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ABSTRACT: Self-assembled fibrinogen scaffolds are highly attractive
biomaterials to mimic native blood clots. To explore their potential for Fibroblasts Keratinocytes e
wound healing, we studied the interaction of cocultures of human . adhesion
° -
@Zmﬁ

dermal fibroblasts (HDFs) and HaCaT keratinocytes with nanofibrous,
planar, and physisorbed fibrinogen. Cell viability analysis indicated that

the growth of HDFs and HaCaTs was supported by all fibrinogen Marker

topographies until 14 days, either in mono- or coculture. Using Sxression

scanning electron microscopy and cytoskeletal staining, we observed

that the native morphology of both cell types was preserved on all Fibrinogen scaffold

topographies. Expression of the marker proteins vimentin and Fibronectin
deposition

cytokeratin-14 showed that the native phenotype of fibroblasts and
undifferentiated keratinocytes, respectively, was maintained. HDFs
displayed their characteristic wound healing phenotype, characterized
by expression of fibronectin. Finally, to mimic the multilayered
microenvironment of skin, we established successive cocultures of both cells, for which we found consistently high metabolic
activities. SEM analysis revealed that HaCaT's arranged into a confluent top layer after 14 days, while fluorescent labeling confirmed
the presence of both cells in the layered structure after 6 days. In conclusion, all fibrinogen topographies successfully supported the
cocultivation of fibroblasts and keratinocytes, with fibrinogen nanofibers being particularly attractive for skin regeneration due to
their biomimetic porous architecture and the technical possibility to be detached from an underlying substrate.

1. INTRODUCTION environment of the native three-layered skin structure as
closely as possible.* The first coculture systems for skin repair

Impaired wound healing is often associated with chronic
were developed in the 1990s and focused on fibroblasts and

wounds, which represent a major clinical challenge for skin

regeneration,' > with the inability or absence of re- keratinocytes, while later fibroblasts and endotl;gelials were
epithelialization serving as a vital indicator.”” Various tissue cocultivated to study the effect of vascularization.” Prevascu-
engineering approaches have significantly improved skin larization is an essential aspect also for other areas of tissue
therapeutics in recent years, for instance, 3D bioprinting of engineering, which require the development of new coculture
cell-laden constructs, hydrogel systems with embedded cells, systems and biomaterials'® that have the potential to be shaped
multicellular spheroids, and organ-on-a-chip technology."®~* into tubular scaffolds.'”
Yet, disadvantages of these methods include complex The adhesive glycoprotein fibrinogen is very well-suited for
manufacturing processes, batch-to-batch inconsistencies, or skin tissue engineering = since it provides important cell
difficulties in nutrient Sllpply-6 adhesion sites for fibroblasts, endothelial cells, and blood
Advanced approaches for in situ regeneration of skin tissue platelets via integrins'”*” as well as a high binding affinity for
therefore utilize engineered cell-free bioresponsive scaffolds’ various growth factors.”" Such biochemical cues can be used to
that channel the innate regenerative ability of the body to activate specific signaling pathways to control cellular

recruit endogenous cells to the wound site.'’ In the native 10

three-layered skin, keratinocytes form the main cellular
component of the upper epidermis, and the lower dermis is
infiltrated by fibroblasts.'' Based on numerous soluble factors,
there is a strong crosstalk between both cell types,'” and along
with endothelial cells they regulate complex events during skin
repair via cell—cell communication.”"” Due to the complex
architecture of native skin, new scaffold materials for skin
regeneration need to support the cocultivation of different cell
types,® thereby providing a matrix that mimics the micro-

responses and facilitate the homing of endogenous cells.” In

addition, biophysical properties of tissue-engineered scaffolds
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such as the porous architecture are important in facilitating
revascularization, as an interconnected porous network
facilitates cellular infiltration, tissue ingrowth, and extracellular
matrix (ECM) deposition.'”** In particular, fibrinogen fibers
can promote wound healing by mimicking the biochemical
composition and nanofibrous architecture of native blood
clots."®*"** Similarly, fibrin hydrogels, obtained by thrombin-
mediated cleavage of fibrino en,”* have been used as biological
wound healing scaffolds™ that enable cocultivation of
keratinocytes and fibroblasts.”** Yet, these hydrogels often
suffer from substantial shrinkage and fast degradation’’ and
require the addition of enzymes and other polymers to
optimize their mechanical strength or resistance to fibrinolysis,
which increases their production time and costs.'***

Alternatively, electrospun fibrinogen nanofibers can mimic
the porous 3D nanoarchitecture of the ECM and native blood
clots,”*° as well as provide bioactive cues, which electrospun
nanofibers prepared from synthetic polymers lack®" unless
additionally conditioned with ECM components.”> So far,
electrospun fibrinogen nanofibers were found to promote
growth of fibroblasts,””*** endothelial cells,*> smooth muscle
cells,*® and mesenchymal stem cells.*’?® Even so, electro-
spinning usually requires high concentrations’”* and uses
organic solvents in combination with electric fields,””* which
can impede the biofunctionality of the protein.””*" Another
method to prepare fibrinogen nanofibers is extrusion through
alumina nanogores, in which, however, only a low fiber yield
was obtained."

To overcome these technical limitations, we have recently
introduced salt-induced self-assembly as an efficient apfroach
to prepare dense networks of fibrinogen nanofibers™ that
maintained their unique porous architecture in aqueous
buffers.”* The roughness of nanofibrous fibrinogen was
increased by a factor of 15 in comparison to planar or
physisorbed fibrinogen and exhibited an undulated micro-
topography.*® Self-assembled fibrinogen nanofibers promoted
fibroblast growth up to 72 h in culture and limited E. coli
infiltration, " while enhancing adhesion and spreading of blood
platelets.** The secondary structure of the nanofibrous
scaffolds could be tailored without introducing any pathogenic
amyloid transitions,** thus avoiding any irreversible conforma-
tional changes. Based on these advantages, we now studied the
potential of self-assembled fibrinogen nanofibers to serve as
scaffolds for skin tissue engineering. Here, we show for the first
time that nanofibrous and flat fibrinogen scaffolds support the
cocultivation of human dermal fibroblasts and HaCaT
keratinocytes for up to 14 days, while preserving the
characteristic morphological features and protein expression

of both cell types.

2. EXPERIMENTAL SECTION

2.1. Preparation of Fibrinogen Scaffolds for Cell
Culture Studies. Nanofibrous and planar fibrinogen scaffolds
were prepared by our previously described salt-induced self-
assembly approach.”>** Briefly, 100% clottable fibrinogen from
human plasma (Merck, Darmstadt, Germany), dissolved in 10
mM NH,HCO, (Carl Roth GmbH, Karlsruhe, Germany) in
deionized H,0O, was dialyzed overnight against the same
solution using a cellulose membrane dialysis tube (cutoff 14
kDa; Sigma-Aldrich, Darmstadt, Germany) to obtain a
fibrinogen solution. Fifteen millimeter glass coverslips (VWR,
Darmstadt, Germany) were cleaned with piranha solution (3:1
of 95% sulfuric acid (H,SO,)/30% hydrogen peroxide

8651

(H,0,)) before treatment with 5% (3-aminopropyl)-
triethoxysilane (APTES, Sigma) in ethanol (C,H;OH) over-
night. Unbound APTES was removed by washing in pure
ethanol three times for 5 min, before storing the coverslips dry
for further use.

