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Background: Various laser- and light-based devices have been introduced as complementary or alternative treatment modalities for
dermatophytosis, particularly for finger or toenail onychomycosis.

Objective: This study aimed to comparatively evaluate the antifungal effects of 405-nm and 635-nm dual-band diode lasers using an
in vivo guinea pig model of dermatophytosis.

Materials and Methods: A guinea pig model was developed by the repetitive application of fungal spore preparations to the back skin of
guinea pigs. Dual-diode laser treatment was delivered to the guinea pig skin at a power of 24 mW at a wavelength of 405 nm and 18 mW at
635 nm for 12 min. The treatments were administered three times weekly for 2 weeks, and a mycological study was performed.

Results: Mycological studies using scraped samples obtained from treatment groups A (N = 8) and B (N = 8) after dual-diode laser
treatment revealed that seven of eight (87.5%) samples in each group had negative results for direct potassium hydroxide microscopy
and fungal culture studies. Skin specimens from each infected laser-untreated guinea pig exhibited spongiotic psoriasiform epidermis
with parakeratosis. Meanwhile, skin specimens from infected laser-treated guinea pigs in groups A and B demonstrated thinner
epidermal thickness than those from infected untreated controls but thicker than those from uninfected treated controls without
noticeable inflammatory cell infiltration in the dermis.

Conclusion: The guinea pig dermatophytosis model can be used to comparatively evaluate the efficacy and safety of various
treatment modalities, including dual-diode lasers, for superficial fungal skin infection.

Keywords: dermatophytosis, Trichophyton rubrum, Trichophyton mentagrophytes, skin, toenail, dual-diode laser, wavelengths of 405
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Introduction

Superficial mycosis is a common fungal infection of the skin, hair, and nails caused by dermatophytes, including the
genus Trichophyton, Epidermophyton, and Microsporum; non-dermatophytic molds; and yeasts."> Most cases of
dermatophyte-induced superficial mycosis, termed dermatophytosis, can be effectively treated with topical and/or
systemic antifungal agents.’ The choice of treatment for dermatophytosis is usually determined based on the infection
location, infective genus, and species.” Thus, dermatophytosis treatment involving hair-bearing scalp skin and nails
requires systemic agents.>” Oral antifungal agents for dermatophytosis treatment are limited in patients presenting
hepatotoxicity and drug—drug interactions. Moreover, failure of dermatophytosis treatment with systemic and topical

antifungal agents has been considered an emerging clinical and mycological resistance issue.’
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Various laser/light-based devices have been introduced as complementary or alternative treatment modalities for derma-
tophytosis, particularly for finger or toenail onychomycosis, since carbon dioxide (CO,) lasers were used for treating
infectious toenail disorders.*'* These devices include long-pulsed 1064-nm neodymium (Nd):yttrium-aluminum-garnet
(YAG) laser, Q-switched 532-nm and 1064-nm Nd:YAG laser, fractional CO, laser, 870-nm and 930-nm near-infrared dual-
band diode laser, 1444-nm Nd: YAG laser, 1319-nm diode laser, infrared broadband system, and 405-/635-nm dual-band diode
laser.* '? Studies have demonstrated the action mechanisms of energy-based antifungal treatments: fungal chromophores in
the cell membranes absorb irradiated energy sources to generate thermomechanical reaction that destroys cell walls and
induces cellular apoptosis or necrosis of pathogens.'>'* Moreover, they have shown that laser/light-based treatments
generated increased production of mitochondrial reactive oxygen species that induced apoptotic pathways of fungi.m‘15

Mycological tests for evaluating the effects of antifungal treatments include direct microscopic examination of
a smear preparation with potassium hydroxide (KOH) pretreatment, fungal culture study, histopathological test with
hematoxylin and eosin (H&E), and Periodic acid-Schiff (PAS) staining, and KOH-treated nail clipping stained with
PAS.'®'7 In this study, we comparatively evaluated the antifungal effects of 405-nm and 635-nm dual-band diode lasers
using an in vivo guinea pig model of dermatophytosis. To do so, the skin of guinea pigs was infected with 7. rubrum and
T. mentagrophytes and treated with two different 405-/635-nm dual-band diode lasers. Then, pre-treatment and post-
treatment mycologic tests, including KOH preparation, fungus culture, and histopathologic tests, were performed to
evaluate the antifungal effects of each 405-/635-nm dual-band diode laser on dermatophytosis.

