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A B S T R A C T   

Chronic nonhealing wounds are debilitating and diminish one’s quality of life, necessitating the development of 
improved strategies for effective treatment. Biomaterial- and cell-based therapies offer an alternative treatment 
compared to conventional wound care for regenerating damaged tissues. Cell-based approaches frequently utilize 
endothelial cells (ECs) to promote vascularization and mesenchymal stromal cells (MSCs) for their potent 
secretome that promotes host cell recruitment. Spheroids have improved therapeutic potential over mono-
disperse cells, while degradable scaffolds can influence cellular processes conducive to long-term tissue regen-
eration. However, the role of biomaterial degradation on the therapeutic potential of heterotypic EC-MSC 
spheroids for wound healing is largely unknown. We formed poly(ethylene) glycol (PEG) hydrogels with varying 
ratios of matrix metalloproteinase (MMP)-degradable and non-degradable crosslinkers to develop three distinct 
constructs – fully degradable, partially degradable, and non-degradable – and interrogate the influence of 
degradation rate on engineered cell carriers for wound healing. We found that the vulnerability to degradation 
was critical for cellular proliferation, while inhibition of degradation impaired spheroid metabolic activity. 
Higher concentrations of degradable crosslinker promoted robust cell spreading, outgrowth, and secretion of 
proangiogenic cytokines (i.e., VEGF, HGF) that are critical in wound healing. The degree of degradation dictated 
the unique secretory profile of spheroids. When applied to a clinically relevant full-thickness ex vivo skin model, 
degradable spheroid-loaded hydrogels restored stratification of the epidermal layer, confirming the efficacy of 
scaffolds to promote wound healing. These results highlight the importance of matrix remodeling and its 
essential role in the therapeutic potential of heterotypic spheroids.   

Statement of significance 

Wound healing is dependent upon extracellular matrix (ECM) 
remodeling by matrix metalloproteinases (MMPs), while dysregulation 
can lead to chronic wounds. In this study, we used poly(ethylene) glycol 
(PEG) hydrogels formed with an MMP-degradable crosslinker (i.e., GPQ- 
A) to interrogate the influence of degradation rate on engineered cell 
carriers for angiogenesis and wound healing. This study highlights the 
importance of rapid hydrogel degradation, achieved through endoge-
nous MMP secretion by entrapped heterotypic spheroids, on cell 
sprouting, migration, proangiogenic growth factor production, and 
repair of an ex vivo full thickness wound. The results of these studies 
describe the influence of degradability on the regenerative potential of 
EC-MSC spheroids and confirm that the degradability of the cell carrier 
should be carefully considered. 

1. Introduction 

Wound healing is comprised of an intricate cascade of events – he-
mostasis, inflammation, proliferation, and maturation/remodeling. 
Impaired healing is prevalent in individuals who suffer from diabetes, 
cardiovascular diseases, renal disease, or obesity and can lead to the 
development of nonhealing chronic wounds [1,2]. Chronic wounds 
affect 6.5 million patients in the USA [3]. In 2022, the global chronic 
wound care market was $12.3 billion (USD) and is projected to be over 
$19 billion by 2029 [4]. Common treatments include topical wound 
medications/dressings and debridement, which maintains a moist 
environment and removes necrotic tissues to aid in granulation tissue 
formation. However, these approaches are limited because they do not 
address underlying vascularization impairments characteristic of 
full-thickness wounds. Alternative approaches such as cellular or 
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acellular dermal matrices have been utilized, but these matrices are 
restricted by their cost, donor availability, and donor site morbidity [5]. 

There is a critical need for the development of improved cell-based 
therapies to regenerate damaged tissues such as large skin wounds. 
Mesenchymal stromal cells (MSCs) are commonly used due to their 
bioactive secretome that modulates the recruitment of important host 
cells, while endothelial cells (ECs) are integral for their ability to directly 
form blood vessels to increase blood flow to the wound bed, respectively 
[6–9]. Spheroids, three-dimensional cellular aggregates, have attracted 
attention in the field of regenerative medicine as they possess increased 
cell viability in harsh microenvironments and secrete increased con-
centrations of endogenous trophic factors compared to monodisperse 
and monolayer counterparts [10]. Spheroids better mimic native tissues 
due to increased cell-to-cell interactions. Specifically, MSCs cultured as 
self-assembled 3D aggregates exhibited enhanced proliferation and 
metabolic reconfiguration, while ECs in spheroidal form displayed 
increased expressions of genes associated with cell survival and prolif-
eration [11–13]. We explored the communication between ECs and 
MSCs to improve network formation and recently reported that the 
culture microenvironment can potentiate the angiogenic and 
re-epithelialization potentials of EC-MSC spheroids [14,15]. Further-
more, incorporating ECs into MSC spheroids enhanced the angiogenic 
potential [16]. Due to the advantages of co-culturing ECs and MSCs, we 
leveraged these two cell types in these studies. 

In addition to cell-based therapies, hydrogels composed of natural (e. 
g., alginate and collagen) and synthetic (e.g., poly(ethylene glycol) 
(PEG)) polymers have been employed as cell and drug delivery carriers 
or dressings to promote skin repair. During dermal wound healing, 
proteolytic enzymes including matrix metalloproteinases (MMPs) 
regulate inflammation to induce migration of host cells (i.e., ECs, fi-
broblasts, keratinocytes) by degrading and remodeling the wound ECM 
[17]. However, chronic wounds are marked by excessive protease ac-
tivity [17,18]. Degradable hydrogels represent an emerging platform 
used to modulate extracellular matrix (ECM) remodeling for enhanced 
cell migration, macrophage polarization to a pro-regenerative pheno-
type, neovascularization, and collagen deposition for wound repair 
[19–25]. PEG-based hydrogels are widely used due to their biocom-
patibility, hydrophilicity, and tunability [26]. For instance, 4-arm 
PEG-maleimide (PEG-4MAL) macromer has been extensively investi-
gated and tuned to achieve varying rates of degradation by using 
different crosslinkers, which influenced the physical and chemical 
properties of the hydrogel [22,27–29]. While the development of 
PEG-4MAL hydrogels with varying rates of degradation is 
well-characterized, the influence of matrix degradation rate on the 
therapeutic potential of co-culture EC-MSC spheroids for wound healing 
remains largely unknown. 

In this study, we investigated the role of microenvironmental 
degradation on the therapeutic potential of EC-MSC spheroids when 
delivered in a highly biocompatible, tunable, and well-characterized 
degradable PEG-based hydrogel. We hypothesized that the degradabil-
ity of the biomaterial cell carrier would regulate cell outgrowth and 
cytokine production by EC-MSC spheroids and modulate tissue regen-
eration. This study highlights the importance of matrix remodeling on 
the therapeutic potential of EC-MSC spheroids and illustrates the utility 
of tuning scaffold degradability to potentiate their efficacy when used as 
cell carriers for wound healing. 

2. Materials and methods 

2.1. Cell culture and spheroid formation 

Human endothelial colony-forming cells (ECs) were isolated from 
human cord blood obtained through the UC Davis Cord Blood Collection 
Program (UCBCP) [30], and a subset of cells were modified to express 
green fluorescent protein (GFP) as described [14]. ECs were expanded in 
EGM-2 supplemented media (PromoCell, Heidelberg, Germany) with 

gentamicin (50 μg/mL; ThermoFisher, Waltham, MA) and amphotericin 
B (50 ng/mL; ThermoFisher) under standard culture conditions (37◦C, 
5% CO2, 21% O2) until use at passages 7–8. Media changes were per-
formed every 2 days. Human bone marrow-derived MSCs from a single 
donor (RoosterBio, Inc., Frederick, MD) were expanded without further 
characterization in standard culture conditions in minimum essential 
alpha medium (α-MEM; Invitrogen, Carlsbad, CA) supplemented with 
10% fetal bovine serum (FBS; Atlanta Biologicals, Flowery Branch, GA) 
and 1% penicillin/streptomycin (P/S; Gemini Bio-Products, Sacra-
mento, CA) until use at passages 4–5. Media changes were performed 
every 2–3 days. 

