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Mesenchymal stem/stromal cells (MSCs) exert beneficial effects during wound healing,
and cell-seeded scaffolds are a promising method of application. Here, we compared
the suitability of a clinically used collagen/elastin scaffold (Matriderm) with an
electrospun Poly(e-caprolactone)/poly(l-lactide) (PCL/PLA) scaffold as carriers for human
amnion-derived MSCs (hAMSCs). We created an epidermal-like PCL/PLA scaffold
and evaluated its microstructural, mechanical, and functional properties. Sequential
spinning of different PCL/PLA concentrations resulted in a wide-meshed layer designed
for cell-seeding and a dense-meshed layer for apical protection. The Matriderm
and PCL/PLA scaffolds then were seeded with hAMSCs, with or without Matrigel
coating. The quantity and quality of the adherent cells were evaluated in vitro. The
results showed that hAMSCs adhered to and infiltrated both scaffold types but on
day 3, more cells were observed on PCL/PLA than on Matriderm. Apoptosis and
proliferation rates were similar for all carriers except the coated Matriderm, where
apoptotic cells were significantly enhanced. On day 8, the number of cells decreased
on all carrier types except the coated Matriderm, which had consistently low cell
numbers. Uncoated Matriderm had the highest percentage of proliferative cells and
lowest apoptosis rate of all carrier types. Each carrier also was topically applied to
skin wound sites in a mouse model and analyzed in vivo over 14 days via optical
imaging and histological methods, which showed detectable hAMSCs on all carrier
types on day 8. On day 14, all wounds exhibited newly formed epidermis, and
all carriers were well-integrated into the underlying dermis and showing signs of
degradation. However, only wounds treated with uncoated PCL/PLA maintained a
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culture medium (n = 10-12).

FIGURE 1 | Evaluation of wall structure and wettability of PCL/PLA and Matriderm scaffolds. (A) Scanning electron microscope image of a cross-section of the
two-layered PCL/PLA scaffold. Dotted line marks the border between the two layers. Scale bar = 20 um. (B) High-magnification image of the region shown in A (scale
bar = 10 pm). (C) Scanning electron microscope image of a cross-section of Matriderm. Scale bar = 100 um. (D) Contact angles of different scaffold materials to cell

Quantitative and Qualitative Evaluation of

hAMSC-Seeded Scaffolds

To evaluate the quantity and quality of hAMSCs on the different
materials, the cell-seeded carriers were fluorescence-stained with
DAPI, anti-Ki67, and anti-Caspase 8 to detect cell nuclei,
proliferating cells, and apoptotic cells, respectively. The PCL/PLA
material showed a strong red background fluorescence, which
was excluded in the software-based assessment. Proliferating cells
were located mostly on the apical surface of the carriers or on
top of the cell layer, whereas apoptotic cells were more evenly
distributed throughout the whole cell matrix (Figures 4A,B).
For quantitative analysis, the total cells on each carrier type
were counted. On day 3, the uncoated PCL/PLA had the highest
number of attached cells (148.7 & 10.4 hAMSCs), followed by the
coated PCL/PLA (136.6 & 8.5 hAMSCs). Both PCL/PLA carriers
had significantly more cells than the Matriderm carriers (p = 0.0-
0.006). The fewest cells were counted on uncoated Matriderm
(60.3 & 6.8 hAMSCs) (Figure 4C). On day 8, the number of cells
decreased on all carrier types except the coated Matriderm (95.5
=+ 7.7 hAMSCs). Slightly fewer cells were detected on uncoated

PCL/PLA (84.9 & 5.7 hAMSCs). The uncoated Matriderm (47.3
=+ 3.5 hAMSCs) and the coated PCL/PLA (35.8 &= 2.6 hAMSCs)
had significantly fewer cells (p < 0.0001) on day 8 (Figure 4D).
To compare the quality of cells cultured on coated and
uncoated PCL/PLA and Matriderm, we estimated the ratio of
proliferating and apoptotic cells to the total number of cells.
On day 3, the apoptosis ratio was significantly more than
2-fold higher on the coated Matriderm (357 &+ 1.7%; p <
0.0001) than on the other three carriers, which had similarly
low ratios (15.0 = 1.1% for coated PCL/PLA, 13.9 & 1.2% for
uncoated PCL/PLA, and 13.7 & 0.9% for uncoated Matriderm).
Proliferation was balanced for all coated and uncoated carriers
without any significant differences (20.1 = 1.7%, 23.0 £ 2.6%,
23.5 + 2.2%, 23.0 £ 1.9%) (Figures 5A-C). On day 8, uncoated
Matriderm had the lowest apoptosis ratio of all carrier types
(19.7 £ 24%; p = 0.0-0.02). Coated Matriderm had the
highest apoptosis ratio (33.7 £ 1.2%) but with only narrow
differences between coated PCL/PLA (33.3 £ 2.0%) and uncoated
PCL/PLA (26.9 £ 1.8%). Uncoated Matriderm had the highest
percentage of proliferative cells (40.9 £ 4.8%), and coated
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FIGURE 2 | Microstructure of PCL/PLA scaffolds and Matriderm. Scanning electron microscope images of (A) PCL/PLA 100/50, (B) PCL/PLA 200/100, and (C)
Matriderm. (D) Morphometrical analysis of the fiber thickness of the PCL/PLA material (n = 600). Scale bar = 3 wm.