To obtain fibrinogen nanofibers, 5 mg mL™' of the
fibrinogen solution was dried in the presence of 2.5X
phosphate-buffered saline (PBS, ThermoFisher, pH 7.4) on
APTES-modified coverslips. Planar fibrinogen scaffolds were
obtained by drying S mg mL™' of fibrinogen in S mM
NH,HCO;. Drying was performed in a custom-built climate
chamber at a relative humidity of 30% and temperature of
24 °C for 12 h.

To maintain the stability of scaffolds in an aqueous
environment for further cell culture studies, the scaffolds
were cross-linked in formaldehyde (FA) vapor for 2 h after
placing them in a sealed beaker. The FA vapor was generated
by placing 1 uL of 37% FA solution (Applichem GmbH,
Darmstadt, Germany) per cubic centimeter and letting it
evaporate in the sealed beaker. After cross-linking and
devaporizing for another 30 min, all samples were washed
3 X 15 min with deionized water. We have extensively
characterized the nanofibrous topography with dense, porous
nanofiber networks of these fibrinogen nanofiber scaffolds as
well as the smooth topography of the planar fibrinogen
scaffolds previously."**

To obtain un-cross-linked adsorbed fibrinogen substrates,
the so-called physisorbed fibrinogen scaffolds, a slightly
modified protocol from a previously published method was
used.*® Fifteen millimeter glass coverslips (VWR) were cleaned
with piranha solution (3:1 of 95% sulfuric acid (H,SO,)/30%
hydrogen peroxide (H,0,)). A 0.1 mg mL™' fibrinogen
solution in PBS (Thermo Fisher, pH 7.4) was then dried on
the piranha-cleaned coverslips at 4 °C overnight. Subsequently,
the scaffolds were washed three times for S min with PBS. The
physisorbed fibrinogen scaffolds displayed a flat and smooth
topography (see Supporting Information, Figure S$4), also
described earlier.*

Nanofibrous, planar, as well as physisorbed fibrinogen
scaffolds were placed in wells of nontreated Corning Costar
24-well plates (Sigma) and sterilized for 30 min using the UV
light of a laminar flow cabinet (ESI Flufrance) to further use
them in cell culture experiments.

2.2. Cell Culture. To study the interaction of cells with
fibrinogen scaffolds with different topographies, we used
normal adult primary human dermal fibroblasts (ATCC
PCS-201-012, LGC Standards GmbH, Wesel, Germany) and
human HaCaT keratinocytes (CLS Cell Lines Service GmbH,
Eppelheim, Germany).

Human dermal fibroblast (HDF) culture was initiated as per
the manufacturer’s instructions in complete growth medium
using Fibroblast Basal Medium (ATCC PCS-201-030),
Fibroblast Growth Kit—Low Serum (ATCC PCS-201-041),
and 1% (v/v) penicillin/streptomycin in 75 cm?* flasks (Faust
Lab Science GmbH) at 37 °C and 5% CO, in a humidified
atmosphere of a cell culture incubator (Heracell 240,
ThermoFisher). Next, 80—100% confluent fibroblasts were
subsequently cryopreserved in 80% complete growth medium
supplemented with 10% FBS (Sigma) and 10% DMSO.
Further initiation of cryopreserved cells and subculturing for
cell culture experiments was carried out in cell culture medium,
i.e, DMEM (Sigma) with 10% FBS and 1% (v/v) penicillin/
streptomycin (P/S) in 75 cm? flasks at 37 °C and 5% CO,.
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Cells were subcultured once a week and used for experiments
between passage numbers 1 and 10.

HaCaT keratinocytes were maintained in DMEM with 10%
FBS and 1% (v/v) P/S in 75 cm? flasks (Faust Lab Science
GmbH) at 37 °C and 5% CO, in a humidified atmosphere of
our cell culture incubator as described earlier.”’ Cells were
subcultured once a week and used for experiments between
passage numbers 1 and 20.

To perform further viability, morphology, and protein
expression studies, cells were seeded on top of sterile
fibrinogen scaftolds described earlier, present inside the wells
of nontreated Corning Costar 24-well plates (Sigma) at a
density of 1 X 10* cells/cm? for each cell-type in DMEM with
10% FBS and 1% P/S and incubated for up to 14 days at 37 °C
with 5% CO,. For cocultures, the total cell density was kept
consistent with monocultures at 1 X 10* cells/cm? thus
comprising 5 X 10 cells/cm? for each cell-type. Cells seeded in
TC-treated 24-well plates (Sarstedt, Niirnbrecht, Germany)
cultured under the same conditions were used as controls in
subsequent biochemical analysis. For Z-stacking analysis of
lipophilic membrane dye-labeled cells, 3 X 10* cells/cm? for
each cell type were used, thus obtaining a total cell density of 6
X 10* cells/cm?.

2.3. Cell Viability Analysis. Cell viability was determined
by using the resazurin-based Invitrogen PrestoBlue HS Cell
Viability reagent (ThermoFisher), similar to previous stud-
ies.** ™ For this purpose, the PrestoBlue reagent was diluted
in a prewarmed (37 °C) cell culture medium at a ratio of 1:10
to obtain a PrestoBlue working solution. Subsequently,
medium present at the top of cells present on the fibrinogen
scaffolds in 24-well plates was replaced with 200 pL/well of the
PrestoBlue working solution. After 2.5 h of incubation at 37 °C
and 5% CO, under a humidified atmosphere, the supernatant
was removed and pipetted into 96-well plates (Sarstedt), and
the absorption was measured spectrophotometrically using a
Multiskan Sky Microplate Spetrophotometer (ThermoFisher)
at 570 nm, using 600 nm as a reference wavelength.

Cell viability was monitored every 3, 7, 10, and 14 days from
the same plate. After the supernatant containing PrestoBlue
was removed, cells were washed three times with prewarmed
(37 °C) PBS. Subsequently, prewarmed (37 °C) cell culture
medium (1 mL/well) was added to the plates and returned to
the incubator at 37 °C and 5% CO, before the next
measurement.

As a negative control, PrestoBlue working solution was
added into empty wells of a 96-well plate (no cells), whereas
cells grown in TC-treated plates was treated as the 100%
viability control group and both controls treated as described
above. To obtain PrestoBlue final absorbance values, first, the
absorbance obtained at 600 nm was subtracted from the
absorbance at 570 nm for all wells. Then, the mean absorbance
of the negative control (containing no cells but media alone)
was subtracted from each sample well. To obtain PrestoBlue
reduction, the final absorbance values determined from cells
grown on fibrinogen scaffolds were normalized to the final
absorbance values determined for the 100% viability control.

Specific absorbance
= [absorbance at 570 nm] — [absorbance at reference

600 nm]
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Final absorbance = [Specific absorbance of samples]
— [Mean specific absorbance of

negative control (no cells)]

PrestoBlue reduction (% of control)

Final absorbance

* Final absorbance of viabiliy control

X 100

Three independent experiments (n = 3) were performed in
triplicate for fibrinogen nanofibers, planar fibrinogen, and
physisorbed fibrinogen. Statistical analysis was determined for
all viability data using the software Graphpad Prism 8
(GraphPad, San Diego, CA).