Co-culture EC-MSC spheroids were formed using a forced aggrega-
tion method [31]. Briefly, ECs and MSCs were pipetted into 1.5% 
agarose molds in well plates to produce spheroids of 15,000 cells (5000 
ECs and 10,000 MSCs), and the plates were centrifuged at 500×g for 8 
min. Spheroid size and ratio of cell types were chosen based on prior 
data exhibiting robust vasculogenic potential of EC-MSC spheroids [15, 
32]. Plates were maintained in static culture conditions (37◦C, 5% CO2, 
21% O2) for 48 h in 3:1 EGM-2:α-MEM (3:1 media) for spheroid 
formation. 

2.2. PEG-4MAL hydrogel synthesis and spheroid encapsulation 

We fabricated protease-cleavable or non-degradable hydrogels as 
previously described [33]. Briefly, four-arm poly(ethylene glycol) (PEG) 
macromer with maleimide groups at each terminus (PEG-4MAL) (MW 
20,000; Laysan Bio, Arab, AL) was dissolved in 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid) (HEPES) buffer (20 mM in 
DPBS, pH 7.4). Adhesive peptide (GRGDSPC, RGD-C, pH 5.5–6; Gen-
Script, Piscataway, NJ) was dissolved in HEPES to generate the func-
tionalized PEG-4MAL precursor. Bis-cysteine cross-linking peptide 
GCRDGPQG↓IAGQDRCG (GPQ-A, ↓ denotes enzymatic cleavage site, pH 
4.5 ± 0.1; GenScript) and poly(ethylene) glycol dithiol (PEG-DT, MW 
5000, pH 4.5 ± 0.1; JenKem Technology, Plano, TX) were dissolved in 
HEPES at 1:1 maleimide/cysteine ratio after accounting for maleimide 
groups reacted with adhesive peptide. RGD-C was polymerized to 
PEG-4MAL macromer at 37◦C for at least 15 min. Spheroid suspensions 
were added to the functionalized PEG-4MAL precursor to achieve a final 
concentration of 3 × 106 cells/mL. Gels were individually synthesized 
by mixing the PEG-4MAL solution with varying ratios of GPQ-A and 
PEG-DT in 8 mm diameter circular silicone molds to achieve completely 
degradable gels (100% GPQ-A (GPQ-A)), partially degradable gels (50% 
GPQ-A and 50% PEG-DT (GPQ-A:PEG-DT)), or non-degradable gels 
(100% PEG-DT (PEG-DT)) [15,33]. Hydrogels were crosslinked at 37◦C 
for 20 min to produce 8.0% 20-kDa PEG-4MAL (wt/vol) hydrogels with 
a final adhesive ligand concentration of 2 mM. Following gelation, the 
gels were transferred into individual wells of 24-well plates, and the 3:1 
medium was refreshed every 2 days. Media from spheroid-entrapped 
gels was refreshed (1 mL) 24 h prior to collection as conditioned 
media (CM). 

2.3. Mechanical and degradation characterization of PEG-4MAL 
hydrogel 

PEG-4MAL gels were allowed to swell for 24 h in α-MEM prior to 
analysis using a Discovery HR2 Hybrid Rheometer (TA Instruments, 
New Castle, DE) using a stainless steel, cross-hatched, 8 mm plate ge-
ometry. Before rheological testing, the gels were cut to fit the plate ge-
ometry using a biopsy punch. We determined storage moduli by 
performing an oscillatory frequency sweep ranging from 0.1 to 100 rad 
s− 1 at a strain of 0.5% on each gel to obtain the linear elastic region 
before gel failure. At least five data points were collected for the linear 
elastic region and averaged to obtain gel shear storage modulus. Gels 
were measured after 1 and 7 days in fully supplemented α-MEM at 37◦C. 
Prior to mechanical testing on days 1 and 7, the wet mass of the gels was 
obtained using a Mettler Toledo XPR2 Microbalance (Mettler-Toledo, 
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Columbus, OH). After testing, gels were frozen and lyophilized for 24 h 
or until dry before measuring the dry mass. Gross morphological images 
were taken of the gels following formation and 24 h swelling. 

To investigate the contribution of spheroids on PEG-4MAL gel 
degradation, we measured the storage moduli, wet mass, and dry mass 
on days 1 and 7 post-spheroid encapsulation. Some gels were treated 
with GM6001 (25 μM; Sigma-Aldrich, St. Louis, MO), a broad-spectrum 
MMP inhibitor, to limit GPQ-A crosslinker cleavage from MMP-2 ac-
tivity and impede hydrogel degradation [34]. 

2.4. EC-MSC spheroid response to degradable PEG-4MAL gels 

We assessed cell viability by a Live/Dead assay per the manufac-
turer’s protocol (Thermo Fisher), and metabolic activity was determined 
using an alamarBlue assay (Invitrogen) with fluorescence read at 590 
nm. DNA content was measured via PicoGreen dsDNA assay (Invi-
trogen). After 1 and 7 days in culture, spheroids were imaged via 
brightfield microscopy to determine cell spreading. We evaluated cell 
spreading from spheroids in ImageJ (NIH) by quantifying the number of 
protrusions from the spheroids and the protrusion lengths by measuring 
from the center of the spheroid to the leading edge in the z-plane where 
the spheroid diameter was maximal. We used a threshold of 12 μm to 
determine cell spreading based on the cellular dimensions of ECs and 
MSCs [35,36]. At least three representative sprouts were captured per 
spheroid, and at least three spheroids were measured per gel. We further 
assessed cell spreading of ECs and MSCs in the z-plane in IMARIS 
(version 9.9, Abingdon, UK). Briefly, a volume was created from z-stacks 
taken of the spheroids, and sprout length was measured from the 3D 
reconstructions. 

VEGF and MMP-2 secretion from entrapped EC-MSC spheroids were 
quantified using cytokine-specific enzyme-linked immunoassay (ELISA) 
kits according to the manufacturer’s protocol (R&D Systems, Minneap-
olis, MN). The secretory profile of EC-MSC spheroids in the degradable 
hydrogels was characterized with a ProcartaPlex™ human angiogenesis 
panel 18-plex kit to measure angiopoietin-1, BMP-9, EMMPRIN, folli-
statin, HB-EGF, LYVE-1, TIE-2, CD31, EGF, FGF-2, G-CSF, HGF, IL-8, 
leptin, PDGF-BB, syndecan, VEGF-A, and VEGF-D (CN: EPX180-15806- 
901; ThermoFisher) and assessed on the Luminex® xMAP 200 (Ther-
moFisher). The net mean fluorescence intensity (MFI) was measured and 
calculated for the 7 standards and samples, and the data were analyzed 
using the online ProcartaPlex™ Analysis Application. GFP+ ECs were 
co-cultured with MSCs stained with CellTrace™ Far Red (Invitrogen) to 
discern cellular spreading in the gels. Spheroids were imaged using 
confocal microscopy (Leica STELLARIS, Leica Camera AG, Wetzlar, 
Germany). 