Materials and Methods

Preparation of in vivo Guinea Pig Model of Dermatophytosis

Twenty-four Hartley-specific pathogen-free female guinea pigs weighing 300-345 g were purchased from Orient Bio
Corp. (Seongnam, Korea). Eight guinea pigs were divided into two control groups: an uninfected, mycologically negative
control group (N = 4) and an infected, mycologically positive control group (N = 4). The remaining 16 guinea pigs with
mycologically confirmed dermatophytosis were randomly divided into two treatment groups (eight guinea pigs per
group). Ethical approval was obtained from the Ethics Committee of the Dankook University Institutional Animal Care
and Use Committee in Cheonan, Korea (DKU-22-010). All animal experiments were performed in accordance with the
guidelines of the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and the
Institutional Animal Care and Use Committee.

The standard 0.1-mL suspensions of Trichophyton rubrum (KCCM 60443) and 7. mentagrophytes (KCCM 60446) were
seeded onto Sabouraud dextrose agar (Difco, Detroit, MI, USA) and incubated at 25°C for 14 days. Mixed fungal colonies of
T. rubrum and T. mentagrophytes were suspended in 0.9% sterile saline to prepare a fungal spore suspension at 1 x 10% CFU/
mL concentration. Back hair of guinea pigs (N = 24) was gently shaved and cleansed with a mild soap and 70% alcohol. After
a gentle abrasion of the upper part of the stratum corneum to a size of 2 cm x 2 cm using sterile sandpaper, | mL of the fungal
spore suspension was applied to the back skin of guinea pigs (N=20) five times a week for 4 weeks.

Treatment of Guinea Pig Skin with a 405-/635-Nm Dual-Diode Laser

General anesthesia was induced and maintained by increasing from 0.5% to 3.0% isoflurane. Then, two uninfected
control guinea pigs and eight mycologically positive guinea pigs (group A) were treated with the AF® laser (Shenb Co.,
Ltd., Seoul, Korea), and other two uninfected control guinea pigs and eight mycologically positive guinea pigs (group B)
were treated with the Lunula® laser (Erchonia Lasers, Ltd., Wallingford, UK). Dual-diode laser treatment was delivered
to the back skin of experimental animals at a power of 24 mW at a wavelength of 405 nm (17.28 J/session) and 18 mW at
635 nm (12.96 J/session) for 12 min. The treatments were performed three times/week for 2 weeks.

Mycological Study

Development of a dermatophytosis animal model was confirmed by direct KOH microscopy and fungal culture studies. After
repetitive application of the fungal spore suspension for 4 weeks, the back skin of guinea pigs was cleaned with 70% alcohol,
and stratum corneum samples were obtained by gently scraping the skin with a sterile scalpel. Then, direct preparations were
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made in 20% KOH and microscopically evaluated. The scraped samples were also inoculated onto Sabouraud’s dextrose agar
and incubated to evaluate the colony formation of 7. rubrum and T. mentagrophytes in each sample.

The therapeutic effect of the dual-diode laser treatment on dermatophytosis was evaluated after completing the treatment
protocol. As mentioned, scraped stratum corneum samples from guinea pigs in the control and dual-diode laser-treated groups
were obtained for direct KOH microscopy. The scraped samples were inoculated onto Sabouraud’s dextrose agar, and the
colony-forming abilities of 7. rubrum and T. mentagrophytes in each sample were evaluated over 14 days of incubation. The
experimental guinea pigs were euthanized for a humane sampling of the treated tissues according to the standard protocol.
Full-thickness skin specimens from guinea pigs in the control and treatment groups were obtained immediately for histological
evaluation after the completion of the treatment protocol. Samples were fixed in 10% buffered formalin and embedded in
paraffin. Next, 4-um-thick skin tissue sections were prepared and stained with H&E and PAS.

