant to many types of cancers including glioblastoma (GBM) [15], melanoma [16]

and breast cancer [17].

Like other peptides and proteins, SDF-1a is water-soluble and thus can move rapidly through
a physiological fluid compartment [18]. Therefore, to establish and maintain a local
concentration gradient of SDF-1a, sustained delivery of this chemokine from a fixed source is
necessary. In this regard, encapsulation into nanocarriers composed of biodegradable polymers
such as poly-(lactic-co-glycolic acid) (PLGA) is a reasonable strategy to achieve gradual SDF-
la release at the intended site of delivery. PLGA, having a hydrophobic molecular backbone
that terminates with an ionizable carboxyl group (Figure 1), is known to form strong
interactions with non-polar or positively-charged residues in proteins to facilitate the
encapsulation of these molecules. However, we have previously shown that the duration of
SDF-1a release from PLGA-based nanoparticles was relatively brief. The release profile was
characterized by a steep initial release curve that levels out shortly afterwards due to the high
surface area to volume ratio of the polymer-based nanoparticles [19]. In addition, nanoparticles
tend to spread away from the initial site of application, making it difficult to establish a

concentration gradient of the released drug molecules. Considering these shortcomings, we
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postulate that SDF-1a-loaded nanoparticles should be embedded within a suitable scaffold to
slow down the SDF-1a release process and to prevent them from moving away from the initial

site of administration.

PLGA

|O|
| o o//H
HO ‘

CH, 0

Lactic acid Glycolic acid

Chitosan CH,

[ OH 1 :(
NH
. 0
-0 loH -
HO (o]
NH,

L OH J

D-glucosamine N-acetyl-D-glucosamine

Figure 1: Chemical structures of PLGA (top) and chitosan (bottom) showing their respective

monomers.

Currently, there are multiple types of scaffold within which drug-loaded carriers can be
confined. These structures can provide an additional barrier to the drug diffusion process and
may subsequently contribute to a longer duration of drug release from the primary carrier into
the local environment. These include physically and chemically cross-linked hydrogels [20—
22], scaffolds prepared by the freeze-drying process [23,24] and those derived from a direct
compression of the drug-loaded carriers [25]. However, these confining matrices usually lack
the nanofibrous structures typically found in native human extracellular matrices (ECM). In
relation to our objective, it is important to develop scaffolds with structures mirroring those of
the ECM in order to promote the adhesion and retention of cancer cells. A convenient way of
producing nanofibrous scaffolds is to use a technique called electrospinning [26,27]. Using this
approach, many natural and synthetic materials can be used to produce ECM-mimetic
nanofibrous scaffolds that may be loaded with drug molecules or drug-loaded carriers. Among
these, chitosan, a polymer consisting of D-glucosamine and N-acetyl-D-glucosamine as
monomers (Figure 1), has been an outstanding material for making electrospun scaffolds to be
used in a variety of biomedical applications due to its excellent biocompatibility [28-30]. As

it carries weakly-basic amino groups, chitosan is insoluble in aqueous solutions of
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physiological pH. However, in dilute acid solutions such as 1 M acetic acid, the amino groups
are protonated, making the chitosan molecules soluble and thus feasible for electrospinning
[31]. In addition, the positively-charged amino groups may facilitate the interaction between
the chitosan molecules and the negatively-charged SDF-1a-loaded PLGA-based nanoparticles,
opening up the possibility for a successful co-electrospinning process. However, the use of
chitosan alone cannot guarantee the generation of defect-free nanofibers under mild conditions
[32—35]. Studies have shown that the strong electrostatic repulsion between positively-charged
chitosan molecules prevents sufficient chain entanglement that is necessary for nanofiber
formation [36]. Thus, a small amount of high molecular weight and neutral polymers such as
polyethylene oxide (PEO) is usually added to a chitosan solution to promote chain
entanglement by virtue of the formation of hydrogen bonds between the ether oxygen of PEO
and the amino hydrogen of chitosan [37]. Furthermore, the electrospinning of chitosan and
many other materials often involves challenging conditions, including the use of high voltage
to draw fibers from the material solution, which may compromise the structural integrity of
protein molecules pre-incorporated into the solubilized material. Therefore, we hypothesize
that by pre-encapsulating SDF-1a molecules into PLGA-based nanoparticles, their

denaturation during processing may be minimized.

In the present study, SDF-1a was encapsulated into nanoparticles composed of PLGA and a
polyethylene glycol (PEG)-PLGA co-polymer. The SDF-1a-loaded nanoparticles were then
dispersed in a chitosan solution in the presence of the fiber-forming additive PEO and
subsequently electrospun to produce nanoparticle-containing nanofibrous scaffolds. After
electrospinning, the charged chitosan amino groups within the nanofibers were deprotonated
to improve the scaffold stability in physiological media. Following this, the in vitro release of
the model protein lysozyme as well as SDF-1a. from the scaffolds was studied. The bioactivity
of the released SDF-1a was subsequently evaluated by assessing its capacity to induce the
migration of CXCR4-expressing human GBM cells (U87-MG). Finally, after studying their
degradation profiles, the scaffolds’ ability to retain U87-MG cells as well as their
cytocompatibility was assessed in vitro to evaluate the appropriateness of their use in future in

vivo studies.

2. Materials and Methods

2.1. Materials
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Ester-capped PLGA (Mn = 5.5 kDa) and PEG-PLGA copolymer (Mnpeg = 5 kDa, Mnpiga =
25.7 kDa) were synthesized using a ring-opening polymerization method as described
elsewhere [19]. Glycofurol (Tetraglycol BioXtra®), isosorbide dimethyl ether, poloxamer 188
(Lutrol® F68), sodium chloride, lysozyme from hen egg white, glycine, 10 M sodium
hydroxide, dimethyl sulfoxide, Tris base (Trizma®), 37% hydrochloric acid, Micrococcus
lysodeikticus, low gelling point agarose and PEO (average Mv ~2 MDa) were obtained from
Sigma-Aldrich (Saint Quentin Fallavier, France). Human SDF-1a (research grade) was
purchased from Miltenyi Biotech (Paris, France), chitosan with a degree of deacetylation of
~80% (Chitoceuticals®) from Heppe Medical Chitosan GmbH (Halle, Germany), 1x
Dulbecco’s phosphate-buffered saline (Biowhittaker®) from Lonza (Verviers, Belgium),
bovine serum albumin fraction V from Roche Diagnostics GmbH (Mannheim, Germany) and
high glucose Dulbecco’s Modified Eagle’s Medium (Gibco®) from Thermo Fisher Scientific
(Villebon sur Yvette, France). Deionized water supply was obtained from a Milli-Q®

Advantage A10 system (Millipore, Paris, France).
2.2. Preparation and characterization of protein-loaded nanoparticles
2.2.1. Preparation of protein-loaded nanoparticles

Protein-loaded nanoparticles were prepared as described previously [19]. Briefly, the
lyophilized model protein lysozyme and SDF-1a as provided by their respective manufacturers
were separately dissolved in 0.15 M sodium chloride (NaCl) solution containing 20% (w/v)
poloxamer 188 at a concentration of 10 and 2.67 mg/mL respectively. After that, 975 uL of
glycofurol was added to 25 pL of the protein solution and the mixture was subsequently
incubated in ice for 30 minutes to induce the formation of protein precipitates. Then, 100 uL
of the protein precipitate dispersion containing either 25 pg lysozyme or 10 pg SDF-1a was
mixed with 100 pL of each of 12% (w/v) solutions of PLGA and PEG-PLGA in isosorbide
dimethyl ether (total volume after mixing = 300 uL). Using Equation (1), the theoretical drug
loadings (DL) for lysozyme and SDF-1a were calculated to be 0.10% and 0.04% respectively.
For the synthesis of unloaded nanoparticles, the 100 pL protein precipitate dispersion was
replaced with an equal volume of glycofurol alone. Then, 2.1 mL of 0.05 M glycine-sodium
hydroxide (NaOH) buffer solution was added gradually under magnetic stirring to initiate the
formation of nanoparticles that encapsulate the protein load. The pH of the buffer solution was
set to 11.35 and 10.40 for the encapsulation of lysozyme and SDF-1a respectively. The formed

nanoparticle dispersion was subsequently diluted with excess deionized water and centrifuged
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for 30 min at 10,000 x g. The supernatant was then discarded and replaced with an equal
volume of deionized water. The centrifugation was repeated once and after subsequent removal
of the supernatant, the purified nanoparticle dispersion was stored at a concentration of
approximately 40 mg/mL in 0.5 mL volume in deionized water at 4 °C until use.

Initial mass of protein used as a starting material
Total mass of PLGA and PEG-PLGA

DL (%) = x 100 Equation 1

2.2.2. Characterization of protein-loaded nanoparticles

The morphology of the nanoparticles was visualized using scanning electron microscopy
(SEM) (JSM 6310F, JEOL, Paris, France). The purified nanoparticle dispersion was initially
diluted 200-fold with deionized water to a concentration of approximately 200 pug/mL. Then,
2 pL of the dispersion was added onto a glass slide and left overnight to dry at room
temperature. Prior to observation, a gold coating of 5 nm thickness was deposited onto the

nanoparticle sample.

The size distribution of the nanoparticles was determined using a dynamic light scattering
(DLS) method whereas zeta-potentials were derived from the electrophoretic mobility values
using the Smoluchowski's approximation in a Nanosizer® ZS (Malvern, Worcestershire, UK).
Initially, the purified nanoparticle dispersion was diluted with either deionized water or 0.01
M NaCl solution for size and zeta-potential measurements respectively to obtain optimal
nanoparticle concentrations for analyses such that the attenuator values were in the range of 5—
7. Each sample was measured three times, with one measurement representing the average
value of at least 10 runs. All measurements were conducted at 25 °C under the automatic mode.
In addition to the average particle size, the DLS protocol of Nanosizer® ZS generated a

polydispersity index (PDI) ranging from 0 to 1 that estimates the width of the size distribution.

For the assessment of protein encapsulation efficiencies, the protein-loaded nanoparticles were
initially lyophilized for 16 hours alongside the unloaded nanoparticles that served as a control.
Then, the nanoparticles were dissolved in 1 mL of dimethyl sulfoxide. After 1 hour, 3 mL of
0.01 M hydrochloric acid (HCI) was added to extract the protein load from the polymer-based
components of the nanoparticles. The samples were then diluted appropriately prior to
assessment using the protein quantification assays described in Section 2.7. The encapsulation

efficiency (EE) was calculated using Equation (2).

) __ Mass of protein recovered from dissolved nanoparticles

EE (% x 100 Equation 2

Initial mass of protein used as a starting material
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2.3. Preparation and characterization of nanoparticle-containing nanofibrous

scaffolds
2.3.1. Preparation of nanoparticle-containing nanofibrous scaffolds

To prepare nanofibrous scaffolds containing protein-loaded nanoparticles, 11 mg of PEO was
initially added to 0.5 mL of nanoparticle dispersion in deionized water. The nanoparticle
concentration was varied between approximately 10 and 40 mg/mL to determine the maximum
mass of nanoparticles that can be loaded into the nanofibrous scaffolds. After that, the
nanoparticles/PEO mixture was added to 1.7 mL of 6.5% (w/v) chitosan solution in 1 M acetic
acid. Based on this, the theoretical nanoparticle load in the nanofibrous scaffold to be
synthesized ranged from 4.0 — 14.2% wi/w (5 — 20 mg nanoparticles per 110 mg chitosan and
11 mg PEO). The materials were then mixed at room temperature using a laboratory magnetic
stirrer set to 100 rpm for 2 hours. For the preparation of nanofibrous scaffolds carrying
unencapsulated protein molecules, the PEO was dissolved in 0.5 mL deionized water
containing either 25 pg lysozyme or 10 pg SDF-lo to match the protein load in the
nanoparticles prior to mixing with the 6.5% (w/v) chitosan solution. The homogenized
materials were subsequently transferred into a 10 mL HSW SOFT-JECT® disposable plastic
syringe (Henke-Sass, Wolf GmbH, Tuttlingen, Germany) with a luer slip tip that was fixed
with a 21 G x 1% inch blunt-ended needle. The syringe was then left to stand for another 2

hours for degassing.

For the electrospinning step, the syringe containing the protein-loaded nanoparticles, PEO and
chitosan was carefully mounted onto a syringe driver (KD Scientific, Holliston, MA, USA)
with the tip of the needle positioned 17 cm away from the collector plate. The syringe driver
was used to control the flow rate of the materials at 0.78 mL/hour. To produce nanofibers, a
Spellman SL10® high voltage generator (Spellman High Voltage Electronics Corp.,
Hauppauge, NY, USA) was used to apply a potential difference of 30 kV between the needle
and the collector plate for 165 minutes. The nanofibers were deposited onto a piece of
aluminum foil covering the collector plate to facilitate the subsequent retrieval of the

electrospun scaffold.
2.3.2. Characterization of nanoparticle-containing nanofibrous scaffolds

The thickness of the nanofibrous scaffolds were measured using a Kaefer Dial Gauge (Kaefer

Messuhrenfabrik GmbH, Villingen-Schwenningen, Germany).
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The composition of the nanofibrous scaffolds was determined using attenuated total
reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy. ATR-FTIR spectra were
recorded using a Nicolet iIS5® spectrometer (Thermo Fisher Scientific) with a spectral

resolution of 4 cm™.

The morphology of the nanofibrous scaffolds was observed using SEM (JSM 840A, JEOL)
and transmission electron microscopy (TEM) (JEM 1400, JEOL). For SEM, the nanofibrous
scaffolds were coated with a 5 nm platinum layer prior to observation. Fiber diameter
measurements were then performed using the ImageJ software (NIH, USA) on 30 randomly-
selected fibers in a SEM image. Three SEM images were analyzed for each sample. For TEM,
nanofibers were collected on a copper grid (Gilder Grids, Grantham, UK) placed in front of the
collector plate for about 3 seconds during the electrospinning process and observed without

any coating.

To investigate whether the electrospinning process contributes to any protein denaturation, 2
mL of 1 M acetic acid solution was added to the nanofibrous scaffolds to dissolve the
nanofibers and subsequently release the protein-loaded nanoparticles. After 1 hour, 4 mL of 1
M NaOH solution was added gradually to increase the basicity of the mixture (to pH>13) to
induce the precipitation of the chitosan molecules as well as the dissolution of the
nanoparticles. After another 1-hour incubation, the mixture was centrifuged at 9,500 x g for 30
minutes to spin down the chitosan precipitates. 2 mL of the supernatant was kept for use in the

protein quantification assays described in Section 2.7.
2.4. Stabilization of the nanofibrous scaffolds

To reduce the solubility of the nanofibrous scaffolds in physiological media, the charged amino
groups of chitosan in the nanofibers were deprotonated [38,39]. To achieve this, the
nanofibrous scaffolds were treated sequentially with absolute ethanol for 5 minutes and then
0.1 M NaOH for 30 seconds, followed by three times washing with 0.1x phosphate-buffered
saline (PBS). The scaffolds were then dried under reduced pressure for 16 h.

