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ABSTRACT

This work aims to design biocompatible aerogel sponges that can host and control the release of
stromal cell-derived factor-1a (SDF-1a or CXCL12), a key protein for applications ranging from
regenerative medicine to cancer therapy (notably for neural tissues). Miscibility of silk fibroin (SF)
and hyaluronic acid (HA) was investigated by means of fluorescence and scanning electron
microscopy to identify processing conditions. Series of freeze-dried sponges were prepared by
associating and cross-linking within the same 3D structure, HA, SF, poly-L-lysine (PLL) and heparin
(hep). Aerogel sponges presented high swelling degree and porosity ([B0%), adequate mean pore
diameter (ca. 60 um) and connectivity for welcoming cells, and a soft texture close to that of the
brain (6-13 kPa Young’s Modulus). Addition of SF yielded sponges with slower biodegradation. SF-HA
and SF-HA-hep sponges retained 75% and 93% of the SDF-1a respectively after 7 days and were

found to be cytocompatible in vitro.

Keywords: Brain biomimicry; SDF-1a controlled release; porous scaffold; aerogel sponges; silk fibroin.



30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

1. Introduction

Efficient three-dimensional (3D) scaffolds serving as cell supports and tissue bridges demand
composition and properties tailored to each specific target tissue and purpose. In the case of neural
tissue, brain mimicking may help improving scaffolds for not only regenerative purposes (Boni, Ali,
Shavandi, & Clarkson, 2018; Dehgan Niri, Karimi Zarchi, Ghadiri Harati, Salimi, & Mujokoro, 2019;
Orive, Anitua, Pedraz, & Emerich, 2009) but also for localized treatments, such as brain cancer
management through environmental traps that control the progression of the disease (Haji Mansor
et al., 2018; Najberg, Haji Mansor, Boury, Alvarez-Lorenzo, & Garcion, 2019). Brain damage might
cause cognitive, behavioral and physical disabilities. Depending on the cause, treatments exist to
control the damages or slow down the deterioration of the brain. Unfortunately, there is none
reconstructive intervention available and the central nervous system (CNS) has limited capacity to
spontaneously regenerate. It is therefore necessary to develop innovative strategies to promote
tissue repair. One strategy consists in the incorporation to a scaffold of molecules that can attract
and support integration of endogenous neural progenitor/stem-cells (NPSCs) to the site of
implantation. SDF-10a, also known as CXCL12, is a chemokine that has been pointed out as a potent
candidate to improve outcomes in brain injuries due to its well-described involvement in NPSCs
homing (Christie & Turnley, 2013; Imitola et al., 2004). However SDF-1a bolus administration in the
brain leads to poor results in the long term because of its rapid clearance (Dutta et al., 2017).
Encapsulating this chemokine in nanoparticles or immobilizing it in scaffolds may prevent premature
degradation and may provide sustained release for NPSCs attraction (Addington et al., 2015; Dutta,
Fauer, Mulleneux, & Stabenfeldt, 2015; Jian et al., 2018). SDF-1a has also been shown to accelerate
the healing in a variety of other tissues, but prolonged levels of this chemokine are not easy to

provide (Hu et al., 2018; Lau & Wang, 2011; Rabbany et al., 2010; Zhao, Jin, Li, Qiu, & Li, 2017).

The 3D scaffold itself should be adequately designed in terms of architecture and physicochemical
properties. The brain is made up of 80% water and has a Young’s modulus of less than 1 kPa (De
Souza & Dobbing, 1971; Engler, Sen, Sweeney, & Discher, 2006; Nava, Raimondi, & Pietrabissa,
2012). Aerogel sponges that can transform into soft hydrogels once hydrated are good candidates to
mimic these features; indeed, hydrogel-like bioscaffolds have been pointed out as ideal ones for
brain regeneration (Modo, 2019). The scaffold should be designed 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 for cell survival and growth. Pore sizes between 20 and 160 um have been identified
as adequate for cell growth and colonization (Mahumane, Kumar, Du Toit, Choonara, & Pillay, 2018).
In this context, freeze-dried sponges are promising scaffolds for soft tissue regeneration including the

neural one as they can mimic soft tissues peculiarities (Fiihrmann, Obermeyer, Tator, & Shoichet,
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2015; Haring et al., 2019; Seyedhassantehrani, Li, & Yao, 2016). Specifically, compared to more
compact sponges, aerogel-based nanostructured sponges are characterized by their lightweight and
interconnected open porosity, with a texture particularly suitable for cell attachment (Garcia-

Gonzalez et al., 2019).

