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In 1903, Von Tappeiner and Jesionek [1] demonstrated the effectiveness of light therapy
when combined with a photosensitizer and oxygen—a phenomenon known as “photody-
namic action”. Photodynamic therapy (PDT) is widely used in the medical field to treat a
variety of oncological and non-oncological human disorders; it generates a high amount
of reactive oxygen species that destroy oncological tissue, keratosis, and pathogens. In
contrast, recent studies have demonstrated that mild PDT also has beneficial effects, such as
wound healing [2], stress and pathogen resistance, and extended lifespan in animal models,
such as Caenorhabditis elegans, under both normal and pathogen-infected conditions [3,4].

This Editorial, published in Biomedicines, provides a current and concise overview of
“Photodynamic Therapy 2.0” and discusses recent studies pertaining to PDT. We provide a
summary of the various contributions to date, emphasizing novel analytical methods and
recent advancements in PDT.

Bowen’s disease is a form of cutaneous squamous cell carcinoma (cSCC) that has a
high risk of progression to an invasive form [5]. Conventional PDT is a primary treatment
option, with varying protocols involving photosensitizers, light sources, and combinations
of the two. Dermoscopy and re-reflectance confocal microscopy can monitor the thera-
peutic response. Treatment is generally well tolerated, with mild side effects and good
cosmetic outcomes. A periodic follow-up is necessary because of the risk of recurrence
and progression to cSCC [6]. As the incidence of the keratinocyte tumor increases, the
opportunity for PDT will expand [7].

PDT has shown promise in treating brain tumors, particularly gliomas [8], with
improved median survival rates and minimal side effects compared with conventional
methods, such as surgery, radiotherapy, and chemotherapy. This promising approach may
influence future treatments for this challenging and deadly disease, and further studies
may lead to significant advancements in treating this tumor type [9].

Nasopharyngeal carcinoma, a malignancy linked to the Epstein–Barr virus (EBV), is
associated with 140,000 deaths annually [10]. This study aimed to determine the efficacy
of PDT in modulating the tumor microenvironment during nasopharyngeal carcinoma
treatment. The review included a search of various databases and used the Oral Health
Assessment Tool to assess bias. A meta-analysis revealed that PDT treatment significantly
increased Interleukin (IL)-8, IL-1α, IL-1β, Microtubule Associated Proteins 1A/1B chain 3b
(LC3) BI, LC3BII, Matrix Metallo Proteinase (MMP) 2, and MMP 9 levels in nasopharyngeal
carcinoma cells, while reducing Nuclear Factor Kappa-Light-Chain-Enhancer of Activated
B cells (NF-κB), miR BamHI-A Region Rightward Transcript (BART) 1-5p, BART 16, and
BART 17-5p levels. PDT also reduced apoptosis and the viability of nasopharyngeal cancer
cells infected with EBV. This treatment also increased latent membrane protein 1 levels
compared with the control group. Further preclinical studies are needed to validate these
results [11].

Biomedicines 2024, 12, 2425. https://doi.org/10.3390/biomedicines12112425 https://www.mdpi.com/journal/biomedicines
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Furthermore, Fernández-Guarino et al. compared the efficacy of PDT with methyl
aminolaevulinic acid (MAL) and aminolaevulinic acid (ALA) in a long-term study of
multiple actinic keratosis (AK). A total of 46 patients were treated, including 24 for MAL
and 22 for ALA. The data indicated no significant differences at 12 months, despite ALA
exhibiting slightly superior results after three months. For PDT, both ALA and MAL were
efficacious at lower levels of red light. Long-term efficacy was demonstrated; however,
additional studies are needed to determine the lowest point of red light exposure without
losing efficacy [12]. Ulrich et al. reported the results of a phase III clinical trial using red
light PDT plus a BF-200 ALA (10% 5-aminolevulinic acid nanoemulsion) gel on AK. After
12 weeks of PDT in 21 patients, complete lesion clearance rates were 90.9% with PDT
compared with 18.6% in the vehicle control group; the lesion recurrence rate with PDT was
29%. Most patients (81%) rated their satisfaction with PDT as very good or good compared
with the vehicle control group (42.8%) [13].

Katalinic et al. examined the effect of photoactivating 3% hydrogen peroxide with
a 445 nm diode laser on dental implants infected with Staphylococcus aureus and Candida
albicans biofilms. They assigned 80 contaminated titanium implants to the following four
groups: (1) negative control (no therapy); (2) positive control (0.2% chlorhexidine); (3) 3%
hydrogen peroxide; and (4) photoactivated 3% hydrogen peroxide. A significant difference
was observed between all groups and the negative control, which indicates that the new
antimicrobial treatment warrants further study and development [14].

Moreover, Rostami et al. examined the effectiveness of a combination of shockwave-
enhanced emission photoacoustic streaming (SWEEPS) and PDT with indocyanine green
(ICG) for eliminating the biofilm of Enterococcus faecalis from infected root canals. After
sterilizing and infecting the canals with E. faecalis for two weeks, 30 standardized single-
canal teeth from healthy humans were used. The teeth were divided into the following
six groups: control, ICG, ICG + 808 nm laser, ICG + SWEEPS, ICG + 808 nm laser +
SWEEPS, and sodium hypochlorite (NaOCl, 5.25%). The number of colony-forming units
per milliliter (CFUs/mL) was determined for each group. Despite significantly reduced
bacterial levels in the ICG-treated group in conjunction with an 808 nm diode laser and
SWEEPS, the results indicated that NaOCl alone was the most effective. When comparing
ICG with an 808 nm diode laser to ICG with SWEEPS, a statistically significant difference
was observed. Based on the results, SWEEPS may effectively increase the dispersion of the
photosensitizer in the root canal space, and when combined with an irrigant, it provides
promising outcomes [15].

Pordel et al. studied the effects of antimicrobial PDT using a blue diode laser (BDL)
with varying output powers and photosensitizers (riboflavin and curcumin) for the treat-
ment of Streptococcus mutans around orthodontic brackets. A total of 36 orthodontic brackets
were contaminated with S. mutans and randomly assigned to the following 12 groups: con-
trol, riboflavin alone, riboflavin + different powers (200, 300, 400, or 500 mW) of BDL,
curcumin alone, curcumin + different powers (200, 300, 400, or 500 mW) of BDL, and 0.2%
chlorhexidine (CHX, positive control). Orthodontic brackets were exposed to BDL at a
power density of 0.4–1.0 W/cm2 for 30 s, and mean CFUs/mL were measured before and
after treatment. The results indicated that CHX and curcumin plus BDL with an output
power of 500 mW showed the greatest reduction in S. mutans colony numbers, whereas
riboflavin alone and riboflavin + BDL had no significant difference in the control group.
The study concluded that antimicrobial photodynamic therapy (aPDT) plus curcumin, as
a photosensitizer, and BDL successfully suppresses S. mutans colonies around stainless
steel brackets [16]. Ha et al. examined the effects of aPDT using red light (660 nm) and a
new natural photosensitizer, the ethanol extract of Ligularia fischeri (LFE), against various
pathogenic bacteria. PDT with 20 μg/mL of LFE and red light (120 W/m2, 15 min) resulted
in a marked antimicrobial activity against methicillin-resistant S. aureus (MRSA) as well
as S. mutans, with a log reduction of 4.7 and 4.9 in viable cells of MRSA and S. mutans,
respectively. The use of aPDT with LFE showed a much stronger effect compared with
vancomycin (100 μg/mL) or ampicillin (100 μg/mL) treatment, with a log reduction of 2.0
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and 0.7 in viable cells of MRSA and S. mutans, respectively. aPDT decreased the MRSA
bacterial cell number in C. elegans and extended the lifespan of MRSA-infected worms [17].

Sleep quality is linked to glioma-specific outcomes, including survival [18]. The sleep-
induced activation of brain drainage (BD) is important for the survival of glioma patients
as it suppresses BD. Photobiomodulation (PBM) is an effective technology for stimulating
BD and as an add-on therapy for glioma. A study on male Wistar rats by Shirokow et al.
revealed that PBM during sleep stimulates BD more strongly compared with when awake.
The study also revealed greater effects of PBM on BD stimulation and the immune response
against glioma, including increased CD8+ cells, apoptosis activation, and cell proliferation
blockage. This new sleep–phototherapy technology may improve the management of brain
cancer patients using smart sleep and non-invasive approaches to glioma treatment [19].

Shakhova et al. examined the efficacy of post-operative phototherapy in mice with
CT-26 tumors following excision using a cold knife and a laser scalpel. After the operation,
PDT with a photosensitizer based on chlorin was administered at wavelengths of either
405 or 660 nm. The laser scalpel demonstrated superior efficacy compared with the cold
knife. The use of PDT following cold knife resection resulted in a decrease in the recurrence
rate to 70% and 42% at 405 nm and 660 nm wavelengths, respectively. The use of PDT
following laser scalpel resection resulted in recurrence rates of 18% and 30%, respectively.
Fluorescence confocal imaging demonstrated that the photosensitizer penetrated more
deeply in the cold knife scenario, suggesting a greater effect of PDT at deeper levels. Tumor
recurrence was observed in the group exposed to low-dose light without PDT, as evidenced
by the disparity in recurrence rates between the 405 nm and 660 nm groups. Light exposure
that involved irradiation alone resulted in increased rates of recurrence compared with
those administered with PDT. Thus, PDT processing is exclusively advisable for cold knife
treatment [20].

In the context of this research, there was an opportunity to meet with professionals in
the field of PDT. In terms of content, the reviews that have been recommended are clear and
the research articles that have been proposed include innovative techniques and treatment
targets that will undoubtedly be further developed in the future. Based on the findings of
these studies, it may be concluded that the clinical field is experiencing a greater sense of
optimism over the elimination of diseases that have persistently plagued humanity.
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Methyl Aminolaevulinic Acid versus Aminolaevulinic Acid
Photodynamic Therapy of Actinic Keratosis with Low Doses of
Red-Light LED Illumination: Results of Long-Term Follow-Up
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Hospital Universitario Ramón y Cajal, Instituto de Investigación Sanitaria Irycis, 28034 Madrid, Spain
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Abstract: Photodynamic therapy (PDT) treatment for multiple actinic keratosis (AK) has been
found effective when lower doses of red light were used with methyl aminolaevulinic acid (MAL).
The aim of this study was to compare the results of lower doses of red light conventional PDT
(h-PDT, 16 J/cm2) with MAL and aminolaevulinic acid (ALA) in a long-term follow-up. Patients
with more than five symmetrical AK on the scalp who were candidates for PDT were selected and
divided randomly between MAL and ALA treatment and patients were followed at 3 and 12 months.
The responses were assessed by counting the total AK and the AK per patient. Pain and adverse
events were also compiled. A total of 46 patients were treated, 24 with MAL, and 22 with ALA.
The two groups were comparable at baseline (p > 0.005). No significant differences were found
in the results of both treatments at 12 months, despite ALA exhibiting slightly better results
at 3 months. No differences in pain and adverse events were assessed. Both ALA and MAL
were effective when lower doses of red light were used in c-PDT. Long term efficacy was also
documented. Further studies are necessary to determine the inferior point of red-light illumination
without losing efficacy.

Keywords: photodynamic therapy; red light; short illumination

1. Introduction

Photodynamic therapy (PDT) is a non-surgical treatment for non-melanoma skin
cancer, indicated in basal cell carcinoma and actinic keratossis (AK). PDT consist in the use
of a photosensitizer to be selectively absorbed for the tumoural and premalignant cells, and
afterwards destroy these cells with a convenience light source. The photosensitizers most
widely used in cermatology are topical, which induce endogenous production of Proto-
porhirin IX. PPIX is activated by visible light and produces intracellular biological reactions
in the tumoral cells via oxygen singlet production (ROS) and necrosis, leading to cellular
death [1]. Throughout the decades, PDT has been used with different photosensitizers and
light sources. Nowadays, conventional PDT in dermatology is known as the application of
a topical photosensitizer, mostly aminolaevulinic acid (ALA) and metylaminolaevulinic
acid (MAL), illuminated a red light LED lamp (680 nm, 37 J/cm2) [2].

Conventional photodynamic therapy (c-PDT) and daylight photodynamic therapy
(DL-PDT) have been demonstrated to be effective and comparable treatments for multiple
actinic keratosis (AK) [3]. Nevertheless, the difference in the doses of red light used between
both modalities, which range from 37 J/cm2 to a lower total doses of red light in the visible
light used for DL-PDT, suggests that maybe a lower dose of red light could be effective in
c-PDT. The reason for exploring different forms of illumination in PDT are to relieve pain
during the treatment without losing results. Red light-emitting diodes (LED) have shown
superiority to other light sources, are the most used devices for performing PDT and are
preferred by patients [4]. Optimizing the conventional lamp would be a possible approach
to improve tolerance to PDT.

Biomedicines 2022, 10, 3218. https://doi.org/10.3390/biomedicines10123218 https://www.mdpi.com/journal/biomedicines
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Undoubtedly, DL-PDT has emerged as a great alternative for illumination in PDT,
even though there is still a lack of exploration of the influence of the light source and
doses used in the global results of PDT. With this argument in mind, we performed a
previous study comparing red light conventional illumination (Aktilite®, Galderma,
Spain, 630 nm, 37 J/cm2) with half time illumination with MAL, obtaining similar
results [5]. To point up, it seems that the optimal red light doses with the minimal patient
discomfort need yet to be defined.

Both aminolaevulinic acid (ALA) and methylaminolaevulinic acid (MAL) have been demon-
strated to be effective photosensitizers in c-PDT and DL-PDT obtaining similar results [3,4].

We performed a prospective, comparative, and blind study to assess the efficacy,
tolerability, and safety of 17 J/cm2 of red light doses (h-PDT) for multiple actinic keratosis
(AK) with aminolaevulinic acid (ALA) and methylaminolaevulinic acid (MAL) with
long-term follow-up.

2. Materials and Methods

Patient candidates were selected for treatment if they had PDT with more than five
symmetrically distributed AK of grade I or II on the scalp (Appendix A, Figure A1). The
research was conducted between September of 2019 and December of 2021. The study was
approved by the Ethics Committee of the hospital, and patients all signed informant consent.
Patients were divided randomly into 7.8% ALA gel (Ameluz®, Biofrontera, Germany) or
16% MAL cream (Metvix®, Galderma, Spain) treatment. A nurse trained in PDT procedure,
but not otherwise involved in the study, performed randomization.

Age, sex, and phototype of the patients were compiled at the basal visit. The number
of total AK in the scalp were counted, mapped, drawn, and classified into grades I and II.
Photographs of patients were taken, and AKASI was calculated.

Curettage of grade II AK was performed and dressed after the photosensitizer occlu-
sion for three hours. The illumination (Aktilite®, 630 nm) was shortened into half, in time
and doses, and 16 J/cm2 were applied for 4 minutes.

After PDT, patients evaluated the pain suffered in a visual analogue scale (VAS)
from 0 to 10 and were instructed to completely avoid sun exposure in the treated areas
for the next 48 hours.

A questionnaire was given in the basal visit to be filled out at home 48 hours after PDT.
Patients were instructed to subjectively evaluate the adverse effects from 0 to 3: erythema,
edema, crusting, and blistering (0: not present; 1: light; 2: moderate; 3: severe).

The next visits were scheduled 3 and 12 months later, in which AK were assessed.
Patients were all evaluated by the same blinded dermatologist, who took no part in the
treatment procedure. The primary endpoint was the complete clearance of each AK, and
new lesions on the treated area were not evaluated at any time during the follow-ups.

AK complete clearance per patient was compared between groups using Student’s
t-test and a 95% confidence interval (CI), assuming the independency between lesions
within patients. The basal characteristics pre-treatment were compared between groups
using the two-tailed Student’s t-test with a significance value of p < 0.05. For the statistical
analysis of pain (VAS) and adverse effects, the ANOVA two-tailed test for independent
data was used with a significance value of p < 0.05.

3. Results

A total of 46 patients completed the study, 24 treated with MAL and 22 with ALA
(Table 1). The median age of the patients treated was 77.63 and 80.14, respectively, and all
of them were men with phototype II (fair skin). The distribution of AK was comparable
in both groups (p > 0.005). The MAL group presented a medium basal AKASI of 6.51
(SD 1.17), a total of 27.13 AK per patient (15.88 grade I and 10.33 grade II), with a total
of 651 lesions, divided into 391 grade I and 260 grade II. On the other hand, the ALA
group had a medium AKASI of 6.81 (SD 1.51), with 30.95 AK per subject (19.23 grade I and
12.64 grade II), and a total of 681 lesions, divided into 413 grade I and 278 grade II.
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Table 1. Patients and actinic keratosis (AK) characteristics at the baseline.

MAL (N = 24) ALA (N = 22) p Value

Age 77.63 (±8.41) 80.14 (±4.93) p = 0.229
Sex 24M/0F 22M/0F NA
Phototype 2.13 (±0.34) 2.05 (±2.13) p = 0.350
BASAL AKASI (AKASI0) * 6.51 (±1.17) 6.81 (±1.51) p = 0.438
Total lesions per subject
Mean ± SD 27.13 (±10.34) 30.95 (±8.42) p = 0.178

AKP0* grade I 15.88 (±8.59) 19.23 (±6.82) p = 0.152
AKP0* grade II 10.33 (±6.82) 12.64 (±5.82) p = 0.316
Total lesions (n) 1332 651 681

p = 0.239Grade I 804 391 413
Grade II 532 260 278

* AKASI0: Total AKASI of the sample at baseline expressed in mean and standard deviation; AKP0: Total count of
AK per patient at baseline. Comparative groups p > 0.005.

The results of the comparison of the efficacy of both treatments are summarized
in Table 2. After the treatment, both groups of patients improved, but with statistical
differences; the ALA group achieved a better response (7.77 vs. 14.59, p = 0.016) at 3 months
with a persistence of 25% of the overall AK (vs. 52% with MAL, p = 002). At 12 months, no
statistical differences were found (p = 0.22) with a mean of lesion per patient of 13.80 with
MAL (overall 46%) and 8.09 (overall 26%) with ALA.

Table 2. Summary of the comparative results per patient and total lesions.

MAL (N = 24) ALA (N = 22) p Value *

BASAL

Total basal AK/per subject (AKP0) 27.13 (±10.34) 30.95 (±8.42) p = 0.178

Total AK = 1332 651 681

3 MONTHS

Total AK/per subject (AKP3) 14.59 (±11.32) 7.77 (±5.9) p = 0.016

Total AK = 511 341/651 (52%) 171/681 (25%) p = 0.02

12 MONTHS

Total AK/patients at 12 months (AKP12) 13.80 (±9.15) 8.09 (±4.80) p = 0.22

Total AK = 476 298/651 (46%) 178/681 (26%) p = 0.244

* t: Student independent data.

Pain during PDT was similar in both groups, with a VAS of 5.21 for MAL and 5.31
for ALA (Table 3). With respect to the adverse events, edema and blisters reached zero
punctuation, so they were not analysed. The presence of erythema and crusts were similar
and low without statistical differences (Table 3). The VAS after treatment was near to none
with no differences (p = 0.221).

Table 3. Comparison of the pain in a visual analogue scale (VAS, 0–10)) and local side effects (LSE).

MAL (N = 24) ALA (N = 22) p Value *

VAS 5.21 (±2.3) 5.31 (±1.64) p = 0.32
Erythema 1.3 (±0.48) 1.09 (±0.29) p = 0.854
Edema ------ ------ NA
Crusts 0.25 (±0.61) 0.41 (±0.66) p = 0.345
Blisters ------ ------ NA

* ANOVA two-tailed test independent data.
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4. Discussion

The reasons for exploring different light sources in PDT include obtaining extra
benefits as intense pulsed light (IPL) or lasers in rejuvenation, shortening the time of
illumination [6], decreasing pain [4], or simplifying the technique with LED [3]. A lot of
new LED-based devices have proven efficacy [7], but the most practical approach is likely
to optimize the most widely used traditional LED lamp.

Since PDT was first implemented, 37 J/cm2 were used in the c-PDT protocol
(Aktilite®), despite the fact that they were painful and produced side effects such as
erythema, crusts, and blisters [3,4]. Subsequently, the development of DL-PDT expanded
the knowledge of illumination in a moderate way, and lower doses of red light were ap-
plied [5], demonstrating the same effectivity with more local damage (ROS production),
and suggesting that the determinant factor for cytotoxicity is the total doses delivered,
and not the irradiance or the PpIX accumulation [8]. In a comparative study modeling the
local damage in PDT, DL-PDT achieved more local damage than C-PDT, suggesting that
higher doses of red light are not related with higher lesion destruction [9] Moreover, when
different protocols of illuminations are compared, the best option is likely the one with the
best results at three months without pain [9], a remarkably practical approach.

Immunosuppression with high red light doses of PDT have been found after treatment,
not only local but also systemic. It is worrisome that the capacity for fostering tumours
in the treated area could be related [10]. Reaching a correct immune memory response is
more beneficial [11]. These arguments are similar to the principles of photobiomodulation,
which uses LED-light properties without a photosensitizer in modulating biological effects,
and consequently, lower doses with conventional red light LED illumination could be as
effective [5], non-suppressive, restorative, and less painful [12]. None of the patients treated
in this study developed any malignancy during the follow-up period, nevertheless, it was
a small sample. In the literature review, after the application of DL-PDT, no tumours had
been described either [4–13].

In a previous study, half-time illumination (h-PDT) with c-PDT showed similar efficacy
to c-PDT [5], and similar efficacy was achieved in h-PDT with ALA and MAL. Both
groups of patients improved, achieving a maintenance response which was eventually not
significant at 12 months. However, patients treated with ALA reached better significant
results at 3 months (p = 0.016). The results in both groups, comparable at the baseline
(p = 0.178, Table 1), were low in comparison with other studies in c-PDT [3,5,14] (54% with
MAL and 74% with ALA overall reduction). Nevertheless, the severity of the patients
treated with a mean basal AKASI higher than six (Table 1) and a mean of 27.13 AK per
subject in the MAL group and 30.95 in the ALA group, with only one session applied,
should be considered [15].

The side effects were mild, erythema being the most frequent with a medium punc-
tuation of 1.3 out of 4 for MAL and 1.09 out of 4 for ALA (Table 3) without significant
differences. Other side effects assessed had a very low score. There is no established
protocol for evaluating side-effects after PDT [15], and the scale of our study was filled in
by patients at home and was not validated with the consequent limitation.

With respect to pain, both photosensitizers exhibited similar punctuation in VAS, 5.21
with MAL and 5.31 with ALA on a scale from 0 to 10. The most frequent scale used to
evaluate pain during PDT in the literature is the visual analogue scale (VAS) from 0 to 10,
and c-PDT usually appeared with a mean of 4.4 to 5.7 in the VAS, and daylight was nearly
painless [4,16,17]. Thus, h-PDT continued to be painful, the difference being that that pain
lasts half the time. In a practical sense, if a patient had unbearable pain, the illumination
could be shortened without losing efficacy if it had been at least a half.

5. Conclusions

In conclusion, both ALA and MAL are comparable and effective when 16 J/cm2 of
red light in c-PDT is used. This protocol could be used to relieve pain during illumination.
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Further studies are necessary to truly assess if local immunosuppression is avoided and
what the cost of effectivity is when illumination is shortened.
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Abstract: Photoactivation of 3% hydrogen peroxide with a 445 nm diode laser represents a relatively
new, insufficiently researched antimicrobial method in the treatment of peri-implantitis. The purpose
of this work is to evaluate the effect of photoactivation of 3% hydrogen peroxide with a 445 nm
diode laser, and to compare the obtained results with 0.2% chlorhexidine treatment and 3% hydrogen
peroxide treatment without photoactivation, in vitro, on the surface of dental implants contaminated
with S. aureus and C. albicans biofilms. Previously, 80 infected titanium implants with S. aureus and
C. albicans cultures were divided into four groups: G1-negative control (no treatment), G2-positive
control (0.2% chlorhexidine), G3 (3% hydrogen peroxide), and G4 (photoactivated 3% hydrogen
peroxide). The number of viable microbes in each sample was determined by the colony forming unit
(CFU) count. The results were statistically processed and analyzed, showing a statistically significant
difference across all groups compared to the negative control (G1), and the absence of a statistically
significant difference between groups G1–G3. The new antimicrobial treatment, according to the
results, could be worthy of further analysis and research.

Keywords: photoactivation; 3% hydrogen peroxide; diode laser; periimplantitis therapy

1. Introduction

Dental implants present a valuable therapeutic choice in the treatment of partial
and complete edentulousness. However, despite the high degree of success of dental
implants, vast experience and technological improvements during the last 60 years, their
frequent use has also brought some very specific problems [1,2]. Peri-implant diseases
(peri-implant mucositis and peri-implantitis) are probably the most significant issues
associated with dental implants [3,4]. Peri-implant mucositis is defined as the presence of
an inflammatory infiltrate in soft tissue induced by plaque, without loss of peri-implant
bone, while peri-implantitis is a condition in which, along with soft tissue inflammation, a
bone loss is present [5]. If peri-implantitis is not recognized in time and properly treated,
implant loss may happen. According to Atieh et al. [6], as many as 50% of placed implants
show signs of peri-mucositis, and 12–43% of implants show signs of peri-implantitis. The
role of microorganisms in the development of these pathological conditions is crucial
and more than 20 different species are routinely found in swabs taken from infected
implants [5,7]. One specific microorganism, Staphylococcus aureus, plays a significant role
in the development of peri-implantitis due to its affinity for the titanium surface of the
implant and the formation of biofilms or a substrate for the growth of biofilms of other
cultures, the so-called “early colonizer” [8,9]. Biofilm is defined as a microbial community
of cells embedded in a polymer extracellular matrix, the creation of which is caused by
microorganisms present in the matrix. Organisms inside biofilms are more resistant to
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different antimicrobial treatments than free, planktonic organisms [10]. Candida albicans is
the most frequently isolated fungus in the human oral cavity. Despite being considered a
commensal species, under certain conditions, such as periods of antibiotic use or periods
of immunosuppression, it can cause mucosal infection [11]. C. albicans is often present in
the peri-implant sulcus, both in healthy people and in patients with peri-implantitis, where
it also creates a substrate for the formation of biofilms and supports inflammation [12].

The treatment of peri-implant diseases is a complex task due to the difficult access
to the implant surface, limited visibility, the roughness of the titanium surface, and the
pathogenicity of the microorganisms involved in the pathogenesis of these diseases [13–15].
Therefore, over time, numerous antimicrobial procedures and protocols have been de-
veloped. Scarano et al. [14] made an overview of the available treatments in a following
manner: (1) mechanical debridement using plastic curettes, rubber polishers, ultrasonic
scalers or air-powder abrasives; (2) chemical decontamination using chlorhexidine, citric
acid, tetracycline, hydrogen peroxide, etc.; (3) dental laser-based treatments. Described pro-
cedures and techniques can also be mixed or combined, as in the newer study carried out
by Alovisi et al. [16], where triple antibiotic paste and a glycine powder air-flow abrasion
were used to fight microorganisms. However, none of the usual methods can completely
remove or inactivate peri-implant pathogens due to previously mentioned factors, such as
complex anatomical relationships and/or the specific implant surface [17]. Furthermore,
it is even possible to damage this implant surface using certain antimicrobial treatments
agents, which can then impair the healing of peri-implant tissues [18].

Although many treatment modalities exist, chlorhexidine digluconate (CHX) com-
bined with manual debridement is still considered to be the golden standard in the treat-
ment of periodontal and peri-implant diseases [19]. Hydrogen peroxide (H2O2) has been
used in dentistry as a mouthwash to prevent plaque and as an antiseptic after oral surgery
for more than 100 years [20], and it is also used in the treatment of peri-implantitis, but
likely not as often as CHX. Photo-activation of H2O2, with the aim of improving the an-
timicrobial effect in periodontitis therapy, is a potentially interesting idea examined in the
work of Mahdi et al. in 2015 [21].

They found a stronger disinfection potential when H2O2 was activated by LED light
with a wavelength of 440–480 nm, compared to non-activated H2O2. Guided by this idea,
the authors of this study wanted to examine the possibility of H2O2 activation with a
445 nm diode laser, and augmentation of its antimicrobial effect. According to authors
knowledge, there is currently no research on this topic.

The purpose of this work is to evaluate the effect of photoactivation of 3% hydrogen
peroxide with a 445 nm diode laser and compare the obtained values with chlorhexi-
dine and hydrogen peroxide without photoactivation, in vitro, on the surface of implants
contaminated with S. aureus and C. albicans biofilms.

The hypotheses of this study are:

1. Hydrogen peroxide activated by a 445 nm diode laser shows better results in dis-
infection of dental implants compared to hydrogen peroxide used without 445 nm
photoactivation.

2. Hydrogen peroxide activated by a 445 nm diode laser shows equal or better results in
disinfection of dental implants compared to chlorhexidine treatment.

2. Materials and Methods

The research was conducted at the Department of Oral Surgery of the School of dental
medicine in Zagreb and at the Clinical Institute for Clinical and Molecular Microbiology
of KBC Zagreb, Croatia. Eighty Zimmer Biomet Tapered Screw-Vent MTX 4.1/10 mm
titanium implants (Zimmer Biomet, Palm Beach Gardens, FL, USA) were used in the study.
According to Ehrenfest et al. [22], these implants are grade 5 titanium core, with a surface
modified by sand-blasting (resorbable blasting media—RBM like calcium phosphate). The
surface was microrough, nano-smooth and homogenous. The implants used in this study
were contaminated with cultures of S. aureus and C. albicans isolated from clinical samples
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at University hospital centre Zagreb. Bacterial and fungal strains were grown separately
on Columbia agar for 72 h, after preparation of separate bacterial and fungal suspensions
using a thioglycolate broth. They were then mixed into a common suspension. An optical
densitometer (Densimat, Biomerieux, Marcyl’Etoile, France) determined the density at
600 nm, which corresponded to 1 × 108 CFU/mL. All dental implants were immersed
in 0.3 mL of mixed bacterial–fungal suspension for 14 days under aerobic conditions, at
a temperature of 35 ◦C. The suspension was contained with S. aureus and C. albicans, at
a density of 0.5 McFarland. After that, all implants were randomly distributed into four
groups, so that there were 20 implants per group (Figure 1). The implants were removed
from the test tubes with sterile tweezers. The implants were then put on sterile gauze and,
depending on which group they were in, went through the right cleaning process.

Figure 1. Test sample distribution, contamination and disinfection outline.

2.1. Disinfection Protocols

The first group (G1) represented the negative control. This group was not subjected
to any disinfection protocol and served as a reference in assessing the effectiveness of a
particular disinfection protocol.

The second group (G2) represented the positive control. That group was treated with
0.2% CHX. CHX was applied on a sterile cotton pellet, and the surface of the implant was
rubbed with it for 60 s.

The third group (G3) was treated with 3% hydrogen peroxide. H2O2 was applied on a
sterile cotton pellet, and the surface of the implant was rubbed with it for 60 s.

The fourth group (G4) underwent the same procedure as G3, with the following
difference: 60 s after treatment with 3% hydrogen peroxide, the samples were illuminated
with a SiroLaser Blue laser (Dentsply Sirona, Bensheim, Germany) with the following
parameters: wavelength of 445 nm, power of 1 W, continuous beam (CW), 320 mm laser
fiber tip and 60 s exposure time (Figure 2). The distance of the laser tip from the implant
surface was approximately 1–2 mm, with a constant movement of 1 mm/s along the
implant surface (freehand movement).
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Figure 2. Surface decontamination with SiroLaser Blue laser (Dentsply Sirona, Bensheim, Germany)
after treatment with 3% hydrogen peroxide.

2.2. Collection of Samples

After the processing of the implants, the surface of each of them was scraped with
the help of a sterile plastic inoculating loop in such a way, that the threads of the implants
were scraped with it twice (Figure 3). Each sample was then placed in 250 μL of saline
and vortexed on a vibro-mixer (Corning® LSETM vortex mixer, Corning, NY, USA) for
40 s to separate bacteria and fungi. Then, the loops were discarded, and the physiological
solution into which the bacteria and fungi were scraped from the implant were transferred
with to the blood agar, in a volume of 50 μL. Then, 100 μL of physiological solution, with
suspended S. aureus and C. albicans, was transferred to the wells of a microtiter plate filled
with 100 μL of brain–heart broth.

 

Figure 3. Implant surface sampling with sterile plastic inoculating loop. From the first well, which
contains a total of 200 μL (100 μL suspension + 100 μL brain–heart broth), 100 μL was transferred to
the next well, and so on, until a dilution of 10−7 was reached (Figure 4). From each well, 50 μL was
inoculated onto blood agar. The plates were then incubated at 35 ◦C for 48 h. Then, the growth of
microbial cultures was read in such a way, that the CFU of individual pathogens was counted, and
the number was multiplied by the degree of the dilution (Figure 5).
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The formation of bacterial and fungal plaques was confirmed through an SEM device
(JSM-7800 F Schottky Field Emission Scanning Electron Microscope, JEOL Ltd., Tokyo,
Japan), as seen in Figure 6.

 

Figure 4. Dilution of samples up to a concentration of 10−7.

 

Figure 5. The growth of microbial cultures, ready for CFU/mL counting.
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Figure 6. SEM images of G1–G4. Microbial biofilms were visible on the surface of the implant in G1,
while they were practically absent in the remaining images.

