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THE USE OF LACTOBACILLUS PLANTARUM STRAINS
FOR PREPARATION OF «<BEETROOT DRINK»

AND ITS PROTECTIVE EFFECT AGAINST TRANSIENT
DRUG-INDUCED LIVER STRESS

Transient sub-molecular stress on the liver induced by medications represents an early stage in the potential development
of drug-induced liver injury (DILI). Among natural protective agents, fermented red beetroot juice has recently attracted
special attention. The aim of the work was to improve the composition of the starter for the «Beetroot Drink» to shorten
the processing time and to study its protective effect on the liver function of patients undergoing rehabilitation in an
occupational disease clinic and taking medications by the standard protocol. The study involved 15 male patients per
group, experiencing transient increases in the liver biomarkers due to medication, with some exceeding normal ranges
but insufficient for a DILI diagnosis. In the group consuming the drink prepared with a new Lactobacillus plantarum
starter combination, biomarkers normalized after 14 days. Methods. «Beetroot Drink» was produced by fermentation
of beetroot juice with a new composition of Lactobacillus plantarum strains that exhibits probiotic properties. Viable
microorganism count, pH, titrable acidity, and betalains content were determined before and after fermentation and
storage. The protective activity of the «Beetroot Drink» was evaluated in 15 volunteers who were treated at the Clinic
of Occupational Diseases of the Kundiev Institute of Occupational Medicine of the NAMS of Ukraine. The «Beetroot
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Drink» was consumed at a dose of 50 ml daily for 14 days. Hematological and biochemical parameters were determined
at the beginning of the experiment and after 14 days. Statistical significance was assessed using t-tests and Mann-Whit-
ney U-tests (p<0.05). Results. The use of the new composition based on the L. plantarum strain of the original «Beetroot
drink» starter and the L. plantarum strain of the «Lactocap» significantly shortened the time of obtaining the beverage
compared to the original one. The pH value of 4.0—4.2 corresponded to the required for «Beetroot drink» after 6 hours,
and the titrable acidity was 24 £ 2 °T. Inoculation of the beetroot juice led to significant inhibition of autochthonous bac-
teria growth compared to non-inoculated spontaneously fermented juice. After pasteurization, the concentrations of be-
tacyanins and betaxanthins decreased by 24.5% and 13.7%, respectively. In the fermented «Beetroot drink», the number
of betalains remained unchanged for 14 days of storage. Consumption of «Beetroot Drink» reduced transient elevations
in the liver biomarkers and improved lipid metabolism. Conclusions. The new L. plantarum strain combination can be
used for «Beetroot Drink» production with a protective effect against transient drug-induced liver stress. A positive effect
was observed in 80.0% of cases, with all biomarkers returning to normal ones in the study group, suggesting its potential

as a preventive agent for individuals under drug-induced stress.

Keywords: fermented red beet juice, lactic acid bacteria, probiotics, functional activity, hepatoprotective effect.

Over the past decades, medications have been as-
sociated with transient sub-molecular stress on the
liver, characterized by temporary elevations in bio-
chemical markers such as alanine aminotransfer-
ase (ALT), aspartate aminotransferase (AST), and
bilirubin, which represent an early stage in the po-
tential development of drug-induced liver injury
(DILI) (Williams & Hoofnagle, 1988). Statistical
data show hepatotoxicity accounts for 10% of the
total side effects of taking medications (Zimmer-
man, 2000; Aithal & Kulkarni, 2023). In Ukraine,
drug-induced liver damage is the main cause of
acute liver failure and accounts for 50% of the total
structure of acute jaundice (Nedashkivskyi, 2018).
To prevent the development of drug-induced liver
injury, studies are being conducted to find means
of prevention, which include the development of
new safety guidelines and methods of drug man-
agement, identification of risk factors, and the use
of natural effective hepatoprotectors (Zhuravlyova
& Shekhovtsova, 2018; Osyodlo et al., 2022). One
of these hepatoprotectors is functional foods,
which not only have nutritional properties but also
have a targeted effect on the functional activity of
organs and systems of the human body. Function-
al foods include red beetroot (Beta vulgaris),which
is the most popular traditional vegetable grown
and widely consumed in Ukraine, containing high
amounts of biologically active substances includ-
ing microelements (Na, K, Ca, Mg, Zn, Mn, Fe,

4

and Cu), dietary fibres, proteins, carbohydrates, vi-
tamins (A, K, C, E, B5, B6, B12), betalains,and in-
organic nitrates (Gliszczynska-Swiglo et al., 2006;
Wruss et al., 2015; Clifford et al., 2015; Pohl et al.,
2019; Babarykin et al., 2019a; Janiszewska-Turak
et al., 2023). Among functional foods, fresh and
fermented vegetable juices have recently attracted
special attention (Peter, 2002; Kazimierczak et
al., 2014; Casciano et al., 2022). The mechanisms
of the positive impact on human health of beet-
root juice are being intensively studied (Webb et
al., 2008; Babarykin et al., 2019b). The role of red
beetroot juice nitrates in the regulation of blood
pressure and the effect on iron metabolism, cho-
lesterol reduction, and blood clotting regulation
have been described (Webb et al., 2008). A posi-
tive effect of beetroot juice on the gastrointestinal
tract and cardiovascular system, as well as the abil-
ity to increase the body’s endurance to physical
activity, has been shown (Babarykin et al,. 2019a;
Babarykin et al., 2019b). Fermentation increases
the usefulness of beetroot juice by enriching it
with lactic acid bacteria metabolites, extending the
range of its biological activity. It was shown that
fermented beetroot juice has potent antioxidant,
antihypertensive, hepatoprotective, anticancer, an-
timicrobial, antidepressant, hypocholesterolemic,
immunomodulatory, anti-inflammatory, and pro-
biotic properties (Kazimierczak et al., 2014; Kim et
al., 2021; Kumari et al., 2022).

ISSN 1028-0987. Microbiological Journal. 2025. (3)
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At the Zabolotny Institute of Microbiology
and Virology, researchers from the Department
of Physiology of Industrial Microorganisms
have developed a starter based on lactic acid
bacteria strains for the production of fermented
beet juice, «Beetroot Drink». The production
process was carried out in two stages and took
24—30 hours, due to the rate of carbohydrate
fermentation and acidity accumulation in beet
juice by the strains of the original starter (Lac-
tobacillus plantarum 11/16 (UKM B-2694) and
Enterococcus faecium K-50 (UKM B-2535)). In
1982—1992, many studies showed that «Beet-
root Drink» had a positive effect on the human
gastrointestinal tract and cardiovascular system.
Based on the results obtained, «Beetroot Drink»
was recommended for therapeutic and preven-
tive consumption, especially for people working
in harmful conditions (Kovalenko et al., 1990).

The work aimed to improve the composition
of the starter for the «Beetroot Drink» to shorten
the processing time and to study its protective
action on the liver function in patients experi-
encing transient drug-induced liver stress during
rehabilitation in an occupational disease clinic.

Materials and Methods. Bacterial strains. The
Lactobacillus plantarum 11/16 (UKM B-2694)
strain of the original «Beetroot drink» starter
(Kovalenko et al., 1990) and the L. plantarum
IMB B7565 strain of the starter for vegetable
fermentation «Lactocap» (Vasyliuk et al., 2020)
were used in this work. Overnight, bacterial cul-
tures growing in MRS broth were mixed at a ra-
tio of 1:1 (v/v) and used as inoculum.

Beetroot juice fermentation. «Beetroot drink»
was produced under laboratory conditions.
Fresh beetroot was purchased at a local market,
washed, and peeled. Juice was squeezed from
the vegetables with a juice extractor. Beetroot
juice was filtered, diluted with distillate water
(1:1 v/v), and pasteurized for 20 min at 80 °C.
After pasteurization, the juice was cooled to
room temperature, inoculated by L. plantarum
strains (5% v/v), and incubated at 37 °C to rich

ISSN 1028-0987. Microbiological Journal. 2025. (3)

pH 4.0—4.2. After fermentation, the «Beetroot
drink» was stored at a temperature of 4 °C. Non-
pasteurized and non-inoculated juices were used
as control. The pH of the juice samples was mea-
sured by pH meter, and the total titrable acidity
(TTA) was determined by titration with 0.1 N
NaOH until the pH reached 8.5.

Microbiological analysis. Serial dilutions of
juice samples were spread on a plate with Sab-
ouraud agar for a total count of yeast and mold
determination, Meat—Pepton agar — for a total
count of mesophilic and aerobic bacteria, and
MRS agar — for a total count of LAB and cul-
tivated at appropriate temperature for 24—72 h.
Viable microorganism counts were determined
before and after fermentation. The total LAB
count was also determined after storage.

Betalaine concentration determination. Beta-
lain pigments were quantified spectrophotomet-
rically as previously reported (Fernandez-Loépez
et al., 2002). UV/Vis absorption spectra of beet-
root juice in the range from 220 to 700 nm were
recorded using a DeNovix DS-11 FX+ spectro-
photometer (DeNovix, USA). Betacyanins and
betaxanthins (C;) were expressed as betanin and
vulgaxanthin I content, respectively, and calcu-
lated according to the formula:

C; = A x DF x MM x 1000/(e x L),

where A is the absorption (A.,, for betanine
and A, . for vulgaxanthin I), DF — dilution
factor, MM — molar mass (MM of betanine —
550 g/mol, vulgaxanthin I — 339 g/mol), e —a
molar extinction coefficient (60.000 1/(molxcm)
for betanine, 48.000 1/(molxcm) for vulgaxan-
thin I), and L — path length (cm) (Wruss et al.,
2015). Betalain content was assessed as the sum
of the concentrations of betacyanins and betax-
anthins (Skalicky et al., 2020).

Protective effect evaluation. The protective ac-
tivity was assessed in 15 male volunteers (study
group) who consumed 50 mL of «Beetroot
Drink» prepared with the new combination of
L. plantarum stains daily for 14 days. The con-
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trol group (15 men) received the same treatment
protocol without the drink. Both groups, aged
35—45 years, were undergoing rehabilitation
and taking medications (antibiotics, NSAIDs)
causing transient elevations in liver biomarkers
(ALT, AST, and bilirubin). In some participants of
both groups, biomarkers exceeded normal rang-
es, but these elevations were insufficient to meet
diagnostic criteria for DILI, indicating transient
sub-molecular stress rather than established pa-
thology. Chronic liver diseases (alcoholic, viral,
NAFLD) were excluded via HBV/HCV serology,
alcohol history, and metabolic syndrome screen-
ing. Transient stress was characterized by a he-
patocellular pattern (ALT/ALP ratio, R > 2) (Lee
et al., 2015). The male-only cohort reflects the
clinic’s demographics (industrial workers), but
women, who are more prone to drug-induced
stress, should be included in future studies (Lee
et al., 2015). The study complied with bioethical
requirements, with informed consent obtained.
Measurements were taken at the baseline and
after 14 days. The sample size (15 per group) is
sufficient for a pilot study, but larger studies (=20
per group) are needed for 80% power (a=0.05).

Biochemical and hematological analyses. Ami-
notransferases (ALT, AST), alkaline phospha-
tase, glucose, bilirubin, cholesterol, triglycerides,
uric acid, urea, and creatinine were measured
using a HumaLyzer 2000 analyzer (Germany)
with ELITech Group kits (Netherlands). The
AST/ALT ratio confirmed a hepatocellular pat-
tern of transient stress (Williams & Hoofnagle,
1988). Complete blood counts were performed
on a HORIBA ABX Micros 60 analyzer (France).

Statistical analysis. Data were analyzed us-
ing STATISTIKA 6.1. Results are presented as
mean + standard deviation. Normality was assessed
with the Shapiro-Wilk test. Differences between
groups were evaluated using the independent t-test
(normal distribution) or Mann-Whitney U-test
(non-normal distribution), with p<0.05.

Results. Fresh beetroot juice had pH 6.2 + 0.2,
TTA 19.2 + 0.8 °T, and the total betalain content

6

1062.67 +117.93 mg/L (60.5 % of betacyanins and
39.5% of betaxantins). Betalains are pigments that
are specific for plants belonging to the Centrosper-
mae order. They can be divided into two structural
groups, the yellow betaxanthins and the red-violet
betacyanins, both of which have betalamic acid as
their basic structure, with the chromophore as the
1,7-diaheptamethinium system, and differ mainly
in the radicals associated with the basic structure.
Their color is due to the conjugation of the sub-
stituted aromatic nucleus with the diaz system,
which shifts the absorption maximum from ca.
535 nm in betacyanins to almost 480 nm in betax-
anthins (Fernandez-Lopez et al., 2002).

The titratable acidity and betalain concentra-
tion decreased twice after diluting the fresh juice
with water in a 1:1 ratio (v/v). Microbiological
analysis of fresh juice revealed the presence of a
wide range of microorganisms, including bac-
teria, yeast, and molds. Non-pasteurized (con-
trol) and pasteurized juices were inoculated by a
combination of L. plantarum strains to evaluate
the effect of heat treatment on the fermentation
process. The initial LAB counts in unpasteur-
ized and pasteurized juices were 8.29 + 0.17 and
8.13 = 0.07 lg CFU/mL, respectively, and in-
creased to 9.53 + 0.04 and 9.34 + 0.20 Ig CFU/mL,
respectively. In the fresh non-inoculated juice, the
count of LAB was less than 2 Ig CFU/mL.

Incubation of non-pasteurized juice (spontane-
ous fermentation) for 24 h resulted in significantly
increasing the number of autochthonous bacteria,
whereas no intensive growth of yeast and mold was
observed. It was found that inoculation of fresh
juice by a combination of L. plantarum strains re-
sulted in the inhibition of beetroot autochthonous
bacteria growth after 24 h of incubation but did
not affect the content of yeast and mold compared
to the spontaneously fermented juice (Fig. 1).

The pasteurized non-inoculated and LAB-
inoculated beetroot juices had a count of indig-
enous microbiota less than 2 Ig CFU/mL at the
beginning and after 24 h of fermentation. Pas-
teurization led to a non-significant change in the

ISSN 1028-0987. Microbiological Journal. 2025. (3)
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Meat-peptone agar

Sabouraud agar with chloramphenicol

6.0
[ At the beginning of fermentation
5.5 B After 24 h of fermentation
50
£
S 4.5
)
B0 4.0
g 35
3
3.0
2.5
2.0
Non-inaculated LAB-inaculated Non-inaculated LAB-inaculated Non-inaculated LAB-inaculated
juice juice juice juice juice juice
Aerobic and facultative anaerobic Yeast Molds

mesophilic bacteria

Fig 1. Influence of L. plantarum strains on the count of microorganisms in non-pasteurized red beetroot juice dur-

ing fermentation

pH and TTA values, whereas the concentrations
of betacyanins and betaxanthins decreased by
24.5% and 13.7%, respectively (Fig. 2).

Immediately after inoculation, the pH of the
diluted juice decreased by an average of 1 unit
and after 6 hours already corresponded to the re-
quired «Beetroot drink» pH value of 4.0—4.2, and
the titrable acidity was 24 + 2 °T. Further incuba-
tion (up to 24 h) resulted in a pH of 3.7 £ 0.2 and
a titrable acidity of 66 + 2 °T, which gave the drink
a strong sour taste. At the same time, LAB-inocu-
lation and fermentation for 24 hours did not affect
the level of betanin (p > 0.05), while the concen-
tration of vulgoxanthin I decreased by 28.7%.

All beetroot juice samples were stored in a re-
frigerator for 14 days. In non-pasteurized juice,

ISSN 1028-0987. Microbiological Journal. 2025. (3)

the pH decreased to 5.3 + 0.2, and yeast and
spore-forming bacteria remained viable. A slight
decrease in the pH of the fermented juice and
a decrease in the number of LAB to 8.73 £ 0.12
lg CFU/mL was observed. After storage, the ab-
sorption peaks at 538 nm and 476 nm were com-
pletely absent in the not-processing juice, and
the concentration of betalains in pasteurized
juice was 61—66 % lower compared to the ini-
tial. At the same time, the concentration of beta-
lains in the fermented «Beetroot drink» was al-
most unchanged compared to the initial (Fig. 3).

At the baseline, some participants in both
groups exhibited elevations in liver biomarkers
(ALT, AST, bilirubin) exceeding normal ranges,
but these values were insufficient to meet diag-
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60 Non-pasteurized beet juice (non-inoculated control)
Pasteurized beet juice (non-inoculated control)
50 Inoculated beet juice (at the beginning of fermentation)
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Fig. 2. UV/VIS absorption spectra (A) and betalains concentration (B) during «Beetroot Drink» production

nostic criteria for DILI, indicating transient drug-
induced stress. In the study group (15 men), after
consuming «Beetroot Drink» for 14 days, all bio-
markers returned to normal ranges, with signifi-
cant reductions in total bilirubin (21.0%, p=0.03),
ALT (38.6%, p=0.01), AST (32.5%, p=0.02), cho-
lesterol (11.0%, p=0.04), and triglycerides (32.0%,
p=0.01) compared to baseline, and no significant
ALP change (p=0.45). In contrast, the control

8

group (15 men) showed sustained elevations,
with increased ALT (56.8%, p=0.01), AST (13.5%,
p=0.04), and ALP (13.4%, p=0.05), remaining
above normal in some participants. The AST/
ALT ratio in the study group remained <1 (mean
0.65 at baseline and 0.71 after 14 days), suggest-
ing a hepatocellular pattern of stress (Williams &
Hoofnagle, 1988). The consumption of «Beetroot
Drink» improved gastrointestinal function and
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lipid metabolism. At baseline, 53.0% of the study
group had elevated triglycerides, which normal-
ized post-treatment. In the control group, triglyc-
erides increased in 33.0% of patients (Fig. 4).
Hematological parameters in the control group
showed no significant changes, while the study
group had increased monocytes by 34.7% (p=0.03),
reduced platelets by 10.0% (p=0.04) and thromb-
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ocrits by 14.3% (p=0.05) (Table 2). All parameters
remained within normal limits (Tables 1 and 2).
Discussion. To improve the composition of
the starter for «Beetroot drink» to shorten pro-
duction time and enhance its functional proper-
ties, the possibility of using Lactobacillus plan-
tarum strains with probiotic properties of the
«Lactocap» starter for the fermentation of beet-
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root juice was investigated in this work. A new
composition based on the L. plantarum strain of
the original «Beetroot drink» starter and the L.
plantarum strain of the «Lactocap» starter was
created. The use of the new composition signifi-
cantly shortens the time of obtaining the finished

beverage compared to the original one.

Table 1. Changes in biochemical parameters of blood serum of patients
who consumed beetroot drink during treatment by the clinical protocol (M + m)

Inoculation of the beetroot juice with L. plan-
tarum strains composition led to a significant pH
drop and significant inhibition of autochthonous
bacteria growth compared to non-inoculated
spontaneously fermented juice. These results are
consistent with the data obtained by authors who
showed that the use of LAB starters has a preser-

Control group (10 per.)

Experimental group (15 per.)

Parameters Norm
At the beginning |  After 14 days At the beginning |  After 14 days

Total bilirubin, mmol/L 11.18 +3.86 16.57 £2.99 15.29 +3.81 12.11£2.99 up to 21.0
Urea, mmol/L 3.95+0.97 3.18 £0.72 3.79 £ 1.85 341+£043 2.14—7.14
ALT, U/L 19.82 +£10.95 31.15+15.52 35.87 £23.77 22.08 £9.97 <45
AST, U/L 16.10 + 2.50 18.28 +£3.08 23.30 £ 7.67 15.74 + 3.44 <35
Glucose, mmol/L 4.52 +0.28 4.63 +0.45 521 +0.49 5.34+0.70 4.1-5.9
Cholesterol, mmol/L 3.69 £0.33 3.55+0.58 4.33 £ 0.45 3.88 £0.57 up to 5.17
Triglycerides, mmol/L 0.87 £0.19 0.96 +0.40 1.64 £ 0.51 1.12 £ 0.28 0.7—1.7
Uric acid, pmol/L 372.33 £23.83 | 286.77 +51.31 | 269.69 £ 60.26 | 327.27 + 52.67 | 148.7 +45.82
Table 2. Changes in hematological blood parameters of patients

who consumed beetroot drink during treatment by the clinical protocol (M + m)

Control group Experimental group
Parameters Norm
At the beginning After 14 days At the beginning After 14 days

Leukocytes,10°/mm? 5.82 +1.46 6.42 +1.24 6.75 + 1.09 6.90 + 1.16 4—10
Lymphocytes,10°/mm? 1.82 +0.24 1.87 £0.27 1.73 £0.32 1.74 +0.23 1.2—-3.2
Lymphocytes% 34.85 + 1.05 32.57 +1.46 27.51 +2.57 26.35 +3.39 17—48
Monocytes,10*/mm3 0.22 +£0.06 0.28 £0.09 0.23 £0.08 0.34+0.13 0.3—0.8
Monocytes% 4.72+0.82 5.05 £ 0.62 4.37 £1.30 5.89 +£1.37 3—10
Granulocytes,10*/mm? 3.78 £1.31 4.27 +1.38 4.79 £ 1.29 4.82 +0.94 1.2—6.8
Granulocytes% 60.43 £ 6.88 62.38 £10.09 68.12 £ 8.68 67.76 £ 4.17 43—76
Hemoglobin, g/dl 14.08 £ 0.55 14.12 £ 1.05 14.65 £ 1.22 14.02 + 1.40 11.0—16.5
Eosinophils, % 3.67 +£0.89 1.50 £ 0.50 2.83+£0.22 1.90 + 0.80 1—4
Band neutrophils, % 3.00 + 1.00 3.83+0.83 2.89+1.01 3.00 +0.60 1—6
Segmented neutrophils, % | 58.00 + 5.00 60.00 £ 7.00 62.89 * 5.46 64.20 £ 4.60 49—72
Erythrocytes, 10%/mm? 4.41+0.19 4.54 +0.28 4.67 +0.30 4.71 £0.33 3.8—5.8
Hematocrit,% 4120+ 1.17 41.65+2.78 43.85 +3.60 42.04 £ 4.15 30—50
Platelets, 103/mm? 229.67 £50.67 | 224.83 £36.50 | 260.60 + 59.60 | 235.40 * 44.60 180—320
Platelets, % 0.18 £ 0.05 0.17 £ 0.03 0.21 £ 0.05 0.18 £0.03 0.4
ESR, mm/h 4.67 +2.89 6.17 £ 1.89 8.11+1.51 7.90 + 1.06 1—10
10 ISSN 1028-0987. Microbiological Journal. 2025. (3)
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vative effect on beet juice due to more rapid acid-
ification (Czyzowska et al., 2006). The fresh juice
used in this study contained a LAB count of less
than 2 Ig CFU/ml. The number of lactic acid bac-
teria in fresh beet juice ranged from 3.0x10% to
2.5%10° CFU/mL depending on variety and was
not sufficient for rapid acid accumulation and
pH decrease (Czyzowska et al., 2006). Using the
next-generation sequencing techniques, authors
showed that the raw juices contained approxi-
mately 0.2% Lactobacillus species, but in juices
inoculated with an LAB culture, the Lactobacil-
lus count reached 50% — 97% after fermentation.
Inoculation also led to a decrease in the relative
abundance of pathogens (Choinska et al., 2022)

After 24 hours of fermentation, the LAB count
reached 9.5 Ig CFU/mL and after 14 days of stor-
age, a decrease by 0.77 lg CFU/mL (8%) was
observed. Similar results were obtained by Kle-
wicka and Czyzowska (2011).

One of the most important valuable compo-
nents of beetroot is betalains, which are respon-
sible for antioxidant properties. As shown by the
authors, high variation in the quantity and qual-
ity of betalains can be observed in red beetroot
juices extracted from different beetroot cultivars
(Wruss et al., 2015). Beetroot juice used in the
present study contains 643.4 + 47.7 mg/L of be-
tacyanins and 419.3 + 35.7 mg/L of betaxantins.
These results are in agreement with the data of
the authors for most of the beetroot varieties,
who reported betacyanins concentration ranged
from 49.40 to 137 mg/100 mL, and that of betax-
antins — from 7.21 to 48.27 mg/100 mL (Czapski
etal,, 2009; Fernandez-Lopez et al., 2023). Higher
concentrations of betacyanins and relatively low
levels of betaxanthins also were found in different
beetroot varieties (Wruss et al., 2015; Skalicky et
al., 2020; Fernandez-L "opez et al., 2023).

It is known that the content of betalains is rela-
tively unstable and influenced by various factors,
including temperature and pH (Skalicky et al,
2020). Differences in betalain absorbance values
during «Beetroot» production that were observed
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in this work may be due to changes in its structure
as a result of temperature treatment and changes
in pH value. The pasteurization used in this study
(80 °C for 20 min) resulted in decreasing the con-
centration of betanin and vulgoxanthin I by 24.5%
and 13.7%, respectively. The results obtained are
comparable to those of other authors. In the work
of Klewicka and Czyzowska (2011), the content
of betalains in beetroot juice decreased by 21%
(from 1.27 to 1.01 mg/mL) after pasteurization
at 80 °C for 10 min. In other studies, authors
showed that thermal treatment of fresh juice at
45 °C and 85 °C for 10 min had no significant ef-
fect on the content of betacyanins and betaxan-
tins (Buniowska-Olejnik and Marszalek, 2022).
Immediately after inoculation of pasteurized
juice with LAB strains, a decrease of pH value by
1 unit and a slight increase in absorbance at 538
nm were observed. As shown by the authors, most
of the thermal reactions of the degradation of be-
tanin are reversible, and the acidic environment
favors the regeneration of betanin to its original
form (Klewicka, 2012). Besides, a recent study has
shown that heat treatment of betanin at 99 "C for
60 min, which almost completely degrades be-
tanin, does not affect the biological activity of red
beetroot juice, in particular, its antioxidant activ-
ity. This may be because the products of betalains
degradation also exhibit biological activity (Mu-
ramatsu et al., 2023). After 14 days of storage, the
color loss was observed in the untreated juice as a
result of betalain destruction. According to the lit-
erature, the degradation of betalains also may be
due the activity of beetroot endogenous enzymes,
such as B-glucosidases, polyphenoloxidases, and
peroxidase (Liu et al., 2008). It can be speculated
that pasteurization partially destroys these en-
zymes, as about 40% of betalains were maintained
in the pasteurized non-inoculated juice. In the
fermented «Beetroot drink», the number of beta-
lains remained unchanged for 14 days of storage.
By the literature, the fermentation process can
have a preservative effect on beet juice pigments
(Czyzowska et al., 2006). The studies conducted
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by Klewicka and Czyzowska (2011) revealed that
betalains in lacto-fermented juice are stable for up
to 30 days of refrigerated storage.

Elevated ALT, AST, and bilirubin indicate
transient sub-molecular liver stress from medi-
cations, an early precursor to DILI (Williams &
Hoofnagle, 1988). In this study, some participants
in both groups had biomarkers exceeding normal
ranges at the baseline, but these elevations were
insufficient to diagnose DILI, reflecting tran-
sient stress rather than pathology. The AST/ALT
ratio (<1) and ALT/ALP ratio ( > 2) confirmed
a hepatocellular pattern (Lee et al., 2015). After
14 days, the study group consuming «Beetroot
Drink» showed normalization of all biomarkers,
while the control group exhibited sustained ele-
vations above normal in some participants. Simi-
lar data were obtained in animal experiments,
where orally administered red beetroot extract
exhibited a considerable decrease in the activity
of serums alanine transaminase, aspartate trans-
aminase, and alkaline phosphatase and a notable
increase in albumin serum and total proteins lev-
els in rats chronically exposed to silver nanopar-
ticles (Albrahim & Alonazi, 2020). «Beetroot
drink» affected lipid metabolism, normalizing
elevated cholesterol and triglyceride levels in
53.0% of patients in the study group. At the same
time, «Beetroot drink» did not significantly af-

REFERENCES

fect the cellular composition of peripheral blood
but promoted the activation of phagocytic cells
and reduced the content of platelets. Therefore,
we can conclude that «Beetroot drink» activates
the formation of phagocytic cells, as well as blood
clotting factors synthesis. In our opinion, these
changes occurred both due to the activity of LAB
probiotic strains of improved starter culture and
due to the special composition of beetroot drink
(content of free amino acids, including essential,
organic acids, and vitamins B, PP, C, E). The hep-
atoprotective effect of the «Beetroot drink» may
be due to the antioxidant properties of betalains,
which protect hepatocytes from damage.

Conclusions. The new L. plantarum strains
combination can be used for faster production of
«Beetroot drink» with a protective effect against
transient drug-induced liver stress. A positive
effect was observed in 80.0% of cases in this pi-
lot study (15 men per group), with all biomark-
ers returning to normal ones in the study group
after 14 days, unlike the control group where
elevations persisted. Larger studies, including
women, are needed due to their higher suscep-
tibility to drug-induced stress. The «Beetroot
drink» shows promise as a preventive agent for
individuals under drug-induced stress.

