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Abstract

Chronic, non-healing skin and soft tissue wounds are susceptible to infection, difficult to treat
clinically, and can severely reduce a patient’s quality of life. A key aspect of this issue is the
impaired recruitment of mesenchymal stem cells (MSCs), which secrete regenerative cytokines
and modulate the phenotypes of other effector cells that promote healing. We have engineered a
therapeutic delivery system that can controllably release the pro-healing chemokine stromal cell
derived factor-1a (SDF-1a) to induce the migration of MSCs. In order to protect the protein cargo
from hydrolytic degradation and control its release, we have loaded SDF-1a in anionic liposomes
(lipoSDF) and embedded them in gelatin methacrylate (GelMA) to form a nanocomposite
hydrogel. In this study, we quantify the release of SDF-1a from our hydrogel system and measure
the induced migration of MSCs /n vitrovia a transwell assay. Lastly, we evaluate the ability of this
system to activate intracellular signaling in MSCs by using Western blots to probe for the
phosphorylation of key proteins in the mTOR pathway. To our knowledge, this is the first study to
report the delivery of liposomal SDF-1a. using a nanocomposite approach. The results of this
study expand on our current understanding of factors that can be modified to affect MSC behavior
and phenotype. Furthermore, our findings contribute to the development of new hydrogel-based
therapeutic delivery strategies for clinical wound healing applications.
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1. Introduction

Non-healing skin ulcers are a common complication in patients suffering from chronic
conditions such as diabetes and peripheral vascular disease, or in situations where sustained
pressure compromises local circulation (i.e. decubitus ulcers) [1,2]. While mild to moderate
cases are typically managed with non-surgical methods, severe wounds may warrant the use
of tissue engineered skin substitutes to address wound defects and stimulate healing,
especially if skin grafting techniques are limited by other comorbid conditions [3-5]. Such
constructs may further incorporate exogenous proteins or small molecule drugs in order to
locally accelerate wound closure and facilitate tissue regeneration [6,7].

Chronic wounds are characterized by an inflammatory environment that impairs the
recruitment of mesenchymal stem cells (MSCs), which play an important role in directing
the progression of normal healing mechanisms that lead to wound closure and skin tissue
regeneration [8]. These MSCs normally migrate in response to chemotactic factors secreted
by cells at the wound site, where they in turn produce immunomodulatory and pro-healing
cytokines [9]. Towards this end, we seek to develop a nanocomposite hydrogel to tune the
release kinetics of a pro-healing chemokine such as stromal cell derived factor-1a (SDF-1a,
also known as CXCL12) over a physiologically relevant timespan. SDF-1a is a protein
constitutively produced by endothelial cells, pericytes, and dermal fibroblasts, and
upregulated when there is injury [10]. This protein has been previously used in tissue
regeneration and vascular remodeling applications due to its ability to stimulate cell
migration and promote pro-healing behavior in anti-inflammatory subsets of monocytic
immune cells [11-14]. Furthermore, SDF-1a is also known to facilitate the mobilization of
MSCs from the bone marrow, which in turn secrete anti-inflammatory, pro-healing cytokines
or are phagocytosed by macrophages to induce phenotypic changes (a process known as
efferocytosis) [15-17]. Previous studies have successfully utilized engineered hydrogel or
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thin film systems to deliver SDF-1a in applications such as promoting cell homing to
cardiac tissue and supporting angiogenesis or myogenesis [12,13,18].

However, the direct delivery of therapeutic agents is often hampered by rapid diffusion and
(in the case of growth factors and chemokines) the activity of proteolytic enzymes, which
are especially prevalent in chronic inflammatory environments [19]. Furthermore, hydrogel
delivery systems composed of natural, extracellular matrix- (ECM-) derived materials tend
be mechanically fragile and degrade quickly 77 vivo [20]. Thus a major challenge to the
local delivery of proteins is the need to maintain controllable release at therapeutically
effective concentrations while minimizing the loss of the protein cargo by proteolytic
degradation or passive diffusion [21,22].

Nanocomposite hydrogels are composed of nanostructures or nanoparticles that physically
interact with crosslinked polymer chains in a hydrogel network [23-25]. Liposomes in
particular are an attractive option for this strategy due to their biocompatibility and tunability
in protecting and delivering protein or small molecule cargos across a wide range of physical
properties [24,26]. However, on their own, nanoscale substances such as liposomes and their
cargo diffuse away quickly from the site of administration, effectively decreasing the
therapeutic concentration at the injury site [23,24]. In order to achieve a longer rate of
localized release, liposomes may be combined with a hydrogel, which serves to physically
sequester the encapsulated material within the construct and aids in sustaining release at
concentrations high enough to stimulate physiological activity [23].

