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Abstract

Skin substitutes are one of the main treatments for skin loss, and a skin substitute that is readily available would be the best
treatment option. However, most cell-based skin substitutes require long production times, and therefore, patients endure long
waiting times. The proteins secreted from the cells and tissues play vital roles in promoting wound healing. Thus, we aimed to
develop an acellular three-dimensional (3D) skin patch with dermal fibroblast conditioned medium (DFCM) and collagen
hydrogel for immediate treatment of skin loss. Fibroblasts from human skin samples were cultured using serum-free
keratinocyte-specific media (KM1 or KM2) and serum-free fibroblast-specific medium (FM) to obtain DFCM-KM1, DFCM-
KM2, and DFCM-FM, respectively. The acellular 3D skin patch was soft, semi-solid, and translucent. Collagen mixed with
DFCM-KM1 and DFCM-KM?2 showed higher protein release compared to collagen plus DFCM-FM. In vitro and in vivo testing
revealed that DFCM and collagen hydrogel did not induce an immune response. The implantation of the 3D skin patch with or
without DFCM on the dorsum of BALB/c mice demonstrated a significantly faster healing rate compared to the no-treatment
group 7 days after implantation, and all groups had complete re-epithelialization at day 17. Histological analysis confirmed the
structure and integrity of the regenerated skin, with positive expression of cytokeratin 14 and type I collagen in the epidermal and
dermal layer, respectively. These findings highlight the possibility of using fibroblast secretory factors together with collagen
hydrogel in an acellular 3D skin patch that can be used allogeneically for immediate treatment of full-thickness skin loss.
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Introduction which requires multiple corrective surgeries [2, 3]. This affects

a patient’s quality of life, primarily because of physical limita-

Conventional tissue replacement or autologous split or full-
thickness skin graft (SG) is the standard treatment for skin loss.
However, the use of SG is restricted in the case of extensive skin
loss due to limited donor skin [1]. Moreover, it results in scar
tissue formation and affects mobility due to graft contracture,
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tions and physical pain [2, 4]. Although the use of allogenic SG is
recommended when skin source is limited, it increases the risk of
graft rejection and viral transmission [4]. Currently, alternative
treatment strategies are being investigated to improve the healing
of injured skin to yield physiological functionality and cosmetic
appearance to the native skin. With the advancement of tissue
engineering techniques, skin substitutes have been developed by
integrating cells, biomaterials, or biochemical factors and are
used as functional substitutes to replace lost or damaged tissues
in the case of the chronic wound [1].

Reconstruction using skin substitutes was introduced in
1975 [5, 6]. Many skin substitutes are available commercially
and are primarily used for treating major skin loss due to
chronic wounds [7]. They differ in terms of the presence or
absence of living cells, being autologous (from the patient),
allogeneic (from another person) or xenogeneic (from an an-
imal); use of biomaterials, either biological or synthetic; and
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physical stimulation [8]. The commercially available tissue-
engineered skin substitutes can be divided into four groups
[9]: (a) epidermal substitutes (e.g. Epicel™; Epidex™), (b)
dermal substitutes (e.g. Dermagraft™, Alloderm™), (¢) bilay-
er substitutes (e.g. Apligraf™; Integra™) and (d) amniotic
membrane (e.g. EpiFix®; AmnioFix). Each has their respec-
tive advantages and disadvantages and are selected based on
the patient’s clinical condition. Some skin substitutes act as a
temporary wound dressing, such as Biobrane™ and
TranCyte™, which need to be removed upon healing [10].
Some are used to enhance the healing of chronic wounds, as
the wound is deeper and involves a larger body surface area,
or for smaller, non-healing wounds that are due to underlying
factors such as ageing, medication, and chronic wound ulcer-
ation [11, 12]. Skin substitute transplantation delivers cells for
skin regeneration, and the cells secrete factors that enhance
wound healing [13].

Fibroblasts are recognised as cells that are important to skin
regeneration and wound healing through implantation [14].
However, the overall production of autologous cell-based skin
substitutes requires a longer time to produce the desired num-
ber of cells. Thus, it results in longer patient waiting time and
enhances the cost of wound management and production, ren-
dering some of these products more expensive compared to
conventional wound dressing, and also presents a higher risk
for contamination and patient mortality [13, 15]. Allogenic
cells are used as an alternative skin substitute, but are subject
to ethical and safety issues, in that the cells can induce im-
mune rejection [16]. Besides that, skin substitutes with living
cells require stringent shipping and storage temperatures due
to their short shelf-life, limiting their distribution worldwide
[10, 15, 17]. Therefore, there is a necessity for producing an
off-the-shelf skin substitute to aid skin regeneration that can
be applied immediately to patients with life-threatening skin
injury.