2.5. In vitro scaffold degradation study

Stabilized nanofibrous scaffolds were cut into quarters of approximately 25 mg in mass. The
scaffold pieces were then incubated separately in 2 mL of 0.05 M Tris-HCI buffer solution (pH
7.4) supplemented with 0.15 M NaCl, 20 pg/mL lysozyme and 1 mg/mL bovine serum albumin
(BSA) at 37 °C. At each pre-defined time point, three scaffold pieces were removed from their
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respective buffer solution and dried under reduced pressure for 16 h. The dried scaffold pieces
were then weighed, and the % of scaffold mass degraded throughout the incubation period was

calculated using Equation (3).

mass before incubation-mass after incubation

% of scaffold mass degraded = x 100% Equation 3

mass before incubation

2.6. In vitro protein release study

The in vitro protein release study was conducted on the protein-loaded nanoparticles,
nanofibrous scaffolds loaded with unencapsulated protein molecules and protein-loaded
nanoparticles incorporated into a nanofibrous scaffold. Protein-free nanoparticles and
nanofibrous scaffolds were used as controls. All nanofibrous scaffolds were stabilized prior to
use. Nanoparticles and whole scaffolds were incubated separately in 2 mL of 0.05 M Tris-HCI
buffer solution (pH 7.4) supplemented with 0.15 M NaCl and 1 mg/mL BSA at 37 °C. At each
pre-defined time point, 1.5 mL of the buffer solution was collected and replaced with fresh
buffer. For the nanoparticle samples, the dispersion was centrifuged at 9,500 x g for 30 minutes
to spin down the nanoparticles and 1.5 mL of the supernatant was subsequently collected and
replaced with fresh buffer. The quantification of protein molecules in the collected samples

was conducted as described in Section 2.7.
2.7. Protein quantification

2.7.1. Quantification of lysozyme

Lysozyme was quantified using the turbidity reduction assay as described by Hassani and
colleagues [40]. Briefly, 100 puL of lysozyme-containing sample was added to 2.9 mL of
0.015% (wi/v) Micrococcus lysodeikticus suspension in 0.05 M Tris-HCI buffer solution (pH
7.4). The assay mixture was then incubated at 37°C to allow the lysozyme molecules to lyse
the M. lysodeikticus cell walls. After 4 hours, the absorbance at 450 nm was measured. To
construct a standard curve, lysozyme solutions of concentration ranging from 100 to 1000
ng/mL were also assayed. Each sample was diluted with 0.05 M Tris-HCI buffer solution (pH
7.4) by several dilution factors to obtain absorbance readings that were within the standard

curve range.
2.7.2. Quantification of SDF-1a

SDF-1a was quantified using an enzyme-linked immunosorbent assay (ELISA) as per

supplier’s instructions (R&D Systems, Lille, France). Briefly, a Nunc Maxisorp® 96-well
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microplate (Thermo Fisher Scientific) was incubated overnight with SDF-1a capture antibody
solution to coat the wells. The plate was then washed with 0.05% (w/v) Tween® 20 in 1x PBS
(pH 7.4). To prevent any non-specific protein binding during sample incubation stage, the plate
was subsequently incubated with 10 mg/mL BSA solution in 1x PBS (pH 7.4) for 1 hour. After
washing, SDF-1a-containing samples and the provided SDF-1a standard pre-diluted with 10
mg/mL BSA solution in 1x PBS (pH 7.4) were added to the wells for a 2-hour incubation.
Following another wash, the wells were incubated with detection antibody solution for 2 hours.
The plate was washed again prior to a 20-minute incubation with streptavidin-horseradish
peroxidase solution. The final washing step was carried out and the plate was then incubated
with the substrate solution for another 20 minutes. The enzymatic reaction was subsequently
terminated by adding 1 M sulfuric acid solution and the absorbance at 450 nm was immediately

measured. All incubations were done at room temperature.
2.8. Assessment of SDF-1a bioactivity

SDF-1o bioactivity was assessed using an agarose drop migration assay [41]. Initially,
constitutively CXCR4-expressing U87-MG cells, as produced by Séhédic and colleagues [42],
were seeded into a 24-well flat-bottomed culture plate (Nunc, Strasbourg, France) at a density
of 1 x 10° cells per well and incubated with Dulbecco’s Modified Eagle’s (DME) medium
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. To enhance
cell adhesion, each well was previously treated with 500 pL of 10 pg/mL poly-D-lysine
hydrobromide (Sigma-Aldrich) solution for 15 minutes and subsequently washed with 1x PBS
three times. After 72 hours of incubation, the medium was replaced with deionized water to
lyse the cells. The wells were washed with 1x PBS after 20 minutes and the thin cell-derived
matrices coating the well surfaces were left to air-dry under laminar flow. Next, 2 uL of 1%
(w/v) solution of low gelling point agarose containing 1 x 10° CXCR4-expressing U87-MG
cells was deposited onto the center of each well and the plate was kept at 4 °C for 15 minutes
for the gelation step. Then, the cell-loaded agarose drop was covered with 400 puL of DME
medium (FBS-free, 1% penicillin/streptomycin) with or without 40 ng/mL SDF-1a. After 72
hours of incubation, the plan view of each well was captured using an optical microscope and
a built-in camera (AxioCam® ICm 1, Zeiss, Jena, Germany). The cell migration distance was
estimated by measuring the distance between the edge of the drop and the cell front on four
distinct sides of the drop using the ImageJ software. The measurements were subsequently

averaged to obtain a representative migration distance in each well. Three drops were assayed
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for each medium condition in each experiment. All incubations were done at 37 °C and 5%
CO..

2.9. In vitro cytocompatibility and cell adhesion assays

To exclude any potential proliferative effect of the protein load that may reduce the reliability
of the study results, only the nanofibrous scaffold loaded with blank nanoparticles and
unloaded nanofibrous scaffold were evaluated in these assays. The nanofibrous scaffolds were
cut into circular pieces of 10 mm in diameter and approximately 0.6 mg in mass to promote
ease of handling. All incubations were done at 37 °C and 5% CO: and the medium used was

always supplemented with 10% FBS and 1% penicillin/streptomycin.
2.9.1. In vitro cytocompatibility assay

The in vitro cytocompatibility of the nanofibrous scaffolds was assessed using the “scaffold
extract” method adapted from Wang and colleagues [43]. Five scaffold pieces were placed in
a well of a 24-well flat-bottomed culture plate (Nunc) containing 400 pL of DME medium and
incubated for 24 hours to produce the scaffold extract. Simultaneously, NIH3T3 cells (CRL-
1658™_ ATCC, Rockville, Maryland, USA) were seeded in a 96-well flat-bottomed culture
plate (Nunc) at a density of 5500 cells/well in 100 pL of DME medium and incubated for 24
hours. Then, the medium on the cells was replaced with 100 pL of the scaffold extract and the
cells were incubated for another 24 hours. As a positive control, 100 pL of fresh medium was
used in place of the scaffold extract. 10 pL of WST-1 reagent (Sigma-Aldrich) was
subsequently added into each well. After 2 hours of incubation, the number of viable cells was
estimated from the absorbance of the cleaved product of the tetrazolium salts in the WST-1
reagent, called formazan, which was measured at 450 nm using a ClarioStar® microplate
reader (BMG Labtech GmbH, Ortenberg, Germany). To estimate the background absorbance,
the WST-1 reagent was also added to wells containing either the scaffold extract or fresh
medium alone without any cells. All background-corrected absorbance values were normalized

to those of the positive control.
2.9.2. In vitro cell adhesion assay

The cell adhesion capacity of the nanofibrous scaffolds was studied using U87-MG cells (HTB-
14™ ATCC). Initially, 25 pL. of DME medium containing 10,000 cells was deposited on top
of a scaffold piece placed in a well of a 48-well flat-bottomed culture plate (Nunc). As a

positive control, the same number of cells was added to a well without any scaffold. After 1
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hour of incubation, another 275 uL of medium was added into the wells and the plate was
incubated for another 3 hours to allow the cells to adhere to the scaffold or well surfaces. Then,
the wells were washed with 1x PBS three times to remove any loosely-attached cells. After
another 24 hours of incubation in 300 pL of fresh medium, the cell viability on the scaffold
was evaluated using WST-1 reagent as described in Section 2.9.1. To ensure that the cells that
reacted with the WST-1 reagent were those that were attached to the scaffolds and not of any
colonies that formed on the well surface underneath, the scaffolds were transferred into new
wells containing 300 pL of fresh medium before adding 30 pL of WST-1 reagent. To determine
the background absorbance, the reagent was also added to cell-free wells containing DME
medium with or without a scaffold piece. For the absorbance measurement, 100 pL of medium

was transferred from each well to a 96-well plate 2 hours after the addition of WST-1 reagent.
2.10. Statistical analysis

All data were expressed as the mean =+ standard deviation of at least three experiments (n > 3).
When applicable, one-way ANOVA with Dunnet’s post-hoc test with a significance level of
0.05 was employed to detect any statistically significant difference existing between multiple
data groups. In the figures, * indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001
and **** indicates P < 0.0001.

3. Results

3.1. Characterization of protein-loaded nanoparticles

Nanoparticles were produced from PLGA and PEG-PLGA co-polymer using a phase
separation process to encapsulate the protein of interest. The synthesized nanoparticles were
mostly spherical (Figure 2) and uniform in size, as indicated by the low PDI values of the
nanoparticle formulations (Table 1), regardless of the type of protein encapsulated. The slightly
negative zeta-potential values can be explained by the presence of the hydrophilic PEG layer
on the surface of the nanoparticles that shields the negatively-charged carboxyl groups carried
by the hydrophobic PLGA forming the nanoparticle core. The nanoparticles were also highly-

efficient in encapsulating lysozyme and SDF-1a.
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Figure 2: Scanning electron microscopy of (A) lysozyme-loaded and (B) SDF-1a-loaded
nanoparticles.

Table 1: Average size, polydispersity index (PDI), zeta-potential (ZP) and encapsulation
efficiencies of lysozyme-loaded and SDF-1a-loaded nanoparticle formulations.

Encapsulated Average size Average PDI? Average ZP Encapsulation

protein (nm)?2 (mVv)® efficiency (%0)
Lysozyme 244 +11 0.14 £0.01 -41+07 96 +5
SDF-la 238+ 8 0.12 £ 0.01 35406 87 + 5

2 Purified nanoparticle dispersion was diluted to 100 pug/mL in deionized water prior to measurement
b Pyrified nanoparticle dispersion was diluted to 100 pg/mL in 0.01 M NaCl solution and the pH was
adjusted to pH 7 prior to measurement

3.2. Characterization of nanoparticle-containing nanofibrous scaffolds
3.2.1. Co-electrospinnability of chitosan and protein-loaded nanoparticles

The electrospinning process produced flat scaffolds of approximately 40 um thick after 165
minutes (Figure 3A). The presence of nanoparticles in the scaffolds was initially confirmed
using ATR-FTIR spectroscopy. ATR-FTIR spectra of scaffolds loaded with different
concentration of nanoparticles revealed the presence of a peak at 1758 cm™ (Figure 3B), which
is characteristic of the ester bonds present in the PLGA component of the nanoparticle. In
addition, as the nanoparticle load in the scaffolds was increased, the height of this peak

increased proportionately.

To gain an insight into the effect of different nanoparticle loads on the morphology of the
electrospun nanofibers, SEM and TEM images of the scaffolds were recorded. SEM images
revealed the presence of the nanoparticles within the nanofibers as “bulges” that were visible
along their lengths (Figure 3C), and these features became increasingly apparent as the
nanoparticle load was increased from 4.0 to 14.2% w/w. Further observation using TEM

confirmed the presence of spherical nanoparticles within these “bulges” (Figure 3D).
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Interestingly, at the highest nanoparticle load tested (14.2% w/w), the nanofibers were found
to be thinner (Table 2) and cut at random points. Therefore, the maximum load of protein-
loaded nanoparticles in the nanofibrous scaffolds for further experiments was limited to 7.6%
(w/w) (10 mg nanoparticles per 121 mg chitosan-PEO mixture) to preserve good co-

electrospinnability.
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Figure 3: (A) An example of nanofibrous scaffolds produced from the electrospinning process.
The scale placed on the left displayed length in centimeters. (B) ATR-FTIR spectra of
nanofibrous scaffolds with different nanoparticle loads. For each spectrum, the absorbance
values were normalized to their corresponding highest absorbance value, which was recorded
at 1557 cm™, to permit height comparison of the peak at 1758 cm™. (C) Scanning and (D)
transmission electron microscopy of nanofibrous scaffolds with different nanoparticle loads.

Table 2: Fiber diameter of nanofibrous scaffolds with different nanoparticle loads.

Nanoparticle load Fiber diameter before Fiber diameter after
stabilization (nm)? stabilization (nm)?
0 mg 249 + 49 263 £ 42
5 mg (4.0% wiw) 244 + 52
10 mg (7.6% wiw) 251 + 46 261 + 45
20 mg (14.0% wiw) 150 + 43

2 Only the parts of the nanofibers that were free of the “bulges” were measured

3.2.2. Effect of electrospinning on the biological activity of protein molecules

Using the turbidity reduction assay, 93 £ 6% of the lysozyme molecules extracted from the
nanofibrous scaffold containing lysozyme-loaded nanoparticles remained biologically active.
This fraction decreased to 58 + 4% when the lysozyme molecules were directly mixed with
chitosan prior to electrospinning, highlighting the importance of lysozyme encapsulation into
the nanoparticles on the preservation of its bioactivity. It was also confirmed that the
denaturation of the unencapsulated lysozyme molecules occurred mainly during the
electrospinning process and not during their extraction from the nanofibrous scaffold, as there
was negligible loss in their biological activity after successive incubations in 1 M acetic acid
solution, which was used to dissolve the chitosan/PEO nanofibers, and 1 M NaOH solution,
which was the solvent for the PLGA/PEG-PLGA nanoparticles.

To investigate whether SDF-1a was also susceptible to electrospinning-induced denaturation,
nanofibrous scaffolds containing either unencapsulated SDF-1a molecules or SDF-1a-loaded
nanoparticles were prepared. Using ELISA, there was no difference in the % recovery of SDF-
la from both types of scaffolds (94 + 5% and 92 + 4% from scaffolds loaded with
unencapsulated SDF-l1a molecules and those containing SDF-la-loaded nanoparticles
respectively). When the biological activity of the recovered SDF-1a molecules were assessed
using the agarose drop migration assay, the distance of migration of CXCR4-expressing U87-

MG cells induced by the SDF-1a molecules that was electrospun unencapsulated was similar
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to that induced by their encapsulated counterpart (Figure 5C), suggesting that SDF-1a was

more resistant to electrospinning-induced denaturation than lysozyme.
3.2.3. Stabilization of nanoparticle-containing nanofibrous scaffolds

The changes in the composition of the nanoparticle-containing nanofibrous scaffolds after the
stabilization step were investigated using ATR-FTIR spectroscopy (Figure 4A). The procedure
successfully deprotonated the chitosan amino groups as evidenced by the appearance of a peak
at 1592 cm™*, which correlated to the N-H stretching of the NH, groups. The neutralization of
the chitosan amino groups was accompanied by the disappearance of the peaks at 1557 and
1406 cm™ originating from the asymmetric and symmetric stretching of the carboxylate
component of acetate ions. In addition, the neutralization procedure increased the visibility of
several chitosan characteristic peaks that were partially masked by the presence of the acetate
ions. These include the trio of peaks at 1420, 1377 and 1322 cm* that represented CH, bending,
CHz deformation and CH bending/CH> wagging respectively [44,45]. However, the peak at
1758 cm that is characteristic of an ester bond as mentioned earlier remained visible after the
stabilization procedure, suggesting that the PLGA/PEG-PLGA nanoparticles were not
significantly degraded by the 0.1 M NaOH neutralizing solution.

Using SEM, some degree of swelling can be observed in the stabilized nanofibers. However,
the scaffold retained its overall nanofibrous morphology (Figure 4B).
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Figure 4. (A) ATR-FTIR spectra of a nanofibrous scaffold containing 10 mg NP load (7.6%
w/w) before and after stabilization. (B) Scanning electron microscopy of the stabilized
nanoparticle-containing nanofibrous scaffold.

3.3. In vitro protein release study

3.3.1. In vitro lysozyme release
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The release of lysozyme from (i) the lysozyme-loaded nanoparticles, (ii) the nanofibrous
scaffold loaded with unencapsulated lysozyme molecules and (iii) the lysozyme-loaded
nanoparticles incorporated into a nanofibrous scaffold is shown in Figure 5A. Consistent with
our previous finding, a steep initial release curve that plateaued after 3 days was obtained in
the first case. A similar release profile was also observed in the second case, indicating that a
direct dispersion of lysozyme molecules within the nanofibrous scaffold did not prevent the
huge initial burst release. After 6 hours, 39% of the bioactive unencapsulated lysozyme load
was released. Then, the release tailed off drastically between 6 and 120 hours and became
negligible thereafter. Interestingly, in the third case, a more sustained release profile was
observed. The scaffold loaded with lysozyme-loaded nanoparticles released only 11% of its
bioactive lysozyme load after 6 hours. This was followed by gradual release that persisted up
to day 35.

3.3.2. In vitro SDF-1a release

SDF-1a release profiles were similar to those observed with lysozyme, with the nanofibrous
scaffold containing SDF-1a-loaded nanoparticles providing sustained release up to day 35
(Figure 5B).