In this work, we develop a nanocomposite liposome/gelatin methacrylate (GelMA) hydrogel
system to generate a localized, sustained release of SDF-1a capable of inducing migration
and phenotypic changes in MSCs. We hypothesize that SDF-1a may be stably incorporated
in anionic liposomes and further embedded in a negatively charged, Type B GeIMA
hydrogel (Figure 1), which contain protease-sensitive motifs but also chemical crosslinks
that preserve mechanical stability [20]. As the protein is released from the liposomes, it is
then sequestered within the hydrogel network via electrostatic interactions with polymer
chains, which slows its diffusion into the periphery. The objectives of our work are to
demonstrate that the delivery system that we have developed is capable of controllably
releasing SDF-1a., that the protein is released at concentrations that effectively induce MSC
migration, and that this released chemokine is bioactive and capable of exerting an effect on
intracellular cell signaling pathways in MSCs.

Materials and methods

2.1. GelMA synthesis and hydrogel preparation

We have adapted protocols previously published by our group to synthesize GeIMA polymer
[27,28]. Briefly, Type B gelatin (225 Bloom from bovine skin, Sigma) was dissolved in
phosphate buffered saline (PBS) at 0.1 g/mL. Methacrylic anhydride (MA, Sigma) was then
slowly added dropwise at a proportion of 0.6 g MA/1 g gelatin, and the solution was allowed
to react for 1 hour. Afterwards, the mixture was diluted and dialyzed against deionized water
for 72 hours, adjusted to a pH of 7.4, and frozen at =80 °C before lyophilization for another
72 hours. This procedure yielded a porous foam that was stored at —80 °C until use. GeIMA
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hydrogels were formed by dissolving lyophilized GelMA in PBS with 0.1% w/v lithium
phenyl-2,4,6trimethylbenzoylphosphinate (LAP, Tocris) at 50 °C. 200 pL of the resulting
mixture was then pipetted into 8 mm-diameter cylindrical molds and placed at 4 °C for 20
minutes to allow for soft gelation. Afterwards, the gels were exposed to UV light for 2
minutes in a UV box to photocrosslink.

Nuclear magnetic resonance (NMR) spectroscopy

1H NMR (Bruker AVI11-600 MHz) was used to verify the addition of vinyl groups from the
methacrylation reaction. Lyophilized GeIMA polymer was dissolved in deuterium oxide (=)
at a concentration of 10 mg/mL, and samples were run at 40 °C. Data was analyzed using
Bruker TopSpin3.5 software.

2.3. Assessment of hydrogel degradation

To assess the rate of enzymatic degradation, GeIMA hydrogels (7.5, 10, and 15% w/v) were
incubated at 37 °C in 16 pg/mL collagenase IV (EMD Millipore) for up to 1 week. At each
time point, hydrogels were collected, lyophilized, and massed. Degradation rate was
determined by calculating the mass remaining at each time point using the following
formula:

Mass remaining (%) = (mq — my)/mg X 100

where mg is the initial dry weight of undigested samples and m is the dry weight of digested
samples at each time point [29].

2.4. Rheology

2.5.

GelMA was cast into cylindrical molds to form 1 mL-hydrogels for oscillatory rheological
testing (ARES-G2, TA Instruments). Hydrogels were placed between a set of parallel plates
and subjected to a frequency sweep between 0.1-10 rad/s with a constant strain of 0.1%.
Rheological studies conducted on swollen samples were conducted after soaking the
hydrogels in PBS overnight.

Liposome synthesis and protein loading

Adapting procedures described by our group and others [30-35], anionic liposomes were
formed by dissolving ovine wool cholesterol in chloroform (10 mg/mL, Sigma) and
combining it with 10 mg/mL each of 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC,
Avanti Polar Lipids) and 1,2-dioctadecanoyl-sn-glycero-3-phospho-(10-rac-glycerol)
(sodium salt) (DSPG, Avanti Polar Lipids) at a molar ratio of 25:65:10. The 1 mL mixture
was placed on a rotovap overnight (Blichi R-100) at 40 °C and 100 mBar to remove the
chloroform and generate a thin lipid film, which was subsequently rehydrated with 1 mL
SDF-1a solution in PBS (12.5 pg/mL, Peprotech). This solution was vortexed to form an
emulsion and extruded 10 times through a polycarbonate filter with a pore size of 200 nm
(Whatman) at 55 °C to produce liposomes of uniform size. Before use in experiments,
liposomes were dialyzed against PBS at 4 °C in a Float-A-Lyzer G2 dialysis device with a
300 kD cutoff (Repligen) overnight to remove unencapsulated protein.
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2.6. Liposome characterization