In normal skin wound healing, the secretion of mediators is
important and takes place through activation or inhibition of
the respective signalling pathways, and these secretory factors
are essential for wound healing. Preclinical studies have
shown that single-layer keratinocytes, single-layer fibroblasts,
and bilayer skin (MyDerm™) have healing potential [17-19].
Moreover, these skin substitutes secrete essential factors for
wound healing, which are also believed to contribute to
healing through paracrine signalling [20]. Mediators such as
growth factors, cytokines, chemokines, and matrix molecules
play a role in wound healing. For chronic wounds, the level of
some growth factors and cytokines (e.g. epidermal growth
factor (EGF), fibroblast growth factor (FGF), platelet-
derived growth factor (PDGF), vascular endothelial growth
factor (VEGF), tumour necrosis factor (TNF), interleukin-1
(IL-1)) is low, requiring growth factor therapy to increase
metabolic demand and promote healing [21, 22]. However,
replacing one growth factor alone does not alleviate a chronic

wound, as the complexity of healing requires many factors to
regulate wound healing properly [21, 23]. Therefore, re-
searchers have explored the application of potential healing
mediators with many wound healing models for therapies in
the future [21, 24, 25].

Previously, we successfully identified the secretory pro-
teins of human dermal fibroblast conditioned medium
(DFCM) containing abundant healing mediators. DFCM sup-
plementation in an in vitro keratinocyte culture and scratch
assay increased keratinocyte attachment, proliferation, and
migration [26, 27]. However, the efficiency of in vivo wound
healing with DFCM is unclear. Therefore, we evaluated the
safety and potential benefit of DFCM in wound healing
in vivo in the present study. Ovine collagen hydrogel was
fortified with DFCM to form a three-dimensional (3D) acel-
lular skin patch (ASP) for delivering DFCM and to be used for
immediate implantation for full-thickness skin loss. We suc-
cessfully fabricated an ASP using collagen hydrogel with
DFCM, and evaluated the release profile of the DFCM. The
immunogenic properties of the construct were evaluated
in vitro and in vivo. The ASP healing efficiency in treating
full-thickness wounds was evaluated using an animal model.

Materials and methods

This study was approved by the Universiti Kebangsaan
Malaysia Research Ethics Committee (UKMREC) with the
approval code UKM FPR.4/244/FF-2015-204 and the UKM
Animal Ethics approval code PP/TEC/2015/SHIPLU/20-
MAY/675-MAY-2015-DEC-2016.

Cell isolation and culture

Redundant skin tissue samples from abdominoplasty or face-
lift surgery were obtained from three consenting healthy pa-
tients (n=3) and processed as described previously [17].
Briefly, the samples were cleaned and minced, digested with
0.6% type 1 collagenase (Worthington, NJ, USA) for 4—6 h in
a 37 °C incubator shaker and disassociated using 0.05%
trypsin—EDTA (Gibco, Waltham, MA, USA) for 810 min.
The digested cells were resuspended in co-culture medium
[equivalent mixture of keratinocyte growth medium, i.e.
EpiLife® (Gibco) and fibroblast growth medium, i.e.
F-12:Dulbecco’s modified Eagle’s medium (1:1; FD; Sigma,
St. Louis, MO, USA) supplemented with 10% foetal bovine
serum (FBS; Gibco)] and 1% antibiotic-antimycotic (Gibco).
The cells were seeded into 6-well culture plates (Greiner Bio-
One, Monroe, NC, USA) at 37 °C in a 5% CO, incubator. The
waste medium was replaced every 2-3 days. The fibroblasts
were removed using 0.05% trypsin-EDTA (Gibco) when the
cells were 70-80% confluent, and sub-cultured in a T75 flask
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(Nunc, Rochester, NY, USA) using FD + 10% FBS until pas-
sage 3 (P3).

Preparation and collection of DFCM

P3 fibroblasts were used to prepare the DFCM. Once the
fibroblasts reached 80-100% confluence, the waste culture
medium was removed, and the cells were washed twice with
Dulbecco’s phosphate-buffered saline (DPBS) to remove the
excess medium. Then, fresh serum-free keratinocyte-specific
medium with growth supplement (EpiLife®; Gibco; referred
to here as KM1), defined keratinocyte serum-free medium
with supplement (DKSFM; Gibco; referred to here as KM2)
or fibroblast-specific culture medium (serum-free F-12:
Dulbecco’s Modified Eagle medium (DMEM); Sigma; re-
ferred to here as FM) was added to the fibroblasts separately.
The culture medium used for the DFCM preparation was free
from antibiotic-antimycotic. The cells were incubated at 37 °C
in a 5% CO, incubator for 72 h, and the waste media was
collected and designated DFCM-KM1, DFCM-KM2, and
DFCM-FM, respectively.

Protein filtration and concentration

The conditioned media were filtered using a 3-kDa Amicon
Ultra-4 centrifugal filter (Merck Millipore, Germany), which
was centrifuged at 4000xg at 25 °C for 40 min to concentrate
the proteins. Molecules larger than 3-kDa, which were
retained at the surface of the membrane, were collected and
dialysed using a mini dialysis kit (GE, UK) with 1-kDa cut-off
and stored at — 80 °C prior to use. The protein concentrations
of the DFCM were determined using the bicinchoninic acid
(BCA) assay (Sigma), and the absorbance at 562 nm was
measured using a spectrophotometer (Bio-Tek, Winooski,
VT, USA). The protein quantity was estimated by comparing
the readings with those of the protein standards (Sigma).

