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ABSTRACT :

Chemokines such as stromal cell-derived factor-1a (SDF-1a) regulate the migration of cancer cells
that can spread from their primary tumor site by migrating up an SDF-1a concentration gradient,
facilitating their local invasion and metastasis. Therefore, the implantation of SDF-1a-releasing
scaffolds can be a useful strategy to trap cancer cells expressing the CXCR4 receptor. In this work,
SDF-1a was encapsulated into poly(lactic-co-glycolic acid) (PLGA)-based nanoparticles and
subsequently electrospun with chitosan to produce nanofibrous scaffolds of average fiber diameter
of 261 + 45 nm, intended for trapping glioblastoma (GBM) cells. The encapsulated SDF-la
maintained its biological activity after the electrospinning process as assessed by its capacity to
induce the migration of cancer cells. The scaffolds could also provide sustained release of SDF-1a
for at least 5 weeks. Using NIH3T3 mouse fibroblasts, human Thp-1 macrophages, and rat primary
astrocytes we showed that the scaffolds possessed high cytocompatibility in vitro. Furthermore, a 7-
day follow-up of Fischer rats bearing implanted scaffolds demonstrated the absence of adverse
effects in vivo. In addition, the nanofibrous structure of the scaffolds provided excellent anchoring
sites to support the adhesion of human GBM cells by extension of their pseudopodia. The scaffolds
also demonstrated slow degradation kinetics, which may be useful in maximizing the time window
for trapping GBM cells. As surgical resection does not permit a complete removal of GBM tumors, our
results support the future implantation of these scaffolds into the walls of the resection cavity to
evaluate their capacity to attract and trap the residual GBM cells in the brain.
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1. Introduction

Stromal cell-derived factor-1a (SDF-1a) is a 68-amino-acid chemokine (De La Luz Sierra et al., 2004)
with a strong binding affinity to the C-X-C chemokine receptor type 4 (CXCR4) (Kofuku et al., 2009).
One of its prominent physiological functions is to induce the migration of CXCR4-expressing stem
and progenitor cells from the bone marrow towards a site of injury to initiate the process of tissue
repair and recovery (Ratajczak et al., 2004). The directed migration is an effect of an elevated SDF-
la expression at the injury site (Deng et al., 2011; Kitaori et al., 2009; Knerlich-Lukoschus et al., 2010)
and the simultaneous increase in SDF-1a degradation in the bone marrow (Jin et al., 2008; Marquez-
Curtis et al., 2008) that creates a positive SDF-1a concentration gradient towards the site needing
repair. In addition to its role in tissue regeneration, SDF-1a-induced chemotaxis also mediates the
spreading of cancer cells that escaped their respective primary tumor sites. CXCR4-expressing
cancer cells have been shown to penetrate the blood or lymphatic circulation and subsequently be
chemoattracted to SDF-1 a-secreting organs such as the liver (Kim et al., 2006), bone marrow
(Roccaro et al., 2014) and lymph nodes (Katsura et al., 2018) for future metastatic colonization. Even
in non-metastasizing cancers, the chemotactic effect of SDF-1« can support tumor progression by
facilitating the invasion of cancer cells into proximal healthy tissues (Zagzag et al., 2008). The
significant influence of SDF-1a on the migration of cancer cells has motivated the design of implants
capable of releasing this chemokine to create a local concentration gradient that may attract CXCR4-
expressing cancer cells relevant to many types of cancers including glioblastoma (GBM) (Carmo et
al., 2010), melanoma (O’Boyle et al., 2013) and breast cancer (Sobolik et al., 2014).

Like other peptides and proteins, SDF-1a is water-soluble and thus can move rapidly through a
physiological fluid compartment (Pardridge, 2011). Therefore, to establish and maintain a local
concentration gradient of SDF-1qa, sustained delivery of this chemokine from a fixed source is
necessary. In this regard, encapsulation into nanocarriers composed of biodegradable polymers is
areasonable strategy to achieve gradual release of active molecules at the intended site of delivery
(Almouazen et al.,, 2012; Hamoudeh et al.,, 2007; Nicolas et al., 2018). We have previously
encapsulated SDF-1a into poly-(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) (Haji Mansor et
al., 2018). However, we showed that the duration of SDF-1a release resulting from this approach was
relatively brief. The release profile showed a steep initial release curve that leveled out shortly
afterwards and that is characteristic of this kind of NPs with a two phase process where the first
phase of “burst release” from locations near the NP’s surface is followed by a second phase of
prolonged release from the core compartment (Martinez Rivas et al., 2017). In addition, NPs tend to
spread away from the initial site of application, making it difficult to establish a concentration
gradient of the released drug molecules. Considering these shortcomings, we postulate that the
SDF-1a-loaded NPs should be embedded within a suitable scaffold to slow down the SDF-1a release
process and to prevent them from moving away from the initial site of administration.

Currently, there are multiple types of scaffolds within which drug-loaded carriers can be confined.
These structures can provide an additional barrier to the drug diffusion process and may
subsequently contribute to a longer duration of drug release from the primary carrier into the local
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environment. These include physically and chemically cross-linked hydrogels (Lee et al., 2018; Ono
etal., 2017; Zhang et al., 2016), scaffolds prepared by the freeze-drying process (Gentile et al., 2015;
Najberg et al., 2020; Pulavendran and Thiyagarajan, 2011) and those derived from a direct
compression of the drug-loaded carriers (Du et al., 2017). However, these confining matrices usually
lack the nano-fibrous structures typically found in native human extracellular matrices (ECM). In
relation to our objective, it is important to develop scaffolds with structures mirroring those of the
ECM in order to promote the adhesion and retention of cancer cells. In this regard, nanofibrous
scaffolds can be prepared using electrospinning (Huang et al., 2003; Pham et al., 2006). Many natural
and synthetic materials can be used to produce electrospun ECM-mimetic nanofibrous scaffolds.
Among these, chitosan has been an outstanding material for making electrospun scaffolds to be
used in a variety of biomedical applications due to its excellent biocompatibility (Frohbergh et al.,
2012; Ma et al., 2011; Xie et al., 2013). Nevertheless, the electrospinning of chitosan and many other
materials involves challenging conditions, including the use of high voltage to draw fibers from the
material solution, which may compromise the structural integrity of protein molecules pre-
incorporated into the solubilized material (Bekard and Dunstan, 2013; Toschi et al., 2009; Wang et
al., 2014; Zhao and Yang, 2010, 2009). Therefore, we hypothesize that by pre-encapsulating SDF-1a
molecules into PLGA-based NPs, their denaturation during processing may be minimized.

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

2. Materials and methods

2.1. MATERIALS

Ester-capped PLGA (Mn = 5.5 kDa) and PEG-PLGA copolymer (Mnpe = 5 kDa, Mnpiea = 25.7 kDa) were
synthesized using a ringopening polymerization method as described elsewhere (Haji Mansor et al.,
2018). Glycofurol (Tetraglycol BioXtra®), isosorbide dimethyl ether, poloxamer 188 (Lutrol® F68),
sodium chloride, lysozyme from hen egg white, glycine, 10 M sodium hydroxide, dimethyl sulfoxide,
Tris base (Trizma®), 37% hydrochloric acid, Micrococcus lysodeikticus, low gelling point agarose and
PEO (average Mv ~ 2 MDa) were obtained from Sigma-Aldrich (Saint Quentin Fallavier, France).
Human SDF-1a (research grade) was purchased from Miltenyi Biotech (Paris, France), chitosan with
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a degree of deacetylation of ~ 80% and molecular weight ~ 10 - 50 kDa (Chitoceuticals®) from Heppe
Medical Chitosan GmbH (Halle, Germany), 1X Dulbecco’s phosphate-buffered saline (Biowhittaker®)
from Lonza (Verviers, Belgium), bovine serum albumin fraction V from Roche Diagnostics GmbH
(Mannheim, Germany) and high glucose Dulbecco’s Modified Eagle’s Medium (Gibco®) from Thermo
Fisher Scientific (Villebon sur Yvette, France). Deionized water supply was obtained from a Milli-Q®
Advantage A10 system (Millipore, Paris, France).