The hydrodynamic diameter, polydispersity index (Pdl), and zeta potential of fresh
liposomes were measured at 25 °C by dynamic light scattering (DLS) and electrophoretic
light scattering (ELS) with the NanoBrook Omni particle size and zeta potential analyzer
(Brookhaven Instruments). 5 uL of the liposome suspension was diluted in 2 mL of ultrapure
water for DLS or 1.5 mL of 1 mM NaCl for ELS. Measurements were then repeated for up
to 2 weeks to examine particle stability at 4 °C.

Encapsulation efficiency (EE%) was determined by sampling the liposome suspension
before dialysis and quantifying the amount of unencapsulated SDF-1a by ELISA
(Peprotech) following the manufacturer’s protocols. EE% was then indirectly calculated by
the following formula:

EE% = (m; — mg)/m; x 100

where m;is the initial mass of SDF-1a used in film rehydration and /71, is the mass of
unencapsulated SDF-1a detected by ELISA.

Cryo-transmission electron microscopy (cryo-TEM) images were obtained using the
JEM-2100 LaB6 TEM (JEOL) at the Advanced Imaging and Microscopy Laboratory at the
Maryland NanoCenter. Scanning electron microscopy (SEM) with ionic liquid treatment was
conducted using the SU-70 Field Emission SEM (Hitachi).

2.7. Characterization of SDF-1a release

To characterize protein release from liposomes, 500 pL of fresh liposomal SDF-1a
(lipoSDF) suspension was added to the top chamber of a Slide-A-Lyzer MINI Dialysis
device (20k MWCO, Thermo Fisher) and dialyzed against PBS for one week at 37 °C. At
each time point, a 50 uL sample was taken and centrifuged at 1500 g for 30 minutes at 4 °C
to separate the liposomes from the released protein. The supernatants were then transferred
into separate tubes for analysis by ELISA to determine the amount of SDF-1a released.

To assess the ability of SDF-1a to be released from within the GelMA matrix over time, 5
pg/mL of SDF-1a or lipoSDF was added to GelMA solutions before crosslinking. Samples
were incubated in PBS/0.1% BSA for 1 week at 37 °C in the presence of 16 pg/mL
collagenase IV. At each time point, supernatants were collected from each sample and
replaced with fresh solution. The cumulative release of SDF-1a into these supernatants was
then assessed by ELISA as before.

2.8. Cell culture

Human bone marrow-derived MSCs (RoosterBio) were expanded in RoosterNourish media
(RoosterBio) until confluency and used up to passage 8. Cells were seeded at 1 x 10° cells/
well for transwell experiments and 2.5 x 10° cells/well for Western blot experiments. In both
cases, MSCs were first serum-starved overnight in Dulbecco’s Modified Eagle Medium
(DMEM, Thermo Fisher) before seeding the following day.
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2.9. Transwell migration assay

MSCs were seeded in the top chamber of 24-well transwell inserts (Millipore Sigma) and
allowed to migrate towards the bottom chamber containing DMEM conditioned by either
PBS, 80 ng/mL free SDF-1a, or lipoSDF (containing 80 ng/mL SDF-1a as determined by
ELISA). After 24 hours, unmigrated cells on the apical surface of the membrane were
removed with a cotton tip. The membranes were then stained with Hoechst 33342 nuclear
stain (5 ng/mL, Thermo Fisher), and imaged under fluorescence microscopy. Nikon NIS-
Elements analysis software was used to count the number of migrated cells in a total of 5
random fields of view per sample. In a similar fashion, GelMA containing 5 pg/mL of
SDF-1a or lipoSDF was used to condition DMEM over 1 week. This media was collected at
each time point and used to stimulate MSC migration for 2 hours before staining and
counting.

2.10. Western blotting

Media was conditioned over 1 week by GelMA containing 5 pg/mL of SDF-1a or lipoSDF
as detailed above. MSCs were then exposed to conditioned media for 2 hours before lysis
with RIPA buffer (Thermo Scientific) containing a cocktail of phosphatase and protease
inhibitors (Abcam). Lysates were then mixed with Laemmli buffer (Bio-Rad) and run on a
12% SDS/PAGE electrophoresis gel before being transferred onto a nitrocellulose membrane
using a Trans Blot semi-dry transfer machine (Bio-Rad). Membranes were then probed with
primary rabbit antibodies against human AKT p473, RPS6 pS235/236 (1:250 dilution,
Abcam), as well as total AKT and RPS6 (1/500, 1/5000, Abcam). A secondary horseradish
peroxidase-conjugated goat anti-rabbit antibody (1:10,000 dilution, Abcam) was used in
conjunction with enhanced chemiluminescence substrate (Bio-Rad) to visualize the protein
bands.

