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ARTICLE INFO ABSTRACT

Keywords: Objectives: Treating infected or chronic wounds burdened with biofilms still is a major challenge in medical care.
Pulsed low-intensity laser Healing-stimulating factors lose their efficacy due to bacterial degradation, and antimicrobial substances
Wound healing negatively affect dermal cells. Therefore, alternative treatment approaches like the pulsed low intensity laser
l:ll(?flzus therapy (LILT) require consideration.

Proliferation Methods: The effect of pulsed LILT (904 nm, in three frequencies) on relevant human cells of the wound healing
Metabolism process (fibroblasts (BJ), keratinocytes (HaCaT), endothelial cells (HMEC), monocytes (THP-1)) were investi-

Bacteria gated in in-vitro and ex-vivo wound models with respect to viability, proliferation and migration. Antimicrobial
efficacy of the most efficient frequency in cell biological analyses of LILT (3200 Hz) was determined in a human
biofilm model (IhBIOM). Quantification of bacterial load was evaluated by suspension method and qualitative
visualization was performed by scanning electron microscopy (SEM).

Results: Pulsed LILT at 904 nm at 3200 Hz + 50% showed the most positive effects on metabolic activity and
proliferation of human wound cells in vitro (after 72 h — BJ: BPT 0.97 + 0.05 vs. 0.75 + 0.04 (p = 0.0283);
HaCaT: BPT 0.79 £ 0.04 vs. 0.59 + 0.02 (p = 0.0106); HMEC: 0.74 + 0.02 vs. 0.52 + 0.04 (p = 0.009); THP-1:
0.58 + 0.01 vs. 0.64 + 0.01 (p > 0.05) and ex vivo. Interestingly, re-epithelialization was stimulated in a
frequency-independent manner. The inhibition of metabolic activity after TNF-a application was abolished after
laser treatment. No impact of LILT on monocytes was detected. Likewise, the tested LILT regimens showed no
growth rate reducing effects on three bacterial strains (after 72 h - PA: -1.03%; SA: -0.02%; EF: —1,89%) and one
fungal (—2.06%) biofilm producing species compared to the respective untreated control. Accordingly, no sig-
nificant morphological changes of the biofilms were observed after LILT treatment in the SEM.

Conclusions: Frequent application of LILT (904 nm, 3200 Hz) seems to be beneficial for the metabolism of human
dermal cells during wound healing. Considering this, the lack of disturbance of the behavior of the immune cells
and no growth-inducing effect on bacteria and fungi in the biofilm can be assigned as rather positive. Based on
this combined mode of action, LILT may be an option for hard to heal wounds infected with persistent biofilms.

1. Introduction tissue. Both kind of laser differ in three key features, which influence the
therapeutic effects: thermal features, which mainly depend on tissue

Medical lasers are divided into two types, the high-intensity laser chromophores which absorb specific wavelength, biophysical features
therapy (HILT) and the low-intensity laser therapy (LILT). Their depth of such as the wavelength itself, and the mode of application in the form of
tissue penetration does not inevitably correlate with the intensity or continuous or pulsed waves. Especially the latter have an impact on
wavelength, but is rather related to absorption characteristic of the tissue relaxation time, which is more valuable for the laser response than
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its frequency. In HILT, where the parameters are above the survival
threshold, causes an irreversible tissue reaction; therefore, it is applied
for vaporization and tissue incision. In contrast, LILT effects are local-
ized within the survival threshold and stimulate tissue regeneration. The
type of laser and the irradiation conditions used vary according to the
purpose, the patient, and the expected effects of laser treatment. The
technology has advanced, and it is known that it does not necessarily
need coherent, i.e. laser light to stimulate biological processes in the
body. There are analyses that indicate devices based on LEDs also show
similar results in the improvement of wound healing [1,2]. Therefore,
science assigned these treatments to the term “photobiomodulation”
(PBM), which was originally coined by the inventor of low-level laser
therapy, Endre Mester 1967, and was 2014 from the World Association
for Laser Therapy and the North American Association for Light Therapy
defined as “a form of light treatment that utilizes nonionizing forms of light
sources, including lasers, light emitting diodes (LEDs) and broadband light, in
the visible and infrared spectrum, involving a nonthermal process with
endogenous chromophores eliciting photophysical (i.e., linear and nonlinear)
and photochemical events at various biological scales” [3]. It would more
closely resemble the way in which we can use it to influence tissue
regeneration without any painful interventions [4,5].

Low-intensity laser therapy (LIL) has been shown to promote healing
of chronic wounds in vivo [6-8] as well as in vitro [9-13]. Especially,
research has revealed that cell differentiation, proliferation, metabolic
activity and subsequent tissue activation were promoted by LILT. It in-
duces cell proliferation [14] and inhibits scar formation [15,16].
Mechanistically, it was shown that the ATP synthesis in the mitochon-
dria is stimulated by the irradiation of skin and wounds with photons
during LIL treatment. This leads to a variety of biochemical reactions in
the entire body, triggering anti-inflammatory and immunological ef-
fects, the stimulation of cell proliferation and improves analgesic func-
tion. One prominent application is represented by wavelength between
633 and 690 nm with a dose of 10 J/cm? [17-19]. However, there are a
multitude of devices with a broad range of wavelengths and doses
applying continuous waves (CW) or pulsed laser emission in with
various frequencies, which have not been scientifically proved, yet.