Fabrication of the ASP

Type I collagen from ovine tendon was prepared in-house
according to the protocol described by Fauzi et al. [28] to
produce collagen hydrogel. The pure collagen gel was
neutralised by dropwise addition of 1 M sodium hydroxide
(NaOH, Sigma-Aldrich) until the solution pH reached 7.0.
Then, the collagen mixture was centrifuged at 4000 rpm at
4 °C for 2 min to remove air bubbles. The neutralised collagen
solution was then mixed with DFCM (DFCM-KM1 and
DFCM-KM2, 200 and 400 pg/mL; DFCM-FM, 400 and
800 pg/mL), and incubated at 37 °C to initiate gelation into
the 3D construct.
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ASP release profile

ASP were prepared with the DFCM in Transwell cell culture
inserts (Greiner bio-one, Austria) and incubated in 0.0015%
type I collagenase (2 U/mL) (Worthington) at 37 °C for 24 h
according to the protocol described by Sakamoto et al. [29].
The protein release to the collagenase was collected for the
first 30 min and at subsequent 2-h intervals for 24 h and
measured using the BCA assay.

PBMC assay of DFCM in vitro immune response

Human peripheral blood mononuclear cells (PBMC) from
healthy donors were collected in heparinised vacutainers
(BD, CA, USA) and separated by centrifugation at 400xg
for 30 min using a Ficoll-Paque density gradient. The
PBMC were stained with carboxyfluorescein succinimidyl es-
ter (CFSE) as per the manufacturer’s instructions (BioLegend,
CA, USA). The cells were resuspended and cultured in 12-
well plates at a seeding density of 1 x 10° cells per well and
cultured using normal RPMI 1640 culture medium
(Invitrogen, Waltham, MA, USA) containing 10% FBS
(Invitrogen) as control or the mitogen phytohemagglutinin
(PHA, 1 pg/mL) as a positive control; the test groups were
supplemented with DFCM (DFCM-KM1 and DFCM-KM2,
400 pug/mL; DFCM-FM, 800 pg/mL). The PBMC prolifera-
tive response was evaluated by assessing the incorporation of
tritiated thymidine (3H-TdR, 0.037 MBgq/well [0.5 uCi/well];
PerkinElmer, Boston, MA, USA), which was added to the cell
culture plates and incubated at 37 °C for 96 h. The 3H-TdR
was incorporated into the DNA of proliferating cells and mea-
sured using liquid scintillation spectroscopy on a beta counter
(MicroBeta® TriLux; PerkinElmer) after the addition of scin-
tillation fluid (OptiPhase Supermix Cocktail; Perkin Elmer);
readouts were in count per minute (CPM).

ASP in vivo immune response

Sensitisation was performed using the guinea pig
maximisation test (GPMT) using Dunkin Hartley albino guin-
ea pigs weighing 500-750 g. The guinea pigs were acclima-
tised for 7 days to the laboratory environment prior to exper-
imentation. There were five samples: the positive and negative
controls and the three experimental groups comprising colla-
gen hydrogel loaded with DFCM-KM1 (400 pg/mL), DFCM-
KM2 (400 pg/mL) or DFCM-FM (800 pg/mL) (i.e. Col +
DFCM-KM1 400, Col + DFCM-KM2 400 or Col + DFCM-
FM 800, respectively). Briefly, the five samples were each
injected intracutaneously with 0.1 mL Freund’s complete ad-
juvant (FCA; Sigma) into the back of the guinea pigs’ scapula
(six sites/guinea pig, n =6 per sample) (Fig. 1). The positive
control received 0.1% (w/w) 2,4-dinitrochlorobenzene
(DNCB, Sigma), which causes an allergic reaction and
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Fig. 1 The GPMT. (a) The position of intradermal injection for induction
step of GPMT on the dorsum of the guinea pig. (b) The position of the test
patch for the challenge step of GPMT on the left flank of the guinea pig

stimulates the immune response; the negative control received
DFCM-free collagen hydrogel, i.e. collagen-only. After 7-day
intracutaneous sensitisation, 10% (w/w) sodium lauryl sul-
phate (SLS; Sigma) ointment, an inflammatory agent, was
applied topically to the sensitised site, and removed after
24 h. Finally, 0.2 mL collagen hydrogel with DFCM was
patched on the site for 24 h to induce sensitisation.

After 14 days, a patch was applied to the skin on the bilat-
eral flank of the guinea pigs for 24 h to induce inflammation
(Fig. 1). The skin reaction (erythema and swelling) was ob-
served at 24 h and 48 h after patch removal and scored ac-
cording to the criteria proposed by Magnusson and Kligman
[30] (Table 1). Table 2 summarises the GPMT test procedure.
After 48 h, skin biopsy of the guinea pigs was stained with
haematoxylin and eosin (H&E) to evaluate the skin structure.
The tissue samples were fixed with 10% buffered formalin,
followed by sample processing, paraffin-blocking, sectioning
into 5-um thick slices using a microtome (Leica, Germany),
dewaxed with xylene and alcohol series (100%, 95%, and
70%), and stained with H&E. The stained sections were eval-
uated under a light microscope (Olympus, San Jose, CA,
USA), and the skin thickness was measured using ImagelJ
software (National Institute of Health, USA).

