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Abstract: The demand for innovative therapeutic interventions to expedite wound healing, particu-
larly in vulnerable populations such as aging and diabetic patients, has prompted the exploration
of novel strategies. Mesenchymal stem cell (MSC)-based therapy emerges as a promising avenue
for treating acute and chronic wounds. However, its clinical application faces persistent challenges,
notably the low survivability and limited retention time of engraftment in wound environments.
Addressing this, a strategy to sustain the viability and functionality of human MSCs (hMSCs) in a
graft-able format has been identified as crucial for advanced wound care. Hydrogel microparticles
(HMPs) emerge as promising entities in the field of wound healing, showcasing versatile capabili-
ties in delivering both cells and bioactive molecules/drugs. In this study, gelatin HMPs (GelMPs)
were synthesized via an optimized mild processing method. GelMPs with distinct diameter sizes
were sorted and characterized. The growth of hMSCs on GelMPs with various sizes was evaluated.
The release of wound healing promoting factors from hMSCs cultured on different GelMPs were
assessed using scratch wound assays and gene expression analysis. GelMPs with a size smaller than
100 microns supported better cell growth and cell migration compared to larger sizes (100 microns or
200 microns). While encapsulation of hMSCs in hydrogels has been a common route for delivering
viable hMSCs, we hypothesized that hMSCs cultured on GelMPs are more robust than those encapsu-
lated in hydrogels. To test this hypothesis, hMSCs were cultured on GelMPs or in the cross-linked
methacrylated gelatin hydrogel (GelMA). Comparative analysis of growth and wound healing effects
revealed that hMSCs cultured on GelMPs exhibited higher viability and released more wound healing
activities in vitro. This observation highlights the potential of GelMPs, especially those with a size
smaller than 100 microns, as a promising carrier for delivering hMSCs in wound healing applications,
providing valuable insights for the optimization of advanced therapeutic strategies.

Keywords: gelatin; hydrogel microparticles; microgels; human mesenchymal stem cells (hMSCs);
wound healing

1. Introduction

Wound healing is an intricate process comprised of three distinct yet overlapping
stages mediated by cell–cell and cell–matrix interactions [1,2]. During the initial phase
of wound healing (inflammation phase), various types of white blood cells, such as neu-
trophils, macrophages, and T cells, are drawn to the injury site through chemical signals.
Neutrophils eliminate bacteria and debris, while macrophages clear dead cells and gen-
erate growth factors, aiding healing. Activated T cells produce cytokines and growth
factors, supporting the growth of other involved cells like fibroblasts and keratinocytes,
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when prompted by signals from cells like macrophages and dendritic cells. Once wound
healing transitions into the second phase (proliferative phase), fibroblasts in the wound
environment proliferate to produce extracellular matrix, particularly collagen, and release
signals to initiate re-epithelialization [3]. Keratinocytes are vital in this phase, migrating
and multiplying to cover the wound. Endothelial cells facilitate angiogenesis, forming new
blood vessels crucial for providing nutrients and oxygen. Together, these cells collaborate
to repair damaged tissues, transitioning collagen fibers from type III to type I, gradually en-
hancing the strength and flexibility of repaired tissues as epithelialization progresses [4–6].
The duration and quality of wound healing depend on many factors such as local cells or
cells migrated to the injury area, growth factors, cytokines, and chemokines, each of which
contributes to and regulates the overall wound healing process [7–9]. Deviations from the
well-orchestrated process lead to delayed wound healing and even chronic wounds or
fibrotic diseases [10].

Unhealed wounds not only negatively impact the quality of life of patients but present
a significant burden to the healthcare system [11]. Based on a limited data set (Medicare
beneficiaries in the United States in 2014), the costs associated with chronic nonhealing
wounds ranged from USD 28.1 to 96.8 billon [12]. This high cost is expected to increase due
to the rising number of diabetic and bariatric patients and an aging population [13,14].

The devastating effects on patients and alarming costs necessitate the development of
more effective wound treatments. In recent years, many new therapeutic strategies have
emerged to compliment the standard wound treatment care: TIME (tissue debridement, in-
fection control, moisture balance, and edges of the wound) [10,15]. Among these strategies,
cell therapy has gained traction [9,16]. Mesenchymal stem/stromal cells (MSCs) are the top
candidate for cell therapy. MSCs are multipotent cells, which can differentiate into multiple
cell lineages such as adipocytes, osteoblasts, chondrocytes, myocytes, and tenocytes [17–19].
Dental pulp, dermal tissues, adipose tissue, bone marrow, umbilical cord or Warton’s
jelly are some of the tissue sources from which MSCs can be isolated [20–22]. The major
reparative effect of these cells is attributed to paracrine signaling, which enhances the
migration, proliferation, and survival of the cells involved in wound healing. MSCs release
factors both directly and indirectly reduce inflammation and stimulate processes such as
angiogenesis, re-epithelialization, and extracellular matrix (ECM) deposition [23–25]. Fur-
thermore, clinical studies have demonstrated the safety of utilizing MSCs-based therapies,
including in wound treatments [26,27]. While its potential is recognized, the use of MSCs
in wound care still faces challenges. One obstacle is maintaining the bioactivity of MSCs in
injured cutaneous tissue after their delivery [28,29]. Delivering MSCs directly to the wound
through injection has been associated with issues such as low viability, transient retention,
and overall poor efficacy. In recent years, methods have been developed to improve MSCs
survival, focusing on the use of biocompatible scaffolds including natural or synthetic
polymers and genetically engineered peptides [30–32]. The benefits of a scaffold in a
wound environment include mimicking the natural ECM, providing mechanical support,
and enhancing nutrient and oxygen transport to support the viability and functionality of
MSCs [33].

Hydrogels constitute three-dimensional (3D) structures formed through the cross-
linking of hydrophilic polymer networks. They exhibit a remarkable capability to absorb
and preserve significant quantities of water and various biological fluids, making them a
promising candidate for cell delivery [33]. Hydrogels can deliver MSCs safely to wound
sites and protect them from an immune system attack [34]. The modified hydrogel microen-
vironment can support the proliferation of cells by regulating biophysical and biochemical
properties, such as hydrogel–cell interactions, cell adhesion, microstructure, and degrad-
ability [35]. Collagen, natural ECM protein, or gelatin, the denatured form of collagen, can
maintain cell adhesion patterns. Dong et al. reported that a gelatin-based hydrogel delivery
mechanism enhanced the survival ratio of adipose-derived stem cells in diabetic wounds,
and gelatin bulk hydrogel containing adipose-derived stem cells improved wound closure
and neovascularization [36,37]. However, once applied on the wound site, the limited
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interface between bulk hydrogel and the wound causes low tissue infiltration and low
rate of stem cells survival [38]. Therefore, alternative geometries or forms of hydrogel
have been explored for efficient delivery of stem cells. Compared to bulk hydrogel, the
geometry of hydrogel microparticles (HMPs), also known as microgels, provides a large
surface area for cell growth and easy access to nutrients and cell-released factors [39–41].
Gelatin, one of the common biopolymers, presents advanced properties such as low anti-
genicity, good biodegradability, and biocompatibility in the physiological media [42]. It
can be fabricated in microgel form, which can be employed alone or in combination with
other biopolymers in manufacturing tissue engineering scaffolds [43], and can be degraded
by the enzymes secreted from cells [44]. The proliferation and differentiation of various
types of cells on gelatin HMPs have been reported previously. These cells include adipose-
derived stem cells [38,45–47], MC3T3-E1 [48–52], bone-marrow-derived stem cells [53–57],
preadipocytes [58], and cardiac progenitor cells [59].

This study aims to optimize the size of GelMPs as cell carriers for hMSCs in the
context of wound healing. While the compatibility of gelatin HMPs (GelMPs) with cells
is well established, the wound healing impact of human bone-marrow-derived stem cells
(hMSCs) cultured on GelMPs remains unexplored, particularly in comparison with hMSCs
encapsulated in gelatin hydrogels. To achieve this, GelMPs of various sizes were prepared
and characterized, assessing parameters such as size, cross-linking degree, degradation
rate, water content, and ATR-FTIR. The viability of hMSCs on GelMPs (hMSC/GelMPs) of
different sizes was monitored for 14 days. The wound healing effect of factors released by
hMSCs/GelMPs was evaluated using a scratch wound assay of human dermal fibroblasts
(HDF). GelMPs with a size smaller than 100 microns (GelMPs < 100) supported better
viability and wound healing activity compared to GelMPs with sizes between 100 and
200 microns or larger than 200 microns. Furthermore, the growth of hMSCs cultured on
GelMPs < 100 was compared with hMSCs encapsulated in cross-linked methacrylated
gelatin (GelMA) hydrogels. hMSCs grew on the surface of GelMPs and in GelMA gels
with a preference on GelMPs. The wound healing activities of conditioned media from
hMSCs cultured on GelMPs or in GelMA gels were tested using a scratch wound assay of
human dermal fibroblasts (HDF) and the gene expression of wound healing factors such as
platelet-derived growth factor (PDGF) in human dermal microvascular endothelial cells
(HDMECs). Our results showed that the hMSCs cultured on GelMPs < 100 promoted the
migration of HDF and stimulated the expression of PDGF in HDMECs as compared to
hMSCs cultured in GelMA gels. We report here, for the first time, that GelMPs < 100 could
serve as a promising cell carrier for hMSCs in wound care applications.

2. Results and Discussion
2.1. Synthesis of Gelatin Hydrogel Microparticles (GelMPs)

The water-in-oil emulsion technique is a widely used approach for producing gelatin
microparticles [60,61]. After initial microparticle formation, the process includes cross-
linking, washing, filtration, and lyophilization for prolonged storage [40]. The gentle
processing conditions allow for the loading of proteins/drug molecules or cells during hy-
drogel microparticle formation [62]. Alternatively, diffusion-based loading can be achieved
post-synthesis by incubating MPs with a concentrated protein solution [63]. In a typical
water-in-oil emulsion process, chemical cross-linkers, commonly genipin or glutaralde-
hyde, are employed, eliminating the need for harsh cross-linking steps such as thermally
initiated free radical polymerization [61,63]. In this study, glutaraldehyde was employed
as a chemical cross-linker due to its recognition as the most widely used molecule ow-
ing to its cost-effectiveness, low toxicity at low concentrations, and efficacy in stabilizing
collagenous materials.

In our study, GelMPs were generated via a modified synthesis procedure utilizing the
water-in-oil emulsion method to ensure distribution of water-soluble hydrogel precursors
within the organic phase (Figure 1) [60]. Briefly, porcine gelatin type-A was dissolved
in 10 mL of distilled water at 55 ◦C to create a clear solution. This solution was then
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added to preheated olive oil (40 ◦C) under constant stirring, resulting in a water-in-oil
emulsion with a uniform distribution of GelMPs. The system underwent further processing,
including mixing at 40 ◦C, cooling to 4 ◦C, cross-linking with glutaraldehyde, incubation,
centrifugation, glycine treatment, and size-based sorting into three groups.
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Figure 1. Schematic representation of gelatin hydrogel microparticle (GelMPs) production.