2.2. PREPARATION AND CHARACTERIZATION OF PROTEIN-LOADED
NANOPARTICLES

2.2.1. PREPARATION OF PROTEIN-LOADED NANOPARTICLES

Protein-loaded NPs were prepared as described previously (Haji Mansor et al., 2018). Briefly, the
lyophilized model protein lysozyme and SDF-1a as provided by their respective manufacturers were
separately dissolved in 0.15 M sodium chloride (NaCl) solution containing 20% w/v poloxamer 188
at a concentration of 10 and 1.33 mg/mlL, respectively. After that, 975 uL of glycofurol was added to
25 pL of the lysozyme solution, and 185 pL of glycofurol to 15 pL of the SDF-1a solution. A smaller
volumetric ratio of glycofurol to SDF-1a solution was used for convenience and worked well as SDF-
lais less soluble than lysozyme in aqueous solutions. The mixtures were subsequently incubated in
ice for 30 min to induce the formation of protein precipitates. Then, 100 uL of the protein precipitate
dispersion containing either 25 pg lysozyme or 10 ug SDF-1a was mixed with 100 pL of a 12% w/v
PEG-PLGA solutionand 200 pL of a 12% w/v PLGA solution in isosorbide dimethyl ether (total volume
after mixing was 400 pL). Using Equation (1), the theoretical drug loadings (DL) for lysozyme and
SDF-1a were calculated to be 0.07% and 0.03% respectively. For the synthesis of unloaded NPs, the
100 pL protein precipitate dispersion was replaced with an equal volume of glycofurol alone. Then,
2.1 mL of 0.05 M glycine-sodium hydroxide buffer solution was added gradually under magnetic
stirring to initiate the formation of NPs that encapsulated the protein load. As the solubilities of
lysozyme and SDF-1a were reduced as the pH of their respective solutions reached their protein
isoelectric points (pl) (pl lysozyme = 11.35; pl SDF-1a = 10.5), a greater encap-sulation efficiency was
achieved. Therefore, the pH of the buffer solution was set to 11.35 and 10.40 for the encapsulation
of lysozyme and SDF-1a, respectively. The formed nanoparticle (NP) dispersion was subsequently
diluted with excess deionized water and agitated under slow magnetic stirring for 1 h to wash out
solvents and unencapsulated proteins. The suspended NPs were then centrifuged for 30 min at
10,000 x g, and the supernatant was discarded and replaced with an equal volume of deionized
water. The centrifugation was repeated once and after subsequent removal of the supernatant, the
purified NP dispersion was stored at a concentration of approximately 40 mg/mL in 0.5 mL volume
in deionized water at 4 °C until use.

Initial mass of protein used as a starting material

DL(%) =
Total mass of PLGA and PEG—PLGA

x 100 (1)
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2.2.2. CHARACTERIZATION OF PROTEIN-LOADED NANOPARTICLES

The morphology of the NPs was visualized using scanning electron microscopy (SEM) (JSM6310F,
JEOL, Paris, France). The purified NP dispersion was initially diluted 200-fold with deionized water
to a concentration of approximately 200 pg/mL. Then, 2 uL of the dispersion was added onto a glass
slide and left overnight to dry at room temperature. Prior to observation, a gold coating of 5 nm
thickness was deposited onto the NP sample.

The size distribution of the NPs was determined using a dynamic light scattering (DLS) method
whereas zeta-potentials were derived from the electrophoretic mobility values using the
Smoluchowski’s approximation in a Nanosizer® ZS (Malvern, Worcestershire, UK). Initially, the
purified NP dispersion was diluted with either deionized water or 0.01 M NacCl solution (pH was
adjusted to 7 prior to measurement) for size and zeta-potential measurements, respectively, to
obtain optimal NP concentrations for analyses such that the attenuator values were in the range of
5-7. Each sample was measured three times, with one measurement representing the average value
of at least 10 runs. All measurements were conducted at 25 °C under the automatic mode. In addition
to the average particle size, the DLS protocol of Nanosizer® ZS generated a polydispersity index (PDI)
ranging from 0 to 1 that estimates the width of the size distribution.

For the assessment of protein encapsulation efficiencies, the protein- loaded NPs were initially
lyophilized for 16 h alongside the unloaded NPs that served as a control. Then, the NPs were
dissolved in 1 mL of dimethyl sulfoxide. After 1 h, 3 mL of 0.01 M hydrochloric acid (HCl) was added
to extract the protein load from the polymeric components of the NPs. The samples were then
diluted appropriately prior to assessment using the protein quantification assays described in
Section 2.6. The encapsulation efficiency (EE) was calculated using Eq. (2).

Mass of protein recovered from dissolved nanoparticles

EE(%) =

x 100 (2)

Initial mass of protein used as a starting material

2.3. PREPARATION AND CHARACTERIZATION OF NANOPARTICLE-
CONTAINING NANOFIBROUS SCAFFOLDS

2.3.1. PREPARATION OF NANOPARTICLE-CONTAINING NANOFIBROUS SCAFFOLDS

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

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

2.3.2. CHARACTERIZATION OF NANOPARTICLE-CONTAINING NANOFIBROUS SCAFFOLDS

The thickness of the nanofibrous scaffolds were measured using a Kaefer Dial Gauge (Kaefer
Messuhrenfabrik GmbH, Villingen-Schwenningen, Germany).

The composition of the nanofibrous scaffolds was determined using attenuated total reflectance-
Fourier transform infrared (ATR-FTIR) spectroscopy. ATR-FTIR spectra were recorded using a Nicolet
iS5® spectrometer (Thermo Fisher Scientific) with a spectral resolution of 4 cm™.

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

To investigate whether the electrospinning process contributes to any protein denaturation, 2 mL
of 1 M acetic acid solution was added to the nanofibrous scaffolds to dissolve the nanofibers and
subsequently release the protein-loaded NPs. After 1 h, 4 mL of a 1 M NaOH solution was added
gradually to increase the basicity of the mixture (to pH > 13) to induce the precipitation of the
chitosan molecules as well as the dissolution of the NPs. After another 1-h incubation, the mixture
was centrifuged at 9500 x g for 30 min to spin down the chitosan precipitates. 2 mL of the
supernatant was kept for use in the protein quantification assays described in Section 2.6.

2.4. STABILIZATION OF THE NANOFIBROUS SCAFFOLDS

To reduce the solubility of the nanofibrous scaffolds in physiological media, the charged amino
groups of chitosan in the nanofibers were deprotonated (He et al., 2011; Tchemtchoua et al., 2011).
To achieve this, the nanofibrous scaffolds were treated sequentially with absolute ethanol for 5 min
and then 0.1 M NaOH for 30 s, followed by three times washing with 0.1X phosphate-buffered saline
(PBS) (pH 7.4). The scaffolds were then dried under reduced pressure for 16 h.
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2.5. INVITRO PROTEIN RELEASE STUDY

The in vitro protein release study was conducted on the protein-loaded NPs, nanofibrous scaffolds
loaded with unencapsulated protein molecules and protein-loaded NPs incorporated into
nanofibrous scaffolds. Protein-free NPs and nanofibrous scaffolds were used as controls. All
nanofibrous scaffolds were stabilized prior to use as described in section 2.4. NPs and whole
scaffolds were incubated separately at 37 °C in 2 mL of 0.05 M Tris-HCl buffer solution (pH 7.4)
supplemented with 0.15 M NaCland 1 mg/mL bovine serum albumin (BSA) as a protein stabilizer. At
each pre-defined time point, 1.5 mL of the buffer solution was collected and replaced with fresh
buffer. For the NP samples, the dispersion was centrifuged at 9,500 x g for 30 min to spin down the
NPs and 1.5 mL of the supernatant was subsequently collected and replaced with fresh buffer. The
quantification of protein molecules in the collected samples was conducted as described in Section
2.6.