In vivo model for rapid treatment of full-thickness
skin wound

Two-month-old BALB/c mice weighing 30-35 g were pro-
vided with food (Altromin #1324 Diet, Germany) and
autoclaved water ad libitum. The mice were acclimatised for
1 week before the experiment was started and kept in con-
trolled conditions. The mice were anesthetised intramuscular-
ly using an anaesthetic cocktail consisting of ketamine

Table 1 Grading scale (Magnusson & Kligman)

Patch test reaction Grading scale

No visible change or no reaction
Discrete or patchy erythema
Moderate and confluent erythema

w NN = O

Intense erythema and/or swelling

(Ketamav 50, 5.6 mg/kg; Mavlab, Australia), xylazil-100
(5.6 mg/kg; Troy Laboratories, Australia) and Zoletil (Zoletil
20, 2.8 mg/kg; Virbac Laboratories, France) with a dilution
ratio of 1:4 water for injection (WFI). A full-thickness skin
excision wound with 1-cm diameter was made on the dorsum
of the mice using surgical scissors. The ASP (collagen hydro-
gel supplemented with 200 and 400 pg/mL DFCM-KM1 and
DFCM-KM2 or 400 and 800 pg/mL DFCM-FM) were im-
planted onto the wound area, and the peripheral region was
sutured to avoid construct movement. The non-treated group
(NT, treated with 10 uL normal saline) and treated group
(collagen-only) were used as controls (n = 6 per sample). All
wounds were covered with sterile wound dressing
(Leukomed, Germany) and secured with Hypafix adhesive
tape (BSN Medical, Germany). The wound dressing was
changed weekly; wound healing efficiency was analysed by
capturing wound closure images at day 0, 7, 14 and 17 using a
digital camera (Sony, Japan) and analysing them with ImageJ
software.

Histological analysis of regenerated skin

Skin biopsies were excised from the wound centre and periph-
ery at 7 and 17 days after implantation. The spleen and thymus
were collected at day 17 from the euthanised normal mice.
The spleen and thymus are the two organs of the immune
system, and control the production and maturation of defence
cells such as lymphocytes. Increased lymphocyte proliferation
and accumulation in the spleen and thymus indicate an
antigen- or mitogen-induced immune response [31]. All sam-
ples were fixed with 10% buffered formalin (Sigma), proc-
essed, embedded in paraffin blocks, and sectioned at 5-pm
thickness using a microtome (Leica) for histological staining
with H&E (IHC World, Ellicott City, MD, USA), Masson’s
trichrome (MS; Sigma) and picrosirius red (PR; Polysciences,
Warrington, PA, USA) to evaluate the skin structure and col-
lagen production.

Immunohistochemical analysis of regenerated skin

Immunohistochemical (IHC) staining was performed to eval-
uate the structure of the epidermis and dermis layers and to
characterise the maturity of the regenerated skin. Cytokeratin
14 (CK14) and type I collagen expression was used to evalu-
ate the maturity of the epidermal and dermal layer, respective-
ly. The tissue sections (5 wm) were deparaffinised, hydrated
with deionised water and treated with antigen retrieval citrate
buffer (pH 9.0, Sigma) at 98 °C for 20 min. Then, the sections
were incubated with 10% goat serum at 37 °C to block non-
specific binding. Next, the sections were incubated with spe-
cific primary antibodies (rabbit anti-human CK14 and rabbit
anti-human collagen type I; Abcam, UK) at 4 °C overnight.
Later, the sections were incubated with secondary antibodies
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Table 2 The procedure of GPMT

test Day Description(s)

1-7 Guinea pig’s acclimatisation

5-7 Preparation of collagen hydrogel with DFCM

Induction step (Fig. 1a)

8 Positive control group (PC)

DNCB

Experimental group (EG)
Collagen hydrogel with DFCM-KM1
Collagen hydrogel with DFCM-KM2

Collagen hydrogel with
DFCM-FM

Negative control group (NC)
Collagen hydrogel only

Injection 1: FCA (inflammation inducer) only

Injection 2: Sample only

Injection 3: FCA: sample (1:1)

Two locations for each injection on the back of scapula

15 Introduce the SLS ointment on injection site for sensitization

16 Removal of SLS ointment

17-19  Introduce the PC, NC and EG on sensitised site

20-34  Resting period

Challenge step (Fig. 1b)

3536  Introduce both positive (0.1% (w/w) 2,4-dinitrochlorobenzene) and negative (collagen hydrogel only)
control, and collagen hydrogel with DFCM patches on the bilateral flank to induce inflammation

37-39  Observation of sensitised site and scored using Magnusson and Kligman grading after 24 and 48 h

induce

(goat anti-rabbit immunoglobulin G [IgG], Abcam) at 37 °C
for 1 h and counterstained with 4',6-diamidino-2-phenylindole
(DAPI) (Invitrogen) for 20 min. The expression of specific
antibodies was observed using confocal laser scanning mi-
croscopy (Nikon A1R-Al, Nikon, Japan).

Statistical analysis

The quantitative results are reported as the mean + standard
error of the mean (SEM). GraphPad Prism 7.0 (GraphPad
Software, La Jolla, CA, USA) was used for the statistical
analysis; results were analysed using two-way analysis of var-
iance (ANOVA). The difference between groups was signifi-
cant if p < 0.05.

Results
Protein release from ASP in vitro

Figure 2a shows the gross morphology of the ASP, which was
soft, semi-solid and translucent. Figure 2b shows the protein
released from the ASP after 24-h incubation with type I col-
lagenase. Most of the ASP was fully digested after 8-h incu-
bation. The graph of the proteins released by all ASP showed
the same pattern, i.e. the protein concentrations increased with
incubation time. The concentration of the released proteins in
all DFCM groups was normalised by deducting the DFCM-
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free collagen concentration. The collagen mixed with DFCM-
KMI1 and DFCM-KM2 had higher protein release than the
collagen mixed with DFCM-FM.