To interrogate the influence of gel degradation on the proangiogenic 
potential of EC-MSC spheroids, spheroid-loaded PEG-4MAL gels were 
treated with 50 μM GM6001 (Sigma-Aldrich) and 0.2 μM Latrunculin A 
(LatA; Abcam, Cambridge, MA), an inhibitor that blocks the polymeri-
zation of actin filaments. We then quantified relative gene expression of 
VEGF and HGF by quantitative real-time polymerase chain reaction 
(qRT-PCR). Samples were collected in 0.5 mL of TRIzol Reagent (Invi-
trogen) and homogenized. RNA was isolated following instructions per 
the manufacturer. 800 ng of RNA was reverse transcribed using the 
QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) and 
normalized to a final concentration of 10 ng/μL. We performed qRT-PCR 
using Taq PCR Master Mix (Qiagen) in a QuantStudio 6 Pro real-time 
PCR system (ThermoFisher). Human specific primers VEGF 
(Hs00900055_m1) and HGF (Hs00300159_m1) were used (Thermo-
Fisher). Critical threshold values (Ct) were quantified for each gene of 
interest with a ΔCt value quantified by subtracting the samples Ct value 
of the GAPDH house-keeping gene. The ΔΔCt value was quantified by 
subtracting the average ΔCt value of the untreated groups (non-RGD 
modified, LatA treated PEG-DT) from each sample. Expression values for 
each gene were then represented as 2− ΔΔCt. 

2.5. Evaluating wound healing via ex vivo skin explant model 

We assessed the influence of matrix degradation on wound healing in 
a full thickness human skin ex vivo model. Human discarded skin ex-
plants (Genoskin; Toulouse, France) were suspended in 12-well plates 
using inserts to create an air-liquid interface during culture. We gener-
ated partially degradable (GPQ-A:PEG-DT) and non-degradable (PEG- 
DT) PEG-4MAL gels and encapsulated EC-MSC spheroids at 5 × 106 

cells/mL. The cell concentration was scaled to maintain consistency 
between the number of cells entrapped in the gels for ex vivo treatment 
and the number of cells entrapped in the gels for in vitro characteriza-
tion. Gels were synthesized in 4 mm diameter circular silicone molds 
and allowed to reach equilibrium by swelling for 24 h before application 
to the wound. On the day of arrival, we created a burn injury on the skin 
explant using a soldering iron with a chiseled attachment (4 mm in 
diameter) by applying the tip to the surface of the skin with a light 
pressure for 5 s (Video A.1). The distance between the soldering iron and 
the stand holding the plate was marked and kept constant for each ex 
vivo skin explant to achieve consistent wound size and depth. Burns were 
subsequently rinsed three times with phosphate buffered saline (PBS) 
before treating the wound surface with PEG-4MAL gels. Unwounded 
explants were used as a positive control while wounded, untreated ex-
plants were the negative control. PEG-4MAL gels were left undisturbed, 
and 3:1 media (20 μL) was applied on top of the hydrogel every 2 d to 
retain the scaffold’s moisture. Explants were cultured using culture 
media (Genoskin) with media changes every 2 d. On day 7, skin explants 
were fixed in formalin at 4◦C overnight and washed with PBS prior to 
paraffin embedding and sectioning for histology. Photographic images 
were taken of the wounds immediately after wounding and after 7 d in 
culture. Ex vivo models were collected on day 7 to focus on the inflam-
matory and early proliferation stages of the wound healing cycle where 
MMPs are prevalent. This time point enabled us to better characterize 
the influence of co-culture spheroid-entrapped degradable gels on tissue 
repair. 

Samples were sectioned at 6–8 μm thickness, stained for Masson’s 
trichome staining. and imaged at 4X and 10X using a Nikon TE2000U 
microscope. The entire epidermal layer of at least 5 slides per group 
were imaged. To examine the effects of gel degradation on epidermal 
regeneration, 4 epidermal thickness measurements were taken from 3 
representative images per group. Measurements were taken from the 
deepest portion of the dermis (stratum basale) to the end of the stratum 
spinosum. For immunohistochemical staining, samples were rehydrated 
followed by heat-mediated antigen retrieval with sodium citrate buffer 
and incubation in blocking buffer for 1 h at room temperature. Slides 
were incubated with anti-collagen 1 (1:100 dilution, ab34710; Abcam) 
and anti-cytokeratin 14 (1:200 dilution, ab7800; Abcam) antibodies at 
4◦C overnight. Slides were then treated with goat anti-mouse antibody 
conjugated to Alexa Fluor 568 (1:500; ab175473; Abcam) and goat anti- 
rabbit antibody conjugated to Alexa Fluor 647 (1:500; ab150083; 
Abcam). Slides were also incubated with DAPI (ThermoFisher) as a 
counterstain. Characteristics of the epidermis, dermis, and wound area 
were observed from 3 fields of view on at least 3 different slides per 
group using a confocal microscope (Leica STELLARIS). 

2.6. Statistical analysis 

Data are derived from a minimum of three independent experiments, 
where each are comprised of at least three gels, and presented as means 
± standard deviation. Statistical significance was assessed by one-way 
ANOVA with Tukey’s multiple comparisons test or Student’s t-test 
when appropriate. P-values ≤0.05 were considered statistically signifi-
cant. Statistical analysis was performed using GraphPad Prism® 9 
software (GraphPad Software, San Diego, CA). Significance is denoted 
by alphabetical letterings or asterisks or hashtags. Different letters 
denote statistical significance between groups, while data sharing a 
letter are not statistically different from one another. * or # (p ≤ 0.05), 
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** or ## (p ≤ 0.01), *** or ### (p ≤ 0.001). # indicates significance 
between that group and corresponding GPQ-A groups. 

3. Results 

3.1. Characterization of PEG-4MAL hydrogel degradation 

PEG-4MAL hydrogels were formulated with varying percentages of 
MMP-degradable (i.e., GPQ-A) and non-degradable (i.e., PEG-DT) 
crosslinkers to develop three groups with varying degradation capac-
ities – fully degradable (GPQ-A), partially degradable (GPQ-A:PEG-DT), 
and non-degradable (PEG-DT) (Fig. 1A). Following gel synthesis, acel-
lular PEG-4MAL hydrogels measured 8 mm in diameter. After achieving 
maximum swelling in media for 24 h, gels swelled to 13 mm in diameter 
for all groups (Fig. 1B). All hydrogels exhibited similar initial storage 
moduli. By day 7, we observed decreases in storage moduli in gels 
containing GPQ-A. Fully degradable gels exhibited an 80% decrease in 
storage modulus on day 7 (133 ± 46 Pa, p = 0.002) compared to day 1 
(673 ± 117 Pa) (Fig. 1C). Partially degradable gels demonstrated a 
downward trend in storage modulus on day 7 (378 ± 67 Pa, p = 0.105) 
compared to day 1 (784 ± 331 Pa), although not significant. Non- 

degradable gels exhibited no differences, indicating there was no gel 
degradation over 7 days. 

The wet and dry mass were measured to further assess gel degra-
dation. We did not detect differences in wet or dry mass on day 7 for the 
different gel formulations (Fig. 1D and E). The differences in storage 
moduli after one week for the various degradable gels, despite the 
absence of cells, could be attributed to the presence of MMPs in the fully 
supplemented media [37], hydrogel swelling, or increased mesh density. 
Collectively, these data demonstrate the tunable nature of PEG-4MAL 
gels achievable by varying GPQ-A concentration. 