2.4. Cell Morphology Analysis. To analyze cellular
cytoskeletal staining and to visualize overall cell morphology
on fibrinogen scaffolds with different topographies, cells were
fixated using 4% (v/v) solution of paraformaldehyde (PFA) in
PBS (Biotrend, Cologne, Germany) for 30 min at room
temperature and were analyzed via fluorescence microscopy as
well as SEM imaging.

For cytoskeletal staining, actin filaments of cells grown on
fibrinogen scaffolds for 4 days were stained with phalloidin
(ActinRed ReadyProbes Reagent, Life Technologies Europe
BV, Netherlands) and nuclei were stained with Hoechst
H33342 (NucBlue Live ReadyProbes Reagent, Life Tech-
nologies) for 30 min at room temperature using 2 drops/500
uL of PBS. After washing two times with PBS, stained samples
were mounted onto glass slides with Prolong Gold antifade
mounting medium (ThermoFisher) and cured overnight at
room temperature. The specimens were imaged at 40X
magnification in an inverted fluorescence microscope (Ti-E
— V5.30, Nikon, Tokyo, Japan) and appropriate filter settings
(Aex = 540 nm and A,,, = 565 nm for Actin Red and A, = 330—
380 nm and A,,, = 435—485 nm for H33342).

Fluorescence images of phalloidin and H33342 stained cells
were analyzed using the open-source software Image] provided
by the NIH,”" from three independent experiments performed
in triplicate for each substrate type, amounting to nine images
analyzed per sample. Analysis of the cell orientation was
performed using the red and blue channel via the Image]
plugin Orientation] and the Origin 2021 software as described
earlier. """

For SEM analysis, cells grown on fibrinogen scaffolds for 10
days were dried with ethanol exchange by gradually increasing
the concentration of pure ethanol on the samples. Samples
were subsequently sputter-coated with gold for 25 s using a
sputter coater 108 auto system (Tescan GmbH, Dortmund,
Germany) before SEM imaging with a Zeiss Supra 40 device
(Carl Zeiss, Oberkochen, Germany) at an acceleration voltage
of 3 kV.

2.5. Protein Expression. To analyze protein expression,
an immunocytochemical staining was performed on cells
growing on top of sterile fibrinogen scaffolds in 24-well plates
for 4 days. Staining was conducted for the fibroblast marker
protein vimentin®”>® and the keratinocyte marker protein
cytokeratin 14.°>>* First, cells were fixated using a 4% (v/v)
solution of PFA in PBS for 30 min at room temperature.
Subsequently, cells were permeabilized with 0.1% (v/v)
TritonX-100 (Carl Roth GmbH) in PBS for 10 min at 4 °C
followed by incubation with blocking buffer containing 0.3 M
glycine (Acros Organics, Geel, Belgium) and 1% (w/v) BSA
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Figure 1. Viability of HDFs and HaCaT keratinocytes on fibrinogen with different topographies. 10 000 cells/cm? of HDFs (A) and HaCaTs (B)
each or in total for a combination of both cell types in coculture (C) were seeded onto fibrinogen fibers, planar fibrinogen, and physisorbed
fibrinogen and cultivated for up to 14 days at 37 °C and 5% CO,. The cell viability was monitored every 4, 7, 10, and 14 days using the PrestoBlue
Cell Viability reagent and is displayed in comparison to cells cultivated on a TC plate as a control. Data shown are presented as means =+ standard
deviation of values obtained from three independent experiments performed in triplicate. Significant differences were analyzed by two-way ANOVA
and are indicated by *p < 0.05 and **p < 0.01. Very similar cell viabilities were observed on the different fibrinogen topographies with the
cocultures showing values closer to 100% of the control compared to the individual monocultures. The highest overall increase in PrestoBlue
reduction rate was observed for cells on nanofibers, whereas cells grown on physisorbed Fg showed the highest overall viability.

(Sigma) in PBS to block unspecific antibody binding. After
washing three times with PBS, samples were incubated
overnight at 4 °C with 40 uL of a diluted primary antibody
solution, inverted on parafilm under a humidified atmosphere.
Either a combination of the primary antibodies Invitrogen
monoclonal anti-Vimentin antibody (SP20; ThermoFisher)
and Invitrogen monoclonal anti-Cytokeratin 14 antibody
(LL002; ThermoFisher) in a dilution of 1:200 and 1:100
respectively in 1% (w/v) BSA in PBS or only the polyclonal
anti-Fibronectin primary antibody (Sigma) in a dilution of
1:400 in 0.1% (w/v) BSA in PBS was applied. Samples were
washed three times with PBS before incubation with secondary
antibodies at 4 °C for 1 h in the dark at a dilution of 1:1000 in
1% (w/v) BSA. Secondary antibodies utilized were Atto 647N
polyclonal goat antirabbit IgG (Sigma) and Alexa Fluor 488
polyclonal donkey antimouse IgG (ThermoFisher). After
washing two times with PBS, stained samples were mounted
onto glass slides with Prolong Diamond antifade medium with
DAPI and cured overnight at room temperature. All samples
were imaged at 40X magnification in our inverted Nikon
fluorescence microscope with appropriate filter settings (4, =
647 nm and 4., = 665 nm for Atto 647 violet, 4., = 488 nm
and A, = 520 nm for Alexa 488 green, and 4., = 330—380 nm
and A, = 435—485 nm for DAPI blue).

2.6. Cell Labeling with Lipophilic Membrane Dyes. To
distinguish between both cell types on a fibrinogen scaffold in
the coculture setup, they were labeled with lipophilic cell
membrane dyes before seeding. HDFs were labeled with
Invitrogen Vybrant Dil Cell-Labeling Solution (Thermo-
Fisher), and HaCaTs were labeled with Invitrogen Vybrant
DiO Cell-Labeling Solution (ThermoFisher). Following
trypsination, cells were centrifuged, and the cell pellet was
subsequently resuspended in prewarmed (37 °C) serum-free
cell culture medium DMEM, before diluting the suspensions to
a cell density of 60 000 cells/mL. These cells were incubated
with § uL of the respective cell labeling solution per milliliter
of cell suspension for 15 min at 37 °C in the dark. The labeled
cell suspensions were centrifuged at 1500 rpm for 5 min, the
aspirated supernatant and cell pellet were then gently
resuspended in prewarmed (37 °C) cell culture medium
DMEM with 10% FBS. These centrifugation and resuspension
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steps were repeated two more times before the labeled cells
were seeded onto the scaffolds at a density of 30 000 cells/ cm>.

To obtain a layered skin construct, Dil-HDFs (red) were
seeded onto the scaffolds using the above-described procedure
and cultivated at 37 °C and 5% CO, for 3 days before the
seeding of DiO-HaCaTs (green) by the same procedure on
top of HDFs. Six days after the seeding of HaCaTs, cells on the
scaffolds were fixated with a 2% (v/v) solution of PFA in PBS
for 30 min at room temperature. All samples were
subsequently mounted onto glass slides with Prolong Diamond
antifade medium with DAPI and cured overnight at room
temperature. Stained cells on fibrinogen scaffolds were imaged
using z-stacking at 60X magnification in our inverted
fluorescence microscope with appropriate filter settings (
Aex = 540 nm and A, = 565 nm for Dil orange-red, 4, = 488
nm and A, = 520 nm for DiO green, and A, = 330—380 nm
and 4,,, = 435—485 nm for DAPI blue). For z-stack analysis,
we recorded 10 to 12 images over a total z-height of up to 6
pum with a step size of 500 nm.

