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R
ÉS

U
M

É
 Le glioblastome (GBM) est une tumeur dévastatrice du système nerveux central. Malgré un traitement agressif, 

les récidives sont inévitables et l'application d'une stratégie thérapeutique efficace deumeure un défi. Le concept 
révolutionnaire de piège à cellules cancéreuses peut offrir de nouvelles opportunités. L'objectif est d'attirer et de 
confiner les cellules cancéreuses résiduelles entourant la cavité chirurgicale dans un implant polymère 
biomimétique délivrant des molécules chimioattractantes. Le SDF-1α, également appelé CXCL12, se lie 
sélectivement au récepteur CXCR4 à la surface des cellules de GBM infiltrantes et peut être utile pour induire le 
recrutement de ces cellules. Des éponges lyophilisées ont été préparées en combinant de la fibroïne de soie (SF), 
de l'acide hyaluronique (HA), de la poly-L-lysine (PLL) et de l'héparine (hep) réticulée avec N-(3-
diméthylaminopropyl)-N'-éthylcarbodiimide (EDC) et du N-hydroxysulfosuccinimide (NHS). Les éponges ont 
montré une porosité élevée (près de 90%) avec des diamètres de pores moyens de 60 µm et contenait jusqu'à 
95% d'eau une fois hydraté et un module de Young inférieur à 6 kPa. De plus, l'addition de SF dans la 
formulation a permis d’augmenter la stabilité des éponges dans le PBS comparé à l’éponge HA-PLL. Les éponges 
SF-HA et SF-HA-hep étaient capables de conserver 75% et 93% de la protéine SDF-1α respectivement après 7 
jours dans du PBS supplémenté en enzymes (hyaluronidase et héparinase). Des études in vivo ont montré que 
les éponges SF-HA et SF-HA-hep étaient bien tolérées dans le cerveau des rats et que l’éponge SF-HA-hep ne 
libérait pas de SDF-1α dans le cerveau après 7 jours. 

 

A
B

S
TR

A
C

T Glioblastoma (GBM) is a devastating tumour of the central nervous system. Despite an aggressive treatment, 
recurrence is inevitable, and the application of an effective therapeutic strategy remains a challenge. The 
breakthrough concept of cancer cell trap may offer new hopes and opportunities. The goal is to attract and 
confine the residual cancer cells surrounding the surgical cavity in a biomimetic polymeric scaffold delivering 
chemoattractive molecules. The stromal cell-derived factor-1α (SDF-1α), also called CXCL12, binds selectively to 
the CXCR4 receptor on the surface of infiltrative GBM cells and may be useful for inducing chemotaxis and the 
recruitment of residual GBM cells. In this work, series of freeze-dried sponges were prepared by combining silk 
fibroin (SF), hyaluronic acid (HA), poly-L-lysine (PLL) and heparin crosslinked with N-(3-dimethylaminopropyl)-
N′-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide sodium salt (NHS).  Sponges showed 
high porosity (near 90%) with mean pore diameters ca. 60 µm and contained up to 95% water once hydrated. 
They presented a soft texture close to the one of a brain with a Young’s Modulus down to 6 kPa. Moreover, 
addition of SF in the formulation yielded sponges with greater stability in PBS than the HA-PLL sponges. SF-HA 
and SF-HA-hep sponges were able to retain 75% and 93% of the SDF-1� protein respectively after 7 days in 
PBS supplemented with enzymes (hyaluronidase and heparinase). In vivo studies showed that the SF-HA and SF-
HA-hep sponges were well tolerated in rats’ brain and that the SF-HA-hep sponge did not release SDF-1α after 7 
days in the brain. 
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CHAPTER I 

Introduction 

 

 

1. Cancer, glioma and glioblastoma 

1.1. The cancer and solid tumours 

Damages to the DNA can be caused by viruses or environmental factors like chemicals, 

fumes or UV light for example. In normal conditions, cells are able to repair damages done 

to the DNA which can create errors. If the lesions create an important damage, the cell 

undergos apoptosis. If the lesions are small, the cell can survive and proliferate normally, 

and mutations appear. They can either be recessive and do not represent a risk for the 

organism or be dominant and create a new trait. Repetitive aggressions can lead to 

multiple mutations and drive to the apparition of a tumour, characterised by an anarchic 

proliferation of cells. The tumour can either be noncancerous (benign) or cancerous 

(malignant). 

Defining cancer is no easy task, that is why Hanahan and Weinberg proposed, in 2000, 6 

hallmarks of cancer. They have been revisited in 2011 with the addition of 4 more (1). 

These hallmarks are biological capabilities acquired during the development of tumours: 

• Sustaining proliferative signalling 

Cancer cells sustain proliferative signalling in two different ways. They can produce 

themselves growth factors (autocrine loop) or they can activate healthy cells in their 

environment which answers by sending them growth factors (paracrine loop). 
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• Evading growth suppressors 

The proteins retinoblastoma and p53 act as regulators and decide if the cell proliferates 

or activates the senescence or apoptosis programs. These two proteins are frequently 

mutated in cancers. 

• Avoiding immune destruction 

Cancerous cells are able to avoid the immune system by secreting immunosuppressive 

factors like the TGF-b. They can also recruit inflammatory cells with immunosuppressive 

properties like the regulatory T cells (Treg) and myeloid-derived suppressor cells (MDSCs). 

• Tumour-promoting inflammation 

Inflammation contributes to the acquisition of hallmarks by bringing bioactive molecules 

like growth factors, survival signals, pro-angiogenic factors, enzymes modifying the 

extracellular matrix (ECM) and facilitating angiogenesis, invasion and metastasis. 

• Enabling replicative immortality 

Cancerous cells can replicate indefinitely unlike normal cells. 

• Inducing angiogenesis 

Angiogenesis allows tumours to create its own capillary system to be supplied in oxygen 

and nutrients, necessary to its development. 

• Genome instability and mutation 

The probability of mutations development advantageous for the survival of cancerous 

cells is increased by defaults in the genome maintenance and DNA repair mechanisms. 

• Resisting cell death 

Apoptosis is regulated in cells by signals pro- (Bax and Bak proteins for example) and anti-

apoptotic (like the proteins of the Bcl-2 family). Cancerous cells establish strategies to 

bypass apoptosis by increasing the expression of anti-apoptotic signals or by deregulating 

pro-apoptotic signals among other strategies. 
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• Deregulating cellular energetics 

In normal conditions, energy is mainly generated by the Krebs cycle. However, in hypoxic 

condition, like in most of the tumours, the main energy production is generated by the 

cytoplasmic glycolysis. 

• Activating invasion and metastasis 

Cancerous cells are able to modify their structure and their environment as well as being 

able to detach from the other cells and from the ECM to invade tissues. This phenomenon 

is favoured by the epithelial-mesenchymal transition (EMT). 

In addition to these hallmarks, tumours interact with their environment and recruit 

normal cells, creating a tumour microenvironment. Properties of tumours therefore differ 

depending on the type of cells they are originated from but also on the organ they are 

implanted in. 

1.2. The glioma and glioblastoma 

Brain tumours are classified from grade I to IV depending on their degree of malignancy; 

the grade IV describing tumours with the worst prognostic, according to the World Health 

Organization (WHO) classification of the central nervous system (CNS) (2). 

- Grade I (benign tumours) corresponds to slow growing tumours with a delimited 

border. 

- Grade II corresponds to slow growing tumours with an undelimited border. 

- Grade III (malign tumours) corresponds to anaplastic tumours, i.e. presenting 

abnormal cells, and with a higher development rate than lower grade tumours. 

- Grade IV tumours possess different cell types that proliferate fast and with a 

spontaneous necrotising tendency. They are not defined and infiltrate the brain. 

Glioma is a type of tumour derived from the supportive tissue of the brain called glia, 

composing 90% of the brain. Gliomas are divided in three groups: oligodendrogliomas 

(derived from the oligodendrocytes), oligoastrocytomas (derived from oligodendrocytes 

and astrocytes) and astrocytomas (derived from astrocytes). 
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Astrocytomas are divided in four grades: pilocytic astrocytoma (grade I), diffuse 

astrocytoma (grade II), anaplastic astrocytoma (grade III) and multiform glioblastoma 

(grade IV). 

Gliomas are identified and treated based on common histopathological criteria. However, 

they might not accurately predict clinical outcome (3). The 2016 WHO classification of 

tumours of the CNS therefore combines histology with molecular parameters (4). In the 

new classification, diffuse gliomas include grade II and III astrocytic tumours, grade II and 

III oligodendrogliomas, grade IV glioblastoma and related diffuse gliomas of childhood 

(Figure 1. 1). They are classified according to the mutation of the isocitrate dehydrogenase 

(IDH), ATRX, TP53 genes and codeletion of 1p/19q. A NOS designation implies that there 

is insufficient information to assign a more specific code, it designates tumours that 

cannot be classified in a more narrowly defined group. 

 

Figure 1. 1: Simplified classification of diffuse gliomas based on histological and genetic features. Adapted 
from (4). 

Glioblastoma multiforme (GBM) is an infiltrating tumour of the CNS known since the 

beginning of the nineteenth century (5). It is the most lethal form of glioma since it always 

grows rapidly as a highly malignant tumour. GBM can be primary or secondary (result 

from the evolution of a tumour of an inferior grade). GBMs are divided into three groups 
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according to the 2016 CNS WHO (4). The first group has IDH-wildtype, which corresponds 

most frequently with primary GBM in patients over 55 years old and it represents about 

90% of the cases (6). The second group has IDH-mutant, which corresponds to secondary 

GBM, arises in younger patients and represents about 10% of the cases (6). The third 

group is the NOS, where a full IDH evaluation cannot be performed. IDH-mutant GBM has 

a higher median of survival (31 months) compared with IDH-wildtype GBM (15 months). 

According to a study conducted worldwide from 2006-2011 on all newly diagnosed and 

histologically confirmed cases of primary central nervous system tumours, incidence of 

GBM is of 2.1/100,000 worldwide, 2.9 in Europe and 3.3 in France (7). GBM can occur at 

every age but in 70% of the cases patients are between 45 and 70 years old. Neurologic 

signs are not specific, reflecting an intracranial hyperpressure (headache and vomiting) 

often associated to behaviour changes or neurological defects depending on the affected 

zone of the brain. GBM can be detected by CT-scanner (computed tomography) or MRI 

(magnetic resonance imaging) as an infiltrative lesion infiltrating the brain parenchyma 

and necrotic zones (8). Use of contrasting agents like iodized compounds visible by X-ray 

for the CT-scanner or gadolinium for the MRI are needed. Figure 1. 2 shows MRI of a 

patient with GBM. The mass appears irregular, with an undulating ring or wavy margin, 

and its inner aspect is shaggy and irregular. Imaging can be associated with magnetic 

resonance spectroscopy (MRS) which allows to estimate the proliferation rate of tumour 

cells as well as the necrosis. GBM are characterised by an increase of the peak of choline 

(cellular hyperplasia and inflammation), lactate (hypoxia) and lipids (membrane 

alteration, necrosis) as well as a decrease of the peak of N-acetyl-aspartate (loss or 

displacement of neurons) and creatine (oxygen regulation) (9). A stereotactic biopsy or a 

craniotomy followed by histological analysis has to be performed to confirm the 

diagnostic. 
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Figure 1. 2: Diagnostic of GBM by MRI. (a) Axial non-enhanced T2-weighted MRI of a GBM shows a large 
heterogeneous mass. (b) Axial gadolinium-enhanced T1-weighted MRI image of a GBM shows the irregular 
mass. The ring has a characteristically undulating or wavy margin, and its inner aspect is shaggy and 
irregular. Figure adapted from Smirniotopoulos et al. (8). 

2. Current treatments of the glioblastoma 

The term ‘’glioblastoma multiform’’ was first coined by Percival Bailey and Harvey Cushing 

in 1926 (5). At this time, the only treatment was surgery. In 1949, Netsky and co-workers 

(10) studied the longevity of patients with GBM in order to gain knowledge on the tumour. 

They reported a mean survival of 8.3 months with near 80% of the patients dying within 

20 months after the diagnostic. Today, 70 years later, the median of survival is of less than 

15 months with 5% of the patients living more than 5 years after diagnostic (11). 

Nowadays, the treatment consists in a surgical resection removing the maximum of the 

tumour followed by radiotherapy in the region of the cavity post-surgery and 

chemotherapy with an alkylating agent, the temozolomide (Témodal®) (TMZ) (12). The 

surgery only allows a median of survival of about 6 months, combined with radiotherapy 

the median of survival is prolonged until 12.1 months. Addition of TMZ leads to a median 

of survival of 14.6 months. 

2.1. Surgery 

The surgery is a major element in the treatment of GBM. The post-operative tumour 

residue being often at the origin of the recurrence of the tumour, resection needs to be 

as large as possible without leading to unacceptable neurological deficits. Chaichana et al. 

(13) have studied the correlation between the percent of resection and survival over 259 

patients. A resection of more than 70% of the tumour volume showed statistically 
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significant improvement in overall survival and seizure control. However, surgery is not 

always an option, depending on the age of the patient, his/her health state, the size, 

localisation of the tumour and the technical availabilities for the surgery. Results suggest 

that repeat surgery at GBM recurrence confers a significant overall survival advantage 

(14). 

Visual delimitation of the tumour’s margins in combination with common surgical technics 

allows completer and more accurate resection of the tumour, leading to better outcomes 

for the patient. Different aids are at the disposal of the surgeon. Confocal intraoperative 

microscopy can be used to differentiate more precisely tumour cells from healthy tissue 

with the use of near infrared, fluorescence markers (like 5-aminolevulinic acid-induced 

porphyrin, indocyanine green or fluorescein sodium) (15). Other technics include 

intraoperative MRI and diffusion tensor imaging MRI (16–18). 

2.2. Concomitant radiotherapy and chemotherapy 

Nowadays, the standard treatment for GBM after surgery follows the protocol described 

by Stupp et al. in 2005 (12) and consists in a concomitant radiotherapy and chemotherapy 

following the surgery. GBM patients’ need to wait for at least 4 weeks after the surgical 

resection before starting the TMZ and radiotherapy regimen to allow the tissues to heal 

(19). This period might be extended depending on the hospital schedule. Fractionated 

radiotherapy (30 times 2 Gy) is combined with a daily chemotherapy with TMZ for 6 

weeks. It is then followed by adjuvant care therapy for 6 cycles of 5 days with 4 weeks 

gaps (Figure 1. 3). 

 

Figure 1. 3: Recommended therapy timeline. Fractionated radiotherapy (30 times 2 Gy) is combined with a 
daily chemotherapy with TMZ for 6 weeks. It is then followed by adjuvant care therapy with TMZ for 6 cycles 
of 5 days with 4 weeks gaps (12). 
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X-ray radiotherapy is administered in the area of the resection cavity post-surgery with a 

2 cm gap in the surrounding healthy tissues. Ionising radiation induces simple strand and 

double strand breaks in the DNA of proliferating cells. 

TMZ is an alkylating agent that generates DNA damages and drives targeted cells to 

apoptosis. It targets in particular the O6-methylguanine by adding a methyl group. Before 

2005, chemotherapy of GBM was done with nitrosoureas or procarbazine. TMZ was 

developed and received an accelerated approval in 1999 for GBM patients refractory to 

these two chemotherapeutic agents. TMZ is available in oral formulation with an 

equivalent bioavailability compared with the intravenous formulation, the last one being 

therefore rarely used in clinical practice (20). Treatment through oral delivery offers 

tremendous advantages compared with the intravenous one since in implies less 

interference in the daily life of patients. Since 2005, TMZ is used as the first-line treatment 

for GBM. Monika et al. (21) analysed 206 patients GBM including 46 patients that had the 

O6-methylguanine-DNA methyltransferase (MGMT) promotor methylated. This enzyme 

repairs DNA by removing methyl groups. Therefore, if the MGMT is not present in the 

tumour cells, it leads to a better sensibility toward TMZ. For patients with the MGMT 

promotor methylated treated with radiotherapy and TMZ, the median of survival was of 

21.7 months compared with 15.3 months for patients without the mutation. This 

mutation is found in 30% of the gliomas (22).  

2.3. Challenges of glioblastoma therapy 

The median of survival has not been prolonged since 2005 despite numerous studies and 

GBM remains incurable, recurrence of the tumour being inevitable (23). Researchers face 

many obstacles in their search for a cure including (i) its localisation, (ii) its heterogeneity 

(intrinsic and extrinsic), (iii) its infiltrative nature as summarised in the Figure 1. 4. 

2.3.1 Localisation of the tumour 

The anatomical location of the tumour in the brain makes the treatment of GBM 

challenging. A complete surgical resection is indeed impossible without damaging areas 

of the brain leading to unacceptable neurological deficits.  
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Figure 1. 4: GBM treatment faces many challenges due to the localisation of the tumour in the brain, its 
heterogeneity (intrinsic and extrinsic) and invasive nature. 

Moreover, it is difficult to deliver drugs to the CNS at therapeutic concentration in 

particular because of the blood-brain barrier (BBB). In healthy patients it is constituted by 

a continuous layer of endothelial cells linked together by tight junctions and supported by 

adhesions and interactions with basement membranes, brain pericytes, astrocytes, and 

neurons (24). For GBM patients, it is often partially disrupted at the tumour site (25). 

Drugs administered systemically might be able to extravasate the BBB. However, they are 

unable to reach single infiltrating cells since this area has an intact or moderately altered 

BBB (26). 

2.3.2 Heterogeneity of the glioblastoma 

GBM is heterogenous considering the tissue (environment), the type of cells, and the 

molecular and genetic point of view making its classification no easy task and resulting in 

low predictability of the tumour response to the treatments (27–30). Because of this 

heterogeneity, treatments are not completely adapted to GBM and some cells always 

survive, leading to recurrence of the tumour. To increase the efficiency of radiotherapy, 
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attempts have been made to increase doses, alter fraction schemes and use 

radiosensitisers but it unfortunately led to no improvements (31). Since the first use of 

intravenous chemotherapeutics in the 1940s, nearly every new class of drug that has 

reached the market (more than 60) has been tested in GBM patients (20). Alkylating 

agents are subjected by the same chemoresistance pathways as TMZ as their mechanism 

of action is similar; therefore, their effectiveness is often limited (23). Only one third of 

the patients are responsive to the treatment while some patients display innate or 

acquired chemoresistance. A study showed that increasing the dosage of TMZ did not 

improve the efficacy of the treatment (32). The chemoresistance of alkylating 

chemotherapeutics is mediated by different mechanisms including DNA repair pathways, 

deregulation of apoptosis regulating genes or tumour cells overexpression of proteins 

such as galectin-1 or epidermal growth factor (EGF) receptor (33). 

A subpopulation of GBM is constituted of cancer stem-cells (CSCs). Stem cells have three 

properties: (i) self-renewal, i.e., at cell division, at least one daughter retains the same 

biologic properties of the parent cell; (ii) the capability to develop into multiple lineages; 

(iii) the potential to proliferate extensively (34). They are therefore referred to as 

“tumour-initiating cells’’. CSCs are suspected to resist therapeutic intervention via several 

mechanisms including ABC transporter expression (35), aldehyde dehydrogenase (ALDH) 

activity (36), B-cell lymphoma-2 (BCL2) related chemoresistance (37), enhanced DNA 

damage response (38) and activation of key signalling pathways (39). These mechanisms 

have been reviewed elsewhere (40). 

2.3.3 Infiltrative nature of the glioblastoma 

It has been observed than tumour recurrence occurs in 90% of the cases within 2 cm of 

the resection cavity (41). This phenomenon can be explained by the invasion ability of 

glioblastoma cells. GBM is indeed also known as the ‘’octopus tumour’’ (42). GBM cells 

are able to infiltrate the surrounding normal parenchyma in the early stage of the tumour 

development. GBM cells are able to migrate and presence of genes associated to invasion 

and migration like CLEC18B (43), EGFLAM (44), HOXC10 (45) and circular RNAs like 

circ_0029426 (46) has been correlated with poor patient survival. The migration of GBM 

cells is not random and occurs mostly along white matter tracks (47) and blood vessels 

(48). Lagerweij and co-workers (49) have studied the migration of GBM cells and its 
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relationship with blood vessels in an ex vivo murine model. Figure 1. 5 shows a large and 

diffuse infiltrative tumour from a GBM8 glioblastoma xenograft model in mice. Cells have 

migrated away from the tumour core into the deep grey matter, the white matter and 

even the contralateral side. Figure 1. 5-B shows that a large number of cells migrated 

collectively through white matter tracts like the corpus callosum. Moreover, solitary cells 

were identified away from the tumour site in close proximity with blood vessel (Figure 1. 

5-D), demonstrating that GBM cells migrate along blood vessels as suggested in former 

studies. 

 

Figure 1. 5: Diffuse, invasively growing GBM8 tumour (anti-RFP-Ax594, red) and brain vasculature 
(lectintomato-DyLight488, green). (a) Tumour cells have migrated into the healthy brain parenchyma, away 
from the tumour core (TC) into the contralateral (CL) hemisphere, into the deep grey matter (DGM), and 
into the subarachnoid space (arrows). (b) Zoom showing the presence of GBM cells in the corpus callosum 
(CC). (c) Zoom of the tumour core showing tumour cells in close proximity with blood vessels. (d) Zoom 
showing distantly migrated solitary tumour cells in close proximity with blood vessels. Figure adapted from 
Lagerweij et al. (49). 

GBM cells prefer existing routes of migration like blood vessels and white matter tracts as 

explained earlier but are also able to migrate into high density ECM like the brain 

parenchyma. It is composed of a high density of neurons and glia in a softer matrix and 

therefore display physical resistance to migrating cells. GBM cells have therefore to 

actively remodel the ECM to migrate (50–52). They are able to secrete proteases to 

degrade the ECM and create routes (53). They are shown to be able to upregulate 
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hyaluronan, osteopontin, vitronectin, collagens, and tenascin-C and downregulate 

thrombospondin and versican (47,54–56). Since GBM cells are able to use different routes 

of migration, it implies that different signalling cues must be available. This context-

dependent invasion signalling is getting more and more appreciated, but much still 

remains to be elucidated. 

CSCs are a subpopulation of GBM and are known to be resistant to radiotherapy and 

chemotherapy but can also differentiate and be the cause of the recurrence of the tumour 

as explained earlier (section 2.3.2) but also to be highly invasive (57). This hypothesis is 

corroborated by the observation that mesenchymal GBM is enriched in CSCs. 

Mesenchymal GBM is a glioblastoma subtype characterised by the overexpression of 

genes characteristic of the migratory cells of the undifferentiated mesenchyme. This 

subtype accounts for approximately 30% of primary GBMs and has been related with a 

higher invasive potential and worse prognosis than other subtypes (58). 

GBM cells are able to take different routes of migration which suggests that numerous 

signalling pathways are involved. However, the information available on the signalling 

pathways is limited due to a lack of adequate in vitro and in vivo models and thus only a 

few are known. Erythropoietin-producing human hepatocellular carcinoma (Eph) 

receptors type A and B typically bind A-type ephrins and B-type ephrins respectively (59). 

Eph receptors and ephrins mediate cell-to-cell signalling that control spatiotemporal 

organisation of tissues; in particular, they regulate cell migration and axon guidance. 

Several studies point out EphA and EphB signalling to GBM invasion. Indeed, Eph/ephrin 

pathways are overexpressed in invasive GBM cells but not in the tumour core (60–63). 

Interestingly, Wang et al. (64) showed that EphB2 overexpression increases invasion but 

also inhibits proliferation while its silencing increases proliferation and decreases invasion 

of GBM cells. The stromal derived factor-1α (SDF-1α), also called CXCL12 is a chemokine 

composed of 68 amino acids that bind to the CXC chemokine receptor 4 (CXCR4) (65). In 

healthy tissues, SDF-1α plays a role in recruiting immune cells at the site of injury but also 

in the development of the CNS (66,67). However, CXCR4 is also overexpressed in invasive 

GBM cells (68–70). It has been shown that overexpression of the CXCR4 in GBM cells is 

associated with poor prognosis (71). Data showed that CXCR4 and SDF-1α mRNA are 

colocalized in glioblastoma and their expression increases with the tumour grade (72). 
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Moreover, a gradient of this chemokine induces an attraction of cells expressing the 

CXCR4 receptor (73,74). 

In sum, the high invasion ability of GBM is one of the main challenges in the look for a 

cure. On the bright side, GBM cells do not intravasate into blood vessels, metastasis from 

GBM in other organs are therefore extremely rare (75). 

3. Innovative treatments  

A plethora of clinical trials are currently ongoing aimed to improve the dark prognostic of 

GBM. At the date of the 5th of July 2019, 1380 clinical trials for GBM are registered in 

clinicaltrials.gov and 478 are active. Most of them are conducted in the US or in Europe. 

However, in many cases, the clinical end point is to stabilise the disease, improve the 

quality of life of the patients and maybe slightly extend their life but not complete 

remission. It must be noted that complementing treatments controlling seizures, 

increased intracranial pressure, deep vein thrombosis and embolism like anticonvulsant 

drugs, corticosteroids, and anticoagulant drugs are of prime importance as they occur in 

up to 30% of patients with primary brain tumours (31). 

In conclusion, despite a highly active research on the subject, prognosis for GBM has not 

changed significantly in the last 90 years. Research is hopefully continuing to finally tackle 

this disease. Some innovative strategies aiming to overcome the challenges of GBM are 

outlined below. 

3.1. Overcoming the blood-brain barrier 

One of the challenges in GBM treatment is the localisation of the tumour in the brain. 

Indeed, despite the surgical challenge, obtaining a therapeutic concentration of drug at 

the site of the tumour is difficult because of the BBB. The BBB is known to be disrupted at 

the site of the GBM, which is demonstrated by the fact that gadolinium used for MRI 

imaging is accumulating in the tumour. However, the GBM infiltrate the surrounding 

tissues and does not disrupt the BBB there. Different strategies can be applied to pass the 

BBB: (i) designing drugs that can cross it, (ii) disrupting the BBB and (iii) injecting or 

implanting the drug directly at the site of the tumour. 
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3.1.1 Crossing the blood-brain barrier 

The BBB is one of the main obstacles when it comes to deliver drugs into the brain. Some 

molecules are known to be able to cross it like TMZ, lomustine, semustine or carmustine. 

However, studies showed that levels of TMZ in the brain are only 20% of systemic drug 

levels (76). 

Another strategy consists in modifying compounds or incorporating them in nanocarriers 

to reach the brain parenchyma by passive or active targeting of the BBB endothelial cells 

(77). The passive targeting is the transport of nanocarriers through leaky tumour capillary 

fenestrations into the tumour interstitium and cells by convection or passive diffusion, 

followed by their selective accumulation thanks to the enhanced permeability and 

retention (EPR) effect (78). The active targeting consists in using ligands to bind selectively 

receptors overexpressed by tumour cells or tumour vasculature. However, passing the 

BBB remains a challenge and appropriate targets for active targeting are still lacking. 

In 2011, another treatment was approved by the FDA for the treatment of recurrent GBM: 

the tumour treating fields (TTFs) (79). They are low intensity alternating electric fields that 

selectively target proliferating cells by disrupting mitosis. Since it uses an electric field 

instead of a drug, TTF is not affected by the presence of the BBB. The NovoTTF-100A 

device (Optune®) is the first TTF device approved and is currently used as a concomitant 

therapy to TMZ following surgical resection and radiotherapy, both for newly diagnosed 

and recurrent supratentorial GBM (80). 

3.1.2 Disrupting the blood-brain barrier 

Groups have focused their attention in disrupting the BBB. It can be done for example by 

administration of chemical agents such as mannitol and adenosine A2A agonist (81). 