2.3. Statistical Analysis

Descriptive statistics of CFU/mL were performed for S. aureus and C. albicans, depend-
ing on the disinfection protocol implemented. Furthermore, a Kruskal–Wallis ANOVA
by Ranks analysis was performed, especially for S. aureus and especially for C. albicans,
to prove whether there was a difference between the studied groups. It was followed
by post hoc multiple comparison p-values (2-tailed), in order to show where there is a
statistically significant difference. Then, the protocol was compared individually by the
Mann–Whitney U test with continuous correction. Statistical calculations were performed
with the TIBCO Data Science Workbench (TIBCO Software, Inc., Palo Alto, CA, USA),
software version 14.0.0.15.

3. Results

Descriptive statistics of CFU/mL for all protocols for S. aureus are shown in Table 1. In
the negative control, the highest proportion of colonies per mL was present at 2.86 × 108,
followed by the group disinfected with hydrogen peroxide (G3) with 134 CFU/mL, the
group of laser-activated hydrogen peroxide (G4) with 45 CFU/mL, and the positive control
(G2) with the smallest proportion of 4 CFU/mL. Differences between groups (Mann–
Whitney U test) are shown in Table 2 and graphically in Figure 7.

Table 1. Descriptive statistics of the amount of CFU/mL of S. aureus under different protocols.

CFU/mL S. aureus Sample Size Medium Value Minimal Value
Maximal

Value
Standard
Deviation

Negative control 20 286,731,516 20.00 2,000,000,000 508,403,118
Positive control 20 4 0.00 20 8.21

3% H2O2 20 134 0.00 2000 449.75
Laser +

3% H2O2
20 45 0.00 200 79.97

CFU/mL—colony-forming units per milliliter.
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Table 2. Comparison of the success of individual protocols in the eradication of S. aureus: G1–negative
control, G2–positive control, G3–hydrogen peroxide, and G4–laser-activated hydrogen peroxide.

Mann-Whitney U Test
By Variable CFU/mL

S. aureus
Marked Tests Are

Significant at p < 0.05

Protocol p-value 2 × 1 sided exact p

G1 vs. G2 0.000000 0.000000

G2 vs. G3 0.059363 0.120700

G2 vs. G4 0.326615 0.461169

G3 vs. G4 0.501578 0.564832

 

Figure 7. Comparison of the success of individual protocols in the eradication of S. aureus:
G2—positive control, G3—hydrogen peroxide, and G4—laser-activated hydrogen peroxide.

Descriptive statistics of CFU/mL for all protocols regarding C. albicans are shown in
Table 3. In the negative control, the highest proportion of colonies per mL was present at
4.06 × 105, followed by the group disinfected with hydrogen peroxide (G3) with 24 CFU/mL,
the positive control (G2) with 20 CFU/mL, and the laser-activated hydrogen peroxide group
(G4) with the smallest proportion of 5 CFU/mL.

Table 3. Descriptive statistics of CFU/mL of C. albicans under different protocols.

CFU/mL C. albicans Sample Size
Medium

Value
Minimal

Value
Maximal

Value
Standard
Deviation

Negative control 20 406,240 0.00 4,000,000 959,808
Positive control 20 20 0.00 200 61.56

3% H2O2 20 24 0.00 200 60.73
Laser + H2O2 20 5 0.00 40 11.00

CFU/mL—colony-forming units per milliliter.
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Furthermore, there was no statistically significant difference in C. albicans eradication
between the individually tested protocols: positive control (G2), hydrogen peroxide (G3),
and laser-activated hydrogen peroxide (G4) (Table 4 and Figure 8).

Table 4. A performance comparison of different protocols in the reduction of the C. albicans CFU.

Multiple Comparisons p-Values (2-Tailed); CFU/mL C. albicans
Independent (Grouping) Variable: Protocol

Kruskal–Wallis Test: H (3, N = 80) = 36.32679 p = 0.0000

Protocol
Negative
Control
R:63.30

Positive Control
R:30.10

3% H2O2

R:36.00
Laser + H2O2

R:32.60

Negative control 0.000037 0.001219 0.000177
Positive control 0.000037 1.000000 1.000000

3% H2O2 0.001219 1.000000 1.000000
Laser + H2O2 0.000177 1.000000 1.000000

CFU/mL—colony-forming units per milliliter.

 

Figure 8. Comparison of the success of individual protocols in the eradication of C. albicans:
G2—positive control, G3—3% hydrogen peroxide, and G4—laser-activated 3% hydrogen peroxide.

4. Discussion

This research primarily examined the possibility of improving the antimicrobial effi-
ciency of 3% H2O2 in peri-implantitis therapy, using diode laser activation with a wave-
length of 445 nm, compared to non-activated H2O2 and the current gold standard of 0.2%
CHX [23]. All tested groups showed a massive, significant reduction in microbial CFU
count when compared to the negative control. As for the hypothesis, the first hypothesis
was only partially accepted. Although the laser-activated group clearly showed better
results in the microbial CFU count, there was no statistically significant difference after
the statistical analysis, likely due to the sample size. The second hypothesis was accepted,
since the analysis revealed comparable results between CHX and H2O2 groups. H2O2 is
one of the disinfectants used in dental medicine. Oxygen radicals (ROS) generated by the
application of H2O2 have a high affinity for bacteria and the extracellular matrix of bacteria,
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and a strong oxidizing effect. Additionally, they ensure the creation of active oxygen foam
that also has mechanical cleaning properties. ROS (hydroxyl radicals) can theoretically
damage healthy tissue cells, but ROS generated by the application of 3% H2O2 have a rapid
breakdown into water and oxygen molecules [24]. Also, the incidence of ROS, which occurs
with photoactivation of 3% H2O2, was examined, and it was shown that the formation of
ROS stops when the photoactivation with the laser device stops [25]. In the research of
Wiedmer et al. [26], a comparison of the effects of CHX and H2O2 on the biofilm mass on
the implant surface was shown. It has been proven that H2O2 has a strong effect on actively
removing the mass of biofilm, while CHX has a slightly weaker effect on reducing the said
mass, but it certainly has a bactericidal effect on the microbial community and prevents
the regrowth of bacteria. The current study showed a roughly equal effectiveness of CHX
and H2O2 in eradicating S. aureus and C. albicans. This study was conducted on the surface
of real dental implants rather than titanium discs, in order to simulate in vivo conditions
and obtain more realistic results [27,28]. C. albicans and S. aureus cultures were chosen for
research due to the simple cultivation, control of the microorganisms themselves, and also
due to the fact that they create polymicrobial biofilms (“early colonizers”) and actively
participate in peri-implant infections [13,29].

Diode lasers belong to the newer group of techniques combating the causative agent of
periodontitis [30]. They demonstrate a disinfection effectiveness in two main ways: through
photothermal and/or photodynamic therapy. The effectiveness of photothermal therapy
is based on the thermal energy generated by the laser during radiation emission. The
generated thermal energy transfers indirectly through the environment or directly on the
bacterial cell, acting fatally on it [31]. Regarding the energy levels of lasers, proper energy
dosage is crucial: too little energy will not be sufficient to eradicate enough microorganisms
and too much energy could cause damage to the neighboring tissues [32]. Usual antimi-
crobial energy levels in peri-implant decontamination studies range from 0.5 to 3 W in
continuous (CW) or pulsed-mode (energy emission types) [32–37]. Photodynamic therapy
with diode lasers is based on the light activation of the photosensitive agent in presence of
oxygen with a low-energy (sub-ablative) laser beam. There is no heating, and thus no risk
of damage to the surrounding tissues [38]. The principles of photodynamic therapy are:
photosensitive molecules (the dye) bind to target microorganisms on the implant surface,
which is then irradiated with a light of a certain wavelength in the presence of oxygen.
Light-excited photosensitizers undergo type I (electron transfer) and/or type II (energy
transfer) reactions to produce reactive oxygen species (ROS), resulting in the disruption
of the bacterial cell wall and/or normal metabolism, leading to bacterial cell damage or
death [38,39]. The described mechanisms do not harm human cells, as these cells have
mechanisms to survive oxidative stress (catalase and superoxide dismutase enzymes).

The development of microbial resistance to PDT is not probable, as the bactericidal
effect is achieved through the action of oxygen radicals on the cellular components of the
micro-organisms [38].

In the current research, a new diode laser, with a wavelength of 445 nm, was used to
test the possibility of activating 3% H2O2. H2O2 exhibits maximum absorption at wave-
lengths of approximately 400 nm. The idea was to try to activate H2O2 photodynamically,
and also photothermally (by heating) at the same time; therefore, the energy settings were
set to 1 W CW for 60 s, with constant movement of the laser optical fiber (1 mm/s) along
the surface of the implant, from a distance of approximately 2 mm. The thermal effect
of these settings was not measured, although the settings, combined with the constant
displacement/freehand movement of the laser fiber tip in a wet environment (movement
prevents excessive heat accumulation on one place and allows cooling microbreaks), could
be considered as relatively safe and were therefore chosen for research [32–36]. Never-
theless, additional testing should be done regarding the temperature rise in the specific
protocol and its effects on the surrounding tissue.

Chemical reactions in the activated H2O2 environment were not assessed. Potential
activation/antimicrobial augmentation was assessed only via the CFU count, which is a
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more basic, simpler approach. Complex chemical analysis should be done in future similar
studies to closer analyze the interaction of this specific laser wavelength and H2O2.

The specified wavelength of the diode laser was first examined in the concrete dis-
infection protocol by Katalinic et al. [40], however not in peri-implant conditions, but on
endodontic intracanal biofilms composed of E. faecalis, C. albicans, and S. aureus, where
promising results were obtained. The same laser was then tested in peri-implantitis therapy,
but as part of photodynamic therapy with 0.1% riboflavin, where a positive antimicrobial
effect was also demonstrated [41]. By reviewing the literature available to the authors, it
is not possible to find research similar to the current one. However, research examining
the impact of laser energy on H2O2 and various pathogens exists. In the study by Ikai
et al. [42], the authors analyzed the effect of activated hydrogen peroxide on cultures of
S. mutans, A. actinomycetemcomitans, E. faecalis, and S. aureus. It has been proven that
hydrogen peroxide, activated by a laser with a wavelength of 405 nm, has the ability to
eliminate all four pathogens within 3 min, which is not the case when using lasers or
H2O2 as independent treatments. Photoactivation of H2O2, with the aim of improving
the antimicrobial effect, was also examined in the work of Mahdi et al. in 2015 [21]. The
authors proved a stronger disinfection potential when H2O2 was activated by LED light
with a wavelength of 440–480 nm, compared to non-activated H2O2. In contrast to the
current work, the photoactivation was performed with LED light and not with a diode laser
that has monochromatic, coherent, and collimated light radiation. In two scientific papers,
Odor et al. [43,44] investigated the antimicrobial effect of hydroxyl radicals produced by
diode laser photoactivation, in combination with conventional mechanical periodontitis
therapy. A diode laser with a wavelength of 940 nm and a power of 1 W was used. The
laser-activated H2O2 group showed the best results. In relation to the other research men-
tioned, that research was not done in vitro, but in vivo, on patients with periodontitis, and
the effect on bacterial cultures was examined differently from that in the current research.

From all presented studies, it is possible to conclude that laser activation of H2O2 has a
strong, positive and potentially clinically relevant antimicrobial effect, but the results cannot
be directly compared with the current study due to too many differences in the design
of the study (microorganisms tested, energy settings of the laser, different wavelengths,
different presentation of the obtained data, etc.). Additional research is needed to determine
the exact impact of 445 nm laser energy on H2O2 and most efficient laser energy settings,
leading to a safe and useful clinical decontamination protocol.

5. Conclusions

The conducted research provides a preliminary insight into the protocol for treating
the surface of dental implants with a combination of agents that have not been described
in the literature so far. Statistical analysis revealed a significant difference between all
three disinfection protocols compared to the negative control. However, in the mutual
comparison of the results of the three disinfection protocols, there were no statistically
significant results, although the laser-activated H2O2 group showed better antimicrobial
results compared to non-activated 3% H2O2. Within the inherent limitations of this study,
it is possible to conclude that all three disinfection protocols are equally powerful in the
treatment of S.aureus and C.albicans biofilms. For further evaluation of efficiency, new
research is needed on a larger number of implants, testing more energy settings, thermal
effects of the settings and, certainly, in-clinical, “in vivo” set-ups.
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Abstract: Nasopharyngeal carcinoma is a malignancy from epithelial cells predominantly associated
with the Epstein–Barr virus (EBV) infection, and it is responsible for 140,000 deaths annually. There
is a current need to develop new strategies to increase the efficacy of antineoplastic treatment and
reduce side effects. Thus, the present study aimed to perform a systematic review and meta-analysis
of the ability of photodynamic therapy (PDT) to modulate the tumor microenvironment and PDT
efficacy in nasopharyngeal carcinoma treatment. The reviewers conducted all steps in the systematic
review. PubMed, Science Direct, Scopus, Scielo, Lilacs, EMBASE, and the Cochrane library databases
were searched. The OHAT was used to assess the risk of bias. Meta-analysis was performed with a
random-effects model (α = 0.05). Nasopharyngeal carcinoma cells treated with PDT showed that IL-8,
IL-1α, IL-1β, LC3BI, LC3BII, MMP2, and MMP9 levels were significantly higher than in groups that
did not receive PDT. NF-κB, miR BART 1-5p, BART 16, and BART 17-5p levels were significantly lower
in the PDT group than in the control group. Apoptosis levels and the viability of nasopharyngeal
carcinoma cells (>70%) infected with EBV were effective after PDT. This treatment also increased
LMP1 levels (0.28–0.50/p < 0.05) compared to the control group. PDT showed promising results
for efficacy in killing nasopharyngeal carcinoma cells infected with EBV and modulating the tumor
microenvironment. Further preclinical studies should be performed to validate these results.

Keywords: photodynamic therapy; nasopharyngeal carcinoma; Epstein–Barr virus; systematic review;
meta-analysis

1. Introduction

Head and neck cancer comprises a heterogeneous group of malignancies with dis-
tinguished etiological factors [1]. The human microbiome has received attention as a
risk factor for head and neck cancer [2]. In this regard, Streptococcus anginous, Strepto-
coccus mitis, Streptococcus oral, Streptococcus gordonii, Capnocytophaga gingivalis, Prevotella
melaninogenica and Porphyromonas gingivalis are examples of microorganisms related
to the oncogenesis of head and neck cancer [2]. Moreover, the human papillomavirus
(HPV) and Epstein–Barr virus (EBV) strongly correlate to oro- and nasopharyngeal
carcinomas, respectively [2].

The EBV (human herpes virus type 4) belongs to the Gammaherpesvirinae family and is
responsible for infecting more than 90% of the world’s population [3]. Although EBV causes
infectious mononucleosis, it is associated with carcinomas and lymphoma carcinogenesis,
resulting in 1% of global cancers. Approximately 140,000 people die each year from EBV-
related tumors [4].
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Nasopharyngeal carcinoma is a malignancy from epithelial cells that extends across the
nasopharynx surface, and EBV is one of its etiological factors [4–6]. EBV infection divides
the level of differentiation of nasopharyngeal epithelial cells into type II (non-keratinizing)
and type III (undifferentiated). Hence, a non-keratinizing tumor is predominantly associ-
ated with EBV infection [7]. Nasopharyngeal carcinoma prevails in men, with the highest
incidence in North Africa and Southeast Asia, particularly in southern China and eastern
Malaysia [4]. Additionally, EBV viral load; history of chronic diseases (ear, nose, or throat);
genetic factors; environmental exposure; and the consumption of alcohol, tobacco, salted
fish, dairy, and lipids are among the etiological factors of nasal carcinoma [4,8].

The latent membrane protein type 1 (LMP1) is present during the latent phase of
EBV and is considered an oncogenic protein. Moreover, LMP1 has a higher number of
polymorphisms than other genes [9], and it can induce the production of tumors, possibly
due to the functional similarity of the anti-protein with tumor necrosis factor (TNF-α), CD40,
and tumor necrosis factor type I (TNF-1) [10]. LMP1 can also up-regulate anti-apoptotic
genes, down-regulate metastasis suppressors, and promote angiogenesis, pro-inflammatory
cytokine activation, and epithelial cell morphology changes [11].

The conventional treatment for nasopharyngeal carcinoma is radiotherapy, chemother-
apy, and surgical resection [8]. However, the overall survival rate of patients affected by
this carcinoma is still low, and the bad prognoses have remained independent of treat-
ment [12]. Furthermore, other chemotherapy drugs, such as docetaxel, cisplatin, and
fluorouracil associated with chemoradiotherapy, have not improved the five-year overall
survival and progression-free survival rates [13]. That highlights the absence of new
effective therapeutic options for treating these patients [12]. Additionally, conventional
treatment (chemotherapy and radiotherapy) is associated with different adverse events,
such as skin hyperpigmentation, fatigue, nausea, leukopenia, anemia, hepatotoxicity,
and diarrhea [14].

Photodynamic therapy (PDT) involves applying a photosensitizer, followed by a
light source in a specific wavelength, to a target tissue [6,15]. After the photosensitizer is
sensitized by irradiation, reactive oxygen species are produced, causing cytotoxicity and
indirect destruction of tumor cells due to vascular damage [6]. Therefore, PDT might be a
promising approach for treating nasopharyngeal carcinoma. Regarding the high prevalence
of EBV infection associated with the development of nasopharyngeal carcinoma, the present
study aimed to perform a systematic review and meta-analysis of the ability of PDT to
modulate the tumor microenvironment and PDT effectiveness in killing nasopharyngeal
carcinoma cells infected with EBV.

2. Materials and Methods

2.1. Protocol and Registration

The present systematic review and meta-analysis were performed according to the Pre-
ferred Reporting Items for Systematic Reviews (PRISMA) statement [16]. The study was reg-
istered in the Open Science Framework (OSF) (registration DOI: 10.17605/OSF.IO/ACUVG).

2.2. Data Extraction and Study Question

The research question was based on the PICO strategy for systematic exploratory re-
views [16], where P = nasopharyngeal carcinoma cells infected with EBV; I = photodynamic
therapy (PDT); C = PDT associated with another therapy, the absence or application of
another treatment instead of PDT, or nasopharyngeal carcinoma cells not infected with
EBV; O = the primary outcome was chemokine and interleukin levels and the second one
was the viability of nasopharyngeal carcinoma cells infected with EBV and LMP1 levels.
The present study aimed to answer the following focused questions: What is the efficacy of
PDT in reducing nasopharyngeal carcinoma cells infected with EBV? Moreover, can PDT
modulate the inflammatory microenvironment in this tumor infected with EBV?
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2.3. Eligibility Criteria

The inclusion criteria for the systematic review were in vitro studies that used PDT to
treat nasopharyngeal carcinoma cells infected with EBV and cell lines from humans. There
was no restriction on types of language, photosensitizer, and cell line. The exclusion criteria
were observational studies and clinical trials in humans; book chapters; letters to the editor;
conference abstracts; theses; dissertations; case reports; and studies with nasopharyngeal
carcinoma cells not infected with EBV, without evaluating the photoinactivation of EBV,
and with cell lines from animals.

2.4. Search Strategy

Two independent examiners were calibrated in a previous pilot study to perform the
steps for article selection. The electronic search was performed in PubMed, Science Direct,
Scopus, Scielo, Lilacs, EMBASE, and the Cochrane library databases. The search words
were (((Epstein-Barr) OR (Epstein-Barr virus)) OR (EBV)) AND (Photodynamic therapy).
The Kappa calibration (0.87/p < 0.01) between the examiners was an “almost perfect”
agreement. Mendeley Reference Software was used to detect and eliminate duplicates.
After the eligibility step, the data were extracted from the selected articles, analyzed, and
discussed. Any disagreement during the process was solved before proceeding to the
next steps by reaching a consensus. The following data were extracted from the included
studies: first name of the author, year of publication, study design, cell lineage, sample size,
evaluated group, photosensitizer, wavelength (nanometers), irradiation time (minutes),
incubation time of the photosensitizer, light dose, and main results.

2.5. Risk of Bias Assessment

This step used the OHAT Rob Rating tool adapted for in vitro studies [17,18]. There
were four answer alternatives for each question: (i) definitely low (++) there is direct
evidence to affirm the answer to the question; (ii) (+) there is indirect evidence to affirm
the answer to the question; (iii) (−) there is indirect evidence to respond negatively to the
question; (iv) (−−) there is direct evidence to respond negatively to the question. The
question “Were there no other potential threats to internal validity?” referred to a bias
related to statistical approaches (sample size calculation, normality and homoscedasticity
evaluations, and inferential text details) [19].

2.6. Meta-Analysis

The meta-analysis used the random-effects model, the standard mean difference in
effect measurement. A forest plot was made to evaluate the results better. The trim-and-fill
method was used to detect publication and meta-analysis biases. Heterogenicity levels
above 50% were considered high (I2 > 50%). R software, version 3.6.3, and Rstudio with
the “META” package were used to conduct quantitative approaches (α = 0.05) and build
the graphs.

3. Results

3.1. Search Results

The flowchart in Figure 1 summarizes the article selection process. The electronic
search yielded 203 articles. Accordingly, 175 articles remained for selection. After title and
abstract screenings, 168 articles were excluded because they did not meet the eligibility
criteria. Seven studies were eligible for a full-text evaluation. After the full-text assess-
ment, the same seven articles were included in the qualitative analysis, and three were
included in the meta-analysis. Four studies were excluded from the quantitative analysis
because they did not report the sample size or precisely report the outcome measurement
(Supplementary Materials).
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Figure 1. Flowchart summarizing the search results of the present study.

3.2. Synthesis of Results

The articles included in the present systematic review and meta-analysis ranged
in publication dates from 2002 to 2020 [20–26] (Table 1). The cell lines most frequently
used were CNE-2 (57.15%) and C666-1 (57.15%), followed by HK-1 (42.86%). Numerous
photosensitizers were used, but two studies evaluated the same one (FosPeg®®) [23,25].
The wavelength varied from 585 to 685 J/cm2 and the light dose from 0.25 to 20 J/cm2. The
photosensitizer incubation time ranged from three to 24 h, and four hours was the most
frequently used [20,23,26]. Only one study reported the irradiation time [24].
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3.3. Risk of Bias Assessment

The primary source of bias in all included articles referred to blinding (were research
personnel blind to the study group during the investigation?/was the outcome assessment
reliable, including the blinding of evaluators?) and details about statistical approaches
(were there no other potential threats to internal validity?) (Table 2).

Table 2. Risk of bias analysis according to the OHAT Rob Rating tool adapted to assess the risk of
bias of in vitro studies included in the systematic review.

Questions/Studies
Du et al.,

2002
[20]

Koon et al.,
2010
[21]

Li et al.,
2010
[22]

Wu et al.,
2013
[23]

Peng et al.,
2017
[24]

Wu et al.,
2020 (a) [25]

Wu et al.,
2020 (b) [26]

Was the administered dose or exposure
level adequately randomized? ++ ++ ++ ++ ++ ++ ++

Were study group allocations
adequately concealed? ++ ++ ++ ++ ++ ++ ++

Were the experimental conditions
identical across study groups? ++ ++ ++ ++ ++ ++ ++

Were research personnel blind to the
study group during the investigation? − − − − − − −
Were outcome data complete without

attrition or exclusion from the analysis? ++ ++ ++ ++ ++ ++ ++

Was the exposure characterization reliable? ++ ++ ++ ++ ++ ++ ++
Was the outcome assessment reliable

(including the blinding of evaluators)? − − − − − − −
Were there no other potential threats to

internal validity? −− −− −− −− −− −− −−

++ = direct evidence to affirm the question; − = indirect evidence to respond negatively to the question;
−− = direct evidence to respond negatively to the question.

3.4. Meta-Analysis

The meta-analysis was only possible for LMP1 levels [23,25,26]. Thus, the experimental
group included nasopharyngeal carcinoma cells infected with EBV treated with PDT, and
the control group consisted of nasopharyngeal carcinoma cells not infected with EBV and
without receiving PDT. PDT increased LMP1 levels (mean difference (MD) = 0.28/95% con-
fidence interval (CI) = 0.01–0.56/I2 = 90%) (Figure 2a). After detecting the publication bias
with the trim-and-fill method and correlating the meta-analysis, MD was 0.50 [0.28–0.72],
but the heterogenicity level remained high (I2 = 90%) (Figure 2b).

Figure 2. Results of the quantitative approaches used in the present study. (A) Meta-analysis illus-
trated in a forest plot for LMP1 levels with significant results. (B) Trim-and-fill results illustrated
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in a forest plot. This statistical test detected publication and meta-analysis biases, which were
corrected. The experimental group included nasopharyngeal carcinoma cells infected with EBV and
treated with PDT, and the control group consisted of nasopharyngeal carcinoma cells not infected with
EBV and without receiving PDT. MD = mean difference; SD = standard deviation; CI = confidence
interval; TE = estimated mean; seTE = estimated standard deviation [23,25,26].

4. Discussion

According to the World Health Organization, there are three pathological subtypes
of nasopharyngeal carcinomas: keratinized squamous, non-keratinized, and basaloid
squamous [27]. Nonetheless, the non-keratinized subtype represents more than 95% of
cases in endemic areas and is predominantly associated with EBV infection [7,27]. This
tumor is related to a remarkable geographical distribution. Thus, there are other risk
factors for developing nasopharyngeal carcinoma in addition to EBV infection, such as host
genetics and environmental aspects (e.g., salted fish consumption) [28,29].

Tumor-derived epithelial cells are susceptible to ionizing radiation, which explains
why radiotherapy is the primary treatment modality for non-metastatic nasopharyngeal car-
cinoma [28]. Chemotherapy combined with radiotherapy is essential and highly indicated
for advanced locoregional diseases. Patients with metastatic nasopharyngeal carcinoma are
a heterogeneous group, and although chemotherapy is the mainstay treatment modality
at this stage, individualized treatment is increasingly required [28,30]. A high dose of
radiation or chemotherapy causes acute and later side effects. Oral mucositis, dermatitis,
xerostomia, and dysphagia are the main acute toxicities associated with radiotherapy,
and xerostomia, sensorineural hearing loss, osteoradionecrosis, trismus, and hormonal
dysfunction (e.g., hypothyroidism) are the described later effects [28]. Hematological dis-
crepancies are the main toxicities when administering chemotherapy in nasopharyngeal
carcinoma patients [28].

Despite advances in radiotherapy and chemotherapy for treating nasopharyngeal
carcinoma, the overall survival rate is still poor and the side effects reduce the quality of
life of patients diagnosed with this tumor [12,28,31]. In this scenario, PDT is a treatment
option for different cancers [19,32–34]. There is a current lack of clinical trials evaluating
the effectiveness of PDT for nasopharyngeal carcinoma, which is the main reason for
developing this present systematic review on in vitro studies.

Nasopharyngeal carcinoma cells infected with EBV and treated with PDT significantly
increased IL-8, IL-1α, and IL-1β levels, resulting in cell death. PDT also increased IL-1α
and IL-1β levels in nasopharyngeal carcinoma cells without EBV infection, but at a lower
rate than tumors infected with EBV [21]. Moreover, applying PDT only to the tumor did
not affect IL-8 levels. In return, apoptosis [21] and cytotoxicity levels from PDT [23,26] were
similar in nasopharyngeal carcinoma cells regardless of EBV infection. That is promising
because the oxidative damage of PDT can cause different cell deaths and immunological
response pathways depending on EBV infection in nasopharyngeal carcinoma cells.

In particular, IL-8 is an inflammatory mediator mainly related to necroptosis [35] that
can play a different role in cancer. However, IL-8 can recruit innate immune cells, starting
an immunological response against cancer [36]. That is a strength of PDT over other tradi-
tional cancer treatments because PDT can initiate immunogenic cell death accompanied
by the exposure and release of damage-associated molecular patterns (DAMPs) [37]. In
the context of the tumor microenvironment, cancer cells can die by apoptosis, necrop-
tosis, and autophagy, along with inflammatory molecule release that may modulate the
immunological response against cancer [37]. Furthermore, the role of IL-8 in PDT differs
from radiotherapy, in which IL-8 induces an epithelial–mesenchymal transition [38] and
tumor cell repopulation after radiotherapy via RIP1/RIP3/MLKL/JNK/IL-8 pathways [35],
leading to a poor prognosis for cancer patients.
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IL-1 is a pro-inflammatory cytokine that participates in nasopharyngeal carcinoma
development and is recognized as an oncogenic factor for this tumor. High IL-1 levels
are normal in nasopharyngeal carcinoma and are stimulated by T cells infiltrated in the
tumor and lipopolysaccharides (LPS) [39]. In this scenario, LPS-containing Gram-negative
bacteria can stimulate resident macrophages via TLR4 for TNF and IL-1 secretion, inducing
cell proliferation and tumorigenesis [40].

Despite the role of IL-1 in nasopharyngeal processes, there is a lack of knowledge about
the action of this cytokine in the tumor microenvironment after treatment. The caspase-
1/NLRP3/IL-1 pathway regards inflammasome formation and pyroptosis, which stimulate
the activation of inflammatory processes and modulation of immune responses [41]. Thus,
PDT might induce nasopharyngeal cell death via inflammasome formation, but further
studies should be designed to evaluate this point better.

EBV-induced carcinogenesis in nasopharyngeal carcinoma can explain the differences
in inflammatory responses of nasopharyngeal carcinoma cells infected with EBV or not after
PDT. There are three EBV latent phases, distinguished by viral antigen expression. Type
I shows EBNA1 (EBV nuclear antigen 1) expression, type II presents EBNA1 and LMP1,
LMP2, and EBERs (EBV-encoded small RNA), and type III includes a high production of
EBNA1,2, LMP1, LMP2, and EBRs [42,43].

LMP1 is an oncogenic protein that stimulates the expression of the epidermal growth
factor receptor (EGFR), promoting cell growth by activating the MAP kinase pathway [44–46].
In epithelial cells, LMP1 inhibits P53-mediated induction of apoptosis and induces lympho-
cyte sensibilization to TGF-beta, tempering the immune response against cancer cells [47].
In other words, the distinguished carcinogenesis pathways related to different etiologi-
cal factors (EBV positive and EBV negative) may be considered the reason for different
responses obtained after PDT for nasopharyngeal carcinoma.

LMP1 can also activate oncogenic signaling pathways, causing tumor invasion, metas-
tasis, anti-apoptosis ability, and inhibition of squamous cell differentiation [28]. Higher
LMP1 levels indicate a poor prognosis for nasopharyngeal carcinoma patients. The meta-
analysis showed higher LMP1 levels in nasopharyngeal carcinoma cells treated with PDT
than those not treated with PDT. However, as LMP1 function depends on the activation of
NF-κB and STAT3 pathways [48] and the group treated with PDT showed lower NF-κB
levels, PDT might make LMP1 dysfunctional.

In other words, higher LMP1 levels can represent a direct response to cell death
by oxidative damage from PDT; therefore, LMP1 would not run an oncogenic pathway
because NF-κB levels decreased. Although our study did not evaluate this finding, we
might also hypothesize that, as LMP1 function depends on the NF-κB and STAT3 pathways,
PDT might modulate LMP1 function via the STAT3 pathways in persistent cancer cells.
However, future studies should assess these very pathways better. It is also essential to
balance the benefits between increased LMP1 levels via the NF-κB and STAT3 pathways
and PDT efficiency in killing nasopharyngeal carcinoma cells (>70%). The impact of higher
LMP1 levels on clinical trials remains to be analyzed.

BART-miRNAs are transcription factors that potentiate tumor growth, cooperate in
immune attack escape, and strengthen anti-apoptosis ability [28]. PDT reduced BART-
miRNAs levels, indicating that PDT could also positively modulate tumor-mediated factors,
possibly improving the prognosis of nasopharyngeal carcinoma patients.

MMP2 and MMP9 are a family of proteolytic enzymes implicated in the invasion and
metastasis of numerous cancers because they degrade extracellular matrix components [49].
MMP2 and MMP9 overexpression is associated with higher tumor grades. Concomitantly,
MMP2 overexpression is associated with a higher risk of cancer metastasis, and MMP9
overexpression correlates to lymph node metastasis [49,50]. However, MMP2, MMP9, and
other proteolytic enzymes in local inflammations from PDT can cooperate in tissue damage
by facilitating a reduction in tumor volume [51].

The role of autophagy in cancer development, growth, invasion, and metastasis has
recently been highlighted. In this context, microtubule-associated protein 1B light chain 3B
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(LC3B) is one of the most studied proteins, and its overexpression is associated with a poor
prognosis [52]. PDT triggers autophagy in tumor cells by suppressing AKT-mTOR signaling
or up-regulating the AMPK pathway [53,54]. Thus, LC3B overexpression indicates that tu-
mor cells underwent autophagy. Related concerns should be mentioned because surviving
tumor cells can obtain resistance over PDT by inhibiting autophagy pathways [55].

The effect of PDT on cancer cells is related to apoptosis or necrosis, and autophagy
is an intracellular degradation pathway that can participate in pro-survival or pro-death
mechanisms. Thus, autophagy often monitors cellular death by PDT as an attempt to sur-
vive oxidative damage [55]. Furthermore, autophagy inhibition can decrease anti-apoptotic
proteins, promoting survival and tumor adaption against PDT [56]. The precise mecha-
nisms that can unbalance autophagy from running toward pro-death cells are pivotal for
improving the clinical outcomes of cancer patients treated with PDT [41]. Thus, autophagy
after PDT with different photosensitizers should be further investigated.