2.2. Characterization of Gelatin Hydrogel Microparticles (GelMPs)

Polydispersity presents challenges, particularly in applications like controlled release
or cell encapsulation, where regulating encapsulated drug quantity or cell numbers is
difficult [41]. To overcome this, filtration was used for specific size selection while ensuring
high-throughput particle production. In our study, GelMPs were separated into three size-
specific groups using cell strainers. GelMPs with sizes smaller than 100 microns, between
100 microns and 200 microns, and larger than 200 microns were named as GelMP < 100,
100 < GelMP < 200, and GelMP > 200, respectively.

The morphology, the shape and size of GelMPs prepared as described in Section 4.1.,
was assessed by an optical microscope and quantified using NIH Image J (Fiji for Mac OS
X). Figure 2A illustrates the general morphology of the microparticles, while Figure 2B
showcases the particle histograms of each size group. The correlation between particle
size and surface-to-volume ratio is widely acknowledged, with the surface-to-volume ratio
increasing as the radius of spherical particles decreases [64]. The anticipated relationship
suggests that GelMPs < 100 exhibit higher surface-to-volume ratio, thereby providing more
surface area for the cell proliferation compared to larger sized GelMPs (Supplementary
Material Table S1). The morphology of size-sorted GelMPs was analyzed using FE-SEM,
revealing insightful findings on their shape and dimensions. As illustrated in Figure 2A,
the micrographs provide an overview of the GelMPs, showcasing a spherical shape within
a size range that aligns closely with the observations from optical images presented in
Figure 2C. Additionally, the average particle sizes for each size group were determined to
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be 67 ± 20 µm for GelMP < 100, 115 ± 16 µm for 100 < GelMP < 200, and 204 ± 38 µm for
GelMP > 200 (Figure 2B), respectively, following the size-sorting process.
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Figure 2. Size sorting and characterization of GelMPs. (A) Polydisperse GelMPs were sequen-
tially size-sorted using 100 µm and 200 µm cell strainers, and sizes were assessed using FE-SEM
micrographs of size-sorted GelMPs. (B) Size distribution of the GelMPs was analyzed using NIH
Image J (Fiji for Mac OS X). (C) Optical images of size-sorted GelMPs taken with bright-field optical
microscopy. (D) FT-IR analysis of gelatin and GelMP < 100. (E) in situ degradation of GelMP < 100.
Data shown are mean ± SD (n = 4) and (F) degree of cross-linking, water %.

Glutaraldehyde cross-linking occurs via interactions of the aldehyde groups in glu-
taraldehyde with the unprotonated amine groups of lysine and hydroxylysine and the
amino groups of N-terminal amino acids [65,66]. To confirm the cross-linking of GelMPs,
both cross-linked gelatin MPs and uncross-linked gelatin were analyzed using ATR-FTIR
(Figure 2D). In the ATR-FTIR spectra of GelMPs, characteristic stretching vibrations of N-H
bonds (due to the amide-A and amide-I groups of gelatin) were observed at 3295 cm−1

and 1633 cm−1, respectively [67]. The peak at 2940 cm−1 corresponds to the asymmetric
stretching of CH2 groups in gelatin. Additionally, the peak at 1538 cm−1 is attributable to
the vibration of amide-II, resulting from N-H stretching and C-N bending vibrations [67].

While the ATR-FTIR spectrum of gelatin microparticles shares some similarities with
the ATR-FTIR spectrum of gelatin precursors, a distinct peak at 1450 cm−1 emerges, likely
indicative of the aldimine linkage (CH=N) formed by glutaraldehyde-cross-linked GelMPs
in the ATR-FTIR spectrum of GelMPs [68]. Furthermore, a comparison of the ATR-FTIR
spectrum of gelatin precursors with that of GelMPs reveals changes in the band inten-
sities of amino groups in the range of 3200–3400 cm−1, reflecting the cross-linking with
glutaraldehyde [69]. Consequently, the overall ATR-FTIR results suggest that GelMPs are
cross-linked by glutaraldehyde.

The degree of cross-linking, defined as the quantity or fraction of reacted functional
groups, was determined through a widely employed and reliable ninhydrin assay. This
quantitative method involves the reaction of primary amines with ninhydrin, producing
Ruhemann’s purple and yielding absorbance readings at 570 nm [70,71]. For the prepared
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GelMPs, the degree of cross-linking was determined to be 45 ± 2.8%, by utilizing a cal-
ibration curve of glycine (n = 8) (Supplementary Material Figure S1). The cross-linking
degree of GelMPs is relatively comparable to that found in literature studies using glu-
taraldehyde as a cross-linker, primarily varying depending on the cross-linking time and
concentration of the cross-linker [72,73]. The cross-linking degree can be fine-tuned by
adjusting the concentration of the cross-linker and/or the polymerization duration, offering
customizable physical and mechanical properties [61,74]. Unreacted functional groups
in the gelatin backbone offer opportunities for additional functionalization, if desired,
allowing modification or the creation of composites to enhance biocompatibility, stability,
and bioactivity [66,75].

For optimal remodeling, the scaffold must degrade appropriately. Gelatin, a biodegrad-
able natural polymer, undergoes enzymatic degradation by serine protease, collagenase,
and metalloproteinases (MMPs) secreted by inflammatory cells [76] as well as by hydrolytic
degradation through solvation and depolymerization of polymeric chains [77]. GelMPs’
stability was examined in PBS over 2 weeks to simulate in vitro cell culture conditions
but avoid protein or lipid adsorption, revealing that the GelMPs lost 52% of their initial
weight at the end of 2 weeks culturing (Figure 2E). The GelMPs demonstrated a reten-
tion of 88 ± 1.9% water at equilibrium following 24 h of incubation in PBS (Figure 2F).
Tailored degradation and water content profiles are attainable by varying cross-linker
concentrations [78], employing dual-cross-linking methods like enzymatic and ionic cross-
linking [79], or forming composites with other materials like chitosan [80].

2.3. Growth of hMSCs on GelMPs In Vitro

Effective wound healing relies on a coordinated interaction among extracellular matrix
proteins, growth factors, and cells. MSCs, being self-renewing multipotent stem cells,
possess the ability to differentiate into various mesenchymal lineages, such as tendon,
cartilage, and fat [23,81]. Beyond their multilineage differentiation potential, MSCs exhibit
robust tissue-protective and -reparative activities via secreting growth factors and immune-
modulators. The positive impact of exogenous MSCs on wound healing has been evident
in various animal models [82] and reported clinical cases [83], demonstrating the successful
application of cell-based therapy using MSCs in treating chronic wounds [7,81]. While
systemic administration of hMSCs has proven effective in expediting wound healing in
cutaneous wound models [84], delivering cells on a larger scale presents challenges in
terms of cell engraftment and survival [81]. This challenge has spurred the exploration
of local delivery methods through collaborative efforts between stem cell researchers
and bioengineers.

In our study, we explored the potential of GelMPs as an effective carrier for hMSC
delivery and viability. Over a 14-day period, the growth of stem cells on various sizes
of GelMPs was microscopically monitored. Over this period, microparticles displayed
effective self-assembly with strong cell attachment, elongation resembling their natural
environment, and formation of cell-to-cell connections, maintaining viability (Figure 3A).
Live staining of hMSCs with CalceinAM on the GelMPs revealed overall cell viability,
notably with higher fluorescence intensity observed for cells on GelMP < 100 (Figure 3(Ba))
when compared to cells on other sizes (Figure 3(Bb,Bc)). GelMP < 100 consistently exhibited
a higher cell number based on fluorescence intensity readings (Figure 3(Bd)). Concurrently,
the cell viability assay, alamarBlue, was conducted on days 1, 4, 7, and 13. The results
revealed that hMSCs grow on GelMPs with the same trend in each of the size groups in
terms of cell viability (Figure 3C), and this result was corroborated by DNA quantification
using picogreen (Figure 3D).
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panel), scale bar = 100 µm. (B) Calcein AM staining of hMSCs on (a) GelMP < 100 (b) 100 < GelMP
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2.4. Effect of Conditioned Media from hMSCs Cultured on GelMPs of Varying Sizes on the
Migration of Human Dermal Fibroblasts (HDF)

It has been reported that the growth factors and cytokines secreted by hMSCs promote
the migration of fibroblasts, thereby contributing to a positive enhancement of the wound
healing process [85,86]. The in vitro scratch assay provides a simple, cost-effective, and
direct approach to investigate cell migration in vitro, aiming to mimic the in vivo cell
migration process. This method involves generating an artificial gap or “scratch” on
a monolayer of confluent cells, prompting the cells at the edge of the gap to migrate
towards the opening by forming new cell–cell contacts. The assessment of the treatment’s
efficacy on the cells is determined by calculating the areas of migration, derived from initial
images and subsequent images captured at regular intervals (Figure 4A) [87]. To evaluate
whether hMSCs cultured on GelMPs of varying sizes exhibit distinct effects on wound
healing, we compared the impact of serum-free conditioned media from hMSCs cultured
on GelMP < 100, 100 < GelMP < 200, or GelMP > 200 on the migration of HDF in a scratch
wound assay (Figure 4B).

Among the three sizes compared, the conditioned media collected from hMSCs cul-
tured on GelMP < 100 demonstrated significantly higher activity in promoting the mi-
gration of HDF in this scratch wound assay (Figure 4C). While the conditioned media
from hMSC/100 < GelMP < 200 appeared to exhibit slightly better activity than that of
hMSC/GelMP > 200, no statistically significant difference was observed. The enhanced
migration-promoting activity of hMSC/GelMP < 100 may be attributed to the more ro-
bust growth of hMSCs on GelMP < 100 providing more surface area for enhanced cell
proliferation (see Figure 3). This, in turn, leads to the increased secretion of growth factors
that positively regulate HDF migration. Based on the in vitro results discussed with the
assessments of cell proliferation on GelMPs and a scratch assay simulating wound healing
conditions, GelMP < 100 media were selected for further subsequent in vitro studies.
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Figure 4. Migration of HDF in the presence of serum-free conditioned media collected from hMSCs
cultured on GelMPs of varying sizes. (A) Schematic representation illustrating the wound scratch
assay process. (B) Representative images of wound areas of HDF at 0 h (upper panel) and 24 h (lower
panel). The wound edges were traced with yellow dotted lines. (C) Quantification of migrated area.
The areas of wounds were measured using NIH Image J (Fiji for Mac OS X) software and the migrated
area (px2) = Area0h − Area24h. GelMP < 100, 100 < GelMP < 200, or GelMP > 200 were conditioned
media collected from microparticles in the absence of hMSCs. Alpha-MEM is the complete medium
(containing 10% fetal bovine serum) for culturing hMSCs. Data shown are mean ± SD (n = 8 for
hMSCs on GelMPs and n = 4 for GelMPs alone). * p < 0.05 and *** p < 0.005.