HA is one of the main constituents of the brain extracellular matrix (ECM) (Rouslahti, 1996). It is
known to enhance cell mobility and invasion by interacting with the CD44 receptor (Bellail, Hunter,
Brat, Tan, & Van Meir, 2004). The main concern with HA as a scaffold is its quick degradation in vivo.
Differently, SF from the silk worm Bombyx mori is known for its biocompatibility, relatively slow
degradability and versatile processing abilities (Mobini et al., 2016; Thurber, Omenetto, & Kaplan,
2015; Vepari & Kaplan, 2012). Based on its unique mechanical properties that feature good strength
and elasticity, it is possible to produce hydrogels, sponges, films and nanofibers via several organic
solvent-free processes (Rockwood et al., 2011). Relevantly, SF has shown low immunogenicity and
excellent compatibility with brain, promoting reparative mechanisms (Gonzdlez-Nieto, Fernandez-
Garcia, Pérez-Rigueiro, Guinea, & Panetsos, 2018; Martin-Martin et al., 2019). Like HA, heparin (hep)
is another component of the ECM present in the brain. Due to its strong capacity to bind
chemokines, the incorporation of this molecule in a scaffold has been shown to facilitate the loading

of SDF-1a (Krieger et al., 2016; Prokoph et al., 2012).

The present work relies on the hypothesis of that suitable combinations of HA, SF and hep may
render 3D aerogel scaffolds with synergic features in terms cell infiltration (HA), textural and
mechanical properties (SF) and control of SDF-1a uptake and release (hep) avoiding premature
clearance. The aim is to obtain mid-term stable scaffolds that can attract cells through the creation of
a SDF-1a gradient. To carry out the work, miscibility of HA with SF was first evaluated under different
processing conditions due to the reported phase-separation problems found between SF and
polysaccharides (Chen, Li, & Yu, 1997; Garcia-Fuentes, Giger, Meinel, & Merkle, 2008). Then, sponges
were prepared by the crosslinking of the polymers with N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC) and N-hydroxysulfosuccinimide sodium salt (NHS) followed by
freeze-drying. Aerogel sponges architecture and physicochemical characteristics (porosity,
degradation, water uptake and stiffness) were measured as well as their cytocompatibility and in

vitro release profile of SDF-1a under in vivo mimicking conditions.
2. Materials and methods
2.1. Materials

Hyaluronic acid (HA) with a mean molecular weight of 360 kDa (200-400 kDa range), glucuronic acid

47.4% and intrinsic viscosity 7.7 dL/g was supplied by Guinama (Valencia, Spain). Poly-L-lysine (PLL)
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with a molecular weight of 150-300 kDa (0.1% w/v in H,0) was purchased from Sigma-Aldrich (St
Louis, MO, USA). Heparin sodium salt (hep) from porcine intestinal mucosa with a molecular weight
of 15,000 + 2,000 Da was purchased from Calbiochem (Billerca MA, USA). HEPES buffer, bovine
serum albumin (BSA), resazurin, hyaluronidase from bovine testes type I-S, heparinase | and Ill blend
from Flavobacterium heparinum (50 U) and sodium chloride were purchased from Sigma-Aldrich (St
Louis, MO, USA). EDC and NHS were from Acros Organics (New Jersey, USA). Human SDF-1a labelled
with AlexaFluor647 (AF-SDF-1a) was purchased from Almac Sciences (Craigavon, Northern Ireland).

