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ABSTRACT: The management and treatment of chronic wounds or acute wounds Porous surface

remain a major challenge in modern medicine. The application of autologous platelet-rich
plasma (PRP) has become a promising adjuvant therapy to promote wound healing. PRP
is derived from centrifuged whole blood to extract concentrated platelets, and a large
amount of cytokines and growth factors are released upon activation. These bioactive
molecules can enhance angiogenesis and tissue regeneration. Herein, PRP-loaded gelatin
microspheres were prepared by the emulsion cross-linking method. Scanning electron
microscopy results showed that the prepared microspheres are completely spherical, with
an average particle size of 15.95 & 3.79 pum and having a uniform particle size. Among
them, the surface of a single microsphere is smooth and has a microporous structure,
which may be the main channel for drug diffusion. Results of drug release measurements show that the prepared microspheres can
slowly release the vascular endothelial growth factor for more than 7 days. In vitro cell experiments show that the prepared
microspheres can promote proliferation and migration of L929 mouse fibroblast cells. In summary, the prepared PRP-loaded gelatin
microspheres with high and long-term activity can provide experimental and theoretical knowledge for the development of the
clinical long-acting injectable formulations.
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1. INTRODUCTION

The treatment of chronic wounds or impaired acute wounds
represents a major public healthcare burden affecting a
relatively large population.”” Wound healing is a complex
and orderly physiological process that includes inflammation,
proliferation, regeneration, and remodeling, which is coordi-
nated by a large number of cells, cytokines, and various

controlled-release drug system with controlled release and
prolonging activity is an urgent global need.

Recently, a variety of drug-controlled release systems have
attracted increasing interest in the treatment of various
diseases.">'® Polymer microspheres with low cost, good
plasticity, good biocompatibility, and biodegradability have

become ideal raw materials for the preparation of biological

extracellular matrix components.”™ As an important partic-
ipant in the process of wound repair, the application of
cytokines can often play a critical role in a small dose.”’
Therefore, cytokines are an ideal bioactive drug for treating
trauma and promoting wound repair.”

Platelet-rich plasma (PRP) is a mixture of highly
concentrated platelets and associated growth factors including
the platelet-derived growth factor (PDGF), vascular endothe-
lial growth factor (VEGF), basic fibroblast growth factor
(bFGF), insulin-like growth factor (IGF), and stromal cell-
derived factor, all of which play crucial roles in regulating a
variety of physiological processes such as inflammation
response, angiogenesis, and wound healing.g’10 VEGF and
bFGF are effective pro-angiogenic factors, which can promote
neovascularization in models of tissue ischemia.'""** Moreover,
bFGF and VEGF, as mitogens in the process of wound healing,
can regulate various cells during wound healing.13 However,
the half-life of growth factors is extremely short, which will
need the dosage and frequency of administration to be
increased to maintain its effect, resulting in the high cost of
treatment.'* Consequently, discovery and development of a
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and tissue engineering materials.'” Drug-loaded microspheres
based on high molecular polymers have been successfully used
in many studies."”'” These drug-loaded microspheres have
good biocompatibility and protective and slow controlled
release effects.”’ ™

In this study, PRP-loaded gelatin microspheres were
successfully prepared by the emulsion cross-linking method
to promote wound healing. Their physical properties, drug
release, and proliferation effect on the L929 mouse fibroblast
cells in vitro were evaluated. The results show that the average
diameter of the microspheres is 15.95 + 3.79 pm and the
particle size is uniform. The effect of PRP concentration in
microspheres on cell proliferation was detected by CCK-8, and
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the microspheres were determined to be noncytotoxic and
have good biocompatibility. Meanwhile, the 100 pg/mL PRP-
loaded gelatin microspheres are beneficial in promoting cell
proliferation and migration.

2. MATERIALS AND METHODS

2.1. Materials. Gelatin (type A, from porcine skin) was
purchased from Sigma-Aldrich Industrial Corporation (Shang-
hai, China). Span 80, 25% glutaraldehyde solution, isopropyl
alcohol, and petroleum ether were obtained from National
Medicine Group Chemical Reagent Co., Ltd. (Shanghai,
China). The L1929 fibroblast cell line was purchased from
Beogene Biotechnology Co., Ltd. (Guangzhou, China). Cell
Counting Kit-8 (CCK-8) and LIVE/DEAD cell imaging kit
were purchased from Thermo Fisher Scientific, Inc. (Waltham,
MA, USA).

