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The last 30 years have been characterized
by a dramatic increase in the prevalence and
incidence of diabetes mellitus (DM), mainly
in industrialized countries, where the disease
accounts for 2.3—-9 % of the population [1, 2].
Diabetes ranks third in the morbidity struc-
ture after cardiovascular disease and cancer
[3]. According to the International Diabetes
Federation, there are currently 415 million
people with diabetes worldwide [2, 4], but the
actual number of patients with undiagnosed
pathology is 3—4 times higher [5]. According to
an expert evaluation of the prevalence of dis-
ease, the number of people with diabetes has
a tendency to increase and may reach 642 mil-
lion by 2040 [2].

Similar trends are taking place in Ukraine,
where, according to the International Diabetes
Federation, in 2013, there were 1.04 million

(2.99 %) patients with diabetes [2]. The inci-
dence and prevalence of diabetes in Ukraine
has doubled in 10 years. In reality, however, the
number of patients is 2—3 times higher than
the data of the Center for Medical Statistics
of the Ministry of Health of Ukraine suggest,
which is due to hidden forms of diabetes [6].

DM affects almost all body systems, but the
most dramatic complications occur in the low-
er extremities. Diabetic foot syndrome (DFS)
takes the leading position in the list of compli-
cations of DM, leading to early disability and
mortality [7, 8]. DFS complicates the course of
DM in almost 25 % of patients [9].

Chronic ulcers, infected wounds and previ-
ous surgery have been found to be predictors of
foot suppuration (Diabetic Foot Study Group,
2015). In the etiology of purulent necrotic pro-
cesses in patients with DFS, a mixed aerobic-
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anaerobic microflora with fungal infection is of
great importance, which significantly compli-
cates rational antibiotic therapy [10, 11].

The composition of pathogenic flora in the
trophic ulcer area depends on many factors:
the depth of the ulcerous defect, the duration
of the ulcer, and the presence of prior antibi-
otic therapy. Analysis of the results of bacte-
riological studies revealed that in patients
with DFS, a mixed aerobic-anaerobic infection
was present in 87.7 % of cases, aerobic infec-
tion alone in 12.3 %, and anaerobic infection in
7.8 % [12]. The microbial associations include
2 to 14 species of aerobic, facultative-aerobic
and obligate-anaerobic nonsporulating bacte-
ria. Also, patients with DFS on admission are
characterized by a high microbial contamina-
tion of the tissue of the purulonecrotic foci [13].
Gram-positive cocci (S. aureus, S. pyogenes)
predominate in first-onset superficial tissue de-
fects [14]; in deep, long-term ulcers, the polymi-
crobial nature of the infection process is more
common [15]. It should be noted that in most
cases, resistant flora is identified.

The aim of surgical treatment in DFS is to
preserve the life of the patient and preserving
the limb and its function. Surgical intervention
should be timely, consistent with the principle
of reasonable sufficiency (tissue-sparing, maxi-
mum preservation of foot function), and should
be performed while stabilizing the patient's
general condition, unloading the affected limb,
correcting carbohydrate metabolism disorders,
and providing antibacterial and pathogenetic
therapy [16, 17].

Clinical observations illustrate the possi-
bility of preserving limb weight-bearing with
correctly chosen tactics of complex surgical
treatment in patients with ischemic and mixed
forms of DFS with purulent-necrotic tissue
changes, despite the variety of medical prob-
lems that the specialist has to face (purulent-
necrotic plastic material, postoperative ortho-
pedic features) [18, 19].

In terms of improving the treatment out-
comes of these patients, the existing standard
surgical techniques are almost exhausted, which
determines the search for new approaches in
solving this problem.

Despite the large arsenal of such remedies,
the problem of treatment of purulent and long-

term non-healing wounds is far from being
resolved. In recent years, physical and chemi-
cal wound treatment methods have begun to
be used both separately and in combination to
address this problem. Phototherapy and photo-
dynamic therapy (PDT) seem to be promising
directions in treating purulent and long-term
non-healing wounds.

At present, a new technology — PDT — is
being intensively developed worldwide. This
technique can be used in many different fields
of medicine, including purulent surgery. PDT
has undeniable advantages over conventional
antibiotic therapy. The effectiveness of PDT
does not depend on the antibiotic sensitivity
spectrum of pathogens [20]. Pathogens, unlike
antibiotic exposure, do not develop resistance
to PDT. Photodynamic damage is local, and
the bactericidal effect is limited by the laser
irradiation zone of the photosensitized tissue,
which avoids the local PDT side effect observed
when using antibiotics and antiseptics to treat
surgical infection. The effectiveness of PDT
treatment was found to vary depending on the
bacterial flora isolated from the wound con-
tents. The need to study the effects of PDT on
the course of the wound process caused by dif-
ferent groups of bacterial flora is evident to all
researchers in this field.