3. RESULTS

3.1. Viability of HDFs and HaCaTs on Self-Assembled
Fibrinogen Scaffolds. Using a PrestoBlue assay, comparable
cell viabilities for HDF or HaCaT monocultures and cocultures
were obtained on nanofibrous, planar, as well as physisorbed
fibrinogen scaffolds up to 14 days (see Figure 1). Overall better
cell viability values as well as an increase in the cell metabolism
rate indicated by an increase in PrestoBlue reduction were
observed for cells grown at a cell density of 10 000 cells/cm”
on these substrates (see Figure 1) compared to a lower initial
cell seeding density of S000 cells/cm* (see Supporting
Information, Figure S1). In particular, much lower PrestoBlue
reduction values were observed for cells on fibrinogen fibers in
comparison to planar and physisorbed fibrinogen at this lower
cell density (cf. Figure S1 and Figure 1), indicating the
requirement of an initial critical cell number for a robust
adhesion and growth of both cell types on fibrinogen
nanofibers.

Cells on physisorbed fibrinogen scaffolds showed an overall
PrestoBlue reduction closest to 100% of the control, i.e.,
viability of cells on TC-treated plates (see Figure 1A, B, and
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Figure 2. SEM images of HDFs and HaCaTs grown on fibrinogen scaffolds with different topographies. HDF and HaCaT monocultures or a
combination of both cell types (coculture) were seeded onto fibrinogen with nanofibrous topography (A—C), planar topography (D,E), or
physisorbed fibrinogen (G—I), and SEM analysis was performed after 10 days of cultivation. Very distinctive cell morphologies were observed for
both monocultures on the different fibrinogen topographies, with flat and elongated cell bodies for HDFs and clustered and roundish cell bodies for
HaCaTs. These morphological features were unchanged on all fibrinogen substrates when both cell types were grown in coculture. Scale bar of 20

pum represented in panel A applies to all other panels, B—1.

C). For cells on physisorbed fibrinogen, we also observed a
higher overall cell metabolism compared to cells on nano-
fibrous and planar fibrinogen scaffolds. HDF monocultures on
physisorbed fibrinogen already showed a high initial
PrestoBlue reduction around 100% and remained stable until
the end of the incubation period (see Figure 1A). The
PrestoBlue reduction of HaCaT monocultures on physisorbed
fibrinogen increased from 70% on day 4 to 98% of control on
day 14, respectively (see Figure 1B). Similar was the case for
cocultures on physisorbed fibrinogen where PrestoBlue
reduction was significantly higher on day 10 and day 14
amounting to about 100% of the control for both days,
compared to 80% of the control on day 4 (see Figure 1C).

In general, PrestoBlue reduction of HaCaT monocultures on
nanofibrous and planar fibrinogen scaffolds was lower than for
HDF monocultures and cocultures (c.f. Figure 1A, B, and C).
Moreover, cocultures showed the highest increase in cell
metabolic activity over time on these scaffolds, with an increase
in PrestoBlue reduction from 48% on day 4 to 99% on day 14
on fibrinogen fibers and 66% on day 4 to 103% of control on
day 14 on planar fibrinogen (see Figure 1C). Although cell
metabolic activities of monocultures on fibers and planar
fibrinogen (see Figure 1A, B) did not differ from the cocultures
(see Figure 1C) for up to 7 days, a higher PrestoBlue reduction
of cocultures in comparison to the respective monocultures
was evident latest by the end of 10 days of cultivation. The cell
metabolic activity of HDFs and cocultures on fibrinogen fibers
differed significantly from that for the cells grown on
physisorbed fibrinogen at the initial stage up to 7 days but
leveled out to around 100% of the control at the end of 14 days
(c.f. Figure 1A and C).
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On the whole, all three fibrinogen topographies yielded a
robust overall cell viability and proliferation of HDF or HaCaT
monocultures as well as cocultures and were therefore
considered highly biocompatible for both cell types.

3.2. Morphology of HDFs and HaCaTs upon Inter-
action with Fibrinogen Scaffolds. SEM analysis of HDF
and HaCaT mono- and cocultures on different fibrinogen
topographies after 10 days revealed slightly lower cell densities
on fibrinogen nanofibers, compared to planar or physisorbed
fibrinogen (see Figure 2). A very flat overall cell morphology
was observed on nanofibrous fibrinogen scaffolds for HDFs.
Individual HDF cells were difficult to distinguish from the
underlying fibers in monocultures (see Figure 2A) and
cocultures (see Figure 2C). HaCaTs on nanofibrous fibrinogen
fibers also adhered closely to the fibers but were more visible
due to their elevated cell bodies when cultivated in
monoculture (see Figure 2B) but hard to distinguish based
on their morphology, similar to the HDFs (see Figure 2C). On
the other hand, HDFs showed a very distinct elongated,
spindle-shaped morphology on planar fibrinogen (see Figure
2D) and physisorbed fibrinogen (see Figure 2G), whereas
HaCaTs appeared polygonal with many short filopodia and
clustered on both flat substrates (see Figure 2E and H). For
cocultures on nanofibrous and physisorbed fibrinogen, we
found areas where both cells had grown in layers (see Figure
2C and I). In contrast, on planar fibrinogen, HDFs and
HaCaTs had grown next to each other and could be well
distinguished based on their distinct cell morphologies (see
Figure 2F).

Subsequently, fluorescence microscopy of phalloidin-stained
actin filaments (see Figure 3) revealed that the morphological
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Figure 3. Cytoskeletal staining of HDFs and HaCaTs on different
fibrinogen topographies. HDF and HaCaT monocultures or a
combination of both cell types (coculture) were seeded onto
nanofibrous fibrinogen (A—C), planar fibrinogen (D—F), and
physisorbed fibrinogen (G—I) and stained for their actin cytoskeleton
(red) with phalloidin and nuclei (blue) with H33342 after 4 days of
cultivation. The contrasting cell morphologies for the two cell types
on all fibrinogen topographies were evident with elongated HDFs and
clustered and polygonal HaCaT cells. In the coculture model, the two
cell types were observed growing adjacent to each other and could be
easily distinguished based on their morphology alone. Scale bar of 50
um represented in panel A applies to all other panels B—L

Physisorbed

differences between HDFs and HaCaTs on all three fibrinogen
topographies were consistent with those observed by SEM as
well as with cells cultivated on TC-treated plates (see
Supporting Information, Figure S2A—C). On the different
fibrinogen topographies, HDF monocultures exhibited a
typical fibroblast morphology, and elongated cells with defined,
linear actin filaments were observed (see Figure 3A, D, and G).
This was in contrast to polygonal HaCaT's, which were present
in clusters on all three fibrinogen topographies and shown to
have a more diffusive actin cytoskeleton (see Figure 3B, E, and
H). For cocultures on different fibrinogen topographies,
individual HDFs and HaCaTs were found growing next to
each other and could be easily distinguished by their
cytoskeletal staining and, in turn, their morphology (see
Figure 3C, F, and I).