3.2. GPQ-A concentration mediates gel degradation by EC-MSC spheroids 

EC-MSC spheroids were encapsulated in PEG-4MAL hydrogels with 
varying amounts of GPQ-A to investigate the influence of cells on gel 
mechanical properties and degradation. Gels crosslinked with GPQ-A 
exhibited significant decreases in storage moduli. Fully degradable 
gels had a 64% decrease from day 1 (579 ± 137 Pa) to day 7 (207 ± 81 
Pa, p = 0.006) and partially degradable gels had a 50% decrease from 
day 1 (800 ± 255 Pa) to day 7 (400 ± 107 Pa, p = 0.012) (Fig. 2A). This 
could be attributed to potential MMPs in the culture medium serum 

Fig. 1. PEG-4MAL hydrogel degradation is modulated by varying GPQ-A concentration. (A) Schematic of PEG-4MAL hydrogel synthesis with protease 
degradable (GPQ-A) and non-degradable (PEG-DT) crosslinkers. (B) Gross morphological images of fully degradable (GPQ-A), partially degradable (GPQ-A:PEG-DT), 
and non-degradable (PEG-DT) hydrogels upon synthesis and post-24 h swelling. (C) Storage modulus of PEG-4MAL gels over 7 days (n = 3). (D) Wet and (E) dry mass 
remained similar for various gel formulations on day 7 (n = 3–5). Significance is denoted by asterisks or hashtags where ** or ## (p ≤ 0.01), *** or ### (p ≤ 0.001). 
# indicates significance between that group and corresponding GPQ-A groups. 
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[37]. Non-degradable gels had a slight but non-significant decrease in 
storage modulus from day 1 (1141 ± 60 Pa) to day 7 (914 ± 110 Pa, p =
0.071). As GPQ-A concentration increased, gels exhibited greater 
degradation on day 1, characterized by decreased storage moduli. These 
differences were more prominent on day 7. Gel degradation was further 
analyzed by measuring wet and dry mass of spheroid-loaded gels. On 
day 7, the wet mass was inversely related to GPQ-A concentration 
(Fig. 2C). This trend was also observed with the dry mass. Partially 
degradable gels (16.2 ± 1.1 mg, p ≤ 0.001) weighed 1.2 times more than 
fully degradable gels (13.3 ± 0.7 mg) and non-degradable gels (17.3 ±
1.0 mg, p ≤ 0.001) weighed 1.3 times more than fully degradable gels 
(Fig. 2D). Overall, in the presence of EC-MSC spheroids, PEG gels with 
higher GPQ-A concentration exhibited greater degradation evidenced by 
the inverse relationship between GPQ-A and storage moduli and wet/-
dry mass. 

To evaluate if the cleavage of MMP-susceptible sites was responsible 
for gel degradation, we cultured the spheroid-entrapped hydrogels in 
GM6001-treated media to limit MMP activity. On day 1, GPQ-A cross-
linked gels treated with GM6001 (GPQ-A, 1471 ± 162 Pa, p = 0.977; 
GPQ-A:PEG-DT, 1548 ± 429 Pa, p = 0.846) had storage moduli similar 
to those of non-degradable gels treated (1423 ± 157 Pa) (Fig. 2B). Upon 
GM6001 treatment, the storage moduli for GPQ-A and GPQ-A:PEG-DT 
remained ~110% higher than their non-treated counterparts, suggest-
ing that differences in storage moduli are due to hydrogel degradation 
by the entrapped spheroids. To further determine if gel degradation was 
cell-mediated, we compared the mechanical properties of acellular gels 
on day 1 with and without GM6001-treated media (Fig. A1). There were 
no significant differences in storage moduli, suggesting that the decrease 
in storage moduli observed in cellular loaded gels treated with GM6001 
(Fig. 2B) was due to cell-mediated degradation. Degradation was also 
observed in the wet and dry mass of the GM6001-treated PEG gels on 
day 7 (Fig. 2C and D). Some degradation was present, evidenced by the 
lower dry mass of GPQ-A (14.9 ± 0.4 mg) gels compared to GPQ-A:PEG- 
DT (17.3 ± 0.8 mg, p = 0.145) and PEG-DT (20.2 ± 4.8 mg, p = 0.009) 
groups. However, GM6001 reduced matrix degradation as demonstrated 
by the ~1.1-fold increase in dry mass of GM6001-treated versus non- 
treated gels. The differences in dry mass observed between GM6001- 
treated and non-treated GPQ-A gels, coupled with the small differ-
ences in wet mass between these groups, suggest that gel degradation 
occurred but not at a level that compromised the integrity of the gel. 

These data establish that the degree of hydrogel degradation by EC- 
MSC spheroids is dependent on the concentration of GPQ-A crosslinker. 
Furthermore, the inhibition of MMP-degradation via GM6001 validates 
that matrix degradation is due to enzymatic cleavage of MMP- 
susceptible sites in the gel and is in agreement with prior reports [38]. 

3.3. EC-MSC spheroid proliferation and metabolic activity is dependent 
on gel degradation 

We then investigated the influence of gel degradation on EC-MSC 
spheroid function by controlling the concentration of GPQ-A cross-
linker. Incorporated EC-MSC spheroids were 442 ± 24 μm in diameter 
(n = 3). MMPs, specifically MMP-2, are associated with extracellular 
matrix degradation throughout the body and especially in the skin. On 
day 1, MMP-2 secretion from EC-MSC spheroids was comparable for all 
groups but by day 7, we detected greater MMP-2 secretion by cells 
entrapped in gels more vulnerable to degradation (i.e., gels with higher 
GPQ-A concentration) (Fig. 3A). 

EC-MSC spheroids in GPQ-A gels (3.1 ± 0.3 ng MMP-2/ng DNA) had 
1.8-fold and 3.7-fold more MMP-2 secretion compared to GPQ-A:PEG- 
DT (1.77 ± 0.44 ng MMP-2/ng DNA, p ≤ 0.001) and PEG-DT (0.85 ±
0.17 ng MMP-2/ng DNA, p ≤ 0.001), respectively. Over 7 days, spher-
oids in all groups remained viable (Fig. 3B). All gel formulations sup-
ported proliferation, which was marked by an increase in total DNA 
content from day 1 to day 7 (Fig. 3C). We did not detect differences 
among groups on days 1 or 7. This demonstrates that PEG-4MAL gels 
promoted cell proliferation and suggests that gel degradation did not 
impact the proliferative capabilities of the cells. Interestingly, metabolic 
activity of the cells increased for degradable groups yet decreased for the 
non-degradable group. Metabolic activity of cells in fully degradable 
gels increased 135% from day 1 (15.3 ± 7.7 RFU/ng DNA) to day 7 (36.0 
± 4.5 RFU/ng DNA, p = 0.004) while the activity in partially degradable 
gels increased 69% from day 1 (8.9 ± 3.8 RFU/ng DNA) to day 7 (15.0 
± 3.8 RFU/ng DNA, p = 0.047). However, metabolic activity of spher-
oids in non-degradable gels decreased 65% from day 1 (18.8 ± 7.6 RFU/ 
ng DNA) to day 7 (6.7 ± 1.4 RFU/ng DNA, p = 0.02) (Fig. 3D). On day 7, 
we observed distinct differences in metabolic activity among the GPQ-A, 
GPQ-A:PEG-DT, and PEG-DT gels. There was a positive correlation be-
tween metabolic activity and GPQ-A concentration. These data indicate 
that the degree of gel degradation has no effect on the proliferative 

Fig. 2. PEG-4MAL hydrogel degradation by EC-MSC spheroids is dependent on GPQ-A. (A) Storage modulus of spheroid-loaded PEG-4MAL gels over 7 days (n 
= 3–5). (B) Storage modulus of spheroid-loaded PEG-4MAL gels treated with GM6001 over 7 days (n = 3–5). (C) Wet and (D) dry mass of EC-MSC spheroid 
encapsulated gels on day 7 with or without GM6001 (n = 3–6). Significance is denoted by asterisks or hashtags where * or # (p ≤ 0.05), ** or ## (p ≤ 0.01), *** or 
### (p ≤ 0.001). # indicates significance between that group and corresponding GPQ-A groups. 
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capacity of EC-MSC spheroids, but gel degradation influences the 
metabolic activity of entrapped cells. 