In vitro and in vivo immunogenicity

The PBMC assay showed that DFCM did not increase PBMC
proliferation, as there were no significant differences between
DFCM and the negative control, normal RPMI 1640 culture
medium (p > 0.05) (Fig. 3a). In contrast, PBMC proliferation
was higher in the PHA-supplemented medium, i.e. the posi-
tive control (p <0.0001). This confirms that DFCM does not
induce the immune response during in vitro culture. To con-
firm this, further analysis was performed using an in vivo
model.

The GPMT showed no erythema or swelling after induc-
tion and challenge with DFCM (grade 0) as compared to the
positive control (grade 3) (Fig. 3b). The negative control (only
collagen hydrogel) also elicited no reaction (grade 0), which
confirms that neither the DFCM nor ovine tendon-derived
collagen induce an immune response in vivo. Moreover, his-
tological analysis through H&E staining showed epidermal
thickening with crust or scab formation and weakening of
the dermal—epidermal junction in the positive control group.
In contrast, normal skin structure histology was observed in
the negative control and test groups (Fig. 3b). The epidermal
thickness was significantly higher in the positive control
(436.7 +£55.8 um) than the negative control (34.7 +
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Fig. 2 In vitro 3D ASP. a) Gross a)
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13.8 um) and test groups (Col + DFCM-KMI1: 48.8
10.3 pum, Col + DFCM-KM2: 43.2 + 6.8 um, Col + DFCM-
FM: 28.5+3.6 um) (Fig. 3c). The results demonstrate that
DFCM supplementation of collagen does not stimulate an
immune response in vivo, making it safe to use in allogenic
applications.

Gross appearance of regenerated skin

The gross appearance and wound closure were observed at
days 7, 14 and 17 (Fig. 4), and the wound size (area) was
calculated. The wounds in all mice healed with time. The hair
surrounding the wound grew as early as day 7, indicating a
favourable healing process. At macroscopic level, all groups
exhibited dry and full epithelialisation at day 17. Minimal
signs of skin contraction were observed in all groups, with
no obvious difference in terms of time taken for wound clo-
sure. Quantitative analysis showed that the wound area of all
mice treated with the ASP, with or without DFCM, was sig-
nificantly reduced by more than 50% at day 7 as compared to
the initial wound (day 0), and was significantly smaller than
that of the NT group (Fig. 5). This indicates that DFCM-
supplemented collagen hydrogel induces a faster healing rate.

Besides, ASP plus DFCM-KM1 400 also showed significant-
ly faster healing than the collagen-only group. However, no
difference was observed between the DFCM groups. At days
14 and 17, the percentage of wound area of the animals treated
with or without DFCM was slightly lower compared to the
control group, but there was no significant difference between
all groups for both days.

Histological analysis of regenerated skin

The regenerated skin was evaluated histologically through
H&E, MS and PR staining. The normal bilayer skin structure
had discrete, keratinised epidermis and highly cellularised der-
mis. Figure 6 shows the histological difference between the
normal and newly synthesised skin. The normal skin structure
had a thin epidermal layer with matured collagen matrix in the
dermis layer and hair follicles, whereas the newly synthesised
skin had a thickened epidermal layer with loose dermal matrix
and granulation tissue.

The NT group had no clear epidermis layer at day 7 com-
pared to the test groups, which showed an intact, thickening
epidermis layer, known as hyperplasia (Fig. 7), indicating that
healing was in progress. Complete re-epithelialisation was
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Fig. 3 In vitro and in vivo immunogenicity of DFCM. a) PBMC
proliferation assay with PHA as the positive control. The DFCM had
no effect on PBMC proliferation, indicating no immune response.
Asterisk indicates a significantly higher difference compared to other
groups. b) Evaluation of in vivo immune response via GPMT of DFCM
mixed with collagen hydrogel. The grading scale was according to the
Magnusson and Kligman scale (indicated with an arrow) and histological
observation of the skin samples using H&E staining. No sensitisation

observed at day 17 in all groups, with the formation of a
keratin layer on top of the epidermis, indicating maturation
of the epidermal layer. The epidermal thickness of test groups
Col + DFCM-KM1 200, Col + DFCM-KM1 400 and Col +
DFCM-KM2 200 (51.3+9.9 pum, 75.5+28.8 pm and 78.9 +

46.6 pm, respectively) was comparable to the native skin of
the mice (40.1 £6.3 pum), indicating maturation of the regen-
erated epithelial layer (Fig. 8). Moreover, the epidermal thick-
ness of test group Col + DFCM-KM1 200 was significantly
lower than that of the NT (108.8 £25.0 um) and DFCM-FM
groups (95.8 £24.6 um; 101.2 +32.0 um), revealing that Col
+ DFCM-KM1 200 facilitates better healing in vivo.
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Col + DFCM-KM2  Col + DFCM-KM1 NC

Col + DFCM-FM

Grading Scale

H&E Staining

effect of DFCM and collagen was observed on the guinea pig skin. ¢)
Quantitative evaluation of the epidermal thickness of the control and test
groups. No significant difference was observed in the test groups as
compared to the negative control group, indicating that DFCM and
collagen do not induce an immune response. *Significantly higher
difference compared to other groups. Scale bar=100 um. PC positive
control, NC negative control, E epidermis layer, D dermis layer, C crust

The histology analysis also showed that the newly regen-
erated dermis had more fibroblasts and granulation tissue. The
results were confirmed by MS and PR staining, which yielded
positive staining as early as day 7 and more prominent stain-
ing at day 17. This indicates the production and organisation
of collagen matrix in the newly regenerated dermis (Figs. 9
and 10).