Human SDF-1a was purchased from Miltenyi Biotec (Paris, France).
2.2. Silk fibroin solution preparation and characterization

Solution of SF in water was produced by IMIDA (Murcia, Spain) under GMP conditions. Cocoons of
the silkworms Bombix mori (reared in IMIDA, Murcia, Spain) were chopped into 4 pieces then boiled
in a 0.02 M Na,COs aqueous solution for 30 minutes to remove the sericin protein. Fibers 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 dialyzed 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.

SF was characterized using SDS-poly(acrylamide) gel electrophoresis (SDS-PAGE) as follows. 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% [-mercaptoethanol)
to obtain a final concentration of 6.25 pg/uL and boiled at 95°C for 5 min. An aliquot (10 pl) was
added into the wells. 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. 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 destained
with 10% (v/v) acetic acid, 40% (v/v) methanol and distilled water for 5h. Three different batches

were analyzed.
2.2. Films preparation and characterization

Dispersions of HA 4% (w/v), SF 4% (w/v) or SF 4% (w/v) with HA 2% (w/v) in HEPES buffer (Cuepes=
20.103M, Cnaci = 0.15 M, pH = 7.4) were prepared under magnetic stirring for either 15 min, 2 h or 15
h. Films were prepared by pouring the dispersions in Petri dishes and left to dry 24 h at RT. Films
morphology was observed by scanning electron microscopy (SEM) with a SEM Evo LS15 (Zeiss, USA)

after being coated with iridium.
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2.3. Aerogel sponges preparation and characterization
2.3.1 Aerogels preparation

HA was dissolved in HEPES buffer (Chepes = 20-103 M, Cnac = 0.15 M, pH=7.4) to obtain a final
concentration of 4% (w/v). Sponges were prepared with 4 different compositions by first mixing the
polymers together: HA 4% (w/v) with PLL 0.01% (w/v) (HA-PLL), SF 4% (w/v) (SF), SF 4% (w/v) with HA
2% (w/v) (SF-HA), and SF 4% (w/v) with HA 2% (w/v) and hep 1% (w/v) (SF-HA-hep). For the
preparation of the SF-HA and the SF-HA-hep sponges, SF 8% (w/v) solution was gently stirred 5h with
an equivalent volume of HA 4% (w/v) solution in HEPES buffer with or without heparin sodium salt.
EDC and NHS were dissolved in H,O (Cepc = 50 mg/mL, Cyus = 18 mg/mL) and then immediately added
to the HA-PLL or SF-HA solution with a 1:10 (crosslinkers/polymers, v/v) ratio and mixed rapidly. For
the SF-HA-hep, a higher concentration of crosslinker was needed (Cepc = 150 mg/mL, Cyns = 55
mg/mL). The solutions were poured immediately in a 96-well plate, covered and allowed to crosslink
for 15 h at 4°C. The gels were then frozen at -20°C for 24 h, and freeze-dried in a Telstar® LyoQuest at
-70°C and 0.01 mBar overnight. After freeze-drying, the aerogel sponges were removed from the
wells and stored in a desiccator with silica gel. For aerogels containing SF, an annealing step was
applied to increase the crystallinity of the protein in order to obtain sponges that maintain their
structural integrity in aqueous solutions (Hu et al., 2011). Annealing with ethanol vapor consisted in
placing the sponges in a desiccator at atmospheric pressure with ethanol 70% (v/v) at the bottom

and kept for 2 h at RT. The sponges were then freeze-dried again to remove traces of ethanol.
2.3.2 Fluorescence microscopy of internal structure of the aerogel sponges

Sponges were frozen in liquid nitrogen and immobilized in Tissue-Tek® (Sakura, USA). Cross sections
with 30 um 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, 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.
2.3.3 FTIR analysis

Attenuated total reflection Fourier transformed infra-red (ATR-FTIR) analysis of sponges (10 mg) 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™, and the wavelength ranged from
400 to 4000 cm™. The increase in crystallinity of SF sponges after ethanol annealing was evaluated in

terms of percentage of Fsheets applying the method described by Hu et al. (Hu, Kaplan, & Cebe,
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2006). Briefly, Fourier self-deconvolution (FSD) of the IR spectra covering the amide | region (1595-
1705 cm?) 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 (Hu et al., 2006).

