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Objective  Bioengineered skin substitutes were created to address wound healing problems. Skin substitutes contains live human cells 
seeded onto a matrix to provide cytokine, growth factor and other proteins from ECM required to decrease healing time. These products 
are classified based on their durability, the cells seeded on them, and their originality. In this study, we aimed to investigate fibrin-collagen 
hydrogel as a new scaffold to design a bilayer temporary skin equivalent.
Methods  Fibrin gel was prepared by cross-linking fibrinogen with thrombin and mixing it with collagen type I. Human fibroblasts and 
keratinocytes were isolated from skin biopsies of healthy donors and foreskin and the cells were seeded onto three-dimensional hydrogel 
layer-by-layer. Morphological assessment, histological analysis, immunocytochemistry were performed to characterize the scaffold 
properties.
Results  The results of scaffold characterization demonstrated good porosity, cell viability, and biocompatibility of the scaffold.
Conclusion  Fibrin-collagen as a natural material in organotypic cell culture modeling demonstrates that hydrogel scaffolds can be properly 
designed to generate bilayer or composite temporary skin grafts.
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Introduction
Tissue engineering as a major component of regenerative 
medicine is now being marketed. Different types of product, 
especially in dermatology, are found globally. Despite its high 
cost, market studies show that the use of advanced wound 
dressing containing live skin cells has increased.1 Among the 
different types of skin substitutes, acellular dermal matrices 
have the biggest market share.2 Composite matrices derived 
from human keratinocytes, fibroblasts and bovine or porcine 
collagen developed by organogenesis are marketed as Apligraf. 
Orcel, TissueTech, and Theraskin composite products.3 Skin 
substitutes can be synthetic or natural.4 Of the synthetic and 
natural materials used to prepare skin substitute, hydrogels, 
and gels have advantages such as high exudate capacity, 
non-adherence, ease of removal from wounds, accelerated 
healing, pain and inflammation reduction, low cost, and easy 
development and handling5 for wound management.

Hydrogels are composites which are crosslinked by chem-
ical or physical methods in water. They are characterized by 
remarkable water-absorbing swellability.6 Significant efforts 
have been made in research and development to commer-
cialize hydrogels. Some hydrogel dressings synthesized by 
chemical cross-linking have appeared under the brand names 
of Geliperm, Curasol, and Tegagel.5 The major drawback of 
hydrogels is their low mechanical stiffness, which can be 
improved by mixing or crosslinking with other polymers.7

This study presents the preparation and characterization 
of a combination of collagen type I and fibrin as a natural com-
posite polymer and assesses the ability of skin-cell seeding onto 

a scaffold to generate a permanent full-thickness or dermal–
epidermal skin equivalent. We hypothesize that the addition of 
type I collagen to fibrin will increase the mechanical features 
of fibrin. It is shown that this scaffold is suitable for three-di-
mensional (3D) cell cultures and it is possible for clinical 
application as a skin substitute.

Materials and Methods
Isolation and Culture of Fibroblast
Human dermal fibroblasts were isolated from neonatal fore-
skin obtained at the time of circumcision, after receiving 
written informed consent from their parents. Samples were 
carried to the laboratory in DMEM medium containing  
10% (v/v) FBS and penicillin (100 IU/ml)-streptomycin  
(100 μg/ml) (All of them from Gibco, Thermo Fisher Scien-
tific). Before working with samples they were washed three 
times in washing solution, PBS (Gibco, Thermo Fisher Scien-
tific) containing penicillin-streptomycin to remove of prob-
ably infection and any blood. Skin was cut into strips 1 cm 
wide using scalpel and this sample was incubated overnight in 
4°C in dispase 0.1% (Gibco, Thermo Fisher Scientific) for easy 
separation of epidermal layer from dermal layer. The dermis 
was cut into very small pieces (5 mm2) using curved scissors 
and these pieces were transferred into a collagenase type II (200 
IU/ml) (Gibco, Thermo Fisher Scientific) solution in an incu-
bator at 37°C for 2 h. Then, the suspension was centrifuged at 
500g for 5 min. The pellet was resuspended in culture medium. 
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The isolated cells were counted using hemocytometer (cell via-
bility determined using trypan blue exclusion) and then 
seeded into culture dishes at cell density of 2 × 105 cells/cm2 
(Fig. 1A–1C).

