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Simple Summary: Neoplasms of the cervix are the most common types of oncological pathology.
Photodynamic therapy with intravenous administration of the photosensitizer chlorin e6 shows high
efficiency in the treatment of precancerous lesions of the cervix with complete eradication of the
human papillomavirus. The treatment method can reduce deaths from cervical cancer and preserve
fertility in patients. Spectral and video fluorescence diagnostics allows intraoperatively assessing
the degree of photosensitizer accumulation and photobleaching and visualizing the boundaries of
pathologically altered tissues.

Abstract: (1) Purpose: Improving the treatment effectiveness of intraepithelial neoplasia of the
cervix associated with human papillomavirus infection, based on the application of the method of
photodynamic therapy with simultaneous laser excitation of fluorescence to clarify the boundaries
of cervical neoplasms. (2) Methods: Examination and treatment of 52 patients aged 22 to 53 years
with morphologically and cytologically confirmed mild to severe intraepithelial cervix neoplasia,
preinvasive, micro-invasive, and squamous cell cervix carcinoma. All patients were carriers of human
papillomavirus infection. The patients underwent photodynamic therapy with simultaneous laser
excitation of fluorescence. The combined use of video and spectral fluorescence diagnostics for
cervical neoplasms made it possible to control the photodynamic therapy process at all stages of
the procedure. Evaluation of the photodynamic therapy of intraepithelial cervical neoplasms was
carried out with colposcopic examination, cytological conclusion, and morphological verification of
the biopsy material after the photodynamic therapy course. The success of human papillomavirus
therapy was assessed based on the results of the polymerase chain reaction. (3) Results. The possibility
of simultaneous spectral fluorescence diagnostics and photodynamic therapy using a laser source
with a wavelength of 660 nm has been established, making it possible to assess the fluorescence
index in real-time and control the photobleaching of photosensitizers in the irradiated area. The
treatment of all 52 patients was successful after the first photodynamic therapy procedure. According
to the PCR test of the discharge from the cervical canal, the previously identified HPV types were
not observed in 48 patients. Previously identified HPV types were absent after repeated PDT in
four patients (CIN III (n = 2), CIS (n = 2)). In 80.8% of patients, regression of the lesion was noted.
(4) Conclusions. The high efficiency of photodynamic therapy with intravenous photosensitizer
administration of chlorin e6 has been demonstrated both in relation to eradication therapy of human
papillomavirus and in relation to the treatment of intraepithelial lesions of the cervix.
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1. Introduction

Currently, cervical cancer is one of the most common types of oncological pathology [1].
According to the Global Cancer Observatory International Agency for Research on Cancer,
603,863 new cases of cervical cancer were registered in 2020. The absolute number of deaths
caused by this disease was 341,680, which is 7.7% in the structure of mortality among
women due to cancer [2]. The five-year survival rate of patients with cervical cancer in 2020
varied in different countries from 37 to 77% [3,4].

The etiological factor in most cases of squamous intraepithelial lesions of the cervix
and squamous cell cervical cancer is the human papillomavirus (HPV) [3,4]. To date, more
than 200 types of HPV have been described. Representatives of the Alpha genus, which
mainly infect the mucous membranes of the anogenital tract, oral cavity, pharynx, and
larynx [5,6].

Risk factors commonly associated with cervical cancer include younger age at sexual
debut, multiple concurrent sexual partners, chronic heavy smoking, HIV infection, and
persistent high-risk HPV infection.

A distinctive feature of cervical cancer is the ability to detect a previous condition,
squamous intraepithelial damage to the cervix. At the same time, early intervention
prevents the development of invasive forms of this pathology [7–9].

Squamous intraepithelial lesion of the cervix, characterized by squamous epithelial
lesions (SIL), cervical intraepithelial neoplasia (CIN) in the form of atypical transformation
of the squamous epithelium of the cervix without invasion into the stroma, is a precancerous
condition [8–10]. Squamous intraepithelial cervical lesion is divided into the low-grade
squamous intraepithelial lesion (LSIL) and high-grade squamous intraepithelial lesion
(HSIL) [11].

The risk of developing cervical cancer in women with CIN is 20 times higher than in
healthy women [12]. The average time for progression of CIN to cervical cancer is several
years. Thus, the time interval for the diagnosis and treatment of CIN is sufficient [13,14].

Active screening among the female population for precancerous lesions and their
treatment, if detected, especially in developing countries, provides very high chances of
reducing mortality from cervical cancer and, given the prevalence of cervical pathology in
young patients of reproductive age, the possibility of maintaining fertility [11].

To date, several methods have been proposed for diagnosing squamous intraepithelial
lesions of the cervix. The main ones are extended colposcopic examination, cytological
examination of scrapings of the ecto- and endocervix, molecular biological methods that
allow identifying the HPV genotype with determining the degree of viral load, poly-
merase chain reaction (PCR), real-time PCR, and nucleic acid sequence-based amplification
(NASBA) [10–12].

Optical diffuse reflectance spectroscopy is one technique that is believed to improve
the efficiency and accuracy of screening and diagnosis of cervical lesions. When using this
method, abnormal areas of the cervical epithelium illuminated by a low-power broadband
light source provide backscatter spectra that differ from normal cervical tissues in the
visible wavelength range. Such differences in the spectra detected by the optical sensor can
be used to detect neoplastic epithelial lesions. In the optic tissue model, these parameters
are associated with characteristics such as the size and density of the scatterers, the con-
centration of total hemoglobin, and oxygen saturation. These parameters can be used as
optical markers for the assessment and classification of CIN centers. The disadvantages of
the method as a screening and diagnostic tool are the variability of optical parameters and
the lack of consistent values of threshold characteristics that can be used for diagnosis and
choice of treatment strategy [13–15].
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Fluorescence spectroscopy and visualization are based on the registration of absorption
and emission of electromagnetic oscillations of the light range by a specific substance.
Fluorescence spectroscopy for screening and diagnostics of cancer is based on the ability of
this method to determine the molecular composition of tissue [14–17].