2.2. Preparation of PRP-Loaded Gelatin Micro-
spheres. Gelatin microspheres (GMs) were prepared by the
water—oil (W/O) method.”” Briefly, 3 g of gelatin is dissolved
in 20 mL of ultrapure water. The solution was added into 100
mL of liquid paraffin containing 1.5 mL of SPAN-80 with a
stirring rate of 800 rpm at S0 °C. After emulsification for 10
min, the emulsion was then cooled to 4 °C in an ice bath.
Glutaraldehyde (0.1 mL, 25% v/v) was added into the
solution, and the reaction was stirred at 4 °C for 24 h. After
fixation for 24 h, the supernatant was removed and 100 mL of
isopropanol was added to dehydrate. Finally, the obtained
microspheres were washed with isopropyl alcohol, petroleum,
and deionized water ether three times alternately, then filtered
by a filter, and dried in a drying oven at 60 °C to obtain a light
yellow powdered gelatin microsphere. After screening with a
20 pm aperture pore size sieve, it is bottled and stored in a
desiccator.

2.3. Characterization of the Microspheres. The micro-
spheres were placed onto a microscope slide and deionized
water was added on top. Samples were made for observation
by an optical microscope. The morphology of gelatin
microspheres was visualized using optical microscopy and
scanning electron microscopy (SEM, HITACHI S-3700N,
Tokyo, Japan). The corresponding size distribution of gelatin
microspheres was measured and quantified by Nano measure
software.

2.4. Preparation of PRP-Loaded Gelatin Micro-
spheres. 2.4.1. Preparation of PRP. Whole blood (type O
positive) acquired from eight young volunteers was stored with
ethylenediaminetetraacetic acid at 4 °C. Extraction of
autologous PRP was prepared by a two-step centrifugation
technique. The first step was centrifuged at 1500 rpm for 10
min, and the second step was centrifuged at 3000 rpm for 20
min, and the platelet count was normalized to 1019.13 + 10.93
X 10°/L. The platelet activator (100 mg/mL calcium gluconate
solution and 100 U/mL thrombin) was mixed with PRP in a
volume ratio of 10:1 and then incubated in a water bath at 37
°C for 30 min. The PRP was centrifuged to obtain the platelet
compound growth factor and other bioactive factors. The PRP
was stored in an ultralow temperature refrigerator at —80 °C.

2.4.2. Preparation of PRP-Loaded Gelatin Microspheres.
Briefly, 100 uL of PRP was added to the 1.5 mL sterile EP tube
containing 10 mg gelatin microspheres and then fully
infiltrated and expanded at 4 °C for 24 h. Then, the sample
was lyophilized for 24 h, sealed, and placed at —20 °C for
storage.

2.5. In Vitro Growth Factor Release Studies.
2.5.1. Quantification of the Growth Factor in PRP. PRP
(100 uL) was added to the 1.5mL sterile EP tube without
microspheres. After fully infiltrating and swelling at 4 °C for 24
h, all the supernatants were centrifuged at 8090 rpm for 15 min
and collected. Then, the three EP tubes were mixed with 200
uL phosphate-buffered saline (PBS) and centrifuged at 8090
rpm for 5 min. The supernatants were repeatedly washed three
times, marked each time, and stored in an ultralow temperature
refrigerator at —80 °C. Total amounts of PDGF-BB, TGF-$,
VEGF, IGF-1, bFGF, and EGF in PRP were evaluated by
enzyme-linked immunosorbent assay (ELISA) from RayBio
(Norcross, GA, USA).

2.5.2. Release of VEGF from Gelatin Microspheres. PBS
(500 uL) was added to each EP tube containing PRP-loaded
gelatin microspheres with a stirring speed of 100 rpm at 37 °C.
At predetermined time points (1, 2, 3, 4, S, 6, and 7 days),
three EP tubes were centrifuged at 1500 rpm for 1S min, and
the supernatant was marked and stored in a cryogenic
refrigerator at —80 °C for 15 min. The ELISA kit was used
to detect the collected samples and the supernatants
containing the unabsorbed growth factor in microspheres.
Meanwhile, the cumulative release rate of VEGF in vitro was
calculated.