IHC analysis of regenerated skin

Immunohistochemistry was performed to characterise the
quality of the regenerated skin by detecting the expression of
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Fig.4 Gross appearance of the wound at day 7, 14 and 17 in mice treated with DFCM-fortified collagen hydrogel, and NT. All wounds healed over time
and demonstrated full re-epithelialisation at day 17. Arrows indicate the closed wound at day 17

specific markers in the epithelial and dermal layers. The newly
synthesised epidermal layer was stained with anti-CK 14 anti-
body that stains proliferative basal keratinocytes. All groups
showed positive expression of CK 14 in the epidermis at day
17, including the NT group (but not at day 7) (Fig. 11), indi-
cating the completion of re-epithelialisation and epidermis
maturation at day 17. The newly formed dermis was stained

for type I collagen, which was present in all groups at days 7
and 17 (Fig. 12), as demonstrated by the MS and PR staining.

Histopathology analysis

Histopathology of the mouse thymus and spleen was per-
formed to evaluate the innate immune response, based on
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Fig. 5 Percentage of wound size reduction in all mice in the test and NT
groups. All test groups had faster healing rates than the NT group at day 7.
*The wound area was significantly higher in the NT group than in the
other groups at day 7; **the wound area in the DFCM-KM1 400 group
was significantly lower than that of the collagen-only group at day 7
(p<0.05)

necrosis, the distribution of thymocytes (immature T cells) or
lymphocytes, and the presence of multinucleated giant cells.
The gross histology of the spleen (Fig. 13) showed normal to
mild lymphocyte proliferation in all test groups as compared
to the positive control. There were fewer or no multinucleated
giant cells in all test groups. The thymus histology showed
normal thymocyte distribution, indicating that supplementa-
tion of DFCM and collagen does not stimulate the systemic
immune response (Fig. 14). Although the mice treated with
DFCM-KM?2 400 and DFCM-FM 800 had slightly increased
lymphocyte proliferation in the thymus and spleen, the incre-
ment was not as severe as that of the positive control. The
mice appeared healthy, and no mice died during the experi-
ment. Rejection of the ASP was also not observed.

Discussion

The limitation of SG, the conventional treatment of skin
loss, has triggered the use of skin substitutes for wound
healing. Recently, many skin substitutes have been used
clinically to cure and repair large and deep wound injury
[32]. The best skin substitute should have no antigenicity,
have tissue compatibility, and lack toxicity and disease
transmission [7]. Moreover, skin substitutes confer (a) pro-
tection by establishing a mechanical barrier against micro-
organisms to reduce bacterial infection and to impede the
loss of vapour, water, proteins and electrolytes; (b)
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Fig.6 Histological cross section of normal and newly regenerated mouse
skin compared side by side (H&E staining). The normal skin has thin
epidermis, matured collagen matrix in the dermis and the presence of hair
follicles; the newly synthesised skin has thickened epidermis with loose
dermal matrix

procrastination by providing wound cover after early
wound debridement until permanent wound closure by skin
grafts; (c) promotion by delivering dermal matrix compo-
nents, cytokines and growth factors to the wound bed,
which promote and enhance wound healing; and (d) provi-
sion of new structures, such as dermal collagen or cultured
cells, that are incorporated into the wound during wound
healing to restore skin functions [33, 34]. The high demand
for skin substitutes has encouraged researchers and sur-
geons to collaborate in developing skin substitutes or
wound-care products to promote healing.

Previous studies have demonstrated that proteins secreted
from fibroblast culture, i.e. DFCM, contain wound-healing
mediators that promote wound healing in vitro [20, 27, 35];
thus, DFCM has the potential to be used as a supplement for
treating skin injuries. In the present study, the wound healing
potential of DFCM was evaluated in an in vivo model by
constructing ASP, in which the proteins secreted were fortified
on collagen hydrogel. Type I collagen is a major extracellular
matrix (ECM) component of the skin; thus, it forms a suitable
architecture for regenerating new skin. Besides, collagen is
degradable, making it an ideal skin substitute to protect the
wound and enable the formation of newly regenerated skin
[32].

The hydrogel structure was chosen based on its prop-
erties, as it has a soft, tissue-like texture that acts as a
carrier that encapsulates the proteins in DFCM and allows
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Fig. 7 Histological cross section of regenerated skin at days 7 and 17 (H&E staining). Staining shows intact and thickening epidermis (hyperplasia) at
day 7 and complete re-epithelialisation at day 17. Scale bar= 100 um. E epidermal layer, D dermal layer

cell migration and the diffusion of nutrients and cellular
waste [36]. Incubation with DFCM-fortified ASP in vitro,
with collagenase simulating the in vivo environment,
demonstrated efficient degradation of constructs that
sustained the release of the proteins. Other studies have
also confirmed the ability of the hydrogel to be degraded
by incubation in collagenase, which is present in the form
of biological fluids and tissues of the human body, such
that it releases 20—70% of the encapsulated biomaterials
[37-39]. The collagen hydrogel degradability facilitated
the sustained release of the encapsulated DFCM proteins
to the wounded area, thus stimulating healing.