The mechanism of PDT is based on the ba-
sic principles of photobiology. Bunsen-Roscoe
law: the photochemical effect is determined by
the dose of initiating radiation and is calcula-
ted as the product of the power of light flux on
the time of exposure. Stark-Einstein law: one
molecule of a substance participating in a pho-
tochemical reaction absorbs one light quantum.
The Grottus-Drawper law: the radiation used
to start the photochemical reaction must have a
wave of the appropriate length because only the
absorbed light is able to initiate its course [21].

The chemical structure of modern photosen-
sitizers (PS) is based on porphyrin, a macrocyc-
lic compound consisting of four pyrrole rings
linked by methine bridges. The general idea of
the development of PDT therapy is in the guide-
lines for photosensitizers in clinical PDT which
outline relevant points that need to be conside-
red. Among them, the essential requirements
that a product must fulfil are: harmlessness for
the patient and physician; high selectivity of
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accumulation in tumor, microbial and damaged
cells; high quantum yield of the triplet state
in vivo (with an energy of at least 94 kdJ/mol);
maximum absorption in the 600-800 nm
wavelength range; pronounced luminescence;
weak accumulation in healthy skin and mu-
cous membranes low light toxicity when used in
therapeutic doses; rapid elimination from the
body; good solubility in water or other solvents
used for intravenous administration; stability
during storage and administration; availability
of production or synthesis [22].

A special place among photosensitizers is
occupied by 5-aminolevulinic acid (5-ALA),
a natural precursor of the endogenous photo-
sensitizer protoporphyrin IX (PP-IX). 5-ALA
itself is not a photosensitizer and does not ac-
cumulate in cells, but when administered exo-
genously, it temporarily «overloads» the normal
haem biosynthesis pathway. Due to reduced ac-
tivity of ferro chelatase, an enzyme that limits
the rate of this process, and iron deficiency, an
intermediate product of biosynthesis, PP-IX ac-
cumulates in tumor tissue, unlike in normal
tissue. PP-IX is a relatively active PS due to the
presence of an intense absorption band with
a maximum at 630 nm and the ability to gene-
rate singlet oxygen efficiently. Moreover, due
to the selective accumulation of PP-IX, specifi-
cally in malignant cells, ALA is an effective
fluorescent tumor marker [23].

Drug products based on 5-ALA are success-
fully used to treat keratosis, basal cell cancer,
diagnosis and treatment of Barrett's esopha-
gioma, bladder cancer, brain tumors, gastric tu-
mors, and cosmetic practice. Particularly effec-
tive is the use of 5-ALA-based preparations for
endoscopic diagnosis of tumors, the visual de-
tection of which is difficult under normal white
light [23, 24].

For therapeutic purposes, 5-ALA is applied
topically or administered systemically and pe-
netrates indiscriminately into all cells. It is me-
tabolized into the active sensitizer PP-IX using
the haem biosynthesis pathway. As malignant
or neoplastic (fast-growing) cells usually have
lower intracellular iron (Fe?") levels than nor-
mal healthy cells, PP-IX cannot be rapidly con-
verted into its final product haem and therefore
accumulates only in malignant cells. Once the
photosensitizer selectively accumulates in the
tumor, it can be activated by illumination with
light of an appropriate wavelength and dose.
The PP-IX molecule absorbs light, and then the
absorbed energy is transferred to molecular ox-
ygen, creating the singlet oxygen state 'O,. The
singlet oxygen, which is produced by the PDT
process on PP-IX, leads to oxidative damage
of intracellular macromolecules and hence,
cell death. This cytotoxic effect realizes, par-
ticularly on proliferating cells, due to singlet
oxygen reactions, e.g., with the cell membrane
and mitochondria or triggers the formation of
free radicals that damage cells. A variant of
PDT-induced cell death is usually a mixture of
apoptosis, necrosis and autophagy. It is gene-
rally accepted that in addition to direct cellular
cytotoxicity, two other important factors con-
tribute to the overall effect of PDT: vascular
occlusion (which stops angiogenesis and thus
prevents metastasis) and the local inflamma-
tory response [25, 26]

This study aimed to investigate the possi-
bility of using 5-aminolevulinic acid as a photo-
sensitizer in photodynamic therapy in the com-
plex treatment of chronic wounds in patients
with ischemic and mixed forms of diabetic foot
syndrome.