2.6. PROTEIN QUANTIFICATION

2.6.1. QUANTIFICATION OF LYSOZYME

Lysozyme was quantified using the turbidity reduction assay as described by Hassani and colleagues
(Hassani et al., 2013). Briefly, 100 pL of lysozyme-containing sample was added to 2.9 mL of 0.015%
w/v Micrococcus lysodeikticus suspension in 0.05 M Tris-HCl buffer solution (pH 7.4). The assay
mixture was then incubated at 37 °C to allow the lysozyme molecules to lyse the M. lysodeikticus cell
walls. After 4 h, the absorbance at 450 nm was measured (Multiskan Ascent, Labsystems, Les Ulis,
France). To construct a standard curve, lysozyme solutions of concentration ranging from 100 to
1000 ng/mL were also assayed. Each sample was diluted with 0.05 M Tris-HCl buffer solution (pH 7.4)
by several dilution factors to obtain absorbance readings that were within the standard curve range.

2.6.2. QUANTIFICATION OF SDF-1a

SDF-1a was quantified using an enzyme-linked immunosorbent assay (ELISA) as per supplier’s
instructions (R&D Systems, Lille, France). Briefly, a Nunc Maxisorp® 96-well microplate (Thermo
Fisher Scientific) was incubated overnight with SDF-1a capture antibody solution to coat the wells.
The plate was then washed with 0.05% w/v Tween® 20 in 1X PBS (pH 7.4). To prevent any non-specific
protein binding during the sample incubation stage, the plate was subsequently incubated with 10
mg/mL BSA solution in 1X PBS (pH 7.4) for 1 h. After washing, SDF-1a-containing samples and the
provided SDF-1a standard pre-diluted with 10 mg/mL BSA solution in 1X PBS (pH 7.4) were added to
the wells for a 2-h incubation. Following another wash, the wells were incubated with detection
antibody solution for 2 h. The plate was washed again prior to a 20-min incubation with streptavidin-
horseradish peroxidase solution. The final washing step was carried out and the plate was then
incubated with the substrate solution for another 20 min. The enzymatic reaction was subsequently
terminated by adding 1 M sulfuric acid solution and the absorbance at 450 nm was immediately
measured (Multiskan Ascent, Labsystems, Les Ulis, France). All incubations were done at room
temperature.
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2.7. ASSESSMENT OF SDF-1a BIOACTIVITY

SDF-1a bioactivity was assessed using an agarose drop migration assay (Milner et al., 1996). Initially,
constitutively CXCR4-expressing U87-MG cells, as produced by Séhédic and colleagues (Séhédic et
al., 2017), were seeded into a 24-well flat-bottomed culture plate (Nunc, Strasbourg, France) at a
density of 1 x 10° cells per well and incubated with Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. To enhance cell
adhesion, each well was previously treated with 500 uL of 10 ug/mL poly-D-lysine hydrobromide
(Sigma-Aldrich) solution for 15 min and subsequently washed with 1X PBS three times. After 72 h of
incubation, the medium was replaced with deionized water to lyse the cells. The wells were washed
with 1X PBS after 20 min and the thin cell-derived matrices coating the well surfaces were left to air-
dry under laminar flow. Next, 2 pL of 1% w/v solution of low gelling point agarose containing 1 x 10°
CXCR4-expressing U87-MG cells was deposited onto the center of each well and the plate was kept
at 4 °C for 15 min for the gelation step. Then, the cell-loaded agarose drop was covered with 400 pL
of DMEM (FBS-free, 1% penicillin/streptomycin) with or without 40 ng/mL of native SDF-1a as
controls; or with DMEM containing SDF-1a extractables from scaffolds after electrospinning or
leached SDF-1a from the releasing studies. Three drops were assayed for each medium condition in
each experiment. After 72 h, the plan view of each well was captured using an optical microscope
and a built-in camera (AxioCam® ICm 1, Zeiss, Jena, Germany). The cell migration distance was
estimated by measuring the distance between the edge of the drop and the cell front on four distinct
sides of the drop using the ImageJ software. The measurements were subsequently averaged to
obtain a representative migration distance in each well. All incubations were done at 37 °C and 5%
CO..

2.8. INVITRO SCAFFOLD DEGRADATION STUDY

Stabilized nanofibrous scaffolds were cut into quarters of approximately 25 mgin mass. The scaffold
pieces were then incubated separately in 2 mL of 0.05 M Tris-HCl buffer solution (pH 7.4)
supplemented with 0.15 M NaCl, 20 ug/mL lysozyme and 1 mg/mL BSA at 37 °C. At each pre-defined
time point, three scaffold pieces were removed from their respective buffer solution using sterile
tweezers, the excess liquid was blotted up using KIMTEC wipers, and the scaffolds were then dried
in a desiccator under reduced pressure for 16 h. The dried scaffold pieces were then weighed, and
the % of scaffold mass degraded throughout the incubation period was calculated using Eq. (3).

mass before incubation — mass after incubation

% of scaf fold mass degraded = x 100% (3)

mass before incubation

2.9. INVITRO CYTOCOMPATIBILITY AND CELL ADHESION ASSAYS

To exclude any potential proliferative effect of the protein load that may reduce the reliability of the
study results, only the nanofibrous scaffold loaded with blank NPs and the unloaded nanofibrous
scaffold were evaluated in these assays. Two in vitro methods were used to evaluate the scaffold
cytocompatibility: (a) a 24-h incubation of cells with scaffold leachables, and (b) a more realistic
scenario in which cells were incubated with scaffolds for 24 and 72 h. All incubations were done at
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37 °C and 5% CO2 and the medium used was always supplemented with 10% FBS and 1%
penicillin/streptomycin.

29.1. INVITRO CYTOCOMPATIBILITY ASSAY

2.9.1.1. Indirect method

The in vitro cytocompatibility of the nano-fibrous scaffolds by the indirect test was assessed using
the “scaffold extract” method adapted from Wang and colleagues (Wang et al., 2013). The
nanofibrous scaffolds were cut into circular pieces of 10 mm in diameter and approximately 0.6 mg
in mass to promote ease of handling. Five scaffold pieces were placed together in a well of a 24-well
flat-bottomed culture plate (Nunc) containing 400 puL of DMEM and incubated for 24 h to produce the
scaffold extract. Simultaneously, NIH3T3 mouse fibroblasts cells (CRL-1658™, ATCC, Rockuville,
Maryland, USA) were seeded in a 96-well flat-bottomed culture plate (Nunc) at a density of 5500
cells/well in 100 pL of DMEM and incubated for 24 h. Then, the medium on the cells was replaced
with 100 pL of the scaffold extract and the cells were incubated for another 24 h. As a positive control,
100 pL of fresh medium was used in place of the scaffold extract. 10 pL of WST-1 reagent (Sigma-
Aldrich) were subsequently added into each well. After 2 h of incubation, the number of viable cells
was estimated from the absorbance of the cleaved product of the tétrazolium salts in the WST-1
reagent, called formazan, which was measured at 450 nm using a ClarioStar® microplate reader
(BMG Labtech GmbH, Ortenberg, Germany). To estimate the background absorbance, the WST-1
reagent was also added to wells containing either the scaffold extract or fresh medium alone without
any cells. All background-corrected absorbance values were normalized to those of the positive
control.

2.9.1.2. Direct contact method

Contact-induced cytotoxicity of the nanofibrous scaffolds was assessed using NIH3T3 mouse
fibroblasts, human Thp-1 macrophages, and rat primary astrocytes. Assays were conducted in 24-
well cell culture plates (well diameter = 15.6 mm). All incubations were done at 37 °C and 5% CO2
and DMEM supplemented with 10% FBS and 1% penicillin/streptomycin was used throughout the
assay unless stated otherwise.