The bioactivity of the SDF-1a molecules released from the nanofibrous scaffolds was assessed
using the agarose drop migration assay. Release samples on day 4 from the nanofibrous
scaffold loaded with unencapsulated SDF-1a molecules and day 20 from the nanofibrous
scaffold containing SDF-1a-loaded nanoparticles were tested. These time points were chosen
because the decrease in release rate and the periodic refreshment of the release medium caused
the amount of SDF-1a collected after these time points to be insufficient to achieve the optimal
working concentration for the migration assay. SDF-1a molecules released from both scaffolds
induced similar distances of CXCR4-expressing U87-MG cell migration compared to their
pristine counterpart (Figure 5C), suggesting that their biological activity was retained during

the release process regardless of whether they were encapsulated into nanoparticles or not.
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Figure 5: (A) Cumulative release of lysozyme with respect to the amount of bioactive
lysozyme retrievable from each sample (as quantified using the turbidity reduction assay). (B)
Cumulative release of SDF-1a with respect to the amount of SDF-1a retrievable from each
sample (as quantified using ELISA). (C) The distance of migration of CXCR4-expressing U87-
MG cells induced by the SDF-1a-free medium (Blank), and medium supplemented with 40
ng/mL SDF-la (native SDF-la or those extracted after electrospinning/released from
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nanofibrous scaffolds carrying either unencapsulated SDF-10 molecules (SDF-1a-NF) or SDF-
la-loaded nanoparticles (SDF-1a-NP-NF)). Statistical analysis was conducted to detect any
significant difference (P < 0.05) between the multiple data groups. **** indicates P < 0.0001.
(D) Representative images of CXCR4-expressing U87-MG cell-loaded agarose drops after 72-
hour incubation with SDF-1a-free medium (top left) or medium containing 40 ng/mL native
SDF-1la (top right) or SDF-1a extracted after electrospinning (bottom left)/released (bottom
right) from the nanofibrous scaffold containing SDF-1a-loaded nanoparticles.

3.4. Scaffold degradation study

The degradation of the nanofibrous scaffolds was assessed by monitoring the loss of scaffold
mass throughout their incubation in a buffer solution supplemented with chitosan-degrading
lysozyme. The degradation profiles were similar regardless of whether the scaffolds were
loaded with blank nanoparticles or not. Despite losing over 10% of their original mass after 5
weeks of incubation (Figure 6A), the scaffolds retained their nanofibrous structure as observed
under SEM (Figure 6B).
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Figure 6: (A) Percentage of original scaffold mass degraded with time of incubation in 0.05
M Tris-HCI buffer solution (pH 7.4) supplemented with 20 pg/mL lysozyme for the unloaded
nanofibrous scaffolds (NF) and those loaded with 10 mg blank NP (Blank NP + NF). (B) SEM
images of the unloaded nanofibrous scaffold (left) and the one loaded with 10 mg blank NP
(right) after 5 weeks of incubation.
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3.5. In vitro cytocompatibility and cell adhesion study

After a 24-hour treatment with medium pre-incubated with nanofibrous scaffolds loaded with
blank nanoparticles or not, no cytotoxicity was observed (Figure 7A), indicating that the
leachables from both scaffold types were well-tolerated by the NIH3T3 cells. In addition to
their excellent cytocompatibility, the scaffolds were also capable of retaining U87-MG cells
cultured on them. Although there were fewer cells on the scaffolds compared to the number of
cells adhered to the cell culture plate surface after the same adhesion time (Figure 7B), U87-
MG cells could spread well on the scaffold surface by extending their pseudopodia to maximize

cell-scaffold interactions (Figure 7C,D).
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Figure 7: (A) % viability of NIH3T3 cells treated with medium pre-incubated with either
unloaded nanofibrous scaffolds (NF) or those loaded with 10 mg blank NP (Blank NP + NF)
normalized to the viability of cells treated with fresh medium (control). (B) Absorbance at 450
nm proportional to the number of U87-MG cells attached to the surface of cell culture plate
(CCP), NF and Blank NP + NF. Statistical analysis was conducted to detect any significant
difference (P < 0.05) between the multiple data groups. * indicates P < 0.05. (C) SEM images
showing the morphology of U87-MG cells attached to the surface of NF (left) and Blank NP +
NF (right).

4. Discussion
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Chemokines such as SDF-1a can mobilize cancer cells from their respective primary tumor
locations towards proximal or distant colonizable sites by making them migrate up the
chemokine concentration gradient. The implantation of SDF-1a-secreting scaffolds therefore
opens up the possibility of trapping these cells for subsequent selective killing procedures. This
approach is highly relevant for treating cancers capable of metastasis, as the SDF-1a-secreting
scaffolds can divert the cancer cells away from their conventional metastatic niches and disrupt
the natural cancer progression. More importantly, for cancers with high rates of local relapse
due to an incomplete primary tumor removal such as glioblastoma, the trapping strategy can
be used to eradicate the residual cancer cells and therefore prevent tumor recurrence. Recently,
it was reported that a chemoattractant-loaded membrane could attract glioblastoma cells in
vitro, despite the presence of several limitations that might have impaired the trapping capacity
of the device, including short duration of chemoattractant release [61]. In this work, we
developed scaffolds capable of providing sustained release of SDF-1a in its bioactive form
with excellent cytocompatibility and capacity to interact with human glioblastoma cells, which

are intended for future implantation into the tumor resection cavity in the brain.

To achieve sustained SDF-1a release, the chemokine was encapsulated into biodegradable
PLGA/PEG-PLGA nanoparticles, which were subsequently incorporated into nanofibrous
scaffolds by electrospinning. Regarding the first step, the use of an amphiphilic co-polymer
and the straightforward phase separation technique in this study yielded particles of mostly
uniform shape and size that favor their incorporation into nanofibrous scaffolds. For the
subsequent electrospinning process, chitosan was the material of choice for making the
nanofibrous scaffolds due to its unique physicochemical properties. Up to a nanoparticle load
of 10 mg (7.6% (w/w)), uniform chitosan nanofibers can be obtained in the presence of PEO
at a concentration of approximately 8.8% of the total PEO/chitosan mass in the electrospinning
mixture. The requirement for such a low concentration of the biologically-inert PEO ensures
that the electrospun scaffolds were predominantly characterized by the useful biological
properties of chitosan, including excellent cancer cell adhesion [46] and slow biodegradation
[47], which was subsequently proven in our in vitro studies. However, when the nanoparticle
load was increased to 20 mg, beaded nanofibers of smaller diameter were produced. It was
likely that the large number of negatively-charged nanoparticles interacting with the positively-
charged chitosan molecules reduced the hydrogen bond interactions and chain entanglement
between the chitosan and PEO molecules, leading to the formation of thin fibers with beaded

morphology as reported in the literature [33]. Despite this, we have shown that our
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electrospinning setup can ensure uniform incorporation of up to 10 mg of nanoparticles into a
nanofibrous scaffold made of 110 mg of chitosan and 11 mg of PEO that is likely to be critical
for sustained SDF-1a release. As long as this nanoparticle loading limit is not exceeded, the
developed method can also produce uniform nanofibers capable of providing a robust

anchoring platform that is suitable for the adhesion of glioblastoma cells.

As described earlier, the electrospinning step involves the use of high voltage to generate
nanofibers. A strong electric field is needed to induce repulsions between the charged
components in a polymer solution to overcome the surface tension of the liquid that is necessary
for the Taylor cone formation and subsequent fiber deposition on the collector plate [48]. This
harsh processing condition presents a significant barrier to the incorporation of protein
molecules into electrospun scaffolds. Using lysozyme as a model protein, we have shown that
high voltage can denature more than 40% of the protein molecules that were electrospun
directly without any prior encapsulation step. In contrast, the electrospinning process inflicted
negligible loss of biological activity on lysozyme molecules that were pre-encapsulated into
nanoparticles. The protective effect of protein encapsulation may be explained by the
immobilization of the protein molecules within the polymer matrix of the nanoparticles. In an
electric field, dipole moments arising from individual domains within a protein molecule will
be forced to align themselves along the applied field [49-51]. The movement of the polarized
domains can alter the overall protein structure that may result in a loss of biological activity
[52-54], particularly for enzymes such as lysozyme with a sensitive substrate binding site
[55,56]. Differently, encapsulated lysozyme molecules have limited conformational mobility
due to their steric and electrostatic interactions with the polymer constituents of the
nanoparticle, preventing them from undergoing structural changes that can compromise their
enzymatic activity. However, we also observed that SDF-1a retained its biological activity
after the electrospinning process regardless of whether it was encapsulated or not. Although it
was not possible to accurately quantify the proportion of bioactive SDF-1a. due to the semi-
quantitative nature of the agarose drop migration assay, it is probable that SDF-1a is more
resistant to electrospinning-induced denaturation than lysozyme. This could be due to the
difference in the secondary structure of these two proteins. Based on the information from
Protein Data Bank (PDB 1DPX; PDB 2KEE), lysozyme possesses seven helices as opposed
to two of SDF-1a. Helical domains are characterized by large net dipole moments due to their
unidirectionally-aligned peptide dipoles [57,58], making them very reactive to an external

electric field. In fact, lysozyme has been reported to unfold irreversibly upon exposure to an
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electric field of a strength as low as 300 V m™ [56]. Considering the much stronger electric
field applied in this study, it is plausible that lysozyme unfolded more extensively than SDF-

la when these proteins were electrospun unencapsulated.

After neutralizing the charged amino groups in the nanofibrous scaffolds to improve their
stability in physiological media, we observed that scaffolds containing SDF-1a-loaded
nanoparticles can sustain the release of SDF-1a for a longer duration than SDF-1a-loaded
nanoparticles alone and scaffolds containing unencapsulated SDF-1a molecules. This may be
explained by the two-stepped process involved in the release of SDF-1a from the scaffolds
containing SDF-1a-loaded nanoparticles. SDF-1a molecules would have to first diffuse out of
the nanoparticles into the nanofibers before they could be released into the surrounding
medium. The first stage of the diffusion process is likely to be rate-limiting as the positively-
charged SDF-1a molecules would have to overcome their electrostatic interactions with the
negatively-charged carboxyl groups of PLGA in the nanoparticles [59]. These interactions can
be disrupted by cations such as Na* [60] that were present at a physiologically-relevant
concentration in the release medium on the condition that they first have to diffuse through the
nanofiber to make contact with the nanoparticles. Based on this assumption, it was not expected
that SDF-1a release could still be observed immediately after incubation in the release medium.
A potential explanation for this observation is that some large nanoparticles that were not
completely embedded in the nanofibers, as visualized under SEM and TEM, were releasing
part of their SDF-1a load immediately upon direct contact with the release medium. This stage
of minimal burst release was then followed by the two-staged diffusion of SDF-1a from the
parts of the nanoparticles that were better embedded in the nanofibers as discussed above,
contributing to gradual SDF-1a release. In fact, the 5-week SDF-1a. release period observed in
this work is likely to provide a longer time window for glioblastoma cell trapping compared to
the 2-day protein release duration achieved with the chemoattractant-loadable membranes

developed by Autier and colleagues for a similar purpose [61].

To study the degradation of the nanofibrous scaffolds, lysozyme was the enzyme of choice as
chitosan is hydrolyzed in vivo mainly via the action of this enzyme [62]. However, despite the
exposure to lysozyme at a concentration comparable to the cerebrospinal fluid lysozyme levels
of 1 — 14 pg/mL [63,64], the nanofibrous scaffolds remained mostly intact at the end of the
degradation study. The slow degradation rate can be explained by the high degree of
deacetylation (~80%) of the chitosan used to prepare the scaffolds. As lysozyme degrades

chitosan by targeting its acetylated residues [65], the degradation rate generally decreases with
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an increasing degree of chitosan deacetylation [66,67]. The high stability of the scaffolds will
be beneficial for holding the SDF-1a-loaded nanoparticles in place during the gradual SDF-1a
release process to permit the establishment of a local SDF-1a concentration gradient that is
necessary for the chemotactic attraction of glioblastoma cells. In addition, the scaffolds’
nanofibrous feature was observed to be unaffected by their slow degradation rates. It has been
well-reported that surface structure significantly influences the extent of cell adhesion, and
scaffolds with three-dimensional nanofibrous topography retain cancer cells to a greater degree
than two-dimensional flat films [68]. As such, the highly-robust nanofibrous structure suggests
that our scaffolds can provide an excellent cell-anchoring platform to retain the attracted
glioblastoma cells until the subsequent killing step. Despite this, there was minimal cell
infiltration into the scaffolds due to the compact arrangement of the nanofibers. In the future,
should it become necessary to increase cell infiltration into the scaffolds to improve their cell
trapping capacity, post-electrospinning treatments such as ultrasonication may be used to
loosen the dense fiber network and increase pore size [69]. Furthermore, slow-degrading
chitosan scaffolds have also been reported to be more biocompatible than their fast-degrading
counterparts due to the slower production of pro-inflammatory degradation products [70]. This
property, coupled with the absence of cytotoxic leachables from the scaffolds observed in our
cytocompatibility study, may help to diminish the risk of an unfavorable immune or
toxicological response during the several weeks of implantation period that will be necessary
for maximizing the trapping of glioblastoma cells.

5. Conclusion

This study reports on the development of chitosan-based nanofibrous scaffolds containing
SDF-1a-loaded PLGA-based nanoparticles to achieve sustained release of SDF-1a. To the best
of our knowledge, this is the first example of the use of such a composite polymer-based vehicle
for local delivery of protein molecules. Thus, the usability of these scaffolds in delivering
proteins of similar physicochemical characteristics to SDF-1a should be explored. More
importantly, as the scaffolds demonstrated excellent in vitro cytocompatibility and capacity to
support the adhesion of glioblastoma cells, it is justifiable to proceed to the in vivo assessment
of their safety profile. Ultimately, after the removal of the bulk tumor from the brain, the
implantation of the scaffolds into the tumor resection cavity seems to hold great promise as an

efficient cancer cell trap for the residual glioblastoma cells.
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4.3.2. Unpublished results

In publication 2, the cytotoxicity of the nanofibrous scaffolds were assessed using the “scaffold
extract” method. This approach assumes that cytotoxicity can arise only from the leachable
elements of the scaffolds and does not address other mechanisms of cytotoxicity such as
contact-induced cytotoxicity. Using this method alone may lead to an overestimation of the
cytocompatibility of the scaffolds. Therefore, additional cytotoxicity assessments were
conducted by incubating the scaffolds directly on top of cell monolayers to obtain more
accurate cytocompatibility data. The direct incubation of the scaffolds with the cells was
allowed for up to 72 hours, in contrast to the shorter 24-hour limit tested in publication 2.
Furthermore, two additional cell lines in the form of Thp-1 macrophages and primary
astrocytes were also assayed to assess the compatibility of the scaffolds with cells that are more
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relevant to the physiology of the brain. Finally, in addition to the in vitro assessments, in vivo
studies were also conducted by implanting the scaffolds into the brain of healthy rats to assess
the potential toxicity/immunogenicity of the scaffolds as well as their tendency to degrade in

the brain environment.

4.3.2.1. Materials and methods

4.3.2.1.a. In vitro cytocompatibility assay (direct contact)

Contact-induced cytotoxicity of the nanofibrous scaffolds was assessed using NIH3T3 mouse
fibroblasts, human Thp-1 macrophages and rat primary astrocytes. Assays were conducted in
24-well cell culture plates (well diameter = 15.6 mm). All incubations were done at 37 °C and
5% CO, and DME medium supplemented with 10% FBS and 1% penicillin/streptomycin was

used throughout the assay unless stated otherwise.

Cells were prepared accordingly prior to the 24 or 72-hour period of incubation with the
scaffolds. NIH3T3 cells were seeded at a density of 40 x 10° and 10 x 103 cells/well for the 24
and 72-hour assay respectively and incubated in 500 L medium 24 hours before use. To obtain
Thp-1 macrophages, Thp-1 monocytes (TIB-202™, ATCC) were seeded at a density of 200 x
10% cells and 50 x 10° cells/well for the 24 and 72-hour assay respectively. The Thp-1
monocytes were incubated in 500 pL complete Roswell Park Memorial Institute (RPMI) 1640
medium (Sigma-Aldrich) supplemented with 80 nM phorbol 12-myristate 13-acetate (PMA)
(Sigma-Aldrich) for 24 h to induce their differentiation into macrophages. Following this, the
pMA-containing medium was replaced with fresh complete RPMI medium (without PMA) and
the cells were incubated for another 24 hours before use. Pure cultures of newborn rat primary
astrocytes were prepared from extracts of cerebral cortex using the mechanical dissociation
method as originally described [71]. Brain extract was homogenized, lyophilized and
reconstituted in cell culture medium before being added to the 24-well plate. The medium was

refreshed twice weekly for two weeks to obtain highly-pure cultures of primary astrocytes.