MATERIALS AND METHODS

10 patients with type 2 DM and ischemic
and mixed forms of diabetic foot syndrome of
both sexes aged 52-75 yrs, who were treated
in the department of acute vascular pathology
of SI «V. T. Zaitsev Institute of General and
Emergency Surgery of NAMS of Ukraine»,
were under observation in 2021. Inclusion cri-
teria were: the presence of type 2 DM and in-
frainguinal lesions of the great arteries of the

limbs and the possibility for revascularization.
The most common comorbid conditions were hy-
pertension (85.2%), overweight/obesity (76.4%),
hyperlipidemia (75.2%), chronic kidney disease
(18.1%) and cardiovascular disease (28.6%).
The patients were treated according to the
following scheme: DM compensation (switching
to insulin therapy), metabolic therapy, anticoa-
gulant and angiotropic therapy, physical thera-
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py, and therapy aimed at treating osteoporosis
(calcium preparations).

Analysis of clinical, laboratory, non-inva-
sive and invasive methods of examining the
patients made it possible to determine the de-
gree of impairment of the main blood flow, the
nature of the collateral circulation and micro-
circulation. The diagnosis was performed for
all patients according to a standard algorithm:
history, clinical and laboratory examination:
duration of the disease, intermittent claudica-
tion, pain at rest, presence and nature of ne-
crosis, pulsation of the main arteries, analysis
of laboratory tests and history of co-morbidi-
ties. Non-invasive examination included: de-
termination of regional systolic pressure index
in the arteries of the foot using a portable ul-
trasound machine «Super Dopplex» (China);
ultrasonic dopplerography using a machine
«Hitachi EUB 7500» (Japan) with L. 5—-10 MHz
linear transducer; Transcutaneous tensions of
oxygen (TcO,) in foot tissues percutaneous us-
ing TCM 400 device produced by Radiometer
Copenhagen (Denmark); invasive examina-
tions: Seldinger angiography using the Philips
Integris Allura 9 (Holland).

In the postoperative period control, regional
systolic pressure index determination in the
foot arteries, ultrasound examination of the ar-
terial reconstruction zone, and TcO, determina-
tion in the foot tissues were performed. X-rays
of the bones of the foot and tibia (if neces-
sary) were also performed. The degree of isch-
emia was assessed using the GLASS system
(2014).

A prognostic criterion for wound healing is
the transcutaneous oxygen (O,) tension in the
tissue, which was determined using a TCM-
400oximonitor (Radiometer, Denmark). In the

studied patients, this index before revascular-
ization was below 30 mmHg.

On admission, all patients underwent mi-
crobiological sampling. Wound exudate was
microbiologically examined, and the quantita-
tive and qualitative composition of the micro-
flora, as well as their sensitivity to antibiotics,
was determined. Identification of the isolated
strains was performed using standard bacte-
riological methods (morphological, tinctural,
cultural, biochemical properties, and pathoge-
nicity), following the Bergi classification (2011).
Antibiotic sensitivity of bacteria was assessed
in accordance with ICC 4.2 1890-04.

The severity of pain sensations was evalua-
ted during treatment (visual analogue scale).
The rate of marginal epithelialization was de-
termined by the formula of A.N. Povova (1945).

In the clinical assessment of the wound
process, we considered the terms of edema dis-
appearance, the appearance of single granula-
tions, the wound filling with the mature granu-
lation tissue, the beginning of epithelialization
and full epithelialization. For this purpose, the
wound dynamics assessment system, presented
in Table 1, was used.

We developed and applied the following
technique to treat ischemic and mixed forms
of DFS. As a preparation for PDT, daily dress-
ings with hydrogel were applied (3—5 days).
During this period, limb revascularization was
performed, the aim of which was to restore the
blood flow to the foot, preferably through the
anterior or posterior tibial artery. It should be
noted that endovascular interventions were
performed in all studied patients. The pres-
ence of blood flow in the foot and the localiza-
tion of necrosis determined the choice of the
artery for recanalization. The main procedure

Table 1
Treatment outcome assessment system
L Treatment outcomes (days)
Assessment criteria : -
Good Satisfactory Unsatisfactory
Disappearance of perifocal oedema <4 5-8 >9
Appearance of primary granulation tissue <6 7-10 > 10
. Filling the woupds . <10 11-16 > 16
with mature granulation tissue
Appearance of marginal epithelialization <11 12-17 > 17
Total epithelialization <30 31-35 > 35
IIpobremu endoxpurnoi namosnoeii Ne4, 2022 77
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Fig. 1. Patient B., 58 years old. Type 2 diabetes mellitus, extensive chronic wound of the left foot:
a) wound on admission; b) wound with PS; ¢) wound irradiation.

