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Abstract 

Skin injuries are frequently encountered in daily life, but deep wounds often poorly self-heal and do not 
recover completely. In this study, we propose a novel skin patch that combines antibiotic, cell-derived 
extracellular matrix (ECM) and biocompatible polyvinyl alcohol (PVA) hydrogel.  
Methods: Decellularized human lung fibroblast-derived matrix (hFDM) was prepared on tissue culture 
plate (TCP) and PVA solution was then poured onto it. After a freeze-thaw process, PVA was peeled off 
from TCP along with hFDM tightly anchored to PVA. Subsequently, ciprofloxacin (Cipro)-incorporated 
PVA/hFDM (PVA/Cipro/hFDM) was fabricated via diffusion-based drug loading.  
Results: In vitro analyses of PVA/Cipro/hFDM show little cytotoxicity of ciprofloxacin, stability of hFDM, 
rich fibronectin in hFDM, and good cell attachment, respectively. In addition, hFDM proved to be 
beneficial in promoting cell migration of dermal fibroblasts and human umbilical vein endothelial cells 
(HUVECs) using transwell inserts. The antibacterial drug Cipro was very effective in suppressing colony 
growth of gram-negative and -positive bacteria as identified via an inhibition zone assay. For animal study, 
infected wound models in BALB/c mice were prepared and four test groups (control, PVA, PVA/Cipro, 
PVA/Cipro/hFDM) were administered separately and their effect on wound healing was examined for up 
to 21 days. The results support that Cipro successfully reduced bacterial infection and thus encouraged 
faster wound closure. Further analysis using histology and immunofluorescence revealed that the most 
advanced skin regeneration was achieved with PVA/Cipro/hFDM, as assessed via re-epithelialization, 
collagen texture and distribution in the epidermis, and skin adnexa (i.e., glands and hair follicles) 
regeneration in the dermis.  
Conclusion: This work demonstrates that our skin patch successfully consolidates the regenerative 
potential of ECM and the antibacterial activity of Cipro for advanced wound healing. 
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Introduction 
Skin is the largest organ in the human body and 

has special functions such as physically blocking 
pathogens, excreting metabolic wastes, maintaining 
body moisture, and regulating body temperature [1]. 

Once injured, a cascade of wound healing processes 
immediately takes place. Wound healing is a 
complicated but highly regulated biological event 
involving specific immune cells (leukocytes, 
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macrophages), tissue cells (fibroblasts, keratinocytes, 
endothelial cells), and a variety of cytokines or growth 
factors (TNF-α, TGF-β, PDGF, VEGF, FGF). 
Eventually, wounds recover structural integrity and 
normal functions as a result of spatio-temporally 
controlled interactions among cells, growth factors, 
and extracellular matrix (ECM).  

Among numerous cases of skin injuries, bacterial 
infection is often problematic and can lead to a 
chronic wound. This happens because the toxins 
produced by bacteria trigger inflammation by 
stimulating inflammatory cells to release 
pro-inflammatory cytokines [2]. For this reason, 
wound dressings with antibacterial activity that can 
suppress infections and consequently facilitate wound 
healing are extensively investigated. One study 
developed a hydrogel-based wound dressing with 
different ratios of Ag/graphene. In a rat wound 
model, the composite hydrogels were able to 
accelerate the healing process and as a result 
reconstructed a thick epidermis layer [3]. Another 
hybrid dressing of antibiotic-loaded poly(DL-lactic- 
co-glycolic acid) and spongy collagen also supported 
early onset of wound healing by slowly releasing 
gentamicin from the dressing [4]. These examples 
illustrate the benefits of wound dressings equipped 
with antibacterial agents for a better healing outcome. 

Similarly, ECM is considered a key player in skin 
wound healing progression involving ECM 
degradation, new ECM synthesis, and ECM 
remodeling. Cell-ECM interactions are predominantly 
mediated via cell surface receptor integrins that bind 
to ECM. Recent studies have reported that 
interactions between cells and wound-associated 
ECMs, such as fibrin, fibronectin, and collagen, have a 
great influence on wound healing [5]. They serve as 
provisional matrix proteins in wound repair. In 
addition, ECM interacts with growth factors. These 
growth factors could recognize ECM and bind to 
ECM in order to prevent them from early degradation 
[6]. Cell attachment to ECM could enhance the growth 
factors production mechanisms of cells.  

Considering the significant role of ECM, Cho et 
al. combined human adipose-derived soluble ECM 
with methylcellulose to make an injectable 
thermosensitive hydrogel [7]. By embedding stem 
cells in this hydrogel and applying them to in vivo 
cutaneous wounds, they noticed rapid healing 
marked by re-epithelialization and new blood vessel 
formation. Similarly decellularized ECM derived 
from human placenta was fabricated as a scaffold for 
treatment of a full thickness wound model [8]. The 
outcome shows that the ECM scaffold provided the 
cells with a supportive microenvironment and thus 
promoted better wound healing.  

In this study, we have attempted to produce a 
novel skin wound patch that physically combines 
cell-derived ECM and an antibacterial agent together. 
The hypothesis is that our patch retains both functions 
and thus provides more advanced therapeutic 
benefits toward skin wound healing. For this purpose, 
ciprofloxacin was selected as an antibiotic due to its 
extensive use in wound healing applications and wide 
spectrum activity against gram-positive and -negative 
bacteria [9]. Human lung fibroblast-derived matrix 
(hFDM) was chosen to recapitulate the native ECM 
microenvironment upon the mounting benefits of 
cell-derived matrices in the field of tissue engineering 
and regenerative medicine [10]. To deliver 
ciprofloxacin and hFDM, a hydrogel dressing based 
on polyvinyl alcohol (PVA) was employed due to its 
humid environment, excellent biocompatibility, and 
viscoelastic property [11]. More importantly, without 
the use of chemicals, PVA can be crosslinked 
physically via freeze-thawing processes. Herein, we 
developed a ciprofloxacin-loaded PVA/hFDM patch 
and investigated its efficacy for wound healing using 
infected skin wound animal models. This work 
demonstrates that PVA/Cipro/hFDM is effective as a 
skin patch in facilitating wound healing, especially 
skin adnexa (i.e., glands, hair follicles) regeneration 
and, therefore, it can be a promising candidate for 
advanced skin regeneration. 

