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Abstract

Current tissue engineering strategies focus on restoring damaged tissue architectures using biologically active scaffolds.
The ideal scaffold would mimic the extracellular matrix of any tissue of interest, promoting cell proliferation and de novo
extracellular matrix deposition. A plethora of techniques have been evaluated to engineer scaffolds for the controlled
and targeted release of bioactive molecules to provide a functional structure for tissue growth and remodeling, as
well as enhance recruitment and proliferation of autologous cells within the implant. Recently, novel approaches using
small molecules, instead of growth factors, have been exploited to regulate tissue regeneration. The use of small
synthetic molecules could be very advantageous because of their stability, tunability, and low cost. Herein, we propose
a chitosan—gelatin scaffold functionalized with composite microspheres consisting of mesoporous silicon microparticles
and poly(pL-lactic-co-glycolic acid) for the controlled release of sphingosine-|-phospate, a small molecule of interest. We
characterized the platform with scanning electron microscopy, Fourier transform infrared spectroscopy, and confocal
microscopy. Finally, the biocompatibility of this multiscale system was analyzed by culturing human mesenchymal stem
cells onto the scaffold. The presented strategy establishes the basis of a versatile scaffold for the controlled release of
small molecules and for culturing mesenchymal stem cells for regenerative medicine applications.
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Introduction

Regenerative medicine aims to restore, maintain, or
improve defective tissues by developing biocompatible
substitutes.! Scaffolds play a pivotal role in tissue engi-
neering as they can be designed to imitate the microarchi-
tecture of native extracellular matrix (ECM) and, therefore,
have the potential to promote cell adhesion, growth, and
proliferation.? The integration of three-dimensional (3D)
pores within the scaffold permit sufficient transport of oxy-
gen, nutrients, metabolites, cellular signals, and regulatory
factors.? This enhances cell survival and proliferation which
are instrumental for tissue regeneration.*> Moreover, these
are crucial for scaffold neovascularization.® The ECM of tis-
sues is typically composed of two classes of macromole-
cules: proteins (e.g. collagen, elastin, and fibrin),” which
confer mechanical and bioactive properties to the matrix,3

and glycosaminoglycans (e.g. hyaluronic acid, chondroitin
sulfate, and heparin sulfate).’ In the development of biomi-
metic materials, several strategies have been proposed to
mimic this heterogeneous composition of the ECM using
the same? or similar components.!©
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Gelatin, a denatured form of collagen type I, has been
widely used to mimic the structural protein component of
ECM!!12 as it contains amino acids that enhance and sus-
tain cell growth and proliferation.'® Similarly, chitosan is
an extensively utilized glycosaminoglycan; it shares simi-
lar molecular structure to those found in most mammalian
tissue.!* Moreover, chitosan has demonstrated to be non-
toxic and biocompatible,'>!'® making it a desirable material
for drug delivery!”!8 and tissue engineering.!” Chitosan
scaffolds are easily fabricated through freeze-drying pro-
cesses, orienting the pores to favor cell infiltration and
new vessel ingrowth.2%2! Hence, chitosan and gelatin
blends are attractive biomaterials to mimic mammal
ECM.2 However, ECM also regulates the spatial presenta-
tion of growth factors by binding them to its surface.??
Control over growth factor release is crucial to trigger spe-
cific cell mechanisms and functions necessary for tissue
restoration.?* There are various ways to accomplish a bio-
mimetic release of chosen growth factors. In this article,
we utilized the physical encapsulation method,?® as an
established strategy for the local delivery of bioactive mol-
ecules in tissue engineering. Furthermore, this approach
helps to minimize factor exposure to harsh conditions in
vivo, preserving the payload’s bioactivity.2¢