Conflict of Interest. The authors declare that
there are no conflicts of interest.

Aithal, G. P, & Kulkarni, A.V. (2023). Drug-induced liver injury. Medicine, 51(5), 342—346.

Albrahim, T., & Alonazi, M. A. (2020). Role of beetroot (Beta vulgaris) juice on chronic nanotoxicity of silver
nanoparticle-induced hepatotoxicity in male rats. Int ] Nanomed, 15, 3471—3482.

Babarykin, D., Smirnova, G., Pundinsh, I., Vasiljeva, S., Krumina, G., & Agejchenko, V. (2019a). Red Beet (Beta vul-
garis) impact on human health. J Biosci Med, 7(3), 61—79.

Babarykin, D., Smirnova, G., Markovs, J., Vasiljeva, S., Basova, N., Simanis, R., & Viksna, L. (2019b). Therapeutic
effect of fractionated by ultrafiltration red beetroot (Beta vulgaris L.) juice in rats with food-induced fatty liver. Eur

] Biol Res, 9, 1—9.

Buniowska-Olejnik, M., & Marszatek, K. (2022). Bioaccessibility of betalains in beetroot (Beta vulgaris L.) juice un-
der different high-pressure techniques. Molecules, 27, 7093.

Casciano, E, Mayr, H., Nissen, L., Putti, A., Zoli, F, Gianotti, A., & Conterno, L. (2022). Red beetroot fermentation
with different microbial consortia to develop foods with improved aromatic features. Foods, 11, 3055.

Choinska, R., Piasecka-Jézwiak, K., Wozniak, ., Swider, O., Bartosiak, E., Bujak, M., & Roszko, M. L. (2022). Starter
culture-related changes in free amino acids, biogenic amines profile, and antioxidant properties of fermented red

beetroot grown in Poland. Sci Rep, 12, 20063.
12

ISSN 1028-0987. Microbiological Journal. 2025. (3)



The Use of Lactobacillus plantarum Strains for Preparation of “Beetroot Drink” and its Protective Effect

Clifford, T., Howatson, G., West, D. J., & Stevenson, E. J. (2015). The potential benefits of red beetroot supplementa-
tion in health and disease. Nutrients, 7, 2801—2822.

Czapski, J., Mikolajczyk, K., & Kaczmarek, M. (2009). Relationship between antioxidant capacity of red beet juice
and contents of its betalain pigments. Pol ] Food Nutr Sci, 59(2), 119—122.

Czyzowska, A., Klewicka, E., & Libudzisz, Z. (2006). The influence of lactic acid fermentation process of red beet
juice on the stability of biologically active colorants. Eur Food Res Technol, 223, 110—116.

Fernandez-Lopez, J. A., Castellar, R., Obdn, J. M., & Almela, L. (2002). Screening and mass-spectral confirmation of
betalains in cactus pears. Chromatographia, 56, 591—595.

Fernandez-Lopez, J., Ponce-Martinez, A. J., Rodriguez-Parraga, J., Solivella-Poveda, A. M., Fernandez-Lopez, J. A.,
Viuda-Martos, M., & Pérez-Alvarez, J. A. (2023). Beetroot juices as colorant in plant-based minced meat ana-
logues: color, betalain composition and antioxidant activity as affected by juice type. Food Biosci, 56, 103156.

Gliszczynska-Swiglo, A., Szymusiak, H., & Malinowska, P. (2006). Betanin, the main pigment of red beet: molecular
origin of its exceptionally high free radical-scavenging activity. Food Additives & Contaminants, 23(11), 1079—1087.

Hoglinger, O., & Weghuber, J. (2015). Compositional characteristics of commercial beetroot products and beetroot
juice prepared from seven beetroot varieties grown in Upper Austria. ] Food Compos Anal, 42, 46—55.

Janiszewska-Turak, E., Pobiega, K., Rybak, K., Synowiec, A., Wézniak, L., Trych, U., Gniewosz, M. & Witrowa-
Rajchert, D. (2023). Changes in physical and chemical parameters of beet root and carrot juices obtained by lactic
fermentation. Appl Sci, 13, 6113.

Jones, P. J. (2002). Clinical nutrition: 7. Functional foods — more than just nutrition. CMAJ, 166(12), 1555—1563.

Kazimierczak, R., Hallmann, E., Lipowski, ., Drela, N., Kowalik, A., Piissa, T., Matt, D., Luik, A., Gozdowski, D., &
Rembiatkowska, E. (2014). Beetroot (Beta vulgaris L.) and naturally fermented beetroot juices from organic and
conventional production: metabolomics, antioxidant levels and anticancer activity. J Sci Food Agric, 94, 2618—2629.

Kim, S.-L., Choi, H. S., Ko, Y.-C,, Yun, B.-S., & Lee, D.-S. (2021). 5-Hydroxymaltol derived from beetroot juice
through Lactobacillus fermentation suppresses inflammatory effect and oxidant stress via regulating NF-kB,
MAPKs pathway and NRF2/HO-1 expression. Antioxidants (Basel), 10(8), 1324.

Klewicka, E. (2012). Betacyanins — bioavailability and biological activity. Food Sci Technol Qual, 19, 5—21.

Klewicka, E., & Czyzowska, A. (2011). Biological stability of lactofermented beetroot juice during refrigerated stor-
age. Pol ] Food Nutr Sci, 61(4), 251—256.

Kovalenko, N. K., Tynianova, N. Z., Kachalaj, D. P, Lubenko, P. H., & Soboleva, L. P. (1990). Using lactic acid bacteria
to increase the biological value of beet juice. Microbiol Zhyrn, 52(6), 53—59.

Kumari, V. B. C., Huligere, S. S., Ramu, R., Naik Bajpe, S., Sreenivasa, M. Y,, Silina, E., Stupin, V., & Achar, R. R.
(2022). Evaluation of probiotic and antidiabetic attributes of Lactobacillus strains isolated from fermented beet-
root. Front Microbiol, 13, 911243.

Lee, B. M., Lee, W. C,, Jang, J. Y., Ahn, P, Kim, J. N, Jeong, S. W,, Park, E. ], Lee, S. H., Kim, S. G., Cha, S. W,, Kim, Y.
S., Cho, Y. D, Kim, H. S., & Kim, B. S. (2015). Clinical features of drug-induced liver injury according to etiology.
] Korean Med Sci, 30(12), 1815—1820.

Liu, X., Gao, Y., Peng, X., Yang, B., Xu, H., & Zhao, J. (2008). Inactivation of peroxidase and polyphenol oxidase in
red beet (Beta vulgaris L.) extract with high pressure carbon dioxide. Inn Food Sci Emerg Technol, 9(1), 24—31.
Muramatsu, D., Uchiyama, H., Higashi, H., Kida, H., & Iwai, A. (2023). Effects of heat degradation of betanin in red

beetroot (Beta vulgaris L.) on biological activity and antioxidant capacity. PLoS ONE, 18(5), e0286255.

Nedashkivskyi, S. M., Halushko, O. A., & Dziuba, D. O. (2018). Drug-induced liver damage is a problem disguised under
various diagnoses. Health of Ukraine. Thematic issue «Surgery, Orthopedics, Traumatology, Intensive Care», 34(4), 34—37.

Osyodlo, H. V., Boichak, M. P,, & Fedorova, O. O. (2022). Rational choice of hepatoprotectors for drug-induced liver
injury. Gastroenterology, 56(3), 179—189.

Pohl, P, Pieprz, M., Dzimitrowicz, A., Jamroz, P, Szymczycha-Madeja, A. & Welna, M. (2019). New green determi-
nation of Cu, Fe, Mn, and Zn in beetroot juices along with their chemical fractionation by solid-phase extraction.
Molecules, 24, 3645.

Skalicky, M., Kubes, J., Shokoofeh, H., Tahjib-Ul-Arif, M., Vachova, P. & Hejnak, V. (2020). Betacyanins and betax-
anthins in cultivated varieties of Beta vulgaris L. compared to weed beets. Molecules, 25, 5395.

Vasyliuk, O. M., Garmasheva, I. L., Kovalenko, N. K., Oleschenko, L. T., & Pidgorsky, V. S. Method of cabbage fer-
mentation. Utility model patent Ne 140653. 10.03.2020, Bulletin #5.

Webb, A.J., Patel, N., Loukogeorgakis, S., Okorie, M., Aboud, Z., Misra, S., Rashid, R., Miall, P, Deanfield, J., Benja-
min, N., MacAllister, R., Hobbs, A. J., & Ahluwalia A. (2008). Acute blood pressure lowering, vasoprotective, and
antiplatelet properties of dietary nitrate via bioconversion to nitrite. Hypertension, 51, 784—790.

ISSN 1028-0987. Microbiological Journal. 2025. (3) 13



M.Y. Spivak, N.M. Dmytrukha, I.L. Garmasheva et al.

Williams, A. L., & Hoofnagle, J. H. (1988). Ratio of serum aspartate to alanine aminotransferase in chronic hepatitis:
Relationship to cirrhosis. Gastroenterology, 95(3), 734—739.
Wruss, J., Waldenberger, G., Huemer, S., Uygun, P, Lanzerstorfer, P., Miiller, U.,
Zhuravlyova, L. V., & Shekhovtsova, I. O. (2018). The drug induced liver injury: tactics of diagnosis and treatment.
Modern Gastroenterology, 1, 47—52.
Zimmerman, H. J. (2000). Drug-induced liver disease. Clin Liver Dis, 4(1), 73—96.
Received 27.01.2025

M.A. Crisax!, H.M. [Imurpyxa?, LJI. Tapmamesal’, T.1O. Ipomosuii®, O.I. Bacunenxo!,

II.K. 3anoposxna?, O.M. Kapman?, M.B. Haymenko?, O.B. Tepacimosa?, B.C. Boxxyk?, T.B. YKunixoscbka!

! TucruryT Mikpobiosnorii i Bipyconorii im. [I.K. 3a6onoraoro HAH Ykpaiun,
By AkazieMika 3abomoTHoro, 154, Kuis, 03143, Ykpaina

2 Y «Incturyt ririenu npani im. 10.1. Kyaniesa HAMH Ykpaian,
By CakcaraHcbkoro, 75, Kuis, 01033, Ykpaina

3 IncturyT ximii mosepxsi im. O.0. Uyitka HAH Ykpaiun,
Byn. Onera Mynpaka, 17, Knis, 03164, Ykpaina

BUKOPMCTAHHS IITAMIB LACTOBACILLUS PLANTARUM 3
OJIA IIPUTOTYBAHHA «BYPAKOBOI'O HAITOIO» TA 1OI'O 3AXVICHUM EOEKT
ITPOTU TPAH3UTOPHOTO MEIMKAMEHTO3HOTO CTPECY ITEYIHKU

TpaHsuTopHMII CyOMOIEKY/LAPHUIL CTpeC Ha IeYiHKY, CIPUYMHEHNII TIKapChbKMMU 3ac00aMy, € PAHHBOIO CTAfli€l0
HOTEHIIITHOTO PO3BUTKY MeYIKaMeHTO3HOro ypaxxeHHs neqinky (DILI). Cepen HaTypanbHMX e(eKTUBHUX IeIIaTo-
HIPOTEKTOPiB (pepMEHTOBAHUIT CiK YepBOHOTO OYpsiKa OCTAHHIM 4acOM IIPMBEpPTae 0coOMBY yBary. Meroro po6oru
Oy/I0 YIOCKOHAIUTY CK/Iafl 3aKBACKM /151 «BypsIKOBOro HAIoO» IjIsk CKOPOYEHHsI Yacy JOTO IPUTOTYBAHH Ta BU-
BYMTH IpOGiTakTHYHMiT BIUINB «BbypAKoBOro Hamow» Ha (PyHKIi0 IIediHKY ITallie€HTiB, AKi IPOXOAATD peabimiTaniio
B YMOBax KJIiHIKM IIpo¢3axBOPIOBaHb Ta IPUIIMAIOTh MeAMKaMEHTO3HI IIpeapaTi 3a CTAHAAPTHUM IPOTOKOTIOM.
Y mocnmimkeHHi 6pam y4acTh 15 malieHTiB 40/I0Bi4Oi cTaTi B KOXKHII TPYII, B AKX CIIOCTEPIiranocs TMMYacoBe
HiABUIeHHS 610MapKepiB [eYiHKY BHACTITOK IIPUIIOMY JTiKiB, IPUYIOMY [iesKi 3 HUX IIepEeBUIIYBaIN HOPMaIbHI I10-
KasHVIKI, ajie O/ HeJoCTaTHIMM It BCTaHOBJIeHH: fiarHo3y DILL V rpymi, Axa BxmBaa Haill, IpUroToBaHMIi 3
HOBOI0 KoMOinarieto mramiB Lactobacillus plantarum, 6iomapkepu HopManisyBanucs depes 14 nuis. Meromu. «by-
PSIKOBUIT Hamii» OTPUMYBaIN LULIXOM (epMeHTalil 6ypsKOBOr0 COKY HOBOI KoMITo3uiieto mraMiB Lactobacillus
plantarum, sixi IpoOsIB/SIIOTD Po6IOTHYHI BIACTUBOCTI. BrsHavamy KiZIbKiCTh )XUTTE3AATHUX MiKpoopraHismis, pH,
TUTPOBAHY KMCTIOTHICTD Ta BMICT GeTasaiHiB 1o i micis depmenTarii ta 30epiranns. [emaTonpoTeKTOpHY aKTIUB-
HicTb «BypsKoBOro Hamow» OliHIOBamu B 15 [0oO6pOBONBLB, sKi MepebyBam Ha JIiKyBaHHI B KiiHini mpodeciii-
HUX 3aXBOproBaHb IncTuTyTy Mepmuuny npani im. 0.1, Kynniesa HAMH VYkpainn. «bypsikoBuit Haniiit» BXXnUBanu
B 1o3i 50 Myt monHs npotsiroMm 14 guiB. lemaTtonoriyni ta 6i0XiMiuHi TOKA3HMKY BM3HAYAN 34 3aralbHOIPUITHS-
TUMJ METOAMKAMU Ha ITOYAaTKy eKCIepYMeHTY Ta 4epe3 14 gHiB. CTaTMCTIYHY 3HAUYIIIiCTD OL[iHIOBA/IN 32 JOIIOMO-
roto t-kpurepito Ta U-kpurepito ManHa-Yitai (p<0.05). Pesynpraru. BuxkopucranHsa HOBOI KOMIIO3MLIII Ha OCHOBI
mramy L. plantarum opurinanbHoi sakBacku «BypsikoBuit Hamiii» Ta mramy L. plantarum npemnapary «JIakrokamn»
3HAYHO CKOPOYYE YaC OTPUMAHHs roToBoro Hamow. HeobxigHe ayst «BypsikoBoro Haroro» sHadeHHs pH 4.0—4.2
JOCSITAIOCh Yepes 6 TOANH, a TUTPOBAHA KUCIOTHICTD cTaHoBWIA 24 + 2 °T. THOKy/sA1iist 6ypsIKOBOrO COKY IpMBea
IO 3HAYHOTO IPUTHIYeHHA POCTY aBTOXTOHHMX OaKTepiil IIOPiBHAHO 3 HEIHOKY/IbOBAaHMM COKOM CIIOHTAaHHOI (ep-
menTarii. [Ticis macrepusarniii KoHLeHTpalis 6eTaniaHiHiB Ta 6eTaKCAaHTMHIB 3MEHIINIACS BifNIOBigHO Ha 24.5% Ta
13.7%. YV depmenroBanomy «BypsikoBoMy Hamol» KilbKicTb GeTamaiHiB 3aamInanacs He3MiHHOI IPOTAroM 14 fHiB
36epiraHH:A. BxxnBanHA «BypAKOBOro Hamow0» MO3UTHMBHO BIUIMHYJIO Ha 3aTaJIbHMIL CTAH 3[JOPOB A JOOPOBOJIBIIIB,
301/IbIINIIO KiNbKIiCTh MOHOLMTIB i IPaHy/IOLUTIB y KPOBi, TO3UTVBHO BIUIMHY/IO Ha (GYHKIIiIO Ie4iHKY Ta MiTigHUI
o6MiH. BucHoBkn. Hosa kom6inauis mramis L. plantarum Moxxe BUKOPUCTOBYBATHUCS Aist BUpoOHMITBa «Bypsiko-
BOTO HAIIOIO» i3 3aXMCHOIO JI€I0 MPOTY TPAHSUTOPHOTO MEAMKAMEHTO3SHOTrO cTpecy medinku. IlosutuBHmit eexr
criocrepirascst y 80.0% BuIafKkis, Ipy 1bOMY BCi 6ioMapKepu IIOBepPTAINICS 4O HOPMU B JOCTIPKYBAHIN TPy, 1110
CBIIYNTB PO JIOTO MOTEHIiA K IPOQIIAKTIIHOrO 3ac00Y 1 0cib, AKi 3a3HAI0Th MEAMKAaMEHTO3HOTO CTPECY.

Kntouosi cnosa: gepmenmosarnuii cik uepsoHozo 0ypsaka, MONOUHOKUCHI b6akmepii, npobiomuxu, PyHKuioHanvHa
AKMUBHICMb, 2enamonpomexkmopHa Ois.
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BIOCIDAL PROPERTIES OF MIXTURES
OF SILVER, ZINC AND COPPER NANOPARTICLES

Metal nanoparticles are becoming increasingly prevalent across a range of industrial sectors. Due to their physico-
chemical and antimicrobial properties, nanoparticles have gained popularity in the design of innovative antimicrobial
compounds. The objective of this study was to investigate the bactericidal, fungicidal, and disinfectant properties of a
mixture of metal nanoparticles, specifically Ag (151.2 mg/L), Zn (287.76 mg/L), and Cu (12.0 mg/L). Methods. In ex-
amining the biocidal properties of the nanocomposite, a variety of test cultures were utilized, including enterobacteria
Escherichia coli No. 12, Staphylococcus aureus No. 5, microscopic fungi Aspergillus flavus, and helminth eggs Toxocara
canis, which were obtained from the collection of pathogens of infectious animal diseases at the National Scientific Cen-
ter «Institute of Experimental and Clinical Veterinary Medicine» (Kharkiv). The initial stage entailed the assessment
of the bactericidal impact of the nanocomponent through the suspension method. Subsequently, the utilization of test
objects was conducted. Results. The suspension method determined the antimicrobial properties of the Ag-Zn-Cu metal
nanoparticle mixture. The most effective bactericidal effect on the test cultures of E. coli and S. aureus was observed in
solutions with a concentration of nanoparticles of 22.5 mg/L and 45.1 mg/L, respectively, when the exposure time was
between 1 and 5 hours. The complete disinfection of test objects contaminated with enterobacteria was achieved when
the nanocomposite was applied at a concentration of 45.1 mg/mL for one hour. When determining the fungicidal (fun-
gistatic) properties of the nanocomposite against the Aspergillus flavus suspension, it was found that the use of the agent
in concentrations of 22.5—339.1 mg/L for 60—180 min caused a complete delay in the growth of the micromycete, while
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the nanocomposite in a concentration of 13.7 mg/L at an exposure time of 1 hour showed a fungistatic effect. The fun-
gicidal properties of the nanocomposite against the test culture of the Aspergillus flavus species were observed at a con-
centration of 13.7 mg/L. Furthermore, at a concentration of 22.5 mg/L, a fungicidal effect was detected after one-hour
exposure. It was determined that the nanocomposite, when administered at a concentration of 45.1 mg/L for 24 hours,
was capable of disinfecting test objects contaminated with Toxocara canis eggs with an efficiency range of 88.3 to 94.2%.
Conclusions. The nanocomposite, at a concentration of 22.5 mg/L by total metal content, exhibits bactericidal proper-
ties against Escherichia coli and Staphylococcus aureus, as well as fungicidal properties against Aspergillus flavus, when
tested at an exposure time of 1 hour. At a concentration of 13.7 mg/L, the nanocomposite exhibits fungistatic properties
against the test culture of a micromycete after exposure for 1 hour. Furthermore, the nanocomposite has a disinfection

effect on Toxocara canis eggs at a concentration of 45.1 mg/L at an exposure time of 24 hours.

Keywords: Ag, Zn, Cu nanoparticles, Escherichia coli, Staphylococcus aureus, Aspergillus flavus, Toxocara canis.

The application of nanotechnology is becoming
increasingly prevalent across a range of human
activities, including industry, defense, computer
science, radio electronics, energy, transporta-
tion, biology, medicine, and biotechnology (Jo-
seph et al., 2023; Malik et al., 2023). In veteri-
nary medicine, nanotechnology is successfully
employed in genetic and cellular engineering, in
measures for the prevention, treatment, and di-
agnosis of diseases of viral, bacterial, fungal, and
other etiologies. Additionally, it is utilized in the
improvement of animal and poultry feed quality,
the enhancement of livestock productivity, and
the optimization of production and processing
processes, etc. (Wang et al., 2022; Danchuk et al.,
2023; Rodrigues et al., 2023).

Disinfection in stockbreeding represents a
crucial element within the broader framework
of strategies aimed at combating and preventing
diseases of viral, bacterial, and parasitic etiology,
as well as attaining products of high sanitary
quality (Paliy, 2018; Makovska et al., 2024).

A promising area is the development of new
disinfectants with a broad spectrum of antimi-
crobial activity against bacteria (both gram-
positive and gram-negative), viruses, fungi, and
helminths when combining several active in-
gredients to prevent the formation of resistance
in pathogenic microflora (Ponomarenko et al.,
2021; Paliy et al., 2024a; Jaleta et al., 2024).

The modern development of nanotechnology
makes it possible to obtain new materials with
high bactericidal properties and low toxico-
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logical parameters (Borehalli Mayegowda et al.,
2023; Granja Alvear et al., 2024). The most com-
monly used metals in veterinary medicine are
silver, gold, iron, copper, zinc, and manganese
nanoparticles, which exhibit pronounced bac-
teriostatic and bactericidal activity (Min et al,,
2023; Behrangi et al., 2024). Silver nanoparticles
have traditionally been employed in the treat-
ment of sick animals for a variety of diseases as
an antimicrobial agent against gram-positive and
gram-negative bacteria, largely due to their low
cytotoxic effect (Rai et al., 2012; Chernousova &
Epple, 2013; Vila Dominguez et al., 2020). Cop-
per, compared to silver, exhibits less pronounced
antiseptic properties; however, it markedly en-
hances the efficacy of silver preparations (Diez-
Pascual, 2020). Zinc oxide nanoparticles induce
alterations in the morphology of the bacterial
cell membrane, resulting in a notable enhance-
ment in its permeability. This, in turn, impairs
the ability of cells to regulate transport across the
plasma membrane, ultimately leading to their
demise (Prasad, 2009; Xie et al., 2011).

A group of scientists demonstrated that in vi-
tro experiments utilizing Cu, CuO, Ag, and ZnO
nanoparticles within the range of 162 to 310 ug/
mL exhibited inhibitory effects on the growth of
seven species of fungi known to affect leaf and
soil health (Malandrakis et al., 2019).

It has also been found that the combined effect
of metal nanoparticles (silver, copper, zinc oxide,
iron oxide) in certain concentrations provides a
biocidal effect on both model and pathogenic
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strains of bacteria (Escherichia coli, Staphylococ-
cus aureus, Pseudomonas aeruginosa, Legionella
pneumophila, Salmonella enterica) and micro-
scopic fungi (Aspergillus brasiliensis, Saccharo-
myces cerevisiae, Candida albicans, Penicilium
expansum). In particular, it was found that the
addition of 4.0% of a complex biocide containing
Ag, Cu, ZnO, and Fe,O, nanoparticles reduced
the number of S. aureus, S. enterica, and P. aeru-
ginosa by more than 99% (Janczak et al., 2021).

The use of metal nanoparticles in the combat
against parasitic diseases is still in its early stages
of development, yet it shows considerable prom-
ise in providing solutions for the prevention and
treatment of the initial stages of parasitosis (Krél
et al.,, 2023).

The vast physicochemical diversity of nano-
materials necessitates further investigation to
ascertain their antimicrobial potential, repre-
senting a significant and promising avenue in
the field of modern veterinary medicine and bio-
technology (Gauta et al., 2023; Kaiat et al., 2023).

The objective of this study is to examine the
bactericidal, fungicidal, and disinfectant prop-
erties of a mixture of silver, zinc, and copper
nanoparticles.

Materials and Methods. Experimental stud-
ies were conducted at the National Scientific
Center «Institute of Experimental and Clini-
cal Veterinary Medicine» (Kharkiv). A mixture
of metal nanoparticles was used for the study:
Ag — 151.2 mg/L; Zn — 287.76 mg/L; Cu —
12.0 mg/L, the total concentration of nanoparti-
cles was 450.96 mg/L. The stabilizers used were
Na citrate (7.5 g/L); cetyltrimethylammonium
bromide (CTAB) (20.0 g/L), and ascorbic acid
(34.24 g/L).

Nanoparticle synthesis. Zn/Ag nanoparticles
were synthesized as follows. 4.0 g of sodium ci-
trate was dissolved in 460 mL of deionized water
at room temperature. The solution was stirred
using a magnetic stirrer, and the pH was adjust-
ed to 11 by the addition of 1.5 M KOH. Subse-
quently, 1 mL of a 0.1 M sodium borohydride so-

ISSN 1028-0987. Microbiological Journal. 2025. (3)

lution was added. A separate solution containing
metals was prepared by mixing 33 mL of 73 mM
ZnSO,-7H,0 solution with 7 mL of 115 mM
AgNO, solution. This metal ion solution was
then added dropwise to the reaction mixture
under continuous stirring. The final mixture
was stirred vigorously at room temperature for
4 hours. According to scanning electron micros-
copy (SEM) data, the average particle size in the
resulting suspension was about 60 nm.

Cunanoparticleswere synthesizedasdescribed
below. First, an aliquot of a 0.05 M copper nitrate
solution was added to a conical flask. Then, 2 mL
of 25% ammonia solution was introduced, fol-
lowed by 18 mL of distilled water. To this mix-
ture, 1 g of cetyltrimethylammonium bromide
(CTAB) was added. The solution was heated in a
water bath at 40 °C until the surfactant was fully
dissolved. Separately, 1.76 g of ascorbic acid was
dissolved in 25 mL of distilled water to prepare
a reducing agent solution. The flask containing
the copper precursor solution was placed in a
water bath on a magnetic stirrer and connected
to a reflux condenser. The solution was heated to
100 °C, and the ascorbic acid solution was added
dropwise using a dropping funnel under contin-
uous stirring. Heating at 100 °C was continued
for an additional 2 hours. During the reaction, a
color change was observed — from blue to yel-
low, and finally to red — indicating nanoparticle
formation. The average particle size determined
by dynamic light scattering (DLS) was 57 nm (by
volume). The synthesized Zn/Ag and Cu colloids
were then mixed in the ratio of 1:1. The actual
composition of the resulting mixture was deter-
mined using inductively coupled plasma optical
emission spectrometry (ICP-OES).

According to the results of the acute toxicity
study in rats, the investigated drugs were classi-
fied as Class VT toxicity (relatively harmless sub-
stances — LD50 > 15000.0 mg/kg body weight),
and as Class IV hazardous substances (low haz-
ardous substances — LD50 > 5000.0 mg/kg)
(Kovalenko et al., 2024).
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Nanoparticle solutions were prepared in ster-
ile distilled water.

In the study of the bactericidal properties of
the nanocomposite, enterobacteria Escherichia
coli strain No. 12 and Staphylococcus aureus strain
No. 5, with a concentration of microbial bodies of
2x10° CFU/mL, were used as test cultures. The
test strains of microorganisms were cultivated on
nutrient broth, nutrient agar (manufactured by
Farmaktiv LLC, Ukraine), and Baird-Parker me-
dium (manufactured by Merck, Germany). 1.0,
2.0, 3.0, 5.0, and 10.0% solutions of the nanopar-
ticle mixture were added to nutrient broth with a
concentration of 5 CFU by McFarland, cultivated
at 37.0 £ 0.5 °C with an exposure of 30 min, 1, 3
and 5 h. E. coli was inoculated on nutrient agar
and S. aureus on Baird-Parker agar, followed by
incubation in a thermostat for 24 hours. The re-
sults were counted after 24 hours by the number
of E. coli and S. aureus colonies that grew on the
nutrient media. In the absence of growth, the Pe-
tri dishes were left in the thermostat for up to 48
hours. The bactericidal activity of the nanoparti-
cle mixture was considered confirmed in the case
of the absence of growth of test bacterial strains
on nutrient media, provided that they grow in-
tensively in the corresponding growth controls.