Materials and Methods 
Fabrication of PVA/hFDM membrane 

To prepare a human lung fibroblast-derived 
matrix (hFDM), human lung fibroblasts (WI-38, 
CCL-75; ATCC) were seeded (2×104/cm2) in 24-well 
plate and cultured for 7 days in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% 
fetal bovine serum (FBS), 100 U/mL penicillin, and 
100 µg/mL streptomycin under normal culture 
condition (5% CO2, 37 °C). The medium was changed 
every 2-3 days. After several washings with 
phosphate buffered saline (PBS), cells were subject to 
decellularization using 0.25% Triton-X 100 and 50 mM 
NH4OH (221228, Sigma), followed by incubation with 
50 U/mL DNase I (18047-019, Invitrogen) and 2.5 
µL/mL RNase A (12091-039, Invitrogen) at 37 °C for 2 
h. Once the decellularized hFDM was rinsed with PBS 
several times, 7% (w/v) aqueous polyvinyl alcohol 
(PVA) (MW 146,000-186,000; 363065, Sigma) was 
added onto the hFDM. Crosslinking of PVA hydrogel 
was carried out via storage at -20 °C for 24 h and 
subsequent thawing at room temperature for 1 h. PVA 
hydrogel coupled with hFDM was then carefully 
peeled off from the tissue culture plate using forceps 
and transferred to a new plate. To evaluate the stable 
anchorage of hFDM to PVA, this PVA/hFDM 
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membrane was ultrasonicated in an ultrasonic cleaner 
(Powersonic 603; Kleentek) with the highest power 
setting for 5 min at 25 °C. Such operation was 
repeated for up to 3 cycles. For each cycle, the 
condition of hFDM was evaluated under a light 
microscope (Axio Vert.A1; Carl Zeiss). 

Ciprofloxacin loading and release test 
To incorporate an antibiotic drug, ciprofloxacin, 

into the PVA/hFDM membrane, different 
ciprofloxacin (17850, Sigma) concentrations (1, 10, and 
20 mg/mL) were prepared in 0.1 N hydrochloric acid 
(HCl). To each of these solutions (2 mL each), 
PVA/hFDM membrane was soaked and incubated 
for 30 min at 37 °C. Then, ciprofloxacin-loaded 
PVA/hFDM (PVA/Cipro/hFDM) was carefully 
removed and the remaining solutions were weighed 
to measure changes in weight. The percentage of 
ciprofloxacin incorporated was calculated by the 
weight difference of solutions before and after 
ciprofloxacin loading. For the release study of 
ciprofloxacin, PVA/Cipro/hFDM was incubated in 
PBS at 37 °C and aliquots were taken at specific time 
points, along with subsequent replacement of fresh 
PBS. Measurement of ciprofloxacin content was 
carried out using a spectrophotometer at 355 nm. 

Examination of cell viability and adhesion 
Cell viability of the PVA-based membranes was 

evaluated using a LIVE/DEAD Viability/ Cytotoxi-
city Kit (MP03224; Invitrogen) according to the 
manufacturer’s instruction. PVA and PVA/Cipro 
were initially coated with 0.5% (w/v) gelatin for 30 
min to allow cell attachment, because of poor cell 
attachment to PVA itself. We compared gelatin-coated 
PVA (equally treated with 0.1 N HCl solution) and 1 
mg/mL ciprofloxacin-treated PVA (PVA/Cipro) 
against TCP (control). Mouse fibroblasts (NIH3T3, 
CRL-1658; ATCC) were then seeded (2×104/cm2) and 
cultured for 24 h. Once the medium was aspirated, the 
cells were incubated with LIVE/DEAD solution for 30 
min at 37 °C, and mounted on a glass coverslip. Live 
and dead cells were identified by green and red 
fluorescence, respectively, using a confocal laser 
scanning microscope (Fluo View FV1000; Olympus). 
The percentage of cell viability was calculated from 
five random images (1×105 μm2) by comparing the 
number of green and red cells via image J (NIH) from 
three replicates of each group. In addition, to assess 
the quality of PVA/hFDM during the drug loading 
process, PVA/hFDM was treated with 0.1 N HCl and 
examined for ECM quality and cell adhesion, along 
with PBS-treated PVA/hFDM as a control group. 

Immunofluorescence 
Samples were initially fixed using 4% 

formaldehyde for 30 min at room temperature, 

permeabilized with 0.1% Triton-X 100, and blocked by 
1% bovine serum albumin (BSA) for 1 h at room 
temperature. At each step, samples were washed 
three times with PBS. They were then incubated with 
primary antibodies for 1 h at 4 °C, rinsed several times 
with PBS, and subsequently treated with secondary 
antibodies for 1 h at room temperature. After a 
thorough washing, the samples were mounted on 
microscope cover glasses using vectashield® 
mounting medium with 4', 6-diamidino-2-phenylin-
dole (DAPI) (H1200; Vector Lab.) for nucleic labeling 
and fluorescence images were then collected using a 
confocal laser scanning microscope (Carl Zeiss). The 
primary antibodies were mouse anti-fibronectin 
(SC-8422; Santa Cruz Biotechnology), mouse 
monoclonal anti-vinculin (sc-73614; Santa Cruz), and 
rabbit polyclonal anti-connexin 43 (ab11370; abcam). 
The secondary antibodies were Alexa Fluor 
488-conjugated goat anti-mouse IgG (A11001; 
Invitrogen) and rhodamine red-X goat anti-rabbit 
(R6394, Invitrogen), while cell cytoskeleton f-actin 
was stained using rhodamine phalloidin (R415; Life 
Technology). The cell area was analyzed by manually 
selecting the cell borders via image J. Similarly, cell 
density was also calculated from the images of nuclei 
staining. A total of 50 cells was chosen from three 
replicates of each group. 