Prior to incubation with the cells, the nanofibrous scaffolds were cut into circular pieces of 10
or 14 mm in diameter, which correlated to a 2-fold difference in surface areas (79 vs. 154 mm?).
The scaffold pieces were washed with 1x PBS three times and incubated in the cell culture
medium for 15 minutes before being deposited onto the cell monolayer prepared in the 24-well
plate. Wells without scaffolds acted as control. After 24 or 72 hours of incubation, the medium
in each well was replaced with 500 pL fresh medium containing 44 uM resazurin. To estimate

the background fluorescence, the resazurin-containing medium was also added into three
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empty wells of the assay plate (without any cells). The plate was incubated for another 2 h.
Cell viability was estimated from the fluorescence intensity of the reduced product of resazurin,
called resorufin, which was measured using a ClarioStar microplate fluorometer (BMG
Labtech GmbH, Ortenberg, Germany) at 545 nm excitation and 600 nm emission. All
background-corrected fluorescence intensity values were normalized to those obtained with the

control wells.

4.3.2.1.b. In vivo implantation of nanofibrous scaffolds into rat brain cortex

Fischer female rats aged 8-10 weeks were obtained from Janvier Labs (Le Genest-Saint-Isle,
France). The protocol was approved by the Ethical Committee for Animal Experimentation of
Région Pays de la Loire (authorization number #2015.20). Animals were anesthetized by
intraperitoneal injection of a mixture of ketamine (100 mg/kg) and xylazine (13 mg/kg) and
positioned in a Kopf stereotaxic instrument. A 10 mm-long incision was made along the
midline to create access to the surface of the skull. Following this, a burr hole was drilled into
the skull using a high-speed drill to expose the brain tissues underneath. A portion of the brain
cortex was then cut using a biopsy punch device and subsequently removed using vacuum
suction to create a cavity that was approximately 3 mm wide and 2 mm deep. To facilitate the
scaffold implantation process, the nanofibrous scaffolds (containing 10 mg blank
nanoparticles) were rolled and cut into cylinders with a similar dimension as the cavity in the
brain. In fact, the dimension of the cylinders was slightly different between the short-term and
the long-term studies. For the short-term study, the cylinders were 2 mm wide and 2 mm tall.
After observing that the scaffolds did not swell significantly upon implantation into the cavity,
larger cylinders (3 mm wide and 2.5 mm tall) were used for the long-term study (Figure 4.1A).
Following the implantation of the scaffold into the cavity (Figure 4.1B), the wound was
sutured, and the rats were allowed to awaken without any further intervention. All rats became
fully conscious and active between 1 and 2 hours after surgery and did not display any sign of
distress. In control rats, the same surgical procedure was also performed, but no scaffold was
implanted. Two groups of rats were set up non-concurrently: one group, consisted of 6 rats (3
implanted with scaffolds and 3 controls), was intended for the short-term study (sacrificed after
7 days) while the other group, consisted of 8 rats (4 implanted with scaffolds and 4 controls),

was intended for the long-term follow-up (sacrificed after 100 days).
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Figure 4.1: (A) The dimension of the scaffolds used in the short-term (left pair) and long-term
(right pair) in vivo biocompatibility studies. (B) The left image shows the global view of the
surgical setup for the opening of the skull of an anesthetized animal to enable scaffold
implantation while the right image provides an enlarged view of the cavity (with the implanted
scaffold).

4.3.2.1.c. Invivo MRI
MRI analysis was performed on D1 and D7 for the short-term study and D7, D50 and D100

for the long-term study, with a Bruker Biospec 70/20 system operating at 7 T, under isoflurane
(0.5% 1 L/min O2) anesthesia, with the monitoring of respiratory parameters. T2-weighted
images were acquired with a multispin echo sequence [FOV = 35 x 35 mm, 7 axial 0.8 mm
slices (gap = 0.3 mm), matrix 256 x 256, TR =25, 25 TE =8, 16, 24. . .200 ms, one average].
The volume of the scaffolds was measured by manually drawing the region of interest on the

generated T2 maps.

4.3.2.1.d. Histological analysis

Histological analysis of the brain tissues was performed at one week and 100 days after

implantation of the nanofibrous scaffolds. At each of these two time points, the rats implanted
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with the scaffold as well as the control rats were sacrificed. The removed brains were fixed in
formalin for 10 days. After that, the brains were cut into sections of 30 pum thickness and stained

with hematoxylin, phloxin and saffron.

4.3.2.2. Results and Discussion

4.3.2.2.a. In vitro cytocompatibility of nanofibrous scaffolds

Regardless of the surface area, both types of nanofibrous scaffolds (with and without blank
nanoparticles) were not highly toxic on any of the three cell lines tested (Figure 4.2). This result
was not surprising considering the well-reported biocompatibility of chitosan-based constructs
[72-75]. At the 24-hour limit, the lowest % viability recorded was 80% and this value
decreased to 68% at the 72-hour limit. These figures were recorded when the larger-sized (154
mm?) nanoparticle-free scaffolds were put in contact with NIH3T3 fibroblasts, which are
known to be highly sensitive to chemical induce-toxicities [76]. It is worth mentioning that
among the three cell lines tested, the brain-resident primary astrocytes appeared to be the most
resistant against any toxic effects of the scaffolds. This observation provides early evidence for
the safe use of the nanofibrous scaffolds in the brain.
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Figure 4.2: Effect of different size of unloaded nanofibrous scaffolds (NF) and those loaded
with 10 mg blank NP (NF+NP) on the viability of NIH3T3 cells, Thp-1 macrophages and
primary astrocytes after (A) 24-hour and (B) 72-hour incubation.

4.3.2.2.b. In vivo degradation and biocompatibility of nanofibrous scaffolds

At the time of writing, only the results from the short-term in vivo study were available for
analysis and discussion. The results for the long-term study will be presented upon the

completion of the follow-up period.

By monitoring the changes in the scaffold volume using MRI (Figure 4.3), it can be inferred
that the nanofibrous scaffolds did not suffer significant degradation during the 7-day
implantation period. This observation is well in line with the slow degradation rate of the
scaffolds seen previously in vitro. Based on these results, the scaffolds may support prolonged
duration of GBM cell trapping by acting as a stable reservoir for gradual SDF-1a release as
well as by serving as a durable matrix to retain the recruited cells. The latter contribution is

especially important as premature scaffold degradation may increase the risk of GBM cells
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being released back into the brain after their recruitment, which reduces the purpose of the

scaffold to merely a “relay site”, instead of a trap, for the GBM cells.
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Figure 4.3: (A) Representative MRI images on day 1 and day 7 after scaffold implantation.
(B) Changes in the scaffold volume against the duration of implantation. The dotted line
indicates the calculated dry volume of the scaffolds (6.3 mm?®). Paired t-test revealed no
significant difference between the mean scaffold volume at day 1 and day 7 (p = 0.10).

Histological analyses revealed that the nanofibrous scaffolds induced a strong inflammatory
response at the implantation site. Such an observation could be explained by the fact that the
scaffolds consisted mostly of chitosan, a material that is foreign to the animals used in the
study. Resident macrophages, such as microglia in the brain, are known to respond to foreign
entities by releasing large amounts of inflammatory cytokines to recruit several types of
immune cells from the blood stream [77]. Among these cells, polymorphonuclear neutrophils
(PMN) are the first immune cells to populate the site of inflammation [78,79]. As PMNs

constitute the most abundant group of immune cells, they can be recruited in large numbers
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[80]. This explained why such a dense population of PMNs was seen at the implantation site
as well as within the scaffolds (Figure 4.4). In the absence of an implanted scaffold, the extent
of infiltration of PMNSs into the resection cavity was much less (Figure 4.5). This suggests that
it was the present of foreign materials that contributed to the strong immune response, not the
tissue injuries inflicted by the surgical procedure. The main purpose of PMNSs during early
stages of inflammation is to clean up the implantation site [79]. In control rats, they rapidly
phagocytosed the dead cells and debris at the surgical site and disappeared afterwards due to
their short life-span [81]. However, in the implanted rats, PMNs were continuously being
recruited to the site of implantation as they were unable to phagocytose the large foreign bodies
[82]. Alongside PMNSs, circulating monocytes can also infiltrate the site of inflammation as
part of the innate immune response. As these group of cells leave the circulation and enter the
tissues, they differentiate into macrophages [80]. Furthermore, lymphocytes can also be
recruited during the course of an inflammatory cascade, marking the start of the adaptive
immune response [78,82]. Both macrophages and lymphocytes were present in the histological
samples prepared from both the implanted and control rats, especially at the border of the
resection cavity where network of blood vessels from which these cells originate can be

located.
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Figure 4.4: Histological sections of the brain of rats implanted with nanofibrous scaffolds. The
top image provides a global overview of the scaffold implanted into the cavity created in the
cortex. Lower images are magnifications of the region at the border of the resection cavity (1),
the cavity space (2) and the inside of the implanted scaffold (3). Polymorphonuclear
neutrophils (characterized by their multi-lobed, dark-stained nuclei) could be seen to
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extensively infiltrate the cavity space as well as the implanted scaffold. Lymphocytes (round
nuclei) and macrophages (characterized by their large size) were present near the cavity border.
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Figure 4.5: Histological sections of the brain of rats subjected to the surgical procedure without
any scaffold implantation. The top image provides an overview of the resection cavity created
in the cortex while the lower image is a magnification of the region at the border of the resection
cavity.

Despite the strong immune response induced by the scaffolds, all implanted rats did not show
any signs of deterioration during the 7-day study period. However, it is worth noting that the
extensive infiltration of PMNs at the implantation site may hint for future recruitment and
activation of fibroblasts, which are capable of depositing Type | and Type Ill collagen to
facilitate tissue repair [80]. The presence of a slow-degrading implant at the site of injury may
interfere with the repair process and induce excessive collagen secretion from the fibroblasts
and immune cells such as the M1 macrophages [79]. This can then lead to formation of fibrotic
tissues that encapsulate the entire implant [79,80]. Should this happen, cell infiltration into the
implant will diminish, compromising the GBM cell trapping capacity of the scaffold. However,
little can be concluded until the results from the long-term follow-up are made available.
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4.4. CONCLUSION OF CHAPTER 4

In this part of the study, SDF-1a-loaded PLGA/PEG-PLGA nanoparticles were incorporated
into chitosan nanofibers by electrospinning to obtain scaffolds that could provide sustained
SDF-1a release. Chitosan was used as the main constituent polymer in the preparation of the
nanofibrous scaffolds for several reasons. First, it is readily soluble in mildly-acidic polar
solvents such as dilute organic acid solutions. Using these solvents, the PLGA/PEG-PLGA
nanoparticles could retain their integrity when dispersed in the chitosan solution prior to co-
electrospinning. Solubilization of chitosan in acidic solvents is mediated by the protonation of
the weakly-basic amino groups present in this polymer. The cationic property of solubilized
chitosan can permit electrostatic interactions with the negatively-charged PLGA/PEG-PLGA
nanoparticles to facilitate the production of nanoparticle-loaded nanofibers, further justifying
the use of chitosan as a polymer for electrospinning in this work. More importantly, nanofibers
made from chitosan can be turned water-stable using a simple deprotonation treatment without
the use of any chemical cross-linker. The stabilized chitosan nanofibers, as shown in this work,
degrade slowly to prolong the duration of SDF-1a release and thus the time window for GBM

cell trapping.

For a scaffold to function optimally as a GBM cell trap in vivo, it should support the adhesion
of GBM cells that have been recruited by chemotaxis. We observed that U87-MG cells seeded
on the chitosan-based scaffolds developed in this study could adhere well to the scaffolds’
nanofibrous surface. The large surface area afforded by the fibrous topography is known to be
useful for promoting cell-scaffold interactions. However, despite their excellent capacity in
supporting cell attachment, cell infiltration into electrospun constructs have often been reported
to be poor. This problem has been well-documented in tissue engineering and regenerative
applications of electrospun scaffolds. The sub-micron pores and densely compacted fibers in
these scaffolds can present significant barriers to cell infiltration, preventing the integration of
the scaffold into host tissues post-implantation. The same issue may limit the GBM cell
trapping capacity of electrospun scaffolds. Cell migration through a three-dimensional matrix
is governed by the capacity of the cells to remodel the matrix as well as their deformability.
Cancer cells often express high levels of matrix metalloproteinases (MMPs) to digest ECM
components such as collagen and laminin to facilitate their invasion into surrounding healthy
tissues. Considering that chitosan is not a native constituent of the ECM, it is unlikely that
cancer cells such as those of GBM can enzymatically degrade chitosan-based scaffolds to

infiltrate these constructs. On the other hand, the importance of matrix remodeling in the
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migration of cancer cells becomes less significant when the pore size of the matrix exceeds 7
um?. Cancer cells such as fibrosarcoma cells have been shown to be able to undergo
deformation to migrate through these spaces [83]. As mentioned in publication 2, post-
electrospinning treatments such as ultrasonication may help to loosen up the densely
compacted fibers and thus increase the porosity of electrospun scaffolds. Gas foaming is
another potentially useful treatment for this purpose. Electrospun scaffolds can be
mechanically kneaded with particles of carbonate salts such as NHsHCOz. Subsequent
treatment of the scaffolds with warm water generates CO: gas that flushes through the scaffolds
to increase their porosity [84]. The use of custom-made collectors has also been demonstrated
to be useful in producing electrospun scaffolds with a lower degree of fiber packing. A
hemispherical dish internally decorated with metal probes has been utilized to overcome the
high fiber packing density issue associated with conventional flat collectors. The improved
collector design could result in the production of electrospun scaffolds with an uncompressed,

cotton ball-like structure [85].

Apart from increasing the cell penetrability of the scaffold, a simpler way to augment GBM
cell trapping capacity is to increase the total surface area of the scaffold available for cell
attachment. In the in vivo biocompatibility study associated with this work, flat electrospun
chitosan scaffolds were rolled into cylinders before being implanted into the brain cortex. This
approach increased the surface area for cell contact as cells could access the interior of the
scaffolds by migrating from either the top or bottom of the construct. Histological analyses of
the brain tissues extracted from the sacrificed rats revealed extensive colonization of the
scaffold by neutrophils that were recruited during the course of the post-surgical immune
response. The high number of recruited immune cells may possibly compete against other cells
for spaces inside the scaffold, potentially reducing the number of tumor cells that can be trapped
by the implant. Should this be the case, it may be useful to further expand the colonizable
volume of the scaffold by increasing the scaffold porosity using the techniques mentioned
above.

To conclude, chitosan-based nanofibrous scaffolds that could incorporate different amount of
SDF-1a-loaded PLGA/PEG-PLGA nanoparticles were successfully developed in this part of
the study. The scaffolds could provide sustained SDF-1a release that will be crucial for the
chemotaxis of GBM cells. Furthermore, the scaffolds demonstrated excellent in vitro and in
vivo compatibility, thus fulfilling the requirement for further in vivo studies to evaluate their

capacity to recruit GBM cells.
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5. GENERAL DISCUSSION, CONCLUSION AND PERSPECTIVES

5.1. GENERAL DISCUSSION

The term glioblastoma multiforme was first coined by Harvey Cushing and Percival Bailey in
1926 when the pair analyzed and stratified 414 cases of tumors involving the glial cells of the
brain, or gliomas [1]. Nowadays, commonly referred to as glioblastoma (GBM), these tumors
continue to be a conundrum among clinicians and researchers alike. As GBM can progress very
rapidly, surgical procedure has been established as the first-line treatment for this disease due
to its utility in immediately reducing the bulk tumor volume and curbing its aggressiveness. In
fact, this approach has retained its gold standard status since the 1970s. That said, it is worth
noting that surgical resection of brain tumors has been explored and optimized since 1879 [2].
However, genuine optimism in the curing potential of this procedure only emerged nearly a
century later. The rising expectation was driven by the huge advancements made in the field
of in vivo imaging, as computerized tomography (CT) scanning and magnetic resonance
imaging (MRI) made their debut in 1972 and 1973 respectively [3,4]. Despite this, achieving
complete tumor resection to cure GBM remains an elusive goal. In 1950, Ernest Sachs stated
that “the greatest stumbling block in the cure of glioblastomas has been the difficulty of finding
the limits of an infiltrating tumor” [5]. Due to their unbound invasiveness, GBM can invade
into surrounding brain parenchyma, extending its frontier in multiple directions. Consequently,
GBM often adopts an octopus-like shape that cannot be accurately defined by conventional
imaging platforms such as CT scan and MRI, thus reducing the potential of achieving complete

tumor resection by surgery [6].