Cells were prepared accordingly prior to the 24 or 72-h period of incubation with the scaffolds.
NIH3T3 cells were seeded at a density of 40 x 10% and 10 x 10° cells/well for the 24 and 72-h assays
respectively and incubated in 500 uL medium 24 h before use. To obtain Thp-1 macrophages, Thp-1
monocytes (TIB-202™, ATCC) were seeded at a density of 200 x 103 cells and 50 x 103 cells/well for the
24 and 72-h assays, respectively. The Thp-1 monocytes were incubated in 500 uL complete Roswell
Park Memorial Institute (RPMI) 1640 medium (Sigma-Aldrich) supplemented with 80 nM phorbol 12-
myristate 13-acetate (PMA) (Sigma-Aldrich) for 24 h to induce their differentiation into macrophages.
Following this, the PMA-containing medium was replaced with fresh complete RPMI medium
(without PMA) and the cells were incubated for another 24 h before use. Purified cultures of newborn
rat primary astrocytes were prepared from extracts of cerebral cortex using the mechanical
dissociation method as originally described (McCarthy and de Vellis, 1980). Brain extract was
homogenized, lyophilized and reconstituted in cell culture medium before being added to the 24-
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well plate. The medium was refreshed twice weekly for two weeks to obtain highly pure cultures of
primary astrocytes.

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

Cell viability was estimated from the fluorescence intensity of the reduced product of resazurin,
called resorufin, which was measured using a ClarioStar microplate fluorometer (BMG Labtech
GmbH, Ortenberg, Germany) at 545 nm excitation and 600 nm emission. All background-corrected
fluorescence intensity values were normalized to those obtained with the control wells.

2.9.2. INVITRO CELL ADHESION ASSAY

The cell adhesion capacity of the nanofibrous scaffolds was studied using U87-MG cells (HTB-14™,
ATCC). Initially, 25 pL of DMEM containing 1 x 10* cells was deposited on the top of a scaffold piece
placed in a well of a 48-well flat-bottomed culture plate (Nunc). As a positive control, the same
number of cells was added to a well without any scaffold. After 1 h of incubation, another 275 pL of
medium was added into the wells and the plate was incubated for another 3 h to allow the cells to
adhere to the scaffold or well surfaces. Then, the wells were washed with 1X PBS three times to
remove any loosely attached cells. After another 24 h of incubation in 300 pL of fresh medium, the
cell viability on the scaffold was evaluated using WST-1 reagent as described in Section 2.9.1.1. To
ensure that the cells that reacted with the WST-1 reagent were those that were attached to the
scaffolds and not of any colonies that formed on the well surface underneath, the scaffolds were
transferred into new wells containing 300 pL of fresh medium before adding 30 pL of WST-1 reagent.
To determine the background absorbance, the reagent was also added to cell-free wells containing
DMEM with or without a scaffold piece. For the absorbance measurement, 100 uL of medium was
transferred from each well to a 96-well plate 2 h after the addition of WST-1 reagent.

For the SEM analysis, the scaffolds were washed three times with PBS and equilibrated in DMEM.
Then a 25 pL drop containing 2 x 10* cells was deposited on top of the scaffolds. After 1 h incubation
at37°C, 275 pL of DMEM was added and the scaffolds incubated during 72 h. The scaffolds were then
fixed in a 0.1 M phosphate buffer containing glutaraldehyde at 2.5 % for 2 h. The scaffolds were then
rinsed with PBS and distilled water and incubated in a 1% osmium tetroxide aqueous solution for 1
h at room temperature. Dehydration in increasing concentration of ethanol solutions was
performed, followed by desiccation in hexamethyldisilazane. A coating of platinum was performed
before analysis in a Zeiss EVO LS10 microscope.
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2.10. INVIVO BIOCOMPATIBILITY STUDY

In vivo studies were also conducted by implanting the scaffolds into the brain of healthy rats to
assess the potential toxicity of the scaffolds as well as their tendency to degrade in the brain
environment. Afterimplantation, brains were imaged by Magnetic Resonance Imaging (MRI) in order
to obtain the volume of scaffolds at the beginning and end of the follow-up period.

2.10.1. IN VIVO IMPLANTATION OF NANOFIBROUS SCAFFOLDS INTO RAT BRAIN CORTEX

Fischer female rats aged 8-10 weeks were obtained from Janvier Labs (Le Genest-Saint-Isle, France).
The protocol was approved by the Ethical Committee for Animal Experimentation of Pays de la Loire,
France. Animals were anesthetized by intraperitoneal injection of a mixture of ketamine (100 mg/kg)
and xylazine (13 mg/kg) and positioned in a Kopf stereotaxic instrument. A 10 mm-long incision was
made along the midline to create access to the surface of the skull. Following this, a burr hole was
drilled into the skull using a high-speed drill to expose the brain tissues underneath. A portion of the
brain cortex was then cut using a biopsy punch device and subsequently removed using vacuum
suction to create a cavity that was approximately 3 mm wide and 2 mm deep.

To facilitate the scaffold implantation process, the nanofibrous scaffolds (containing 10 mg blank
NPs) were rolled and cut into cylinders of 2 mm wide and 2 mm tall. Following the implantation of
the scaffold into the cavity, the wound was sutured, and the rats were allowed to awake without any
further intervention. All rats became fully conscious and active between 1 and 2 h 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. The study consisted of 6 rats, 3 implanted with scaffolds and 3
controls, and was intended for a shortterm follow-up of 7 days.

2.10.2. INVIVO MRI

MRI analysis was performed on days 1 and 7 with a Bruker Biospec 70/20 system operating at 7 T,
under isoflurane (0.5% 1 L/min 02) anesthesia, with the monitoring of respiratory parameters. T2-
weighted images were acquired with a multispin echo sequence [FOV =35 x 35 mm, 7 axial 0.8 mm
slices (gap =0.3 mm), matrix 256 x 256, TR=2s,25 TE = 8, 16, 24... 200 ms, one average]. The volume
of the scaffolds was measured by manually drawing the region of interest on the generated T2 maps.

2.10.3. STATISTICAL ANALYSIS

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

3.1. CHARACTERIZATION OF PROTEIN-LOADED NANOPARTICLES

Nanoparticles (NPs) were produced from PLGA and PEG-PLGA using a phase separation process to
encapsulate the protein of interest. The synthesized NPs were mostly spherical (Figure 1) and
uniformin size, as indicated by the low PDI values of the NP formulations (Table 1), regardless of the
type of protein encapsulated. The slightly negative zeta-potential values can be explained by the
presence of the hydrophilic PEG layer on the surface of the NPs that shields the negatively charged
carboxyl groups carried by the hydrophobic PLGA forming the NP core (Haji Mansor et al., 2018). The
NPs were also highly efficient in encapsulating lysozyme and SDF-1a (Table 1).

Figure 1. Scanning electron microscopy of (A) lysozyme-loaded and (B) SDF-1a-loaded nanopatrticles.

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

Encapsulated Average size Average Average 7P Encapsulation efficiency
protein (nm)? PDI2 (mV)P (%)
Lysozyme 244+11 0.14+0.01 -41£0.7 9615
SDF-1a 23818 0.12+0.01 -35106 8715

2 Purified nanoparticle dispersion was diluted to 100 pg/mL in deionized water prior to measurement.

® purified nanoparticle dispersion was diluted to 100 ug/mL in 0.01 M NaCl solution, and the pH was adjusted
to pH 7 prior to measurement.
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3.2. CHARACTERIZATION OF NANOPARTICLE-CONTAINING NANOFIBROUS
SCAFFOLDS

3.2.1. CO-ELECTROSPINNING OF CHITOSAN AND PROTEIN-LOADED NANOPARTICLES

The electrospinning process produced flat scaffolds of approximately 40 um thick after 165 min
(Figure 2A). The presence of NPs in the scaffolds was initially confirmed using ATR-FTIR
spectroscopy. ATR-FTIR spectra of scaffolds loaded with different concentrations of NPs revealed
the presence of a peak at 1758 cm™ (Figure 2B), which is characteristic of the ester bonds present in
the PLGA component of the NP. In addition, as the NP load in the scaffolds was increased, the height
of this peak increased proportionately (Figure 2B).