This study represents a systematic analysis of the effects of pulsed
low intensity laser treatment (904 nm) using three defined frequency
spectra on metabolism, proliferation, and migration of the main players
of human wound healing in in-vitro and ex-vivo human wound models.
This approach was extended by the examination of possible antibacterial
or antifungal effects of these treatment regimes in a novel human plasma
biofilm model, because it has been shown, that chronic wounds are
burdened with biofilms [20,21]. These biofilms are comprised by
multispecies pathogenic bacteria and fungi surrounded by a self-
produced extrapolymeric substance (EPS). It was evaluated that the
EPS functions as an effective protective shield against antimicrobial
therapies [22,23]. Besides possible antimicrobial efficacies, it was
essential to exclude possible positive effects on the development of
biofilms, before using a biophysical wound therapy that stimulates the
cells in chronic wound healing. This question was additionally
addressed in this study.

2. Methods
2.1. Cell Cultures and Pulsed Low-Intensity Laser Application

For investigations of the impact of LILT on human cells keratinocytes
from a 62-year-old male (HaCaT; CLS Cell Lines Service GmbH, Cat#
300493/p800_HaCaT, RRID:CVCL_0038), skin fibroblasts of newborn
foreskin (BJ; ATCC Cat# CRL-2522, RRID:CVCL_3653), human endo-
thelial cells (HMEC, ATCC Cat# CRL 3243) and human monocytes (THP-
1, LGC Standards, Wesel, DE) were applied. Keratinocytes and fibro-
blasts were cultured in DMEM (4.5 g/1 p-glucose, 3.7 g/l NaHCOs;
Biochrom GmbH, Berlin, Germany), supplemented with 10% FCS, 1 ng/
ml fibroblast growth factor (FGF) and 1 ng/ml epidermal growth factor
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(EGF) (both human rec.; PAN-Biotech, Aidenbach, Germany). Endo-
thelial cells were cultured in MCBD131 medium (PAN Biotech, Aiden-
bach, Germany) supplemented with 10% FCS, 1 pg/ml hydrocortison
and EGF/bFGF (1 ng/ml). Monocytes were cultured in RPMI (w: stable
Glutamine, w: 2.0 g/l NaHCO3; PAN Biotech, Aidenbach, Germany)
supplemented with 10% FCS and 2-mercaptoethanol (0.05 mM; Carl
Roth, Karlsruhe, Germany). All cells were kept under humidified con-
ditions with 5% CO- at 37C°.

2.2. Metabolic Activity of Human Skin Cells after LIL Application

Viable cells were seeded into 96-well microtiter plates at 4-6 x 10°
cells/well and were cultured in a humidified atmosphere at 5% CO; and
37 °C. The cells were treated with a pulsed low-intensity laser (904 nm;
Bio-Medical-Systems, Wiesbaden, Germany) after 24 h, 48 h and 72 h
with a duration of 60 s and in a distance of 1 mm. Three different fre-
quencies programs were applied: 960 Hz —50% (P1), 3200 Hz (P2) and
3200 Hz +50% (P3). Table 1 summarizes the irradiation parameters of
the lasers used at a distance of 1 mm between the addressed object (here:
cell culture) and the laser diode as well as 100% amplitude. However,
the indicated energy outputs are only computationally correct at con-
stant frequencies: In fact, the laser powers vary as a function of fre-
quency at 960 Hz —50% and 3200 Hz + 50%, respectively, between the
two benchmarks in both directions between 5.5 and 16.2 mW. However,
over a longer period, the average values (constant 960 Hz or 3200 Hz)
for power and energy can be assumed. The power of a laser pulse is
about 22 W with a pulse length of 150 ns.

One hour after laser treatment, the metabolic activity was evaluated
by using the CellTiter 96® Aqueous One Solution Cell Proliferation
Assay (MTS assay; Promega, Walldorf, Germany) according to manu-
facturer protocol. - Each analysis was additionally performed in the
presence of TNF-a (40 ng/ml; Thermo Fisher Scientific, MA, USA) in the
culture medium, mimicking the pro-inflammatory milieu of chronic
wounds [24,25].