Fig. 2. Patient B., 58 years old. Type 2 diabetes mellitus, extensive chronic wound of the left foot:
a) wound on the 3rd day after PDT; b) the wound was covered by human amniotic membrane;
¢) wound on the 5* and 10 day after irradiation.

was percutaneous balloon angioplasty. In case
of residual hemodynamically significant steno-
sis or obstructive dissection, nitinol self-eluting
stents were implanted in the femoro-popliteal
segment, and balloon-eluting coronary stents
in the tibial artery (2 observations).

After the restoration of the main blood
flow, PDT was performed: after sanitation of
the wound surface with physiological NaCl
solution, Levuderm gel (6 % gel phosphate of
5-aminolaevulinic acid) was applied and cov-
ered with occlusive dressing for 2 hours, after
which the gel remains were removed and irra-
diation with Korobov photonic matrices «Barva
Flex» with 660 nm wave length was carried
out. Energy applied to the wound averaged
30—40 J/cm?. The light power density was be-
tween 0.1-1.0 W/em?, and the exposure time
varied according to the wound area (Fig. 1).

After that, we switched to phototherapy (irra-
diation of wounds with red light (A 660—630 nm)
daily, the duration of sessions was 10—15 min,
the number of sessions depended on the wound
area) until conditions for plastic closure of de-

fects or healing by wound contraction appeared.
For plastic closure, various wound coverings (as
an alternative to autodermoplasty) — lyophi-
lized xenografts, synthetic polycaprolactone and
polylactide wound coverings and human amni-
otic membrane — were used (Fig. 2).

In cases of manifestation of infection in
the wounds, PDT was repeated (1 observa-
tion). Patients signed an agreement to par-
ticipate in the study in all observations. The
Ethical Committee approved the whole list of
the studies and the used treatment methods
of the SI «V.T. Zaitsev Institute of General and
Emergency Surgery of the National Academy of
Medical Sciences of Ukraine».

Statistical tests: unpaired two-tailed stu-
dent tests were performed using Statistica 8.0,
Microsoft Excel software (USA). Differences were
considered statistically significant with a p-value
< 0.01. Results are expressed as means + stan-
dard error of the mean. Statistical analysis was
performed using the standard software pack-
age SPSS for Windows 13.0. The significance
level of differences p was assumed to be 0.05.
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RESULTS AND THEIR DISCUSSION

After revascularization, all of the patients
studied achieved stabilization of their local he-
modynamic parameters (Table 2).

On admission, the majority of observations
(6) had Gr+ microorganisms: staphylococci (in
4 patients) with an average colonization (8.46 +
0.82)x10° colony-forming unit (CFU). Micro-
coccl were second (in 1 patient) with (7.58 +
0.87)x10° CFU). Gr- non-fermenting pathogens
in monoculture were identified in 3 patients
(in 2 cases Pseudomonas aeruginosa with an
average colonization of 7.42x10° CFU and in
1 observation Acinetobacter baumani — 7x107
CFU). Microbial associations occurred in 2 ca-
ses: in one patient St. aureus X107 CFU + Pseu-
domonas aeruginosa x108 CFU and in one case
Pr. mirabilis 5x10% CFU + Kl. pneumonia 4X10°
CFU + E. faecalis 6x10¢ CFU.

Control cultures in the majority of pa-
tients (8) did not show growth, in 2 cases the
infectivity level decreased below critical values
(St. aureus < 10%), in one case, a second session
of PDT was needed, which was carried out on
the 10* day of treatment.

After PDT on days 2-3, perifocal oedema
decreased. By days 5-7, the quality of granu-
lation and the degree of wound epithelializa-
tion significantly improved. The wound healing

rate on days 5—7 of treatment was 1.58 + 0.44,
and on days 10-12 — 4.72 + 0.63 (p < 0.01).
Transcutaneous O, tension reached 50-80 mm
Hg in the studied patients 5-7 days after
treatment.

The evaluation of the wound healing rate
showed good and satisfactory results: By day 32,
the wound in the study group was complete-
ly epithelialized in the majority of patients
(88.9 %) (Table 3).

In all investigated patients, the treatment
period did not exceed 35 days (depending on
the wound area and peculiarities of the wound
process).