After studying the bactericidal properties of
the nanocomposite using the suspension method,
studies were conducted using test objects (tile,
wood, batiste) and biological load (inactivated
bovine serum). Sterile test objects were placed in
sterile cuvettes, and suspensions of E. coli and S.
aureus test cultures with a concentration of 2x10°
CFU/mL and inactivated bovine serum were ap-
plied to their surfaces at the rate of 1.0 cm?® of
standardized test culture and 0.5 cm® of serum
per 100 cm? of the test object area. After that, the
working solutions of the nanocomposite were ap-
plied to the surfaces of the contaminated test ob-
jects separately at a concentration of 5.0 and 10%
at the rate of 5 cm® of disinfectant per 100 cm?
of the test object area. Sterile saline was applied
to the control test objects in the same volumes.
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The exposure time was 1 hour. The disinfection
efficiency was monitored using a sterile wet swab,
which was used to wash the surface of the test ob-
ject after exposure. The swabs were washed for
15 min in 10 cm? of sterile saline, and the liquid
was centrifuged at 1500 rpm for 15 min. The re-
sulting precipitate was resuspended with sterile
saline and inoculated onto nutrient medium (0.5
cm?). The growth of the cultures was monitored
visually and by microscopy of smears after 24 and
48 hours (Alajla et al., 2022).

When studying the fungicidal (fungistatic)
properties of the nanocomposite, a test culture
of the museum strain of Aspergillus flavus was
used as a biological model. The nutrient media
were Wort agar and Czapek’s agar. The work-
ing suspension of the test culture of A. flavus
was standardized by the number of spores per
1.0 cm?. The spores of the 7-day test culture of
the museum strain were washed off with 5.0 cm?
of 0.5% Tween-80 solution and combined in a
separate sterile vial. Aqueous dilutions of spore
suspensions were prepared from 1.0 cm? of the
resulting suspension by rolling. The number of
spores in the test culture was counted using a
Goryaev chamber and a microscope (at a mag-
nification of 200 x 300).

A dilution of the spore suspension, contain-
ing no more than 120 spores per 1/5 mm?, was
regarded as a working dilution. The untreated
working dilution of the spore suspension of the
test culture A. flavus was designated as a posi-
tive control. The negative control was prepared
by adding Nystatin (100 thousand units per 100
cm® of nutrient medium) and a working dilution
of the suspension of test culture spores that had
not been treated with the nanocomposite to Cza-
pek’s agar. Test solutions of the nanocomposite
in varying concentrations were prepared from
the matrix solution, and the optimal dilutions
were determined through experimentation.
These dilutions affected the complete or partial
growth retardation of the test culture of the mi-
cromycete (Sahoo et al., 2007).
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To determine the actual fungicidal (fungistat-
ic) concentrations of the nanocomposite, a study
was conducted using a method that involved the
introduction of dilutions of the nanocomposite
in concentrations of 75.0, 50.0, 25.0, 12.5, 10.0,
8.0, 6.0, 5.0, and 3.0% and a spore suspension of
the test culture into sterile penicillin vials. The
mixture was kept at a temperature of 20.0 + 0.5
°C for 60, 120, and 180 min. After that, to count
the number of spores that survived the action of
nanoparticles, 1.0 cm® of the vial contents were
inoculated into labeled Petri dishes, poured into
CzapeK’s agar cooled to 40.0 + 0.5 °C, and incu-
bated at 25.0—27.0 °C. Colonies were counted
on days 3, 5, 7, 10, and 14.

At the end of the cultivation, the cultures were
examined macroscopically ( regarding external
signs of micromycete colonies, growth charac-
teristics, color, shape, consistency of colonies,
presence or absence of sclerotia, pigment, etc.)
and compared with museum strains.

To examine the fungicidal (fungistatic) prop-
erties of the nanocomposite against microscopic
fungi of the species A. flavus on surfaces, test
objects with varying physical characteristics
were selected: tile, wood, and batiste. A suspen-
sion of test cultures in a volume of 1.0 cm® was
applied to sterile test objects (10 cm x 10 cm),
placed on sterile cuvettes, spread evenly over the
surface, and dried at room temperature for 24
hours. Then, the test objects were coated with the
experimental concentrations of the nanocom-
posite at a rate of 4—5 cm? per 1 test object. The
test objects with a Nystatin solution served as a
negative control, and the test objects with a saline
solution served as a positive control. The expo-
sure to the agents was 1 hour. To determine each
concentration against the test culture of A. fla-
vus, at least 3 experiments were performed. The
sensitivity of micromycetes to the test agent was
determined by inoculating the washes from the
test objects on Czapek’s agar. To do this, a sterile
cotton swab dipped in sterile water was used to
thoroughly wipe the surface of the plates. After
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that, the swab was placed in a test tube with 5.0
cm?® of sterile water and shaken for 20 m. The
washed solution in a volume of 1 cm? was added
to Petri dishes, poured over CzapeK’s agar, cooled
to 38.0—40.0 °C, and incubated at 25.0—27.0 °C.
Colonies were counted on days 3, 5, 7, 10, and
14. At the end of the cultivation, a macroscopic
examination of the cultures was performed.

The results were subjected to mathematical
processing using variation statistics. To calculate
the results of the inoculation, all colonies of the
micromycete test culture grown in Petri dishes
were counted. To determine the average number
of fungal colonies, the experiment using the ef-
fective parameters of the nanocomposite (con-
centration and exposure) was repeated three
times, with three Petri dishes in each replication,
and the colonies were counted.

The mean number of colonies was calcu-
lated based on the results obtained at different
time points, a variation series was constructed,
and the median was determined. The highest
dilution of the drug was considered effective,
as evidenced by the results of at least three ex-
periments, which demonstrated that it ensured
the death of test culture spores by 95—98%. In
contrast, their growth in the positive control was
observed. In the study of several concentrations,
the minimum concentration that had the great-
est effect on the growth retardation of the test
culture at the optimal temperature and exposure
was proposed for use (Yaroshenko et al., 2009).

To assess the disinfecting effect of the nano-
composite, a culture of Toxocara canis eggs was
prepared, which was obtained from the feces of
infected mammals using the Fiillleborn method.
To do this, 500 ml of water was added to a 50
g sample from the feces of animals with a high
intensity of infection (a significant number of
eggs visible at low magnification), and the mix-
ture was stirred thoroughly, filtered through a
layer of gauze, transferred to 250 mL centrifuge
tubes, and centrifuged for 2—3 min at 800 rpm.
The supernatant was subsequently discarded,
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and water was added to the sediment, which was
then subjected to another centrifugation step.
This process was repeated four or five times, or
until the liquid became clear. After the last wash-
ing, the supernatant was drained off, one drop
of liquid was taken from the precipitate onto
a glass slide, and the number of Toxocara eggs
was determined. The resulting eggs were thor-
oughly mixed with saline to obtain a homoge-
neous suspension and placed in a thermostat at a
temperature of 26.0—28.0 °C for cultivation for
20 days, with daily aeration at room tempera-
ture for 1 hour. Their viability was determined
by microscopy based on the degree of proto-
blast fragmentation and staining (Verocai et al.,
2010). The number of eggs in the test culture was
counted using a Goryaev chamber and a micro-
scope (x8 objective, x15 eyepiece). Dilutions of
egg suspensions containing 100 eggs in 1.0 cm?
were regarded as work dilutions. Before testing
the nanocomposite, an aqueous emulsion of hel-
minth eggs in the amount of 300—600 eggs was
placed in a Petri dish. Excess water was removed
using strips of filter paper. After that, working so-

Table 1. Bactericidal activity of the nanocomposite (n=9)

lutions of the nanocomposite at concentrations
of 5.0 and 10.0% were added to the helminth
eggs separately. The exposure time ranged from
1 to 24 hours. After that, the washed T. canis eggs
were cultured in a thermostat at a temperature of
26.0—28.0 °C for 28 days with daily aeration for
1 h. Antimicrobial agents were added every 2—3
days to prevent the development of fungi and
protozoa that could affect egg viability. In addi-
tion, an aqueous emulsion of T. canis egg culture
in the amount of 300—600 specimens at the pro-
toplast stage (before blastomere fragmentation)
and larvae were transferred to sterile test objects
(wood, tile, batiste). Excess water was removed
using strips of filter paper. After that, the ex-
perimental and control test objects were placed
in boxes at 20.0—25.0 °C. Subsequently, the test
samples were treated with nanocomposite solu-
tions, which were evenly applied to the test ob-
jects. A sterile isotonic solution was applied to
the control samples (positive control) in an iden-
tical volume. A 10% solution of caustic soda was
used as a negative control. Following the appli-
cation of the nanocomposite, the helminth eggs

. Concentration of solution, %
Exposition,
hours 1.0 2.0 3.0 5.0 10.0
E. coli

0.5 +++ +++ +++ ++ ++

1 +++ +++ +++ — —

3 +++ +++ ++ — —

5 +++ +++ ++ — —
control +++ +++ +++ +++ +++

S. aureus

0.5 +++ +++ +++ ++ ++

1 +++ +++ +++ — —

3 +++ +++ ++ — —

5 +++ +++ ++ — —
control +++ +++ +++ +++ +++

«—» — no colony growth; «+» — up to 100 CFU/mL on the medium surface ; «++» — from 100 to 300 CFU/mL on
the medium surface; «+++» — more than 300 CFU/mL on the medium surface.
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were washed three times and examined under a
microscope to detect changes in their structure,
including alterations to the shells, embryos, and
inhibition of embryogenesis. The ovocidal effect
of the nanocomposite was deemed to be con-
firmed if the microscopic examination revealed
no development of helminth eggs or larvae fol-
lowing exposure to the working solutions of the
product and the presence of egg and larval de-
velopment in the positive control.

The research results were processed statistical-
ly using Microsoft Excel 2016 (for Windows XP),
and the reliability of the results was assessed by
Student’s criterion (Statistical Principles, 2016).

Results. In examining the antimicrobial prop-
erties of the Ag-Zn-Cu nanoparticle mixture, it
was determined that the most efficacious bacteri-
cidal effect on the test cultures of E. coli and S. au-
reus was observed in 5.0 and 10.0% solutions (22.5
mg/L and 45.1 mg/L by metals, respectively) fol-
lowing exposure for 1, 3, and 5 hours. The test cul-
tures of enterobacteria demonstrated resistance to
nanocomposite solutions at concentrations of 1.0,
2.0,and 3.0% with exposure periods ranging from
30 min to 5 hours. This was evidenced by the pres-
ence of colonies and the continuous growth of the
test cultures in the control (Table 1).

After studying the bactericidal properties of
the nanocomposite by the suspension method,

studies were conducted to determine the disin-
fectant antimicrobial activity using various test
objects (tile, wood, batiste) and biological load
with inactivated bovine serum (Table 2).

The Ag-Zn-Cu nanocomposite at a concentra-
tion of 5.0% and an exposure time of 1 hour dem-
onstrated a high disinfectant efficacy against S.
aureus and E. coli: on average, 96.3 and 97.1% of
cells were inactivated on tile, 94.7 and 96.4% on
wood, and 97.8 and 98.3% on cambric, respec-
tively, with no significant difference between the
values. However, the data obtained indicate that
a 5.0% nanocomposite solution at an exposure
time of 1 hour did not completely disinfect any
of the test objects.

An increase in the concentration of the nano-
composite to 10.0% (45.1 mg/L by metals) at an
exposure time of 1 hour, as well as exposure up to
3 hours at a concentration of 5.0%, caused 100%
death of the test cultures of S. aureus and E. coli
microorganisms applied to tile, wood, and batiste.

The next step was to ascertain the fungicidal
properties of the nanocomposite using the test
culture of Aspergillus flavus. The results of this
analysis are presented in Table 3, which shows
the average number of colonies in three experi-
ments with three Petri dishes per dilution.

The results (Table 3) show that the exposure
of the test culture to solutions at a concentra-

Table 2. Bactericidal effect of the nanocomposite on test objects, % (M + m, n=3)

Test object
Test culture Concentration, % Exposure, hour
Tile Wood Batiste
E. coli 5.0 1 97.1+0.7 96.4+0.2 98.3 £0.8
10.0 100.0 100.0 100.0
5.0 3 100.0 100.0 100.0
control 1 0 0 0
S. aureus 5.0 1 96.3+0.5 94.7+0.3 97.2+0.6
10.0 100.0 100.0 100.0
5.0 3 100.0 100.0 100.0
control 1 0 0 0
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tion of 5.0% (22.5 mg/L by metals) and higher
for 60, 120, and 180 min significantly affected the
growth and number of A. flavus colonies. Thus,
a complete absence of micromycete growth was
found, compared to the positive control, that is,
the nanocomposite showed fungicidal proper-
ties. Under the action of the experimental agent
at a concentration of 3.0% (13.7 mg/L by metals),
a significant delay in the growth of the micromy-
cete was observed, indicating its fungistatic effect
on A. flavus. Considering the results obtained, we
performed their statistical processing (Table 4).
The results of the analysis indicate that the
nanocomposite, when used at concentrations

ranging from 5.0 to 75.0% and for exposure pe-
riods of 60, 120, and 180 min, effectively inhib-
ited the growth of the test culture of A. flavus.
At a concentration of 3.0%, the nanocomposite
demonstrated fungistatic properties.

Based on the data from the previous experi-
ment, the next stage of research was to determine
the disinfectant concentrations of the nanocom-
posite on the surfaces of test objects at an expo-
sure time of 1 hour (Table 5).

The data in Table 5 indicate that the nanocom-
posite demonstrates fungistatic properties against
the test culture of the genus Aspergillus when ap-
plied to test objects at a concentration of 3.0%

Table 3. Fungicidal effect of the nanocomposite against A. flavus (n=9)

Terms of counting A. flavus colonies, days

7 10 14

Concentration, %

Exposure, min

60 120 | 180 60 120 | 180 60 120 | 180 60 120 | 180 60 120 | 180
Number of colonies, pcs
3.0 — | = | = ]2t |18 |17 |2 |19 |18 |22]2 [19]|22]2 |19
5.0 === === =|=1=|=1=]=|=1=
6.0 — == === =|=|=|=|=|=|=|=1|=
8.0 — == === =|=|=|=|=|=|=|=1|=
10.0 — == === =|=|=|=|=|=|=|=1|=
12.5 — = === =|=|=|=|=|=|=|=|-=1|=
25.0 — = === =|=|=|=|=|=|=|=|-=1|=
50.0 — = === ==|=|=|=|=|=|=|-=1|=
75.0 — === =|=|=|=|=|=|=|=|=|-=1|=
Positive control + + + + + + + + + + + + + + +
Negativecontrol | — | — | — | — | — | — | — | — | — | — | — | — | — | — | —
«—» — no growth of the test culture; «+» — continuous growth.

Table 4. Statistical processing of experimental results

to determine nanocomposite’s fungistatic properties against A. flavus

Optimal concentration Variation Average number .
e . . Median
for fungistatic properties, %. range of colonies grown
3.0 0; 215 22; 22; 22 17.4 22.0
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(13.7 mg/L for metals). Furthermore, the prod-
uct’s efficacy is enhanced at a concentration of
5.0% (22.5 mg/L) when used for an exposure time
of 1 hour, resulting in the death of the test culture.

It should be noted that the manifestation of
the fungistatic properties of the nanocomplex
against A. flavus, applied to the test objects,
depended on the physical characteristics of its
surface, i.e., the sensitivity of the test culture to
the nanocomposite was not the same and de-
pended on the surface characteristics: the flat-
ter the surface, the higher the antifungal effec-
tiveness observed.

After analyzing the results, we statistically
processed the results of the use of nanocompos-

ite dilutions, which showed a great fungistatic ef-
fect on all test objects (Table 6).

Comparing the results of the experiment (Ta-
ble 6), it should be noted that the concentration
of 3.0% is optimal for disinfection with the nano-
composite to significantly inhibit the growth of
microsporidial fungi.

The disinfection properties of the nanocom-
posite were determined against helminth egg
cultures of Toxocara canis (Table 7).

Table 7 indicates that the treatment of the test
culture with nanocomposite solutions at concen-
trations of 5.0% and 10.0% (22.5 mg/L and 54.1
mg/L by metals, respectively) for 1—5 hours did
not affect the development of T. canis eggs. The

Table 5. Fungicidal effect of nanocomposite on test objects (n=3)

Term of calculation of colony growth, days
Concentration, % Test object 3 5 7 10 14
Average number of test culture colonies, pcs
3.0 tile 23 24 24 25 25
wood 41 41 42 42 42
batiste 30 31 32 32 33
5.0 tile — — — — —
wood — — — — —
batiste — — — — —
Positive control tile + + + + +
wood + + + + +
batiste + + + + +
Negative control tile — — — — —
wood — — — — —
batiste — — — — —
«—» — no growth; «+» — continuous growth of the test culture.
Table 6. Statistical processing of the experimental results
for the fungistatic properties of the nanocomposite at an exposure time of 1 hour
Concentration, % Test object Variation range Average number of colonies grown Median
3.0 Tile 23;24; 24; 25; 25 24.2 24.0
Wood 41;41; 42; 42; 42 41.6 42.0
Batiste 30; 31; 32; 32; 33 31.6 32.0
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Table 7. Disinfecting effect of the nanocomposite on 7. canis (n=3)

Term of determination of T. canis eggs viability, days

3 6 14 21 28

Exposure, hours
Concentration, %

5 10 5 10 5 10 5 10 5 10
1 +++ +++ +++ +++ +++ +++ +++ +++ +++ +++
5 +++ +++ +++ +++ +++ +++ +++ +++ +++ +++

8 +++ +++ +++ +++ +++ ++— | ++— +— +— —

12 +++ +++ +++ +++ +++ ++— +— +— +— —

24 +++ +++ +++ ++— ++— | +—— +— — — —
Positive control + + + + + + + + + +
Negative control — — — — — — — — — —

«—» — the death of helminth eggs; «+» — growth of eggs.

Table 8. Disinfection concentrations and exposures of the nanocomposite against the test culture of T. canis

Concentration, % Exposition, hour Death of eggs in experimental cultures, day Ovicidal efficiency, %
5.0 8 35 36.05
10.0 28 64.05
5.0 12 30 40.2
10.0 28 72.7
5.0 24 30 49.2
10.0 21 94.7

Table 9. Disinfecting effect of nanocomposite on test objects (n=3)

Exposure, hours
Concentration, % Test object 8 12 24
Average OE in 3 experiments
5.0 tile 36.0 £ 0.01 40.0 £ 0.01 49.0 £ 0.01
wood 34.3+0.02 38.2+0.02 47.3 £0.02
batiste 36.2 + 0,01 40.9 £ 0.01 49.1 £0.01
10.0 tile 64.0 £ 0.01 72.5+0.01 94.2 +0.01
wood 61.16 £ 0.02 68.8 +0.02 88.3+0.02
batiste 65.04 + 0.01 73.5+0.01 94.1 £0.01
Positive control tile — — —
wood — — —
batiste — — —
Negative control tile 90.70 £ 0.01 92.44 £ 0.01 96.44 £ 0.01
wood 53.70 £ 0.02 62.89 £ 0.01 78.89 + 0.01
batiste 93.77 £ 0.01 93.77 £ 0.01 96.77 £ 0.01

«—» — absence of OE.
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eggshell structure remained intact, and blas-
tomere division proceeded uninterrupted. The
larvae developed in the eggs at the same time
as in the positive control. The treatment of the
test culture with solutions at a concentration of
5.0 and 10.0% for 8, 12, and 24 hours resulted
in the inhibition of egg development and the
subsequent death of the embryos at the larval
stage. The larvae ceased movement and began to
undergo destruction. It was observed that at an
exposure duration of 24 hours and a concentra-
tion of 10.0%, the nanocomposite demonstrated
disinfection activity, which resulted in the inhi-
bition of embryogenesis (Table 8).

The ovocidal efficiency (OE) of the nanocom-
posite on the test culture of T. canis was deter-
mined to be 36.05% at a concentration of 5.0%
and an exposure period of 8 hours. Following
the 12-hour exposure period, the OE increased
to 40.2%. After 24 hours, the OE reached 49.2%.
At a concentration of 10.0% and an exposure of 8
hours, the OE was 64.05%. With an increase in ex-
posure to 12 hours, the OE increased to 72.7%. At
an exposure of 24 hours, the OE reached 94.7%.

No destruction of eggs (shell rupture or de-
flection) was observed under the influence of the
nanocomposite. However, notable changes were
observed in the embryos at both the embryo-
genesis and invasive larvae stages. Microscopic
examination of the eggs revealed that the nano-
composite agent forms a thin film on the surface
of the treated eggs. In the positive control, mo-
bile, active larvae were formed in the eggs at the
blastomere stage on day 11.

Based on the results of previous experiments,
the disinfection effect of the nanocomposite on
T. canis was determined using test objects (Table 9).

As evidenced by the findings detailed in Table
9, the nanocomposite, when used at a concen-
tration of 10.0% (45.1 mg/L by metals), demon-
strates the capacity to disinfect test objects con-
taminated with helminth eggs within 24 hours,
exhibiting an efficiency range of 88.3—94.2%.
The larvae within the invasive eggs exhibited a
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cessation of movement, a change in color, and
subsequent vacuolization.

Discussion. A variety of antimicrobial com-
pounds are employed at diverse environmental
facilities to eradicate microorganisms. These
compounds exhibit differences in composition,
toxicity, bactericidal spectrum, and other char-
acteristics (Aranke et al., 2021; Onodera & Kiri-
sawa, 2023; Paliy et al., 2024b). Currently, the
most promising avenue of research is the syn-
thesis, study, and application of diverse metal
nanoparticles for this purpose (Hamouda et al.,
2023; Wahab et al., 2023).

The antibacterial properties of metals have
been recognized for a considerable period. As
early as in 1893, the Swiss botanist Negeli ob-
served the death of microorganisms in drink-
ing water at metal concentrations in the range
of millionths of a percentage of the solution, or
trace levels. These properties of copper and silver
were designated as «oligodynamic.» Subsequent
research has demonstrated that silver exerts the
most pronounced oligodynamic effect, which is
contingent upon the concentration of the metal
in the solution. The effect of Cu is 4-5 times less
pronounced. The combined use of Ag and Cu
has been demonstrated to enhance the antimi-
crobial effects of metals, exhibiting the most pro-
nounced activity against aerobic and anaerobic
pathogens, as well as virucidal and fungicidal ef-
fects (West & Halas, 2000; Sahoo et al., 2007; Ray
etal., 2009). A mixture of Ag and Cu nanoparti-
cles has been demonstrated to exhibit bactericid-
al properties against staphylococci (Saritas et al.,
2024) and Escherichia coli (Ameh et al., 2022).

Our findings align with the literature, substan-
tiating the pronounced antibacterial efficacy of
composite formulations comprising silver, copper
oxide, and zinc nanoparticles against a spectrum
of microorganisms, including Porphyromonas
gingivalis, Fusobacterium nucleatum, and Porphy-
romonas intermedia (Vargas-Reus et al., 2012).

Our findings indicate that the combination of
Ag-Zn-Cu metal nanoparticles exhibits potent
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antibacterial activity, enabling the expansion of
the spectrum of biocidal action. This is attribut-
ed to the use of three different metal types with
varying modes of action and the observed syn-
ergistic enhancement of the action of silver, zinc,
and copper when used together.

The antimicrobial properties of silver and
copper nanoparticles are due to the presence of a
double electron layer around the nanoparticles,
which has a high reactivity and is actively ad-
sorbed by peptidoglycans of the cell membrane
(Fan et al.,, 2021). Violating the integrity of the
microbial wall and cytoplasmic membrane, met-
al nanoparticles penetrate the cell and partici-
pate as a catalyst in the oxidative processes with
the release and accumulation of free radicals and
destruction of cellular structures, which leads to
cell death (Sanchez-Lopez et al., 2020).

Many researchers have observed the occur-
rence of a synergistic effect resulting from the
combination of diverse metal nanoparticles,
which gives rise to enhanced material properties.
A significant body of research has demonstrated
that composites comprising CuO and ZnO with
incorporated silver, such as Ag,0-CuO, Ag-ZnO,
and Ag-CuO, exhibit heightened antibacterial
activity compared to CuO and ZnO alone. This
enhanced effect on Gram-negative and Gram-
positive bacteria is attributed, in particular, to
the enhancement of the photocatalytic ability of
semiconductor nanoparticles when doped with
silver (Bazant et al., 2014; Rajabi et al., 2018;
Babu & Antony, 2019). The ternary nanocom-
posites ZnO-MnO,-Cu,O, ZnOAg,0-Ag,S, and
Zn0-Ag-Mn,0O;, which also demonstrate an en-
hanced antibacterial effect, are the subject of ac-
tive research, (Gabrielyan & Trchounian, 2019;
Zoha et al., 2020).

The antibacterial activity of Cu-Zn-Fe tri-
oxide nanoparticles against Gram-negative
(Escherichia coli) and Gram-positive (Entero-
coccus faecalis) bacteria was demonstrated. The
viability of E. faecalis and E. coli decreased by
40 and 38%, respectively, in the presence of Cu-
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Zn-Fe trioxide nanoparticles. At the same time,
ZnO nanoparticles influenced the decrease in
the viability of E. faecalis and E. coli cells by 22
and 75%, respectively. CuO nanoparticles had
almost no effect on E. coli, while they reduced
the viability of E. faecalis by 70%. The cell death
analysis showed that the level of influence of
trioxide nanoparticles on E. coli and E. faeca-
lis lies between the effects of ZnO and CuO
nanoparticles (Alzahrani et al., 2017). The Ag-
Fe,0,-GO nanocomposite showed improved
long-term antibacterial properties against E.
coli and B. subtilis compared to individual Ag
and Ag-Fe,O, nanoparticles. The bactericidal
activity of the nanocomposite lasted up to 19
days (Gao et al., 2013).

The results of our investigation into the appli-
cation of the nanocomposite to various surfaces
are in line with the literature data, which indicate
that the disinfection of surfaces contaminated
with E. coli and Staphylococcus aureus can be
achieved through the addition of colloidal silver
(Mohamed et al., 2020).

It is anticipated that nanofungicides will play
a significant role in the future in the fight against
plant diseases, offering an environmentally
friendly alternative to conventional synthetic
fungicides (West & Halas, 2000; Ray et al., 2009).

It is known that synthesized nanoparticles
have an optimal size and shape with certain op-
tical properties that allow them to be used in
agriculture, in particular, as new pesticide for-
mulations that demonstrate improved pest and
pathogen control efficiency (Pestovsky & Mar-
tinez- Antonio, 2017; Worrall et al., 2018; Cama-
raetal., 2019).

The most commonly used in the fight against
plant diseases are carbon, silver, silicon nanopar-
ticles, and non-metallic oxides or alumino-
silicates, which have shown antifungal efficacy
against the phytopathogens Xanthomonas, Fu-
sarium oxysporum, Aspergillus niger, and Botrytis
cinerea (Rangaraj et al., 2014). In particular, con-
cerning toxigenic micromycetes, the inhibition
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of spore growth and germination of Aspergillus
niger mycelium under the influence of AgNPs
was shown (Scroccarello at al., 2021), as well
as the disinfectant properties of ZnONps with
a concentration of 24.7 mg/L against Fuzarium
oxysporum (El Sayed & El-Sayed, 2020).

However, the spectrum of the action and pest/
pathogen control efficiency of nanopesticides
can be improved by developing nanohybrids or
composites that can have different chemical ori-
gins, covering biological, inorganic, and natu-
ral/synthetic organic-inorganic materials. These
composites have special properties character-
ized by an additive or reinforcing effect, taking
into account the properties of individual com-
ponents (Paek et al., 2011; Spadola et al., 2020),
as well as fungicidal properties against Aspergil-
lus flavus. According to our data, the Ag-Zn-Cu
nanocomposite at a concentration of 13.7 mg/L
at 1-hour exposure exhibits fungistatic proper-
ties against the test culture Aspergillus flavus,
and its use at a concentration of 22.5 mg/L has a
fungicidal effect.

The widespread distribution of exogenous
forms of helminths requires science to find the
most effective means of their destruction (Paliy
et al,, 2019; Tyungu et al., 2020; Bogach et al.,
2020). Metal nanoparticles and their composi-
tions have proven to be highly effective in this
regard (Ali et al,, 2021). Methods for the use of
hydrated and citrated Ag, Cu, Zn, Mg, and Sn
nanoparticles have been developed, studied, and
implemented in |the practice of applied ecol-
ogy (Voloshina et al., 2008). Thus, it has been
proven that Ag nanoparticles have a higher an-
tiparasitic effect compared to traditional anthel-
mintics (Zhang et al., 2023). Exposure to low or
high concentrations of AgNPs activates genes
involved in detoxification, neurotoxicity, cell sig-
naling, DNA damage, and embryonic develop-
ment (Pimentel-Acosta et al., 2020).