2.3. Cell Migration of Human Skin Cells under LIL Application

The bottoms of a 24-well cell culture plate were homogeneously
coated with 500 pl of rat tail type I collagen ECC LOT 7135002 (Corning
B.V., Amsterdam, Netherlands) dissolved in PBS at a concentration of
200 pg/ml, serving as a matrix for the dermal cells. After 2 h, human
keratinocytes and endothelial cells (150.000 cells/well) and fibroblasts
(175.000 cells/well), were seeded and cultured under humidified con-
ditions. After formation of a confluent monolayer, cultures were incu-
bated with mitomycin (10 pg/ml) for 2 h to prevent further cell
proliferation. By using a plastic pipette tip (200 pl), 550 + 50 pm wide
wounds were scratched into the monolayers. The resulting solubilized
cells were removed by PBS rinsing, and the cells were subsequently
cultured with growth factor-free media. Cell migration was analyzed
microscopically (Leica Microsystems, Heerbrugg, Switzerland) over a
period of 24 h (fibroblasts, endothelial cells) or 48 h (keratinocytes),
respectively. During the above-mentioned period, the cells underwent a
laser application of either 960 Hz —50%, 3200 Hz, 3200 Hz + 50%
immediately after scratching and after 8 h post-scratching.

Data analysis was performed manually using the program ImageJ©
(Wayne Rasband) including the special wound healing tool and plotted
in comparison to the untreated control.

2.4. Human Ex-Vivo Wound Models Based on Abdominoplastic Skin

Human full-thickness skin from surgically removed abdomino-
plastics (cooperation with plastic surgery) was used to create human ex-
vivo wound models. The study was approved by the ethic committee of
Witten/Herdecke University (Ref.: 84/2017). The full thickness skin was
processed before and after sharp removal of the subcutis by two times
disinfection with 70% ethanol solution. Using a biopsy punch, 2 mm
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Table 1
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Irradiation parameters of the pulsed low-intensity laser (904 nm; Bio-Medical-Systems, Wiesbaden, Germany) at 1 mm application distance and 100% amplitude. The
mean values for power and energy are indicated within the frequency-dependent range of 5.5 and 16.2 mW. Because the irradiation parameters of the programs P1
(960Hz —50%) and P3 (3200 Hz +50%) change continuously and without steps between the pulse frequencies 480 Hz to 960 Hz and 1600HZ to 4800 Hz, respectively,

the data for the entire range is indicated.

480 Hz 960 Hz 1600 Hz 3200 Hz 4800 Hz
Frequency [Hz] 480 960 1600 3200 4800
Period length [s] 0.002083333 0.001041667 0.000625 0.0003125 0.000208333
Pulse width [s] 0.00000015 0.00000015 0.00000015 0.00000015 0.00000015
Duty cycle [0...1] 0.000072 0.000144 0.00024 0.00048 0.00072
Amplitude [0.... 1] 1 1 1 1 1
Power (mv) [W] 0.0016 0.0033 0.0055 0.0109 0.0162
Power per pulse [W] 22.71062271 22.91666667 22.91666667 22.70833333 22.5
Time [s] 60 60 60 60 60
Energy [J] 0.186 0.198 0.33 0.654 0.972

wounds were placed in the skin. An 8 mm biopsy punch was then applied
to punch out the area around this 2 mm wound to create the ex-vivo
wound model. Models were positioned in an airlift construct in a 6-well
plate filled with 5.5 ml DMEM (containing 3.7 g/1 NaHCO3, 4.5 g/1
glucose, stable r-glutamine and 10% FCS) per well. During analyzes,
media was changed every third day. Adjusted to a possible clinical
application laser treatment was performed onday 1, 2, 3,4, 5,6,7,9, 11
and 13 for 120 s using the above mentioned frequencies. The wounds
were collected and fixed on the defined endpoints 5, 10 and 15 days.

2.5. Hematoxylin-Eosin Staining of the Ex-Vivo Wound Models

For subsequent analyses, models were transferred to 4% PFA and
fixed automatically over night using an embedding machine (Leica,
Bensheim, Germany). The human ex-vivo wound models stored in liquid
paraffin were cast into blocks using an embedding system (Medite
GmbH, Burgdorf, Germany). Paraffin sections (7 pm) were manufac-
tured by using a slide microtome (pfm medical, Nurnberg, Germany).
For histology, standard hematoxylin-eosin staining (H/E staining) was
performed and evaluated by light microscopy.

2.6. Immunohistochemical Staining of the Ex-Vivo Wound Models

Paraffin sections were deparaffinized and rehydrated by xylene/
ethanol washing steps. Immunohistochemical staining to Ki67 was
performed to visualize cell proliferation. For antigen retrieval, the slices
were heated in 10 mM citrate buffer, pH 6.0 and 0.1% Tween 20 for 20
min, cooled down to room temperature and transferred to 1 x phosphate
buffered saline (PBS). Permeabilization and blocking of the sections
were achieved by incubation with permeabilization buffer containing
1x PBS, 5% goat serum, 5% horse serum and 5% FCS (Pan Biotech) and
0.1% Triton X100 (Merck, Darmstadt, Germany) for 1 h at room tem-
perature (RT). Mouse monoclonal anti human Ki-67 Antigen Clone MIB-
1 (Agilent, CA, USA) was diluted 1:50 in blocking solution comprised of
1x PBS, 5% goat serum, 5% horse serum and 5% FCS (Pan Biotech,
Aidenbach, Germany) and incubated in a wet chamber at 4 °C over
night. After washing with PBS, the Alexa Fluor®488 goat anti-mouse IgG
(H + L) (1:500; Life Technologies/Invitrogen) was applied in blocking
solution for 1 h at RT. Resting antibody solution was removed by
washing with PBS. The sections were embedded in Roti®-Mount Fluo-
rCare DAPI (Carl Roth, Karlsruhe, Germany).