Fiber diameter in um

Matriderm had the lowest proliferation (4.9 £ 0.7%; p < 0.0001)
(Figures 5D-F).

Mouse Wound Model

We performed a laser-scanning microscopical analysis of
the carriers cultured for 3 days with CellTracker-green-
labeled hAMSCs, which yielded a successful cell population of
fluorescent cells (data not shown). Next, the cultured carriers
or carriers without cells (control) were applied to the mouse
wounds and monitored in vivo using the CRi Maestro optical
imaging system (Figure 6). On the day of application (day 1),
green-fluorescent hAMSCs were detected in the wounds treated
with coated and uncoated Matriderm but not in the wounds with
coated and uncoated PCL/PLA. On day 3, fluorescent hAMSCs
were strongly visible on the uncoated PCL/PLA, whereas the
intensity of the fluorescence of hAMSCs in the Matriderm
carriers slightly decreased. On day 8, hAMSCs became visible in
the coated PCL/PLA, but the fluorescence signal in all hAMSCs-
treated carrier types was weak. By day 14, no signals were
detected. Wounds treated with carriers without hAMSCs never
showed fluorescence.

Until day 8, all wounds had a round appearance, indicating
minimal contraction, including the untreated wounds with
Tegaderm only (no carriers, no hAMSCs, data not shown). On
day 14, all wounds had an irregular appearance except for those

treated with uncoated PCL/PLA with and without hAMSCs,
which maintained a strikingly round appearance (Figure 6).

Histological analysis at 14 days post injury showed that all
wounds were covered by a thin epidermal layer and closed
(Figure 7). Macroscopical photographs revealed that the wound
beds were visible through the thin epidermal layer. Thus, the
wound shape could be observed, as documented in Figure 6. All
carrier types were well-integrated into the wounds. Fragments
of Matriderm (Figures 7LII), PCL/PLA (Figures 7IILIV), and
Matrigel (Figures 7V,VI) were detectable in the dermis. Murine
blood vessels stained by anti-mouse CD31 and connective tissue
cells could be observed in all degrading materials. The immature
dermal layers were still in the regeneration process and therefore
not completely rebuilt but enriched by numerous connective
tissue cells and blood vessels (Figure 7). We found few vimentin-
positive cells and no Ki-67 positive human cells in the tissue
sections of the wound biopsies (data not shown).

DISCUSSION

Biologic skin substitutes are used to treat acute and chronic
wounds. These substitutes include skin cells, biopolymer
scaffolds, and their combinations (Boyce and Lalley, 2018).
The direct injection of cells can be highly inefficient, however,
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FIGURE 3 | Immunohistochemical staining of hAMSC-seeded carriers to detect cell adhesion and migration. Matriderm and PCL/PLA were cultured with hAMSCs
suspended in EGM-2 (uncoated) or Matrigel (coated) for (A) 3 days and (B) 8 days. The hAMSCs were visualized with anti-vimentin (brown color). The dotted line
marks the side of Matriderm and PCL/PLA that was seeded with cells. Matrigel (M) was applied to the surface of the coated Matriderm and PCL/PLA layers. w-m,
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FIGURE 4 | Immunofluorescent staining of hAMSC-seeded carriers to detect proliferating and apoptotic cells. Matriderm and PCL/PLA were cultured with hAAMSCs
suspended in EGM-2 (uncoated) or Matrigel (coated) for (A) 3 days and (B) 8 days and stained with DAPI (blue), anti-Ki67 (pink), and anti-caspase 8 (green) to detect
cell nuclei, proliferating cells, and apoptotic cells, respectively. PCL/PLA showed a distinct red autofluorescence. The total cells on the cell-seeded carriers were
assessed after (C) 3 days and (D) 8 days. Data are means + SDs of three different slides per carrier type, cell count of 30 pictures per carrier. **p < 0.001, **p < 0.01.
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FIGURE 5 | Percentage of proliferating and apoptotic hAMSCs in cell-seeded carriers. The number of proliferative and apoptotic cells in relation to the total cell
number was evaluated on carriers cultured for (A=C) 3 days and (D-F) 8 days. **p < 0.001, *p < 0.05.