The ATP-binding cassette (ABC) transporters are transmembrane proteins that utilize
ATP to transport/efflux diverse compounds across cellular membranes [57]. Among
these proteins, ABCB1, ABCC1, and ABCG2 can transport numerous chemotherapy drugs
outside cells, causing chemoresistance [58]. PDT could not affect ATP protein levels in
nasopharyngeal carcinoma cells infected with EBV, which can be a good response because
of the absence of tumor resistance by photodamage in this pathway. The present study
adapted the OHAT Rob Rating tool to assess the risk of bias for in vitro studies [17,18].
Most included articles showed a higher risk of bias related to blinding. Although blinding
is not frequently used for in vitro studies and is highly required in randomized clinical
trials, this methodological approach was accepted, considering that effect size estimates
may be overrated. Blinding can also eliminate the observation bias [59].

The findings of the present systematic review and meta-analysis should be under-
stood with caution because only seven articles were included in the systematic review and
three in the meta-analysis. Moreover, three of the seven articles were published by the
same research group, representing a limitation for the present study. Hence, the studies
were conducted with different cell lines, such as CNE-2, C666-1, and HK-1. CNE-2 is a
poorly differentiated nasopharyngeal carcinoma epithelioid cell line from a primary tumor
biopsy in China [60]. The C666-1 cell line represents an undifferentiated nasopharyngeal
carcinoma carrying EBV in long-term cultures [61]. The HK-1 originated from a recur-
rent (after radiotherapy) differentiated nasopharyngeal carcinoma [62]. These differences
can represent distinguished molecular signatures that could cause differences in tumor
microenvironment responses after PDT and impact PDT efficacy in killing tumor cells.

In summary, PDT can modulate the tumor microenvironment of nasopharyngeal
carcinoma cells and is an efficient treatment against these cells when infected with EBV.
However, these findings should be investigated in animals and previous preclinical studies.

5. Conclusions

PDT is a promising approach as a treatment for nasopharyngeal carcinoma cells in-
fected with EBV because it can modulate the tumor microenvironment. It also showed
significant results in killing nasopharyngeal carcinoma cells infected with EBV. Neverthe-
less, PDT can easily be associated with other treatments for this tumor.
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Supplementary File.

Author Contributions: Conceptualization, T.M.F., A.B.d.O., and C.R.F.; methodology, T.M.F. and
A.B.d.O.; software, T.M.F.; validation, D.G.F., T.M.F., A.B.d.O., and C.R.F.; formal analysis, D.G.F.,
T.M.F., and A.B.d.O.; investigation, D.G.F., T.M.F., A.B.d.O., and C.R.F.; data curation: T.M.F. and
C.R.F.; writing—original draft preparation, D.G.F. and T.M.F.; writing—review and editing, T.M.F.,
A.B.d.O., and C.R.F.; visualization, D.G.F., T.M.F., A.B.d.O., and C.R.F.; supervision, T.M.F., A.B.d.O.,

33



Biomedicines 2023, 11, 1344

and C.R.F.; project administration, T.M.F., A.B.d.O., and C.R.F., funding acquisition, T.M.F., A.B.d.O.,
and C.R.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the São Paulo Research Foundation (FAPESP #2013/07276-1)
and scholarships (FAPESP grants #2022/12828-2, #2021/01191-0, #2020/07110-0). FAPESP was not
involved in the study design, data collection, analysis, and interpretation.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Torre, L.A.; Bray, F.; Siegel, R.L.; Ferlay, J.; Lortet-Tieulent, J.; Jemal, A. A global cancer statistic, 2012. CA Cancer J. Clin. 2015,
65, 87–108. [CrossRef] [PubMed]

2. Orlandi, E.; Iacovelli, N.A.; Tombolini, V.; Rancati, T.; Polimeni, A.; De Cecco, L.; Valdagni, R.; De Felice, F. Potential role of
microbiome in oncogenesis, outcome prediction and therapeutic targeting for head and neck cancer. Oral Oncol. 2019, 99, 104453.
[CrossRef]

3. Chang, C.M.; Yu, K.J.; Mbulaiteye, S.M.; Hildesheim, A.; Bhatia, K. The extent of genetic diversity of Epstein-Barr virus and its
geographic and disease patterns: A need for reappraisal. Virus Res. 2009, 143, 209–221. [CrossRef]

4. Bakkalci, D.; Jia, Y.; Winter, J.R.; Lewis, J.E.; Taylor, G.S.; Stagg, H.R. Risk factors for Epstein Barr virus-associated cancers: A
systematic review, critical appraisal, and mapping of the epidemiological evidence. J. Glob. Health 2020, 10, 010405. [CrossRef]

5. Sham, J.; Choy, D.; Wei, W.; Ng, M.H.; Zong, Y.-S.; Lin, Z.-X.; Guo, Y.-Q.; Luo, Y. Detection of subclinical riasopharyngeal
carcinoma by fibreoptic endoscopy and multiple biopsy. Lancet 1990, 335, 371–374. [CrossRef]

6. Renaud, S.; Lefebvre, A.; Mordon, S.; Moralès, O.; Delhem, N. Novel Therapies Boosting T Cell Immunity in Epstein Barr
Virus-Associated Nasopharyngeal Carcinoma. Int. J. Mol. Sci. 2020, 21, 4292. [CrossRef] [PubMed]

7. Young, L.S.; Dawson, C.W. Epstein-Barr virus and nasopharyngeal carcinoma. Chin. J. Cancer 2014, 33, 581–590. [CrossRef]
[PubMed]

8. Hutajulu, S.H.; Kurnianda, J.; Tan, B.I.; Middeldorp, J.M. Therapeutic implications of Epstein-Barr virus infection for the treatment
of nasopharyngeal carcinoma. Ther. Clin. Risk Manag. 2014, 10, 721–736. [CrossRef]

9. Banko, A.; Miljanovic, D.; Lazarevic, I.; Cirkovic, A. A Systematic Review of Epstein–Barr Virus Latent Membrane Protein 1
(LMP1) Gene Variants in Nasopharyngeal Carcinoma. Pathogens 2021, 10, 1057. [CrossRef] [PubMed]

10. Edilova, M.I.; Abdul-Sater, A.A.; Watts, T.H. TRAF1 Signaling in Human Health and Disease. Front. Immunol. 2018, 9, 2969.
[CrossRef]

11. da Costa, V.G.; Marques-Silva, A.C.; Moreli, M.L. The Epstein-Barr virus latent membrane protein-1 (LMP1) 30-bp deletion and
XhoI-polymorphism in nasopharyngeal carcinoma: A meta-analysis of observational studies. Syst. Rev. 2015, 4, 46. [CrossRef]

12. Ahn, M.-J.; Chirovsky, D.; Kuyas, H.; Auclair, V.; Abounit, S.; Joo, S.; Shah, R.; Yang, M.-H. Global longitudinal assessment of
treatment outcomes in recurrent/metastatic nasopharyngeal carcinoma: GLANCE-NPC study. Futur. Oncol. 2021, 17, 2015–2025.
[CrossRef]

13. Ou, D.; Blanchard, P.; El Khoury, C.; De Felice, F.; Even, C.; Levy, A.; Nguyen, F.; Janot, F.; Gorphe, P.; Deutsch, E.; et al. Induction
chemotherapy with docetaxel, cisplatin and fluorouracil followed by concurrent chemoradiotherapy or chemoradiotherapy alone
in locally advanced non-endemic nasopharyngeal carcinoma. Oral Oncol. 2016, 62, 114–121. [CrossRef]

14. Zong, J.; Liu, Y.; Liang, Q.; Xu, H.; Chen, B.; Guo, Q.; Xu, Y.; Hu, C.; Pan, J.; Lin, S. Administration of oral maintenance chemother-
apy for 1 year following definitive chemoradiotherapy may improve the survival of patients with stage N3 nasopharyngeal
carcinoma. Oral Oncol. 2021, 118, 105313. [CrossRef] [PubMed]

15. Stoker, S.D.; van Diessen, J.N.A.; de Boer, J.P.; Karakullukcu, B.; Leemans, C.R.; Tan, I.B. Current Treatment Options for Local
Residual Nasopharyngeal Carcinoma. Curr. Treat. Options Oncol. 2013, 14, 475–491. [CrossRef]

16. Shamseer, L.; Moher, D.; Clarke, M.; Ghersi, D.; Liberati, A.; Petticrew, M.; Shekelle, P.; Stewart, L.A.; PRISMA-P Group. Preferred
reporting items for systematic review and meta-analysis protocols (PRISMA-P) 2015: Elaboration and explanation. BMJ 2015,
349, g7647. [CrossRef]

17. NTP-OHAT. OHAT Risk of Bias Rating Tool for Human and Animal Studies; Office of Health Assessment and Translation: Rockville,
MD, USA, 2015.

18. NTP-OHAT. Handbook for Conducting a Literature-Based Health Assessment Using OHAT Approach for Systematic Review and Evidence
Integration; National Toxicology Program–Office of Health Assessment and Translation: Rockville, MD, USA, 2019.

19. Ferrisse, T.M.; de Oliveira, A.B.; Surur, A.K.; Buzo, H.S.; Brighenti, F.L.; Fontana, C.R. Photodynamic therapy associated with
nanomedicine strategies for treatment of human squamous cell carcinoma: A systematic review and meta-analysis. Nanomedicine
2022, 40, 102505. [CrossRef]

34



Biomedicines 2023, 11, 1344

20. Du, H.; Bay, B.H.; Mahendran, R.; Olivo, M. Endogenous expression of interleukin-8 and interleukin-10 in nasopharyngeal
carcinoma cells and the effect of photodynamic therapy. Int. J. Mol. Med. 2002, 10, 73–76. [CrossRef]

21. Koon, H.K.; Lo, K.W.; Leung, K.N.; Lung, M.L.; Chang, C.C.; Wong, R.N.; Leung, W.N.; Mak, N.K. Photodynamic therapy-
mediated modulation of inflammatory cytokine production by Epstein-Barr virus-infected nasopharyngeal carcinoma cells. Cell
Mol. Immunol. 2010, 7, 323–326. [CrossRef] [PubMed]

22. Li, B.; Chen, Z.; Liu, L.; Huang, Z.; Huang, Z.; Xie, S. Differences in sensitivity to HMME-mediated photodynamic therapy
between EBV+ C666-1 and EBV- CNE2 cells. Photodiagnosis Photodyn. Ther. 2010, 7, 204–209. [CrossRef] [PubMed]

23. Wu, R.W.; Chu, E.S.; Huang, Z.; Xu, C.S.; Ip, C.W.; Yow, C.M. FosPeg® PDT alters the EBV miRNAs and LMP1 protein expression
in EBV positive nasopharyngeal carcinoma cells. J. Photochem. Photobiol. B 2013, 127, 114–122. [CrossRef]

24. Peng, Y.; He, G.; Tang, D.; Xiong, L.; Wen, Y.; Miao, X.; Hong, Z.; Yao, H.; Chen, C.; Yan, S.; et al. Lovastatin Inhibits Cancer
Stem Cells and Sensitizes to Chemo- and Photodynamic Therapy in Nasopharyngeal Carcinoma. J. Cancer 2017, 8, 1655–1664.
[CrossRef]

25. Wu, R.W.K.; Chu, E.S.M.; Yuen, J.W.M.; Huang, Z. Comparative study of FosPeg® photodynamic effect on nasopharyngeal
carcinoma cells in 2D and 3D models. J. Photochem. Photobiol. B 2020, 210, 111987. [CrossRef]

26. Wu, R.W.K.; Chu, E.S.M.; Yow, C.M.N. Evaluation of the effect of 5-aminolevulinic acid hexyl ester (H-ALA) PDT on EBV LMP1
protein expression in human nasopharyngeal cells. Photodiagnosis Photodyn. Ther. 2020, 30, 101801. [CrossRef]

27. Wang, H.-Y.; Chang, Y.-L.; To, K.-F.; Mai, H.-Q.; Feng, Y.-F.; Chang, E.T.; Wang, C.-P.; Kam, M.K.M.; Cheah, S.-L.; Lee, M.; et al. A
new prognostic histopathologic classification of nasopharyngeal carcinoma. Chin. J. Cancer 2016, 35, 41. [CrossRef]

28. Chen, Y.P.; Chan, A.T.C.; Le, Q.T.; Blanchard, P.; Sun, Y.; Ma, J. Nasopharyngeal carcinoma. Lancet 2019, 394, 64–80. [CrossRef]
29. Tsao, S.W.; Yip, Y.L.; Tsang, C.M.; Pang, P.S.; Lau, V.M.; Zhang, G.; Lo, K.W. Etiological factors of nasopharyngeal carcinoma. Oral

Oncol. 2014, 50, 330–338. [CrossRef]
30. Bossi, P.; Chan, A.; Licitra, L.; Trama, A.; Orlandi, E.; Hui, E.; Halámková, J.; Mattheis, S.; Baujat, B.; Hardillo, J.; et al.

Nasopharyngeal carcinoma: ESMO-EURACAN Clinical Practice Guidelines for diagnosis, treatment, and follow-up†. Ann. Oncol.
2021, 32, 452–465. [CrossRef] [PubMed]

31. Mayor, S. Side-effects of cancer drugs are under-reported in trials. Lancet Oncol. 2015, 16, e107. [CrossRef] [PubMed]
32. Fontana, L.C.; Pinto, J.G.; Vitorio, G.D.S.; Ferreira, I.; Pacheco-Soares, C.; Mamone, L.A.; Strixino, J.F. Photodynamic effect of

protoporphyrin IX in gliosarcoma 9l/lacZ cell line. Photodiagnosis Photodyn. Ther. 2022, 37, 102669. [CrossRef]
33. Mkhobongo, B.; Chandran, R.; Abrahamse, H. The Role of Melanoma Cell-Derived Exosomes (MTEX) and Photodynamic

Therapy (PDT) within a Tumor Microenvironment. Int. J. Mol. Sci. 2021, 22, 9726. [CrossRef]
34. Vallecorsa, P.; Di Venosa, G.; Gola, G.; Sáenz, D.; Mamone, L.; MacRobert, A.J.; Ramírez, J.; Casas, A. Photodynamic therapy

of cutaneous T-cell lymphoma cell lines mediated by 5-aminolevulinic acid and derivatives. J. Photochem. Photobiol. B 2021,
221, 112244. [CrossRef] [PubMed]

35. Wang, Y.; Zhao, M.; He, S.; Luo, Y.; Zhao, Y.; Cheng, J.; Gong, Y.; Xie, J.; Wang, Y.; Hu, B.; et al. Necroptosis regulates tumor
repopulation after radiotherapy via RIP1/RIP3/MLKL/JNK/IL8 pathway. J. Exp. Clin. Cancer Res. 2019, 38, 461. [CrossRef]
[PubMed]

36. Beltrán Hernández, I.; Yu, Y.; Ossendorp, F.; Korbelik, M.; Oliveira, S. Preclinical and Clinical Evidence of Immune Responses
Triggered in Oncologic Photodynamic Therapy: Clinical Recommendations. J. Clin. Med. 2020, 9, 333. [CrossRef] [PubMed]

37. Huis In ’t Veld, R.V.; Heuts, J.; Ma, S.; Cruz, L.J.; Ossendorp, F.A.; Jager, M.J. Current Challenges and Opportunities of
Photodynamic Therapy against Cancer. Pharmaceutics 2023, 15, 330. [CrossRef]

38. Teijeira, A.; Garasa, S.; Ochoa, M.C.; Villalba, M.; Olivera, I.; Cirella, A.; Eguren-Santamaria, I.; Berraondo, P.; Schalper, K.A.; de
Andrea, C.E.; et al. IL8, Neutrophils, and NETs in a Collusion against Cancer Immunity and Immunotherapy. Clin. Cancer Res.
2021, 27, 2383–2393. [CrossRef]

39. Allen, D.Z.; Aljabban, J.; Silverman, D.; McDermott, S.; Wanner, R.A.; Rohr, M.; Hadley, D.; Panahiazar, M. Meta-Analysis
illustrates possible role of lipopolysaccharide (LPS)-induced tissue injury in nasopharyngeal carcinoma (NPC) pathogenesis.
PLoS ONE 2021, 16, e0258187. [CrossRef]

40. Yang, Y.; Liao, Q.; Wei, F.; Li, X.; Zhang, W.; Fan, S.; Shi, L.; Li, X.; Gong, Z.; Ma, J.; et al. LPLUNC1 inhibits nasopharyngeal
carcinoma cell growth via down-regulation of the MAP kinase and cyclin D1/E2F pathways. PLoS ONE 2013, 8, e62869. [CrossRef]

41. Di Paolo, N.C.; Shayakhmetov, D.M. Interleukin 1α and the inflammatory process. Nat. Immunol. 2016, 17, 906–913. [CrossRef]
[PubMed]

42. Perri, F.; Della Vittoria Scarpati, G.; Giuliano, M.; D’Aniello, C.; Gnoni, A.; Cavaliere, C.; Licchetta, A.; Pisconti, S. Epstein-Barr
virus infection and nasopharyngeal carcinoma: The other side of the coin. Anticancer Drugs 2015, 26, 1017–1025. [CrossRef]

43. Perri, F.; Sabbatino, F.; Ottaiano, A.; Fusco, R.; Caraglia, M.; Cascella, M.; Longo, F.; Rega, R.A.; Salzano, G.; Pontone, M.; et al.
Impact of Epstein Barr Virus Infection on Treatment Opportunities in Patients with Nasopharyngeal Cancer. Cancers 2023, 15, 1626.
[CrossRef] [PubMed]

44. Dawson, C.W.; Rickinson, A.B.; Young, L.S. Epstein-Barr virus latent membrane protein inhibits human epithelial cell differentia-
tion. Nature 1990, 344, 777–780. [CrossRef] [PubMed]

45. Fhraeus, R.; Rymo, L.; Rhim, J.S.; Klein, G. Morphological transformation of human keratinocytes expressing the LMP gene of
Epstein-Barr virus. Nature 1990, 345, 447–449. [CrossRef] [PubMed]

35



Biomedicines 2023, 11, 1344

46. Miller, W.E.; Earp, H.S.; Raab-Traub, N. The Epstein-Barr virus latent membrane protein 1 induces expression of the epidermal
growth factor receptor. J. Virol. 1995, 69, 4390–4398. [CrossRef]

47. Kieff, E.; Rickinson, A.B. Epstein-Barr virus and its replication. In Field’s Virology; Knipe, D.M., Howley, P.M., Eds.; Lippin-
cott/Williams & Wilkins: Philadelphia, PA, USA, 2001; Volume 2, pp. 2511–2573.

48. Lo, A.K.; Dawson, C.W.; Lung, H.L.; Wong, K.L.; Young, L.S. The Role of EBV-Encoded LMP1 in the NPC Tumor Microenviron-
ment: From Function to Therapy. Front. Oncol. 2021, 11, 640207. [CrossRef]
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Abstract: Objectives: This study aimed to assess the efficacy of shockwave-enhanced emission pho-
toacoustic streaming (SWEEPS) plus antimicrobial photodynamic therapy (aPDT) using indocyanine
green (ICG) for the elimination of Enterococcus faecalis biofilm from infected root canals. Materi-
als and Methods: thirty sound human single-canal teeth were chosen and standardized to have
12 mm of root length. The root canals were shaped and prepared by means of ProTaper rotary files.
After sterilization of the teeth, the canals were inoculated with E. faecalis for 2 weeks. The teeth
were then randomly divided into six groups (n = five) of control, ICG, ICG + 808 nm diode laser,
ICG + SWEEPS, ICG + 808 nm diode laser + SWEEPS, and 5.25% sodium hypochlorite (NaOCl). Fol-
lowing treatment, the number of colony-forming units (CFUs)/mL were calculated for each group.
Statistical analysis was carried out using one-way ANOVA. For multiple comparisons, Tukey’s test
was used as the post hoc test. Results: NaOCl alone showed the highest efficacy (p < 0.001). The
ICG + 808 nm diode laser + SWEEPS group displayed significantly lower amounts of bacteria than
either the ICG + 808 nm diode laser or SWEEPS (p < 0.001). There was a statistically significant dif-
ference detected between the ICG + 808 nm diode laser and ICG + SWEEPS (p = 0.035). Conclusions:
SWEEPS can effectively increase the photosensitizer distribution in the root canal space, and its
application along with irrigants can bring about promising results.

Keywords: antimicrobial photodynamic therapy; biofilms; disinfection; Er:YAG laser; Enterococcus
faecalis; indocyanine green; hypochlorite sodium; SWEEPS

1. Introduction

Endodontic treatments aim to effectively reduce the microorganisms responsible for
endodontic infections [1]. However, the complete elimination of endodontic pathogens is
extremely difficult, if not impossible, with the commonly used instrument methods, due to
the complex anatomy of the root canal system and the presence of lateral canals, isthmi,
ramifications and fins [2]. Enterococcus faecalis is associated with secondary endodontic
infections, refractory infected lesions and periapical biofilms, resulting in endodontic
treatment failure [3]. Teeth with failed endodontic treatment are more likely than non-
endodontically treated teeth to contain this microorganism in their root canal system [3].
The resistance of this bacterium to the challenges of survival within the root canal space
is related to the ability to invade the dentinal tubules and bond to collagen fibers, biofilm
formation, and its capacity to endure harsh environments [3].

Root canal irrigation is performed along with mechanical cleaning and instrumenta-
tion of canals to chemically decrease the intracanal microbial load. Syringe irrigation is
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the standard method of root canal irrigation. The elimination of bacterial biofilm is not
possible merely by the chemical action of irrigants or mechanical instrumentation alone,
and chemical irrigants should be used in combination with physical manipulation of the
canal in order to be able to access all parts of the root canal system [4]. Instrumentation
with rotary and hand files cannot efficiently clean the isthmi and canal irregularities, and
approximately 35% of the canal surface always remains intact [5]. In addition, rotary
instruments create significant amounts of dentinal debris that may accumulate in the canal
irregularities and isthmi. The presence of debris prevents the optimal sealing of the canal
with root filling materials, and can impair efficient root canal disinfection [6]. Sodium
hypochlorite (NaOCl) is a root canal irrigating solution that is currently the most popular,
since it can remove bacteria and their biofilm and dissolve the residual vital and necrotic
tissues [7]. Nevertheless, NaOCl has neurotoxic and cytotoxic effects, and exhibits a de-
structive effect on mineralized dentin [8]. Different techniques are used to enhance the
efficacy and penetration depth of irrigants into the canal irregularities, such as sonic and
ultrasonic instruments and different types of lasers [9].

Laser application for the activation of root canal irrigants and elimination of debris
accumulated in the canal has gained increasing attention in recent years. In antimicrobial
photodynamic therapy (aPDT), the root canals are filled with a light-sensitive material
known as photosensitizer, which is then activated with the appropriate wavelength of light,
and produces singlet oxygen and other free radicals in the presence of oxygen molecules.
Free oxygen radicals damage the microbial molecules such as proteins, membrane lipids
and nucleic acid, and cause microbial death [10].

Indocyanine green (ICG) (4,5-benzoindotricarbocyanine—C43H47N2NaO6S2), also
known as cardio green, is a polymethine dye with 775 kDa molecular weight, and is a
water-soluble anionic photosensitizer. Its negative charge decreases its interaction with
negatively charged cell membranes. This photosensitizer has a higher absorbance peak
(~800 nm) than the conventional photosensitizers [11]. Unlike other photosensitizers, the
primary effect of ICG is due to its photothermal, rather than photochemical effects [12].
Thus, it can more effectively excite the electrons and transfer energy for the generation of
free radicals. In fact, due to combined photothermal and photochemical effects, ICG is a
suitable agent for effective elimination of endodontic pathogens from hard-to-reach and
inaccessible areas. This photosensitizer has a simple application, low cytotoxicity, and is
quickly excreted from the body [11].

Laser-activated irrigation (LAI) refers to the activation of irrigants with a specific
laser wavelength. Lasers used for this purpose include erbium lasers such as the erbium
chromium: yttrium-scandium-gallium-garnet (Er,Cr:YSGG) laser with 2780 nm wavelength,
and the erbium: yttrium-aluminum-garnet (Er:YAG) laser with 2940 nm wavelength, which
are well absorbed in water, and with their mechanism of action based on causing cavitation
in irrigating solutions [13,14].

Shockwave-enhanced emission photoacoustic streaming (SWEEPS) is a novel LAI
technique suggested for more efficient cleaning of the root canals by using irrigants [15].
In this method, the Er:YAG laser fiber tip is placed in the access cavity filled with irrigant
to irradiate the irrigant with paired pulses [16,17]. In this technique, during the collapse
of the bubble primarily created by laser irradiation, the second pulse is emitted, creating
another bubble, which causes a faster and more violent collapse of the first bubble. The
accelerated collapse of the primary bubble, as well as the collapse of the secondary bubble,
result in the generation of a shockwave in the irrigant which increases the efficacy of canal
disinfection [18]. In other words, the secondary bubble exerts pressure on the primary one
and causes its movement into deeper areas and the turbulent movement of the irrigant. For
this reason, this method is more efficient than ultrasonic techniques and photon-induced
photoacoustic streaming (PIPS) in the elimination of canal debris. In this technique, the
determination of the optimal pulse interval is not possible for the clinicians [18]. In auto-
SWEEPS mode, which is a more recent technology, this time interval is automatically
adjusted between 300–650 μs in 10 μs steps [19]. This study aimed to assess the efficacy of
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the SWEEPS technique plus aPDT with ICG in eliminating E. faecalis biofilm from infected
root canals.

2. Materials and Methods

2.1. Sample Preparation

The study protocol was approved by the Ethics Committee of the Tehran University
of Medical Sciences (IR. TUMS. DENTISTRY.REC. 1401. 143). Thirty single-rooted teeth
with completely formed roots and mature apices that had been extracted for purposes not
related to this study were collected. Immediately after extraction, the teeth were cleaned of
tissue residues using a brush, and were stored in saline. Next, the teeth were decoronated
at the cementoenamel junction using a high-speed handpiece and diamond fissure bur
under air and water spray, such that the root length was standardized to be 12 mm. A
#15 K-file (Mani Inc., Tochigi, Japan) was introduced into the canal until its tip was visible
at the apex. The working length was determined to be 0.5 mm shorter than this length.
The canals were then instrumented with the ProTaper rotary system (Dentsply Maillefer,
Ballaigues, Switzerland) up to F4 to the working length with the single length technique, as
instructed by the manufacturer. In the process of cleaning and shaping, the root canals were
irrigated with NaOCl. In addition, 1 mL of 17% ethylenediaminetetraacetic acid (EDTA)
(Masterdent, New York, USA) was used for 3 min for smear layer removal, followed by
irrigation with 1 mL of saline, NaOCl, for 3 min, and, as the final irrigation step, the canals
were rinsed with 5 mL of sterile saline [20]. The root canals were then dried with #40
paper points. To prevent apical leakage through the apex, the apex of the teeth was sealed
with auto-polymerizing glass ionomer (GC Gold Label, Kyoto, Japan). To prevent external
microbial contamination, the external root surfaces, except for the canal orifice, were coated
with one layer of nail varnish. The teeth were then autoclave-sterilized at 121 ◦C and 15 Psi
pressure for 20 min.

2.2. Bacterial Culture

The microorganism used in this study was E. faecalis (IBRC-M 11,130), which was
obtained from the Iranian Biological Resource Center (Tehran, Iran). E. faecalis was cultured
in brain heart infusion broth (Ibresco, Iran) under aerobic conditions at 37 ◦C, overnight.
Bacterial suspension with 0.5 McFarland standard concentration (1.5 × 108 colony-forming
unit (CFU)/mL) was prepared using a spectrophotometer (optical density (OD) 600 nm:
0.08–0.13). After sterilization of the teeth, the root canals were inoculated with 10 μL of
E. faecalis bacterial suspension (1.5 × 107 CFU/mL) using a micropipette, and the teeth
were incubated at 37 ◦C for 2 weeks. Ten microliters of fresh microbial suspension were
inoculated into the canals every 48 h. After termination of the incubation period, the teeth
were rinsed with sterile saline, and randomly assigned to 6 groups.

2.3. Scanning Electron Microscope (SEM) Measurements

After performing the above steps, in order to confirm the formation of biofilm, the
teeth were sectioned vertically into two parts and fixed in 1% aqueous osmium tetroxide
followed by an ethanol gradient wash, and then sputter coated with gold. The samples
were imaged with a SEM-EDAX apparatus (FEI SEM QUANTA 200 EDAX EDS SILICON
DRIFT 2017, Hillsborough, OR, USA) at a magnification of 3000×.

2.4. Study Groups

The treatment steps were as follows (Figure 1):
Group 1. Control group: the teeth did not undergo any intervention.
Group 2. ICG: the root canals were filled with 10 μL of ICG (Green + I, NovaTeb Pars,

Tehran, Iran) at a concentration of 1000 μg/mL, and placed at room temperature in the
dark for 5 min.

Group 3. ICG + 808 nm diode laser: the root canals were filled with 10 μL of ICG
(1000 μg/mL) and placed at room temperature in the dark for 5 min. They were then
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subjected to 808 nm diode laser (DX82, Konftec, New Taipei City, Taiwan) with output
power of 250 mW and total energy of 15 J, for 60 s. The 3D diffuser tip was used in an
up-and-down motion from the apex to the coronal part.

Group 4. ICG + SWEEPS: the root canals were filled with 10 μL of ICG (1000 μg/mL)
and placed at room temperature in the dark for 5 min. They were then subjected to Er:YAG
laser irradiation with 2940 nm wavelength (LightWalker AT, Fotona, LjuBlijana, Slovenia)
with an H14 handpiece and SWEEPS tip with the Fotona protocol for SWEEPS (25 μs,
SWEEPS mode, 15 Hz, 20 mJ, 0.3 W). The tip of SWEEPS was placed in the pulp chamber
and activated for 90 s.

Group 5. ICG + 808 nm diode laser + SWEEPS: the root canals were treated by ICG-
mediated SWEEPS similar to group 4, and then, after 5 min, 808-nm diode laser irradiation
was performed, similar to group 3.

Group 6. NaOCl: the root canals were filled with 5.25% NaOCl for 1 min.

Figure 1. Schematic representation of experimental setup. ICG: Indocyanine green, nm: nanometer,
DL: diode laser, SWEEPS: shockwave-enhanced emission photoacoustic streaming, NaOCl: 5.25%
sodium hypochlorite.

2.5. Microbiological Process

After treatment, the teeth were placed in a microtube containing 1 mL BHI broth, and
vortexed for 1 min. Next, 10 μL of the suspension was serially diluted 5 times, and 10 μL
of each dilution was cultured on BHI agar (Ibresco), and incubated at 37 ◦C for 24 h. The
colonies were then counted [11].

2.6. Statistical Analysis

Statistical analysis was carried out using one-way ANOVA (SPSS, version 23.0, Chicago,
IL, USA). For multiple comparisons, Tukey’s test was used as the post hoc test. p value < 0.05
was considered statistically significant.
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3. Results

The SEM of the root canal without bacterial biofilm and E. faecalis biofilm on the
root canal walls and in the dentinal tubules 2 weeks after inoculation are shown in
Figure 2A,B, respectively. The results in Figure 3 and Table 1 demonstrate that, except for
ICG alone, all experimental groups could decrease the viability of E. faecalis, compared
with the control (p < 0.001). The results revealed that NaOCl decreased the microbial
count to almost zero (p < 0.001). A significant difference was found between the ICG
and ICG + SWEEPS or 808 nm diode laser, or both (p < 0.001) regarding the reduction in
the E. faecalis count. Accordingly, ICG + 808 nm diode laser + SWEEPS had a 2.1- and
1.3-fold anti-biofilm effect compared to ICG + SWEEPS and ICG + 808 nm diode laser,
respectively. In addition, there was a significant difference between the ICG + SWEEPS and
ICG + 808 nm diode laser + SWEEPS (p = 0.002), whereas there was no significant differ-
ence found between the ICG + 808 nm diode laser and ICG + 808 nm diode laser + SWEEPS
(p = 0.64). Furthermore, ICG + SWEEPS and ICG + 808 nm diode laser groups showed
significant differences (p = 0.035).

Table 1. Multiple comparison post hoc test results.

Groups Groups p Value

ICG

Control 0.86
ICG + DL <0.001
ICG + SWEEPS <0.001
ICG + DL+ SWEEPS <0.001
NaOCl <0.001

ICG + DL

Control <0.001
ICG + SWEEPS 0.035
ICG + DL+ SWEEPS 0.64
NaOCl 0.001

ICG + SWEEPS
Control <0.001
ICG + DL + SWEEPS 0.002
NaOCl <0.001

ICG + DL + SWEEPS
Control <0.001
NaOCl 0.01

NaOCl Control <0.001
ICG: indocyanine green, DL: 808 nm diode laser, SWEEPS: shockwave-enhanced emission photoacoustic stream-
ing, NaOCl: 5.25% sodium hypochlorite.

Figure 2. Cont.
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Figure 2. (A) Scanning electron microscope of the root canal without bacterial biofilm. (B) Scanning
electron microscope of Enterococcus faecalis biofilm on the root canal walls at a magnification of 3000×.

Figure 3. Effect of different treatment groups on cell viability of Enterococcus faecalis biofilm.
* Significantly different from the control group, p < 0.001. ICG: indocyanine green, DL: 808 nm
diode laser, SWEEPS: shockwave-enhanced emission photoacoustic streaming, NaOCl: 5.25%
sodium hypochlorite.

4. Discussion

This study evaluated the efficacy of SWEEPS plus aPDT with ICG for the reduction of
E. faecalis biofilm from the root canal space. Since studies on the efficacy of the SWEEPS
technique in actual root canals are highly limited, this study assessed the efficacy of the
above-mentioned techniques in actual root canals with the usual anatomical complexities.

The present results revealed that the application of NaOCl alone had a significantly
superior efficacy than the other groups in relation to the reduction of the E. faecalis count in
the root canal system. For higher disinfecting efficacy, antimicrobial agents need to be in
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direct contact with the bacteria; however, the lodging of bacteria in anatomical complexities
of the canal such as anastomoses, fins, and ramifications make it impossible for the irrigants
to directly contact the microorganisms [20].