When treated with GM6001, proliferation was inhibited in all groups 
with total DNA mass ranging between 17 and 25 ng over 7 days (Fig. 3F). 
However, despite the consistent DNA content, metabolic activity varied 
strikingly for the different degradable gels (Fig. 3G). GM6001 markedly 
suppressed metabolic activity in fully degradable gels on days 1 and 7. 
To ensure the cells were not negatively affected by GM6001 treatment, 
we evaluated cell viability via Live/Dead and found the cells remained 
viable with MMP-inhibitor treatment (Fig. 3E). Treatment with GM6001 
inhibited both proliferation and metabolic activity in the degradable 
gels. To investigate if the inhibition of cellular proliferation was due to 
GM6001 treatment itself or restriction of gel degradation, we treated EC- 
MSC spheroids with GM6001 immediately after spheroid formation 
while in the agarose molds (Fig. A2). Treatment with GM6001 exhibited 
no effect on cell proliferation on day 7, suggesting that hydrogel 
degradation is critical for cellular proliferation. However, metabolic 
activity of cells in the fully degradable gels was negatively impacted, 
evidenced by the minimal to no activity on days 1 and 7. This behavior 
could be attributed to the gels being allowed to reach swelling equilib-
rium in culture media for 24 h prior to GM6001 treatment. These 
findings emphasize the significant role that matrix degradation has on 
the bioactivity of EC-MSC spheroids. 

3.4. Cellular outgrowth from EC-MSC spheroids is mediated by hydrogel 
degradation 

Matrix remodeling is critical in the wound healing cascade to enable 

the migration of cells within the wound bed. We assessed cell spreading 
of ECs and MSCs in two dimensions (2D) from the spheroids in 
degradable gels by quantifying the number of protrusions and the pro-
trusion lengths in individual z-planes (Fig. 4A). 

On day 1, we observed more than 2-fold more protrusions for 
spheroids in fully degradable gels (6.8 ± 3.5 protrusions) than spheroids 
in partially (3.1 ± 1.8 protrusions, p = 0.041) and non-degradable (2.4 
± 1.3 protrusions, p = 0.037) gels (Fig. 4B). Average sprout length for 
these groups exhibited a similar trend where spheroids in fully 
degradable gels (125 ± 14 μm) had 1.2-fold longer protrusion lengths 
than the other groups (GPQ-A:PEG-DT, 103 ± 12 μm, p = 0.013; PEG- 
DT, 107 ± 5 μm, p = 0.032) (Fig. 4C). By day 7, degradable gels 
enabled a plethora of cellular outgrowth, while we observed few pro-
trusions in non-degradable gels (2.7 ± 1.6 protrusions, p ≤ 0.001). 
Interestingly, average sprout length increased for fully (393 ± 59 μm, p 
≤ 0.001) and partially (220 ± 30 μm, p = 0.001) degradable gels while 
the outgrowth of cells was stunted in non-degradable gels (109 ± 7 μm). 
Outgrowth length was dependent on GPQ-A concentration. The sprout 
length in GPQ-A gels increased 3.1-fold from day 1 to day 7 (393 ± 59 
μm, p = 0.046) while GPQ-A:PEG-DT gels increased 2.1-fold from day 1 
to day 7 (220 ± 30 μm, p ≤ 0.001). We further assessed cellular pro-
trusions in three-dimensional (3D) culture and observed longer sprout 
lengths for spheroids in degradable gels (GPQ-A, 961 ± 132 μm, p ≤
0.001; GPQ-A:PEG-DT, 789 ± 55 μm, p ≤ 0.001) compared to non- 
degradable gels (0 μm) (Fig. 4D and E). There were no differences in 
sprout lengths between spheroids in fully and partially degradable gels. 
These data demonstrate that a microenvironment that facilitates matrix 
remodeling enables more cellular protrusions and longer outgrowths 

Fig. 3. PEG-4MAL hydrogel degradation regulates EC-MSC spheroid proliferation and metabolic activity. (A) Normalized MMP-2 secretion from EC-MSC 
spheroids is higher in more degradable gels over 7 days (n = 3–6). (B) Live/Dead stain demonstrates ECs and MSCs remained viable after 7 days in all gels. 
Scale bars are 200 μm. (C) Total DNA and (D) metabolic activity of spheroids in PEG gels over 7 days (n = 4–5). (E) Live/Dead staining confirms ECs and MSCs 
remained viable after 7 days in gels with GM6001 treatment. Scale bars are 200 μm. (F) Total DNA content and (G) metabolic activity of GM6001-treated spheroids in 
PEG gels was impaired over 7 days (n = 3). Significance is denoted by asterisks or hashtags where * or # (p ≤ 0.05), ** or ## (p ≤ 0.01), *** or ### (p ≤ 0.001). # 
indicates significance between that group and corresponding GPQ-A groups. 
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Fig. 4. Degradable PEG-4MAL hydrogels regulate cellular outgrowth from EC-MSC spheroids. (A) Spheroid morphology on day 7 reveals degrees of spheroid 
spreading. Scale bars are 200 μm. (B) Number and (C) average sprout length of EC and MSC protrusions of spheroids in degradable gels positively correlated with 
GPQ-A concentration (n = 5–7). (D) Quantification of average sprout length of EC and MSC protrusions in 3D for GPQ-A crosslinked groups and visualized in (E) 
rendered 3D volumes of spheroids in gels on day 7. Scale bars are 200 μm. (F) Spheroids stained with phalloidin (green) for actin and DAPI (blue) for cell nuclei on 
day 7 (n = 4–7). Scale bars are 500 μm. Significance is denoted by asterisks or hashtags where * or # (p ≤ 0.05), *** or ### (p ≤ 0.001), **** (p ≤ 0.0001). # 
indicates significance between that group and corresponding GPQ-A groups. (For interpretation of the references to color in this figure legend, the reader is referred 
to the Web version of this article.) 
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compared to non-degradable gels, emphasizing the importance of matrix 
remodeling on cellular migration of EC-MSC spheroids. 

The effect of gel degradation on cellular morphology was further 
investigated using actin filament (F-actin) staining after culturing 
spheroids for 7 days (Fig. 4F). Most of the cells within GPQ-A hydrogels 
exhibited significant elongation and spreading from the spheroid core. 
In GPQ-A:PEG-DT gels, we observed some elongated cells from the 
spheroid, demonstrated by the slightly spread, aligned, thick filaments 
throughout and along the periphery of the spheroid. In contrast, cells in 

non-degradable PEG-DT gels were slightly elongated within the 
spheroid but remained in spheroidal form, evidenced by the lack of cell 
spreading at the spheroid edge, emphasizing the importance of hydrogel 
degradation on F-actin structure and orientation. Cells along the edge of 
the spheroids were oriented slightly parallel to the edge. Overall, gels 
with higher degradability promoted more elongated protrusions ori-
ented outwardly from the spheroid core. 