2.5. Comparison of hMSCs Growth on GelMP < 100 µm versus Encapsulated in GelMA

Utilizing bulk hydrogels for delivering cells to the target area is a widely employed
method in wound dressing [88–90], with GelMA emerging as a prominent derivative due
to its customizable chemical structure, biocompatibility, biodegradability, and capacity
to facilitate the attachment and growth of diverse cell types [42,91,92]. In our study,
hMSCs encapsulated in GelMA hydrogels served as the control group in comparison to
hMSCs seeded on HMPs. The synthesis, following the protocol outlined in [93–95], and
characterization of GelMA are detailed in the Supplementary Information, along with
Supplementary Figures S2 and S3.

The growth curve of hMSCs on GelMPs versus encapsulated in GelMA hydrogels
exhibited similar trends in terms of cell viability. Figure 5A shows representative images of
hMSCs on GelMPs and in GelMA from day 1 and day 14, revealing the cell attachments
and cell–cell connections around the GelMPs and within the GelMA hydrogels. The results
suggest the biocompatibility of both systems, supporting cell growth over the 2-week
culture period. Live staining of hMSC on GelMPs presented overall cell viability, shown
with higher fluorescence intensity detected for cells on GelMP < 100 µm compared to
cells in GelMA (Figure 5B), corroborating the relative fluorescence units (RFU) reading of
alamarBlue assay (Figure 5C). Phalloidin-Hoechst staining was performed on day 14 in
order to analyze the morphology of actin filaments. hMSCs on GelMPs showed strong
cytoskeletal actin staining surrounding and in between the MPs, while hMSCs in GelMA
showed aligned organization of cell cytoskeletal structures after 14 days.
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Figure 5. In vitro studies of hMSCs on GelMPs versus embedded in GelMA for 14 days. (A) Phase
contrast images captured on day 1 and day 14. (B) Calcein AM staining of hMSCs on GelMPs and in
GelMA on day 14. (C) The viability of hMSCs on GelMPs versus in GelMA was monitored using
alamarBlue assay for 13 days. Data shown are mean ± SD (n = 4). (D) Phallodin–Alexa 488 (actin
cytoskeleton, green)- and Hoechst (nuclei, blue)- stained hMSCs on GelMPs versus embedded in
GelMA on day 14, scale bar = 100 µm. ** p < 0.01.

2.6. Effect of Conditioned Media from hMSCs Cultured on GelMP < 100 µm or in GelMA on the
Migration of HDF

To evaluate whether hMSCs cultured on GelMP < 100 µm or encapsulated in GelMA
have comparable wound healing activity, the effects of conditioned media collected from
hMSCs cultured on GelMPs (hMSC/GelMP) or from hMSCs encapsulated in GelMA
(hMSC/GelMA) on the migration of HDF were tested in a scratch wound assay (Figure 6A,B).

As shown in Figure 6B, the serum-free conditioned media collected from hMSCs
cultured on GelMPs showed significant stronger stimulatory effect on the migration of
HDF than the conditioned media from hMSCs cultured in GelMA. While hMSCs showed
strong viability in GelMA, the secretion and release of migration-promoting factors of
hMSCs are likely less effective than cells cultured on GelMPs.
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Figure 6. Migration of HDF in the presence of serum-free conditioned media collected from hMSCs
cultured on GelMPs or from hMSCs cultured in GelMA. (A) Schematic representation illustrating
the process. (B) Representative images of wound areas of HDF at 0 h (upper panel) and 24 h (lower
panel). The wound edges were traced with yellow dotted lines. (C) Quantification of migrated
area. The areas of wounds were measured using NIH Image J (Fiji for Mac OS X) software and
the migrated area (px2) = Area0h − Area24h. GelMP or GelMA were conditioned media collected
from microparticles or GelMA gels in the absence of hMSCs. Alpha-MEM is the complete medium
(containing 10% fetal bovine serum) for culturing hMSCs. Data shown are mean ± SD (n = 8 for
hMSCs with GelMPs or GelMA and n = 4 for GelMPs or GelMA alone). ** p ≤ 0.01, *** p < 0.005, and
**** p < 0.001.

2.7. The Effect of Conditioned Media on the Gene Expression of Wound Healing Promoting
Factor: PDGF

Wound healing is an essential physiological process consisting of a sequence of molec-
ular and cellular events which occur immediately after the onset of an injury to restore
damaged tissue. The process encompasses several stages, namely the inflammatory reac-
tion, cell proliferation, synthesis of extracellular matrix components, and the subsequent
remodeling phase [2,96]. These phases exhibit considerable overlap, with the initial crucial
step being hemostasis, occurring within seconds or minutes of the wound. Platelets play a
pivotal role by forming a blood clot to prevent blood loss and microbial entry, releasing
essential signaling molecules such as platelet-derived growth factor (PDGF), transforming
growth factor-beta (TGF-b), epidermal growth factor (EGF), and fibroblast growth factor
(FGF), crucial for subsequent healing phases [2].

PDGF-BB (made of two B subunits) plays a pivotal role in tissue healing by participat-
ing in inflammatory responses, neovascularization, chemotaxis, proliferation stimulation,
and matrix production [97–99]. It is secreted by platelets immediately after wounding to
initiate multiple wound healing signaling pathways. As the healing progresses, other cell
types in the wound environment, such as endothelial cells, begin to secrete PDGF-BB [97].
In this investigation, the immunomodulatory impact of hMSCs GelMPs or in GelMA was
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evaluated by comparing their effects on the gene expression of PDGFB in human dermal
microvascular endothelial cells (HDMECs) (Figure 7). To eliminate the confounding influ-
ence of serum, hMSCs cultured on GelMPs and encapsulated in GelMA were incubated in
serum-free media for 24 h (Figure 7A). Subsequently, the conditioned media collected from
this culture was used to incubate HDMECs cells for 24 h. HDMECs were also subjected to
incubation in serum-containing complete hMSC media and their own media (endothelial
cell growth medium) as control conditions. Quantitative PCR (qPCR) results, normalized
to cells incubated in their own media, revealed that the media collected from hMSCs
on GelMPs significantly promoted the expression of PDGFB in HDMECs compared to
other groups, highlighting the wound healing activity of hMSCs on their carriers, GelMPs
(Figure 7B).
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Figure 7. qPCR analysis of HDMECs following treatment with various media (A) The schematic
outlines the process of HDMEC treatment with conditioned media (starvation media) derived from
cultures of hMSCs on GelMPs and hMSCs embedded in GelMA hydrogels. (B) Relative expression of
PDGFB gene in HDMECs in the presence of conditioned media. Data shown are mean ± SD (n = 4).
*** p < 0.005 and # indicates a statistically significant difference against all other conditions.

In this study, we assessed the expression of PDGFB, a key regulator of wound healing.
However, to validate the impact of hMSCs on GelMPs in wound healing, it is essential to
conduct additional in vitro assays, including angiogenic assays and the dynamic expression
analysis of other wound healing modulators. Moreover, conducting wound healing studies
in an animal model will provide further insights and confirmation of these effects.

3. Conclusions

In conclusion, the culmination of the various analyses and experiments presented
throughout our exploration of wound healing underscores the pivotal role of hMSCs and
specialized carriers in fostering effective tissue regeneration. The scratch assays and qPCR
results collectively illuminate the significant impact of hMSCs on wound healing processes.
Particularly noteworthy is the role of GelMP < 100 µm as a promising carrier, offering
both versatility and potential for further functionalization owing to the presence of func-
tional groups within GelMPs, combined with mild processing conditions. Therefore, in
future studies, loading with bioactive molecules such as growth factors and cytokines
to elevate stem cell activity, promote proliferation, and augment the secretion of vital
signaling molecules would contribute to a more efficient and accelerated wound healing
response. A crucial aspect of this exploration involves examining the conditioned media’s
content through ELISA, providing a comprehensive understanding of how GelMPs influ-
ence the secretion of growth factors and signaling molecules, thereby facilitating effective
microparticle content design. The findings presented here contribute to advancing our
understanding of hMSC-mediated wound healing activities and provide a foundation for
future developments in the field of regenerative medicine.
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4. Materials and Methods
4.1. Synthesis of Gelatin Hydrogel Microparticles (GelMPs)

Gelatin microspheres were synthesized by the water-in-oil emulsion modified method
(Figure 1) [100–103]. Briefly, 2 g of gelatin (type A, porcine skin, 300 Bloom, Sigma-Aldrich,
MO, USA) was dissolved in 10 mL of distilled water and stirred at 55 ◦C until dissolved.
In a 250 mL round-bottomed flask, olive oil (VWR International, Radnor, PA, USA) was
preheated to 40 ◦C in a water bath with an automatic overhead stirrer set-up. The dissolved
gelatin was added to the preheated olive oil drop by drop, with stirring at 500 rpm. The
emulsion solution was mixed at 40 ◦C for 30 min. Then, the reaction temperature was
decreased to 4 ◦C by immersing the reaction flask in an ice bath and kept at that temperature
for 30 min. The solution of 20 mL of chilled acetone (Sigma-Aldrich, St. Louis, MO, USA)
and 0.2 mL of 25% glutaraldehyde (Sigma-Aldrich, St. Louis, MO, USA) was slowly
added to the reaction flask and incubated for 1 h, with mixing at 4 ◦C. The emulsion was
centrifugated at 3400 rpm at 5 ◦C for 5 min, and the supernatant was removed. The obtained
GelMPs were washed with cold acetone to remove the olive oil that remained on the surface
of microspheres. After the acetone wash, GelMPs were treated with 20 mL of 10 mM glycine
(Fischer Scientific, Hampton, NH, USA) solution for 30 min on a rotator. The GelMPs were
washed with water and subsequently sorted using specified filters (100 µm—Corning Inc.,
Corning, NY, USA; 200 µm—pluriSelect Life Science, Leipzig, Germany) into three different
sizes: GelMP < 100 µm, 100 < GelMP < 200 µm, and GelMP > 200 µm. The success of the
size-sorting process was verified using a Zeiss Sigma field emission scanning microscope
(FESEM, Carl Zeiss, Oberkockhen, Germany) operating at an accelerating voltage of 3 kV
and a working distance of 10.4 mm. Additionally, an optical microscope (Echo Revolve,
San Diego, CA, USA) was employed for further confirmation. All groups were lyophilized
and then stored at 4 ◦C for further analysis and use.