To Kkill the residual tumor cells, adjuvant treatments in the form of radiotherapy and
chemotherapy are administered post-surgery. Bundling these treatments altogether, the median
survival of GBM patients post-diagnosis can only be stretched to approximately 15 months [7].
The poor prognosis is driven by a small subpopulation of residual tumor cells that survive the
cytotoxic effect of the post-surgical treatments and subsequently multiply to form a tumor with
even more aggressive phenotypes [8]. The incomplete killing of the residual tumor cells can be
due to resistance developed against the employed treatments [9,10] or evasion as a result of
anatomical barriers [11]. To make things worse, the poorly selective mechanisms of action of
chemoradiation therapies can often result in extensive damage to the healthy brain tissues that

they come into contact with [6]. Patients are worsening off not only from the recurrence of the
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tumor, but also because of the side effects of the treatments they received. Therefore, we were
motivated to explore the strategy of recruiting the residual tumor cells into a well-defined

location to facilitate more selective and complete eradication of this cell population.

Tumor cells can migrate in response to chemokine concentration gradients, a biological process
referred to as chemotaxis, as they disseminate into local and distant healthy tissues. GBM cells
are no exception to this process. These cells are known to migrate towards, and subsequently
along, the blood vessel structures in the brain. This migration pattern is driven by an increased
expression of SDF-1a chemokine in the endothelial cells lining the blood vessels [12]. The
released SDF-1a can bind to and activate the CXCR4 receptors on the surface of invading
GBM cells to cause them to migrate up the chemokine concentration gradients, which
indirectly leads to their recruitment to the blood vessels [13,14]. As such, implantation of SDF-
la-releasing scaffolds into the resection cavity following the removal of the bulk tumor could
be a promising strategy to attract the residual GBM cells for their selective killing. It should be
mentioned that these cells can reside more than one centimeter away from the resection cavity
border. Therefore, prolonged release of SDF-1a will be crucial to expand the time window for
their chemotactic recruitment. With this in mind, this thesis aimed to develop scaffolds that can
provide sustained delivery of bioactive SDF-1a and the experimental work were centered on

the following two objectives:

e Toencapsulate SDF-1a in polymer-based nanoparticles to form primary carriers of this
chemokine
e To incorporate SDF-1a-loaded nanoparticles into a nanofibrous scaffold to provide a

secondary barrier to the SDF-1a release process

Objective 1: To prepare SDF-1a-loaded polymer-based nanoparticles

Polymer-based nanoparticles have been used as delivery vehicles for a wide range of protein
molecules. Nanoparticles can be conveniently prepared from a wide range of polymers using
several formulation processes that include phase separation, solvent evaporation and spray-
drying. Despite their widespread use, none of these nanoparticle formulation processes can be
readily used to encapsulate all types of protein. Often, the formulation process has to be
carefully chosen according to the physicochemical properties of the protein to be encapsulated.
Apart from identifying the right formulation process to go with, another important thing to

consider is choosing the right type of polymer. Strictly speaking, these decisions should be
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made hand-in-hand as the chosen polymer materials must be compatible with the selected
formulation process. From here, various parameters related to the process and the polymer

materials should be fine-tuned to achieve desirable encapsulation efficiencies and release rates.

In this work, a combination of PLGA and PEG-PLGA were used to prepare nanoparticles using
a phase separation method. The classical phase separation process for encapsulating protein
molecules into PLGA-based nanoparticles begins with solubilization of protein molecules in
an aqueous solvent, which is then dispersed in a PLGA-containing organic phase (e.g.
dichloromethane) to form a water-in-oil (W/O) emulsion. Following this step, an organic
solvent that is non-solvent to PLGA (e.g. silicon oil) is gradually introduced to extract the
PLGA solvent and decrease the PLGA solubility. The phase separation of the polymer from its
solution contributes to the formation of polymer-rich liquid phase (coacervate) around the inner
protein-containing aqueous phase. As more and more non-solvent is added, the coacervate
solidifies to produce protein-loaded particles [15-17]. An obvious drawback of this method is
the requirement for a large volume of organic solvent to induce phase separation. To counter
this, isosorbide dimethyl ether (DMI) was used to dissolve PLGA and PEG-PLGA. DMl is a
non-halogenated and non-volatile solvent with an excellent in vivo safety profile [18]. More
importantly, it is a water-miscible solvent, meaning that the phase separation step can be
triggered using aqueous solvents such as water. The use of such a benign solvent and the
significant reduction in the total volume of organic solvents involved help prevent the need for
any special equipment or facility to protect the operators or their surroundings. Overall, the
formulation process was intentionally designed to be simple such that it could be performed
without requiring no more than a beaker and a magnetic stirrer to ensure that it can be set up
and reproduced easily in any lab.

Another important modification introduced in this work was the precipitation of protein
molecules prior to their encapsulation. This helped eliminate the need to emulsify protein
solution in the polymer phase, a process that can often lead to unfolding of protein molecules
at the water-oil interface. In vivo, protein molecules are folded in such a way that their
hydrophobic residues are protected from the aqueous environments. However, they can
undergo conformational rearrangements when exposed to an oil-water interface in order to
achieve the state of lowest free energy. The hydrophobic residues could become exposed and
interact with the oil phase, altering the three-dimensional conformation of a protein and
potentially disrupting its biological functions [19]. When precipitated, protein molecules have

more limited conformational mobility, making them less likely to unfold when exposed to
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organic solvents. We showed that by dispersing SDF-1a precipitates in PLGA solutions prior
to the phase separation process, the protein could be encapsulated with no detectable loss of
biological activity. We also observed that parameters such as protein concentration and ionic
strength can affect the efficiency of the precipitation process in terms of the amount and
bioactivity of the precipitates generated. Therefore, should the developed formulation process
be used to encapsulate other types of protein in the future, it will be essential to re-optimize the

precipitation parameters.

Despite the evident simplicity of the formulation process, there are many parameters that may
influence the final protein encapsulation efficiency. As protein molecules generally have high
aqueous solubility, they tend to partition into the aqueous phase during the phase separation
process, resulting in poor encapsulation efficiencies. This problem was mitigated by buffering
the pH of the aqueous phase close to the isoelectric point (pl) of the protein being encapsulated.
In so doing, the net charge of the protein molecules that came into contact with the buffer
solution will be close to zero, rendering the protein less water-soluble. As SDF-1a has a pl of
10.5, mildly-basic glycine buffer solutions were used during the phase separation step. Apart
from changing the pH, the protein solvation capacity of the aqueous phase may also be deprived
by adding salts or other additives. Salts such as ammonium sulfate and hydrophilic polymers
such as PEG, when added to an aqueous solvent, can interact with water molecules, which
would otherwise be available for solvation of protein molecules [20,21]. Thus, they could also

be useful to reduce protein leakage from the organic phase during the phase separation step.

In addition to process-related parameters, the properties of the polymer used can also influence
encapsulation efficiency. We showed that better encapsulation could be achieved by using
PLGA with uncapped, thus ionizable, carboxylic terminals. However, it was clear that relying
merely on the electrostatic interactions between the negatively-charged carboxyl groups and
the positively-charged protein molecules to boost encapsulation efficiency could later lead to
a bigger problem in the form of incomplete protein release. The high number of carboxyl
groups in nanoparticles composed of uncapped PLGA could strongly interact with the protein
molecules to inhibit their release. Therefore, we decided to use PLGA with capped terminals
and trade encapsulation efficiency for more complete protein release. With Formulation 8 (67%
capped PLGA, 33% PEG-PLGA), the encapsulation efficiency for SDF-1a was 76% and more
than 70% of the protein load was released at the end of the 30-day release study period (Figure
5.1A). The lack of totally complete SDF-1a release could be explained by the hydrolysis of the
PLGA ester bonds that generated ionizable carboxyl groups, which could then interact strongly
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with SDF-1a molecules. The gradual hydrolysis of ester bonds was evident from the
increasingly negative zeta-potential values of Formulation 8 measured during the release study
(Figure 5.1B). In the early stages of the release study, the small number of negatively-charged
carboxyl groups might have been neutralized by the cations present in the release medium (e.g.
sodium ions), permitting the release of the protein load. However, due to the autocatalytic
nature of the hydrolysis reaction, the number of carboxyl groups could have increased steeply
afterwards. Even if only a small fraction of these interacted with the encapsulated SDF-1a
molecules, it could hinder further SDF-1a release. In the future, the use of more hydrophobic
polymers such as PLA, which are less prone to hydrolysis, may be useful to slow down the

generation of ionizable carboxyl groups and obtain more complete SDF-1a release.
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Figure 5.1: (A) The SDF-la release profile and (B) the change in the zeta-potential of
Formulation 8 (67% capped PLGA, 33% PEG-PLGA) during the in vitro release study.

Due to the tendency of PLGA to undergo hydrolysis, it is important to store PLGA-based
nanoparticles in dry state. Lyophilization, or freeze-drying, is a commonly used technique for
removing water from aqueous dispersions of PLGA-based nanoparticles. As this technique can
exert significant physical stresses on the nanoparticles, disaccharides or oligosaccharides are
usually added to the nanoparticle dispersion to form a spacing matrix to prevent aggregation
of the nanoparticles. However, it should be noted that the performance of these so-called
“protectants” can vary between different publications. We noticed that many of these
publications either did not state the exact details (e.g. temperature and pressure) of the freeze-
drying conditions or failed to justify why a certain set of conditions was chosen. In this work,
we showed clearly that the success of freeze-drying, in terms of maintaining the size and
polydispersity of the nanoparticles, is dependent on the drying temperature being lower than
the collapse temperature of the added protectant. Thus, it is important to choose a protectant

species with a high collapse temperature or set the drying temperature to be as low as possible
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to obtain the best results. This brief yet effective investigation generated useful knowledge for

lyophilization of other polymer-based nanoparticles in the future.

Objective 2: To incorporate SDF-1a-loaded nanoparticles into chitosan-based
nanofibers

As the SDF-1a-loaded nanoparticles themselves provide only transient SDF-1a release, they
were subsequently incorporated into chitosan-based nanofibers by electrospinning to prolong
the release duration. Chitosan was the polymer of choice for the electrospinning process due to
its unique physicochemical properties. Owing to its weakly-basic nature, chitosan can be
solubilized in mildly acidic solvents such as dilute solutions of acetic acid, which do not
degrade PLGA-based nanoparticles. Upon dissolution, the protonated amino groups in chitosan
can interact with the negatively-charged PLGA carboxyl groups to facilitate the incorporation
of SDF-1a-loaded nanoparticles into chitosan nanofibers. The electrospun nanofibers can be
turned water stable by treating them with a dilute solution of inorganic base such as sodium
hydroxide to deprotonate the chitosan amino groups. The stabilized chitosan nanofibers
degrade slowly in an aqueous environment, holding the SDF-1a-loaded nanoparticles in place
during the SDF-1a release process. This is likely useful for creating and maintaining SDF-1a
concentration gradients that are essential for the chemotaxis of GBM cells.

We observed that the incorporation of SDF-1a-loaded nanoparticles into nanofibers actually
helped to slow down SDF-1a release from the nanoparticles. As mentioned above, the release
of SDF-1a can occur freely when the cations in the release media neutralized any ionized
carboxyl groups in the nanoparticles. However, the free access of the release media to the
nanoparticles can also contribute to the hydrolysis of the PLGA ester bonds, generating high
number of ionized carboxyl groups that can restrict further release of the encapsulated SDF-
la. This explains the short duration of SDF-1a release seen in the case of bare nanoparticles.
By incorporating these nanoparticles in chitosan nanofibers, the influx of release media into
the nanoparticles can be slowed down, preventing the initial burst release and fast increase in
the number of ionized carboxyl groups, both of which lead to more sustained SDF-1a. release.
We also observed that SDF-1a molecules that were loaded directly into chitosan nanofibers
were released rapidly after incubation in an appropriate release media. As both SDF-1a and
chitosan were positively-charged under the electrospinning condition, it was likely that the
SDF-1a molecules partitioned themselves close to the surface of the electrospun nanofibers
and thus, could be washed away immediately by the release media. The rapid release of bare

SDF-1a and the slow liberation of its encapsulated counterpart from the chitosan nanofibers
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offer a possibility of tailoring the rate of SDF-1a delivery at the site of implantation to

maximize the extent of GBM cell recruitment.

Apart from having the optimal SDF-1a release rate, for an implant to work as a trap for the
GBM cells, it is important that it remains stable at the implantation site for a certain period of
time to provide ample opportunity for the cells to migrate into it. We observed that the
developed nanofibrous scaffolds possess excellent in vitro and in vivo stability. In fact, the
scaffolds were mostly intact when retrieved from the rat brains at the end of the 7-day in vivo
study period. This raises the question on whether the scaffolds will eventually be degraded if
they are left in the animals for a longer duration. Thus, the results from the ongoing 100-day
study should be analyzed and further in vivo studies may be conducted to obtain an estimation
on the time required to have the scaffolds fully degraded and to document any adverse events
that may arise from the prolonged period of implantation. Alternatively, the chitosan used in
this study could be replaced with one of its water-soluble derivatives to speed up the
degradation rate of the scaffolds. However, such a drastic approach may require re-
optimization of the electrospinning process and introduce the need for post-electrospinning

cross-linking treatments, both of which could affect the SDF-1a release profile of the scaffold.

During the period of GBM cell recruitment, it is important that the implanted scaffold does not
induce any adverse toxicological effects that may worsen patients’ clinical conditions. As such,
scaffolds with excellent biocompatibility are highly desirable. We observed that rats implanted
with the developed scaffolds as part of the 100-day biocompatibility study are alive and do not
show any signs of toxicity at the time of writing. However, we also observed that the scaffolds
could induce extensive recruitment of immune cells to the resection cavity. As chitosan is
foreign to the human body, the strong inflammatory response to the implanted scaffold is not
entirely unexpected. This response, however, may be exploited to facilitate the killing of any
recruited GBM cells. To achieve this, we need to link our existing strategy with
immunotherapy. Immunotherapy refers to the treatment of diseases, including cancers, through
modulation of the patient’s immune system. The clinical significance of this type of treatment
has been growing steadily over the last decade. Arguably, the most important players within
this area of treatment are programmed cell death protein 1 (PD-1) inhibitors, which first entered
the anti-cancer market in late 2014 through the approval of Bristol-Myers Squibb’s Opdivo®
in Japan. PD-1 is a protein that is expressed on the surface of T-lymphocytes that functions to
down-regulate the immune system and suppress inflammatory activity [22]. Although it plays

important roles in preventing autoimmune diseases, it can also hinder T-lymphocytes from
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killing tumor cells [23,24]. In fact, T-lymphocyte exhaustion is a hallmark of GBM. A recent
study reported that T-lymphocytes isolated from GBM patients are characterized by an elevated
expression of multiple immune checkpoints, including PD-1 [25]. Thus, future incorporation
of immunotherapeutic agents such as PD-1 inhibitors into the scaffold developed in this work
could be useful to stimulate in situ killing of the chemoattracted GBM cells by the co-recruited

immune cells.

5.2. CONCLUSION AND PERSPECTIVES

In this thesis, chitosan-based nanofibrous scaffolds containing SDF-1a-loaded PLGA-based
nanoparticles were developed as a means of achieving sustained release of SDF-1a. Careful
selection of polymer materials ensured that the developed scaffolds could provide continuous
release of bioactive SDF-1a for up to 5 weeks. The possibility of loading SDF-1a. into both the
nanoparticle and the nanofiber compartments of the composite vehicles also means that the rate
of SDF-1a delivery could be carefully controlled to optimize the chemotactic recruitment of
GBM cells. In addition, the scaffolds were also shown to have excellent in vivo
biocompatibility.

Considering their promising SDF-1a release and safety performance, it is justifiable to proceed
to the in vivo assessment of the GBM cell trapping efficacy of the developed scaffolds. To do
this, it will be essential to develop a suitable preclinical GBM resection model. GBM cells can
be injected into the brain of athymic nude animals through a cranial opening to induce tumor
formation. After a certain period of time, the tumor can be resected from the brain to create a
cavity into which the SDF-1a-releasing scaffold can be implanted. The resection could be
performed as per the biopsy punch method used in our in vivo biocompatibility study. Several
factors should be considered to make sure that the pre-clinical model closely represents the
clinical situation of GBM. First, the GBM cells injected into the brain should facilitate the
formation of a tumor that reflects the genetic and proteomic profile of clinical GBM.
Commercially-available U87-MG has been the preferred GBM cell line as these cells can
consistently form tumor within 1-2 weeks post-inoculation [26]. However, the formed tumor
lacks the invasive phenotype that is typical of clinical GBM. In addition, U87-MG cells also
lack the expression of CXCR4, making them less likely to respond to SDF-1a gradients. The
absence of CXCR4 expression in these cells may also explain the benign nature of the formed
tumor as CXCR4 is well-known for their prominent role in facilitating the invasion of GBM.