Regadenoson is an FDA-approved A2A receptor agonist and was tested on five patients in 

order to improve the concentration of TMZ in the brain (82). Although it was found in 

rodents to help increasing the crossing of the BBB by TMZ, no significant increase was 

observed in patients.  

Recently, a system has been developed using the help of ultrasounds. SonoCloud® is a 

system that delivers ultrasounds locally by implanting the device in the resection cavity 
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and is currently under clinical trial in phase I/IIa (83). So far, results showed that it is well 

tolerated by patients with recurrent GBM and that the procedure is safe.  

3.1.3 Bypassing the blood-brain barrier: local delivery strategies 

One way to overcome the BBB is to inject or implant the drug directly in the brain, at the 

tumour site. Locoregional delivery of therapeutics can be performed using injectable or 

implantable systems with sustained release characteristics. The goal is to prevent the 

growth of cancer cells that cannot be restricted by surgery. GBM cells are highly infiltrative 

but are not able to pass into the lymphatic system. They are therefore unable to form 

metastases outside the CNS (27). Moreover, in more than 90% of the cases, recurrence 

appears within a few centimetres of the resection cavity. Local delivery strategies can 

therefore increase the concentration of drugs at the tumour site, avoiding systemic side 

effects without disrupting the BBB or modifying the drug chemical structure. 

Early strategies used the direct injection of chemotherapeutics into the tumour resection 

cavity or into the ventricle via repeated injections with needles or catheters (84). This 

simple method can be used to inject large volumes of drugs. However, the depth of the 

drug distribution is often limited at less than 3 mm from the injection site and repeated 

surgery are needed, increasing the risk of side effects such as intracranial haemorrhage 

and infections. Another approach that has been widely studied is the use of convection 

enhanced delivery (CED). It delivers drugs via a catheter under positive pressure inserted 

into the tumour under stereotactic guidance. This device allows to distribute the drug 

further into the brain (2-3 cm) (85). Nevertheless, the reservoir needs to be refilled 

continually, the drug distribution depends on the infusion parameters (volume, duration 

and rate of the infusion) and therefore need to be controlled, and neurotoxicity can be 

induced by leakage of the drug into the cerebrospinal fluid (86). Advancements in catheter 

design, placement and imaging techniques might help overcome these challenges.  

Another strategy is the craniotomy-based drug delivery, i.e. the use of scaffolds (such as 

gels, films, 3D scaffolds, nano- or microparticles) loaded with drugs that can be implanted 

or injected in the resection cavity and that are capable of sustainably release drugs in the 

surrounding. Implants can either be biodegradable or not, the first one being preferred 

since non-degradable implants have to be removed surgically. 
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The only approved drug delivery implant of newly diagnosed and recurrent GBM by 

regulatory agencies is the Gliadel® wafer. It is composed of a biodegradable copolymer 

of 1,3-bis-(p-carboxyphenoxy)propane and sebacic acid in a 20:80 ratio (polifeprosan 20) 

loaded with bis-chloroethylnitrosourea (BCNU). 1 wafer contains 7.7 mg of BCNU and up 

8 wafers can be placed in the cavity of resection in order to cover as much as possible the 

cavity. Prolonged overall survival was observed compared with placebo treated 

patient (13.9 months and 11.6 months, respectively) (87). Low systemic toxicity was 

observed (gastrointestinal disorders, asthenia, fever and depression) but serious local side 

effects included seizures, intracranial hypertension, meningitis, cerebral edema, impaired 

neurosurgical wound healing and wafer migration. A retrospective study after 10 years of 

use at Johns Hopkins Hosital (Baltimore, USA) on 1013 patients with malignant brain 

astrocytoma was conducted (88) and showed that there was indeed a small increase in 

the percentage of complication for Gliadel® patients but it was not found significant. 

Other groups tried to improve the efficacy of polymer implants by using different 

polymers or drugs. All-trans retinoic acid (ATRA) was encapsulated in polymeric particles 

and incorporated in a 3D printed hydrogel mesh (89). Rapamycin, an anti-proliferative 

agent effective in recurrent breast cancer, has been associated with a biodegradable 

caprolactone-glycolide polymer beads and tested in vivo in combination with 

radiotherapy for the local treatment of GBM (90). OncoGel® is a system composed of an 

in situ forming gel (ReGel™) loaded with paclitaxel and was tested in a phase I/II trial for 

GBM patients (91). The gel is degraded in 4 to 6 weeks as it releases paclitaxel. So far, the 

study has only been done on 4 patients and therefore no conclusions were given on the 

efficacy of this treatment yet. Microspheres are also studied for the local treatment of 

GBM, encapsulating paclitaxel (92) or 5-fluorouracil (93) for example. 5-fluorouracil was 

encapsulated in poly(lactide-co-glycolic acid) (PLGA) microspheres and studied in a phase 

II trial, but they failed to show an increase in the overall survival. 

Synthetic or natural polymers can be used. On one hand, synthetic polymers are easier to 

control (polydispersity, reproducibility) which explain why most of the implants in clinical 

studies for GBM treatment are synthetic. On the other hand, the use of natural polymers 

is interesting for their facilitation in tissue integration and sites allowing for cell 

interaction. Collagen, chitosan, hyaluronic acid, and silk fibroin are natural polymers 



CHAPTER I: INTRODUCTION 

  17 

extensively studied for their interesting properties for production of biocompatible 

scaffold. Collagen and hyaluronic acid can be used for their biomimicry properties and 

chitosan and silk fibroin for their slow degradation in vivo. They are not favored for 

treatment of GBM today but extensively studied for brain regeneration applications. 

3.2. Fighting glioblastoma despite its heterogeneity 

One of the main challenges of the GBM resides in its heterogeneity. Drugs are effective 

on some of the cells, but a population shows radio- and/or chemo-resistance. Different 

strategies are being put in place by researchers in order to find a way to eliminate all the 

subpopulations constituting the GBM. 

Evasion of the host immune system is one the hallmarks of cancers and GBM makes no 

exception. Focus is therefore being made to ablate the immune evasion ability of this 

cancer by educating the host immune system, creating a vaccine. A vaccine would induce 

potent anti-tumour immunity with long lasting immunological memory while sparing 

healthy tissues (94). Various strategies are being studied. First, it is possible to inhibits 

proteins responsible for immune evasion such as programmed cell death protein I (PD-I) 

and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (95). CheckMate 143, using 

nivolumab, is the first death pathway inhibitor in a large randomized clinical trial for GBM 

but failed to show a prolongation of the overall survival compared with the classical 

treatment (96). Nivolumab is today being tested in combination with other drugs or 

protocols in different clinical trials (97,98). 

Secondly, chimeric antigen receptor (CAR) T cells are genetically modified to target surface 

tumour-associated antigens (99). CARs can be constructed to target any tumour-

associated or tumour-specific antigen and can distinguish tumours from healthy cells. 

CARs are selected to be specific to one patient’s tumour. T-cell are taken from the 

patients, chemically modified and then injected back. For GBM, four promising antigens 

have been particularly studied in clinical trials: EGFRvIII, human epidermal growth factor 

receptor 2 (HER2), and IL receptor 13Ra2 (IL-13Ra2). Thirdly, dendritic cell therapy allows 

the targeting of multiple antigens (100). Dendritic cells are harvested from the patient and 

exposed to tumour lysates, RNA, peptides, and/or products from cancer stem cells before 

being injected back to the patient. Several clinical trials are ongoing. ICT-107 was tested 
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in a phase II trial with 124 patients in association with the classical treatment and reported 

an increase in the overall survival (18.3 for ICT-107 vs 16.7 for the control) (101). DCVax®-

L showed exciting results in its phase III study with a 3-year survival of 46.4% over 348 

patients (102). 

GBM is characterized by extensive angiogenesis (103). Therefore, some teams are working 

on vascular endothelial growth factors signalling inhibitors like vandetanib and sorafenib 

as well as protein kinase inhibitors such as enzastaurin and cilengitide (104). By inhibiting 

angiogenesis, tumour oxygenation is improved through vascular normalisation. Since 

radiotherapy is more efficient with an increasing oxygen concentration, allowing the 

formation of reactive oxygen species, anti-angiogenic drugs should act as radiosensitisers 

(105). However, they failed so far in preclinical and early-phase studies. The reason 

remains unclear although some explanations have been proposed like the inadequate 

dosage, the inaccuracy of preclinical models used to predict a response in human GBM 

but also inadequate timing with radiations (106). An anti-angiogenic humanised 

monoclonal antibody, the bevacizumab (Avastin®), was approved by the FDA in 2009 for 

the first-line treatment of recurrent GBM patients. However, phase III clinical trial, done 

on 637 patients between 2009 and 2018 showed no improvement of the median of 

survival (107). The progression-free survival was improved from 7.3 months for the 

classical treatment (TMZ + radiotherapy + placebo) to 10.7 (TMZ + radiotherapy + 

Bevacizumab) but did not reach significance criterion. 

To overcome resistance to treatment, other groups have studied the targeting of DNA 

repair by polyADP ribose polymerase (PARP) by the use of a PARP inhibitor. It allows the 

increase of single strand breaks by blocking the base excision repair pathway, making the 

tumour cell unstable (108,109). Studies have demonstrated synergistic interactions 

between PARP inhibitors and TMZ and showed that they are radiosensitizers (110,111). 

CSCs are a small population of cells within a tumour with self-renewal, tumorigenicity and 

differentiation capabilities (112). Their presence in human GBM was reported in 2004 by 

Galli et al. (113). They have been shown to contribute to tumour initiation and to be 

resistant to standard radio- and chemotherapy, making them of prime importance in the 

progression and recurrence of the tumour. Salinomycin was found to inhibits the growth 
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of various immortalised cancer cells both in vivo and in vitro and to reduce the fraction of 

CSCs by more than a 100-fold compared with paclitaxel (114). Those promising results 

have led to intensive research in investing this molecule for potential clinical use for the 

treatment of GBM. 

3.3. Inhibiting cell migration 

Invasion of GBM cells in the healthy brain is one of the major issues in GBM treatment. 

Therefore, some groups have focussed their attention in developing inhibitors of 

migration. Galunisertib (LY2157299) is a TGF-b inhibitor tested against glioma in several 

clinical studies (115–117). However, association of Galunisertib combined with Lomustine 

in recurrent GBM failed to increase the overall survival. An ongoing phase I/II study 

combine Galunisertib with TMZ (115). KB004 is a recombinant monoclonal antibody 

against EphA3 and is studied in a phase I clinical trial for GBM patients. So far, inhibiting 

GBM invasion has not been very successful. It is indeed unlikely to have a considerable 

impact on this particular tumour since extensive invasion has already occurred at the time 

of diagnostic. 

Challenges in the treatment of GBM as well as promising future options are a myriad and 

only a glimpse of all the possibilities were given here. We will now focus on an innovative 

strategy, the trapping of tumour cells. 

4. The tumour trap strategy 
One of the difficulties in treating GBM is its tendency to infiltrate the surrounding healthy 

tissues. Infiltrating cells, as well as circulating tumour cells, are a recurrent problem in 

many types of cancers. Recent advances pursue the trapping of these cancer cells within 

a confined area to facilitate their removal for therapeutic and diagnostic purposes. The 

different strategies that can be used to trap cancerous cells for therapeutic and analytic 

purposes have been reviewed. 

This article has been published in Frontiers in Pharmacology.  
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Abstract 

Despite the tremendous progress made in the field of cancer therapy in recent years, 

certain solid tumours 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 tumour 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 

tumour cell migration may drive the design of traps that mimic natural tumour 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 fibres, 

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 tumour cells are described and relevant examples of their 

performance are analysed. 
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Introduction 

For many decades, surgery, radiotherapy and chemotherapy have served as the mainstay 

trident in the fight against cancer (Figure 1. 6 Scheme I). During this period, the prognosis 

of many types of cancer has been significantly improved (118–121). 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 tumour. 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 (122). 

Numerous studies in the quest of improving cancer treatments are driven by the concept 

of “magic bullet’’ (Figure 1. 6 Scheme II-2) put forward by the German scientist Paul Ehrlich 

(123). 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 (124). 

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. 

Fortunately, a plethora of new therapies are being approved regularly for the treatment 

of cancer. Among them is the use of locoregional therapies (Figure 1. 6 Scheme II-1) which 

includes Nanotherm® (MagForce) that involves injection of magnetic nanoparticles inside 

the tumour or into the resection cavity. A magnetic field is then applied to generate heat 

via the nanoparticles and kill the cancerous cells locally (125). It is currently licensed in 
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Europe for the treatment of brain tumours and has received FDA approval in February 

2018 to be used in clinical trials involving prostate cancer patients (126). Another example 

is Optune® (Novocure Ltd), a tumor-treating field (TTF) device composed of electrodes that 

 

Figure 1. 6: 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. (127) using aligned PCL fibers coated with laminin). Tumor 
traps can be designed as synthetic pre-metastatic niches ((b) system developed by Seib et al. (128) 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. (129) using iron oxide-coated microparticles encapsulating 
cancer-associative fibroblasts (CAFs) that deposit continuously ECM on the surface, (d) system developed 
by Azarin et al. (130) 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. (131) using a 3D scaffold loaded 
with exosomes). Finally, tumor traps can use chemoattractive molecules ((f) system developed by Giarra et 
al. (132) 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. (133) 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. (134) using graphene oxide nanosheets, (b) CELLSEARCH® CTC test (135) is a device using 
ferrofluid nanoparticles with EpCAM antibodies, and (c) system developed by Chen et al. (136) using a 
nanoroughened glass substrate). 
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can be placed on the patients’ scalp and connected to a generator to deliver a low 

intensity electric field of 200 kHz (137). It is believed to exert anti-cancer effects by 

disrupting the division of tumor cells (138). 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 (139). 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 effect during the clinical trial phase (140). 

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. 6 Scheme II-2). This class of treatment aims to treat cancer through 

artificial stimulation of the patient’s immune system (141). 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 (142). 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) (143). This was followed by the approval of Yescarta® 

(Gilead Sciences) in October the same year for the treatment of diffuse large B-cell 

lymphoma (144). Both Kymriah® and Yescarta® exert their effects by targeting CD19 

antigen (145). 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 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 
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cancer immunotherapy such as immune checkpoint inhibitors and cancer vaccines can be 

found elsewhere (146–148). 

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 

tumours 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 tumour cells (CTCs) within a confined area to facilitate their 

removal for therapeutic or diagnostic purposes has risen (Figure 1. 6 Scheme II-3,4). Over 

the last years, this concept has developed progressively. The aim is two-fold: (a) to avoid 

the uncontrolled dissemination of tumour 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 (149). By considering 

cancers as ecosystems, it is possible to develop tumour traps not only for the infiltrative 

tumour cells, but also for the CTCs that are responsible for metastasis. However, imitating 

the traditional features of a natural habitat or niche for tumour cells and directing their 

migration pathways presents numerous physical and biological challenges. The focus of 

this review will be on understanding the mechanisms of tumour cell migration and how 

this knowledge can be used to capture them, keeping in mind that different tumours are 

likely to utilize different mechanisms. 

Migration of tumour cells 

Tumour cells must cover a great distance on their journey to form metastases (Figure 1. 

7). The first step of the process is to migrate away from the primary tumour. Tumour cells 

can follow aligned tracks (a), or gradients of chemoattractant in solution (chemotaxis) or 

fixed on a substrate (haptotaxis) through the extracellular matrix (ECM) (b). If the cross-

sectional area of interfibrillar pores is more than 7 µm², degradation of the matrix is not 

needed for cell movement. Alternatively, a leader cell can open a path for the following 

cells by virtue of the matrix metalloproteinase (MMP) activity (c). The second step is to 

intravasate into the bloodstream or the lymphatic system in which the tumour cells will 
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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. The fourth and final 

step deals with the formation of a secondary tumour. This only occurs if the environment 

is favourable to tumour growth. The different strategies implemented to mislead these 

cells into a trap are described in next sections. These strategies exploit the current 

knowledge on cancer cell migration and metastasis and the specificities of each type of 

tumour. 

 

Figure 1. 7: Schematic representation of theorized paths of cancer cell migration away from the primary 
tumour. (1) Migration away from the primary tumour. Tumour cells can follow aligned tracks (a), or 
gradients of chemoattractant in solution (chemotaxis) or fixed on a substrate (haptotaxis) through the ECM. 
If the cross-sectional area of the interfibrillar pore is more than 7 µm², degradation of the matrix is not 
needed (b), otherwise, a leader cell creates a path for the following cells thanks to MMPs (c). (2) Tumour 
cells adhere to a vessel and intravasate to reach the blood or lymphatic stream in which they circulate. (3) 
Once they reach a location where they can adhere to the vessel wall, the cells extravasate. (4) If the 
environment is favourable, a secondary tumour grows. 

Migration away from the primary tumour 

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 

(150). 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 (150). 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 (151–154). For example, the stiffness of GBM tissues is of ~25 kPa while 

normal brain tissues have a stiffness of 0.1 to 1 kPa (155). Wang et al. investigated the 
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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 (155), which are involved in 

increasing cell motility (156–159). Another physical 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 µm to 20 µm (160). Matrix degradation is usually 

required for cancer cell migration to occur when the cross-sectional area of the 

interfibrillar pore is less than 7 µm², which corresponds to about 10% of the nuclear cross-

section of cancer cells (161). 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 (162,163). 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 (164). 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 (52,165). 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. 6 Scheme II-3-a) (127). They utilized aligned poly-L-

lysine and laminin-coated polycaprolactone (PCL) nanofibers (10 μm thick) encased in a 

PCL / polyurethane support (2.4 mm diameter) to imitate the white matter tracts (41,48). 

The killing sink was composed of a collagen-based hydrogel conjugated to the 

chemotherapeutic agent cyclopamine. With this approach, the tumour 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 

tumour trap for this cancer. 
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Intravasation and tumour 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 (166). 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 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 (167,168). 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 (169). 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 (170).  

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 (171). Two 

mechanisms can lead to the arrest of a CTC: physical occlusion and cell adhesion (Figure 

1. 8). Physical occlusion occurs when the diameter of the blood vessel is smaller or equal 

to the one of the CTC (usually around 10 µm). This has been observed in the brain by real-

time imaging in a mouse model model (172). 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 (173). 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.  

It is therefore possible to capture CTCs by designing a device with strong adhesive cues. 

Yoon et al. (134) 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 1. 6 Scheme II-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 labelled human breast cancer cell lines MCF-7 and 
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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 (135). 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 epithelial cell adhesion molecule 

(EpCAM) antibodies that bind to CTCs (Figure 1. 6 Scheme II-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. (136) designed a nanoroughened glass substrate to capture CTCs 

based on their stronger adhesion capacity compared to normal blood cells (Figure 1. 6 

Scheme II-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 epithelial 

EpCAM expression in CTC (174). 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 CTCs to enable early 

detection of metastasis although most of them are still far from translation to the clinic. 

 

Figure 1. 8: Mechanisms of arrest of a CTC: the influence of the shear force and the blood vessel diameter 
on the site of CTC extravasation 
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Extravasation and secondary tumour 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 (175). 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 (176). 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” (128). More recent studies 

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 (177). 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 (178). 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 (179). Moreover, the 

establishment of a pre-metastatic niche is associated with an increased secretion of 

inflammatory cytokines and chemokines (180–182). 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. 

Many different strategies have been explored to engineer pre-metastatic niches. For 

example, Seib et al. (128) developed a tumour trap for the metastasizing cells of breast 

and prostate cancer by imitating the red bone marrow microenvironment (Figure 1. 6 

Scheme II-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 (183). Evidence shows that red bone marrow 
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attracts migrating cancer cells via chemotaxis with stromal derived factor-1 (SDF-1) (184) 

and CXCL16 (185). It also provides adhesion sites that interact with tumor cell surface 

molecules such as annexin2 (186), growth arrest-specific 6 (GASP-6) (187), CD44 (188), 

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 (189). 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. (190). They 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. (129) took a slightly different approach to mimic a pre-metastatic niche 

by developing traps made of iron oxide-coated microparticles encapsulating metabolically 

active cancer-associated fibroblasts (CAFs) (Figure 1. 6 Scheme II-3-c). The CAFs 

continuously deposited ECM composed of type I 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. (130). 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 1. 6 Scheme II-3-d). Indeed, it has been 

shown that immune cells are implicated in tumor cell recruitment (191,192). 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 
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the Gr1hiCD11b+ 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. (193) 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. (194) 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 (178). 

De la Fuente et al. (131) 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. 6 Scheme II-3-e). The scaffold, called M-Trap, was implanted in the 

inner wall of the peritoneum of mice with a 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 IIIC ovarian 

cancer (ClinicalTrials.gov Identifier NCT03085238). 

Chemoattraction of tumour 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 (195). 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 



CHAPTER I: INTRODUCTION 

  33 

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 CXCR7 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 (196). Its overexpression has been 

linked to an increase in the invasiveness of ovarian cancer (197), breast cancer (198,199) 

and GBM (73,200), among others (further details can be found elsewhere (201)). In 

addition, despite being less well-studied, CXCL16 and its receptor CXCR6 are also 

suspected to play a role in the migration of tumor cells. Wang et al. (202) have shown that 

the expression of CXCR6 increases with the grade of prostate cancer. These results were 

supported by Lu et al. (203) who observed that metastatic cells from prostate cancer over-

express the CXCR6 receptor. Moreover, CXCL16 have been shown to induce the migration 

and enhance the proliferation of CXCR6-expressing cancer cells in vitro (182). 

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 (181,204,205). 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 (181). 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 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 CXCR7 receptor in response to the blockade of the CXCR4 

receptor (206). 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 (41). Thus, it may be more useful 
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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 

(207–209) or matrices (129,130,134,210–212) may be used to exert chemotaxis (based on 

a gradient of soluble attractant or repellent) or haptotaxis (based on a gradient of 

substrate-bound extracellular matrix proteins) (Figure 1. 9). 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 (207,208,213,214). Examples of biomaterials used 

to deliver SDF-1 for regenerative medicine are presented in Table 1. 1. Recently, the 

development of SDF-1-releasing scaffolds to attract tumour cells has received increasing 

attention. Giarra et al. (132), 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. 6 Scheme II-3-f). Haji Mansor 

et al. (133), on the other hand, encapsulated the chemokine in nanoparticles composed 

of PLGA and a (PEG)-PLGA co-polymer to achieve sustained release (Figure 1. 6 Scheme II-

3-g). However, in both papers, no in vivo assessment on the ability of SDF-1 to attract 

migrating cancer cells was performed. 

 

Figure 1. 9: Illustration of the use of scaffolds to attract motile tumour cells by (A) chemotaxis or (B) 
haptotaxis. 
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Table 1. 1: Strategies to load SDF-1 into different biomaterials. 

Bonding strategy Type of 
biomaterial 

Composition Target site for 
regeneration 

Ref 

Adsorption Hydrogel Hyaluronic acid Cardiac tissue (215) 

PPCN Wound healing (216) 

3D scaffold Collagen Cartilage (217) 

Tendon (218) 

Collagen/silk fibroin Bone (219) 

Hydroxyapatite Bone (220) 

Decellularized skeletal 
muscle 

Muscle (221) 

Collagen/PLA Bone (222) 
PLGA Cartilage (223) 

Membrane PCL/gelatin Bone (224) 

Immobilisation 
through specific 
heparin-mediated 
interaction 

Hydrogel Heparin/PEG Cardiac tissue (225) 

Blood vessel (226) 
Cardiac tissue (227) 

3D scaffold Heparin/PLCL Blood vessel (228) 

Heparin/PGS Blood vessel (229) 

Heparin/PLLA  Blood vessel (230) 

Systems with 
nano/microparticles 

Microspheres Alginate Bone (231) 

Hydrogel/ 
Nanoparticles 

Hydrogel: CS/GP  
nano: CS/CMCS 

Bone (232) 

Microcapsules Dex-GMA/gelatin/ 

PNIPAAm 

Wound healing (233) 

Particles PLGA Cardiac tissue (234) 

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(l-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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Challenges associated with the clinical translation of the tumour trapping strategy 

While promising preclinical results have been obtained from the use of tumour 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 tumour 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 (196,219,223). 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 (235). 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 tumour 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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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 (127). It would also be interesting to combine the trap with radiosensitizers, 

focus x-ray or γ-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 (236). 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 (226) 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 (237). 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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5. Objectives of the thesis 
GBM is an infiltrating deadly tumour of the CNS. It is the most frequent, aggressive and 

lethal form of diffuse glioma. Its conventional treatment consists of a surgical resection of 

the tumour followed by a radio-chemotherapy using X-rays and TMZ. However, even with 

this aggressive treatment, the median of survival is less than 15 months. Indeed, 

recurrence of the tumour is today inevitable. It has been observed that tumour recurrence 

mostly occurs within 2 cm of the resection cavity which can be explained by the invasion 

ability of GBM cells. Therefore, the targeting of tumour cells infiltrated inside the brain, in 

particular in the margin of the resection cavity, is a major goal for the treatment of GBM. 

Infiltrative GBM cells overexpress the CXCR4 receptor. This receptor binds to the 

chemoattractant SDF-1α, also known as CXCL12. A gradient of this chemokine induces an 

attraction of cells expressing the CXCR4 receptor. Therefore, we hypothesized that it is 

possible to attract and confine infiltrative glioblastoma cells in a trap by implanting a 

scaffold inside the resection cavity liberating a gradient of SDF-1α. The aim of the thesis 

is therefore to design a novel scaffold releasing SDF-1a and consequently attracting and 

confining infiltrative glioblastoma cells from the surrounding tissue. In this study, freeze-

dried sponges made of hyaluronic acid (HA), silk fibroin (SF) and heparin (hep) loaded with 

SDF-1a were developed. 

For the design of a tumour trap, porous sponge scaffolds are of particular interest since a 

3D porous structure promote cell attachment, migration and nutrient and waste 

transport. HA is the main constituent of the brain ECM. It can enhance cell mobility and 

invasion by interaction through the CD44 receptor. The main concern with HA for the 

purpose of this study is its quick degradation in vivo. SF from the silk worm Bombix mori 

is a naturally derived polymer which is known for its biocompatibility, relatively slow 

degradability, low inflammatory responses and versatile processing abilities. We 

therefore hypothesized that combining HA with SF would allow a fine tuning of the 

degradation time of the scaffold, SF being the main structural component with a slow 

degradation rate and HA increasing cellular invasion in the scaffold. Heparin/heparan 

sulfate is a component of the ECM and is present in the brain. It has been chosen to deliver 

SDF-1α since it is a natural binding molecule of the chemokine. 
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The general strategy is illustrated in the Figure 1. 10. After restriction of the tumour, the 

scaffold hydrated and shaped beforehand would be implanted in the cavity of resection. 

Slow release of SDF-1a overtime would attract GBM cells infiltrated in the healthy brain 

that the surgeon could not remove. After a time that needs to be determined, allowing 

cells to integrate the scaffold, a therapeutic strategy would be put in place to eliminate 

the cells. This therapy would be used in combination with the classical therapy with 

radiotherapy and TMZ. Over time, the scaffold would slowly degrade, leading to the 

complete recovery of the patient. 

 

Figure 1. 10: Schematic representation of the general strategy of the tumour trap using a chemoattractant 
molecule such as SDF-1α. 