2.11. Statistical Methods

Unless noted, data is presented as mean = STD with n = 3 biological replicates per group.
Depending on the comparisons being made, a Student’s T-test or one-way analysis of
variance (ANOVA) with Tukey’s post hoc test was used to determine statistical differences
between groups, with p < 0.05 considered to be significant. Statistical analyses were
conducted using Minitab 18.

3. Results
3.1. Characterization of GelMA hydrogels

The reaction of methacrylic anhydride with Type B gelatin to form GelMA was confirmed
by 1H NMR spectroscopy by assessing for the presence of vinyl groups in the sample
spectrums. A pair of peaks was observed between 5.5 — 6 ppm, corresponding to the protons
from the vinyl group of methacrylate (Figure 2A, blue spectrum) [36,37]. These peaks were
not present in the NMR spectrum of gelatin (red spectrum).

GelMA hydrogels digested in collagenase IV solution were collected at each time point,
lyophilized, and massed in order to determine their rates of degradation (Figure 2B). This
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produced a content-dependent trend with slower degradation as GelMA content was
increased (*p < 0.005, **p < 0.001).

Rheology conducted on GelMA + lipoSDF hydrogels showed that for all concentrations of
GelMA used, the storage modulus (G”) was greater than the loss modulus (G”) across the
entire frequency range (Figure A.1.). This effect was observed in both newly-fabricated
hydrogels and as well as gels that were allowed to swell in PBS overnight.

3.2. Characterization of liposomes

Unilamellar empty liposomes (lipo) and lipoSDF were formed with a hydrodynamic
diameter of 227 + 5 and 236 + 3 nm, respectively, and with a narrow size distribution (Pdl <
0.1) (Figures 3A and 3C). The diffusion coefficients of lipo and lipoSDF particles was
measured to be 2.1 and 2.0 x 1078 cm?/s respectively in water, which when compared
against the diffusion coefficient of free SDF-1a. protein (1 x 1078 cm?/s) [38], indicates that
these larger particles are slower to diffuse in the medium [39]. In order to minimize the
destabilizing electrostatic interactions between the liposomes and the negatively charged
GelMA, the surface charge of the liposomes was engineered to have a slight negative charge
between —48 and —41 mV, as measured by ELS (Figure 3E). To determine the encapsulation
efficiency of lipoSDF, an ELISA assay was conducted to determine the protein
concentration in lipoSDF after dialysis and compared the amount that was added initially.
Passive loading of SDF-1a into liposomes resulted in an encapsulation efficiency of 88 +
6%. Lastly, the hydrodynamic diameter and zeta potential of the same batch of lipoSDF was
monitored for 2 weeks to assess for particle stability (Figure A.2.). Narrow distributions
were observed in both with minimal changes over time, suggesting that these particles
remain stable over time when stored at 4 °C.

3.3. Release of SDF-1a from liposomes and GelMA

LipoSDF was shown to follow burst release kinetics over 1 week (Figure 4A), while
hydrogel-loaded, unencapsulated SDF-1a was released more slowly and as a function of
GelMA concentration (Figure 4C). When applied to well-known models of drug release, the
GelMA + SDF profiles were found to readily fit the Korsmeyer-Peppas model (0.97 < r2,
Figures 4D and A.3.A):

MMy = KKptn
where M; / Mo is the fraction of released drug at time ¢, Kxpis the Korsmeyer-Peppas rate
constant, and 77is the release exponent that identifies the mechanism of drug release [40].

When GelMA hydrogels were loaded with lipoSDF, however, the release followed more
exponential profiles (Figure 4E). These release curves did not fit the Korsmeyer-Peppas
model (Figures A.3.B and A.3.C), but were found to fit the Weibull model of delayed release
instead (0.96 < r2, Figure 4F):
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~a-1)
M/ Myy =1—exp——

where M; / M is the fraction of released drug at time ¢ 7;is the delay time before the start
of release, a is the scale parameter, and B is the shape parameter [41,42].