The cells were cultured in a CO2 incubator at 37°C and the 
culture medium was changed twice a week. The cells were sub-
cultured before they reached confluence by treating them with 
Trypsin-EDTA (Gibco, Thermo Fisher Scientific) for 5 min 
and a ratio of 1:3 was split into new dishes.8

Isolation and Culture of Keratinocyte
For separation of keratinocytes, the side up of skin was placed 
in 0.25% trypsin and then incubated at 37°C for 30 min. Then, 
it was transferred into a 15-ml centrifuge tube and was vor-
texed gently for 2 min, and then the same volume of FBS was 
added to inhibit the action of the trypsin. The suspension was 
centrifuged at 500g for 5 min, the supernatant was discarded 
and the cell pellet was resuspended in Keratinocyte Growth 

Fig. 1  �Cells isolation and characterization. (A and B) Foreskin preparation for keratinocyte and fibroblast isolation. (C) White arrow shows 
cell pellet after centrifuge. (D) Expanded confluent Keratinocyte from cornified layer of epidermis cultured in KGM. All of these cells 
were stained for CK14 and EpCAM and analyzed by flow cytometry. Representative phase-contrast images of these cells seeded on 
tissue culture plastic (Right) (Scale bar: 100 µm). (E) Keratinocytes from basal layer of epidermis were stained for CD14 and EpCAM. 
(F) Fibroblasts were stained for Vimentin and CD90 and analyzed by flow cytometry. Phase-contrast micrograph of cells at passage 
three expanded on cell culture plastic (Scale bar: 100 µm). KGM, keratinocyte growth medium.
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with cells.12 (Fig. 2F). Sections of paraffin-embedded hydrogel 
which contain keratinocyte and fibroblast cells were depa-
raffinized (xylol, 5 min), dehydrated (ethanol 100-96-80-70-
50%, 2 min each), and washed in PBS (5 min). The sections 
were incubated for 30 min in 0.3% Triton X-100 (Sigma-Aldrich, 
USA), and blocked in 10% BSA in PBS (Sigma-Aldrich, USA) 
for 30 min. Immunostaining was performed using a primary 
antibody, CK14 (BD Bioscience, USA) for keratinocytes, 
Vimentin (Abcam, USA) for fibroblasts cells seeded into 
hydrogel followed by a FITC-conjugated secondary antibody 
(Dako, Switzerland). Pictures of immunofluorescence staining 
were taken with the FITC-filter sets in the fluorescent micro-
scope (Olympus, Japan)10 (Fig. 3G–L).

Results
Figure 1 shows the morphology of fibroblast cells from the 
dermis and keratinocytes from the epidermis. Expression of 
the cell markers was analyzed by flow cytometry for CK14 and 
Epcam FITC-conjugated antibodies for keratinocyte cells and 
CD90 and Vimentin for fibroblast cells. As shown, the expres-
sion of CK14 and EpCAM differ in different culture media at 
75.2% and 0.341%, respectively, for cells cultured with KGM-
Gold Keratinocyte Growth Medium SingleQuot (Lonza; 
Sweden). The CK14 and EpCAM markers measured by flow 
cytometry for keratinocyte cells cultured with Keratinocyte 
Growth Medium (Epilife Medium; Thermo Fisher Scientific) 
were 0.087% and 98.5%, respectively. CD90 and Vimentin for 
fibroblast cells were 99.2% and 99.6%, respectively.

We isolated and cultured keratinocyte from the basal layer 
of the epidermis and cornified layer. As expected, the length of 
viability were different for fibrin-collagen hydrogels. Cells from 
the basal layer contain proliferative keratinocytes which have 
unlimited self-renewal. Unlike keratinocytes from the cornified 
layer, basal layer keratinocyte cells were able to proliferate for 
more than one month in a hydrogel scaffold. SEM images of 
freeze dried hydrogel without cells are shown in Fig. 2D. In this 
image, high porosity and open interconnected geometry of the 

Fig. 2  �Scaffold preparation and characterization. (A) Typical view of 
fibrin-collagen hydrogel. (B) Trilaminar fibrin network after 
gelation. (C) Freeze dried hydrogel. (D) Representative SEM 
image of fibrin-collagen hydrogel (scale bars: 50 µm).  
(E) ImageJ analysis of SEM image to analysis pore size and area.

A B C

D E

Medium (Epilife Medium) (Gibco, Thermo Fisher Scientific). 
In addition, we used another cell culture media for keratino-
cyte cell culture. The cell pellet was resuspended in KGM-Gold 
Keratinocyte Growth Medium SingleQuot (Lonza, Sweden). 
Epidermal cells for both of them were attached within 24–48 h 
and the cells began to spread out on dish. The culture medium 
were changed daily and the dishes were confluent by 10–15 
days (Fig. 1A–1C).