It was found that treatment of sexually ma-
ture T. vitulorum with AgNPs causes irreversible
damage to the cuticle’s structural architecture
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and excessive production of reactive oxygen spe-
cies, as well as a deficiency of the antioxidant de-
fense system (Bahaaeldine et al., 2022).

It has been reported that CuO and ZnO
nanoparticles can be effective in the control and
treatment of fascioliasis (Ravvaz et al., 2024).
Additionally, other findings indicate that AgNPs
and SeNPs exhibit a pronounced anthelmintic
effect against H. contortus at various stages of
its life cycle (Kaiaty et al., 2023). The ovicidal ef-
fect of the Ag-Zn-Cu nanocomposite on Toxo-
cara eggs was observed at a concentration of
45.1 mg/L and was dependent on the duration
of contact. After an exposure period of 24 hours,
the ovicidal efficiency reached 94.7%. The data
on the formation of a thin film on the surface
of Toxocara eggs corroborate the conclusion of
Voloshina et al. (2008) that it has a long-lasting
biocidal effect.

The findings suggest the necessity for compre-
hensive investigations into the biocidal charac-
teristics of metal nanoparticles on both sanitary
indicative and field isolates of microorganisms,
with the aim to expand the range of highly eftec-
tive antimicrobial compounds.

Conclusions. The use of bicomponent nano-
particles of Ag-Zn-Cu metals as an antimicro-
bial agent leads to the effective inhibition of mi-
crobial growth due to the synergistic effect of its
components.

The nanocomposite at a concentration of 22.5
mg/L with an exposure time of 1 hour exhibits
bactericidal properties against Escherichia coli
and Staphylococcus aureus, as well as fungicidal
properties against Aspergillus flavus. At a con-
centration of 13.7 mg/L and an exposure time of
1 hour, it exhibits fungistatic properties against
the test culture of micromycetes.

The nanocomposite has a disinfecting effect
on Toxocara canis eggs at a concentration of
45.1 mg/L after 24 hours of exposure.

The new data on the spectrum of bioactive
action of metal nanoparticles make it possible
to improve the development of innovative di-
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rections for controlling the level of pathogenic
and opportunistic microorganisms in the en-
vironment.

Prospects for further research include de-
termining the shelf life of working solutions to
study the bactericidal and toxicological proper-
ties of the developed nanocomposite in produc-
tion conditions.
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BIOLIMIHI BIACTVMBOCTI CYMIIIEV HAHOYACTMHOK METAJIIB CPIBJIA, [IMHKY TA MIJIT

BuxopucraHHs HaHOYaCTMHOK MeTasliB HabyBa€ Bce IMIMPIIOTO 3aCTOCYBAHHS Y PiSHMX TaayssX BUPOOHUIITBA.
3aBaskyu cBoiM (i3sMKO-XiMIYHMM Ta HPOTUMIKPOOHUM BIACTMBOCTSAM HAHOYACTMHKYM HaOymM MOMY/LIPHOCTI B
KOHCTPYIOBaHHI iHHOBAL[IIHNX TPOTUMIKPOOHNUX CIONMYK. MeTO¥0 po60Ty Oy10 BUBUMTY GaKTepuIMAHI, yHTimaHI
Ta Jle3iHBasiitHi BacTuBOCTI cyMmini HaHOYacTMHOK MeTanmiB Ag — 151.2 mr/m; Zn — 287.76 mr/m; Cu — 12.0 mr/m.
Meropu. [Tpy BuBYeHHI OiONVIHNX BIACTHBOCTE) HAaHOKOMIIOSUTY B SKOCTi TeCT-KYIbTYPM BUKOPUCTOBYBaIN
enTepobaxrepii Escherichia coli Ne 12, Staphylococcus aureus Ne 5, mikpockomiuni rpubn Aspergillus flavus, aims
renpMiHTIB Toxocara canis 3 Konekuii 30ygHuKiB indeknilianx xBopo6 TBapyuH HanioHabHOro HayKOBOTO LIEHTPY
«[HCTUTYT eKCllepuMeHTa/NbHOL i KTiHiYHOI BeTepuHapHol MepuuyHu» (M. Xapkis). Ilepumii etan mepen6adas
BU3HAUEHHs GaKTePULMAHOI il HAHOKOMIIOHEHTY CYCIIeH3IITHUM METOJOM, a Ha PYyrOMY eTall 3aCTOCOBYBaIn
TecT-06’ekTu. Pedynpraru. [Ipy BusHaYeHHI aHTUMIKPOOHUX BIACTUBOCTEN CYMillli HAHOYACTHMHOK MeTasnliB Ag-
Zn-Cu CycIleH3Ii{HIM MeTOHOM 0Y/I0 BCTAHOBJIEHO, 110 Hal6iIblI eeKTUBHOW GaKTepULUMIHOI i€l BifHOCHO
TecT-KynbTyp E. coli Ta S. aureus po3umHU 3 KOHIIEHTpalli€l0 HAHOYACTMHOK 22.5 Mr/n Ta 45.1 Mr/n 3a eKcrosu-
nii Bix 1 mo 5 ropun. IToBHe 3He3apaXkeHHS KOHTaMiHOBaHUX eHTepOOaKTepiAMHU TeCT-00’€KTIB BinbyBanocs npu
3aCTOCYBaHHI HAHOKOMIIO3UTY B KOHIleHTpauil 45.1 mr/mi 3a fii mpotarom 1 roguuu. 3a faHuMu 3 QyHrinMEHUX
(¢yHricTaTnYHNX) BIACTUBOCTEN HAHOKOMIO3UTY 11070 Aspergillus flavus BcTaHOBIIEHO, IO 3aCTOCYBAHHSI 3aC00y
B KOHI[eHTpaniax 22.5mr/m — 339.1 mr/n ynpoposx 60 — 180 XBUIMH 3yMOB/IIOE 3YIIMHKY POCTY MiKpOMILIETY,
TOfi SIK HAHOKOMITIO3UT Yy KOHIeHTpawil 13.7 Mr/n 3a excrmosniii 1 rog mae ¢yHricraruuny gito. OyHricrarudsi
B/IACTVMBOCTI HAHOKOMIIO3UTY BiTHOCHO TecT-KynbTypu Bupy Aspergillus flavus, Hanecenoi Ha TecT-00’€KkTH, O6ymu
BCTAHOBJIEHI 3a KOHILIeHTpalii 13.7 MI/m, a 3a KOHIeHTpalii 22.5 MI/1 BOPOAOBX 1 ToJ eKCIOo3NIlii BUABIEHO
¢yHrinnpny filo. BcraHoBeHo, 1110 HAHOKOMIIO3UT 3a KOHL[eHTpalii 45.1 Mr/i Ta excnosuiii 24 rof sHe3apaxye
KOHTaMiHOBaHi AMIAMY TrenbMiHTIB Toxocara canis TecT-06’ektu 3 edekTuBHIcTIO Bif 88.3 10 94.2%. BucHOBKM.
HaHOKOMITO3UT y KOHIleHTpamii 3a 3araJbHUMM BMiCTOM MeTasiB 22.5 MI/n Ta ekcrmosmiii 1 rop mposBise
GakTepuunpgHi BaacTuBoCTi mopo Escherichia coli ta Staphylococcus aureus, a TakoX (QyHrinupHi BTacTMBOCTI
mopo Aspergillus flavus. Y xonuentpauii 13.7 Mr/a 3a BUTPUMKY BIIPOLOBXK 1 rof BiH mposiBisie GpyHricTaTudHi
BJIACTUBOCTI II0JI0 TeCT-Ky/IbTypy MikpomileTy. HanokoMnosuT gie mesinBasiitHo Ha il renbMminTiB Toxocara
canis y KOHI[eHTpauii 45.1 Mr/n 3a excriosntiii 24 rog.

Kntouosi cnosa: nanowacmunxu Ag, Zn, Cu, Escherichia coli, Staphylococcus aureus, Aspergillus flavus, Toxocara
canis.
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INFLUENCE OF HETEROMETALLIC
HYDROXYCARBOXYLATOGERMANATES/STANTATES
ON FIBRINOGENOLITIC ACTIVITY

OF BACILLUS sp. IMV B-7883

Different ways can be used to increase the biosynthesis and activity of enzymes: changing the conditions for growing
microorganisms, applying genetic manipulations, and also using various coordination compounds, in particular,
heterometallic carboxylatogermanates/stannates. They represent a class of compounds with unique structural and
functional properties. Due to their ability to form various coordination polymers and complexes with biomolecules, they
can effectively influence the structure and function of enzymes. Earlier, we investigated the effect of some heterometallic
carboxylatogermanates/stannates on the activity of Bacillus sp. IMV B-7883 elastase. The purpose of this work was
to study the influence of these coordination compounds on the fibrinogenolytic activity of Bacillus sp. IMV B-7883.
Methods. The object of the investigation was the strain of Bacillus sp. deposited in the Ukrainian Collection of Micro-
organisms under the number IMV B-7883, isolated from soil. The culture was grown under conditions of submerged
cultivation at 28 °C, with a mixing speed of the nutrient medium of 244 rpm for 3 to 6 days (72—144 hours). We
used an enzyme purified from the supernatant of the culture liquid by precipitation with 90% ammonium sulfate,
with further fractionation on neutral and charged carriers. To determine fibrinogenolytic activity, fibrinogen was used
as a substrate. As modifiers of enzyme activity, heterometallic carboxylatogermanates/stannates were used. Results.
Of the 15 investigated coordination compounds, 3 turned out to be the most interesting. The compound [Ba(H,0),]
[Ge,(OH),(H,Gluc),]x2H,0 (H,Gluc — gluconic acid) in both tested concentrations at an exposure time of 1 h
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showed the greatest inhibitory effect (48%), as well as compound [Cu(H,0).][Ge,(OH),(H,Gluc),]x4H,0 inhibited
to a lesser extent (40%) in both studied concentrations at an exposure time of 24 h. Along with that, the compound
[Co(phen),],[{Sn(HMal) (Mal){Cl]x14H,0 (H,Mal — malic acid) activated the fibrinogenolytic activity of Bacillus
sp. IMV B-7883 by 2.28 times. Conclusions. Modification of the Bacillus sp. IMV B-7883 enzyme with fibrinogenolytic
activity by heterometallic hydroxycarboxylatogermanates/stannates is a p romising area of research. It opens up new
opportunities for the creation of biocatalysts with unique properties.

Keywords: Bacillus sp. IMV B-7883, fibrinogenolytic activity, heterometallic carboxylatogermanates/stannates complexes.

Hydrolytic enzymes, which include proteases,
are synthesized by almost all living organisms:
animals, plants, and microorganisms. However,
their most promising sources are microorgan-
isms. They are capable of rapid reproduction
and synthesis of biologically active compounds
under controlled conditions. In addition, micro-
organisms produce significant amounts of en-
zymes in the environment, which greatly facili-
tates their isolation and purification. Since the
microbial cell, depending on the conditions of
existence, is surrounded by various protein sub-
strates, elastin, fibrin, fibrinogen, collagen, kera-
tin, proteases of different specificities are synthe-
sized (Atanasov et al., 2021; Barzkar & Vianello,
2021; Lopez-Otin et al., 2008). The enzymes are
characterized by high necrotic activity: they do
not affect healthy tissues but lyse viscous puru-
lent exudates and exhibit thrombolytic and anti-
inflammatory effects (Insuasty et al., 2020; Kaul
& Asano, 2012; Kunder et al., 2022). Therefore,
proteases of microorganisms and medicines
based on them can be used for effective throm-
bolysis and for the therapy of injuries, infected
wounds, and burns. While microbial producers
of elastase, fibrinases, keratinases, and collage-
nases are known in the literature, very few of
them are known as producers of proteases with
fibrinogenolytic activity. Analysis of the works of
a number of researchers (Sun et al., 2016; Thu et
al., 2020; Kotb et al., 2023; Su et al., 2020; Peng
et al., 2005) made it possible to assume that rep-
resentatives of the genus Bacillus, which synthe-
size peptidase with fibrinogenolytic activity, are
promising microorganisms. Indeed, earlier we
(Gudzenko et al., 2023a) selected strain of Ba-
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cillus sp. IMV B-7883, which showed quite high
elastase and fibrinogenolytic activities.

Different ways can be used to increase the
biosynthesis and activity of enzymes: chang-
ing the conditions for growing microorganisms,
applying genetic manipulations, and also using
various coordination compounds, in particular,
heterometallic carboxylatogermanates/stannates.
They represent a class of compounds with unique
structural and functional properties. Due to their
ability to form various coordination polymers
and complexes with biomolecules, they can ef-
fectively influence the structure and function of
enzymes. Molecules of germanium and stanium
can form coordination bonds with amino acid
residues in the active center of enzymes, chang-
ing its geometry and electrostatic potential. In-
teraction with a protein molecule can lead to
conformational changes affecting the accessibil-
ity of the substrate to the active site. Some com-
pounds can stabilize a certain conformation of
the enzyme, increasing or decreasing its activ-
ity. Heterometallic compounds can change the
microenvironment of the active site, affecting its
catalytic activity. Earlier (Gudzenko et al., 2024b),
we investigated the effect of some heterometallic
carboxylatogermanates/stannates on the activity
of Bacillus sp. IMV B-7883 elastase. The purpose
of this work was to study the influence of these
coordination compounds on the fibrinogenolytic
activity of Bacillus sp. IMV B-7883.

Materials and Methods. The object of the in-
vestigation was the strain of Bacillus sp., deposited
in the Ukrainian Collection of Microorganisms
under the number IMV B-7883 isolated from soil.
Bacillus sp. IMV B-7883 was submerged and cul-
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tivated in Erlenmeyer flasks on a liquid medium
of the following composition, (g/L): KH,PO, —
1.6; MgSO,7H,0 — 0.75; ZnSO,-7H,0 — 0.25;
(NH,),SO, — 0.5; maltose — 1.0; gelatin — 10.0;
yeast autolysate — 0.15, pH — 7.0. The strain
was cultivated for 3 to 6 days (72—144 hours)
in flasks on a shaker (100 mL of medium, 28 °C,
244 rpm). The inoculum was taken on the same
medium for 24 hours and inoculated in flasks at a
quantity of 10°—10° colony-forming units (CFU).
The cells were separated from the culture liquid
medium by centrifugation at 5000 g for 30 min.
The enzyme was purified from the supernatant
of the culture liquid by precipitation with 90%
ammonium sulfate, with further fractionation
on neutral and charged carriers, as we described
previously (Gudzenko et al, 2023a). To determine
fibrinogenolytic activity, fibrinogen was used as
a substrate (Singh et al., 2023). 1 mg of fibrino-
gen, 1.8 mL of Tris-HCI bufter (pH 7.5), and 0.2
mL of the studied preparation were added to the
test sample and incubated for 30—45 min at 37
°C. The reaction was stopped by adding 2 mL of
10% trichloroacetic acid (TCA). TCA was added
to the control sample immediately. The samples
were kept at room temperature for 20 min and
then centrifuged at 10 000 g for 10 min to remove
precipitated protein. Absorption was measured
on an SF-26 spectrophotometer at a wavelength
of 275 nm. The amount of enzyme that, under the
conditions of the experiment, increased absorp-
tion by 1% for 1 min was taken as a unit of activity.
The specific fibrinogenolytic activity of Bacillus
sp. IMV B-7883 enzyme was 833 U/mg protein.
For research as enzyme modifiers, a number
of compounds were synthesized and isolated;
the methods of their preparation are given in
(Gudzenko et al., 2023b; Martsinko et al., 2018,
2021; Afanasenko et al., 2023): [M(H,0)]
[Ge,(OH),(H,Gluc),]-nH,O (M = Ba(1), n=2;
Co(2), n = 4; Ni(3), n = 4; Cu(4), n = 4; Zn(5),
n = 3; HGluc — gluconic acid) (Gudzenko
et al, 2023b); [Ni(bipy),][Ge(HCit),]-3H,0
(9);  [Ni(phen),][Ge(HCit),]-2H,O  (10);
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[{Cu(bipy),},Ge(m-Cit),] - 12H,0 (11);
[{Cu(phen),},Ge(m-Cit),] - 13H,0 (12);
[Zn(bipy),][Ge(HCit),] - 2H,0 (13); [Zn(phen),]
[Ge(HCit),]-3H,0 (14) (phen — 1,10-phen-
anthroline, bipy — 2,2’-bipyridine, H,Cit —
citric acid) (Martsinko et al, 2018, 2021);
[Fe(phen),],[{Sn(HMal),(Mal)}Cl] - 14H,0 (15),
[Co(phen),],[{Sn(HMal),(Mal)}Cl] - 14H,0O
(16), [Ni(phen),],[{Sn(HMal),(Mal)}Cl] - 14H,0
(17), and [Cu(phen),],[{Sn(HMal),(Mal)}Cl] x
x 10H,0 (18) (H;Mal — malic acid) (Afanasen-
ko et al., 2023).

When studying the influence of various com-
pounds on the activity of enzymes, concentra-
tions of 0.1 and 0.01%, and exposure times of 1
h and 24 h were used. The studied compounds
were dissolved in 0.1% DMSO. Enzyme solu-
tions without modifiers were used as a control.

All experiments were performed in 5—7 rep-
licates. The analysis of the obtained results was
carried out by their statistical processing by the
methods of variation and correlation statistics
using Student’s t-test. Average values and stan-
dard errors (M + m) were calculated. Values with
P < 0.05 were considered reliable. The results
presented graphically were processed using Mi-
crosoft Excel 2007.

Results. Study of the influence of coordination
compounds of group 1 (1—5) on the fibrinogen-
olytic activity of Bacillus sp. IMV B-7883 showed
(Fig. 1 A, B) that all of them exhibit an inhibitory
effect, the level of which depends on the concen-
tration of the compounds and the exposure time.
The greatest inhibitory effect (48%) (Fig. 1, a)
was shown by compound 1 in both tested con-
centrations at an exposure time of 1 h. When the
exposure time was increased to 24 h (Fig. 1, b),
the inhibitory effect decreased and amounted to
only 25%. Compound 5 inhibited enzyme activ-
ity by 45% at a concentration of 0.1% and an ex-
posure time of 1 h, while at a lower concentration
(0.01%), the inhibition was only 25%. Similar to
compound 1, with increasing exposure time,
a decrease (by 29%) in the inhibitory effect of
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Fig. 1. Influence of germanium compounds of group 1 on the fibrinogenolytic activity of Ba-
cillus sp. IMV B-7883: A — exposure time 1 hour; B — exposure time 24 hours
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Fig. 2. Influence of germanium compounds of group 2 on the fibrinogenolytic activity of Ba-
cillus sp. IMV B-7883: A — exposure time 1 hour; B — exposure time 24 hours
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Fig. 3. Influence of germanium compounds of group 3 on the fibrinogenolytic activity of Ba-
cillus sp. IMV B-7883: A — exposure time 1 hour; B — exposure time 24 hours

compound 5 was noted in both concentrations.
Compounds 3, 4, and 2 showed a slightly lower
inhibitory effect (from 40 to 12.5%) (Fig. 1, a, b)
compared to compounds 1 and 5, depending on
their time of action and concentration. In par-
ticulra, compound 4 most inhibited the activity
of the tested enzyme at an exposure time of 24 h

(Fig. 1, b).
36

The effect of compounds of group 2 on fibrino-
genolytic activity was interesting. The most sig-
nificant activation (by 50—55%) (Fig. 3, a) was
noted at concentrations of 0.01 and 0.1%, respec-
tively, with compound 11 at an exposure time of
1 h and compound 10 at an exposure time of 24
h. Somewhat less activation (by 45—48%) was
observed as a result of the action of compounds
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14 and 12 (at an exposure time of 1 h and 24 h),
as well as compound 13 at an exposure time of 24
h. Compounds 9 and 13 at an exposure time of 1
h showed significantly lower activation (by 19%
and 28%, respectively). Increasing the exposure
time of compound 9 to 24 h led to a decrease in
its effect to control values.

Most of the compounds of group 3 (15—18)
increased the activity of fibrinogenase of Bacil-
lus sp. IMV B-7883 (Fig. 3 A, b). Only compound
15 in both tested concentrations at an exposure
time of 1 h (Fig. 3, a) did not affect the fibrinogen-
olytic activity of Bacillus sp. IMV B-7883, while at
exposure for 24 h, its activating effect of 69 and
71% was noted, respectively, at 0.01 and 0.1%
concentrations. The greatest activating effect (by
128%) at an exposure time of 24 h was shown by
compound 16 (Fig. 3, b). It should be noted that
the activating effect was the same for both tested
concentrations of the compound, while with an
exposure time of 1 h (Fig. 3, a), the activation was
only 19 and 17%, respectively, at 0.01 and 0.1%
concentrations. Compounds 17 and 18 showed
an activating effect of 32—55% depending on the
concentration and exposure time (Fig. 3, a, b).

Thus, compound 16 [Co(phen),],[{Sn(HMal),
(Mal)}Cl] x 14H,0O, which activates the fibrino-
genolytic activity of Bacillus sp. IMV B-7883 by
2.28 times turned out to be the most promising
for further research. Compound 1 [Ba(H,O),]
[Ge,(OH),(H,Gluc),] x2H,O in both tested
concentrations at an exposure time of 1h showed
the greatest inhibitory effect (48%), whereas com-
pound 4 [Cu(H,0),][Ge,(OH),(H,Gluc),] x4H,0
inhibited to a lesser extent (40%) in both studied
concentrations at an exposure time of 24 h.

Discussion. Proteolytic enzymes play an im-
portant role in the metabolism of all living or-
ganisms, from bacteria to higher animals and
humans. It is known (Pieters et al., 2019). that, in
addition to their main function — splitting food
proteins into amino acids, proteases perform
some equally important functions, in particular,
protein proteolysis is the basis of such processes

ISSN 1028-0987. Microbiological Journal. 2025. (3)

as blood clotting and blood clot lysis. Therefore,
one of the important aspects of the use of pro-
teases is medicine, in particular, thrombolytic
therapy. Cardiovascular diseases associated with
thrombosis are one of the main causes of death all
around the world. Urokinase, streptokinase, and
tissue plasminogen activator are the major throm-
bolytic agents used to treat thrombosis (Hu et al.,
2019). However, the fact that these agents have
several side effects and high prices has driven the
search for safer and more economically viable
compounds for the treatment of cardiovasculax
diseases, in particular fibrino(geno)lytic enzymes
(Baggio et al., 2019). The action of fibrinogeno-
lytic enzymes is considered a way to reduce the
concentration of fibrinogen capable of polymer-
ization in the blood plasma. Enzymatic therapies
are becoming an alternative to surgeries in clinical
practice (Sun et al., 2016). Since strains of micro-
organisms do not always produce enzymes with
high activity, it must be increased. A number of
approaches can be used to increase the activity of
enzymes, in particular, the optimization of culti-
vation conditions and the use of synthesis induc-
ers of both synthetic and natural origin. But in
recent years, special attention of researchers has
been directed to the search for substances that can
directly affect the activity of enzymes, in particu-
lar, coordination compounds of transition metals.

Previously (Gudzenko et al, 2023a, 2023b,
2023c¢), during the study of these compounds, it
was shown that they have different effects on the
activity of enzymes. It has been established that
various germanium complexes with bioligands can
be recommended for targeted search for effectors
of a-L-rhamnosidases. Thus, compounds based
on gluconic acid mostly increased the activity of
a-L-rhamnosidases of P. tardum and E. erubescens,
[Ba(H,0),][Ge,(OH),(H,Gluc),]x2H,0 (1) at a
concentration of 0.1 % and an exposure time of 1
h increased the activity of a-L-rhamnosidase of E.
erubescens by 80%. When concentration decreased
to 0.01%, the activity increased by 29% (Gudzenko
et al., 2023b, 2023c). The considered bis(citrato)
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germanates are able to regulate the catalytic activity
of a-L-rhamnosidase of P. Restrictum; they mani-
fest themselves as either activators or inert sub-
stances, and inhibition is not observed (Gudzenko
et al., 2023a, 2023c). Malatostannates were found
to be inhibitors of the P. tardum enzyme. The effect
of these complexes on a-L-rhamnosidase of E. eru-
bescens was more diverse: at a low concentration of
0.01—0.02%, they inhibited the enzyme, whereas
with an increase in concentration to 0.1%, they ac-
tivated it (Gudzenko et al., 2023b, 2023c).

When studying the effect of these compounds
on the elastase activity of Bacillus sp. IMV B-7883,
their inhibitory effect was revealed (Gudzenko
et al., 2024). As for the fibrinogenolytic activ-
ity of Bacillus sp. IMV B-7883, then only group
1 compounds acted as enzyme inhibitors. All
other coordination compounds (groups 2 and 3)
displayed an activating effect on the studied fi-
brinogenase of Bacillus sp. IMV B-7883. Among
the 15 tested complex compounds, compound 16
was the most activating (by more than ) after ex-
posure for 24 hours, which exceeds the activating
effect of previously studied complexes based on
1-hydroxyethane-1,1-diphosphonic acid (maxi-
mum 71%) (Gudzenko et al., 2024 a, b).

All investigated compounds belong to hetero-
metallic double coordination hydroxycarboxyla-
togermanates/stannates of the same cation-an-
ion type. They are chemically constructed from
two biologically active blocks: aqua-/phenanth-
roline-/bipyridine metal cations and gluconato/
citrategermanate(I'V) or malatostane(IV) anions.
This makes it possible to classify them as both
nucleophilic and electrophilic agents capable of
binding to the enzyme and substrate due to elec-
trostatic interaction and forming an intermedi-
ate ternary complex: effector-enzyme-substrate.

The formation and lifetime of such an en-
semble depend on the presence of its component
coordination centers and functional groups com-
plementary to them and the implementation of
the system of connections, including hydrogen
ones. As a result, the combination of the above
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factors determines the nature and degree of effec-
tor influence on the enzyme of the studied com-
pounds, their concentration, and exposure time.

Accordingly, it was established that all gluco-
nate germanates(IV) inhibit the fibrinogenolytic
activity of Bacillus sp. IMV B-7883, but to a differ-
ent degree. The dependence on the complexing
agent can be traced in aquacations [M(H,0O) 6]2+
(M = Ba(1), Co(2), Ni(3), Cu(4), and Zn(5)). A
series of compounds is formed that shows a de-
crease in inhibition at a concentration of 0.01%
and 1-hour exposure: 1>5~4>2.

Unlike these compounds, all citrate germana-
tes(IV) do not inhibit but increase the fibrinogen-
olytic activity of Bacillus sp. IMV B-7883, also to
varying degrees. If we compare compounds 9 and
10, which differ in the presence of phen / bipy in the
cation, then the latter is more active. The same is
observed when comparing compounds 13 and 14.
Increasing exposure to 24 hours leads to a change
in the activity range: 9<13<10<12~14<11 (1 hour),
9<12~13~14<11<10 (24 hours). In the group of
malatostanes(IV), differing only in the complex-
ing agent in phenanthroline cations [M(phen),]**
(M=Fe(15), Co(16), Ni(17), Cu(18)), a different
degree of enzyme activation was found, while
compound 15 does not affect the fibrinogenolytic
activity of Bacillus sp. IMV B-7883. This indicates
the total contribution of all components of the in-
vestigated compounds to their activity. In general,
stannates(IV), unlike germanates(IV), are power-
ful activators of the fibrinogenolytic activity of Ba-
cillus sp. IMV B-7883.