The innovative aspect of this study is the development of a new strategy for GBM 

treatment using freeze-dried sponges made of a combination of SF, HA and hep loaded 

with a chemoattractive molecule, the SDF-1a. 
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The specific objectives of this work are: 

1. Development of an appropriate model for the evaluation of the SDF-1a activity 

(Chapter II) 

2. Development of a process to produce SF, HA and hep sponges (Chapter II) 

3. Physicochemical characterisation of the polymers (Chapter II) 

4. Biological evaluation in vitro and in vivo in a rat model (Chapter IV) 

5. Identification of the best combination of polymers (SF, HA, SF-HA or SF-HA-hep) 

for our specific application (Chapter II and IV) 

The scaffolds developed during this thesis could be used to understand better the 

interaction of SDF-1a with a GBM tumour in vivo and evaluate the feasibility of a tumour 

trap by chemoattraction with SDF-1a for GBM infiltrative cells. Ultimately, we hope that 

our results will contribute to the elaboration of the proof of concept and that our system 

will benefit the survival and quality of life of operable GBM patients. 
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CHAPITRE II 

Development of freeze-dried sponges 

 

 

1. Introduction 

The first step of the project was to design an ideal scaffold to trap tumour cells. SDF-1a is 

a chemokine that plays a key role in the recruitment of cells expressing the CXCR4 surface 

receptor. SDF-1a has drawn attention in various areas of study such as cancer metastasis, 

immune modulation and trafficking of stem cells. However SDF-1a bolus administration 

in the brain leads to poor results in the long term because of its rapid elimination (1). 

Encapsulating this chemokine in nanoparticles or immobilising it in scaffolds may prevent 

premature degradation and may provide sustained release for GBM cells. Moreover, to 

increase the efficacy of a scaffold, the construct has to be carefully tailored to the specific 

target tissue, here, the brain. SDF-1α is extensively studied for regenerative applications 

for its ability to attract stem cells. In particular, SDF-1a has been pointed out as a potent 

candidate to improve outcomes in brain injuries due to its well-described involvement in 

neural progenitor/stem-cells homing (2,3). The applications from cancer cell trap to 

regenerative medicine are substantially different but it is possible to learn from this field 

to design a tumour trap. To do so, two main features need to be considered: (i) the choice 

of the architecture and (ii) the choice of polymers. 

Various architectures can be considered such as micro- or nanofibers, micro- or 

nanoparticles, 3D printed scaffolds, sponges and hydrogels. They all have their pros and 

cons in terms of injectability, biomimicry or processing. The architecture and physico-

chemical properties of the scaffolds should closely mimic those of the targeted tissue. The 

brain is made up of 80% water and has a Young’s modulus of less than 1 kPa (4–6). Soft 
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hydrogels are good candidates to mimic these features. The scaffold should also be 

decorated with pores that are small enough to support 3D cell-cell contacts and large 

enough to allow good diffusion of nutrients, oxygen and bioactive factors. Indeed, we 

hypothesised that the scaffold should be an attractive environment for tumour cells in 

order to avoid them to escape the trap before their elimination. Pore sizes between 20 

and 160 µm have been identified as adequate for regenerative medicine (7) and we 

hypothesised that it will be beneficial for the trapping of tumour cells as well. In this 

context, freeze-dried sponges that can turn to porous hydrogels once hydrated are 

promising. 

Polymers should be chosen carefully for their physico-chemical properties, availability but 

also for their biocompatibility and processability. Natural polymers were chosen because 

of their biomimicry abilities.  

Hyaluronic acid (HA) is an unbranched polysaccharide in the family of the 

glycosaminoglycans. It is constituted by a linear chain containing repeating disaccharide 

units of N-acetyl-D-glucosamine and D-glucuronic acid linked by β-1,4-glycosidic bonds 

(Figure 2. 1-A) (8). At physiological pH, each carboxyl group are deprotonated, HA is 

therefore negatively charged and highly hydrophilic. HA can reach a very high molecular 

weight of 108 Da while other glycosaminoglycans reach up to 104 Da (9). The first 

pharmaceutical-grade HA was produced from rooster combs and human umbilical cords 

by Balazs et al. in 1979 (10). HA is used since the early 1980s for implantable intraocular 

lenses, becoming a major product in ophthalmology for its safety and protective effect on 

corneal endothelium (11–13). HA is also used for the treatment of joint (14,15), skin 

disease (16), wound healing (17,18) and for plastic surgery (19,20). Moreover, HA is used 

in drug delivery systems (21–24). HA is one of the main constituents of the brain ECM (25) 

and is known to enhance cell mobility and invasion by interacting with the CD44 receptor 

as well as the CD168 receptor (26). The main concern with HA as a scaffold is its quick 

degradation in vivo. It is caused by two mechanisms: the first one is mediated by enzymes 

(hyaluronidases) and the second by oxidative damage due to reactive oxygen species (27). 

because of the hyaluronidase. The rate of degradation is dependent on the location, the 

size of the polymer chains and on its reticulation if it is crosslinked. It has been estimated 

that the half-life of HA in the skin is about 24h, in the eye about 30h, in the cartilage 1-3 
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weeks and in the vitreous about 70 days (28). Crosslinking of HA reduces its degradation 

rate in vivo and covalent crosslinking leads to the stronger mechanical properties (29). N-

(3-dimethylaminopropyl)-Nʹ-ethylcarbodiimide hydrochloride (EDC) and N-

hydroxysulfosuccinimide sodium salt (NHS) can be used to activate the carboxyl groups of 

HA in order to react with a primary amine (30) (Figure 2. 1-C). This reaction can be 

performed in water and the by-products be washed away with water as well. In order to 

crosslink HA with this reaction, a reactant with at least two amine groups need to be used. 

Poly-L-lysine (PLL) (Figure 2. 1-B) was therefore chosen as it is also known to facilitate 

cellular adhesion via electrostatic interactions and may improve HA performance in this 

regard (31). 

 

Figure 2. 1: Chemical structure of HA (A) and PLL (B). Crosslinking mechanism between the carboxyl of HA 
and the primary amine of another polymer such as PLL (C). 

Silk is popularly known in the textile industry and can be produced by worms like Bombyx 

mori but also by spiders and butterflies. Silk fibres from Bombyx mori have been used for 

centuries as suture material and is still today the most common natural suture (32). 
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Variations in amino acid sequence exists between silks of different species, leading to 

structural and physical property differences. Bombyx mori silk is the most used and 

accessible and we will therefore only talk about this type. Silk fibres are constituted of silk 

fibroin (SF) coated with a glue-like protein called sericin. The raw silk fibre mass is 

composed of about 20–30% sericin and 70–80% SF (33). Since sericin causes inflammatory 

responses and prevent fibres to solubilise, it is necessary to undergo a degumming 

procedure to eliminate the sericin. It is typically done by boiling the cocoons of the worms 

in a sodium carbonate aqueous solution. SF is a protein composed of a heavy protein chain 

(~390 kDa) and a light protein chain (~25 kDa) which are connected by disulphide links 

(34). The primary amino acid sequence is composed of a repetition of Gly-X where X is 

typically alanine, sericin or tyrosine and the Gly-X motif exists in repeating hexamer units 

of GAGAGS, GAGAGY, GAGAGA or GAGYGA (35). The SF contains 12 domains with these 

repeating hexamer units separated by 11 short linker sequences composed of asparagine, 

aspartic acid, glutamic acid, lysine, phenylalanine, proline, threonine and tryptophan 

(composition of SF is shown in Table 2. 1). Carboxyl moieties as well as primary amines 

can be found on the backbone of SF on aspartic acid and glutamic acid, and arginine and 

lysine respectively. SF exists in different states such as the glandular state (silk I) which is 

mainly composed of random coil, the spun silk state found in the cocoons (silk II) with β-

sheets secondary structure, and an air/water assembled interfacial silk (silk III), with a 

helical structure (36,37). The silk I structure is water soluble and is converted into silk II 

upon exposure to heat, physical spinning as well as changes in pH or exposure to organic 

solvents such as ethanol or methanol. The silk II structure is composed of asymmetrical β-

sheet structures that are arranged so that strong hydrogen bonds as well as van der Waals 

forces generate a thermodynamically stable crystalline structure. It is insoluble in water 

as well as several solvents such as mild acids and alkaline conditions as well as chaotropes 

(molecules that can disrupt the hydrogen bonding network) like urea. SF has started to be 

used in biomaterials thanks to the discovery of a process using salts to obtain silk I, soluble 

in water, from the insoluble silk II of the cocoons. Lithium bromide (LiBr) is the most 

frequently used salt for dissolution of the silk fibroin and it was shown that a 

concentration of around 9 M lead to a degradation of the SF crystallites (38). Once in 

aqueous solution, SF can be processed to obtain hydrogels, sponges, films or nanofibers 

as well as nanoparticles via organic solvent-free processes (39). In order to enhance 
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mechanical properties of the material produced with SF, it is possible to induce the 

formation of β-sheets with a process called annealing. Different technics can be used, 

leading to different β-sheet levels. Dipping in methanol is the most efficient method and 

lead to the formation of about 50% β-sheets for short term treatment and up to 56% for 

4 days of treatment (40). Annealing with water vapours with increasing temperatures lead 

to an increasing formation of β-sheets (~14% at 4°C for 12h and ~60% at 90°C for 12h) 

(41). Annealing with vapours of ethanol for 2h lead to the formation of about 30% β-

sheets (42). SF is known for its processability, biocompatibility, relatively slow 

degradability and low immunogenicity, it is therefore an interesting material for 

biomedical applications (37,43,44). Safety of SF hydrogels implanted into the mouse brain 

was shown by Fernández-García et al. (45). Previous studies revealed that sponges 

combining SF and HA have a higher stability than HA solely scaffolds and support the 

adhesion of cells to a greater extent than scaffolds made of either of the two polymers 

alone (46,47).  

Table 2. 1: Composition of SF in amino acid 

Amino acid Residue (%)  Amino acid Residue (%) 
Glycine 44.7  Threonine 1.0 
Alanine 25.7  Isoleucine 0.6 
Serine 11.9  Leucine 0.5 

Tyrosine 5.4  Proline 0.5 
Valine 2.4  Arginine 0.5 

Aspartic acid 1.6  Lysine 0.4 
Phenylalanine 1.6  Histidine 0.2 
Glutamic acid 1.1    

 

Heparin (hep) and heparan sulfate (HS) are glycosaminoglycans with various structures 

alternating 1→4-linked α-D-glucosamine (GlcN) and either β-D-glucuronic acid (GlcA) and 

α-L-iduronic acid (IdoA) (Figure 2. 2) (48). Moreover, sulfations may occur at C3 and C6 of 

GlcN and at C2 of the uronic acid. GlcN amine may be sulfonated, acetylated or 

unsubstituted. Therefore, 48 different disaccharides can be found in the HS chain. Hep is 

similar to HS and carry the same disaccharide variations but is more homogeneous with 

N-sulfonated and 6-O-sulfonated GlcN and 2-O-sulfonated IdoA occupying most of the 

chain (49). Hep is another component of the ECM present in the brain and is expressed in 

connective-tissue type mast cells while HS are expressed and secreted by most 
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mammalian cells. Hep has various properties such as anticoagulant (50), release of 

lipoprotein lipase and hepatic lipase (51), inhibition of complement activation (52,53) and 

inhibition of angiogenesis and tumour growth (54–56). Moreover, it is known to strongly 

bind chemokines and its incorporation in a scaffold has been shown to facilitate the 

loading of SDF-1a (57–59). A gradient of SDF-1a is required to enable recruitment of cells 

expressing the CXCR4 receptor (60–64). Dutta et al. (1) investigated further the effect of 

SDF-1a presentation on the in vivo brain response. They showed that exogenous SDF-1a 

encapsulated in PLGA nanoparticles was mostly confined within 400 µm from the injection 

point but led to the production of endogenous SDF-1a in regions as far as 1200 µm from 

the site of administration. The spatiotemporal presentation of exogenous SDF-1a was a 

key factor in sustaining this behaviour. Therefore, we hypothesised that a scaffold that 

can highly retain SDF-1a may be useful to induce long-term production of endogenous 

SDF-1a and consecutively lead to an improved attraction of GBM infiltrative cells. 

 

Figure 2. 2: HS and hep units. 

In this study, sponges were designed to combine HA, SF and hep, each component playing 

a specific role. HA was chosen to improve cellular infiltration into the scaffold, SF was 

intended to function as the main structural component, and hep was included to increase 

the affinity of the scaffold to the protein of interest, SDF-1a, and protect it from 

premature brain clearance. Sponges with different compositions were produced from 

aqueous solutions by crosslinking the polymers with EDC and NHS followed by freeze-

drying. First, optimisation of the crosslinking process was investigated as well as the 

annealing and the production of SF-HA and SF-HA-hep sponges. Then, miscibility 

conditions were investigated since SF may undergo phase separation in hydrophilic 

polymers dispersions (65). The composition was optimized to mimic the brain 
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characteristics to the closest extent possible. Sponges architecture and physico-chemical 

characteristics (porosity, degradation, water uptake and stiffness) were therefore 

measured and SDF-1a release profile was studied. 

2. Material and method 

2.1. Materials 

HA with a molecular weight of 200-400 kDa was purchased from Guinama (Valencia, 

Spain). PLL with a molecular weight of 150-300 kDa at 0.1 % (w/v) in H2O was purchased 

from Sigma-Aldrich (St Louis, MO, USA). Heparin sodium salt from porcine intestinal 

mucosa with a molecular weight of 15,000 ± 2,000 Da was purchased from Calbiochem 

(Billerca MA, USA). 

Hepes, bovine serum albumin (BSA), resazurin, hyaluronidase from bovine testes type I-S, 

heparinase I and III blend from Flavobacterium heparinum and sodium chloride were 

purchased from Sigma-Aldrich (St Louis, MO, USA). N-(3-dimethylaminopropyl)-Nʹ-

ethylcarbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide sodium salt (NHS) 

were from Acros Organics (New Jersey, USA). Human SDF-1a was purchased from Miltenyi 

Biotec (Paris, France). Human SDF-1a labelled with AlexaFluor647 (AF-SDF-1a) was 

purchased from Almac Sciences (Craigavon, Northern Ireland). 

2.2. Silk fibroin solution preparation 

Solution of SF in water was produced by IMIDA (Murcia, Spain) under GMP conditions. 

Briefly, cocoons of the silkworms Bombyx mori (reared in IMIDA, Murcia, Spain) were 

chopped into 4 pieces then boiled in a 0.02 M Na2CO3 aqueous solution for 30 minutes to 

eliminate the sericin protein. Fibres were rinsed 3 times in distilled water and dried at RT 

for 3 days. They were dissolved in a 9.3 M LiBr solution for 3h at 60°C to generate a 20% 

(w/v) solution which was then dialysed against distilled water for 3 days at 4°C (Snakeskin 

Dialysis Tubing 3.5 KDa MWCO, Thermo Scientific). The obtained 8% (w/v) SF solution in 

water was stored at 4°C for less than 1 month.  
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2.3. Silk fibroin characterization by SDS-poly(acrylamide) gel 

electrophoresis (SDS-PAGE) 

A SF stock solution at 10 mg/mL was prepared in water and diluted in 5x Laemmlie buffer 

(90 mmol of 0.5M Tris-HCl, pH 6.8, 20 % glycerol, 4 % SDS, 0.004 % bromphenol blue and 

10 % β-mercaptoethanol) to obtain a final concentration of 6.25 µg/µL and boiled at 95°C 

for 5 min. An aliquot (10 µl) was added into the wells of the SDS gel. Electrophoresis was 

performed using a 4-20% gradient mini-protean TGX precast gel (Bio Rad). HiMark Pre-

stained protein standards (Thermo Fisher) served as molecular weight marker. 

Electrophoresis was performed for 30 min at 70 V followed by a run at 110 V for 115 min 

with a Bio Rad Mini-PROTEAN® Tetra Vertical Electrophoresis Cell. After electrophoresis, 

the gel was stained with solution 1 % (w/v) Coomassie Brilliant Blue R- 250, 10 % (v/v) 

acetic acid, 40 % (v/v) methanol and distilled water over night, and then distained with 10 

% (v/v) acetic acid, 40 % (v/v) methanol and distilled water for 5h. 

2.4. Preparation of sponges and films 

 

Figure 2. 3: Scheme describing the preparation of sponges by the freeze-drying method. 

2.4.1 Optimisation of the HA-PLL sponge preparation 

HA was dissolved in Hepes buffer (CHepes = 20.10-3 M, CNaCl = 0.15 M, pH = 7.4) to obtain a 

final concentration of 4% (w/v). A solution of HA 4% (w/v) and PLL 0.01% (w/v) was 

prepared by diluting 10 times PLL 0.1% (w/v) in the prepared HA solution in Hepes. Then, 

different quantities of crosslinking agents were added to obtain final concentrations of 

0.5 mg/mL EDC and 0.18 mg/mL NHS (HA-PLLXL1), 5 mg/mL EDC and 1.8 mg/mL NHS (HA-

PLLXL2), 30 mg/mL EDC and 11 mg/mL NHS (HA-PLLXL3), 120 mg/mL EDC and 44 mg/mL 

NHS (HA-PLLXL4) or nothing (HA-PLLXL0). The solutions were poured immediately in a 96-

well plate, covered, and allowed to crosslink 15h at 4°C. The gels were then frozen at -
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20°C for 24h and freeze-dried in a Telstar® LyoQuest at -70°C and 0.01 mBar overnight. 

After freeze-drying, sponges were removed from the wells and stored in a desiccator with 

silica gel. 

2.4.2 Optimisation of the SF sponge preparation 

SF sponges were prepared by adding the SF into the wells of a 96-well plate. Solutions 

were frozen at -20°C for 24h and freeze-dried in a Telstar® LyoQuest at -70°C and 0.01 

mBar overnight. After freeze-drying, sponges were removed from the wells and stored in 

a desiccator. Two annealing processes were tested: water and ethanol annealing as 

described respectively by Hu et al. (41) and Fan et al. (42). Water annealing consisted in 

putting the samples for 12h in a desiccator under vacuum with distilled water at the 

bottom at RT to create a highly humid atmosphere. For EtOH annealing, EtOH 70 % (v/v) 

in water was used instead of water and the desiccator was kept at atmospheric pressure, 

the samples were kept their 2h in that case. 

Crosslinked SF sponges were also prepared by mixing the SF solution with EDC (final 

concentration of 5 mg/mL) and NHS (final concentration of 1.8 mg/mL). The solution is 

then added to a 96-well plate and SF is allowed to crosslink at 4°C for 24h before freeze 

drying in the same conditions than explained in section 2.4.1. 

2.4.3 Film preparation 

Dispersions of HA 4 % (w/v), SF 4 % (w/v) or SF 4 % (w/v) with HA 2 % (w/v) in hepes buffer 

(CHepes = 20.10-3 M, CNaCl = 0.15 M, pH = 7.4) were prepared under magnetic stirring either 

15 min, 2h or 15h. Films were prepared by pouring the dispersions in petri dishes and left 

to dry 24h at RT. 

2.4.4 Optimisation of SF-HA and SF-HA-hep preparation 

SF-HA sponges were prepared by mixing the SF 8 % (w/v) solution gently for 5h with an 

equivalent volume of HA 4 % (w/v) solution in Hepes buffer. For SF-HA-hep sponge, 

heparin sodium salt (Cf = 1 % (w/v)) was also added. SF-HA solutions were either directly 

poured in the 96-well plate and freeze-dried (SF-HA) or firstly crosslinked with EDC (final 

concentration of 5 mg/mL) and NHS (final concentration of 1.8 mg/mL) (SF-HAXL). The 
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sponges were then either annealed with ethanol (SF-HA(EtOH) and SF-HAXL(EtOH)) as 

explained in section 2.4.2 or not annealed (SF-HA and SF-HAXL). 

SF-HA-hep sponges were either crosslinked with 5 mg/mL EDC and 1.8 mg/mL NHS (SF-

HA-hepXL(-)) or with 15 mg/mL EDC and 5.5 mg/mL NHS (SF-HA-hepXL(+)).  

2.5. Physico-chemical characterisation 

2.5.5 Porosity evaluation 

The porosity (P) of the dry sponges was calculated from Eq.1 and Eq.2, assuming that the 

polymer density was equal to 1. The thickness and diameter of the dry sponges were 

measured in triplicate using a digital caliper.  

𝑆𝑝𝑜𝑛𝑔𝑒	𝑑𝑒𝑛𝑠𝑖𝑡𝑦	(𝑔. 𝑐𝑚12) =	
𝑆𝑝𝑜𝑛𝑔𝑒	𝑚𝑎𝑠𝑠	(𝑚𝑔)

𝑆𝑝𝑜𝑛𝑔𝑒	𝑣𝑜𝑙𝑢𝑚𝑒	(𝑚𝑚2) 
Eq.1 

𝑃	(%) = ;1−
𝑆𝑝𝑜𝑛𝑔𝑒	𝑑𝑒𝑛𝑠𝑖𝑡𝑦	(𝑔. 𝑐𝑚12)
𝑃𝑜𝑙𝑦𝑚𝑒𝑟	𝑑𝑒𝑛𝑠𝑖𝑡𝑦	(𝑔. 𝑐𝑚12)	? × 100 Eq.2 

2.5.6 Water uptake 

The capability of the sponges to uptake water was evaluated, in triplicate, after immersion 

at RT in 3 ml of NaCl 0.9% (w/v). The sponges were withdrawn using tweezers, gently 

treated with blotting paper for 10s to remove the unabsorbed excess of medium, and 

weighed. The sponges were immediately returned to the corresponding vial and the 

weight measurements repeated until the hydration equilibrium was reached. For each 

composition, three sponges were measured. Water uptake was calculated as follows. 

𝑊𝑎𝑡𝑒𝑟	𝑢𝑝𝑡𝑎𝑘𝑒	(%) =	
𝐻𝑦𝑑𝑟𝑎𝑡𝑒𝑑	𝑠𝑝𝑜𝑛𝑔𝑒	𝑚𝑎𝑠𝑠	(𝑚𝑔) − 𝐷𝑟𝑦	𝑠𝑝𝑜𝑛𝑔𝑒	𝑚𝑎𝑠𝑠	(𝑚𝑔)

𝐻𝑦𝑑𝑟𝑎𝑡𝑒𝑑	𝑠𝑝𝑜𝑛𝑔𝑒	𝑚𝑎𝑠𝑠	(𝑚𝑔) × 100 Eq.3 

2.5.7 Degradation 

In vitro degradation of sponges was monitored in PBS with enzymes (0.3 mg/mL 

hyaluronidase (66) and 0.1 U/mL heparinase) at 37°C for 7 and 21 days. Sponges were cut 

to have similar sizes (about 6 mm diameter and 3 mm height) and weighed. After 7 or 21 

days in 3 mL medium, the sponges were washed with milliQ water, snapped frozen in 

liquid nitrogen and then freeze-dried. Sponges degradation was calculated as percent of 
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mass loss compared to original sponge mass (Eq.5). Degradation was measured on three 

sponges for each condition. 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛	(%) =	
𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙	𝑠𝑝𝑜𝑛𝑔𝑒	𝑚𝑎𝑠𝑠	(𝑚𝑔) − 𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑	𝑠𝑝𝑜𝑛𝑔𝑒	𝑚𝑎𝑠𝑠	(𝑚𝑔)

𝑂𝑟𝑖𝑔𝑖𝑛𝑎𝑙	𝑠𝑝𝑜𝑛𝑔𝑒	𝑚𝑎𝑠𝑠	(𝑚𝑔) × 100 Eq.5 

 

2.5.8 Scanning electron microscopy (SEM) 

Sponge morphology was observed by scanning electron microscopy (SEM) with a SEM Evo 

LS15 (Zeiss, USA). Sponges were firstly hydrated in NaCl 0.9% (w/v) aqueous solution then, 

either directly or after 7 days at 37°C, snapped frozen in liquid nitrogen. To observe the 

interior morphology, sponges were cut transversely. Pores diameter were measured using 

ImageJ 1.50 software, at least 95 pores were measured per sponge. 

2.5.9 Young’s modulus measurement 

Hydrated sponges were cut to obtain cylinders with a thickness of about 3 mm. The 

sponges were placed on the platform of a texture analyser (TA.TX Plus, Texture 

Technologies, USA) and compressed using a 2 cm cylinder probe. The sponges were 

compressed downward up to 1.5 mm with a speed of 1 mm/s. Each sponge was 

compressed 5 times with a sufficient time between each compression to allow elastic 

recovery of the shape whenever possible. The force needed to compress each sample was 

recorded over time. Three hydrated sponges were analysed for each composition. The 

Young’s modulus was determined from the slope of the curve obtained by plotting the 

force (F) needed to compress the object divided by the cross-sectional area of the sponge 

(S) against the deformation of the sponge (ΔL) divided by the initial length of the sponge 

(L) as follows described by Eq.4 (Figure 2. 4) (67). 

 

Figure 2. 4: The Young’s modulus is calculated as the force (F) needed for a given surface (S) to deform a 
given length (L) of an object. 
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𝐸	(𝑀𝑃𝑎) =	
𝐹	(𝑁)/𝑆	(𝑚𝑚L)	
∆𝐿	(𝑚𝑚)/𝐿	(𝑚𝑚) 

Eq.4 

2.5.10 Resolution of the internal structure of the sponges by fluorescence microscopy 

Sponges were frozen in liquid nitrogen and immobilized in Tissue-Tek® (Sakura, USA). 

Cross sections with 30 µm thickness were obtained using a cryostat® (Leica CM3050 S 

Research Cryostat, Leica Biosystems Nussloch GmbH, Germany). Sections were placed on 

Starfrost® slides coated with gelatin and chrome alum. Sections were incubated 5 min 

with ActinRed (ThermoFisher) and the lamella mounted on the sections with fluorescence 

mounting medium (Dako, Agilent Technologies, USA). Finally, the slide was observed 

under a fluorescence microscope (Carl Zeiss Axioskop 2 MOT, Germany) with a rhodamine 

filter and pictures were taken with the same exposition time of 58 ms between slides. 

2.5.11 FTIR analysis 

Attenuated total reflection Fourier transformed infra-red (ATR-FTIR) analysis of sponges 

was performed with a Gladi-ATR equipped with a diamond crystal (Pike, Madison, WI, 

USA). For each measurement, 64 scans were recorded with a resolution of 4 cm-1, and the 

wavelength ranged from 400 to 4000 cm-1. The increase in crystallinity of SF sponges after 

ethanol annealing was evaluated by calculating the percentage of β-sheets applying the 

method described by Hu et al. (40). Briefly, Fourier self-deconvolution (FSD) of the IR 

spectra covering the amide I region (1595-1705 cm-1) was performed using Opus 7.8 

software (noise reduction factor of 0.3 and bandwidth of 2.5) followed by a curve fitting 

on this region. Peaks at 1616-1621, 1622-1627, 1628-1637, and 1697-1703 corresponded 

to b-sheets (40).  

2.6. Analysis of SDF-1a uptake and release 

2.6.12 Analysis of the distribution of SDF-1 in the sponges 

SF-HA and SF-HA-hep sponges were hydrated in PBS and cut to obtain cylinders of 2 mm 

height and 3 mm diameter. Excess of PBS was removed of the sponges with Nunc paper. 

A drop of 3 µL of AF-SDF-1a (300 ng in PBS) was added on top of the sponges. To allow 

for interactions between the sponges and the SDF-1a, sponges were then incubated 1h 

at 4°C. A map of the fluorescence of the sponges (lex	= 625 nm; lem	= 680 nm) was 
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performed with a spectrophotometer (CLARIOstar®plus, BMG Labtech, Orthenberg, 

Germany). Each point was measured 500 µm apart. 

2.6.13 Quantitative analysis of SDF-1a release by ELISA 

SF-HA and SF-HA-hep sponges were hydrated in PBS and cut to obtain cylinders of 2 mm 

height and 3 mm diameter. Excess of PBS was removed of the sponges with Nunc paper. 

