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A B S T R A C T

In vitro prevascularization is one of the most explored approaches to foster engineered tissue vascularization. We
previously demonstrated a benefit in tissue neovascularization by using integrin-specific biomaterials prevascu-
larized by stromal vascular fraction (SVF) cells, which triggered vasculogenesis in the absence of extrinsic growth
factors. SVF cells are also associated to biological processes important in cutaneous wound healing. Thus, we
aimed to investigate whether in vitro construct prevascularization with SVF accelerates the healing cascade by
fostering early vascularization vis-�a-vis SVF seeding prior to implantation. Prevascularized constructs delayed re-
epithelization of full-thickness mice wounds compared to both non-prevascularized and control (no SVF) groups.
Our results suggest this delay is due to a persistent inflammation as indicated by a significantly lower
M2(CD163þ)/M1(CD86þ) macrophage subtype ratio. Moreover, a slower transition from the inflammatory to the
proliferative phase of the healing was confirmed by reduced extracellular matrix deposition and increased
presence of thick collagen fibers from early time-points, suggesting the prevalence of fiber crosslinking in relation
to neodeposition. Overall, while prevascularization potentiates inflammatory cell influx, which negatively im-
pacts the cutaneous wound healing cascade, an effective wound healing was guaranteed in non-prevascularized
SVF cell-containing spongy-like hydrogels confirming that the SVF can have enhanced efficacy.
1. Introduction

In cutaneous wounds, neovascularization is critical for tissue repair.
From the early onset of the healing cascade, capillaries sprout from the
host vasculature invading the fibrin clot and vascularizing the granula-
tion tissue [1]. This pro-angiogenic phase is critical to provide nutrients
and oxygen to a metabolically active wound bed and is directly associ-
ated to an immature capillary network that also potentiates extravasation
of inflammatory cells into the wound bed. In turn, a healthy vascularized
granulation tissue provides the support for the growth and migration of
keratinocytes that start the re-epithelialization of the wound. As the
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healing progresses and the inflammation is resolved, the dense neo-
vascular network matures experiencing a significant regression regulated
by antiangiogenic stimuli. It is then understandable that given all this
interplay among the different stages/processes, any alteration in the
angiogenic signaling - e.g., reduced production of pro-angiogenic cyto-
kines, overproduction of anti-angiogenic cytokines, overgranulation -
may compromise the whole process impairing healing and skin repair
[2].

The strategies used to promote neovascularization in cutaneous
wounds have been mainly focusing on the in situ controlled delivery of
angiogenic growth factors [3–6] or respective encoding genetic material
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[7,8], transplantation of adult stem cells [9–13] or, on the implantation
of prevascularized constructs using both mature [14,15] and progenitor
[16,17] endothelial cells. Despite the significant achievements, all these
strategies have issues that are still far from being resolved and have been
hampering its clinical translation. While growth factors sustained tem-
poral delivery is possible, it is also often associated to bolus release and
unmatched profile with the wound requirements. Short half-life due to
lack of protection from proteolytic degradation, and high doses to ach-
ieve a therapeutic effect [18] are also shortcomings that might be tackled
by the in situ secretion of growth factors by genetically modified cells.
Yet, reduced transfection efficiency, and immunogenicity issues and
potential long-term side effects are still associated to these strategies. In
vitro prevascularization is one of the most successful approaches in
fostering vascularization at wound site. However, the clinical use of those
angiogenic cells is highly hampered by an insufficient number required
for therapy due to highly difficult isolation procedures and limited
expansion in vitro [19]. Other cellular approaches with less manipulation
have been showing a positive impact in the vascularization of cutaneous
wounds mostly provided by an angiogenic secretome, such as the case of
adipose derived stem cells (hASCs) [20–22]. Yet, their potential might
still be maximized by enhancing their residence time at the wound site.