Thus, modification of the fibrinogenolytic ac-
tivity of Bacillus sp. IMV B-7883 by heterometal-
lic hydroxycarboxylatogermanates/stannates is a
promising area of research. It opens up new op-
portunities for creating biocatalysts with unique
properties and their further implementation in
medical practice in the creation of medicines for
treating wounds and burns, which is relevant
during martial law.
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BIUIVIB TETEPOMETAJITYHUX ITIPOKCUMKAPBEOKCMJIATOTEPMAHATIB/CTAHATIB
HA OIBPVIHOTEHOJIITUYHY AKTMBHICTD BACILLUS SP. IMB B-7883

I nigBuieHHA 610CUHTe3y Ta aKTUBHOCTI (pepMeHTiB MOXKHA BUKOPUCTOBYBATH Pi3Hi CIocoOu: 3MiHIOBATI yMOBU
BUPOIIYBaHH: MiKPOOPraHi3MiB, 3aCTOCOBYBaTy I€HETUYHI MaHIIy/IALl, a TAKO)X BUKOPUCTOBYBATH Pi3HI KOOPAK-
HAIIITHI CIIOMTYKI, 30KpeMa reTepoMeTa/IivHi KapOOKCHIaTorepMaHaTy/CTaHaT. BOHY SIB/LIOTH COO0I0 K/Iac CIIOMYK
3 VHIKQIBHUMM CTPYKTYPHUMM Ta (PYHKI[iOHaIbHUMM BIACTUBOCTAMIL. 3aBASKM 34ATHOCTI yTBOPIOBATH PisHOMa-
HITHI KOOpAMHALIiITHI ITO/TiMepy Ta KOMIUIEKCH 3 610MOJIEKyTaMi BOHM MOXKYThb e(eKTIBHO BIUIMBATHU Ha CTPYKTYPY
Ta QpyHKIi0 pepMeHTiB. PaHilre Myt JoCIipKyBanu BIVIMB TeTepOMETATIYHIX KapOOKCHMIaTorepMaHaTiB/CTaHaTiB Ha
enactasHy akTuBHIcTb Bacillus sp. IMB B-7883. MeToro gaHOI po60Ty 6y/10 BUBYUTY BIUIMB LMX KOOPAMHALIMHIX
crionyk Ha ibpuHoreHoniTyHy akTuBHicTb Bacillus sp. IMB B-7883. Metopu. O6’eKTOM JOCTiKeHHA OYB BuUfiTe-
HUI1 13 IpyHTy mrtaM Bacillus sp., nenoHoBaHuit B YKpaiHChKiil KojeKuii Mikpoopranismis mix Homepom IMB B-7883.
Kynprypy BupolyBamy B yMOBaX IJIMOMHHOTO Ky/IbTUBYBaHHA 1pu 28 °C, 31 IIBUKICTIO ITepeMilllyBaHHA KWMBU/Ib-
HOTO cepeoBuia 244 06./x8 npotsirom 3—6 fi6 (72—144 roguun). BukopucroByBamm dpepmenT, ounieHnii i3 cy-
HEPHATAHTY KY/IbTYPaIbHOL PiffHu ocapKeHHAM 90% CynbhaToM aMOHII0 3 OAA/IBIINM PPAKI[IOHYBAHHAM Ha Hell-
TPATbHIX i 3apAmKeHNX HOCIsX. [I71s1 BusHaueHHs: QiOPMHOTEHOMTHYHOI aKTUBHOCTI BUKOPUCTOBYBaN (GibpuHOreH
AK cybcrpar. Sk MopuikaTopu aKTMBHOCTI (PepPMEHTY BUKOPUCTOBYBA/INCA eTepOMeTaliuHi KapOoKcuaaTorepMa-
Harty/cTaHaty. PesynbraTi. 3 15 gocmifikeHUX KOOPAMHALIIHNX CIIONYK HalllliKaBilMy BuaBmmicsa Tpu. Cronyka
[Ba(H,0),][Ge,(OH),(H,Gluc),]x2H,0 (H,Gluc — rroxkonoBa KncnoTa) B 060X I0CTiKyBaHUX KOHIIEHTPaIiAX pu
excrosuii 1 roz| BuABMIA Hait6inbmii inridyrounii edexr (48%), a cmomyka [Cu(H,0)][Ge,(OH),(H,Gluc),]x4H,0
iHri6yBana MEHIIOK MipOI0 (40 %) B 060X TOCTi/PKYBaHUX KOHIIEHTPpaLisAX Mpy ekcrosutlii 24 rogi. ITopsAp 3 mym cro-
nyka [Co(phen),],[{Sn(HMal),(Mal)}Cl]x14H,0 (H,Mal — s6my4na kicnoTa) akTusyBana (i6pMHOreHOMITIHIHY
axtuBHicTb Bacillus sp. IMB B-7883 y 2,28 pasn. BucHosku. Mogudixariis ¢pi6prurorenonitiuanoi aktusHocti Bacillus
sp. IMB B-7883 retepomeTaniyHuMu TifpOKCHKapOOKCHIATOrepMaHaTaAMI/CTAaHATAMH € TIePCIIEKTUBHUM HAIIPsIM-
KOM frocimKeHb. Lle BifkpuBae HOBI MOXX/IMBOCTI /151 CTBOpEHHsI 6i0KaTai3aToOpiB 3 YHIK/IbHIMI BIACTUBOCTSIMIA

Kntouoei cnosa: Bacillus sp. IMB B-7883, ¢ibpunoceronimuuna akmueHicmo, eemepomemaniuni kapbokcunamoezep-
MAHAMHI KOMNTIEKCU.
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ANTIFUNGAL POTENTIAL

OF AQUOUS EXTRACT OF SOME MEDICINAL PLANTS
AGAINST ONYCHOMYCOSIS-CAUSING AGENTS

IN SKIKDA REGION/NORTH-EASTERN OF ALGERIA

Onychomycosis is a common fungal infection. This study, carried out in the Skikda region, North-Eastern Algeria, in February
2020, aims to evaluate three medicinal plants potential effects as antifungal agents, namely Zingiber officinale, Piper nigrum,
and Syzygium aromaticum, on the growth of three fungal isolates: Aspergillus sp., Alternaria sp., and Fusarium sp. isolated
from individuals diagnosed by onychomycosis infection in the Skikda region, North-Eastern Algeria. Methods. The antifungal
activity of the plant aqueous extracts was assessed using the diffusion technique on Sabouraud. Results. Data show that Asper-
gillus sp. is the most frequent with 29.70%, followed by Fusarium sp and Alternaria sp., with a frequency of 21.6%. Onycho-
mycosis mainly affects females with 61.29%, predominating in the age group of 30 to 40. Also, Zingiberofficinales extract was
the most effective, with 100% mycelial growth inhibition (MGI) at 20 % (V/V) concentration for each of the three tested fungal
species. Then, at a concentration of 20 % (V/V), Syzygium aromaticum extract showed an average MGI% of 100%, 100%, and
60.56% from Fusarium sp., Alternaria sp., and Aspergillus sp., respectively. Finally, at a concentration of 20 % (V/V), Piper
nigrums extract had an average MGI% of 83.15%, 81.29%, and 100% against Fusarium sp., Aspergillus sp., and Alternaria sp.
respectively. Conclusions. Findings suggest that Alternaria sp. is the most fungal species susceptible to the three tested extracts,
followed by Fusarium sp. and Aspergillus sp. These findings confirm the potential therapeutic effects of those medicinal plants
in combating fungal diseases and bring up interesting possibilities for developing new natural medicines.
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Human health is continuously at risk from various
dangerous substances, including bacteria, virus-
es, parasites, and microscopic fungi (Temilola et
al., 2020). The pathogenic yeasts and molds from
the last group are mycoses in humans because
they may cause fungal diseases (Cheikhrouhou
et al., 2021; Ban et al., 2023). These mycoses are
common in developing countries (Diongue et al.,
2021; Mtibaa et al., 2022), affecting around 20%
to 25% of the world’s population, and their fre-
quency is continuously increasing (Shambel et
al., 2021). In addition to non-dermatophytes like
Candida albicans, Aspergillus sp., Fusariums sp.,
and Alternaria sp., dermatophytes are the main
cause of superficial mycoses including onycho-
mycosis (Bharti et al., 2021).

Superficial mycoses are harmless but can in-
duce unpleasant symptoms (Angora et al., 2018).
Several conditions and environmental factors like
heat and moisture, which are key contributors to
mold formation, also influence mold installation,
the predominance of onychomycosis, and inter-
trigo in women because they are exposed to water.

In the past, superficial mycoses were connect-
ed with poor hygiene (Benheddi et al., 2021).
Now, they are now recognized as a distinct group
of disorders involving around a hundred differ-
ent species of fungi, including molds and yeasts.

Onychomycosis, a common fungal infection
of the nails, is primarily associated with dermato-
phytes, but is also caused by non-dermatophytes
and yeasts (Faergemann et al., 2003; Gupta et al.,
2000; Martinez-Herrera et al., 2018), whichh are
increasingly recognized as significant causative
agents, including species such as Aspergillus, Fu-
sarium, and Alternaria.

Medicinal plants are an inexhaustible source of
various bioactive and pharmacological substanc-
es. Their antibacterial and antifungal qualities
have led to their extensive medicinal usage in sev-
eral nations, particularly in developing countries.
However, medicinal plants are mostly ignored
as prospective medication sources, especially in
medical microbiology (Daigham et al., 2020).
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Treating onychomycosis is an expensive and
time-consuming process. Patients frequently ex-
perience long periods of suffering in addition to
financial difficulties (Veer et al., 2007; Adane et
al., 2022). In this context, traditional treatments
based on medicinal plants have emerged as a
preferred and viable solution, gaining traction
due to their proven effectiveness (Navkiranjeet
et al.,, 2021). Algeria, in particular, is in an ex-
cellent position to profit from its vast floral di-
versity and centuries-old medicinal plant culture
(Belhouala et al., 2021).

Additionally, this strategy would open the door
for more studies into using nature’s healing abili-
ties to treat various medical conditions, benefiting
patients and preserving conventional knowledge.

This study aims to investigate cases of Ony-
chomycosis in the Skikda region, North-Eastern
Algeria, and evaluate the effects of three medici-
nal plants (Black pepper: Piper nigrum, Clove:
Syzigium aromaticum, and Ginger: Z. officinale,
which are available in our region and have very
considerable antifungal activity on the mycelial
growth of specific fungal species that cause su-
perficial mycoses in this area.

Material and Methods. The current study aims
to show the distribution of onychomycosis-caus-
ing agents among 44 patients by age and gender
and investigate the traditional treatment using
three medicinal plants’ aqueous extract on the
growth of three fungal species isolated from pa-
tients with onychomycosis in the Skikda region.

Sample Collection. A total of 44 individu-
als have been diagnosed with onychomycosis.
The sampling was done in sterile settings with
sterile equipment, and the affected nail area was
washed with alcohol 70% before sampling. The
sampling procedures and equipment were tai-
lored to the collected lesions and their locations
(Baetal., 2021).

Isolation and identification of pathogenic
agents. Isolation of fungal isolates was carried out
into Petri plates containing Sabouraud Dextrose
Agar(SDA) medium supplemented with chlor-
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amphenicol to inhibit bacterial contamination.
The plates were incubated at 28 °C for five days.
Identification of isolates was based on their mac-
roscopic and microscopic characteristics and the
microscopic appearance of mycelium (Khoda-
dadi et al., 2021), and macroconidia (Fusarium).

Three fungal isolates were recovered from
44 individuals with onychomycosis and identi-
fied as Fusarium sp., Alternaria sp., and Asper-
gillus sp.

Plant extracts. Three plants were chosen for
this study that are often used in Algerian cuisine
and traditional medicine: rhizomes of ginger
(Z. officinale), seeds of black pepper (P. nigrum),
and cloves of (S. aromaticum)

Aqueo extract S. aromaticumwas was pre-
pared in this study using the method described
by Rashmi et al. (2015), Salhius et al. (2017), and
Gustavo et al. (2020) with some modifications
(Gustavo et al., 2020).

For ginger, a rhizome homogenate was pre-
pared using the method of Ridwan et al. (2021).
The extraction was achieved without air-drying
to obtain juice.

For black pepper and clove, extracts were
made by combining 10 g of each powder with
100 mL of sterile distilled water, followed by agi-
tation and filtering (Shokouh et al., 2020).

Antifungal activity. According to Mahboubi
and Kazempour (2014), the antifungal activity of
plant aqueous extracts was evaluated using the
diffusion method on a solid medium; by incor-
porating extracts directly in the medium with
minimal modifications. In addition to extract-
free control plates, several extract concentrations
(5%, 10%, 15%, and 20%) (V/V) were generated
and tested against fungal isolates.

The culture plates (control and treatments)
with a diameter of 90 mm were incubated in an
incubator at 28 °C for five days. Following this,
the diameter of the colonies for each control and
test isolate was measured. The inhibition rate
was calculated using the method below, taking
into consideration the typical three repetitions
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for each concentration:

%MGI = [(dC - dE) / dC] x 100
(Miranda et al., 2021; Janatiningrum et al., 2022;
Abdelhakim et al., 2023; Duy, 2023), where:

MGTI refers to mycelial growth inhibition, %,
dC stands for the control colony’s diameter, and
dE :stands for the tested colony’s diameter.

All treatments were performed in triplicate.
The outcomes were shown as means + standard
deviation. The ANOVA test Graphpad Prism9
software was used for the statistical analysis.
Based on the significance level (p-value), dis-
tinctions compared to the control group are
categorized in the following manner: p < 0.05 —
significant, p < 0.01 — highly significant, and
p <0.001 — very highly significant.

Results. Results for onychomycosis. The data
show that females were more affected than males,
with a male/female (sex ratio) of 0.6. (Fig. 1.).

According to the data, Aspergillus sp. was the
most frequently implicated species in onychomy-
cosis, accounting for 29.70% of cases, followed
by Fusarium sp. and Alternaria sp., account-
ing for 21.60%, and Candida sp. with 13.50% of
cases, while Penicillium sp. and Trichodeerma sp.
represented only 08.10% and 05.40% respective-
ly. These data suggest that molds predominate
over yeasts (Fig. 2).

According to the current statistics, the age
group most affected by onychomycosis is between
30 and 40 years old with rates of 33.33% (Fig. 3).

Antifungal activity data. Effect of aqueous
extract of Z. officinale on the growth of tested
isolates. The data show that the aqueous extract
of Z.officinale has inhibitory effects on the devel-
opment of the three tested isolates. When com-
pared to the control, the extract has a significant
effect on Fusarium sp. (p< 0. 05), no significant
effect on Aspergillus sp., and a highly significant
effect on Alternaria sp. (p<0.01), with diameters
0f3.47 £0.057cm, 4.92 £ 0.14cm, and 3.48 £ 0.11
cm, and mycelial growth inhibition (MGI) of
22.3 £+ 8.94%, 2.91 * 2.83%, and 36.3 *+ 6.39%,
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61.29 %

[ Male
[ Female

Fig. 1. Onychomycosis sex-frequency

W Alternaria sp. B Candida sp.
W Fusarium sp. W Penicillium sp.

@ Aspergillus sp. @ Trichoderma sp.

Fig. 2. Frequency of isolated species

M 30—40 W 60—70
M 40—50 E 70—80
[ 50—60

Fig. 3. Onychomycosis age-frequency
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respectively. The effect increased proportionally
with increasing extract concentration, with a to-
tal inhibition documented at a concentration of
15% (V/V) for Alternaria sp. and 20% (V/V) for
Fusarium sp. and Aspergillus sp. (Fig. 4).

Effect of aqueous extract of P. nigrum on the
growth of tested species. The study shows that
Piper nigrum’s extract significantly affects the
development of the three isolates. On the other
hand, a highly significant effect (p<0.01) is dem-
onstrated starting from the concentration of 5%
(V/V) for Fusarium sp. and Aspergillus sp., with
diameters of 3.43 + 0.32cm and 4.93 + 0.351cm,
and 35.3 £ 3.71% and 24.1 + 4.48 MGI%, respec-
tively. A highly significant effect (p < 0.001) is
observed for Alternaria sp. with a diameter of
3.03 + 0.115 cm and 41.7 £ 1.14MGI%. Addi-
tionally, the Alternaria isolates exhibited com-
plete inhibition at 20% (V/V) (Fig. 5).

Effect of aqueous extract of S. aromaticum
on the growth of tested species. The results illus-
trated in Fig. 6 revealed that the three tested iso-
lates were effectively inhibited by S. aromaticum
aqueous extract. Alternaria sp. was significantly
affected by all doses (p < 0.001), with a total inhi-
bition at the concentration of 200mL/L. However,
Fusarium sp. and Aspergillus sp. were not signifi-
cantly inhibited by the 5% (V/V) concentration
(p 2 0.05), with diameters of 3.33 + 0.28cm
and 2.57 + 0.49cm, and 2.740 * 2.83% and
22.1 £ 18.2% MGI, respectively, while the other
concentrations had a very highly significant effect
on Fusarium sp. (p <0.001). The 10% (V/V) con-
centration had a substantial inhibitory impact, as
previously noticed for Aspergillus sp. (p < 0.05)
with a diameter of 2.1 + 0.26cm and 36.8 + 5.28%
MGI. Similarly, the 15% (V/V) concentration
was highly significant (p < 0.01), with a diameter
of 2.03 £ 0.35cm and 37.7 + 16.8% MGI.

Discussion. This study has shown that ony-
chomycosis mainly affects females, predominat-
ing in the age group of 30 to 40. Onychomycosis
is the most frequently observed clinical aspect
of superficial mycoses. These findings are con-
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Fusarium sp. One-way ANOVA Aspergillius sp. One-way ANOVA Alternaria sp. One-way ANOVA
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Fig. 4. Effect of Z.officinale aqueous extract on the mycelial growth of tested species on Sabouraud medium after
5-day incubation at 28 °C (presented as average fungal growth diameters (D) +/— standard deviation): *significant,
** highly significant, *** very highly significant, E: extract

Fusarium sp. One-way ANOVA Aspergillius sp. One-way ANOVA Alternaria sp. One-way ANOVA
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Fig. 5. Effect of aqueous extract of P. nigrum on the mycelial growth of tested species on Sabouraud medium after
5-day incubation at 28 °C (expressed in average fungal growth diameters (D) +/— standard deviation): *significant,
** highly significant, *** very highly significant, E: extract
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Fusarium sp. One-way ANOVA

Aspergillius sp. One-way ANOVA

Alternaria sp. One-way ANOVA
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Fig. 6. Effect of aqueous extract of S. aromaticum on the growth of tested species on Sabouraud medium after 5- day
incubation at 28 °C (expressed in average fungal growth diameters (D) +/— standard deviation): *significant, **

highly significant, *** very highly significant, E: extract

sistent with other studies (Sadaghi et al., 2006;
Seck et al., 2014; Valerie et al., 2019) highlight-
ing the necessity of better understanding these
fungal skin diseases to create effective preventive
and treatment strategies.

Our data also revealed a female preponderance
with a frequency of 61.26% for women, which is
comparable with the findings in Morocco and Sen-
egal obtained by Seck et al. (2014), in Ivory Coast
(Angora et al., 2018), and in Abidjan (Valerie et
al.,, 2019). The most affected age group is between
30 and 40 years old, accounting for 33.33%, simi-
lar to Moroccan research (Halim et al., 2013). Ad-
ditionally, no cases of onychomycosis in children
were found, consistent with earlier research dem-
onstrating that onychomycosis is lesser frequent
in children than in adults (Seck et al., 2014). The
frequency of epidermomycosis is nearly identical
to that of onychomycosis, with 31.83% of cases
recorded between 30 and 40 years old; this result
was confirmed by Kouotou et al. (2017). Onycho-
mycosis is becoming more common due to life-
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style changes, including public baths and occlu-
sive footwear. The rising rates of diabetes and HIV
infection are also important factors (Fernanda et
al., 2019; Samantha et al., 2023).

Intertrigos and onychomycosis are common
at 50% in northern and central Europe, with a
frequency of roughly 25% in the Mediterra-
nean area (Narges et al., 2023). Onychomycosis
is caused by molds, particularly Aspergillus and
Fusarium, demonstrated in this study, as well as
yeasts, particularly Candida albicans, which may
be involved in some cases. However, Kouotou et
al. (2017) and Moubasher et al. (2017) showed
that yeast is the most common agent of mycoses
in Egypt (Bianca et al., 2015).

Several studies have evaluated the inhibitory
effect of Z. officinale extract on fungal growth
(Moubasher et al., 2017; Pratibha et al., 2016).
Ginger has a very high antifungal activity due to
its composition in bioactive molecules like Sapo-
nins, Steroids, and Alkaloids (Ridwan et al., 2021),
in line with other components having consider-
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able antifungal activity, primarily polyphenols
gingerol, shogaol, and paradol (Jolly et al., 2022).
This investigation shows that the ginger’s aque-
ous extract has high antifungal activity against the
tested isolates. In addition, it is provided by other
researchers, Pratibha et al. (2016) and Adam et al.
(2019, 2020), revealing ginger’s inhibitory impact
on the development of Fusarium sp. (Qian-Qian
etal,, 2019; Adam et al., 2019).

Hayder (2022) also showed that ginger’s aque-
ous extracts are efficient for the growth of Asper-
gillus niger (Adam et al., 2020). Similarly, Qing
et al. (2017) used a food poisoning method to
assess the antifungal properties of Ginger essen-
tial oils and oleoresin against various fungi, in-
cluding Aspergillus terreus, Aspergillus niger, As-
pergillus flavus, Trichothecium roseum, Fusarium
graminearum, Fusarium oxysporum, and Curvu-
laria pallescens (Hayder et al., 2022). The results
indicate that essential oils effectively inhibit Fu-
sarium oxysporum and achieve 100% inhibition
of A. niger. Furthermore, Ameneh et al. (2019)
demonstrate that several species of fungi are sen-
sitive to ginger extracts, supporting the findings
of our investigation (Qing et al., 2017). It has
also been demonstrated that the aqueous extract
of ginger rhizomes considerably inhibits the
growth of the three tested species (Fusarium sp.,
Aspergillus sp., and Alternaria sp.). The amount
of the added extract has a proportionate impact
on the inhibitory effect on mycelial growth.

Regarding the assessment of Piper nigrum’s
antifungal activity, several researchers have
demonstrated the antifungal activity of its aque-
ous extracts and essential oils against fungi that
cause superficial mycoses (Arun et al., 2017;
Abraham et al., 2018; Ameneh et al., 2019).

In contrast to other fungal isolates, Aspergillus
flavus is inhibited by P. nigrum aqueous extracts,
according to the study of Ghadir et al. (2020).
Similar results were obtained by Abraham et al.
(2018), who found that Aspergillus flavus and Al-
ternaria alternata are most susceptible to anti-
fungal action (Abraham et al.,, 2018).
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In contrast, Fusarium oxysporum and Aspergil-
lus niger are the least susceptible. Similarly, Qing et
al. (2017) research showed that Penicillium viridi-
catum and A. ochraceus mycelial development is
suppressed by acetone extract, while Fusarium
graminearum entire mycelial growth is prevented
by P. nigrum essential oil (Qing et al., 2017). Also,
a study by Shiva et al. (2013) showed that Piper
nigrum’s extract has antifungal activity against
Alternaria alternata, Aspergillus niger, Aspergil-
lus flavus, and Fusarium oxysporum (Adam et al.,
2020). The effectiveness of Piper nigrum’s antifun-
gal properties can be attributed to the presence
of various bioactive molecules in the extract, in-
cluding Piperine, which increased cell membrane
permeability and disrupted mitochondrial mem-
brane potential (Bravo-Chaucanés et al., 2023),
and its derivatives (Aisha et al., 2022).

On the other hand, several studies have eval-
uated the antifungal activity of clove extracts on
fungal isolates (Jareerat et al., 2017; Nathaniel et
al., 2021).

The antifungal activity of S. aromaticum is due
to various bioactive substances in the extract,
while Eugenol and its derivatives are compounds
that proved their most antimicrobial activity (An-
drés et al., 2019). Regarding the essential oil of this
medicinal plant, the work of Ban et al. (2023) stat-
ed that clove oil is a natural product composed of
several constituents, and the antifungal activity of
clove oil can be correlated to the presence of a high
concentration of Eugenol tested in vivo for inhibit-
ing growth of Candida albicans (Ban et al., 2023).
Additionally, Nathaniel et al. (2021) demonstrated
that S. aromaticum oil contains bioactive compo-
nents, with Eugenol being the primary compound
possessing strong antifungal and antibacterial ac-
tivity against pathogenic agents by disrupting fun-
gal cell membrane integrity (Jareerat et al., 2017).

Conclusions. This study has revealed that
onychomycosis primarily affects females, espe-
cially those aged 30 to 40. These findings align
with existing research, underscoring the need to
understand these fungal skin conditions better
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to develop effective prevention and treatment
methods. The study also evaluates the antifun-
gal properties of extracts from Z.officinale, Piper
nigrum, and Syzygium aromaticum, demonstrat-
ing their effectiveness in inhibiting the growth
of fungal isolates. This reaffirms the potential of
medicinal plants to combat fungal diseases and
explore new natural remedies. Despite medical
advancements, current treatments for bacterial

nal plants hold promise, particularly in devel-
oping countries where they are widely used for
therapeutic purposes. The study encourages fur-
ther research to exploit the antifungal properties
of medicinal plants, paving the way for more ef-
fective and accessible treatments. This research
can potentially improve human health and pro-
vide new therapeutic solutions.
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and fungal diseases are still inadequate. Medici-

REFERENCES

Abdelhakim, H. M., Fouzia, B., Ibtissem, S., & Hana, S. (2023). Biological activities and chemical characterization of
Lavandula angustifolia essential oil from Seraidi, Northeastern Algeria. Biodiversitas, 24(8), 4535—4542.

Abraham, Y., Eyalarasan, K., Luwam, E., Abeba, Y., Efrem, G., Lwam, W, et al. (2018). Antibacterial and Antifungal
Activities of easily grown Eritrean Black Pepper. Int ] Eng Res Technol, 7(2), 81—83.

Adane, B., Feruza, O., & Seid, Y. (2022). Non-Dermatophyte Mold Dominated Onychomycosis in Patients Attending
a Rank Higher Specialized Dermatology Clinic in Addis Ababa, Ethiopia. Clinical, Cosmetic and Investigational
Dermatology, 5, 507—518.

Adam, P, Daniela, G., Romuald, G., Krzysztof, J., Katarzyna, M., & Agnieszka, W. (2020). The Inhibitory Potential of
Selected Essential Oils on Fusarium spp. Growth and Mycotoxins Biosynthesis in Maize Seeds. Pathog, 23(9), 1—16.

Adam, P, Daniela, G., Katarzyna, M., Krzysztof, J., Romuald, G., & Agnieszka, W. (2019). Antifungal activity of
selected essential oils against Fusarium culmorum and F graminearum and their secondary metabolites in wheat
seeds. Arch Microbiol, 201, 1085—1097.

Aisha, S., Irum, N., Muhammad, N., Gulnaz, T., Hassam, A., & Umar, E. (2022). Therapeutic Role of Piper Nigrum L
(Black Pepper) and Pharmacological Activities. Sch Int ] Biochem, 5(1), 15—21.

Ameneh, T. M. S., Mahnaz, E, & Ali, Z. M. (2019). In Vitro Evaluation of Antifungal Activity of Three Traditionally
Used Medicinal Plants; Umbilicus Intermedius Boiss, Cuminum cyminum and Zingiber officinale Extracts. Int ] Med
Lab, 6(4), 266—274.

Andrés, E. O., Angelica, B., Rolando, M., Mario, T., Claudia, S., Luis, E., et al. (2019). Antifungal Activity of Eugenol
Derivatives against Botrytis cinerea. Mol, 24, 1239.

Angora, K. E, Ira-Bonouman, A., Vanga-Bosson, A. H., Konaté, A., Kassi, E. K., Tuo, K., et al. (2018). Clinical and
mycological characteristics of onychomycosis due to Candida at Institut Pasteur of Cote d’Ivoire. ] Mycol Med,
28(1), 167—172.

Arun, K. S., & Vinay, K. S. (2017). Biological action of Piper nigrum the king of spices. Eur J Biol Res, 7(3), 223—233.

Ba,0., Kébé, M., Groun, SidAhmed, Sy, O., Sidiya, M. A, Eibih, A. B. A,, et al. (2021). Epidemiology of scalp ring-
worms and superficial fungal infections in schools in Mauritania. Tunis Med, 99(12), 1126—1133.

Ban, M. A., Ooroba, M., & Ibrahim, S. (2023). Antifungal Activity of Clove (Syzygium aromaticum) Essential Oil
Extract against Induced Topical Skin Infection by Candida albicans in Mice in vivo. Egypt ] Hosp Med, 91(1),
3855—3861.

Belhouala, K., & Benarba, B. (2021). Medicinal Plants Used by Traditional Healers in Algeria: A Multiregional Eth-
nobotanical Study. Front Pharmacol, 12, 760492.

Benheddi, M., Garaali, N., Filali, M., Adadi, S., Bensaghroune, H., Tlamgani, Z. (2021). Teigne a Microsporum gyp-
seum chez un enfant: & propos d 'un cas. PAM] Clin Med, 6(3).

Bhart, S., & Skarma, N. (2021). Talaromyces stipitatus, a novel agent causing superficial mycosis in a diabetic patient
from North India. Microbes and Infect, 24, 104887.

Bianca, M. P, & Aurora, A. (2015). Onychomycosis: A Review. ] Fungi, 1, 30—43.

Bravo-Chaucanés, C. P, Chitiva, L. C., Vargas-Casanova, Y., Diaz-Santoyo, V., Herndndez, A. X., Costa, G. M., et al.
(2023). Exploring the Potential Mechanism of Action of Piperine against Candida albicans and Targeting Its Viru-
lence Factors. Biomolecules, 13(12), 1729.

48 ISSN 1028-0987. Microbiological Journal. 2025. (3)



Antifungal Potential of Aquous Extract of Some Medicinal Plants Against Onychomycosis-Causing Agents

Cheikhrouhou, S., Attoini, A., Aloui, D., Bouchekoua, M., Trabelsi, S., & Khaled, S. (2021). Epidemiological, clinical
and mycological study of dermatomycosis in diabetic patients. Tunis Med, 99(08/09), 911—918.