Results
Mycological Test Results of the Guinea Pig Model Before Dual-Diode Laser Treatment

All four uninfected control guinea pigs showed negative results on direct KOH microscopy. Furthermore, a fungal culture
study performed by inoculating skin-scraped samples from uninfected control guinea pigs onto Sabouraud’s dextrose agar
found that none of the samples presented fungal colonies of 7. rubrum or T. mentagrophytes over 14 days. Meanwhile, the
infected areas presented marked macroscopic changes in skin redness with scales compared with the mycologically negative
controls (Figure 1). All 20 guinea pigs infected with the fungal spore suspension tested positive for fungal hyphae and spores
by direct KOH microscopy. Moreover, all 20 guinea pigs that were infected with the fungal spore suspension tested positive
for fungal colonies of 7. rubrum or T. mentagrophytes in a fungal culture study (Figure 2A).

Mycological Test Results of the Guinea Pig Model After Dual-Diode Laser Treatment
All 4 uninfected control guinea pigs and 16 infected guinea pigs underwent complete experimental protocol for dual-
diode laser treatment three times/week for 2 weeks (Figure 2B). All four uninfected dual-diode laser-treated guinea pigs
showed complete hair regrowth without skin redness or scales (Figure 3). Direct KOH microscopy and fungal culture
studies with scraped samples from uninfected dual-diode laser-treated guinea pigs revealed that none of the samples

Figure | Macroscopic features of the Guinea pig model before dual-diode laser treatment. The Guinea pig skin was infected by applying fungal spore suspensions at five
times/week for 4 weeks. (A) Uninfected controls (N = 4), (B) infected controls (N = 4), (C) infected group A for the dual-diode laser treatment (N = 8), (D) infected group
B for the other dual-diode laser treatment (N = 8). Infected areas of Guinea pigs carrying Trichophyton rubrum and T. mentagrophytes (all Guinea pigs of infected controls and
infected groups (A and B) presented marked macroscopic changes in skin redness with scales.
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Figure 2 Fungal culture study and dual-diode laser treatment. (A) Fungal culture study before dual-diode laser treatment, performed by inoculating skin-scraped samples
from infected Guinea pigs onto Sabouraud’s dextrose agar, presented fungal colonies of Trichophyton rubrum (left) and T. mentagrophytes (right). (B) Photographs of dual-diode
laser treatment on the back skin of the Guinea pig model of dermatophytosis in group A.

Figure 3 Macroscopic features of the Guinea pig model after dual-diode laser treatment. The Guinea pig skin was infected by applying fungal spore suspensions at five times/
week for 4 weeks. (A) Uninfected laser-treated controls, (B) infected laser-untreated controls, (C) infected group A after the dual-diode laser treatment, (D) infected group
B after the other dual-diode laser treatment. All Guinea pigs in infected laser-untreated controls (BI—4), one in infected group A (Cé), and one in infected group B (D3)
presented macroscopic changes in skin redness with scales (asterisks). Otherwise, four uninfected and |4 infected Guinea pigs presented complete hair regrowth without
skin redness and scales after dual-diode laser treatment.

presented fungal hyphae and spores or fungal colony formation of 7. rubrum and T. mentagrophytes over 14 days.
Additional mycological studies using eight scraped samples obtained from group A after dual-diode laser treatment
revealed that seven of the eight (87.5%) samples had negative results from direct KOH microscopy and fungal culture
studies. Furthermore, seven of the eight (87.5%) guinea pigs in group B presented no fungal hyphae or spores in direct
KOH microscopy and no fungal colony formation in the fungal culture study. Two guinea pigs in groups A and
B presented with incomplete hair regrowth, skin redness, and scales. The remaining four infected untreated guinea
pigs showed positive results in direct KOH microscopy and fungal culture studies. The infected areas of untreated guinea
pigs exhibited skin redness with scales and incomplete restoration of hair growth.
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Histologic Features of the Guinea Pig Model After Dual-Diode Laser Treatment