Chemotaxis effect of hFDM 
To prepare proper samples for chemotaxis study, 

hFDM was freeze-dried and digested using 1 mg/mL 
pepsin in 0.01 N HCl at 37 °C for 48 h. This hFDM 
suspension was then neutralized via 0.1 N NaOH and 
the protein content was quantified using a BCA 
protein assay kit (23250; Thermo Scientific). For 
chemotaxis effect, three different concentrations (25, 
50, and 100 μg/mL) of soluble hFDM were prepared 
in DMEM without the addition of FBS. For 
comparison, DMEM with 10% FBS served as a 
positive control and without serum (0% FBS) was a 
negative control. Cell migration across transwell 
inserts was investigated using two types of cells, 
human umbilical vein endothelial cells (HUVECs) 
(C2517A; Lonza) and human dermal fibroblasts 
(HDFs) (CRL-2522; ATCC). Cells were seeded at 5×104 
cells in 8 μm pore diameter transwells (353182; 
Falcon) filled with medium without FBS. The lower 
chamber was occupied with hFDM suspension, 
negative control, or positive control. The overall 
experimental schematic is shown in Figure S1. Cell 
migration was allowed for 3 and 6 h with HDFs and 
HUVECs, respectively. Then, cells in the lower 
chamber were stained with 0.2% (w/v) crystal violet 
and counted under a light microscope (Axio Vert.A1; 
Carl Zeiss). In each well, five random images (3×105 
μm2) from three replicates of each group were taken 
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and the number of cells was determined. 

Gap junctional communication of HUVECs 
HUVECs and red fluorescence protein- 

expressing HUVECs (RFP-HUVECs, cAP-0001RFP; 
Angio-Proteomie) were separately seeded (2×104 
cells/cm2) on gelatin-coated coverslips and hFDM, 
respectively. Once they reached confluence, HUVECs 
were labeled with 4 μM calcein AM (C1430; 
Invitrogen) for 30 min and washed three times with 
PBS. The labeled HUVECs were then trypsinized and 
transferred for co-culture with RFP-HUVECs. Calcein 
AM-labeled HUVECs on gelatin were transferred to 
RFP-HUVECs seeded on gelatin, and those on hFDM 
were also moved to RFP-HUVECs on hFDM. 
Co-cultured cells were incubated for 24 h and 
observed under a fluorescence microscope for calcein 
dye transfer. Calcein dye-transferred cells were 
determined by counting the number of RFP-HUVECs 
(red) with calcein dye (green), and the result was 
marked as the percentage of RFP-HUVECs stained 
with green dye collected from at least 50 
RFP-HUVECs in each replicate (n = 3). In addition, 
five random immunofluorescence images (1×105 μm2) 
of connexin 43 (Cx43)-positive cells were analyzed via 
image J by thresholding the Cx43 signals to obtain 
their area. The average Cx43 positive area was 
normalized to the cell area. Each group contained 
three replicates.  

Antibacterial activity in vitro 
A total of four gram-negative and -positive 

bacterial strains were employed for zone inhibition 
assay: Escherichia coli (25922; ATCC), Pseudomonas 
aeruginosa (27853; ATCC), Staphylococcus epidermidis 
(12228; ATCC), and Staphylococcus aureus (25923; 
ATCC). They were grown aerobically in Mueller- 
Hinton broth (Difco Laboratories, Detroit, MI) at 35 °C 
for 18 h. A disc diffusion test was carried out 
according to the guidelines of the Clinical and 
Laboratory Standards Institute using Mueller-Hinton 
Agar [12]. Briefly, the agar surface was inoculated by 
using a swab dipped in the bacterial cell suspension 
with a turbidity of 0.5 McFarland standard units and 
then allowed to dry for approximately 5 min. The test 
samples (PVA, PVA/Cipro, PVA/Cipro/hFDM) 
were placed on the agar surface and the susceptibility 
plates were incubated at 35 °C for 16-18 h. Especially 
for PVA/Cipro/hFDM, the sample was positioned on 
the agar plate so that the hFDM side directly 
contacted bacteria culture. Inhibition zones around 
the discs were measured in millimeter using a ruler.  

Infected skin wound model in vivo 
Female 6-8-week-old BALB/c mice were used 

for animal experiments following the guidelines of the 
Institutional Animal Care and Use Committee, Kyung 

Hee University. The wound infection model described 
herein is in accordance to the literature by Kopecki et 
al [13]. A single full-thickness wound was made in the 
dorsal region of the mice, followed by bacterial 
infection of S. aureus (107 CFU/100 μL) administered 
via gauze to the wound area. 6 h post-bacterial 
infection, the gauze was removed and the wounds 
were treated with PVA, PVA/Cipro, or PVA/Cipro/ 
hFDM. The surgical procedure for patch application 
to the wounded mouse model is shown in Figure S2. 
The patches were replaced every 3-4 days. Infected 
wound without any treatment was used as a control. 
Bacterial swabs from the injury site were collected 6 h 
post-treatment and bacterial viability was examined 
by colony forming unit assay. Progression of wound 
healing was monitored by photographic records at 
specific time points and presented quantitatively as 
the percentage of wound size relative to the original 
wound scale. In each group, the animals were 
sacrificed on day 21 (n = 3). 