The number of proliferating cells was quantified by counting Ki67-
immunopositive cells in 3 regions of interests (roi, 10x objective, light
microscope (Leica, Wetzlar, Germany)): wound margin left, wound
ground, wound margin right on 3 non-consecutive sections of one
wound.

2.7. Bacterial Test Organism and Nutrient Solutions

Pseudomonas aeruginosa (DSM-939), Staphylococcus aureus (ATCC

6538) and Enterococcus faecium (ATCC 6057) were cultivated on casein/
soy peptone agar plates (CSA). The test yeast Candida albicans (ATCC
10231) was cultivated on malt extract agar (MEA) following EN 13727
and EN 13624, respectively. The second subculture was used and bac-
terial/fungal suspension was adjusted to a 0.5 McFarland standard
(approx. 1.5 x 10% cfu/ml) by using a densitometer (Grant Bio™
DEN—1B, Grant Instruments Ltd.; Cambs SG8 6GB, England). Next
plasma and buffy coat with donor’s immune cells were added. The final
bacterial and yeast concentration was set to 1.5-3 x 108 cfu per single
biofilm model. Microbial cfu counts were determined by spreading un-
treated BTS controls of each experiment onto agar plates to calculate
surviving organisms and reduction rates, respectively.

2.8. Leucocyte Rich Human Plasma Biofilm Model (lpBIOM)

The biofilm model 1pBIOM used for evaluation of in vitro LILT based
on fresh frozen plasma (FFP; citrate buffered; blood group AB) and a
LRS® chamber of leukocyte apheresis (Trima Accel®, Terumo, USA),
containing the “immunocompetence” of the donor. This was gained by
using a special Terumo BCT design (Trima Accel® LRS® Platelet, Plasma
Set“, REF number 82300) which removes nearly all leukocytes of the
donor from the platelet sample, so that its concentration is equivalent to
about 4 x 10* leukocytes/pl. Blood products were received from the
Institute for Transfusion Medicine, UKE, Germany, all donors give their
written consent using their blood products and the regulations of “Good
clinical practice” were adhered to. Preparation of the models were done
as described previously [26,27]. In brief, after thawing FFP it was
adjusted to 250 ml and room temperature. The content of one LRS®
chamber was placed in a tube, washed with 3 ml of the FFP to remove
any residual leukocytes and centrifuged at 1610 g. Erythrocytes were
gently removed and the remaining plasma-leukocytes mixture was
added to the FFP. The bacterial suspension mentioned above was added
to this suspension.

2.8.1. Quantitative Evaluation of LIL Effects on the lIpBIOM

Twelve hours after preparation of the biofilm models, pulsed LILT
with a wavelength of 904 nm and a frequency of 3200 Hz (IDL MP 2510,
Bio-Medical-Systems, Wiesbaden, Germany) was applied for the first
time followed by a reapplication after 24 h, 48 h and 72 h for 120 s/cm?
each. This mode of LIL application was chosen because it had the most
positive effect on human cells. For analysing LIL effects, 24 h and 72 h
models were dissolved using bromelain (Bromelain from pineapple,
Serva Electrophoresis GmbH; Heidelberg, Germany). Bromelain solution
was prepared using 2.1 g powder, dissolved in 100 ml phosphate buff-
ered saline (PBS) and 1.5 ml was added to each well containing a biofilm
model. The biofilm structure was destroyed with sterile pipette tips to
ensure complete dissolution of the model within three hours. To quan-
tify the surviving bacteria the resulting solution was serially tenfold
diluted. 50 pl of each dilution was plated (spread technique) and incu-
bated for 48 h at 37 °C under aerobic conditions. Colony forming units
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(in cfu/ml) were determined using a digital colony counter (NSCA
436000, VWR International GmbH; Germany).

2.8.2. Visualization of LILT Effects on Biofilms by Scanning electron
Microscopy (SEM)

To visualize the effects of the LILT on biofilm morphology and
structure, scanning electron microscopy (SEM) was performed. IpBIOMs
were fixed with a glutaraldehyde/PVP-solution containing 2.5%
glutaraldehyde, 2% polyvinylpyrrolidone (PVP) and 0.5% NaNO; in 0.1
M cacodylate buffer for 1 h at 4 °C. After washing (3x in 0.1 M caco-
dylate buffer) models were frozen in liquid nitrogen to get freeze frac-
ture fragments. For glycocalyx staining, samples were incubated for 18 h