Interestingly, several works have also suggested an impact of ASCs in
cutaneous wounds that goes beyond neovascularization including a
paracrine interaction with the resident cells that affects epidermal
morphogenesis [9,23], and regulates inflammation [24,25]. Moreover,
clinical trials with the stromal vascular fraction (SVF) of the adipose
tissue, which comprises cells subpopulations other than the ASCs [26,27]
showed that 93% of the patients with chronic non-healing diabetic foot
ulcers achieved full closure - the remaining had a wound closure >85% -
after autologous SVF transplantation [28]. Comparable outcomes were
attained with SVF incorporated in a fibrin-collagen hydrogel confirming
a faster re-epithelialization in the presence of SVF [29]. While the
mechanism of action is yet to be determined, pre-clinical studies revealed
a faster progression in the healing of full-thickness wounds treated with
SVF characterized by earlier resolution of the inflammatory phase
accompanied by fibroblasts proliferation [30].

In our previous work we demonstrated a benefit in tissue neo-
vascularization with integrin-specific biomaterials pre-vascularized by
SVF cells capable of triggering vasculogenesis in the absence of extrinsic
growth factors [31]. Herein, we hypothesized that an in vitro pre-
vascularization stage would accelerate the healing cascade by fostering
the early vascularization of the wound by inosculating with the host
vasculature, further potentiating the effect of SVF. To validate this, we
assessed the capacity of prevascularized and non-prevascularized - con-
taining freshly isolated SVF cells - constructs to modulate wound
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inflammation and re-epithelization, and neotissue deposition and
remodeling (Fig. 1).

2. Results

2.1. Popularization of the constructs by SVF cells

Besides endothelial progenitor and mature cells which highly ex-
press the αvβ3 integrin [32,33] and are the ones responsible for the
prevascularization of the constructs, SVF contains a multitude of other
cells (Fig. 2a). Overall, SVF cells were entrapped in the spongy-like
hydrogels after seeding. However, a significant (p < 0.05) reduction
(about 50%) in the number of cells was observed from day 0 to day 3 of
culture (Fig. 2b). At this timepoint, most of the remnant cells were alive
(Fig. 2c) although they did not seem to proliferate with increasing
culture time (Fig. 2b). When we looked at the phenotype of the cells
entrapped in the spongy-like hydrogels, we confirmed that at day 0 SVF
cells displayed the typically characteristics [27] linked to the mesen-
chymal (CD105, CD73, CD90), pericytic (CD146), mature/progenitor
endothelial (CD31, CD34, CD105) and hematopoietic (CD45) pheno-
type (Fig. 2d, i). Along the culture, a significant (p < 0.05) decrease was
noticed regarding the percentage of positive cells expressing CD73 and
CD90 markers while the opposite trend was observed for CD31 and
CD105 demonstrating a preferred retention of angiogenic/vasculogenic
cells in the spongy-like hydrogels. Interestingly, these cells seem to be
supported along time by other adherent cells (CD31�) to organize in
capillary-like structures (Fig. 2d, ii). After 7 days of culture a
pre-vascularized construct with these structures lined by basement
membrane proteins such as laminin, fibronectin and collagen type IV
was attained (Fig. 2e).

2.2. Wound healing progression

In order to confirm that the pre-vascularization of the construct had a
positive impact in the overall wound healing cascade, we analyzed the
different stages in comparison with the non-prevascularized conditions -
freshly isolated SVF was seeded in the material and immediately
implanted (SVFnpv) (Fig. 3a).

2.2.1. Wound closure and neoepidermis structure
Upon implantation, although complete wound closure was reached at

day 28 in all group (Fig. 3b), there seems to be a tendency of slower
wound closure rate for the prevascularized group. Indeed, the wound
closure percentage at day 11 in this condition was significantly lower (p
< 0.05) than in the other groups (Fig. 3b). This delayed re-
Fig. 1. Schematic representation of the rationale.
Vasculogenic cells present in the stromal vascular
fraction (SVF) of adipose tissue are retained in the
integrin-specific gellan gum (GG) spongy-like hydro-
gels prevascularizing the construct in the absence of
extrinsic growth factors. The prevascular network will
inosculate with the host vasculature accelerating the
healing cascade fostering the resolution of the
inflammation and the re-epithelialization of the
wound which then impacts extracellular matrix (ECM)
deposition and neotissue remodeling.



