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Abstract: Skin grafting is often the only treatment for skin
trauma when large areas of tissue are affected. This sur-
gical intervention damages the deeper dermal layers of
the skin with implications for wound healing and a risk of
scar development. Photobiomodulation (PBM) therapy
modulates biological processes in different tissues, with
a positive effect on many cell types and pathways essen-
tial for wound healing. This study investigated the effect
of fluorescent light energy (FLE) therapy, a novel type of
PBM, on healing after skin grafting in a dermal fibrotic
mouse model. Split-thickness human skin grafts were
transplanted onto full-thickness excisional wounds on
nude mice. Treated wounds were monitored, and excised
xenografts were examined to assess healing and patho-
physiological processes essential for developing chronic
wounds or scarring. Results demonstrated that FLE treat-
ment initially accelerated re-epithelialization and rete
ridge formation, while later reduced neovascularization,

* Corresponding author: Michael Canova Engelbrecht Nielsen,
Department of Research and Development, Klox R&D Center,
Guangdong Klox Biomedical Group Co., Ltd, Room 603, 6/F,
Building 8, No. 6, Nanjiang Second Road, Zhujiang Street, Nansha
District, Guangzhou, China, e-mail: men@kloxasia.com

* Corresponding author: Edward E. Tredget, Divisions of Plastic and
Reconstructive Surgery and Critical Care, 2D2.28 Walter C
MacKenzie Health Sciences Centre & Wound Healing Research
Group, 161 HMRC, Department of Surgery, University of Alberta,
Edmonton, Alberta, Canada, e-mail: etredget@ualberta.ca

Jie Ding, Zhensen Zhu, Peter Kwan, Zengshuan Ma, Saad Alrobaiea,
Takashi lwasaki: Wound Healing Research Group, Department of
Surgery, Faculty of Medicine and Dentistry, University of Alberta,
161 HMRC, Edmonton, Canada

Maiken Mellergaard: Department of Veterinary and Animal
Sciences, Faculty of Health and Medical Sciences, University of
Copenhagen, Denmark

Deirdre Edge, Maiken Mellergaard: Department of Research and
Development, Klox Technologies Europe Ltd, Dublin, Ireland

Lise Hebert: Department of Research and Development, Klox
Technologies Inc., Laval, Canada

collagen deposition, myofibroblast and mast cell accumu-
lation, and connective tissue growth factor expression.
While there was no visible difference in gross morphology,
we found that FLE treatment promoted a balanced col-
lagen remodeling. Collectively, these findings suggest
that FLE has a conceivable effect at balancing healing after
skin grafting, which reduces the risk of infections, chronic
wound development, and fibrotic scarring.

Keywords: skin grafting, dermal fibrotic mouse model, fluor-
escent light energy, photobiomodulation, wound healing

1 Introduction

Therapy involving skin grafting has significantly advanced
over the last decade. Skin grafts are characterized by (1)
donor and recipient of tissue and include: autografts
(same individual), allografts (same species), and xeno-
grafts (different species) and (2) thickness of graft tissue,
that is classified as split-thickness human skin grafts
(STSGs) or full-thickness skin grafts (FTSGs) consisting
of epidermis and part of dermis or epidermis and full
thickness dermis, respectively [1]. FTSGs are mostly used
for smaller areas and on more exposed body sites, since
they need proper vascularity to survive but contract less
than STSGs, thus reducing the risk of hypertrophic scar
(HTS) development [1].

Skin repair, including rapid wound closure, tissue
healing, and reduced scarring after grafting, is essential
to generate a fully functional tissue [2]. However, wound
healing is a profoundly complex process relying on close
collaboration between skin cells, infiltrating immune cells,
and the extracellular matrix (ECM) to warrant a balanced
healing process [3]. Skin grafting therapies often result in
some degree of fibrosis and scarring, thus the development
of new effective therapeutic strategies for deep injury to
the dermis e.g., in relation to skin grafting are required.

Photobiomodulation (PBM) describes the therapeutic
application of light to stimulate regeneration [4-7].
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Indeed, studies have demonstrated that PBM induces
anti-inflammatory activity and tissue repair by modu-
lating neovascularization and the early formation of col-
lagen fibers [8-12]. Fluorescent light energy (FLE) is a
novel form of PBM consisting of a topical component
containing specific chromophores that need activation
by a LED lamp, whereby FLE is generated. The chromo-
phores absorb photons from the LED lamp (440-460 nm)
and through the phenomenon of Stokes shift, emit lower-
energy fluorescent light (500-610 nm) that penetrates
intact or wounded tissues [12-14]. In vitro studies have
shown that FLE is superior at inducing collagen produc-
tion in human dermal fibroblast cell cultures when com-
pared with the blue LED light alone or a lamp mimicking
the spectral output of FLE [12]. FLE also significantly
downregulates several pro-inflammatory cytokines, including
interleukin 6 and tumor necrosis factor o, as well as facili-
tating early modulation of angiogenesis [12-15]. Furthermore,
FLE has been shown to significantly impact healthy [16],
inflamed, and disease-affected skin tissues. The latter being
well-documented in clinical trials and case studies, for acne
[17,18], rosacea [19,20], acne conglobate and hidradenitis
suppurativa [21], acneiforme eruption [22], senile lenti-
gines [23,24], and wound healing [13,25-27]. Finally, a
series of case studies investigating the effect of FLE treat-
ment on healing of acute second-degree burns showed
accelerated wound healing as well as overall improvement
of tissue structure in two cases of severe HTS after burn
injuries, suggesting that FLE balances wound healing at
different stages of the wound healing and remodeling pro-
cess [28].