Then, the sponges were placed in Eppendorf tubes coated beforehand with Sigmacote® 

(Sigma-Aldrich, USA) in order to avoid non-specific adsorption of SDF-1a on the tubes. A 

drop of 3 µL of SDF-1a (300 ng in PBS) was added on top of the sponges then incubated 

at 4°C overnight. PBS (500 µL) with 0.1% BSA and enzymes (0.3 mg/mL hyaluronidase and 

0.1 U/mL heparinase) was added in each tube and incubated at 37°C. The PBS was 

collected at defined time points (1h, 8h, 1d, 2d, 3d and 7d) and an equal volume of fresh 

medium was added back to the sponges. All solutions were collected and frozen at -20°C 

until they were assayed in duplicate using an ELISA kit (R&D Systems, Lille, France) in 

accordance with the manufacturer’s instructions. This experiment was performed in 

triplicate. 

2.7. Statistical analysis 

The data were statistically analysed using an ANOVA test with Prism 7 software. In all 

statistical comparisons p < 0.05 was considered statistically significant. 

3. Results and discussion 

3.1. Silk fibroin characterisation 

SF is composed of heavy molecular weight chains (H-chains) and light molecular weight 

chains (L-chains). In the gland of Bombix mori, the molecular weight of the H-chain is 

about 370 kDa and the L-chain is about 25 kDa (34). Depending on the process used to 

obtain the silk fibroin solution, the fibroin can be more or less degraded, which may have 

an impact on the properties of the materials produced (68). The molecular weight profile 

of the SF supplied by IMIDA (8% (w/v), stored at 4°C) was evaluated by means of SDS-

PAGE with a 4-20% gradient gel (Figure 2. 5). The L-chain at 25 kDa was clearly observed. 
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The H-chain was recorded between 238 kDa and 460 kDa. Thus, the process used to 

produce the SF solution was able to retain the integrity of the protein. 

 

Figure 2. 5: Molecular weight analysis of the SF solution by SDS-PAGE showing the expected difference in 
electrophoretic mobility between the high molecular weight protein and the low molecular weight 

protein. 

3.2. Crosslinking optimisation of HA-PLL sponges 

HA-PLL sponges with 2% (w/v) HA and 0.01% (w/v) PLL were prepared with different 

concentrations of crosslinking agents (EDC and NHS) to determine which one is best. A 

sponge with a mixture of HA and PLL was produced instead of HA alone since the reaction 

with EDC and NHS is performed between a carboxylate and a primary amine (69). 

Carboxylate moieties are present on the HA chains but not the amine groups. Therefore, 

this crosslinking reaction does not proceed well for HA solely. PLL has been chosen since 

it is known to facilitate cellular adhesion via electrostatic interactions and may improve 

HA performance in this regard (31). Polymers were crosslinked for 15h and then freeze-

dried. The porosity, water uptake, and texture were evaluated in order to determine the 

best formulation. First of all, after freeze-drying, the sponges were visually different 

(Figure 2. 6-A). Sponges with less than 5 mg/mL EDC and 1.8 mg/mL NHS (HA-PLLXL0-1) 

disintegrated in a few minutes when immersed in NaCl 0.9% (w/v) aq. solution, it was 

therefore impossible to measure the water uptake for these two sponges. Above 5 mg/mL 

EDC and 1.8 mg/mL NHS (HA-PPLXL3-4) the sponges did not retain the shape of the well 

after freeze-drying in the contrary of HA-PLLXL2. This difference was also observed with 

the porosity, which decreased as the amount of crosslinkers increased (Figure 2. 6-B). The 
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water uptake was also decreasing with the concentration of crosslinkers (Figure 2. 6-C). 

The HA-PLLXL2 sponge uptook 95.5% ± 0.2% water, the HA-PLLXL3 sponge 91.9% ± 0.8%, 

and the HA-PLLXL4 sponge 82.2% ± 1.5%. Crosslinking is therefore compulsory, and the 

optimal concentration of crosslinking agent is 5 mg/mL EDC and 1.8 mg/mL NHS. The 

following sponges will therefore be prepared at this concentration. The HA-PLLXL2 sponge 

will now be referred to as the HA-PLL sponge.  

 
Figure 2. 6: Photos of dry HA-PLLXL sponges (A), porosity of dry HA-PLLXL sponges (B) and water uptake at 
the equilibrium in NaCl 0.9% (w/v) (C) for different concentrations of crosslinking agents. ANOVA analysis 
was performed against HA-PLLXL0 for the porosity and against HA-PLLXL2 for water uptake: ***p<0.001, 
****p<0.0001.    

3.3. Optimisation of the SF sponge preparation 

SF sponges were prepared applying the freeze-drying method to identify the most 

adequate annealing method. After freeze-drying SF is mostly composed of random coils, 

which are soluble in water, and alpha helixes. Increasing the crystallinity of the protein by 

triggering β-sheets formation increases the insolubility of SF sponges and therefore slow 

down its degradation. However, if the crystallinity is too high, the swelling of the sponge 

would decrease. We therefore tested two methods previously reported that allow 

moderate increase in crystallinity: water annealing at RT for 12h (SF(H2O)), and ethanol 

annealing at RT for 2h (SF(EtOH)). Methanol annealing, while highly used because of its 

efficiency, was not considered because of its high toxicity. The SF sponge without 

annealing lost its shape and led to a viscous system once in aqueous solution on the 

contrary of annealed sponges for both technics. For both technics, the porosity was similar 

and around 90% (Figure 2. 7-A). After complete swelling, SF(EtOH) uptook more water 

(92.2% ±0.5) than the SF(H2O) sponge (85.3% ± 5.6%) (Figure 2. 7-B). Finally, both sponges 
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showed elastic properties but SF(EtOH) was softer with a Young’s modulus of 22 kPa for 

the SF(EtOH) sponge compared to 66 kPa for the SF(H2O) sponge. For our purpose, the 

higher water uptake and softer the better, therefore, ethanol annealing has been chosen 

for the following experiments. Finally, the morphology of the sponges before and after 

annealing have been observed by SEM and no difference has been detected with an 

average pore size of 87 µm ± 29 µm for the SF sponge and 86 µm ± 25 µm for the SF(EtOH) 

sponge (Figure 2. 7-C). The interest of crosslinking the SF was also studied with a 

concentration of crosslinking agent of 5 mg/mL EDC and 1.8 mg/mL NHS. No effect was 

observed on the porosity (Figure 2. 7-B) but a decrease in water uptake (86% ± 5%) (Figure 

2. 7-B) and in pore size (34 µm ± 15 µm) (Figure 2. 7-A) was observed. Crosslinking the SF 

was therefore not applied for the following studies. 

 
Figure 2. 7: Porosity of dry SF sponges (A), water uptake at the equilibrium in NaCl 0.9% (w/v) (B), and SEM 
images (scale = 100 µm) (C) for different annealing methods and crosslinking of SF sponges. ANOVA analysis 
was performed against SF(EtOH) for the water uptake: *p<0.05, **p<0.01.  

3.4. Kinetic study of the interaction of SF with HA 

Homogeneous dispersions of SF with hydrophilic polymers such as HA have been 

previously shown to be quite difficult to attain. Phase separation and/or specific 
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interactions are quite prone to occur (46,65). Thus, the effect of the mixing time on the 

innerstructure of SF-HA systems was investigated by preparing films composed of either 

HA, SF or a blend of SF and HA mixed for 15 min, 2h or 15h were prepared (Figure 2. 8). 

The HA film displayed a rough surface while the SF film was reproducing the petri dish 

pattern. When mixed together for 15 min, two separate phases appeared in the form of 

globules with sizes ranging from 9.6 to 128.2 µm (38.7 ± 23.5 in average) that were clearly 

outlined by the second phase. The phase inside the globules had a similar topography to 

that of the SF film while the other phase seemed similar to that of the HA film. After 2h of 

mixing, the two phases were still distinguishable, but they became more well-mixed and 

had different textures compared to what was observed with 15 min of mixing time. The 

globules appeared rougher and the phase around them became thinner. Moreover, the 

sizes of the globules were significantly reduced to 2.4 - 19 µm. After an overnight mixing, 

the film adopted a much more homogeneous appearance. However, large aggregates 

could be seen to form extensively across the surface of the film. Therefore, sponges were 

prepared with an intermediate mixing time of about 5h. 

3.5. Optimisation of the preparation of SF-HA and SF-HA-hep sponges 

Sponges of SF 4% (w/v) alone and SF 4% (w/v) with HA 2% (w/v) sponges without further 

ingredients or also containing hep 1% (w/v) were prepared. In order to evaluate the 

importance of the crosslinking and of the annealing on sponges made of a blend of HA 

and SF, some systems were crosslinked with 5 mg/mL EDC and 1.8 mg/mL NHS for 15h at 

4°C and some were subjected to annealing with ethanol. The SF-HA sponges without 

crosslinking and/or without annealing did not maintain their integrity after a few minutes 

in an aqueous solution, both steps are therefore necessary. In order to determine if the 

annealing of the SF-HA sponge had an influence on its structure, the porosity, pore size 

and morphology were analysed before and after ethanol annealing. The porosity of the 

sponges decreased slightly after annealing from 90.7% ± 2.6% to 87.4% ± 0.9% (Figure 2. 

9-A). SEM images showed no difference in morphology but a statistically significant 

decrease in pore size (42 µm ± 16 µm before and 36 µm ± 14 µm after annealing). In 

conclusion, crosslinking and annealing of the SF-HA sponge is necessary but annealing had 

an effect on the structure of the sponges by decreasing the porosity and pore size of the 
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sponges. For the following experiments, only SF-HAXL(EtOH) will be considered and will be 

now called SF-HA for more simplicity. 

 

Figure 2. 8: SEM images of films prepared with either HA, SF or a blend of SF and HA mixed for 15 min, 2h 
or 15h. 

The SF-HA-hep sponge with 5 mg/mL EDC and 1.8 mg/mL NHS (SF-HA-hepXL(-)(EtOH)) 

showed a high degradation in PBS at 37°C for 7 days (Figure 2. 9-C) that was not seen for 

the SF-HA sponge. It can be explained by the higher total amount of polymer. Therefore, 

it was decided to use 15 mg/mL EDC and 5.5 mg/mL NHS (SF-HA-hepXL(+)(EtOH)). The use 

of more crosslinkers did not affect the porosity of the sponges. Therefore, it was decided 

to use the SF-HA-hepXL(+)(EtOH) for the following experiments. This sponge will now be 

called SF-HA-hep for more simplicity. 
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Figure 2. 9: Porosity of dry SF-HAXL and SF-HA-hepXL sponges before and after annealing (A), SEM images of 
the SF-HAXL sponge before and after annealing (scale = 100 µm) (B), and degradation in PBS at 37°C for 7 
days of the SF-HA-hepXL(-)(EtOH) sponge (CEDC = 5 mg/mL, CNHS = 1.8 mg/mL) and of the SF-HA-hepXL(+)(EtOH) 
sponge (CEDC = 15 mg/mL, CNHS = 5 mg/mL) (C). ANOVA analysis: **p<0.01, ****p<0.0001. 

3.6. Structural characterisation of the sponges 

Four formulations have been selected, in regards to the optimisation studies, to explore 

further their characteristics: (i) the HA-PLL sponge made of HA 2% (w/v) with PLL 0.01% 

(w/v) and crosslinked with 5 mg/mL EDC and 1.8 mg/mL NHS, (ii) the SF sponge made of 

SF 4% and annealed with vapours of ethanol, (iii) the SF-HA sponge made of SF 4% (w/v) 

and HA 2% (w/v) annealed and crosslinked with 5 mg/mL EDC and 1.8 mg/mL NHS and (iv) 

the SF-HA-hep sponge made of SF 4% (w/v), HA 2% (w/v) and hep 1% (w/v) and crosslinked 

with 15 mg/mL EDC and 5.5 mg/mL NHS. 

The microstructure of the sponges’ walls was observed under fluorescence microscopy 

(Figure 2. 10). Antibodies used in immunofluorescence imaging like DAPI or ActinRed fixed 

in a non-specific manner to SF without interacting with HA. Indeed, a much stronger signal 

was observed for the SF sponge compared with the HA-PLL sponge. The walls of the SF 

sponge showed a smooth surface. Upon the addition of HA to SF, the walls of the pores 

became irregular and seemed to be formed by small fluorescent aggregates. The 

appearance of such aggregates was intensified upon the introduction of hep. The 

structure of SF-HA and SF-HA-hep sponges was formed by fluorescent aggregates that 

should therefore be SF-rich distributed in a non-fluorescent matrix that should be 

composed mainly of HA. Garcia-Fuentes et al. (65) studied the interaction between HA 
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and SF in blends with different ratios. Results suggested that a phase separation occurs 

with a SF/HA ratio of 80:20 and 60:40 (w/w), with one phase containing HA alone while 

the other phase consisted of a mixture of HA and SF. The phase separation observed in 

the films prepared by us (a 2:1 SF/HA ratio was used here) as well as the structure 

observed in the walls of the sponges are consistent with those previous findings. We can 

therefore conclude that the polymer ratio as well as the mixing time are critical 

parameters when SF and HA are used to prepare 3D scaffolds. 

 

Figure 2. 10: Autofluorescence of the sponges under Rhodamine filter with the same exposure time of 58 
ms. Red arrows indicate the presence of aggregates. 

ATR-FTIR analysis was performed on the sponges before and after ethanol annealing to 

observe the changes in crystallinity (Figure 2. 10). After ethanol annealing, a shift from 

1640 cm-1, which corresponds to SF random coils, to 1621 cm-1, which corresponds to SF 

β-sheets (40), was observed for all the sponges with SF. After ethanol annealing, all the 

sponges had a similar β-sheet content of about 28%. Without the annealing step, the 

structure of the sponges collapsed after a few minutes in an aqueous environment. 
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Figure 2. 11: FTIR absorbance spectra in the amide I region for sponges containing SF before and after 
ethanol annealing. Peak at 1621 cm-1 is typical of the β-sheet conformation of SF, while the peak at 1640 
cm-1 corresponds to SF random coils. 

All dry sponges exhibited high porosity, ranging from 82% for the SF-HA-hep sponge to 

93% for the SF sponge. (Table 2. 2). The capability of the sponges to uptake water when 

immersed in NaCl 0.9% (w/v) aqueous solution was of 93% for the SF-HA-hep and the SF-

HA sponges, and 95% for the HA-PLL sponge (Table 2. 2). Degradation of the sponges was 

monitored at 37°C during 7 and 21 days in PBS supplemented with enzymes (Figure 2. 12-

A). Hyaluronidase and heparinase were selected since they are found in vivo and for their 

ability to degrade HA and hep. HA-PLL sponges were completely degraded after 7 days 

and produced a clear solution, while SF sponges maintained their integrity even after 21 

days. SF-HA and SF-HA-hep showed intermediate degradability. Thus, in good agreement 

with previous reports, the mass loss in scaffolds composed of HA and SF blends can be 

attributed to the degradation of HA (46). Since HA degrades quicker than SF, the matrix 

has to be as homogeneous as possible to avoid the generation of scaffolds with distinct 

HA-rich compartments susceptible to rapid in vivo decomposition. An ideal scaffold for 

trapping GBM cells should be biodegradable to avoid the need for secondary surgery to 

remove the implant. Simultaneously, the degradation rate of the scaffold should match 

the rate of GBM migration so that the structure of the scaffold remains until the process 

is complete in order to eliminate the cells before scaffold degradation.  

To confirm these results, the morphology of the sponges was observed using SEM before 

and after 7 days in PBS without any enzymes at 37°C (Figure 2. 12-B,C). These study 

conditions were selected to induce intermediate degradation of the HA-PLL sponge. At 

the end of this study, signs of degradations in the form of thinner walls and larger pores 

were clearly visible in HA-PLL sponges. Sponges made of SF and HA mixtures showed 
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better preservation of morphology, confirming that the addition of SF to the sponges 

allowed for retention of the structure of the sponges in aqueous solutions. SEM images 

revealed good pore connectivity and an average pore size between 30 ± 13 µm for SF-HA 

and 87 ± 29 µm for SF. The structure of these porous sponges mimic the structure of the 

brain ECM that was described as a foam-like structure by Nicholson et al. (70). The pores 

were of various sizes ranging from 20 to 140 µm across the different sponge compositions 

studied in this work, which should be sufficiently small to support 3D cell-cell contacts, 

but large enough to allow good diffusion of nutrients, oxygen and bioactive factors for cell 

survival and growth (7). 

Texture analysis was performed on hydrated sponges and Young’s modulus were 

calculated (Table 2. 2). All hydrated sponges showed textures within the same order of 

magnitude. The values of Young’s modulus recorded ranged between 6 kPa for HA-PLL 

and 22 kPa for SF. Sponges made from mixtures of SF and HA showed intermediate values. 

The brain has a Young’s modulus below 1 kPa (5,6). However, it is challenging to produce 

scaffolds that maintain their structural integrity with a Young’s modulus as low as the one 

of the brain. On the other hand, the stiffness of the material promotes better handling of 

the sponges. For example, the sponges could be conveniently cut into the desired 

dimensions to better fit the lesion at the intended site of implantation. 

Table 2. 2: Porosity of dry sponges, water uptake in NaCl 0.9% aq. solution, and Young’s modulus after 
hydration. 

Sponge Porosity (%) Water 
uptake (%) 

Young’s modulus 
(kPa) 

HA-PLL 91.9 ± 1.9 95.5 ± 0.2 6.0 ± 1.6 
SF 92.7 ± 0.6 93.2 ± 0.5 21.7 ± 1.6 
SF-HA 87.4 ± 1.0 92.8 ± 2.1 12.5 ± 7.8 
SF-HA-hep 82.3 ± 2.2 92.9 + 2.2 13.1 ± 5.1 

 

3.7. SDF-1a uptake and release 

Since the SF-HA and SF-HA-hep sponges provided a good trade-off between the low 

rigidity of the HA-PLL sponge and the slow degradation of the SF sponge, they were chosen 

for the SDF-1a uptake and release studies.  
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Figure 2. 12: (A) Degradation in PBS with enzymes (hyaluronidase and heparinase) at 37°C for 7 and 21 days 
of HA-PLL, SF, SF-HA and SF-HA-hep sponges. Paired comparisons were conducted between degradation of 
HA-PLL and the others with the same conditions. (B) Average pores size before and after incubation for 7 
days in PBS at 37°C. At least 94 pores were measured per sponge. (C) SEM images of sponges; scale bar 100 
µm. ANOVA analysis: ***p<0.001, ****p<0.0001. 

SDF-1a was adsorbed on the SF-HA and SF-HA-hep sponges by simply hydrating the 

sponges with the protein dissolved in PBS. In order to determine the distribution profile 

of the protein inside the sponge, SDF-1a coupled to an AlexaFluor 647 was used. A 

fluorescence map was subsequently obtained (Figure 2. 13). We observed that the protein 

formed a radial concentration gradient from the center (where the drop was deposited) 

toward the edges of the sponges. Since it has been described that CXCR4 receptor-bearing 

cells can migrate in response to an SDF-1a concentration gradient, the radial distribution 

of SDF-1a in the sponge may be beneficial in facilitating extensive infiltration of stem cells 

into the sponge for tissue regeneration (3). 
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Figure 2. 13: Representative image of the distribution of AF-SDF-1a in the SF-HA and SF-HA-hep sponges 
recorded via fluorescence detection. 

SDF-1a release from SF-HA and SF-HA-hep in PBS with enzymes (hyaluronidase and 

heparinase) at 37°C was then monitored over 7 days (Figure 2. 14). For the SF-HA-hep 

sponge, a maximum release of 2.1 ± 0.8% was reached after 3 days. A significantly higher 

release was observed with the SF-HA sponge whereby a maximum release of 26 ± 16% 

was reached after 2 days. However, it is expected that, in vivo, release should continue 

over time in parallel with the degradation of the sponge. SDF-1a is a positively charged 

protein at physiological pH (isoelectric point (IEP) ~9.6) while HA and SF are negatively 

charged (IEP ~2.9 and ~4.6 respectively) (71,72), allowing the protein to bind to the 

sponges via electrostatic interactions. Moreover, heparin is known to form a strong 

complex with SDF-1a (73). SDF-1a was therefore expected to be better retained in the 

SF-HA-hep sponge than in the SF-HA sponge. However, the strong SDF-1a retention 

capacity displayed by the SF-HA-hep sponge has not been reported before to our 

knowledge. A strong retention of the protein inside the scaffold might have benefit effect 

for attraction of cells in the heart of the scaffold via haptotaxis as well as their retention 

over time.  

4 mm 4 mm

SF-HA SF-HA-hep
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Figure 2. 14: SDF-1a cumulative release from the SF-HA and SF-HA-hep sponges during 7 days in PBS with 
enzymes. All values were expressed in percentage of the amount of SDF-1a added to the sponges. 

4. Conclusion 

In summary we demonstrated that by using mixtures of two biopolymers (SF and HA), it 

was possible to finely tune the properties of a biomaterial. Indeed, the SF-HA and SF-HA-

hep sponges exhibited intermediate physicochemical properties (Young’s modulus, 

degradation behaviour) compared to those of the SF or HA-PLL sponges. Considering their 

porous structure and ability to retain the chemokine SDF-1a, these SF and HA-based 

biomaterials may be of great use for the trapping of GBM cells. 
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CHAPTER III 

Development of a cellular model as an evaluation tool 

 

 

1. Introduction 

The stromal derived factor-1α (SDF-1α), also called CXCL12 is a chemokine composed of 

68 amino acids that bind to the CXC chemokine receptor 4 (CXCR4) (1). CXCR4 is 

overexpressed in invasive GBM cells (2–4). Goffart et al. (5) studied the implication of SDF-

1α and the invasion ability of GBM cells. They demonstrated the expression of the CXCR4 

receptor in three cell lines (U87MG, U373 and LN18) and two primary cultures of GBM 

tumour from patients. Moreover, the relationship between CXCR4 bearing cells and 

migration toward an SDF-1α gradient has been shown. 

Primary cells are the best in vitro model in terms of reproduction of in vivo behaviour 

thanks to a preservation of an undifferenciated state and molecular repertoire of 

receptors as well as activated signaling pathways. However, they are complicated to use 

because of their heterogeneity and variability as well as isolation and maintenance in 

culture. In order to control better the experiments, we therefore decided to use a human 

GBM cell line, the U87MG cells. While it was reported by Goffart et al. (5) that U87MG 

ATCC HTB-14 cells express the CXCR4 receptor, the cells we brought from the same 

source, did not. Indeed, the CXCR4 receptor can be more or less expressed depending on 

the environment. In order to overcome intrinsic and extrinsic variations in CXCR4 

expression in these cells, U87MG were transfected previously in our laboratory by Dr 

Delphine Séhédic with a lentivirus coding for this receptor, which resulted in the stable 

expression of the target CXCR4 in U87MG. The cells were transfected with two 

lentiviruses: one encoding CXCR4 and the red fluorescent protein (RFP) (U87MG-CXCR4+) 
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and one control lentivirus (U87MG-CXCR4-) (Figure 3. 1-AFigure 3. 1). Séhédic et al. (6) 

grew a chimeric tumour composed of U87MG-CXCR4+ and -CXCR4- cells in mice. As shown 

in Figure 3. 1-B, U87MG-CXCR4- cells composed the core of the tumour while U87MG-

CXCR4+ cells infiltrated the healthy surrounding tissues, demonstrating once more the 

implication of the CXCR4 receptor in the invasive ability of the GBM. 

 

Figure 3. 1: (A) Schematic representation of lentivirus coding gene for CXCR4 or control gene, and (B) 
fluorescence spectral imaging analysis showing the infiltrative nature of CXCR4 positive cells (in red) from 
the tumour core (blue) to the healthy tissue (green). Adapted from (6). 

In this study, the ability of SDF-1α to increase the migration of U87MG cells bearing the 

CXCR4 receptor was evaluated thanks to an agarose drop assay.  

2. Materials and methods 

2.1. Cell line 

U87-MG cells (American Tissue Culture Collection, Rockville, Maryland, USA) were 

previously transfected to express or not the CXCR4 receptor by Séhédic et al. (6). Cells 

expressing the CXCR4 also expressed the red fluorescent protein (RFP). Cells expressing 

the receptor were named U87MG-CXCR4+ and cells without the receptor were named 

U87MG-CXCR4-. They were cultured at 37°C and 5% CO2 in DMEM high glucose media 

(Sigma Aldrich) supplemented with 10% fetal bovine serum (FBS), and 1% 

penicillin/streptomycin and subcultured every 3-4 days.  

2.2. Flow cytometry 

U87MG-CXCR4+ cells were regularly tested by flow cytometry to ensure that the CXCR4 

receptor was not lost through the passages. Cells were first incubated with a CXCR4 

primary antibody (5 µg/mL, CD184, BD Pharmingen) 1h at 4°C or with IgG2a (BD 

Biosciences, Le Pont de Claix, France). After being washed with PBS containing 5% FBS and 
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0.02% azide, cells were incubated with FITC-conjugated goat anti-mouse secondary 

antibody (Dako, Trappes, France) 30 min at 4°C. Subsequently, samples were analysed on 

a BD FACSCalibur™ fluorescent-activated flow cytometer and flow cytometry acquisition 

was performed on the BD CellQuest™ software (BD-Biosciences). Presence of the CXCR4 

receptor and of the RFP was detected with the FITC and PE filter respectively. 

2.3. Agarose drop assay 

The ability of SDF-1α (Miltenyi Biotec) to attract cells with the CXCR4 receptor was 

evaluated using an agarose assay as described by Milner et al. (7). Briefly, a 24-well plate 

was previously coated with extracellular matrix from U87MG cells. To do so, wells were 

firstly coated with poly-D-lysine (PDL, Sigma) then U87MG cells were cultured in the wells 

for 48h and finally lysed with pure water, washed with PBS and air dried under sterile 

condition before use. Then, a 2 µL drop of low melting point low gelling temperature 

agarose (Sigma-Aldrich) at 1% (w/v) in PBS containing 100,000 cells was placed in the 

centre of a well of a 24-well plate previously coated with extracellular matrix from U87MG 

cells. The agarose was allowed to solidify by incubating the plate at 4°C for 10 minutes. 

Media, without serum and with or without the chemokine, was then carefully added on 

top of the agarose solid drops. Concentrations from 0 to 80 ng/mL of SDF-1α were tested 

on U87MG CXCR4+ cells and U87MG CXCR4- cells. Plates were incubated for 3 days at 37°C 

and 5% CO2. Pictures were finally taken using a microscope equipped with a camera and 

the distance of migration was measured at 4 points of the drop between the edge of the 

drop and the front of migration (as described in Figure 3. 2) with imageJ 1.52e software. 

In all cases, 9 drops were done for each condition. 

 

Figure 3. 2: Schematic representation of the agarose drop assay. A drop of cells in agarose is deposited in a 
well and covered with media with or without SDF-1α. After 3 days, the distance of migration is measured at 
4 points (red arrows) as the distance from the edge of the drop to the edge of the migration front. 
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The effect of cell proliferation on the migration was evaluated by means of an agarose 

drop assay with aphidicholin (ADC). ADC is a chemical which has the property of blocking 

cell proliferation (8). For this assay, SDF-1α was used with a concentration of 40 ng/mL 

and ADC with a concentration of 20 µg/mL. 

2.4. Statistical analysis 

The data were statistically analysed using an ANOVA test with Prism 7 software. In all 

statistical comparisons p < 0.05 was considered statistically significant. 

3. Results and discussion 

3.1. Flow cytometry 

As shown in Figure 3. 3, 92% of the cells were in Q2 for the U87MG-CXCR4+ cells and 99% 

of the cells were in Q3 for the U87MG-CXCR4- cells meaning that U87MG-CXCR4+ cells 

possessed the CXCR4 receptor with the RFP while the U87MG-CXCR4- cells did not after 

32 passages as they were constructed. 