2.3.4 Porosity evaluation
Density and porosity (P) of aerogel sponges was calculated using Eq. (1) and Eq. (2). The thickness
and diameter of the specimens were measured using a digital caliper. Polymer density was supposed

to be equal to 1. For each composition, three sponges were measured.

Sponge mass (mg)

S densit em~3) = Eqg. (1

ponge density (g.cm™) Sponge volume (mm?3) 4 (1
Sponge density (g.cm™3)

P =1 x 100 Eq. (2

(%) < Polymer density (g.cm™3) %)

2.3.5 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%. The sponges were withdrawn using tweezers, gently treated with blotting paper for
10 s to remove the unabsorbed excess of medium, weighed, and immediately returned to the
corresponding vial. The weight measurements were repeated until the hydration equilibrium was

reached. Water uptake was calculated as follows:

hydrated sponge (mg)—dry sponge(mg)

Water uptake (%) = ( ) X 100 Eq. (3)

hydrate sponge (mg)

2.3.6 Young’s modulus measurement

Hydrated sponges were cut to obtain cylinders with a thickness of about 3 mm. The cylinders were
placed on the platform of a texture analyzer (TA.TX Plus, Texture Technologies, USA) and compressed
downward up to 1.5 mm with a speed of 1 mm/s. Three hydrated sponges were analyzed 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 sponge divided by the cross-sectional area of the sponge (S)
against the deformation of the sponge (AL) divided by the initial length of the sponge (L) (Lassoued,

Delarue, Launay, & Michon, 2008) as follows

F (N)/S (mm?)

E (MPa) = AL (mm)/L (mm)

Eq. (4)
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2.3.7 Degradation

In vitro erosion of sponges was monitored, in triplicate, in PBS with enzymes (0.3 mg/mL
hyaluronidase (Correia et al., 2011) and 0.1 U/mL heparinase) at 37°C for 7 and 21 days. Aerogel
sponges were cut to have similar sizes (6 mm diameter and 3 mm height) and weighed. After 7 or 21
days in 3 mL medium, the sponges were washed with water, snapped frozen in liquid nitrogen and
then freeze-dried. Sponge degradation was calculated as percent of mass loss (aerogel sponge mass-

degraded sponge mass) referred to the original aerogel sponge mass.
2.3.8 Scanning electron microscopy (SEM)

Sponge morphology (surface and transversal cut) was observed using 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. Pore diameter was measured using Imagel) 1.50

software; at least 94 pores were measured per sponge.
2.4. Cytocompatibility

The cytocompatibility was evaluated using human fibroblast cells (NIH/3T3, ATCC® CRL-1658™) that
were cultured at 37°C and 5% CO; in DMEM high glucose media (Sigma Aldrich) supplemented with
10% fetal bovine serum, and 1% penicillin/streptomycin and subcultured every 3-4 days. Cells were
seeded in a 24-well plate (20,000 cells/well) for 24 h. Hydrated HA-PLL, SF, SF-HA and SF-HA-hep
sponges in PBS were firstly cut to obtain cylinders with 2 mm height and then sterilized under UV
light for 1 h. Immediately before use, sponges were washed 3 times with PBS under sterile conditions
and then equilibrated in complete DMEM for 15 min. Suspended culture inserts (MilliCell, PET, 8 um)
were placed in the wells with sponges inside in triplicate. Inserts without sponges were used as
control. After 24 h of incubation at 37°C and 5% CO,, inserts and sponges were removed, and the
media was replaced with 500 pL of resazurin 44 uM. After 2 h 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 viable cells. Fluorescence was measured using a ClarioStar
microplate fluorometer (BMG Labtech GmbH, Ortenberg, Germany) at Aex = 545 nm and Aem = 600

nm. All readings were normalized to those obtained with the control wells.
2.5. Analysis of SDF-1a uptake and release
2.5.1. Distribution of SDF-1a in the sponges

SF-HA and SF-HA-hep sponges were washed in PBS (as in 2.4) and cut to obtain cylinders of 2 mm
height and 3 mm diameter. Excess of PBS was removed with Nunc paper. A drop of 3 uL of AF-SDF-1a