Ablation (thermal destruction of the affected tissue) and excision methods are used to
treat CIN. Ablation methods include electro-, radio-, laser and cryodestruction. Excision
methods of treatment include loop electrosurgical excision of the transformation zone, cold
knife conization, and laser conization [18–20].

According to the methodological recommendations of the Russian Society of Spe-
cialists for the prevention and treatment of tumors of the reproductive system in young
and/or planning pregnancy patients with a morphologically confirmed diagnosis of LSIL
(coylocytosis, CIN I), expectant tactics with dynamic monitoring of the state of the cervix
for 18–24 months, cytological control once every 6 months and HPV testing once every
12 months are preferable [21].

The above treatments are invasive. They lead to structural and anatomical changes
in the cervix, which can negatively affect the reproductive capabilities of patients, the
course and outcomes of pregnancy. Phototheranostics is a promising method for the
diagnostics and treatment of cervical intraepithelial neoplasia and early invasive cervical
cancer. It is a combined use of methods of spectral and video fluorescence diagnostics
during photodynamic therapy (PDT) [19].

There are reports of the effectiveness of PDT in patients with CIN and HPV [18,20].
At the same time, the use of the method does not lead to adverse consequences for fertil-
ity [17–20]. The therapeutic effect of PDT is the formation of free radicals, such as singlet
oxygen, which causes local photooxidation, damage, and destruction of specific cells [21].
This process is accompanied by the generation of excess reactive oxygen species to destroy
tumor cells by inducing oxidative stress [19–22].

The results of studies [23,24] have demonstrated the high efficiency of PDT with
chlorin e6 (Ce6) for the treatment of cervical neoplasms. Ce6 is a promising PS with
significant diagnostic and therapeutic efficacy [25–28]. Ce6 is a second-generation PS
with high efficiency and minimal dark phototoxicity [29]. The PS has intense absorption
peaks at wavelengths of 402, 660–670 nm and intensive fluorescence in the range of 640
to 700 nm [30]. Ce6 accumulates mainly in blood cells and blood vessels. However, the
Ce6 circulating through the blood vessels can easily diffuse into the tumor tissue due
to the increased permeability and retention effect [31]. It is eliminated from the body or
metabolized within the first 48 h after administration [32].

The study aimed to increase the effectiveness of treatment of intraepithelial cervical
neoplasia associated with HPV infection, based on the phototheranostics method.

2. Materials and Methods
2.1. Patients

The study was conducted at I.M. Sechenov First Moscow State Medical University
Clinical Hospital No. 1. It included 52 patients aged 22 to 53 years with morphologically
confirmed intraepithelial neoplasia of the cervix. Each study was carried out in accordance
with the Declaration of Helsinki by the World Medical Association. All studies had been
approved by the Ethics Committee of First Sechenov State Medical University (L.L. Levshin
Institute of Cluster Oncology). All patients signed informed consent to participate in the
study. The distribution of the patients by the characteristics of lesions is shown in Table 1.

CIN I was diagnosed in 8 patients (15.4%), CIN II (19.2%) in 10, and CIN III (34.6%) in
18 women. Eight patients were diagnosed with preinvasive cervical cancer (CIS) (15.4%),
4 patients had cervical squamous cell carcinoma T1a1N0M0 (7.7%), and 4 patients had
cervical squamous cell carcinoma T1b2N0M0, T2aN0M0 (7.7%).
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Table 1. Distribution of patients according to the characteristics of the lesions of the cervix (n = 52).

Characteristics of Pathologies
Number of Patients

Abs. %

CIN I 8 15.4
CIN II 10 19.2
CIN III 18 34.6

CIS 8 15.4
Microinvasive squamous cervical cancer 4 7.7

Squamous cervical cancer 4 7.7

Intraepithelial lesions of the cervix were verified using histological and cytological
methods determined before PDT.

Before PDT, oncogenic HPV types were identified in all patients using PCR. HPV type
16 was detected in 20 patients, type 18 HPV in 16 women, type 6 in 6 patients, type 11 in
4 patients, type 35 in two patients, and type 56 in 4 patients.

The success of elimination therapy was assessed after PDT using the real-time PCR
method. The treatment effectiveness of intraepithelial lesions of the cervix was studied
based on cytological data using the liquid cytology method with Papanicolaou staining, as
well as histologically after the end of the PDT course using targeted biopsy, which made it
possible to assess the degree of therapeutic pathomorphosis. Patients with microinvasive
cervical cancer underwent one procedure followed by conization. Two patients with stage
T1b2N0M0 and T2aN0M0 squamous cell carcinoma of the cervix underwent a single PDT
before extended panhysterectomy.

Cervical biopsies were fixed in 10% pH-buffered neutral formalin, subjected to stan-
dard histological automated processing on a Leica AutoStainerXL apparatus, followed
by the preparation of paraffin blocks with tumor tissue samples and preparation of 5 µm
sections. Slides were stained with hematoxylin-eosin. By light microscopy, the degree of the
SIL was assessed following the WHO Classification of Tumors 5th edition Female Genital
Tumor classification criteria.

For immunohistochemical studies, sections with a thickness of 4–5 µm were mounted
on highly adhesive glasses, dried for 2–3 h at a temperature of 56–60 ◦C, and then for 18 h
at a temperature of 37 ◦C. Staining was performed using an automatic immunostaining
machine Ventana Benchmark XT kit (Ventana Medical Systems, Tucson, AZ, USA). An-
tibodies to p16 and Ki67 markers were used as molecular targets for HPV-positive and
HPV-negative carcinomas. The results of immunophenotyping were evaluated follow-
ing international recommendations. Expression of p16 was defined as positive if diffuse
staining with strong nuclear and cytoplasmic expression was observed in the basal and
parabasal layers of the stratified squamous epithelium of the cervix. Expression of Ki67
was defined as positive if diffuse staining with strong nuclear expression was observed
in at least 2/3 of the layer of the stratified squamous non-keratinizing epithelium of the
cervix. P16 is a surrogate marker for high-risk transcriptionally active HPV.

Before treatment the boundaries of the pathological areas of each patient were clarified
using the combined spectral and video fluorescence diagnostics.