 

Figure 3. 3: Analysis of the U87MG-CXCR4+ (A) and U87MG-CXCR4- (B) cells by flow cytometry. PE measures 
the RFP and FITC the CXCR4 receptor. 

3.2. Migration assay 

The migration of U87MG-CXCR4- was not dependent of the SDF-1a concentration, as 

expected (Figure 3. 4-A), on the contrary of the migration of U87MG-CXCR4+. The distance 

was found significantly different compared with the migration at 0 ng/mL for 20 and 40 

ng/mL. A plateau was reached after 40 ng/mL of SDF-1α. Surprisingly, it was observed 

that, without SDF-1a, U87MG-CXCR4- migrated further than U87MG-CXCR4+. It was 
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hypothesised that this phenomenon was due to a difference in the proliferation of the 

cells as the U87MG-CXCR4- cells proliferated faster than the U87MG-CXCR4+ cells (data 

not showed). In order to test this hypothesis, a blocker of proliferation, the ADC, was used. 

When the proliferation was blocked with ADC, almost no migration was observed without 

SDF-1α (139 µm ± 40 µm) while cells migrated in presence of 40 ng/mL SDF-1α (409 µm ± 

29 µm) (Figure 3. 4-B). Moreover, we can see that the cells migrated less with ADC. The 

distance of migration for the experiments without ADC was therefore due to a 

combination of migration and proliferation. 

 

Figure 3. 4: Distance of migration from the agarose drop (A) with different concentrations of SDF-1a in the 
media between 0 and 80 ng/mL for U87MG-CXCR4+ and CXCR4- cells, and (B) with 0 or 40 ng/mL SDF-1a 
and with or without ADC for U87MG-CXCR4+. Paired comparisons were conducted against the 
corresponding condition without SDF-1a for (A). ANOVA analysis: *p<0.0001, **p<0.0001, ***p<0.0001, 
****p<0.0001. 

This assay is an interesting tool to evaluate the activity of SDF-1a along formulations. It 

was used to validate the activity of the protein along a process of encapsulation in PLGA 

nanoparticles and electrospinning developed by Muhammad Haji Mansor and published 

in European Journal of Pharmaceutics and Biopharmaceutics (9) (Annexe 1). 

4. Conclusion 

The agarose drop assay with U87MG-CXCR4+ cells can be used to evaluate the activity of 

SDF-1a after formulation, freeze-drying or storage for example. Moreover, it allowed us 

to validate the model, U87MG cells bearing the CXCR4 receptor migrating further in 

presence of SDF-1a on the contrary of the U87MG without the receptor. 
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CHAPTER IV 

Biological evaluation of SF-HA and SF-HA-hep sponges 

 

 

1. Introduction 

Sponges made of SF, HA and hep were produced and it was determined that the SF-HA 

and SF-HA-hep sponges were the most interesting as they were combining the softness of 

the HA-PLL sponge and the slow degradation of the SF sponge. The next step of the project 

was to study the interaction between GBM cells and the SF-HA and SF-HA-hep sponges as 

well as the safety of the sponges. To do so, biocompatibility of the SF-HA and SF-HA-hep 

sponges was evaluated in vitro and in vivo. Biodegradability of the sponges and release of 

SDF-1a as well as its effect on the brain were evaluated in vivo. Finally, the effect of SDF-

1a loaded in the SF-HA and SF-HA-hep sponges on the behaviour of U87MG-CXCR4+ cells  

was evaluated. 

2. Materials and methods 

2.1. Cell lines 

U87MG cells (American Tissue Culture Collection, Rockville, Maryland, USA) were 

previously transfected to express or not the CXCR4 receptor by Séhédic et al. (1). Cells 

expressing the CXCR4 also expressed the red fluorescent protein (RFP) and were named 

U87MG-CXCR4+. The mouse fibroblasts NIH/3T3, the U87MG and the U87MG-CXCR4+ 

cells were cultured at 37°C and 5% CO2 in DMEM high glucose media (Sigma Aldrich) 

supplemented with 10% fetal bovine serum (FBS), and 1% penicillin/streptomycin and 

subcultured every 3-4 days.  
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2.2. Cytocompatibility 

The cytocompatibility of the sponges was evaluated using U87MG cells and NIH/3T3 cells. 

Following ISO standard 10993-5 two different culturing methods were used: direct 

contact and indirect contact (Figure 4. 1). The direct contact method allows for the 

physical interaction of the cells and the material while the indirect contact method allows 

for interaction of any leachable products with the cells. For both methods, cells were 

seeded in a 24-well plate with different densities depending on the type of cells and the 

duration of the assay and incubated 24h at 37°C and 5% CO2 prior addition of the sponges. 

NIH/3T3 cells were seeded at a density of 40,000 cells/well in 500 µL for 24h and 10,000 

cells/well for 72h. U87MG cells were seeded at a density of 80,000 cells/well in 500 µL for 

24h and 20,000 cells/well for 72h. 

Swollen SF, HA-PLL, SF-HA and SF-HA-hep sponges were firstly cut to obtain cylinders with 

2 mm height and then sterilized under UV light for 1h. For evaluation of the washing 

technique, sponges were either washed for 24h in 15 mL PBS under stirring (PBS changed 

5x) at RT or 5 times 30s in a sonicator in 15 mL PBS (PBS changed between each sonication) 

followed by 1h under stirring at RT. Immediately before use, sponges were washed 3 times 

with PBS under sterile conditions and then equilibrated in complete DMEM for 15 min.  

For the direct contact method, sponges were directly added on top of the monolayer of 

cells in triplicates. Wells without sponges were used as control. After 24h or 72h 

incubation at 37°C and 5% CO2, sponges were removed by aspiration and the media was 

replaced with 500 µL of resazurin 44 µM. Resazurin was also added in wells without cells 

to serve as blank. After 2h of incubation at 37°C, cell viability was estimated from the 

fluorescence intensity of the reduced product of resazurin, called resorufin, which is 

formed in the cytosol of alive cells. Fluorescence 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 control 

wells. 

For the indirect contact method, suspended culture inserts (MilliCell, PET, 8 µm) were 

placed in the wells with sponges inside in triplicate. Inserts without sponges were used as 

control. 200 µL of media was added to cover completely the sponges. After 24h or 72h 
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incubation at 37°C and 5% CO2, inserts and sponges were removed and the media was 

replaced with 500 µL of resazurin 44 µM. The viability of the cells was evaluated with the 

same protocol than for the direct contact method. 

 

Figure 4. 1: Schematic representation of the direct contact and indirect contact method as well as their 
respective controls. 

2.3. Cellular interaction with sponges 

Sponges were swollen in PBS and sterilised 1h under UV light. Sponges were then washed 

3 times with sterile PBS and equilibrated in complete media. To optimise the use of Sudan 

Black B (SB) to decrease the fluorescence of the sponge, 50,000 U87MG cells were 

deposited on the top of the sponge, placed in a well, and incubated 4h at 37°C and 5% 

CO2 to allow cellular attachment before adding media to cover the sponges and incubate 

them 72h. Cells were then fixed with paraformaldehyde (PFA) 4% (w/v), permeabilised 

with 0.2% (w/v) Triton X-100 and saturated with normal goat serum (NGS) 10% (w/v). 

Sponges were covered with SB 0.3% (w/v) in 70% (v/v) ethanol for 30 min before or after 

immunomarking. The actin cytoskeleton of the cells was stained with ActinRed 555 

(Thermo Fisher Scientific, Waltham, MA) and the nuclei with DAPI (Thermo Fisher 

Scientific, Waltham, MA). Stained cells were visualised using a confocal microscope Leica 

TCS SP8 AOBS (Leica Microsystems, Wetzlar, Germany). 

In order to evaluate the effect of SDF-1α on U87MG overexpressing the CXCR4 receptor, 

50,000 U87MG-CXCR4+ cells were deposited on SF-HA or SF-HA-hep sponges prepared as 

explained in the paragraph above excepted that a 5 µL drop containing 150 ng of SDF-1α 

was deposited on top of the sponges for half of them. Sponges were incubated 1, 7, 14 or 

28 days in DMEM without FBS and media was changed 2 times per week. Cells were finally 

fixed, permeabilised and stained as explained above. 

Ctr Ctr

Direct contact method Indirect contact method
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2.4. Implantation of sponges in rat brain parenchyma 

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 anesthetised 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 

(Figure 4. 2-A) and subsequently removed using vacuum suction (Figure 4. 2-B) to create 

a cavity that was approximately 3 mm wide and 2 mm deep (Figure 4. 2-C). SF-HA and SF-

HA-hep sponges were swollen in PBS, cut transversally to obtain 2 mm height cylinders, 

and sterilised with UV light for 1 hour the day before the surgery. The sponges were cut 

one by one immediately before implantation with a 3 mm diameter biopsy punch with a 

push-button (Figure 4. 2-D-F) and implanted in the cavity with the biopsy punch (Figure 4. 

2-G,H). Following the implantation of the scaffold into the cavity, the wound was sutured 

(Figure 4. 2-I), 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 9 rats (3 implanted with SF-HA sponges, 3 implanted 

with SF-HA-hep sponges and 3 controls), was intended for the short-term study (sacrificed 

after 8 days) while the other group, consisted of 12 rats (4 implanted with SF-HA sponges, 

4 with SF-HA-hep sponges and 4 controls), was intended for the long-term follow-up 

(sacrificed after 118 days). 
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Figure 4. 2: Surgical procedure for sponge implantation in rats. (A) The brain was cut using a 3 mm diameter 
biopsy punch and (B) removed using vacuum suction creating (C) a resection cavity of 3 mm diameter and 
about 2 mm deep. (D) A 3 mm diameter biopsy punch with a push-button was used to (E) cut the swollen 
sponges. (F) The sponge stayed inside the biopsy punch. (G) It was implanted in the cavity by placing the 
biopsy punch inside it and pressing the button delicately. (H) The sponge implanted had exactly the same 
size than the cavity. (I) Finally, the wound was sutured. 

2.5. MRI analysis 

MRI analysis was performed on D1 and D6 for the short-term study and D6 and D76 for 

the long-term study, with a Bruker Biospec 70/20 system operating at 7T, under isoflurane 

(0.5% 1L/min O2) anesthesia, with the monitoring of respiratory parameters. T2-weighted 

images were acquired with a multispin echo sequence [FOV = 30 x 30 mm, 9 axial 0.8 mm 

slices (gap = 0.1 mm), matrix 256 x 256, TR = 2.5 s, 25 TE = 30 ms]. 
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2.6. Histology 

Rats were sacrificed at 8 days and 118 days (4 months) after implantation. Brains were 

collected and fixed in formalin for 10 days, embedded in paraffin, sections were cut and 

stained with hematoxylin and eosin (HE). 

2.7. In vivo release of SDF-1α in rat brains 

To study the in vivo release of SDF-1α from the sponge to the brain, an SDF-1α coupled 

with AlexaFluor647 (AF-SDF-1α) at the C terminal (Almac, Scotland) was used. Only the 

SF-HA-hep sponge was used since the SF-HA sponge was completely degraded after 8 

days. Sponges were swollen in PBS, cut transversally to obtain 2 mm height cylinders, and 

sterilised with UV light for 1 hour the day before the surgery. The sponges were cut one 

by one immediately before implantation with a 3 mm diameter biopsy punch with a push-

button. Sponges were taken out of the biopsy punch, slightly dehydrated by plotting them 

on a gauze compress and rehydrated by adding 3 µL of AF-SDF-1α (150 ng) on the top of 

the sponge and finally implanted in the cavity as described in section 2.4. With this 

process, the full volume of AF-SDF-1α was absorbed by the sponge, resulting in a 

theoretical 100% loading. Rats were sacrificed after 7 days and brains were collected. 

Brains were frozen in isopentane between -20°C and -30°C and stored at -80°C. Brains 

were cut axially in the region of interest with a Cryostat Leica CM3050 S (Leica Biosystems, 

Nussloch, Germany) to obtain 10 µm thick slices that were deposited on gelatinated 

Superfrost slides (Thermo Fischer Scientific, Braunschweig, Germany). Slides were stored 

at -20°C until immunomarking. 

2.8. Immunohistochemistry 

Sections were permeabilised with PFA 4% (w/v) at 4°C for 20 min, permeabilised with 

0.025% (w/v) Triton X-100 in PBS for 10 min and saturated with NGS 10% (w/v) in PBS for 

2h. They were then incubated overnight at 4°C with polyclonal rabbit IgG anti-SDF-1 

(Abcam, Cambridge) followed by 1h incubation at RT with the secondary antibody goat 

anti-rabbit AlexaFluor 488 (Cell Signaling Technology). Cell nuclei were stained with DAPI 

prior to mounting sections with Dako fluorescence mounting media (Dako, CA, USA) and 
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coverslips. Stained sections were visualised using a confocal microscope Leica TCS SP8 

AOBS (Leica Microsystems, Wetzlar, Germany). 

2.9. Statistical analysis 

The data were statistically analysed using an ANOVA test with Prism 7 software. In all 

statistical comparisons p < 0.05 was considered statistically significant. 

3. Results and discussion 

3.1. Cytocompatibility 

Cytotocompatibility of the sponges has been evaluated via indirect and direct contact 

method at 24 and 72h with normal cells (mouse fibroblast cell line NIH/3T3) and 

glioblastoma cells (U87MG cell line) (Figure 4. 3-A-D). NIH/3T3 cells were chosen as they 

have been reported to be highly-sensitive to chemical-induced toxicities (2). The SF and 

HA-PLL sponges were found to be cytocompatible in every condition tested. For the SF-

HA sponge, cytotoxicity was observed only after 72h with the direct contact method on 

NIH/3T3 cells (71 ± 14% viability). Moderate cytotoxicity was found for the SF-HA-hep 

sponge at 24h with the direct contact method on U87MG cells (76 ± 9% viability) and at 

72h with the indirect contact method on NIH/3T3 (63 ± 19% viability), with the direct 

contact method on NIH/3T3 (39 ± 9% viability) and on U87MG (64 ± 9% viability). We can 

therefore consider the SF and HA-PLL sponge cytocompatible. Moreover, the SF-HA 

sponge is more cytocompatible than the SF-HA-hep sponge. Different washing techniques 

were tested to eliminate traces of crosslinkers to try to improve the cytocompatibility of 

SF-HA-hep sponges. The first one consisted in a 24h wash in PBS under mild agitation, the 

second one in a 5x30s sonication followed by 1h in PBS under mild agitation. The direct 

contact method at 72h with NIH/3T3 cells has been chosen to evaluate the effect of the 

washing, being the most sensitive to toxicity. However, no improvement was observed 

(Figure 4. 3-E). In order to determine whether EDC and NHS or the hep were responsible 

for this cytotoxicity, two new sponges were produced, and cytotoxicity was evaluated 

with the direct contact method at 72h with NIH/3T3 cells. The first one was composed of 

SF and HA crosslinked with the same concentration of crosslinkers than SF-HA-hep (CEDC = 

15 mg/mL, CNHS = 5.5 mg/mL) and was called here SF-HA(+). The second one was 
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composed of SF, HA and hep crosslinked with the same concentration of crosslinkers than 

SF-HA (CEDC = 5 mg/mL, CNHS = 1.8 mg/mL) and was called here SF-HA(+). Because of the 

low concentration of crosslinkers in the SF-HA-hep(-) sponge, this sponge lost its shape in 

the media. Sponges with the same concentration of crosslinkers showed the same 

cytotoxicity, a low concentration of crosslinker leading to an increase in viability (Figure 

4. 3-E). 

Free heparin is used as an anticoagulant and can therefore cause thrombocytopenia or 

haemorrhagic complications (3,4). However, when modified or covalently incorporated in 

scaffolds, it can be safely used for biomedical applications (5–7). EDC and NHS promote 

the formation of covalent crosslinks between a carboxyl and a primary amine but do not 

remain as part of the crosslink (see Figure 2.1-C). Therefore, there is no possibility of toxic 

substances being released into tissues from crosslink breakdown after implantation into 

patients as it can be washed away from the hydrogel with water (8). It is therefore used 

for the synthesis of hydrogel for different biomedical applications (9–11) and Qazvini et 

al. (12) described this crosslinking technique as non-toxic. However, we found that the 

crosslinkers were responsible for the cytotoxicity observed here. An appropriate washing 

protocol should therefore be found, or the crosslinking should be optimised to reduce the 

concentration of crosslinkers in the SF-HA-hep sponges. Since the cytotoxicity observed 

was mild (only found after 72h), the SF-HA-hep sponge biocompatibility was still tested in 

vivo. 
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Figure 4. 3: Evaluation of the cytotoxicity of SF, HA-PLL, SF-HA and SF-HA-hep sponges by the indirect contact 
method (A,C) and the direct method (B,D) with NIH/3T3 cells (A,B) and U87MG cells (C,D) at 24h and 72h. 
Effect of the washing process as well as the concentration of crosslinkers on the cytotoxicity of cells (E). 
ANOVA analysis were done to compare the wells with sponges with the corresponding controls for A-D: 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

3.2. Cellular interaction with the sponges 

3.2.1 Decrease of the SF fluorescence with Sudan Black B 

DAPI and ActinRed are used to mark the nuclei (in blue) and the actin skeleton (in red) of 

cells. However, they adsorbed unspecifically by SF as shown in Chapter 2 section 3.6, 

making it difficult to observe the cells in the sponges. According to a protocol described 

by Neo et al. (13), SB, a molecule used usually to stain lipids on tissues, can be used to 

decrease the fluorescence of the SF. U87MG cells deposited on SF-HA-hep sponges and 
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incubated 72h were used to test the protocol. Three conditions have been tested: (i) 

immunomarking with DAPI and ActinRed (Figure 4. 4-A), (ii) incubation with SB before 

immunomarking (Figure 4. 4-B) and (iii) incubation with SB after immunomarking (Figure 

4. 4-C). Without SB, cells were hardly distinguishable from the sponge while, when SB was 

used after immunomarking, ActinRed was quenched as well as the signal from the sponge. 

When sponges were incubated in SB before immunomarking, signal from the sponge was 

highly decreased and cells were therefore visible. This protocol worked better to decrease 

the red signal than the blue. This observation can be explained as SB is known to undergo 

strong hydrophobic interactions and interact with negatively charged structures like SF 

(14). Adding SB before staining should therefore block the adsorption of DAPI and 

ActinRed to the sponge. 

 

Figure 4. 4: U87MG cells incubated for 72h on SF-HA-hep sponges and marked following different protocols: 
without SB (A), with SB added before (B) and after (C) immunomarking with DAPI (nuclei, blue) and ActinRed 
(actin, red). Scale: 500 µm. 

3.2.2 Morphology of U87MG-CXCR4+ cells on sponges 

In order to study the interaction between GBM cells and the sponges, U87MG-CXCR4+ 

cells have been deposited on SF-HA and SF-HA-hep sponges with or without SDF-1α. After 

1, 7, 14 and 28 days, cells were fixed with PFA, incubated in SB and stained with DAPI and 

ActinRed (Figure 4. 5). After 1 day (Figure 4. 5-A-D), cells were aggregated between each 

other with a round morphology and were situated principally on the top of the sponge 

(about 200 µm deep). Similar observations were done after 7 days (data not shown) while 

cellular aggregates seemed larger. After 14 days, cells were more dispersed in the sponge 

and aggregates were not found. Similar observations were done after 28 days and cells 

were found deeper in the sponges (Figure 4. 5-E-G). This showed that U87MG-CXCR4+ cells 

were able to survive a month and interact with both SF-HA-hep and SF-HA sponges. This 



CHAPTER IV:  Biological evaluation of SF-HA and SF-HA-hep sponges 

  101 

characteristic is essential to trap GBM cells as it suggests that cells would stay inside the 

trap until they can be eliminated. However, no differences were observed between the 

type of sponge and the presence of SDF-1α and a potential haptotaxis could not be 

quantified as cells were non-homogeneously dispersed on the sponges. 

 

Figure 4. 5: Representative fluorescence images of U87MG-CXCR4+ cells deposited on SF-HA (A,B,E,F) and 
SF-HA-hep (C,D,G,H) sponges with (B,D,F,H) or without (A,C,E,G) SDF-1α after 1 (A-D) and 28 days (E-H). 
Cells’ cytoskeleton was stained with ActinRed. Scale: 500 µm. 
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3.3. In vivo biocompatibility and biodegradability 

A resection cavity was formed using a 3 mm diameter biopsy punch. SF-HA and SF-HA-hep 

sponges were swollen in PBS, cut to have the same dimensions as the cavity, and 

implanted. A control consisted in the resection without implantation. All animals tolerated 

the surgical procedures and there was no evidence of neither systemic nor neurological 

disease in any animal throughout the course of the experiment. MRI images were taken 6 

and 76 days after implantation. 3 rats per group were sacrificed 8 days after implantation 

and 4 rats per groups were sacrificed 4 months (118 days) after implantation. Brains were 

retrieved after sacrifice fixed in formalin, embedded in paraffin and sections were cut. 

Tissues were stained with HE for histological analysis.  

Sponges could be observed by MRI 6 days after implantation (Figure 4. 6). After 76 days, 

a white spot was observed by MRI at the coordinate of the resection cavity which was 

interpreted as an infiltration of water inside the cavity. It seemed that the sponges were 

completely degraded at that time. 

Eight days after implantation of the SF-HA-hep sponge, no signs of degradation were 

observed at the dissection. Some sponges were sticking to the skin covering the cavity and 

were therefore taken out of the brain when the brain was collected. When the sponges 

had stayed inside, they were systematically detached from the cavity upon slicing. They 

therefore appeared detached from the brain on the histology slides while the sponges 

were in contact with the brain tissue as they completely filled the cavity at the time of 

implantation. Sponges were infiltrated with neutrophils and pyocytes; necrosis was also 

found (Figure 4. 7). At the interface between the sponge and the brain tissue, an acute 

inflammatory response was observed with the presence of neutrophils, pyocytes, necrosis 

and neo-angiogenesis. Neutrophils are a type of phagocyte and one of the first responders 

of inflammatory cells to migrate toward a site of inflammation. A few hundreds 

micrometres away from the edge of the cavity, there were no signs of inflammation, and 

the rest of the brain was healthy. This reaction was considered as a normal reaction 

toward a foreign body. As a comparison, Gliadel® wafer, an approved implant for GBM 

treatment (see Chapter I, section 3.1.3), was implanted in monkeys and an histology 

analysis was performed over 72 days (15). They observed a narrow zone of necrosis as 
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well as a subacute inflammatory response after 16 days that was no longer observed by 

day 72. 

The SF-HA sponges implanted in rats were completely degraded after 8 days. Similarly to 

the control rats (cavity without sponge), a process of detersion (debris eliminated by the 

macrophages) and cicatrisation was observed as well as a local chronic inflammation with 

presence of macrophages and lymphocytes (Figure 4. 7). The rest of the brain was healthy. 

After 118 days, slight chronic inflammation and hemosiderin-laden macrophages were 

observed in and/or at the edge of the cavity; no sign of inflammation was found away 

from the interface between the resection cavity and the brain for the three conditions 

studied (Figure 4. 8). Similarly, implantation of Gliadel® wafers in monkeys showed a 

chronic inflammation with a narrow zone of gliosis and hemosiderin-laden macrophages 

at the polymer-brain interface after 72 days of implantation. 

Thus, the SF-HA-hep sponge seemed more immunogenic than the SF-HA sponge in the 

short term, but both sponges were completely degraded after 4 months with no 

difference compared to the control cavity. Moreover, only local reaction was observed 

and was similar to the implantation of Gliadel® wafers. Both sponges were therefore 

considered biocompatible and safe to use for brain implantation. 
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Figure 4. 6: Representative T2 MRI analysis of the rat’s brains 6 days (A,C,E) or 76 days (B,D,F) after 
implantation of the SF-HA (A,B) or the SF-HA-hep (C,D) sponges or nothing (control) (E,F). 
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Figure 4. 7: HE stained-slide of a rat brain eight days after SF-HA-hep or SF-HA sponge implantation or after 
scrapping of the brain (control cavity with no sponge, Ctr D8). The white bar indicates 250 µm and the red 
50 µm. 
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Figure 4. 8: HE stained-slide of a rat brain 118 days after SF-HA-hep or SF-HA sponge implantation or after 
scrapping of the brain (control cavity with no sponge, Ctr D118). The white bar indicates 250 µm and the 
red 50 µm. 
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3.4. In vivo release of SDF-1a 

AF-SDF-1α was clearly visible inside the sponges after 8 days of implantation but was not 

detected in the brain tissues. Interestingly, it was not homogeneously spread along the 

sponge but distributed as droplets of about 20 µm diameter which corresponded to the 

internal structures observed in the sponges in Chapter II. We can therefore hypothesise 

that hep formed globules with SF inside the walls of the sponges and that AF-SDF-1α was 

adsorbed preferentially at those sites. More nuclei can be observed inside the sponge 

compared with the brain tissue. Considering the histological analysis made for SF-HA-hep 

sponges after 8 days, we can assume that it was due to an invasion of the sponge by 

inflammatory cells such as neutrophils. Endogenous SDF-1α was stained with an antibody 

coupled with FITC (green) and was distinguished from the exogenous SDF-1a as the latest 

was coupled with AlexaFluor 647 (red). Endogenous SDF-1a was found inside the sponge 

as well as at the margin of the cavity with or without the addition of AF-SDF-1α as well as 

in the control group but of less extent. It was probably produced as an inflammatory 

response in order to recruit immune cells. Indeed, histological analysis of the brains after 

8 days (Figure 4. 7) showed recruitment of immune cells inside the sponge and at the 

sponge-brain interface such as neutrophils for the SF-HA-hep sponge but also 

macrophages for the cavity alone. It is known that such cells are able to produce SDF-1α 

in order to recruit more immune cells (16–18). It has been previously observed that 

injection of exogenous SDF-1α induces production of endogenous SDF-1α (19). However, 

this was not observed here at 8 days after implantation as it seems that the production of 

endogenous SDF-1α in the sponge without AF-SDF-1α was as strong as in the sponge with 

AF-SDF-1α though it was not possible to quantify it here. It can be explained by the 

absence of release from the SF-HA-hep sponge at this time. 
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Figure 4. 9: Representative fluorescent images of the production of endogenous SDF-1α upon creation of a 
resection cavity (control), implantation of an SF-HA-hep sponge or implantation of an SF-HA-hep sponge 
loaded with AF-SDF-1α. The white bar indicates 100 µm. 
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4. Conclusion 

In summary we demonstrated that both the SF-HA and the SF-HA-hep sponges were well 

tolerated by the rats although the SF-HA-hep sponge led to a decrease of cellular viability 

and a stronger immune reaction at short term. A strong difference in the degradation rate 

was observed as the SF-HA sponges implanted in the brains of rats were all completely 

degraded after 8 days while the structure of the SF-HA-hep sponges was intact at that 

time. Loading of SDF-1α into the sponges did not induce any visible reaction from U87MG-

CXCR4+ cells in vitro or from the brain in vivo which might be explained by the absence of 

SDF-1α release from the SF-HA-hep sponge. 
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CHAPTRE V 

General discussion, Conclusion and Perspectives 

 

 

1. Main contributions 

GBM is an infiltrating deadly tumour of the CNS. It is the most frequent, the most 

aggressive and the most lethal form of diffuse glioma. Its conventional treatment consists 

of a surgical resection of the tumour followed by a radio-chemotherapy using X-rays and 

TMZ (1). However, recurrence of the tumour is today inevitable. It has been observed that 

tumour recurrence mostly occurs within 2 cm of the resection cavity which can be 

explained by the invasion ability of GBM cells (2). Therefore, the targeting of tumour cells 

infiltrated inside the CNS, in particular in the margin of the resection cavity, is a major goal 

for the treatment of GBM. In parallel with researches considering the “magic bullet” 

principle, a new concept arises: the tumour trap (3). 