At the same time, no allergic reactions or
pronounced pain syndromes were observed du-
ring the procedures.

Thus, the method proposed by the author
can optimize the wound process, reduce the
time of granulation formation and wound fil-
ling with mature granulation tissue by 3 and
3—-14 days, respectively, and increase the fre-
quency of epithelialization by 29.8 % compared
with conventional therapy. The use of PDT in
patients by means of the developed method con-
tributed to the rapid (within 2-3 days) clea-
rance of wounds from purulent-necrotic masses
(with traditional treatment, the duration of

Table 2
Indices of local hemodynamics before and after revascularization
Terms
Index Before revascularization After revascularization

(n =10) (n =10)

. . 0.67+0.08
Regional Systolic Pressure Index 0.27+0.03 p<0.05
39.6 £ 6.7
TepO,, ,, mmHg 94+35 b<0.05

Table 3

Assessment of treatment outcome

Results of treatment (days and % of patients)

Assessment criteria

Good Satisfactory Unsatisfactory

Disappearance of perifocal oedema 6 (66.9 %) 3 (22.8 %) 1 (10.3 %)

Appearance of primary granulation tissue 6 (56.6 %) 4 (43.4 %) -
Filling the wounds o o

with mature granulation tissue 6(66.7 %) 4(33.3%) -

Appearance of marginal epithelialization - 9 (88.9 %) 1(11.1 %)

Total epithelialization 5 (66.9 %) 2 (12.9 %) 3(20.2 %)
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this stage is about 4—5 to 7-10 days). The first
granulations appeared on the 4*—5% day, and
peripheral epithelization — on the 6*"-7%* day
of treatment. It is known that with tradition-
al treatment, these indices are reached by 7
and 10-11 days respectively. Necrotic masses
were already actively sloughed after the first
session of PDT. There was almost no purulent
exudate from the wound. No neurectomies were
required in any of the cases during treatment.
Microbiological examination showed that the
wounds were decontaminated, which eliminated
the need for an antibiotic therapy treatment.

PDT using ALA as a PS was initially used
to treat skin cancer and some other cancers.
However, it has been shown to be effective in
treating some benign skin conditions (common
acne, sebaceous hyperplasia and suppurative
hidradenitis). Studies have shown that this
type of exposure promotes an increase in type
I collagen fibers in photodamaged skin. An in-
crease in type I and III procollagen in photo-
damaged skin after PDT with ALA has also
been demonstrated [26].

In addition, a significant increase in pro-
collagen types I and III, collagen precursors
were shown, reflecting increased skin collagen
synthesis, as well as increased immunoreactiv-
ity (TGF-B8 and TBRII) and decreased matrix
metalloproteinase levels, indicating an anti-
inflammatory effect of PDT with ALA. On the
other hand, the incoherent red-light source it-
self may, to some extent, influence histological
changes in the skin [21, 27].

The final mechanism of the positive effect of
PDT on the course of the wound process is far
from being finally understood; however, some
aspects of this mechanism, in our opinion, can
be formulated as follows: The leucocytes play
an essential role in regulating the changing
stages of the wound process. However, several
factors disturb the ordinary course of the
wound healing process. The main one in the
long-lasting wound is infection. A high level of
bacterial contamination leads to an increased
concentration of bacterial endotoxins. On the
other hand, endotoxins are known to have a bi-
phasic effect on the functional activity of leuko-
cytes: Polymorphonuclear leukocytes and mono-
nuclear cells depending on their concentration.
At high concentrations of endotoxins, inhibition

of leukocyte functional activity and destruc-
tion of leukocytes is observed. It is also known
that the wound healing process occurs through
interrelated and controlled stages: inflamma-
tion, proliferation, granulation tissue matura-
tion and epithelialization. Microbial antigens,
upon entry into the body, are neutralized by
complement system proteins C3, C4, C5 and
immunoglobulins IgA, IgM, IgG. Antibodies
with antigens and complement (AT+AG+ com-
plement) form circulating immune complexes.
They can be eliminated from the body or their
further processing can be done by phagocyto-
sis. Phagocytosis is a powerful barrier factor,
but with chronicity of the process and bacterial
expansion, all phagocytosis stages of antigen-
presenting cells are affected and cannot be
medically corrected.