2.2. Photosensitizer

In this study, we used commercially available photosensitizers (PS) Photolon® (“Belmed-
preparaty”, Belarus) and Photoran® (Company “DEKO”, Russia), the active component
of which is the trisodium salt of chlorin e6 (Ce6). The maximum contrast of the Ce6
accumulation in the pathological tissue is observed 3–4 h after administration [32,33].

The calculated dose of Photolon® or Photoran® 0.8–1.2 mg/kg of body weight was
dissolved in 150 mL of 0.9% sodium chloride solution. Each patient included in the study
was infused with a solution prepared ex tempore 3 h before the start of treatment. PS was
administered in a darkened room. Patients were instructed to strictly adhere to the light
regime before and after PDT to avoid exposure to direct sunlight.
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2.3. Video Fluorescence Diagnostics

For video fluorescence diagnostics, we used a two-channel fluorescent video system
UFF-630/675-01-BIOSPEC (BioSpec, Moscow, Russia), consisting of a white light source;
a laser radiation source with a wavelength of 635 nm; Y-shaped fiber cable for delivery
of light to the surface of biological tissue; a universal device for recording backscattered
and fluorescent radiation, equipped with a black-and-white digital charge-coupled device
(CCD) camera and a digital color navigation camera; an endoscope (Figure 1).
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Figure 1. Scheme of video fluorescence diagnostics of areas of pathologically altered tissue.

A dichroic beam splitter is built into the universal device. Both radiation beams pass
through optical filters. The color camera receives light after passing through a 625 nm
short-pass filter, which transmits visible wavelengths up to 625 nm. The black-and-white
camera receives radiation after passing through a 650 nm long-pass filter, which transmits
wavelengths above 650 nm to pass through.

The two-channel video system allows receiving images in three modes: color, black-
and-white (fluorescent), and combined. In the combined mode of the video system, the
software turns on the synchronization of cameras and displays a color image in real-time.
The fluorescent image is superimposed on top of the color image. Fluorescence is displayed
in green, which allows visually determining the boundaries of the neoplasm.

In video fluorescence diagnostics, the degree of Ce6 accumulation in the mucous mem-
branes of the cervix was quantified by the fluorescence index measured in the investigated
zones 1–5, indicated in Figure 2.
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Before the diagnostics of each patient, the fluorescence index was normalized. The
areas with the lowest fluorescent signal (normal cervical mucosa) were assigned a fluo-
rescence index value of 10 rel. units. Video fluorescence diagnostics allow identifying
areas of the highest PS accumulation, which is typical for pathologically altered tissues
(fluorescence index > 10 rel. units).

2.4. Spectral Fluorescence Diagnostics and Photodynamic Therapy

For spectral fluorescence diagnostics, a fiber spectrometer LESA-01-BIOSPEC (BioSpec,
Moscow, Russia) was used with excitation of PS fluorescence by a semiconductor laser
LFT-02-BIOSPEC (BioSpec, Moscow, Russia) (λ = 660 nm). Fluorescence diagnostics was
performed using a Y-shaped optical fiber equipped with two SMA-905 optical connectors
(Figure 3).
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Figure 3. Scheme of spectral fluorescence diagnostics of areas of pathologically altered tissue.

Fluorescence spectra of normal and pathologically altered cervical tissue were recorded.
Registration was carried out before and after PDT using a laser with a wavelength of 660 nm.
In each case, the fluorescence index was calculated [34].

A laser with a wavelength of 660 nm is most convenient for simultaneous photodi-
agnostics (PD) and PDT. The advantage of this laser is the high power of the generated
laser radiation (P = 2 W). PD and PDT using a laser source with a wavelength of 660 nm
were carried out using a double Y-shaped optical fiber developed for this study. Thus,
the PS photobleaching in the irradiated tissue during PDT was monitored in real-time by
changing the fluorescence intensity.

Phototheranostics was carried out in 4 stages:

1. intravenous PS administered into the patient’s body;
2. conducting video fluorescence diagnostics;
3. carrying out spectral fluorescence diagnostics;
4. irradiation of pathological tissue accumulated PS with the light of the appropriate

wavelength, PDT process.

Doses of light energy during PDT of the cervical mucosa were 100–250 J/cm2. The
average power density for exposure to cervical tissue was 0.29 W/cm2, for the cervical
canal is 0.25 W/cm2. An optical fiber with a cylindrical diffuser was used to irradiate the
cervical canal. If the patient experienced pain during PDT, analgesics were used.

During spectral and video fluorescence diagnostics, the investigated areas were peri-
odically washed from blood or blood secretions.
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3. Results

All patients included in the study tolerated intravenous Ce6 well. Mild skin phototox-
icity was observed within 24 h after PS administration in 6 patients. Images of the cervical
tissue before and after PDT were obtained in all patients. Figure 4 shows images of the
cervical tissue of patients with CIN III associated with HPV 6 and 16.
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Figure 4. Images of cervical tissue from a patient with CIN III associated with HPV 6 and 16. (1) Before
PDT. (2) After PDT. (a) Black-and-white mode. (b) Color mode. (c) Combined mode (in the upper left
corner of the image is the fluorescence index in rel. units).

Before PDT, the fluorescence index of the pathologically altered tissue was 26 rel.
units. After PDT, the fluorescence index decreased to 08 rel. units, which indicated
a decrease in the fluorescence intensity of pathologically altered tissue after PDT due
to PS photobleaching to values that correspond to the characteristics of normal tissue
(fluorescence index ≤10 rel. units).

Figure 5 shows the results of spectral fluorescence diagnostics of cervical tissues of a
patient with CIN III before and after PDT in the investigated zones 1–4 using a laser with a
wavelength of 660 nm.
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The fluorescence intensity in zones 1–3 after PS administration increased by almost
30%. The intensity in Zone 4 increased by 65% relative to normal tissue. A significant
increase in fluorescence intensity in one of the investigated zones may indicate the presence
of a higher degree of damage, in which the ability of the tissue to accumulate PS in high
concentrations increases.

The fluorescence intensity decreased in all investigated zones of the cervix by 60%
after PDT due to PS photobleaching. In the tissues of the cervix, the penetration depth
of laser radiation for wavelengths of 675 and 780 nm is 2.40 ± 0.22 and 2.61 ± 0.25 mm,
respectively [35]. The use of a single source of laser radiation for PD and PDT underlies the
method of phototheranostics.