Based on these previously reported potent anti-inflam-
matory and tissue regenerating properties of FLE, we
speculated that FLE treatment has the potential to be an
effective and preventative therapeutic strategy ensuring
rapid and balanced wound healing in patients after skin
grafting. Thus, the aim of this study was to investigate the
effects of FLE on skin repair after grafting. We used a pre-
viously described in vivo dermal scar model [29]. This
model provides a useful tool for investigating the direct
effect of FLE on healing after skin grafting including essen-
tial cellular factors associated with dermal fibrotic disor-
ders [30]. Nude mice with human STSGs were treated with
either FLE or control LED light and the results were com-
pared with an untreated control (and for some assays
normal human skin or human HTS tissue). Wound closure
was assessed by monitoring morphological changes and
measuring the wound area. Furthermore, histological
analysis was used for investigating the healing process
focusing on thickness of the dermal layers, vascularity,
and re-epithelialization. Finally, collagen deposition,
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cellular infiltration, and connective tissue growth factor
(CTGF) were assessed in situ.

2 Materials and methods

2.1 Animals and study design

The experiment followed Canadian rules for animal treat-
ment and welfare, and the study was approved by Animal
Care and Use Committees (ACUCs) of the University
of Alberta. A 4-week-old male BALB/c-nu/nu nude mice
(n = 69) weighing an average of 20 g were purchased from
Charles River Laboratories International, Inc. (Wilmington,
MA). The mice were first conditioned for 1-2 weeks in the
university animal facility and then grafted with split-thick-
ness human grafts from discarded skin flaps of patients
undergoing abdominoplasty.

Mice were divided into four groups according to the treat-
ments: (1) untreated (Control), (2) LED light alone (Light),
(3) solid FLE formulation plus LED light (sFLE), and (4) gel
FLE formulation plus LED light (gFLE) (16—18 mice/group
and 5-6 mice/group/time point, Table 1). Treatment was
performed twice per week from day 7 after grafting and
for six consecutive weeks. Wound healing was monitored
weekly using digital photography. After 28, 56, or 84 days,
the mice were euthanized, using a CO, chamber, and xeno-
grafts were collected for histology and biochemistry analysis
(Figure 1a).

2.2 Preparation of human STSGs

Abdominal human skin tissues were collected from five
white female patients (19, 42, 50, 55, and 56 years old) who
had cosmetic abdominoplasty. STSGs were harvested ex vivo
using a Padgett electric dermatome (Padgett Instruments,
INC., Kansas City, MO) set at 0.03 cm. They were cut into

Table 1: Groups and skin donors

Groups 28 days 56 days 84 days Total
Control n=>5 n=5 n=6 n=16
LED n==6 n==6 n==6 n=18
sFLE n==6 n==6 n==6 n=18
gFLE n=5 n==6 n==6 n=17
Total n=22 n=23 n=24 n =69
Skin donor n=1 n=2 n=2 n=>5
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3. Treat wounds with sFLE, gFLE or LED light
alone from day 7 after grafting, twice a week
for 6 weeks, or nothing as control
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Figure 1: Study procedure and generation of STSG mouse model. (a) Human split-thickness skin grafts (STSGs) were collected from patients
who had cosmetic abdominoplasty (1) and transplanted onto full-thickness excisional wounds on the backs of mice (2). The wounds were
treated either with sFLE or gFLE plus LED light or LED light alone from Day 7 post-grafting, twice a week for 6 consecutive weeks, or left
untreated (3). The wounds were monitored weekly by digital photography (4). The mice were euthanized at day 28, 56, and 84 post-
treatment and xenografts were collected for histological analysis. Collected tissue from each mouse was divided into three parts, one was
embedded in paraffin (red square), one was prepared and stored for collagen quantification (black square), and one was prepared and
stored as OCT blocks (blue square, not used in this study) (5). (b) Representative pictures showing generation of the STSG mouse model
used in the study. Human skin from cosmetic abdominoplasty (6) was prepared for STSG grafting on nude mice (7). Excision wound was
prepared on recipient mouse (8) prior to STSG grafting (9). Xenograft developed on recipient mouse (10) before initiation of treatment.

pieces of 20cm x 1.5cm (Figure 1b) and kept in sterile protocol. All human subjects who provided tissues gave
normal saline for grafting. The Health Research Ethics Board written informed consent, which was documented in the
of the University of Alberta Hospital approved the patient patient’s health record before participation in the study.
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2.3 Establishment of human dermal fibrotic
mouse model

A full-thickness excisional wound (2.0 cm x 1.5 cm) was made
on the back of each mouse under isoflurane anesthesia. A
human STSG, randomized to the four groups, was trans-
planted onto the wound and secured with sutures (Figure 1b).
The surgical site was then covered with a non-adherent
petrolatum (Xeroform™, Covidien, Mansfield, MA) and gauze
in a tie-over bolster dressing for 7 days after grafting to ensure
adherence of the human skin graft to the wound bed of the
mouse tissue, as previously described [31].