Skin specimens from the uninfected dual-diode laser-treated guinea pigs showed no remarkable histological changes in the
epidermis or dermis without noticeable inflammatory cell infiltration (Figure 4A). Meanwhile, the skin specimens obtained from
each infected guinea pig without dual-diode laser treatment exhibited spongiotic psoriasiform epidermis with parakeratotic

Figure 4 Histological features of the Guinea pig model after dual-diode laser treatment. (A) Uninfected laser-treated controls, (B) infected laser-untreated controls, (C)
infected group A after the dual-diode laser treatment, (D) infected group B after the other dual-diode laser treatment. The skin specimens obtained from each infected
Guinea pig without dual-diode laser treatment exhibited spongiotic psoriasiform epidermis with parakeratotic stratum corneum (B |—4; asterisks). The skin samples from one
Guinea pig in infected group A and one in infected group B presented notably thickened epidermis with parakeratosis (C6 and D3; asterisks): hematoxylin and eosin staining,
original magnification x100.
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Figure 5 Histologic features of the Guinea pig model of dermatophytosis without dual-diode laser treatment. (A and B) In the skin specimens obtained from each infected
laser-untreated Guinea pig, fungal hyphae (arrows in inlets) were apparent in the hyperkeratotic stratum corneum of the spongiotic psoriasiform epidermis: Periodic acid-
Schiff staining, original magnification x400.

stratum corneum compared with the skin specimens from each uninfected dual-diode laser-treated guinea pig (Figure 4B).
Moreover, neutrophilic infiltration was noted in the epidermis, and mixed inflammatory cell infiltration was observed in the upper
dermis. Fungal hyphae were apparent in the hyperkeratotic stratum corneum of the PAS-stained sections (Figure 5).

Histological changes in group A correlated with direct KOH microscopy and fungal culture study results. In group A,
H&E-stained sections showed that the epidermis was notably thinner than infected, untreated controls but thicker than
uninfected, treated controls in seven of eight guinea pigs (87.5%) without noticeable inflammatory cell infiltration in the
dermis (Figure 4C). The specimen of the remaining guinea pig in group A presented spongiotic psoriasiform epidermis
with parakeratotic stratum corneum and inflammatory cell infiltration in the dermis. In group B, H&E-stained sections
presented a milder spongiotic and thickened epidermis than untreated controls in seven of eight guinea pigs (87.5%)
without noticeable inflammatory cell infiltration in the dermis as shown in group A (Figure 4D). The specimen of the
remaining one guinea pig in group B also exhibited spongiotic psoriasiform epidermis with parakeratosis and dermal
inflammation. The histological changes in group B correlated with the results of direct KOH microscopy and fungal
culture studies.

Discussion

This pilot study compared the antifungal effects of 405-/635-nm dual-band diode lasers. This study used guinea pigs to
develop an in vivo animal model of dermatophytosis because their skin shares many structural similarities with human
skin."® Then, the skin of guinea pigs was infected with mixed preparation of 7. rubrum and T. mentagrophytes
suspensions to reduce the number of enrolled experimental animals. Mycological studies using scraped samples after
completing six sessions of dual-diode laser treatment in the infected guinea pig groups revealed that seven of eight
(87.5%) samples in each group had negative results in direct KOH microscopy and fungal culture studies.

A previous study investigated fungal flora in 103 asymptomatic guinea pigs.'” They isolated fungi of the genera
Penicillium, Mucor, Rhizopus, Cladosporium, Aspergillus, Trichophyton, Alternaria, Fusarium, and Humicola guinea
pigs in the order of frequency.'® Although 3.5-10.7% of the asymptomatic guinea pigs can carry T, mentagrophytes,
symptomatic fungal infection, none of our uninfected control animals presented 7. mentagrophytes-positive results.'-*
All guinea pigs carrying 7. rubrum or T. mentagrophytes showed clinical signs of fungal infection, including skin redness
with scales and alopecia. However, because our study design lacked controlled evaluation of the treatment responses to
fungal pathogens, further in vitro studies are needed to support our findings.