To counter these two issues, CXCR4-positive U87-MG cells, as used in the agarose drop
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migration assay, may be used during the tumor formation step. This said, it is important to
consider the potential negative impact of the transfection procedure on the tumor forming
ability of U87-MG cells. Apart from the complexities associated with forming clinically-
relevant tumors, there are also several challenges associated with the tumor resection step. It is
important to consider for how long the tumor should be allowed to grow. If the tumor exceeds
a certain size, the animals may deteriorate rapidly and die prematurely after the tumor resection
step. On the other hand, the tumor should be allowed to grow long enough such that when it is
resected, the cavity is adequately large to accommodate a reasonable volume of the SDF-1a-

releasing scaffold.

In addition to developing a suitable disease model, it will also be important to study the
pharmacokinetic of exogenous SDF-1a upon introduction into the brain. The distribution of
exogenous SDF-1a released from the implanted scaffold in the brain should be monitored to
have a better assessment of the possibility of recruiting GBM cells that are distant from the
border of the resection cavity. This could be achieved by labelling native SDF-1a molecules
with fluorescent probes prior to incorporation into the scaffold. Dutta et al. encapsulated
AlexaFluor-647-conjugated SDF-1a into PLGA nanoparticles and studied the distribution of
the protein after intracortical injection of the nanoparticles in mice. After 7 days, the animals
were sacrificed, and brain tissues were sliced for viewing under fluorescence microscopy. They
observed modest local diffusion of SDF-1a in the cortical parenchyma, where most of the
released SDF-1a were localized within 400 um from the injection site. They hypothesized that
the presence of negatively-charged molecules such as hyaluronic acid and heparan sulfate in
the cortical ECM may hinder the diffusion of highly basic proteins such as SDF-1la [27].
However, it should be noted that there may be appreciable difference between the density of
ECM in an intact brain and that in a brain with surgical injuries. Post-surgical inflammatory
responses often lead to the release of proteases from activated immune cells that can lead to
degradation and remodeling of the ECM in the regions surrounding the site of surgery [28,29].
The remodeling of the brain tissue structure may create a more permissive environment for
SDF-1a diffusion.

Equally important as studying the intracortical distribution of exogenous SDF-la is
investigating the pharmacodynamic effects of this protein on the brain. Sustained delivery of
exogenous SDF-1a to an intact brain has been reported to induce endogenous SDF-1la
production in cells residing close to the site of delivery. There was also weaker upregulation in

SDF-1a expression in more distant tissues [27]. Should the same response take place in a brain
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with residual GBM, the dose of SDF-1a incorporated into the scaffold should be reduced
accordingly as the establishment of SDF-1a gradients for chemotactic recruitment of GBM
cells could be also be contributed by the subsequent upregulation of endogenous SDF-1la

expression.

The SDF-1a-releasing scaffolds developed in this work are intended to serve as early tools to
assess the feasibility of using chemokine and chemotaxis to recruit GBM cells. As the
chemotactic attraction of GBM cells relies strongly on the establishment and maintenance of
chemokine concentration gradients, the development of a vehicle that is capable of providing
sustained chemokine release has been the main goal of this thesis. It is not the intention of this
work to unequivocally identify the most effective chemokine molecule for selective trapping
of GBM cells. The decision to use SDF-1a was made mainly based on its well-documented
involvement in the regulation of GBM cell migration. As such, it is probable that SDF-1a may
not be the most suitable chemokine for this purpose. To our knowledge, there is no publication
discussing the effect of exogenous SDF-1a. on GBM cells. In fact, there is only one known
research conducted to investigate the effect of exogenous SDF-1a in a healthy brain. The group
concluded that sustained exposure to exogenous SDF-1a. can cause gradual decrease of CXCR4
receptor expression in the brain [27]. The same observation is unlikely to happen in the case of
GBM, as GBM cells are heavily dependent on the SDF-1a/CXCR4 axis to maintain their
proliferative and invasive phenotypes [30,31]. However, cancer cells in general are known for
their capacity to switch to other signaling pathways to maintain their survival and growth when
needed. Thus, it is important to confirm that the chemotactic effect of exogenous SDF-1a on
GBM cells is not prone to any mechanisms of desensitization. This could be done by exposing
CXCR4-positive GBM cells to gradients of SDF-1a using a Boyden chamber setup or a suitable
microfluidic device and quantifying the change, if there will be any, in the level of CXCR4

receptor expression.

In addition to potential receptor downregulation issues, there are also concerns regarding the
selectivity of SDF-1a-mediated chemotaxis. GBM cells are known to overexpress CXCR4
receptors to benefit from the pro-migratory and trophic effects of SDF-1a as mentioned above
[32]. However, these receptors are also expressed, albeit to a lower extent than that seen in
GBM cells, in many types of cells in the brain, including neural stem/progenitor cells, glial
cells and microglia [33-35]. Therefore, it is probable that these cells may also be recruited
upon implantation of an SDF-1a-releasing scaffold into the brain. Although this unintended

effect may seem acceptable considering the potential clinical benefits of recruiting GBM cells,
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it is still desirable to try to increase the selectivity of this approach to distinguish it from the
poorly selective nature of existing treatments. Apart from SDF-1a, bradykinin is another
chemokine known to be involved in the homing of GBM cells to the blood vessels. After it is
secreted from the vascular endothelial cells, bradykinin binds to the bradykinin B2 receptor
(B2R) on GBM cells, leading to downstream changes in cell shape and volume that facilitate
migration of the cells through the dense brain ECM [36]. A preclinical study revealed that
inhibition of B2R could reduce the vascular association of GBM cells from 77% to 19% [37].
Due to its proven role in directing GBM cell migration, bradykinin presents itself as an
interesting chemokine to replace, or be used together with, SDF-1a to induce more potent and

selective chemotactic effects on GBM cells.

Another guestion that needs to be addressed to improve the feasibility of the tumor trapping
approach as a treatment for GBM is how long the implanted scaffold should be left inside the
brain to allow complete recruitment of the residual GBM cells. To begin answering this
question, it is important to conduct a preclinical study to monitor the migration of GBM cells
into the implanted scaffold. GBM cells can be labelled using appropriate tumor cell tagging
peptides that are conjugated with a fluorophore. These fluorescent imaging agents are thus
useful in distinguishing a tumor from the surrounding healthy tissues. One of the most
promising GBM cell labelling agents is BLZ-100 that is currently developed by Blaze
Bioscience. BLZ-100 is composed of a synthetic form of the chlorotoxin peptide that is
covalently bound to the near-infrared (NIR) fluorophore indocyanine green [38,39]. When
administered intravenously several hours before a surgery, BLZ-100 can cross the blood-brain
barrier to bind and label GBM cells, facilitating more complete and precise resection of the
tumor [40,41]. Although this agent is useful for intraoperative visualization of the tumor, it
offers little value for post-operative tracking of the residual GBM cells. This is because NIR
fluorophores such as indocyanine green emit light in the wavelength range of 700 — 900 nm,
which is prone to tissue scattering and autofluorescence issues [42]. As such, in vivo brain
imaging using NIR fluorophores have a limited penetration depth of 1 — 2 mm and most
unfortunately, it requires craniotomy to produce images with good resolutions. To overcome
these problems, contrast agents that emit light of longer wavelengths can be used. Hong et al.
demonstrated that through-skull imaging of the brain can be achieved by using single-walled
carbon nanotubes (SWNT) that have intrinsic photoluminescence in the 1.3-1.4 pm
wavelength range [43]. Coupling SWNT to the peptide component of BLZ-100 may produce

an imaging agent that is useful for real-time tracking of the migration of GBM cells into an
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implanted scaffold. Apart from this, the use of established in vivo imaging techniques such as

MRI and uCT scan for this purpose should also be explored.

After developing a method to monitor the progression of the trapping process, it will be
essential to identify the most effective way to kill the recruited GBM cells. It may be tempting
to suggest direct removal of the cell-laden scaffold to achieve an immediate eradication of the
disease. However, this approach will necessitate an additional surgery, a requirement that may
be very difficult to fulfil especially in patients who are terminally ill. A less invasive solution
would be to use stereotactic radiotherapy (SRT). SRT is a treatment where radiation beam is
directed to a well-defined spot, usually the tumor site, from many different angles around the
body. The procedure ensures the targeted site receives a much higher dose of radiation than the
surrounding tissues [44,45]. Thus, SRT seems to be a suitable tool to achieve selective killing
of the trapped GBM cells.

Further down the development timeline, it will be essential to develop a diagnostic tool that
can be used to identify patient subpopulations that are most suitable to receive the developed
treatment. Information on the biological features of GBM, including proteomic profiles and
density of ECM, will have to be gathered accurately as this can greatly influence the success
rate of post-surgical trapping of residual GBM cells. Overexpression of CXCR4 and lower
ECM densities may predict more successful recruitment of GBM cell by SDF-1a-releasing
scaffolds. Conventionally, biological characterization of GBM can only be done after the
surgery as a small portion of the resected tumor is sent to the pathology lab for analysis. This
may prevent timely provision of the information required to decide whether or not a tumor trap
should be implanted into the resected brain. As such, efforts should be made to identify

alternative sources of information to help inform the decision.

To conclude, the work conducted within this thesis has resulted in the development of a tool
that can be used in the subsequent proof-of-concept stage of the tumor trapping strategy. From
the physicochemical perspective, the work also helped progress the field of nanomedicine and
drug delivery by generating new polymer-based platforms for local delivery of therapeutic
proteins. The next step will be to address relevant biological challenges that may impede the
tumor trapping efficacy and selectivity of the developed scaffolds. Close collaboration between
the physicochemists, biologists, and other preclinical researchers will be essential to answer
preliminary questions regarding the feasibility of the tumor trapping strategy as a treatment for
GBM. Beyond that, inputs from neurosurgeons and patient group representatives will have to
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be sought to assess the adoptability of this approach in the clinic. Overall, this thesis may serve
as a starting point for the development of a novel clinical tool to answer the century-old

conundrum of GBM.
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Abstract

Despite the tremendous progress made in the field of cancer therapy in recent years, certain
solid tumors still cannot be successfully treated. Alongside classical treatments in the form of
chemotherapy and/or radiotherapy, targeted treatments such as immunotherapy that cause
fewer side effects emerge as new options in the clinics. However, these alternative treatments
may not be useful for treating all types of cancers, especially for killing infiltrative and
circulating tumor cells (CTCs). Recent advances pursue the trapping of these cancer cells
within a confined area to facilitate their removal for therapeutic and diagnostic purposes. A
good understanding of the mechanisms behind tumor cell migration may drive the design of
traps that mimic natural tumor niches and guide the movement of the cancer cells. To bring
this trapping idea into reality, strong efforts are being made to create structured materials that
imitate myelinated fibers, blood vessels, or pre-metastatic niches and incorporate chemical cues
such as chemoattractants or adhesive proteins. In this review, the different strategies used (or
could be used) to trap tumor cells are described and relevant examples of their performance are
analyzed.

Keywords: Tumor cell migration, Tumor trap, Biomimetic trap, Cancer therapy, Premetastatic

niche recruitment
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1. Introduction

For many decades, surgery, radiotherapy and chemotherapy have served as the mainstay trident
in the fight against cancer (Figure 1 Scheme I). During this period, the prognosis of many types
of cancer has been significantly improved [1-4]. However, the widespread use of these
treatments has also uncovered several major limitations. For example, the feasibility of surgery
is very much dependent on the localization and the size of the tumor. The procedure is also
contraindicated in patients with poor clinical performance. As for radiotherapy and
chemotherapy, these treatments are often implicated with serious side effects that, in some
cases, may outweigh their potential therapeutic benefits. Moreover, these treatments lack the
capacity to prevent metastases, which are responsible for roughly 90% of cancer-associated
deaths [5].

Numerous studies in the quest of improving cancer treatments are driven by the concept of
“magic bullet”” (Figure 1 Scheme II-2) put forward by the German scientist Paul Ehrlich [6].
If radio- and chemotherapy are considered as weapons of mass destruction, Ehrlich’s strategy
can be regarded as the sniper of cancer therapy. This concept is mainly based on the idea of
increasing the bioavailability and specificity of vector-associated active agents in the body,
while limiting their premature degradation and toxicity. In the context of anti-cancer
approaches, the success of selective therapies depends on the discovery of targeting elements
that, when coupled with active ingredients and/or diagnostic cues, enable the recognition of
well-characterized molecules, cells or tissues. For example, Adcetris® targets the antigen CD30
in the treatment of Hodgkin's lymphoma, and Kadcyla® targets HER2, which is present in about
20% of breast cancer patients [7]. Nevertheless, the discovery of appropriate targets that are
specific to tumor cells remains a challenging task, despite the significant advancements made
in the field of genomics and proteomics in recent decades.

Page | 180 @oEe)



Annex 1

( Classical
treatments

. Less toxicity

i ¥ -
' Biological barriers not an issue ‘.‘
( \ . Not efficient against metastasis  /

BMP-Zﬁ*

P Silk scaffold = | E
b)) & (e ron ;
p kg oxyde-coated :

CAF ) microparticle | !

Development of bone \-“<
and marrow in vivo i

tumor in vivo

Shrink down GBM
Surgery| Radiotherapy

L Extracortical location

S o
“Targeted . Deposition of ECM on the
EnEmehcrap thegra N . of the killing sink surface by the CAFs
Most used Py b Rl f/a\‘

; \ S ‘\‘ R i
Good results for numerous cases s G & !
% — Voo
® Heavy side effects . % \ y i
N £y ;S .-
blotefﬁaentagamst metastases .’ i - {.-se-Nemmre T Recruitment of
3¢ A 1o o —
VL . g immune cells
3 9) : & Scaffold
. 8 J/ - Iz I 54 caffol
y (O] - Tes L s -
Y cellengmeeredto P’ ¢ T ; Exosome
\ d
{  Free antibodies Nanoparticles presentantigen | - \ ST
5 ) -

Y bearing receptors receptors
@ Trapping of CTCs

#@‘4
*ﬁk

. More specific to tumor cells '
Less toxicity for a better outcome

microparticle

@ Atraction of invasive tumor cells

® Concerns on the
chemoattractant selectivity

® Concerns on the escape of
CTCs from the traps

Cancerous cell

* Normal cell

Graphene oxide ,-/' —
nanosheets NG e (4
Ferroﬂuld b

/ Tumor trap
E"C"&m * f "mpa"“'e | for diagnosis
= 3&
"~.,.“ Enable early detection
. 0 ;

of metastasis

C )

-‘ . Lack of appropriate targets

FITFIITE ____. S ‘__.
Nanoroughened Prmzaue” B e - © Cannot be used
glass substrate as a therapy

Figure 1: Summary of the strategies that can be applied to fight cancers. (Scheme I) The
classical treatments used for cancers are surgery, chemotherapy and radiotherapy. (Scheme II)
Innovative treatments include (1) locoregional therapy, (2) targeted therapy and (3) tumor
traps, among others. Tumor traps can be designed to take advantage of the migration pathways
used by the tumor cells. It includes the use of tracks ((a) system developed by Jain et al. [8]
using aligned PCL fibers coated with laminin). Tumor traps can be designed as synthetic pre-
metastatic niches ((b) system developed by Seib et al. [9] using a silk scaffold loaded with bone
morphogenic protein 2 (BMP-2) capable of developing bone and marrow in vivo, (c) system
developed by De Vlieghere et al. [10] using iron oxide-coated microparticles encapsulating
cancer-associated fibroblasts (CAFs) that deposit continuously ECM on the surface, (d) system
developed by Azarin et al. [11] using poly(lactide-co-glycolic acid) (PLGA) through the
induction of the immune system by the CCL22 chemokine, and (e) system developed by De la
Fuente et al. [12] using a 3D scaffold loaded with exosomes). Finally, tumor traps can use
chemoattractive molecule ((f) system developed by Giarra et al. [13] using a methylcellulose
(MC) thermo-responsive hydrogel loaded with stromal derived factor-1 (SDF-1), and (g) the
system developed by Haji Mansor et al. [14] using SDF-1 encapsulated in PLGA
nanoparticles). (4) Tumor traps can also be used for the early detection of metastasis ((a) system
developed by Yoon et al. [15] using graphene oxide nanosheets, (b) CELLSEARCH® CTC test
[16] is a device using ferrofluid nanoparticles with EpCAM antibodies, and (c) system
developed by Chen et al. [17] using a nanoroughened glass substrate).
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Fortunately, a plethora of new therapies are being regularly approved for the treatment of
cancer. Among them is the use of locoregional therapies (Figure 1 Scheme 11-1) which includes
Nanotherm® (MagForce) that involves injection of magnetic nanoparticles inside the tumor or
into the resection cavity. A magnetic field is then applied to generate heat via the nanoparticles
and Kill the cancerous cells locally [18]. It is currently licensed in Europe for the treatment of
brain tumors and has received FDA approval in February 2018 to be used in clinical trials
involving prostate cancer patients [19]. Another example is Optune® (Novocure Ltd), a tumor-
treating field (TTF) device composed of electrodes that can be placed on the patients’ scalp
and connected to a generator to deliver a low intensity electric field of 200 kHz [20]. It is
believed to exert anti-cancer effects by disrupting the division of tumor cells [21]. The device
has been approved for the treatment of glioblastoma and shown to increase the median survival
from 15 months to 21 months when used on top of the standard treatments for this cancer [22].
However, many countries and insurance companies do not cover the cost of this treatment and
the clinical adoption of this technology remains limited due to concerns regarding the lack of
understanding of the device’s exact mechanism of action. Moreover, some skepticism exists
toward the legitimacy of the device approval process due to the poor consideration of any

placebo effects during the clinical trial phase [23].