2.4 FLE treatment

Treatment was initiated on day 7 after grafting when the
dressing was removed. Mice were treated under anesthesia
via nasal halothane and treated twice per week for 6 conse-
cutive weeks. Two different FLE systems (Klox Technologies
Inc., Québec, Canada) were used. The gFLE was prepared by
mixing a chromophore gel with a hydro-carrier gel immedi-
ately before use and the mixed gFLE was applied as a thick
layer of 2 mm on the wound. The sFLE (solid membrane form
of the FLE gel containing chromophores) was cut into pieces
of 1.5cm? x 2cm? and placed on the wound. Both the FLE
systems emit similar FLE emission spectra between 500 and
610 nm, as previously described [13,15]. Illumination was per-
formed for 5min at a distance of 5cm from the wound. The
LED lamp (Klox Technologies Inc., Laval, Canada) used to
illuminate the chromophores in the gel or membrane delivers
a non-coherent blue light with a single peak wavelength and
a maximum emission between 440 and 460 nm. The power
density of the Klox lamp (Klox Technologies Inc., Laval,
Canada) was measured using a multifunctional spectroradio-
meter system (SP-100, Orb Optronix inc., Kirkland, WA, USA)
with a spectral range between 380 and 780 nm. The wave-
length binning resolution of the optical system was 1nm.
The optical densities of the lamp were determined at a
5 cm distance. The power output of the Klox lamp is certified
to be within 120-125 mW/m? and the fluency between 33 and
457/cm? at 5min treatment [12-15].

2.5 Digital photography

Wounds were monitored morphologically by digital photo-
graphy every week after grafting to document wound
healing and scar formation. A scale was embedded in
each photo to allow for direct measurements.
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2.6 Quantification of wound closure

Wound closure was assessed and quantified at day 28, 56,
or 84 post-treatment by measuring the wound area and
normalizing measurements according to a scale embedded
in each picture using Image] (National Institutes of Health,
Bethesda, MD). Wound closure was presented as percen-
tage of wound area.

2.7 Evaluation of re-epithelialization in
xenografts

Xenografts were collected after the mice were euthanized
using a CO, chamber at day 28, 56, or 84 post-treatment
and prepared for histological analysis. Sections were
stained with hematoxylin and eosin (H&E), imaged using
a light microscope (Nikon Canada Inc., Mississauga, ON,
Canada), and analyzed according to a scale in each
image. Epithelialization (integrity of epidermal layer)
and re-epithelialization (upward migration of epithelial
cells) were assessed in the H&E images and examined
against sections from a skin sample (non-grafted) from
one donor at each time point to compare grafted tissue
with normal human skin tissue (NS samples).

2.8 Quantification of epidermal and dermal
thicknesses and vascularity in
xenografts

Image] was used to measure epidermal and dermal thick-
nesses using high-power magnification in H&E images.
Epidermal thickness was defined as the distance from
skin surface down to the bottom of epidermal papillae and
dermal thickness as the distance between the epidermal-
dermal junction and the dermal-adipose layer junction,
as previously described for dermal thickness [32]. Three
measurements were taken per sample, two adjacent to
the wound site at 50 pm on each side and one in the
middle of each section. The vascularity was assessed by
counting the number of blood vessels in 20x magnifica-
tion views taken diagonally from top left to bottom right
in the dermis, in five random high-power fields (HPFs) for
each animal.

2.9 Quantification of collagen in xenografts

Collagen content was quantified in the xenografts by
4-hydroxyproline analysis using liquid chromatography/
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mass spectrometry (LC/MS), as previously modified and
described [33]. 5-10 mg of xenograft tissues (wet weight)
were freeze-dried overnight. The dried tissues were then
hydrolyzed in 6 N hydrochloric acid (HCL) solution at
110°C, resulting in collagen being cleaved into its compo-
nent amino acids and 4-hydroxyproline being released
from the collagen protein. Then, a known amount of
N-methyl-proline was added as an internal standard along
with the n-butyl-ester reagent for derivatization. After the
mixture was dried under vacuum, the determination of
4-hydroxyproline was performed using an HP Hewlett
Packard 1100 LC linked to 6130 MS (Agilent Technologies,
Santa Clara, CA) selective detector monitoring the ions 188
(N-butyl-ester of 4-hydroxyproline) and 186 (N-butyl-ester
of N-methyl-proline). Each sample was run in triplicate,
and data are displayed as ng of 4-hydroxyproline per mg
dry tissue obtained by reference to a standard curve.

2.10 Collagen assessment

Paraffin-embedded sections were deparaffinized and hydrated
after being washed twice in acidified water, dehydrated
and mounted before staining in picrosirius red (Abcam,
Toronto, ON, Canada) for 1 h. Picrosirius red stain provides
a simple, specific, and sensitive method to localize col-
lagen in the tissues by reacting with sulfonic acid groups
present in the collagen molecule [34]. Collagen bundles
appear as green, red, or yellow on a black background
allowing quantitative morphometric analysis under polar-
ized light. Collagen orientation was evaluated by Fourier
analysis using Image] software (Image]J v.1.51 u NIH, USA),
represented by the collagen orientation index (COI).
Briefly, the original single collagen bundle in each picro-
sirius red image taken under polarized microscope was
converted to a representation in the frequency domain by
Image] software. The threshold was adjusted to make it clear.
The width and length of the representation was measured
and the COI was calculated using the following equation: 1 —
(short axis/long axis), as previously described [35], and pre-
sented as arbitrary units (a.u.). The collagen networks in
xenografts were compared with NS and HTS from patients
recovered from burn injury. Random collagen bundle tissue
like NS has an index of O whereas the parallel organization
seen in tissue like HTS leads to an index closer to 1.