Moreover, the slightly lower cell density on fiber scaffolds
compared to planar and physisorbed fibrinogen agreed well
with our SEM analysis. However, for both monocultures and
the coculture setup, the lower cell number correlated with
larger cell sizes on nanofibrous (see Figure 3A—C) and planar
fibrinogen (see Figure 3D—F) compared to the respective cells
cultivated on physisorbed fibrinogen (c.f. Figure 3G—1) as well
as on TC-treated plates (see Figure S2A—C). Furthermore,
when we analyzed the cytoskeletal orientation of HDFs and
HaCaT monocultures and cocultures, we observed that no
preferential orientation was prevalent on any of the fibrinogen
scaffolds despite the strong topographical differences between
fibrous and flat substrates (see Supporting Information, Figure
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S3), suggesting a random cellular alignment based on their
actin cytoskeleton. Overall, the native cell morphology and
cytoskeletal orientation of both cell types in coculture
remained unchanged despite the differences in topography of
the underlying fibrinogen scaffolds.

3.3. Immunocytochemical Characterization of HDFs
and HaCaTs on Fibrinogen Scaffolds. When analyzing the
expression of selected marker proteins by immunocytochem-
istry after 4 days, HDF monocultures stained positive for the
mesenchymal marker protein vimentin, and HaCaTs mono-
cultures were positive for the keratinocyte marker cytokeratin
14 (see Figure 4). Under these conditions, no counter staining

HDFs HaCaTs Co-culture

Figure 4. Immunocytochemical staining for cell-specific markers of
HDFs and HaCaTs on different fibrinogen topographies. HDF and
HaCaT monocultures or a combination of both cell types (coculture)
were seeded onto fibrinogen scaffolds with different topographies, and
an immunocytochemical staining was performed after 4 days of
cultivation. HDFs were observed to be positive for the mesenchymal
marker protein vimentin (purple), whereas HaCaTs were positive for
the keratinocyte marker protein cytokeratin 14 (green) on nano-
fibrous (A—C), planar (D—F), and physisorbed (G—I) fibrinogen. All
cells were additionally stained with DAPI to visualize cell nuclei
(blue). In the coculture model, both cell types were growing adjacent
to each other and could be distinguished by the expression of the

respective cell-specific protein markers. Scale bar of 50 um
represented in panel A applies to all other panels B—I.

Physisorbed

of vimentin for HaCaTs or cytokeratin 14 staining for HDFs
grown on any of the three fibrinogen scaffolds was observed.
Expression of the respective marker proteins was found to be
independent of the underlying fibrinogen topography. As
already observed from SEM analysis and cytoskeletal staining,
an overall slightly lower cell density was observed on
fibrinogen nanofibers (see Figure 4A—C), compared to cells
cultivated on both flat fibrinogen topographies (see Figure
4D-1).

The cell type-specific protein expression was maintained
under the condition where HDFs and HaCaT's were grown in
coculture on all fibrinogen scaffolds (see Figure 4C, F, I).
Consequently, both cell types grown on nanofibrous (see
Figure 4C), planar (see Figure 4F), and physisorbed (see
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Figure 41) fibrinogen could be distinguished, and individual
cells could be detected solely based on their cell-type-specific
protein expression. This characteristic expression of marker
proteins was consistent with a positive control of cells
cultivated in monoculture or coculture on TC-treated plates
(see Supporting Information, Figure S2D—F). Therefore, both
HDFs and HaCaTs maintained their basal phenotype when
cultivated in monoculture and coculture on fibrinogen fibers as
well as on planar and physisorbed fibrinogen as confirmed
from their positive native protein expression.

3.4. Deposition of ECM Protein Fibronectin on
Fibrinogen Scaffolds. To assess whether HDFs and HaCaT's
grown on fibrinogen scaffolds with different topographies
support a buildup of a new ECM, we exemplarily studied the
expression of fibronectin, an important ECM protein that is
considered vital in the process of wound healing.”® For this, we
performed a fibronectin immunostaining, and counter nuclei
staining with DAPI was performed after 4 days of cultivation
(see Figure S). HDF monocultures on fibrinogen fibers (see

HDFs Co-culture

HaCaTs
.

Figure S. Staining for fibronectin after growth of HDFs and HaCaT's
on different fibrinogen topographies. HDF and HaCaT monocultures
or a combination of both cell types (coculture) were seeded onto
nanofibrous (A—C), planar (D—F), and physisorbed (G-I)
fibrinogen and an immunocytochemical staining for fibronectin
(purple) was performed after 4 days of cultivation. HDFs were
observed to be positive for the ECM marker protein, whereas HaCaT's
did not show any fibronectin expression on any of the fibrinogen
substrates. In HDF monocultures, the staining seemed to not only be
confined to the cell bodies but was more widespread and distributed
beyond the margins of the cell bodies as individual HDFs were
difficult to distinguish. All cells were additionally stained with DAPI to
visualize cell nuclei (blue). Scale bar of SO ym represented in panel A
applies to all other panels B—1.

Planar

Physisorbed

Figure SA), on planar (see Figure SD), and on physisorbed
fibrinogen (see Figure SG) were positive for the expression of
the ECM marker fibronectin. In contrast, HaCaT mono-
cultures did not express any fibronectin irrespective of the
fibrinogen substrate on which they had been cultivated (see
Figure 5B, E, and H). Similarly, when both cell types were
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grown in a coculture setup, the fibronectin staining seemed to
be limited to the area where HDFs were present, since HaCaT
clusters, which were visible via their nuclei, showed an absence
of fibronectin staining. This was the case when cocultures were
cultivated on nanofibrous (see Figure SC), planar (see Figure
SF), and physisorbed fibrinogen (see Figure SI), which agreed
with such a staining performed on cells cultivated on TC-
treated plates as a positive control (see Supporting
Information, Figure S2G-I). A slightly lower overall cell
density on fibrinogen nanofibers, compared to cells cultivated
on the other two fibrinogen substrates, was consistent with that
observed from previous microscopic analyses. In this case, the
fibronectin expression appeared to be proportional to the cell
density. Thus, HDFs cultivated on fibrinogen nanofibers in
monoculture or in coculture with HaCaT's seemed to maintain
their characteristic phenotype of fibronectin secretion, as was
the case for HDFs cultivated on planar and physisorbed
fibrinogen.

3.5. Fibrinogen Scaffolds with HDFS and HaCaTs as
Multilayered Constructs. To better distinguish between
HDFs and HaCaTs that were successively seeded on top of
fibrinogen scaffolds, cells were labeled with different
fluorescent lipophilic dyes prior to seeding. A 3-day pregrowth
period for HDFs was ensured before seeding of HaCaTs and
further investigation via z-stacking after 6 days (see Figure 6).