The DFCM-fortified ASP was implanted in the dorsum
of BALB/c mice to determine the efficiency of DFCM in
regenerating a full-thickness skin wound. The implanta-
tion of the ASP, with or without DFCM, significantly
increased the healing rate as compared to the NT group
at 7 days after implantation, where mice treated with
DFCM-KM1 400 had a significantly faster healing rate
than those treated with collagen only. This was due to
the sustained release of collagen and DFCM, which
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Fig. 8 The epidermal thickness of regenerated skin of the test groups and
NT group (n=06). **Epidermal thickness in the native skin is
significantly lower than that in the NT, DFCM-KM2 400 and both
DFCM-FM groups; # shows that the epidermal thickness of the
DFCM-KM1 200 group was significantly lower than that of the NT and
both DFCM-FM groups

@ Springer



154

Drug Deliv. and Transl. Res. (2019) 9:144-161

Day 7

Day 17
F 'T’ﬁ

DFCM-KM2 (200)

DFCN-KM1 (200)

ol (;%.

A
,?hf-r g

S L

B s

M-KM2 (400)

DFC

DFCM-FM (400)

DECM-KM1 (400)

DFCM-FM (800)

Fig. 9 MS staining of collagen matrix production and reorganisation in the skin graft at days 7 and 17. Collagen fibres in the dermis, which stained blue,
were more aligned and parallel to the skin surface at day 17. Scale bar =100 um. E epidermal layer, D dermal layer

helped enhance healing at an early stage. At day 7, histo-
logical analysis confirmed the integrity and maturity of
the graft, demonstrating two distinct layers, i.e. the epi-
dermis and dermis, with epithelial hyperplasia in the cen-
tre and more stratified layers near the wound. A fully
stratified epithelium was observed at day 17, indicating
that the graft had successfully integrated with the native
tissue at the wound edge. IHC analysis also showed pos-
itive expression of CK14, a basal epithelial cell marker
[40]. Based on the results, the wound treated with
DFCM-KM1 showed better healing, with more epithelial
layers than the other groups.

@ Springer

Wound re-epithelialisation and keratinocyte migration
rely on dermal regeneration [41]. Our results showed pos-
itive MS and PR staining, indicating the production and
organisation of collagen matrix in the newly regenerated
dermis. IHC also showed positive expression of type I
collagen in all groups, which was more prominent at
day 17. Collagen types I, III, V and VI are mostly found
during wound healing, playing a significant role during
the remodelling phase in wound healing [42]. The
DFCM-fortified collagen hydrogel enhanced wound
healing efficiency and the maturation of regenerated skin
at day 17, which closely resembled the native tissue. This
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Day 7

Control(NT)

DFCM-KM1 (200)

DFCM-KM1 (400)

DFCM-KM2 (200)

DFCM-KM2 (400)

DFCM-FM (400)

DFCM-FM (800)

Fig. 10 PR staining of collagen matrix production and reorganisation in the skin graft at days 7 and 17. Collagen fibres in the dermis stained red. Scale

bar =100 pum. E epidermal layer, D dermal layer

indicates that the DFCM-fortified collagen hydrogel pre-
pares the wound bed for better wound healing. The
DFCM contains the ECM protein class and the biological
process leads to keratinocyte and fibroblast migration
from the wound edge to produce ECM and close the
wound, forming newly regenerated skin. The migration
of the surrounding cells is also regulated by cell—cell con-
tact, which involves the release of soluble factors, cell-
scaffold interaction, and 3D environment conditions to
expedite wound healing [43].

In the clinical setting, the focus is to produce a safe,
effective skin substitute that promotes wound healing and
repairs skin defects, and that has no immunogenicity or
immune rejection after implantation [44]. In the present
study, the in vitro PBMC assay involving only DFCM
was performed. PBMC are blood cells such as lympho-
cytes or monocytes that are important for the immune
system to fight infection and respond to intruders. In a
normal human body, PBMC levels will increase when
the body notices or detects microbial invasion, thus
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Normal Skin (NS)

Day 7

Control (NT)

Collagen only

DFCM-KM1 (200)

DFCM-KM1 (400)

Day 17

DFCM-KM2 (200)

DFCM-KM2 (400)

DFCM-FM (400)

DFCM-FM (800)

Fig. 11 IHC staining of CK14 in the regenerated skin at days 7 and 17. The proliferative basal keratinocytes express CK 14 (green). Scale bar = 100 um.

Nucleus: blue, E epidermal layer, D dermal layer, H hair follicle

activating the body’s defence system [45]. Our results
show that exposure to DFCM does not increase PBMC
proliferation; in fact, the PBMC levels in the test groups
were the same as that of the negative control. Meanwhile,
the GPMT involving only collagen hydrogel and DFCM-
fortified collagen hydrogel confirmed that the ovine
tendon-derived collagen and the DFCM do not induce
an immune response in vivo. The ovine collagen used in
this study consists of type I collagen, which elicits a low

@ Springer

immunogenic response [46—48]. This result indicates that
DFCM does not induce an immune response in vitro and
in vivo. Therefore, the combination of collagen hydrogel
and DFCM is safe for clinical application.