2.11 Myofibroblast and CTGF assessment

To detect involvement of myofibroblasts and fibrotic fac-
tors in scar formation, xenografts were stained for alpha
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smooth muscle actin (aSMA) and CTGF after paraffin-
embedded sections were deparaffinized and hydrated.
Antigen retrieval was performed on paraffin sections
using 0.05% of trypsin in PBS for 15 min. The sections
were blocked with serum for 5 min at room temperature
(RT), rinsed, and incubated with primary antibodies of mono-
clonal rabbit anti-aSMA (EMD Millipore, Billerica, MA) and
polyclonal goat anti-CTGF (Santa Cruz Biotechnology, Dallas,
TX) for 1h at RT. Secondary antibodies used were biotiny-
lated anti-rabbit IgG (Vector Laboratories, Burlingame,
CA) for aSMA staining or biotinylated anti-goat IgG
(Dako, Glostrup, Denmark) for CTGF staining for 1h at
RT. Detection was done using VECTASTAIN Elite ABC
Reagent and Vector DAB substrate (Vector Laboratories,
Burlingame, CA) and counterstained in hematoxylin. Finally,
the sections were mounted after dehydration and imaged
using an optical microscope.

Myofibroblasts and endothelial cells around blood
vessels were all stained by anti-aSMA antibody and
were distinguished based on location and morphology.
Myofibroblasts were counted in five HPFs/animal. CTGF
was qualified in the sections by brown staining using
Image]J software. Color devolution was done by choosing
H&E DAB plugin on a CTGF stained image, subtracting
background by adjusting threshold, and measuring the
CTGF stained area, this was expressed as a percentage of
the image area.

2.12 Mast cell assessment

Xenograft sections were stained in toluidine blue (Fisher
Chemical, Geel, Belgium) working solution for 2-3 min
after deparaffinization and hydration. After they were
washed with distilled water, the sections were then dehy-
drated quickly through 95 and 100% of ethyl alcohol
(Commercial Alcohols, Brampton, ON, Canada) and cleared
in xylene. Finally, the stained sections were mounted for
observation by light microscopy. Toluidine blue is a cellular
dye with high affinity for acidic tissue components such as
heparin- and histamine-rich metachromatic granules in the
cytoplasm of mast cells, staining mast cells red-purple and
the background blue [30]. The red-purple mast cells were
counted in five HPFs/animal.

2.13 Statistical analysis

Data are presented as mean value + SE. Group data (5-6
mice/group, Table 1) at each time point was analyzed
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using GraphPad Prism version 9.0.0 (GraphPad Soft-
ware), and each treatment group was statistically com-
pared with the control group using two-way ANOVA with
Dunnett’s multiple comparison test, with the exception of
the NS versus HTS comparison in Figure 5c, which was
done using an unpaired, two-tailed t-test. A p-value <
0.05 was considered statistically significant.

3 Results

3.1 FLE treatment modulated wound closure
after human STSG transplantation
on mice

Wound closure was monitored after human STSGs were
transplanted onto full-thickness excisional wounds on
the back of the mice. Standard morphology assessment
showed that FLE treatment (SFLE and gFLE) accelerated
wound closure 28 days after treatment when compared
with control or light treatment alone (Figure 2a, upper
row). Quantification of wound closure by measuring
the wound area revealed a reduction in the wound size
of the sFLE treated group (sFLE: 49.9 + 10.7%) compared
with the control group (Control: 62.4 + 8.2%) at 28 days
post-treatment (Figure 2b), although this reduction
was not significant (Figure S1). Furthermore, complete
healing of the graft edges were observed, scabs were
almost completely gone, and smooth epithelium covered
the entire wound on FLE-treated mice (Figure 2a, upper
row). Meanwhile, in both control groups (Control and
Light), large scabs remained at 28 days after treatment
(indicated by red arrows in Figure 2a, upper row), sug-
gesting incomplete healing of the wounds and delayed
wound healing compared with FLE-treated mice at this
time point. Over time, all wounds healed and started to
contract (Figure 2a, middle row). Moreover, parts of the
developing scars became thicker, shiny, and raised in all
of the groups 56 days after treatments (Figure 2a, middle
row). At day 84 after treatment, the grafts had expanded
and developed HTS-like tissues, clearly distinguishable
from the surrounding mouse skin. Although FLE acceler-
ated wound healing at 28 days after treatment, there
was no obvious superficial difference in scar morphology
at day 56 or 84 after treatment (Figure 2a), or in the
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measured wound area at day 56 or 84 (Figure 2b and
Figure S1).