Fig. 2. Performance of SVF cells in the integrin-specific gellan gum (GG) spongy-like hydrogels. a Schematic representation of the different cell subpopulations present
in the stromal vascular fraction (SVF) of adipose tissue and how they organize within the spongy-like hydrogel along the culture. b Total number of SVF cells
entrapped in the materials after seeding (day 0) and 3 and 7 days of culture. c Survival of SVF cells after 3 days in culture determined after calcein AM (Ca-AM, live,
green) and propidium iodide (PI, dead, red) staining. Scale bar ¼ 500 μm d (i) Expression profile of membrane markers by SVF cells after seeding (day 0) and 3 and 7
days of culture determined by flow cytometry. (ii) Representative images of the F-actin cytoskeleton and expression of CD31 after seeding (day 0) and 7 days of
culture. Scale bar ¼ 50 μm e Representative immunocytochemistry images of the expression of VE-cadherin (VE-cad), Collagen type IV (COL IV), Laminin (Lam),
Fibronectin (Fn) after seeding (0 days) and 7 days of culture. Nuclei were counterstained with DAPI (nuclei). Scale bar ¼ 50 μm. Quantitative results are expressed as
the mean � standard deviation where n ¼ 3, *p < 0.05, ***p < 0.001, ****p < 0.0001, one-way ANOVA with Tukey multiple comparison post-test.
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Fig. 3. Impact in the re-epithelialization. a Schematic representation of the test groups: CTRL (GG/GGDVS-RGD spongy-like hydrogels without cells), SVFnpv (freshly
isolated SVF seeded in the material), SVFpv (SVF seeded in the material and cultured for 7 days in vitro prior to implantation). b Representative macroscopic images of
the wounds and representation of the percentage of wound closure up to 28 days of implantation. Scale bar ¼ 5 mm c Quantification of the epidermal thickness and
representative images of Masson's Trichrome (MT) staining at day 28 detailing the neoepidermis features. Scale bar ¼ 50 μm. Quantitative results are expressed as the
mean � standard deviation where n ¼ 3, *p < 0.05, **, #p < 0.01, ***p < 0.001, ****, & p < 0.0001, one-way or two-way ANOVA with Tukey multiple comparison
post-test. #, & refers to the significance difference of the same group related to day 5.
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epithelialization led to a significantly (p < 0.05) thinner neoepidermis
consisting of 2–3 layers of keratinocytes in the prevascularized group,
similar to the control at day 28 post-implantation (Fig. 3c). Interestingly,
the neoepidermis in the prevascularized groups was also characterized by
the absence or the presence of a very thin stratum corneum, in opposition
to the prominent layer observed in the non-prevascularized condition,
which was akin to the control.

2.2.2. Inflammatory response
Neovascularization cannot be dissociated from the inflammatory

response since vascular hyperpermeability allows inflammatory media-
tors and immune cells to infiltrate the injured site [34]. In cutaneous
wounds, persistent inflammation and compromised transition to the
proliferative phase is linked to delayed and even pathological healing
[35,36]. Therefore, we wanted to understand how prevascularization
correlates with the progression of the healing of the wound.
Integrin-specific biomaterials were well integrated in the wound site and
infiltrated with an inflammatory exudate 5 days after implantation
independently of the group (Fig. 4a). At day 28 post-implantation, this
inflammatory exudate was only observed in the prevascularized group
(Fig. 4a, i-iii), which can be associated to the presence of the transplanted
material, which was barely detected in the non-prevascularized and
control groups.

The analysis of the inflammatory infiltrate at day 5 showed a signif-
icantly (p < 0.05) higher percentage of M1-polarized (CD86þ) macro-
phages in the prevascularized group (Fig. 4b). In turn, the percentage of
M2-polarized (CD163þ) macrophages in both experimental conditions
(SVFnpv and SVFpv) was significantly (p < 0.05) higher than in the
control. With time, the percentage of CD86þ macrophages decreased for
all the conditions but the differences among the groups remained. On the
other hand, the percentage of CD163þ macrophages at day 28 post-
transplantation was lower in the prevascularized condition while
decreasing in the SVFpv group and increasing in the control. These var-
iations resulted in a CD163þ/CD86þ ratio similar for SVFnpv and control
conditions but significantly (p < 0.05) lower for the SVFpv group,
4

suggesting a persistence in the inflammatory stage of the wound healing
for this group.