(300 ng in PBS) was added on top of the sponges, which were then incubated 1h at 4°C. A map of the
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fluorescence of the sponges (Aex= 625 nm; Aem = 680 Nnm) was performed with a spectrophotometer

(CLARIOstar®plus, BMG Labtech, Orthenberg, Germany). Each point was measured 500 um apart.
2.5.2. Quantitative analysis of SDF-10

SF-HA and SF-HA-hep sponges were hydrated and cut as above (section 2.5.1). Then, the sponges
were placed in Eppendorf tubes coated beforehand with Sigmacote® (Sigma-Aldrich, USA) and
sterilized 1h with UV light before adding 3 uL of SDF-1a (300 ng in PBS) on top of the sponges. The
sponges were incubated for either 1 h or 12 h at 42C. PBS (500 uL) with 0.1% BSA and enzymes (0.3
mg/mL hyaluronidase and 0.1 or 0.5 U/mL heparinase) was added in each tube and incubated at
37°C under gentle oscillation. At least three sponges of each composition were tested for each
different loading/release condition. The release medium was collected at defined time points (1 h, 8
h,1d,2d,3dand7d)and an equal volume of fresh medium was added back to the sponges. All

solutions were collected and frozen at -20°C until ELISA tests (R&D Systems, Lille, France)
2.6. Statistical analysis

The data were statistically analyzed 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 characterization

In the gland of Bombix mori, SF is composed of heavy molecular weight chains (H-chains) of about
370 kDa) and light molecular weight chains (L-chains) of about 25 kDa (Yamada, Nakao, Takasu, &
Tsubouchi, 2001). Depending on the process used to obtain the SF solution, SF can be more or less
degraded, which may have an impact on the properties of the materials produced (Nultsch &
Germershaus, 2017). The molecular weight profile of the SF obtained under GMP conditions by
IMIDA was evaluated by means of SDS-PAGE with a 4-20% gradient gel (Figure 1). The L-chain at 25
kDa was clearly observed. The H-chain was recorded between 238 kDa and 460 kDa. These results
confirm that the process used to produce the SF solution was able to retain the integrity of the

protein.
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Figure 1: 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. 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 interactions are quite prone to occur
(Garcia-Fuentes et al., 2008; Garcia-Fuentes, Meinel, Hilbe, Meinel, & Merkle, 2009). Thus, the effect
of the mixing time on the inner structure of SF-HA systems was investigated by preparing films
composed of either HA, SF or a blend of SF and HA that had been stirred for 15 min, 2 h or 15 h
(Figure 2). 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 um (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 appeared to be similar to that of the HA film. After 2 h stirring, the globules became
smaller (2.4 — 19 um), resulting in an increase in homogeneity. After 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, an intermediate mixing time of about 5h for

applied for sponge preparation.

10
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Figure 2: SEM images of films prepared with either HA, SF or a blend of SF and HA mixed for 15 min,
2h or 15h.

3.3. Structural characterization of the aerogel sponges

HA-PLL, SF, SF-HA and SF-HA-hep aerogel sponges were prepared by crosslinking of the polymers
followed by freeze-drying. A mixture of HA and PLL (only 0.01% w/v) was used instead of HA solely
since the reaction with EDC and NHS requires a carboxylate and a primary amine (Kuo, Swarm, &
Prestwich, 1991). Carboxylate moieties are present on the HA chains but not the amine groups.
Therefore, this crosslinking reaction does not proceed well for HA solely. It is known that PLL
facilitates cellular adhesion via electrostatic interactions and may improve HA performance in this
regard (Mazia, Schatten, & Sale, 1975), but the proportion of PLL was kept low to facilitate

comparisons with the other sponges.