In this regard, we can assume that the dy-
namics of the wound process under PDT ex-
posure are as follows: With an initially high
level of wound contamination and, as a con-
sequence, a high concentration of endotoxins
in the exudate, polymorphonuclear leukocytes
are present in small numbers and have a low
level of functional activity. During PDT in the
presence of PS, there is a lesion of the bacte-
rial cell, a decrease in the level of infection and
concentration of endotoxins. Along with this,
there i1s an activation of chemotaxis, adhesion
and endocytosis of bacteria by phagocytizing
neutrophils due to oxygen-dependent endocy-
tosis and «oxygen explosion» due to generated
singlet oxygen. In this case, polymorphonuclear
leukocytes are not inhibited; on the contrary,
their phagocytic activity is activated, resul-
ting in faster wound cleansing. When micro-
bial antigens enter, granulocytic neutrophils
perform their processing — phagocytosis. The
processing of microorganism destruction is car-
ried out with the help of lysosomal enzymes
inside the phagosome. The hydrolytic enzymes
of the phagosome — granzymes, lactoferrins,
proteases, nucleases, lipases, phospholipases,
phosphatases, sulphurates — are actively in-
volved in this process. Phagocytosis of micro-
organisms also occurs with the participation of
ROS — superoxide anion (0%) with the forma-
tion of hydrogen peroxide (H,O,), hydrochloric
acid (HCI), myeloperoxidases (MPO) and phos-
pholipases A, catalyze the reactions of cleava-
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ge of substances composing the structure of
microorganisms. At the end of this process, the
neutrophils are killed. The combined action of
singlet oxygen and hydrolytic enzymes causes
destruction of the phagocyte membrane by the
mechanism of lipid peroxidation and oxidative
capacity of phagocytic neutrophils. The cells
uptake and oxidize the dye pellets with varying
intensity, depending on the reducing ability of
the enzymes, under the influence of superox-
ide anion (O%) formed in the NADPH oxidase
reaction.

The change in the stages of the healing pro-
cess of chronic wounds, the transition of the
wound process to the granulation phase, is ac-
companied by a change in the composition of
the leukocyte population in the wound: mono-
nuclear cells, monocytes and macrophages, ca-
pable of producing a large number of different
cytokines, come to the inflammation focus in-
stead of neutrophils.

Thus, the pathophysiological basis for
the use of PDT in the treatment of wounds is
a change in the internal energy potentials of
the cell when absorbing a quantum of light fol-
lowed by a response at different levels — from
the subcellular to the systemic. The abovemen-
tioned events in the wound are caused by the
affecting effect of PDT on the microflora. This
is due to the high level of accumulation of ex-
ogenous PS by bacterial cells and gross initia-
tion of secondary free radical reactions. At the
same time, intrinsic cells located in the wound
defect are not able to intensively accumulate

significant amounts of PS and bind it in lesser
amounts, compared to bacteria. In this case,
light exposure is accompanied by cell stimu-
lation. In leukocytes, exposure to PDT in the
presence of small amounts of PS can have a di-
rect effect, with two effects: an increase in bac-
tericidal activity and activation of regenerative
processes. The high level of enzyme induction
by the photosensitizer contributes to the nor-
malization of immunoreactivity. Despite high
spontaneous oxidative and low induced phago-
cyte activity, granulocyte oxidative reserve in-
creases after light exposure.

The increase in bactericidal capacity of
leucocytes is due to a photoinduced increase
in oxygen radical production by increasing
NADPH oxidase activity, while the activation
of synthesis leads to the formation of very im-
portant, in terms of the events considered, pro-
teins: inducible NO synthetase and cytokines.
The formation of inducible NO synthetase is
accompanied by an increase in nitric oxide pro-
duction, which is the factor responsible for the
vasodilation of microvessels. All of this leads
to the improvement of microcirculation that is
observed during PDT exposure in the process
of wound healing. Due to these and other fac-
tors, PDT in the treatment of long-term non-
healing wounds gives the primary stimulus,
accelerating the torpid wound process and then
consistently shortening the time of all phases
of wound healing on the background of activa-
tion of the barrier function of phagocytosis.

CONCLUSIONS

Thus, the growth of resistance to antibacte-
rial agents is a significant challenge to their ef-
fective clinical use. The difficulty of maintain-
ing a balance between the need for adequate
antimicrobial therapy and limiting the growth
of resistant flora, necessitates the search for
new approaches to the strategy of anti-bacterial
use. The method we have developed for treating
chronic wounds using photodynamic therapy is
pathogenetically feasible and highly effective

compared to conventional therapies. Combined
light exposure using photosensitizer stimu-
lates the formation of reactive oxygen spe-
cies, increasing the effect of phagocytic cells,
which is manifested in the activation of neu-
trophil chemotaxis, adhesion, and endocytosis.
Photodynamic therapy using 5-aminolevulinic
acid as a photosensitizer, enhances molecular
mechanisms of intercellular interaction at all
stages of primary immunity activation.
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Background. Diabetes mellitus affects almost all body systems, but the most dramatic complications occur
in the lower extremities. Diabetic foot syndrome takes the leading position in the list of complications of diabe-
tes mellitus, leading to early disability and mortality.