The objective of this PhD project was to design a scaffold able to create a gradient of a 

chemoattractant protein, the SDF-1α in order to attract and trap infiltrative GBM cells. 

Indeed, the attraction of residual infiltrative cells could lead to the concentration of 

tumour cells inside a controlled environment, allowing a more efficient elimination of 

cancer cells with less side effects. 

In this research we developed freeze-dried sponges made of SF, HA and hep and evaluated 

their mechanical properties, architecture, biocompatibility, and loading and release 

profile of the chemokine SDF-1α. The formulation was optimised in order to find the best 

candidate to trap tumour cells and carry out the proof of concept. Our major findings can 

be summarised as follows: 
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- Sponges made of a blend of SF and HA combine the stability of the SF with the 

softness of the HA; 

- SF-HA and SF-HA-hep have properties adapted for brain implantation (high water 

uptake, softness, cytocompatibility); 

- A reproducible ‘’biopsy punch’’ tumour resection technique was used to implant 

the sponges in the brain of rats; 

- The SF-HA and the SF-HA-hep sponges were well tolerated in the long-term in vivo; 

- The integrity of the structure of the SF-HA sponge is maintained for less than a 

week in vivo while the SF-HA-hep degrade slower; 

- SDF-1α formed a concentration gradient from the centre to the edge of the 

sponges; 

- The release of SDF-1α from the SF-HA sponge is characterised by a burst release 

in the first 72 hours in vitro while the SF-HA-hep sponge does not release the 

protein in vitro and in vivo for a week; 

- An agarose drop assay can be used to assess the activity of SDF-1α; 

- Presence of SDF-1α lead to an increase of the migration of U87MG-CXCR4+ cells 

but no response was observed once associated to the SF-HA and SF-HA-hep 

sponges. 

2. Major Findings: Discussion 

In this PhD work, we evaluated the parameters that we considered crucial for the 

development of a tumour trap for GBM cells. These included choosing a chemoattractant 

for the attraction of GBM infiltrative cells, choosing adapted polymers and architecture to 

develop a biocompatible scaffold that resembles the brain tissue, and evaluation of its 

mechanical properties, tolerability and degradability over time and its association with 

SDF-1α for its use as a tumour trapping device. Properties of the sponges produced as well 

as theoretical ideal parameters are summarised in Table 5. 1. 
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Table 5. 1: Theoretical ideal characteristics of a scaffold for brain tissue reconstruction taken from 
Mahumane et al. review (4) compared with the properties of the produced sponges. 

Theoretical ideal characteristics HA-PLL SF SF-HA SF-HA-hep 

Water 
composition 

80% 95% 93% 93% 91% 

Young’s 
modulus 

0.1-1 kPa 6 kPa 22 kPa 12.5 kPa 13 kPa 

Porosity ~ 90% 92% 93% 87% 82% 

Pore size 20-160 µm 20-153 µm 28-146 µm 16-123 µm 22-136 µm 

Translational 
potential 

Can be shaped or 
resized to the lesion 

Yes Yes Yes Yes 

Biocompatible No cytotoxicity in 
vitro 

OK OK OK OK (but lower cell 
viability) 

 Tolerable in vivo NT NT OK Higher 
inflammatory 
reaction 

Biodegradability Slow degradation 
rate (more than a 
month) 

100 % 
degraded in 
7 days in 
vitro 

Minor 
degradation 
in vitro 

Intermediate 
degradation (90% in 
3 weeks) in vitro 
and complete 
degradation in 8 
days in vivo 

Intermediate 
degradation (85% 
in 3 weeks) in 
vitro and slower 
degradation than 
SF-HA in vivo 

SDF-1α release Sustained release NT NT 25% release over 
72h then plateau (in 
vitro) 

2% release over 2 
weeks in vitro, no 
evidence of 
release in vivo. 

 

2.1. Choosing the polymers and architecture of the future trap 

When this project started, no studies had been published about the use of SDF-1α to 

attract GBM cells. The protein is however studied, in association with scaffolds, for the 

regeneration of tissues. In both applications, the purpose is to attract cells in a scaffold. 

The scaffold should be a welcoming environment for the cells, so they do not leave it. For 

the case of regenerative medicine, host cells should then be able to grow and form new 

tissues while, for the tumour trap, the unwanted cells should be attracted to and confined 

in the scaffold until elimination. We therefore hypothesised that the parameters for a 

scaffold intended for brain regeneration should be the same as than for a brain tumour 

trap. 

It is important to design the scaffold so it can be used for future clinical applications: (i) 

the sponges are made of cost-effective FDA approved components, (ii) a high number of 

sponges can be made in the same time using moulds thanks to a simple freeze-drying 
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process, (iii) sponges can be shaped to fit the resection cavity of the patient, (iv) the trap 

is composed of a freeze-dried sponge and a protein meaning that the degradation of the 

sponge corresponds to the release of the protein and no traces will remain after 

degradation of all the natural components, (v) freeze-dried sponges can be easily stored 

an rehydrated just before the implantation and (vi) the mechanical properties are adapted 

for implantation in the brain. Freeze-dried sponge made of blends of HA, SF and hep were 

prepared by crosslinking them with EDC and NHS followed by freeze-drying. PLL was used 

to prepare sponges with only HA as the crosslinking was performed between a carboxyl 

and a primary amine and HA does not possess primary amines. 

The physicochemical characteristics of the sponges made from different combinations of 

HA, SF and hep were evaluated to gain insight into the composition that may better 

perform as brain tissue scaffold. The theoretical ideal parameters for brain regeneration 

and the performances of the four sponges tested in this study are summarised in Table 5. 

1. The ideal scaffold for brain regeneration, as described by Mahumane et al. (4), should 

mimic the brain tissues as closely as possible. The brain composition is 80% water (5). 

Here, we produced sponges with a water uptake capability that ranges between 95% (as 

in the case of HA-PLL sponges) and 93% (as in the case of SF-HA and SF-HA-hep sponges). 

It is important to highlight that the maximum swelling capacity of the sponge was reached 

within a few minutes in PBS and no further swelling was noticed afterwards. Sponges have 

to be swollen before implantation and there is no further swelling once in the brain. 

Implantation of dry sponges was not considered as the volume increases of about 30% 

when swollen which could create an unwanted pressure. 

The brain has a Young’s modulus below 1 kPa (6,7). It is quite challenging to produce 

scaffolds that maintain their structural integrity with a Young’s modulus as low as the one 

of the brain. The Young’s modulus of a brain tumour is about 25 kPa (8), we therefore 

considered that the mechanical properties of the sponges should be between those of 

healthy and tumour tissues. The sponges have a Young’s modulus between ~6 kPa (HA-

PLL sponge) and ~22 kPa (SF sponge), with an intermediate value of ~13 kPa recorded for 

the SF-HA and SF-HA-hep sponges. Sponges with a lower Young’s modulus could be 

produced by decreasing the degree of crosslinking, but, when tested, these sponges 

showed structural collapse once in aqueous media. Alternatively, the Young’s modulus 
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may decrease if the b-sheet content of the SF decreases. However, it was shown that the 

decrease in the b-sheet content can lead to negative effects on the sponge stability (9). 

Thus, about 30% of b-sheet content was determined to be the minimum threshold to 

ensure maintenance of the structural integrity of the implant. It was therefore not 

possible to further decrease the Young’s modulus with these sponges compositions and 

fabrication technique. On the other hand, the stiffness of the material promotes better 

handling of the sponges. For example, the sponges could be conveniently cut into the 

desired dimensions after hydration to better fit the lesion at the intended site of 

implantation. Moreover, the structure of these porous sponges mimic the structure of the 

brain ECM that was described as a foam-like structure (10). The pores were of various 

sizes ranging from 20 to 140 µm across the different sponge compositions studied in this 

work, which was described as ideal by Mahumane et al. (4) since they are sufficiently small 

to support 3D cell-cell contacts, but large enough to allow good diffusion of nutrients, 

oxygen and bioactive factors for cell survival and growth. Moreover, cells are able to 

migrate through pores that are larger than 10% of their nuclei cross-section (11). For 

tumour cells, it is about 7 µm², meaning that they can migrate through pores with a size 

above 1 µm without degrading the matrix. The ideal porosity was defined to be around 

90% by Jurga et al. (12) and this was replicated in the sponges produced herein; namely, 

82% and 93% for the SF-HA-hep sponge and SF sponge respectively. Moreover, it was 

observed after implantation of the SF-HA-hep sponge in the brain that immune cells were 

able to penetrate in the heart of the sponge; GBM cells should therefore be able to 

infiltrate the sponges. 

2.2. Evaluating the degradation rate 

We observed that the HA-PLL sponge was totally degraded after 7 days in PBS in the 

presence of relevant degrading enzymes (hyaluronidase and heparinase) at 37°C. The SF 

sponge however showed no sign of degradation even after 3 weeks of incubation under 

the same conditions. Relevantly, SF-HA and SF-HA-hep showed intermediate degradation 

rate with 90% SF-HA sponge and 85% SF-HA-hep sponge degraded after 3 weeks. Thus, in 

good agreement with previous reports, the mass loss in scaffolds composed of HA and SF 

blends can be attributed to the degradation of HA (13). Since the SF-HA and SF-HA-hep 

sponges provided a good trade-off between the low rigidity of the HA-PLL sponge and the 



CHAPTER V: General discussion, Conclusion and Perspectives 

  118 

slow degradation of the SF sponge, they were chosen for further in vivo studies. No 

differences in the degradation were observed in vitro between the SF-HA and the SF-HA-

hep sponge; in vivo, however, results showed that the SF-HA sponges were completely 

degraded after 8 days of implantation on the contrary of the SF-HA-hep sponge. MRI 

images taken after 2 months suggested that the SF-HA-hep sponges were degraded at 

that time but we do not know at what extent. Dissection after 4 months of implantation 

showed a complete degradation of the SF-HA-hep sponges. Deeper studies should be 

performed in order to determine the degradation rate of this type of sponge. In addition 

to compatible mechanical properties the scaffold should be biodegradable to avoid the 

need for secondary surgery to remove it. Simultaneously, the degradation rate of the 

scaffold should be slow enough to allow for the complete migration of GBM cells and their 

killing. It has been observed than tumour recurrence occurs in 90% of the cases within 2 

cm of the resection cavity (2). Migration rate of four GBM cell lines (U87MG, SNB19, 

LN229 and U251) was measured in a 3D in vitro model by Dia et al. (14). They reported a 

migration speed between 0.5 ± 0.07 µm/min for the U87MG cells and 0.17 ± 0.02 µm/min 

for the U251 cells. These results are coherent with what was observed with the agarose 

drop assay (Chapter III) as the speed measured for U87MG-CXCR4+ cells was about 0.2 µm 

± 0.05 µm/min. Considering these results, GBM cells at 2 cm from the margin of the 

resection cavity should take between 1 and 3 months to migrate inside the trap. As 

radiation has an impact on the wound healing process, GBM patients’ need to wait for at 

least 4 weeks after the surgical resection before starting the TMZ and radiotherapy 

regimen to allow the tissues to heal (15). Therefore, the structure of the sponges should 

stay intact over a month to let the cells migrate inside the sponge and to start the therapy 

to eliminate them. The SF-HA is therefore degrading too fast. 

Casting mixed SF and HA solutions to obtain thin films allowed us to identify the mixing 

time as a control parameter for the overall structure of the generated construct. To our 

knowledge, the effect of this variable has not been reported before. Phase separation was 

evident for films prepared after a short mixing time (15 min). The phases seemed then to 

interact with each other, resulting in an increase in homogeneity in the polymer blend. 

Since aggregates started to form extensively after an overnight mixing, an intermediate 

mixing time of about 5 hours was chosen for the sponge preparation. In order to study 
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the microstructure of the sponges’ walls, fluorescence microscopy was used. We observed 

that antibodies coupled with fluorophores like DAPI or ActinRed could adsorb to the SF 

component of the sponges but not the HA-filled regions. The structure of SF-HA and SF-

HA-hep sponges was formed by fluorescent aggregates that should therefore be SF-rich 

domains distributed in a non-fluorescent matrix composed mainly of HA. Garcia-Fuentes 

et al. (16) studied the interaction between HA and SF in blends with different ratios. 

Results suggested that a phase separation occurs with a SF/HA ratio of 80:20 and 60:40 

(w/w), with one phase containing HA alone while the other phase consisting of a mixture 

of HA and SF. The phase separation observed in the films prepared by us (a 2:1 SF/HA ratio 

was used here) as well as the structure observed in the walls of the sponges are consistent 

with those previous findings. We can therefore conclude that the polymer ratio as well as 

the mixing time are critical parameters when SF and HA are used to prepare 3D scaffolds. 

Since HA degrades quicker than SF, the matrix has to be as homogeneous as possible to 

avoid the generation of scaffolds with distinct HA-rich compartments susceptible to rapid 

in vivo decomposition. This phenomenon has also been described for blends of SF with 

other polymers like polyethylene oxide (17) and dextran sulphate (18). However, 

fluorescent microscopy of the sponges showed us that the polymers were not yet 

distributed homogeneously with SF rich globules inside a HA matrix. Since HA degrades 

faster than SF, this would lead to a fast degradation of the structure of the sponge, leaving 

microparticles made mainly of SF. If the sponge is made of a homogenous blend of 

polymers (or one type of polymer), it is eroded from the surface to the core with walls 

becoming thinner, leaving the structure intact for a long time (Figure 5. 1-A). If the sponge 

is made of a non-homogeneous blend of polymers with slow degrading polymer globules 

inside a fast degrading matrix like here, the sponge degrades by leaving smaller pieces, 

the structure is therefore more quickly compromised (Figure 5. 1-B). If, on the contrary, 

the sponge is made of a non-homogeneous blend of polymers with fast degrading polymer 

globules inside a slow degrading matrix, more pores are created as the material degrade 

(Figure 5. 1-C). The ideal scenario should therefore either be the (A) or (C). 
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Figure 5. 1: Schematic representation of the degradation profile of sponges made of (A) a 
homogeneous polymer matrix, (B) slow degrading polymer globules inside a fast degrading matrix 
and (C) fast degrading polymer globules inside a slow degrading matrix. 

2.3. Evaluating the tolerability of the formulation 

The biocompatibility of a scaffold is a major concern for brain use and an accurate and 

methodical work needs to be performed in this sense to guarantee the safety of new 

products (19). Biocompatibility is a poorly defined term (20) but the most used is the one 

given by Williams in 1987 (21) as ‘’the ability of a material to perform with an appropriate 

host response in a specific application’’. The biocompatibility therefore depends on the 

host (species, site of implantation, microenvironment) as well as on the material itself 

(shape, size, surface chemistry, roughness, design, morphology and porosity, 

composition, sterility, contact duration and degradation) (19,20,22,23). Showing that a 

material is biocompatible is therefore challenging as no material can perform with an 

appropriate response in all situation and each particular case has to be considered. Here, 

biocompatibility has been evaluated in the targeted tissue (the brain) but the 

microenvironment differs as no tumour is present and the species used was rat. However, 

it is a good model for preliminary experiments, and it allowed us to understand better the 
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behaviour of the material in the brain. Immediately after implantation, a polymer-blood 

interface is created which leads to a non-specific adsorption of blood and tissue fluid 

proteins on the foreign material (24). Then, immune and inflammatory cells intervene by 

creating a fibrous capsule around the material in order to separate it from the body. It 

consists in a juxtaposition of astrocyte end feet and a thin layer of collagen (25). An 

example, observed by Autier et al. (26) at 1 month after implantation of a collagen 

scaffold, is given Figure 5. 2. This reaction does not mean that the material is not 

biocompatible but may prevent or decrease the release of drugs from the material for 

instance (20,22,27). Polymers can be chosen to avoid the formation of this capsule. In our 

case, it may prevent the release of SDF-1α and the migration of tumour cells inside our 

scaffold, a fibrous capsule should therefore be avoided. Fortunately, this reaction was not 

observed for any of our sponges. 

 

Figure 5. 2: Histological section of rat brain 1 month after implantation of a collagen scaffold 
showing a fibrous capsule observed by Autier et al. (26). The bar indicates 200 µm. 

The acute inflammation is the immediate response to injury and consists in the 

recruitment of phagocytes (in particular neutrophils) (14), then, microglial cells, 

macrophages and foreign-body giant cells erode the material and eliminate it after a time 
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lag depending on the material (composition and architecture) and on the implantation 

site. Changes in the microvasculature and neo-angiogenesis can be observed. The purpose 

of this reaction is to prevent the ongoing tissue damage, isolate and destroy the foreign 

material and activate the repair process. This reaction was observed for the SF-HA-hep 

sponge after 8 days of implantation. Acute inflammation was not observed for the SF-HA 

sponge as well as the for the resection without implantation whereas it probably occurred 

earlier. For the SF-HA-hep sponge, necrosis was also found. It usually occurs when the 

biomaterial is toxic for macrophages, leading to their death and to the release of enzymes 

in the surrounding tissue causing tissue damage. This reaction was probably due to the 

presence of residual crosslinking agents as they were shown to be the cause of the 

cytotoxicity effect in Chapter IV. It is therefore of prime importance to ensure their 

removal before implantation. Cleaning is usually done by a simple wash in water. 

However, even after washing 24h in PBS under mild agitation at RT or 5x30s sonication in 

PBS followed by 1h in PBS under mild agitation, no improvement in the cell viability was 

observed. Stronger washing techniques would however degrade the sponges, it is 

therefore not an option. Another solution might be to optimise the crosslinking process 

in order to obtain a similar crosslinking rate with a lower concentration of EDC/NHS. As 

explained in Chapter II, EDC/NHS promote the formation of covalent crosslinks between 

a carboxyl and a primary amine but do not remain as part of the crosslink, they can 

therefore be considered as catalysers and one molecule of EDC and NHS can form more 

than one link under the right conditions. The concentration of EDC and NHS should be 

quantified by HPLC for example before moving to the clinic. 

The chronic phase response follows the acute phase. It is characterised by the 

proliferation of fibroblasts, producing collagen and proteoglycans in order to encapsulate 

the material, and macrophages to eliminate it. 

All animals tolerated the surgical procedures and there was no evidence of either systemic 

or neurological disease in any animal throughout the course of the experiment. After 4 

months of implantation, only a slight chronic inflammation at the cavity border was visible 

for the three conditions and both SF-HA and SF-HA-hep sponges were totally degraded. 

The SF-HA-hep sponge as well as the SF-HA sponge were therefore well tolerated although 

the SF-HA-hep lead to a more intense immune reaction. 
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2.4. Evaluating the effect of SDF-1α on GBM cells 

SDF-1a was adsorbed on the SF-HA and SF-HA-hep sponges by simply hydrating the 

sponges with the protein dissolved in PBS. Thanks to the use of fluorophore-labelled SDF-

1a, the protein was evidenced to form a radial concentration gradient inside the sponge. 

Since it has been described that CXCR4 receptor-bearing cells can migrate in response to 

an SDF-1a concentration gradient, the radial distribution of SDF-1a in the sponge may be 

beneficial in facilitating extensive infiltration of stem cells into the sponge for tissue 

regeneration. Adding the protein to the polymer blend before crosslinking was not 

considered for several reasons. First, the protein would have been crosslinked as well by 

the EDC and NHS since it possesses the carboxyl and primary amine implicated in the 

reaction. Secondly, SDF-1α might have been degraded through the process. Thirdly, 

adding SDF-1α on the freeze-dried sponge allows a 100% loading of the protein in the 

sponge, which is essential considering its price. Fourthly, it allows a precise control over 

the quantity added to each sponge. Indeed, because of the high viscosity of the HA 

solution, mixing is difficult and might lead to inhomogeneities. Moreover, the cut of the 

sponge is not precise and might result in differences in volumes. Finally, the storage of 

freeze-dried sponges is easy as they should be stored in a dry environment at RT. If SDF-

1α is added before the production, stability of the protein during storage should be 

studied. 

SDF-1a is a positively charged protein at physiological pH (isoelectric point (IEP) ~9.6) 

while HA and SF are negatively charged (IEP ~2.9 and ~4.6 respectively) (28,29), allowing 

the protein to bind quickly to the sponges via electrostatic interactions. Moreover, 

heparin is known to form a strong complex with SDF-1a (30). SDF-1a was therefore 

expected to be better retained in the SF-HA-hep sponge than in the SF-HA sponge. We 

indeed observed about 25% of loaded SDF-1a being released from the SF-HA sponge after 

3 days while there was still 98% of SDF-1a retained in the SF-HA-hep sponge after 7 days 

in PBS with enzymes (hyaluronidase and heparinase). Release profiles from scaffolds 

described in the literature with similar compositions and SDF-1a loading protocol as 

adopted in this study are summarized in Table 5. 2. They all showed a much higher release 

although the SF-HA sponge was not far from the literature data. Differently, the strong 
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SDF-1a retention capacity displayed by the SF-HA-hep sponge has not been reported 

before.  

Table 5. 2: SDF-1a release profiles from scaffolds with similar composition and SDF-1α loading 
protocol as adopted in this study. 

Scaffold Release profile Ref. 

SF freeze-dried sponge ~35% release within 24h (31) 

HA degradable hydrogel ~40% release after 2 days (32) 

StarPEG-hep hydrogel with or 
without MMP-cleavable sites 

~20% release after 24h for non-cleavable gel 
~40% release after 24h for cleavable gel 

(33) 

PEG-hep hydrogel ~25% release after 3 days (34) 

Collagen scaffold functionalized 
or not with hep 

~80% release after 2 weeks without hep 
~40% release after 2 weeks with hep 

(35) 

 

Different methods can be used to show that a material loaded with a chemoattractant is 

efficient to attract cells. Here, we developed an agarose drop assay were the distance of 

migration of cells from a drop of agarose can be measured. We observed that 40 ng/mL 

was necessary to cause a significant increase of the migration of the U87MG-CXCR4+ cells; 

such high concentration was impossible to achieve considering the low release of the 

protein from the sponge. We therefore decided to observe if cells added on top of the 

sponges would migrate faster directly on the sponges loaded with the protein. We 

observed that cells were able to survive for a month in the sponges, but the migration was 

not quantifiable with this technique as cells were non-homogeneously dispersed in the 

sponge and no difference was observed with or without SDF-1α. This assay could be 

improved using spheroids. Preliminary tests have been conducted in the lab and it was 

shown that it was possible to prepare spheroids made of U87MG-CXCR4+ cells as well as 

U87MG-CXCR4- cells, deposit one spheroid on top of the sponge and cultivate it for a week 

(Figure 5. 3). Because the edge of the spheroid is well delimitated, it would be possible to 

measure the distance of migration of single cells from the spheroids at the surface of the 

sponge as well as in depth by cutting the sponge transversally. 
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Figure 5. 3: Confocal fluorescence images of U87MG-CXCR4- and U87MG-CXCR4+ spheroids after 
1 week on SF-HA-hep sponges. Cells were stained with ActinRed and DAPI. Despite the use of SB 
to decrease the unspecific adsorption of the fluorophores on the sponge, the sponge was stained 
in blue by the DAPI (preliminary, non-published data). White bar indicates 100 µm and red bar 50 
µm. 

Because of the fast degradation of the SF-HA sponge, only the SF-HA-hep sponge was used 

to evaluate the release of the protein in vivo. We were expecting a faster release than in 

vitro because of the degradation of the sponge as well as possible competition 

mechanisms with other proteins but no release in the brain was observed after 8 days. 

Injection of SDF-1α alone cannot be used because of its rapid elimination (36). Indeed, it 

has been reported that the SDF-1α half-life in vivo was 26 min when administered 

systematically (37). After injury, there is a peak of SDF-1α but it decreased dramatically by 

two weeks post injury (38). It therefore needs to be continued by a sustained release of 

the protein for a longer time. Use of nanoparticles to encapsulate SDF-1α could have been 

considered to achieve a sustained release. This approach has been studied by Haji Mansor 

et al. (39) with PLGA nanoparticles. They showed that SDF-1α was still active after 

processing as demonstrated in an agarose drop assay. A possible downside with the use 

of nanoparticle is its dispersion. Indeed, nanoparticles might go too far before releasing 

the protein (Figure 5. 4-A), creating multiple points of attraction. Little is known, however, 

on the mechanism behind chemoattraction. It has been reported that cells develop 

pseudopods (polymerisation of actin filaments) in the direction of the highest 

concentration of chemoattractant and retraction at the opposite direction, leaving to the 

movement of the cell in direction of the chemoattractant source (40). Moreover, it has 
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been observed that injection in the brain of exogenous SDF-1α was confined within 400 

µm of the injection site but induced SDF-1α expression over 2 cm from the injection site 

(36). These results suggested that the information is transferred by the cells as explained 

in Figure 5. 4-B. It can therefore be hypothesised that a local delivery of the protein can 

still have an effect at long distances. We observed the production of SDF-1α in vivo after 

8 days of implantation of the SF-HA-hep sponge loaded with SDF-1α marked with a 

fluorophore. 8 days was chosen since the production of the protein in response to the 

surgery would be theoretically decreased, allowing us to observe the effect of the 

exogenous SDF-1α. However, no increase of the endogenous production of SDF-1α was 

detected. Since no SDF-1α was released from the scaffold at that time, we assumed that 

the minimal release required to induce a reaction was not met. The SF-HA-hep is therefore 

not suitable to attract GBM cells and a sponge with a higher release rate should be used. 

 

Figure 5. 4: Illustration of the possible downside of using nanoparticles to attract GBM cells (A) 
compared to the use of free SDF-1α (B). 

3.  Current and future perspectives 

In this PhD thesis, we developed sponges made of SF, HA and hep. The SF-HA and SF-HA-

hep sponges presented the most interesting physicochemical properties, associating the 

stability of the SF with the biomimicry of the HA. However, there are still several unmet 

limitations that should be addressed before considering a translation into the clinics. 

Indeed, in vivo data showed us that the SF-HA sponge degraded too fast (less than a week) 

while the SF-HA-hep sponge did not release the chemoattractant SDF-1α, the sponge 

should therefore be improved in light of these results. An animal model should be 

developed in order to conduct a proof of concept: is the sponge able to attract GBM-
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CXCR4+ cells? Then, the risks should be assessed and the best method to kill the trapped 

cells should be evaluated. Once these steps done, the possible scale up of the sponge 

production should be considered. The different steps necessary to take the sponges 

developed during this PhD to the clinic are summarised in the Figure 5. 5 and discussed 

below. 

 

Figure 5. 5: Timeline of the project: from bench to bedside. 

3.1. Improvement of the sponge properties 

The biological evaluation of the sponges allowed us to understand better the relationship 

between physical and chemical properties and the biological response and to bring to light 

weaknesses in the design of the sponges. We learned that the higher quantity of EDC and 

NHS used in the SF-HA-hep sponges leads to cytotoxicity and higher immune response in 

vivo. We also observed that, while in vitro the degradation of SF-HA and SF-HA-hep was 

similar and they were both retaining their structure after one week, the in vivo results 
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showed that the SF-HA sponge was fully degraded after 8 days of implantation. Finally, 

the SF-HA-hep sponge did not release SDF-1α in vitro and in vivo after a week. Nor the SF-

HA sponge neither the SF-HA-hep one were therefore perfect for the tumour trap 

application but had both qualities. In the light of this knowledge, it should be possible to 

redesign a sponge ideal for our project. 

3.1.1 Decreasing the quantity of crosslinkers 

Increasing the stability of the material while reducing the concentration of EDC and NHS 

should be feasible. Indeed, the more the crosslinking rate, the more stable the material. 

Different parameters can be considered: (i) the reaction time, (ii) the temperature, (iii) 

the buffer used and its pH and (iv) the order of addition of the polymers. 