Fig. 5. Fully degradable PEG-4MAL hydrogels 
enhance the proangiogenic potential of EC-MSC 
spheroids and modulate EC outgrowth. (A) 
Angiogenic cytokine content in the secretome of EC- 
MSC spheroids in degradable hydrogels on day 7. 
(B) Normalized VEGF, HGF, and EGF secretion from 
EC-MSC spheroids is modulated by gel degradation 
on day 7 (n = 4–6). (C) Total VEGF and HGF secretion 
from EC-MSC spheroids treated with 0.2 μM LatA and 
50 μM GM6001 on day 7 (n = 4–6). (D) Fluorescently 
stained ECs (green) and MSCs (red) after 7 days 
showcase degradable gels supported EC outgrowth. 
Scale bars are 500 μm. Significance is denoted by 
alphabetical lettering where different letters denote 
statistical significance between groups. (For inter-
pretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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3.5. Gel degradation enhances proangiogenic potential of EC-MSC 
spheroids and modulates EC outgrowth 

Chronic wounds are marked by impaired angiogenesis. In light of 
data emphasizing the influence of hydrogel degradation on metabolic 
activity and sprouting of entrapped cells, we characterized the angio-
genic secretory profiles of spheroids in gels with varying degradability. 
Of the analytes examined, spheroids in fully degradable formulations 
secreted 22,018 pg/mL angiogenic cytokines while cells in partially 
degradable gels secreted 6,729 pg/mL and cells in non-degradable gels 
secreted 10,671 pg/mL (Fig. 5A). The secretome of spheroids from GPQ- 
A groups was primarily composed of VEGF-A (77%), with HGF (8.6%), 
CD31 (4.7%), EMMPRIN (3.5%), EGF (2.1%), IL-8 (1.1%) and trace 
amounts of the other analytes. For GPQ-A:PEG-DT, the secretome was 
also primarily composed of VEGF-A (55%), with EGF (12%), HGF 
(8.7%), CD31 (9.1%), EMMPRIN (7%), IL-8 (3.6%) and trace amounts of 
the other analytes. Spheroids in PEG-DT exhibited a secretome compo-
sition similar to GPQ-A: VEGF-A (75%), EGF (7%), CD31 (6.5%), HGF 
(3.8%), EMMPRIN (3.5%), and IL-8 (1.7%). Despite relatively compa-
rable secretome composition, fully degradable gels (37.5 ± 3.5 pg 
VEGF/ng DNA) promoted ~1.8-fold more VEGF secretion from EC-MSC 
spheroids compared to partially (20.6 ± 4.3 pg VEGF/ng DNA, p ≤
0.001) and non-degradable (21.1 ± 4.7 pg VEGF/ng DNA, p ≤ 0.001) 
gels after 7 days (Fig. 5B). Spheroids in fully degradable gels (37.9 ± 8.5 
pg HGF/ng DNA) also secreted HGF levels 2.5-fold and 4.6-fold higher 
than partially (14.9 ± 6.1 pg HGF/ng DNA, p ≤ 0.01) and non- 
degradable (8.3 ± 1.3 pg HGF/ng DNA, p ≤ 0.001) gels, respectively. 
Interestingly, spheroids in partially degradable hydrogels (21.4 ± 7.0 pg 
EGF/ng DNA) exhibited the highest levels of EGF compared to fully 
degradable (10.0 ± 3.9 pg EGF/ng DNA, p = 0.033) and non-degradable 
(15.4 ± 4.3 pg EGF/ng DNA, p = 0.289) hydrogels. These data 
emphasize that matrix degradation promotes distinct yet complex 
secretory profiles and enhances proangiogenic trophic factor secretion 
with increasing degradation. 

Given the influence of degradation on EC-MSC spheroid secretome 
and cellular spreading (Fig. 4D and E), we investigated the interplay of 
cell migration, which increases with matrix degradability, and proan-
giogenic potential of spheroids. Migration was inhibited by treating 
spheroids entrapped in PEG gels with 0.1 μM latrunculin A (LatA), an 
inhibitor that blocks actin filament polymerization. However, LatA 
alone was insufficient to inhibit migration. We observed elongated 
cellular protrusions and a ring of cells surrounding the spheroid core by 
day 7 in degradable hydrogels (Fig. A3), potentially due to scaffold 
degradation. Therefore, we treated the spheroids with various combi-
nations of GM6001 and LatA to control for confounding effects from 
matrix degradation and found cellular migration was sufficiently 
inhibited when treated with 0.2 μM LatA and 50 μM GM6001 (Fig. A4). 

Moving forward with these concentrations, we hypothesized that 
treatment with LatA and GM6001 would promote similar expression of 
angiogenesis-related genes (i.e., VEGF and HGF) in spheroids in 
degradable gels compared to those in non-degradable gels. We also 
treated PEG-DT groups with LatA to account for actin polymerization as 
a confounding factor. Non-RGD modified groups treated with GM6001 
served as a negative control. On day 7, we did not detect significant 
differences in VEGF expression by spheroids in degradable and non- 
degradable hydrogels, emphasizing hydrogel degradation is necessary 
for increased VEGF expression (Fig. A5). Interestingly, compared to 
treated non-RGD modified groups, there was slightly higher VEGF 
expression across all treated RGD-modified groups. This suggests that 
the proangiogenic potential of spheroids is influenced by both migration 
and gel degradation, as well as cellular adhesion. We also quantified 
HGF expression, which plays multiple roles during wound healing by 
promoting proliferation, migration, and angiogenesis in epithelial cells 
as well as dedifferentiation of epidermal cells [39]. Due to the significant 
degradation exhibited by GPQ-A gels by day 7 and with an eye toward 
translation to the wounded ex vivo skin model, we focused on partially 

(GPQ-A:PEG-DT) and non-degradable (PEG-DT) groups. Like VEGF 
expression, HGF expression in spheroids was comparable between the 
partially and non-degradable scaffolds. HGF expression for non-RGD 
modified groups was also slightly lower than RGD-modified ones, 
further emphasizing the potential contributing role of cell adhesion on 
gene expression. 

We further evaluated the influence of LatA and GM6001 on VEGF 
and HGF secretion and observed significant reduction in secretion levels 
in the degradable groups when treated with both inhibitors (Fig. 5C). 
Inhibition of VEGF secretion by EC-MSC spheroids was more prominent 
in the GPQ-A group on day 7, evidenced by the nearly 50% reduction in 
VEGF secretion in LatA and GM6001 treated versus cells in non-treated 
gels. The total VEGF secreted in GPQ-A and GPQ-A:PEG-DT gels were 
similar to those in PEG-DT gels suggesting that degradation is impera-
tive for proangiogenic cytokine secretion. This was corroborated by 
similar trends in HGF secretion. LatA and GM6001 substantially reduced 
HGF secretion in GPQ-A and GPQ-A:PEG-DT scaffolds compared to non- 
treated counterparts. Interestingly, cells in PEG-DT treated groups 
exhibited more than twice the total HGF secretion of cells in degradable 
constructs, albeit not significantly different from non-treated PEG-DT. 
Together, these data suggest that migration, which is promoted by more 
degradable matrices, facilitates the secretion of proangiogenic 
cytokines. 