Histology 
Skin tissue samples from wound areas were 

harvested and fixed in 10% formalin. After imbedding 
in paraffin block, they were bisected across the wound 
site or cross-sectioned along the tissue. Hematoxylin 
and eosin (H&E) staining was carried out to evaluate 
morphological characteristics of the epidermis and 
dermis regions. The thickness of the epidermis was 
measured at 15 and 21 days using microscopic images 
of H&E staining, based on three replicates per animal 
and each replicate with three random epidermal 
regions. Similarly, microvessel density was also 
determined from tissue samples on day 21 by 
counting the number of microvessels from three 
different regions in the regenerated dermis layer and 
by averaging them per unit area. Collagen deposition 
and its distribution were observed via Masson’s 
trichrome staining. In addition, identification of Cx43 
protein was carried out using immunohistochemistry 
of histological samples with a heat-mediated antigen 
retrieval process. Briefly, the samples were 
deparaffinized and rehydrated by sequential 
immersion in xylene, ethanol, and water. Antigen 
retrieval was carried out by heating the hydrated 
samples at 98 °C for 2 min via microwave. Then, the 
samples were subject to immunofluorescence of Cx43 
and quantitatively analyzed as described earlier. The 
quantity of Cx43 was calculated from five random 
images with three replicates of each group (n = 3). In 
addition, for neovascularization analysis, immuno-
fluorescence of CD31 (an endothelial cells marker) 
was carried out: the primary antibody was rabbit 
polyclonal anti-CD31 (ab28364) diluted in 1% BSA at 
1:200; the secondary antibody used was Alexa Fluor® 
594-conjugated donkey anti-rabbit IgG (H+L) 
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(A21207) diluted in 1% BSA at 1:200. 

Statistics 
All data presented are mean ± standard 

deviation. Statistical analysis was performed using a 
two-tailed (α = 0.05) Student’s t-test for the 
experiments with two experimental groups. One-way 
ANOVA with a post hoc Tukey’s multiple 
comparison test was applied for more than three test 
groups. A statistically significant difference is denoted 
as * (p < 0.05), ** (p < 0.01), or *** (p < 0.001). 

Results 
Fabrication and characterization of 
PVA/Cipro/hFDM 

Figure 1A depicts a schematic of the overall 
procedure for combining PVA hydrogel with hFDM. 
We prepared hFDM as previously reported [14], and 
confirmed the presence of the fibrillar structure of 
ECM via optical microscopy (Figure 1B). As a next 
step, PVA solution was poured onto hFDM and then 
subjected to freeze-thaw for the induction of physical 
crosslinking of the hydrogel [15]. A thin membrane of 
PVA/hFDM was peeled off using forceps without 

leaving hFDM on the plastic substrate (Figure 1B, 
inset). This process securely couples hFDM with PVA 
hydrogel. When hFDM was stained against 
fibronectin, it was clearly visible that hFDM was 
successfully transferred from TCP to PVA hydrogel 
(Figure 1C). Additionally, a cross-sectional image 
demonstrates a nicely formed interface between 
hFDM and PVA located on the surface of the hydrogel 
(Figure 1D). When we evaluated the stability of 
hFDM in the PVA/hFDM membrane via 
ultrasonication: even after 3 cycles of high-power 
ultrasonication, the anchorage of hFDM to PVA was 
still intact (Figure S3). Upon successful coupling of 
PVA and hFDM, we incorporated ciprofloxacin into 
PVA/hFDM in order to fabricate PVA/Cipro/hFDM. 
It seems that inclusion of ciprofloxacin inside PVA 
hydrogel is based on drug uptake during the hydrogel 
swelling process. Our results demonstrate that the 
drug loading efficiency was around 8%, independent 
of the initial ciprofloxacin concentration (Figure 1E). 
In addition, we found that the higher initial loading 
concentration, the faster ciprofloxacin release (Figure 
1F).  

 

 
Figure 1. Preparation of PVA/hFDM and ciprofloxacin-loaded PVA/hFDM. (A) Schematic illustration of the overall process in fabricating PVA/hFDM and 
ciprofloxacin-loaded PVA/hFDM. (B) Microscopic image of decellularized hFDM on TCP and the surface of TCP right after the transfer of hFDM into PVA hydrogel. 
Scale bar is 100 μm. (C) Immunofluorescence of FN in the PVA/hFDM. (D) Cross-sectional view of the interface (dashed red line) between PVA and hFDM. Scale bar 
is 50 μm. (E) Loading of ciprofloxacin with different initial concentrations into PVA hydrogel and (G) the release profile over 24 h in PBS at 37 °C. FN: fibronectin; 
hFDM: human lung fibroblast-derived matrix; PVA: polyvinyl alcohol; TCP: tissue culture plastic. 
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Effects of ciprofloxacin on cells and hFDM 
Cell viability and cell adhesion were examined 

because the use of acidic condition (0.1 N HCl) in 
preparing ciprofloxacin-loaded PVA membrane may 
be harmful to cells. At 24 h post-seeding, the two 
treatment groups (PVA and PVA/Cipro) exhibited 
few dead cells (Figure 2A), similar to that of control 
(Figure 2A, inset). The percentage of cell viability was 
comparable across groups (Figure 2B), indicating that 
the current platform is barely cytotoxic even in the 
presence of acidic ciprofloxacin solution. Another 
issue is the effect of the acidic condition on the 
biofunctionality of hFDM. We prepared PBS-treated 
and 0.1 N HCl-treated PVA/hFDMs, respectively and 
examined fibronectin, a major ECM component. Our 
result suggests that acidic solution treatment does not 
compromise the ECM protein contained in the hFDM 
(Figure 2C).  

Further analysis of hFDM as a substrate of cell 
adhesion showed that, as shown in Figure 2D, cells 
attached well and spread on both groups as evidenced 
by focal adhesion molecule (vinculin, green) and 
f-actin (red), respectively. Analysis of cell spreading 
area and cell density unveiled no significant 
difference between PBS-treated and 0.1 N HCl-treated 
PVA/hFDM (Figure 2E-F). These findings demon-
strate that the biofunctionality of hFDM, such as cell 
adhesion [16], is maintained after exposure to acidic 
condition during the ciprofloxacin loading process. 

Chemotaxis effect of hFDM 
To evaluate whether hFDM has a chemotactic 

activity, hFDM suspension was harnessed to 
investigate the motility of HUVECs and HDFs, 
respectively. Our results revealed that hFDM 
suspension could enhance cell motility as assessed via 
transwell migration assay (Figure 3A-B). 