3.2 FLE treatment induced re-epithelization
and reduced epidermal thickness after
skin grafting

Re-epithelialization is an essential measure of wound
healing that is often impaired in chronic wounds, and is
therefore used as a defining parameter for successful
wound closure [36]. Since FLE treatment seemingly accel-
erated early wound closure, we next examined re-epithe-
lialization. Light microscopy of xenograft sections stained
with H&E revealed that after 28 days, FLE treatment (sFLE
and gFLE) induced a flat epidermal layer with complete re-
epithelialization (Figure 3a, red arrows) compared with
NS or control groups (Control or Light) where re-epithelia-
lization was delayed and only clearly appearing after
56 days (Figure 3a, red arrows). Interestingly, over time
the epithelium expanded and rete ridges were formed
in the groups treated with FLE (Figure 3a, green arrows),
but not in the two control groups (Figure 3a). Next the
thickness of the epidermis (Figure 3a, purple arrows)
and the dermis (Figure 3a, yellow arrows) were measured
and quantified. All three PBM-treated groups showed
reduced epidermal thickness of xenografts compared
with the control group at 84 days post-treatment,
although this reduction was only statistically significant
in the light-treated group (Control: 0.15 + 0.02mm vs
Light: 0.07 + 0.01 mm; p = 0.0463) (Figure 3b and Figure
S2a), while PBM treatments already significantly dimin-
ished the dermal thickness at 28 days post-treatment
(Light: 2.07 + 0.08 mm; p = 0.0106, sFLE: 1.35 + 0.07 mm;
p = 0.0246, and gFLE: 1.35 + 0.08 mm; p = 0.0328) com-
pared with the control group (Control: 1.69 + 0.13 mm)
(Figure 3c and Figure S2b). Besides, sFLE significantly
increased dermal thickness at 56 days (SFLE: 1.48 + 0.14 mm
vs Control: 1.16 + 0.00 mm; p = 0.0363), and no signifi-
cant difference in dermal thickness between groups was
observed at day 56 or 84 post-treatment (Figure 3c and
Figure S2b).

As angiogenesis is vital for wound healing [37,38], we
evaluated the number of blood vessels in the collected
xenografts (Figure 3a, blue arrows). Given that STSGs
does not contain a dermis when transplanted, all blood
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0.5cm

Figure 2: sFLE accelerated wound closure after skin grafting. The wounds were treated with LED light alone (Light) or two different FLE
treatments plus LED light (sFLE or gFLE) twice a week for six consecutive weeks, or left untreated (Control). (a) Representative pictures
showing wounds monitored by digital photography every week after grafting. Pictures show appearance of healing at day 28 (upper row), 56
(middle row), and 84 (lower row) after last treatment. Scale bar, 0.5 cm. (b) Wound closure was quantified as percentage of measured

wound area and presented as bar graphs showing mean value + SE.

vessels in the xenograft are newly formed. Compared
with the control group, we found a significant reduction
in blood vessel numbers after treatment with gFLE during
the first 28 (gFLE: 15.33 + 3.38 number/HPFs vs Control:
30.67 = 4.33 number/HPFs; p = 0.0466) and 56 days
(gFLE: 8.00 + 2.08 number/HPFs vs Control: 26.33 +

6.17 number/HPFs; p = 0.0097) after treatment (Figure 3d
and Figure S2c).

Collectively, these data suggest that FLE treatment
enhances wound closure and re-epithelialization while
reducing scar thickness and neovascularization within
28 days after injury.
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Figure 3: FLE promoted reepithelization, and reduced epidermal thickness and vascularity. (a) Representative images showing H&E staining
of human normal skin (NS) and xenografts harvested from mice treated with LED light alone (Light) or two different FLE treatments plus LED
light (sFLE or gFLE) at day 28, 56, and 84 post-treatment, or untreated (Control). Assessment of epidermis thickness (purple arrows), dermis
thickness (yellow arrows), blood vessels (blue arrows), epithelialization (red arrows), and rete ridges (green arrows) were observed,
measured, and counted. Scale bar, 20 pm. (b—d) Quantified data are presented as bar graphs showing the mean value + SE of (b) epidermis
thickness, (c) dermis thickness, and (d) blood vessel numbers/HPFs. *p < 0.05; **p < 0.01.
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3.3 FLE treatment modulated collagen
deposition and remodeling after skin
grafting

Collagen is a key component of the ECM and a balanced
decomposition is vital for ensuring tissue healing without
causing fibrosis [35,39]. Quantification of collagen in the
xenografts demonstrates that collagen deposition was
significantly induced by sFLE (sFLE: 57.21 + 2.46 ng/mg;
p = 0.0036) treatment at day 28 compared with the con-
trol group (Control: 45.88 + 2.46 ng/mg), and reduced in
all three groups of mice treated with PBM (Light: 40.76 +
1.80 ng/mg; p < 0.0001, sFLE: 46.98 + 1.31ng/mg; p =
0.0007, and gFLE: 46.15 + 1.00 ng/mg; p = 0.0003) com-
pared with the control group (Control: 60.18 + 3.15 ng/mg)
at day 56 post-treatment, while no difference was observed
at day 84 (Figure 4 and Figure S3).