Due to its low toxicity,?” nanostructured silicon multi-
stage vectors (MSVs)? have been extensively used in
applications of nanomedicine.?$33 Recently, we demon-
strated our ability to engineer finely tuned MSV and
poly(pr-lactic-co-glycolic acid) (PLGA) composite micro-
spheres (PLGA-MSV) for the spatiotemporal controlled
release of proteins in vivo.3* Current approaches to promote
and enhance tissue regeneration with scaffolds have mainly
focused on growth factor delivery (e.g. vascular endothelial
growth factor (VEGF) and transforming growth factor-f§
(TGFE-B)).3#3¢ However, the high cost of growth factors?
and their potential side effects’” drastically limit this strat-
egy. The use of small molecules is an advantageous alterna-
tive to growth factors to overcome these limitations3® as
they are reliable and easy to manufacture.?

Small molecules’ molecular size is also usually too
small to induce unwanted immune responses in the host.*?
Small molecules, extensively used as chemotherapeutic
agents for cancer treatment, have although some character-
istics that limits their use in clinical applications, including
hydrophobicity and nonspecific biodistribution and target-
ing. To overcome these limitations, the use of a biocom-
patible platform to localize and sustain the controlled
release of small molecules to target sites has been proved
to be advantageous.*! Regenerative engineering utilizing
small molecules as pro-regenerative biological factors has
been recently emerging.*>* A plethora of small molecules
have been studied for tissue-specific adult stem cell target-
ing (e.g. stemregenin 1, CASEIN,* and kartogenin*®).
Among all small molecules currently available, sphingo-
sine-1-phosphate (S1P) is of particular interest for tissue
regeneration applications because it is a platelet-derived

lipid mediator secreted extensively by platelets in adult
mammals and is involved in cell proliferation, migration,
and survival.#’ S1P, when released into the extracellular
environment, regulates cell-cell and cell-matrix adhesion,
enhancing cell migration and differentiation.*®4° S1P has
been shown to regulate and control vascular development,
vessel stability, and immune cell trafficking. Moreover, it
has been proved that S1P promotes recruitment of peri-
cytes and smooth muscle cells supporting the vascular sta-
bilization of newly formed vessels.> The main limitation
in engineering in vitro tissues is the lack of a sufficient
blood vessel system. Therefore, the release of S1P from a
tissue engineering implant could be an innovative and
advantageous strategy to enhance scaffold’s vasculariza-
tion and boost functional restoration of tissues.

Materials and methods

Preparation and characterization of MSV

Discoidal MSV particles of 1 um in diameter and 400nm
thicknesses were fabricated by photolithography and electro-
chemical porosification of patterned silicon wafers as exten-
sively described elsewhere.! MSVs were then oxidized>?
and lyophilized. Lyophilized particles were suspended in
distilled water and 20 uLL deposited on specific metal stands
for further analysis. Samples were coated with 3nm of Pt/Pb
and scanning electron microscopy (SEM) (FEI Quanta 400
ESEM FEG; FEI, Hillsboro, OR, USA) imaging analysis
performed at 7kV to evaluate their morphology.

Preparation and characterization of PLGA

A modified double-emulsion technique was adopted to
prepare S1P-loaded PLGA (LACTEL, Cupertino, CA,
USA) microspheres. The inherent copolymer viscosity
was 0.55-0.75dLg™".

PLGA copolymer ratio was set to 50:50; PLGA was
dissolved in dichloromethane (DCM) (Sigma—Aldrich, St
Louis, MO, USA) at a concentration of 50mgmL™" (5%
w/v). 2mL of PLGA solution in DCM with a total of
300 ugmL! of S1P were stirred with poly(vinyl alcohol)
(PVA) (Fisher Scientific; Pittsburgh, PA, USA) 2.5% (w/v)
for 10 min at 3500 r/min using a homogenizer. This emul-
sion was then dropped into 40 mL of PVA 1% (w/v) solu-
tion. The microspheres were hardened with vigorous
stirring for 4h, washed three times with distilled water,
and collected by centrifugation. The microspheres were
subsequently lyophilized and stored under vacuum until
further use. SEM analysis was performed to investigate
shape and size of PLGA microparticles.