 
 

 
Figure 2. Characterization of PVA-based membranes. (A) Cell viability test of mouse fibroblasts after 24 h culture on gelatin coated-PVA (treated with 0.1 
N HCl) and gelatin-coated PVA/Cipro (treated with 1 mg/mL ciprofloxacin) as evaluated via live/dead assay. Inset shows the cells cultured on TCP. (B) Quantitative 
analysis of cell viability based on image analysis of the live/dead assay. (C) Immunofluorescence of hFDM against FN in PVA/hFDM treated with either PBS or 0.1 N 
HCl. (D) Culture of fibroblasts on PBS-treated and 0.1 N HCl-treated PVA/hFDM, respectively. F-actin is stained red and focal adhesion molecule vinculin is shown 
in green. (E) Quantitative analysis of cell spreading area and (F) cell density based on image analysis of (D). All scale bars are 50 μm. Cipro: ciprofloxacin; FN: 
fibronectin; HCl: hydrochloric acid; hFDM: human lung fibroblast-derived matrix; PBS: phosphate buffered saline; PVA: polyvinyl alcohol; TCP: tissue culture plastic. 
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Figure 3. Chemotactic effect of hFDM. (A-B) Migration of HUVECs and HDFs, respectively, treated with different concentrations of hFDM suspension, as 
evaluated via transwell migration assay. The migrated cells are spotted using crystal violet staining. Red triangles designate migrated cells. Positive and negative 
controls are 10% FBS and serum-free conditions, respectively. Scale bars are 100 μm. (C-D) Quantitative comparison of the number of HUVECs and HDFs migrated 
through the transwell membrane. The cell number is normalized to that of positive control. Statistically significant difference: *p < 0.05 or **p < 0.01. HDFs: human 
dermal fibroblasts; hFDM: human lung fibroblast-derived matrix; HUVECs: human umbilical vein endothelial cells. 

 
Quantitatively analyzed, the chemotaxis effect of 

hFDM was concentration-dependent, showing more 
migrated cells with higher contents of hFDM (Figure 
3C-D). Interestingly, hFDM was much more effective 
in promoting cell migration with HDFs than 
HUVECs. The percentage of migrated cells was 
significantly improved with hFDM suspension 
compared to even that of the positive control.  

Gap junctional communication of HUVECs 
Observation of cell-cell communication via 

intercellular gap junction was carried out via a dye 
transfer assay that detects cell-to-cell interactions 
between calcein AM-labeled HUVECs (green) and 
RFP-HUVECs (red). Calcein dye can only be 
transferred from one cell to another when those cells 
directly contact through gap junction connection [17]. 
In that sense, RFP-HUVECs with calcein dye (green) 
are considered to be positive in terms of gap 
junction-mediated intercellular communication 
(Figure 4A). Quantitative analysis of dye transfer into 
RFP-HUVECs showed a much higher percentage of 
calcein-positive cells when cells were cultured on 
hFDM than on gelatin (Figure 4C). In order to 
elucidate this finding further, we examined Cx43, a 
gap junction protein [18] in the HUVECs; cells on both 

substrates showed expression of Cx43 (Figure 4B). 
However the expression level was more upregulated 
for those on hFDM as confirmed via image analysis, 
and the difference was statistically significant (Figure 
4D). 

Antibacterial assay in vitro 
To investigate the antibacterial activity of 

PVA/Cipro/hFDM via zone inhibition assay, both 
PVA/Cipro and PVA/Cipro/hFDM were compared 
against PVA alone (control). The results demonstrated 
that experimental groups containing ciprofloxacin 
showed excellent antibacterial activity, as indicated 
by the zone of inhibition (Figure S4A-D). 
Quantitatively, PVA exhibited a slight inhibition since 
E. coli was previously known to be susceptible to 
acidic pH [19]. This inhibition zone was much smaller 
than that of PVA/Cipro or PVA/Cipro/hFDM 
(Figure S4E). For the other strains, the capability of 
ciprofloxacin-containing PVA membranes to kill 
bacteria was excellent and comparable, whereas 
membranes without ciprofloxacin showed no 
bacterial inhibition (Figure S4F-H). These data 
support the fact that the presence of hFDM in PVA 
hydrogel has no negative impact on the antimicrobial 
activity of ciprofloxacin.  
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Figure 4. Gap junction-mediated cell-cell communication. (A) Dye transfer assay between calcein AM-labeled HUVECs (green) and RFP-HUVECs (red) 
after 24 h co-culture on gelatin and hFDM, respectively; the images in the left side show only the RFP-HUVECs, and the merged images of RFP-HUVECs and calcein 
AM-labeled HUVECs are on the right side. Positive signals (white triangles) are identified via the RFP-HUVECs (red) with green dye (calcein AM) uptake. (B) 
Expression of Cx43 protein (green) with HUVECs cultured on either gelatin or hFDM for 3 days, along with F-actin staining (red). (C) Percentage of calcein 
dye-positive RFP-HUVECs as calculated via image analysis after the dye transfer assay; the percentage was averaged by counting the number of dye-positive 
RFP-HUVECs against total RFP-HUVECs in a given image. (D) Quantitative evaluation of average Cx43 area per cell area. All scale bars are 50 μm. Statistically 
significant difference: *p < 0.05 or ***p < 0.001. Cx43: connexin 43; HUVECs: human umbilical vein endothelial cells; RFP-HUVECs: red fluorescence protein 
expressing HUVECs. 

 

Wound healing: epidermis and dermis 
regeneration 

A skin wound model infected with S. aureus, a 
common bacteria found in infected and non-infected 
wounds [20], was prepared and subsequently treated 
with PVA, PVA/Cipro, and PVA/Cipro/hFDM. 
Infected wound alone served as a control. Of 
particular interest is the effect of PVA/Cipro/hFDM 
that holds dual functions from ciprofloxacin, an 
antimicrobial agent, and hFDM, a supportive 
microenvironment for wound healing. We assume 
that the combination of drug and ECM could greatly 
help facilitate wound healing.  