EDC and NHS activate the carboxyl group in order to allow the nucleophilic attack by a 

primary amine, forming a covalent bond between the two polymers (HA contains 

carboxylic groups, SF and hep contain primary amines). EDC and NHS are retrieved and 

can be reused on another bond. Thus, if we increase the reaction time, it might increase 

the crosslinking rate. One of the major difficulties of this reaction is the viscosity of the 

HA, making the mixing of the polymers with EDC and NHS complicated. Viscosity can be 

decreased by heating, diluting more the HA or using HA with smaller chains (here we used 

HA with MW = 200-400 kDa). The activation buffer should not contain any primary amine 

or carboxyl group as they will compete with the activation reaction. Phosphate and 

acetate buffers may also reduce the reactivity of the EDC. In this study, we used Hepes 

buffer at pH 7.4 but MES ((2-(N-morpholino) ethanesulfonic acid)) buffer at pH 6 might 

give better results. It has been shown that mixing first the EDC and NHS with the carboxyl 

bearing polymer (here HA) to activate it then adding the primary amine bearing polymer 

can increase the yield of the reaction (41). 

3.1.2 Decreasing the degradation rate 

Decreasing the degradation rate of the SF-HA sponge is essential to obtain a sponge that 

retains its structure for at least one month. Firstly, it can be achieved by improving the 

crosslinking process as shown in section 3.1.1. As reported in section 2.2, while the 

presence of SF allowed to increase the stability of the sponges, the inhomogeneity of the 

blend between SF and HA creates an undesirable degradation profile. Indeed, while 
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increasing the mixing time between the two polymers helped creating a more 

homogeneous matrix, SF-reached globules inside a HA matrix was observed. The main 

reason is that SF is a protein mainly hydrophobic with a highly organised 3D structure (42). 

In order to mix it properly with HA, the small hydrophilic parts need to have time to form 

hydrogen bridges with the HA chains (43). However, we saw that if the mixture was stirred 

for too long, aggregates were started to form. The high viscosity of the HA solution used 

might have been too high to achieve a proper blending. Using smaller chains of HA and/or 

a smaller concentration might be a solution. Indeed, Yan et al. (44) produced films with a 

uniform microstructure and no phase separation using a blend of HA 1.5% (w/v) with SF 

1.5% (w/v) followed by crosslinking with EDC and NHS. However, they did not mention 

the duration of the mixing step. Moreover, since SF presented a slower degradation 

profile, a higher proportion of this polymer might help decreasing the degradation rate. 

Another solution that was not explored is to heat the polymers when stirred at a 

temperature to reduce the viscosity of the solution. If chosen, this would have to be 

carefully monitored as the rearrangement of the SF protein might lead to the creation of 

β-sheets and therefore to an increase in the inhomogeneity of the blend (9). 

3.1.3 Increasing the release of SDF-1α 

As we found, the SF-HA-hep did not release SDF-1α in vitro and in vivo for a week. The use 

of hep is therefore questioned. Moreover, due to the negative charges present on the SF 

and HA polymers, SDF-1α is able to bind via electrostatic charges to the sponge even 

without the hep. The more obvious solution to the problem would therefore be to use the 

SF-HA sponge once its stability issues are resolved. One reason for the use of hep was its 

protective properties over SDF-1α. Indeed, it has been shown that hep and HS protect 

SDF-1 from degradation, in particular by the CD26/dipeptidyl peptidase IV (45). Therefore, 

another solution would be to use less hep in the composition. Indeed, the SF-HA-hep 

sponge is composed of 57% SF, 28% HA and 15% of hep (w/w). Comparatively, Krieger et 

al. (34) used 10% hep and 90% PEG (w/w) and Bladergroen et al. (35) 3% hep and 97% 

collagen (w/w). Reducing its proportion to 5% might therefore be sufficient to protect the 

SDF-1α while allowing a higher release of the protein. 

Controlling the release rate is of prime importance. If it is too slow, the concentration 

gradient might be insufficient to drive the chemotaxis of infiltrative GBM cells. If it is too 
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fast, cells might undergo a receptor desensitisation/downregulation due to 

overstimulation (46). 

3.2. Evaluation of the risks 

Using SDF-1a to attract infiltrative GBM cells entails risks that have to be evaluated. 

Indeed, SDF-1a is also known to increase the proliferation and survival of tumour cells as 

well as neo-angiogenesis (47). It might therefore lead to an increase of the tumour 

aggressiveness if not controlled. A better understanding of the pathways might help to 

find a condition where only chemotaxis is activated (concentration, association with 

another protein, presentation of a specific sequence of the chemokine). 

The optimal concentration of SDF-1a should be found if it exists. Indeed, if the 

concentration is too low, no attraction would be observed. If it is too high, it might lead 

to an acceleration of the secondary tumour growth and invasiveness. 

Heparin sulphate (HS) was found to play a role in the modulation of SDF-1 activity (48). HS 

as well as hep are found in the extracellular matrix and bind to the chemokine. HS is also 

present on the cellular surface (49). This interaction provides positional information 

within tissues as local gradients, more robust than soluble ones. It has been shown that a 

chemokine-receptor interaction involves two distinct sites implicated in receptor binding 

and receptor activation (50). Chemokines can bind to HS through various configurations 

and binding epitopes, which give rise to different mode of association (51,52). This 

suggests that HS can modulate the activity of the chemokine. 

Different isoforms of SDF-1 exists (a, b and g), they are all composed of the same first 68 

amino acid residues corresponding to the a isoform. The b isoform contains 5 more 

residues at the C-terminal and the g isoform 30 more residues. SDF-1a contains one HS-

binding motif, two for the SDF-1b and four for the SDF-1g (Figure 5. 6). The CXCR4 binding 

motif is localised on the SDF-1a sequence (53). It was shown that SDF-1a functioned 

similarly regardless of whether it was bound to HS. In contrast, SDF-1g, although binding 

to CXCR4 with a much higher affinity than that of SDF-1a, did not induce robust cell 

motility unless it was bound to HS. This mechanism is not well understood but it lets think 

that a modification of the protein or hiding a specific sequence might lead to different 
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activations and therefore one isoform might favour chemotaxis against proliferation or 

survival. 

 

Figure 5. 6: Structures of (A) SDF-1a and (B) SDF-1g. Amino acid residues known to contribute to binding to 
the CXCR4 receptor are shown in red and to HS are shown in blue. Adapted from (48). 

SDF-1a was selected on this project as it is the most studied isoform but using a different 

one can be an alternative if it turns out that using SDF-1a presents too much risks. Other 

possibilities to attract GBM cells can also be considered. Only a few groups over the world 

are studying ways to trap GBM cells. The first publication to present such concept was 

made by Jain et al. in 2014 in Nature Materials and consisted in a guide made of aligned 

polymeric nanofibers that drive GBM cells to an extracortical location made of a cytotoxic 

gel (54). They were able to show a shrinkage of over 90% of the tumour in a rat model and 

are today working with the FDA in order to get approval for clinical studies by the end of 

2019. The purpose of this device is to decrease the size of the tumour in order to make it 

more manageable. Though it might lead to an increase of the median of survival, 

especially for patients with advanced tumours that are not resectable due to their size, it 

would not be sufficient to completely cure the patients. The same group is also 

investigating the use of electrotaxis i.e., the use of an electrical field to attract GBM cells 

and have shown in vitro that U87MG cells were responsive to electrotaxis (55). Other 

chemoattractant molecules could also be considered. Conditioned medium of stromal 

cells from the peritumoral zone of GBM called GASCs contains chemoattractants such as 

THBS1, SDF-1α, HGF and fibronectin (56) and was shown to increase the migration of the 

GBM cell line F98 at a higher extent than purified CXCL12 or THBS1 alone and could be 

easily used as a substitute for SDF-1α in our sponges (26). 

Another risks that have too be studied is the escape of the GBM cells from the trap. To 

address this issue, several strategies can be considered. First, the trap can be designed 

such as cells are killed upon arrival in the trap (see section 3.3). Second, the timing of the 
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treatment has to be studied in order to kill the cells after all of the infiltrated GBM cells 

penetrated inside the trap but before tumour cells proliferate and escape the trap. 

Additionally, an inhibitor of proliferation such as ribociclib® (57) could be loaded inside 

the sponge. 

Finally, it will be necessary to study the attraction of healthy cells inside the sponge and 

evaluate the implications. Cells that can be attracted are cells with migration capacities 

possessing the CXCR4 receptor. In the adult brain, cells with the CXCR4 receptor are 

mostly immune cells and stem cells (58). Using SDF-1α might therefore increase the 

inflammation after implantation and the consequences should be evaluated. Stem cells 

niches in the adult brain are localised in the subgranular zone of the hippocampus, as well 

as the subventricular zone (59). The effect of the attraction of stem cells in the trap on the 

patient should be evaluated. Indeed, it might help reconstructing the brain in the 

resection area and therefore allow a better recovery of the patient from surgery (60,61). 

If the elimination of those cells after treatment, the subgranular zone of the hippocampus 

and the subventricular zone should be avoided. 

In order to answer these issues, a pertinent animal model has to be developed. An ideal 

model should recapitulate the key histopathological, genetic and imaging features 

encountered in GBM’s aggressive growth as well as being a reproducible and reliable. 

Researchers should consider different parameters while choosing an optimal GBM model: 

(i) The size/species of the animal; (ii) human GBM models are closer to the clinic situation 

but the use of athymic nude mice or rats lack of full tumour-immune microenvironment. 

(iii) The infiltrating capacity of GBM cells from the tumour mass to the brain parenchyma 

differs depending on the GBM cell line.  

Hydrated sponges can be cut in order to fit a resection cavity and it is possible to obtain a 

cylinder with 3 mm diameter and 2 mm height. However, making it smaller is difficult; rats 

have therefore been chosen as they can bear a cavity of this size with no complications. 

In order to see if the sponges with SDF-1α are able to attract infiltrative cells, it would be 

interesting to develop a tumour with the U87MG-CXCR4+ cells in the first instance. Since 

these cells produce RFP, it will be possible to evaluate their migration with fluorescence 

imaging. These cells have been previously grown in nude mice by Dr Delphine Séhédic 
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(62). The model should therefore be adapted for the rat and is currently under 

development by Clément Tétaud. In the second instance, a model closer to a real human 

GBM should be developed using primary cells from patients in order to address the risks 

discussed above. 

3.3. How to kill cells once trapped 

The first step of the project was to design a scaffold with the right properties to be used 

as a GBM trap. In order to make it functional it will be mandatory to find the most efficient 

way to kill the cells once inside the trap. The major interest of guiding these cells inside a 

controlled environment is that they are concentrated in a known location, focused and 

concentrated therapies can therefore be used with low side effects. Different techniques 

can be considered: (i) removal of the implant, (ii) association with chemotherapy, and (iii) 

association with radiotherapeutics. Some interesting approaches are being discussed. It is 

important to point out than some techniques could be combined. 

The implant could be removed through a second surgery. It has been shown that patients 

undergoing repeated surgery after recurrence of the tumour have a higher median of 

survival. However, it is performed with high risks including wound dehiscence and 

infection after primary immune-suppressing adjuvant therapies (63,64). The timing would 

have to be study in order to remove the implant only once all the cells are inside but 

before it degrades and release the cells. This solution is therefore not preferred by 

surgeons and we were therefore advised to develop a scaffold that will degrade over time 

with no need of secondary surgery. 

The sponge could be used as a trap and a local delivery system and a killing agent such as 

TMZ or bevacizumab could be integrated inside the trap. It would be interesting to confine 

it in the core of the implant so that only cells reaching it would be killed. A higher 

concentration inside the implant could overcome resistance mechanisms that are 

observed when cells are dispersed in the brain. The killing agent should be slowly released 

over time as the sponge degrade. A burst release would be undesirable as it could lead to 

high toxicity for the brain. 
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The tumour trap could benefit from advances in stereotactic radiosurgery such as the 

microbeam radiation therapy (65,66) or the Gamma Knife (67), able to deliver with high 

precision a radiosurgical therapeutic dose to a small target while sparing surrounding 

tissues. The sponge could also be associated with an internal radiation strategy. Indeed, a 

previous work conducted in our lab showed an 83% cure rate by injecting lipid 

nanocapsules encapsulating a β- emitter, the Rhenium-188 (68). The radioelement could 

be retained inside the sponge, allowing a local elimination of attracted cells. GBM is 

considered radioresistant as recurrence occurs in the irradiation field in more than 90% 

of the cases (69). Radiosensitisers are therefore being developed to overcome this issue 

and one could be included in the sponge. For example, olaparib, a poly(ADP-

ribose)polymerase inhibitor is considered as a promising radiosensitiser and is currently 

in phase I/IIa trial (70,71). 

3.4. Translation to the clinic 

The possible translation of the product needs to be considered early in a project. Different 

aspects should be studied: (i) the scale up of the sponge production and (ii) the 

sterilisation. 

3.4.4 Scale-up  

In order to scale-up the production of our sponges, the availability of SF and HA needs to 

be taken into consideration. They can both easily be produced in large scale for biomedical 

purposes and are already used in the clinic (72,73). HA for biomedical application is 

nowadays mostly produced by bacterial fermentation with Bacillus subtilis which allows a 

good control over the molecular weight distribution (74). Ensuring a good batch to batch 

reproducibility for the SF is necessary for the quality of the sponge production. SF is 

produced by dissolution of the cocoons of the silkworm Bombyx mori. If another species 

is used, the SF produced will be different. The dissolution process also needs to be 

controlled. This include the degumming (concentration of Na2CO3, boiling time), the 

dissolution itself (concentration of LiBr, temperature and time), and dialysis. IMIDA 

(Murcia, Spain) is producing the SF used here under GMP (good manufacturing practice) 

conditions. 
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Four critical steps are needed to produce the sponges: (i) polymer mixing, (ii) crosslinking, 

(iii) freezing, (iv) drying. For each step, the critical parameters identified in Table 5. 3 need 

to be studied to ensure the quality of the product. Sponges would have to be produced in 

a larger scale but also with a larger volume. Indeed, the resection cavity created in rats 

here is about 14 mm3 while the mean resection cavity for humans is 7.8 cm3 (75). 

Table 5. 3: Critical parameters for each step of the sponge production to take into account 
during the scale-up. 

Step Critical parameters 

Polymer mixing Volume 
Mixing process 
Time 
Temperature 

Cross-linking Concentration 
Addition (one batch, drop by drop) 
Incubation time 
Incubation temperature 

Freezing Volume 
Temperature 
Container shape/material 

Drying Temperature 
Pressure 
Volume 
Container shape 
Containers disposition inside the freeze-dryer 

 

3.4.5 Sterilisation 

A major concern in the development of implants for human application is the sterility. It 

is necessary for the complete destruction or removal of all microorganisms (including 

spore-forming and non-spore-forming bacteria, viruses, fungi, and protozoa) that could 

contaminate pharmaceuticals or other materials and thereby constitute a health hazard. 

According to the international pharmacopoeia (76), autoclaving or hot air are the most 

reliable sterilisation techniques and should be used whenever possible. Other sterilisation 

methods include filtration, ionizing radiation (gamma and electron-beam radiation), and 

gas (ethylene oxide, formaldehyde). Whatever method of sterilisation is chosen, the 

procedure must be validated for each type of product or material, both with respect to 
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the assurance of sterility and to ensure that no adverse change occurs within the product. 

The sterilisation can either be done on the polymers in solution and ensure the sterility 

during the full process or on the finished material. 

Sterilisation techniques available for solutions includes autoclaving (121°C to 124°C at 200 

kPa for 15 min 100% humidity) or filtration. Autoclaving the SF solution lead to protein 

aggregation and autoclaving of HA solution leads to depolymerisation (77,78). Sterilisation 

by filtration might be employed if the solution is thermosensitive. The solution has to go 

through a sterile bacteria-retaining filter with pore size not greater than 0.22 µm and be 

followed by an aseptic transfer of the sterilised solution to the final containers which 

should then be immediately sealed to exclude any recontamination. Because of the high 

viscosity of the HA solution, filtration is not an option. For the SF solution, it was shown 

that the concentration as well as the molecular weight profile was modified through 

filtration with a loss of the high molecular weight chains (77). Solution sterilisation has to 

be used only if post-processing sterilisation is not viable option, for example when it is 

loaded with biological molecules. In our case, we plan to add SDF-1α after sterilisation of 

the freeze-dried sponge. Sterilisation of the polymers before casting is therefore not 

needed. 

Scaffolds can be sterilised by autoclaving, dry heat, γ irradiation, ethylene oxide and 

plasma. 

Thermal sterilisation by dry heat or steam sterilisation by autoclaving are routinely used 

to sterilise medical devices but are generally unsuitable for biomedical polymers as it can 

cause major changes in mechanical and degradation properties (79). Dry heat requires 

higher temperature than autoclaving and a longer exposition time (160°C for 180 min or 

180°C for 30 min) (76). It is more convenient for heat-stable, non-aqueous materials that 

cannot be sterilised by steam because of its deleterious effects or failure to penetrate. For 

SF scaffold, it has been used in the literature and led to a modification of the protein 

conformation, increasing the stiffness and strength of the material (39). Concerning HA 

scaffolds, it was shown that heat leads to chemical degradation and depolymerisation 

with a decrease in the average molecular weight as well as destruction of the porous 

structure because of plastic deformation (78,80). 
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Exposure to ionising radiation in the form of gamma radiation can be used (76). It is 

obtained by radioisotopes such as cobalt 60 or electrons energised by a suitable electron 

accelerator. This process is dangerous for the operator and only well-trained and 

experienced staff can monitor the process in specially designed installations. It has been 

observed that sterilisation of a SF scaffold by this technique resulted in an accelerated 

rate of degradation (77). This is probably due to the production of radicals by ionisation 

of water molecules and might therefore be reduced by performing γ irradiation under cold 

conditions or in presence of free radicals scavengers, such as ascorbic acid (81). The same 

observation was made for HA scaffolds (78). 

Gas sterilisation usually involves ethylene oxide. It is highly flammable and highly toxic 

and is therefore mixed with an inert gas (76). It is possible that toxic residues remain on 

the material, especially on porous ones like sponges. The process is difficult to control and 

should only be considered if no other sterilisation procedure can be used.  

Plasma treatment using hydrogen peroxide or argon has emerged in many hospital and 

research settings. No modification on the structure and mechanical properties of SF 

scaffolds nor on HA scaffolds has been observed with this technique (77,82). 

UV irradiation was used here as it was shown to not affect SF and HA scaffold morphology 

and mechanical properties, and it is easy to use and commonly available in laboratories 

(77,82). However, while sufficient for preliminary studies, UV is not considered as a 

suitable sterilisation technique by the international pharmacopeia as it does not kill all 

microorganisms (76). 

Considering the literature, it seems that plasma treatment does not alter the 

physicochemical properties and morphology of SF and HA scaffolds in the contrary of the 

other techniques. However, this assumption should be verified analysing the 

physicochemical properties, morphology, protein release and biological activity of the 

sponges before and after sterilisation as well as the efficacy of the sterilisation process. 

4. Opinion on clinical perspectives 

GBM represents one of the greatest challenges in oncology nowadays and the challenge 

in finding a cure is a daunting task. New, specific, and more effective drugs and/or multi-
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drug synergistic approaches that allow targeting different tumorigenic pathways need to 

be discovered to reach the goal of eradicating GBM. 

Sponges are still far from being adapted for a human application, and some ideas to 

achieve its translation were discussed. However, I personally believe that tumour trapping 

could represent a valid option in the future for GBM management in association with 

other treatments. 

Using natural polymers might help to achieve biomimicry as well as approval from the 

regulatory authorities. However, natural polymers are more complex than synthetic 

polymers as different conformations might be achieved under different conditions. 

Though HA and SF are two highly studied polymers, interactions between each other are 

still misunderstood and it might lead to issues in the future, especially with the scale-up. 

I think that using natural polymers is the future of the biomaterials and efforts should be 

made to understand their behaviours better. 

As previously mentioned in this PhD thesis, the ideal scaffold should (i) be soft and have 

mechanical properties close to the brain to avoid increased intracranial pressure; (ii) 

retain its structure for at least one month and degrade over time to avoid second surgery; 

and (iii) sustainably release SDF-1α. 

We developed freeze-dried sponges made of crosslinked HA, SF and hep. These sponges 

mimicked the ECM of the brain as they could uptake more than 90% water with a porosity 

of about 90% and pore sizes between 20 and 150 µm. Mixing SF with HA allowed us to 

associate the softness of the HA with the strength of the SF. The sponges had a Young’s 

modulus close to the one of the brain but were stiff enough to be cut to the shape of the 

resection cavity. Testing the SF-HA and SF-HA-hep sponge in vivo taught us the limitations 

of these sponges. Indeed, the SF-HA sponge degraded too quickly (less than a week) while 

the SF-HA-hep sponge did not release the chemokine SDF-1α in the brain after a week. 

In conclusion, this challenging and original project showed that sponges are a promising 

tool for the production of a first tumour trap for infiltrative GBM cells that can lead to a 

proof of concept. Several clinical limitations will need to be considered before dreaming 

the use of sponges in the clinics and partnerships will have to be developed with academic 
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laboratories as well as with the industry to answer these challenges. However, in this PhD 

project we expanded the knowledge about the relationship between mechanical and 

biological properties and we are now able to design more appropriately the ‘‘perfect 

scaffold’’ for trapping tumour cells. Moreover, this project will help understand better the 

implications of the implantation of an SDF-1α delivery device in the brain and, hopefully, 

others will focus on its potential use for treating GBM. 
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A B S T R A C T

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-1α (SDF-1α) was encapsulated into nanoparticles composed of poly-(lactic-co-gly-
colic acid) (PLGA) and a polyethylene glycol (PEG)-PLGA co-polymer to achieve sustained release. SDF-1α, and
lysozyme as a model protein, were firstly precipitated to promote their stability upon encapsulation. A novel
phase separation method utilising a non-toxic solvent in the form of isosorbide dimethyl ether was developed for
the individual encapsulation of SDF-1α and lysozyme precipitates. Uniform nanoparticles of 200–250 nm in size
with spherical morphologies were successfully synthesised under mild formulation conditions and conveniently
freeze-dried in the presence of hydroxypropyl-β-cyclodextrin as a stabiliser. The effect of PLGA carboxylic acid
terminal capping on protein encapsulation efficiency and release rate was also explored. Following optimisation,
sustained release of SDF-1α was achieved over a period of 72 h. Importantly, the novel encapsulation process
was found to induce negligible protein denaturation. The obtained SDF-1α nanocarriers may be subsequently
incorporated within a hydrogel or other scaffolds to establish a chemokine concentration gradient for the
trapping of glioblastoma cells.

1. Introduction

Stromal cell-derived factor-1α (SDF-1α) is a chemokine composed
of 68 amino acids [1] that binds to its cognate receptor, C-X-C che-
mokine receptor type 4 (CXCR4) [2]. 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 con-
centration gradient from the blood to this organ [3]. In the events of

tissue damage, the SDF-1α expression at the injury site is elevated [4–6]
in a simultaneous fashion to the increased SDF-1α degradation in the
bone marrow [7,8] 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-1α-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
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chemoattracted to SDF-1α-secreting sites such as the bone marrow [9],
liver [10] and lymph nodes [11] for future metastatic growth. This
pathological role of SDF-1α has inspired the design of implants capable
of creating a SDF-1α concentration gradient for trapping CXCR4-ex-
pressing cancerous cells relevant to multiple types of malignant cancers
such as glioblastoma (GBM) [12], gastric carcinoma [13] and small-cell
lung cancer [14].

Due to its solubility and rapid diffusion in physiological media, a
sustained delivery of SDF-1α is a prerequisite for establishing its con-
centration gradient. Encapsulation of SDF-1α into polymeric nano-
particles is a credible strategy for achieving a gradual SDF-1α 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
[15]. However, due to its hydrophobicity, the formation of stable PLGA
nanoparticles often necessitates the use of amphiphilic surfactants such
as polyvinyl alcohol (PVA) [16,17] and poloxamer 188 (P188) [18] 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 1mg/mL [19], 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.

To encapsulate hydrophilic drugs in hydrophobic PLGA matrices,
the double emulsion (water/oil/water) process is often preferred
[20,21]. While this process is excellent for encapsulating small hydro-
philic molecules, problems can arise with drugs of complex structures
such as proteins. The first step of this process that involves emulsifi-
cation of a protein solution in the polymer-containing organic phase
can lead to adsorption of protein molecules to the water/organic sol-
vent 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
externalised to make contact with the organic phase upon emulsifica-
tion [22]. Thus, a possible solution to promote protein stability during
encapsulation is by minimising 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 [23,24]. 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 [25]. 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 na-
noparticles typically involves the use of toxic halogenated solvents such
as chloroform and dichloromethane as the polymer solvent [26–28].
Other common harmful PLGA solvents include acetonitrile [29], N-
methylpyrrolidone [30], N,N-dimethylformamide and tetrahydrofuran
[31]. 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 [32]. Less toxic solvents such
as acetone [33], ethyl acetate [34] and dimethyl sulfoxide [30] are
being increasingly used as alternatives. Nevertheless, they are still re-
garded as potential hazards to human health by the ICH. Differently,
the safety of non-volatile water-miscible organic solvents such as gly-
cofurol and isosorbide dimethyl ether (DMI) have been demonstrated in
vivo. They have been recommended as solvents suitable for in-
travascular injections [35,36] due to their negligible toxicity. Thus, the
use of these solvents for protein encapsulation into PLGA-based nano-
particles is well-motivated.

In the present study, an amphiphilic polyethylene glycol (PEG)-
PLGA co-polymer was synthesised and used together with hydrophobic

PLGA polymers to produce stable nanoparticles via a phase separation
method without the use of conventional surfactants. In addition, the
non-toxic DMI was utilised 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 optimisation of the PLGA/
PEG-PLGA nanoparticle synthesis, lysozyme (14.3 kDa, isoelectric
point: 11.35) was initially used as a model protein to optimise the en-
capsulation of SDF-1α (8.0 kDa, isoelectric point: 10.5). To preserve the
protein bioactivity throughout the formulation process, lysozyme and
SDF-1α precipitates were prepared by mixing respective protein solu-
tions with glycofurol prior to encapsulation. Then, in vitro release of
lysozyme and SDF-1α from the PLGA/PEG-PLGA nanoparticles was
studied. The bioactivity of the released SDF-1α was subsequently as-
sessed 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, poly-
dispersity index (PDI)= 2.4), lysozyme of chicken egg white, Micro-
coccus lysodeikticus, glycofurol (tetraglycol or tetrahydrofurfuryl alcohol
polyethyleneglycol ether), isosorbide dimethyl ether (dimethyl iso-
sorbide), dimethyl sulfoxide (DMSO), sodium chloride, poloxamer 188
(Lutrol® F68), glycine, sucrose, trehalose, 37% hydrochloric acid, 10M
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 (Pur-
asorb® 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-1α from Miltenyi Biotech (Paris, France), hydroxypropyl-β-cyclo-
dextrin (Kleptose® HPBCD) from Roquette (Lestrem, France), Dul-
becco’s phosphate-buffered saline (Biowhittaker®) from Lonza (Ver-
viers, Belgium), and Dulbecco’s Modified Eagle’s Medium (Gibco®
DMEM) from Thermo Fisher Scientific (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 [37]. 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 in-
itiator 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 h for polymerization to take place under static va-
cuum. The polymer was then recovered by dissolution in di-
chloromethane before precipitation in heptane. The precipitate was
subsequently filtered and dried at 25 °C for 24 h under vacuum. For the
synthesis of PEG-PLGA co-polymer, the same procedure was adopted

M. Haji Mansor et al. European Journal of Pharmaceutics and Biopharmaceutics 125 (2018) 38–50

39



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
1H nuclear magnetic resonance (1H 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 400MHz 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 chroma-
tography (SEC) using a Viscotek® TDA-305 equipment (Malvern,
Worcestershire, UK). Polymer/co-polymer was dissolved in tetra-
hydrofuran at 5mg/mL for elution at a flow rate of 1mL/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-1α precipitates

Proteins were precipitated using a technique adapted from Giteau
et al. [25]. 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 µL of the protein solution was
then added to 975 µL glycofurol in a 10mL Nalgene® Oak Ridge High-
Speed centrifuge tube (Thermo Fisher Scientific) prior to incubation in
ice for 30min. 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 12,800g for 30min. The supernatant
was carefully discarded and the pelleted protein precipitates were dis-
solved in 1mL 0.05M Tris-HCl buffer solution containing 0.1% (w/v)
bovine serum albumin (BSA) and diluted for further quantification (see
Section 2.7). PE was calculated using Eq. (1).