Among the numerous classes of novel anti-cancer treatments entering the market, cancer
immunotherapy is arguably the one that is currently attracting the highest level of attention
(Figure 1 Scheme 11-2). This class of treatment aims to treat cancer through artificial
stimulation of the patient’s immune system [24]. The most cutting-edge subset of this type of
treatment is the chimeric antigen receptor (CAR) T-cell immunotherapy, which involves
harvesting T-cells from a patient and genetically modifying these cells to express a receptor
that can bind to a tumor antigen before injecting them back into the patient [25]. CAR-T cell
immunotherapy made its debut in the clinic in August 2017 when Kymriah® (Novartis) was
approved by the FDA for the treatment of B-cell acute lymphoblastic leukemia (BCALL) [26].
This was followed by the approval of Yescarta® (Gilead Sciences) in October the same year
for the treatment of diffuse large B-cell lymphoma [27]. Both Kymriah® and Yescarta® exert
their effects by targeting CD19 antigen [28]. However, there are numerous ongoing clinical
studies that explore the feasibility of targeting other antigens including PD-L1
(ClinicalTrials.gov Identifier NCT03672305, NCT03198052, NCT03330834), EpCAM
(ClinicalTrials.gov Identifier NCT03013712, NCT03563326, NCT02729493), and CD123
(ClinicalTrials.gov Identifier NCT03796390, NCT02937103, NCT03672851). Many of these
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trials also attempt to evaluate the efficacy of CAR-T cell immunotherapy against solid tumors
to expand its indication beyond certain blood cancers. More comprehensive reviews on the
current status and future directions of CAR T-cell immunotherapy as well as other subsets of
cancer immunotherapy such as immune checkpoint inhibitors and cancer vaccines can be found
elsewhere [29-31].

Despite the continuous increase in the number of novel anti-cancer treatments entering the
clinic, local recurrence in previously healthy tissues seen in many cases of solid tumors remains
an unsolved conundrum among clinicians and researchers alike. Development of new therapies
for in situ control of the disease, while avoiding the problems of biological barriers and
systemic toxicity, still proves to be a formidable task. Thus, in parallel to the innovative
approaches mentioned above, the idea of trapping infiltrative or circulating tumor cells (CTCs)
within a confined area to facilitate their removal for therapeutic or diagnostic purposes has
risen (Figure 1 Scheme 11-3,4). Over the last years, this concept has developed progressively.
The aim is two-fold: (a) to avoid the uncontrolled dissemination of tumor cells and (b) to
efficiently prevent the phenomenon of epithelial-mesenchymal transition (EMT) or
development of metastases. The concept is largely inspired by the “ecological trap” theory [32].
By considering cancers as ecosystems, it is possible to develop tumor traps not only for the
infiltrative tumor cells, but also for the CTCs that are responsible for metastasis. However,
imitating the traditional features of a natural habitat or niche for tumor cells and directing their
migration pathways presents numerous physical and biological challenges. The focus of this
review will be on understanding the mechanisms of tumor cell migration and how this
knowledge can be used to capture them, keeping in mind that different tumors are likely to

utilize different mechanisms.

2. Migration of tumor cells

Tumor cells must cover a great distance on their journey to form metastases (Figure 2). The
first step of the process is to migrate away from the primary tumor. Tumor cells can follow
aligned tracks [33], or gradients of chemoattractant in solution (chemotaxis) [34] or fixed on a
substrate (haptotaxis) [35] through the extracellular matrix (ECM). The second step is to
intravasate into the bloodstream or the lymphatic system in which the tumor cells will transit
through the circulation. Third, cells extravasate to secondary tissues once they reach a location

where they can adhere to the walls of the vessel [36]. The fourth and final step deals with the
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formation of a secondary tumor. This only occurs if the environment is favorable to tumor
growth [37].

@ Migration away from the primary tumor @ Intravasation attractive chemical

m attachment cues

@ Extravasation

Secondary tumor

b) pores > 7 um? i
g0 ormaon

Figure 2: Schematic representation of theorized paths of cancer metastasis (1) Migration away
from the primary tumor; tumor cells can follow (a) aligned tracks, or (b) gradients of
chemoattractant in solution (chemotaxis) or fixed on a substrate (haptotaxis) through the ECM.
Matrix degradation is not needed if the pore size is more than 7 um?2 (b), otherwise, matrix
metalloproteinase (MMP)-dependent ECM remodeling is essential (c). (2) Intravasation of
tumor cells into the blood or lymphatic stream and (3) subsequent extravasation. (4) If the
environment is favorable, a secondary tumor grows.

The different strategies implemented to mislead these cells into a trap are described in the
following sections. These strategies exploit the current knowledge on cancer cell migration and
metastasis and the specificities of each type of tumor.

2.1. Migration away from the primary tumor

The physical interactions between the ECM and cancer cells play a key role in allowing the
cells to start migrating. Cancer cells may undergo an EMT to acquire a motile phenotype [38].
This translates into the loss of intracellular adhesion molecules such as E-cadherin and
cytokeratins, resulting in detachment of the cells from the primary tumor, and an
overexpression of MMP on their surface that allows the cells to digest laminin and collagen IV
to progress in the dense ECM [38]. These changes are thought to be related to the stiffness of
the matrix around the tumor, which is of higher values than that of normal tissues [39-42]. For
example, the stiffness of GBM tissues is of ~25 kPa while normal brain tissues have a stiffness
of 0.1 to 1 kPa [43]. Wang et al. investigated the effect of matrix stiffness on GBM cells and
found that an increase in matrix rigidity could induce an upregulation of MMP-1, Hras, RhoA

and ROCK1 [43], which are involved in increasing cell motility [44-47]. Another physical
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factor that governs the dissemination of cancer cells is the architecture of the extracellular
environment, which includes pores of a diameter ranging from less than 1 um to 20 um [48].
Matrix degradation is usually required for cancer cell migration to occur when the cross-
sectional area of the interfibrillar pore is less than 7 um2, which corresponds to about 10% of
the nuclear cross-section of cancer cells [49]. Above this value, cells can undergo deformation
to migrate through the ECM.

Apart from the porosity of the ECM, the spatial arrangement of the matrix fibers near the
primary tumor sites can also influence the motility of tumor cells; aligned fibers offer tracks
that are more conducive to migration [50,51]. These tracks are found along the ECM fibers in
the interstitial space, between the muscle and nerve fibers, and along or within the vasculature
of organs, among others [52]. Moreover, it has been observed that leader tumor cells are able
to align collagen fibers to assist the migration of the following cells [53]. In addition to creating
the required physical space, these tracks also facilitate cancer cell migration by providing
relevant molecular guidance. For example, cancer cells can be guided towards laminin and
hyaluronan molecules in the ECM by their integrins and CD44 receptors respectively, and also
via haptotaxis by chemokines and growth factors immobilized along the tracks [52,54]. Jain et
al. took inspirations from these biological phenomena and designed a scaffold to guide GBM
cells toward a killing sink in an extracortical location (Figure 1 Scheme 11-3-a) [8]. They
utilized aligned poly-L-lysine and laminin-coated polycaprolactone (PCL) nanofibers (10 pm
thick) encased in a PCL / polyurethane support (2.4 mm diameter) to imitate the white matter
tracts [55,56]. The killing sink was composed of a collagen-based hydrogel conjugated to the
chemotherapeutic agent cyclopamine. With this approach, the tumor mass of induced GBM in
mice could be reduced. However, despite the positive results, this strategy as itself has limited
clinical appeals as the establishment of an extracortical sink in human patients may invite
numerous technical difficulties. Instead, exploiting the local (intracortical) migration of the
cancer cells may be a more translatable strategy to develop an efficient tumor trap for this

cancer.

2.2. Intravasation and tumor cell circulation

Tumor cells can circulate through the blood and lymphatic vessels on their journey to form a
secondary tumor distant from the primary site [57]. This requires the cells to intravasate by
passing through the endothelial cell junctions. Intravasation into the blood vessels occurs

frequently due to the leaky nature of tumor vasculature. In addition, it has been observed in
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vivo that metastatic cells are able to polarize toward blood vessels. A possible explanation to
this phenomenon is that these cells have an increased expression of epidermal growth factor
(EGF) and/or colony-stimulating factor 1 (CSF-1) receptors. Thus, they migrate toward a
gradient of EGF or CSF-1 released by the macrophages lining the blood vessels [58,59].
However, it is still easier for tumor cells to enter the lymphatic system as the surrounding ECM
network is easier to penetrate and that the endothelial junctions are looser [60]. Either route
can lead to blood vessel dissemination since the lymphatic circulation drains into the blood. As
the lymphatic fluid is filtered by the lymph nodes, tumor cells are invariably invading them,
starting with the nearest [61].

Once in the blood circulation, the trajectory of the tumor cells is influenced by the blood flow,
the diameter of the blood vessels and the intercellular adhesion force [37]. Two mechanisms
can lead to the arrest of a CTC: physical occlusion and cell adhesion (Figure 3). Physical
occlusion occurs when the diameter of the blood vessel is smaller or equal to the one of the
CTC (usually around 10 pm). This has been observed in the brain by real-time imaging in a
mouse model [62]. Adhesion of CTCs to the vessel walls occurs when there is a balance
between the adhesion force and the shear force exerted inside the blood vessel [63]. When the
shear force increases, the collisions between cells and the vessel wall increases, which in turn
enhances the likelihood of cell adhesion. However, if the shear force is too high, turbulences
may prevent the adhesion.

Shear force = Adhesionforce Shear force = Adhesionforce Shear force < Adhesionforce

vessel

Shear force decreases

Figure 3: Mechanisms of arrest of a CTC: the influence of the shear force and the blood vessel
diameter on the site of CTC extravasation.

It is therefore possible to capture CTCs by designing a device with strong adhesive cues. Yoon
et al. [15] designed a microfluidic device consisting of graphene oxide nanosheets fixed onto

a patterned gold surface to capture CTCs in early-stage cancer for analytical purposes (Figure
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1 Scheme I1-4-a). The nanosheets were functionalized with epithelial cell adhesion molecule
(EpCAM) antibody to capture CTCs. Blood samples were retrieved from healthy donors and
mixed with labeled human breast cancer cell lines MCF-7 and Hs-578T and the human prostate
cancer cell line PC-3. This microfluidic device captured more than 70% of the cancer cells in
the prepared blood sample with high specificity. A similar principle was also implemented in
the design of CELLSEARCH® CTC Test, the first and only clinically validated and FDA
approved blood test for enumerating CTCs [64]. It allows for early assessment of patient
prognosis as well as follow up of the patient. The test constitutes the use of ferrofluid
nanoparticles with EpCAM antibodies that bind to CTCs (Figure 1 Scheme 11-4-b). Once
magnetically separated from the rest of the blood sample, cells are stained to discriminate CTCs
from leukocytes that can co-present in the sample. Working within the same domain of
research, Chen et al. [17] designed a nanoroughened glass substrate to capture CTCs based on
their stronger adhesion capacity compared to normal blood cells (Figure 1 Scheme 11-4-c). Such
a working principle makes this device useful for capturing CTCs regardless of their surface
marker expression profile, which is known to vary according to the type of cancer, patient
demographics and the state of the disease. It is indeed well-discussed in the literature that the
EMT process may lead to reduction in the EpCAM expression in CTC [65]. The capture of
CTC using EpCAM antibody alone may lead to an underestimation of the CTC number in the
blood. With this device, more than 80% of cancer cells in whole blood samples from mice with
induced breast cancer or lung cancer were captured independently of their EpCAM expression.
Based on these findings, it is evident that a number of approaches can be adopted to capture
CTCsto enable early detection of metastasis although most of them are still far from translation

to the clinic.

2.3. Extravasation and secondary tumor formation

At the end of their time in blood circulation, the CTCs that survived and adhered to the blood
vessel walls extravasate and a fraction of these proceeds to form a secondary tumor. It has been
shown experimentally that only about 0.01% of the cells in the circulation system eventually
contribute to metastatic colonization [66]. The location at which they stop and grow into a
secondary tumor is not believed to be randomly-determined, and the reasons driving the
selection of a particular site are still being investigated. In 1889, Paget et al. hypothesized that
metastasizing cancer cells are like seeds that can only grow in the proper soil [67]. Indeed, it
has been observed that invasive cancer cells tend to migrate toward certain preferred sites of

metastasis; a phenomenon that has been coined as “tissue tropism” [9]. More recent studies
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revealed that the formation of certain microenvironments termed as pre-metastatic niches is
crucial to the subsequent formation of metastatic tumors. These microenvironments consist of
inflammatory immune cells, stromal cells, ECM proteins, tumor-secreted exosomes and
homing factors [68]. Tumor-secreted exosomes are sent to prime the niche at a target organ
(often lungs, liver, brain, bone and lymph nodes) by attracting bone marrow-derived cells
(BMDCs) as well as increasing the proliferation of fibroblast-like stromal cells [69]. BMDCs
include CD11b" myeloid cells, myeloid-derived suppressor cells, neutrophils, tumor-
associated macrophages and regulatory T cells. They are known to create an attractive site for
metastasizing cells and the presence of VEGFR1-positive BMDCs can serve as a predictor for
the arrival of tumor cells [70]. Moreover, the establishment of a pre-metastatic niche is
associated with an increased secretion of inflammatory cytokines and chemokines [71-73].
The increasing understanding of the pre-metastatic niches and their roles in welcoming
metastatic dissemination has inspired scientists to create synthetic niches as a means to trap

migrating cancer cells.

2.3.1. Creation of a synthetic pre-metastatic niche to trap CTCs

Many different strategies have been explored to engineer pre-metastatic niches. For example,
Seib et al. [9] developed a tumor trap for the metastasizing cells of breast and prostate cancer
by imitating the red bone marrow microenvironment (Figure 1 Scheme 11-3-b). The strategy
was adopted based on the knowledge that the bone was the preferred site of colonization in
more than 60% cases of metastasis for primary breast cancer and 73% for primary prostate
cancer [74]. Evidence shows that red bone marrow attracts migrating cancer cells via
chemotaxis with stromal derived factor-1 (SDF-1) [75] and CXCL16 [76]. It also provides
adhesion sites that interact with tumor cell surface molecules such as annexin2 [77], growth
arrest-specific 6 (GASP-6) [78], CD44 [79], integrins (such as VLA-4, VLA-5 and LFA-1) and
cadherins. Moreover, the bone marrow microenvironment is composed of osteoblasts,
osteoclasts, stromal cells, stem cells and mineralized bone marrow surrounded by a rich
vascular bed, making it a perfect site for tumor growth [80]. To imitate the red bone marrow,
Seib et al. designed a silk fibroin scaffold loaded with bone morphogenetic protein 2 (BMP-2)
capable of developing bone and marrow in vivo. After implantation into the mammary fat pads
of mice with induced breast or prostate tumor, no effect on the primary tumor growth was
observed. However, metastatic growth could be seen taking place in the functionalized
scaffolds, suggesting that it is possible to lure metastasizing cells into a trap by imitating the

bone marrow microenvironment. A similar strategy was adopted by Bersani et al. [81]. They
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utilized a polyacrylamide hydrogel coated with bone marrow stromal cells (BMSCs), which

was able to capture metastasizing cells of prostate cancer.

De Vlieghere et al. [10] took a slightly different approach to mimic a pre-metastatic niche by
developing traps made of iron oxide-coated microparticles encapsulating metabolically active
CAFs (Figure 1 Scheme I1-3-c). The CAFs continuously deposited ECM composed of type |
collagen and tenascine C, among others, creating an adhesive environment for disseminated
cancer cells. The microparticles were implanted into the peritoneal cavities of mice with
induced ovarian cancer. 24 hours after the implantation, the microparticles were magnetically
removed and the adhesion of cancer cells on the microparticles was assessed. The treatment

led to a delay in peritoneal metastasis and prolonged the animal survival.