In the present study, aPDT with 808 nm diode laser and ICG caused a significant
reduction in the E faecalis count, which is in consistent with the results of most studies
conducted on the efficacy of aPDT with ICG on E. faecalis elimination [21,22]. A study has
also shown that there is no evidence of cytotoxicity of ICG to MG-63 human osteoblast-like
cells [23]. Furthermore, the results of this study show that ICG + SWEEPS has significant
efficacy in removing E. faecalis biofilms compared to the control (p < 0.001). Wang et al. [24]
confirmed the efficiency of the auto-SWEEPS in eliminating E. faecalis biofilm in root
canals compared to 3% NaOCl alone and PIPS, using SEM images. They explained that
strong shockwaves are eventually generated throughout the root canal, which significantly
improves clearance efficacy.

In the SWEEPS technique, a photothermal effect does not occur, due to subablative
laser irradiation. This technique generates powerful waves in the irrigating liquid, and
produces a high fluid flow rate [25]. The maximum speed of the irrigating solution in ac-
cessory canals in the application of the SWEEPS technique is 10 m/s, which is much higher
than the reported speed for other methods of root canal irrigation [26]. In addition, the
penetration depth of the irrigant into the accessory canals in the SWEEPS technique is more
than 1 mm [26]. According to the literature, the optimal efficacy of the SWEEPS technique
is attributed to the emission of two pulses with an optimal time interval. Accordingly, the
effect of the primary bubbles is reinforced by the generation of secondary bubbles, without
increasing the risk of extrusion of the irrigant. Thus, this technique increases the efficacy of
irrigation and debris removal from the root canal system [27]. Su et al. [26] described the
breath mode for the streaming of irrigants, in which the irrigant repeatedly enters and exits
the main and accessory canals. According to their study, another advantage of the SWEEPS
technique is that the in-and-out movement of the liquid, which resembles inhalation and
exhalation, generates alternating shear stresses in the root canal, which plays a pivotal
role in improving the quality of the debridement process. No risk of intracanal instrument
fracture is another advantage of the SWEEPS technique, since in this technique the tip of
the handpiece is positioned in the access cavity and above the root canals, whereas in sonic
and ultrasonic techniques, the instrument is introduced into the canal and proceeds to
the apex for the activation of the intracanal irrgant [28]. In addition, a previous study has
shown that photosensitizer extrusion is not harmful [29].

According to the present results, combination therapy with the application of SWEEPS
plus aPDT yielded superior results. The SWEEPS technique mechanically detaches the
biofilm from the root canal, therefore increasing the penetration depth and efficacy of the
photosensitizer, due to the frequent generation of cavitation [1]. Consistent with the present
results, previous studies also showed that application of SWEEPS with a 660 and 980 nm
diode laser or light-emitting diode (LED) can cause a more significant decrease in the root
canal infected with E. faecalis [25,30]. However, in contrast with the results of this study,
the diode laser and SWEEPS did not show significant differences with methylene blue
in their use as a photosensitizer [30]. Since the type of photosensitizer, light source, and
irradiation time affect the bactericidal properties, this difference might be related to the
fact that the mechanism of action of ICG is different from that of other photosensitizers.
The main effect of ICG is due to the photothermal effect, which causes cell damage by
increasing the intracellular temperature [12]. In photothermal therapy, the energy of laser
radiation is absorbed by ICG, effectively raising the local temperature [31]. In addition
to photothermic effects, ICG was demonstrated to have a photodynamic effect via the
production of reactive oxygen species [32]. On the other hand, the 810 nm diode laser
compared to other wavelengths used for toluidine blue O and methylene blue allows more
penetration depth [12]. The application of only one type of photosensitizer was among the
limitations of this study. The in vitro design was another limitation of this study that limits
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the clinical generalizability of the results. Therefore, future studies are required on other
types of photosensitizers and irrigants, and also in the clinical setting.

5. Conclusions

The application of ICG along with the SWEEPS plus aPDT significantly improve its
efficacy compared with its application alone. The results of this study will probably make
an important contribution in the future to improving the efficiency of root canal treatments.
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27. Jezeršek, M.; Lukač, N.; Lukač, M.; Tenyi, A.; Olivi, G.; Fidler, A. Measurement of pressures generated in root canal during Er:
YAG laser-activated irrigation. Photobiomodul. Photomed. Laser Surg. 2020, 38, 625–631. [CrossRef]

28. Widbiller, M.; Keim, L.; Schlichting, R.; Striegl, B.; Hiller, K.-A.; Jungbauer, R.; Buchalla, W.; Galler, K.M. Debris removal by
activation of endodontic irrigants in complex root canal systems: A standardized in-vitro-study. Appl. Sci. 2021, 11, 7331.
[CrossRef]

29. Bolhari, B.; Meraji, N.; Seddighi, R.; Ebrahimi, N.; Chiniforush, N. Effect of SWEEPS and PIPS techniques on dye extrusion in
photodynamic therapy procedure after root canal preparation. Photodiagn. Photodyn. Ther. 2023, 42, 103345. [CrossRef]

30. Afrasiabi, S.; Parker, S.; Chiniforush, N. Synergistic antimicrobial effect of photodynamic inactivation and SWEEPS in combined
treatment against Enterococcus faecalis in a root canal biofilm model: An in vitro study. Appl. Sci. 2023, 13, 5668. [CrossRef]

31. Sukumar, K.; Tadepalli, A.; Parthasarathy, H.; Ponnaiyan, D. Evaluation of combined efficacy of photodynamic therapy using
indocyanine green photosensitizer and non-surgical periodontal therapy on clinical and microbial parameters in the management
of chronic periodontitis subjects: A randomized split-mouth design. Photodiagn. Photodyn. Ther. 2020, 31, 101949. [CrossRef]
[PubMed]

32. You, Q.; Sun, Q.; Wang, J.; Tan, X.; Pang, X.; Liu, L.; Yu, M.; Tan, F.; Li, N. A single-light triggered and dual-imaging guided
multifunctional platform for combined photothermal and photodynamic therapy based on TD-controlled and ICG-loaded
CuS@mSiO2. Nanoscale. 2017, 9, 3784–3796. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

45



biomedicines

Article

The Effect of Different Output Powers of Blue Diode Laser
along with Curcumin and Riboflavin against Streptococcus
mutans around Orthodontic Brackets: An In Vitro Study

Edris Pordel 1, Trife Ghasemi 2, Shima Afrasiabi 3,*, Stefano Benedicenti 4, Antonio Signore 5 and

Nasim Chiniforush 4,*

1 Department of Pediatric Dentistry, Dental School, Sabzevar University of Medical Sciences,
Sabzevar 9613875389, Iran; edrispordel@yahoo.com

2 Independent Researcher, Mashhad 9613875389, Iran; trifetrife@yahoo.com
3 Laser Research Center of Dentistry, Dentistry Research Institute, Tehran University of Medical Sciences,

Tehran 1441987566, Iran
4 Department of Surgical Sciences and Integrated Diagnostics, University of Genoa, Viale Benedetto XV, 6,

16132 Genoa, Italy; benedicenti@unige.it
5 Therapeutic Dentistry Department, Institute of Dentistry, I.M. Sechenov First Moscow State Medical

University, Trubetskaya Str. 8, b. 2, 119992 Moscow, Russia; dr.signore@icloud.com
* Correspondence: shafrasiabi@alumnus.tums.ac.ir (S.A.); nasimch2002@yahoo.com (N.C.);

Tel.: +98-21-8838-4331 (S.A.); +39-3497374134 (N.C.)

Abstract: Objectives: The aim of the present study was to determine the effects of antimicrobial
photodynamic therapy (aPDT) using the blue diode laser (BDL) with different output powers and the
photosensitizers riboflavin and curcumin on reducing the number of Streptococcus mutans around or-
thodontic brackets. Materials and methods: A total of 36 orthodontic brackets were contaminated with
S. mutans and randomly assigned to 12 groups as follows: control, riboflavin alone, riboflavin + BDL
with an output power of 200, 300, 400, or 500 mW, and curcumin alone, curcumin + BDL with an out-
put power of 200, 300, 400, or 500 mW, and 0.2% chlorhexidine (CHX-positive control). Orthodontic
brackets were irradiated with a BDL (wavelength 445 nm) at a power density of 0.4–1.0 W/cm2 for
30 s. All orthodontic brackets were examined under a stereomicroscope at 10× magnification. Mean
colony-forming units (CFUs)/mL were measured before and after treatment. A one-way analysis of
variance with Tukey’s post hoc test was performed to compare CFU/mL between groups. Results:
CHX and curcumin plus BDL with an output power of 500 mW had the highest reduction in S. mutans
colony numbers (p < 0.001). The curcumin groups were more effective than the riboflavin groups.
Riboflavin alone and riboflavin + BDL with an output power of 200 mW showed no significant
difference from the control group (p = 0.99 and 0.74, respectively). Conclusion: Our results suggest
that aPDT using curcumin as a photosensitizer plus BDL with an output power of 500 mW and a
power density of 1.0 W/cm2 at a wavelength of 445 nm can effectively reduce colonies of S. mutans
around stainless steel brackets.

Keywords: antimicrobial photodynamic therapy; blue diode laser; curcumin; riboflavin; orthodontic
brackets; dental caries

1. Introduction

The goal of orthodontic treatment for misaligned teeth is to improve the appearance
of the mouth and jaw region and to make chewing easier by realigning the teeth. The
side effects of orthodontic therapy include periodontal disease, root resorption, temporo-
mandibular joint disorders, dental caries, and enamel degradation [1]. Dental caries is a
severe, contagious, bacterial infection with complex pathophysiology. Cariogenic bacteria,
fermentable carbohydrates, a susceptible tooth, the host, and time are the main factors con-
tributing to the development of this disease [2]. It is a major economic burden and public
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health problem throughout the world [3]. Streptococcus mutans is the main cause of dental
caries due to its ability to synthesize glucans, form biofilms, and produce acid. Treatment
methods commonly used for caries prevention include mechanical devices, antibacterial
agents, fluoride therapy, and immunizations [4,5]. Antimicrobial photodynamic therapy
(aPDT) is a strategy to suppress cariogenic bacteria and prevent periodontal disease. This
procedure is safe in the long term as it has no genotoxic and mutagenic consequences. The
advantages of this technique include rapid reduction in bacteria, no invasion and damage
to surrounding tissues, accessibility to sites with complicated architecture, low risk of
bacteremia, and excellent repeatability [6]. The aPDT method includes a photosensitizer,
oxygen, and light. In the presence of oxygen, the photosensitizer generates reactive oxygen
species (ROS) and other free radicals upon exposure to light, which lead to irreversible de-
struction of cellular components, alter signal transduction pathways, and disrupt metabolic
processes, ultimately resulting in cell death [7].

Recently, natural photosensitizers such as riboflavin and curcumin have come into
focus. Riboflavin, a water-soluble vitamin, and curcumin possess biocompatibility, nontoxi-
city, and the ability to produce ROS that have recently been investigated for their potential
antibacterial effects [8]. Riboflavin is an efficient photosensitizer that causes oxidative
damage when activated by visible light, especially blue light [6]. Kamran et al. used a blue
LED with a light intensity of 2000 mW/cm2 and a wavelength range of 450 nm and fluence
of 95 J/cm2 to investigate the antimicrobial potential of riboflavin-mediated aPDT. They
showed that the method significantly reduced the amount of S. mutans around metallic
brackets [9]. Comeau et al. showed that riboflavin with blue LED groups caused a lower
number of S. mutans colony-forming unit (CFU)/mL compared to the control group [10].
The highest absorption range for riboflavin is at wavelengths of 445, 336, and 270 nm [11].

For curcumin, it is around 300–500 nm with maximum absorption at a wavelength of
425 nm [12]. Curcumin is a hydrophobic photosensitizer that is soluble in polar solvents
such as dimethyl sulfoxide (DMSO), acetonitrile, methanol, oils, etc. [13]. Curcumin adheres
to the lipid membrane and bacterial proteins and damages the bacterial membrane by
various mechanisms. Due to its ability to absorb blue light and generate ROS, it has shown
significant potential as a photosensitizer [14]. Previously, Azizi et al. demonstrated in an
experimental in vitro study that curcumin-mediated aPDT using 460 nm/100 mW laser (60
s) can considerably reduce S. mutans colonies [15]. Lee et al. used a 405 nm light-emitting
diode (LED) with a power density of 84.5 mW for 5 min at an energy density of 25.3 J/cm2

and curcumin as a photosensitizer. They showed that under the above conditions, the
viability of S. mutans was significantly reduced [16]. Tonon et al. showed that the group
irradiated with blue LED in a power density of 240.1 mW/cm2 and in the presence of
curcumin achieved a significantly lower number of viable S. mutans compared to the control
group [17]. The aim of the present study was to determine the effects of different output
powers of blue diode laser (BDL) with the photosensitizers riboflavin and curcumin on
reducing the number of S. mutans around orthodontic brackets. The null hypothesis was
tested that there is no difference between different output powers of BDL during aPDT
against S. mutans around orthodontic brackets.

2. Materials and Methods

2.1. Sample Size

According to the conditions of α = 0.05, β = 0.2, standard deviation = 8.66, and effect
size = 0.45, the sample size was calculated using the one-way analysis of variance (ANOVA)
in IBM SPSS Statistics 25.0 (Armonk, NY, USA) and was set to 3 orthodontic brackets in
each group.

2.2. Sample Preparation

The study protocol was approved by the Ethics Committee of the Tehran University
of Medical Sciences (IR. TUMS. DENTISTRY.REC. 1400. 187). A total of 36 healthy human
premolar teeth with no carious were bonded to 0.022, stainless steel brackets (TSHden-
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tal, Tehran, Iran). The teeth were extracted for orthodontic reasons. A stereomicroscope
(SMZ800, Nikon, Tokyo, Japan) was used to examine the orthodontic brackets at a mag-
nification of 10×. The orthodontic brackets displayed normal architecture and healthy
enamel on the buccal surface, free of any cracks, fractures, or restorations in the enamel. No
pretreatments for bleaching or aPDT were recorded in the patient records. A periodontal
scaler was used to remove the remaining soft tissue around the orthodontic brackets, and
all dentin surfaces were polished for 15 s with a low-speed handpiece (Coxo, Guangzhou,
China), rubber cups (Microdont, São Paulo, Brazil), and pumice paste (Cina, Tehran, Iran)
before being thoroughly washed under tap water. Orthodontic brackets were cleaned with
a 0.5% (w/v) chloramine T (MF aqua, Tehran, Iran) solution for one week at 3 ◦C and then
stored in saline until the start of the experiment.

2.3. Microbial Suspension

S. mutans (IBRC-M 10,682) was provided by the Iranian Biological Resource Centre
(Tehran, Iran) for this study. Bacteria was inoculated in 10 mL of brain heart infusion (BHI)
broth (Ibresco, Tehran, Iran) and were incubated under an aerobic atmosphere at 37 ◦C
overnight. A 1.5 × 108 CFU/mL bacterial suspension equivalent to 0.5 McFarland was
prepared. A spectrophotometer (Spectroshade Micro, MHT, Verona, Italy) was used for
verification, indicating a value between 0.8 and 0.13 at a wavelength of 625 nm. Orthodontic
brackets were placed in a 24-well microplate and contaminated with 1 mL of S. mutans
suspension (106 CFU/mL). Subsequently, samples were incubated at 37 ◦C for 72 h for
biofilm formation.

2.4. Experimental Groups

The current study included 12 groups with three orthodontic brackets, including:

1. Control group;
2. Riboflavin alone;
3. Riboflavin + BDL (output power = 200 mW);
4. Riboflavin + BDL (output power = 300 mW);
5. Riboflavin + BDL (output power = 400 mW);
6. Riboflavin + BDL (output power = 500 mW);
7. Curcumin alone;
8. Curcumin + BDL (output power = 200 mW);
9. Curcumin + BDL (output power = 300 mW);
10. Curcumin + BDL (output power = 400 mW);
11. Curcumin + BDL (output power = 500 mW);
12. 0.2% chlorhexidine mouthwash (CHX; Vi-One, Tabriz, Iran) as positive control.

2.5. Photosensitizers, Light Source, and aPDT

Curcumin (UltraCur, weber medical, Lauenförde, Germany) was diluted with <1%
DMSO (Sigma-Aldrich, St. Louis, MO, USA) in phosphate-buffered solution to reach a final
concentration of 40 μM. Riboflavin (Harman Finochem Ltd., Mumbai, India) was dissolved
in 0.9% NaCl to reach a final concentration of 100 μM. Before starting the experiment,
both photosensitizers were stored in a dark room. One milliliter of the riboflavin or
curcumin solution was applied to the contaminated orthodontic brackets. The samples
were illuminated at room temperature using a BDL (Wiser 3, Doctor Smile, Brendola, Italy)
with a wavelength of 445 nm and output powers of 200, 300, 400, and 500 mW for 30 s.
The tip diameter was 8 mm, the surface area was considered as 0.5 cm2, and the distance
between the tip and the samples was 1 mm. After treatment, each orthodontic bracket was
inserted in microtube containing 1 mL BHI broth and vortexed for 2 min. Then, 10 μL from
each solution was diluted (10−1–10−5) and transferred to BHI agar (Ibresco, Tehran, Iran)
plates. The plates were incubated under aerobic incubation at 37 ◦C for 48 h. The number
of CFU/mL was determined according to the previously described method of Miles and
Misra [18].
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2.6. Statistical Analysis

IBM SPSS 25.0 statistics was used for all calculations. Descriptive statistics were
obtained for each group, including mean, standard deviation, and minimum and maximum
values. Mean and log10 CFU/mL was compared between groups using the ANOVA and a
post hoc Tukey’s test. The significance threshold was set at p < 0.05.

3. Results

As shown in Figure 1, study groups with higher output power caused less viable
bacteria around orthodontic brackets. The details of the analysis between groups and
the results of Tukey’s tests are shown in Table 1. Post hoc analysis of the log10 CFU/mL
showed that the riboflavin + BDL with an output power of 200 or 300 mW has a significant
difference from the riboflavin + BDL with an output power of 500 mW (p < 0.001). Likewise,
a significant difference was observed between curcumin + BDL with an output power
of 200 mW and curcumin + BDL with an output power of 400 or 500 mW (p = 0.01 and
<0.001, respectively). However, no significant difference was found between BDL with an
output power of 200 mW and 300 mW, as well as BDL with an output power of 400 mW
and 500 mW, in any of the photosensitizer groups. Moreover, only riboflavin alone and
riboflavin + BDL with an output power of 200 mW failed to significantly eliminate the
amount of bacteria around orthodontic brackets. In addition, all curcumin groups were
significantly more capable of reducing bacteria around orthodontic brackets than riboflavin
groups.

Table 1. Comparison between groups based on mean colony count of Streptococcus mutans after
intervention.

Group 1 Group 2 p-Value

Riboflavin Riboflavin + BDL 200 mW 0.85
Riboflavin + BDL 300 mW 0.03 *
Riboflavin + BDL 400 mW 0.00 *
Riboflavin + BDL 500 mW 0.00 *
CHX 0.00 *

Riboflavin + BDL 200 mW Riboflavin + BDL 300 mW 0.67
Riboflavin + BDL 400 mW 0.07
Riboflavin + BDL 500 mW 0.00 *
CHX 0.00 *

Riboflavin + BDL 300 mW Riboflavin + BDL 400 mW 0.95
Riboflavin + BDL 500 mW 0.00 *
CHX 0.00 *

Riboflavin + BDL 400 mW Riboflavin + BDL 500 mW 0.06
CHX 0.00 *

Riboflavin + BDL 500 mW CHX 0.00 *
Curcumin Curcumin + BDL 200 mW 0.00 *

Curcumin + BDL 300 mW 0.00 *
Curcumin + BDL 400 mW 0.00 *
Curcumin + BDL 500 mW 0.00 *
CHX * 0.00 *

Curcumin + BDL 200 mW Curcumin + BDL 300 mW 0.10
Curcumin + BDL 400 mW 0.01 *
Curcumin + BDL 500 mW 0.00 *
CHX 0.00 *

Curcumin + BDL 300 mW Curcumin + BDL 400 mW 0.99
Curcumin + BDL 500 mW 0.87
CHX 0.89

Curcumin + BDL 400 mW Curcumin + BDL 500 mW 1.00
CHX 1.00

Curcumin + BDL 500 mW CHX 1.00
Abbreviation: BDL: blue diode laser, CXH: chlorhexidine. * Significantly different compared to other group.
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Figure 1. Log10 CFU/mL of Streptococcus mutans of the study groups. * Significantly different
compared to control group. BDL: blue diode laser; CHX: chlorhexidine.

4. Discussion

Orthodontic brackets and ligature wires that have rough and viable areas in and
around them are an important source of plaque accumulation that puts patients at risk
for periodontal disease [19]. S. mutans is able to adhere to types of orthodontic brackets
and form biofilms [20]. The model of the bracket and the reactions of the components
of the method, including brackets, photosensitizers, and light, may affect the growth of
bacteria and the effectiveness of the method [19]. However, a previous study has found no
significant difference in S. mutans adhesion between different types of orthodontic brackets,
including stainless steel, metal, composite, ceramic, and plastic brackets [21].

According to the findings of this study, the null hypothesis can be rejected. This
study showed that curcumin + BDL with an output power of 500 mW was the most
effective group, being as effective as CXH. CHX is a popular antimicrobial agent in den-
tistry that effectively eliminates microbes. It is the gold standard for the destruction of
microbial biofilms [22]. However, it has some disadvantages, including taste impairment
and discoloration of teeth and mucous membranes [23]. All groups receiving curcumin
as a photosensitizer were more effective than groups receiving riboflavin, except for the
curcumin alone, which showed no significant difference from riboflavin + BDL with an
output power of 500 mW. The riboflavin alone and riboflavin + BDL with an output power
of 200 mW groups showed no significant difference from the control group. However,
neither group was able to completely kill all microorganisms.

One of the main reasons for the conflicting results within the groups is due to the
properties of the photosensitizers. In this experiment, the antibacterial activity of aPDT
with curcumin or riboflavin photosensitizers on S. mutans biofilms was evaluated by calcu-
lating CFU/mL. Araujo and coworkers studied the efficacy of curcumin in combination
with blue LED on salivary bacteria of 13 adults and found a considerable decrease in
bacterial viability [24]. Paschoal et al. also showed that the group receiving curcumin plus
blue LED had a 70% greater reduction in bacterial counts than the control group under
certain experimental conditions [25]. Our findings in the present study are consistent
with those of previous studies. Kamran et al. [9] clearly demonstrated that riboflavin at
a total concentration of 0.5% effectively reduced the viability of Streptococcus sanguinis
and S. mutans biofilms around fixed orthodontic brackets using blue LED light with a
power density of 2000 mW/cm2, a wavelength range of 450 ± 65, and an energy density
of 95 J/cm2. The biofilms on the orthodontic brackets of the group receiving riboflavin
alone were mostly viable. They showed that blue LED with riboflavin is as effective as
CHX, but we did not observe such results. An important difference between Kamran
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et al. and our study is that they used metal brackets, whereas we used stainless steel
brackets, which may have affected the results. Another study investigated the efficacy of
riboflavin-mediated aPDT using BDL with different output powers (200–500 mW). They
showed that irradiation of bacterial cultures with a BDL in the presence of riboflavin as a
photosensitizer resulted in a dose-dependent decrease in Enterococcus faecalis viability [26].
The results of our study showed that the antibacterial potential of aPDT method increased
with increasing strength (BDL), with curcumin + BDL with an output power of 500 mW
showing the highest efficacy among the study groups. In agreement with our study, this
study showed a greater reduction in E. faecalis at higher power of BDL. However, BDL
alone at 200 mW to 500 mW showed no significant difference between the different out-
put powers [26]. Other studies have shown that BDL or blue LED with riboflavin as a
photosensitizer reduces colony numbers of S. mutans, E. faecalis, Staphylococcus aureus, and
Escherichia coli to varying degrees [9,26–29]. The differences in the results on the efficacy of
aPDT with riboflavin may be due to different bacterial strains, the site of the procedure,
the concentration of the photosensitizer substance, the duration of the light source, and
different laser parameters. However, Etemadi et al. have shown in a systematic review that
there is no study reporting that riboflavin-mediated aPDT cannot reduce the number of
bacterial colonies [30]. While we observed a large difference between riboflavin-containing
groups and CHX, Morelato et al. recently showed that aPDT at 445 nm (Q power = 100
mW, 100 Hz, 124.34 W/cm2, 1.24 J/cm2) with a 0.1% riboflavin dye is as effective as 0.2%
CHX. This contradiction may be explained by the microbial species used (S. aureus and
Candida albicans) or the procedure [29].

A comparison of twelve groups and the different BDL irradiation powers were
strengths of our study. Undoubtedly, this study has some limitations. The evaluation
of antimicrobial capacity at a single time point is not sufficient to justify the potential
antibacterial efficacy. Moreover, the present results could only be studied on a monomi-
crobial biofilm. Future studies should test the effect of the combination of BDL and
curcumin/riboflavin on multiple microorganisms and determine the significance of cur-
cumin/riboflavin concentration and BDL parameters for each strain tested. In addition,
this study was designed as an in vitro study, which limits the transferability of the results
to in vivo conditions and clinical setting. In vitro studies cannot determine environmental
factors such as restricted accessibility, plaque formation, salivary flow, immune system
influence, etc. Clinical studies are needed to obtain more reliable results. Another limita-
tion of the study could be the relatively small sample size. Our results encourage further
investigation of the in vitro and in vivo effects of novel disinfection therapies using cur-
cumin/riboflavin and BDL. In addition, the shear bond strength of our method should be
investigated in future studies.

5. Conclusions

This study showed that curcumin-mediated aPDT was more effective than riboflavin-
mediated aPDT. The higher output powers were more effective in the reduction in S. mutans
CFU/mL. The microbial decontamination potential of curcumin/riboflavin with BDL
makes it possible to expand the scope of this device.
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Abstract: There is an association between sleep quality and glioma-specific outcomes, including
survival. The critical role of sleep in survival among subjects with glioma may be due to sleep-
induced activation of brain drainage (BD), that is dramatically suppressed in subjects with glioma.
Emerging evidence demonstrates that photobiomodulation (PBM) is an effective technology for both
the stimulation of BD and as an add-on therapy for glioma. Emerging evidence suggests that PBM
during sleep stimulates BD more strongly than when awake. In this study on male Wistar rats, we
clearly demonstrate that the PBM course during sleep vs. when awake more effectively suppresses
glioma growth and increases survival compared with the control. The study of the mechanisms
of this phenomenon revealed stronger effects of the PBM course in sleeping vs. awake rats on the
stimulation of BD and an immune response against glioma, including an increase in the number
of CD8+ in glioma cells, activation of apoptosis, and blockage of the proliferation of glioma cells.
Our new technology for sleep-phototherapy opens a new strategy to improve the quality of medical
care for patients with brain cancer, using promising smart-sleep and non-invasive approaches of
glioma treatment.

Keywords: glioma; photobiomodulation; brain drainage; CD8+ cells; immune response

1. Introduction

Sleep deficit is a common symptom of glioma, with growing evidence suggesting
an association between sleep disturbance and poor physical and psychological outcomes,
including survival [1–6]. One study using the General Sleep Disturbance Scale reported
insomnia (disruption in sleep quantity, pattern, or architecture) in 100% of patients with
glioma [7]. Other studies estimated the prevalence of sleep injuries in patients with glioma
to be between 37.0 and 81.8% [8–10]. It is unknown whether sleep deficiency can be
reliably correlated with glioma growth, but there are growing numbers of case reports to
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suggest that a connection is possible [6,11–14]. Indeed, Sadighi et al. found that specific
sleep disturbances are contingent on the tumor’s location [12]. Glioma location is also an
important factor in choosing a treatment plan. The sleep centers can be affected by glioma
directly or by neuroinflammation and peritumoral edema from a growing tumor [11,13].
Subramanian et al. proposed that specific sleep disturbance induced by glioma growth
could be a systemic marker of the initial location of glioma for surgical resection and be
used as a potential tool to track recurrence [13]. The correlation between sleep disturbance,
location of brain tumors, and survival is discussed in several excellent reviews [5,6,11,15].
However, its merits in the treatment of glioma and its recurrence have yet to be explored.

A decrease in resistance to glioma progression during the development of sleep
deficiency may be associated with the suppression of brain drainage (BD), the activity of
which is strictly dependent on sleep [16–22]. The reduced BD in subjects with glioma could
be a reason for the accumulation of excess fluid in the skull, leading to a dramatic increase
in the intracranial pressure [23]. Indeed, peritumoral edema promotes the accumulation of
extensive brain fluids that is associated with high mortality in patients with glioma [23].
The reasons for the development of cerebral edema in glioma remain unknown. There is
emerging evidence that reduced BD can play a crucial role in glioma progression [16–18].
Indeed, Ma et al. revealed that outflow of the cerebrospinal fluid (CSF) is reduced in
glioma due to a blockage of circulation of the cerebral spinal fluid (CSF) [16]. The extensive
accumulation of brain fluids aggravates the brain tumor microenvironment and attenuates
intracranial drug delivery efficacy. The development of methods for the compensation of
CSF outflow and restoring normal CSF circulation are worthy of clinical attention.

Recently, transcranial photobiomodulation (PBM) has been shown to effectively stimu-
late BD and the lymphatic removal of toxins from the brain [21,22,24–28]. There is evidence
that the stimulating effects of PBM on BD are achieved by PBM-mediated regulation of the
contraction and relaxation phases of the different lymphatic vessels (LVs) that we analyzed
and discussed in our previous studies [26–28]. Indeed, using in vivo monitoring of cervical
LVs carrying lymph from the brain to the neck lymph nodes or in the mesenteric lym-
phangion, we clearly showed PBM-induced stimulation of lymphatic contractility [27,28].
Furthermore, in in vitro experiments, we demonstrated that PBM induces a transient in-
crease in the NO level in the culture of lymphatic endothelial cells obtained from the
mesenteric lymphatics [28]. In ex vivo experiments, we found the PBM effects on the basal
MLVs are suppressed by the blockage of NO generation [28]. Thus, PBM has both effects
on the different LVs: stimulation of their constriction and an increase in NO production.
The lymphatics produce NO during contraction as flow shear activates the endothelial
cells [29–31]. The elevation of NO then contributes to the subsequent relaxation of different
types of peripheral LVs. Traditionally, it was believed that NO suppressed lymphatic con-
striction. However, the NO-mediated regulation of lymphatics is not as simple as was first
assumed. So, the basal NO in the mesenteric lymphatics increases with the frequency of
contraction induced by systemic administration of saline [29]. In effect, elevated lymphatic
pumping increases the NO production due to increased flow shear forces. In this case,
NO provides a generalized inhibition of pumping during periods of high lymph flow.
Thus, NO supports the relaxation of lymphatics after its constriction. The NO effects are
different along LVs. The high NO production during lymphatic constriction is observed
predominantly in the valves [29]. Indeed, the mesenteric lymphatic valves contain a 30–50%
higher NO concentration than tubular regions during contraction due both to there being
many endothelial cells and an increased expression of endothelial nitric oxide synthase.
The NO generation in the lymphatic valves limits the pumped flow of the total lymphatics
by lowering the frequency and stroke volume of individual contractions. Thus, despite the
fact that all lymphatic endothelial cells are capable of generating NO in flow shear events
during contractions [29], this does not mean that the role of NO is uniformly important
for all sections of LVs during the contraction and relaxation process. From a physiological
point of view, NO generated in the lymphatic valves during constriction diffuses into the
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flowing lymph, survives to downstream tubular sites, and contributes to tubular relaxation
that is important for the peristaltic character of pumping [30,31].

Strikingly, PBM also suppresses glioma growth [24]. There is pioneering data demon-
strating that PBM increases the resistance of rats to glioma growth and the survival of
animals due to PBM-induced activation of apoptosis of glioma cells and a reduction in
intracranial pressure through stimulation of BD [24]. Therefore, PBM may be a promising
therapeutic approach in non-invasive treatment of glioma via photo-activation of the MLV
functions and BD.

Taking into account all of the above, we have focused on solving the problem of the
improvement of BD in Wistar rats with glioma using an innovative approach of PBM for
MLVs under EEG control of sleep and wakefulness. The steroids are standard therapy
for peritumoral edema surrounding gliomas [32]. However, steroid therapy has limited
efficacy and significant side effects [33]. New therapeutic strategies targeting BD and
the MLV functions appear to be promising [16–18]. The re-discovery of MLVs prompted
a re-evaluation of the mechanisms responsible for regulation of BD and the formation
of cerebral edema in gliomas [16–18,34]. In our series of experiments, for the first time,
we clearly demonstrated that PBM stimulates BD in both healthy rodents and rats with
glioma [24–28]. By studying the mechanisms of the therapeutic effects of PBM in the in vivo,
ex vivo, and in vitro experiments, we discovered that PBM increases the contractility of
LVs and increases their drainage properties [26–28]. Quite recently, in our study on mice
with Alzheimer’s disease, we discovered that the effects of PBM on BD are stronger in
sleeping vs. awake animals [21,22]. This phenomenon can be explained by the fact that
during deep sleep, BD is activated due to an increase in the size of the perivascular spaces,
which promotes the removal of toxins and metabolites dissolved in CSF [19]. Since in our
previous work using PBM in awake rats we proved the suppression of glioma growth,
we hypothesized that sleep could enhance the therapeutic effects of PBM due to better
activation of BD. To test this hypothesis, in this study we compared the PBM effects during
sleep and wakefulness on the glioma growth, including the apoptosis and proliferation of
tumor cells, as well as on survival rate and BD, in Wistar male rats.