°
o
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Figure 6. Z-stack images of layered cocultures of HDFs and HaCaT's
labeled with lipophilic membrane dyes on different fibrinogen
topographies. HDFs stained with Dil (red) were seeded onto
nanofibrous (A—C), planar (D—F), and physisorbed (G-I)
fibrinogen followed by a seeding of DiO-stained HaCaTs (green)
after 3 days. After a total of 6 days of cultivation, 10—12 z-stack
images were taken with a step size each of 500 nm and a total
thickness of 6 ym on fibrinogen nanofibers, S ym on planar fibrinogen
and 4.5 um on physisorbed fibrinogen. All cells were additionally
stained with DAPI to visualize cell nuclei (blue). Scale bar of 50 pm
represented in panel A applies to all other panels B—I. HaCaTs
(green) were observed to be in focus on the top (A, D, G). Both cell
types were in focus in the middle layers (B, E, H), whereas HDFs
(red) were in focus at the bottom (C, F, I), thus indicating a layering
of both cell types on all fibrinogen topographies.
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HaCaT's were seen growing at the topmost layer on fibrinogen
nanofibers (see Figure 6A) and planar (see Figure 6D) and
physisorbed fibrinogen (see Figure 6G), indicated by cells in
the top focal plane possessing a green signal from the DiO
labeling. This was accompanied by red background fluo-
rescence signals from HDFs, which were not in focus.
Fluorescence signals which could be attributed to both cell
types, green for DiO-labeled HaCaTs and red for Dil-labeled
HDFs, were found in focus in the middle cell layers on all
fibrinogen topographies (see Figure 6B, E, and H). The
nanofibrous fibrinogen construct appeared to have the
maximum thickness with HDFs growing on the bottom layer
with a total z-height of 6 pm, indicated by cells possessing a
red signal in the lowest focal plane (see Figure 6C). Similar red
fluorescence signals were observed in focus for planar
fibrinogen (see Figure 6F) with a slightly lesser total z-height
of 5 yum followed by physisorbed fibrinogen with a z-height of
4.5 pum (see Figure 61), indicating the presence of HDFs. Thus,
although completely confluent bilayers of HDFs and HaCaTs
were not observed after 6 days of cultivation, the successive
stacking of cells on top of all fibrinogen topographies was
successful.

To achieve a multilayered construct with confluent cell
layers, HDFs and HaCaT's were successively seeded on top of
fibrinogen scaffolds for 14 days of cultivation, which included a
4-day pregrowth period for HDFs before the seeding of
HaCaTs. Cell viability analysis of this setup revealed significant
differences in cell metabolic activity at the end of day 4 for
HDFs alone cultivated on nanofibrous, planar, or physisorbed
fibrinogen (see Figure 7A). However, on subsequent days,
comparable and constantly high cell metabolic activities were
observed, after HaCaT's were seeded on top of HDFs. Layered
cocultures showed overall PrestoBlue reduction close to 100%
of the control, i.e., cells grown on TC-treated plates, up to 14
days after cultivation, thus indicating a robust cell viability on
all fibrinogen topographies.

SEM analysis of these layered cocultures after 14 days of
cultivation showed a confluent layer of polygonal HaCaT's with
many short filopodia on all fibrinogen topographies and the
absence of a distinct elongated and spindle-shaped morphology
of HDFs (see Figure 7B—D). This was in concurrence with cell
morphology observed in HaCaT monocultures on flat
substrates (cf. Figure 2E and H). Moreover, small gaps
between cells in the top HaCaT layer revealed that the cells
were indeed present in multiple layers on all fibrinogen
topographies. Thus, a multilayered cell-biomaterial construct
with HaCaTs in the topmost layer and HDFs below was
achieved on all fibrinogen topographies.

4. DISCUSSION

In this study, we showed for the first time that self-assembled
fibrinogen nanofibers support the cocultivation of human
dermal fibroblasts and HaCaT keratinocytes as well as planar
and physisorbed fibrinogen. This finding demonstrates the
potential of nanofibrous fibrinogen as a novel scaffold material
for skin tissue engineering, in particular when both cells are
cultivated successively to form multilayers.

Nanofibrous and Flat Fibrinogen Topographies
Support Cell Adhesion and Long-Term Viability. Cell
adhesion of HDFs and HaCaT's was supported by nanofibrous,
planar, and physisorbed fibrinogen scaffolds promoting cell
growth up to 14 days with viabilities reaching 100% in
comparison to TC-treated plates, for both mono- and
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Figure 7. Viability analysis and SEM images of layered cocultures of
HDFs and HaCaT keratinocytes on fibrinogen with different
topographies. 10 000 cells/cm* of HDFs were seeded onto fibrinogen
fibers, planar fibrinogen, and physisorbed fibrinogen followed by
10 000 cells/cm? HaCaTs at the end of day 4 and cultivated for up to
14 days at 37 °C and 5% CO, to obtain a layered coculture. The cell
viability was monitored every 4, 7, 10, and 14 days using the
PrestoBlue Cell Viability reagent and is displayed in comparison to
cells cultivated on a TC plate as the control (A). Data shown are
presented as means + standard deviation of values obtained from
three independent experiments performed in triplicate. Significant
differences were analyzed by two-way ANOVA and are indicated by
*#%p < 0.001 and ****p < 0.0001. SEM analysis was performed after
14 days of layered cocultivation on fibrinogen with nanofibrous
topography (B), planar topography (C), or physisorbed fibrinogen
(D). After seeding of HaCaTs in the layered coculture, very similar
cell viabilities were found on the different fibrinogen topographies
between days 7 and 14, and after 14 days only polygonal HaCaTs
with many short filopodia were observed on all fibrinogen
topographies via SEM.

cocultures (see Figure 1). This result agrees well with previous
studies of fibroblast/keratinocyte cocultures on fibrin, collagen,
or polystZrene constructs that were conducted between 5 and
22 days.”***>? Comparing the different fibrinogen top-
ographies, the cell metabolic activity increased the most on
fibrinogen fibers, both for mono- and cocultures, followed by
planar and physisorbed fibrinogen, where higher cellular
metabolic activities were already observed early on, indicating
a robust cell viability. We assume that the lower initial values in
cellular metabolic activity, which might correspond to the
observed lower cell numbers on fibrinogen fibers at an earlier
time point, are attributed to the 15-fold higher surface
roughness and undulated microtopography of the nanofiber
scaffolds™* in comparison to planar or physisorbed
fibrinogen. Therefore, the cells presumably required more
time to adhere to the fibers and form a confluent layer than on
the flat topographies as we had previously observed with blood
platelets, which showed cell spreading exclusively on fibrinogen
nanofibers, whereas round platelets were observed on planar
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and physisorbed fibrinogen.** On the other hand, due to their
high surface-to-volume ratio, the 3D network of fibrinogen
nanofibers offers more binding sites for HDFs and HaCaTs
than planar or physisorbed fibrinogen.*® This high ligand
density might be responsible for the observed strong increase
in cell metabolic activity on fibrinogen nanofibers over time.
Interestingly, we observed no significant differences in cell
viability or morphology when HDFs and HaCaT's were grown
on cross-linked nanofibrous and planar fibrinogen, compared
with uncross-linked physisorbed fibrinogen. A previous study
reported that glutaraldehyde cross-linking of fibrinogen-PCL
nanofibers significantly reduced the proliferation of keratino-
cytes already after 7 days,” which was however not the case for
FA vapor treatment even after 14 days in this study. Instead,
for nanofibrous and planar fibrinogen (both cross-linked) and
for uncross-linked physisorbed fibrinogen, no significant
differences in cell viability were found after 14 days in all
cell culture setups. We therefore conclude that the cross-
linking procedure did not affect the cell viability, which is in
good agreement with our previous study on 3T3 fibroblasts.*