To gain an insight into the effect of different NP loads on the morphology of the electrospun
nanofibers, SEM and TEM images of the scaffolds were recorded. SEM images revealed the presence
of the NPs within the nanofibers as “bulges” that were visible along their lengths (Figure 2C), and
these features became increasingly apparent as the NP load was increased from 4.0% w/w (5 mg of
NPs) to 14.2% w/w (20 mg of NPs). Further observation using TEM confirmed the presence of
spherical NPs within these “bulges” (Figure 2D). Interestingly, at the highest NP load tested (14.2%
w/w), the nanofibers were found to be thinner (Table 2) and cut at random points (Figure 2 C&D, 20
mg NPs). Therefore, the maximum load of protein-loaded NPs in the nanofibrous scaffolds for
further experiments was limited to 7.6% w/w (10 mg NPs per 121 mg chitosan-PEO mixture) to
preserve good co-electrospinnability.

Figure 2. Characterization of nanofibrous scaffolds. (A) An example of nanofibrous scaffolds produced
from the electrospinning process. The scale placed on the left displayed length in centimeters. (B) ATR-
FTIR spectra of nanofibrous scaffolds with different nanoparticle loads. For each spectrum, the
absorbance values were normalized to their corresponding highest absorbance value, which was
recorded at 1557 cm™, to permit height comparison of the peak at 1758 cm™. (C) SEM and (D) TEM
micrographs of nanofibrous scaffolds with different nanoparticle loads.
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Table 2. Fiber diameter of nanofibrous scaffolds with different nanoparticle loads.

Nanoparticle Fiber diameter before stabilization Fiber diameter after stabilization
load (nm)* (nm)?
Omg 249149 263142
smg (4.0% wiw) 244+52 -
10mg (7.6% wjw) 25146 26145
20mg (14.0% w/ 150+43 -
w)

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

3.2.2. STABILIZATION OF NANOPARTICLE-CONTAINING NANOFIBROUS SCAFFOLDS

To reduce the solubility of the developed electrospun scaffolds, a stabilization step was
implemented. The changes in the composition of the NP-containing nanofibrous scaffolds after the
stabilization step were investigated using ATR-FTIR spectroscopy (Figure 3A). The procedure
successfully deprotonated the chitosan amino groups as evidenced by the appearance of a peak at
1592 cm, which correlated to the N-H stretching of the NH2 groups. The neutralization of the
chitosan amino groups was accompanied by the disappearance of the peaks at 1557 and 1406 cm™
originating from the asymmetric and symmetric stretching of the carboxylate component of acetate
ions. In addition, the neutralization procedure increased the visibility of several chitosan
characteristic peaks that were partially masked by the presence of the acetate ions. These include
the trio of peaks at 1420, 1377 and 1322 cm-1 that represented CH, bending, CH; deformation and
CH bending/CH, wagging respectively (Dong et al., 2001; Noriega and Subramanian, 2011). However,
the peak at 1758 cm™ that is characteristic of an ester bond as mentioned earlier remained visible
after the stabilization procedure, suggesting that the PLGA/PEG-PLGA NPs were not significantly
degraded by the 0.1 M NaOH neutralizing solution.

Using SEM, some degree of swelling can be observed in the stabilized nanofibers; however, the
scaffold retained its overall nanofibrous morphology (Figure 3B).
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Figure 3. Scaffold stabilization. (A) ATR-FTIR spectra of a nanofibrous scaffold containing 10 mg NP
load (7.6% w/w) before and after stabilization. (B) SEM micrograph of the stabilized NP-containing
nanofibrous scaffold.
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3.3. IN VITRO PROTEIN RELEASE STUDY

3.3.1. INVITRO LYSOZYME RELEASE

The release of lysozyme from (i) the lysozyme-loaded NPs, (ii) the nanofibrous scaffold loaded with
unencapsulated lysozyme molecules and (iii) the lysozyme-loaded NPs incorporated into a
nanofibrous scaffold is shown in Figure 4A. Consistent with our previous finding (Haji Mansor et al.,
2018), a steep initial release curve that plateaued after 3 days was obtained in the first case (Figure
4A, black line). A similar release profile was also observed in the second case, indicating that a direct
dispersion of lysozyme molecules within the nanofibrous scaffold did not prevent the huge initial
burst release (Figure 4A, blue line). After only 6 h, 39% of the bioactive unencapsulated lysozyme
load was released. Then, the release tailed off drastically between 6 and 120 h and became negligible
thereafter. Interestingly, in the third case, a more sustained release profile was observed (Figure 4A,
red line). The scaffold prepared with lysozyme-loaded NPs released only 11% of its bioactive
encapsulated lysozyme load after 6 h. This was followed by a gradual release that persisted up to
day 35, the last time point of evaluation.

Figure 4. In vitro protein release study and evaluation of SDF-1a bioactivity. (A) Cumulative release of
lysozyme with respect to the amount of bioactive lysozyme retrievable from each sample (as quantified
using the turbidity reduction assay). (B) Cumulative release of SDF-1a with respect to the amount of
SDF-1a retrievable from each sample (as quantified using ELISA). (C) The distance of migration of
CXCR4-expressing U87-MG cells induced by the SDF-la-free medium (Blank), and medium
supplemented with 40 ng/mL SDF-1a (native SDF-1a or those extracted just after electrospinning or
released from nanofibrous scaffolds carrying either unencapsulated SDF-1a molecules (SDF-1a-NF) or
SDF-1a-loaded nanoparticles (SDF-1a-NP-NF)). Statistical analysis was conducted to detect any
significant difference (P < 0.05) between the multiple data groups; **** indicates P < 0.0001. (D)



Published in : International Journal of Pharmaceutics (2021), vol. 610, 121205

DOI: https://doi.org/10.1016/j.ijpharm.2021.121205 q ’ L I EG E

Status : Postprint (Author’s version) universiteé

Representative images of CXCR4-expressing U87-MG cell-loaded agarose drops after 72-h incubation
with SDF-1a-free medium (top left) or medium containing 40 ng/mL native SDF-1a (top right) or SDF-1a
extracted after electrospinning (bottom left)/released (bottom right) from the nanofibrous scaffold
containing SDF-1a-loaded NPs (day 20).
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3.3.2. INVITRO SDF-1a RELEASE

SDF-1a release profiles were very similar to those observed with the model molecule lysozyme. The
SDF-1a-loaded NPs and the nanofibrous scaffold loaded with unencapsulated SDF-1a (Figure 4B,
black and blue lines, respectively) released most of their load steeply during the first three days of
incubation and then leveled off with a negligible release after 5 days. In contrast, the nanofibrous
scaffolds containing SDF-1a-loaded NPs provided a sustained release up to the last time point of
evaluation, day 35 (Figure 4B, red line).

Having proved that a sustained release of the protein of interest was achieved, we then evaluated
the biological activity of the released SDF-1a molecules using the agarose drop assay that we
present next.

3.4. EVALUATION OF THE BIOLOGICAL ACTIVITY OF ELECTROSPUN AND
RELEASED PROTEIN MOLECULES

In order to differentiate the effect of the scaffold fabrication process that involves high voltage
conditions and the possible protein denaturation during the incubation times in the protein release
studies, the biological activity of the model protein lysozyme and of SDF-1a both extracted just after
the electrospinning step was assessed concomitant with the SDF-1a molecules obtained from the
release studies from nanofibrous scaffolds carrying either i) unencapsulated SDF-1a molecules or ii)
SDF-1a-loaded NPs.