Daigham, G. E., & Mahfouz, A. Y. (2020). Assessment of Antibacterial, Antifungal, Antioxidant and Antiviral Activi-
ties of Black pepper Aqueous Seed Extract. ] Res Stud, 2(1), 1—12.

Diongue, K., Seck, M. C., Ndiaye, M., Diallo, M. A., Badiane, A. S., & Ndiaye, D. (2021). Mycoses and antifungals:
What is the situation in Senegal in the current context? Ann Pharm E 79(4), 440—445.

Duy, L. Q. Evaluation of antifungal activity against Corynespora cassiicola by bacteria isolated from soil in the root
zone of cucumber plants. (2023). Biodiversitas, 24, 6584—6591.

Faergemann, J., & Baran, R. (2003). Epidemiology, clinical presentation and diagnosis of onychomycosis. Br ] Der-
matol, 65, 1—4.

Fernanda Cristina de Albuquerque Maranhao, Jorge Belém Oliveira-Junior, Maria Anilda Dos Santos Aratjo, & De-
nise Maria Wanderlei Silva. (2019). Mycoses in northeastern Brazil: epidemiology and prevalence of fungal species
in 8 years of retrospective analysis in Alagoas. Braz ] Microbiol, 50(4), 969—978.

Gupta, A. K, Jain, H. C,, Lynde, C. W,, MacDonald, P, Cooper, E. A., & Summerbell, R. C. (2000). Prevalence and
epidemiology of onychomycosis in patients visiting physicians offices: a multicenter Canadian survey of 15,000
patients. ] Am Acad Dermatol, 43, 244—248.

Gustavo, R. V. B., Jodo, M. R. L., Matheus, W. O., Rafael, C. S., Ana, P. S. S, Fla’via, B. B, et al. (2020). Aqueous ex-
tract from Mangifera indica Linn. (Anacardiaceae) leaves exerts long-term hypoglycemic effect, increases insulin
sensitivity and plasma insulin levels on diabetic Wistar rats. PLOS ONE, 8, 1—109.

Halim, I., El Kadioui, E, & Soussi Abdallaoui, M. (2013). Les onychomycoses a Casablanca (Maroc). ] Med Mycol,
23(1), 9—14.

Hayder, I. N. 1. (2022). Effects of applying cold and hot aqueous extracts of ginger to control onion rot disease caused
by Aspergillus niger. Caspian ] Environ Sci, 20(3), 611—616.

Janatiningrum, I., & Lestari, Y. (2022). Enzyme production, antibacterial and antifungal activities of actinobacteria
isolated from Ficus deltoidea rhizosphere. Biodiversitas, 23, 1950—1957.

Jareerat, A., & Korawuth, P. (2017). Antifungal activities of essential oils of Syzygium aromaticum, Piper betle, and
Ocimum sanctum against clinical isolates of canine dermatophytes. Scie Asia, 43, 223—228.

Jolly, O. A., Beatrice, K., Dorothy, N., & John, K. (2022). Effect of aqueous and organic solvent extraction on in-vitro an-
timicrobial activity of two varieties of fresh ginger (Zingiber officinale) and garlic (Allium sativum). Heliyon, 8, €10457.

Khodadadi, H., Zomorodian, K., Nourae, H., Zareshahrabadi, Z., Barzegar, S., Reza Zare, M., et al. (2021). Preva-
lence of superficial-cutaneous fungal infections in Shiraz, Iran: A five-year retrospective study (2015—2019). ] Clin
Lab Anal, 35, €23850.

Kouotou, E. A, Kechia, F. A., Iwewe Somo, Y., Nguena Feungue, U., Nansseu, J. R., & Moyou Somo, R. (2017). My-
cological profile of onychomycosis in Yaoundé, Cameroon. ] Med Mycol, 27(2), 238—244.

Martinez-Herrera, E., Schlager-Ospino, H., Torres-Guerrero, E., et al. (2019). Frequency of mixed onychomycosis
with total nail dystrophy in patients attended in a Guatemalan dermatology center. Infection, 22, 105—109.

Miranda, M., Sun, X., Assis, O. B. G., Ference, C., Ferreira, M. D., Baldwin, E. A. (2021). Antifungal activity of Zingib-
er officinale Roscoe (ginger) oil and extracts, associated with carnauba wax nanoemulsions, on fungal control of
harvest papaya. ISHS, 191—198.

Moubasher, A. H., Abdel-Sater, M. A., & Soliman, Z. (2017). Incidence and biodiversity of yeasts, dermatophytes and
non-dermatophytes in superficial skin infections in Assiut, Egypt. ] Med Mycol, 27(2), 166—179.

Mtibaa, L., Rabhi, E, Abderrahim, A., Baccouchi, N., Jaber, K., & Fares, H. (2022). Les teignes du cuir chevelu: étude
épidémiologique dans la région de Tunis de 2012 a 2020. Pan Afr Med ], 41(168).

Narges, M. B, Giselle, R. T., Sofia, P., & Antonella, T. (2023). Onychomycosis: Old and New. ] Fungi, 9(5), 559.

Nathaniel, H., Susana, E. S., & Ika, R. (2021). Antibacterial and Antifungal Activity of Clove Extract (Syzygium aro-
maticum): Review. E H, 2(2), 86—94.

Navkiranjeet, K., Aarti, B., Ravinder, K., Sanju, B. D., Fogarasi, M., Prince, C. A. (2021). Review on Antifungal Ef-
ficiency of Plant Extracts Entrenched Polysaccharide-Based Nanohydrogels. Nutt, 13, 2055.

Pratibha, R., & Rajendra, S. A. (2016). Evaluation of antifungal activity of Zingiber officinale against Fusarium oxys-
porum f.sp. lycopersici. Adv Appl Sci Res, 7(2), 5—9.

Qian-Qian Mao, Xiao-Yu Xu, Shi-Yu Cao, Ren-You Gan, Harold Corke, Trust Beta, & Hua-Bin Li. (2019). Bioactive
Compounds and Bioactivities of Ginger (Zingiber officinale Roscoe). ] Foods, 8, 18.

ISSN 1028-0987. Microbiological Journal. 2025. (3) 49



Ennaghra Nadjet, Boudjellab Zine Eddine, Ghannem Maya, et al.

Qing Liu, Xiao Meng, Ya Li, Cai-Ning Zhao, Guo-Yi Tang and Hua-Bin Li. (2017). Antibacterial and Antifungal
Activities of Spices. Int ] Mol Sci, 18, 1283.

Ridwan, O. A, Esther, O., Akogmu, E. I, Oyiza, S., Modinat, D. A. (2021). Aqueous Extracts of Ginger (Z.officinale
Roscoe) and Garlic (Allium satium L.) Bulbs: Phytochemical Screening and In vivo Antitrypanosomal Effect.
World News Nat Sci, 37, 135—150.

Samantha, J. A., Julianne, M., Falotico, Z. N. C,, Justin, T. M., & Shari, R. L. (2023). Risk Factors and Treatment
Trends for Onychomycosis: A Case—Control Study of Onychomycosis Patients in the All of Us Research Program.
] Fungi, 9, 712.

Seck, M. C., Ndiaye, D., Diongue, K., Ndiaye, M., Badiane, A. S., Sow, D,, et al. (2014). Mycological profile of onycho-
mycosis in Dakar (Senegal). ] Mycol Med, 24(2), 124—128.

Shambel, A., Million, A., & Abebe, E. N. (2021). Epidemiological Characterization of Dermatomycosis in Ethiopia.
Clin Cosmet Investig Dermatol, 14, 83—89.

Shokouh, A., Sabihe, S., & Davood, Z. (2020). Antibacterial and Antifungal Activity of the Aqueous and Methanolic
Extracts and Essential Oils of Red Beets Beta vulgaris Leaves. Zahedan ] Res Med Sci, 22(3), e83725.

Temilola, A., Samuel, B., Paul, O., Olamilekan, A. (2020). Antifungal activity of aqueous and corn steep liquor extract
of Ficus exasperata, Anonna muricata and Azadiractha indica. Nat Med Mater, 40, 5—12.

Valerie, B. T. A., Pulchérie, C., Marie, K. B., Abibatou, K., Etien, A. K., Fulgence, K. K., et al. (2019). Clinical and
etiological aspects of intertrigos caused by fungal infections in Abidjan (Cote d’Ivoire). Pan Afr Med ], 33, 198.

Veer, P, Patwardhan, N. S., Damle, S. (2007). Study of onychomycosis: prevailing fungi and pattern of infection.
Indian ] Med Microbiol, 25, 53—56.

Received 22.07.2024

Ennarpa Hamker!?', Bymwxkenna6 3in Expinl?, Tannem Maiin’3, Bypsama lanisn?, Byysa ®arixal,

Aysan Bagic!, Cymari Bymkemaa?, Bynxiner Bigenal, Bymk6i6a xa6amna Xanal, Pamman Acma’

! JTa6oparopis npuknangHoi Mikpo6iosnorii, pakynpreT IpUpogHUYINX Ta 6i0NOTIYHNX HAYK,
npupopHIanit Gakynsret, YHiBepcutet 20 ceprns 1955 poky, Ckixaa 21000, Aypkup

2 JTa6oparopis 6ioximii Ta eKOMOTiaHOI TOKCUKOOTIi, hakymbreT Gioximii, mpupopHudmii Gpaxkynbrert,
YuiBepcuter Bamxi-Moxrap, AuHa6a, 23000, A/pKup

3 Jlaboparopis Karaisy, 6i0npomyKuii Ta HaBKomuinHboro cepegosuiya (LCBE),
Yuisepcuter 20 cepniua 1955, Ckixza, 21000, Aypxkup

[IPOTUTPUBKOBUI TTOTEHIIIAT BOTHOTO EKCTPAKTY NEAKMX JTIKAPCbKIMX POC/IVH
[TPOTY 3BY/THMKIB OHIXOMIKO3Y B PETTOHI CKIKIIA/IIIBHIYHWI CXI]T AJDKUPY

OmnixoMiko03 € ToumpeHow rpudkoBoo indexuiew. e gocmimxenHs, nposeneHe B perioni Ckikza Ha MiBHIYHOMY
cxofi Amkupy B moTomy 2020 poKy, Ma€ Ha MeTi OLIiHUTHM TOTEHLiiHMIT BIUIUB TPbOX MiKAPCbKMX POCIUH K
HNpoTUrpubKoBUX 3acobiB — Zingiber officinale, Piper nigrum ta Syzygium aromaticum — Ha picT TpbOX IPUOKOBUX
isonaris: Aspergillus sp., Alternaria sp. Ta Fusarium sp., BUiiIeHUX Bif oci6 3 giarHo3oM oHixoMmiko3 B perioHi Ckixpa
Ha miBHiYHOMY cxofi Amkupy. Meropu. BusHaueHHs mpOTUIprOKOBOI aKTMBHOCTI BOJHMX €KCTPAKTIB POCIMH
IPOBOAWIN 3 BUKOPUCTAHHAM AuysiitHoro Metony 3a Cabypo. PesynbraTu. [aui mokasanu, mo Aspergillus sp. €
HAIIOMPEHIIM 30YAHIKOM 3 4acToTomo 29.70%, 3a HuM ifyTs Fusarium sp. ta Alternaria sp. 3 qactotoro 21.6%.
OmnixoMiko3 epeBa’kHO Bpakae XiHOK — 61.29%, nepesakatoun y Bikosiit rpyi Bifi 30 1o 40 pokis. Takox ekcTpakT
Zingiber officinale BusABUBCA Hai6OiIbII eeKTUBHMM, 31 100% mpurHideHHAM pocTy Minenito (MGI) y koHIeHTparii
20% (V/V) mns KO>KHOTO 3 TPbOX JOCTIKYBaHNUX BUAIB rpubiB. Y KoHLeHTpauii 20% (06/06) ekcTpakt Syzygium
aromaticum nokasas cepegHiit MGI% 100%, 100% Tta 60.56% myst Fusarium sp., Alternaria sp. Ta Aspergillus sp., Bif-
nosigHo. ITpy xoHuenTpanii 20% (V/V) excrpaxt Piper nigrum mae cepenniit MGI% 83.15%, 81.29% Ta 100% nporu
Fusarium sp., Aspergillus sp. Ta Alternaria sp. BifnosinHo. BucHoBku. OTpuMaHi faHi cBiggaTh 11po Te, o Alternaria sp.
€ HalI61/IBIIl Yy TIMBMM BUIOM IpHOIB 0 TPHOX JOCTIPKYBAHNUX eKCTPAKTIB, 3a HUM ifyTb Fusarium sp. Ta Aspergillus
sp. Li pe3y/mbraTt MiATBEPIKYIOTD IIOTEHIITHY TePAIIeBTIIHY Aif0 LIMX TIKAPCHKIX POCTMH Y 60pOThOi 3 Tp1OKOBIMU
3aXBOPIOBAHHAMI Ta BiIKPUBAIOTh HOBI MOXXIMBOCTI /ISl pO3p0oOKY e(heKTUBHIX IPUPOTHIUX TiKapChKIX 3aC06iB.

Kntouoei cnosa: npomuzpubrosa axmueHicmy, 0upysis, inei6y8ants, pociuHHi eKCrmpakmu, oHixomikos.
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DETERMINATION OF THE IMMUNE POTENTIAL
OF PALATINE TONSIL CELLS AGAINST ANTIGENS
OF RESPIRATORY VIRUSES AND MICROBES
BASED ON IN VITRO STUDIES

In recent decades, much attention has been paid to new approaches to vaccination against viruses of the respiratory
group, among which the concept of local etiologically appropriate vaccination deserves attention, according to which
vaccination should be carried out in the same way as infection occurs, that is, for viruses and microbes of the respiratory
group — through the upper respiratory tract or orally, where the immune system of mucosal membrane and its important
components — the structures of the lymphoepithelial ring -— play a significant role. The aim of the study was to deter-
mine the level of the production of antibodies to respiratory viruses and antigens of Streptococcus pyogenes and Klebsiella
pneumoniae and interferones by palatine tonsil cells and blood mononuclear cells of patients with chronic tonsillitis.
Methods. The study was conducted on palatine tonsil (PT) cell cultures obtained from 20 patients with chronic tonsil-
litis who underwent tonsillectomy for indications. The immunological activity of the tonsil cells in vitro was compared
with that of mononuclear cells isolated from heparinized blood using a Ficoll-Verografin density gradient (d=1.077). The
antibody content in the culture fluid after 24-hour cultivation of cells was determined by the levels of IgG antibodies to
the SARS-CoV-2 virus antigens (using the ELISA system «Diaproph,» Ukraine), anti-hemagglutinins against influenza
A and B — via the hemagglutination inhibition reaction against vaccine hemagglutinins (GCFLU, quadrivalent, GC
pharma). Antibodies to human orthopneumovirus antigens were determined using the ELISA system (Euroimmun), to
the Virus Epstein-Barr (EBV) capsid antigen using the Vitrotest system (Ukraine), and to Streptococcus pyogenes — using
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the «Granum» tests (Ukraine), to Klebsiella pneumoniae proteoglycans — via the passive hemagglutination reaction us-
ing sorption of Klebsiella antigen (Biostim, France). The content of interferons « and y was determined using ELISA kits
(Elabscience, USA). Results. The obtained data indicate more pronounced reactive manifestations of antibody formation
against viral and microbial antigens of respiratory pathogens after culturing PT cells of patients with chronic tonsillitis.
The highest content of antibodies in the culture fluid was determined to antigens of Influenza A and B viruses, as well as
to Human orthopneumovirus antigens, and to a lesser extent — to antigens of SARS-CoV-2 and EBV viruses. PT cells
in vitro actively produced antibodies to streptolysin-O of S. pyogenes group A and weakly — to proteoglycans of K. pneu-
moniae. The content of a-interferon was higher in blood cells supernatants than that of y-interferon in PT cells superna-
tants. Conclusions. The conducted studies indicate a high immunological potential of the palatine tonsils, even with their
chronic inflammation relative to a wide range of antigens of respiratory viruses and microbes, which confirms the new

concept of local vaccination through the upper respiratory tract, rather than parenterally.

Keywords: vaccination, local immunity, palatine tonsil cells, blood mononuclear cells.

In recent decades, much attention has been paid
to new approaches to vaccination against respira-
tory viruses, among which the concept of local
etiologically-appropriate vaccination deserves at-
tention, according to which vaccination should
be carried out in the same way as infection oc-
curs (Ainai et al.,, 2020; Zabolotny et al., 2021;
Melnykov et al., 2015; Rose et al., 2012; Nelson
& Sant, 2021; Park, 2024). At the current stage
of ideas about the formation of protective fac-
tors against respiratory viruses, unfortunately,
the paradigm of creating and using vaccines for
parenteral administration, as it did in the times of
Jenner and Pasteur, still dominates. According to
this paradigm, viral antigens are introduced into
the body not by the route of infection, but paren-
terally, without the participation of local natural
barrier mechanisms, especially those of the up-
per respiratory tract and the immune-forming
structures of the intestinal tract. It has been
proven that one of the important components of
protection against both viruses and microbes is
the lymphoepithelial pharyngeal ring (LEPR) of
Pirogov-Waldeyer, the structures of which con-
tain cells and active compounds that can poten-
tially actively counteract respiratory infection
and form protective immune defense (Bredun
et al., 2019; Smith & Huber, 2018). However, the
activity of antiviral mechanisms, in particular
interferons and antibodies against various types
of viruses of the respiratory group, has not been
studied sufficiently to conclude about the factors

52

and the spectrum of their activation for the cre-
ation of antiviral and antimicrobial immunity in
the structures of LEPR.

The aim of the study was to determine the lev-
el of the production of antibodies to respiratory
viruses and antigens of Streptococcus pyogenes
and Klebsiella pneumoniae and interferones by
palatine tonsil cells and blood mononuclear cells
of patients with chronic tonsillitis.

Materials and Methods. The study was con-
ducted on palatine tonsil (PT) cell cultures ob-
tained from 20 patients with chronic tonsillitis
who underwent tonsillectomy for medical indi-
cations. The age of the patients ranged from 16 to
40 years, 14 of whom were female. Additionally,
similar studies were carried out on blood cells
from 10 patients with chronic tonsillitis of a sim-
ilar age. Informed consent was obtained from all
patients to conduct research in accordance with
bioethical standards.

The tissue processing was performed accord-
ing to the recommendations (Melnykov et al.,
2017). The tonsil tissue was immersed in 199
medium (Serva, Germany) with gentamicin
(Darnitsa, Ukraine) at a concentration of 120 ug/
mL and left at a temperature of 4—8 °C for 20
min. After that, hemorrhagic parts were removed
from the whole tonsil, transferred to Eagle’s me-
dium (Sigma, USA), and rinsed in it 3—4 times,
then placed in sterile vials with enriched Eagle’s
medium with the addition of glutamine, bicar-
bonate, 100-fold concentration of vitamins, 5%
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fetal calf serum, and 60 pg/mL gentamicin. The
tissue was cut with scissors and washed with the
medium to release the cells, then filtered through
a nylon filter. All manipulations were carried
out in a laminar flow cabinet (ES160, Turkey) in
a stream of sterile air. The number of cells was
counted using a light microscope (Olympus-23,
Japan) and a Goryaev chamber. A cell suspen-
sion was prepared at a concentration of 2.5 x 10°
lymphocytes in 1 mL of medium. The percentage
of non-viable cells was calculated by staining the
suspension with a trypan blue solution. When the
content of dead cells was greater than 10%, the
suspension was considered unsuitable for further
work. To control the effect of cell damage dur-
ing mechanical extraction on the release of active
compounds into the medium, immediately after
the formation of suspension, it was centrifuged in
a refrigerated centrifuge (4 °C, E-800R, Turkey).
The production of antibodies to influenza A and
B viruses (Influenzavirus A, B), SARS-CoV-2 vi-
rus, and to Human orthopneumovirus, as well as
to a- and y-interferons palatine tonsil cells, was
determined simultaneously with the determina-
tion of all samples with blood mononuclear cells
of patients with chronic tonsillitis, isolated from
heparinized blood on a Ficoll-Verografin density
gradient (d=1.077), washed from the Ficoll, and
incubated in 199 medium (Sigma, USA) enriched
with glutamine, amino acids, and vitamins.

The cells were cultured at 37 °C for 24 hours.
After that, they were centrifuged in a refriger-
ated centrifuge at 100 g and 4 °C for 15 min, the
supernatant was collected and aliquoted into Ep-
pendorf tubes by 0.5 mL portions. The samples
were stored until testing for up to three months at
-20 °C in a low-temperature refrigerator. The as-
sessment of antibody content in the culture fluid
after 24-hour cultivation of palatine tonsil cells or
blood mononuclear cells was carried out by the
levels of IgG antibodies against SARS-CoV-2 vi-
rus antigens (ELISA system «Diaprof,» Ukraine),
antihemagglutinins against influenza A and B
virus antigens by the hemagglutination inhibi-
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tion assay using vaccine hemagglutinins (GCFLU,
quadrivalent, GC Pharma, Korea), where human
erythrocytes of the first blood group were used as
an indicator system. Antibodies to Human ortho-
pneumovirus antigens were determined using an
ELISA system (Euroimmun) and to Epstein-Barr
virus (EBV) capsid antigen — using the Vitrotest
system (Ukraine). The results of semi-quantitative
determination of antibodies to VEB were pre-
sented as the «index of positivity» (a dimension-
less quantity), which demonstrates by how many
times the level of detected antibodies in the sam-
ple exceeds the threshold level of their recognition
(according to the manufacturer’s instructions).

Antibody titers to S. pyogenes were deter-
mined using the «Granum» tests (Ukraine)
and to K. pneumoniae proteoglycans — via the
passive hemagglutination reaction using anti-
gen-coated tannin-treated rabbit erythrocytes
(proteoglycans, Biostim, France) following the
recommendations of Berkalo et al. (2003). The
levels of a- and y-interferons were determined
using ELISA kits (Elabscience, USA).

The statistical analysis for the results obtained
was performed using the one-sided nonpara-
metric Mann-Whitney «U» test, and when ana-
lyzing log, antibody titers, the t-Student test was
used. Calculations were performed using the
open-access software packages WIN PEPI and
Biostat, following the recommendations given in
the literature (Hlants, 1998).

The results were presented as the arithmetic
mean (M) and quartiles (Q25-Q75). When us-
ing Student’s t-test, the results were indicated as
M * m. Differences were considered statistically
significant when p<0.05.

Results. The results of determining the levels of
antibodies to influenza A and B hemagglutinins
in 24-hour cell cultures from palatine tonsils and
blood mononuclear cells are presented in Table 1.

The data presented in Table 1 show that the level
of antibodies to influenza viruses in the superna-
tants after tonsil cells cultivation was significantly
lower compared to the levels after cultivation of
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blood mononuclear cells. Determination of anti-
bodies levels to the SARS-Co V-2 virus under sim-
ilar conditions of research showed a tendency to
increasing antibodies content in the culture me-
dium after palatine tonsil cells cultivation.

A similar vector of changes was noted when
determining antibodies to Human orthopneu-
movirus (p<0.05), which is shown in Table 1.
Only trace amounts of antibodies to Human or-
thopneumovirus were detected in the initial su-
pernatant (before cultivation).

Figure 1 shows the results of the determination
of antibodies to EBV, which demonstrated that
no significant differences between their contents
in the culture fluids of palatine tonsil cells (PT)
and blood mononuclear cells (BMC) were found.

Table 1. The content of antibodies to hemagglutinins

The determination of such antiviral factors
as a- and y-interferons showed that the content
of a-interferon was 2.5 times higher in the cul-
ture fluid after cultivation of BMC than PT. In
contrast, the level of y-interferon was 3 times
higher in the culture fluid after PT cells cultiva-
tion (Table 2).

When examining the content of antibodies
to streptolysin-O in culture fluids from PT and
BMC, it was found that the antistreptolysin-O
(ASL-O) titer from PT cultures was significantly
higher compared to that in BMC culture fluid
(Fig. 2). The content of antibodies to the pro-
teoglycans of K. pneumoniae was also higher in
culture fluid from PT, but this difference was not
significant (Fig. 3.)

of influenza viruses, human orthopneumovirus, and to SARS-Co V-2 virus in the supernatants
of palatine tonsil cells and blood mononuclear cells of patients with chronic tonsillitis

Antihemagglutinins to Antibodies to Human Antibodies
Statistical values Influenza viruses A and B, log, | Orthopneumovirus, IU/mL | to SARS-CoV-2 virus, g/L
PT BMC PT BMC PT BMC
n 21 9 8 9 21 9
M 0.45 5.80 0.42 0.21 0.15 0.08
+m 0.15 0.20 — — — —
Q25-Q75 — — 0.05—0.85 | 0.10—0.40 | 0.10—0.20 | 0.05—0.20
Content in the initial superna-
tant (before cultivation) 0 — 0.05 — 0 —
Significance of differences, pU — <0.02 <0.05 — — >0.05
PT — palatine tonsils; BMC — blood mononuclear cells.
Table 2. The content of a- and y-interferons in supernatants after cultivation
of tonsil cells and blood mononuclear cells of patients with chronic tonsillitis
a-IFN, pkg/mL y-IEN, pkg/mL
Statistical values
PT BMC PT BMC
n 21 9 21 9
M 111.26 293.30 29.90 9.70
Initial supernatant 5.00 — 1.80 —
Q25-Q75 11.15—186.70 232.20—460.50 11.20—37.70 8.90—10.50
Significance of differences, pU — <0.02 — <0.02
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Discussion. The results of the studies of the
immunological activity of palatine tonsil cells
and blood mononuclear cells indicate a more
pronounced reactive manifestation of antibody
formation against viral and microbial antigens
of respiratory infections in the culture fluid af-
ter culturing palatine tonsil cells of patients with
chronic tonsillitis without additional stimulation.
It can be assumed that in chronic tonsillitis, ton-
sil infection occurs, which causes the release of
antibodies against infections «on continuation».

The reality of this is evidenced by the data on
the practical absence of antibodies to respira-
tory viruses in the initial supernatants, and the
appearance of a significant content of antibodies
after 24-hour cultivation, especially when using
tonsil cells, indicates their crucial role in the
processes of immune defense formation. Large
fluctuations in the level of interferons may in-
dicate the active inclusion, first of all, of anti-
viral defense. At the same time, in the culture
fluid of PT cells, there was more y-interferon,
the action of which is associated not only with
antiviral protection but also with a wide range
of immunoregulatory effects (Drannik, 2010;
Wang et al., 2018).