Another variation in the strategy for recruiting metastasizing cancer cells was presented by
Azarin et al. [11]. They developed a microporous scaffold from poly(lactide-co-glycolic acid)
(PLGA) scaffold for in vivo capture of metastasizing breast cancer cells through the induction
of a local immune response (Figure 11-3-d). Indeed, it has been shown that immune cells are
implicated in tumor cell recruitment [82,83]. Here, they have either recruited immune cells into
the scaffold by grafting the chemokine CCL22, which is known to induce migration of immune
cells but not tumor cells, or incorporated the Gr1"CD11b* immune cells directly into the PLGA
scaffold. By doing this, they were able to reduce the number of breast cancer cells that
metastasized to the lung by 88%. Similarly, Rao et al. [84] designed a PCL-based device with
a slower degradation rate than PLGA scaffolds and investigated the immune response induced
at the implantation site, the ability of the device to recruit metastatic cells for detection prior to
colonization of organs as well as its influence on the survival of mice with induced breast
cancer. Pelaez et al. [85] further developed the strategy to enable the elimination of the attracted
metastatic cells by non-invasive focal hyperthermia. To do so, they coupled metal discs to PCL
microparticles to allow heat generation through electromagnetic induction using an oscillating
magnetic field. The heat generation could be modulated conveniently by changing the size of

the disc or the type of metal.

It has been shown that exosomes, which are vesicles involved in the transfer of information
between cells, play a role in homing CTCs in the pre-metastatic niche [69]. De la Fuente et al.
[12] harnessed the potential of this knowledge and designed a 3D scaffold with embedded
exosomes extracted from the ascitic fluid of ovarian cancer patients (Figure 1 Scheme I1-3-e).
The scaffold, called M-Trap, was implanted in the inner wall of the peritoneum of mice with a
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xenograft of human ovarian cancer in the peritoneal cavity. They showed that the scaffold could
serve as the preferred site of metastasis while a peritoneal carcinometastasis was observed in
the absence of the M-Trap. Moreover, an increase in the mean survival was observed in the
presence of the M-Trap (from 117.5 to 198.8 days), which was further improved by the removal
of the scaffold (mean of survival of 309.4 days). The safety and performance of the M-Trap is
currently being evaluated in a clinical trial involving female patients with stage 11IC ovarian
cancer (ClinicalTrials.gov Identifier NCT03085238).

2.3.2. Chemoattraction of tumor cells

Migrating cells can make directional choices when presented with different migration
pathways. In vitro, it has been shown that neutrophil-like cells can navigate through a
microfabricated maze by following a chemical gradient [86]. Chemokines and their receptors
are particularly involved in this navigation process. They are indeed responsible for the
chemoattraction of various cells and could therefore be used to attract migrating tumor cells
into a trap. Several receptors/chemokines have been identified to facilitate cancer cell
migration. The most investigated one is SDF-1, also called CXCL12, which binds with high
affinity to the CXCR4 and CXCRY7 receptors. This chemokine is a pro-inflammatory mediator
and is known to play a role in the recruitment of T cells, monocytes and lympho-hemopoietic
progenitor cells [87]. Its overexpression has been linked to an increase in the invasiveness of
ovarian cancer [88], breast cancer [89,90] and GBM [91,92], among others (further details can
be found elsewhere [93]). In addition, despite being less well-studied, CXCL16 and its receptor
CXCRE6 are also suspected to play a role in the migration of tumor cells. Wang et al. [94] have
shown that the expression of CXCRG6 increases with the grade of prostate cancer. These results
were supported by Lu et al. [95] who observed that metastatic cells from prostate cancer over-
express the CXCRG6 receptor. Moreover, CXCL16 have been shown to induce the migration

and enhance the proliferation of CXCR6-expressing cancer cells in vitro [73].

With this knowledge, several groups have tried to stop the migration of tumor cells by
inhibiting chemokine receptors, particularly the CXCR4 receptor. A reduction in the migration
of cancer cells has been observed in vitro [72,96,97]. However, this has not been successfully
replicated in vivo. Brennecke et al. found that the use of CXCR4 antibody 12G5 can reduce the
number of osteosarcoma pulmonary metastases having a diameter of <0.1 mm but not those of
larger dimensions [72]. This finding can be explained by the fact that chemoattraction of cancer

cells can be mediated by several pairs of chemokine-receptor interaction (for example, SDF-1
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can bind either CXCR4 or CXCR7 or both and CXCR6 can be activated by CXCL16). In
addition, cells can activate the so-called compensation mechanisms in vivo to maintain their
migration capacity. Indeed, it has been observed that neural progenitor cells (NPCs) are able
to migrate in response to SDF-1 via the activation of the CXCR?7 receptor in response to the
blockade of the CXCR4 receptor [98]. Therefore, in order to stop the migration of tumor cells
completely, all receptors implicated in in vivo chemoattraction should be identified and
blocked, making the task nearly impossible. Moreover, this strategy could only work if the
tumor cells have yet to begin migrating. In the particular case of GBM, cancer cells usually
have already invaded the surrounding tissues at the time of diagnosis [56]. Thus, it may be
more useful to direct the migration of cells toward a desired location instead of blocking the

migration process altogether.

Chemokines are already being used to attract cells into a scaffold for regenerative medicine
purposes. The tumor trap concept can benefit from the existing knowledge in this field of
application. Water-retaining polymer networks such as hydrogels and swellable matrices,
which have been widely-used in tissue engineering and regeneration, are pivotal platforms that
are transferrable to the tumor trap application. For this purpose, biocompatible polymers
capable of in situ formation of three-dimensional gels [99-101] or matrices [10,11,15,102—
104] may be used to exert chemotaxis (based on a gradient of soluble attractant or repellant) or
haptotaxis (based on a gradient of substrate-bound extracellular matrix proteins) (Figure 4). Of
particular interest is the potential exploitation of the CXCR4-SDF-1 axis due to its prominent
roles in regulating the migration of many types of cancer cells [99,100,105,106]. Examples of
biomaterials used to deliver SDF-1 for regenerative medicine are presented in Table 1.
Recently, the development of SDF-1-releasing scaffolds to attract tumor cells has received
increasing attention. Giarra et al. [13], designed a temperature-responsive gel loaded with SDF-
1 based on methylcellulose (MC) or poloxamers with or without hyaluronic acid (HA) for the
purpose of attracting CXCR4-expressing GBM cells (Figure 1 Scheme 11-3-f). Haji Mansor et
al. [14], on the other hand, encapsulated the chemokine in nanoparticles composed of PLGA
and a (PEG)-PLGA co-polymer to achieve sustained release (Figure 1 Scheme 11-3-0).
However, in both papers, no in vivo assessment of the ability of SDF-1 to attract migrating

cancer cells was performed.
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Figure 4: Illustration of the use of scaffolds to attract motile tumor cells by chemotaxis (A) or
haptotaxis (B).
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Table 1: Strategies to load SDF-1 into different biomaterials

Bonding strategy Type of Composition Target site for Ref
biomaterial regeneration
Adsorption Hydrogel hyaluronic acid Cardiac tissue [107]
PPCN Wound healing [108]
3D scaffold collagen Cartilage [109]
Tendon [110]
collagen/silk fibroin Bone [111]
hydroxyapatite Bone [112]
decellularized skeletal Muscle [113]
muscle
collagen/PLA Bone [114]
PLGA Cartilage [115]
Membrane PCL/gelatin Bone [116]
Immobilization . L
through specific Hydrogel heparin/PEG Cardiac tissue [117]
heparin-mediated Blood vessel [118]
interaction Cardiac tissue [119]
3D scaffold heparin/PLCL Blood vessel [120]
heparin/PGS Blood vessel [121]
heparin/PLLA Blood vessel [122]
Systems with Microspheres alginate Bone [123]
nano/microparticles
Hydrogel/ hydrogel: CS/GP Bone [124]
Nanoparticles nano: CS/CMCS
Microcapsules Dex-GMA/gelatin/ Wound healing [125]
PNIPAAmM
Particles PLGA Cardiac tissue [126]

PPCN: Poly (polyethylene glycol citrate-co-N-isopropylacrylamide); PLA: polylactide; PLGA: poly(lactic-co-glycolic) acid;
PCL: polycaprolactone; PEG: poly(ethylene-glycol); PLCL: poly(L-lactide- co-e-caprolactone) (PLCL); PGS: poly(glycerol
sebacate); PLLA: poly(I-lactic acid); CS: chitosan; GP: beta-glycerol phosphate disodium salt; CMCS: carboxymethyl-
chitosan; Dex-GMA: glycidyl methacrylated dextran; PNIPAAm: poly(N-isopropylacrylamide)
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2.4. Challenges associated with the clinical translation of the tumor trapping
strategy

While promising preclinical results have been obtained from the use of tumor traps as a
diagnostic and/or therapeutic tool, there are multiple issues that must be addressed before this
approach can enter the clinic. Main concerns include identifying suitable means for in vivo
monitoring of the recruitment of cancer cells into the scaffolds to allow one to decide on the
optimal timepoint for killing the trapped cancer cells. Prolonged duration of cancer cell
recruitment may lead to overcrowding of the tumor trap and subsequent cell escape, reducing
the purpose of the synthetic niche to merely a “relay” for the cancer cells en route to their

natural metastatic sites.

The incorporation of chemoattractant molecules such as SDF-1 into the tumor trap may also
introduce additional complexities. In particular, there are concerns regarding the selectivity of
SDF-1-mediated chemotaxis. Indeed, in addition to its role in recruiting cancer cells to local
and distant sites of colonization, SDF-1 is also implicated in the homing of other cell lines
such as immune cells and stem cells [87,111,115]. Moreover, the potential off-target effects
may also be exacerbated by the fact that this chemokine is known to be involved in various
processes that support tumor progression, angiogenesis, metastasis and survival [127]. It is
therefore necessary to study in more detail the effect of injecting such proteins near tumor cells
in vivo and to carefully evaluate the entire risks before moving to the clinic.

Further down the development timeline, the most effective way to kill the recruited cancer cells
should be elucidated. It may be tempting to suggest direct removal of the trap to achieve an
immediate eradication of the disease. However, this approach will necessitate an additional
surgery, a requirement that may be very difficult to fulfil especially in patients who are
terminally ill. A less invasive solution would be to use stereotactic radiotherapy (SRT). SRT is
a treatment where radiation beam is directed to a well-defined spot, usually the tumor site, from
many different angles around the body. The procedure ensures the targeted site receives much
higher dose of radiation than the surrounding tissues. At the moment, SRT seems to be a viable
option for killing the trapped cancer cells. This said, other selective approaches should also be

considered and evaluated.
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3. Conclusion

A good understanding of the escape pathways of a prey allows the hunter to capture it more
efficiently. The same rule of thumb can be applied to tumor cells. Using this principle, it is
possible to design tumor traps for diagnostic and/or therapeutic applications. For the latter
purpose, it is necessary that the trapped cells are killed by the application of existing therapies.
The different therapeutic strategies (surgery, chemotherapy, targeted therapy, ...) may not be
sufficient on their own to cure every cancer type but they can be used in combination to achieve
the best clinical outcomes. Jain et al. used a chemotherapeutic agent in the form of cyclopamine
alongside their tumor trap to shrink down the size of GBM tumors [8]. It would also be
interesting to combine the trap with radiosensitizers, focus X-ray or y-ray microbeams. Since
the trap would concentrate the tumor cells, the efficiency of chemo- and radio-therapies can
potentially be improved while the associated side effects are likely to decrease.
Immunotherapy, which can be broadly-described as the activation of immune cells to make
them able to recognize and eliminate tumor cells, could also be used. Indeed, one of the major
difficulties in immunotherapy is to make the cancer cells accessible to the activated immune
cells. This is particularly true in the brain as there is a need to overcome the blood-brain barrier
[128]. If immune cells can be pre-loaded or attracted into the trap via chemoattraction, this will
facilitate the killing of the trapped cancer cells. Indeed, immune cells are also sensitive to a
gradient of chemokines such as SDF-1 [118] and can therefore be recruited into the trap
together with the cancer cells of interest. Overall, this bio-integrative approach can be seen as
counter-intuitive insofar as the factors governing the trapping of tumor cells are also involved
in other signaling pathways that may lead to effects that are opposite to the initial will [129].
Our current knowledge on the mechanisms driving the migration of cancerous cells might not
be sufficient to develop a trap that only impact tumor cells in a safe manner. The translation to
the clinic will therefore require further investigations on the efficacy and safety of such
systems. Nevertheless, as Albert Einstein pointed out, "we do not solve problems with the
modes of thought that have engendered them™ and this unique approach therefore deserves

further investigations.
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Implants polymeéres fonctionnalisés pour piéger des cellules de glioblastome

Mots clés :

Glioblastome; Facteur-1a dérivé des cellules stromales (SDF-1a); Nanoparticules; Scaffold

nanofibreux; Libération contrélée de protéines; Piege a cellules tumorales

Résumé : Le glioblastome (GBM) est la forme de
cancer du cerveau la plus courante et la plus
meurtriere. Sa nature diffusive entraine une
impossibilité d’élimination compléte par chirurgie. Une
récidive de la tumeur chez = 90% des patients peut
étre provoqué par des cellules GBM résiduelles se
trouvant prés du bord de la cavité de résection. Un
implant pouvant libérer de maniére durable la protéine
SDF-1a, qui se lie aux récepteur CXCR4 a la surface
des cellules GBM, peut étre utile pour induire le
recrutement des cellules GBM résiduelles, permettre
leur élimination sélective et finalement réduire la
récurrence de la tumeur. Dans ce travail, le SDF-1a a
été initialement encapsulé dans des nanoparticules a
base d'acide poly-lactique-co-glycolique (PLGA). Une
efficacité d'encapsulation élevée (76%) a pu étre
obtenue en utilisant un processus simple de

séparation de phase. Les nanoparticules chargées
de SDF-1a ont ensuite été incorporées dans un
scaffold a base de chitosan par électrofilage pour
obtenir des implants nanofibreux imitant la structure
de la matrice extracellulaire du cerveau. Une étude
de libération in vitro a révélé que l'implant pouvait
fournir une libération prolongée de SDF-1a jusqu'a
35 jours, utile pour établir un gradient de
concentration de SDF-1a dans le cerveau et induire
une attraction des cellules GBM. Une étude de
biocompatibilité in vivo a 7 jours a révélé des signes
d'inflammation locale sans aucun signe visible de
détérioration clinique chez les sujets animaux. Une
étude a 100 jours visant a confirmer l'innocuité in
vivo des implants avant de passer aux eétudes
d'efficacité dans un modéle de résection GBM
approprié est actuellement en cours.

Functionalized polymer implants for the trapping of glioblastoma cells

Keywords : Glioblastoma; Stromal cell-derived factor-1a (SDF-1a); Nanoparticles; Nanofibrous scaffolds;

Sustained protein release; Tumor cell trap

Abstract : Glioblastoma (GBM) is the most common
and lethal form of brain cancer. The diffusive nature of
GBM means the neoplastic tissue cannot be removed
completely by surgery. Often, residual GBM cells can
be found close to the border of the resection cavity
and these cells can multiply to cause tumor
recurrence in 290% of GBM patients. An implant that
can sustainably release chemoattractant molecules
called stromal cell-derived factor-1a (SDF-1a), which
bind selectively to CXCR4 receptors on the surface of
GBM cells, may be useful for inducing chemotaxis
and recruitment of the residual GBM cells. This may
then give access to selective killing of the cells and
ultimately reduce tumor recurrence. In this work, SDF-
1a was initially encapsulated into poly-lactic-co-
glycolic acid (PLGA)-based nanoparticles. A high
encapsulation efficiency (76%) could be achieved

using a simple phase separation process. The SDF-
1a-loaded nanoparticles were then incorporated into
a chitosan-based scaffold by electrospinning to
obtain nanofibrous implants that mimic the brain
extracellular matrix structure. In vitro release study
revealed that the implant could provide sustained
SDF-1a release for 5 weeks. The gradual SDF-1a
release will be useful for establishing SDF-1a
concentration gradients in the brain, which is critical
for the chemotaxis of GBM cells. A 7-day in vivo
biocompatibility study revealed evidence of
inflammation at the implantation site without any
visible signs of clinical deterioration in the animal
subjects. A long-term study (100 days) aiming to
confirm the in vivo safety of the implants before
proceeding to efficacy studies in a suitable GBM
resection model is currently underway.