Photographic observation at different time 
points showed the progression of wound healing with 
time (Figure 5A). Examination on day 3 revealed 
deposition of pus in the wounds treated without 
ciprofloxacin (control and PVA). The thick exudates 
of yellowish opaque liquid are a typical indicator of 
bacterial infection [21]. Treatments with PVA/Cipro 
and PVA/Cipro/hFDM exhibited no microbial 
activity. Bacterial counts taken from wound swabs 
indicate disappearance of bacterial colonies in the 
wounds when treated with ciprofloxacin. This is 
sharply contrasted with control and PVA groups 
where the number of bacteria is significantly high 
(Figure 5B). The size of the wounds in control, 
PVA/Cipro, and PVA/Cipro/hFDM groups became 

smaller with time (Figure 5C). These results 
demonstrate that wound treatments with 
ciprofloxacin could heal faster than those without 
antibiotic. The wound treated with PVA showed poor 
healing. 

For more detailed information about the wound 
healing progress, excised skin tissues in the wound 
areas were examined using H&E staining. Wound 
healing was still incomplete as observed at 15 days by 
the partial regeneration of the epidermis and dermis 
layers in all the groups (Figure S5A). A closer 
examination at high magnification shows the regions 
where the new epidermis appeared (Figure S5B); both 
control and PVA have poorly organized epidermis 
layers compared to PVA/Cipro and PVA/Cipro/ 
hFDM. Compared to the normal skin, the epidermis 
layer was relatively very thick in all groups (Figure 
S5C). At 3 weeks post-treatment, reepithelialization 
and advanced wound healing was apparent. From a 
macroscopic view, PVA/Cipro/hFDM showed the 
most promising wound regeneration similar to the 
unique features of normal skin (Figure 6A).  

From a microscopic examination, the neoepi-
dermis developed significantly different patterns of 
regeneration among the tested groups; interestingly 
neo-dermis from wounds treated with PVA/Cipro/ 
hFDM exhibited signs of skin adnexa (glands, hair 
follicles), a critical evidence of skin regeneration 
(Figure 6B). It is also notable that the thicknesses of 
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the epidermis of normal skin and the neoepidermis of 
the PVA/Cipro/hFDM-treated group were compara-
ble (Figure 6C). These findings strongly indicate a 
significant role of exogenously supplied hFDM in 
wound healing. Moreover, our results present that 
control and PVA-treated wounds have a much lower 
density of microvessels (yellow arrows) than those 
treated with PVA/Cipro and PVA/Cipro/hFDM 
(Figure 6D). Quantitatively, the microvessels density 
in the Cipro-loaded groups is similar to the level of 
normal skin, although in normal skin the microvessels 
are relatively bigger and more robust (Figure 6E). In 
addition, immunofluorescence of CD31 also suggests 
the same trend, demonstrating more advanced 
neovascularization after treatment with PVA/Cipro/ 
hFDM (Figure S6). 

Wound healing: collagen texture and gap 
junction protein 

In the process of wound recovery, synthesis of 
collagen and its remodeling take place during cell 
proliferation and tissue remodeling [6]. Our findings 
show the development of collagen synthesis and 
sequential remodeling at different time points. On 
day 15, collagen is being produced, as identified by 
blue color from Masson’s trichrome staining of whole 
sections of skin tissue samples (Figure S7A). Higher 
magnification (Figure S7B) reveals a large number of 

nuclei (black dots) in the dermis region, and this 
indicates the proliferation phase of fibroblasts and 
consequently collagen production via fibroblasts [6].  

On day 21, the macroscopic images strongly hint 
at much better skin regeneration with PVA/Cipro/ 
hFDM. It was obvious that collagen deposition is 
visibly more accumulated in the dermis region for the 
test groups, except PVA/Cipro/hFDM that shows 
rather an anisotropic collagen distribution (Figure 
7A). To our particular interest, the wounds treated 
with PVA/Cipro/hFDM present a distinct pattern of 
collagen texture and distribution similar to that of 
normal skin. Images at higher magnification showed 
that the collagen organizations of control, PVA, and 
PVA/Cipro are similar to each other but far from that 
of normal skin (Figure 7B). In a sharp contrast, 
PVA/Cipro/hFDM developed an organized collagen 
pattern that is fairly close to that of normal skin.  

Injuries always trigger inflammatory reactions 
and macrophages are deeply involved in the wound 
healing process. When we examined the macrophages 
(M0) population and their distribution at week 3, the 
PVA/Cipro/hFDM-treated group showed much 
fewer macrophages compared to PVA but a similar 
level to PVA/Cipro (Figure S8). The exact role of 
hFDM on the macrophage-mediated responses in vivo 
warrants further works. 

 
 

 
Figure 5. Infected skin wound model and transplantation of PVA-based membranes. (A) Infected wounds on the dorsal region of BABL/c mice and gross 
appearance of wound closure for up to 21 days (D0-D21). Scale bar is 5 mm. (B) Bacterial count (CFU) of the samples collected from the wound sites 6 h 
post-treatment. (C) Measurement of wound size as shown as percentage normalized to that of the initial wound size at day 0. Statistically significant difference: *p < 
0.05, **p < 0.01, or ***p < 0.001. CFU: colony forming unit; PVA: polyvinyl alcohol. 
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Figure 6. Skin regeneration in epidermis and dermis on day 21. (A) H&E staining of the excised skin tissues collected at 21 days post-treatments. Red 
arrows indicate the position of the initial wound areas. Dashed black boxes correspond to the enlarged areas shown in (B). Scale bar is 400 μm. (B) Higher 
magnification images of regenerated skin tissues, where white dagger (†) and double dagger (‡) denote the epidermis and dermis layers, respectively. Yellow triangles 
indicate the regenerated hair follicles and glands. Red boxes indicate the area magnified in (D). Scale bar is 200 μm. (C) Thickness of new epidermis. (D) Enlarged 
images show the presence of microvessels in the regenerated dermis as indicated by yellow arrows and the quantitative analysis of microvessel density. Scale bar is 
50 μm. Statistically significant difference: *p < 0.05, **p < 0.01 or ***p < 0.001. H&E: hematoxylin and eosin. 