because it incurs substantial cell death due to shear forces Electrospinning is a versatile method for the rapid and cost-
inside the syringe (Burdick et al, 2016). Thus, we aimed to effective production of micro- and nanofibers. Electrospun fibers
develop a hAMSC-seeded skin substitute that keeps treatment  closely mimic the extracellular matrix structure of native tissue
cells in the wound area. Polymeric biomaterials can protect MSCs ~ and have desirable properties for wound dressing (Szentivanyi
and thus improve their survival and paracrine activity, which et al., 2011; Mulholland, 2020). By modifying the polymer
has beneficial effects for wound healing (Dash et al, 2018).  composition and total polymer concentration, we fabricated two-
We created a promising epidermal-like PCL/PLA carrier for  layer electrospun scaffolds with tailored microstructures and
hAMSC:s using electrospinning. We then compared its properties  fiber diameters that could be adjusted to the requirements of
with Matriderm, a carrier we had already successfully proven in  individual cell types.

a mouse model of wound healing (Tuca et al., 2016; Ertl et al,, Recently, we developed electrospun scaffolds consisting of
2018). Matriderm and PCL/PLA scaffolds coated with or without ~ an inner layer of PCL/PLA (100/50 mg/ml) and an outer
Matrigel were seeded with hAMSCs and analyzed for their ease  layer of PCL (200 mg/ml). These scaffolds showed good
of handling and the quantitative and qualitative adherence of the  cell adherence but were thermosensitive and needed a low-
cells on the scaffolds. Abidance of the hAMSCs to the wounds was ~ temperature preparation method for histological processing
investigated using in vivo imaging. The carriers’ effects on wound  (Fuchs et al., 2019). Fuchs et al. showed that the combination
appearance also were analyzed. We found that PCL/PLA was the  of low-melting-point paraffin embedding and pepsin digestion
most suitable cell application material for wound healing. can be used as an antigen retrieval method for histological
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circular healing.

FIGURE 6 | Cell tracking in hAMSC-treated wounds. Carriers cultured with CellTracker-green-labeled hAMSCs or without cells (control) were applied to mouse
wounds and monitored using the CRi Maestro in vivo imaging system on days 1, 3, 8, and 14. The dotted line indicates the wound margins at day 14. Arrows indicate

investigations of thermosensitive specimens. However, various
antigen-demasking enzymes (hyaluronidase and proteinase K)
did not work in our present experimental settings, and pepsin
digested the Matriderm. Thus, antigen retrieval with heat
exposure (93°C) was necessary for further immunohistochemical
evaluation of cells in our electrospun scaffolds. As PCL has a
lower melting point (57°C) than PLA (169.6°C), we blended the
two to achieve thermostable grafts.

We then produced two-layer fiber mats consisting of
PCL/PLA (100/50 mg/ml) and PCL/PLA (200/100 mg/ml).
Solvent-based blending of PCL and PLA led to a multiphase
polymer in which the polymer chains were linked via physical

bonds but not covalently bonded, as in the case of a co-polymer
(Aslan et al., 2000). The result was a composite-like material
with characteristics of both polymers. This effect was confirmed
by differential scanning calorimetry to assess the melting points
of the PCL and PLA fractions in the multiphase polymer.
Thus, we successfully created thermostable scaffolds that were
appropriate for the application of conventional histological
processing methods.

Among the parameters known to influence the fiber diameter
of the electrospun scaffolds, choice of polymer and polymer
viscosity are the most efficient. Fiber diameter increases
with increasing solution viscosity, which depends on polymer
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FIGURE 7 | Integration of carrier material into mouse wounds after 14 days of wound healing. Histological evidence of remnants of Matriderm (1,I1), PCL/PLA (ll1,1V),
and Matrigel (V,VI) in the wound biopsies at low and high magnification, respectively. Remnants are encircled by arrows. Cells were visualized using blue-stained
nuclei and capillaries marked by anti-CD31 (brown color). Scale bars = 100 pm.