In the present study, skin specimens from an animal model of dermatophytosis demonstrated the typical histopatho-
logical features of fungal skin infection, including hyperkeratosis, parakeratosis, spongiosis, psoriasiform changes in the
epidermis, and inflammatory cell infiltration in the dermis with exocytosis into the epidermis. Six sessions of 405-/635-
nm dual-band diode laser treatment improved the overall fungal infection-related histopathological changes in the
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epidermis and dermis. However, although epidermal exocytosis and dermal inflammatory cell infiltration notably
improved along with the negative results from direct KOH microscopy and fungal culture studies, the histopathological
changes in the epidermis were incompletely recovered during the 2 weeks of treatment.

The effects of diode lasers at the wavelength of 635 nm have been shown to accelerate wound repair by reducing
inflammation and inducing neovascularization and collagen synthesis, in addition to the fungicidal effects for treating
onychomycosis.”' A previous investigation revealed that 635-nm light-emitting diode treatment decreased cyclooxygen-
ase, prostaglandin E2, and reactive oxygen species (ROS).?* Low-level laser therapy-induced photobiomodulation has
been suggested to enhance the wound healing process by upregulating cytokine and chemokine release.”* Meanwhile,
light sources at 400- and 500-nm wavelengths have been proven to have antibacterial effects by inducing ROS
production, such as superoxide anion, hydroxyl radical, and singlet oxygen.”**> Blue light treatments at 400—-470-nm
wavelengths have antimicrobial effects on Cutibacterium acnes, Helicobacter pylori, Porphyromonas gingivalis,
Pseudomonas aeruginosa, and methicillin-resistant Staphylococcus aureus (MRSA).*> Moreover, a previous comparative
study between the 405-nm light-emitting diodes and lasers during the treatment of MRSA infection suggested that
antimicrobial outcomes seemed to depend on wavelength, treatment time interval, and fluence but not the coherence of
light sources.?

Non-thermal laser therapy, particularly using 405-/635-nm dual-diode lasers, has been used to treat fungal infections
of the toenails.* However, the precise mechanisms of action of antifungal effects during non-thermal laser therapy are
under investigation.”'® Nonetheless, the antimicrobial or antifungal effects of non-thermal laser therapy have been
suggested to result from photobiomodulation but not thermal destruction of pathogens.*'® Therefore, 405-/635-nm dual-
diode laser treatments can be clinically delivered to patients with infectious diseases without pain or burning sensations.”*
The treatment parameters of the 405-/635-nm dual-diode laser in our experimental study were determined according to
the previous clinical reports.*'® The simultaneously activated wavelengths of 405 nm at a power of 24 mW and 635 nm
at 18 mW for 12 min have been known to be unaffecting temperature changes in treated areas.*

In our study, the 405-/635-nm dual-diode laser treatment in guinea pigs with dermatophytosis achieved 87.5%
negative conversion of mycologic studies. A previous retrospective review demonstrated that the 405-/635-nm dual-
diode laser treatment in patients with mild-to-severe onychomycosis achieved 67% clear nail growth.* Another study
reported that 8§70-/930-nm near-infrared light treatment in patients with mild-to-severe onychomycosis achieved 65%
clear nail growth.?® The higher clearance rate in our study could be associated with superficial fungal infection of the skin
compared with fungal infection of the toenail, different treatment protocols, and higher skin permeability in animal

models than in human skin.*'®

Conclusion

Mycological studies, including direct KOH microscopy and fungal culture studies, using scraped samples from fungus-
infected, dual-diode laser-treated guinea pigs revealed that 87.5% of the samples had negative results. The results
correlated with the histopathological features of the guinea pig skin after dual-laser treatment. We suggest that a guinea
pig model of dermatophytosis can be used for a comparative evaluation of the efficacy and safety of various treatment
modalities for superficial fungal skin infections. However, further experimental and clinical studies are needed to
evaluate treatment responses to fungal pathogens and establish cost-effective treatment protocols.
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