Figure 6 shows the fluorescence indices of the healthy and pathological tissue of the
patient cervix with CIN III before and after PDT in the investigated zones 1–5.
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In the investigated zones 1–3 and 5, the fluorescence index after PS administration
increased by about 30%. In Zone 4 the fluorescence index increased by 66% relative to
healthy tissue.

After PDT, the fluorescence index decreased under the influence of therapeutic radia-
tion by an average of 60% relative to the results before PDT in the investigated zones 1–4.
The fluorescence index in Zone 5 increased by 20% after PDT before the cervix washing out
from the PS relative to the values before PDT. However, after the cervix washing out with
0.9% aqueous sodium chloride solution and repeated spectral fluorescence diagnostics, Ce6
photobleaching of 14% was reliably detected (Figure 6). During spectral and video fluo-
rescence diagnostics, the cervical canal was periodically washed out from blood or blood
secretions due to the high content of Ce6 in the secretions. The secretions, an additional
absorber, can significantly reduce the depth of the photodynamic effect and worsen the
results of the reliability of fluorescence diagnostics, which can lead to insufficient light
exposure of sensitized tissues of the cervix or cervical canal, can cause a relapse of the
disease.

Edema and hyperemia were observed in the irradiated areas of the pathologically
altered tissue (Figure 7).
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Figure 7. Cervix of the patient with CIN. (a) Before PDT. (b) Immediately after the end of PDT.

Necrotic formations in the investigated zones of the cervix were detected 2–3 days
after PDT. Chin W.W. et al. (2006), based on the analysis of the results of colposcopy and
fluorescent images, revealed a correlation between the necrotic formation in the irradiated
area of the pathologically altered tissue and PS photobleaching observed immediately after
PDT [24].

In most cases, the fluorescence index of pathological tissue after PDT decreased by
two or more times compared to 10 rel. un., which is a sign of the high efficiency of the
treatment method.

PDT effectiveness of CIN was assessed based on colposcopy, the cytological conclusion
of the Papanicolaou test, the liquid cytology, and morphological verification of the biopsy
material after the end of the PDT.

Successful treatment and complete regression of the pathologically altered tissues
were noted in all patients with CIN I, CIN II, CIN III, and CIS. It was confirmed by the
results of cytological and histological studies three months after PDT.

The distribution of patients depending on the number of PDT procedures, which made
it possible to achieve a clinical effect, is shown in Table 2. According to the PCR test of the
discharge from the cervical canal, the previously identified HPV types were not observed in
48 patients. Previously identified HPV types were absent after repeated PDT in 4 patients
(CIN III (n = 2), CIS (n = 2)). The absolute majority (80.8%) of women showed regression of
the lesion after one PDT.
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Table 2. Distribution of patients by the number of PDT procedures (n = 52).

NPLR *
NP **

Abs. %

1 42 80.8
2 10 19.2

* NPRL—the number of procedures after which there was lesion regression; ** NP—number of patients.

The distribution of patients with different characteristics of cervical lesions, depending
on the number of PDT procedures, which made it possible to achieve a clinical effect, is
shown in Table 3.

Table 3. Distribution of patients by characteristics of cervical lesions (n = 52).

Characteristics of Pathologies
NP1 * NP2 **

Abs. % Abs. %

CIN I (n = 8) 8 100.0 - -
CIN II (n = 10) 10 100.0 - -
CIN III (n = 18) 12 66.7 6 33.3

CIS (n = 8) 4 50.0 4 50.0
Microinvasive squamous cervical cancer (n = 4) 4 100.0 - -

Squamous cervical cancer (n = 4) 4 100.0 - -
* NP1—the number of patients for whom the effect was observed after one PDT procedure; ** NP2—the number
of patients for whom the effect was observed after two PDT procedures.

All patients with CIN I (n = 8) and CIN II (n = 10) required one PDT procedure to
achieve a complete response. In 12 of 18 (66.7%) patients with CIN III after the first PDT
procedure, the conclusion of the cytological and histological examination corresponded
to the norm (NILM). In the remaining 6 patients (33.3%) with CIN III after the first PDT
procedure, the conclusion of the cytological study corresponded to mild dysplasia (CIN I).
These patients underwent the second PDT procedure. Morphological verification of the
diagnosis after the repeated PDT procedure in these patients indicated the absence of
pathologically altered tissues, which corresponds to the complete regression of the disease.

In 4 of 8 (50%) patients with CIS, complete disease regression was noted after a single
PDT procedure. In 4 patients, after the first PDT, CIS regressed to LSIL/CIN I, and a
complete response was obtained after the second PDT.

In 4 patients (100%) with microinvasive squamous cervical cancer T1a1N0M0 after
a single PDT, conization of the cervix was performed. After the histological study, the
changes corresponded to the mild squamous intraepithelial lesion of the cervix, which,
in combination with conization of the cervix, corresponded to a complete response to
treatment.

A single PDT before extended panhysterectomy was performed in 4 patients with
squamous cell cervical cancer T1b2N0M0 and T2aN0M0. In the histological report of the
postoperative material, 2 patients with stage T1b2N0M0 showed moderate dysplasia of the
cervix, and 2 patients (50.0%) with stage T2aN0M0 showed therapeutic pathomorphosis of
a grade 2 tumor according to the scale of assessment of therapeutic tumor pathomorphism
according to G.A. Lavnikova [35].

According to the data of extended colposcopy with 3.5% solution of acetic acid per-
formed before PDT, abnormal signs were observed in 2 patients with CIN II, 18 patients
with CIN III, and 4 patients with CIS. In 3 women with invasive cervical cancer, grade
II was determined in the form of dense acetone epithelium, rough mosaic, and rough
puncture; in 4 patients with preinvasive cervical cancer and 2 patients with invasive cancer,
a ridge symptom was determined.

In 3 patients with invasive cervical cancer, colposcopic signs of invasion with atypical
vessels against the background of a rough mosaic were revealed. In 8 patients with CIN I
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and 8 women with CIN I-II, mild signs of damage to the cervix in the form of a delicate
mosaic, puncture, and thin aceto-white epithelium were noted.