concentration. PCL/PLA 200/100 blends resulted in a thicker We noted several differences in the ease of handling the
layer with larger fibers more loosely arranged than the smaller,  materials. For example, due to the hydrophobic character
densely packed fibers in the PCL/PLA 100/50 layer. of PCL/PLA, a careful dropwise application of the cell
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suspension was necessary to facilitate soaking the carrier. In
contrast, Matriderm absorbed the cell suspension easily due
to its highly porous, sponge-like microstructure. As surface
properties like wettability or roughness strongly influence cell
adhesion, we performed contact angle measurements to evaluate
the wettability of the scaffolds. Interestingly, PCL/PLA and
Matriderm showed similar contact angles. Our contact angle
measurements showed similar wettability of singular structures
(fibers of PCL/PLA and Matriderm) rather than of the whole
structure. When Matriderm and PCL/PLA were soaked with
the cell suspension, our histological analysis showed good cell
adherence to both carrier types. Matriderm was more susceptible
to coiling, tattering, and degradation than the stiffer PCL/PLA.
Most problems with the Matrigel-suspended cells were due
to the jelly-like consistency of Matrigel and to performing all
cell seeding on ice. Matrigel attached to both PCL/PLA and
Matriderm but did not penetrate these materials. It stabilized the
fragile Matriderm but did not improve the handling of PCL/PLA.

Using cross-sections of the hAMSC-seeded scaffolds, we
studied the cell distribution using immunohistochemical
methods. We demonstrated that the cells did not invade the
dense-meshed layer but stayed in the wide-meshed layer for
incubation periods of 3 days and 8 days. Our histological analysis
of hAMSC-seeded carriers showed the highest cell numbers after
3 days of incubation. The best effects were observed for uncoated
PCL/PLA, where most cells were located at the apical surface. In
coated and uncoated Matriderm carriers, hAMSCs were observed
mostly in the first third of the material. Matrigel contains growth
factors TGF-p and PDGF (Kleinman and Martin, 2005). It also
exerts cell-stabilizing properties that help keep cells inside the gel
but outside the carriers. On day 8, hAMSCs migrated deeper into
the scaffolds, even in carriers coated with Matrigel, and colonized
the apical half of Matriderm and the complete wide-meshed
layer of PCL/PLA. Electrospun fibers possess high surface area
to volume ratios. With a decreasing fiber diameter, the specific
surface of electrospun scaffolds increases. The surface area of
the fine-meshed PCL/PLA 100/50 was about 3-fold higher than
that of PCL/PLA 200/100. PCL/PLA 100/50 did not allow cell
infiltration, but it protected against mechanical stimuli and
enabled the exchange of gas and fluids.

The quantitative analysis showed that on day 3, hAMSCs
on all carrier types except one had similarly balanced rates of
apoptosis and proliferation. Matriderm coated with Matrigel had
significantly enhanced apoptotic cells, perhaps because the dense
cell layer in Matrigel resulted in a lack of nutrition and space.
On day 8, the apoptosis ratio increased for all carrier types.
Conspicuously, on densely populated carriers, proliferating cells
were mostly located on the topical side of the cell layer, indicating
that cells proliferated due to more space and better access
to the supplements in the medium. The sparsely populated
uncoated Matriderm had the highest percentage of proliferative
cells and lowest apoptosis of all carrier types. Therefore, an
experiment with lower seeding density could be used to assess
long-term hAMSC viability in vitro. Overall, the in vitro data
showed that compared to 3 days of incubation in cell-seeded
carriers, 8 days of incubation did not improve the properties
of hAMSCs.

We thus used the cell-seeded carriers cultured for 3 days
in vitro in our mouse model of wound healing. We applied
the two-layered PCL/PLA scaffold such that the wide-meshed
(cell-populated) side directly faced the wound bed and served
as the basal layer and the dense-meshed (cell-free) layer served
as the apical layer. We tracked fluorescent-labeled hAMSCs in
the mice using in vivo imaging on day 1 of application and
again on days 3, 8, and 14. All carriers stayed in the wound
regions without suturing. On the coated and uncoated Matriderm
carriers, hAMSCs had strong fluorescent signals on days 1 and
3 and weaker signals on day 8. In contrast, hAMSCs were not
detectable on PCL/PLA carriers on day 1, then signals were
observed on day 3 on uncoated PCL/PLA and on day 8 on
coated PCL/PLA. We suspect that the apical PCL/PLA layer
served as a barrier that prevented our in vivo imaging system
from visualizing the fluorescent cells in the underlying layer.
The eventual degradation of the superficial dense layer likely
helped to reveal the fluorescent cells in the underlying wide-
meshed layer. Thus, Matrigel seemed to delay the degradation
of the PCL/PLA layer. On day 8, we detected hAMSCs on all
carrier types within the wound area, indicating abidance of the
hAMSCs to the wounds and no migration into other tissue.
We concluded that because the hAMSCs were incubated on the
carriers before applying them to the wounds, they were already
adherent and could be fixed in the wound area. Adherence
of cells to wounds promotes longer wound healing, and even
dead hAMSC:s release curative factors (Farhadihosseinabadi et al.,
2018). We cannot exclude the possibility that the persistence of
the fluorescent signal we observed up to day 8 could have come
from phagocytosed cells in the wound bed.