In conjunction with quantifying proangiogenic factors, spheroids 
composed of GFP+ ECs and CellTraced MSCs were imaged after 7 days 
in these gels to visualize cell specific outgrowth (Fig. 5D). Fully or 
partially degradable gels facilitated outward spreading of MSCs. MSCs 
exhibited elongated, spindle-shaped morphology which protruded and 
extended from the spheroid cores. In the vicinity of other spheroids, 
MSCs formed aligned cellular structures in the direction of neighboring 
spheroids. Degradable gels also facilitated some EC migration. On the 
other hand, non-degradable gels prevented both EC and MSC elongation 
and spreading. 

Altogether, these data emphasize matrix degradation is critical for 
the production and expression of angiogenesis associated cytokines and 
genes (i.e., VEGF and HGF). This synergistic relationship subsequently 
modulates EC and MSC cellular morphology, migration, and network 
formation. 

3.6. Degradable gels enhanced wound healing in an ex vivo skin model 

Matrix degradation is critical for wound healing, and high protease 
activity from MMPs can lead to chronic nonhealing wounds. We tested 
the efficacy of EC-MSC spheroid-loaded degradable gels as a potential 
treatment for burn wounds in an ex vivo skin model (Fig. 6A and B). We 
observed recovery of the stratified architecture of the epidermal layer 
with both degradable and non-degradable gels (Fig. 6C). Furthermore, 
wounds treated with non-degradable (PEG-DT) gels exhibited a higher 
degree of epidermal detachment compared to wounds treated with 
partially degradable (GPQ-A:PEG-DT) gels. However, there were no 
discernible differences in wound diameter for groups treated with 
degradable or non-degradable gels. 

Immunofluorescence images revealed more expression of CK14 on 
the wounds treated with partially degradable gels, suggesting the pres-
ence of active basal keratinocytes at the basement membrane (Fig. 6D). 
This higher CK14 expression supports our findings of better epidermal 
attachment and accelerated remodeling for wounds treated with 
partially degradable gels. Furthermore, IHC images revealed no changes 
in COL1 expression for groups treated with either partially degradable or 
non-degradable gels compared to the non-treated group at day 7 
(Fig. 6D). To further assess epidermal regeneration at day 7, we 
measured the thickness of the first two epidermal layers stratum basale 
and stratum granulosum, characterized by the presence of highly prolif-
erative keratinocytes (Fig. 6E). We detected an increase in epidermal 
thickness for the ex vivo models treated with partially degradable gels 
(51.27 ± 12.1 μm) compared to non-degradable gels (25.9 ± 4.9 μm) 
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(Fig. 6F). Moreover, the partially degradable group showed a 52% re-
covery of the epidermal layer compared to our unwounded control (97.9 
± 6.1 μm), which is significantly higher than the 26% achieved by the 
non-degradable gel or the 21% of the non-treated group. Collectively, 
our findings suggest that partially degradable gels improved re- 
epithelialization and reduction of the wound site at day 7 compared to 
non-degradable gels. 

4. Discussion 

Key proteolytic enzymes, such as MMPs, are involved in all stages of 
the wound healing cascade from regulating inflammation to facilitating 
the migration of pertinent cells (i.e., vascular ECs, fibroblasts, kerati-
nocytes) via ECM degradation [40]. Chronic wounds are marked by high 
levels of MMPs, which digest growth factors, cell surface receptors and 
ECM molecules, and consequently delay wound closure [41,42]. Matrix 
degradation regulates inflammation and the MSC secretome, 

Fig. 6. Partially degradable PEG-4MAL hydrogels with EC-MSC spheroids aid epidermal regeneration and enhance collagen deposition in an ex vivo skin 
model. (A) Schematic of burn procedure in ex vivo skin model. (B) Skin before and after burn injury. (C) Masson’s trichrome staining collagen (blue), cytoplasm 
(pink), and nuclei (brown) reveals collagen deposition and remodeling. Yellow arrows denote the wound area. Scale bar is 1 mm. (D) Epidermal regeneration was 
assessed by immunofluorescent detection of CK14 (green), COL1 (red) and cell nuclei (blue). Scale bar is 1 mm. (E) Epidermal thickness was measured on D7 to 
evaluate the regenerative capabilities of the PEG-4MAL hydrogels. Yellow arrows denote the stratums basale and spinosum. Scalebar is 100 μm. (F) Quantification of 
epidermal thickness demonstrated improved re-epithelialization for the GPQ-A:PEG-DT treated group on D7. Groups: Unwounded (D0) – unwounded skin model 
control group at day 0; Untreated (D0) – wounded, untreated skin model after burn injury at day 0; Untreated (D7) – wounded, untreated skin model at day 7; GPQ-A: 
PEG-DT (D7) – wounded skin model treated with a partially degradable (GPQ-A:PEG-DT) hydrogel at day 7; PEG-DT (D7) – wounded skin model treated with a non- 
degradable (PEG-DT) hydrogel at day 7. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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establishing its potential as a key modulator of wound healing [43]. 
However, the influence of matrix degradation on the therapeutic po-
tential of EC-MSC spheroids for wound healing is not well understood. In 
this study, we used a tunable PEG-based hydrogel to modulate matrix 
degradation via an MMP-cleavable peptide. Using this established plat-
form [27,33], we investigated the influence of matrix remodeling on 
EC-MSC spheroid function and translated it into a clinically relevant ex 
vivo human skin burn model to evaluate wound healing efficacy. 

Natural and synthetic polymers can be formulated to be degradable 
via hydrolytic, oxidative, photolytic, and enzymatic means [44–46]. 
While natural polymers (e.g., alginate, hyaluronic acid, fibrin) are 
biocompatible, they often facilitate limited control over tunable degra-
dation [47]. Synthetic polymers, like PEG, offer a blank slate to design a 
material with specific mechanical properties and degradable moieties 
[29,48]. Here, we demonstrated the ease of modulating hydrogel 
degradation by varying GPQ-A concentration in PEG-4MAL gels, similar 
to prior studies [27]. PEG-4MAL is highly hydrophilic, evidenced by 
substantial swelling after 24 h in media. The type of crosslinker (i.e., 
GPQ-A or PEG-DT) had no effect on the degree of swelling. In acellular 
hydrogels, the storage moduli were around 750 Pa for all groups on day 
1. By day 7, there was a decrease in storage moduli as GPQ-A concen-
tration was increased despite the absence of cells. Differences in storage 
moduli indicate there was some gel degradation, which may be due to 
potential MMPs present in the serum. However, the wet and dry mass 
were comparable between the degradable groups on day 7, demon-
strating the gels remained intact. Taken together, these data suggest that 
some hydrogel degradation occurred but not to the level where the 
overall structural integrity of the gel was jeopardized, evidenced by the 
lack of changes in the wet and dry mass. To evaluate cell-mediated 
degradation of the PEG gels, we incorporated EC-MSC spheroids and 
analyzed degradation via rheology and wet/dry mass. There was a 
noticeable decrease in storage moduli by day 1 for fully and partially 
degradable gels, which was more pronounced by day 7. The decrease in 
wet and dry mass of GPQ-A crosslinked gels compared to GPQ-A:PEG-DT 
and PEG-DT gels further supported these data, demonstrating that we 
can successfully modulate the rate of degradation of these hydrogels. 
Overall, degradation was more prominent in cell-laden gels, indicating 
that cells were degrading the material via enzymatic cleavage. MMP-2 
secretion correlated with increasing GPQ-A concentration, suggesting 
there may be a positive feedback loop between MMP-2 secretion levels 
and the degree of gel degradation [49]. Indeed, we previously observed 
increases in MMP-2 gene expression in DRG neurons entrapped in fibrin 
gels with increasing stiffness, yet the relationship between stiffness and 
degradation was not evaluated [50]. These data suggest that entrapped 
cells are responsive to changes in void volume and perhaps ligand 
availability made possible by degradation. In addition, cells are 
responsive to scaffold pore diameter and mesh size [51,52], which 
warrants further investigation to elucidate the crosstalk between scaf-
fold structure and EC-MSC spheroid behavior (e.g., secretory potential, 
cell migration). 