2.6. Biocompatibility In Vitro. 2.6.1. Cell Culture. 1929
fibroblasts were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) complete medium containing 10% fetal
bovine serum (FBS), and 1% double antibodies (100 mol/mL
penicillin, 100 pug/mL streptomycin) in 37 °C and 5% CO,
incubator were added for 24 h until they reached the
logarithmic phase of growth. The cells were digested and
dispersed with 0.25% trypsin, centrifuged, and resuscitated at
1500 rpm for 3min, and cell suspension (1 X 10* cells/mL)
was prepared.

2.6.2. Evaluation of the Cell Proliferation Rate. The cell
proliferation rate of microspheres was evaluated according to
the National Standard of China GB/T16886.12 using 1929
cells. The prepared microspheres were soaked in DMEM at the
ratio of 0.1 g:1 mL to prepare leaching solution at 37 °C for 24
h. Afterward, 100 uL of previous cell suspension was added in
a 96-well culture plate. After 12 h of incubation, the initial
culture medium was taken out and replaced with 100 uL of
leaching solution. The control group is DMEM complete
medium containing 10% FBS, and 0 pg/mL GMs/PRP group
is leaching solution of pure gelatin microspheres without PRP.
At each culture time interval (24, 48, and 72 h), the cell
proliferation rate was assessed by CCK-8 assay and live/dead
staining. For CCK-8 assay, the culture medium in 96-well
plates was replaced with DMEM containing 10% of CCK-8
solution and incubated at 37 °C for 30—60 min. The
absorbance at 450 nm was determined using a microplate
reader (SH1000, Corona, Japan). The cell proliferation rate
was calculated according to the equation.

oD, — OD,
oD, — OD,

Cell proliferation rate (%) = X 100%

where OD,, OD,, and OD,, represent the absorbance of the
experimental wells of microspheres treated, the control wells,
and the blank wells, respectively.

For live/dead staining, the medium was removed and
washed three times with PBS. Then, 100 uL of live/dead
staining stock solution was added and incubated at 4 °C for 15
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min. Finally, the fluorescent images of cultured cells were
viewed under an inverted fluorescence microscope (TE2000-S,
Nikon, Japan).

2.6.3. Cell Migration Study-Scratch Assay. Scratch-wound
assays were performed to assess the effects of PRP-loaded
gelatin microspheres on cell migration. L929 were seeded in
24-well plates at a density of 1 X 10* cells per well and allowed
to grow until 90—95% confluence was reached. Then, the cells
were washed twice with PBS and grown in serum-free medium
for 24 h. Subsequently, the cell monolayer was carefully
scratched with sterile 200 uL pipet tips. Following scratch
injury, the cells were washed with PBS to remove cell debris
and the culture media were replaced with 100 uL of leach
liquor in DMEM medium without FBS. Serum-free medium
was used as the control group. After being incubated at 0, 24,
and 48 h time points, the cells were re-photographed using an
optical microscope. The wound gap distance was quantified by
measurement of photographic images using IPP 6.0 software.

2.7. Statistical Analysis. All data represent the mean =+
standard deviation. Statistical analysis was conducted by one-
way ANOVA with SPSS 20.0. Significant difference was
considered at * (p < 0.05), ** (p < 0.01), and *** (p < 0.001).

3. RESULTS

3.1. Characterization of the Gelatin Microspheres.
Optical microscopy images of the prepared gelatin micro-
spheres are shown in Figure 1A. The prepared gelatin
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Figure 1. (A) Optical microscopy images of gelatin microspheres,
(B,C) scanning electron microscopy of gelatin microspheres, (D)
particle size distribution of gelatin microspheres, and (E) mean
hydrodynamic diameter of gelatin microspheres.

microspheres exhibited a highly porous surface, uniform
particle size, and good dispersion (Figure 1B,C). Statistical
analysis showed that 88.23% of the microspheres were
distributed in the range of 7—20.5 um, and the average
particle size was 1595 + 3.79 ym (Figure 1D). The mean
hydrodynamic diameter obtained by dynamic light scattering
was 18.92 ym (Figure 1E), which is quite close to the average
particle size of the SEM result. Freeze-dried gelatin micro-
sphere powder was a white loose powder without collapse and
shrinkage.