The obtained data indicate the active partici-
pation of tonsil cells of the lymphoepithelial ring
in the processes of formation of immune defense
and immunological memory cells in relation to
a wide range of antigens of viruses and microbes
of the respiratory group. These data correspond
to new concepts of vaccination against respira-
tory viruses (Ainai et al., 2020; Melnikov et al.,
2015; Benn et al., 2020; Sun et al., 2020; Wagner
etal., 2020; Nelson & Sant, 2021) and the change
in the paradigm of parenteral vaccination, in
which the natural protective mechanisms in the
structures of the respiratory tract are «turned
oft» (Benn et al., 2020; Zabolotny et al., 2021;
Park et al., 2024; Shi et al., 2022). For mucosal
vaccines of the microbial group, the effectiveness
of the local vaccination method has been proven
in a number of works when used in the form of
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Fig. 1. Levels of antibodies to EBV in the culture fluid
after 24-hour cultivation of tonsil and blood cells: IP —
index of positivity, PT — palatine tonsils, BMC — blood
mononuclear cells, (P > 0.05)
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nuclear cells (BMC) (p < 0.05)
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oral applications or capsules (Bredun et al., 2019;
Cantarutti et al., 2021; Zhu et al., 2024).
Conclusions. Experimental studies in vitro
on determining the content of protective factors
such as the antibody levels to viral and microbial
antigens and a, y-interferons in the supernatants
after 24-hour cultivation of tonsil cells or periph-
eral blood mononuclear cells showed that the
number of protective factors and their activity
of palatine tonsil cells were significantly higher
compared to those from blood mononuclear
cells. The highest antibody content in the culture
fluid was determined to antigens of Influenza
A and B viruses and Human orthopneumovirus,

and, to a lesser extent, to the SARS-CoV-2 and
EBV viruses. In vitro palatine tonsil cells actively
produced antibodies to streptolysin-O of S. pyo-
genes group A and weakly produced antibodies to
proteoglycans of K. pneumoniae. The content of
a-interferon was higher in the supernatants from
blood cells, and y-interferon — from palatine
tonsil cells. The conducted studies indicate a high
immunological potential of the palatine tonsils,
even in chronic inflammation, and confirm new
concepts of local vaccination through the upper
respiratory tract, rather than parenterally.
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BM3HAYEHHA IMYHHOTI'O ITOTEHIIATY KJIIITUH
MIHEBIHHMX MUTTTAJTMKIB IIPOTU AHTUTEHIB BIPYCIB PECITIPATOPHOI TPYIIN
TA MIKPOBIB 3A TAHVIMM JOCHIIXKEHD IN VITRO

B ocranHi gecsaTupivdsa 6araTo yBary IpyUi/sIETC HOBUM ITiIXOfAM JO BaKI[MHALl IPOTH BipyciB pecipaTopHol
Ipynu, cepefi AKUX 3aCYyrOBYE Ha YBary KOHLIEILiA JIOKAJbHOI €TiONIOriYHO a/leKBaTHOI BaKLMHALil, 3TifHO AKOI
BaKI[MHAL[if [IOBMHHA IIPOBAJUTUCh TUM >Ke LUIAXOM, SAKUM ife iHdikyBaHHA, TOOTO mis BipyciB Ta Mikpo6iB
pecriparopHoi Ipymy — d4epe3 BepXHi AMXa/JbHi IUIAXM abO IepOpalbHO, Jie CYTTEBY PO/Ib BUKOHYE CUCTeMa
MYKO3a/IbHOTO iMYHITETY Ta JOTO BayK/IMBi CKIAHNKN — CTPYKTYPH MiMQOTIOTKOBOTO KinbliA. MeTor po6oTu
0y/10 BUSHAYUTY PiBEHb MPOAYKIIil AHTUTI 1O BipyCiB pecipaTopHOI IpyIIN Ta A0 aHTUTEHIB Streptococcus pyogenes
i Klebsiella pneumoniae ta inTep¢eponis kaitnHamu migHe6inHNx Murganukis (IIM) Ta MOHOHyK/IeapamMu KpOBi
XBOPUX Ha XPOHIYHMI TOH3WIIT. MeTomu. [J0C/imKeHHS TPOBeeHO Ha KY/IbTYPax KIITVH MifHe61HHIMX MUTTA/NKIB,
OTpMMaHUX Bifi 20 XBOPUX Ha XpOHIYHUIT TOH3UJIIT, AKMM 3a MOKa3aHHAMM IPOBOAN/IN TOH3MNIEeKTOMil0. IMyHOIO-
TiYHYy aKTUBHICTD i1 Vitro KJIiTUH MUTKANVKIB IIOPiBHIOBA/IN 3 TAKOIO MOHOHYKJI€ApiB, BUJIEHNX 3 IellapyHi30BaHOL
KpoBi Ha rpapienti winpHocti ¢ikon-Beporpadiny (d = 1,077). BmicT aHTUTIN B Ky/IbTypanbHiil pigyHi micns
24-rOoRMHHOTO KY/IbTUBYBAaHHA KIITUH BU3HaYa/M 3a piBHAMY IgG-anTNTiN 10 anTUreHis Bipycy SARS-Co V-2 (IDA-
cucrema «[lianpod», Ykpaina), aHTUTeMArTIOTUHIHIB mpoty rputty A Ta B — B peaxuil iHri6inii remarmornHamii
nporu remarmoruHiniB BakuuHum (GCFLU, quadrivalent, GC pharma). Axrturiza mo auturenis Human
orthopneumovirus BusHadanu 3a gonomorowo [OA-cucremn (Euroimmun), fo kancupHoro autureny Virus Epstein-
Barr — 3a fonomoroto cuctemu Vitrotest (Ykpaina). Tutpu anTuTin go S. pyogenes BusHadam 3a OIIOMOTOIO TeCTiB
«Ipanym» (Ykpaina), jo nporeorikanis K. pneumoniae — B peaxuii macBHOI reMarmoTHHALIT 31 3aCTOCYBaHHIM
cop6buii anTurenis xnebcienu (Biostim, France). Bumict iHTepdepoHis a i y BusHavanu 3a gonomororo IGA-nabopis
(Elabscience, USA). Pesynpraru. Otpumani gasi cBif4aTb Ipo 6ibl1 BupaXkeHi peaKTUBHI IposBY (GOPMYBaHHA
AQHTUTII IPOTH BipyCHUX Ta MiKpOOHUX aHTUTeHIB iH(eKTiB pecnipaTOpHOI IpyIy Iic/A KyJIbTUBYBaHHA KJIITUH
ITIM xBopux Ha XpOHiuHMII TOH3WTiT. Halt6ipImmii BMICT aHTUTII B Ky/IbTYpasIbHill pinuHi 6y/I0 BU3HAYEHO II0
Bi/JHOILIEHHIO 10 aHTUTeHIB BipyciB rpumny A Ta B, anturenis Human orthopneumovirus i MEHIIOIO MipoIo Ji0 Bipycy
SARS-CoV-2 i Virus Epstein-Barr. Knitunu IIM in vitro akTUBHO IPOJYKYBaaM aHTUTIA 10 CTpenTonisuny-O
S. pyogenes rpynn A i cmabo — po nporeornikaniB K. pneumonie. BmicT a-inTepdepoHy BusHaYaBCs SK BUILNIL B
CyIlepHATaHTaX 3 KIiTMH KpOBi, a y-iHTepdepony — 3 kaitus [IM. BucnoBku. [IpoBefeHi JOCTIIKeHHS CBIfYaTh
IIPO BUCOKWJI IMYHO/IOTIYHMII IOTeHIian MigHeOiHHMX MUTITAIMKIB, HaBiTh IpY XPOHIYHOMY IX 3allajieHHi, 1o
BiIHOIIEHHIO IO IIVPOKOIO CIIEKTPY aHTUTIeHIB BipyciB pecmipartopHol rpymu i MikpoO6iB, 10 HiATpUMye HOBY
KOHIIENLII0 IPOBEJEHHA He TApEHTEePAIbHOI, a IOKAa/IbHOI BaKLMHALIII Yepe3 BepXHi AMXaIbHi HUIAXN.

Knrouosi cnosa: saxyunayis, 10kanvHuil imyHimem, Kaimunu nioHeGiHHUX MU20AIUKI6, MOHOHYKeAPU KPOBi.
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SOIL PHYSICOCHEMICAL PROPERTIES,

PLANT MINERAL CONTENTS, PLANT
PHYTOCHEMICALS, AND ANTIBACTERIAL ACTIVITY
OF HARUNGANA MADAGASCARIENSIS (LAM. EX. POIR)
LEAF EXTRACTS AGAINST METHICILLIN-RESISTANT
STAPHYLOCOCCUS AUREUS (MRSA)

Objectives. This study aimed to investigate the antibacterial potential of Harungana madagascariensis leaf extracts
against Methicillin- Resistant Staphylococcus aureus (MRSA) while considering the soil physicochemical properties, plant
mineral contents, and phytochemical composition. Methods. Fresh leaves of H. madagascariensis were collected from two
locations in Nigeria and subjected to aqueous and ethanol extraction. The antibacterial activity of the extracts was evalu-
ated against MRSA using the disc diffusion method, and their potency was assessed by determining the minimum inhibi-
tory concentration (MIC) and minimum bactericidal concentration (MBC). Soil samples were also collected from the two
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locations to analyze their physicochemical properties. Results. The results showed that ethanol leaf extracts exhibited high-
er inhibitory zones against MRSA compared to aqueous extracts in both locations. Phytochemical analysis revealed the
presence of various bioactive compounds, including alkaloids, flavonoids, saponins, phenolics, tannins, anthraquinones,
and triterpenoids. The MIC and MBC values indicated potent antibacterial activity, with lower concentrations of ethanol
extracts showing effective inhibition and killing of MRSA. Soil analysis demonstrated variations in physical and mineral
properties between the two locations. Conclusions. In conclusion, this study provides evidence for the significant antibac-
terial potential of H. madagascariensis leaf extracts against MRSA. The findings highlight the importance of extraction
methods, phytochemical composition, and soil properties in influencing the antibacterial activity of the plant extracts.

Keywords: Harungana madagascariensis, antibacterial, Methicillin-Resistant Staphylococcus aureus (MRSA), Alka-

loids, flavonoids.

Plants serve as sources of food and medicinal
herbs for humans and animals (Olasehinde et al.,
2012), and between 65% and 80% of the world’s
population are believed to rely on the use of these
herbal medicines as their first-line treatments
(Awodele et al., 2013). Medicinal plants have
been considered potential sources of new anti-
microbial molecules (Akinjogunla & Oluyege,
2016), which has led several researchers to
screening several medicinal plants for their po-
tential biological activities (Colombo & Bosisio,
1996; Anyanwu & Okoye, 2017). These biologi-
cal activities are dependent on the various phy-
tochemicals present such as saponins, tannins,
and alkaloids (Okoye et al., 2016; Ugboko et al.,
2020). Saponins are used for tuberculosis treat-
ment (Gemechu et al., 2013; Abuzeid et al., 2014;
Poro etal.,2021). Among the most basic bioactive
phytochemicals that are effective against bacteria
are phenols, such as cinnamic and caffeic acids
(Cowan, 1999; Perumal & Gopalakrishnakone,
2010). Quinone has the potential to have a wide
range of antimicrobial effects, including inactiva-
tion of proteins and loss of their functions (Rios
& Recio, 2005). Flavones are phenolic structures
synthesized by plants in response to microbial in-
fection (Anyanwu & Okoye, 2017).
Antimicrobial activity of several Nigerian me-
dicinal plants, including Carpolobia lutea, Ha-
rungana madagascariensis (Antia et al., 2015),
Terminalia glaucescens (Ogbonnia et al., 2008),
Argemone mexicana (Ugboko et al., 2020), Mes-
oponera senegalensis (Tor-Anyiin & Anyam,
2013), and Psidium guajava (Akinjogunla et

ISSN 1028-0987. Microbiological Journal. 2025. (3)

al., 2011) against Bacillus subtilis, Staphylococ-
cus aureus, Pseudomonas aeruginosa, E. coli, and
Klebsiella pneumoniae, as well as some strains of
multidrug-resistant Salmonella typhi, have been
reported (Chikezie et al., 2015; Omotoyinbo &
Sanni, 2015). Multi-drug resistance (MDR) is
one of the major threats facing mankind (Etok et
al., 2012), and one of such issues is methicillin-
resistant Staphylococcus aureus (MRSA) (Edem
et al., 2013). The rate of MRSA in Uyo, Nigeria,
between 2013 and 2020 ranged between 45%
and 50% (Edem et al., 2013; Onwuezobe et al.,
2020). This high rate is worrisome, especially as
the test is not routinely obtainable, thereby wors-
ening the existing treatment failures. One of the
methods to reduce the resistance to antibiotics
is by using antibiotic resistance inhibitors from
plants (Alagesaboopathi, 2011).

Harungana madagascariensis is an edible me-
dicinal plant (Antia et al., 2015) with an impor-
tant range of pharmacological activities (Happi et
al., 2020), including antimicrobial activity (Mou-
lari et al., 2007; Iwalewa et al., 2009; Mukeba et al.,
2020). In some African countries like Cameroon,
Nigeria, Ghana, or Madagascar, H. madagas-
cariensis has been extensively used in traditional
medicine for many purposes, e.g., treatment of
various infections including anemia, asthma,
tuberculosis, fever, angina, diarrhea, dysentery,
syphilis, gonorrhea, malaria, parasitic skin dis-
eases, and wounds (Erah et al., 2003; Mukeba et
al., 2020). Harungana madagascariensis has the
potential to fight MDR bacteria, as reported by
Tankeo et al. (2016), where methanolic extracts
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from the bark and leaves of H. madagascariensis
worked against some multidrug-resistant (MDR)
phenotypes. However, to our knowledge, no pre-
vious study has assessed the antibacterial effects
of H. madagascariensis on MRSA with consid-
erations on the effect of soil physico-chemical
properties, plant mineral contents, and plant
phytochemicals. Therefore, the aim of this study
was to evaluate the soil physico-chemical prop-
erties, plant mineral contents, plant phytochemi-
cals, and antibacterial activity of Harungana
madagascariensis (Lam. ex. poir) leaf extracts
on Methicillin-Resistant Staphylococcus aureus
(MRSA) in the study region.

Materials and Methods. Test Organisms. Me-
thicillin-resistant Staphylococcus aureus (MRSA)
ATCC 25923 was obtained from stock cultures at
the Department of Medical Microbiology, Uni-
versity of Uyo Teaching Hospital (UUTH), Uyo,
Nigeria. The phenotypic identity of the organism
was re-confirmed using conventional biochemi-
cal tests, the Vitek 2 automated system (Biomer-
iux Inc., France), and susceptibility to oxacillin
(1 pg) in accordance with the Clinical and Lab-
oratory Standards Institute (CLSI) guidelines
(CLSI, 2021).

Collection of Plant leaves. Fresh leaves of H.
madagascariensis (Lam. ex. poir) (Fig. 1) were
obtained in two communities (Uyo and Eket)
in Akwa Ibom State. The leaves of H. madagas-
cariensis were transported in bags and authen-
ticated by a taxonomist at the Department of
Botany and Ecological Studies, University of
Uyo. Then, the leaves were taken to the Pharma-
cognosy and Natural Medicine Laboratory at the
University of Uyo for processing.

Preparation of the Extracts. The extraction
was done at the biochemistry laboratory of Mi-
chael Okpara University of Agriculture, Umu-
dike, Abia State, and was performed according
to Hoekou et al. (2017). The H. madagascariensis
leaves were washed three times under running
water. The plant leaves were cut into small pieces,
air-dried in the shade for two weeks, pulverized,
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and stored in a polyethylene bag (Akinjogunla
et al., 2012). By macerating 100 g of powder in
1.000 mL of peptone water and 70% (v/v) etha-
nol, respectively, with constant stirring for 48
hours at room temperature, the aqueous and
ethanol extractions were carried out. The extract
was dried under reduced pressure at 45 °C using
a rotary evaporator after being filtered through
Whatman No. 1 filter paper. The extracts were
kept in the refrigerator at 4 °C until needed.

Plant Mineral Content and Phytochemi-
cal Analysis of Harungana madagascariensis
Leaves. The plant mineral content was performed
as described by Etukudo and Fubara, (2018).

The phytochemical analysis of the aqueous and
ethanol leaf extracts of H. madagascariensis for
secondary constituents: alkaloids, tannins, sapo-
nins, steroids, anthraquinones, and glycosides
was carried out using standard qualitative meth-
ods (Antia et al., 2015; Isikhuemen et al., 2020).
The total phenol content of the extracts was de-
termined using the method described by Single-
ton et al. (1999). Briefly, screening of alkaloids
was carried out using Mayer’s and Dragendroff’s
reagents; saponins were detected by Frothing and
Fehling’s tests; cardiac glycosides — by Lieber-
mann’s and Keller-Killiani’s tests; tannins — by
the ferric chloride test; and phlobatanins — by
the hydrochloric acid test. Flavonoids were de-
tected by the magnesium metal and hydrochloric
acid tests; tri-terpenes — by the chloroform/ace-
tic anhydride/sulfuric acid tests; and anthraqui-
nones — by the benzene/ammonia solution test.

Soil Sample Collection, Preparation, and
Analyses. Soil samples were collected with soil
auger from two locations (Uyo and Eket) in a
ring form at a rooting depth of 1.35m from 6 dif-
ferent points (3 from each for consistency across
the site) and stored in labeled ziploc bags. These
were taken to the laboratory for digestion and
analysis. The samples were prepared as described
by Anwana et al. (2018).

The physicho-chemical properties of the soil we-
re performed as described by Mbong et al. (2020).
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Fig. 1. Leaves of H. madagascariensis for site 1 (a) and site 2 (b)

Antibacterial Activity of Aqueous and Etha-
nol Leaf extracts of H. madagascariensis. The in
vitro antibacterial activities of aqueous and etha-
nol leaf extracts of H. madagascariensis against
MRSA were determined by the disk diffusion
method (CLSI, 2021). 19 mL of sterile nutrient
broth was inoculated with 0.1 mL of a 24-hour-
old MRSA culture, which was diluted to the
0.5 McFarland turbidity standard, equivalent
to 1.5 x 10° CFU/mL. Plates of Mueller Hinton
Agar (MHA) were inoculated with MRSA us-
ing a sterile cotton swab on a wooden applica-
tor. Each extract (0.96g) was dissolved in 1.2 mL
(800 mg/mL) of peptone water and 70% (v/v)
ethanol, respectively, to obtain a stock solution.
The extracts were diluted to different concentra-
tions of 800, 400, and 200 mg/mL. Filter papers
were punched into blank 6 mm disks. The sterile
blank disks were separately submerged in differ-
ent concentrations of each extract. A disk of Van-
comycin (30 pg) was used as a positive control,
and filter paper discs dipped into sterile DMSO
and allowed to dry (negative control) were used.
The discs were carefully and firmly placed on the
agar plates, which had been seeded with stan-
dardized bacterial suspensions. The plates were
incubated at 37 °C for 24 hrs. Antibacterial ac-
tivity was determined by measuring the zone of
inhibition around each paper disc. The antibac-
terial activity was assessed by measuring the di-
ameter of the zone of inhibition formed. All the
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tests were carried out in triplicate, and the mean
was calculated.

Determination of the Minimum Inhibitory
Concentration (MIC) and Minimum Bacteri-
cidal Concentration (MBC). The doubling mac-
ro dilution broth method described by Mukhtar
et al. (2017) was used to determine the MIC. 2
mL of the reconstituted H. madagascariensis ex-
tracts at a concentration of 0.1 mg/mL was added
to 2 mL of sterile Mueller Hinton broth. Two (2)
mL of this extract concentration was transferred
to another test tube, and this dilution continued
until the 12 test tube was reached, giving extract
concentrations ranging from 800 to 0.39 mg/mL
in different test tubes. 0.1 mL of a 24-hour culture
of bacteria previously adjusted to the 0.5 McFar-
land standard was inoculated into each of the test
tubes, and the contents were thoroughly mixed.
The positive control consisted of broth contain-
ing only H. madagascariensis extract, whereas the
negative control contained broth and organism
(MRSA). The inoculated and control tubes were
incubated at 37 °C for 24 hours, after which they
were observed for turbidity. The lowest concen-
tration that showed no turbidity was taken as the
MIC. A loopful of content from test tubes with no
visible turbidity in the MIC test was inoculated
on nutrient agar plates. The plates were incubated
aerobically at 37 °C for 24 hours, and the plates
were observed for growth. The highest dilution of
H. madagascariensis extract that did not produce
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any growth was considered the MBC of H. mada-
gascariensis extract for the test organism.

Data Analysis. The Statistical Package for the
Social Sciences (SPSS, version 25) was used to
analyze the data. The results were presented in
the form of the mean + standard error of the
mean, with statistical significance determined at
a 95% confidence interval (p < 0.05).

Results. Geographical Properties and Soil Mi-
neral Contents. Geographical variations of phy-
sical properties in site 1 (Eket) and site 2 (Uyo)
soils are shown in Table 1. Site 2 had a higher
mean clay and silt contents than site 1 but lower
mean sand content (Table 2). The mean soil pH
was acidic in site 1 (5.33) and moderately neu-
tral in site 2 (6.5). The soils collected in site 2 had
higher mean contents of magnesium, manganese,
potassium, nitrogen, zinc, calcium, and organic
carbon than in site 1 but lower mean contents of
copper, phosphorus, and sodium (Table 2).

Plant mineral contents of Harungana mada-
gascariensis Leaf Extracts. The mean magnesium,
manganese, potassium, nitrogen, sodium, phos-
phorus, and calcium contents in leaves of Harun-
gana madagascariensis in site 2 were higher than
those in site 1. However, the mean copper and zinc
contents in leaves of Harungana madagascariensis
in site 1 were higher than those in site 2 (Table 3).

Phytochemical Analysis of Harungana mad-
agascariensis Leaf Extracts. The results of the
qualitative phytochemical analysis of aqueous
and ethanol leaf extracts of H. madagascarien-
sis are presented in Table 4. The phytochemical
constituents detected in both aqueous and etha-
nol leaf extracts of H. madagascariensis in both
site 1 and site 2 were alkaloids, flavonoids, sapo-
nins, phenolics, tannins, anthraquinones, and
triterpenoids. However, phlo-bactannin was not
detected in the ethanol extracts in site 2, while
cardiac glycoside was not detected in the aque-
ous extracts in site 1 (Table 4).

Antibacterial activities of Aqueous and Etha-
nol Leaf Extracts of H. madagascariensis. Table
5 shows the in vitro antibacterial activities of leaf
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extracts of H. madagascariensis against MRSA.
The zones of inhibition were higher for ethanol
extracts in both sites 1 and 2, ranging between 11
and 21.3 mm (Table 5). Lower zones of inhibi-
tion were observed for aqueous extracts in sites
and 2, ranging between 9.4 and 19 mm (Table 5).
Minimum Inhibitory Concentration (MIC) and
Minimum Bactericidal Concentration (MBC) of
Aqueous and Ethanol Leaf Extracts of H. mada-
gascariensis for MRSA. The MIC value of aqueous
and ethanol leaf extracts for site 1 was 200 mg/mL
and 100 mg/mL respectively, while for site 2, it was
100 mg/mL and 50 mg/mL respectively (Fig. 2).
The MBC value of aqueous leaf extracts for site 1
and 2 was 800 mg/mL and 200 mg/mL respectively,
while the MBC value of ethanol leaf extracts was
400 mg/mL and 100 mg/mL respectively.
Discussion. The result of this study has shown
that ethanol leaf extracts of H. madagascariensis
for both locations had higher inhibition zones
(site 1:11.7—16.3mm and site 2:15—21.3mm)
against MRSA than aqueous leaf extracts of H.
madagascariensis. The ability of the ethanol ex-
tract to activate the extracts active ingredient or
the distinction in the extracts’ ingredients through
its ability to extract phenolic chemicals having li-
pophilic characteristics (Okwu et al., 2019; Borges
et al,, 2020; Liaudanskas et al., 2021) may be the
cause of the ethanol extract’s apparent superior-
ity over the aqueous extract. This conforms with
the reports of Bussmann et al. (2010), where etha-
nol extracts showed stronger activity and a much
broader spectrum of action than the aqueous ex-
tracts. A low inhibitory and bactericidal activity
was recorded for aqueous extracts at 200 mg/mL
and 800 mg/mL respectively for both locations,
while a high inhibitory and bactericidal activity
was observed for ethanol extracts at 100 mg/mL
and 200 mg/mL respectively for both locations.
Though high MIC and MBC values signify very
little antibacterial efficacy (Kuete, 2010), the ex-
tracts in this study with the lowest values of MIC
and MBC were considered potent. Anibijuwon et
al. (2018), on the other hand, stated that plant ex-
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Table 1. Geographical Characteristics of Study Locations

Soil Properties
Population Habitat Condition
Texture Structure Color
Site 1 Grassland/Tropical Silty clay loam Sub-angular blocky Light-greyish brown
Site 2 Wetland/Swampy Sandy Loam Granular Dark-greyish brown
Key: Site 1= Uyo; Site 2=Eket
Table 2. Soil Physicochemical Table 4. Phytochemical Constituents
Composition of the Study Locations of H. madagascariensis Leaf Extracts
Locations . Site 1 Site 2
Soil Physicochemicals . . Phytochemlcal

Site 1 Site 2 Constituents Aqueous | Ethanol | Aqueous | Ethanol
Total Nitrogen (mg/kg) | 0.16 £0.21 | 0.31£0.50 Alkaloid T+t Tt Tt i
Phosphorus (mg/kg) 35+0.20 21.3+0.23 Phlo-bactannin + + + —
Potassium (Cmol/kg) 1.2+0.43 2.7 +£0.40 Saponins Tt + T+ St
Magnesium (Cmol/kg) | 1.7 £0.27 5.2 +0.02 Triterpenoid + —t + Tt
Calcium (Cmol/kg) 2.8+0.36 | 10.1+0.62 Anthraquinones + — + t
Zinc (mg/kg) 9+0.10 16.5+0.3 Cardiac Glycoside | — + - ++
Manganese (mg/kg) 21+0.49 532+14 Tannin —+ - Tt Tt
Copper (mg/kg) 3.2£0.02 1.4 +£0.10 Phenol —+ Tt + i
Sodium (Cmol/kg) 1.7 £0.07 1.3+£0.03
Sand (%) 88.5+0.20 | 73.2+1.53 «—» — not detected; «+++» — highly present; «++» —
Clay (%) 9.0+0.07 | 19.39 +0.12 moderately present; «+» — low, Site 1= Uyo; Site 2=Eket
Silt (%) 25+0.03 |7.41+0.71
Organic carbon 2.19+0.04 | 5.14+0.70 Table 5. Zone Diameters

of different Leaf Extracts of H. madagascariensis

Site 1= Uyo; Site 2=Eket

Table 3. Chemical Composition
of H. madagascariensis Leaves in the study locations

Locations
Mineral elements (mg/kg)
Site 1 Site 2

Calcium 21.30+0.42 | 235 = 0.21
Magnesium 10.25+0.41 | 13.33 + 0.10
Sodium 26.47 +0.42 | 24.47 £ 0.23
Potassium 12.30 £0.33 [ 16.21 * 0.62
Total Nitrogen 1.17+£0.21 | 2.86 = 0.16
Phosphorus 0.53+£0.21 | 0.71+0.04
Manganese 0.01+0.07 | 0.03£0.01
Zinc 0.69+0.06 | 0.47+0.07
Copper 0.021£0.03 | 0.018 £0.01

Site 1= Uyo; Site 2=Eket
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against MRSA according to study locations

Zone of Inhibition (mm)
Locations Test Variables
Aqueous Ethanol
Site 1 200 (mg/mL) 9.4+0.31 | 11.7£0.43
400 (mg/mL) 11£0.27 | 13.1+0.38
800 (mg/mL) 13.0+£0.31|16.3£0.23
Vancomycin (30 pg) | 26.3 £0.33 | 26.3 +0.33
DMSO Nz NZ
Site 2 200 (mg/mL) 12.0£0.58 | 15.0 £ 0.58
400 (mg/mL) 13.7+£0.33 | 19.0 £ 0.58
800 (mg/mL) 19.0+0.58 | 21.3+0.33
Vancomycin (30 pg) | 26.3 +£0.33 | 26.3 +0.33
DMSO Nz Nz

DMSO — Dimethylsulphoxide; NZ — No zone of inhi-
bition, Site 1= Uyo; Site 2=Eket
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Fig. 2. MIC and MBC of different leaf extracts of H. madagascariensis on MRSA ac-

cording to study locations

tracts may still be susceptible at higher concentra-
tions, as they showed MDR-S. aureus resistance to
extract at 150 mg/mL but was susceptible at the
stock concentration of 200 mg/mL. The dispari-
ties in the observations of the two locations may
be due to the known botanical fact that herbal
plants from different locations may demonstrate
different properties since they are grown on dif-
ferent soils and in varying climates and are ex-
posed to different chemical and biological flora.
Furthermore, the disparity may also be attribut-
ed to the extraction methods wherein the active
component of the leaf was better isolated. The ob-
servations in this study indicate the great antibac-
terial potential of H. madagascariensis leaf extract
against multidrug-resistant infection-causing
bacteria, in particular MRSA. This antibacterial
potential by H. madagascariensis is paddled by the
phytochemicals present. In this study, the phyto-
chemical analysis of leaf extracts of H. madagas-
cariensis in both locations revealed the presence
of alkaloids, flavonoids, saponins, phenolics, tan-
nins, anthraquinones, and triterpenoids in both
aqueous and ethanol extracts. Our findings con-
form with reports by Iwalewa et al. (2009), and
Mukeba et al. (2020) on the phytochemical in-
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vestigation of H. madagascariensis. In our study,
cardiac glycosides were not detected in the aque-
ous extract, while phlobatanins were absent in the
ethanol extract. This variance may be associated
with the effects of the environment on the physi-
ological and biosynthetic reactions of plants (Pe-
ter et al., 2022). The solvent used for extraction
can also have a qualitative or quantitative impact
on the chemical compounds that are physiologi-
cally active (Simonovska et al., 2003). Among the
various damages that may occur in pathogens due
to treatment with extracts of H. madagascariensis
is the disruption of bacterial cell wall synthesis.
In MRSA, they resist methicillin and other beta-
lactam antibiotics by expressing PBP2a, a foreign
PBP that bypasses the action of methicillin and
other beta-lactam antibiotics to continue produc-
ing peptidoglycan (Okwu et al., 2019). Some of
the phytochemicals in H. madagascariensis, such
as alkaloids, act by disturbing bacterial membrane
integrity (Thawabteh et al., 2019); flavonoids act
on the bacterial cell wall, extracellular, and soluble
proteins (Akinjogunla et al., 2012; Wikaningtyas
& Sukandar, 2016); tannins inhibit bacterial ad-
hesion to surfaces or inactivate enzymes and cell
envelope proteins (Kaczmarek, 2020; Tong et al,,
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2022); phenols and terpenoids interact with the
bacterial cell wall or membrane to change mem-
brane permeability (Menaa et al., 2014), and sapo-
nins affect the phosphate groups of phospholipids
in cell membranes, resulting in membrane semi-
permeability loss and phosphorus and nitrogen
leakage (Berniyanti & Mahmiyah, 2015), and also
act on MRSA by inhibiting PBPs involved in pep-
tidoglycan synthesis, thereby inhibiting cell-wall
biosynthesis. This could be done by decreasing
the affinity and susceptibility of their target sites,
the PBPs, by either acquisition of exogenous DNA
or changes in the native PBP genes (Egorov et al.,
2018). In this study, phlo-bactannin was not de-
tected in the ethanol extracts in site 2, while car-
diac glycoside was not detected in the aqueous
extracts in site 1. The differences observed in the
phytochemicals detected could be attributed to the
diversity of the bioactive molecules presented in
each sample through the available plant nutrients,
which is related to the botanical and geographical
origin of H. madagascariensis. Nutrient concen-
trations and distribution in leaves, stem, and root
is a function of the plant’s ability to obtain, trans-
port, and store nutrients, which have been report-
ed to vary with geography and climate (Etukudo et
al,, 2015; Mingzhu et al., 2015; Etukudo & Osim,
2018). This could be the reason for the low nutri-
ent composition in leaves of H. madagascariensis
of site 1 as compared to site 2 with higher nutrient
composition in our study. Studies by Etukudo and
Osim (2018), Burneo et al. (2021), Elumalero et
al. (2021), and Mudau et al. (2022) also reported
phytochemical content to vary according to loca-
tions, consequently based on soil aggregation, soil
nutrients, and eco-physiological factors. There is a
strong relationship between soil aggregation and
soil nutrients such that good soil aggregation is
related to the amount of useful organic matter and
biological processes in the soil (Agbede, 2009). In
our study, higher mean values of nutrient contents
in soils of site 2 compared to site 1 were observed.
This could be attributed to soil characteristics
in the locations as site 2 had a higher mean clay
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and silt content than site 1 but lower mean sand
content. Soil texture has a great influence on the
amount of air, water, and nutrients held in the soil,
e.g, in soils where large particles of sand dominate,
the penetration of air, water, and roots occurs
much more readily through the soils (Agbede,
2009). Therefore, these may have contributed to
the differences in nutrients in leaf extracts of H.
madagascariensis between the two locations. The
studies by Mbosowo and Ebinimitei (2018) and
Mbong et al. (2020) also reported that soil forms
and soil factors have a considerable influence on
the mineral element contents in plants.