The microstructure of the aerogel sponges’ walls was observed under fluorescence microscopy

(Figure 3). Antibodies used in immunofluorescence imaging like DAPI or ActinRed fixed in a non-

11
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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, the walls of the pores of SF-HA sponge became irregular and
seemed to be formed by small fluorescent aggregates. Such aggregates were intensified upon the
introduction of hep. The structure of SF-HA and SF-HA-hep aerogel 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. ( 2008) have previously reported that SF/HA
mixtures at 80:20 and 60:40 weight ratios may develop phase separation, 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 (SF/HA 2/1 ratio) as well as the structure observed in the pore walls of the
aerogel sponges are consistent with those previous findings. We can therefore pointed out that the
polymer ratio as well as the mixing time are critical parameters when SF and HA are used to prepare

3D scaffolds.

HA-PLL

SF-HA-hep

Figure 3: Autofluorescence of the aerogel 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 aerogel sponges before and after ethanol annealing to
observe the changes in crystallinity (Figure 4). After ethanol annealing, a shift from 1640 cm™, which
corresponds to SF random coils, to 1621 cm™, which corresponds to SF Fsheets (Hu et al., 2006), was

observed for all the sponges with SF. All annealed sponges had a similar Zsheet content of about

12
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Figure 4: FTIR absorbance spectra in the amide | region for aerogel sponges containing SF before and
after ethanol annealing. Peak at 1621 cm™ is typical of the Ssheet conformation of SF, while the

peak at 1640 cm™ corresponds to SF random coils.

All aerogel sponges exhibited high porosity, ranging from 82% for the SF-HA-hep sponge to 93% for
the SF sponge (Table 1), which inversely correlated with the content in solids used to prepare the
starting dispersion (described in section 2.3.1.). The capability of the sponges to uptake water when
immersed in NaCl 0.9% (w/v) aqueous solution was of 93% for SF-HA-hep and SF-HA sponges, and
95% for HA-PLL sponge (Table 1). Similarities in water uptake may be related to similar porosity and
hydrophilicity. Degradation was monitored at 37°C during 7 and 21 days in PBS supplemented with
hyaluronidase and heparinase at concentrations that mimic in vivo conditions (Correia et al., 2011;

Frost, Csoka, Wong, & Stern, 1997) (Figure 5A). HA-PLL sponges were completely degraded after 7
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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. An ideal scaffold for brain regeneration
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 tissue reconstruction
so that the newly formed tissue does not collapse before the regeneration process is complete. Too
slow degrading scaffolds may compromise tissue regeneration, as previously reported for hydrogel-
based brain bioscaffolds (Modo et al., 2019) and SF-based bone scaffolds with tunable degradability
(Park et al., 2010). Therefore, intermediate degradation rates (in the frame of days) have been
pointed out as preferable (Park et al., 2010; Modo et al., 2019). 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 (Garcia-Fuentes et al., 2009). 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.

Table 1: Porosity of the aerogel sponges, water uptake in NaCl 0.9% aq. solution, and Young's

modulus after hydration.

Sponge Porosity Water Young’s

(%) uptake (%) modulus (kPa)
HA-PLL 919+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+2.1 125+7.8

SF-HA-hep 823+2.2 929+2.2 13.1+5.1

To confirm these results, the morphology of the aerogel sponges was observed using SEM before and
after 7 days in PBS without enzymes at 37°C (Figure 5B-C). These study conditions were selected to
induce intermediate degradation of the HA-PLL sponge. At the end of this study, signs of degradation
in the form of thinner walls and larger pores were clearly visible in HA-PLL sponges. Sponges made of
SF and HA mixtures showed excellent preservation of morphology, confirming that the addition of SF
to the sponges allows for retention of the aerogel structure in aqueous medium. SEM images
revealed good pore connectivity and an average pore size between 30 + 13 um for SF-HA and 87 £ 29
pum for SF. The structure of these porous sponges resembles the one of the brain ECM, which has
been described as a foam-like structure (Nicholson & Sykova, 1998). The pores were of various sizes
ranging from 20 to 140 um across the different sponge compositions designed in the present work.
This size range can be considered adequate since the pores are sufficiently small to support 3D cell-

cell contacts, but large enough to allow good diffusion of nutrients, oxygen and bioactive factors for
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cell survival and growth (Mahumane et al., 2018). The ideal porosity was defined to be around 90%

(Jurga et al., 2011).