2. Materials and Methods

2.1. Subjects

Pathogen-free male Wistar rats (200–250 g, 2 months old) were used in all experiments
and were obtained from the National Laboratory Animal Resource Centre (Shemyakin-
Ovchinnikov Institute of Bioorganic Chemistry, RAS, Pushchino, Russia). The animals were
housed under standard laboratory conditions with access to food and water ad libitum. All
experimental procedures were performed in accordance with the “Guide for the Care and
Use of Laboratory Animals”, Directive 2010/63/EU on the Protection of Animals Used for
Scientific Purposes, and the guidelines from the Ministry of Science and High Education of
the Russian Federation (№ 742 from 13 November 1984), which have been approved by
the Bioethics Commission of the Saratov State University (Protocol No. 8, 18 April 2023).
The mice were housed at 25 ± 2 ◦C, 55% humidity, and subject to a 12:12 h light–dark cycle
(light: 08:00 a.m.–08:00 p.m.). The mice adapted to the experimental conditions during
one week before the beginning of the experiments to ensure acclimation to the housing
room of the animal facility. The experiments were performed in the following groups:
(1) control (healthy rats) without the PBM course; (2) sham rats without the PBM course;
(3) sham rats receiving the PBM course under EEG control of wakefulness; (4) sham rats
receiving the PBM course under EEG control of deep sleep; (5) rats with glioma without
the PBM course; (6) rats with glioma receiving the PBM course under EEG control of
wakefulness; (7) rats with glioma receiving the PBM course under EEG control of deep
sleep; n = 10 in each group in all sessions of the experiments and n = 20 in the study of
survival rate.
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2.2. Model of Rat Glioma

The C6 rat glioma cell line was obtained from the Russian Cell Culture Collection of
Vertebrates, Institute of Cytology, Russian Academy of Sciences (St. Petersburg, Russia).
A transfected C6—TurboRFP cell line was used for the study of the growth of fluorescent
GBM [24]. The C6 cells were cultured in a Dulbecco’s Modified Eagle Medium (DMEM)
growth medium (Paneco, Moscow, Russia) containing 2.5% embryonic veal serum (Biosera,
Cholet, France), 4 mM glutamine (Paneco, Moscow, Russia), penicillin (50 IU/mL), and
streptomycin (50 mg/mL) (Paneco, Moscow, Russia). Rat C6 glioma cells were transfected
with TurboRFP-C DNA plasmids using the method of liposomal transfection followed
by selection using geneticin (G418 antibiotic, neomycin analogue). The resulting cell line,
C6—TurboRFP, has stable cultural and morphological characteristics.

The glioma cells (5 × 105 cells per rat) were injected at coordinates AP—1 mm,
ML—1 mm, DV—4 mm, with a Hamilton microsyringe in a volume of 15 μL at a rate
of 1 μL/min. Physiological saline (15 μL, Sigma-Aldrich, St. Louis, MO, USA) was in-
jected in the same region of the brain in the sham groups. Thereafter, the burr hole was
sealed with sterile bone wax and tissue glue and the wound was sutured closed with
3–0 absorbable suture material. After the implantation of glioma cells, the wound was
closed and treated with 2% brilliant green solution. The rats were removed from the stereo-
taxic head holder, given 0.01 mg/kg buprenorphine, s.c., and 50 K bicillin, i.m., returned
to a temperature-controlled recovery cage, and moved back to the animal facility after
recovery. Glioma growth and tumor volume were monitored using magnetic resonance
imagining (MRI) 28 days after the tumor cell implantation using a Clin scan 7T tomograph
(Bruker, Mannheim, Germany). The growth of fluorescent glioma C6—TurboRFP in the
sham group and in rats that received the PBM course during wakefulness or sleep was
assessed using confocal microscopy using a Nikon A1R MP confocal laser scanning micro-
scope (Nikon Corp., Tokyo, Japan). For this purpose, 4 weeks after implantation of glioma
cells, the brains of rats from the tested groups, including the control without PBM and the
experimental groups that received PBM while asleep or awake, were removed and a whole
fresh set of brains was scanned.

2.3. PBM under EEG Control

In this study, we used our adapted and previously published protocol for PBM under
EEG control [35]. A two-channel cortical EEG was recorded. The rats were implanted with
two silver electrodes (tip diameter: 2–3 μm) located at a depth of 150 μm at coordinates ML:
3.0 mm and AP: 3.0 mm from the bregma on either side of the midline under inhalation
anesthesia with 1% isoflurane (Sigma-Aldrich, St. Louis, MO, USA), at a rate of 1 L/min
(N2O/O2—70/30 ratio). The head plate was mounted and small burr holes were drilled.
Afterward, EEG wire leads were inserted into the burr holes on one side of the midline
between the skull and the underlying dura. The EEG leads were secured with dental acrylic
(Zhermack SpA, Badia Polesine, Venice, Italy). Ibuprofen (Bhavishya Pharmaceuticals
Pvt. Ltd., Hyderabad, Telangana, India; 15 mg/kg), for the relief of postoperative pain,
was provided in the rats’ water supply for 2 to 3 days prior to surgery and for 3 days
post-surgery. The rats were allowed 10 days to recover from surgery prior to beginning
the experiment.

EEG recording was performed with a tethered EEG system using an ADS1293 (Texas
instruments, Dallas, TX, USA) low-power, 3-channel, 24-bit analog front-end for biopoten-
tial measurements. Initialization and data transfer were performed with an Atmega328
(Atmel, San Jose, CA, USA) microcontroller via an SPI interface. The same microcontroller
was used to detect non-rapid eye movement (NREM) sleep in real time. The instrument
was powered with an 18650 Li-ion battery. An ESP-01 (Espressif Systems, PRC) module
was used for Wi-Fi communication between the instrument and standalone PC. The in-
strument was placed on top of the home cage and connected to the mouse with a 0.3 m
long flexible 4-wire cable attached to a head-mounted miniature connector soldered to
4 screw electrodes. The connector allowed for the EEG instrument to be easily plugged
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into the mouse without anesthesia (Figure 1a). Note that anesthesia strongly affects the
brain’s functions and BD, which makes it necessary to avoid the use of anesthesia in our
experiments [36].

 

Figure 1. The effects of PBM on survival and progression of rats’ glioma: (a) schematic illustration of
PBM under EEG control during sleep or awake states; (b) representative images of ex vivo confocal
analysis of glioma size in rats without and after the PBM course during wakefulness or sleep,
respectively; (c) representative MRI images of rat glioma 4–week growth without and after the PBM
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course during wakefulness or sleep; (d) Kaplan–Meier overall survival plots between the tested
groups; the survival differences between rats with glioma, without, and after the course of PBM
during sleep or wakefulness was significant (X2 test, p = 0.00000000000129 between the no PBM and
the PBM_sleep groups and p = 0.00000000000024 between the no PBM and the PBM_awake groups;
n = 20 in each group); (e) MRI analysis of glioma size in rats without and after the course of PBM
during sleep or wakefulness; n = 10 in each group; *—p < 0.05 between groups, the ANOVA test with
post hoc Duncan test.

A 1050 nm LED with an output power of 50 mW in 2853 SMD housing was used for
PBM. The LED driver was controlled with the pulse-width modulation (PWM) output of
the EEG instrument microcontroller. The LED was connected to the instrument with a
0.3 m long 2-wire flexible cable and mounted into a miniature 3D printed frame with a pair
of cylindrical magnets 3 mm in diameter and 3 mm in height each. That allowed for easy
attachment of the LED frame to an M3 steel washer glued at the surface of the mouse’s
skull. The LED operated in PWM mode at a 1 kHz modulation frequency. The washer
hole, of 3.5 mm in diameter, acted as an aperture limiting the PBM area to 0.1 cm2 at the
skull’s surface.

The LED output power of optical radiation was 50 mW and the area limited with
a washer was 0.1 cm2. Thus, in continuous operation mode the power density was
500 mW/cm2, complying with ANSI Z136 for maximal permissible exposure (MPE) of skin
to 1050 nm radiation. When operating in the pulse-width modulation (PWM) regime at
1 kHz with a duty cycle less than 10%, the instant and averaged power densities were both
at least 10 times less than the MPE. A duty cycle of 2% corresponds to 10 mW/cm2. For a
17 min (1020 s) long procedure at 2% PWM duty, the LED delivers a 10 J/cm2 dose over the
irradiated skull’s surface. The instrument was controlled with software developed using
LabVIEW (NXG 5.1, National instruments, Dallas, TX, USA).

The software enables EEG recording, monitoring of the instrument’s operation, and
remote configuration of the NREM sleep detection and PBM procedure. The EEG signal
was digitized at 2.4 kSa/s, and filtered with a fifth-order digital Butterworth bandpass filter
with a lower cutoff frequency of 0.5 Hz and an upper one of 250 Hz. A detailed description
of the method is given in our article [35]. When 20% of the 30 s epochs (6 of 30 consecutive
1 s records) were scored as NREM [37], this was defined as the NREM sleep stage of the
animal, and the PBM LED was automatically turned on to run for 17 min at the given
PBM. Once configured, the instrument was operated autonomously, logging its operations
to be monitored via a Wi-Fi connection. Wakefulness, NREM, and rapid eye movement
(REM) sleep were defined as described in our previous studies, where we demonstrate
the EEG patterns and spectrum characteristics of wakefulness, NREM, and REM sleep in
rodents [21,22].

2.4. Optical Monitoring of Brain’s Drainage System

To study the PBM effects on BD, we analyzed spreading of fluorescein isothiocyanate
(FITC)-dextran (FITCD, Sigma, St. Louis, MO, USA) in the dorsal and ventral parts of the
whole brain after a single PBM application using ex vivo confocal microscopy. An amount
of 7 μL of FITCD was injected into the right lateral ventricle (AP—1.0 mm; ML—1.4 mm;
DV—3.5 mm) at a rate of 0.1 μL/min using a microinjector (Stoelting, St. Luis, USA)
with a Hamilton syringe with a 29-G needle (Hamilton Bonaduz AG, Switzerland). The
implantation of a chronical polyethylene catheter (PE-10, 0.28 mm ID × 0.61 mm OD,
Scientific Commodities Inc., Lake Havasu City, AZ, USA) into the right lateral ventricle
was preformed according to the protocol reported by Devos et al. [38].

The head plate with LED was fixed in the region of the parietal and interparietal bones
using dental acrylic (Zhermack SpA, Badia Polesine, Italia) under inhalation anesthesia
with 1% isoflurane (Sigma-Aldrich, St. Louis, MO, USA), at a rate of 1 L/min (N2O/O2—
70/30 ratio). The LED was fixed to the head plate with two screws and was placed on the
parietal region, where the largest number of MLVs is located [39] (Figure 1a). The LED
was performed for 61 min using the following sequence, 17 min—LED, 5 min—pause,
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17 min—LED, 5 min—pause, 17 min—LED, as we have determined by a random selection
in our previous studies [21,22,24,35]. The irradiance at the skull’s surface did not exceed
0.5 W/cm2. The dose for PBM during a single PBM treatment was 30 J/cm2 and for the
14 days of the PBM course it was 0.42 kJ/cm2. Using this PBM dose, we did not find any
changes in temperature on the brain surface after PBM, consistent with the results of our
previous study [24].

A type A-K3 thermocouple (Ellab, Hillerød, Denmark) was used to measure the skull’s
temperature. The thermocouple was placed subcutaneously 2 mm lateral to the bregma in
the irradiated zone. A burr hole was drilled under inhalation anesthesia (1% isoflurane at
1 L/min; N2O/O2—70:30). To measure the brain surface temperature under 1050 nm LED
irradiation, the medial part of the left temporal muscle was detached from the skull bone,
a small burr hole was drilled into the temporal bone, and a flexible thermocouple probe
(IT-23, 0.23 mm diameter, Physitemp Instruments LLC, Clifton, NJ, USA) was introduced
between the parietal bone and the brain into the epidural space. Brain surface temperature
was measured before and during laser stimulation with a 5 min increment using a handheld
thermometer (BAT-7001H, Physitemp Instruments LLC, Clifton, NJ, USA).

To study the PBM effects on BD during wakefulness and deep sleep, the intracere-
broventricular injection of FITCD was performed at 08:00 a.m. under the EEG monitoring
when awake and after 08:00 p.m. at the time of EEG monitoring of NREM for a 3 h obser-
vation period. The times of 8 a.m. and 8 p.m. for the intracerebroventricular injection of
FITCD were chosen due to the light regime of the vivarium and to standardize the protocol
to start the experiment at the time of the natural transition to sleep or wakefulness. To keep
the same time for the distribution of FITCD in the awake and sleeping states, rats that did
not show NREM during the 3 h observation period were not included in the studies. The
ex vivo optical study of the FITCD distribution in the brain fluid system was performed
3 h after the intracerebroventricular injection of FITCD. Afterward, whole-brain imaging
from the dorsal and ventral aspects as well as the deep cervical lymph nodes (dcLNs) was
performed using confocal microscopy (Nikon Corp., Tokyo, Japan).

The 14-day PBM course during sleep or wakefulness was performed daily in rats
with 4-week-old glioma. The PBM course under ECG control was performed during
observation of NREM (synchronized activity with high amplitude, which is dominated
by low-frequency delta waves (0–4 Hz) comprising >30% of EEG waveforms/epochs) or
awake (low-amplitude and high-frequency dynamics >10%, 8–12 Hz).

The imaging was performed using a Nikon A1R MP upright confocal microscope
(Nikon Corp., Tokyo, Japan) with CFI Plan Apochromat Lambda D 2X (Nikon Corp.,
Tokyo, Japan) installed in a focusing nosepiece. The brain samples were submerged in
a buffer solution in a Petri dish placed on the microscope stage. The top surface of each
sample was covered with a 25 mm × 25 mm × 0.17 mm glass cover slide. The brain
image was captured as a stack of 5 stitched large images each over 6 × 6 fields of view;
the dcLNs image was captured as a stack of 4 stitched large images each over 2 × 2 fields
of view. The image resolution of the brain was 3636 × 3636 pixels at 6.11 μm/pixel and
for dcLN 0.3218 μm/pixel. The Z step was 222 μm. The resulting image was obtained
as a maximum-intensity Z projection of all 5 images of the stack. The method enables a
high-resolution image to be obtained extended along a 1 mm depth of focus. The confocal
images were captured in two channels: 488 nm excitation/500–550 emission was used
to image the FITCD distribution; and 640 nm excitation/663–738 nm emission for Evans
Blue dye (1%, Sigma-Aldrich, St. Louis, MO, USA) that was intravenously injected 30 min
before the experiments for labeling of the cerebral blood vessels. The dcLNs were imaged
identically but only a single field of view was captured for each stack. Image processing was
performed using the Fiji open-source image-processing package [40]. The image-processing
procedures were identical for each pair of images (control and laser-treated samples) for
each channel to ensure an accurate comparison of the fluorescence intensity.
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2.5. MRI of Rat Glioma

A tumor-volume assessment was performed in the 4th week after GBM implanta-
tion using a 7 Tesla Bruker BioSpec 70/30 USR dedicated research MRI scanner and the
Paravision 6.0 data acquisition software (Bruker Biospin; Billerica, MA, USA). To obtain
a good signal-to-noise ratio, a 72 mm small-bore linear RF volume coil with an actively
decoupled brain surface coil (40 cm bore; 660 mT/m, rise time within 120 μs) was used
for excitation and signal detection. Rats were anesthetized with 1% isoflurane at 1 L/min
N2O/O2 (70:30). Temperature and respiration were monitored and maintained using
a thermal air blower. Anatomical T2-weighted images were acquired with a fast spin
echo sequence (rapid acquisition with relaxation enhancement; repetition time (TR)/echo
time = 5000 ms/56 ms; field of view = 4 cm× 4 cm; slice thickness = 1 mm; slice gap
(inter-slice distance) = 1.1 mm; number of slices = 12; matrix = 256× 256; number of
averaging = 3) as previously described [41]. T1-weighted imaging used the RARE tech-
nique, with 9.6 ms TE, 1000 ms TR, and a RARE factor of 2, thus 4 averages, requiring
4 min 16 s to assess tumor volumes; ROIs were drawn around regions of visible hyperen-
hancement in each of the slices on the T2-weighted and corresponding T1-weighted images
using NIH ImageJ and calculated using the MATLAB software (version 2018b, MathWorks,
Inc., Natick, MA, USA). Statistical analysis was performed using GraphPad Prizm v.6.0.

2.6. Immunohistochemistry (IHC)

Rats were euthanized with an intraperitoneal injection of a lethal dose of ketamine and
xylazine and intracardially perfused with 0.1 M of PBS for 5 min. Afterward, their brains
were removed and fixed in 10% buffered formalin with wiring material in alcohol, and
poured into paraffin. The paraffin sections were stained with hematoxylin and eosin, and
IHC studies were performed using the REVEAL Polyvalent HRP-DAB detection system.
The monoclonal antibodies (Abcam, Cambridge, UK) Bcl (MAB8272), Ki67 (clone SP6,
ab16667), and p53 (ab131442) were used at a dilution of 1:100 to the antibody. When
staining with ICH markers, positive and negative controls were used to exclude false-
negative and false-positive results, to create standardization of the staining conditions
and increase the objectivity of the results. The percentage of positively expressing cells in
10 fields of view for each sample and the intensity of the immunohistochemical reactions
were calculated. All studies were performed using a MicroVisor of medical transmitted
light μVizo-103 (LOMO, St. Petersburg, Russia) with a magnification of 640 times.

For confocal imaging of the brain slices and the dcLNs we used the protocol for the
IHC analysis with the markers for the transmembrane glycoprotein surface marker CD8+
T lymphocytes (CD8) for lymphatic vessel endothelial hyaluronan receptor 1 (LYVE1).

For the IHC analysis, brain and dcLN tissues were collected and free-floating sections
were prepared. Tissue of the brain and dcLN were fixed for 48 h in a 4% saline-solution-
buffered formalin, then sections of the brain and dcLN with a thickness of 40–50 microns
were cut on a vibrotome (Leica, Wetzlar, Germany). The tissues of dcLN were previously
poured into 2% agarose on saline solution. The sections were processed according to the
standard immunohistochemical protocol with the corresponding primary and secondary
antibodies. The sections of mouse brain and dcLN were imaged using a Leica SP8 confocal
laser scanning microscope (Leica, Wetzlar, Germany). The antigen expression was evaluated
on free-floating sections according to the standard method of simultaneous combined
staining (Abcam protocols for free-floating sections).

The nonspecific activity was blocked by 2 h of incubation at room temperature with
10% BSA in a solution of 0.2% Triton X-100 in PBS. Solubilization of cell membranes was
carried out during 1 h of incubation at room temperature in a solution of 1% Triton X-100 in
PBS. The sections of the brain and of the dcLNs were, firstly, washed 3 times (5 min for each)
with wash solution (0.2% Triton X-100 in PBS), secondly incubated in the blocking solution
(a mixture of 0.2% Triton X-100 and 10% BSA in PBS) for 2 h, followed by incubation with
rat anti-CD8+ antibody (1:500; ab 22378, Abcam, Cambridge, UK) and rabbit anti-Lyve-1
antibody (1:500; ab 218535, Abcam, Cambridge, UK) overnight at 4 ◦C in PBS containing
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0.2% Triton X-100 and 0.5% normal goat serum. Next, samples were incubated at room
temperature for 1 h and then washed 3 times, followed by incubation with goat anti-rat
IgG (H+L) Alexa Fluor 488 (Invitrogen, Molecular Probes, Eugene, OR, USA), and goat
anti-rabbit IgG (H+L) Alexa Fluor 555 (Invitrogen, Molecular Probes, Eugene, OR, USA)
for visualizing the LVs in the dcLNs. In the final stage, the sections were transferred to the
glass and 15 μL of mounting liquid (50% glycerin in PBS with DAPI at a concentration of
2 μg/mL) was applied to the section, then the preparation was covered with a cover glass
and confocal microscopy was performed.

The sections of brains and dcLN were visualized using a confocal microscope (Nikon
A1R MP, Nikon Instruments Inc., Melville, New York, USA) with a ×20 lens (0.75 NA),
or a ×100 lens for immersion in oil (0.45 NA). DAPI, Alexa Fluor 488, and Alexa Fluor
555 were excited with excitation wavelengths of 405 nm, 488 nm, and 561 nm, respectively.
Alexa Fluor 647 and Evans Blue were excited with the same excitation wavelength of
647 nm. Three-dimensional visualization data were collected by obtaining images in the x,
y, and z planes. The images were obtained using the NIS-Elements software (v.5.21, Nikon
Instruments Inc.) and analyzed using Fiji software (v.2.9.0, open-source image processing
software) and Vaa3D (v. 1.1.4, open-source visualization and analysis software).

2.7. Statistical Analysis

All statistical analyses were performed using the Microsoft Office Excel and SPSS 17.0
for Windows software. The results were reported as a mean value ± standard error of the
mean (SEM). The inter-group differences in all series experiments were evaluated using the
ANOVA test with post hoc Duncan test. The significance levels were set at p < 0.05 for all
analyses. No statistical methods were used to predetermine the sample size.

3. Results

3.1. The Effects of the PBM Course during Sleep or Awake State on Survival and
Glioma Progression

In our previous study, we clearly showed that the therapeutic effects of PBM are
higher in sleeping vs. awake animals with Alzheimer’s disease [21,22]. Since in our recent
investigation on awake rats we discovered that PBM might also be a promising tool for the
suppression of glioma growth, here we compare the therapeutic effects of PBM during the
sleep and awake states.

In the first step, we studied the effect of the PBM course on the survival rate and
the tumor volume in sleeping and awake rats. The MRI data clearly show that the
glioma volume was significantly decreased in both the PBM groups vs. the no PBM group
(Figure 1b,e). However, the glioma volume reduction was 1.3-fold greater in rats receiving
PBM during sleep than during wakefulness (Figure 1b,e).

Additionally, we performed confocal analysis of the glioma volume in the tested
groups using our original model of fluorescent glioma (Figure 1c). The ex vivo confocal
data also demonstrate that the effects of PBM on the suppression of glioma growth was
significantly higher in the PBM_sleep group vs. the PBM_awake group.

The survival rate was evaluated using the Kaplan–Meier method. Figure 1d clearly
demonstrates that the survival rate was significantly higher in both the PBM groups than
in rats with glioma without PBM (X2 test, p = 0.00000000000129 between the no PBM and
the PBM_sleep groups and p = 0.00000000000024 between the no PBM and the PBM_awake
groups; n = 20 in each group). There were no differences in survival between rats receiving
PBM during the sleep and awake states.

This series of experiments shows that although the courses of PBM in sleeping and
awake rats increased their survival equally well, the decrease in glioma volume was more
pronounced in rats receiving PBM in the sleep than in the awake state.
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3.2. The Effects of the PBM Course during Sleep or Awake State on Apoptosis and Proliferation of
Glioma Cells

The activation of the apoptosis of glioma cells and the suppression of their proliferation
underlie the suppressive effects of PBM on the glioma growth, as we established in our
recent studies in awake rats [24]. Hypothesizing that PBM during sleep could have stronger
effects on the glioma progression than during the awake state, in the second step, we studied
the cellular mechanisms of the therapeutic effects of the PBM course in sleeping and awake
rats with glioma (Table 1, Figure 2).

Table 1. Markers of proliferation and apoptosis (%) in the tested groups; n = 10 in each group;
***—p < 0.001; **—p < 0.01—between rat glioma without and after PBM; †††—p < 0.001; ††—p < 0.01
between PBM during sleep or wakefulness; n = 10 in each group; the ANOVA test with post hoc
Duncan test.

Markers
Control

(Healthy Rats)
Control

(Sham Rats)

Control
(Sham Rats
PBM_Sleep)

Control
(Sham Rats

PBM_Awake)

Rats with
Glioma,
No PBM

Rats with
Glioma,

PBM_Awake

Rats with Glioma,
PBM_Sleep

Ki67 - - - - 98.87 ± 1.1 27.44 ± 6.0 *** 11.69 ± 1.0 ***†††
Bax - - - - 16.29 ± 4.3 65.33 ± 7.5 ** 96.91 ± 3.8 ***††
p53 - - - - 20.25 ± 6.1 47.00 ± 4.4 ** 87.33 ± 7.4 ***†††

The data of the IHC study show that the expression of the marker of proliferation
(Ki67) was higher in rats with glioma and without the PBM course vs. rats treated by the
PBM course during the sleep or awake state. However, the proliferation of glioma cells
was suppressed more strongly in rats that received the PBM course during the sleep vs. the
awake state.

The expression of the marker of apoptosis Bax, with p53 as its regulating factor, was
lower in glioma without the PBM course vs. the PBM course during the sleep and awake
states (Table 1). Notably, activation of apoptosis in glioma cells was significantly higher in
rats receiving the PBM course during the sleep compared to the awake state.

Thus, both PBM courses during sleep or wakefulness effectively increased resistance to
the progression of glioma via suppression of proliferation of the tumor cells and activation
of apoptosis. Interestingly, the effects of the PBM course on the expression of Ki67, Bax,
and p53 were 2.3-, 1.5-, and 1.8-fold greater in rats receiving the PBM course during the
sleep vs. the awake state (Table 1).

3.3. The Effects of the PBM Course during Sleep or Awake State on BD

Deep sleep is accompanied by an increase in the size of the perivascular spaces, which
facilitates the movement of brain fluids and promotes activation of BD [19]. Since in our
previous study on awake rats we found that PBM can stimulate BD, here we tested our
hypothesis that BD will be more strongly activated by PBM in sleeping vs. awake rats due
to a PBM-related enhancement in natural BD activation.

For this purpose, the lymphatic removal of FITCD from the brain to the dcLNs was
studied. The results of ex vivo confocal imaging of the whole brain revealed a signif-
icant reduction in FITCD spreading in brain tissues and its lymphatic removal to the
dcLNs in rats with glioma without the PBM course vs. the control, including healthy rats
(Figure 3a,b,e,f,i,j).

Indeed, the quantitative analysis found that the intensity of the fluorescent signal from
FITCD in the ventral and dorsal parts of the brain, as well as in the dcLNs, was 7.5-, 9.3-,
and 5.1-fold greater in healthy rats vs. rats with glioma, respectively (Figure 3m–o). Both
PBM courses during sleep or wakefulness essentially improved the FITCD distribution in
brain tissues and its further accumulation in the dcLNs (Figure 3b–d,f–h,j–o). However, the
stimulating PBM effects on BD was higher in rats receiving the PBM course during sleep vs.
when awake (Figure 3c,d,g,h,k–o). Thus, these findings demonstrate that glioma-mediated
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suppression of BD can be improved by the PBM course, with more pronounced effects of
PBM during the sleep vs. the awake state.

Figure 2. IHC analysis of proliferation and apoptosis of glioma cells in seven tested groups, including
control (healthy rats) group; 3 sham groups, in which animals received an injection of saline in the
same volume and location as the glioma cells were implanted without PBM and after the PBM course
during sleep and awake states; 3 glioma groups, in which rats were with glioma without PBM and
after the PBM course during sleep and awake states. The quantitative analysis of immunopositive
cells (shown in brown) expressing K67, Bax, and p53 is presented in Table 1.
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Figure 3. The effects of the PBM course during sleep or wakefulness on BD in the tested groups:
(a–d) and (e–h) Representative images of FITCD spreading in dorsal (a–d) and ventral (e–h) parts of
the brain from the control group (healthy brain) (a,e), the glioma group without the PBM course (b,f),
and the groups treated by the PBM course during wakefulness (c,g) or sleep (d,h); (i–l) representative
images of accumulation of FITCD in dcLNs in rats from the control group (i), the glioma group
without the PBM course (j), and the groups treated by the PBM course during wakefulness (k) or
sleep (l); (m–o) quantitative analysis of intensity of fluorescent signal from FITCD in dorsal (m) and
ventral (n) parts of the brain and in dcLNs (o); n = 10 in each group; ***—p < 0.001; **—p < 0.01
between groups; the ANOVA test with post hoc Duncan test.

3.4. The Effects of the PBM Course during Sleep or Wakefulness on Brain’s Tumor Immunity

Accumulating evidence indicates that increasing cytotoxic CD8+ T cell infiltration
improves survival in glioma [42]. Indeed, activated CD8+ T cells activate the apoptosis,
providing suppression of tumor growth [43–45]. However, the lack of signaling molecules
in glioma, which activate the generation of lymphocytes in the lymph nodes, is a main
reason for the limitation of CD8+ T cells in the tumor region, leading to immune suppres-
sion [46,47]. Therefore, in the next step, we investigated the stimulating effects of the PBM
course during the sleep or awake state on the immune response against glioma.
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Figure 4a,d,g,h demonstrate only a small number of CD8+ T cells around the fluores-
cent glioma and in the dcLNs in rats with glioma and without the PBM course. Notably,
the number of CD8+ T cells in glioma cells and in the dcLNs was significantly increased
after the PBM course, both during sleep or wakefulness (Figure 4a–h). However, the PBM
course during sleep more strongly increases the number of CD8+ T cells in glioma and
in the dcLNs than during awake state (Figure 4b,c,e–h). These data clearly show that
the PBM course activates an immune response against the glioma growth that is more
effective if PBM is applied during sleep than during wakefulness. Figure 4i schematically
illustrates the PBM-mediated stimulation of the generation of CD8+ cells in dcLNs and
their extravasation into the microenvironment of the glioma.

Figure 4. The effects of the PBM course during sleep or wakefulness on brain’s tumor immunity:
(a–f) Representative images of fluorescent glioma (red) and CD8+ T cells (green) in the brain (a–c)
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and in dcLNs (d–f) in rats with glioma and without the PBM course (a,d), in rats with glioma receiving
the PBM course during wakefulness (b,e), and in rats with glioma and receiving the PBM course
during sleep (c,f); in (d–f): CD8+ T cells (green), LVs (red), and DAPI (blue); (g,h)—quantitative
analysis of intensity of fluorescent signal from CD8+ T cells in glioma (g) and in dcLNs (h); n = 10 in
each group, ***—p < 0.001; **—p < 0.01 between groups; the ANOVA test with post hoc Duncan test;
(i)—schematic illustration of the PBM effects on an immune response against the glioma growth via
increasing the number of cytotoxic CD8+ cells in glioma cells and in dcLNs.

4. Discussion

In this study, we clearly demonstrate that PBM has a therapeutic effect on rat glioma
that is consistent with our previous data [24]. Notably, the PBM course during sleep
suppresses glioma progression more strongly and increases survival compared to PBM
during the awake state. These results were expected since we assumed that PBM during
sleep increases BD, as we also showed in our earlier studies [21,22]. Indeed, we found
dramatically reduced BD in rats with glioma that was significantly improved after both the
PBM courses during either the sleep or awake state. However, the PBM effects on BD were
statistically higher in sleeping vs. awake rats. This can be explained by the fact that sleep is
associated with the activation of BD and lymphatic removal of metabolites and toxins from
the brain [19–22]. Thus, PBM during sleep affects naturally activated BD. The reduced BD
in subjects with glioma is accompanied by a lack of MLVs [16–18]. Therefore, intracisternal
injection of the vascular endothelial growth factor C for stimulation of lymphaneogenesis
is proposed as a new promising strategy for the treatment of brain tumors [18]. PBM can
also improve the MLV functions, as we clearly demonstrated in our previous study using
photoablation of MLVs [22]. In this study, we show that PBM-mediated restoration of
cleaning and drainage functions of MLVs after injuries is better after PBM during sleep vs.
when awake [22]. Interestingly, the PBM course during sleep vs. when awake promotes
better learning in mice [35].

The mechanisms of PBM-suppression of glioma and the improvement of survival
could be due to PBM-mediated activation of apoptosis and blockage of the proliferation
of glioma cells. These effects of PBM were also more pronounced in sleeping vs. awake
rats. These data are confirmed by our previous findings of the cellular mechanisms of
phototherapy for glioma [24]. The application of PBM during sleep-associated activation
of BD can contribute to the optimization of immune responses against glioma due to
improvements in the microenvironment of the tumor and compensation of the CSF outflow.
Indeed, we revealed a lack of CD8+ T cells in both brain tumors and in dcLNs in rats
with glioma that has also been shown in other studies [46,47]. However, PBM significantly
improved the number of tumor-infiltrating cytotoxic CD8+ T cells more significantly in
sleeping vs. awake rats. Nakano et al. report that an increased proliferative activity of CD8+
T cells associated with a decrease in the Ki67 expression is a favorable prognostic factor
for survival in patients with cancer [48]. CD8+ T cells can produce antitumor antibodies,
support antitumor immune responses, and help to prime immune responses at the tumor
site [44,49].

Currently, photodynamic therapy (PDT) is considered as a promising tool as an
alternative therapy for glioma [50–55]. PDT combines a light source, which excites a photo-
sensitizer accumulated specifically in the glioma cells. The excited photosensitizer interacts
with triplet oxygen and produces singlet oxygen, damaging the tumor cells by direct (necro-
sis and apoptosis) and indirect (occlusion of tumor vessels and enhanced host immunity)
injuries [51]. There are several clinical studies suggesting the therapeutic effects of PDT in
patients with glioma using different photosensitizers, as we discussed in our review [51].
However, PDT cannot be used in patients with allergies to photosensitizers, including
newborns, due to side effects of the photosensitizers. Indeed, there are disadvantages
of PDT, including photosensitivity after treatment, erythema, edema, blisters, urticarial,
photophobia, heat-shock response, and an increase in the permeability of the blood–brain
barrier [56–60]. Recently, we proposed a new strategy for phototherapy for glioma, using
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PBM without photosensitizers in awake animals [24]. There is emerging evidence that
sleep can significantly increase the therapeutic properties of PBM [21,22,35]. However, the
idea of PDT of brain diseases during sleep is in its infancy [61]. Therefore, there are no
technologies for simultaneous PBM and sleep monitoring [61]. In this study, we propose
the effective application of our new technology for sleep-phototherapy for glioma that
incorporates modern state-of-the-art facilities of optoelectronics and biopotential detection
and that can be built of relatively cheap and commercially available components.