 
Another investigation includes the expression of 

Cx43, a cell-cell junction protein. Inspection of the 
whole length of the wounds reveals that the dermis 
regions of control, PVA, and PVA/Cipro lack 
Cx43-positive signals. PVA/Cipro/hFDM-treated 
wound, however, presents considerable amount of 
Cx43 (Figure 8A). Enlarged images of the dermis 
areas show clear cell organization and Cx43 
expression pattern (Figure 8B). In normal skin tissue, 
the unique architecture of skin adnexa, such as glands 
and follicles, is present along with abundant 
expression of Cx43 protein. Additionally, the 
quantitative level of Cx43 expression was found to be 
much higher in PVA/Cipro/hFDM, as compared to 
control, PVA, and PVA/Cipro groups (Figure 8C). 
Although tested in in vitro conditions, the results in 
Figure 4D support indirectly the positive role of 
hFDM in improving Cx43 expression. 

Discussion 
The skin patch reported here was designed with 

the intention of harnessing the regenerative capability 
of cell-derived ECM (i.e., hFDM). Our group has been 

investigating hFDM as a valuable material source in 
tissue engineering and regenerative medicine and 
eventually we intend to transform it into advanced 
medical devices for wound dressing. hFDM does 
retain many beneficial assets that could facilitate 
tissue regeneration as documented in our previous 
works [22,23]. We have also reported the thickness of 
fibroblast-derived matrix 1700 ± 250 nm via atomic 
force microscopy and found major ECM components 
(fibronectin and collagen type I) in the hFDM [23,24]. 
Among many different cell types, we selected human 
lung fibroblasts due to their greater capacity of ECM 
synthesis in vitro over other cells (data not shown). 

In this work, a novel skin patch was created via a 
physically induced coupling of hFDM and bioinert 
PVA hydrogel, wherein there exists stable and tight 
contacts at the interface of the two materials. 
Obviously one of the biggest technical hurdles has 
been to make the extremely soft cell-derived ECM 
transferrable while keeping its original architecture 
and physical form intact. After numerous trials, we 
were able to establish our own enabling technology to 
successfully fabricate PVA/hFDM. In fact, various 
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technologies for wound healing have been explored 
by incorporating many different aspects, such as 
natural, modified, or synthetic polymeric materials, as 
well as nanotechnology or drug delivery systems 
[25,26]. Incorporation of antibacterial agents into skin 
patches is also an emerging concept for wound 
management [27]. To the best of our knowledge, 
combining a naturally derived ECM and antibiotic 
molecule in a single hydrogel system as shown in this 
study has never been reported.  

The ability of PVA to hold hFDM on its surface 
may be attributed to the adhesive nature of PVA 
hydrogel [28]. Interestingly, formation of this 
“green-bond” is one of the essential properties of 
adhesive hydrogels as dressing materials [29]. 
Another possibility is the physical interactions that 
enable the formation of a mechanical interlock 
between hFDM and PVA. In fact, we employed 
ultrasonication, a very powerful agitation instrument, 
to evaluate the stability of hFDM. The results show 

that most of hFDM is intact after repeated 
ultrasonication treatment (Figure S3). Another issue 
in the fabrication of PVA/hFDM is that there is a 
concern about FBS contamination during the transfer 
of hFDM onto PVA; FBS may cause undesirable 
immunological responses once transplanted. Once 
decellularized, we rinse the hFDM several times with 
PBS to get rid of cellular debris and FBS components. 
In addition, to examine protein adsorption onto 
hFDM, we incubated hFDM in albumin solution (2 
mg/mL) for 12 h and measured the protein contents 
via BCA assay. The result suggested that the proteins 
from FBS are rarely adsorbed onto hFDM (data not 
shown). 

The most interesting finding is that advanced 
wound repair including skin adnexa regeneration 
(glands, hair follicles) is possible using PVA/Cipro/ 
hFDM, where we observed the critical role of hFDM 
during wound healing. 

 

 
Figure 7. Analysis of collagen texture and distribution pattern on day 21. (A) Masson’s trichrome staining of the excised skin tissues on day 21 
post-treatments. Collagen and nuclei are indicated by blue color and black dots, respectively. Red arrows indicate the position of the initial wound areas. Dashed red 
boxes indicate the enlarged areas. Scale bar is 400 μm. (B) Higher magnification images show deposition of collagen and their distribution pattern in the epidermis 
and dermis. Scale bar is 50 μm. 
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Figure 8. Analysis of gap junction protein expression. (A) Immunofluorescence of Cx43 protein with the skin tissues retrieved at 21 days post-treatments. 
Cx43 and nuclei (DAPI) are indicated in red and blue color, respectively. Red arrows show the position of the initial wound regions. Dashed white boxes indicate the 
magnified areas. Scale bar is 500 μm. (B) Higher magnification images present the expression and organization of Cx43 protein in the regenerated dermis. Yellow 
triangles indicate the regenerated follicles and glands. Scale bar is 50 μm. (C) Quantitative analysis of Cx43-positive area per unit area (1×105 μm2). Statistically 
significant difference among control, PVA, PVA/Cipro and PVA/Cipro/hFDM: **p < 0.01 or ***p < 0.001. Cipro: ciprofloxacin; Cx43: connexin 43; DAPI: 4', 
6-diamidino-2-phenylindole; hFDM: human lung fibroblast-derived matrix; PVA: polyvinyl alcohol. 