a)
Fibroblasts 960 Hz - 50%
1.50=
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at RT in an arginin HCI solution (2% arginine-HCL, glycine, sucrose and
sodium glutamate). After rinsing three times for 5 min with aqua dest.,
samples were stored for 5.5 h in a mixture of 2% tannic acid and
guanidine-HCl, they were rinsed again, once with aqua dest. (5 min
incubation) and three times with 0.1 M Cacodylatbuffer (5 min incu-
bation), followed by an incubation overnight at 4 °C. For staining,
samples were placed in a 1% OsO4 solution for 30 min at RT followed by
three rinsing steps with 0.1 M cacodylate buffer (10 min incubation) and
storing again over night at 4 °C. Samples were dehydrated by an iso-
propanol series (50%, 70%, 90%, 100%) followed by acetone in-
cubations for 15 min (50%, 75%, 100%). Drying step was then
completed by incubation in the critical point dryer (BAL-TEC AG,
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Fig. 1. Metabolic activity of skin fibroblasts (BJ; a-c), endothelial cells (HMEC; d-f) after 24 h, 48 h and 72 h treatment with pulsed low-intensity laser (904 nm) in
three different frequencies with and without TNF-« application. Frequencies were 960 Hz - 50% (a, d), 3200 Hz (b, e) or 3200 Hz + 50% (c, f). Results are expressed
as means + SEM (*p < 0.05; **p < 0.01; ***p < 0.001: ****p < 0.0001). Abbreviations: h hour, PBM photobiomodulation, TNF tumor necrosis factor.
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Balzers, Liechtenstein). In a last step sample were sputtered (BAL-TEC
AG, Balzers, Liechtenstein) with gold palladium and analyzed by Zeiss
Sigma VP SEM (Zeiss, Oberkochen, Germany) at 2 kV acceleration
voltages using the in lens and SE detectors.

2.9. Statistics

Data are expressed as means + standard error of the mean (SEM). A
p-value of p < 0.05 was considered statistically significant. Cell in-
vestigations were performed in triplicates and three-five times inde-
pendently (n = 3; N = 3-5). For biofilm evaluation, triplicates each
derived of six different anonymous blood donors (FFP and leukocytes)
were analyzed. Cell proliferation and migration as well as bacterial
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reduction rates (in Alogl0 cfu/ml) were calculated using the statistics
program GraphPad PRISM (Version 8.2.1; GraphPad Software Inc., La
Jolla, USA). Statistical analysis contained a two-way ANOVA, followed
by Holm-Sidak posthoc test for evaluation of multiple comparisons.

3. Results
3.1. Metabolic Activity of Human Skin Cells after LIL Application

In principle, the application of pulsed LIL induced cell type-specific
responses in human skin cells. Generally, multiple treatments are
more effective, because the results with respect to the metabolic activity
of the cells increased in three out of four cell types with ongoing
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Fig. 2. Metabolic activity of human keratinocytes (HaCaT; a-c) and monocytes (THP-1; d-f) after 24 h, 48 h and 72 h treatment with pulsed low-intensity laser (904
nm) in three different frequencies with and without TNF-a application Frequencies were 960 Hz - 50% (a, d), 3200 Hz (b, e) or 3200 Hz + 50% (c, f). Results are

expressed as means + SEM (*p < 0.05; **p < 0.01; ***p < 0.001:

*#*xp < 0.0001). Abbreviations: PBM photobiomodulation, h hour, TNF tumor necrosis factor.
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experimental duration (Fig. 1a-f; Fig. 2a-c). This particular effect was
most significant in keratinocytes after laser treatment with 3200 Hz and
3200 Hz +50% (Fig. 2b, c), followed by the significant metabolic
enhancement in fibroblasts (Fig. 1b, c). Endothelial cells exclusively
displayed the most significant positive effect after the application of
lower frequencies 960 Hz —50% (Fig. 1d) compared to the other modi
(Fig. 1h, i). Monocytes were not influenced by laser treatment (Fig. 2d-
f). The application of the pro-inflammatory cytokine TNF-« into the cell
culture medium induced a reduction of the metabolic activities in fi-
broblasts, endothelial cells and keratinocytes, initiating after 48 h of
incubation. The treatment with LIL with the frequencies 3200 Hz and
3200 Hz + 50% resolved this inhibiting effect especially in human fi-
broblasts (Fig. 1b, c). A similar effect was determined in keratinocytes,
which regenerated their metabolism within 72 h of laser application
with 3200 Hz (Fig. 2c). THP-1 monocytes significantly increased their
metabolic activity in response to the TNF-a challenge. This physiologi-
cally expected reaction was not influenced by laser therapy (Fig. 2d-f).

3.2. Cell Migration of Human Skin Cells under LIL Application

The migration of human fibroblasts in the scratch assay was not
affected by laser treatment (Fig. 3b). The application of the laser fre-
quencies 3200 Hz or 960 Hz —50%, respectively, induced a slight ten-
dency of acceleration in endothelial cells (Fig. 3c). However, all
scratches were completely closed after 18 h at the latest. The treatment
of keratinocytes with the low-intensity laser did not affect the migration
behavior within the first 24 h (Fig. 3a). Between 24 h — 48 h, the size of
the scratches in the control group increased above 100% due to
detaching processes. This effect did not occur by using 3200 Hz or 3200
Hz + 50%, which inhibited the detachment and stabilised a slow
migration of the keratinocytes. At the endpoint of the experiment after
48 h, only 38.75% (3200 Hz) and 36.54% (3200 Hz + 50%) of the initial
scratch area was closed.