5. Conclusions

In this study, using new technology for sleep-phototherapy for glioma we showed
for the first time that the therapeutic effects of PBM during sleep in rats with glioma are
significantly enhanced compared with the use of PBM during the awake state. Indeed,
the PBM course in sleeping rats vs. awake ones suppresses glioma growth more strongly
and increases survival compared with the control. A new result was the fact that the
PBM course during the sleep vs. awake state has greater effects on the immune response
against glioma, including an increase in the number of cytotoxic CD8+ in glioma cells that
was associated with activation of apoptosis on the glioma cells and suppression of their
proliferation. We also found stronger stimulation of BD by PBM in sleeping vs. awake rats,
which is consistent with our findings in previous studies [21,22]. Our new technology for
sleep-phototherapy for glioma opens a new strategy to improve the quality of medical care
for patients with brain cancer using promising smart-sleep and non-invasive approaches of
glioma treatment.
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Abstract: In this paper, we report on a study regarding the efficiency of the post-operational pho-
totherapy of the tumor bed after resection with both a cold knife and a laser scalpel in laboratory
mice with CT-26 tumors. Post-operational processing included photodynamic therapy (PDT) with a
topically applied chlorin-based photosensitizer (PS), performed at wavelengths of 405 or 660 nm, with
a total dose of 150 J/cm2. The selected design of the tumor model yielded zero recurrence in the laser
scalpel group and 92% recurrence in the cold knife group without post-processing, confirming the
efficiency of the laser scalpel in oncology against the cold knife. The application of PDT after the cold
knife resection decreased the recurrence rate to 70% and 42% for the 405 nm and 660 nm procedures,
respectively. On the other hand, the application of PDT after the laser scalpel resection induced
recurrence rates of 18% and 30%, respectively, for the considered PDT performance wavelengths. The
control of the penetration of PS into the tumor bed by fluorescence confocal microscopy indicated
the deeper penetration of PS in the case of the cold knife, which presumably provided deeper PDT
action, while the low-dose light exposure of deeper tissues without PS, presumably, stimulated tumor
recurrence, which was also confirmed by the differences in the recurrence rate in the 405 and 660 nm
groups. Irradiation-only light exposures, in all cases, demonstrated higher recurrence rates compared
to the corresponding PDT cases. Thus, the PDT processing of the tumor bed after resection could
only be recommended for the cold knife treatment and not for the laser scalpel resection, where it
could induce tumor recurrence.

Keywords: photodynamic therapy; tumor resection; laser surgery; cold knife; chlorin-based
photosensitizers; Monte Carlo simulations

1. Introduction

The introduction of laser scalpels into oncological surgery in recent decades [1,2] was
a significant advance, ensuring R0 resection, owing to their efficient cutting capabilities
combined with tissue carbonization, a considerable reduction in bleeding, minimized
intraoperative trauma, and the absence of coarse scars in the postoperative period. Diode
lasers have been shown to reduce tumor dissemination during surgical procedures due
to bleeding prevention [3,4]. However, postoperative local recurrences still remain an
important problem in the clinical treatment of cancers. In this connection, the additional
improvement in surgical protocols to additionally decrease the risk of further tumor growth,
and the probability of recurrence is of high importance [5]. In particular, a protocol
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including a procedure allowing for the elimination of cancer cells left in tissue after surgical
intervention could be advantageous against traditional approaches. A combined approach
to the treatment of tumors of different localizations may include photodynamic therapy
(PDT) [6–8], antitumor immunity [9,10], cryotherapy [11–13], hyperthermia [14,15], and
radiotherapy [16–18], in addition to surgical treatment, which helps to reduce the recurrence
rate, and this can not only increase the survival period but also improve the quality of life
of cancer patients [19]. In addition, considering the possibility of invasive tumor growth
and the spread of tumor cells beyond the visually defined resection margin, as well as the
fact that surgical intervention itself does not provide ablasticity, improvements in both the
surgical protocols and the introduction of additional intraoperative treatment methods
would ensure R0 resection is relevant.

Photodynamic therapy is a low-invasive modern treatment technique based on the
photoactivation of a photosensitizer, resulting in the production of singlet oxygen and
other reactive oxygen species, and which has proved to be efficient in oncology [20,21].
This technique does not require accurately targeting cancer cells and provides action to
the areas with an accumulated photosensitizer (PS) irradiated with light of a specific
wavelength. Thus, the configuration of the irradiation beam determines the shape of the
treated volume. The PDT intraoperatively used for the treatment of the tumor bed to
control the remaining cells of the primary tumor and reduce the risk of recurrence was
first described in the 1990s [22]. When performing PDT in oncology, the intravenous
administration of a photosensitizer is traditionally used. It should be noted that even a
minimal accumulation of PS in the skin can trigger a photochemical reaction under the
influence of daylight and lead to the development of complications after the PDT procedure
in the absence of preventive measures. These limitations, as well as the economic and time
aspects of the PDT procedure, have led to the development of topical formulations of PS
with more favorable photophysical properties in the form of ointments, solutions, and gels.

Topically applied PSs do not require intravenous injection, and they benefit from a sim-
ple application procedure [23]. Chlorin-based photosensitizers feature two peaks in their
absorption spectrum in the red and blue bands, thus providing different penetration depths
owing to significant differences in the biotissue optical properties of these bands [24,25].
Previously, PDT with topically applied PS has demonstrated limited efficiency in tumor
treatment, owing to the limited penetration of PS into the tumor [26]; however, its appli-
cation to the tumor bed after the procedure seems to be promising. The choice of blue or
red light for irradiation provides the opportunity for performing strong superficial action
or a deeper action with weaker depth dependence based on the evaluation of the tumor
cell invasion depth. Numerical Monte Carlo simulations have demonstrated significant
differences in the in-depth distribution of the absorbed light dose governing PDT treatment
areas for blue and red bands [25].

The introduction of PDT gels [27] has raised the question regarding the additional
treatment of the surgical tumor bed during organ-preserving operations [28,29]. In this
study, we compared the result of using PDT after the local application of the PS gel after
tumor excision using a cold knife and a contact laser scalpel with an optical fiber that
has the shape of a knife. The theory of “correct geometry” and the development of the
methodology of the contact laser scalpel application have recently been developed [30]. An
important feature is the contact laser cutting, which seals blood vessels and results in the
absence of bleeding, as well as the minimization of the tumor cell spread into healthy tissue
when working in ablative mode. The main criterion for treatment efficiency, including
the surgical removal of the tumor, is the absence of continued growth and recurrences
over long periods, with an assessment of the five-year survival rate. Different coagulation
properties of the wound surface after contact laser surgery and cold knife tumor resection,
in particular, the different diffusions of the PDT gel into the biological tissue, stimulate
the comparison of a combination of these techniques with PDT for the post-operative
elimination of the remaining cancer cells.
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The aim of this study was to compare the effect of additional PDT of the tumor bed
with topical PS application after using a cold knife (no coagulation layer) and after contact
excision with a waveguide laser scalpel operating at 0.97 μm, forming a coagulation layer
with a thickness of about 300 μm [31]. This study was performed with a chlorin-based PS
in order to additionally compare the effects of the PDT procedure at 405 and 660 nm. The
invasion of the employed tumor model into the muscular tissues beyond the tumor node
was verified by histology. The distribution of the PS in tissue upon administration was
analyzed using fluorescence microscopy, while the distribution of the absorbed light dose
at the considered wavelengths was studied using Monte Carlo simulations.

2. Materials and Methods

2.1. Animal Cohort

All animal studies were approved by the Ethics Committee of the Privolzhsky Research
Medical University (Protocol No. 13 of 7 July 2021). Experiments were performed on
113 female Balb/c mice. Mice were subcutaneously inoculated in the left flank with mouse
colon adenocarcinoma (CT-26) cells (in an amount of 2.5 × 105 cells per injection) in 100 μL
of phosphate-buffered saline. All animals were blindly divided into 10 experimental
groups according to the type of post-operational treatment of the tumor bed (Table 1). The
perioperative death cases during the experiment in different groups occurred within 2 h
after the procedure and were caused by the complications of the narcotization procedure.

Table 1. Groups of experimental animals depending on the type of resection and post-operative
treatment of the tumor bed (numbers in parentheses show perioperative deaths).

Group
No.

Resection Method Treatment of the Tumor Bed Number of Animals

1 laser scalpel Irradiation only @660 nm 11 (3)

2 laser scalpel PDT: Radagel® @660 nm 11 (1)

3 laser scalpel Irradiation only @405 nm 11 (-)

4 laser scalpel PDT: Radagel® @405 nm 11 (1)

5 laser scalpel No additional treatment 11 (-)

6 cold knife Irradiation only @660 nm 11 (2)

7 cold knife PDT: Radagel® @660 nm 11 (-)

8 cold knife Irradiation only @405 nm 10 (-)

9 cold knife PDT: Radagel® @405 nm 11 (1)

10 cold knife No additional treatment 13 (1)

Total 113 (9)

2.2. Resection Procedure

Tumors were resected on the 10th day after inoculation, when the tumor node volume
had reached approximately 1 cm3. The mice were anesthetized intramuscularly with a
mixture of Zoletil (40 mg/kg, Virbac, Carros, France) and 2% Rometar (10 mg/kg, Spofa,
Jičín, Czech Republic) before the tumor node resection. The skin on the tumor site was cut
using a cold knife. The tumor nodes were resected using either a commonly used cold knife
or a laser scalpel. An LSP-0.97/10 (IRE-Polyus, Fryazino, Russia) laser scalpel operating at
a wavelength of 0.97 μm with an output power of 6 W was used to excise the tumor. The
laser light was delivered to the tissue via a silica fiber of 550 μm in diameter. The surgeon
removed the tumor node in accordance with visual evaluation of tumor margins.
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2.3. PDT Procedure

To perform a photodynamic therapy procedure, a chlorin e6-containing gel (Radagel®,
”RADA-PHARMA” Ltd., Moscow, Russia) was used. The gel contains the sodium salt of
chlorin e6 as an active substance in concentration of 0.0175 mg per 10 mL. Approximately
100 mg of the gel was topically applied onto the surface of the tumor bed by a cotton
swab and was evenly distributed over the surgical field. The gel was kept for 20 min and
then removed with wet gauze pads. In the course of the PDT procedure of the tumor bed
after the tumor excision, the irradiation was performed with the PDT device “Harmonia”
(Laser MedCenter Ltd., Moscow, Russia) with a total dose of 150 J/cm2; the fluence rate
at the tissue surface was 260 and 125 mW/cm2 for the wavelengths of 660 and 405 nm,
respectively. The irradiation spot size was 9 mm in diameter. The fluence rate was different
for 660 and 405 nm since our previous studies indicated that the equal fluence rate results
in extensive heating of the tumor site in course of irradiation at a wavelength of 405 nm.
On the other hand, we wanted to minimize the procedure time and limit the irradiation
procedure to within half an hour to prevent mice from waking up from narcosis during
irradiation. The irradiation-only treatment was performed in the same conditions, with the
same device and doses, as the PDT treatment, though without application of the PS gel.

2.4. Follow-Up

The appearance of tumor recurrence was monitored for 3 months after the resection.
Upon completion of the monitoring or detection of tumor recurrence reaching 1 cm3 in
size, the animals were sacrificed. All animal procedures followed the Guidelines for Works
Involving Experimental Animals and the International Guiding Principles for Biomedi-
cal Research Involving Animals and the ethical principles established by the European
Convention for the Protection of Vertebrate Animals used for Experimental and other
Scientific Purposes.

For comparative analysis, we tried to standardize the experiment; the resection was
carried out by one surgeon, the mice were from the same series, and the PDT procedure
was carried out with the same device and personnel.

2.5. Analysis of Photosensitizer Distribution

A study was performed in order to analyze the penetration of the PS into the tumor
bed upon topical application. The skin above the tumor node and the part of the tumor
of about 3 mm in thickness were removed using a cold knife or a laser scalpel. The study
involved 5 animals for each resection technique. The Radagel PS was applied onto the
obtained surface and the animals were kept in a dark box. After 20 min, the PS was removed
from the surface and the tumors were excised. The excised tumors were embedded in
O.C.T. compound and immersed in ethanol cooled to −80 ◦C. Twenty-micrometer-thick
cryosections oriented normal to the tissue surface were prepared using a bench-top cryostat
CM 1100 (Leica Biosystems, Nussloch, Germany) at a temperature of −20 ◦C. To avoid
redistribution of the PS on the slice surface, the tumor samples were oriented in such a
way that the cryostat knife reached the surface of the Radagel administration after passing
through the entire sample. Fluorescence intensity of cryosections was studied using laser-
scanning microscope LSM 880 (Carl Zeiss, Jena, Germany). An oil-immersion objective
C-Apochromat 40×/1.45 NA was used for image acquisition. Chlorin e6 fluorescence was
excited at a wavelength of 633 nm with a He-Ne laser. Fluorescence emission was detected
in the band of 650–735 nm. For each sample, 12 tile scans from 4 cryosections were acquired.
The tile scan consists of 6 serial images captured consequently, starting from the sample
surface. The fluorescence intensity images were processed with ZEN 3.0 (Carl Zeiss) and
ImageJ 1.39p software (NIH, Bethesda, MD, USA).
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2.6. Monte Carlo Simulations

In order to interpret the results of the experiment, we performed a simulation of the
distribution of the absorbed dose within tissue at two employed wavelengths. Simulations
of the absorbed light distribution were conducted with the use of our previously reported
code [32] for Monte Carlo modeling of light transport in biological tissues. To analyze the
absorbed light distribution, models of tumor and muscle mouse tissues were considered.
The simulations were performed for uniform illumination of the tissue sample at wave-
lengths of 405 and 660 nm. It is worth noting that the optical properties data reported
for mouse tumor models as well as mouse muscle tissues are quite limited. Absorption
and reduced scattering coefficients for tumor tissue model were chosen in accordance
with [33,34]. Due to the lack of literature data, optical properties of mouse muscle tissue
were reconstructed from our ex vivo spectrophotometric measurements [35] using the look-
up-table method described in [36]. The considered optical properties for the wavelengths
of 405 and 660 nm are summarized in Table 2.

Table 2. Absorption μa and reduced scattering μ′
s coefficients and reflective index n used in Monte

Carlo simulations.

Wavelength, nm μa, mm−1 μs
′, mm−1 n

Tumor tissue

405 nm 0.92 1.29 1.4

660 nm 0.18 0.67 1.4

Muscle tissue

405 nm 0.57 1.17 1.4

660 nm 0.07 0.58 1.4

For the considered optical properties of the tissue model, a 3D map of the absorbed
light dose A(x, y, z, λ) with a wavelength λ was calculated and transformed into the in-
depth density of the absorbed dose fraction:

∼
A (z, λ) =

� A(x, y, z, λ)

dVNph
dx dy

normalized to the value of NphdV [32], where Nph = 107 is the total number of launched
photons, and dV is the volume of a voxel.

3. Results and Discussion

3.1. Histology Study

Since the aim of this study was to compare the efficiency of different treatment proto-
cols in suppressing tumor growth and preventing recurrence, it was important to choose
the model with the high probability of tumor invasion into muscular tissue, when accurate
surgical removal of tumor node with a cold knife may not ensure R0 resection [37]. In
order to evaluate the adequacy of the chosen model, we performed a histological study
of a typical tumor on the 10th day after inoculation. An image of a hematoxylin–eosin
(H&E)-stained tissue sample showing the tumor node and underlying muscular tissue
is shown in Figure 1. This figure demonstrates the invasion of tumor cells into the layer
of muscular tissue beneath the tumor node. Two arbitrary areas within the muscular
layer shown with higher magnification clearly demonstrate tumor cells located between
muscle fiber bundles as well as disorganization of the bundle structure owing to tumor
proliferation. The observed approval of the high tumor cell count outside the tumor node
indicates the adequacy of the chosen model with respect to the aims of the study. Note that
the tumor cells could be found as deep as 1 mm below the tumor node margin.
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Figure 1. Histological image of the tumor bed after removal with a cold knife. The arrows show
revealed tumor cells.

3.2. Fluorescence Microscopy

In our previous study, we demonstrated a high efficiency of employing a laser scalpel
instead of a cold knife in preventing tumor recurrence [38], while the aim of this study
was to evaluate the additional effect of a complementary PDT procedure on the tumor
bed after surgical treatment. As demonstrated earlier, the use of a laser scalpel results
in the formation of a caramelization layer [39] on the tissue surface, the parameters of
which are described in other papers [30,31]. The studies [30,31] demonstrated that the
thickness of this layer is usually about 300–400 μm. One may expect the difference in the
penetration of a topically applied PS into tissue after resection with the cold knife and the
laser scalpel owing to the differences in the properties of this layer. In order to demonstrate
this difference, an analysis of the PS distribution upon topical application was performed
using fluorescence microscopy images of tumor cross-sections stitched from several fields
of view. Figure 2 shows typical fluorescence microscopy images, corresponding to the cold
knife (Figure 2a) and laser scalpel (Figure 2b) tumor resection. One can see that the PS
penetrates much deeper into tissue in the case of the cold knife resection. The cold knife
case demonstrates a pronounced fluorescence signal to depths of about 600 μm, while for
the laser scalpel case, this depth is below 200 μm.

In order to quantify the difference in in-depth PS distribution for the two considered
surgical options, we plotted the dependencies of the integral fluorescence signal in an image
tile on depth averaged over five independent images each. The results of the fluorescent
PS in-depth distribution analysis are shown in Figure 2c on the logarithmic scale. The
observed dependencies confirm the exponential in-depth decay of the PS concentration for
both cases, which is in agreement with the predictions of the analytical model of substance
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diffusion into tissue [40]. Comparisons of the two dependencies indicate both a lower
fluorescence signal from the laser scalpel-cut tissue and faster in-depth attenuation of the
PS concentration. The thickness of the caramelization layer was estimated previously,
amounting to about 400 μm, so the dependence shows that the fluorescence signal from
the depth of 636 μm can be assumed to correspond to a depth below the caramelization
layers that is more than 20-times smaller compared to the signal from the superficial
layer. At the same time, the corresponding attenuation of the fluorescence signal for the
cold knife is less than 7-times. The observed dependencies indicate the difference in the
in-depth PS concentration distribution between two considered cases, so one can expect
deeper PDT action for the cold knife option. On the other hand, it is worth noting that
the concentration reaches an asymptotic nature at a depth of about 1 mm, allowing us
to assume that, at least in some cases, the concentration of PS at this depth is negligible.
This fact allows one to expect that the PDT action at this depth could be insufficient to
suppress tumor cells. Several studies have previously demonstrated that low-dose PDT [41]
or topical administration of PS [26] may result in an incomplete response of a tumor to
treatment. Moreover, it was demonstrated earlier that low-dose PDT may provoke tumor
recurrence [42] or increase in metastatic activity [43].

μ

Figure 2. Fluorescence microscopy images of the in-depth PS distribution upon topical application
on a tumor after surgical removal of superficial tumor layer with the cold knife (a) and the laser
scalpel (b). White arrow shows in-depth direction. Depth dependence of PS fluorescence upon topical
application in muscular tissue within the tumor bed after tumor resection with the cold knife and the
laser scalpel (c). Graphs show mean values ± standard deviation for 5 animals in each group.
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3.3. Monte Carlo Simulations

Another factor that may affect the performance of PDT in deeper tissue layers is the
penetration depth of irradiation, which is used to activate the accumulated PS. In this study,
with the chlorin-based PS, we compare the effect of PDT performance at the wavelengths
of 660 and 405 nm, both of which correspond to chlorin e6 absorption peaks [24] and were
proposed for PDT performance [26]. Since the absorbed light dose distribution within tissue
cannot be measured directly, we performed Monte Carlo simulations of the absorbed dose
distribution for the values of optical properties typical for tumors and muscular tissues
summarized in Table 2. Figure 3 shows in-depth profiles of the absorbed dose density
calculated for the values typical for tumor (Figure 3a) and muscular (Figure 3b) tissue. The
profiles for tumor tissue show faster in-depth attenuation, as compared to muscular tissue
owing to the average higher blood content in tumors. The density of the absorbed dose is
higher for a wavelength of 405 nm to a depth of about 1 mm for tumors and about 1.6 mm
for muscles. Despite strong attenuation at a wavelength of 405 nm, the absorbed doses
cannot be neglected until depths of above 1.5 mm and much deeper for a wavelength of
660 nm, indicating that the light of both wavelengths penetrates deeper than PS and can
potentially affect deep-seated tumor cells located below.

λ
−

λ
λ

 

λ
λ

λ
−
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Figure 3. In-depth profiles of the absorbed light dose density for the irradiation wavelengths of 405
and 660 nm for the tumor tissue (a) and muscle tissue (b) models.

These preliminary studies allow us to conclude that, although PS penetrates quite deep
into tissue upon topical application, the caramelization of the superficial tissue layer as a
result of the laser scalpel use may prevent deeper PS penetration, thus limiting the impact
depth of the PDT procedure. On the other hand, the light at both wavelengths penetrates
deeper for both considered models of tumors and muscles. Although these models do not
account for the caramelization layer, we do not expect it to significantly affect the optical
properties, so these estimates could be treated as reliable for a qualitative analysis.

3.4. Animal Study

Typical photographs of laboratory animals prior to the treatment and in the follow-
up period for different treatment protocols are shown in the Supplementary Materials
(Figure S1). The results of the treatment outcomes in the considered 10 groups of experi-
mental animals (see Table 1) are summarized in Figure 4. The selected design of the tumor
model yielded a zero recurrence rate in the laser scalpel group and 92% recurrence in the
cold knife group without post-processing, confirming the efficiency of the laser scalpel in
oncology against the cold knife. This result also confirms tumor cell invasion into underly-
ing muscular tissues left after the resection procedure. The application of PDT after the
cold knife resection decreased the recurrence rate to 70% and 42% for 405 nm and 660 nm
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PDT procedures, respectively. This fact allows one to assume that either the accumulated
concentration of PS was insufficient to provide the desired effect or the penetration depth
of PS was inadequate for a full response. The fact of much more efficient suppression of
recurrence with PDT at 660 nm indicates that light penetration may play a major role in
providing the effects of a PDT procedure, so a deeper PDT impact seems to be the key for a
successive prevention of recurrence. The observed effect of the recurrence rate decrease
is in line with the results with the same tumor line reported in [6], which demonstrated a
recurrence rate of 17–33% after PDT of the tumor bed against 83–100% recurrence without
PDT. It is worth noting that the study of [6] was performed with another type of PS ad-
ministered intravenously, which supposedly resulted in a better prevention of recurrence,
as compared to our study. Moreover, in that study, wavelengths of 630 and 510 nm were
employed for the PDT procedure, providing deeper action, as compared to a wavelength
of 405 nm, which demonstrated a weak suppression of recurrence in our study.

Figure 4. Tumor recurrence rate after surgical removal with the laser scalpel and the cold knife
and different regimes of the post-operational PDT of tumor bed (PDT—PDT procedure after topical
application of Radagel, IRR—irradiation-only procedure without PS administration).

Surprisingly, the application of PDT after the laser scalpel resection induced recurrence
rates of 18% and 30%, respectively, for wavelengths of 405 and 660 nm at the background
of total absence of recurrences in the laser-scalpel-only group. This observation allows
for assuming that, owing to the limited penetration of PS governed by the presence of the
caramelization layer with comparable light penetration, the stimulation of deeper tumor
cells may occur. This assumption is confirmed by the observations in the irradiation-only
control groups, when post-operation treatment consisted of light irradiation without PS
application. In all four irradiation-only groups, the recurrence rate is higher than that
in the corresponding PDT groups, indirectly confirming the assumption regarding the
stimulation of tumor growth by light in the absence of PS.

However, one can see that the recurrence rate in the irradiation-only group at 405 nm
is comparable with the control group, while for the irradiation-only group at 660 nm,
it is considerably smaller, which allows us to conclude on the competing processes of
suppression and stimulation of tumor recurrence. Supposedly, laser light may suppress
recurrence in upper tissue layers, where the fluence rate is rather high, while the low
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fluence rate may stimulate further tumor development at depth. The potential of the
laser light in the partial suppression of tumor growth is also indirectly confirmed by
our earlier studies [26], which indicated a delay in tumor growth after irradiation at the
employed wavelengths.

On the other hand, previous studies showed that a low-level light illumination may
stimulate the proliferation of osteosarcoma, lung carcinoma cells [44], and oral carci-
noma cells [45]. This treatment may also modulate inflammation by attenuating TNF-
α/cycloheximide-induced apoptosis with a reduction in caspase-3/7/8/9 [46]. It is also
worth noting that for the laser scalpel groups, where PS penetration is weaker, the wave-
length of 660 nm characterized by deeper penetration provides a higher recurrence rate,
as compared to the wavelength of 405 nm, for which the penetration is limited. The cold
knife groups demonstrate the opposite effect at the background of deeper PS penetration,
where insufficient penetration of irradiation at a wavelength of 405 nm seems to be more
critical in providing recurrence rates for the irradiation-only group at 405 nm, comparable
with that for the cold knife control group. One can also suppose that the formation of the
caramelization layer eliminated the remaining tumor cells in this layer, and recurrence
may occur in the tissue below this layer. In this connection, red light, which penetrates
deeper, has a higher potential for recurrence stimulation, as compared to blue light at the
background of light attenuation in the caramelization layer that results in a low-dose light
impact of the underlying tissue.

4. Conclusions

In this paper, we analyzed the efficiency of PDT of the tumor bed as a tool to prevent
tumor recurrence after tumor surgical removal. We compared both cold knife and laser
scalpel resection, while the choice of the topically applied chlorin-based photosensitizer
allowed us to study PDT with red or blue light, which differ significantly in penetration
depth in tissue. The initial idea for this study was to provide an additional impact to tumor
cells that could remain in tissues after tumor removal. Preliminary fluorescence microscopy
studies indicated a significant difference in the distribution of PS in tissues upon topical
application for the cold knife and laser scalpel surgery, supposedly owing to the formation
of a caramelization layer after the laser surgery. This difference is manifested by a much
deeper penetration of PS after the cold knife surgery. Preliminary analysis of the light
penetration depth at the two considered wavelengths performed using numerical Monte
Carlo simulations indicated deeper penetration of light, as compared to PS penetration
in tissues, which allowed us to assume that light could impact deep-seated tumor cells
that were not reached by PS. The results of the experiment confirmed some assumptions
regarding the effect of PDT of the tumor bed on the tumor recurrence rate; however, some
of the revealed effects are surprising. As expected, PDT provided a decrease in the tumor
recurrence rate after the cold knife surgery, and the red-light PDT provided a better effect,
as compared to the blue-light PDT, owing to the deeper penetration of red light. The
irradiation-only groups demonstrated a higher recurrence rate for both red and blue light,
additionally confirming the positive effect of PDT.

However, PDT after laser scalpel treatment demonstrated the opposite effect; in con-
trast to the absence of recurrences in the laser-surgery-only group, both the red- and
blue-light PDT after laser scalpel resection demonstrated a certain level of recurrence.
This is presumably associated with light stimulation of the remaining tumor cells in the
background of weaker penetration of PS through the caramelization layer upon topical
application. Higher recurrence rates in the irradiation-only groups after the laser scalpel
resection as compared to the corresponding PDT groups confirm the stimulating impact of
irradiation in the absence of PS. Thus, one should be careful when deciding to improve
the surgical tumor removal with post-operational PDT. It seems that a sufficient delivery
of PS to the remaining tumor cells should be the key element of this procedure. Per-
haps some additional techniques should be employed to confirm sufficient accumulation
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of PS in tissue depth; alternatively, a traditional approach of intravenous PS injection
should be considered.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines12020291/s1, Figure S1: Photographs of labora-
tory animals before tumor resection (upper row) and in the follow up (lower row). Animals with
recurrences (IRR 660 nm for laser scalpel and all examples for cold knife) were documented 3 weeks
after resection. Animals without recurrences were documented 3 months after resection (examples
for laser scalpel, except IRR 660 nm). The treatment protocols are indicated under each column
(IRR = irradiation only, PDT = PDT procedure, irradiation wavelength is shown next to the treatment
option, the irradiation dose was 150 J/cm2).
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Abstract: Research on the development of photodynamic therapy for the treatment of brain tumors
has shown promise in the treatment of this highly aggressive form of brain cancer. Analysis of both
in vivo studies and clinical studies shows that photodynamic therapy can provide significant benefits,
such as an improved median rate of survival. The use of photodynamic therapy is characterized
by relatively few side effects, which is a significant advantage compared to conventional treatment
methods such as often-used brain tumor surgery, advanced radiotherapy, and classic chemotherapy.
Continued research in this area could bring significant advances, influencing future standards of
treatment for this difficult and deadly disease.

Keywords: glioma; PDT; cancer; treatment

1. Introduction

Gliomas are internal brain tumors originating from neuroglial progenitor cells [1,2].
They are highly heterogeneous tumors that are resistant to treatment [3,4]. Gliomas account
for approximately 80% of the malignant intracranial tumors diagnosed [5–8]. Although
gliomas are relatively rare in the population, they are associated with significant mortality
with a 5-year relative survival rate of approximately 5% [9–12]. Gliomas invade and attack
brain parenchyma, white matter tracts, and perivascular spaces [13]. The glioma tumor
microenvironment (TME) consists of stromal cells, tumor components, and innate and
adaptive immune cells, and these cells, along with the extracellular matrix, regulate and
communicate intracellularly to promote TME formation. The immune microenvironment
plays an important role in the development of glioma [14]. Patients with glioma are usually
diagnosed at the symptomatic stage of the disease [15]. Although there is currently no
cure for malignant glioma, researchers around the world continue to pursue a deeper
understanding of the factors that influence glioma development and response to treat-
ment [16]. Despite advances in neurosurgical technology and techniques, the survival rate
of glioma patients has remained relatively unchanged in recent years, and thus improving
the efficacy of glioma treatment is an urgent task in medicine. The main treatments for
gliomas include surgery, radiotherapy, and chemotherapy [17–21]. Unfortunately, these

Biomedicines 2024, 12, 375. https://doi.org/10.3390/biomedicines12020375 https://www.mdpi.com/journal/biomedicines



Biomedicines 2024, 12, 375

methods are often associated with difficulties resulting from incomplete tumor resection
and recurrence [22–24]. In such situations, photodynamic therapy (PDT) is becoming
increasingly popular as an advanced therapeutic strategy, characterized by fewer side
effects, minimal toxicity, and more controlled treatment [24–26]. The first studies on the use
of PDT in high-grade gliomas showed promising results, such as increasing the median
survival and extending the 2-year survival of patients from 18% to 28% [27–31]. In the
initial phase of the development of PDT in oncology, the main goal was the complete
removal of localized tumors, but over time, the clinical application of PDT in cancer treat-
ment began to change [32–36]. Photodynamic therapy can be combined with additional
anticancer therapies used in the clinic [37–43]. Successful treatment of glioma is hampered
by many obstacles, including the immunosuppressive tumor microenvironment, the blood–
brain barrier, and high heterogeneity [44]. Therefore, overcoming sufficient drug delivery
and drug targeting to the glioma area is the key to obtaining an efficient treatment [45].
Continuing research on this innovative approach in the fight against malignant gliomas
is certainly a step in the right direction and may result in further important discoveries.
Novelty in our review refers to the unique perspective regarding the application of PDT in
clinics. Photodynamic therapy addresses some hindrances in glioma treatment, e.g., the
heterogeneous nature of treatment sites, and is in need of improvements in light delivery,
imaging methods for determining PDT efficiency, and treatment planning.

2. Methodology

Publications written in English on the topic of PDT for glioma were searched for in
PubMed and Research Gate. The keywords used for the search were: glioma; PDT; cancer;
and treatment. Our article selection was based on the following criteria: (1) recent major
achievements in this field; (2) current debates; and (3) ideas for future development of PDT
for glioma. The papers not selected for this review included (1) technical reports, (2) papers
not written in English, (3) clinical cases, and (4) PDT performed in vitro.

3. Standard Strategies for the Treatment of Gliomas

The greatest successes in the treatment of brain tumors are achieved by centers that
implement multifaceted treatments of these types of tumors with participation of specialists
in neurosurgery, radiology, pathology, radiation oncology, and neuro-oncology. There are
three established guidelines for glioma treatment: surgery, radiotherapy, chemotherapy,
and targeted therapy [46,47].

3.1. Surgery

The use of surgery in eradicating glioma faces problems of complete resection of
glioma. These current problems are associated with imaging techniques to differentiate
glioma and healthy brain tissue, resection extent, neurological function preservation, and
tumor margin evaluation [48,49].