4.2. Determination of Degree of Cross-Linking in GelMPs

Ninhydrin assay [71] was studied to calculate the percentage of free amino groups
remaining in the GelMPs and GelMA after cross-linking processes. A ninhydrin (Sigma-
Aldrich, St. Louis, MO, USA) solution was prepared right before performing the assay
by dissolving 0.2 g of ninhydrin and 0.03 g of hydrindantin (Sigma-Aldrich, St. Louis,
MO, USA) in 7.5 mL of dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA).
In a separate flask, lithium acetate buffer was prepared by dissolving 8.16 g of lithium
acetate (Sigma-Aldrich, St. Louis, MO, USA) in 12.0 mL of distilled water, then pH of the
solution was set to 5.2, adding glacial acetic acid (Sigma-Aldrich, St. Louis, MO, USA),
and the last volume was completed to 20.0 mL with distilled water. To prepare a working
solution, 2.5 mL of lithium acetate buffer was added into the solution containing ninhydrin
and hydrindantin in DMSO. For the assay, 2.5 mg of uncross-linked gelatin, GelMA or
GelMPs was dissolved in 0.5 mL of distilled water in an Eppendorf tube, and 0.5 mL of the
abovementioned working solution was added to each sample. The color of the samples
in the tubes changed to a purple-blue color. The tubes were promptly capped, vortexed,
and inserted in a heater set to 100 ◦C for 20 min. Then, the tubes were cooled down to
room temperature, and 0.1 mL of the sample was mixed with 50% of isopropanol (Thermo
Fisher Scientific, Waltham, MA, USA) and vortexed. The absorbance of each solution
was measured at 570 nm using a TECAN Spark® 10 M Plate reader (TECAN, Mannedorf,
Switzerland), following the manufacturer’s instructions. The calibration curve was drawn
by using glycine (Fisher Scientific, Hampton, NH, USA) within the concentration range of
160–0 µg/mL (n = 8). The cross-linking degree was determined according to Equation (1).

CD% =
[NH2gelatin − NH2crosslinked]

NH2gelatin
× 100 (1)



Gels 2024, 10, 97 13 of 20

4.3. ATR-FTIR Analysis

The Thermo Scientific Nicolet iS10 ( Thermo Fisher Scientific, Madison, WI, USA) was
utilized to analyze the lyophilized GelMPs, obtaining Attenuated Total Reflectance-Fourier
Transform Infrared (ATR-FTIR) spectra for the samples.

4.4. Determination of Swelling Capacity of GelMPs

Lyophilized GelMPs were weighted (W0) in Eppendorf tubes (n = 4) and sterilized
under UV light for 30 min. The GMSs were incubated in 1.0 mL of PBS (Sigma-Aldrich,
St. Louis, MO, USA) on a continuous shaker at 37 ◦C with 5% CO2 and 95% humidity for
24 h. After 24 h of shaking, the GelMPs were separated by centrifugation at 3400 rpm and
washed with distilled water three times to eliminate any residue. Supernatant on GelMPs
was removed gently and wet weighs (Ww) were measured. The water content absorbed by
GelMPs was determined from the following Equation (2):

Water content (%) =
[Ww − W0]

Ww
× 100 (2)

4.5. In Situ Degradation of GelMPs in PBS

Lyophilized GelMPs were weighted (W0) in Eppendorf tubes (n = 4) and sterilized
under UV light for 30 min. The GelMPs were then incubated in PBS (pH = 7.4) on a
continuous shaker at 37 ◦C with 5% CO2 and 95% humidity for 14 days. At specified time
points (days 1, 7, and 14), the remaining microparticles were centrifuged, washed with
water to remove any residue, freeze-dried and weighed again (Wx). The remaining weight
(%) was determined according to equation described below:

Remaining Weight (%) =
Wx

W0
× 100 (3)

4.6. Culturing of hMSCs on GelMPs or in GelMA

GelMPs were sterilized under UV for 30 min before using and dispersed in Alpha-
MEM (Gibco, Waltham, MA, USA) complete medium containing 10% FBS (Heat Inactivated,
CPS Serum, Parkville, MO, USA) and 0.05% gentamicin (Sigma Aldrich, 50 mg/mL in
deionized water) and mixed on a rotator for 2 h. For cell proliferation experiments, GelMPs
were transferred to cell-repellent 48-well plates (Greiner Bio-One, Kremsmünster, Austria)
at 0.5 mg per well, and human bone-marrow-derived mesenchymal stem cells (hMSC)
(passage 4–5) (Texas A&M, 8011L, TX, USA) at a concentration of 1 × 104 cells/well in
alpha-MEM complete media was subsequently seeded onto the microspheres. The plates
were placed on an orbital shaker (Benchmark Scientific, Sayreville, NJ, USA) in an incubator
at 37 ◦C with 5% CO2 and 95% humidity. Growth media were changed every three days.

The cell-laden GelMA hydrogels were molded on polydimethylsiloxane (PDMS)
(Slygard 184, Dow Corning, Midland, MI, USA) templates. In brief, PDMS prepolymer
and catalyst were mixed, subsequently poured into glass Petri dishes, and heated at 70 ◦C
for a duration of 3 h. Then, the resulting PDMS film was punched to generate small holes
of 8 mm and sterilized under UV light for 30 min. A GelMA solution of 10% w/v was
made in complete media, along with 0.05 % (w/v) LAP photoinitiator (Lithium phenyl-
2,4,6-trimethylbenzoylphosphinate) (Sigma-Aldrich, St. Louis, MO, USA) (Supplementary
Material Figure S4). The GelMA solution was mixed with hMSCs (passage 4–5) at a
concentration of 3.30 × 105 cells/mL; subsequently, this solution was pipetted into PDMS
molds (30 µL, containing 1 × 104 cells) and cross-linked under a light source of 405 nm
(Sovol, Shenzhen, China) at 20 mW cm−2 and at 13 cm for 40 s. The transparent hydrogels
were transferred to cell-repellent 48-well plates, washed with alpha-MEM complete media,
and incubated in the same media. The plates were positioned on an orbital shaker in an
incubator at 37 ◦C with 5% CO2 and 95% humidity. Growth media were changed every
three days.



Gels 2024, 10, 97 14 of 20

4.7. AlamarBlue Assay

Following the seeding of 1 × 104 cells on GelMPs per well and in GelMA per hydrogel,
the adhesion and proliferation of hMSCs on GelMPs or within GelMA in alpha-MEM com-
plete media were monitored. At the specific day points, alamarBlue assay was performed.
In brief, growth media were aspirated, and subsequently, 0.2 mL/well of alamarBlue
solution (complete growth medium + 10% alamarBlue reagent) (Bio-Rad Laboratories,
Philadelphia, PA, USA) was put in each well and incubated at 37 ◦C for 30 min. After
incubation, 0.1 mL of supernatant was transferred to a 96-well plate, then fluorescent
intensity was examined using a multimode microplate reader at excitation/emission equal
to 540 nm/590 nm. Fluorescent intensity was given in arbitrary units (AU).

To continue the proliferation of cells on GelMPs or in GelMA, cells were treated with
0.5 mL/well of PBS once after alamarBlue assay. The samples were taken into alpha-MEM
complete media for another 2 h of culturing in an incubator. Then, the complete media
were aspirated, and 0.4 mL/well of fresh medium was introduced to each well, which
was then cultured for the upcoming time point. AlamarBlue assay was performed to
measure the cell viability at a specific time point. The results were evaluated according to
following equation:

Viability (%) =
FL(day T)

FL(day 1)
× 100 (4)

4.8. Live Staining

Live staining was done after 14 days incubation of hMSC on GelMPs/in GelMA
using Calcein-AM. Briefly, cells were stained with Calcein-AM (1 µM in PBS, Corning Inc.,
Corning, NY, USA) for 30 min at room temperature, washed with PBS and visualized using
fluorescence microscope (Echo Revolve, San Diego, CA, USA).

4.9. DNA Quantification of hMSC

At the end of hMSC culturing on GelMPs or in GelMA, 0.2 mL/well of RNA lysis
buffer (Promega, Madison, WI, USA) was added on cells and frozen down at −80 ◦C. Then,
the samples were thawed, and DNA was quantified using the Helixyte Green dsDNA
Assay Kit (AAT Bioquest, Pleasanton, CA, USA).

4.10. Fluorescence Staining of hMSC-Laden GelMPs or GelMA

Immunofluorescent staining was performed after a 14-day culture of hMSCs on
GelMPs or within GelMA. Briefly, cells were fixed with 4% paraformaldehyde (Thermo
Fisher Scientific, USA) for 30 min and permeabilized in 0.5% Triton X100 in PBS for 2 h. The
permeabilized samples were treated with Alexa FluorTM 488 Phalloidin (Ref#A12379, Life
Technology, Carlsbad, CA, USA) at 1:40 dilution and Hoechst dye 33258, 20 mM in water
(Cat #83219, AnaSpec Inc., Fremont, CA, USA) at 1:500 dilution for 30 min at 37 ◦C. After
staining, samples were washed with PBS twice and imaged under a fluorescent microscope.

4.11. Conditioned Media for Migration Assay

Human bone-marrow mesenchymal stem cells (hMSC) were cultured on GelMPs with
various sizes or within GelMA constructs in alpha-MEM complete medium for 14 days.
To prepare conditioned media for the cell migration assay, alpha-MEM complete medium
was removed from each culture. Subsequently, 0.45 mL/well of alpha-MEM base medium
(without FBS) was added to each well, including those with cell-free gelatin microparticles
or GelMA constructs as controls. The cultures were incubated at 37 ◦C with 5% CO2 and
95% humidity for 24 h. The supernatants (conditioned media) were collected from each
well and immediately used in the migration assay.

4.12. Scratch Wound Migration Assay

For the scratch wound migration assay, human dermal fibroblasts (passage 5–6) (ATCC,
Manassas, VA, USA) at a density of 6 × 104 cells per well were seeded onto tissue-culture-
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treated polystyrene 48-well plates and cultured in DMEM complete medium containing
10% FBS) at 37 ◦C with 5% CO2 and 95% humidity for 2 days. Scratch wounds were made
on a confluent monolayer using a sterile 1 mL pipette tip. After removal of the medium
from each well and rinsing with 0.4 mL/well of 1 × PBS, 0.2 mL/well of conditioned
medium (collected as described above) was added to the wounds. Images of the wound
areas were captured at 0 h, with two areas marked and monitored for each well. The plates
were incubated at 37 ◦C for 24 h, and the exact same wound areas (with marker references)
were imaged again at 24 h. Wound areas were measured using NIH Image J (Fiji for Mac
OS X) software in arbitrary units (square pixels, px2). The migrated area was calculated
as follows:

Migrated area = Area0h − Area24h (5)

4.13. qPCR Analysis

HDMECs (passage 5–6) were seeded at a density of 20 × 104 cells/well in 48-well
plates. After the cells reached 80% confluency, the conditioned media from MSCs on
GelMPs and encapsulated in GelMA hydrogels were added to HDMECs and incubated
in the tissue culture incubator for 24 h. Complete alpha-MEM media and the own media
of the HDMEC cells were used as controls. After 24 h, the medium was removed from
each well. Cells were rinsed once with PBS and then were lysed with 0.2 mL/well RNA
Lysis buffer (Promega, Durham, NC, USA). The RNA lysates were stored at −80 ◦C if not
used immediately.

The quantification of the relative expression of wound healing promoting factors was
performed in HDMEC by qPCR, as previously described [104]. Briefly, total RNA from
these lysates was purified using the SV 96 Total RNA Isolation System (Promega, Madison,
WI, USA). RNA concentration and purity were measured using a TECAN Spark Nano
plate (TECAN, Männedorf, Switzerland). cDNA preparation and qPCR were performed
on a Roche Lightcycler 480 device following a standard procedure. Primers used in qPCR
analysis were listed in Table 1. Every testing condition has 3–4 biological repeat samples,
and each sample was run in duplicate. After the run was completed, a second derivative
analysis was performed using the raw data to determine the mean Cp (Crossing point-
PCR-cycle) for each sample. mRNA expression relative to GAPDH was determined by
Pfaffl analysis:

Relative gene expression =
2∆Cp target

2∆Cp reference
(6)

in which: ∆Cp = mean Cp of sample—mean Cp of the cells incubated in their own media.