Next the structure of the collagen network was assessed
using picrosirius red staining. The orientation of collagen
molecules is an important determinant of their functionality
in connective tissues [40]. It is furthermore known that in
scar tissue, the collagen network differs from the collagen
structure in normal skin, in which collagen forms a “basket-
weave” structure with perpendicular collagen fibers [39].
First, we saw that the structure of collagen bundles in
human HTS tissue consisted of thin collagen fibers and
smaller bundles that aligned parallel with the epidermis
compared with human NS tissue (Figure 5a, left column).
In xenografts of control mice, the collagen bundle structure

*kk

*k¥k

*%k *kkk
— - m Light
60} @ sFLE

gFLE

4-Hydroxyproline (ng/mg)
8 &

ANAANNNNNNNNNNNNN 2
ANAANANNNANNANNNNY

o
I

28 56 A 84
Days post-treatment

Figure 4: FLE modulated collagen production. Collagen production in
xenografts harvested from mice treated with LED light alone (Light)
or two different FLE treatments plus LED light (sFLE or gFLE) at day
28,56, and 84 post-treatment, or untreated (Control) was quantified
by 4-hydroxyproline assessment. Bar graphs present the mean
value + SE of 4-hydroxyproline production ng/mg of dry tissue
referring to a standard curve. Experiments were performed in tri-
plicate for each sample. **p < 0.01; ***p < 0.001; ****p < 0.0001.
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resembled that of human HTS (Figure 5a, Control and left
column). Conversely, in xenografts from mice treated with
FLE, collagen structure resembled the arrangement seen in
human NS (Figure 5a, sFLE, gFLE, and left column).

Finally, collagen organization was quantified using
the COI by Fourier analysis [41,42]. The short and long
axes of the collagen bundles were measured for each scar
(Figure 5b and Figure S4a) and the COIs were calculated
(Figure 5c and Figure S4b). First, the COI of NS (NS: 0.12 +
0.04 a.u.) was significantly lower compared with HTS
(HTS: 0.62 + 0.04 a.u.; p < 0.0001). Furthermore, data
demonstrated a significant decrease in COI in FLE-treated
mice (SFLE: 0.21 + 0.06 a.u.; p = 0.0423, and gFLE: 0.18 +
0.04 a.u.; p = 0.0300) compared to that in control group
(Control: 0.50 + 0.08 a.u.) at day 28, day 56 (Control: 0.55
+ 0.05 a.u. vs sFLE: 0.25 + 0.02 a.u.; p = 0.0341, or gFLE:
0.14 + 0.05 a.u.; p = 0.0025), and for all PBM-treated
groups on day 84 (Control: 0.67 + 0.09 a.u. vs Light:
0.29 + 0.17 a.u.; p = 0.0034, sFLE: 0.21 + 0.05 a.u.; p =
0.0004, or gFLE: 0.18 + 0.04 a.u.; p = 0.0001) (Figure 5c
and Figure S4b). Furthermore, COI of xenografts from
FLE-treated mice resembled COI of NS tissue (Figure
5c), suggesting an improvement in collagen orientation
and remodeling mediated by FLE treatments.

3.4 FLE treatment reduced levels of
myofibroblasts, mast cells, and CTGF
in xenografts

Myofibroblasts play a crucial role in wound healing via
ECM synthesis and wound contraction. However, exces-
sive proliferation of differentiated aSMA-expressing
myofibroblasts is associated with increased fibrosis [43].
Hence, the impact of FLE on myofibroblasts was investi-
gated by quantifying these cells in the dermis of xeno-
grafts by determining aSMA staining (exemplified in
Figure S5a). Our results demonstrate that FLE treatment
decreased the number of myofibroblasts in xenograft tis-
sues (Figure 6a). Although these findings were not sig-
nificant on day 28 or 56 (Figure 6a and Figure S5b), day
84 findings showed that both sFLE and gFLE significantly
reduced myofibroblast numbers in the tissue post-treat-
ment (Control: 18.0 + 3.46 cells/HPFs vs sFLE: 7.0 + 2.04
cells/HPFs; p = 0.0114, or gFLE: 1.33 + 0.88 cells/HPFs;
p < 0.0001), while treatment with LED light alone signif-
icantly promoted myofibroblasts within the first 56 days
(Control: 12.0 + 4.36 cells/HPFs vs Light: 25.3 + 1.45 cells/
HPFs; p = 0.0029) after treatment when compared with
the control group (Figure 6a and Figure S5b).
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Figure 5: FLE improved collagen orientation and remodeling. (a) Representative images showing picrosirius red staining of human hyper-
trophic scar (HTS), site-matched human normal skin (NS), and xenografts harvested from mice treated with LED light alone (Light) or two
different FLE treatments plus LED light (SFLE or gFLE) at day 28, 56, and 84 post-treatment, or untreated (Control) was performed to
appraise collagen networks. Under polarized light, collagen bundles appeared green, red, or yellow. Scale bar, 50 pm. (b) Representative
images of collagen orientation evaluated by Fournier analysis in the xenografts harvested from mice at day 84 post-treatment. (c) Bar
graphs present the mean value + SE of the COI calculated using the equation: 1 — (short axis/long axis) as arbitrary units (a.u.). *p < 05;
**p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 6: FLE reduced myofibroblast formation and mast cell accu-
mulation. (a) Bar graphs present the mean value + SE of myofibro-
blasts in 5 HPFs in the xenografts harvested from mice treated with
LED light alone (Light) or two different FLE treatments plus LED light
(sFLE or gFLE) at day 28, 56, and 84 post-treatment, or untreated
(Control). *p < 0.05; **p < 0.01; ****p < 0.0001. (b) Graph presents
the mean value + SE of mast cells in 5 HPFs in the xenografts har-
vested from mice treated with LED light alone (Light) or two different
FLE treatments plus LED light (sFLE or gFLE) at day 28, 56, and 84
post-treatment, or untreated (Control).