3.4.1. EFFECT OF ELECTROSPINNING ON THE BIOLOGICAL ACTIVITY OF PROTEIN
MOLECULES

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

To investigate whether SDF-1a was also susceptible to electrospinning-induced denaturation,
nanofibrous scaffolds containing either unencapsulated SDF-1a molecules or SDF-1a-loaded NPs
were prepared. Using ELISA, there was no difference in the percentage recovery of SDF-1a from both
types of scaffolds (94 + 5% and 92 + 4% from scaffolds loaded with unencapsulated SDF-1a
molecules and those containing SDF-1a-loaded NPs, respectively). When the biological activity of
the recovered SDF-1a molecules were assessed using the agarose drop migration assay, the distance
of migration of CXCR4-expressing U87-MG cells induced by the SDF-la molecules that were
electrospun unencapsulated was similar to that induced by their encapsulated counterpart (Figure
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4C&D). In addition, no statistical difference was found as compared to the control drops incubated
with native SDF-1a. These results suggest that SDF-1a was more resistant to electrospinning-
induced denaturation than lysozyme.

3.4.2. EVALUATION OF THE BIOLOGICAL ACTIVITY OF THE RELEASED SDF-1a

The bioactivity of the SDF-1a molecules released from the nano-fibrous scaffolds was also assessed
using the agarose drop migration assay. Release samples on day 4 from the nanofibrous scaffold
loaded with unencapsulated SDF-1a molecules and on day 20 from the nanofibrous scaffold
containing SDF-1a-loaded NPs were tested. These time points were chosen because the decrease in
the release rate and the periodic refreshment of the release medium caused the amount of SDF-1a
collected after these time points to be insufficient to achieve the optimal working concentration for
the migration assay. SDF-1a molecules released from both scaffolds induced similar radial distances
of CXCR4-expressing U87-MG cell migration compared to their pristine counterpart, and on average,
a 1.8-fold increase in the radial cell migration distance relative to the negative control (Figure 4C&D).
This increase in radial distance corresponds to approximately (R,/R:)? = 1.8 = 3.24-fold increase in
the area of cell migration compared to control drops, assuming circular areas. These results suggest
that the biological activity of SDF-1a molecules was retained during the release process regardless
of whether they were encapsulated into NPs or not.

3.5. SCAFFOLD DEGRADATION STUDY

The degradation of the nanofibrous scaffolds was assessed by monitoring the loss of scaffold mass
throughout incubation in a buffer solution supplemented with chitosan-degrading lysozyme. The
degradation profiles were similar regardless of whether the scaffolds were loaded with blank NPs or
not (Figure 5A, red and blue lines, respectively). Despite losing over 10% of their original mass after
5 weeks of incubation (Figure 5A), the scaffolds retained their nanofibrous structure as observed
under SEM (Figure 5B).

Figure 5. Degradability of scaffolds. (A) Percentage of original scaffold mass degraded with time of
incubation in 0.05 M Tris-HCI buffer solution (pH 7.4) supplemented with 20 ugmL lysozyme for the
unloaded nanofibrous scaffolds (NF) and those loaded with 10 mg blank nanoparticles (Blank NP + NF).
(B) SEM images of the unloaded nanofibrous scaffold (left) and the one loaded with 10 mg blank NP
(right) after 5 weeks of incubation.
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3.6. INVITRO CYTOCOMPATIBILITY AND CELL ADHESION STUDY

In order to evaluate the cytocompatibility of the nanofibrous scaffolds NIH3T3 mouse fibroblast cells
were incubated with conditioned medium that contained leached products from nanofibrous
scaffolds loaded with blank NPs or not, released after a 24-h incubation period. Results show that
after a 24-h treatment of NIH3T3 cells with this conditioned medium, no cytotoxicity was observed
(Figure 6A), indicating that the leached compounds from both scaffold types were well-tolerated, in
the short term, by the NIH3T3 cells.

To further extend the evaluation of the scaffold cytocompatibility, different cell lines comprising
NIH3T3 mouse fibroblasts, Thp-1 macrophages, and primary astrocytes were directly incubated with
scaffold circular punches of 10 and 14 mm in diameter; the latter corresponding to the double area
of the former. Regardless of the surface area, both types of nanofibrous scaffolds, loaded with blank
NPs or not, presented a light effect on the viability of cells in the short 24-h incubation time. This
effect on viability was decreasing on average as follows: NIH3T3 mouse fibroblasts (83%) < Thp-1
macrophages (89%) < primary astrocytes (97%), for the nanofibers alone (NF, Figure 6B, 24 h); and,
in the same cell order, 89% = 89% < 99%, for the nanofibers loaded with blank NPs (Blank NP + NF,
Figure 6B, 24 h).

A similar trend was observed for the longer 72-h incubation period with results showing an average
viability as follows: NIH3T3 mouse fibroblasts (74%) < Thp-1 macrophages (84%) < primary
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astrocytes (100%), for the nanofibers alone (NF, Figure 6B, 72 h); and, in the same cell order, 77% <
84% < 100%, for the nanofibers loaded with blank NPs (Blank NP + NF, Figure 6B, 72 h).

Finally, we evaluated the adhesion capacity of U87-MG cells on the nanofibrous scaffolds by
depositing cells on top of scaffold sections for 4 h, followed by rinsing with PBS and incubation with
routine culture medium for 24 h. Results showed that an average of 57 % of the cells adhered to both
types of scaffolds, unloaded and NP loaded, relative to the control wells containing cells that
adhered to the cell culture plastic surface (Figure 6C). Interestingly, the cells that attached to the
scaffolds developed and extended their pseudopodia as observed in the SEM images in Figure 6D.

Figure 6. In vitro Cytocompatibility and cell adhesion capacity of scaffolds. (A) Indirect cytotoxicity: %
viability of NIH3T3 cells treated for 24 h with conditioned medium containing leachables resulting from
incubation with either unloaded nanofibrous scaffolds (NF) or those loaded with 10 mg blank
nanoparticles (Blank NP + NF) normalized to the viability of cells treated with fresh medium (control).
(B) Direct induced cytotoxicity: % viability of three different cell types including NIH3T3 mouse
fibroblasts, Thp-1 macrophages and primary astrocytes that were cultivated in direct contact with
scaffolds. Cells were incubated with either 79 or 154 mm? circular sections of unloaded nanofibrous
scaffolds (NF) or those loaded with 10 mg blank nanoparticles (Blank NP + NF) for either 24 h or 72 h. %
viability is relative to the control wells. (C) Absorbance at 450 nm proportional to the number of U87-
MG cells attached to the control surface of the cell culture plate (CCP), NF and Blank NP + NF. Statistical
analysis was conducted to detect any significant difference (P < 0.05) between the multiple data
groups. *indicates P < 0.05. (D) SEM images showing the morphology of US7-MG cells attached to the
surface of NF (left) and Blank NP + NF (right).
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3.7. INVIVO STUDY

In order to assess the biocompatibility of the blank-NP-loaded nanofibrous scaffolds in vivo, they
were implanted as compacted rolls in the brain of healthy Fischer rats as described in section 2.10.1
and Figure 7. All animals, those carrying implants and controls bearing only the resection cavities,
did not show any signs of distress, just after recovering from the surgery, and afterwards, during the
course of the 7-day study. In addition, by assessing the implant volume by IRM at 1 day and 7 days
after implantation no difference was observed in the calculated figures (Figure 7D). These results
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suggest an excellent biocompatibility and low degradation of scaffolds during the first week of

treatment.

Figure 7. In vivo biocompatibility study. Nanofibrous scaffolds were rolled (A) and cut into compact
cylinders of approximately 2 mm of height and 2 mm of diameter (B). Those rolled sections were then
implanted in the resection cavity of healthy Fischer rats. The implanted scaffolds (C) were monitored
by IRM 1 day and 7 days after implantation (only a representative MRI slice is shown). (D) Changes in
the scaffold volume against the duration of implantation. The dotted line indicates the calculated dry
volume of the scaffolds (6.3 mm?>). Paired t-test revealed no significant difference between the mean

scaffold volume at day 1 and day 7 (p = 0.10).