A key finding of this work is that gel degradation is critical for 
cellular proliferation and significantly influences metabolic activity 
using co-culture spheroids. Over 7 days, DNA content increased, 
regardless of gel formulation, emphasizing the cytocompatibility of 
PEG-4MAL and the benefits of using PEG-4MAL as our choice of plat-
form to interrogate the role of gel degradation. When treated with 
GM6001, spheroids in all groups exhibited impaired proliferation. 
Metabolic activity was also influenced by gel degradation. Metabolic 
activity on day 1 was not significantly different between the degradable 
groups but by day 7, only the groups with GPQ-A supported increases in 
metabolic activity while non-degradable counterparts showed a 
decrease. 

Degradable scaffolds influence the MSC secretome (e.g., MMP-2, IL- 
10, SDF-1 secretion), collagen deposition, migration, and neo-
vascularization [53,54]. However, the influence of degradation rate on 
modulating cell behavior is not well characterized. Our study 

demonstrates that the degree of matrix degradability significantly 
influenced cellular sprouting, spheroid secretome, and expression of 
angiogenesis-related genes. On day 7, fully, partially, and 
non-degradable gels facilitated the longest, intermediate, and shortest 
average sprout length, respectively. Future investigation is merited to 
determine cell outgrowth alignment from the spheroids as a potential 
stimulus to accelerate neovascularization and wound healing. We 
further observed robust F-actin structure, signifying cell elongation and 
protrusion in degradable gels. Using a multiplex cytokine assay, we 
characterized the unique profile compositions of the spheroid secretome 
when entrapped in different gel formulations. Spheroids in gels with 
greater degradability exhibited increased secretion of proangiogenic 
factors (i.e., VEGF, HGF). Based on the correlations between matrix 
degradability with cell sprouting/migration and secretion of proangio-
genic cytokines, we interrogated the interplay of sprouting/migration 
and proangiogenic potential of EC-MSC spheroids by inhibiting migra-
tion (LatA) and matrix degradation (GM6001). Cells in LatA- and 
GM6001-treated degradable gels had reduced VEGF and HGF secretion 
comparable to spheroids in non-degradable PEG-DT gels. Total VEGF 
and HGF was significantly reduced in GPQ-A versus GPQ-A:PEG-DT gels. 
We further expected cells in treated degradable gels to exhibit VEGF and 
HGF expression levels similar to LatA-treated non-degradable gels, 
regardless of RGD modification. Intriguingly, while inhibiting migration 
and degradation in GPQ-A and GPQ-A:PEG-DT resulted in gene ex-
pressions similar to PEG-DT gels, spheroids in gels without RGD motifs 
had consistently lower VEGF and HGF expression, although not signifi-
cant. This suggests that cell adhesion, in addition to cell migration and 
matrix degradation, contributes to the expression of 
angiogenesis-related genes. We observed similar findings when MSC 
spheroids were entrapped in RGD-modified alginate hydrogels [55]. 
This phenomenon merits further investigation to elucidate the interplay 
of cell adhesion, cell migration, and matrix degradation. 

We used a full-thickness ex vivo skin model as a controlled environ-
ment to study the effects of our degradable and non-degradable gels 
without other confounding factors associated with wound healing 
commonly observed in animal models. However, fully degradable gels 
survived only 5 days in the defect, limiting their translational potential 
and ability to compare to the other groups. Full-thickness models 
contain epidermal and dermal layers with skin structures and append-
ages (e.g., rete ridges and hair follicles) that play a critical role in native 
skin regeneration that are lost in partial thickness models. This ex vivo 
skin model allowed us to study regeneration in the presence of an active 
stem cell population. We chose day 7 as an experimental endpoint to 
evaluate epithelialization, cell migration, and keratinocyte proliferation 
during the onset of the proliferation stage where the effects of the 
secretory profiles of spheroids would be of higher impact on skin 
regeneration [56,57]. 

Our data suggest that partially degradable gels enhanced re- 
epithelialization of the wound site compared to the non-treated con-
trol as demonstrated by the regeneration of the epidermal layer. 
Although non-degradable gels also showed improved epithelialization 
compared to the non-treated control, we observed a higher occurrence 
of epidermal detachment across the samples and smaller epidermal 
thickness at day 7 compared to the wounds treated with the degradable 
gels. The observation of more CK14+ cells in wounds treated with 
degradable constructs compared to those treated with non-degradable 
gels indicates the presence of a proliferative basal keratinocyte popu-
lation which is critical to restoring epidermal stratification and suggests 
early signs of restoration of barrier function. Interestingly, there were no 
distinct changes in COL1 expression between degradable and non- 
degradable groups on day 7. The presence of COL1 in the upper 
dermal layer may suggest that although keratinocyte proliferation has 
initiated epidermal stratification, dermal fibroblasts remained on the 
upper epidermal layer and continued producing COL1. Future studies in 
a full-thickness in vivo model would enable interrogation of the mech-
anistic contributions from the immune response or circulating ECs. 
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Additionally, increasing the experimental time frame from 7 to 14 days 
to study wound progression at several time points would further reveal 
the synergistic effects of gel degradation, growth factor secretion, and 
MMPs secretion on wound closure and epithelialization. Furthermore, 
future work is necessary to explore the application of this platform to fill 
and treat irregularly shaped wounds with variable severities. 

5. Conclusion 

We engineered hydrogels with tunable degradation to investigate the 
role of microenvironmental remodeling on the therapeutic potential of 
EC-MSC spheroids. This study highlights the importance of matrix 
remodeling on modulating cellular behaviors essential for tissue 
regeneration (i.e., proliferation, migration, proangiogenic potential). 
For the first time, EC-MSC spheroids are leveraged in a degradable 
hydrogel to stimulate wound healing in a clinically relevant full- 
thickness ex vivo skin burn model. Collectively, matrix remodeling is 
essential and should be carefully considered when choosing an envi-
ronment to use as a carrier for wound healing. 
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APPENDICES.

Fig. A.1. GM6001 treatment did not affect the storage modulus of acellular PEG gels after one day (n = 3–5).  

Fig. A.2. GM6001 treatment had no effect on proliferation in EC-MSC spheroids after 7 days (n = 4–5).   
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Fig. A.3. LatA treatment (0.1 μM) inhibited some but not all cell migration in GPQ-A and GPQ-A:PEG-DT gels by day 7. Scale bars are 500 μm.  

Fig. A.4. Treatment with 0.2 μM LatA and 50 μM GM6001 inhibited cellular migration (observed in brightfield images) and facilitated similar levels of cellular 
proliferation in degradable hydrogels compared to non-degradable hydrogels based on total DNA content following 7 days of culture (n = 3). PEG-DT groups treated 
with higher concentrations of LatA resulted in reduced DNA content. Significance is denoted by asterisks where * (p ≤ 0.05). Scale bars are 500 μm. Abbreviations: L – 
LatA; G – GM6001.  
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Fig. A.5. Relative gene expression of VEGF and HGF by EC-MSC spheroids treated with 0.2 μM LatA and 50 μM GM6001 demonstrate VEGF and HGF expression are 
dependent on hydrogel degradation (n = 3–6). 
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