Despite inevitable recurrences, tumor resection is still an important element in pro-
longing patients’ lives. Technological advances that enable real-time visualization and
quantification of tumorous and non-tumorous tissue are critical for brain tumor surgery [50].
Therefore, surgical planning by carefully observing the relationship between the area of
glioma invasion and the eloquent area of connecting fibers is crucial. Neurosurgeons
typically detect the eloquent area using functional MRI and identify the connecting fiber
using diffusion tensor imaging [51]. Studies suggest that more extensive surgical resec-
tion may be associated with improved life expectancy in both low-grade and high-grade
glioma patients [52,53]. Treatment strategies for patients with intracerebral glioma must
be patient-specific. Studies indicate that maximal resection is desirable in patients with
low-grade gliomas while preserving neurologic function. In patients with high-grade
gliomas, the benefits of aggressive resection are more difficult to confirm. Patients who
are relatively young and have tumors of significant mass are those who benefit most from
aggressive resection [54]. In the recent neurosurgical literature, neurological outcomes
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were most frequently reported, followed by activities of daily living, seizure outcomes,
neurocognitive outcomes, and Health-Related Quality of Life (HRQoL) outcomes following
glioma surgery [55].

3.2. Radiotherapy

The use of conventional radiotherapy (RT) is the mainstay for the treatment of glioma.
Although this methodology is advanced, it is also faced with problems. Despite the use
of radiotherapy, chemotherapy, and surgical resection, glioma retains a poor prognostic
value and no significant improvement in survival rates has been observed over the last
20 years [56].

Fractionated local irradiation is the main way to treat glioma. A standard radiation
dose of 60 Gy is administered in more than 30 fractions of 1.8–2 Gy. The therapy is targeted
at the diseased area with a 1–3 cm margin to effectively treat the infiltrating tumor [52].
Clinical RT was designed to target the majority of remaining glioma cells in healthy brain
tissue with fewer side effects [57]. It is believed that the post-irradiation microenvironment
is not suitable for the survival of cancer cells (tumor bed effect). However, resistance to
radiotherapy remains a serious problem [58]. New techniques for delivering radiotherapy
to the tumor are currently under investigation [59].

3.3. Chemotherapy

Chemotherapy is used before surgery in order to shrink the tumor prior to or after
surgery to destroy the remaining cancer cells. To destroy glioma, high doses of chemo
drugs are administered and, as a consequence, many healthy cells are also destroyed; stem
cells can be transplanted into the patient [60].

Currently, temozolomide and chloroethyl nitroureas are mainly used to treat glioma
with chemotherapy. Unfortunately, drugs administered systemically do not usually achieve
high concentrations in the central nervous system and tumor area, leading to significant
systemic side effects. Side effects of chemotherapy on the central nervous system include
acute encephalopathy, leukoencephalopathy, cerebellar dysfunction, and spinal cord toxic-
ity. Additionally, side effects may also occur in the peripheral nervous system, manifesting
as chemotherapy-induced peripheral neuropathic pain [61,62]. Temozolomide (TMZ) is a
common alkylating chemotherapeutic agent used to treat brain tumors such as glioma and
anaplastic astrocytoma [63]. Temozolomide has a small molecular mass and this alkylating
derivative directly damages brain tumor cells by methylating DNA [64]. The key cytotoxic
effect is the formation of O6-methylguanine, which causes apoptosis, autophagy, and cell
senescence [65,66]. Although TMZ therapy has shown gradual improvement in the treat-
ment of high-grade gliomas, for most patients it is mainly a palliative treatment. In fact, in
newly diagnosed glioma patients, the median survival benefit with TMZ plus radiation
therapy is only 2.5 months compared with radiation therapy alone. Recent studies also
suggest that 60–75% of glioma patients derive no benefit from TMZ treatment [67]. Most pa-
tients do not respond to TMZ during treatment. Activation of DNA repair pathways is the
main mechanism of this phenomenon, which disconnects TMZ-induced O6-methylguanine
adducts and restores genome integrity. Current knowledge in the field of oncology adds
several other new resistance mechanisms, such as the involvement of miRNAs, drug efflux
transporters, gap junction activity, the emergence of glioma stem cells, and the enhance-
ment of cell survival autophagy [68]. Chloroethyl nitroureas (CNU) are DNA alkylating
agents. In clinical practice, the most commonly used CNUs are lomustine, carmustine, and
fotemustine [69].

In patients with WHO grade 4 gliomas and astrocytomas who have relapsed, lo-
mustine chemotherapy is the standard treatment [70]. Lomustine, also known as CCNU,
is an alkylating agent from the nitrosourea family [71,72]. The most common side ef-
fects are thrombocytopenia, with neutropenia and lymphocytopenia occurring less fre-
quently [73–75]. Carmustine is used both in the initial diagnosis of glioma and in the case
of tumor recurrence, both by intravenous administration [76]. The use in clinical practice
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is lower due to particularly long-lasting bone marrow suppression and persistent lung
toxicity [77,78]. The developed biodegradable carmustine wafer may prove significant,
enabling the administration of high doses of drugs [79,80]. Fotemustine has been used
in the treatment of melanoma and is currently being tested for its effectiveness in the
treatment of recurrent malignancy glioma [81].

3.4. Targeted Treatment

Tumor targeting as a novel strategy for glioma and targeted therapy uses drugs or
other substances to identify and destroy cancer cells without damaging normal healthy cell
survival and overall survival [82].

Pathways involved in tumor growth and processes of invasion and angiogenesis
represent the main processes in glioma. The goal is to individualize treatment based on
the specific molecular abnormalities of a given tumor [52]. Most drugs that target growth
and survival pathways as monotherapies have failed to demonstrate survival benefits in
populations of glioma patients. Targeting multiple signaling pathways with multi-target
kinase inhibitors or combinations of single-target kinase inhibitors may increase treat-
ment efficacy [83]. Main targets, including p53, retinoblastoma, and epidermal growth
factor receptor gene, have been demonstrated to be ineffective. Research continues in
immunotherapy-based treatments using immune checkpoint molecules, macrophages, and
dendritic cells within the tumor microenvironment [84]. In recent years, CTLA-4 inhibitors
have shown good effects in cancer immunotherapy. Tremelimumab is a monoclonal anti-
body against CTLA4 that has demonstrated positive responses in many published clinical
trials when combined with the PD-1/PD-L1 blockade. However, in glioma, several studies
have shown that antibodies anti-CTLA-4 and PD-1 show no survival benefit when com-
pared to standard chemotherapy [85–88]. Furthermore, no obvious benefit was obtained
with neoadjuvant nivolumab in resectable glioma [89]. Similarly, a phase III trial comparing
nivolumab (anti-PD-1 blocking antibody) with bevacizumab (anti-VEGF blocking antibody)
in patients with recurrent glioma showed no benefit from nivolumab and resulted in a sim-
ilar median overall survival (mOS 9.8 vs. 10.0 months) [90,91]. Nevertheless, the paucity of
effective antigenic targets remains a significant obstacle to the safe and effective treatment
of gliomas with relatively low mutational load with immunotherapy [92]. Merely reducing
the size of the tumor is not sufficient because recurrence and rapid progression of the
tumor will ultimately kill the patient. There is a trend to incorporate immunotherapy into
multimodal treatments, including radiotherapy and chemotherapy in patients with glioma
because the effects of individual treatments may enhance each other [93]. Bevacizumab
treatment is administered intravenously and this treatment with bevacizumab appears to
not significantly improve overall survival in patients with newly diagnosed glioma [66,94].
The use of bevacizumab with irinotecan is also being investigated [95]. The most common
side effects of bevacizumab include hypertension and leukopenia [96,97]. There is no
evidence of differences in the effectiveness of chemotherapy depending on the age, sex,
histology, functional status, or extent of resection [98].

4. Photodynamic Therapy

4.1. Mechanism of Tumor Destruction Using the PDT Method

Photodynamic therapy employs photosensitizer molecules (PSs) that are selectively
introduced into cancer cells. There are two key mechanisms of action in PDT. In the first
mechanism (Type I), a photon absorbed by a photosensitizer molecule causes its excita-
tion from the singlet ground state to the singlet excited state (PS*). The photosensitizer
then inter-system crosses to the excited triplet state where it can undergo electron transfer
reactions with oxygen or biomolecules in the environment. In the second mechanism
(Type II), the photosensitizer in the excited triplet state transfers energy directly to the
oxygen molecule to produce singlet oxygen (1O2). This ROS is characterized by a short
lifetime and diffusion distance. Singlet oxygen is an electrophile and reacts rapidly with
double bonds and heteroatoms such as sulfur. These reactions oxidatively damage the
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membranes of intracellular organelles such as mitochondria, lysosomes, and the endoplas-
mic reticulum [99–101]. This can promote irreversible destruction of cancer tissue primarily
by apoptosis and/or necrosis (Figure 1). Another mechanism involves anti-vascular effects
with the activation of PSs, provoking destruction of tumor vasculature. The third mecha-
nism involves the activation of the immune response against cancer cells through acute
inflammatory processes and the release of cytokines into the tumor. The advantage of one
pathway over the other depends on the parameters used in therapy and the patient’s health
condition [102–108].

Figure 1. Mechanism of cell death after photodynamic therapy as a result of apoptosis and necrosis.

4.2. PDT in Cancer Treatment

Clinical applications of PDT in dermatology, ophthalmology, urology, gastroenterol-
ogy, gynecology, neurosurgery, and pneumology have shown encouraging results in the
treatment of human cancers [103]. It is less invasive, target-specific, and has reduced cyto-
toxicity towards normal cells and tissues, which translates into fewer side effects [109–111].
Photodynamic therapy is selective as only diseased tissues that have accumulated PSs are
irradiated. The idea of using PDT as a new treatment strategy appeared at the beginning of
the 20th century [112–114]. Photodynamic therapy is a two-step procedure. First, a drug
that absorbs light is administered to the patient. Then, after a period of time called the
drug-light interval, the target tissue is irradiated. The drug is inactive in the dark, but
upon electronic excitation, it transfers energy to molecular oxygen in the Type II process
described previously [109,115–120]. The molecular structure and chemical properties of a
PS determine the required wavelength of light, effective doses, and mechanism of action.
The selection of an appropriate PS is one of the most important factors in achieving the
intended effect [103,121]. Although the results of PDT vary depending on the type of cancer,
its properties make it efficient in therapies [122].

4.3. Photodynamic Therapy in the Treatment of Brain Gliomas

Photodynamic therapy is applied for the treatment of neurological diseases and many
types of brain tumors [123]. Photodynamic therapy has fewer side effects compared to
chemotherapy and radiotherapy on the brain. After administration, the concentration of
PSs is higher in glioma cells than in healthy tissue [31,124]. When combined with surgical
resection, PDT for the treatment of gliomas, or alternatively as a stand-alone treatment
strategy, has had some success in extending median patient survival compared to surgery
alone [125]. The immunological effects of PDT are of particular interest given recent studies
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demonstrating the importance of these processes in glioma [126,127]. However, the use
of this method in the treatment of gliomas also has some limitations. The main drawback
is the development of resistance to PDT in tumors. Several mechanisms are known to
be involved in the development of cellular defense against the cytotoxic effects of PDT,
including activation of antioxidant enzymes, drug efflux pumps, PS degradation, and
overexpression of chaperones [128].

DNA repair may aid in glioma resistance to PDT; however, this has not been further
explored to date [129]. Many biological barriers may have an influence on the results of
glioma PDT [9]. These include technical limitations of light delivery [130]. However, the
problem of delivering light to the tumor, at least in some cases, can be solved by using
implantable devices that enable light delivery during PDT, or near-infrared lasers that
allow tissue penetration of up to 3 cm [9]. The effectiveness of glioma-PDT is based on
the activation of PSs accumulated in the tumor with light. However, insufficient accu-
mulation of PSs in the tumor severely limits the success of PDT [131]. The blood–brain
barrier (BBB) is a significant limitation of PS transport to the area of postoperative resec-
tion, where brain tumor recurrence most often occurs [132,133]. In order to develop the
“ideal photosensitizer”, there is still a need for new photodynamic agents with improved
photophysical and photobiological properties [134]. Recent research has also led to the
discovery of profound genetic heterogeneity among glioma cells that includes the adap-
tation to ROS. Therefore, tumor heterogeneity and the associated difference in sensitivity
to ROS-producing therapeutic agents must be taken into account when designing PDT
protocols to predict outcomes [135]. Moreover, there are no standard guidelines for PDT
treatment protocols, and it is known that the selection of parameters affects the quality
of treatment. Further observations are needed to further assess how PDT will reduce
morbidity and mortality [136–138].

4.4. Nanoparticles for Glioma and PDT

To improve the results of brain tumor treatment, the use of nanoparticles containing
a photosensitizer may be a promising strategy [9,139,140]. They are characterized by
low cytotoxicity and excellent light absorption, which make them excellent agents for
improving multifunctionality for imaging and treatment [141,142]. Numerous studies are
currently underway to discover a nanoparticle with optimal properties for the treatment
of glioma. Comincini et al. developed nanoparticles equipped with the photosensitizer
berberine and showed that PDT using this system was responsible for an increase in
early and late apoptosis of cancer cells without detecting any cytotoxic effect on healthy
tissue [143]. Liu et al. constructed glycolipid-like micelles containing indocyanine green and
demonstrated that it has the ability to improve drug delivery to neovascular endothelial
cells and tumor cells and increase the effectiveness of phototherapy [144]. Teng et al.
created nanoparticles by combining Indocyanine-Green with Chlorin-e6 on the surface of
superparamagnetic iron oxide nanoparticles (SPIONs) and showed that they significantly
increased local control of recurrent cancer and that they could be detected by NIR imaging,
creating the potential for their use also in surgical oncology [145].

Research on upconversion nanoparticles (UCN) with covalently attached PSs has been
conducted [146–157]. Upconversion nanoparticles are nanotransducers (NT) that absorb
near-infrared light (NIR) and emit visible light (fluorescence) at wavelengths absorbed
by PSs.

4.5. Photosensitizers Used in PDT

Obtaining new photosensitizers is a promising direction of research on photodynamic
therapy (PDT) used in the diagnosis and treatment of cancer. However, for a photosensitizer
to be effectively used in PDT, it must meet many important criteria. Here are the key
conditions that such a photosensitizer should meet:

1. Selective accumulation in cancer tissue: One of the main factors influencing the
effectiveness of PDT is the ability of the photosensitizer to selectively accumulate in
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cancer cells. An effective photosensitizer should preferentially accumulate in tumor
tissue, minimizing absorption in healthy structures.

2. Availability and chemical properties: It is important that the photosensitizer is readily
available as a pure compound and its exact chemical properties, such as reactivity
and stability, should be thoroughly tested and documented. This ensures control over
the synthesis process and guarantees safety and effectiveness of use.

3. No phototoxic effect in healthy tissue: It is extremely important that the photosen-
sitizer does not cause a phototoxic effect in healthy tissue. This means that its effect
should only be controlled and activated in the presence of light in the affected area.

4. High absorption coefficient in the range of 600–800 nm: the effectiveness of PDT is
related to the absorption of light by the photosensitizer in the appropriate spectral
range, most often in the range of 600–800 nm.

5. No overlap of absorption bands with other tissue components: The absorption band of
the photosensitizer should not overlap the absorption bands of endogenous pigments
such as melanin or hemoglobin, or the absorption bands of water in the near-infrared
region. This avoids disruptions in the action of the photosensitizer.

6. Efficient production of 1O2 or radicals: the photosensitizer should have a high quan-
tum yield of 1O2.

7. Optimal pharmacokinetic properties: the photosensitizer and its photoproducts
should have appropriate pharmacokinetic properties, such as degradation, excre-
tion, and bioavailability to ensure the effectiveness of the therapy.

8. Low side effects and easy elimination from the body: the therapeutic value of a
photosensitizer is greater if it does not cause significant side effects and is easily
eliminated from the body to avoid long-term toxic effects after PDT therapy.

Figure 2 shows characteristics of an ideal photosensitizer.
Meeting these criteria is crucial for the effectiveness and safety of using photosensitiz-

ers in photodynamic therapy, especially in the context of cancer treatment [158–163]. The
historical development of photosensitizers in three subsequent generations is important in
the context of PDT, bringing hope for further increasing its effectiveness and minimizing
possible side effects.

First-generation PSs demonstrated effective PDT in the treatment of glioma [164,165]
as well as limitations in the treatment of glioma resulting from their structure. First-
generation PSs are limited not only by their low therapeutic effectiveness and low quantum
yield of singlet oxygen [165]; first-generation PSs exhibited several limiting features that
hampered their usefulness in the treatment of glioma. Therefore, it was justified to develop
second-generation photosensitizers to increase the effectiveness of photodynamic therapy
for glioma. Photosensitizers of the second generation have more efficient ROS production
and enhanced tumor selectivity with limited adverse effects [166].

The first generation of photosensitizers includes porfimer sodium and hematoporphyrin-
pioneered PDT. Although they are effective, they have limitations related to selectivity,
and side effects in healthy tissues have been significant. In response to these limitations,
second-generation photosensitizers were developed, such as derivatives of chlorin, bacteri-
ochlorins, and phthalocyanines. They are characterized by stronger absorption in the deep
red region of the spectrum, which allows for activation in deeper tissue and a more targeted
effect on cancerous areas. This significantly increased the effectiveness of PDT. However,
the greatest progress has been made in the case of third-generation photosensitizers. By
combining photosensitizers with biomolecules or encapsulating them in carriers, it has
become possible to significantly increase the selectivity of PDT towards cancer cells. These
photosensitizers can target specific molecules or structures in cancer cells to overcome
side effects [167–170]. In particular, 5-ALA has gained recognition as a beneficial photo-
sensitizer in gliomas [171–175]. As a porphyrin precursor, 5-ALA is metabolized through
the heme biosynthetic pathway to produce protoporphyrin IX (PpIX), a tumor-selective
photosensitizer [98,176,177]. The high tumor selectivity for fluorescent protoporphyrin
IX (PpIX) accumulation after systemic administration of 5-ALA enables intraoperative
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fluorescence guidance [178–181]. The advantages of 5-ALA over other photosensitizers
are compelling. Numerous studies highlight the effectiveness of 5-ALA-based PDT in the
treatment of gliomas, achieving cytotoxicity levels up to 80% in vitro and high tumor speci-
ficity [172,173,182–185]. PDT using 5-ALA has been shown to be safe at doses of 90 mg/kg
or less followed by irradiation of rat brains with light intensity of 100 J/cm2 [186].

Figure 2. Characteristics of an ideal photosensitizer.

5. Application

5.1. In Vivo Photodynamic Therapy
5.1.1. In Human

Perria and colleagues were the first to use PDT for glioma. Many neurosurgeons
began treating glioma patients with PDT [187–193]. Fluorescence-guided tumor resection
followed by PDT has been observed to prolong mean survival in patients diagnosed with
glioma [194–197]. One of the first randomized, controlled trials of PDT in the treatment
of malignant gliomas, conducted by Muller and Willson, included 43 glioma resections
followed by PDT with photophrin, as well as a control group of 34 patients who underwent
tumor resection without PDT. Median survival was 11 months in the treated group and
8 months in the control group. An increase in median survival after PDT by 38% and a
higher 6-month survival rate in the treated group were demonstrated [31,196,198]. In the
phase II study conducted by Kostron et al., after obtaining informed consent, 26 patients
diagnosed with recurrent WHO grade IV glioma were treated with PDT using the PS
Foscan (biolitec Pharma, Jena, Germany). Before treatment, all cancers were progressing
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and standard therapeutic options (irradiation, chemotherapy) had been exhausted. After
aggressive fluorescence-guided resection (macroscopically completed in 75% of cases),
intraoperative PDT was used. The median time to progression after surgery was 6 months,
the median survival was 8.5 months, and the 2-year survival rate was 15%. Compared
to matched controls, significantly improved survival outcomes were demonstrated in the
treated group [196,199].

One study assessed the effect of photodynamic therapy and a monoclonal antibody
against the vascular endothelial adhesion molecule on glioma growth in vivo. Seven days
after implantation of glioma cells, adult male rats with glioma were randomly assigned to
study groups as follows: (1st group) PDT + anti-vascular endothelial adhesion molecule
monoclonal antibody, (2nd group) PDT, (3rd group) anti-vascular endothelial adhesion
molecule monoclonal antibody, and (4th group) control. Eight days after implantation, the
photosensitizer, hematoporphyrin monomethyl ether was administered, followed by PDT.
In the following days, from day 8 to day 16, anti-vascular endothelial adhesion molecule
monoclonal antibody was administered intravenously every other day. After 21 days, five
rats were selected to be sacrificed and examined. The survival and tumor volume of the
remaining 10 rats in each group were recorded. In the 3rd group after PDT, inhibition of
tumor growth (67.2%) was noticed and prolongation of survival (89.3%) was observed.
These effects were even more pronounced in the PDT + monoclonal antibody against
vascular endothelial adhesion molecule group. It was found that PDT in combination
with a monoclonal antibody against the vascular endothelial adhesion molecule effectively
inhibits glioma growth and prolongs survival [200].

In 2013, Muragaki and colleagues conducted a study to evaluate the effectiveness
of PDT using sodium talaporfin with the use of a 664-nm semiconductor laser. These
studies were conducted in patients with primary malignant parenchymal brain tumors.
Twenty-seven people were included with recurrent glioma and received a single dose of
PDT with talaporfin sodium before surgery. After surgery, the area after resection were
irradiated with a semiconductor laser with a wavelength of 664 nm between 22 and 27 h
after PS delivery. This study was performed on 22 patients. A 12-month survival (more
than 95%), 6-month progression-free survival (91%), and 6-month local progression-free
survival (91%) were noticed. Incorporating intraoperative PDT into a combined treatment
strategy may have a positive impact on average survival, especially in patients with newly
diagnosed glioma [201].

A randomized, controlled phase III trial by the Eljamel Group evaluated fluorescence-
guided resection using 5-ALA and Photofrin in repetitive PDT where 27 patients were
recruited. There were 13 people in the study group with an average survival of 52.8 weeks
and 14 people in the control group with an average survival of 24.6 weeks. There were
no differences in complications and hospital stays between these groups. The average
time to cancer progression was 8.6 months in the study group compared to 4.8 months
in the control group. Therefore, it was shown that 5-ALA and Photofrin fluorescence-
guided resection and repeated PDT provided a significant improvement in survival without
additional risk to glioma patients [202]. A study by V. Turubanova and her team represents
a significant step in understanding the potential of PDT in the context of murine glioma and
fibrosarcoma. They used PSs such as a mixture of di-, tri-, and tetrasubstituted fractions of
aluminum phthalocyanine and photodithazine (bis-N-methylglucamine salt of chlorin e6)
in the induction of cancer cell death in response to light irradiation with a wavelength of
615 to 635 nm at a light dose of 20 J/cm2.

In Parkinson’s disease, PS accumulates mainly in the endoplasmic reticulum and the
Golgi apparatus. Parkinson’s disease PDT-induced cell death was inhibited only by zVAD-
fmk. The most interesting aspect of this study is that dying tumor cells induced by PDT
using both PS and PD emitted specific molecular signals such as calreticulin, HMGB1, and
ATP. Moreover, these cells were bone marrow-derived dendritic cells (BMDCs). Importantly,
dendritic cells matured, became activated, and began to secrete interleukin 6 (IL-6) [203].
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A study by Sheng-Li Hu and colleagues contributed to research on the therapeutic
potential of PDT in the context of the treatment of C6 glioma, which is important due to its
aggressive nature in the context of brain tumors. The aim of this study was to thoroughly
understand the effect of PDT on the homeostasis of calcium (Ca2+) and potassium (K+) ions
in C6 glioma cells and what mechanisms influence the survival of these cells.

This study identified five experimental groups of C6 glioma cells:

1. A control group that did not undergo any form of treatment or radiotherapy.
2. A group in which cells were treated with a hematoporphyrin derivative (HpD) at a

concentration of 10 mg/L but not irradiated with light.
3. PDT group in which cells were treated with HpD (10 mg/L) and irradiated with light.
4. PDT&CNQX group, in which cells were treated with HpD (10 mg/L) and the AMPA

glutamate receptor antagonist, i.e., CNQX (at a concentration of 50 mol/L), and then
subjected to PDT.

5. HpD&CNQX group in which cells were treated with HpD (10 mg/L) and CNQX
(50 mol/L) but not irradiated with light.

The research results clearly showed that PDT causes a significant inflow of calcium
ions (Ca2+) into C6 glioma cells and an outflow of potassium ions (K+), which ultimately
leads to the death of these cells. An interesting finding was that treatment with an AMPA
receptor antagonist (CNQX) before PDT partially blocked these changes in ion homeosta-
sis while increasing cell survival. These observations suggest that disturbances in the
homeostasis of calcium and potassium ions play a key role in the mechanisms of action
of PDT on C6 glioma cells. This discovery is important for further understanding the
complex mechanisms of action of PDT and its role as a potential therapeutic method in
the treatment of glioma and other brain tumors [204]. The study by Deng-Pan Wu and his
team focused on the therapeutic potential of PDT in the treatment of glioma. Intercellular
communication (GJIC) was studied, in which the Connexin (Cx)43 protein plays a key role.
Intercellular communication plays an important role in transmitting signals leading to
apoptosis, i.e., programmed cell death, which may increase the effectiveness of therapies,
including chemotherapy and gene therapy. The study results showed that Cx43-mediated
GJIC significantly increases PDT phototoxicity, both in laboratory conditions (in vitro) and
in living organisms (in vivo). This finding is significant and suggests the potential of using
GJIC to improve the effectiveness of PDT. Of particular interest is that GJIC with Cx43
significantly increases PDT phototoxicity in U87 glioma cells that express Cx43. Blocking
Cx43 expression had a negative impact on this effect. Additionally, the presence of GJIC
with Cx43 contributed to a reduction in tumor diameter and mass after PDT using the PS
Photofrin. The effectiveness of PDT with GJIC with Cx43 has been linked to the activity of
stress signaling pathways such as the generation of ROS, calcium, and lipid peroxide. These
observations suggest that the presence of GJIC, especially involving Cx43, may significantly
increase PDT phototoxicity, which is important in the context of glioma treatment. This
discovery opens prospects for further development of therapeutic strategies that aim to
increase Cx43 expression or enhance GJIC function with Cx43. This, in turn, may lead
to an increase in the sensitivity of cancer cells to PDT and improve its effectiveness as a
therapeutic method. It is also worth noting that blocking Cx43 expression or GJIC function
with Cx43 may influence the development of tumor cell resistance to PDT [205]. The aim of
the study by R. Kammerer and colleagues was to investigate changes in the transcriptome
of human glioma cells (U87, U373) after non-lethal dynamic phototherapy (PDT) both
in vitro and in vivo. The results of the study showed that after PDT, the most increased
gene expression encoded proteins related to pathways activated by cellular stress and pro-
teins involved in cell cycle arrest. This response resembled that of cancer cells to high-dose
PDT. As a result, PDT affected glioma cells by activating stress response pathways, which
led to the inhibition of their cell cycle. However, there were other important observations.
Cancer cells after immortalized PDT significantly upregulated a number of immune-related
genes, including chemokine genes (CXCL2, CXCL3, IL8/CXCL8) as well as genes encoding
interleukin-6 (IL-6) and its receptor (IL6R). These genes can stimulate inflammatory re-
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sponses. Of note, IL-6 and IL6R may also influence tumor growth. Therefore, these results
suggest that PDT may support the immune response against the tumor even if it is unable
to completely eliminate it through phototoxic mechanisms alone. However, there is also
the potential to stimulate autocrine loops that promote tumor growth, as seen in increased
expression of IL-6 and its receptor. His finding suggests that despite the beneficial effects
of PDT on the immune system, there may also be a risk of stimulation of tumor growth by
nonlethal PDT.

Therefore, the study highlights the complexity of PDT interactions with tumor cells and
the need for further research on optimal therapeutic strategies and control of inflammatory
responses in the context of PDT treatment of glioma [206]. The study by Fisher and
colleagues represents an important step in PDT research in the context of treating glioma, an
aggressive brain tumor. The aim of the study was to determine whether mild hypothermia
could influence the effectiveness of PDT by increasing the killing of glioma tumor cells while
protecting normal neuronal structures. The study consisted of in vitro studies conducted on
neuronal cells and in vivo studies conducted on rat models. The results of in vitro studies
showed that hypothermia significantly increases the survival of neuronal cells after the use
of PDT. In vivo studies in rats confirmed that hypothermia has a protective effect on neural
structures after PDT, as reflected in T2 mapping results that showed a reduction in the
volume of edema and inflammation in the brain. One of the key results was an increase in
protoporphyrin IX (PpIX) fluorescence in brain tumors after hypothermia. This, in turn, had
a beneficial effect on the survival of rats after PDT. Histological and immunohistochemical
analysis showed that hypothermia was an effective method of protecting normal brain
structures during PDT. The conclusions from this study suggest that mild hypothermia may
significantly improve the effectiveness of photodynamic therapy in the treatment of glioma.
Hypothermia may protect neural tissues and simultaneously increase the phototoxicity
of PDT, leading to the longer survival of rats after treatment. This discovery is of great
importance and opens the prospects for further research on the use of hypothermia as an
effective therapeutic strategy in the treatment of glioma [207]. Zhang’s study used cell
membranes to encapsulate indocyanine green (ICG) nanoparticles (SLNP/ICG), referred
to as SLNP/ICG@M, for targeted glioma PDT. Moreover, SLNP/ICG@M produce a large
amount of ROS under NIR irradiation. SLNP/ICG@M with NIR irradiation can activate
the mitochondrial-mediated apoptosis pathway [208]. It is known that high concentrations
of cellular glutathione (GSH) in cancer cells can reduce the ability of PDT to selectively
destroy the tumor, so it is necessary to find a way to improve the therapeutic ratio of PDT
in brain tumors. In a study by F Jiang et al., PDT using Photofrin as a photosensitizer
combined with administration of buthionine sulfoximine (BSO), an agent that depletes
glutathione levels in BSO cells, was performed in male intracerebral U87 and healthy
Fisher rats. In tumor-bearing U87 rats, in vivo treatment with the PDT-BSO combination
showed significantly greater tumor necrosis than individual treatment [209]. In the study by
Yi et al., 24 rats with subcutaneously implanted C6 rat glioma of similar size were randomly
divided into 3 groups: group 1—receiving 5-ALA-PDT, group 2—laser irradiation, and
group 3—sham procedures but no treatment. Compared with groups 2 and 3, the volume
of tumor grafts was significantly reduced (p < 0.05), MVD was significantly reduced
(p < 0.001), and cell necrosis was significantly increased in group 1. The underlying
mechanism may involve increasing cell necrosis but not inducing cellular apoptosis, which
may result from the destruction of tumor micro-vessels [210]. Clinical trials have shown
that PDT significantly increases the median survival of patients with gliomas. Experimental
studies have shown that increasing the optical energy and PS dose leads to an increase
in the volume of tumor necrosis. However, increasing the dose of light delivered to the
tumor may increase the risk of causing permanent neurological deficits. In the study by
Zheng et al., the neuroregenerative effect of atorvastatin on PDT was examined. However,
atorvastatin significantly reduced PDT-induced cell damage. To further investigate the
mechanisms underlying atorvastatin-mediated reduction in functional deficits, the effects of
atorvastatin on angiogenesis and synaptogenesis were examined. Atorvastatin was found
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to significantly induce angiogenesis and synaptogenesis in PDT-damaged brain tissue [211].
The effectiveness of PDT is known to be induced by ROS production, dependent on hypoxia.
Moreover, hypoxia activates sodium hydrogen exchanger 1 (NHE1), which is an essential
component of tumor progression and metastasis. The study by Hou et al. showed that PDT
significantly inhibited primary tumor growth. These results suggest that PDT with DHA
may increase total ROS levels to attenuate glioma invasion and migration by suppressing
NHE1 expression. The study by Kuiyuan Hou et al. showed that PDT significantly inhibited
primary tumor growth, whereas PDT in synergy with DHA also inhibited recurrent tumors
and improved overall survival by regulating the ROS-NHE1 axis. No visible side effects
were observed. These results suggest that PDT with DHA may increase total ROS levels to
attenuate GC invasion and migration by suppressing NHE1 expression [212].

In the study by Terzis et al., the effect of PDT on glioma cells (GaMg and U-251 Mg)
was checked. Directional cell migration and spheroid growth were determined for both cell
lines exposed to increasing laser output power (15–35 J/cm2) at Photosan-3 photosensitizer
concentrations of 5 and 7 micrograms/mL. This effect occurred within the first 4 days after
exposure to the drug. Spheroids from both cell lines also showed drug dose- and laser-
power-dependent growth inhibition that became apparent after a 6-day lag period. During
this period, the outer layers of the spheroid cells disintegrated. The remaining spheroid
tissue was unable to migrate and regrow under the highest laser energy (30–35 J/cm2,
5 and 7 micrograms/mL Photosan-3). However, these spheroids have demonstrated the
ability to invade when confronted with normal brain cells aggregated in vivo [213]. Table 1
presents examples of clinical studies with some PSs in glioma.

Table 1. Characteristics of selected clinical studies (with PS applied, excitation wavelength and
treatment window).

Article Photosensitizer
Excitation

Wavelength (nm)
Treatment Window

[214]

Porfimer Sodium 630 48–150 h

[215]

[216]

[217]

[218]

[219] Hematoporphyrin
derivative [HpD] 408, 510, 630 24–48 h

[218]

[220] Dihematoporphyrin ether [DHE] 395, 630 24–72 h

[221]

5-Aminolevulinic Acid 410, 510, 635 4–8 h[222]

[218]

[218] Talaporfin sodium 664 12–26 h

[223] Temoporfin
[m-THPC; m-tetrahydroxyphenylchlorin] 652 48–110 h

[218]

[224]
Boronated protoporphyrin [BOPP] 630 24 h

[218]

[214]

Benzoporphyrin derivative [BPD] 680–690 15–30 min[225]

[226]
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5.1.2. In Animal Model

The study by Han-Wen Guo and colleagues used a low fluence rate and implemented
long-term photodynamic therapy (PDT) in a mouse model of human glioma using an
organic light-emitting diode. A single dose of 5-aminolevulinic acid (ALA) was used as a
photosensitizer. Tumor volume was monitored by bioluminescence imaging and animal
survival time was recorded. It was found that in animals with comparable tumor volume
before and immediately after irradiation, the mean overall survival of mice subjected to
PDT was 40.5 ± 9.2 days, which significantly exceeded the survival time of control mice
(26.0 ± 2.0 days) [227].