3.3. Quantitative Evaluation of Cell Proliferation after LIL Application in
the Ex Vivo Wound Model

The immunohistochemical staining to the proliferation marker Ki67
in the ex-vivo wound model revealed that the most prominent number of
proliferating cells were keratinocytes located at the wound edges of the
epidermis (Fig. 4a). The number of immunopositive cells in the dermis
was negligible and thus not quantified. Quantitative analysis of Ki67-
positive keratinocytes determined a significant increase in the prolifer-
ation rate after 10 days LIL therapy with all three frequencies (960 Hz -
50%: +7.29 =+ 1.75%; 3200 Hz: +6.35 + 0.56%; 3200 Hz + 50%: +5.61
+ 0,84%) (Fig. 4b). This positive effect was further enhanced after 15
days treatment, exclusively by applying the 3200 Hz mode (+6.62 +
1.33%). Laser application with frequencies of 960 Hz —50% and 3200
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Hz +50% rather showed a stagnation of keratinocyte proliferation
compared to the control and to day 10.

3.4. Histomorphological Evaluation of Wound Closure after LIL
Application in the Ex-Vivo Wound Model

H/E-staining of the ex-vivo wound models showed significant histo-
logical differences dependent on the treatment regime with the pulsed
low-intensity laser (Fig. 5). Without any laser therapy, wound closure by
epidermal cells was not detected before day 15 of incubation (Fig. 5a, e,
i). In contrast, LIL application with all three modi stimulated wound
healing, resulting into wound closure after 5 days treatment (Fig. 5b-d).
With ongoing regeneration, a frequency-independent increase in thick-
ness and maturation (cornification) of the epidermis was observed
(Fig. 5f-h). Wound healing of the dermis was also positively influenced
by laser treatment. The progressive structuring was enhanced and the
visual tissue integrity was improved especially after the application of
LIL with 3200 Hz (Fig. 5g, k) compared to 960 Hz —50% (Fig. 5f, j). The
collagen scaffold appeared physiologically aligned and the fibroblasts,
migrating in from the wound edges, were homogeneously distributed.
Due to the nature of the ex-vivo wound model, revascularization events
were not proofed.

3.5. Quantitative Evaluation of LILT Effects on the I]pBIOM

For the two bacterial species S. aureus and P. aeruginosa and the
fungus C. albicans neither stimulatory, nor inhibitory effects on the
growth rate was detected after LILT over the study period of 72 h
(Fig. 6a, b). In the case of E. faecium biofilms, pulsed LIL initially
appeared to exert a stimulatory effect (24 h application: (7.92 + 0.35
logi¢). This was no longer detected after 72 h (6.88 + 0.41 log0).

3.6. Morphological Effects of LILT on the IpBIOM Visualized with SEM

Regardless of the pathogen treated with LILT, the biofilm surface was
almost entirely closed (Fig. 7). The porosity shown in the SEM was
inherent to the biofilm model IhnBIOM. Overall, it is noticeable that the
surface of the biofilms of P. aeruginosa and C. albicans (Fig. 7b, d) ap-
pears to be rougher, although the individual pathogens were almost
completely covered with EPS (small spots under EPS cover). Pulsed LILT
was unable to disrupt the biofilm structure, so that no influence on the
embedded pathogens was detected in the SEM.

4. Discussion
Photobiomodulation with wavelengths >600 nm reflects the phys-

ical application of light. The chosen wavelength of the laser used here
was 904 nm to ensure that its light energy is delivered to the body in the
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- 3200hz = 960 hz +- 50
3200 Hz +/- 50% ~~ 3200hz
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Fig. 3. Results of a scratch assays with human keratinocytes (HaCaT; a), skin fibroblasts (BJ; b) and endothelial cells (HMEC; c), treated with pulsed low-intensity
laser (904 nm) with the frequencies of 960 Hz - 50%, 3200 Hz or 3200 Hz + 50% compared to an untreated control (w/0). Values are expressed as medians and as
reduction of the initial scratch area, which was indicated as 100%. (For clarity of presentation, SEM has been omitted.) Abbreviations: w/o without, h hour.
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Fig. 4. Proliferation in the human ex-vivo wound model. After fixation of the wound models after 5, 10 and 15 days, slices were stained to the proliferation marker
Ki67. The number of proliferating cells was quantified by counting Ki67-immunopositive cells in 3 regions of interests (roi, 20 x objective): wound margin left, wound

ground, wound margin right on 3 non-consecutive sections of one wound. Results are expressed as means + SEM (*p < 0.05; **p < 0.01; ***p < 0.001: **** p <
0.0001). Abbreviations: w/o without.
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Fig. 5. Histomorphological analysis of wound healing in the ex-vivo model by means of H/E- staining of sections after 5-, 10- and 15-days post-wounding. Dotted

lines represent the wound area. Scale bar = 100 pm; Abbreviations: w/o without.