3.2. In Vitro Growth Factor Release Studies. The
contents of PDGF-BB, TGF-f, VEGF, IGF-1, bFGF, and EGF
in the PRP were 17.033 + 0.089, 8.716 + 0.804, 285.089 +
6.342 ng/mlL, 275.80 + 1.00, 136.527 + 9.154, and 80.113 +
2.156 pg/mL, respectively. The contents of PDGF-BB, TGF-,
and VEGF loaded on gelatin microspheres were 123.63,
72.335, and 2.50 pg/mg, respectively. The adsorption rates of
PDGEF-BB, TGF-f, and VEGF growth factors on microspheres
were 72.58, 82.99, and 87.84%, respectively. Figure 2A shows
the in vitro release ratio of VEGF from gelatin microspheres.
The release rate of VEGF was slower and exhibited a steady
growth. Results indicated that the gelatin microspheres could
provide a sustained delivery of VEGF.

3.3. Evaluation of Cell Proliferation. Figure 2B shows
the relative cell proliferation rate of PRP-loaded gelatin
microsphere group at 1, 2, and 3 days. With the increasing
culture time, it can be clearly shown that the cell proliferation
rate of all GM/PRP microsphere-treated groups exhibited an
increasing trend, indicating that prepared GM/PRP micro-
spheres had good biocompatibility. It is worth noting that the
cell proliferation rate of microspheres containing PRP was
higher than that of the pure gelatin microspheres and control
group. Meanwhile, the cell proliferation rate of the pure gelatin
microsphere group was similar to the control group, indicating
that the prepared gelatin microspheres was no cytotoxicity.
Overall, it can be considered that the PRP-loaded gelatin
microspheres have good biocompatibility and can significantly
promote cell proliferation.

3.4. Live/Dead Staining Assay. To further clearly and
intuitively observe the cell proliferation effect of PRP-loaded
gelatin microspheres, the cultured 1929 cells were stained with
a dead-and-live staining kit, and then the live (green) and dead
(red) cells were visualized with an inverted fluorescence
microscope. As shown in Figure 3, it can be seen that most of
the cells survived in all gelatin microsphere groups. At day 1,
only a small amount of cells adhered and proliferated on the
well plate. At day 2, a larger number of cells began to migrate
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Figure 2. (A) Sustained release of VEGF in gelatin microspheres. (B) Proliferation rate of the 1929 cells at 1, 2, and 3 days of different
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Day 3

100 pg/mL GMs/PPR

Control 0 ||/mL GMs/PPR 25 pg/mL GMs/PPR

200 pg/mL GMs/PPR

Figure 3. Live/dead staining fluorescence images of the L929 cells at 1 and 3 days of different concentrations of GM/PRP treated. The scale bar is

S0 pm.

GMs/PRP concentration (ug/mL)

Control

100

Figure 4. Representative photographs of cell migration in different concentrations of GM/PRP treated using the scratch assay. The scale bar is 100

pm.

and proliferate. At day 3, with the extension of the culture time,
a large number of cells could be seen densely growing on the
well plate, the cells being close to saturation, and the cells
densely arranged, basically covering the entire bottom surface.
It is worth mentioning that the cell density gradually increased
with increasing the concentration of PRP in gelatin micro-
spheres. All results showed that the prepared PRP-loaded
gelatin microspheres showed no cytotoxicity, indicating that
the released PRP possesses good biocompatibility, can
effectively promote cell proliferation, and has a great potential
in biological applications.

3.5. Evaluation of Scratch. The scratch wound assay can
quickly and easily evaluate the effect of materials on cell
behavior. As shown in Figure 4, scratch effects followed the
same trend as the cell proliferation rate. Because of the
proliferation of cells in the microsphere group and the control
group, the cell mass slightly widened at 4 h and then gradually
extended to the middle. With the increasing concentration of

PRP in the gelatin microspheres, the scratches closed faster,
indicating that PRP-loaded gelatin microspheres play an
important role in promoting cell proliferation.