The results of colposcopy carried out after the first PDT showed the colposcopic
picture was normal in all patients. There was no aceto-white epithelium when tested with
3.5% acetic acid solution. Iodine negative zones were not detected in Schiller’s test.

Figure 8 shows the results of histological examination of cervical biopsies of a patient
with high-grade squamous intraepithelial lesion before PDT (a) and 1 month after PDT (d).
Therapeutic pathomorphosis of the lesion, which was qualified as a complete response to
the therapy, due to the absence of the morphological picture of CIN, was identified. The
figure shows samples of immunohistochemical staining for the Ki67 marker, respectively,
before (b) and after PDT (e). The figure demonstrates p16 immunohistochemical staining
samples before (c) and after PDT (f). After treatment, a significant decrease in the color
intensity is observed, which indicates a significant decrease in the expression of markers
Ki67 and p16 in the epithelium of the cervix.
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The results obtained indicate the high efficiency of PDT with intravenous Ce6 admin-
istration for the treatment of intraepithelial lesions of the cervix with a selective effect on
pathologically altered tissue.

4. Discussion

Early diagnostics and treatment of precancerous cervical diseases is the most effective
measure for the prevention of cervical cancer. PDT is an alternative organ-preserving
therapeutic approach to the treatment of CIN and CIS [1,7]. Phototheranostics combine
diagnostics and therapy in one procedure. Our data are consistent with the results of
studies by other researchers.

The possibility of treatment of CIN and CIS using PDT methods has been demonstrated
in several studies. Thus, 24 patients with CIN underwent PDT using a 1% solution of the
PS Photofrin, of which 13 had signs of CIN I, 7 had CIN II, and 4 had CIN III. The study
used different doses of light with a power range of 100–140 J/cm2. Successful treatment
and complete regression of neoplastic lesions were achieved in 15 (68%) patients [36]. Other
authors report that after PDT CIN II, III, and CIS using Photofrin, complete remission was



Cancers 2022, 14, 211 12 of 15

observed in 20 out of 22 cases (91%) at an energy density of 240 J/cm2. In this case, the
cervix and cervical canal was exposed to laser irradiation [37].

It has been shown that the use of Ce6 in PDT promotes deeper necrosis since the
absorption wavelength of radiation when using this approach is in the “biological trans-
parency window” from 650 to 950 nm. It has been demonstrated that the action mechanism
of Ce6 depends on the PS accumulation in the vasculature, not in tumor tissue. Its effective-
ness is mainly explained by the destruction of the vascular system of neoplasms with PDT.
Ce6 has an intense absorption band between 640 and 680 nm with a maximum at about
660 nm and intensive fluorescence in the range of 640 to 700 nm [37].

The results of the relatively low PDT efficiency with 5-aminolevulinic acid (5-ALA)
in the CIN treatment are presented in several reports [17,38–41]. A randomized clini-
cal trial compared the efficacy of topical application of 3% 5-ALA gel (13 patients) and
placebo (13 patients) during CIN therapy. As a result, there were no statistically significant
intergroup differences in treatment outcomes [17].

Barnett A. A. et al. (2003) showed that 5-ALA-induced PDT with argon laser in
7 women with high CIN was not efficient [40].

The low efficiency of PDT for CIN, reported by some researchers, may be associated
with insufficient processing of the cervical canal because the topical PS application was
used in the presented works.

The best results were achieved with intravenous 5-ALA in the treatment of CIN.
A group of researchers reported the PDT effectiveness in 31 patients with CIN II and CIN
III [41]. In 100% of cases, complete regression of CIN was revealed 12 months after the
end of treatment. It also reported the successful treatment of 105 women with CIN I and
CIN III using PDT with intravenously administered Photofrin II. In 94 of 105 (90%) women,
complete regression of CIN was observed 3 months after laser irradiation of the vagina and
cervical canal with PDT [42].

The results of our study demonstrated the high PDT efficiency with Ce6 in patients
with CIN I, II, III, and CIS. In one of the works, the authors reported on the high efficiency
of PDT with Ce6 for CIN I and CIN II at doses of light energy of 100–200 J/cm2. The study
included 112 patients with CIN I and CIN II. In 104 (92.8%) women, complete regression of
CIN was detected. Complete eradication of HPV infection was confirmed by PCR test in 47
(53.4%) of 88 patients infected with HPV 16, 18, 31, 33 3 months after PDT [43].

Thus, the high action selectivity on the affected cervical tissues, a low risk of develop-
ing adverse reactions and complications, a short period of systemic photosensitivity, and
high therapeutic efficacy distinguish PDT with Ce6 from traditional methods of CIN I, II,
III, and CIS treatment, which are accompanied by local destruction of the injured tissues.
PDT with Ce6 is an efficient, relatively safe, and minimally invasive method for the CIN
and CIS treatment that allows achieving HPV infection eradication.

5. Conclusions

The phototheranostics method is a promising effective and safe therapeutic and
diagnostic approach for precancerous cervix neoplasm. The results indicate that Ce6
is characterized by high photodynamic activity. Video fluorescence diagnostics allows the
most accurate identification of the boundaries of the pathologically cervix tissue. Parallel
application of spectral-fluorescent diagnostics makes it possible to estimate Ce6 distribution
in the investigated tissues.

The study demonstrated the possibility of simultaneous spectral fluorescence diagnos-
tics and PDT using a laser source with a wavelength of 660 nm, which made it possible
to assess the fluorescence index in real-time and control the PS photobleaching in the
irradiated area. The combined use of video and spectral fluorescence diagnostic methods
for detecting neoplasms of the cervix allows controlling the PDT process at all stages of the
procedure. The results show that phototheranostics is an effective and minimally invasive
method for treatment cervix neoplasm, which contributes to the elimination of HPV infec-
tion. The clinical effectiveness of the presented method is demonstrated by a significant
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improvement in the colposcopic picture. In patients with histologically confirmed neoplasia
and cervical cancer after PDT, abnormal signs of lesion and invasion were not determined.