On day 14, our histological analysis showed that all wounds
were closed and covered by a newly formed thin epidermal
layer and that all carriers had mostly degraded. Remnants of
PCL/PLA, Matriderm, and Matrigel were found beyond the
epidermis, and they were well-integrated into the dermal layer
of the wound area. This biodegradability allowed space for cell
expansion, cell migration, and neovascularization. The observed
loss of cell tracker signals could be due to tissue restricting
access to the fluorescence signal or to signal dilution caused
by cell proliferation, migration, or death. Kim et al. (2012)
showed that hAMSCs engrafted into the wound area and directly
participated in re-epithelialization via trans-differentiation into
keratinocytes. As we found few vimentin-positive cells and no
Ki-67 positive (proliferative) human cells in the tissue sections
of the wound biopsies on day 14 post injury, we suggest that the
hAMSCs migrated out of the wound area or trans-differentiated
into skin cells. This assumption is supported by our previous
study on a Matrigel-plug angiogenesis model, which showed a
successful integration of human cells into the murine blood vessel
system (Kinzer et al., 2014). The wound bed was macroscopically
visible through the thin epidermal layer. The dermal layer was
still in the regeneration process and therefore not completely
rebuilt. Strikingly, only wounds treated with PCL/PLA without
Matrigel still had a round appearance on day 14, regardless
of whether hAMSCs were applied, whereas the other treated
and untreated wounds had irregular shapes. We ascribe this
effect to the stiff material of our PCL/PLA scaffolds, which
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may have promoted an anti-contractive effect even after the
carriers partly degraded. Interestingly, Lee et al. (2014) observed
a higher wound contraction among Matriderm-treated wounds
than wounds treated with an electrospun silk fibroin nanofiber
matrix. PCL/PLA thus may offer similar or better wound healing
benefits, which may have significant implications for prospective
wound healing experiments in rodents.

Due to the low cost and wide availability of appropriate
antibodies, most lab-based in vivo assessments of wound closure
and development are performed in rodents. However, rodent
wounds close due to contraction of the musculus panniculus
carnosus, which is virtually non-existent in humans. This
physiological difference creates difficulties in replicating the
wound closure processes of human skin (Wang et al., 2013;
Hu et al,, 2018b). To overcome this problem, a short-term
(e.g., 8-day) experiment in which no obvious contraction occurs
is preferable (Tuca et al., 2016; Ertl et al, 2018). Longer
experiments have used splinting wound models (Wang et al.,
2013) or direct suturing of scaffolds to the edges of the
experimental wounds (Anjum et al., 2017), but both of these
methods carry risks of inflammation and surgical site infection
(He et al., 2009; Mashhadi and Loh, 2011; Mulholland, 2020).
The application of PCL/PLA without suturing could enable
uncomplicated experiments on rodents and thus open new
therapeutic approaches.

Novel and effective anti-scarring treatments are clinically
absent and highly warranted because scarring is a huge healthcare
burden worldwide. It can lead to many adverse side effects, such
as reduced mobility, compromised organ function, functional
disabilities, and psychological stress. In hypertrophic scars,
myofibroblasts can cause persistent contraction that leads to skin
dysfunction (Ehrlich et al., 1994). PCL/PLA scaffolds may be
useful clinical tools to avoid such scarring.

Previously, we demonstrated the beneficial effects of hAMSCs
on wound healing by showing that hAMSCs induce enhanced
neovascularization and accelerated wound closure (Tuca et al,,
2016; Ertl et al., 2018). In our present study, we aimed to find
the most promising carrier for hAMSCs in a mouse model of
wound healing. Both PCL/PLA and Matriderm led to good cell
adherence in the wound area until day 8. Based on our in
vitro results and the performance of the carriers in our animal
experiment, we found the PCL/PLA carrier to be the most
suitable for future testing in other wound healing models. In a
next step, we will evaluate the effect of hAMSC-seeded PCL/PLA
carriers on wound healing and their potential anti-scarring effects
in larger animal groups.

CONCLUSION
Both Matriderm and PCL/PLA scaffolds are suitable as carriers

for mesenchymal stromal cells. Short incubations and seeding
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