Preparation and characterization of PLGA-MSV

After lyophilization, MSVs were encapsulated in PLGA
microparticles via a modified double-emulsion method as
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previously described.?> PLGA copolymer ratio was set to
50:50 and the PLGA was dissolved in DCM at a concen-
tration of 5% (w/v). 2x 108 dried MSVs were emulsified
with I mL of PLGA 5% (w/v) and 3 mL of PVA 2.5% (w/v)
at 3500 r/min for 10 min. The emulsion was then dropped
into 40 mL of PVA 1% (w/v). The final solution was stirred
for 4h to allow DCM to evaporate. Particles were then
washed three times with distilled water, collected by cen-
trifugation, and subsequently lyophilized. Full encapsula-
tion of MSV microparticles in PLGA microspheres was
assessed by optical microscopy. The NIH software Imagel
(NIH Image, Bethesda, MD, USA) was used to measure
microsphere diameters and investigate shape and size of
PLGA-MSV composites.

Loading of reporter molecule fluorescein
isothiocyanate and S|P into PLGA-MSV
particles

In order to load the selected reporter molecule, 2% 108
MSVs were suspended in 500 uL of fluorescein isothiocy-
anate (FITC) solution (Sigma—Aldrich) in distilled water
(10mgmL™1), followed by 2h of incubation in physiological-
like conditions (37°C, under mild agitation). Centrifugation at
4500r/min for 10min allowed for particle isolation. The col-
lected supernatant was used to estimate the amount of
absorbed reporter molecules by mass difference, using a
spectrophotometer (SpectraMax M?2; Molecular Devices,
Sunnyvale, CA, USA), at A=495nm/555nm. The FITC-
loaded particles were then lyophilized overnight and subse-
quently encapsulated in a 5% 50:50 PLGA shell, as described
above. Following the same procedure, S1P (TOCRIS, Bristol,
UK) was loaded into PLGA-MSV microspheres at a concen-
tration of 300pgmL~!. An enzyme-linked immunosorbent
assay (ELISA) kit (ECHELON, Salt Lake City, UT, USA)
was used to quantify S1P concentration in the microspheres
and samples. We measured the absorbance at 450nm and
determined the SIP concentration in the collected superna-
tants using a standard curve.

Scaffold fabrication

Porous chitosan—gelatin (CHI:GEL) scaffolds, 2mm in
height and 9mm in diameter, were produced by freeze-
drying method using a 48-well plate as a mold. A 2% (w/v)
solution of chitosan (Sigma—Aldrich) in 0.5M acetic acid
was prepared by dissolving the required amount of chi-
tosan in the solvent and stirring for 2 h to get a fully trans-
parent solution. A 1% (w/v) solution of gelatin
(Sigma—Aldrich) in deionized water (di-H,O) was prepared
by dissolving the required amount of gelatin in di-H,O and
stirring for 2h. The two solutions were then mixed at the
desired ratio (1:1) and emulsified through sonication for
30min at room temperature. One-third of the slurry was
enriched with 30mg of S1P-loaded PLGA-MSV particles

(CHI:GEL/PLGA-MSV), one-third of the slurry was func-
tionalized with PLGA microspheres containing SI1P
(CHI:GEL/PLGA), and the remaining slurry was used to
obtain blank scaffolds and reporter scaffolds with FITC-
loaded PLGA-MSV (CHIL:GEL/FITC). To obtain the scaf-
folds, 500 uL of each solution were put in a 48-well plate and
frozen at —80°C for 4 h, and subsequently lyophilized over-
night. CHI:GEL without microparticles (CHI:GEL blank)
were used as controls for in vitro studies. Samples were then
coated with 5nm of Pt/Pb and SEM analysis was performed
at 7kV to evaluate their microarchitecture.