At present, a new technology — photodynamic therapy is being intensively developed worldwide. This tech-
nique can be used in many different fields of medicine, including purulent surgery.

This study aimed to investigate the possibility of using 5-aminolevulinic acid as a photosensitizer in pho-
todynamic therapy in the complex treatment of chronic wounds in patients with ischemic and mixed forms of
diabetic foot syndrome.

Materials and Methods. In 2021, 10 patients with type 2 diabetes mellitus and ischemic and mixed forms
of diabetic foot syndrome of both sexes, aged 52 to 75 years, were observed. As a preparation for photodynamic
therapy, daily dressings with hydrogel were applied (3—5 days). During this period, limb revascularization
was performed, the aim of which was to restore the blood flow to the foot, preferably through the anterior or
posterior tibial artery. After the restoration of the main blood flow, photodynamic therapy was performed: after
sanitation of the wound surface with physiological NaCl solution, Levuderm gel (6 % gel phosphate of 5-amino-
laevulinic acid) was applied and covered with occlusive dressing for 2 hours, after which the gel remains were
removed and irradiation with Korobov photonic matrices «Barva Flex» with 660 nm wave length was carried
out. Energy applied to the wound averaged 30—40 J/cm?. The light power density was between 0.1-1.0 W/cm?,
and the exposure time varied according to the wound area.

Results. After photodynamic therapy on days 2-3, perifocal oedema decreased. By days 5—7, the quality of
granulation and the degree of wound epithelialization significantly improved. The wound healing rate on days
5-7 of treatment was 1.58 + 0.44, and on days 10-12 — 4.72 £ 0.63 (p < 0.01). The evaluation of the wound hea-
ling rate showed good and satisfactory results: By day 32, the wound in the study group was completely epithe-
lialized in the majority of patients (88.9 %).

Conclusions. The method we have developed for treating chronic wounds using photodynamic therapy is
pathogenetically feasible and highly effective compared to conventional therapies. Combined light exposure us-
ing photosensitizer stimulates the formation of reactive oxygen species, increasing the effect of phagocytic cells,
which is manifested in the activation of neutrophil chemotaxis, adhesion, and endocytosis. photodynamic thera-
py using aminolaevulinic acid as a photosensitizer, enhances molecular mechanisms of intercellular interaction
at all stages of primary immunity activation.

Keywords: diabetes mellitus, diabetic foot syndrome, photodynamic therapy, photosensitizer aminolae-
vulinic acid.
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Beryn. Ilykposuii giaGer Bpaskae Maiiske BCl CHCTEMM OpraHiaMy, ajie HaiblIbIl cepiio3Hl yCKIa THeHH
BUHHUKAIOTH y HUKHIX KiHIIBKaxX. CuHApoM miabeTW4HOI CTOOM 3aiiMae JIAUPYIUY IIO3UIII0 B IIEPEIiKy
yeraagaeasb 1], 1o npusBoaATs 10 paHHBOI iIHBaIIAK3aI1]l TA CMEPTHOCTI.

3apas y CcBITI IHTEHCHUBHO PO3BHUBAETHCSA HOBA TEXHOJIOTiA — (oTogumHamiuua tepamis. g meroguka
MO’K€ BUKOPUCTOBYBATHUCS B CAMUX PI3HUX 00J1aCTSAX MEIUIIMHU, B TOMY YHCJI1 B THIHHIT Xi1pyprii.

MeTor0 maHOro HOCIiAsKeHHS 0yJI0 BUBYMTHU MOKJIMBICTD BUKOPUCTAHHS 5-aMIHOJIEBYJIIHOBOI KHUCJIOTH
Ak oToceHcuObiII3aTopa IpU (POTOAMHAMIUHIN Tepalril y KOMIIJIEKCHOMY JIIKYBaHH1 XPOHIYHUX PaH y XBO-
pUX HA 1IeMIYHYy Ta 3MIINaHy (POPMU CUHIPOMY T1a0€TUYHOI CTOIIH.