2.2.3. ECM deposition
Based on the persistent inflammation results from the prevascularised

constructs, we further analyzed the deposition of new extracellular ma-
trix to confirm the status of the healing process. As expected at the early
time-point, no differences were observed among the different conditions
regarding the deposited collagen (Fig. 5a and b). At day 28 post-
implantation, the abundance of collagen was significantly (p < 0.05)
lower in the SVFpv condition than in the SVFnpv and control ones
(Fig. 5a and b). In the SVFpv condition, the collagen fibers were
randomly distributed mostly within the construct structure, whereas in
the SVFnpvand control groups those fibers were more organized and
located both within and in the surroundings of the structure (Fig. 5a i-iii).
Interestingly, in the SVFpv group collagen was mostly organized as thick
fibers as from early time-points (Fig. 6a and b, Supplementary Fig. 1)
suggesting the prevalence of fibers crosslinking in relation to neo-
deposition. In opposition, the abundance of thin collagen fibers at the
latter timepoint was significantly higher in the SVFnpv and control
groups than in the SVFpv, while the amount of thick fibers was residual
(Supplementary Fig. 1). This suggests a reduced fibroblast's activity in the
prevascularized condition, characteristic of the proliferative wound
healing stage.

3. Discussion

Neovascularization is a critical step in the wound healing cascade
being therefore determinant for a successful outcome. While different
strategies have been used to tackle neovascularization at the wound site,
pre-vascularization is one of the most effective. However, its clinical
translation has been highly hampered by an insufficient number required
for therapy. We previously shown that SVF cells respond to integrin-
specific 3D matrices triggering vasculogenesis in vitro in the absence of
extrinsic growth factors [31]. Moreover, we provided evidence that this



Fig. 4. Progression of the inflammatory process. a Representative images of haematoxylin and eosin (H&E) staining 5- and 28-days post-implantation. Scale bar ¼ 1
mm. (i-iii) Higher magnification images of the area limited by the boxes in the lower magnification ones. Scale bar ¼ 200 μm b Macrophage's recruitment and
polarization 5- and 28-days post-transplantation. Representative immunostaining images of CD86 and CD163 (arrow heads) and quantification of the of CD86þ,
CD163þ cells and respective ratio. Scale bar ¼ 50 μm. Quantitative results are expressed as the mean � standard deviation where n ¼ 3, * p < 0.05, ** p < 0.01, *** p
< 0.001, **** p < 0.0001, one-way ANOVA with Tukey multiple comparison post-test. ———— wound margins; M � material.
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pre-vascularization in vitro benefits the engraftment of the constructs
indicating that this strategy can be an alternative to other similar stra-
tegies that rely on cells with limited availability.

Importantly, SVF is composed by a myriad of cells, including ASCs,
that have been associated to biological processes with high relevance in
cutaneous wound healing [20–22]. In this work, when SVF cells were
cultured in the integrin-specific spongy-like hydrogels, despite the pre-
dominance of a vasculogenic phenotype [37] - progenitor CD34þ and
mature CD31þ endothelial, and CD146þ pericytic cells, we also found a
sub-population expressing mesenchymal-associated markers - CD105þ,
CD73þ and CD90þ [38,39]. While it is difficult to quantify the subset of
5

cells corresponding to the ASCs due to their shared markers (CD34,
CD105 and CD146) with the remaining cells and the respective changes
associated to the culture conditions [40–43], it seems that the level of
expression of all those markers increased or is maintained with time. This
suggests that the vasculogenic process previously studied is accompanied
by an enrichment of the mesenchymal population. Moreover, it appears
that the mesenchymal population is supporting the vasculogenic cells to
organize in capillary-like structures. This is in agreement with other
works that showed the role of ASCs goes beyond modulation of mature
endothelial cell migration through paracrine interactions [44] and
capillary-like structure stabilization assuming a pericytic-like phenotype



Fig. 5. Extracellular matrix deposition. a Representative images of Masson's Trichrome (MT) staining 5- and 28-days post-implantation. Scale bar ¼ 1 mm. (i-iii)
Higher magnification images of the area limited by the boxes in the lower magnification ones. Scale bar ¼ 200 μm b Quantification of collagen relative to total area.
Quantitative results are expressed as the mean � standard deviation where n ¼ 3, * p < 0.05, **** p < 0.0001, one-way ANOVA with Tukey multiple comparison post-
test. ———— wound margins, M � material.
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[42]. In fact, the potential of ASCs to stimulate vasculature morpho-
genesis has been also attributed to the fibronectin, laminin, perlecan-1
rich ECM produced by ASCs [45], some of the proteins that we found
lining the prevascular network formed in our constructs.