Table 1. Primers (Qiagen, Germantown, MD, USA) and corresponding catalog numbers employed in
qPCR analysis.

Primers ID

Quanti-tect GAPDH QT01192646
Quanti-tect PDGFB QT00001260

4.14. Statistical Analysis

For each experiment, at least 3 samples (n ≥ 3) were used as biological repeats, and
data are presented as mean ± standard deviation. Statistical analysis was performed as
described [105]. One-way ANOVA with a Tukey’s multiple comparisons test was performed
to determine statistical significance using GraphPad Prism version 10.1.1 (November 2023)
for all quantitative data. Differences were considered significant at a p value of <0.05.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/gels10020097/s1, Figure S1: Calibration curve for Ninhydrin
assay drawn by using glycine (Fisher Scientific, Hampton, NH, USA) within the concentration range
of 160–0 µg/mL (n = 8); Figure S2: Schematic representation of methacrylated gelatin (GelMA)
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synthesis; Figure S3: 1H-NMR Spectra of GelMA and Gelatin. The upper-left panel depicts the
corresponding chemical bonds; Figure S4: Schematic illustration detailing the fabrication process of
GelMA hydrogels laden with hMSCs; Table S1. Comparison of the total surface area, total volume,
and surface area-to-volume ratio of GelMPs samples.

Author Contributions: Conceptualization, Y.M., D.O. and C.B.; methodology, Y.M., D.O., C.B., K.L.
and A.J.; investigation, Y.M., D.O. and C.B.; resources, Y.M.; writing—original draft preparation, Y.M.,
D.O. and C.B.; writing—review and editing, Y.M., D.O., C.B., K.L. and A.J.; supervision, Y.M., D.O.,
C.B., K.L. and A.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: All data and materials are available on request from the corresponding
author. The data are not publicly available due to ongoing researches using a part of the data.

Acknowledgments: Anisha Jackson would like to thank the Aresty Research Center at Rutgers
University for a research fellowship. All illustrations presented in this study were created by
BioRender.com (accessed on 23 January 2024).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Martin, P.; Nunan, R. Cellular and molecular mechanisms of repair in acute and chronic wound healing. Br. J. Dermatol. 2015, 173,

370–378. [CrossRef] [PubMed]
2. Broughton, G.; Janis, J.E.; Attinger, C.E. The basic science of wound healing. Plast. Reconstr. Surg. 2006, 117, 12S–34S. [CrossRef]

[PubMed]
3. Mathew-Steiner, S.S.; Roy, S.; Sen, C.K. Collagen in Wound Healing. Bioengineering 2021, 8, 63. [CrossRef] [PubMed]
4. Baron, J.M.; Glatz, M.; Proksch, E. Optimal Support of Wound Healing: New Insights. Dermatology 2020, 236, 593–600. [CrossRef]

[PubMed]
5. Leavitt, T.; Hu, M.S.; Marshall, C.D.; Barnes, L.A.; Lorenz, H.P.; Longaker, M.T. Scarless wound healing: Finding the right cells

and signals. Cell Tissue Res. 2016, 365, 483–493. [CrossRef]
6. Velnar, T.; Bailey, T.; Smrkolj, V. The Wound Healing Process: An Overview of the Cellular and Molecular Mechanisms. J. Int.

Med. Res. 2009, 37, 1528–1542. [CrossRef]
7. Huang, Y.-Z.; Gou, M.; Da, L.-C.; Zhang, W.-Q.; Xie, H.-Q. Mesenchymal Stem Cells for Chronic Wound Healing: Current Status

of Preclinical and Clinical Studies. Tissue Eng. Part B Rev. 2020, 26, 555–570. [CrossRef]
8. Kosaric, N.; Kiwanuka, H.; Gurtner, G.C. Stem cell therapies for wound healing. Expert Opin. Biol. Ther. 2019, 19, 575–585.

[CrossRef]
9. Guillamat-Prats, R. The Role of MSC in Wound Healing, Scarring and Regeneration. Cells 2021, 10, 1729. [CrossRef] [PubMed]
10. Protzman, N.M.; Mao, Y.; Long, D.; Sivalenka, R.; Gosiewska, A.; Hariri, R.J.; Brigido, S.A. Placental-Derived Biomaterials and

Their Application to Wound Healing: A Review. Bioengineering 2023, 10, 829. [CrossRef] [PubMed]
11. Järbrink, K.; Ni, G.; Sönnergren, H.; Schmidtchen, A.; Pang, C.; Bajpai, R.; Car, J. The humanistic and economic burden of chronic

wounds: A protocol for a systematic review. Syst. Rev. 2017, 6, 15. [CrossRef]
12. Nussbaum, S.R.; Carter, M.J.; Fife, C.E.; DaVanzo, J.; Haught, R.; Nusgart, M.; Cartwright, D. An Economic Evaluation of the

Impact, Cost, and Medicare Policy Implications of Chronic Nonhealing Wounds. Value Health 2018, 21, 27–32. [CrossRef]
13. Sun, H.; Saeedi, P.; Karuranga, S.; Pinkepank, M.; Ogurtsova, K.; Duncan, B.B.; Stein, C.; Basit, A.; Chan, J.C.N.; Mbanya, J.C.; et al.

IDF Diabetes Atlas: Global, regional and country-level diabetes prevalence estimates for 2021 and projections for 2045. Diabetes
Res. Clin. Pract. 2022, 183, 109119, Erratum in Diabetes Res. Clin. Pract. 2023, 204, 110945. [CrossRef]

14. Hossain, P.; Kawar, B.; El Nahas, M. Obesity and diabetes in the developing world—A growing challenge. N. Engl. J. Med. 2007,
356, 213–215. [CrossRef]

15. Mustoe, T.A.; O’Shaughnessy, K.; Kloeters, O. Chronic wound pathogenesis and current treatment strategies: A unifying
hypothesis. Plast. Reconstr. Surg. 2006, 117, 35S–41S. [CrossRef] [PubMed]

16. Dong, Y.; Yang, Q.; Sun, X. Comprehensive Analysis of Cell Therapy on Chronic Skin Wound Healing: A Meta-Analysis. Hum.
Gene Ther. 2021, 32, 787–795. [CrossRef] [PubMed]

17. Krampera, M.; Pizzolo, G.; Aprili, G.; Franchini, M. Mesenchymal stem cells for bone, cartilage, tendon and skeletal muscle repair.
Bone 2006, 39, 678–683. [CrossRef] [PubMed]

18. Rahaman, M.N.; Mao, J.J. Stem cell-based composite tissue constructs for regenerative medicine. Biotechnol. Bioeng. 2005, 91,
261–284. [CrossRef] [PubMed]

19. Rahbaran, M.; Zekiy, A.O.; Bahramali, M.; Jahangir, M.; Mardasi, M.; Sakhaei, D.; Thangavelu, L.; Shomali, N.; Zamani, M.;
Mohammadi, A.; et al. Therapeutic utility of mesenchymal stromal cell (MSC)-based approaches in chronic neurodegeneration: A
glimpse into underlying mechanisms, current status, and prospects. Cell. Mol. Biol. Lett. 2022, 27, 56. [CrossRef] [PubMed]

BioRender.com
https://doi.org/10.1111/bjd.13954
https://www.ncbi.nlm.nih.gov/pubmed/26175283
https://doi.org/10.1097/01.prs.0000225430.42531.c2
https://www.ncbi.nlm.nih.gov/pubmed/16799372
https://doi.org/10.3390/bioengineering8050063
https://www.ncbi.nlm.nih.gov/pubmed/34064689
https://doi.org/10.1159/000505291
https://www.ncbi.nlm.nih.gov/pubmed/31955162
https://doi.org/10.1007/s00441-016-2424-8
https://doi.org/10.1177/147323000903700531
https://doi.org/10.1089/ten.teb.2019.0351
https://doi.org/10.1080/14712598.2019.1596257
https://doi.org/10.3390/cells10071729
https://www.ncbi.nlm.nih.gov/pubmed/34359898
https://doi.org/10.3390/bioengineering10070829
https://www.ncbi.nlm.nih.gov/pubmed/37508856
https://doi.org/10.1186/s13643-016-0400-8
https://doi.org/10.1016/j.jval.2017.07.007
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1056/NEJMp068177
https://doi.org/10.1097/01.prs.0000225431.63010.1b
https://www.ncbi.nlm.nih.gov/pubmed/16799373
https://doi.org/10.1089/hum.2020.275
https://www.ncbi.nlm.nih.gov/pubmed/33446038
https://doi.org/10.1016/j.bone.2006.04.020
https://www.ncbi.nlm.nih.gov/pubmed/16765663
https://doi.org/10.1002/bit.20292
https://www.ncbi.nlm.nih.gov/pubmed/15929124
https://doi.org/10.1186/s11658-022-00359-z
https://www.ncbi.nlm.nih.gov/pubmed/35842587


Gels 2024, 10, 97 17 of 20

20. Yaghoubi, Y.; Movassaghpour, A.; Zamani, M.; Talebi, M.; Mehdizadeh, A.; Yousefi, M. Human umbilical cord mesenchymal stem
cells derived-exosomes in diseases treatment. Life Sci. 2019, 233, 116733. [CrossRef]

21. Shariati, A.; Nemati, R.; Sadeghipour, Y.; Yaghoubi, Y.; Baghbani, R.; Javidi, K.; Zamani, M.; Hassanzadeh, A. Mesenchymal
stromal cells (MSCs) for neurodegenerative disease: A promising frontier. Eur. J. Cell Biol. 2020, 99, 151097. [CrossRef]

22. Tavakoli, S.; Ghaderi Jafarbeigloo, H.R.; Shariati, A.; Jahangiryan, A.; Jadidi, F.; Jadidi Kouhbanani, M.A.; Hassanzadeh, A.;
Zamani, M.; Javidi, K.; Naimi, A. Mesenchymal stromal cells; a new horizon in regenerative medicine. J. Cell. Physiol. 2020, 235,
9185–9210. [CrossRef]

23. Maxson, S.; Lopez, E.A.; Yoo, D.; Danilkovitch-Miagkova, A.; LeRoux, M.A. Concise Review: Role of Mesenchymal Stem Cells in
Wound Repair. Stem Cells Transl. Med. 2012, 1, 142–149. [CrossRef]

24. Gnecchi, M.; Zhang, Z.P.; Ni, A.G.; Dzau, V.J. Paracrine Mechanisms in Adult Stem Cell Signaling and Therapy. Circ. Res. 2008,
103, 1204–1219. [CrossRef] [PubMed]