Scaffold crosslinking

Once lyophilized, all scaffolds were crosslinked using a
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide/N-
hydroxysuccinimide (EDC/NHS) coupling method to
enhance their mechanical properties and stability in physi-
ological-like conditions. Briefly, lyophilized scaffolds
were soaked in 1 mL of ethanol/water (9:1, v/v) solution
containing 75 mM of EDC (Sigma—Aldrich) and 30 mM of
NHS (Sigma—Aldrich) for 24 h at 4°C. The molar ratio of
EDC/NHS was constant to 5:2. After crosslinking,
unbound and excess EDC and NHS were removed by
washing the implants with phosphate-buffered saline
(PBS) three times. The scaffolds were frozen at —30°C for
4h and then freeze-dried overnight under vacuum.

Scaffold swelling

In order to evaluate the ability of the scaffolds to uptake
PBS, the lyophilized implants were weighed (W,) and
incubated in physiological-like condition up to 7 days. The
hydrated scaffolds were taken out of the PBS at different
time points and hung up until no dripping water was
observed and then weighed again (W,). The percentage of
absorbed PBS within the scaffold, defined as swelling, was
calculated using the following equation

Wh 'Wd )

Absorbed PBS(%) = ( %100

d

Fourier transform infrared
characterization

Fourier transform infrared (FTIR) spectroscopy was per-
formed by creating a pellet of sample and KBr (Sigma-—
Aldrich) (5% and 95%, by volume, respectively) and
analyzing absorbance of the pellet on a Nicolet 6700 FTIR
Spectrometer (ThermoFisher Scientific Inc., Walthman,
MA, USA). The spectra were reported after background
subtraction, baseline correction, and binomial smoothing
(11 points) using OMNIC software (ThermoFisher
Scientific Inc.).
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Cell seeding on CHI:GEL

Early passage human mesenchymal stem cells (h(MSC),
supplied by the Institute for Regenerative Medicine, Texas
A&M Health Science Center, were seeded onto the scaf-
folds at a density of 100,000 cells cm™2. The scaffolds, after
sterilization for 24h under ultraviolet (UV) light, were
seeded with hMSC. Cells had been grown for a total of
7days. The culture medium contained 87% alpha mini-
mum essential medium (MEM) with 10% heat inactivated
serum (fetal bovine serum (FBS)), 2% glutamine, and 1%
PenStrep (v/v). The cells were also supplemented with 1%
(v/v) basic fibroblast growth factor (bFGF) solution. To
measure cell proliferation, the seeded scaffolds and control
wells were incubated for 3h with fresh culture medium
supplemented with 10% (v/v) alamarBlue®. Three repli-
cates were used for each group of scaffolds. Following
incubation, 100 uL of medium from each well was trans-
ferred, in triplicate, to a 96-well microplate. Absorbance
measurements were taken every day, throughout the exper-
iment, using a spectrophotometer SpectraMax M2 at
A=570nm, using 600nm as a reference wavelength.

Cell viability assay

Scaffolds seeded with hMSC were removed from their origi-
nal culture wells and washed with PBS for 5Smin. Following
this washing step, samples were stained for a Live/Dead
Viability/Cytotoxicity assay (Molecular Probes, Eugene,
OR, USA) according to the manufacturer’s protocol. The
samples were then visualized immediately using confocal
laser microscopy imaging (A1 Nikon Confocal Microscope;
Nikon Instruments Inc., Melville, NY, USA).

Evaluation of hMSC morphology

Each group of scaffolds (CHI:GEL blank and CHI:GEL/
PLGA-MSYV, respectively), at 24h and 7 days, were ana-
lyzed by confocal laser microscopy and SEM. Cell
arrangement in the scaffolds was evaluated by confocal
laser microscopy (Nikon Instruments Inc.), by staining the
nuclei with 4',6-diamidino-2-phenylindole  (DAPI)
(ThermoFisher Scientific Inc.) and actin filaments with
phalloidin (ThermoFisher Scientific Inc.), according to
manufacturer instructions. 3D renderings were obtained
by the NIS-Element software (Nikon Instruments Inc.).
After 7days of culture, one sample was fixed and dehy-
drated for SEM imaging, following the standard protocol
for preparation described previously.3? Samples were sput-
ter coated with 5 nm of Pt/Pb and imaged at 10kV to evalu-
ate cell morphology.