Several works have suggested that the impact of SVF in cutaneous
wounds goes beyond neovascularization, with both pre-clinical and
clinical studies showing faster healing progression affecting re-
epithelialization, inflammation and ECM deposition [28–30,46]. In
agreement, we demonstrated that freshly isolated SVF incorporated in
the spongy-like hydrogels foster re-epithelization leading to an epidermis
with a higher degree of differentiation than the control condition.
Moreover, we also confirmed the ability of the SVF to accelerate the
resolution of the inflammatory phase as shown by the faster decay of
proinflammatory M1 (CD86þ) macrophages and maintenance of the
anti-inflammatory M2 (CD163þ) subtype. While the associated mecha-
nism of action of the SVF is not well understood, it might be linked to the
ASCs subpopulation that acts as homeostatic regulator of inflammation
[24,25,46]. Moreover, as ASCs are entrapped within the integrin-specific
biomaterials, their potential modulator secretome, including
6

inflammatory mediators, such as interleukin (IL)-6, IL-10, granulocyte
macrophage colony-stimulating factor, prostaglandin E2 and arginase-1
that are known to play a role in the M1 to M2 switch [24,25,47],
might be maximized. However, a deeper understanding of this potential
communication with macrophages and the exact mechanism behind M1
toM2 switch is still required.

According to previous works [48–52], prevascular networks that lead
to improved anastomosis with the host blood vessels after trans-
plantation, promote neotissue formation in cutaneous wound healing.
Successful inosculation involves vascular remodeling of the readily per-
fusable networks with the host vessels [52]. While this process results in
infiltration of inflammatory cells to the wound bed, it ensures the supply
of nutrients and oxygen and the filling of the wound with a granulation
tissue through which keratinocytes can migrate and re-epithelialize the
wound. Our results showed that wound closure was slower in the pre-
vascularized group than in the non-prevascularized, resulting in a lower
degree of epidermal morphogenesis. We believe that this delayed
re-epithelization in the prevascularized constructs might be related with
the inflammatory phase of the wound healing process, as we detected



Fig. 6. Nature of deposited collagen. a Representative images of Picrosirius red staining of the wound site at day 5 and 28 post-implantation showing thick (red),
mixed (yellow) and thin (green) collagen fibers. Scale bar ¼ 500 μm. (i-ix) Higher magnification images of the area limited by the boxes in the lower magnification
ones. Scale bar ¼ 200 μm b Percentage of the wounded area filled with different types of collagen fibers (see Supplementary Fig. 1 for all individual comparisons).
Quantitative results are expressed as the mean � standard deviation where n ¼ 3, * p < 0.05, one-way ANOVA with Tukey multiple comparison post-test. ————
wound margins.
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significantly stronger response characterized by a higher percentage of
M1 pro-inflammatory macrophages in this condition. The inosculation of
the pre-formed vessels in our constructs with the host vessels seems to
have facilitated the infiltration of inflammatory cells into the
integrin-specific spongy-like hydrogels. Moreover, the low M2/M1
macrophages ratio observed in the prevascularized materials group, due
to the persistence of CD86þ macrophages along the time, is indicative of
persistent inflammation. During the healing process, the transition from
the inflammatory to the proliferative phase represents a key step towards
wound closure [35]. The less-differentiated neodermis composed of a
lower collagen density with thick collagen fibers in the prevascularized
materials group further suggests that the healing process is not pro-
gressing. This also resulted in a delayed degradation of the material, in
opposition to what was observed for the non-prevascularized construct
that follows a sustained progression in the degradation of the material as
well as the healing, in agreement with what was previously reported by
us [46,53,54].
7