25. Daneste, H.; Mohammadzadeh Boukani, L.; Ramezani, N.; Asadi, F.; Zaidan, H.K.; Sadeghzade, A.; Ehsannia, M.; Azarashk, A.;
Gholizadeh, N. Combination therapy along with mesenchymal stem cells in wound healing; the state of the art. Adv. Med. Sci.
2023, 68, 441–449. [CrossRef]

26. Moon, K.-C.; Suh, H.-S.; Kim, K.-B.; Han, S.-K.; Young, K.-W.; Lee, J.-W.; Kim, M.-H. Potential of Allogeneic Adipose-Derived
Stem Cell–Hydrogel Complex for Treating Diabetic Foot Ulcers. Diabetes 2019, 68, 837–846. [CrossRef]

27. Wang, Y.; Yi, H.; Song, Y. The safety of MSC therapy over the past 15 years: A meta-analysis. Stem Cell Res. Ther. 2021, 12, 545.
[CrossRef]

28. Shahror, R.A.; Wu, C.-C.; Chiang, Y.-H.; Chen, K.-Y. Genetically Modified Mesenchymal Stem Cells: The Next Generation of Stem
Cell-Based Therapy for TBI. Int. J. Mol. Sci. 2020, 21, 4051. [CrossRef]

29. Sylakowski, K.; Bradshaw, A.; Wells, A. Mesenchymal Stem Cell/Multipotent Stromal Cell Augmentation of Wound Healing.
Am. J. Pathol. 2020, 190, 1370–1381. [CrossRef] [PubMed]

30. Wang, D.; Ding, X.M.; Xue, W.J.; Zheng, J.; Tian, X.H.; Li, Y.; Wang, X.H.; Song, H.J.; Liu, H.; Luo, X.H. A new scaffold containing
small intestinal submucosa and mesenchymal stem cells improves pancreatic islet function and survival in vitro and in vivo. Int.
J. Mol. Med. 2017, 39, 167–173. [CrossRef] [PubMed]

31. Dash, B.C.; Xu, Z.; Lin, L.; Koo, A.; Ndon, S.U.; Berthiaume, F.; Dardik, A.; Hsia, H.C. Stem Cells and Engineered Scaffolds for
Regenerative Wound Healing. Bioengineering 2018, 5, 23. [CrossRef]

32. Li, Y.; Liu, D.; Tan, F.; Yin, W.; Li, Z. Umbilical cord derived mesenchymal stem cell-GelMA microspheres for accelerated wound
healing. Biomed. Mater. 2022, 18, 015019. [CrossRef] [PubMed]

33. Huang, Q.; Zou, Y.; Arno, M.C.; Chen, S.; Wang, T.; Gao, J.; Dove, A.P.; Du, J. Hydrogel scaffolds for differentiation of adipose-
derived stem cells. Chem. Soc. Rev. 2017, 46, 6255–6275. [CrossRef] [PubMed]

34. Nafea, E.H.; Marson, A.; Poole-Warren, L.A.; Martens, P.J. Immunoisolating semi-permeable membranes for cell encapsulation:
Focus on hydrogels. J. Control. Release 2011, 154, 110–122. [CrossRef] [PubMed]

35. Xu, X.; Xia, X.; Zhang, K.; Rai, A.; Li, Z.; Zhao, P.; Wei, K.; Zou, L.; Yang, B.; Wong, W.-K.; et al. Bioadhesive hydrogels
demonstrating pH-independent and ultrafast gelation promote gastric ulcer healing in pigs. Sci. Transl. Med. 2020, 12, eaba8014.
[CrossRef]

36. Dong, Y.; Rodrigues, M.; Kwon, S.H.; Li, X.; Brett, E.A.; Elvassore, N.; Wang, W.; Gurtner, G.C. Acceleration of Diabetic Wound
Regeneration using an In Situ-Formed Stem-Cell-Based Skin Substitute. Adv. Healthc. Mater. 2018, 7, e1800432. [CrossRef]

37. Dong, Y.X.; Sigen, A.; Rodrigues, M.; Li, X.L.; Kwon, S.H.; Kosaric, N.; Khong, S.; Gao, Y.S.; Wang, W.X.; Gurtner, G.C. Injectable
and Tunable Gelatin Hydrogels Enhance Stem Cell Retention and Improve Cutaneous Wound Healing. Adv. Funct. Mater. 2017,
27, 1606619. [CrossRef]

38. Shi, M.; Gao, Y.; Lee, L.; Song, T.; Zhou, J.; Yan, L.; Li, Y. Adaptive Gelatin Microspheres Enhanced Stem Cell Delivery and
Integration With Diabetic Wounds to Activate Skin Tissue Regeneration. Front. Bioeng. Biotechnol. 2022, 10, 813805. [CrossRef]

39. Chen, R.; Curran, S.J.; Curran, J.M.; Hunt, J.A. The use of poly(l-lactide) and RGD modified microspheres as cell carriers in a flow
intermittency bioreactor for tissue engineering cartilage. Biomaterials 2006, 27, 4453–4460. [CrossRef]

40. Bektas, C.; Mao, Y. Hydrogel Microparticles for Bone Regeneration. Gels 2024, 10, 28. [CrossRef]
41. Daly, A.C.; Riley, L.; Segura, T.; Burdick, J.A. Hydrogel microparticles for biomedical applications. Nat. Rev. Mater. 2020, 5, 20–43.

[CrossRef]
42. Kang, J.I.; Park, K.M. Advances in gelatin-based hydrogels for wound management. J. Mater. Chem. B 2021, 9, 1503–1520.

[CrossRef]
43. Singh, M.; Morris, C.P.; Ellis, R.J.; Detamore, M.S.; Berkland, C. Microsphere-Based Seamless Scaffolds Containing Macroscopic

Gradients of Encapsulated Factors for Tissue Engineering. Tissue Eng. Part C Methods 2008, 14, 299–309. [CrossRef]
44. Tabata, Y.; Ikada, Y. Protein release from gelatin matrices. Adv. Drug Deliv. Rev. 1998, 31, 287–301. [CrossRef]
45. Kodali, A.; Lim, T.C.; Leong, D.T.; Tong, Y.W. Cell-Microsphere Constructs Formed with Human Adipose-Derived Stem Cells and

Gelatin Microspheres Promotes Stemness, Differentiation, and Controlled Pro-Angiogenic Potential. Macromol. Biosci. 2014, 14,
1458–1468. [CrossRef] [PubMed]

46. Kim, Y.; Baipaywad, P.; Jeong, Y.; Park, H. Incorporation of gelatin microparticles on the formation of adipose-derived stem cell
spheroids. Int. J. Biol. Macromol. 2018, 110, 472–478. [CrossRef] [PubMed]

https://doi.org/10.1016/j.lfs.2019.116733
https://doi.org/10.1016/j.ejcb.2020.151097
https://doi.org/10.1002/jcp.29803
https://doi.org/10.5966/sctm.2011-0018
https://doi.org/10.1161/CIRCRESAHA.108.176826
https://www.ncbi.nlm.nih.gov/pubmed/19028920
https://doi.org/10.1016/j.advms.2023.10.006
https://doi.org/10.2337/db18-0699
https://doi.org/10.1186/s13287-021-02609-x
https://doi.org/10.3390/ijms21114051
https://doi.org/10.1016/j.ajpath.2020.03.017
https://www.ncbi.nlm.nih.gov/pubmed/32294456
https://doi.org/10.3892/ijmm.2016.2814
https://www.ncbi.nlm.nih.gov/pubmed/27909715
https://doi.org/10.3390/bioengineering5010023
https://doi.org/10.1088/1748-605X/aca947
https://www.ncbi.nlm.nih.gov/pubmed/36541452
https://doi.org/10.1039/C6CS00052E
https://www.ncbi.nlm.nih.gov/pubmed/28816316
https://doi.org/10.1016/j.jconrel.2011.04.022
https://www.ncbi.nlm.nih.gov/pubmed/21575662
https://doi.org/10.1126/scitranslmed.aba8014
https://doi.org/10.1002/adhm.201800432
https://doi.org/10.1002/adfm.201606619
https://doi.org/10.3389/fbioe.2022.813805
https://doi.org/10.1016/j.biomaterials.2006.04.011
https://doi.org/10.3390/gels10010028
https://doi.org/10.1038/s41578-019-0148-6
https://doi.org/10.1039/D0TB02582H
https://doi.org/10.1089/ten.tec.2008.0167
https://doi.org/10.1016/S0169-409X(97)00125-7
https://doi.org/10.1002/mabi.201400094
https://www.ncbi.nlm.nih.gov/pubmed/24986523
https://doi.org/10.1016/j.ijbiomac.2018.01.046
https://www.ncbi.nlm.nih.gov/pubmed/29369781


Gels 2024, 10, 97 18 of 20

47. Wang, Z.; Zhang, X.; Xue, L.; Wang, G.; Li, X.; Chen, J.; Xu, R.; Xu, T. A controllable gelatin-based microcarriers fabrication system
for the whole procedures of MSCs amplification and tissue engineering. Regen. Biomater. 2023, 10, rbad068. [CrossRef] [PubMed]

48. Nii, T.; Makino, K.; Tabata, Y. Influence of shaking culture on the biological functions of cell aggregates incorporating gelatin
hydrogel microspheres. J. Biosci. Bioeng. 2019, 128, 606–612. [CrossRef]

49. Fan, C.; Zhan, S.-H.; Dong, Z.-X.; Yang, W.; Deng, W.-S.; Liu, X.; Wang, D.-A.; Sun, P. Cross-linked gelatin microsphere-based
scaffolds as a delivery vehicle of MC3T3-E1 cells: And evaluation. Mater. Sci. Eng. C-Mater. Biol. Appl. 2020, 108, 110399.
[CrossRef] [PubMed]

50. Jiang, J.; Liu, A.; Chen, C.; Tang, J.; Fan, H.; Sun, J.; Fan, H. An efficient two-step preparation of photocrosslinked gelatin
microspheres as cell carriers to support MC3T3-E1 cells osteogenic performance. Colloids Surf. B Biointerfaces 2020, 188, 110798.
[CrossRef]

51. Dong, Z.; Fan, C.; Deng, W.; Sun, P. Porous gelatin microsphere-based scaffolds containing MC3T3-E1 cells and calcitriol for the
repair of skull defect. Biomater. Adv. 2022, 138, 212964. [CrossRef]

52. Tajima, S.; Tabata, Y. Preparation and functional evaluation of cell aggregates incorporating gelatin microspheres with different
degradabilities. J. Tissue Eng. Regen. Med. 2013, 7, 801–811. [CrossRef] [PubMed]

53. Sulaiman, S.; Chowdhury, S.R.; Fauzi, M.B.; Rani, R.A.; Yahaya, N.H.M.; Tabata, Y.; Hiraoka, Y.; Idrus, R.B.H.; Hwei, N.M. 3D
Culture of MSCs on a Gelatin Microsphere in a Dynamic Culture System Enhances Chondrogenesis. Int. J. Mol. Sci. 2020, 21, 2688.
[CrossRef]