3.4. Transwell migration assays

MSCs seeded on transwells were exposed to serum-free media conditioned by 80 ng/mL of
either SDF-1a or lipoSDF. Both groups were able to significantly induce more chemotaxis
of MSCs compared to the negative control of DMEM supplemented only with PBS (p <
0.01, Figures 5A and 5B). This suggests that our lipoSDF fabrication method does not
impair the ability of the chemokine to induce MSC migration.

MSC migration was assessed over 1 week in response to media conditioned by 10% GelMA
+ SDF or 10% GelMA + lipoSDF. At each time point, conditioned media was collected to
stimulate MSCs for 2 hours before they were stained and counted. Increased migration was
observed at Days 3 and 7 in the GeIMA + lipoSDF group, while no such trend was observed
with GelIMA + SDF (p < 0.05, Figure 5C).

3.5. Western blots to assess for mTOR signaling activity

Western blots for phosphorylated (phospho-) AKT and RPS6 demonstrated that our GelMA
+ SDF and GelMA + lipoSDF constructs are capable of exerting effects on the
phosphorylation status of key signaling proteins from the mammalian target of rapamycin
(mTOR) pathway (Figure 6A). Densitometry analysis indicated that for AKT, the trends of
mean intensity of the GelMA + lipoSDF group were lower (means < 1) than the negative
PBS-treated control on all days, while the GeIMA + SDF group did not show this effect
(Figure 6B). For RPS6, both groups showed decreasing levels of protein over time (means <
0.91 by Day 7) below both the negative PBS control and the positive control of soluble
SDF-1a (Figure 6C).

4. Discussion

In this work, we have developed a nanocomposite hydrogel delivery system capable of
releasing the chemokine SDF-1a in liposomal form and demonstrated that this system can
affect cell signaling processes and induce chemotaxis in MSCs for up to 1 week. Similar
nanocomposite constructs have previously been leveraged to control the delivery of
therapeutic proteins such as PIGF, MCP-1, and EGF [42,43]. The use of liposomes for these
applications is particularly attractive due to the high hydrophilicity of charged proteins such
SDF-1a, which are thought to interact minimally with the hydrophobic membrane and allow
for more efficient incorporation into the aqueous core [44-47]. For our work, we opted to
use an anionic liposome formulation to minimize any electrostatic attraction between the
liposomes and the negatively charged GelMA that could cause the hydrogel fibers to insert
in the lipid bilayer and destabilize the particles [48]. We chose to use this strategy in
particular because proteins such as SDF-1a are susceptible to enzymatic degradation, and
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this method provides an additional method of locally concentrating the protein and isolating
it from nearby proteases compared to direct adsorption to a hydrogel [44,49].

As SDF-1a is a chemokine, one of the most important indicators of its activity is its ability
to induce chemotaxis in nearby cells. In our study, we assessed the bioactivity of our
released SDF-1a by measuring its ability to chemoattract MSCs. Furthermore, we studied
the released protein’s ability to exert effects on the mTOR pathway. This requires the
presence of intact, unencapsulated protein that can bind to the cells’ surface receptor
CXCR4 and activate downstream signaling factors. By encapsulating SDF-1a within
liposomes and further embedding them within GelMA hydrogels, we are able to deliver
protein with preserved bioactivity for up to 1 week.

Our studies have demonstrated that our SDF-1a-loaded liposomes are monodisperse in
solution and retain tight size and charge distributions even after 2 weeks at 4 °C (Figures 3
and A.2.). These findings suggest that our liposomes have a prolonged shelf-life, can be
stably loaded in hydrogels, and will retain their therapeutic efficacy even after being stored
for at least 2 weeks.

The use of GelMA in this application represents an innovative strategy to control the release
of a liposomal encapsulated therapeutic protein. GelMA hydrogels contain matrix
metalloproteinase- (MMP-) sensitive motifs that render them susceptible to enzymatic
degradation (Figure 2B), but this rate is modifiable by changing the number of crosslinks
between methacrylate groups [50]. In our rheological studies, we found that, for all
concentrations of GelIMA used, the G’ of our GelMA + lipoSDF hydrogels was always
greater than the G”, indicating that our hydrogels tend to deform elastically rather than flow
when shear is applied (Figure A.1.). We hypothesize that this is due to the highly structured
nature of the hydrogel, which is extensively crosslinked throughout the network [51]. This
helps to preserve some of the structure and mechanical properties of the hydrogel constructs
as they naturally degrade over time, which is especially critical in the context of dressings
for wound healing applications [1,7]. This effect was also observed after the hydrogels were
fully swollen, which suggests that they can maintain mechanical stability in an aqueous
environment.