Characterization of Fibroblast and Keratinocyte
For characterization of keratinocytes and fibroblast, common 
types of monoclonal antibodies were used consequently: anti-
human EpCAM produced in mouse and cytokeratin  
14 (CK14) for keratinocyte and CD90, Vimentin for fibroblast 
(all from BD Bioscience, USA). The cells were fixed using 4% 
formaldehyde (Sigma-Aldrich, USA) and after three times of 
washing with PBS, antibodies were incubated on the cells for  
1 h at 4°C. The positive cells were detected using fluorescence 
microscope (Zeiss, Germany) (Fig. 1D–1F).

Scaffold Preparation
Fibrin hydrogel were made using human type I plasma fibrin-
ogen at a concentration of 10 mg/ml in the presence of 
thrombin at a concentration of 100 U/ml (both from 
Sigma-Aldrich, USA) were used in a 3:1 ratio, respectively. 
The collagen gel mixture was prepared using rat tail type I gel 
(Sigma-Aldrich, USA), then collagen gel combined with 0.2 ml 
neutralization buffer containing 0.15M sodium hydroxide 
(NaOH) to obtain a pH of about 7.49,10 (Fig. 2A and 2B).

Freeze Drying and Scanning Electron Microscopy
The obtained hydrogel was dried under freeze dryer (CHRIST 
Alpha 1-4 LD plus, Germany) at −50°C and 150 µmHg for 24 
h followed by freezing at 70°C for 5 h (Fig. 2C). All samples 
were kept in room temperature for further analyses. Freeze 
dried samples were analyzed for morphological assessment 
and pore size evaluation by Scanning Electron Microscopy 
(SEM, Zeiss) observations. Samples were frozen in liquid 
nitrogen, fractured and gold coated before scanning.11 (Fig. 2D 
and 2E).

Fibroblast and Keratinocyte Culture onto Hydrogel
Fibroblasts (5 × 104 cells/gel) were centrifuged and resus-
pended in 100 µl DMEM (Gibco, Thermo Fisher Scientific) 
and mixed with 3 ml of prepared hydrogel. The combination of 
the cell and fibrinogen solution was placed in a 6-well cell cul-
ture plate. Then, thrombin was added to each well and kept at 
room temperature for 10 min followed by 1 h at 37°C in an 
incubator containing 5% CO2.

10 In same procedure, keratino-
cytes (5 × 104 cells/gel) was prepared separately and added to 
the top of fibroblast layer in the same process. KGM Medium 
(Gibco, Thermo Fisher Scientific) added to the well for 1 day 
and then processed, and paraffin-embedded for histological 
analysis (Fig. 3A–3C).

Histological Staining and IHC
The cell seeded scaffold was fixed using 10% formalin, pro-
cessed, and paraffin-embedded. Paraffin sections (3 µm) were 
stained with Hematoxylin and Eosin (Sigma-Aldrich, USA) to 
assess the histological morphology of the fibrin-collagen 
hydrogel (Fig. 2D and 2E). Masson’s trichrome staining was 
performed to distinguish the collagen content in the hydrogel 
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pores were observed which allowed cells to become trapped in 
the scaffold and migrate through it successfully. ImageJ analysis 
of the SEM image is shown in Fig. 2E, where 51.086% of the area 
is composed of pores and the mean ± SD of the size of the pore 
is 42.38 Feret diameter. Despite the advantages of fibrin as a 
bioscaffold for skin engineering, the application of fibrin-based 
scaffolds is limited due to their poor mechanical properties and 
fast biodegradability.13

Figs. 3A and 3D shows cells at the time of seeding and at 
3 and 7 days after seeding onto hydrogel (Figs. 3B and 3C). 
These images reveal that cells can proliferate after encapsula-
tion and have suitable migration during 3D culture. The col-
lagen is added to the fibrin to address this problem. 
Fibrin-collagen hydrogels were thus prepared as described 
above and Masson trichrome staining confirmed the presence 
of collagen in the scaffold (Fig. 3F). Immunofluorescence 
staining for fibroblasts and keratinocyte cells stained with 
CK14 and Vimentin (Figs. 3G–3L) was present after cell 
seeding on day 7.