Marepian Ta metogu. Y 2021 porii i cmocTepeskeHHAM mtepebyBasio 10 XBopux Ha IYKPOBUH aiabeT
2 TUIly Ta 1IeMidHy 1 aMimany GopMu CUHAPOMY AiabeTHUHOI cTou 000X cTareil BIKoM Big 52 10 75 poKiB.
B sixocTi migroroBku g0 poTogmHAMIYHOI Tepalril 3aCTOCOBYBAJIU IIIOAEHH]I ITOB'I3KH 3 rigporesiem (3—5 IHIB).
V 11eii mepiof IIPOBOUJIIN PEBACKYJISIPU3AI[II0 KIHI[IBKY, METOI0 AKOI 0yJIO BIJTHOBJIEHHS KPOBOTOKY B CTOIII,
mepeBaskHO M0 IepeTH1i abo 3aJH1N BeIUKOroMiJakoBiHi aprepii. [liciis BiiHOBIEHHS MaricTpaIbHOTO KPOBO-
TOKY IIPOBOUJIN (POTOMHAMIUHY TepaIrio: mic/s caHallil moBepxHi paunu dgisionoriunum posurnuom NaCl ua-
Hocuu resb JleBymepm (6 % ress docara 5-aMiHOIEBYJIIIHOBOI KUCJIOTH) 1 HAKJIAAAH OKJIIO31MHY IIOB'A3KY
Ha 2 TOOWHM, IICJISA YOT0 BUAAJIAIN 3AJUAIIKHA TeJI0 Ta IIPOBOIUJINA ONPOMiIHEHHS (POTOHHUMHU MATPUILAMUA
KopoGosa «Barva Flex» 3 moBsxunomo xeuii 660 uMm. Exepris, mpukiageHa g0 paHu, CTAHOBUJIA B CEPEJHBOMY
30—40 Jx/cm?. linpHicTh moTyskHOCTI cBiTiia cranosuia 0,1-1,0 Br/cm?, a yac excrosuilii aMiHIOBaBCA 3a-
JIeJKHO B1JI IIJIOIILl PAHH.

Pesynpraru. Ilicns dorogqmuamivunoi Tepamii Ha 2-3 00y 3MeHIIUBCSA HTepUPOKAJIbHUN HAOPAK.
Ha 5-7 no0y sikicTh rpamyaarmii Ta CTYIiHE emiTesisalii paau sagavHo nokpamuiancsa. [l BuakicTs 3aroenus
pau Ha 5-7 moOy mikyBauHa craHoBma 1,58 + 0,44, a ma 10-12 moby — 4,72 + 0,63 (p < 0,01). Ouinka
IIBUJIKOCTI 3aTO€HHS PAHHU IMOKa3aJja Jo00pl Ta 3aJ0BLIbHI pedyabTaTu: Ha 32 100y paHa B Pyl JTOCII1IKeHH I
OyJia ITOBHICTIO eriTeJsidoBaHa y 01/bIocTi marieHTiB (88,9 %).

Bucuosok. Po3pobienuit HaMu MeTo JiKyBaHHS XPOHIYHUX PAH 13 3aCTOCYBAHHAM (POTOTHUHAMIYHOL
Tepamii € IaTOreHeTUYHO 3MIMCHeHHHUM 1 BHCOKOE(EeKTHBHMM MOPIBHAHO 3 TPamUIiiiHOK Tepamiero. Kowm-
0lHOBAHE CBITJIOBE OIIPOMIHEHHS 3 BUKOPUCTAHHAM (POTOCEHCHMOiIi3aTopa CTHUMYJIIOE YTBOPEHHS AKTHB-
HHUX (POPM KHCHIO, ITOCHJIOYH 1110 QaroMuTyOYNuX KJITUH, IO IIPOSBJIAETHCA B AKTUBAIlIl XeMOTAKCHUCY
HelTpodiais, anresii ta egmorntody. DoromuHamMiyHa Teparis 3 BUKOPUCTAHHAM aMIiHOJIEBYJIIHOBOI KHC-
JIOTA B SAKOCTI poToceHcH01/I13aTopa MOCUIIE MOJIEKYJIAPHI MeXaHI3MM MIKKJIITHHHOI B3aeMoIil Ha BCIX
eTamnax IIePBUHHOI AaKTUBAIIIl IMyHITETY.

KiawyoBi cmoBa: mykpoBuit miaber, cuHApoM giabeTudHol cToru, POoTOIUHAMIYHA Tepalris, ¢poTo-
ceHcuO1/I13aTOP aM1HOJIEBYJIIHOBA KUCJIOTA.
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