One other application of GelMA is to tune the release kinetics of our protein of interest.
Much like native skin ECM, which is mainly composed of Type I collagen, GelMA derived
from alkaline-processed, Type B gelatin (itself a denatured form of collagen) carries a net
negative charge [52]. Proteins such as SDF-1a, which contains a large number of basic
amino acid residues such as lysine and hydroxylysine that contributing to its positive charge,
will form electrostatic interactions with these hydrogel fibers [53]. This will slow its
diffusion out of negatively charged gels and allow it to retain a relatively high local
concentration that is physiologically relevant to nearby cells, including those that may
eventually migrate into the gel itself [47,54]. We have shown that we are able to tune the
release kinetics by encapsulating SDF-1a in liposomes and embedding them in a GeIMA
hydrogel; by using this method we are able to achieve faster and higher amounts of protein
release in a time-delayed manner compared to using unencapsulated SDF-1a instead.
Electrostatic interactions between Type Bderived GelMA and SDF-1a would account for the
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attenuated burst release pattern in Figure 4C showing decreased amounts of SDF-1a release
compared to that from loaded liposomes only (Figure 4A). Conversely, the use of anionic
liposomes would prevent excessive electrostatic interactions between the lipid membranes
and the GelMA fibers, which might otherwise destabilize the particles to cause earlier cargo
release. The kinetics in Figure 4E reflect this decreased release in the first 1-3 days, with
higher amounts of release in the subsequent days as the GelMA hydrogels degrade and
protein is released from the nanoparticles. Furthermore, lipoSDF has a diffusion coefficient
2 orders of magnitude lower than free SDF-1a, leading to slower diffusion in aqueous
environments. This may also play a role in the low release from GelMA + lipoSDF in the
first 1-3 days. In comparison, the direct charge-charge interactions between the negatively
charged Type B-derived GelMA and the positively charged SDF-1a causes the protein to
remain complexed to the GelMA fibers and release slowly from the hydrogel over the entire
time course.

We found that the release profiles of the GeIMA + SDF groups could be modeled by the
Korsmeyer-Peppas equation for diffusion-controlled drug release (Figure 4D). The
calculated release exponent (n) for the 10% and 15% GelMA groups was about 0.5,
indicating that these systems obey classic Fickian diffusion schemes, while the 7.5% GelMA
group had an exponent that suggested anomalous, non-Fickian transport characterized by
both time-dependent solute diffusion and swelling of the polymer matrix (0.45 <n < 0.89
and n # 0.5) [40,41]. Furthermore, we saw that only the GeIMA + SDF, but not the GelMA +
lipoSDF groups fit this model (Figure A.3.). Instead, the latter groups were more readily
modeled as a delayed release system using the Weibull equation, whose shape parameter (B)
can be used to describe the shape of the release profile (Figure 4F) [42]. For all GelMA +
lipoSDF groups, B < 1, indicating that release from the system first occurs with a steep slope
before following a more exponential shape [41]. We believe that this phenomenon occurs
due to a small degree of leakage or burst release that results from some liposomes releasing
their cargo at early time points [49]. This might result in SDF-1a being sequestered within
the gel through charge-charge interactions that prevents diffusion away from the site until
the GelMA hydrogel is degraded [12,18]. Alternatively, SDF-1a may be complexed with the
negatively charged DSPG lipids on the liposome surface, causing any liposomes outside the
gel to be detected by our antibody-based detection assays.

As our modeling attempts indicate that SDF-1a could diffuse from our system in a manner
describable by Fick’s laws, and our studies have demonstrated their ability to release the
cargo protein while degrading slowly over 1 week, the 10% GelMA groups were selected for
use in subsequent experiments. In our transwell studies, we first confirmed that liposomal
encapsulation of the protein does not negatively impact its ability to chemoattract MSCs
(Figures 5A and 5B). Media conditioned by either GelMA + SDF or GelMA + lipoSDF
were then collected at days 0, 1, 3, and 7 to assess for the continued ability of the system to
release chemokine capable of inducing cell migration. In the GelMA + lipoSDF group, we
saw an increase in cell migration over time (Figure 5C), reflecting the exponential profile of
protein release suggested by our modeling data. This exponential trend of release followed
what we had observed from our release studies, suggesting that lipoSDF is a more tunable
method of SDF-1a release that can predictably induce the migration of MSCs for up to 1
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week. Conversely, no such trend was predicted by our models for the GeIMA + SDF group
and did not correlate with what was observed experimentally in our migration studies.