= ×PE
Mass of protein recovered after precipitation

Initial mass of protein used as a starting material
(%) 100

(1)

2.4. Preparation of lysozyme- and SDF-1α-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 µL. For protein encapsulation, 100 µL protein
precipitate suspension in glycofurol consisting of either 25 µg lysozyme
or 10 µg SDF-1α was added to the polymer solutions prior to magnetic
stirring at 1300 rpm for 30 s. The theoretical drug loadings (DL), as
calculated using Eq. (2), were 0.07% and 0.03% for lysozyme and SDF-
1α respectively. For the synthesis of unloaded nanoparticles, the 100 µL
protein precipitates was replaced with an equal volume of glycofurol
alone. Then, 100 µL aqueous phase in the form of 0.05M glycine-NaOH
buffer solution was added under magnetic stirring to initiate phase
separation. After 1min, another 500 µL aqueous phase was added every
30 s for four times to enhance the phase separation process. The pH of
the aqueous phase was varied to investigate the effect of protein solu-
bility on encapsulation efficiencies. The formed nanoparticle suspen-
sion was diluted with water to 30mL to allow diffusion of residual
solvents out of the nanoparticles. After 1 h, the nanoparticle suspension
was centrifuged for 30min at 10,000g. 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 1mL.

=

−

×DL
Initial mass of protein used as a starting material

Total mass of PLGA and PEG PLGA
(%) 100

(2)

2.5. Freeze-drying of nanoparticles

After purification, 1mL of nanoparticle suspension was transferred
into a 20mL 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 2mL
and a final nanoparticle concentration of approximately 15mg/mL. The
cryoprotectants tested were HPBCD, trehalose and sucrose, at a final
concentration of 5% (w/v). The vial was then immersed in liquid ni-
trogen (−196 °C) for 1min to freeze the nanoparticle-cryoprotectant
mixture, and subsequently placed on the shelf of the freeze-dryer pre-
cooled to −35 °C for 2 h. 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 h. The nanoparticle size was measured (as described in
Section 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 (Sf/Si) and polydispersity index (PDIf/PDIi) 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 ap-
proximation. Nanoparticle samples were prepared by dilution in water
or 0.01M NaCl solution for size and zeta-potential measurements re-
spectively, 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 mea-
surement representing an average value of at least 10 runs. All mea-
surements 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 and 1 that estimates the width of the size distribu-
tion.

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 Instruments, Santa
Barbara, California, USA). A 2 µL drop of purified nanoparticle sus-
pension at a concentration of 200 µg/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 pro-
tein 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 nano-

particles as a control, were dissolved in 1mL DMSO for 1 h before the
addition of 3mL 0.01M HCl. The solution was left to stand for another
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hour for protein extraction from the nanoparticle fragments. The sam-
ples were then diluted for use in protein quantification assays (see
Section 2.7). Encapsulation efficiency (EE) was calculated using Eq. (3).

= ×EE
Mass of protein recovered from dissolved nanoparticles

Initial mass of protein used as a starting material
(%) 100

(3)

2.7. Protein quantification

2.7.1. Quantification of lysozyme
Lysozyme was quantified using Micrococcus lysodeikticus cell sus-

pension as a substrate as described by Morille et al. [38]. Briefly, 100 µL
lysozyme solution or sample was added to 2.9 mL suspension of M.
lysodeikticus (0.015% (w/v)) in 0.05M Tris-HCl buffer solution (pH
7.4). After 4 h 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 and 1000 ng/mL. 0.05M
Tris-HCl 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-1α
SDF-1α was quantified using an enzyme-linked immunosorbent

assay (ELISA) according to the supplier’s instructions (R&D Systems,
Lille, France). Briefly, SDF-1α capture antibody solution was added to a
Nunc Maxisorp® 96-well microplate (Thermo Fisher Scientific) and in-
cubated overnight to coat the wells. The microplate was then washed
with 0.05% (w/v) Tween® 20 in phosphate-buffered saline (PBS) so-
lution (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-h incubation. Then, the
microplate was washed before addition of a detection antibody solution
for another 2-h incubation. The washing step was subsequently re-
peated prior to incubation with a streptavidin-horseradish peroxidase
solution for 20min. After the final wash, a substrate solution was added
for another 20-min incubation. Finally, 2N sulphuric acid was added to
terminate the enzymatic reaction followed by immediate measurement
of absorbance at 450 nm. All incubations were done at room tempera-
ture.

2.8. Assessment of SDF-1α bioactivity

The bioactivity of the precipitated and released SDF-1α was as-
sessed using the agarose drop migration assay as adapted from Milner
et al. [39]. Briefly, U87-MG cells (American Tissue Culture Collection,
Rockville, Maryland, USA), previously transfected to express CXCR4
receptor by Séhédic et al. [40], were seeded into a 24-well flat-bot-
tomed culture plate (Nunc, Strasbourg, France) at a density of 1×105

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 µL of a 10 µg/mL poly-D-lysine hydro-
bromide (Sigma-Aldrich) solution for 15min at 37 °C and washed three
times with PBS prior to cell seeding. After 72 h of incubation at 37 °C
under a 5% CO2 humidified atmosphere , the culture medium was re-
moved and the cells were lysed by adding water (500 µL per well) to
cover the well surfaces with a thin cell-derived matrix. After 20min, the
wells were washed three times with PBS and allowed to air-dry. Then,
2 µL of 1% (w/v) low gelling point agarose solution containing U87-MG
cells at a density of 50×106 cells/mL was dropped onto the centre of
each well and allowed to gel at 4 °C for 15min. At this point, 400 µL of
SDF-1α-free medium or medium supplemented with 40 ng/mL native/
precipitated/released SDF-1α was added to the cell-laden agarose drops
prior to incubation. After 72 h, 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 ex-
periment.

2.9. In vitro protein release

Protein-loaded nanoparticles, and unloaded nanoparticles as a
control, were suspended in 2mL buffer solution containing 0.1% (w/v)
BSA as a protein stabilizer and kept in a 2mL centrifuge tube. The tube
was incubated at 37 °C in a shaking water bath (125 rpm). At pre-de-
fined time intervals, the tube was centrifuged at 8500g for 30min.
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-1α) and biological ac-
tivity assessment (as described in Section 2.8 for SDF-1α).

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. [41].
NIH3T3 mouse fibroblast cell line was cultured at 37 °C and 5% CO2 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× 103 cells/well in
100 µL medium and incubated at 37 °C and 5% CO2 for 24 h. At this
point, 50 µL 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 10mg/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 nano-
particles, the entire medium was replaced with 100 µL fresh medium
containing 44 µM 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 30m. 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. [42]. PS nanoparticles (average
size= 285 nm, PDI= 0.175) were purchased from Sigma-Aldrich.

2.11. Statistical analysis

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 **** indicates P≤ 0.0001.

3. Results and discussion

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

1H NMR spectrum of PLGA-COOR in Fig. 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
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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 mono-
methoxy-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 [38,43,44] that may have modified the hydrodynamic volume
to prolong the retention time, which subsequently produced an un-
derestimated Mn value using SEC.

3.2. Lysozyme and SDF-1α 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 precipitation. Secondly, it has been
used to precipitate many proteins without causing their denaturation
[25,38,45,46]. P188 was added due to its ability to refold any unfolded
protein [47] and also to reduce protein adsorption to the hydrophobic
PLGA following encapsulation, which in turn may allow for greater
cumulative release [38,48]. 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 µg. 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-1α without

Fig. 1. 1H NMR of PLGA-COOR and PEG-PLGA co-polymer in deuterated DMSO and chloroform respectively.
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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 Fig. 2,
0.15M 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
0.15M. 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 ag-
gregates and therefore preventing their re-folding [49]. On this basis,
0.15M NaCl was used to precipitate SDF-1α. 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 10mg/mL
or higher lysozyme concentrations were identified to result in a max-
imum PE, it was not possible to dissolve SDF-1α in 0.15M NaCl at these
concentrations. Therefore, SDF-1α was precipitated at 2.67mg/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-1α precipitates was not significantly different from the native SDF-
1α when tested using the agarose drop migration assay (Fig. 6B, C).

Following the optimisation of precipitation conditions, the mor-
phology of the precipitates was observed under SEM. The precipitates
of both proteins were mostly spherical in shape (Fig. 3). Furthermore,
their size distributions (as estimated using the ImageJ software) were
57 ± 10 nm and 57 ± 25 nm for lysozyme and SDF-1α respectively.
The sub-100 nm sizes of the protein precipitates make them ideal for
subsequent encapsulation into the PLGA/PEG-PLGA nanoparticles.

3.3. Preparation and characterization of lysozyme- and SDF-1α-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.

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 sus-
pension 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 [50]. Based
on these observations and literature data [51], the synthesised nano-
particles can be thought of to possess a structure consisting of a hy-
drophilic 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 be-
came 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 com-
bined 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

Fig. 2. Effect of (A) NaCl and (B) lysozyme con-
centrations on lysozyme precipitation efficiency. For
(A), lysozyme concentration was fixed at 10mg/mL
whereas NaCl concentration was fixed at 0.15M for
(B). Statistical analysis was conducted to investigate
any significant difference (P≤ 0.05) in comparison to
0.15M NaCl or 5mg/mL lysozyme concentration for
(A) and (B) respectively. **** indicates P≤ 0.0001,
n=3 for each lysozyme precipitation condition.

Fig. 3. Scanning electronic microscopy of (A) lyso-
zyme and (B) SDF-1α nanoprecipitates.
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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 car-
boxylic 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.

To ensure good colloidal stability, zeta potential values of greater
than +30mV or lower than −30mV are generally regarded as ideal, as
this ensures strong electrostatic repulsive forces between the nano-
particles [52]. In this work, the presence of the external PEG layer in-
evitably 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 con-
ferred by the PEG chains. To verify this, Formulation 8 was suspended
in 0.05M Tris-HCl buffer (pH 7.4) containing 0.15M NaCl at 1mg/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 Fig. 1A). Interestingly, the zeta-potential values be-
came increasingly negative with time (Supplementary Fig. 1B). It was
likely that PEG-mediated steric repulsions provided the main stabili-
zation force for freshly-produced nanoparticles. As the PLGA ester
bonds gradually hydrolyzed to reveal more negatively-charged car-
boxylic acid terminals, the increasing magnitude of electrostatic re-
pulsions 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 hy-

drolysis of the ester bonds, which may lead to leakage of the drug load
encapsulated within polyester-based nanocarriers. Therefore, dehydra-
tion of PLGA-based nanoparticles, commonly by freeze-drying, is

imperative to ensure their long-term stability. To protect the nano-
particles from freezing and 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 [53]. Nevertheless, it is
also important that the drying temperature is maintained below the
collapse temperature (Tc) of the protectant to prevent the collapse of
the freeze-dried products [54], which may lead to prolonged nano-
particle reconstitution times [53,55] and higher residual humidity [56].

In this study, 5% (w/v) sucrose, trehalose and HPBCD with Tc of
−32, −30 and −15 °C respectively [57,58] 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 0.3mbar,
which was the lowest pressure achievable by the freeze-dryer used in
this study. As predicted, the freeze-dried product containing either su-
crose or trehalose appeared collapsed and required sonication for re-
constitution 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 [56]. Nevertheless, all three protectants pro-
duced 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 mea-
sured again to evaluate the protective effect of sucrose, trehalose and
HPBCD. The highest protective effect, as demonstrated by the max-
imum 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 [51,59]. Differently, in the presence

Table 1
Average size, polydispersity index (PDI) and zeta-potential (ZP) of unloaded nanoparticle formulations. Data are presented as mean ± SD, n= 3.

Formulation number Proportion (%) Average size (nm)a Average PDIa Average ZP (mV)b

PLGA-COOH PLGA-COOR PEG-PLGA pH 4 pH 7 pH 10

1 100 0 0 n.d.c

2 92 0 8 599 ± 20 0.46 ± 0.08 −16.6 ± 1.0 −20.7 ± 2.2 −28.0 ± 2.4
3 75 0 25 279 ± 3 0.17 ± 0.03 −9.9 ± 0.8 −12.1 ± 1.3 −15.7 ± 1.5
4 67 0 33 202 ± 3 0.08 ± 0.05 −6.6 ± 1.0 −8.9 ± 0.8 −9.8 ± 0.7
5 0 100 0 n.d.c

6 0 92 8 >1000 1 −2.9 ± 0.5 −4.7 ± 0.4 −6.4 ± 0.6
7 0 75 25 691 ± 23 0.40 ± 0.05 −1.8 ± 0.1 −2.3 ± 0.3 −3.1 ± 0.4
8 0 67 33 255 ± 4 0.14 ± 0.04 −1.2 ± 0.2 −3.0 ± 0.6 −2.9 ± 0.2
9 33 33 33 215 ± 7 0.10 ± 0.03 −4.1 ± 0.2 −4.8 ± 0.5 −4.3 ± 0.3
10 17 50 33 236 ± 6 0.10 ± 0.02 −2.8 ± 0.4 −4.1 ± 0.6 −4.0 ± 0.4

a Purified nanoparticle suspension was diluted to 100 µg/mL in water prior to measurement.
b Purified nanoparticle suspension was diluted to 100 µg/mL in 0.01M NaCl and 0.1M HCl or NaOH was used to adjust the pH of the suspension to pH 4, 7 or 10 prior to measurement.
c n.d.= not determined, as no homogenous particle suspension was obtained.

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 Sf/Si PDIf/PDIi

Before freeze-dryinga After freeze-dryingb Before freeze-dryinga After freeze-dryingb

– n.d.c n.d.c

Sucrose 255 ± 8 308 ± 5 0.13 ± 0.01 0.22 ± .01 1.21 1.69
Trehalose 266 ± 5 0.19 ± 0.01 1.04 1.46
HPBCD 255 ± 3 0.14 ± 0.02 1.00 1.08

a Purified nanoparticle suspension was diluted to 100 µg/mL in water prior to measurement.
b Freeze-dried nanoparticles were re-suspended in 2mL water and diluted to 100 µg/mL in the same diluent prior to measurement.
c n.d.= not determined, as the freeze-dried product could not be reconstituted completely even after 10min sonication.
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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 re-
spective Tc to minimise dependency on the relatively costly HPBCD.

3.3.3. Lysozyme and SDF-1α 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-1α were
encapsulated most successfully when the pH of the aqueous phase
was buffered closest to their respective pI (lysozyme – 11.35; SDF-1α –
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 [60,61]. For these
reasons, the pH of the aqueous phase was always set to the protein’s pI
in subsequent encapsulations.

3.3.3.2. Effect of PLGA carboxylic acid terminal capping on encapsulation
efficiencies. Since both proteins and PLGA possess ionisable groups,
electrostatic interactions can have a major influence on lysozyme and
SDF-1α 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 pI, 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 [62]. 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-1α can reduce protein loss. Interestingly, additional experiments
with lysozyme (Formulation 9 and 10) and SDF-1α (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.

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-1α-loaded nanoparticles appeared similar under the vacuum
condition of SEM or TEM (Fig. 4). In addition, the image taken using
AFM under a non-vacuum condition confirmed the consistent
appearance of the SDF-1α-loaded nanoparticles regardless of the
conditions under which the nanoparticles were observed and the
differences in the sample treatment prior to observation.

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 phy-
siologically-relevant pH 7.4 (0.05M Tris-HCl buffer), the proportion of
PLGA-COOH in the nanoparticles was shown to affect the extent of
lysozyme release (Fig. 5A). The highest release of encapsulated lyso-
zyme 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 (For-
mulation 10), only 12% encapsulated lysozyme was successfully re-
leased. The lack of protein release from PLGA particles containing un-
capped carboxylic end groups has been previously reported [38,41,63].
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 (Fig. 5B). At pH 7.4, these
nanoparticles are expected to establish electrostatic interactions with
the positively-charged lysozyme molecules (pI= 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 pro-
ducts, as inferred from the increasingly negative zeta-potential values of
all the formulations, taking place throughout the release study period.

Table 3
Effect of pH of aqueous phase on encapsulation efficiencies of lysozyme. Data are pre-
sented as mean ± SD, n=3.

Formulation number pH of aqueous phasea Encapsulation efficiency (%)

Lysozyme SDF-1a

4 8.4 18.0 ± 0.8 34.3 ± 3.7
9.4 28.1 ± 1.7 79.7 ± 4.1
10.4 66.0 ± 1.6 107.7 ± 1.5
11.4 107.0 ± 3.6 –

a 0.05M glycine-NaOH buffer solution was used as the aqueous phase.

Table 4
Effect of the PLGA-COOH proportion on encapsulation efficiencies of lysozyme and SDF-
1α. Data are presented as mean ± SD, n= 3 and 4 for lysozyme and SDF-1α respec-
tively.

Formulation
number

PLGA-COOH proportion
(%)

Encapsulation efficiency (%)

Lysozyme SDF-1a

4 67 107.0 ± 3.6 107.7 ± 1.5
8 0 89.6 ± 5.7 75.5 ± 2.2
9 33 108.2 ± 1.9 –
10 17 111.0 ± 3.9 104.0 ± 2.8

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

Formulation
number

Encapsulated
protein

Average
size (nm)a

Average PDIa Average ZP
(mV)b

4 Lysozyme 202 ± 5 0.09 ± 0.01 −9.7 ± 0.8
SDF-1α 197 ± 2 0.08 ± 0.01 −9.6 ± 0.7

8 Lysozyme 253 ± 5 0.17 ± 0.03 −3.3 ± 0.3
SDF-1α 259 ± 8 0.19 ± 0.01 −2.9 ± 0.2

a Purified nanoparticle suspension was diluted to 100 µg/mL in water prior to mea-
surement.

b Purified nanoparticle suspension was diluted to 100 µg/mL in 0.01M NaCl solution
and the pH of the suspension was adjusted to pH 7 prior to measurement.
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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 (0.01M citrate buffer). It can be hypothe-
sised that the excess protons present in the release medium will neu-
tralise 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

(Fig. 5C). However, incomplete release was still observed with For-
mulation 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 inter-
actions 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 0.15M sodium chloride,
release of lysozyme at pH 7.4 was enhanced (Fig. 5D), recording levels
similar to those obtained at acidic pH. These release medium conditions
were selected for subsequent SDF-1α release study due to their phy-
siological relevance.

Interestingly, although the biphasic release pattern seen in lysozyme
release study was reproduced, the release of SDF-1α was reduced in all
formulations (Fig. 6A). After 30 days, the nanoparticles were lyophi-
lized and dissolved to quantify the amount of unreleased SDF-1α using
ELISA. The sum of released SDF-1α and the unreleased proportion, was
equal to 95–98% of the total encapsulated SDF-1α for all the studied
formulations. SDF-1α 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-1α primary se-
quence, resulting in lower cumulative SDF-1α 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 [38] and use of more hydrophilic polymer
materials [63] in the form of PEG-PLGA co-polymer, additional ap-
proaches such as protein PEGylation [64,65] should be considered in
future work to obtain more complete protein release. Nevertheless, the
bioactivity of SDF-1α in the release sample collected up to 72 h (after
which further SDF-1α release was negligible) was found to be similar to
that of its native counterpart when assessed using the agarose drop
migration assay (Fig. 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 [66,67].

The biphasic release patterns observed in lysozyme and SDF-1α
release studies were consistent with literature data on PEG-containing
PLGA nanoparticles [61,68]. 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 attri-
butable to the diffusion of proteins from deeper parts of the nano-
particles. In relation to future work, the initial rapid SDF-1α 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 h. 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-1α-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 [69], which would allow more
time for cancer cells to migrate into the hydrogel/nanoparticle com-
posite 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 h. This cell line
was chosen as it has been reported to be highly-sensitive to chemical-

Fig. 4. Morphology of PLGA/PEG-PLGA nanoparticles. SEM and TEM images of (A, C)
unloaded and (B, D) SDF-1α-loaded nanoparticles. (E) AFM image of SDF-1α-loaded
nanoparticles.
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Fig. 5. Release study of lysozyme. (A) Cumulative
release of lysozyme in 0.05M Tris-HCl 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
0.01M NaCl solution and the pH was adjusted to pH 7
prior to zeta-potential measurement. (C) Cumulative
lysozyme release in 0.01M citrate buffer at pH 4.0 or
(D) 0.05M Tris-HCl buffer at pH 7.4 containing
0.15M NaCl. Each data point with error bar re-
presents mean ± SD, n=3 for each formulation.

Fig. 6. Release study of SDF-1α and its biological
activity assessment. (A) Cumulative release of SDF-1α
in 0.05M Tris-HCl buffer at pH 7.4 containing 0.15M
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-1α collected
from Formulation 8 at different time points of the
release study. Statistical analysis was conducted to
investigate any significant difference (P≤ 0.05) in
comparison to the native SDF-1α. **** indicates
P≤ 0.0001, n= 3 for each type of SDF-1α 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-1α (bottom right).

M. Haji Mansor et al. European Journal of Pharmaceutics and Biopharmaceutics 125 (2018) 38–50

47



induced toxicities [70]. 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 na-
nocarriers. The range of nanoparticle concentrations for cell treatment
in this study was set to 0.01–10mg/mL to assess the suitability of the
PLGA/PEG-PLGA nanoparticles for both systemic and local drug de-
livery applications. In comparison to the two reference nanoparticles,
the PLGA/PEG-PLGA nanoparticles induced minimal cell deaths even at
the highest concentration tested (Fig. 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 [71,72] and
suggested that the high amount of surfactant (up to 2.8% (w/v)) re-
quired to stabilise the LNC formulation is responsible for the high
toxicity due to the ability of the hydrophilic and hydrophobic compo-
nents of surfactant molecules to interact with the phosphate groups and
fatty acid tails of lipid bilayer respectively to cause disruption of cel-
lular membranes [73]. On the other hand, the PS nanoparticles ex-
hibited 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 for-
mulation process using non-toxic components developed in the present
work can undoubtedly produce nanocarriers with excellent bio-
compatibility that are more suitable for local drug delivery applications
compared to several other well-established alternatives.

4. Conclusion

This study reports on the development of novel SDF-1α nanocarriers
composed of PLGA and a PEG-PLGA co-polymer. Following optimiza-
tion using lysozyme as a model protein, SDF-1α was successfully pre-
cipitated and subsequently loaded into these nanoparticles under mild
formulation conditions. SDF-1α was also released in its bioactive con-
formation in a gradual fashion. Furthermore, by changing the number
of uncapped carboxylic acid groups in the PLGA core, the novel for-
mulation 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-1α nanocarriers are
promising for future cancer cell trapping applications and will be in-
corporated into a suitable hydrogel for studying chemotaxis of

glioblastoma cells.
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Titre :  Développement, caractérisation physico-chimique et évaluation biologique d'éponges lyophilisées de 
fibroïne de soie et acide hyaluronique pour le piégeage de cellules de glioblastome 

Mots clés :  Piège à cellules tumorales; biomimétisme cérébral; implant poreux; éponges composites 

Résumé :  Le glioblastome (GBM) est une tumeur 
dévastatrice du système nerveux central. Malgré un 
traitement agressif, les récidives sont inévitables et 
l'application d'une stratégie thérapeutique efficace 
deumeure un défi. Le concept révolutionnaire de 
piège à cellules cancéreuses peut offrir de nouvelles 
opportunités. L'objectif est d'attirer et de confiner les 
cellules cancéreuses résiduelles entourant la cavité 
chirurgicale dans un implant polymère biomimétique 
délivrant des molécules chimioattractantes. Le SDF-
1α, également appelé CXCL12, se lie sélectivement 
au récepteur CXCR4 à la surface des cellules de 
GBM infiltrantes et peut être utile pour induire le 
recrutement de ces cellules. Des éponges 
lyophilisées ont été préparées en combinant de la 
fibroïne de soie (SF), de l'acide hyaluronique (HA), de 
la poly-L-lysine (PLL) et de l'héparine (hep) réticulée 
avec N-(3-diméthylaminopropyl)-N'-éthylcarbodiimide 

(EDC) et du N-hydroxysulfosuccinimide (NHS). Les 
éponges ont montré une porosité élevée (près de 
90%) avec des diamètres de pores moyens de 60 
µm et contenait jusqu'à 95% d'eau une fois hydraté 
et un module de Young inférieur à 6 kPa. De plus, 
l'addition de SF dans la formulation a permis 
d’augmenter la stabilité des éponges dans le PBS 
comparé à l’éponge HA-PLL. Les éponges SF-HA et 
SF-HA-hep étaient capables de conserver 75% et 
93% de la protéine SDF-1α respectivement après 7 
jours dans du PBS supplémenté en enzymes 
(hyaluronidase et héparinase). Des études in vivo 
ont montré que les éponges SF-HA et SF-HA-hep 
étaient bien tolérées dans le cerveau des rats et que 
l’éponge SF-HA-hep ne libérait pas de SDF-1α dans 
le cerveau après 7 jours. 

 

Title:  Development, physicochemical characterisation and biological evaluation of silk fibroin/hyaluronic acid 
freeze-dried sponges for the trapping of glioblastoma cells 

Keywords:  Tumour cell trap; brain biomimicry; porous scaffold; composite sponges 

Abstract:  Glioblastoma (GBM) is a devastating 
tumour of the central nervous system. Despite an 
aggressive treatment, recurrence is inevitable, and 
the application of an effective therapeutic strategy 
remains a challenge. The breakthrough concept of 
cancer cell trap may offer new hopes and 
opportunities. The goal is to attract and confine the 
residual cancer cells surrounding the surgical cavity in 
a biomimetic polymeric scaffold delivering 
chemoattractive molecules. The stromal cell-derived 
factor-1α (SDF-1α), also called CXCL12, binds 
selectively to the CXCR4 receptor on the surface of 
infiltrative GBM cells and may be useful for inducing 
chemotaxis and the recruitment of residual GBM cells. 
In this work, series of freeze-dried sponges were 
prepared by combining silk fibroin (SF), hyaluronic 
acid (HA), poly-L-lysine (PLL) and heparin crosslinked  

with N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 
hydrochloride (EDC) and N-hydroxysulfosuccinimide 
sodium salt (NHS).  Sponges showed high porosity 
(near 90%) with mean pore diameters ca. 60 µm and 
contained up to 95% water once hydrated. They 
presented a soft texture close to the one of a brain 
with a Young’s Modulus down to 6 kPa. Moreover, 
addition of SF in the formulation yielded sponges 
with greater stability in PBS than the HA-PLL 
sponges. SF-HA and SF-HA-hep sponges were able 

to retain 75% and 93% of the SDF-1 protein 
respectively after 7 days in PBS supplemented with 
enzymes (hyaluronidase and heparinase). In vivo 
studies showed that the SF-HA and SF-HA-hep 
sponges were well tolerated in rats’ brain and that 
the SF-HA-hep sponge did not release SDF-1α after 
7 days in the brain. 
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