Statistics

Statistics for experiments were performed using a two-way
analysis of variance (ANOVA) followed by Tukey’s multiple

comparison test. A p-value of <0.05 was considered signifi-
cant. All experiments were performed, at minimum, in tripli-
cate. Data are presented as mean=standard deviation (SD).

Results and discussion
PLGA-MSYV characterization

Controlling the shape and size of the delivery system is of
principal importance to control the system loading effi-
ciency and desired release kinetics. Discoidal MSV particles
(Figure 1(a)) with a diameter of 1 um and a total porosity of
51% were produced through an optimized, scalable, and
reproducible lithographic method, providing batches of uni-
form MSV.>! We used a modified double-emulsion method3?
to create the composite microspheres and encapsulate MSV
in the PLGA microspheres (Figure 1(b)). According to results
previously published about the influence of the composite
microsphere’s outer shell on the loaded molecule’s release
kinetics, 50:50 PLGA with a viscosity of 0.55-0.75dLg™!
was chosen for our studies to obtain a total release of S1P
within 2weeks.?3 The encapsulation of MSV in PLGA was
assessed by optical microscopy (Figure 1(c)), allowing us to
verify the embedding and amount of MSV within each micro-
particle. Moreover, SEM images of the final delivery plat-
forms were taken and analyzed with ImageJ (Figure 1(d)).
The majority of the produced PLGA-MSV microcomposites
showed an average diameter of 2.52+1.49 um (Figure 1(e)).

Characterization of the scaffolds

CHI:GEL in lyophilized and hydrated states are shown in
Figure 2(a) and (b), respectively. SEM analysis was per-
formed to determine scaffold microstructures; micro-
graphs of CHI:GEL blank (Figure 2) and CHI:GEL/
PLGA-MSV (Figure 3) display an interconnected porous
structure, with an overall anisotropic and interconnected
porosity of 60%-70% of the total volume determined
using ImageJ. Both scaffolds showed pore sizes between
50 and 150 um, providing an ideal environment for attach-
ment and growth of cells. The porosity and wall thick-
ness of the surface (Figure 2(a) and (d)) and cross-section
(Figure 2(e) and (f)) of CHI:GEL blank present the same
morphology, proving the homogeneity of the platform.
Similarly, from the SEM micrographs of CHI: GEL/PLGA-
MSYV surface (Figure 3(a) and (b)) and CHI:GEL/PLGA-
MSYV cross-section (Figure 3(¢) and (d)), we can conclude
that they exhibit similar microstructure. Moreover, the
addition of PLGA-MSV to the scaffold did not affect the
microarchitecture of CHI: GEL/PLGA-MSV. These results
confirmed that PLGA-MSV microspheres added to the
chitosan—gelatin solution at the slurry state were fully inte-
grated in the scaffold and did not affect the final micro-
architecture of the platform. This correlates with the
previous findings of Minardi et al.,3? in which PLGA-MSV
were integrated into a 3D collagen type I scaffold.
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Figure 1. (a) SEM images of individual discoidal MSV (top), including the close-up view of its pores (bottom). (b) Schematic diagram
of the MSV encapsulated in PLGA microspheres. (c) Optical microscope image of MSV-PLGA composite microspheres (PLGA:
transparent sphere; MSV: brownish disks). (d) SEM images of PLGA-MSV microspheres illustrating their typical shape and uniformity,
including a close-up view of the delivery platform in the inset. (e) Size distribution of PLGA-MSV (5% 50:50, | um)