form of photons to act on the chromophores that can enhance or activate
chemical reactions. The skin provides a kind of “window” in the wave-
length interval between 600 and 1000 nm and allows the highest
transmission and thus penetration depth of the laser light in this range.
Its therapeutic application is mainly established in the veterinary med-
icine and in human complementary medicine today. Indications include

pain syndromes, inflammations, but also the induction and improve-
ment of wound healing processes in acute and chronic wounds. The
therapeutic value of low intensity laser treatment is discussed differen-
tially in the literature. This is probably due to the lack of consensus on
standardized treatment parameters such as wavelength, dose and
duration, preventing direct comparison and consistent protocol
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Fig. 6. Comparison of low level laser treatment (LILT) on biofilm models
(IhBIOM) of P.aeruginosa, S. aureus, E. faecium and the fungi C. albicans. a Re-
sults after 24 h of regular growth and single application of laser. b Reduction
rates of included bacteria or fungi (in log;o cfu/ml) are outlined over the course
of 72 h of LIL treatment of biofilm growth. Values expressed as mean + SEM.

recommendations for clinical guidelines. Some studies, reviewed by
[19], explained that the effect of low intensity laser is based on stimu-
lating positive subcellular mechanisms. To achieve this effect, the LILT
used here operates with pulsations in the frequency bands 960 Hz —50%
and 3200 Hz + 50%, i.e. from a technical point of view continuously and
without steps in the rages 480 Hz to 960 Hz and 1600 Hz to 4800 Hz,
respectively (Table 1). With these ranges, a sufficient depth should al-
ways be achieved, even with heterogeneous tissue compositions (indi-
vidual or contemporaneous conditioning of tissues or cells). However,
due to the many differently used parameters of LILT, the current data
does not allow a reliable definition of specific frequencies. Thus, it re-
mains unclear whether the pulsed laser is superior to the continuous
wave laser or vice versa. In contrast other studies postulate therapeutic
effects to be traced back to a placebo effect [28,29]. However, with
respect to the successful therapies using photobiomodulation in equines
and other animal studies, sole placebo effects can be excluded [30-33].
Therefore, getting more scientific experience and knowledge of the ef-
ficacy and underlying physiological mechanisms is still essential.
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4.1. Skin Cell Response to LIL Application

This study comprises a systematic analysis of pulsed low intensity
laser treatment using different frequency spectra on human keratino-
cytes, fibroblasts, endothelial cells and monocytes with a focus on effects
on wound healing processes in in-vitro and human ex-vivo wound
models. It was astonishing and has to be emphasized that laser treatment
induced cell type-, time - and frequency-specific effects. For instance, in
the human ex-vivo wound model, a significant increase in cell prolifer-
ation, particularly in the epidermis, was determined after 10 days laser
therapy using a wide spectrum between 450 and 5000 Hz (Fig. 4).
Human fibroblasts were also positively affected (Fig. 1). With respect to
the pulsation, the most outstanding newly discovered candidate, which
progressively improved the wound healing efficacy in terms of
enhancement of metabolic activity and proliferation of keratinocytes
and fibroblasts as well as the development of tissue integrity can be
assigned to the treatment with 3200 Hz. Similar results together with an
increased expression of Cyclin D1 were described on HaCat cell cultures
treated with a 660 nm constant laser light [34]. Recently, it was shown,
that a constant application of 980 nm laser light induces microvesicles
release in human keratinocytes in a PI3-kinase dependent pathway [35].
Further studies combining different wavelength and pulsation with
3200 Hz would be interesting to assess possible synergistic effects. These
regimes might be considered for the treatment of acute and chronic
wounds to improve or even re-activate wound healing processes.

Furthermore, endothelial cells showed the most significant effects in
response to the application of 960 Hz —50% in vitro (Fig. 1d-f). This
effect was described for other human endothelial cells (HECV) and could
be assigned to an increase of reactive oxygen species production.
However, an 808 nm device without pulsation has been applied [36].
Despite the fact, that these results are exclusively based on an in-vitro
monolayer model and further studies must follow, for the translational
clinical approach, this should be kept in mind to consider the stimula-
tion of neovascularization in chronic wounds, lacking appropriate tissue
perfusion, for instance due to macro- or microangiopathies (PAOD,
diabetes mellitus). Some animal studies on rats determined inhibitions
of inflammatory responses and improved healing of burn wounds by
means of superpulsed low-level-laser therapy with 904 nm and 100 Hz
[37,38]. Also, the cutaneous wound healing in diabetic rats was
enhanced after application of 632 nm constant light [39]. Regarding
possible biochemical reactions, which might be influenced by laser
treatment, Fuchs et al. 2021 postulate, that laser application induces
modulations of the cellular responses by stimulating the ATP produc-
tion, leading to a slightly increased production of hydrogen peroxide
(H203) in the mitochondria accompanied by improved viability and
enhanced proliferation [40].