Based on our results, it can be assumed that the prevascularized
system is not desired for cutaneous wound healing in which fast re-
epithelialization is mandatory such as in the case of life-threatening
extensive burns. Burn injuries lead to pathological scarring which is
accompanied by aesthetic and functional sequelae thus, the quality of the
healed tissue after a burn is also of outmost importance. We have pre-
viously shown that temporal modulation of the inflammatory stage in the
healing of full-thickness wounds in diabetic mice impacts the quality of
the neoskin formed suggesting that a slower, yet controlled, inflamma-
tion might be beneficial to that end [46]. Therefore, in less extensive
burns in which the restoration of the external skin barrier is not the most
immediate requirement, the prevascularized system might contribute to
reduce the level of pathological scarring by modulating the healing
temporal profile. In what concerns chronic wounds, since these are
characterized by delayed re-epithelialization, it would be also reasonable
to consider that while the prevascularized systemwould not be beneficial
for these types of wounds, the system containing SVF cells
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(non-prevascularized) would help to achieve fast wound closure with
formation of the neodermis with adequate properties (collagen synthe-
sis). Yet, delayed healing of chronic wounds is determined by a deficient
angiogenic response therefore, from a vascularization point of view, the
fast engraftment of the prevascularized system after anastomosis with the
host vessels might allow overcoming the need for that priming of host
angiogenesis. It is although evident that using a completely growth
factor-free strategy that capable of improving wound neovascularization
represents a very promising prospect for acute wounds.

Overall, we provide evidence that triggering vasculogenesis in vitro
benefits neovascularization that also potentiates inflammatory cell
influx, which negatively impact the progression of the cutaneous wound
healing cascade. Despite this, the ability of SVF in non-prevascularized
integrin-specific biomaterials in promoting an effective wound healing
was guaranteed indicating that the proposed strategy can have enhanced
efficacy.

4. Materials and methods

4.1. Gellan gum-based spongy-like hydrogels fabrication

Gellan gum was modified with vinyl sulfone moieties (DVS) as pre-
viously described [55]. Briefly, gelzan powder (0.25% w/v, Sigma, USA)
was dissolved in deionized water (DI) at 90 �C. After dissolution, the pH
was adjusted to 12 and DVS (Sigma, USA) was added in excess (molar
ratio of 30:1) and left to react for 1 h. Gellan gum-divinyl sulfone
(GGDVS) was purified by precipitation in cold diethyl ether (1:5) and
dialysis against DI water for 3 days at 37 �C. The purified GGDVS was
freeze-dried for further use. GG/GGDVS-RGD spongy-like hydrogels were
prepared similarly to GG spongy-like hydrogels [55,56] with modifica-
tions. GGDVS was dissolved in ultra-pure (UP) water (pH 8) at RT. A
solution of GGDVS-peptide (0.25% w/v with 800 μM of peptide) was
prepared by letting the thiol-cyclo-RGD peptide (RGD, Cyclo (-RGDfC),
>95% purity, GeneCust Europe) and GGDVS react for 1 h at RT under
agitation. Meanwhile, a GG (0.5% w/v) solution was prepared as
described above and allowed to reach 40 �C before mixing with the
GGDVS-RGD solution. The solution (400 μM peptide) was cast into
desired molds to form the hydrogels which were then frozen at �80 �C
overnight and freeze-dried (Telstar, Spain) for 24 h to obtain the
GG/GGDVS-peptide(s) dried polymeric networks. Spongy-like hydrogels
were formed after rehydration of the dried polymeric networks with the
cell suspension.

4.2. SVF isolation

Adipose tissue was harvested from fat tissue from skin specimens of
healthy donors (IMC 20.8–26.8) undergoing abdominoplasties after
written informed consent and under the protocol established and
approved between the Ethical Committee of Hospital S. Jo~ao (Porto,
Portugal) (Nr 477/2020) and the Comiss~ao de �Etica para a Investigaç~ao
em Ciências da Vida e da Saúde (CEICVS) (Nr 135/2020). Adipose tissue
was digested with Collagenase type II (0.05% w/v, Sigma, USA) under
agitation for 45 min at 37 �C. SVF was obtained after filtration and
centrifugation (800 g, 10 min, 4 �C). SVF pellet was re-suspended in red
blood cell lysis buffer (155 mМ of ammonium chloride, 12 mМ of po-
tassium bicarbonate and 0.1 mМ of ethylenediaminetetraacetic acid
(EDTA), all from Sigma-Aldrich, Germany) and incubated for 10 min at
RT. After centrifugation (300 g, 5 min, RT), the supernatant was dis-
carded, and the cell pellet was re-suspended for immediate use.