Thus, PDT contributes to the successful treatment of cervical tissue pathologies. The
effectiveness of the method is ensured by the selectivity of the effect on pathologically
altered tissues. PDT does not result in damage to normal surrounding tissues, rough
scarring, and stenosis of the cervical canal. Thus, the method allows preserving anatomical
and functional characteristics of the cervix. It is a significant criterion for the preservation
of fertility in patients, which confirms the advantage of PDT for the intraepithelial cervical
neoplasia compared with alternative methods of treatment, such as ablative, excisional,
and conization of the cervix.

Author Contributions: Conceptualization, A.G.; data curation, P.A. and K.E.; investigation, A.G.,
A.I., A.S., P.A., and K.E.; methodology, A.I. and R.K.; project administration, V.L. and I.R.; resources,
M.L.; software, M.L.; supervision, V.L. and I.R.; validation, A.S.; visualization, P.A. and K.E.; writing—
original draft, A.G. All authors have read and agreed to the published version of the manuscript.

Funding: The research was funded by the Ministry of Education and Science of the Russian Federa-
tion, a grant for the creation and development of world-class research centers No. 075-15-2020-912—
“Photonics Center”.

Institutional Review Board Statement: The study was approved by the Ethics Committee of First
Sechenov State Medical University (L.L. Levshin Institute of Cluster Oncology), the Ministry of
Health of the Russian Federation (ethical commission approval protocol No. 13–20, 15 September
2020), and the institutional review board.

Informed Consent Statement: All registered patients completed the informed consent form.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

References
1. Cohen, P.A.; Jhingran, A.; Oaknin, A.; Denny, L. Cervical cancer. Lancet J. 2019, 393, 169–182. [CrossRef]
2. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
3. Cancer Today, International Agency for Research on Cancer. World Health Organization. Available online: http://gco.iarc.fr/

(accessed on 24 October 2021).
4. Cancer Tomorrow, International Agency for Research on Cancer. World Health Organization. Available online: https://gco.iarc.

fr/tomorrow/en (accessed on 12 November 2021).
5. D’arc, M.; Moreira, F.R.R.; Dias, C.A.; Souza, A.R.; Seuánez, H.N.; Soares, M.A.; Tavares, M.C.H.; Santos, A.F.A. The characteriza-

tion of two novel neotropical primate papillomaviruses supports the ancient within-species diversity model. Virus Evol. 2020, 6,
veaa036. [CrossRef]

6. Peng, L.; Yin, L.; Dai, Y.; Peng, Y.; Xu, Y.; Hu, H.; Qiao, J. Human papillomavirus infection and follow-up on positive results in
7222 female samples obtained from 2016 to 2019 in Hefei, China. Peer J. 2020, 8, e10179. [CrossRef] [PubMed]

7. Balasubramaniam, S.D.; Balakrishnan, V.; Oon, C.E.; Kaur, G. Key Molecular Events in Cervical Cancer Development. Medicina
2019, 55, 384. [CrossRef] [PubMed]

8. Loopik, D.L.; IntHout, J.; Melchers, W.J.G.; Massuger, L.F.A.G.; Bekkers, R.L.M.; Siebers, A.G. Oral contraceptive and intrauterine
device use and the risk of cervical intraepithelial neoplasia grade III or worse: A population-based study. Eur. J. Cancer 2020, 124,
102–109. [CrossRef] [PubMed]

9. Available online: https://www.cancer.gov/about-cancer/causes-prevention/risk/infectious-agents/hpv-and-cancer (accessed
on 15 November 2021).

10. Dudea-Simon, M.; Dudea, S.M.; Ciortea, R.; Malutan, A.; Mihu, D. Elastography of the uterine cervix in gynecology: Normal
appearance, cervical intraepithelial neoplasia and cancer. A systematic review. Med. Ultrason. 2021, 23, 74–82. [CrossRef]
[PubMed]

11. Kato, M.; Onoyama, I.; Kawakami, M.; Yoshida, S.; Kawamura, K.; Kodama, K.; Hori, E.; Cui, L.; Matsumura, Y.; Yagi, H.; et al.
Downregulation of 5-hydroxymethylcytosine is associated with the progression of cervical intraepithelial neoplasia. PLoS ONE
2020, 15, e0241482. [CrossRef] [PubMed]

12. Ndifon, C.O.; Al-Eyd, G. Atypical Squamous Cells of Undetermined Significance; StatPearls Publishing: Treasure Island, FL, USA,
2021.

http://doi.org/10.1016/S0140-6736(18)32470-X
http://doi.org/10.3322/caac.21660
http://gco.iarc.fr/
https://gco.iarc.fr/tomorrow/en
https://gco.iarc.fr/tomorrow/en
http://doi.org/10.1093/ve/veaa036
http://doi.org/10.7717/peerj.10179
http://www.ncbi.nlm.nih.gov/pubmed/33150081
http://doi.org/10.3390/medicina55070384
http://www.ncbi.nlm.nih.gov/pubmed/31319555
http://doi.org/10.1016/j.ejca.2019.10.009
http://www.ncbi.nlm.nih.gov/pubmed/31760309
https://www.cancer.gov/about-cancer/causes-prevention/risk/infectious-agents/hpv-and-cancer
http://doi.org/10.11152/mu-2646
http://www.ncbi.nlm.nih.gov/pubmed/32905569
http://doi.org/10.1371/journal.pone.0241482
http://www.ncbi.nlm.nih.gov/pubmed/33141854


Cancers 2022, 14, 211 14 of 15

13. Nayar, R.; Wilbur, D.C. The Bethesda System for Reporting Cervical Cytology: A Historical Perspective. Acta Cytol. 2017, 61,
359–372. [CrossRef]

14. Mello, V.; Sundstrom, R.K. Cervical Intraepithelial Neoplasia; StatPearls Publishing: Treasure Island, FL, USA, 2020.
15. Novikova, T. Optical techniques for cervical neoplasia detection. Beilstein J. Nanotechnol. 2017, 8, 1844–1862. [CrossRef]
16. Kyrgiou, M.; Athanasiou, A.; Kalliala, I.E.J.; Paraskevaidi, M.; Mitra, A.; Martin-Hirsch, P.P.; Arbyn, M.; Bennett, P.; Paraskevaidis,