Recent studies have highlighted the importance of
mast cells in the release of various mediators that affect
cell proliferation and collagen remodeling during wound
healing, with high numbers of activated mast cells asso-
ciating with scarring [44]. The number of mast cells were
therefore analyzed in xenografts after FLE treatment. Tolui-
dine blue staining was done to assess mast cell numbers
in grafted tissue (exemplified in Figure S6a). PBM treatment
significantly reduced mast cell numbers in the xenografts at
day 56 (Control: 27.3 + 5.00 cells/HPFs vs Light: 12.0 + 2.60
cells/HPFs; p = 0.0118, sFLE: 8.70 + 1.70 cells/HPFs; p =
0.0018, or gFLE: 8.70 + 3.50 cells/HPFs; p = 0.0018) and day
84 (Control: 40.0 + 2.90 cells/HPFs vs Light: 21.3 + 3.70 cells/
HPFs; p = 0.0010, sFLE: 6.00 + 3.00 cells/HPFs; p < 0.0001, or
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gFLE: 8.67 + 1.90 cells/HPFs; p < 0.0001) post-treatment com-
pared with the control group (Figure 6b and Figure Séb).
Interestingly, the light-mediated down-modulation observed
at day 56 had partly increased at 84 days after treatment
(Figure 6b and Figure S6b).

Finally, expression of CTGF, which is an important
growth factor known to be overexpressed and involved in
fibrosis and scar formation [45], was assessed in the graft
tissue (Figure 7a). CTGF expression was not significantly
modulated in any of the groups at 28 and 56 days post-
treatment (Figure 7b and Figure S7). However, CTGF
expression was significantly reduced by Light and sFLE
(Light: 2.93 + 0.43% of area; p = 0.0220 or sFLE: 2.11 +
0.10% of area; p = 0.0011) compared with control group
(Control: 5.11 + 1.08% of area) at day 84 (Figure 7b and
Figure S7).

Together these data suggest that FLE-treatment mod-
ulates wound closure by accelerating re-epithelialization,
while normalizing the collagen organization, blood vessel
formation, and reducing the risk of scarring through reduced
numbers of myofibroblasts, mast cells, and CTGF levels.

4 Discussion

Ensuring swift and balanced wound healing following
skin grafting is essential to reduce the risk of infection
which can lead to prolonged inflammation, increasing
the risk of chronic wounds, fibrosis, and severe scarring
[1]. This study sought to investigate the effect of FLE
therapy in wound healing after grafting, based on the
hypothesis that FLE represents a novel approach to ensure
balanced healing with reduced risk of scarring for graft
patients.

We used our previously described modified mouse
scar model [29] that offers the advantages of low cost,
easy manipulation, and short time frame for scar forma-
tion and remodeling, compared with several other dermal
wound models, including the in vivo human scratch
wound model [46], rabbit ear [47], or red Duroc pig ding
[48]. Our model [29], in which STSGs instead of FTSGs are
transplanted on nude mice, results in development of red,
raised, and thickened scars that have intrinsic properties
closely resembling HTS formation in humans [30].
Although this model is prone to develop scarring, it is
highly valuable for investigating several aspects of the
wound healing process because of its significant increase
in the number of macrophages, mast cells, and fibrocytes
[30], along with an increase in biglycan and a decrease in
decorin expression in the grafted skin [49]. We found that
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FLE treatment accelerated re-epithelialization and rete
ridges formation in the early stages of healing, which are
key parameters in scar pathophysiology [50]. Although
scar morphology was not significantly different between
FLE-treated and control groups in this dermal fibrotic
mouse model, accelerated wound healing is advantageous
in itself since is reduces the risk of infections that often
complicate the healing process and increases the risk of
developing chronic wounds or fibrosis, including HTS.
These results complement recent studies investigating
the effect of FLE on different phases of wound healing
showing accelerated healing of chronic venous leg ulcers,