Moreover, histological analysis of the lymphoid organs
(thymus and spleen) of BALB/c mice implanted with ASP
showed normal lymphocyte distribution, fewer or no mul-
tinucleated giant cells, and normal thymocyte distribution.
The thymus and spleen are the immune cell production
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Fig. 12 IHC staining of type I collagen in the regenerated dermal layer at days 7 and 17. The dermis expresses collagen type I (red). Scale bar = 100 pum.

Nucleus: blue, E epidermal layer, D dermal layer, H hair follicle

sites, where changes in immune cell level are detected
based on necrosis, lymphocyte or thymocyte (immature
T cells) distribution and the presence of multinucleated
giant cells, which facilitate the immune response and are
good indicators of immune modulation [31]. Macrophages
and T lymphocytes activate and destroy anything
recognised as non-self substances or pathogens. This con-
firms that the implantation of ASP with DFCM-fortified
collagen hydrogel does not stimulate a systemic immune

response. Thus, the present ASP is safe and effective for
use without any symptoms of immune response or
rejection.

Acellular skin substitutes are beneficial for wound
healing because they are readily available and transplant-
able immediately after injury, which results in lower risk
of infection and morbidity. Consequently, patient suffer-
ing, duration of hospital stay and the overall cost of treat-
ment are reduced [10, 49, 50]. Commercially available
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Fig. 13 Histological cross section
of the spleen at 17 days after
implantation (H&E staining). The
positive control showed severe
lymphocyte proliferation; arrows
indicate multinucleated giant
cells. Other test groups showed
normal to mild lymphocyte
proliferation and fewer or no
multinucleated giant cells as
compared to the positive control.
Scale bar=100 pm

Native tissue

No Treatment
(Negative Control)

DFCM-KMI1 (200) Collagen only

DFCM-KM1 (400)

acellular skin substitutes, namely Biobrane® and Integra®,
are produced using biosynthetic materials such as nylon mesh
or silicon membrane incorporated with natural biomaterial
such as porcine or bovine collagen using chemical bonds.
These substitutes are usually used as temporary coverage for
superficial or partial-thickness burns and wounds, and pro-
mote wound healing and reduce pain [51]. Other acellular skin
substitutes such as Alloderm® and DermACELL™ are de-
rived from the acellular matrix of cadaveric or donated human
skin tissues that provide ECM to the wounded area [52, 53]. In
contrast, the ASP we tested here was developed as a perma-
nent skin coverage focused on delivering fibroblast-secreted
wound healing mediators as well as providing the ECM archi-
tecture to accelerate healing.

The application of ASP was beneficial, as the DFCM-
fortified collagen hydrogel was enriched with ECM and
wound-healing mediators, thus promoting wound healing
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DFCM-FM (800

by enhancing native cell migration to regenerate new skin
tissues. Also, this ASP contains DFCM and collagen hy-
drogel, which can be produced in bulk and be readily
available for implantation. The evaluation and histological
analysis showed that the collagen hydrogel with or with-
out DFCM is superior to NT, in which there were no
symptoms of graft rejection. Furthermore, the use of
DFCM-KM1-fortified collagen hydrogel showed more
promising outcomes than only collagen. However, no dif-
ference was observed between the DFCM groups, sug-
gesting that DFCM-fortified collagen hydrogel can be
used as a skin substitute for immediate treatment of full-
thickness skin loss.

Most in vivo wound healing studies use conditioned medi-
um, usually in the form of liquid injected subcutaneously along
the margin of the wound sites [54, 55], whereas our intention
was to cover the whole wound area using DFCM-fortified
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Fig. 14 Histological cross section
of the thymus at 17 days after
implantation (H&E staining). The
positive control showed severe
lymphocyte proliferation; arrows
indicate multinucleated giant
cells. Other test groups showed
normal to mild lymphocyte
proliferation and fewer or no
multinucleated giant cells as
compared to the positive control.
Scale bar=100 pm

No Treatment
Native tissue
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collagen hydrogel as a 3D skin patch. This 3D tissue model is
useful for mimicking the in vivo cell physiology to establish cell,
protein and material interactions. However, to simulate actual
skin loss, a large animal model with bigger wound size would
better facilitate evaluation of the effectiveness of conditioned
medium in promoting wound healing. In addition, tumorigenic-
ity testing should be performed as a preclinical safety test to
ensure that the DFCM and collagen do not induce tumours.

Conclusion

The fabrication of a DFCM-fortified collagen hydrogel via an
in vitro 3D model shows that this construct is degradable,
where it releases proteins to the wound area. In vitro and
in vivo testing revealed that this construct does not induce
an immune response, has low or no immunogenicity and is

Positive C_ontrol

safe for use for clinical application in humans. The findings
demonstrate that implantation of the ASP, containing DFCM-
fortified collagen hydrogel, repairs full-thickness wounds in
an animal model without signs of rejection. Histological anal-
ysis confirmed the structure, integrity and maturation of the
regenerated skin. Therefore, this ASP is a potential off-the-
shelf product to be applied for immediate treatment of skin
injuries.
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