When we cocultivated HDFs and HaCaT keratinocytes as
model system for skin cells, both cell types were maintained in
standard DMEM-FBS cell culture medium, consistent with
coculture models of these cell types in 3D fibrin gels,” on
collagen microfiber scaffolds,’’ in 3D collagen-fibrin con-
structs,”® and in fibrin-PLLA-collagen hydrogels.”’ While
fibroblasts are known to adhere to the Arg—Gly—As
(RGD) sequence of fibrin(ogen) via ayf; integrins,zo’ ’
keratinocytes are not expected to adhere to fibrin(ogen),
since they do not express ayf; integrins.63 Even so, similar to
our findings, other studies have reported adhesion and
proliferation of keratinocytes in 3D fibrin constructs,” fibrin
gels,®* fibrin-alginate sponge scaffolds,”> and PCL-fibrin
constructs.”® Previously, laminin-binding protein (LB69)-
mediated attachment of keratinocytes to fibrinogen-coated
dishes as well as fibrin,”” or epidermal growth factor (EGF)
receptor-mediated adhesion of keratinocytes to fibrin gel
layers®* has been suggested. Such nonintegrin mediated
binding strategies might be responsible for HaCaT keratino-
cyte adhesion to different fibrinogen topographies in this study.
Additionally, previously reported fibrin-mediated disruption of
adhesion of differentiated keratinocytes, but not of undiffer-
entiated keratinocytes,”® underlines the good adhesion of
undifferentiated HaCaT keratinocytes to all fibrinogen
scaffolds observed in this study

Secretion of several cytokines, chemokines, and growth
factors has been identified in keratinocyte—fibroblast inter-
actions during wound healing® as well as in autologous skin
substitutes.”” Some vital interactions include keratinocyte
stimulation of fibroblasts to induce keratinocyte growth factor
(KGF) through the production of interleukin-1, which in turn
modulates keratinocyte proliferation and differentiation'>”" as
well as secretion of transforming growth factor (TGF)-f by
both cell types, which regulates differentiation of fibro-
blasts.”””" The higher cellular metabolic activities of cocultures
on fibers and planar fibrinogen at a later time of cultivation in
comparison to the respective monocultures in this study (see
Figure 1) indicates that the presence of both cell types together
over longer periods benefits their growth, in turn signifying a
cross-talk between both cells.'”” This might suggest an
exchange of growth factors between the two cell types
consistent with a previous report of such a coseeding within
3D fibrin gels.”® Similar cross-talk has also been reported for

8658

cell proliferation within polystyrene scaffolds,”” in collagen and
fibrin constructs with PLA nanofibers,”® and for cell migration
in 3D fibrin gels.””> Based on the good long-term viability of
human dermal fibroblasts and keratinocytes in our coculture
model, we conclude that all fibrinogen topographies were
highly biocompatible, and we suggest that cell growth was
supported by a cross-talk between both cell types, which will
be highly interesting to further explore using cytokine
detection studies.

Fibroblasts and Keratinocytes Maintain Their Cell
Type-Specific Morphology on Fibrinogen Scaffolds.
SEM analysis in this study showed for the first time that
fibrinogen fibers including their distinctive interconnected
network architecture remained intact at least for 10 days (see
Figure 2), which exceeds our previous cultivation time by 7
days.”> Overall, the characteristic morphology of the different
fibrinogen scaffolds was not altered by the different cell
cultures, as shown by comparison with scaffolds without cells
presented in our previous studies.”*° SEM analysis and
cytoskeletal staining further revealed that the native morphol-
ogy of both fibroblasts and keratinocytes’>~"* was preserved
on fibrinogen nanofibers and was unchanged in comparison to
cultivation on planar and physisorbed fibrinogen, which is
consistent with findings reported for fibrous PLC,”> 3D fibrin
gels,” and porous collagen—chitosan scaffolds.”® Both cell
types appeared very flat on the different fibrinogen top-
ographies, indicating very good cell adhesion. Overall, cell
type-dependent differences in cell morphology were more
evident on planar and physisorbed fibrinogen than on
fibrinogen nanofibers, which may be due to cells aligning
with the undulated fiber topography.

Cytoskeletal staining further revealed defined, linear actin
filaments in the elongated fibroblasts on all fibrinogen
topographies, whereas a more diffusive actin cytoskeleton in
the polygonal keratinocytes was consistent with a previous
study using fibrinogen-sodium alginate sponge scaffolds® (see
Figure 3). Thus, there appeared to be a cell type-dependent
difference in actin cytoskeleton, which was independent of the
underlying fibrinogen substrate. Interestingly, this observation
contrasts with our previous findings where mouse 3T3
fibroblasts showed topography-dependent cytoskeletal changes
with more pronounced actin stress fibers on planar fibrinogen
than on nanofibers.” We assume that the observed differences
in the actin cytoskeleton can mainly be attributed to the
different fibroblast type and longer cultivation times used in
this study.

Differences in actin cytoskeletal organization can not only be
governed by intrinsic cellular morphogenetic potentials of
fibroblasts and keratinocytes but also by differences in available
extracellular adhesions.”” The rather diffused actin cytoskele-
ton of HaCaT keratinocytes on all fibrinogen topographies in
this study might be attributed to nonintegrin mediated cell
adhesion mechanisms, as we have also previously observed for
these cells on other substrates.”” Thus, not only intrinsic
morphological characteristics but also different cell adhesion
mechanisms might explain the differences in actin cytoskeletal
organization between the two cell types that appeared on the
different fibrinogen topographies.

Expression of Cell-Specific Markers and Fibronectin
Deposition Are Promoted by Fibrinogen Scaffolds.
When analyzing the expression of characteristic marker
proteins of HDFs and HaCaTs, native protein expression
was maintained for cells grown on all fibrinogen topographies
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either in monoculture or in coculture (see Figure 4). Hence,
we conclude that both cell types preserved their basal
phenotype, that is, fibroblast expression of mesenchymal
marker vimentin and keratinocyte expression of cytokeratin
14, which is very consistent with other studies reporting on
polymer scaffolds,”” fibrillar collagen films,>® porous poly-
styr7egne scaffolds,”” and collagen-containing 3D skin organo-
ids.