E. Obstetric outcomes after conservative treatment for cervical intraepithelial lesions and early invasive disease. Cochrane Database
Syst. Rev. 2017, 11, CD012847. [CrossRef] [PubMed]

17. Park, Y.-K.; Park, C.-H. Clinical efficacy of photodynamic therapy. Obstet. Gynecol. Sci. 2016, 59, 479–488. [CrossRef]
18. Zhang, W.; Zhang, A.; Sun, W.; Yue, Y.; Li, H. Efficacy and safety of photodynamic therapy for cervical intraepithelial neoplasia

and human papillomavirus infection: A systematic review and meta-analysis of randomized clinical trials. Medicine 2018, 97,
e10864. [CrossRef]

19. Shramova, E.I.; Kotlyar, A.B.; Lebedenko, E.N.; Deyev, S.M.; Proshkina, G.M. Near-Infrared Activated Cyanine Dyes As Agents
for Photothermal Therapy and Diagnosis of Tumors. Acta Nat. 2020, 12, 102–113. [CrossRef]

20. Soergel, P.; Dahl, G.F.; Onsrud, M.; Hillemanns, P. Photodynamic therapy of cervical intraepithelial neoplasia 1–3 and human
papilloma virus (HPV) infection with methylaminolevulinate and hexaminolevulinate—A double-blind, dose-finding study.
Lasers Surg. Med. 2012, 44, 468–474. [CrossRef]

21. Shiryaev, A.; Alekseeva, P.; Efendiev, K.; Yakovlev, D.; Moskalev, A.; Kozlikina, E.; Kharnas, P.; Reshetov, I.; Levkin, V.; Loshchenov,
V. Investigated spectral-fluorescent properties of endogenous porphyrins of the wild boar hepatobiliary system optimize the
diagnostics and treatment of cholangiocarcinoma with FD and PDT. Opt. Eng. 2020, 59, 061615. [CrossRef]

22. Methodical Recommendations for the Prevention of Cervical Cancer; All-Russian Public Organization “Russian Society of Specialists in
the Prevention and Treatment of Tumors of the Reproductive System”: Moscow, Russia, 2018.

23. Istomin, Y.P.; Kaplan, M.A.; Shliakhtsin, S.V.; Lapzevich, T.P.; Cerkovsky, D.A.; Marchanka, L.; Fedulov, A.; Trukhachova, T.V.
Immediate and Long-Term Efficacy and Safety of Photodynamic Therapy with PHOTOLON (Fotolon): A Seven-Year Clinical Experience;
Photodynamic Therapy: Back to the Future; International Society for Optics and Photonics: Seattle, WA, USA, 2009; Volume 7380.

24. Istomin, Y.P.; Lapzevich, T.P.; Chalau, V.N.; Shliakhtsin, S.V.; Trukhachova, T.V. Photodynamic therapy of cervical intraepithelial
neoplasia grades II and III with Photolon®. Photodiagnosis Photodyn. Ther. 2010, 7, 144–151. [CrossRef] [PubMed]

25. Chin, W.W.L.; Lau, W.K.O.; Bhuvaneswari, R.; Heng, P.W.S.; Olivo, M. Chlorin e6-polyvinylpyrrolidone as a fluorescent marker
for fluorescence diagnosis of human bladder cancer implanted on the chick chorioallantoic membrane model. Cancer Lett. 2007,
245, 127–133. [CrossRef]

26. Farrakhova, D.; Shiryaev, A.; Yakovlev, D.; Efendiev, K.; Maklygina, Y.; Borodkin, A.; Loschenov, M.; Bezdetnaya, L.; Ryabova, A.;
Amirkhanova, L.; et al. Trials of a fluorescent endoscopic video system for diagnosis and treatment of the head and neck cancer. J.
Clin. Med. 2019, 8, 2229. [CrossRef] [PubMed]

27. Soyama, T.; Sakuragi, A.; Oishi, D.; Kimura, Y.; Aoki, H.; Nomoto, A.; Yano, S.; Nishie, H.; Kataoka, H.; Aoyama, M. Photodynamic
therapy exploiting the anti-tumor activity of mannose-conjugated chlorin e6 reduced M2-like tumor-associated macrophages.
Transl. Oncol. 2021, 14, 101005. [CrossRef]

28. Kawasaki, R.; Ohdake, R.; Yamana, K.; Eto, T.; Sugikawa, K.; Ikeda, A. Photodynamic therapy using self-assembled nanogels
comprising chlorin e6-bearing pullulan. J. Mater. Chem. B 2021, 9, 6357–6363. [CrossRef]

29. Wang, Y.-Y.; Ryu, A.-R.; Jin, S.; Jeon, Y.-M.; Lee, M.-Y. Chlorin e6-mediated photodynamic therapy suppresses P. acnes-induced
inflammatory response via NFκB and MAPKs signaling pathway. PLoS ONE 2017, 12, e0170599. [CrossRef]

30. Kostryukova, L.V.; Prozorovskiy, V.N.; Medvedeva, N.V.; Ipatova, O.M. Comparison of a new nanoform of the photosensitizer
chlorin e6, based on plant phospholipids, with its free form. FEBS Open Biol. 2018, 8, 201–210. [CrossRef] [PubMed]

31. Sirotkina, M.A.; Matveev, L.A.; Shirmanova, M.V.; Zaitsev, V.Y.; Buyanova, N.L.; Elagin, V.V.; Gelikonov, G.V.; Kuznetsov, S.S.;
Kiseleva, E.B.; Moiseev, A.A.; et al. Photodynamic therapy monitoring with optical coherence angiography. Sci. Rep. 2017, 7, 1–11.
[CrossRef]

32. Shirmanova, M.V.; Gavrina, A.I.; Aksenova, N.A.; Glagolev, N.N.; Solovieva, A.B.; Shakhov, B.E.; Zagaynova, E.V. Comparative
study of tissue distribution of chlorin e6 complexes with amphiphilic polymers in mice with cervical carcinoma. J. Anal. Bioanal.
Tech. Sci. 2014, 1, 008. [CrossRef]

33. Douillard, S.; Olivier, D.; Patrice, T. In vitro and in vivo evaluation of Radachlorin® sensitizer for photodynamic therapy.
Photochem. Photobiol. Sci. 2009, 8, 405–413. [CrossRef]

34. Li, D.; Zhang, F.; Shi, L.; Lin, L.; Cai, Q.; Xu, Y. Treatment of HPV Infection-Associated Low Grade Cervical Intraepithelial
Neoplasia with 5-Aminolevulinic Acid-Mediated Photodynamic Therapy. Photodiagnosis Photodyn. Ther. 2020, 32, 101974.
[CrossRef]

35. Grabovoy, A.N.; Tarasova, T.O.; Koshubarova, M.V. Histological Evaluation of Tumor Response to Chemotherapy/Radiotherapy.
Exp. Res. Oncomorphol. Oncoimmunol. 2012, 6, 138–143.