4.3. Cell-laden GG/GGDVS-peptide(s) spongy-like hydrogels preparation

A SVF cell suspension containing 1.5 � 106 cells was prepared in
Minimal Essential Medium (30 μL, α-MEM, Invitrogen, USA) supple-
mented with fetal bovine serum (10% v/v, FBS, Invitrogen, USA) and
antibiotic/antimycotic solution (1% v/v, Invitrogen, USA) and dispensed
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dropwise on the top of the dried polymeric networks. Constructs were
incubated for 30 min, at 37 �C, 5% CO2 to allow maximum cell entrap-
ment within the structures and then fresh medium was added.

4.4. Flow cytometry

Flow cytometry was conducted right after cell isolation and after 3
and 7 days of culture in the spongy-like hydrogels. After culture, cells
were tripsinized from the spongy-like hydrogels using TrypLE™ Express
Enzyme (Gibco, USA) for 15 min at 37 �C, 5% CO2. The obtained cell
suspension was filtered and centrifuged (5 min, 300 g, RT). Cells were
incubated with CD105, CD73, CD90, CD45, CD34, CD31 and CD146
(Supplementary Table 1) antibodies for 20 min at RT at the concentra-
tions advised by the manufacturer's, washed with PBS and resuspended
in PBS with formalin (1% v/v, Bio-Optica, Italy). Cells were also labelled
with DRAQ5 (eBioscience, USA) for nuclear staining to discern the cells
of interest from the any remaining erythrocytes or tissue debris. 2 � 104

events were acquired in a BD FACSCalibur and analyzed using the Cyf-
logic version1.2.1 software.

4.5. Viability and cytoskeleton staining

Cell-laden spongy-like hydrogels were incubated with calcein-AM
(Ca-AM, 1 μg mL�1, Invitrogen, USA) and propidium iodide (PI, 2 μg
mL�1, Invitrogen, USA) for 1 h at 37 �C in a humidified incubator with
5% CO2 atmosphere. For visualization of the cytoskeleton F-actin fibers
and nuclei, cells were fixed with formalin (10% v/v) for 1 h at RT, and
stained with phalloidin-TRITC (0.1 mg mL�1, Sigma, USA) and DAPI
(0.02 mg mL�1) for 2 h at RT. Both cell viability and cytoskeleton or-
ganization were observed with a Leica TCS SP8 confocal microscope
(Leica, Germany).

4.6. Immunocytochemistry

Cell-laden spongy-like hydrogels were fixed with formalin (10% v/v)
for 24 h at RT and then incubated with Triton X-100 (0.2% v/v, Sigma-
Aldrich, Portugal) for 30 min at RT for cell permeabilization. Afterwards,
samples were blocked with bovine serum albumin (BSA, 3% w/v, Sigma-
Aldrich, Portugal) for 1 h and then incubated with anti-human primary
antibodies (Supplementary Table 2) diluted in BSA (1% w/v) solution in
PBS overnight at 4 �C. After washing with PBS, samples were incubated 1
h at RT with the secondary antibody Alexa Fluor 488 donkey anti-mouse
(1:500, Life Technologies, CA, USA) in BSA (1% w/v) solution in PBS.
Nuclei were counter-stained with DAPI. Constructs were observed using
a Leica TCS SP8 confocal microscope (Leica, Germany).

4.7. In vivo assay

The experiment was approved by the Direcç~ao Geral de Alimentaç~ao
Veterin�aria (DGAV), the Portuguese National Authority for Animal
Health, and all the surgical procedures respected the national regulations
and the international animal welfare rules, according to the Directive
2010/63/EU. Athymic nude mice NU(NCr)-Foxn1nu (Charles River,
France) with 6 weeks old were randomly assigned to 3 groups: (i) GG/
GGDVS-RGD spongy-like hydrogels – control; (ii) GG/GGDVS-RGD
spongy-like hydrogels with freshly isolated SVF cells – SVFnpv; (iii)
GG/GGDVS-RGD spongy-like hydrogels cultured for 7 days with SVF
cells – SVFpv. A total of 54 animals, 6 animals per condition and per time
point (5 and 28 days) were used. Mice were anaesthetized with an i. p
injection of a mixture of ketamine (75 mg kg�1, Imalgene, Merial,
France) and metedomidine (1 mg kg�1, Domitor, Orion Pharma,
Finland). The back of the animals was disinfected with betaisodone and
70% ethanol. A 5 mm ∅ skin full-thickness excision was created and a
donut-shaped 5 mm silicone splint (ATOS Medical, Sweden) was glued
and sutured around the wound to minimize wound contraction. After
transplantation of the constructs, wounds were successively covered with
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Tegaderm transparent dressing (3 M, USA), Omnifix (Hartmann, USA)
and Leukoplast (Essity, Spain). After surgery, atipamezole (1 mg kg�1,
Antisedan, Pfizer, Finland) was administered to the animals. The animals
were kept separately and received daily analgesia with metamizole (200
μg g�1 BW, Nolotil, Boehringer Ingelheim, Germany) in the drinking
water for the first 72 h. At each time-point the assigned animals were
sacrificed by CO2 inhalation and the constructs/tissue were explanted for
histological analysis.