After incubation for 24 h, cells exposed to 100 and 200 ug/
mL showed higher migration (85.96 + 3.68%) and (86.38 +
4.52%), followed by those exposed to GMs (55.29 + 1.78%)
and control (59.24 + 2.53%) (Figure S). Statistical analysis of
the change in the scratch area was performed to validate the
cell proliferation rate, which was consistent with the previous
reports stating that growth factors in PRP could promote cell
migration.24

4. DISCUSSION

The instability of the released growth factor in PRP is a major
factor limiting its broad clinical application.”> Growth factors
such as VEGF or bFEGF have poor stability in vivo, short-lasting
biological activity, and poor biological membrane perme-

ability.”® When the growth factor is applied, the local fluid
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Figure S. Migration area results in different concentrations of GM/
PRP treated using the scratch assay. N.S., not significant, *p < 0.05,
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environment in vivo is more complex with a variety of influence
factors, such as protease degradation, tissue cell phagocytosis,
and so on, which will affect its activity and their functional
interaction.”” In addition, most of the growth factors are
released after activation for a short period of time, which will
lead to the high concentration of growth factors locally.
However, the high concentration of growth factors cannot be
effectively used by tissues during short duration, and some of
them diffuse with body fluids.

Gelatin is an ideal natural bioactive material for designing
the microsphere growth factor release system.”®”” Tt is
amenable to various surface modifications and reactions,
contains short peptides of amino acid biological activity, and
can be combined with cell surface receptors, which is
conducive to cell surface adhesion molecule recognition. The
gelatin molecules form a stable three-dimensional network
structure under the action of a curing agent (glutaraldehyde).*’
The PRP and gelatin are combined to prepare slow-release
microspheres. The basic principle is that the growth factor is a
peptide structure, which has a certain affinity between them.
The gelatin microspheres swell, absorb, and encapsulate the
growth factor, ensuring the adsorption rate and loading rate of
the growth factor. With gelatin microsphere degradation, the
slow release of growth factors in vivo is achieved. Gelatin can
replace water to form a hydrogen bond with the polypeptide
during lyophilization, stabilize the natural conformation of the
polypeptide, and thereby protect the activity of the growth
factor.

In this study, the prepared PRP-loaded gelatin microsphere
shows a high adsorption rate of growth factor, the loaded
amount of growth factor, and slow-release effect in vitro. One
possible reason for the evaluation of the sustained release effect
of microspheres in terms of the amount of VEGF detected is
that the activity of VEGEF is relatively long at 37 °C in vitro, and
it still maintains a high activity after 7 days. However, the
activity of PDGF began to decline after 1 day; the activity of
TGEF-f began to decrease after 45 min. The activity of EGF,
bFGF, and IGF-1 is also relatively long, but the concentration
is low, which is not easy to accurately measure after dilution.
Another possible contributing factor is that VEGF, as a pro-
angiogenic factor or vascular permeability factor, can
specifically bind to the surface receptors of vascular endothelial
cells. It can promote the proliferation and migration of vascular
endothelial cells, stimulate angiogenesis, and improve vascular
permeability and so on. We performed further in vitro
experiments to study the indirect effects of the different
concentrations of PRP-loaded gelatin microspheres on 1929

fibroblasts. The result indicated that prepared PRP-loaded
gelatin microspheres can effectively promote cell proliferation
and migration, which will have a great potential in biological
applications.

5. CONCLUSIONS

Chronic wounds are a great burden on patients, their families,
society, and the healthcare system. PRP, as a natural source of
growth factors, plays a critical role in tissue repair and
regeneration. However, there might be rapid degradation
following the direct injection of PRP at the site of injury, which
will reduce the utility. Herein, we reported that gelatin
microspheres, as a delivery system for slow-release growth
factors, exhibit a relatively smooth surface, uniform particle
size, and good dispersion. Our result indicated that prepared
microspheres show the slow-release effect in vitro and slowly
release VEGF for more than 7 days in vitro at 37 °C. In vitro
experiments indicated that the prepared gelatin microspheres
possess good biocompatibility and can effectively promote cell
proliferation and migration, which will have a great potential in
biological applications.
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