Another study assessed the effects of photodynamic therapy on glioma and brain
tissue. Following clinically relevant doses of PDT, reductions in tumor volume, glioma
cell proliferative activity, and vascular endothelial growth factor expression were observed
in the tumor area and adjacent brain tissue for 7 days. Twenty athymic mice underwent
implantation of glioma cells. Fifteen mice were administered Photofrin intraperitoneally
on day 6 after tumor implantation and then subjected to laser therapy with different optical
doses (40 J/cm2, 80 J/cm2, and 120 J/cm2) after 24 h post Photofrin injection. The remaining
five tumor-bearing mice served as controls. All animals were sacrificed 14 days after tumor
implantation. It was found that the tumor volume in the group of mice receiving 80 or
120 J/cm2 was significantly smaller than in the control group. Vascular endothelial growth
factor immunoreactivity in adjacent brain tissue increased significantly in mice treated with
120 J/cm2 PDT compared to the control group, as well as in mice treated with Photofrin
and lower optical doses. No significant differences in glioma cell proliferation and vascular
endothelial growth factor expression in the tumor area were observed between groups.
These results suggest that PDT is effective in tumor shrinkage, especially with higher
light doses, and PDT-induced vascular endothelial growth factor expression in adjacent
brain tissue may be associated with tumor recurrence. Therefore, combining PDT with
antiangiogenic drugs may be an effective strategy for the treatment of glioma [228]. In order
to evaluate the effectiveness of the synthesized nanoparticles dedicated to PDT glioma,
athymic mice were bred. Glioma was induced by subcutaneous injection of U87-MG cells.
PDT was performed 15 days after implantation. CPN was administered intravenously and
intratumorally. Mice treated with a single i.t. or intravenous CPN administration showed
strong tumor growth inhibition for 10 days after PDT treatment. Tumors from the PBS
control or nonirradiated CPN groups reached more than twice their initial volume [229].

Human monocyte cells (THP-1) and mouse monocytes isolated from bone marrow
(mBMDM) were used as covert CPN carriers to penetrate glioma spheroids and an ortho-
topic tumor model. The success of PDT using this cell-mediated targeting strategy was
determined by its effect on spheroids. CPNs did not affect monocyte viability in the absence
of light and did not show nonspecific release after cell loading [230].

6. PDT Glioma Current Clinical Research

Photodynamic therapy is approved by the US Food and Drug Administration (FDA)
for the treatment of premalignant diseases and malignancies such as actinic keratosis,
Barrett’s esophagus, esophageal cancer, and non-small cell lung cancer [171]. Many of
the novel concepts and strategies for using PDT in the treatment of glioma are in the
in vitro experimental phase, still requiring extensive evidence of effectiveness studies
before clinical application [9]. A study by Vermandel et al. examined the safety and
efficacy after intraoperative treatment of glioma with photodynamic therapy (PDT) after
administration of 5-ALA acid and maximal resection in 10 patients with newly diagnosed
glioma. There were no serious adverse events, and it was shown that this strategy could
help reduce the risk of recurrence by targeting residual tumor cells in the resection cavity, as
the 12-month recurrence-free survival rate was 60% [231]. An ongoing study in Germany is
evaluating stereotactic biopsy followed by 5-ALA-based stereotactic PDT and the feasibility
of 5-ALA in stereotactic interstitial PDT in a subset of adult glioma patients [9]. The only
fluorescence-guided glioma surgery agent approved by the FDA [232] is 5-ALA.
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In Scotland, over 365 brain treatments were performed in patients using 5-ALA and
Photofrin intracavitary PDT with a balloon diffuser and a diode laser with a wavelength
of 630 nm. Of these treatment cases, 143 had no adverse effects (Figure 3). Adverse
events were reported in seven patients: three patients developed deep vein thrombosis
(DVT), two patients experienced skin photosensitivity due to lack of light protection, two
patients experienced cerebral edema after PDT, one patient experienced skin necrosis and
cerebrospinal fluid leakage, and in one patient the balloon diffuser ruptured due to poor
catheter attachment [124,170].

Figure 3. Adverse events in the Scottish center study using ALA and Photofrin intracavitary PDT
with a balloon diffuser and a 630 nm diode laser on brain tissue.

These side effects are no different from those occurring during other therapies [233,234].
Research conducted on 20 patients treated with HPD and 630 nm light revealed five ex-
pected skin photosensitivities, none of which were serious adverse events [233–235]. Only
2 of 136 patients treated with HPD-PDT in Australia (2%) reported excessive sunburn asso-
ciated with skin photosensitivity [236]. In both cases, they did not follow the recommended
instructions. The main side effect associated with treatment is short-term hypersensitivity
of the skin and retina to light after the administration of a PS [196].

7. Conclusions

Research on PDT in the treatment of gliomas is a fascinating area of medical research
that opens new perspectives in the fight against this aggressive form of brain cancer. Pre-
vious and current in vivo studies and patient clinical experiences show promising results
with PDT as an effective and increasingly popular therapeutic option in the treatment
of gliomas. The most important finding from this study is the significant improvement
in median survival for patients who received PDT as part of their treatment. Prolonged
progression-free survival has been observed in many cases, which is an important step
in the fight against this serious disease. These results suggest that PDT may provide a
valuable alternative to traditional glioma treatments such as surgery, radiotherapy, and
chemotherapy, which are often associated with significant side effects and limited effective-
ness. Additionally, research on PDT has shown that this therapy can stimulate the body’s
immune response against cancer cells. This finding is particularly promising because it
highlights the potential of PDT as a tool to induce a defense response against gliomas,
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which may further aid in tumor elimination. It is worth emphasizing that the results of
in vivo studies on animal models and clinical studies on patients unanimously suggest
the benefits of using PDT in the treatment of gliomas. This is important evidence of the
promising nature of this therapy and its potential to change the standards of treatment
for this difficult disease. Although the results of these studies are encouraging, further
research is necessary to optimize PDT parameters, including the selection of appropriate
photosensitizers, light parameters, and combination treatment strategies. Moreover, a key
challenge is to adapt PDT to the individual patient’s case, taking into account differences
in disease stage and molecular caesuras. These conclusions emphasize the importance of
continuing research on PDT as a promising therapeutic strategy for patients suffering from
gliomas. Further development of this field of medicine may bring significant benefits to
patients in the form of improved quality and length of survival, as well as influence future
standards of treatment of this difficult and fatal disease.
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Personalized Treatment of Glioblastoma: Current State and Future Perspective. Biomedicines 2023, 11, 1579. [CrossRef]

61. Raisa, N.; Marhaendraputro, E.A. the side effects of chemotherapy in glioma. Malang Neurol. J. 2019, 5, 92–97. [CrossRef]
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Abstract: Bowen’s disease represents the in situ form of cutaneous squamous cell carcinoma; al-
though it has an excellent prognosis, 3–5% of lesions progress to invasive cutaneous squamous
cell carcinoma, with a higher risk in immunocompromised patients. Treatment is therefore always
necessary, and conventional photodynamic therapy is a first-line option. The aim of this review is
to provide an overview of the clinical response, recurrence rates, safety, and cosmetic outcome of
photodynamic therapy in the treatment of Bowen’s disease, considering different protocols in terms
of photosensitizers, light source, and combination treatments. Photodynamic therapy is a valuable
option for tumors at sites where wound healing is poor/delayed, in the case of multiple and/or large
tumors, and where surgery would be difficult or invasive. Dermoscopy and reflectance confocal
microscopy can be used as valuable tools for monitoring the therapeutic response. The treatment
is generally well tolerated, with mild side effects, and is associated with a good/excellent cosmetic
outcome. Periodic follow-up after photodynamic therapy is essential because of the risk of recurrence
and progression to cSCC. As the incidence of keratinocyte tumors increases, the therapeutic space for
photodynamic therapy will further increase.

Keywords: photodynamic therapy; Bowen’s disease; squamous cell carcinoma in situ; MAL-PDT;
ALA-PDT; non-melanoma skin cancer; immunocompromised patients

1. Introduction

Bowen’s disease (BD) is the intraepidermal (in situ) form of cutaneous squamous cell
carcinoma (cSCC), first described by Bowen in 1912 [1,2]. An average annual incidence of
22.4 lesions/100,000 women and 27.8/100,000 men has been reported in the 5-year period
from 1996 to 2000 in Canada [3], and of 142 lesions/100,000 Caucasian residents from
1983–1987 in Hawai [4]. The standardized incidence ratio for in situ carcinoma of the skin
is 65 times higher in renal transplant recipients than in the general population [5]. Unlike
cSCC, BD appears to have a slight prevalence in women [6]. Risk factors for BD are Fitz-
patrick phototype I-II, age over 60 years, chronic UV exposure, and immunosuppression,
similar to invasive cSCC [7,8]. Other recognized risk factors include arsenic exposure [9,10]
and HPV infections [11].

The classical clinical presentation of BD is an erythematous, scaly, slow-growing,
well-demarcated patch or plaque, usually asymptomatic, although larger lesions may be
associated with itching (Figure 1A). The overlying scales may be white or yellow and can
be adherent or easily removed [12]. Less common variants include pigmented, subungual,
periungual, palmar, perianal, and genital cSCC in situ, the latter referred to as Erythroplasia
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of Queyrat when it involves the penis. Regarding body sites, the most common anatomical
sites for classic BD are the head and neck, followed by the limbs. The cheeks and lower
limbs are more likely to be affected in women, while the bald scalp and ears are more often
involved in men [13–15].

 

Figure 1. Clinical, dermoscopic, and confocal images of Bowen’s disease: (A) erythematous, scaly,
well-demarcated plaque; (B) glomerular vessels and scaly surface on an erythematous base (10×);
and (C) tightly coiled vessels, some with an S-shape, in the center of dermal papillae; hyper-reflective
stroma (mosaic, 8 × 8 mm).

Dermoscopy can be used as quick and non-invasive diagnostic technique for BD. The
presence of vascular structures, i.e., dotted or glomerular vessels, a scaly surface, and white
structureless areas characterize BD on dermoscopy (Figure 1B) [16–18]. In the pigmented
variant, additional dermoscopic findings include small brown globules regularly packed in
a patchy distribution, reticular pigmentation and structureless gray to brown pigmentation.
Additional non-invasive imaging tools such as reflectance confocal microscopy (RCM)
(Figure 1C), conventional optical coherence tomography (OCT), and line-field confocal
optical coherence tomography (LC-OCT) can help in the early diagnosis of keratinocyte
skin tumors [19–21].

Histologically, as a carcinoma in situ, BD shows full-thickness epidermal involve-
ment but does not extend beyond the basal membrane. It is characterized by atypical
keratinocytes, sometimes multinucleated, associated with a disordered maturation of
the epidermis, dyskeratotic cells, and mitosis at various levels. A loss of the granular
layer is usually present, with overlying parakeratosis and sometimes hyperkeratosis. An
involvement of the pilosebaceous apparatus is possible [3,22].

Keratinocyte carcinomas are well known to occur at a higher rate in immunocom-
promised patients, including organ transplant recipients (OTRs) as well as patients with
other forms of immune suppression (chronic leukemias, infections, and autoimmune
diseases). Much of the existing literature derives from studies on OTRs, which repre-
sent the majority of the immunocompromised population. The cumulative incidence
is related to geographic latitude, skin type, and immunosuppressive therapies [23]. In-
deed, the risk appears to be correlated with the level of immunosuppression in the trans-
plant (heart > kidney > liver) [24]. A multicenter US retrospective cohort study including
10,649 adults receiving a primary organ transplant in 2003 or 2008 reported that 8% devel-
oped skin cancer, yielding an incidence ratio of 1437 per 100,000 person-years, and 94% of
them were cSCC, yielding an incidence ratio of 1355 per 100,000 person-years [25]. Detailed
data are limited on BD lesions. In a large Irish population-based study in renal trans-
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plant recipients, BD lesions represented 19% of all cancer types with a 65-fold increased
standardized incidence ratio (SIR 64.6; 95% CI 53.7–75.5) [5].

The prognosis of BD is excellent, as it is usually a slow-growing lesion. However,
the overall rate of progression to invasive cSCC is 3–5%, or even up to 10% for genital
lesions [3,6,15,26], and is more common among the elderly and immunocompromised
individuals [27,28]. Clinical signs suggestive of malignant transformation are ulceration,
nodule formation, and bleeding [6].

Treatment options for BD are multiple, including surgical excision, cryotherapy, laser
ablation, curettage with cautery, radiation therapy, topical 5% 5-fluorouracil (5-FU), im-
iquimod, and conventional photodynamic therapy (PDT). Factors to consider when choos-
ing treatment include the number, site, size, and thickness of the lesions, as well as comor-
bidities, immune status, and patient’s preference [6,12,26]. Surgical excision is the first
choice for the treatment of BD; however, non-invasive treatments are recognized as accept-
able treatment options, with the opportunity to treat multiple lesions and the advantages
of better cosmetic results and lower costs.

We performed a literature review on the application of PDT in the treatment of BD
using the PubMed database, and the search terms were the following: photodynamic
therapy, PDT, MAL-PDT, ALA-PDT, Bowen’s disease, and squamous cell carcinoma in
situ. This review includes studies published through January 2024, describing clinical
response, recurrence rates, cosmetic outcome, tolerability, and the adverse effects of PDT
in the treatment of BD, considering different protocols in terms of photosensitizers, light
source, and combination treatments.

2. PDT: Mechanism of Action and Treatment Protocol

PDT consists of the activation of a photosensitizing drug by visible light. The sensitizer,
when irradiated, generates reactive oxygen species, such as singlet oxygen, the hydroxyl
radical, the superoxide anion and hydrogen peroxide, which have a direct cytotoxic effect,
and stimulate the release of immune mediators, resulting in additional pro-inflammatory
effects [29,30]. In dermatologic indications, PDT uses precursors of the heme biosynthetic
pathway, particularly 5-aminolaevulinic acid (5-ALA) or its ester, methyl aminolaevulinate
(MAL), as photosensitizers, which are converted within target cells into protoporphyrin IX
(PpIX) and activated through a light source.

Among the agents licensed for PDT in Europe, MAL (160 mg/g, Metvix®/Metvixia®,
Galderma, Paris, France) is the only one authorized for use together with red light to treat
cSCC in situ/BD. No formulation of ALA-PDT is licensed for this indication.

Current European guidelines recommend MAL-PDT for the treatment of BD with a
strength of recommendation A and quality of evidence 1 [31]. PDT is particularly indicated
for lesions at sites of poor healing, for large or multiple lesions, and in cases where surgery
would be difficult or invasive such as facial, digital, nail bed, and penile lesions. The
protocol involves two MAL-PDT sessions 7 days apart, repeated at 3 months, if necessary.
It is advisable to prepare treatment sites by the gentle removal of overlying scales and crusts
with saline-soaked gauze or a curette/scalpel. MAL is applied for 3 h under occlusion, and
the treatment sites are then illuminated with an appropriate light source. The light source
used is red light (630 nm), which has a greater ability to penetrate tissue than green or blue
light, at a dose of 37 J/cm2 [31].

3. Efficacy of PDT in Monotherapy

The first large pan European study on MAL-PDT included 225 patients with histologi-
cally confirmed BD, randomized to MAL-PDT, cryotherapy, or topical 5% 5-FU for 4 weeks.
After 3 months, lesion response rates were similar with all regimens (93% MAL-PDT, 86%
cryotherapy, 83% 5-FU). At 12 months, the estimated sustained complete response rate with
MAL-PDT was significantly higher than that with cryotherapy (80% vs. 67%, p = 0.047) and
better than that with 5-FU (80% vs. 69%, p = 0.19). Maximum lesion diameter influenced the
recurrence rate at 12 months after MAL-PDT, which was 10% in lesions up to 14 mm, 12%
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in lesions 15 to 29 mm, and 30% in lesions 30 mm or larger. However, response appeared to
be independent of lesion location [32].

Overall, the clinical response rate for MAL-PDT in the treatment of BD varies from
88–100% after one or two cycles at 3 months, with 68–89% of lesions clear over follow-up
periods of 17–50 months [32–37].

Calzavara et al. [33] investigated MAL-PDT for the treatment of BD and SCC, reporting
an overall complete response rate of 87.8% at 3 months and 70.7% at 2 years in 41 biopsy-
proven BD lesions [33]. In an observational, retrospective study, Truchuelo et al. [34]
analyzed 51 BD tumors treated with MAL-PDT. The complete remission rate was 76.1%,
and the recurrence rate was 14.3% after 1 year. A Swedish monocentric retrospective study
on 423 BD lesions treated with MAL-PDT over a 13-year period found a complete response
rate of 77.5% at the first follow-up visit (mean: 3.5 months) with a recurrence rate of 18.3%
at the later follow-up visit (mean FU duration of 11.2 months, range 0.2–151 months) and an
overall clearance rate of 63.4% [38]. The complete remission rates of small lesions (diameter
< 20 mm) and large lesions (diameter > 20 mm) were 69.1% and 48.7%, respectively. A
diameter greater than 20 mm was the main cause of treatment failure [38]. The other
potential risk factors, i.e., gender, age, anatomic site, weeks between PDT sessions, and
pain did not significantly correlate with the MAL-PDT efficacy rate.

Long-term MAL-PDT follow-up data have been reported in difficult-to-treat BD by
Cavicchini and colleagues [35]. An analysis of 43 BD lesions showed a 100% complete
response rate at 3 months and 89.4% at 50 months of follow-up. Jansen et al. [37] retro-
spectively studied 241 BD tumors treated with ALA or MAL-PDT (two sessions, one week
apart) and found that the recurrence rate of BD tumors after 1 year and 5 years of PDT was
13.4% and 22.3%. In a large Spanish retrospective analysis of 537 BD lesions treated with
MAL-PDT during the period 2006–2017, the 1-year and 5-year recurrence-free survival rates
were 87% and 71%, respectively. Tumor size > 300 mm2 (≥21 mm in diameter), location on
the upper extremities, and patient’s age <70 years were all associated with an increased
risk of recurrence [39].

Clinical, histological, and immunohistochemical variables implicated in the response
to MAL-PDT were analyzed in a retrospective study including 33 BD lesions [40]. A
response to MAL-PDT was observed in 82% of the lesions after 3 months of follow-up,
decreasing to 70% after 6 years of follow-up. The tumor size was significantly larger
in nonresponders than in responders (25 ± 8.7 mm vs. 14.9 ± 7.6 mm). No histological
variables were associated with the response to MAL-PDT. P53 immunostaining was positive
in a higher proportion of responders as compared to non-responders, while cyclin D1 and
EGFR immunostainings were more intense in non-responders. On a multivariate analysis,
p53 was the only variable that significantly correlated with response to MAL-PDT, with a
possible role in increasing PpIX levels and subsequent cell death [40].

Real-world experiences with ALA-PDT have been reported in small studies, describing
a complete response rate of 80–100% in the short-term and a relapse rate of about 0–10% at
12 months [41–43]. This efficacy rate is consistent with either one or two treatments, with
10% or 20% ALA and using the single or two-fold illumination scheme. In a long-term
follow-up study including 19 BD lesions treated with a single session of 20% ALA-PDT,
89.5% achieved complete clearance at 3 months, with 76.5% still clear at 2 years, but only
53.3% at 5 years [44].

A retrospective study including 68 BD lesions treated with 20% ALA solution and
blue light, with variable incubation time and total number of PDT treatments, reported an
initial complete response rate of 77.9% within 3 months after the completion of all PDT
treatments, which was not associated with the number of PDT treatments. On multivariate
analysis, a longer ALA incubation time, smaller tumor diameter (<2 cm), and location on
the face were all associated with increased effectiveness of PDT [45].

Inconclusive data have been published regarding the comparison between ALA and
MAL for PDT for BD. One study comparing the efficacy of ALA and MAL in 27 BD lesions
found a complete response rate of 89% with ALA and 78% with MAL at approximately
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6 months with no significant difference [46]. In a large study including 191 BD lesions,
complete response was obtained in 84.7% of the lesions after ALA-PDT and in 55.1% after
MAL-PDT (p < 0.001) at the 12-month follow-up [47].

Table 1 summarizes relevant studies investigating PDT in the treatment of BD. None
of the published studies separately analyzed the efficacy of PDT in treating BD lesions in
sun-exposed and non-sun-exposed areas in terms of clinical response, recurrence rate, and
cosmetic outcome. Figure 2 shows remission of BD after two sessions of MAL-PDT from
our real life experience.

 

Figure 2. Treatment of Bowen’s disease with MAL-PDT. (A) BD lesion on the scalp in a 76-year-old
OTR patient before and after two sessions of MAL-PDT, 1 week apart; (B) A 64-year-old female
patient with a BD tumor on the temporal region before and after MAL-PDT treatment.
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A systematic review including nine studies assessed the different therapies for BD:
PDT and 5-FU appeared effective, but due to limited evidence no clear conclusions on
comparative efficacy were made. Surgical excision was not included because of the lack of
comparative studies [36]. Later, Jansen et al. [37] retrospectively investigated the clinical
efficacy of MAL or ALA-PDT, 5% 5-FU compared with surgical excision in 841 BD tumors.
BD treated with 5-FU and PDT had a more than 2-fold increased 5-year probability of
treatment failure compared with surgical excision, whereas there was no statistically
significant difference between 5-FU and PDT. Of all treated BD, only eight tumors (seven
post PDT and one post 5-FU) progressed into an invasive SCC, 3–42 months post-treatment.
The same authors recently published a multicenter noninferiority trial comparing the
effectiveness of 5% 5-FU cream twice daily for 4 weeks, 2 sessions of MAL-PDT with 1 week
interval, and surgical excision in 250 patients with BD [53]. The proportion of patients with
sustained clearance at 12 months was 97.4% after excision, 85.7% after 5-FU, and 82.1% after
MAL-PDT. Based on the predefined noninferiority margin of 22%, 5-FU was noninferior to
excision but associated with a better cosmetic outcome. For MAL-PDT, noninferiority to
excision could not be concluded.

In a systematic review and meta-analysis including 12 randomized controlled trials
published from 1996 to 2018, a higher lesion reduction rate after the first PDT treatment
session was observed (OR = 2.86, 95%CI 1.89–4.33; p < 0.00001), with a significant difference
versus both 5-FU (OR = 3.70; 95%CI: 2.07–6.62; p < 0.00001) and cryotherapy (OR = 2.24,
95%CI: 1.24–4.04; p = 0.008) [64]. However, no significant differences emerged in recurrence
rates following treatment with PDT vs 5-FU (OR = 0.69; 95%CI 0.28–1.69) or cryotherapy
(OR 0.53; 95%CI: 0.24–1.16). A more recently published meta-analysis including eight
randomized controlled trials confirmed that PDT results in a significantly higher complete
response rate (RR = 1.36, p = 0.04), reduced recurrences (RR = 0.53, p = 0.03), and better
cosmetic outcomes (RR = 1.34, p = 0.0002) compared with other treatments, i.e., 5-FU and
cryotherapy [65].

Evidence is very limited for daylight PDT (dlPDT). Two case reports of BD treated
with dlPDT showed complete response in three BD lesions [51,66]. In a prospective study
including 24 BD lesions treated with one cycle of 2 MAL-dlPDT sessions, complete clinical
response was reported in 25% of the lesions, partial response in 57%, and no response in
16% of the lesions [52].

4. Combined Treatments

PDT has been combined with an ablative fractional resurfacing laser [55,61], CO2
laser [57], electrodessication [63], surgery [56], radiation [54], imiquimod [58], plum-
blossom needle [60], and simple shaving [62] for BD treatment.

Combination therapy with laser-assisted techniques has been consistently demon-
strated to effectively increase the penetration depth of the photosensitizer as well as increase
PDT’s therapeutic effect. A small pilot randomized study supported the promising role
of laser-assisted MAL-PDT in six BD lesions [59]. An efficacy of 80% was demonstrated
with both continuous and fractional ablative CO2-assisted MAL-PDT after 12 months.
PDT illumination was significantly less painful in the fractional-assisted MAL-PDT group.
Ko et al. [55] compared the efficacy, recurrence rate, cosmetic outcome, and safety be-
tween a single treatment with Er:YAG ablative fractional laser-assisted PDT (AFL)-PDT
and standard MAL-PDT (two treatment sessions with a 1-week interval) in 58 BD lesions.
At 12 months, Er:YAG AFL-PDT was more effective than MAL-PDT (93.8% vs. 73.1%;
p = 0.031) and the recurrence rate was significantly lower for Er:YAG AFL-PDT than MAL-
PDT (6.7% vs. 31.6%; p = 0.022). No difference was found in terms of cosmetic outcome or
safety [55]. A long-term follow-up study investigated the 5-year efficacy and recurrence
rates of AFL-MAL-PDT and conventional MAL-PDT for the treatment of BD on the lower
extremities in 84 lesions [61]. After 5 years, the overall clearance rate of AFL-MAL-PDT
was significantly better than that of MAL-PDT (84.78% vs. 44.74%, p < 0.001). The recur-
rence rate was significantly lower for AFL-MAL-PDT than for MAL-PDT (9.3% vs. 41.38%,
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p = 0.003). Independent factors for treatment failure were a diameter larger than 20 mm
and lesions previously treated.

Treatment with ALA-PDT combined with CO2 laser was compared to CO2 laser alone
in a trial including 22 BD lesions. There was no difference in the complete remission rate
(72.73% vs. 63.63%, p > 0.05); however, the recurrence rate at 6 months was significantly
higher in the CO2 laser alone than in the ALA-PDT plus CO2 laser group (9.1% vs. 45.45%,
p < 0.05) [57].

5. Non-Invasive Monitoring of Therapeutic Response

Dermoscopy can be used as a valuable follow-up tool in cases where non-surgical
therapeutic options are chosen for the management of BD [17,67,68]. An illustrative ex-
ample from our clinical experience is shown in Figure 3. Dermoscopic monitoring was
performed 3 months after treatment in 23 patients with 29 histopathologically diagnosed
BD lesions treated with MAL-PDT or imiquimod 5% cream [69]. Histopathological results
showed that the cure rate for BD was 60% (3/5) for imiquimod cream and 50% (12/24)
for MAL-PDT. After treatment, dermoscopic examination revealed the disappearance of
pre-existing vascular structures in 16 lesions and residual vascular structures in 13 lesions.
Histopathologic examination showed remnant intraepithelial neoplasias and increased vas-
cularity in the dermis in lesions with persistent dermoscopic vascular structures. However,
lesions without dermoscopic vascular structures showed normal epidermis and decreased
vascularity in the dermis in all but one. During follow-up, one lesion showed a reap-
pearance of vascular structures 9 months after treatment, which was confirmed to be a
recurrence of BD after histopathology. These results supported the indications that emerged
from a previous study by the same group [70].

Figure 3. Dermoscopic monitoring (10×) of treatment response. Bowen’s disease in an 89-year-old
patient on the retro-auricular area before (A–C) and after two sessions of MAL-PDT (B,D).

RCM was useful to monitor for residual BD as well as to detect recurrence after PDT
treatment in a case series including 10 patients with a total of 11 biopsies [71]. RCM imaging
was found to help decrease unnecessary biopsies, especially in BD lesions that developed
post-inflammatory erythema, which may make clinical and dermoscopic assessment dif-
ficult. In a case report, an in situ glans SCC was treated with two sessions of PDT using
a copper bromide laser as a light source and the efficacy of the treatment was monitored
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with RCM [72]. After two sessions of PDT, RCM showed a normal mucosa, confirming the
remission of the tumor.

6. Immunocompromised Patients

Immunocompromised BD patients appear to be significantly younger, more likely to
have multiple tumors, and are at higher risk for recurrence and progression to invasive
disease as compared to patients with normal immune function [27]. In addition, BD lesions
occur multifocally and arise in body areas protected from UV light such as the trunk or the
anogenital area.

Four BD lesions in transplant patients were treated with 1–2 sessions of ALA-PDT
resulting in a complete response at 4 weeks; however, two patients experienced recurrence
at 12 weeks [48]. One patient with two BD lesions underwent PDT with BF-200 ALA gel
and red-light. The response (defined as an over 75% clearance of the lesion) was very
good; however, incomplete resolution led to the recurrence of both lesions one year after
treatment [73]. A randomized intrapatient comparative study found MAL-PDT more
effective than 5% 5-FU in achieving a complete resolution of BD and AK lesions in eight
OTR patients [49]. At 3-month follow up, the complete response rate for PDT was 89% (95%
CI: 0.52–0.99), whilst for 5-FU it was 11% (95% CI: 0.003–0.48). At 6 months after treatment,
the efficacy remained unchanged for both treatment groups. Unfortunately, the reported
data do not allow discrimination between the response rates of BD and AK lesions.

Regarding the potential role of PDT in promoting the occurrence of SCC, a monocentric
retrospective study investigated 105 patients with BD, including 25 (24%) immunocompro-
mised patients, treated with MAL-PDT, who received a total of 151 different PDT fields.
The efficacy of MAL-PDT was not significantly different between immunocompromised
and non-immunocompromised patients. A total of 16 out of 105 patients developed SCC in
PDT areas, after a median time of 6.0 months (IQR 2.7–11.8). The risk of the occurrence of at
least one SCC in a PDT field was not significantly different between immunocompromised
and non-immunocompromised patients [50].

Overall, limited evidence is available on the use of PDT for BD as well as on the
comparison of PDT with other therapies in immunocompromised patients, making it
difficult to draw conclusions; thus, treated patients should be closely monitored.

7. Tolerability and Cosmetic Outcome

Pain and burning during illumination, which peak in the first few minutes of treatment,
are the main side effects of PDT. Expected skin phototoxicity effects are erythema, edema,
vesiculation/pustulation, crusting, and erosion/ulceration. Long-term adverse effects such
as pigmentary change, scarring or contact allergy, are uncommon. Systemic adverse events
possibly related to the treatment have been very rarely reported [74].

Morton et al. [6] reported that most treatment-related events with MAL-PDT were
considered as mild (60%) or moderate (34%), and only 6% were severe. By comparison,
12% of local events with cryotherapy were severe [6]. A higher severity of pain or burning
during treatment, and of erythema after treatment, were observed in the MAL-PDT group
compared to both excision and 5-FU (p < 0.001) [53]. When comparing MAL-PDT with
ALA-PDT, no significant differences were identified in terms of high pain score (VAS, 8–10)
(9% vs. 7%, respectively) and other frequent adverse events, such as erythema (41.9% vs.
43.6%), desquamation (37.5% vs. 32.7%), and superficial wounds (14% vs. 10.9%) [64].

In the study by Zaar et al. [38], the majority of BD lesions treated with MAL-PDT
(195/250, 78.0%) healed with no long-term adverse events observed during follow-up. The
most common adverse event was scarring, which was observed in 8.8% of the cases. Other
local skin reactions were erythema (6%), hypopigmentation (2.4%), and hyperpigmentation
(2.0%). Combinations of adverse events were seen in seven cases (2.8%).

The cosmetic outcome of MAL-PDT compares favorably with cryotherapy and 5%
5-FU in the treatment of BD lesions. At 3 months, MAL-PDT was superior to either
cryotherapy or 5% 5-FU, with a good or excellent cosmetic outcome in 94% of patients vs.
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66% for cryotherapy and 76% for 5% 5-FU, and was maintained at 12 months [6]. In addition,
investigators and patients reported good/excellent outcomes significantly more often after
MAL-PDT treatment than after excision (p < 0.001 and p = 0.006, respectively) [53].

8. Conclusions and Future Directions

PDT is a safe and effective, well-established treatment option for BD, especially in
difficult locations, large or multiple lesions, and elderly patients. Lesion response appears
to be significantly correlated with lesion size. Combination therapy with laser-assisted
techniques has been shown to further improve PDT effectiveness. The published evidence
on PDT both as monotherapy and combination therapy does not allow for adequate
comparison because the protocols are different and the results regarding complete response
and recurrence rate are variably reported. Noninvasive diagnostic techniques can help
in the early diagnosis and treatment monitoring of BD. However, scientific evidence
regarding treatment monitoring for BD is very limited, as it mainly focuses on actinic
keratosis and basal cell carcinoma. Side effects, especially pain, are common, but generally
mild, easily controlled, and self-limiting; patient information enables optimal management.
The cosmetic outcome of MAL-PDT compares favorably with cryotherapy and 5% 5-FU
with high levels of patient satisfaction. Patients with BD treated with PDT should be
monitored after treatment because of the risk of incomplete response and recurrence, as
well as progression to invasive cSCC, particularly for immunocompromised patients.

Considering the progressive aging of the general population, as well as the increase
in immunosuppressed subjects, the incidence of both BD and cSCC is steadily increasing,
constituting a growing public health problem. Future research on PDT for BD should focus
on standardizing treatment protocols, improving the use of combination treatments, and
encouraging studies of noninvasive methods in treatment monitoring, including those
more recently introduced. Finally, for better patient selection, it would be desirable to
promote large studies to identify additional predictors of clinical response and disease
progression, beyond lesion size and immunosuppressive condition.
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