36. Henderson, T.A.; Morries, L.D. Near-infrared photonic energy penetration: Can infrared phototherapy effectively reach the
human brain? Neuropsychiatr. Dis. Treat. 2015, 11, 2191–2208. [CrossRef] [PubMed]

37. Chin, W.W.L.; Heng, P.W.S.; Bhuvaneswari, R.; Lau, W.K.O.; Olivo, M. The potential application of chlorin e6–polyvinylpyrrolidone
formulation in photodynamic therapy. Photochem. Photobiol. Sci. 2006, 5, 1031–1037. [CrossRef]

http://doi.org/10.1159/000477556
http://doi.org/10.3762/bjnano.8.186
http://doi.org/10.1002/14651858.CD012847
http://www.ncbi.nlm.nih.gov/pubmed/29095502
http://doi.org/10.5468/ogs.2016.59.6.479
http://doi.org/10.1097/MD.0000000000010864
http://doi.org/10.32607/actanaturae.11028
http://doi.org/10.1002/lsm.22041
http://doi.org/10.1117/1.OE.59.6.061615
http://doi.org/10.1016/j.pdpdt.2010.06.005
http://www.ncbi.nlm.nih.gov/pubmed/20728837
http://doi.org/10.1016/j.canlet.2005.12.041
http://doi.org/10.3390/jcm8122229
http://www.ncbi.nlm.nih.gov/pubmed/31861124
http://doi.org/10.1016/j.tranon.2020.101005
http://doi.org/10.1039/D1TB00377A
http://doi.org/10.1371/journal.pone.0170599
http://doi.org/10.1002/2211-5463.12359
http://www.ncbi.nlm.nih.gov/pubmed/29435410
http://doi.org/10.1038/srep41506
http://doi.org/10.4172/2155-9872.S1-008
http://doi.org/10.1039/b817175k
http://doi.org/10.1016/j.pdpdt.2020.101974
http://doi.org/10.2147/NDT.S78182
http://www.ncbi.nlm.nih.gov/pubmed/26346298
http://doi.org/10.1039/B605772A


Cancers 2022, 14, 211 15 of 15

38. Bellnier, D.A.; Greco, W.R.; Loewen, G.M.; Nava, H.; Oseroff, A.R.; Dougherty, T.J. Clinical pharmacokinetics of the PDT
photosensitizers porfimer sodium (Photofrin), 2-[1-hexyloxyethyl]-2-devinyl pyropheophorbide-a (Photochlor) and 5-ALA-
induced protoporphyrin IX. Lasers Surg. Med. 2006, 38, 439–444. [CrossRef]

39. Keefe, K.A.; Tadir, Y.; Tromberg, B.; Berns, M.; Osann, K.; Hashad, R.; Monk, B.J. Photodynamic therapy of high-grade cervical
intraepithelial neoplasia with 5-aminolevulinic acid. Lasers Surg. Med. 2002, 31, 289–293. [CrossRef]

40. Barnett, A.A.; Haller, J.C.; Cairnduff, F.; Lane, G.; Brown, S.B.; Roberts, D.J. A randomised, double-blind, placebo-controlled trial
of photodynamic therapy using 5-aminolaevulinic acid for the treatment of cervical intraepithelial neoplasia. Int. J. Cancer 2003,
103, 829–832. [CrossRef]

41. Mizuno, M.; Mitsui, H.; Kajiyama, H.; Teshigawara, T.; Inoue, K.; Takahashi, K.; Ishii, T.; Ishizuka, M.; Nakajima, M.; Kikkawa, F.
Efficacy of 5-aminolevulinic acid and LED photodynamic therapy in cervical intraepithelial neoplasia: A clinical trial. Photodiag-
nosis Photodyn. Ther. 2020, 32, 102004. [CrossRef] [PubMed]

42. Gu, L.; Cheng, M.; Hong, Z.; Di, W.; Qiu, L. The effect of local photodynamic therapy with 5-aminolevulinic acid for the treatment
of cervical low-grade squamous intraepithelial lesions with high-risk HPV infection: A retrospective study. Photodiagnosis
Photodyn. Ther. 2021, 33, 102172. [CrossRef] [PubMed]

43. Chang, C.-J.; Sun, C.-H.; Liaw, L.-H.L.; Berns, M.W.; Nelson, J.S. In vitro and in vivo photosensitizing capabilities of 5-ALA versus
Photofrin® in vascular endothelial cells. Lasers Surg. Med. 1999, 24, 178–186. [CrossRef]

http://doi.org/10.1002/lsm.20340
http://doi.org/10.1002/lsm.10111
http://doi.org/10.1002/ijc.10888
http://doi.org/10.1016/j.pdpdt.2020.102004
http://www.ncbi.nlm.nih.gov/pubmed/33022421
http://doi.org/10.1016/j.pdpdt.2020.102172
http://www.ncbi.nlm.nih.gov/pubmed/33401023
http://doi.org/10.1002/(SICI)1096-9101(1999)24:3&lt;178::AID-LSM2&gt;3.0.CO;2-W

	Introduction 
	Materials and Methods 
	Patients 
	Photosensitizer 
	Video Fluorescence Diagnostics 
	Spectral Fluorescence Diagnostics and Photodynamic Therapy 

	Results 
	Discussion 
	Conclusions 
	References