4.8. Wound closure quantification

Wound closure was calculated according to Equation 1, by analyzing
the wound area in the digital images taken at the time of material im-
plantation (A) and 5, 11 and 28 days post-implantation (B) in five ani-
mals per condition and time-point.

Wound closure (%) ¼ [(A - B)/A] x 100 (1).

4.9. Histological analysis

Explanted tissue was fixed in formalin (10% v/v), dehydrated,
embedded in paraffin (Thermo Scientific, USA) and cut into 4.5 μm
sections. Tissue sections were stained with Haematoxylin & Eosin
(Sigma, USA), Masson's Trichrome kit (Bio-Optica, Italy) and Picrosirius
Red kit (Bio-Optica, Italy) following routine protocols. For immunohis-
tochemistry, paraffin tissue sections were deparaffinized in xylene, re-
hydrated and boiled for 5 min in Tris-EDTA buffer (10 m М Tris Base,
1 mM EDTA solution and, 0.05% v/v Tween 20, pH 9) for antigen
retrieval. Afterwards, permeabilization was carried out with Triton X-
100 (0.2% v/v) and unspecific staining was blocked with Horse Serum
(2.5%, Vector Labs, CA, USA). Primary antibodies (Supplementary
Table 2) were incubated overnight at 4 �C. For detection, VECTASTAIN
Elite ABC Kit (Vector Labs) was used according to the manufacturer's
instructions. Nuclei were stained with Gill's haematoxylin. All samples
were examined under a Leica DM750 microscope, using LEICA Acquire
software.

4.10. Image analysis

Five images of random fields were acquired for each condition and
experiment and used to calculate the number of cells (DAPI stained) with
the Cell Profiler software.

To infer about the number of CD163 and CD86 positive cells, six
images of random fields of four non-consecutive tissue sections per time-
point and per animal were used with the Cell Profiler software using an
algorithm for the identification of nuclei (haematoxylin)-associated DAB
staining. Results are presented as positive cells per total cell amount.
Ratio of the CD163 positive cells per CD86 positive cells (CD163þ/
CD86þ) was calculated from the average values of positive cells for each
animal. From the Masson's Trichrome stained sections, a custom-written
algorithm was used to identify the blue pixels (collagen) keeping the
same color segmentation settings for each image. The amount of collagen
was calculated as percentage of total pixels. The same algorithmwas used
to identify the different color pixels from the Picrosirius Red stained
sections - green pixels were considered thin, yellow pixels were consid-
ered mixed, and red pixels were considered thick fibers [57]. The
respective type of collagen fibers was calculated as percentage of total
pixels.

Neoepidermis thickness at the end-point was measured at the
wounded area, considering the basal epidermis layer up to the outermost
layer of nucleated cells.

4.11. Statistical analysis

Statistical analysis was performed using the PRISM software, version
8.2.1 for Mac OS X or Windows (GraphPad Software Inc., San Diego,
USA). Shapiro–Wilk test was performed to validate normality of data
9

prior to statistical testing and all data followed a normal distribution.
Therefore, the one-way or two-way analysis of variance (ANOVA) with a
Tukey multiple comparison post-test was used to analyze the results.
Significance was set to 0.05 (95% of confidence interval). All quantitative
data refer to 3 independent experiments (n ¼ 3) with at least 3 replicates
in each condition in each experiment and are presented as mean �
standard deviation.
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