A B

O
O

2mm
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4. Discussion

Chemokines such as SDF-1a can mobilize cancer cells from their respective primary tumor locations
towards proximal or distant colonizable sites by making them migrate up the chemokine
concentration gradient (Carmo et al., 2010; Katsura et al., 2018; Kim et al., 2006; Roccaro et al., 2014;
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Zagzag et al., 2008). The implantation of SDF-1a-secreting scaffolds therefore opens the possibility
of trapping these cells for subsequent selective killing procedures. This approach is highly relevant
for treating cancers capable of metastasis, as the SDF-1a-secreting scaffolds may divert the cancer
cells away from their conventional metastatic niches and disrupt the natural cancer progression.

More importantly, for cancers with high rates of local relapse due to an incomplete primary tumor
removal such as glioblastoma, the trapping strategy could be used to eradicate the residual cancer
cells and therefore prevent tumor recurrence. Recently, it was reported that a chemoattractant-
loaded membrane could attract glioblastoma cells in vitro, despite the presence of several
limitations that might have impaired the trapping capacity of the device, including short duration of
chemoattractant release (Autier et al., 2018). In the present work, we developed scaffolds capable
of providing sustained release of SDF-1a in its bioactive form with excellent cytocompatibility and
capacity to interact with human glioblastoma cells, which are intended for future implantation into
the tumor resection cavity in the brain.

To achieve sustained SDF-la release, the chemokine was encapsulated into biodegradable
PLGA/PEG-PLGA nanoparticles (NPs), which were subsequently incorporated into nanofibrous
scaffolds by electrospinning. Regarding the first step, the straightforward phase separation
technique employed in this study yielded particles of mostly uniform shape and size that favored
their incorporation into the nanofibrous scaffolds. For the subsequent electrospinning process,
chitosan was the material of choice for synthesizing the nanofibrous scaffolds due to its unique
physicochemical properties. As it is a weakly-basic polysaccharide, chitosan is insoluble in aqueous
solutions of physiological pH. However, in dilute acid solutions such as 1 M acetic acid, the amino
groups of chitosan are protonated, making the chitosan macromolecules soluble and thus feasible
for electrospinning (Croisier and Jerome, 2013; Rinaudo et al., 1999). In addition, the positively
charged amino groups may have facilitated the interaction between the chitosan molecules and the
negatively-charged SDF-la-loaded NPs to ensure a successful co-electrospinning process.
Nevertheless, the use of chitosan alone would not have permitted the generation of defect-free
nanofibers under mild conditions (Dilamian et al., 2013; Geng et al., 2005; Kriegel et al., 2009; Ziani
etal., 2011). Studies have shown that the strong electrostatic repulsion between positively-charged
chitosan molecules prevents sufficient chain entanglement that is necessary for nanofiber
formation (Min et al., 2004). Therefore, a small amount of high molecular weight PEO was added to
the chitosan solution to promote chain entanglement by virtue of the formation of hydrogen bonds
between the ether oxygen of PEO and the amino hydrogen of chitosan (Pakravan et al., 2011).

Up to a NP load of 10 mg (7.6% w/w), uniform nanofibers can be obtained at room temperature in
the presence of PEO at a concentration of approximately 8.8% of the total PEO/chitosan mass in the
electrospinning mixture (Figure 2). The requirement for such a low concentration of the biologically-
inert PEO ensures that the electrospun scaffolds were predominantly characterized by the useful
biological properties of chitosan, including excellent cancer cell adhesion (Dhiman et al., 2004) and
slow biodegradation (Cunha-Reis et al., 2007), which was subsequently proven in our in vitro and in
vivo studies. However, when the NP load was increased to 20 mg, beaded nanofibers of smaller
diameter were produced (Figure 2 & Table 2). It was likely that the large number of negatively-
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charged NPs interacting with the positively-charged chitosan molecules reduced the hydrogen bond
interactions and chain entanglement between the chitosan and PEO molecules, leading to the
formation of thin fibers with beaded morphology as reported in the literature (Kriegel et al., 2009).
Despite this, we have shown that our electrospinning setup can ensure uniform incorporation of up
to 10 mg of NPs into a nanofibrous scaffold made of 110 mg of chitosan and 11 mg of PEO. As long
as this NP loading limit is not exceeded, the developed method can also produce uniform nanofibers
capable of providing a robust anchoring platform that is suitable for the adhesion of glioblastoma
cells.

After neutralizing the charged amino groups in the nanofibrous scaffolds to improve their stability
in physiological media, we observed that scaffolds containing SDF-1a-loaded NPs can sustain the
release of SDF-1a for a longer duration than SDF-1a-loaded NPs alone and scaffolds containing
unencapsulated SDF-1a molecules (Figure 4B). This may be explained by a two-stepped process
involved in the release of SDF-1a from the scaffolds containing SDF-la-loaded NPs. SDF-la
molecules will have to first diffuse out of the NPs into the nanofibers before they could be released
into the surrounding medium. The first stage of the diffusion process is likely to be rate-limiting as
the positively-charged SDF-1a molecules will have to overcome their electrostatic interactions with
the negatively-charged carboxyl groups of PLGA in the NPs (Balmert et al., 2015). These interactions
can be disrupted by cations such as Na* (Pakulska et al., 2016) that were present at a physiologically-
relevant concentration in the release medium on the condition that they first have to diffuse through
the nanofiber to make contact with the NPs. Based on this assumption, it was not expected that SDF-
la release could be observed immediately after incubation in the release medium. A potential
explanation for this observation is that some large NPs that were not completely embedded in the
nanofibers, as visualized under SEM and TEM, were releasing part of their SDF-1a load immediately
upon direct contact with the release medium. This stage of minimal burst release was then followed
by the two-staged diffusion of SDF-1a from the NPs that were better embedded in the nanofibers as
discussed above, contributing to gradual SDF-1a release.

As described earlier, the electrospinning step involves the use of high voltage to generate
nanofibers. Astrongelectric field is needed to induce a repulsive force between the charged particles
in a polymer solution to overcome the surface tension of the liquid that is necessary for the Taylor
cone formation and subsequent fiber deposition on the collector plate (Ramakrishna et al., 2006).
This harsh processing condition presents a significant barrier to the incorporation of protein
molecules into electrospun scaffolds. Indeed, using lysozyme as a model protein, we observed that
high voltage can denature more than 40% of the protein molecules that were electrospun directly
without any prior encapsulation step. In contrast, the electrospinning process inflicted negligible
loss of biological activity on lysozyme molecules that were pre-encapsulated into NPs. The
protective effect of protein encapsulation may be explained by the immobilization of the protein
molecules within the polymeric matrix of the NPs. In an electric field, dipole moments arising from
individual domains within a protein molecule will be forced to align themselves along the applied
field (Martin et al., 2018; Ojeda-May and Garcia, 2010; Ripoll et al., 2005). The movement of the
polarized domains can alter the overall protein structure that may result in a loss of biological
activity (Toschi et al., 2009; Wang et al., 2014; Zhao and Yang, 2009), particularly for enzymes such as
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lysozyme with a sensitive substrate binding site (Bekard and Dunstan, 2013; Zhao and Yang, 2010).
Differently, encapsulated lysozyme molecules have limited conformational mobility due to their
steric and electrostatic interactions with the polymeric constituents of the NP, preventing them from
undergoing structural changes that can compromise their enzymatic activity. However, we also
observed that SDF-1a retained its biological activity after the electrospinning process regardless of
whether it was encapsulated or not. Although it was not possible to accurately quantify the
proportion of bioactive SDF-1a due to the semi-quantitative nature of the agarose drop migration
assay, it is probable that SDF-1a is more resistant to electrospinning-induced denaturation than
lysozyme. This could be due to the difference in the secondary structure of these two proteins. Based
ontheinformation from Protein Data Bank (PDB 1DPX; PDB 2KEE), lysozyme possesses seven helices
as opposed to two of SDF-1a. Helical domains are characterized by large net dipole moments due to
their unidirectionally-aligned peptide dipoles (Hol, 1985; Wada, 1976), making them very reactive to
an external electric field. In fact, lysozyme has been reported to unfold irreversibly upon exposure
to an electric field of a strength as low as 300 V m™ (Bekard and Dunstan, 2013). Considering the
much stronger electric field applied in this study, it is plausible that lysozyme unfolded more
extensively than SDF-1a when these proteins were electrospun non encapsulated.