54. Fan, H.; Zhang, C.; Li, J.; Bi, L.; Qin, L.; Wu, H.; Hu, Y. Gelatin microspheres containing TGF-β3 enhance the chondrogenesis of
mesenchymal stem cells in modified pellet culture. Biomacromolecules 2008, 9, 927–934. [CrossRef] [PubMed]

55. Tzouanas, S.N.; Ekenseair, A.K.; Kasper, F.K.; Mikos, A.G. Mesenchymal stem cell and gelatin microparticle encapsulation in
thermally and chemically gelling injectable hydrogels for tissue engineering. J. Biomed. Mater. Res. Part A 2014, 102, 1222–1230.
[CrossRef] [PubMed]

56. Hayashi, K.; Tabata, Y. Preparation of stem cell aggregates with gelatin microspheres to enhance biological functions. Acta
Biomater. 2011, 7, 2797–2803. [CrossRef] [PubMed]

57. Baraniak, P.R.; Cooke, M.T.; Saeed, R.; Kinney, M.A.; Fridley, K.M.; McDevitt, T.C. Stiffening of human mesenchymal stem cell
spheroid microenvironments induced by incorporation of gelatin microparticles. J. Mech. Behav. Biomed. Mater. 2012, 11, 63–71.
[CrossRef]

58. Kimura, Y.; Ozeki, M.; Inamoto, T.; Tabata, Y. Adipose tissue engineering based on human preadipocytes combined with gelatin
microspheres containing basic fibroblast growth factor. Biomaterials 2003, 24, 2513–2521. [CrossRef]

59. Feyen, D.A.M.; Gaetani, R.; Deddens, J.; van Keulen, D.; van Opbergen, C.; Poldervaart, M.; Alblas, J.; Chamuleau, S.; van Laake,
L.W.; Doevendans, P.A.; et al. Gelatin Microspheres as Vehicle for Cardiac Progenitor Cells Delivery to the Myocardium. Adv.
Health Mater. 2016, 5, 1071–1079. [CrossRef]

60. Bin Sulaiman, S.; Idrus, R.B.H.; Hwei, N.M. Gelatin Microsphere for Cartilage Tissue Engineering: Current and Future Strategies.
Polymers 2020, 12, 2404. [CrossRef]

61. Gelli, R.; Mugnaini, G.; Bolognesi, T.; Bonini, M. Cross-linked Porous Gelatin Microparticles with Tunable Shape, Size, and
Porosity. Langmuir 2021, 37, 12781–12789. [CrossRef]

62. Chang, S.; Finklea, F.; Williams, B.; Hammons, H.; Hodge, A.; Scott, S.; Lipke, E. Emulsion-based encapsulation of pluripotent
stem cells in hydrogel microspheres for cardiac differentiation. Biotechnol. Prog. 2020, 36, e2986. [CrossRef]

63. Patel, Z.S.; Yamamoto, M.; Ueda, H.; Tabata, Y.; Mikos, A.G. Biodegradable gelatin microparticles as delivery systems for the
controlled release of bone morphogenetic protein-2. Acta Biomater. 2008, 4, 1126–1138. [CrossRef]

64. Joudeh, N.; Linke, D. Nanoparticle classification, physicochemical properties, characterization, and applications: A comprehensive
review for biologists. J. Nanobiotechnol. 2022, 20, 262. [CrossRef]

65. Farris, S.; Song, J.; Huang, Q. Alternative Reaction Mechanism for the Cross-Linking of Gelatin with Glutaraldehyde. J. Agric.
Food Chem. 2010, 58, 998–1003. [CrossRef] [PubMed]

66. Bello, A.B.; Kim, D.; Kim, D.; Park, H.; Lee, S.-H. Engineering and Functionalization of Gelatin Biomaterials: From Cell Culture to
Medical Applications. Tissue Eng. Part B Rev. 2020, 26, 164–180. [CrossRef] [PubMed]

67. Pal, A.; Bajpai, J.; Bajpai, A.K. Easy fabrication and characterization of gelatin nanocarriers and in vitro investigation of swelling
controlled release dynamics of paclitaxel. Polym. Bull. 2018, 75, 4691–4711. [CrossRef]

68. Nezhad-Mokhtari, P.; Arsalani, N.; Ghorbani, M.; Hamishehkar, H. Development of biocompatible fluorescent gelatin nanocarriers
for cell imaging and anticancer drug targeting. J. Mater. Sci. 2018, 53, 10679–10691. [CrossRef]

69. Bahoor, A.; Ahmadi, R.; Heydari, M.; Bagheri, M.; Behnamghader, A. Synthesis and evaluation of cross-linked gelatin nanoparti-
cles for controlled release of an anti-diabetic drug: Gliclazide. Inorg. Chem. Commun. 2023, 154, 110856. [CrossRef]

70. Zatorski, J.M.; Montalbine, A.N.; Ortiz-Cárdenas, J.E.; Pompano, R.R. Quantification of fractional and absolute functionalization
of gelatin hydrogels by optimized ninhydrin assay and 1H NMR. Anal. Bioanal. Chem. 2020, 412, 6211–6220. [CrossRef] [PubMed]

71. Leane, M.; Nankervis, R.; Smith, A.; Illum, L. Use of the ninhydrin assay to measure the release of chitosan from oral solid dosage
forms. Int. J. Pharm. 2004, 271, 241–249. [CrossRef]

72. Graziola, F.; Candido, T.M.; de Oliveira, C.A.; Peres, D.D.; Issa, M.G.; Mota, J.; Rosado, C.; Consiglieri, V.O.; Kaneko, T.M.; Velasco,
M.V.R.; et al. Gelatin-based microspheres crosslinked with glutaraldehyde and rutin oriented to cosmetics. Braz. J. Pharm. Sci.
2016, 52, 603–612. [CrossRef]

https://doi.org/10.1093/rb/rbad068
https://www.ncbi.nlm.nih.gov/pubmed/37638061
https://doi.org/10.1016/j.jbiosc.2019.04.013
https://doi.org/10.1016/j.msec.2019.110399
https://www.ncbi.nlm.nih.gov/pubmed/31923943
https://doi.org/10.1016/j.colsurfb.2020.110798
https://doi.org/10.1016/j.bioadv.2022.212964
https://doi.org/10.1002/term.1469
https://www.ncbi.nlm.nih.gov/pubmed/22438136
https://doi.org/10.3390/ijms21082688
https://doi.org/10.1021/bm7013203
https://www.ncbi.nlm.nih.gov/pubmed/18269244
https://doi.org/10.1002/jbm.a.35093
https://www.ncbi.nlm.nih.gov/pubmed/24458783
https://doi.org/10.1016/j.actbio.2011.04.013
https://www.ncbi.nlm.nih.gov/pubmed/21549223
https://doi.org/10.1016/j.jmbbm.2012.02.018
https://doi.org/10.1016/S0142-9612(03)00049-8
https://doi.org/10.1002/adhm.201500861
https://doi.org/10.3390/polym12102404
https://doi.org/10.1021/acs.langmuir.1c01508
https://doi.org/10.1002/btpr.2986
https://doi.org/10.1016/j.actbio.2008.04.002
https://doi.org/10.1186/s12951-022-01477-8
https://doi.org/10.1021/jf9031603
https://www.ncbi.nlm.nih.gov/pubmed/20043635
https://doi.org/10.1089/ten.teb.2019.0256
https://www.ncbi.nlm.nih.gov/pubmed/31910095
https://doi.org/10.1007/s00289-018-2291-4
https://doi.org/10.1007/s10853-018-2371-8
https://doi.org/10.1016/j.inoche.2023.110856
https://doi.org/10.1007/s00216-020-02792-5
https://www.ncbi.nlm.nih.gov/pubmed/32617761
https://doi.org/10.1016/j.ijpharm.2003.11.023
https://doi.org/10.1590/s1984-82502016000400004


Gels 2024, 10, 97 19 of 20

73. Bigi, A.; Cojazzi, G.; Panzavolta, S.; Rubini, K.; Roveri, N. Mechanical and thermal properties of gelatin films at different degrees
of glutaraldehyde crosslinking. Biomaterials 2001, 22, 763–768. [CrossRef]

74. Li, X.; Sun, Q.; Li, Q.; Kawazoe, N.; Chen, G. Functional Hydrogels With Tunable Structures and Properties for Tissue Engineering
Applications. Front. Chem. 2018, 6, 499. [CrossRef]

75. Adhirajan, N.; Shanmugasundaram, N.; Shanmuganathan, S.; Babu, M. Functionally modified gelatin microspheres impregnated
collagen scaffold as novel wound dressing to attenuate the proteases and bacterial growth. Eur. J. Pharm. Sci. 2009, 36, 235–245.
[CrossRef] [PubMed]

76. Naomi, R.; Bahari, H.; Ridzuan, P.M.; Othman, F. Natural-Based Biomaterial for Skin Wound Healing (Gelatin vs. Collagen):
Expert Review. Polymers 2021, 13, 2319. [CrossRef]

77. Correia, D.; Padrão, J.; Rodrigues, L.; Dourado, F.; Lanceros-Méndez, S.; Sencadas, V. Thermal and hydrolytic degradation of
electrospun fish gelatin membranes. Polym. Test. 2013, 32, 995–1000. [CrossRef]

78. Serban, M.A.; Knight, T.; Payne, R.G.; Basu, J.; Rivera, E.A.; Robbins, N.; McCoy, D.; Halberstadt, C.; Jain, D.; Bertram, T.A.
Cross-linked gelatin microspheres with continuously tunable degradation profiles for renal tissue regeneration. Biotechnol. Appl.
Biochem. 2014, 61, 75–81. [CrossRef] [PubMed]

79. Distler, T.; McDonald, K.; Heid, S.; Karakaya, E.; Detsch, R.; Boccaccini, A.R. Ionically and Enzymatically Dual Cross-Linked
Oxidized Alginate Gelatin Hydrogels with Tunable Stiffness and Degradation Behavior for Tissue Engineering. ACS Biomater. Sci.
Eng. 2020, 6, 3899–3914. [CrossRef]

80. Peng, Z.; Li, Z.; Zhang, F.; Peng, X. In-Vitro Degradation and Cytotoxicity of Gelatin/Chitosan Microspheres for Drug Controlled
Release. J. Macromol. Sci. Part A 2014, 51, 646–652. [CrossRef]

81. Isakson, M.; de Blacam, C.; Whelan, D.; McArdle, A.; Clover, A.J.P. Mesenchymal Stem Cells and Cutaneous Wound Healing:
Current Evidence and Future Potential. Stem Cells Int. 2015, 2015, 831095. [CrossRef]

82. Mohanty, C.; Pradhan, J. A human epidermal growth factor-curcumin bandage bioconjugate loaded with mesenchymal stem cell
for in vivo diabetic wound healing. Mater. Sci. Eng. C 2020, 111, 110751. [CrossRef] [PubMed]

83. Badiavas, E.V.; Falanga, V. Treatment of chronic wounds with bone marrow-derived cells. Arch. Dermatol. 2003, 139, 510–516.
[CrossRef] [PubMed]