The mean distance between PLGA-MSV microspheres
integrated in the scaffold was calculated in 20 random
positions and found to be 15.3+£2.1 um. Swelling proper-
ties of the scaffolds were not affected by the integration of
PLGA-MSV microparticles, as shown in Figure 3(e).
FTIR was performed to confirm the chemical composition
of the scaffolds and PLGA-MSV microparticles, as can be
seen in Figure 3(f). The spectroscopic analysis of the
CHI:GEL confirmed the presence of a blend of the two
structural macromolecules. The carbohydrate moieties
(CHI) around 1000cm™' arise from the gelatin protein
structure; the PLGA-MSYV moiceties are hidden by the bulk
structure of the scaffold.

In vitro release of FITC and S|P

Several sets of delivery systems were created to evaluate
the release kinetics from both the delivery system and the
CHI:GEL. S1P was loaded into PLGA microspheres (5%

50:50) and PLGA-MSV (1 um, 5% 50:50) microparticles
for in vitro release. The assessed loading efficiency of S1P
was 24.1%+3.3% in PLGA microspheres and
62.2%+5.7% in the PLGA-MSV. As expected from previ-
ously published work,?? the loading efficiency within the
PLGA-MSV microparticles was demonstrated to increase
40% compared to that of PLGA particles alone.

Release profiles for all groups were performed in phys-
iological-like conditions for up to 10days. As a proof of
concept, the CHI:GEL/FITC was tested to visualize how
small molecules release and diffuse within the 3D scaffold.
We could see that FITC diffused homogenously and radi-
ally from the microspheres at different time points (Figure
4(a)—(g)) because PLGA-MSYV particles are homogenously
sized and distributed within the scaffold. The results
obtained with FITC were particularly informative because
of its similar molecular weight to S1P (389.4 and 379.5 Da,
respectively). The cumulative release profile of FITC is
shown in Figure 4(g). The obtained FITC release kinetics
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Figure 2. (a) Lyophilized CHI:GEL. (b) Hydrated CHI:GEL. (c, d) SEM images of CHI:GEL blank surface. (e, f) CHI:GEL blank

cross-section.

match the release profile of SIP from CHI:GEL/PLGA-
MSV (Figure 4(h)).

As previously reported,>!->* release from PLGA micro-
particles (5% 50:50) occurred at faster rates with an evi-
dent burst release compared to the slower kinetics obtained
with PLGA-MSYV composite microparticles. PLGA micro-
particles released almost 80% of their payload within the
first 48 h. Moreover, it is possible to see how all three com-
ponents of the functionalized scaffold (MSV, PLGA, and
CHI:GEL) contributed to steady controlled release up to
10days. The controlled release of molecules over long
periods of time is crucial to favor on-platform regeneration
and reduce side effects caused by overdosing the surround-
ing tissue.?’

In vitro cell viability and proliferation

The behavior of h(MSC cultured on CHI:GEL was assessed
to determine whether changing the surface micro-topogra-
phy of the material affected their viability and proliferation
in vitro over 7days; viability was assessed by LIVE/
DEAD® assay. As shown in Figure 5(a), hMSC displayed
high viability on CHI:GEL/PLGA-MSYV after 3 days. Cells
in the scaffolds grew in a similar fashion to the controls,
although proliferation of hMSC on the scaffolds was gen-
erally slower than control cells (Figure 5(b)), matching
with previous studies.’ Confocal laser microscopy was
used to acquire Z-stacks and reconstruct the 3D structure
of the scaffolds (white) (Figure 5(c) and (d)).
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Figure 3. (a, b) SEM images of the surface and (c, d) cross-section of CHI:GEL functionalized with PLGA-MSV microspheres. The
microspheres, indicated by white arrows, result perfectly integrated in the scaffold structure. (e) Swelling characteristics comparing
CHI:GEL blank and CHI:GEL/PLGA-MSV. (f) FTIR patterns of the components of the multiscale scaffold.
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Figure 4. Release profiles. (a)—(f) 3D release of FITC from CHI:GEL/PLGA-MSV. (g) Cumulative release of FITC from CHI:GEL/
PLGA-MSV. (h) Overall results of all the 2D and 3D platforms investigated for SIP release.
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Figure 5. Cell morphology analysis by immunofluorescence and 3D reconstruction of confocal microscopy images. (a)
Fluorescence microscopy images of cells stained with LIVE/DEAD® at 72 h. (b) Cell proliferation results over 7 days. (c) Confocal
laser micrographs of hMSC on CHI:GEL/PLGA-MSYV at 7 days. (d) 3D rendering illustrating the morphology of the scaffold and the
distribution of hMSC within the structure. Phalloidin in green stains for actin filaments and DAPI in blue stains for cell nuclei.