Having proved that the protein of interest remained active just after the electrospinning process, we
evaluated the bioactivity of SDF-1a after releasing into a medium resembling physiological
characteristic, using an agarose drop assay. As stated before, the evaluated media corresponded to
samples collected at day 4 and day 20 for the unencapsulated-SDF-1a-loaded scaffolds and the SDF-
la-loaded NP-containing scaffolds, respectively. After those points, SDF-1a was too diluted to
obtain adequate working concentrations of the chemoattractant as the media was refreshed
periodically at the defined time points. Interestingly, in spite of 20 days of incubation at 37 °C for the
scaffolds containing SDF-la-loaded NPs, the chemoattractant capacity of SDF-la remained
unaltered as observed over the effect on the cell-migrated radial distances and areas (1.8-fold and
3.24-fold increase, respectively) relative to controls without chemoattractant (Figure 4C&D). Based
on these observations, the sustained release profile during the studied 5-week SDF-1a release
period, together with the maintenance of the bioactivity of the released SDF-1q, are likely to provide
a longer time window for glioblastoma cell trapping compared to the 2-day protein release duration
achieved with the chemoattractant-loadable membranes developed by Autier and colleagues for a
similar purpose (Autier et al., 2018).

To study the degradation of the nanofibrous scaffolds, lysozyme was the enzyme of choice as
chitosan is hydrolyzed in vivo mainly via the action of this enzyme (Varum et al., 1997). However,
despite the exposure to lysozyme at a concentration comparable to the cerebrospinal fluid lysozyme
levels of 1-14 pugimL (Constantopoulos et al., 1976; Newman et al., 1974), the nanofibrous scaffolds
remained mostly intact at the end of the degradation study (Figure 5). The slow degradation rate can
be explained by the high degree of deacetylation (~80%) of the chitosan used to prepare the
scaffolds. As lysozyme degrades chitosan by targeting its acetylated residues (Sashiwa et al., 1990),
the degradation rate generally decreases with an increasing degree of chitosan deace-tylation
(Freier et al., 2005; Ren et al., 2005). This slow degradation rate was also confirmed in the 7-day in
vivo study, where the scaffolds volumes as assessed by MRI remained equal after 1 day and 7 days
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postimplantation. It is expected that the high stability of the scaffolds will be beneficial for holding
the SDF-la-loaded NPs in place during the gradual SDF-la release process to permit the
establishment of a local SDF-1a concentration gradient that is necessary for the chemotactic
attraction of glioblastoma cells.

In addition, the scaffolds’ nanofibrous feature was observed to be unaffected by their slow
degradation rates (Figure 5B). It has been reported that surface structure significantly influences the
extent of cell adhesion, and scaffolds with three-dimensional nanofibrous topography retain cancer
cells to a greater degree than two-dimensional flat films (Du et al., 2011). As such, the robust
nanofibrous structure suggests that our scaffolds can provide a cell-anchoring platform to retain the
attracted glioblastoma cells until the subsequent killing step.

In our cell adhesion assay, U87-MG cells could spread well on the scaffold surface by extending their
pseudopodia to maximize cellscaffold interactions (Figure 6C&D). However, there was minimal cell
infiltration into the scaffolds due to the compact arrangement of the nanofibers. This dense
structure resulted from the deposition of nanofibers over an aluminum sheet used as collectorin the
electrospinning process. This aspect may limit the GBM cell trapping capacity of the used
electrospun scaffolds as cell migration requires matrix remodeling in pores of <7 um? in size (Wolf
etal.,2013). Indeed, cancer cells including gliomas (Hagemann et al., 2012) or other cell types within
the tumor microenvironment (Kessenbrock et al., 2010) often express high levels of matrix
metalloproteinases to digest ECM components such as collagen, fibronectin and laminin to facilitate
their invasion into surrounding healthy tissues. Considering that chitosan is not a native constituent
of the ECM, it is unlikely that cancer cells such as those of GBM can enzymatically degrade chitosan-
based scaffolds to infiltrate these constructs. In spite of this, our results suggest strong adhesion of
cells as they remained attached on the scaffolds following 3 PBS washes after only 4 h passed from
cell seeding. Should it become necessary to increase cell infiltration into the scaffolds to ameliorate
their cell trapping capacity, the electrospinning technique can be improved to decrease the fiber
density, by using for example custom-made collectors (Blakeney et al., 2011) and/or post-
electrospinning treatments (Lee et al., 2005; Wu and Hong, 2016).

Finally, we evaluated the cytocompatibility of the scaffolds in vitro and in vivo. The implemented
direct contact method provides a more realistic in vitro scenario. For that case, regardless of the
surface area, both types of nanofibrous scaffolds (with and without blank NPs) were not highly toxic
on any of the three cell lines tested (Figure 6B). This result was not surprising considering the well-
reported biocompatibility of chitosan-based constructs (Mayerberger et al., 2018; Saravanan et al.,
2018; Toullec et al., 2021; Tyliszczak et al., 2017; Wang et al., 2018). At the 24-h limit, the lowest
percentage viability recorded was 80% and this value decreased to 68% at the 72-h limit. These
figures were recorded when the larger-sized (154 mm2) NP-free scaffolds were put into contact with
NIH3T3 fibroblasts, which are known to be highly sensitive to chemical-induced toxicities (Xia et al.,
2008). It is worth mentioning that among the three cell lines tested, the brain-resident primary
astrocytes appeared to be the most resistant against any toxic effects of the scaffolds, with an
average percentage viability of 99%. This observation provides early evidence for the safe use of the
nanofibrous scaffolds in the brain.
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Furthermore, slow-degrading chitosan scaffolds have also been reported to be more biocompatible
than their fast-degrading counterparts due to the slower production of pro-inflammatory
degradation products (Tomihata and lkada, 1997). Therefore, the developed slow-degrading
nanofiber scaffolds, coupled with the absence of cytotoxic leached compounds from the scaffolds
observed in our cytocompatibility study (Figure 6A), may help to diminish the risk of an unfavorable
immune or toxicological response during the several weeks of implantation period that will be
necessary for maximizing the trapping of glioblastoma cells.

Lastly, we evaluated the biocompatibility of nanofibrous scaffolds in vivo. Flat electrospun chitosan
scaffolds were rolled into cylinders before being implanted into the brain cortex. This approach
increased the surface area for cell contact as cells may access the interior of the scaffolds by
migrating from either the top or bottom of the construct. The absence of adverse effects on
implanted rats during the 7-day evaluation period together with the slow biodegradability of
scaffolds, encourage their use for their long-term evaluation. Overall, based on our results, the
developed scaffolds may support prolonged duration of GBM cell trapping by acting as a stable
reservoir for gradual SDF-1a release as well as by serving as a durable matrix to retain the recruited
cells. The latter contribution is especially important as premature scaffold degradation may increase
the risk of GBM cells being released back into the brain after their recruitment, which reduces the
purpose of the scaffold to merely a “relay site”, instead of a trap, for the GBM cells.

5. Conclusion

This study reports on the successful development of a novel chitosan-based nanofibrous scaffolds
containing SDF-1a-loaded PLGA-based NPs to achieve sustained release of SDF-1a while keeping
stable for at least 5 weeks in vitro. The scaffolds were also stable for at least 1 week in vivo. The
usability of such a composite polymeric vehicle for local delivery of protein molecules of similar
physicochemical characteristics to SDF-1a should be explored. More importantly, as the scaffolds
demonstrated excellent in vitro and in vivo cytocompatibility and capacity to support the adhesion
of glioblastoma cells in vitro, it is justifiable to proceed to the in vivo assessment of their
bioperformace as a tumor cell trap for residual glioblastoma cells.
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