diabetic foot ulcers, and pressure ulcers as well as acute
second-degree burns [13,27,28], while highlighting a poten-
tial superior effect of FLE in the earlier stages of healing.
Further studies are needed to clarify the effect of FLE on
reducing the risk of development of scarring. Introducing
FLE earlier (before 7 days) after skin grafting might be ben-
eficial and is an interesting aim of a subsequent investiga-
tion. In addition, investigating FLE in a model less prone for
default development of HTS would also be insightful.
Fibroblastic proliferation and excess collagen deposi-
tion are associated with imbalanced healing and scarring
[3,51,52]. Interestingly, studies have shown that light
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within the red part of the visual spectrum suppresses col-
lagen production in human skin fibroblast cultures [51]
and inhibits type I collagen expression as well as TGF-f-
induced fibroblast to myofibroblast differentiation [53].
Previous studies focusing on FLE have investigated col-
lagen production early after treatment showing that FLE
can modulate collagen production both in vitro and in vivo
[12,16]. In the current study, we found that FLE increased
collagen 28 days after treatment, whereas it was down-
modulated after 56 days. Different types of collagen
come into play at different time points during healing;
collagen III is produced in the proliferative phase and
replaced by collagen I in the remodeling phase [39]. Since
the 4-hydroxyproline-assay used does not distinguish
between collagen types and thus kinetics of these, more
detailed investigations of collagen types are needed to
fully understand how FLE controls collagen production
in different steps of the wound healing process. However,
collagen production alone is inadequate to assess its role
in healing, since deposition and remodeling is central for
constructing new and fully functional tissues [39,40]. We
found that the COI was significantly decreased already at
28 days and remained low at 56 and 84 days after treat-
ment, suggesting that FLE normalizes collagen deposition
and remodeling in the tissue in the long-term. Considering
that modulation of collagen production is an essential com-
ponent of any effective tissue repair and anti-fibrotic therapy
[54], our data provide support for a new therapeutic mod-
ality for managing development of skin fibrosis.
Angiogenesis is vital to restore circulation in the
grafted and damaged tissue, and is induced by secreted
growth factors, including vascular endothelial growth
factor (VEGF) produced by keratinocytes, fibroblasts, and
macrophages [37]. While the importance of angiogenesis
in the early/proliferative phase of tissue healing is well-
documented, less is known about regulation later in the
repair process due to the difficulties in monitoring this
process in vivo. A study has shown that long term over-
expression of VEGF-A associates with pathological condi-
tions such as muscle fibrosis [55], underlining the impor-
tance of resolving this process later in the wound healing
process. We have previously shown that FLE-treatment
facilitates angiogenesis, by measuring branching and
tube formation in cultures of human aortic endothelial
cells 18 h after stimulation in vitro [12]. In this study, we
found a significant reduction in the number of blood ves-
sels in the grafted tissues 28 and 56 days after FLE stimu-
lation. Earlier, we described that the number of newly
formed blood vessels in grafted skin peaked on day 10
and declined again by day 28 after grafting [38]. These
observed differences in the effect of FLE on angiogenesis
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may reflect the different time points when vascularization
was assessed after stimulation in each study and that FLE
thereby modulates angiogenesis differently in different
phases during wound healing.

Although a number of parameters measured in this
study were improved by LED light stimulation alone, FLE
yielded additional effects demonstrating that the FLE
spectrum specifically was critical to the therapeutic ben-
efits observed. Specifically, FLE reduced myofibroblast
accumulation whereas Light treatment significantly
increased the number of myofibroblasts in the tissue after
56 days. This indicates that blue light directly promotes
myofibroblast differentiation which increases the risk of
fibrosis whereas the full FLE spectrum reduced myofibro-
blast numbers. Furthermore, mast cell recruitment and
CTGF expression were decreased by FLE in the later phase
of repair and remodeling. Combined, these effects resulted
in increased wound maturity, which is vital for minimizing
the risk of fibrosis in patients [39]. The FLE biophotonic
platform utilized in this study has the advantage of gen-
erating a broad spectrum of fluorescence within the visible
range (440-460 and 500—700 nm) [12,13]. This enables the
light to penetrate various layers of the skin and interact
with endogenous chromophores, such as flavins/ribo-
flavins, cytochrome c oxidase subunit IV, and nicotina-
mide adenine dinucleotide hydrogen [56], in different
layers in a single treatment. Moreover, previous clinical
studies investigating FLE therapy has reported the treat-
ment as applicable, safe, and with few adverse effects
[17,18,25-28], underlining few clinical implications for the
use of FLE. For treatment of acute second-degree burns or
chronic ulcers, patients did initially experience some pain
in relation to the FLE treatment, which was, however, not
considered extraordinary compared with the standard of
care for these conditions [27,28].

PBM was previously shown to (1) accelerate the
healing of formocresol-induced oral ulcers and diabetic
wounds in rats due to certain wavelengths stimulating
fibroblast proliferation and collagen production [57,58];
(2) induce comparable levels of cell migration and wound
closure in a scratch wound model [59]; (3) promote donor
site wound healing of the free gingival graft, potentially
via reducing reactive oxygen species production [60];
(4) modulate angiogenesis [61]; (5) promote provisional
matrix and wound reorganization [60]; and (6) enhance
the healing process of third-degree burns in rats [62]
and modulate mitochondrial physiology [13] and gene
expression [15]. Further experiments are needed to deter-
mine which molecular pathways are specifically activated
by FLE treatment underpinning its beneficial effects. Poten-
tial mechanisms of action likely include photon absorption
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by endogenous chromophores, photonic energy utilization,
and modulation of mitochondrial activity including ATP
production, which regulate cellular activation, migration,
and protein synthesis that are essential in wound healing
[56].

In summary, the aim of this study was to investigate
the impact of FLE on tissue repair after skin grafting and
examine its therapeutic potential for improving healing
and reducing the risk of complication. We found that FLE
treatment stimulated healing by increasing re-epithelia-
lization, significantly increasing epidermal thickness and
reducing dermal thickness after 28 days, while decreasing
number of blood vessels after 56 days. Moreover, collagen
production was enhanced at day 28 and significantly
reduced at day 56 with COI significantly reduced at all
three time points. Finally, mast cells infiltration, myofibro-
blast formation, and angiogenesis were lowered later in
the healing process (84 days after treatment). However,
FLE did not directly alter the morphology of the default-
developed HTSs in this mouse model.

To conclude, these findings suggest that FLE helps
balance the wound healing process at different stages
following skin grafting, although a thorough clinical
assessment is necessary. This study supports FLE therapy
as a possible safe treatment for skin graft patients to help
ensure a balanced healing process and a lowered risk of
developing chronic wounds.
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