Using the 3D rendering, we found the pore sizes of
CHI:GEL to be in the range of 50—150 pm, confirming the
results obtained previously with Image].

The typical fusiform shape of hMSC was retained on
CHI:GEL and appeared homogenously spread in the pores
of the material.*¢ Furthermore, SEM micrographs dis-
played that the type of scaffold surface—CHI:GEL blank
(Figure 6(a) and (b)) or CHI:GEL/PLGA-MSV (Figure
6(c) and (d))—did not influence the degree of cell adhe-
sion. It is well known that material’s composition and
porosity can affect cell adhesion and phenotype.3”-38 Cells
eventually adhere to a compatible material, involving a
series of physicochemical linkages between the cells and
the material.®® Cell spreading is an essential function of a
cell adherence to a material surface and is paramount for
cell proliferation.® At day 7, the degradation of PLGA-
MSYV integrated within the scaffold resulted in collapsed
doughnut-shaped or toroid-shaped microparticles, as we
can see from Figure 6(c) and (d). This might be because
the particles did not support the scaffold’s layer once they
started to degrade, supporting our hypothesis about the
complete integration of PLGA-MSYV in the scaffold walls.

Conclusion

The combination of drug delivery systems with tissue
engineering platforms has shown to be a promising approach
for regenerative medicine applications. Nevertheless, deliv-
ery platforms have a series of shortcomings, mostly related
to their inability to precisely control the release of their pay-
loads, resulting in disruptive side effects for patients and
limiting their translation to the clinic. The controlled release
of small molecules can be used to reduce the amount of drug
necessary to obtain the same therapeutic effect. Many types
of biomaterials, from biologically derived ones to those of
synthetic origin, have been engineered to address this need,
biocompatible and biodegradable platforms are of the
utmost interest. Herein, we showed that a biocompatible
scaffold functionalized with PLGA-MSV allowed for the
controlled release of S1P. S1P, the molecule of interest, has
been shown to have a pivotal role in some crucial processes
in the regenerative cascade: extracellularly it regulates cell
migration and intracellularly enhances cell survival and pro-
liferation. Sustained release from ceramic and polymeric
carriers has been previously proposed as a viable strategy
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Figure 6. SEM micrographs of scaffolds seeded with hMSC. (a, b) CHI:GEL blank seeded with hMSC at 7 days. (c, d) CHI:GEL

functionalized with PLGA-MSV seeded with hMSC at day 7.

for small molecule drugs; however, the main problem with
using these carriers as delivery systems is the difficulty in
controlling sustained delivery rates. This is particularly true
for low-molecular-weight drugs because the diffusion rate
is faster and the initial burst release cannot be prevented.
The herein presented platform strategy is a novel
approach to establish the basis of a versatile scaffold for the
controlled release of small molecules to overcome the lack
of standard and effective delivery of small molecules. Our
approach holds promise as an alternative strategy to growth
factor release with the aim of inducing tissue restoration for
a plethora of clinical applications. Further investigations
are necessary to verify the efficacy of this platform in vivo.
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