We also found that our nanocomposite hydrogel delivery system is capable of affecting the
phosphorylation status of key proteins from the mTOR pathway, which is known to be
stimulated by SDF-1a through the protein’s cognate receptor CXCR4 [55-57]. While there
are many highly complex signal transduction pathways that influence the behavior and
function of cells, we opted to study the mTOR pathway in particular due to its role in
stimulating cell metabolism, migration, and the production of pro-healing proteins [58,59].
Furthermore, mTOR signaling is associated with the regulation of glucose metabolism and is
differentially regulated among pro- and anti-inflammatory subsets of immune cells due to
their different metabolic demands [60,61].

For our work, we chose to study the levels of phosphorylated AKT, which is the biologically
active form of the protein that activates mTOR [62]. We also chose to probe for levels of
phosphorylated RPS6, which is further downstream mTOR and is implicated in protein
synthesis [58]. In our Western blot experiments, we saw that GelMA + lipoSDF, but not
GelMA + SDF, reached similar levels of phospho-AKT as the positive (free SDF-1a)
control across all days (Figure 6B). Curiously, the levels of phospho-AKT for the free
SDF-1a control were lower than that of the negative PBS control. This may be due to
feedback inhibition of phospho-AKT by mTOR as signaling reaches equilibrium [56,58].
Alternatively, exposure to the released SDF-1a may have caused the cells to adopt a lower
bioenergetic state with decreased mTOR activity, a phenomenon that has been previously
observed in anti-inflammatory macrophages subtypes [61]. We also hypothesize that the
variations between experiments may be due to nonspecific charge-charge interactions
between GelMA and SDF-1a that may interfere with diffusion and binding of the protein to
its receptor [12,13]. Similarly, the levels of phospho-RPS6 appeared to decrease slightly
upon stimulation with free SDF-1a. In both our groups, we saw decreasing levels of
phospho-RPS6 with time (Figure 6C), suggesting that the amount of released protein present
at each time point was still capable of inducing mTOR signaling activity within MSCs at or
beyond the capability of the positive control.

Overall, our studies indicate that our nanocomposite delivery system is capable of releasing
and maintaining local concentrations of bioactive SDF-1a at levels capable of stimulating
MSC recruitment /n vitro. We were able to observe these effects for up to 1 week, which is a
physiologically relevant /in vivotimespan for the migration of MSCs and other local
immunomodulatory cell types such as macrophages [63,64]. The results of this work
represent a promising approach that expands on current strategies for the controlled delivery
of therapeutic proteins, with important implications in biomedical research and
development, as well as in clinical settings.

5. Conclusions

The healing progression and ultimate outcome of a wound are highly dependent on the
activity of immunomodulatory cell populations such as MSCs. Chronic wounds in particular
are characterized by persistent inflammation preventing the progression of normal healing
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mechanisms that lead to wound closure and skin tissue regeneration [65,66]. This
inflammatory microenvironment impairs the recruitment of MSCs that normally secrete
immunomodulatory and pro-healing cytokines which play an important role in tissue repair
[8,9]. In our work, we have demonstrated that we are able to fabricate a nanocomposite
liposome-hydrogel system capable of stably encapsulating and tuning the release of the
chemokine SDF-1a over time. We further show that this system is able to affect intracellular
mTOR signaling as well as induce chemotaxis in MSCs. To our knowledge, this is the first
study to report the delivery of liposomal SDF-1a using a nanocomposite strategy. We
believe that this work could be in turn extended to the delivery of other therapeutic proteins
or applied to clinical applications including wound healing, immunomodulation, and tissue
regeneration.
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Statement of Significance

Chronic, non-healing wounds promote an inflammatory environment that inhibits the
migration of mesenchymal stem cells (MSCs), which secrete pro-healing and
regenerative cytokines. The goal of this project is to apply principles of tissue
engineering to achieve controllable release of the pro-healing chemokine SDF-1a to
modulate the intracellular signaling and migratory behavior of MSCs. In this work, we
introduce a nanocomposite strategy to tailor the release of SDF-1a using a liposome/
gelatin methacrylate hydrogel approach. We are the first group to report the delivery of
liposomal SDF-1a using this strategy. Our findings aim to further elucidate the role of
MSC:s in directing wound healing and guide the development of immunomodulatory and
therapeutic delivery strategies for clinical wound healing applications.
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Figure 1: Strategy for SDF-1a delivery using a nanocomposite liposome/GelMA hydrogel.
Schematic of the overall delivery system, which is composed of liposomal SDF-1a

(lipoSDF) loaded in a UV-crosslinkable gelatin methacrylate (GelMA) hydrogel derived
from Type B gelatin. Anionic liposomes are formed by mixing DSPC, DSPG, and
cholesterol at a 65:10:25 molar ratio.