Discussion
Hydrogels were first introduced by Wichterle and Lim5,14 as 
crosslinked 2-hydroxyethyl methacrylate hydrogels and have 
been applied in numerous applications because of their hydro-
philic features. Subsequently, synthetic and natural hydrogels 
have been fabricated using different materials.15,16 Some fea-
tures of hydrogel can promote epithelialization of the wound 
and make hydrogel of interest as a wound dressing. Exudate 
uptake from bed wounds promotes fibroblast proliferation and 
keratinocyte migration, efficient delivery (slow release) of bio-
active molecules (antimicrobial agents, biomacromolecules, 
growth factors and other small molecule agents) to the wound 
bed.7,17 Hydrogels are the best choice compared with other 
dressings because of their elasticity and flexibility, which are 
requirements of ideal wound dressings.7

One of the most promising areas for hydrogels is tissue 
engineering. Three-dimensional networks of hydrogel allow 
desirable cellular encapsulation, proliferation and survival, 

Fig. 3  �Three-dimensional skin cell 
culture. (A–C) Phase-contrast 
image of fibroblasts at the 
time of seeding and 7 days af-
ter cell seeding into hydrogel 
(Scale bar: 100 µm). (D and E) 
Hematoxylin/eosin staining 
of hydrogel contain kerat-
inocyte cell at the time of 
seeding and 7 days after cell 
seeding into hydrogel (Scale 
bar: 100 µm). (F) Masson’s 
trichrome staining to show 
collagen content of hydrogel. 
(G–L) Immunofluorescence 
staining for human CK14 and 
vimentin show two layers of 
skin substitute at day  
7 after cell seeding. DAPI 
stains the nuclei in blue. 
(Scale bar = 50 µm).
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biodegradability, biocompatibility and similarities to the nat-
ural extracellular matrix that are unique in comparison with 
other scaffolds.18 Despite these advantages and the weak 
mechanical properties, a major challenge to hydrogel scaffolds 
is the difficulty associated with engineering complex tissues 
with multiple cell types, especially as a bioengineered skin sub-
stitute. Therefore, hydrogel scaffolds developed for tissue engi-
neering should typically be assessed for their properties.18,19

Biological, physicochemical, and topographical surface 
characteristics of scaffolds are vital parameters in controlling 
and affecting cellular adhesion and proliferation.20 In this 
study, we present a natural composition of hydrogel for skin 
cell culture. The engineered hydrogels have been synthesized 
using self-assembled fibrin-collagen which mimics the com-
ponents of the native ECM. Fibrin-based biomaterials as cell 
carriers have been widely investigated in recent decades.21 
Injectable fibrin gel known as fibrin glue has been investigated 
more than other forms.22,23 Less attention has been paid to 
fibrin as a scaffold for skin regeneration due to its low mechan-
ical properties.24

Because of the important role of fibrin, it can be a suitable 
scaffold to accelerate wound healing. We investigated a 
method of natural crosslinking with collagen type I to enhance 
the mechanical features of fibrin. The trilaminar structure of 
fibrin after fabrication was visualized by phase-contrast 
microscopy in Fig. 2B. We show here that the optimal concen-
tration of hydrogel was isolated and cultivated skin cells could 
be seeded on it as a 3D scaffold. Kretzschmar et al.25 and 
Watt26 showed that, within the epidermis, proliferation takes 
place in the basal layer of keratinocytes having unlimited 
self-renewal capacity that expresses different cell markers in 
comparison with other layers. In organotypic cultures, kerati-
nocytes from the cornified layer are cultivated at the air–
liquid interface.27

In this study, keratinocytes were cultivated from different 
layers of the epidermis. The study shows that basal cell layer 
keratinocytes are more vital in a 3D cell culture onto hydrogel 
in comparison with the cornified cell layer. Flow cytometry of 
select markers revealed differences between keratinocyte cells 
and high expression of fibroblast cell markers.28 Hematoxylin 

and eosin staining of a hydrogel at the time of seeding and 
after cell seeding revealed that fibrin-collagen hydrogel is suit-
able as a scaffold. Importantly, the potential of fibrin-collagen 
hydrogel for tissue-engineered dermal and epidermal skin 
grafts after 3D cell culture were confirmed by immunofluores-
cent staining. These results show improvement in maintaining 
skin cells in 3D hydrogels as a next generation skin equivalent 
for the treatment of full-thickness defects.

Conclusion
Accelerating hydrogel-based dressings have attracted consider-
able research interest due to their unusual properties and var-
ious applications. The combination with hydrogels show 
potential on full-thickness wounds with irregular margins, 
although further study is necessary to evaluate different syn-
thetic and natural materials in a clinical setting for enhanced 
skin regeneration. Further studies should be planned to address 
a novel method of fabrication that is cost-effective, effective for 
drug loading, fixing of defects in design or feature, and to improve 
efficacy. The fibrin-collagen hydrogel offers stability and human 
fibroblasts and keratinocytes provide viable components to pro-
duce dermal and epidermal skin replacement. In an ongoing 
study, we have recently developed a fibrin-collagen hydrogel as 
a scaffold for skin cell culture. We anticipate the completion of 
this study for the release of these novel results. We believe that, 
as a fibrin-collagen wound dressing, it has great potential clin-
ical applications for wound healing.
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