Texture analysis was performed on hydrated sponges and Young’s modulus was calculated (Table 1).
The values of Young’s modulus recorded ranged from 6 kPa for HA-PLL to 22 kPa for SF. Sponges
made from mixtures of SF and HA showed intermediate values. The brain has Young’s modulus close
to or below 1 kPa (Engler et al., 2006; Nava et al., 2012) although the stiffness varies depending on
the brain region (white matter stiffness is higher and increases with the content in myelin
(Weickenmeier et al., 2016)) and the pathology, increasing in cancer and decreasing in Alzheimer’s
disease (Murphy et al., 2011; Wang, Tong, & Yang, 2014). It is still quite challenging to produce
scaffolds that maintain their structural integrity with a Young’s modulus as low as the one of the
brain. Most of previous bio-stable scaffolds reported, even those also containing SF, are stiffer than
the sponges developed herein (Wentao et al., 2019). Thus, the aerogel sponges combine stiffness
close to those of brain while they are easy to handle and could be conveniently cut into the desired

dimensions to fit the lesion gap at the intended site of implantation.

A B
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c 2
g Fkkk 21d qN) 150'
g 50 B
S . o 100-
5 o wr 5
a il & 0]
-501— T T T 0 \: ¢g N
& 4 & & é; ' 4 «8%
=3 4

| SF-HA | |SF-HA-hep |

HA-PLL

| 7 days, 37°C, PBS | | No degradation |

Figure 5: (A) Degradation of HA-PLL, SF, SF-HA and SF-HA-hep aerogel sponges in PBS with enzymes
(hyaluronidase and heparinase) at 37°C for 7 and 21 days. Paired comparisons were conducted

between degradation of HA-PLL and the others with the same conditions. (B) Average pore size
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before and after incubation of the sponges for 7 days in PBS without enzymes at 37°C. At least 94
pores were measured per sponge. (C) SEM images of sponges; scale bar 100 um. ANOVA:

*%%pc0.001, ****p<0.0001.

3.3. Cytotocompatibility

The cytocompatibility of the sponges was tested, via the indirect and direct contact methods, against
the NIH/3T3 mouse fibroblast cell line which is considered as highly sensitive to any scaffold-induced
toxicity (Xia et al., 2008). The HA-PLL, SF, SF-HA and SF-HA-hep sponges showed no discernible
cytotoxicity with both methods (Figure 6) although the viability slightly decreased for the SF-HA-hep
sponge with the direct contact method (76 + 9% viability), but it was not statistically significant.
These preliminary tests suggest good cytocompatibility although further studies with several other

cell lines and other metabolic activity assays would be required before in vivo testing.
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Figure 6: Evaluation of the compatibility of SF, HA-PLL, SF-HA and SF-HA-hep aerogel sponges with
NIH/3T3 cells.

3.4 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.

SDF-1a dissolved in PBS was dropped on the SF-HA and SF-HA-hep sponges. The distribution profile
of the protein inside the sponge was visualized using SDF-10 coupled to AlexaFluor 647. A
fluorescence map was subsequently obtained (Figure 7). After 1 h incubation, 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
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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
(Imitola et al., 2004) as well as for other applications that require the cells to be confined in a matrix

(Najberg et al., 2019).
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Figure 7: Distribution of AF-SDF-1a in the SF-HA and SF-HA-hep aerogel sponges recorded via
fluorescence detection. Numbers represent the fluorescence intensity at each point. Fluorescence

maps showed here are representative of n=3.