TNF-a is often used to mimic a stress or pro-inflammatory response in
cells in vitro [24,41]. In this study, the TNF-a challenge induced a sig-
nificant reduction of the metabolic activities of fibroblasts, keratinocytes
and endothelial cells with increasing incubation time (Figs. 1, 2). In the
case of fibroblasts and keratinocytes, it was determined that the appli-
cation of the low intensity laser at 3200 Hz results in a significant
reduction of the negative effect on cell viability after 48 h or 72 h,
respectively. This protective effect could be based on a published
reduction of the pro-inflammatory mediators cyclooxygenase 2 (Cox2),
interleukin-6 (IL-6) and tumor necrosis factor-o (TNF-«) [37,42], which
was assigned to be potential laser-induced mechanisms, triggering the
positive effects on viability and proliferation of fibroblasts, evaluated in
this study. As physiologically expected, the monocytes THP-1 responded
to TNF-o application with a significant and time-independent
enhancement of their metabolic activity, which was not interfered by
laser treatment. This knowledge is very important and enables the
exclusion of adverse effects, for instance the induction of uncontrolled
proliferation of pro-inflammatory monocytes, leading to chronic
inflamed wound milieus accompanied with inhibited wound healing.
Another adverse effect, vice-versa, would be a decrease of the
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Fig. 7. Scanning electron microscopy (SEM) visualization of biofilm surface alteration in the ThBIOM of P.aeruginosa PE a S. aureus b E. faecium c¢ and the fungi
C. albicans d and after 72 h and three times application of the low-level laser. In all biofilms, LILT seemed not to harm the EPS of biofilm so that it looks smooth. The
porosity did not differ to the untreated control so that the “resistance” to laser application was visible.

physiologically normal metabolic activity, also inducing a disturbed
wound healing and inhibited immune competence to manage bacterial
infections. Both can be excluded know. In progressive examinations, it
would be interesting to evaluate effects on pathologically active
macrophages.

4.2. Bacterial Colonization and Wound Biofilm under LIL Application

In contrast to near infrared laser, in many studies the short-
wavelength blue light (400-480 nm) has been shown to have an eradi-
cating effect on bacteria but, simultaneously, are harmful to the cells
[43-45]. For long-wave photobiomodulation therapy, however, the
situation is reversed [43,46,47]: While predominantly positive effects
on skin cells and their wound healing are described for LILT with a
frequency above 635 nm [48,49], the results in research groups differ
considerably about an antibacterial efficacy. Various in vivo studies have
shown that LILT with a wavelength of 808 nm stimulates normal wound
healing as well as that of infected wounds [50-52]. However, the results
of trials on LILT are difficult to compare because the treatment regimens
differ in duration and intensity. A longer treatment and extended ther-
apy have been shown to be beneficial for LILT outcome. This study
analyzed possible antimicrobial effect on S. aureus, P. aeruginosa, E.
faecium, and C. albicans in a novel human plasma biofilm model after
pulsed low intensity laser application. A 904 nm laser was used, and

three different frequency spectra applied (960 Hz — 50%, 3200 Hz, 3200
Hz + 50%). The development of the biofilms where neither positively
nor negatively influenced in all treatment approaches. Nevertheless,
there are promising results after combining photosensitizer and low
intensity laser (665 nm) in the successful eradication of different
Staphylococcus species, Pseudomonas aeruginosa and Acinetobacter bau-
mannii [53,54]. This combination will be investigated in progressing
studies with the tested regimes in this study.

Moreover, it is also essential to register, that no adverse effect in the
form of enhanced bacterial growth was determined. This is especially
important to know for the treatment of biofilm-burdened chronic
wounds: improving effect on wound healing, while exclusion of growth-
promoting activity of bacterial growth rate.

5. Conclusions

The pulsed low intensity laser therapy with a 904 nm laser devices
and different pulsation regimes applied here induced celltype-, time -
and frequency-specific effects on metabolic activity and proliferation of
human wound cells in in-vitro and ex-vivo models. In particular, at a
frequency of 3200 Hz, it stimulates fibroblasts and keratinocytes.
Endothelial cells were more significantly influenced by 960 Hz —50%
LIL. Frequent application seems to be beneficial. No effect was detected
on monocytes, represented here by THP-1 cells. Thus, monocytes retain
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their physiological activity. Likewise, LILT displayed no antimicrobial
activities in this study set-up. In combination with the cell biological
results, this is obviously positive, because there is no stimulation of
bacterial/fungal metabolism or proliferation.

The new knowledge about enhancing the positive effects of laser
treatment, simply by pulsed application with different frequencies,
emphasizes the fine and precise biological responses to this therapy. This
is often postulated to be negative, because of the difficulty to create
consistent guidelines. On the other side, the trend of medical in-
terventions is moving in the direction of individualized therapies. After
performing a detailed differential diagnostic, the generation of patient-
specific treatment regimens will be possible, provided by the knowledge
of the finetuning potential of photobiomodulation therapy. Further-
more, the effects should be compared to the application of continous
wave laser mode in follow-up studies.
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