Acta Biomater. Author manuscript; available in PMC 2021 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Yu et al.

A

Page 19

—o— 7.5% GelMA

...............

<, s 10.0% GelMA

L
.
e,
s
ey
L

B
| __100
S
| g) 80 -
; o - —
‘ J £ 60
NH @
Sf § 1.
| =
(olo} %
h 8 20 -
/ ,G,eIMA S
1 1 1 1 O
4 2 0 -2 0

ppm (3)

Figure 2: Characterization of the GeIMA hydrogel.

Time (Days)

(A) Representative 1H NMR spectrums of gelatin (red) and GelMA (blue), with the boxed
peaks representing protons attached to the vinyl group of methacrylate (red =|=). (B)
Degradation of GeIMA hydrogels in collagenase 1V shows a slower rate of degradation as
GelMA content is increased (n = 3, mean + STD). One-way ANOVAS with Tukey’s post-hoc
comparisons were conducted between groups at each time point. *p < 0.005 and **p <

0.001).
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Figure 3: SDF-1a loaded into liposomes does not alter particle diameter or surface charge.
(A) Quantification of liposomal polydispersity index (Pdl), encapsulation efficiency (EE%),

and diffusion coefficients in water as measured by dynamic light scattering. (B) Cryo-TEM
imaging of lipoSDF shows mostly spherical, unilamellar particles averaging around 200 nm
in diameter (Scale bar: 200 nm). (C, D) Size and (E, F) zeta potential distributions of loaded
and unloaded liposomes. The means between the two groups do not differ significantly (n =
3, mean + STD. Student’s T-test, p > 0.05). Each measurement was conducted with a
different preparation of liposomes.
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Figure 4: The release kinetics of SDF-1a can be tuned by incorporating the protein in a GeIMA
hydrogel.

(A) Cumulative SDF-1a released from liposomes over 1 week is characterized by burst
release kinetics (n = 4, mean + STD). (B) SEM imaging of GeIMA + lipoSDF shows small
particles of less than 500 nm dispersed throughout the surface of a hydrogel fiber (Scale bar:
5 um). (C) Cumulative percentage of unencapsulated SDF-1a or (E) lipoSDF released from
GelMA over 1 week, normalized to the amount of initial detectable protein (n = 4, mean +
STD). One-way ANOVAs with Tukey’s post-hoc comparisons were conducted between
groups at each time point. *p < 0.0001, **p = 0.001, ***p < 0.01). (D) Release exponent (n)
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and r2 values derived from the release of unencapsulated SDF-1a. from GelMA hydrogels,
fit to the Korsmeyer-Peppas model. (F) Shape parameter () and r2 values derived from
release of lipoSDF, fit to the Weibull release model.
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Figure 5: Liposomal encapsulation does not impair the chemotactic activity of SDF-1a and is
able to induce chemotaxis for up to 1 week.

(A) Representative images and (B) quantitative cell counts from Hoechst-stained MSCs in a
region of interest (ROI) that have migrated through a transwell membrane in response to the
respective chemotactic factor: PBS, 80 ng/mL of free or liposomal SDF-1a (Scale bar: 100
um. n = 3, mean £ STD. One-way ANOVAS with Tukey’s post-hoc comparisons, *p < 0.01).
(C) Comparison of MSC migration in response to media conditioned over 1 week by PBS,
80 ng/mL SDF-1a., or either 5 pg/mL of free or liposomal SDF-1a in 10% GelMA. Two sets
of one-way ANOVAs with Tukey’s post-hoc comparisons were conducted between groups
(groups being compared are denoted by either upper- or lower-case letters). Groups that do
not share a letter are statistically different (p < 0.05).
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Figure 6: SDF-1a or lipoSDF in GelMA are capable of exerting effects on key proteins of the

mTOR signaling pathway over 1 week.

(A) Representative Western blots of phosphorylated AKT and RPS6 compared to their
respective total protein controls in MSCs exposed to PBS, 80 ng/mL free SDF-1a, or 5
pg/mL of either free or liposomal SDF-1a in GelMA. (B) Densitometry analysis of
phosphorylated AKT and (C) RPS6. (n = 3, mean £ STD. Two sets of one-way ANOVAS
with Tukey’s post-hoc comparisons were conducted between groups. *p < 0.05 and **p <

0.01)
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