 
Previous reports showed that ECM molecules, 

such as collagen, fibronectin, proteoglycan, and 
laminin, are critical components for cutaneous wound 
healing [30,31], let alone growth factors and cells. 
Although the exact role of hFDM in wound healing is 
unclear at this time, there are a few presumable 
scenarios, including the intrinsic potential of hFDM 
on angiogenesis. Our previous experiences strongly 
suggest the highly beneficial impact of hFDM on 
capillary-like structure formation on 2D substrate as 
well as in 3D environments [23,24]. We found that 
hFDM itself contains many angiogenic factors, such as 
basic fibroblast growth factor and hepatocyte growth 
factors among others [23]. Our study also noticed that 
new blood vessel formation was more active in the 
regenerated tissue when treated with 
PVA/Cipro/hFDM. Angiogenesis is an essential 
process that provides the regenerating tissue with 
nutrients and oxygen during the tissue repair process 
[32]. Regarding the new blood vessels, higher 
expression of gap junction protein in the presence of 
hFDM may explain the better neovascularization as 
shown in Figure 4D and Figure 8C. Among the gap 

junction proteins, Cx43 is the most common one in the 
skin tissue and plays a major role in the process of 
wound healing, such as dermal fibroblast migration 
[33]. Cx43 is also crucial in the wound healing stage 
because this protein is needed for vascularization of 
endothelial cells and angiogenesis [34,35]. 
Additionally our early studies support much 
upregulated expression of Cx43 on hFDM with a 
different cell type, cardiomyoblasts (H9c2), over 
fibronectin, a typical ECM molecule [14,33]. 

Moreover, the advanced wound regeneration via 
PVA/Cipro/hFDM can be explained by enhanced 
gap junction intercellular interactions at the wound 
site. The role of gap junction protein Cx43 in the 
wound healing process has been well documented 
[36]. One example is smooth transfer of oxygen and 
nutrients to the cells. The establishment of 
intercellular gap junction-mediated communications 
is deeply involved in the maturation of granulation 
tissue. This type of cell-cell crosstalk also directs the 
orientation of collagen-producing fibroblasts that in 
the end affect the arrangement of collagen fiber 
bundles [37] and restoration of dermal 
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histoarchitecture [38]. Obviously, well-organized 
development of ECM architecture is a crucial aspect 
during the wound healing process. 

On the other hand, investigations about the 
chemotactic effect of hFDM in vitro showed an 
interesting finding in a sense that its chemotactic 
properties are dependent on concentration as well as 
being cell type specific. Even though the exact reason 
why hFDM serves as a chemoattractant warrants 
further investigation, it is well known that multiple 
growth factors are responsible for inducing cell 
migration, such as platelet-derived growth factor-AB 
and insulin-like growth factor 1 [39]. ECM-growth 
factors interactions also have crucial roles, including 
growth factors binding, release, and protection [40]. 
Upon enzymatic digestion of hFDM by pepsin, 
however, it is reasonable to postulate that the 
bioactivity of such growth factors would be 
significantly compromised. In that sense, the digested 
hFDM fragments might play a role in guiding 
chemoattractant effects, such as those in the 
hydrolyzed porcine small intestinal submucosa (SIS). 
Li et al. suggested that small molecular weight 
peptides derived from the degraded porcine SIS are 
biologically active in the recruitment of murine 
endothelial cells [41]. In fact, ECM fragments 
generated by proteolytic enzymes are called 
matrikines and they are considered active 
components that interact with cell surface receptors 
for downstream cell signaling. 

For infected wound treatment, 
ciprofloxacin-loaded PVA was prepared and 
evaluated for its release profile in vitro. In a polymer 
system such as PVA hydrogel, the release kinetic of 
entrapped drug is mainly diffusion-based [42]. In 
correlation to initial loading contents, more drug 
molecules inside the polymer creates a higher 
concentration gradient between the inside and 
outside systems, leading to a faster drug diffusion rate 
[43]. This may explain the linear correlation between 
initial ciprofloxacin loading concentration and release 
rate in vitro. It is notable, however, that regardless of 
the loading concentrations, most of the drug was 
released within 2 h and this release pattern can be 
faster in in vivo conditions. While it may be dependent 
of the severity of the contaminated wounds, we 
consider 2 h a sufficient time to kill the bacteria when 
the skin patch is replaced twice a week. Based on the 
8% loading efficiency, we identified 10 mg/mL 
ciprofloxacin as an optimal, conservative dose that 
would have sufficient effect and minimal adverse 
reaction in vivo.  

The ciprofloxacin-loaded patch showed excellent 
antibacterial effect against four bacterial strains 
(gram-negative and -positive). Ciprofloxacin (a 

synthetic second-generation quinolone antibiotic) has 
been shown to be efficacious against gram-negative 
and -positive aerobic bacteria as well as several strains 
of anaerobic gram-negative species. This drug targets 
topoisomerases that affect DNA replication, cell 
division, and ATP generation, among others [44]. Our 
results suggest that ciprofloxacin has a wide range of 
antibacterial activity against gram-negative and 
-positive bacteria and that ciprofloxacin-loaded 
PVA/hFDM (PVA/Cipro/hFDM) proves its 
feasibility with excellent antibacterial activity. As 
demonstrated from our animal study, the antibacterial 
property of this drug can also be very effective in vivo 
when combined with our skin patch. It is mentionable 
that the wound treated with PVA had a lower 
capability of wound closure, even when compared to 
the untreated group (control). We postulate that PVA 
itself provides a humid environment for bacterial 
growth so that it slows down the wound healing 
process. However, the presence of ciprofloxacin could 
overcome this phenomenon. 

Conclusions 
In this study, a novel skin patch combining both 

antibiotic ciprofloxacin and cell-derived ECM was 
fabricated via coupling with biocompatible, elastic 
PVA hydrogel. We found that hFDM was securely 
anchored to PVA and ciprofloxacin was successfully 
incorporated into the system. In vitro analysis 
demonstrates the benefits of hFDM in supporting cell 
migration and in establishing gap junctional 
communication. Ciprofloxacin proved to be very 
effective against gram-negative and -positive bacteria. 
An animal study using an infected wound model 
supports the importance of antibacterial activity for 
wound healing. Among the test groups, 
PVA/Cipro/hFDM showed the most advanced 
wound regeneration as identified by a thin layer of 
re-epithelialization, distinct collagen texture and 
distribution, neovascularization, along with 
regenerated glands and hair follicles in the dermis. 
Taken together, the combination of antibiotic and 
ECM in the form of PVA/Cipro/hFDM can be an 
effective strategy in putting two essential factors 
together into a single membrane. This system should 
be a promising candidate in treating infected wounds 
for advanced skin regeneration and can find diverse 
applications in the area of tissue engineering. 
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