For the release studies, SDF-1a was dropped onto the SF-HA and SF-HA-hep sponges and then the
systems incubated for 1 h or 12 h in order to investigate whether the time of incubation may alter
the interactions strength of the chemokine with the sponge components. SDF-10 release was
recorded in PBS with enzymes (hyaluronidase and heparinase) at 37°C over 7 days (Figure 8). The
concentration of hyaluronidase was fixed at 0.3 mg/mL, but heparinase was tested at two different
levels, 0.1 and 0.5 U/mL, to cover a wide range of physiological conditions (Correia et al., 2011; Frost,
Csoka, Wong, & Stern, 1997). For the SF-HA-hep sponge, a maximum release of 2.1 + 0.8% and 4.0 £
0.6% was reached after 3 days in the release medium prepared with 0.1 and 0.5 U/mL heparinase,
respectively. Therefore, an increase in enzyme promoted the release although the sponges
maintained their integrity, which means that enzyme only altered the heparin moieties. It is expected
that, in vivo, the release continues over time in parallel with the degradation of the sponge.
Differently, SF-HA sponge showed a marked burst in the first hours, releasing 22 + 10% and 10 + 8%
after 2 days in the release medium prepared with 0.1 and 0.5 U/mL heparinase, respectively. As
expected these sponges were not sensitive to the increase in heparinase concentration, and the
slower release observed in 0.5 U/mL heparinase medium may be related to the more prolonged
incubation of the sponges with SDF-1a during loading (12 h instead of 1 h). SDF-1a is a positively
charged protein at physiological pH (isoelectric point (IEP) [P.6) while HA and SF are negatively
charged (IEP [R2.9 and [#.6 respectively) (Foo et al., 2006; Malay, Bayraktar, & Batigiin, 2007),
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allowing the protein to bind to the sponges via electrostatic interactions. In a saline medium, such as
PBS with enzymes, the electrostatic interactions become weaker and therefore the release can
proceed. The dispersion of the release data points may be due to fragmentation of the SF-HA
sponges in pieces of various sizes under the gentle soaking conditions of the release test. Heparin is
known to form a strong complex with SDF-1a (Sadir, Baleux, Grosdidier, Imberty, & Lortat-Jacob,
2001), which explains the slower release from the SF-HA-hep sponge. Indeed, the strong SDF-1a
retention capacity displayed by the SF-HA-hep sponge has not been reported before to the best of
our knowledge (Bladergroen et al., 2009; Hu et al., 2018; Krieger et al., 2016; Prokoph et al., 2012;
Purcell, Elser, Mu, Margulies, & Burdick, 2012; Yang et al., 2015).

It should be also noted that, compared to other more sophisticated ways of SDF-1a loading, the SF-
HA-hep sponge allowed for simple, direct loading of relatively large amounts of the protein without
exhibiting any burst effect. A strong retention of SDF-1a inside the scaffold might be advantageous
for attraction of cells towards the core of the scaffold via haptotaxis as well as cell retention over

time (Monneau, Arenzana-Seisdedos, & Lortat-Jacob, 2016).
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Figure 8: SDF-1a cumulative release from the SF-HA and SF-HA-hep aerogel sponges during 7 days in
PBS with enzymes (0.3 mg/mL hyaluronidase and 0.1 or 0.5 U/mL heparinase). Heparinase
concentration in the release medium is indicated in the legend. Sponges tested in the medium with
the highest heparinase concentration (0.5 U/mL) were previously incubated with SDF-1a for 12 h
(blue and black colors). Other sponges were incubated for 1 h (pink and green colors). All values were

expressed in percentage of the amount of SDF-10 added to the sponges
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4. Conclusion

In summary, cross-linking of mixtures of SF and HA followed by freeze-drying results in aerogel
sponges with advantageous properties as soft tissue scaffold compared to those of each biopolymer
in separate. The strong autofluorescence of SF allowed for monitoring the homogeneous distribution
of the components during sponge preparation and to setup the processing conditions. The SF-HA and
SF-HA-hep aerogel sponges exhibited intermediate physicochemical properties (Young’s modulus,
degradation behaviour) compared to those of SF (L22 kPa; too slow degradation) or HA-PLL([b kPa;
fast disintegration) sponges. The soft hydrated aerogel sponges showed Young’s modulus as low as
those of brain tissue, but maintain their integrity for several days in enzyme-containing physiological-
like medium. All sponges showed adequate porosity and pore size to be colonized by cells.
Nevertheless, the incorporation of heparin resulted to be critical for the hosting and sustained
release of the chemokine SDF-1a. Thus, SF-HA-hep sponges are pointed out as outstanding scaffolds
able to uptake relatively large amounts of the protein and prevent burst release for tissue

engineering applications.
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