Vimentin, also known as a fibroblast intermediate filament,
serves as a measure of internal quality control, and the absence
of such a staining in fibroblasts often indicates significant
damage to tissue antigens and the loss of structural
architecture.”” Alternatively, expression of cytokeratin 14 is
largely restricted to the epidermal basal skin layer physiolog-
ically, thus indicating an undifferentiated HaCaT pheno-
type,”*”” as observed in this study. Previously, fibrin layers
have been reported to selectively disrupt the adhesion of
differentiated keratinocytes, which could be prevented by the
addition of calcium to the cell culture medium.®® Although
HaCaTs usually remain in the basal undifferentiated state
when maintained at a low calcium concentration, they have
been reported to maintain this basal phenotype when cultured
continuously at a high calcium concentration and/or when
present at less than 80% confluence,”* as was the case in our
study. This supports our observation of HaCaT keratinocyte
adhesion to the different fibrinogen substrates as well as their
undifferentiated phenotype detected in this study, cultivated in
standard DMEM cell culture medium containing a high
calcium concentration (1.8 mM).*"

During the process of normal wound healing, fibroblasts are
known to deposit a cellular fibronectin-rich ECM.*' We
observed that the secretion of fibronectin by HDFs, indicative
of buildup of new ECM, was unchanged on fibrinogen
nanofibers compared to planar and physisorbed fibrinogen in
contrast to HaCaTs, which were fibronectin-negative on all
fibrinogen topographies as expected (see Figure 5). A
distinctive fibronectin expression was also detected when
HDFs were cocultured with HaCaT keratinocytes, consistent
with an earlier study exploring the reconstruction of human
skin cultivated in a 3D nylon mesh®” or recent reports using
inert polystyrene scaffolds’” as well as the generation of human
skin organoids where stem cells differentiated into fibroblasts
and keratinocytes.”® Overall, our findings indicate the presence
of a provisional regenerative ECM-secreting fibroblast
phenotype, as described earlier,””**** which will be highly
beneficial to exploring our fibrinogen scaffolds further for skin
tissue engineering and wound healing therapy.

Fibrinogen Scaffolds Support a Successive Bilayered
Coculture of Fibroblasts and Keratinocytes. To better
mimic the native epidermal—dermal structure, fibrinogen
scaffolds were explored for a successive multilayered coculture
of HDFs and HaCaT keratinocytes as previously used to study
the interaction of both cell types with other scaffold materials,
such as collagen hydrogels®® or 3D sericin constructs.® Z-stack
analysis of fluorescently labeled HDFs and HaCaTs indicated
that a sequential growth of both cell types on all fibrinogen
topographies was successful after 6 days of cultivation (see
Figure 6). The absence of completely confluent bilayers of
fluorescently labeled HDFs and HaCaT's could be attributed to
the lower period of cultivation in comparison with the
constructs previously analyzed via SEM (cf. Figure 2).
Nevertheless, no longer was cultivation of prelabeled cells
possible since longer cultivation times hindered the uniform
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distribution of the dyes among the cell population (data not
shown). This technical limitation was also reported previously
for fluorescent dye-labeled cells in 3D fibrin gels.”® Similarly to
our study, control over local cell seeding density, cellular
spatial arrangement, and measurement of cellular responses in
layered cocultures of prelabeled fibroblasts and keratinocytes
have also been reported previously in 3D collagen constructs
with fibrin beads.™

Therefore, to further study bilayered confluent cocultures
after 14 days of cultivation, we performed cell viability and
SEM analysis (see Figure 7). Cell viability of the biomimetic
layered coculture was very well supported on all fibrinogen
topographies for 14 days as indicated by consistently high cell
metabolic activities. SEM analysis after 14 days of culture
revealed the presence of a confluent layer of HaCaT
keratinocytes on top of other cells, strongly suggesting a
successful multilayered coculture with HDF cells below. This
observation is in good agreement with previous studies on
layered cocultures of fibroblasts and keratinocytes that
reported robust cell viability and proliferation in collagen
and fibrin constructs with PLA nanofibers,”® on 3D sericin
matrices,® collagen- or fibronectin-coated plates,57 collagen
hydrogels reinforced with a fibrin-coated PLLA nanofiber
membrane,®’ and in collagen constructs.>®

Previously, we have already reported an accelerated
fibroblast migration cultivated in a monoculture on self-
assembled fibrinogen nanofibers with respect to planar
fibrinogen via 2D cell tracking.45 Therefore, in the future,
nanofibrous fibrinogen scaffolds with micrometer thickness**
will be highly favorable to study 3D fibroblast infiltration into
the fibrous network structure as also described in various 3D
biomaterial constructs,”°*®" which is required to induce
successful tissue regeneration during wound healing.’

Of the three fibrinogen topographies studied in this work,
only fibrinogen nanofibers will be able to facilitate nutrient and
oxygen supply to cells due to their porous architecture, which
is another important requirement for wound healing."*® More
importantly, in contrast to planar fibrinogen, self-assembled
fibrinogen nanofibers have a decisive technical advantage
because they can be detached from the underlying substrate in
aqueous solution to obtain free-standing scaffolds with tailored
thickness."”** Due to their flexible nature when rehydrated,*
free-standing fibrinogen nanofibers could also become a very
interesting scaffold type for other coculture systems and could
for instance serve as innervated skin models®” or could be
developed into tubular constructs for artificial vascular grafts,'”
to replace seminiferous tubules®® or to support peripheral
nerve regeneration.”” Combined with their good biocompat-
ibility with fibroblast—keratinocyte cocultures, the possibility
to use fibrinogen nanofibers as free-standing scaffolds will open
the opportunity in the future to grow keratinocytes at an air—
liquid interface (ALI) to promote cell differentiation and
stratification, both being important features for successful
wound closure.” Recently, successively layered cocultures as
well as further growth at the ALI have already been reported
for bioprinted 3D PCL/cellular dermal collagen scaffolds,”
human skin organoids based on collagen-suspended stem
cells,”® and 3D-printed fibrin gels.”" Based on this state of the
art, self-assembled and detached fibrinogen nanofibers will in
the future present the unique potential for cell seeding of
fibroblasts and keratinocytes on either side of the scaffolds with
further selective growth of keratinocytes at the AL to fabricate
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a basal lamina model, similar to recently introduced stromal
scaffolds from electrospun polymer fibers.””

5. CONCLUSIONS

In this study, we successfully established for the first time a
coculture of human dermal fibroblasts (HDFs) and HaCaT
keratinocytes as model skin cells on self-assembled fibrinogen
nanofibers and flat fibrinogen topographies. The long-term
viability of these cells was supported by fibrinogen nanofibers
for 14 days compared with planar and physisorbed fibrinogen,
both in mono- or coculture. Moreover, an overall higher
proliferation rate over time and higher cellular metabolic
activities at later time points were observed for cocultures in
comparison to monocultures. The native morphology of both
HDFs and HaCaTs, which strongly differed between the two
cell types, was preserved on all fibrinogen topographies, and so
was the native phenotype of fibroblasts and undifferentiated
keratinocytes, indicated by expression of the cell-specific
marker proteins vimentin and cytokeratin-14, respectively. A
robust expression of fibronectin indicated a characteristic
provisional ECM-secreting phenotype of fibroblasts. To later
use fibrinogen scaffolds as biomimetic multilayered constructs
resembling the native skin, a successive coculture of both cells
was established on fibrinogen nanofibers and flat fibrinogen
until 14 days, which yielded confluent HaCaT cells in the
topmost layer with HDF cells below. Compared with planar
and physisorbed fibrinogen scaffolds, self-assembled fibrinogen
nanofiber scaffolds hold immense potential to serve as cell-free
wound healing constructs because their porous architecture
can facilitate nutrient and oxygen delivery and cell infiltration.
Moreover, the unique possibility of fibrinogen nanofibers to be
detached from an underlying substrate to serve as free-standing
scaffolds will facilitate future studies of cell growth at an air—
liquid interface that can mimic the native skin tissue
microenvironment even more closely.
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