84. McFarlin, K.; Gao, X.; Liu, Y.B.; Dulchavsky, D.S.; Kwon, D.; Arbab, A.S.; Bansal, M.; Li, Y.; Chopp, M.; Dulchavsky, S.A.; et al.
Bone marrow-derived mesenchymal stromal cells accelerate wound healing in the rat. Wound Repair Regen. 2006, 14, 471–478.
[CrossRef] [PubMed]

85. Noverina, R.; Widowati, W.; Ayuningtyas, W.; Kurniawan, D.; Afifah, E.; Laksmitawati, D.R.; Rinendyaputri, R.; Rilianawati, R.;
Faried, A.; Bachtiar, I.; et al. Growth factors profile in conditioned medium human adipose tissue-derived mesenchymal stem
cells (CM-hATMSCs). Clin. Nutr. Exp. 2019, 24, 34–44. [CrossRef]

86. Bussche, L.; Harman, R.M.; Syracuse, B.A.; Plante, E.L.; Lu, Y.C.; Curtis, T.M.; Ma, M.L.; Van de Walle, G.R. Microencapsulated
equine mesenchymal stromal cells promote cutaneous wound healing in vitro. Stem Cell Res. Ther. 2015, 6, 66. [CrossRef]
[PubMed]

87. Liang, C.-C.; Park, A.Y.; Guan, J.-L. In vitro scratch assay: A convenient and inexpensive method for analysis of cell migration
in vitro. Nat. Protoc. 2007, 2, 329–333. [CrossRef]

88. Liang, Y.; He, J.; Guo, B. Functional Hydrogels as Wound Dressing to Enhance Wound Healing. ACS Nano 2021, 15, 12687–12722.
[CrossRef]

89. Maleki, A.; He, J.; Bochani, S.; Nosrati, V.; Shahbazi, M.-A.; Guo, B. Multifunctional Photoactive Hydrogels for Wound Healing
Acceleration. ACS Nano 2021, 15, 18895–18930. [CrossRef]

90. Asadi, N.; Pazoki-Toroudi, H.; Del Bakhshayesh, A.R.; Akbarzadeh, A.; Davaran, S.; Annabi, N. Multifunctional hydrogels for
wound healing: Special focus on biomacromolecular based hydrogels. Int. J. Biol. Macromol. 2021, 170, 728–750. [CrossRef]

91. Zhao, D.; Yu, Z.; Li, Y.; Wang, Y.; Li, Q.; Han, D. GelMA combined with sustained release of HUVECs derived exosomes for
promoting cutaneous wound healing and facilitating skin regeneration. Histochem. J. 2020, 51, 251–263. [CrossRef]

92. Rehman, S.R.; Augustine, R.; Zahid, A.A.; Ahmed, R.; Tariq, M.; Hasan, A. Reduced Graphene Oxide Incorporated GelMA
Hydrogel Promotes Angiogenesis for Wound Healing Applications. Int. J. Nanomed. 2019, 14, 9603, Erratum in Int. J. Nanomed.
2022, 17, 3601–3602. [CrossRef]

93. Zhu, M.X.; Wang, Y.; Ferracci, G.; Zheng, J.; Cho, N.J.; Lee, B.H. Gelatin methacryloyl and its hydrogels with an exceptional
degree of controllability and batch-to-batch consistency. Sci. Rep. 2019, 9, 6863. [CrossRef]

94. Kilic Bektas, C.; Zhang, W.; Mao, Y.; Wu, X.; Kohn, J. Self-Assembled Hydrogel Microparticle-Based Tooth-Germ Organoids.
Bioengineering 2022, 9, 215. [CrossRef] [PubMed]

95. Shirahama, H.; Lee, B.H.; Tan, L.P. Precise Tuning of Facile One-Pot Gelatin Methacryloyl (GelMA) Synthesis. Sci. Rep. 2016, 6,
31036. [CrossRef] [PubMed]

96. Gonzalez, A.C.D.O.; Costa, T.F.; de Araújo Andrade, Z.; Medrado, A.R.A.P. Wound healing—A literature review. An. Bras.
Dermatol. 2016, 91, 614–620. [CrossRef] [PubMed]

97. Barrientos, S.; Stojadinovic, O.; Golinko, M.S.; Brem, H.; Tomic-Canic, M. Growth factors and cytokines in wound healing. Wound
Repair. Regen 2008, 16, 585–601. [CrossRef]

98. Behm, B.; Babilas, P.; Landthaler, M.; Schreml, S. Cytokines, chemokines and growth factors in wound healing. J. Eur. Acad.
Dermatol. Venereol. 2012, 26, 812–820. [CrossRef] [PubMed]

https://doi.org/10.1016/S0142-9612(00)00236-2
https://doi.org/10.3389/fchem.2018.00499
https://doi.org/10.1016/j.ejps.2008.09.010
https://www.ncbi.nlm.nih.gov/pubmed/18952165
https://doi.org/10.3390/polym13142319
https://doi.org/10.1016/j.polymertesting.2013.05.004
https://doi.org/10.1002/bab.1125
https://www.ncbi.nlm.nih.gov/pubmed/23692609
https://doi.org/10.1021/acsbiomaterials.0c00677
https://doi.org/10.1080/10601325.2014.925262
https://doi.org/10.1155/2015/831095
https://doi.org/10.1016/j.msec.2020.110751
https://www.ncbi.nlm.nih.gov/pubmed/32279771
https://doi.org/10.1001/archderm.139.4.510
https://www.ncbi.nlm.nih.gov/pubmed/12707099
https://doi.org/10.1111/j.1743-6109.2006.00153.x
https://www.ncbi.nlm.nih.gov/pubmed/16939576
https://doi.org/10.1016/j.yclnex.2019.01.002
https://doi.org/10.1186/s13287-015-0037-x
https://www.ncbi.nlm.nih.gov/pubmed/25889766
https://doi.org/10.1038/nprot.2007.30
https://doi.org/10.1021/acsnano.1c04206
https://doi.org/10.1021/acsnano.1c08334
https://doi.org/10.1016/j.ijbiomac.2020.12.202
https://doi.org/10.1007/s10735-020-09877-6
https://doi.org/10.2147/IJN.S218120
https://doi.org/10.1038/s41598-019-42186-x
https://doi.org/10.3390/bioengineering9050215
https://www.ncbi.nlm.nih.gov/pubmed/35621493
https://doi.org/10.1038/srep31036
https://www.ncbi.nlm.nih.gov/pubmed/27503340
https://doi.org/10.1590/abd1806-4841.20164741
https://www.ncbi.nlm.nih.gov/pubmed/27828635
https://doi.org/10.1111/j.1524-475X.2008.00410.x
https://doi.org/10.1111/j.1468-3083.2011.04415.x
https://www.ncbi.nlm.nih.gov/pubmed/22211801


Gels 2024, 10, 97 20 of 20

99. Tiberio, R.; Boggio, P.; Pertusi, G.; Graziola, F.; Bozzo, C.; Colombo, E. Cytokines, chemokines and growth factors “in vitro” and
wound healing. J. Investig. Dermatol. 2010, 130, S61.

100. Habraken, W.J.E.M.; Wolke, J.G.C.; Mikos, A.G.; Jansen, J.A. Porcine Gelatin Microsphere/Calcium Phosphate Cement Composites:
A Degradation Study. J. Biomed. Mater. Res. Part B Appl. Biomater. 2009, 91B, 555–561. [CrossRef]

101. Link, D.P.; van den Dolder, J.; van den Beucken, J.J.; Wolke, J.G.; Mikos, A.G.; Jansen, J.A. Bone response and mechanical strength
of rabbit femoral defects filled with injectable CaP cements containing TGF-β1 loaded gelatin microparticles. Biomaterials 2008, 29,
675–682. [CrossRef] [PubMed]

102. Nouri-Felekori, M.; Khakbiz, M.; Nezafati, N.; Mohammadi, J.; Eslaminejad, M.B. Comparative analysis and properties evaluation
of gelatin microspheres crosslinked with glutaraldehyde and 3-glycidoxypropyltrimethoxysilane as drug delivery systems for the
antibiotic vancomycin. Int. J. Pharm. 2019, 557, 208–220. [CrossRef] [PubMed]

103. Hasebe, Y.; Yamada, M.; Utoh, R.; Seki, M. Expansion of Chinese hamster ovary cells via a loose cluster-assisted suspension
culture using cell-sized gelatin microcarriers. J. Biosci. Bioeng. 2023, 135, 417–422. [CrossRef]

104. Mao, Y.; John, N.; Protzman, N.M.; Kuehn, A.; Long, D.; Sivalenka, R.; Junka, R.A.; Gosiewska, A.; Hariri, R.J.; Brigido, S.A. A
decellularized flowable placental connective tissue matrix supports cellular functions of human tenocytes in vitro. J. Exp. Orthop.
2022, 9, 69. [CrossRef]

105. Mao, Y.; Block, T.; Singh-Varma, A.; Sheldrake, A.; Leeth, R.; Griffey, S.; Kohn, J. Extracellular matrix derived from chondrocytes
promotes rapid expansion of human primary chondrocytes in vitro with reduced dedifferentiation. Acta Biomater. 2019, 85, 75–83.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/jbm.b.31429
https://doi.org/10.1016/j.biomaterials.2007.10.029
https://www.ncbi.nlm.nih.gov/pubmed/17996293
https://doi.org/10.1016/j.ijpharm.2018.12.054
https://www.ncbi.nlm.nih.gov/pubmed/30597262
https://doi.org/10.1016/j.jbiosc.2023.02.008
https://doi.org/10.1186/s40634-022-00509-4
https://doi.org/10.1016/j.actbio.2018.12.006
https://www.ncbi.nlm.nih.gov/pubmed/30528605

	Introduction 
	Results and Discussion 
	Synthesis of Gelatin Hydrogel Microparticles (GelMPs) 
	Characterization of Gelatin Hydrogel Microparticles (GelMPs) 
	Growth of hMSCs on GelMPs In Vitro 
	Effect of Conditioned Media from hMSCs Cultured on GelMPs of Varying Sizes on the Migration of Human Dermal Fibroblasts (HDF) 
	Comparison of hMSCs Growth on GelMP < 100 m versus Encapsulated in GelMA 
	Effect of Conditioned Media from hMSCs Cultured on GelMP < 100 m or in GelMA on the Migration of HDF 
	The Effect of Conditioned Media on the Gene Expression of Wound Healing Promoting Factor: PDGF 

	Conclusions 
	Materials and Methods 
	Synthesis of Gelatin Hydrogel Microparticles (GelMPs) 
	Determination of Degree of Cross-Linking in GelMPs 
	ATR-FTIR Analysis 
	Determination of Swelling Capacity of GelMPs 
	In Situ Degradation of GelMPs in PBS 
	Culturing of hMSCs on GelMPs or in GelMA 
	AlamarBlue Assay 
	Live Staining 
	DNA Quantification of hMSC 
	Fluorescence Staining of hMSC-Laden GelMPs or GelMA 
	Conditioned Media for Migration Assay 
	Scratch Wound Migration Assay 
	qPCR Analysis 
	Statistical Analysis 

	References