Conclusions. Our results show that the etha-
nol extracts are more potent than the aqueous
extracts, as they have more lipophilic pheno-
lic compounds that inhibit MRSA growth. The
plant’s location affects the effectiveness and
phytochemical composition of the extracts, as
soil conditions influence the availability and
distribution of nutrients for the plant. The ex-
tracts contain various phytochemicals that dis-
rupt bacterial cell wall synthesis, a key process
for MRSA resistance, and have multiple mecha-
nisms of action against MRSA. From the MIC
and MBC values, H. madagascariensis leaf ex-
tract demonstrated its efficacy in killing MRSA,
which highlights its carriage of a potential bioac-
tive phytochemical against resistant organisms.
Therefore, it is recommended to have an in-vivo
assessment of the extract to ascertain its toxic-
ity and also antibacterial activity toward other
multi-drug resistance like Extended spectrum
beta-lactamase (ESBL) and Metallo-{-lactamase
(MBL) as seen to be effective against MRSA.
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'Kadenpa megmanoi Mikpobiosorii, HauanbHa nikapHs YHiBepcutery Viio,
Vito, mrrat AxBa [6om, Hirepis.

2Kadenpa 6Gioximii, Cinbcbkorocnoapcbkuit yaisepentet imeni Maiikma Oxnapuy,
Ymygike, mrrat A6is, Hirepis.

*Kadenpa mikpobionorii, npupoganunii Gpaxynsret, YaiBepcntet Yiio,
Yito, mrrat AkBa I6om, Hirepist.

4Ka(be;[1pa exostoriqHoi 6iomorii, [TomiTeXHIYHMIT IHCTUTYT CHAAIINHA,
Ixot Ypoara, mrat AkBa I6om, Hirepis.

*Kadenpa npupoaHUYMX TEXHOMOTI, [JepKaBHuii monitexHidnuit iHcTutyT AkBa [6oMm,
IxoT-Ocypya, mrat AxBa I60m, Hirepis.

%Kadenpa Gionoriunux Hayk, [lep>kaBHuit moniTexHivHmit yHisepcuret AkBa [6om,
IxoT-Ocypya, Ixor Exnene, Hirepis.

QISMKOXIMIYHI BTACTVBOCTITPYHTY, BMICT MIHEPAJIIB Y POCJIMHAX,
OOTOXIMIYHI BIACTMBOCTI POCJ/IMH TA AHTUBAKTEPIAJIbHA AKTVIBHICTD
EKCTPAKTIB JINCTS HARUNGANA MADAGASCARIENSIS (LAM. EX. POIR)

HA METULIVIIIH-PESUCTEHTHUNM STAPHYLOCOCCUS AUREUS (MRSA)

MeToI0 11bOTO JOCTIMKEHHA OyI0 HOCHiAUTH aHTMOAKTepia/bHMII MOTEHILIan eKCTpakTiB mucts Harungana
madagascariensis IpOTY METULIMIIIH-pe3uCcTeHTHOTO Staphylococcus aureus (3 MRSA) 3 ypaxyBaHHAM isnukoximiv-
HUX BJIACTMBOCTEJ! IPYHTY, BMICTy MiHepa/lbHNUX PEYOBUH y POCIMHaxX Ta ¢itoximiuHoro ckmany. Metopu. Csixe
micts H. madagascariensis 6yino 3ibpaHo 3 aBox Micip y Hirepii Ta miffaHo BogHO-eTaHOMbHIN eKcTpakiii. AHTH-
6akTepia/bHy aKTMBHICTb eKCTPAKTiB oLiHIOBanu moxo MRSA 3a gornomMoroo MeTony AucKoBol fudysii, a IXHIO
eeKTUBHICTh — LIIIXOM BM3HAYeHHA MiHiManbHOI iHriOylovyoi koHnenrtpanil (MIK) Ta miniManbHOI 6akTepu-
nupHoi KoHneHnTpaunii (MBK). Takox 6ynn BigibpaHni spasku IpyHTY 3 ABOX JIOKAL[ilT /s aHAM3y IXHIX (isnKoxi-
MIiYHMX BIacTUBOCTeN. PesynbraTi. PesynbraTy 1mokasanu, 0 €TaHOMbHI eKCTPAKTH JIUCTA JEMOHCTPYIOTDh BUIII
inri6yroui 3ouu npotu MRSA nopiBHAHO 3 BOZHMME eKCTpaKTamy B 060X Micrisix. PitoxiMiuHmit aHasi3 BUSBUB
HAsBHICTD Pi3HUX Oi0TOriYHO AKTUBHUX CIIONYK, Cepel SKMX anKanoinn, GpraBoHOIAY, canoHiHy, GpeHomu, Ayoump-
Hi pe4oBMHY, aHTpaxiHOHM Ta TputepreHoigy. 3HadeHHs MIK ta MIIK Bkas3yooTb Ha IOTY>KHY aHTHOAKTepianb-
HY aKTVMBHICTb, IPUYOMY HIDKYi KOHIIEHTpallii eTaHONBbHUX eKCTPAKTIB IeMOHCTPYIOTh e(heKTVBHE IIPUTHIYeHHS
ta sHMeHHA MRSA. AHaji3 IpyHTy NpofieMOHCTPYBaB BiIMIiHHOCTI Y Bi3M4YHMX Ta MiHEpaIbHUX BIACTUBOCTIX
MbK gBOMa mingHkaMy. BucHoBKM. TakyM 41HOM, Lie JOCT/PKeHHA HAJIa€ JOKAa3yU 3HAYHOrO aHTHOAKTepialbHO-
O MOTeHIiany eKCTpakTiB /T H. madagascariensis mporu MRSA. OrpuMani faHi HiAKPeCIIO0OTh BaXX/INBICTh
MeTOfIB eKCTpaKIiil, GpiTOXIMIYHOrO CK/Iafy Ta BIACTUBOCTEN IPYHTY y BIUIMBI Ha aHTMOAKTEpiaIbHY aKTUBHICTD
POC/IMHHMUX €KCTPAKTIB.

Knouoei cnosa: Harungana madagascariensis, anmubaxmepianvta 0ist, Memuyunin-pesucmenmuuti Staphylococcus
aureus (MRSA), ankanoiou, gnasonoiou.
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PREPARATION AND ANALYSIS

OF ANTIMICROBIAL ACTIVITY OF FISH MUCUS
EXTRACT FROM PIARACTUS BRACHYPOMUS

AS A NATURAL PRESERVATIVE FOR FISH

The increasing demand for natural and sustainable alternatives to chemical preservatives has led to growing interest
in bioactive compounds derived from aquatic organisms. Fish skin mucus, rich in antimicrobial proteins and peptides,
presents a promising source for such applications. However, there is limited research on the efficacy of fish mucus ex-
tracts as natural preservatives for fish and meat products. This study explores the preservative potential of fish skin
mucus from the red-bellied Pacu fish (Piaractus brachypomus). Aim. To prepare and evaluate the bioactive properties
of fish skin mucus extract from Piaractus brachypomus for potential use as a natural preservative. Methods. Fish skin
mucus was collected and processed using acid and aqueous extraction methods. Protein content was quantified using
the Bradford assay, and protein profiles were analyzed via SDS-PAGE. Antibacterial activity of both extracts was tested
against Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, Staphylococcus haemolyticus, Klebsiella sp.,
and Salmonella sp. at various concentrations (25 yuL, 50 uL, 75 uL, and 100 uL). The acid extract was further evalu-
ated for cytotoxicity, antioxidant activity, and efficacy as a preservative on fish fillets through a microbial load analysis
over 5 hours at each hour. Results. The acid extract exhibited significant antibacterial activity, particularly at higher
concentrations, while the aqueous extract showed negligible effects. Cytotoxicity assays indicated that the acid extract
was non-toxic even at high concentrations (>70% cell viability). Although antioxidant activity was minimal, microbial
load on treated fish fillets was reduced by approximately 40% compared to untreated controls. Conclusions. The acid
extract of fish skin mucus from Piaractus brachypomus demonstrated strong antibacterial effects, low cytotoxicity, and
high potential to reduce microbial contamination on fish meat during short-term exposure. These findings suggest that it
may serve as a safe and effective natural preservative for improving fish quality and shelf life, particularly under typical
market conditions, and long storage in refrigerator conditions.
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Fish has become an increasingly important pro-
tein source for a large population worldwide, hav-
ing an important part in international trade and
being of great economic value (FAO, 2003). Fish
is more prone to microbiological spoilage being
an excellent medium for microbial growth, unlike
meat with a low pH and less moisture. In order
to preserve the fish from spoilage, methods of
preservation such as freezing and using synthetic
preservatives are widely used to extend the shelf
life and safety of the product. Though freezing,
the fish (- 20 °F) can arrest the bacterial action,
prolonged freezing may cause the fish proteins to
denature, and also drying due to cold tempera-
ture accelerates the oxidation of fat (Moody, 2003)
along with the loss of product weight. Consum-
ers around the globe prefer fresh fish that has not
been frozen. Although synthetic preservatives are
widely used, consumer concerns regarding safety
come into consideration. Hence, these limitations
have led to research and development of natural
preservatives that are safe for consumption. Natu-
ral preservatives come from microorganisms, ani-
mals, plants, and other bioactive materials . Pre-
servatives for fish are of different origins: nisin,
pediocin, reuterin, and lacticin as bacteriocins
and organic acids produced by microorganisms
have been assessed in fish preservation and have
shown antimicrobial activity against food-borne
pathogens: essential oils, plant extracts, and wood
smoke are plant-derived compounds which have
shown excellent antimicrobial activities in fish
preservation; animal-derived antimicrobials such
as chitosan, lysozymes, lactoferrin, and lactoper-
oxidase have demonstrated ability to extend the
shelf life of fish (Mei et al., 2019). In search for al-
ternate preservatives, using a bioactive substance
fish mucus with high antimicrobial properties
can be of choice. Fish possesses various defense
mechanisms to protect themselves from patho-
genic infections among which fish skin mucus is
the first-line defense (Wang et al., 2011). The skin
mucus is a slimy layer on the epithelial surfaces
that is produced continuously and sloughed oft
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regularly preventing adherence or colonization of
the pathogens (Arasu et al,, 2013). The composi-
tion of mucus varies amongst different fish spe-
cies and is influenced by various factors such as
hyperosmolarity, pH, etc. (Ellis, 2001). The fish
mucus contains immunoglobulins, C-reactive
proteins (CRPs), complement proteins, fatty ac-
ids, lysozyme, proteolytic enzymes, transferring,
alkaline phosphatase (ALP), and various other
antibacterial proteins and peptides. Piaractus
brachypomus (red-bellied pacu) is a natural fish in
many American countries and is well-accepted by
consumers (Wicki et al., 2008). Piaractus brachy-
pomus (Cuvier, 1818) was originally introduced
in India in West Bengal and is currently distribut-
ed in Andhra Pradesh, Kerala, and North Eastern
states (Singh & Lakra, 2011).

Scientific classification:

Kingdom: Animalia

Phylum: Chordata

Class: Actinopterygii

Order: Characiformes

Family: Serrasalmidae

Genus: Piaractus

Species: P. brachypomus

Leng et al. (2022) studied the antimicrobial
properties of fish mucus extract of snakehead
fish (Channa argus) against Escherichia coli and
verified using it for chilled fish fillets preserva-
tion, which could extend the shelf-life of the fil-
lets by about 3 days. Several studies have shown
the antimicrobial properties of fish skin mucus,
but there are few applications of fish skin mucus.
Furthermore, there are no studies on the antimi-
crobial activity of the fish skin mucus of Piaractus
brachypomus (Pacu). The present study has been
designed to study the antimicrobial activity and
the application of fish mucus extract of Piaractus
brachypomus (Pacu) to fish as a preservative.

Materials and Methods. Fish collection. Live
fishes (Piaractus branchypomus) were purchased
from Dr. Moses Inbaraj (Director- Frontier
Aquatic Research Foundation) and maintained
in an artificial pond system on the premises of
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Madras Christian College. Bacterial strains such
as Escherichia coli, Pseudomonas aeruginosa,
Staphylococcus aureus, Staphylococcus haemo-
Iyticus, Klebsiella sp., and Salmonella sp. were
acquired from the Madras Christian College and
cultured in Luria-Bertani (Lb) medium. Skin
mucus was collected using a plastic spatula and
stored at —20 °C for further processing (Leng et
al., 2022). Aqueous extract was prepared by mix-
ing mucus with Tris-buffered saline in a ratio of
1:4 (V/V). 50Mm Tris HCI, pH 8.0, and 15mM
NaCl were taken in a tube and homogenized us-
ing a vortex. The homogenized mixture was then
centrifuged at 8000rpm for 35 min at 4 °C. The
supernatant was collected, and the centrifuga-
tion process was repeated. The supernatant was
then filtered with a syringe filter (0.45um) and
stored at —20 °C for further processing. The acid
extract was prepared by mixing the mucus and
four volumes of 1% acetic acid in a tube and kept
in a boiling water bath for 3 min. Then it was ho-
mogenized for 5 min on dry ice and centrifuged
at 8000 rpm for 35 min at 4 °C. The supernatant
was collected, and the centrifugation was repeat-
ed. Then the supernatant was collected, filtered
using a syringe filter (0.45 um), and stored at
-20 °C for further processing.

Agar well diffusion. The antibacterial activity
of the fish mucus extracts was assessed using the
agar well diffusion method following Balouiri et
al. (2016), with slight modifications. Bacterial
strains (E. coli, P. aeruginosa, S. aureus, S. hae-
molyticus, K. pneumoniae, and S. paratyphi A)
were cultured in LB broth and adjusted to the
0.5 McFarland standard (~1.5 x 10®* CFU/mL).
Mueller-Hinton agar plates were prepared, and
100 pL of each bacterial suspension was evenly
spread. 4 wells (6mm) were punched into the
agar and filled with 25—100 pL of a sample such
as acid extract or aqueous mucus extract in this
study. After 30 min of pre-diffusion at room
temperature, the plates were incubated at 37 °C
for 24 hours. Zones of inhibition were measured
in millimeters to evaluate antibacterial activity.
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Protein estimation- Bradford assay. The Brad-
ford assay was carried out for protein estimation
following the method described by Esvelt et al.
(2011), with slight modifications. To prepare the
Bradford reagent, 100 mg of Coomassie Brilliant
Blue G-250 was dissolved in 50 mL of 95% etha-
nol. To this solution, 100 mL of 85% phosphoric
acid was added, and the final volume was made
up to 1 L using distilled water. The dye reagent
was stored in an amber bottle and used within
one week of preparation. For standard prepara-
tion, a stock solution of Bovine Serum Albumin
(BSA) was prepared and serially diluted to ob-
tain concentrations of 0, 2.5, 5, 10, 15, and 20 pg/
mL. These standards were used to generate a cal-
ibration curve for the assay. For the test samples,
both acid and aqueous extracts of fish skin mu-
cus were used in varying volumes (20, 40, 60, 80,
and 100 pL). Each volume of the extract was pi-
petted into a microplate well containing 1000 uL
of the Bradford dye reagent. The contents were
mixed thoroughly using a plate shaker for 1 min
and allowed to incubate at room temperature for
5 min. The absorbance was measured at 595 nm
using an ELISA microplate reader. A standard
curve was generated from the BSA concentra-
tions, and the regression equation obtained from
the curve was used to estimate the protein con-
centrations in the test samples.

SDS-PAGE for Protein Profiling. Protein pro-
filing of the acid and aqueous mucus extracts
was carried out using Sodium Dodecyl Sul-
fate-Polyacrylamide Gel Electrophoresis (SDS-
PAGE) following the method of Nowakowski et
al., (2014) with necessary modifications. A 12%
separating gel and a 5% stacking gel were pre-
pared using an acrylamide-bisacrylamide solu-
tion, 1.5 M Tris-HCl buffer (pH 8.8) for the sepa-
rating gel, 0.5 M Tris-HCl buffer (pH 6.8) for the
stacking gel, 10% SDS, 10% ammonium persul-
fate (APS), and TEMED as the polymerization
catalyst. Electrode buffer (0.025 M Tris, 0.192 M
glycine, 0.1% SDS, pH 8.3) was used as a running
buffer. Samples of the acid and aqueous extracts
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were mixed with Laemmli sample buffer and de-
natured by heating at 95°C for 5 min. A broad-
range pre-stained protein ladder (Himedia) was
used as a molecular mass marker. The samples
and marker were placed into the wells, and elec-
trophoresis was carried out in a vertical gel ap-
paratus (Bio-Rad Mini-PROTEAN® system) at
50 V for 3 hours. After electrophoresis, the gel
was stained overnight with Coomassie Brilliant
Blue R-250 staining solution and destained us-
ing a solution containing 40% methanol and
10% acetic acid until clear bands were visible.
The molecular weights of the separated protein
bands were estimated by comparing them with
the standard marker.

Cytotoxicity test. The cytotoxic effect of the
acid extract was tested against the Vero cell line
by MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-di-
phenyltetrazolium bromide assay (Mossman,
1983). The cells were seeded in 96-well micro-
plates (1 x 10° cells/well), incubated at 37 °C for
48 hin a 5% CO, incubator, and allowed to grow
70—80% confluence. Then the medium was
replaced, and the cells were treated with differ-
ent concentrations of sample and incubated for
24 h. The morphological changes of untreated
(control) and treated cells were observed un-
der a digital inverted microscope (20X magni-
fication) after 24 h and photographed. The cells
were then washed with phosphate-buffer saline
(PBS, pH 7.4), and 20 puL of (MTT) solution (5
mg/mL in PBS) was added to each well. The
plates were then stood at 37 °C in the dark for 2
h. The formazan crystals were dissolved in 100
pL DMSO, and the absorbance was determined
using a spectrometer at 570 nm. The percentage
of cell viability was calculated by the formula

Cell viability (%) =
= (Absorbance of sample/ Absorbance of control) x 100.

Antioxidant test. The DPPH scavenging ac-
tivity of the sample was measured by the 1,
1-diphenyl-2-picrylhydrazyl (DPPH) method
(Manzocco et al., 1998). Briefly, 0.4 Mm solution
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of DPPH in methanol was prepared, and 2mL
of this solution was added to different concen-
trations of sample and allowed to stand at room
temperature for 15 min. Then absorbance was
read at 517 nm against blank samples. The lower
absorbance of the reaction mixture indicated the
higher free radical scavenging activity. The per-
centage of the DPPH scavenging was calculated
using the equation given below:

Radical scavenging activity/Inhibition =
= (abs control — Abs sample/Abs control) x 100

Qualitative Analysis of Fish Fillets. pH mea-
surement. The calibration of the pH meter was
done using buffer solutions of known pH stan-
dards (pH 4.0 or 9.0). 2g of the treated and con-
trol samples were homogenized with 10 ml of
distilled water and checked for pH from 0 to
5-hour time points at 60 min intervals.

Microbiological examination. The micro-
bial load was checked by serial dilution and
spread plate method for both treated and con-
trol samples. 1g of both treated and control fil-
lets were homogenized in 9 mL of sterile saline,
and tenfold serial dilutions were prepared. Two
dilutions (1:100 and 1:1000) of the treated and
control samples were spread on respective plates
(duplicates and incubated at 37 °C for 24h (Eb-
eed et al,, 2020) The percentage of inhibition was
calculated using the formula:

Abs control — Abs sample / Abs control x 100.

Statistical Analysis. The data were expressed as
mean + standard deviation (SD). Statistical analy-
sis was performed using SPSS and Excel software.

Results. The fish skin mucus was collected
and processed to obtain both aqueous and acid
extracts. The antibacterial activity of these ex-
tracts was evaluated using the agar well diffu-
sion method. The aqueous extract showed no
zone of inhibition against any of the tested bac-
terial strains, including Escherichia coli, Staph-
ylococcus  aureus, Pseudomonas aeruginosa,
Klebsiella sp., Staphylococcus haemolyticus, and
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Table 1. Antibacterial activity (zone of inhibition in mm) of aqueous and acid mucus extracts
from Piaractus brachypomus against selected bacterial pathogens using agar well diffusion method

Aqueous extract Acid extract
Microorganism (Zone of inhibition) (Zone of inhibition)

25puL 50uL 75uL 100puL | 25puL 50uL 75uL 100uL
Escherichia coli — — — — — — 7mm 8mm
Staphylococcus aureus — — — — — — 7mm | 8mm
Pseudomonas aeruginosa — — — — — — 10mm | 12mm
Klebsiella sp. — — — — — 7mm | 12mm | 14mm
Staphylococcus haemolyticus — — — — — 9mm | 10mm | 1lmm
Salmonella sp. — — — — — — 8mm | 10mm

Extracts were applied at four concentrations: 25 pL, 50 pL, 75 pL, and 100 pL per well. «—» indicates no measurable
inhibition zone. Zones =7 mm were considered indicative of antibacterial activity

Table 2. Absorbance values

and corresponding protein concentrations (ug/mL)
of acid and aqueous mucus extracts

from Piaractus brachypomus estimated

using the Bradford assay at 595 nm.

Volume Protein Conc.
Sample Type (uL) Absorbance (ug/mL)

BSA Standard 0 0.000 0.00
2.5 0.124 2.50

5 0.231 5.00

10 0.398 10.00

15 0.520 15.00

20 0.612 20.00

Acid Extract 20 0.356 10.82
40 0.678 22.38

60 0.919 31.00

80 0.956 32.33

100 0.997 33.87

Aqueous Extract 20 0.091 1.32
40 0.231 6.33

60 0.470 14.90

80 0.543 17.55

100 0.614 20.08

Bovine serum albumin (BSA) was used as the standard
protein. The protein content in the extracts was derived
from the standard curve equation generated from the
BSA standards
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Salmonella sp., across all tested concentrations
(25 uL, 50 pL, 75 puL, and 100 pL). In contrast,
the acid extract exhibited antibacterial activ-
ity at higher concentrations. No activity was
observed at 25 pL and 50 pL, while 75 pL and
100 uL showed clear zones of inhibition, indi-
cating dose-dependent efficacy. For example, at
100 pL of acid extract, zones of inhibition were
observed as follows: E. coli (8 mm), S. aureus
(8 mm), P. aeruginosa (12 mm), Klebsiella sp.
(14 mm), S. haemolyticus (11 mm), and Salmo-
nella sp. (10 mm), while 75 pL produced slightly
smaller zones (Table 1). The antibacterial effect
was significantly more pronounced in acid ex-
tract compared to the aqueous form, confirming
its superior bioactivity (Fig. 1, 2).

Protein estimation was carried out using the
Bradford assay with bovine serum albumin
(BSA) as the standard. The BSA standard curve
was generated using concentrations of 0, 2.5, 5,
10, 15, and 20 ug/mL, which corresponded to
absorbance values of 0.000, 0.124, 0.231, 0.398,
0.520, and 0.612. For the acid extract, absor-
bance readings at volumes of 20, 40, 60, 80,
and 100 puL were 0.356, 0.678, 0.919, 0.956, and
0.997, corresponding to protein concentrations
of 10.82, 22.38, 31.00, 32.33, and 33.87 pug/mL.
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Fig. 1. Antibacterial activity of aqueous extract against bacteria: a — Staphylococcus aureus; b — Escherichia coli; c —
Pseudomonas aeruginosa; d — Klebsiella sp.; e — Staphylococcus haemolyticus; f — Salmonella sp.

Fig. 2. Antibacterial activity of the acid extract against bacteria: a — Staphylococcus aureus; b — Escherichia coli; c —
Pseudomonas aeruginosa; d — Klebsiella sp.; e — Staphylococcus haemolyticus; f — Salmonella sp.
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Fig. 3. SDS-PAGE protein profile of fish skin mucus ex-
tracts from Piaractus brachypomus. HLane (a): Aqueous
extract; Lane (b): Acid extract; Lane (c): Molecular mass
marker (ladder) showing protein bands ranging from
20 kDa to 245 kDa. Prominent bands observed in the acid
extract indicate higher molecular mass proteins compared
to the aqueous extract, suggesting more efficient extrac-
tion and solubilization under acidic conditions.

In contrast, the aqueous extract showed absor-
bance values of 0.091, 0.231, 0.470, 0.543, and
0.614 at the same volumes, with protein con-
centrations calculated as 1.32, 6.33, 14.90, 17.55,
and 20.08 pg/mL, respectively (Table 2). There-
fore, the aqueous extract contained low protein
concentrations across all volumes compared to
the acid extract and exhibited higher antibacte-
rial activity, suggesting that proteins in the acid
extract may possess greater bioactive potential.

Protein profiling was further carried out us-
ing 12% SDS-PAGE. The acid extract displayed
11 prominent bands with an approximate mass
range of 180 KDa, 135 KDa, 100KDa, 75 KDa,
43 KDa, and 20 KDa indicating a complex pro-
tein mixture. The aqueous extract presented
fewer and fainter bands around the mass range
of 100 KDa, 75 KDa, and 43 KDa, suggesting a
less diverse protein content. This reinforces the
conclusion that the acid extract contains more
bioactive or structurally stable proteins (Fig. 3).

The cytotoxicity of the acid extract was evalu-
ated using the MTT assay to determine its safety
for potential preservative applications. Cells
were treated with increasing concentrations of
the extract (20, 40, 60, 80, and 100 pL) and in-
cubated for 24 hours. Cell viability was assessed
by measuring absorbance at 570 nm in duplicate
wells for each concentration to ensure accuracy
(Table 3). The control group showed absorbance
values of 0.965 and 0.953, representing 100% cell
viability. At 20 uL, absorbance values were 0.928
and 0.934, corresponding to 97.08% viability. At
40 pL, absorbance values were 0.912 and 0.921
(95.57% viability). At 60 pL, values were 0.850
and 0.842 (88.22% viability). At 80 pL, absor-
bance readings were 0.803 and 0.816 (84.41%
viability). Finally, at 100 uL, absorbance values
were 0.689 and 0.673, corresponding to 71.01%
viability. Although cell viability decreased grad-

Table 3. Cytotoxic effect of acid extract of Piaractus brachypomus fish skin mucus on Vero cell line

Concentration (pL) Absorbance I Absorbance II Average Absorbance SD Cell Viability (%)
Control 0.965 0.953 0.959 0.00849 100.00
20 0.928 0.934 0.931 0.00424 97.08
40 0.912 0.921 0.9165 0.00636 95.57
60 0.850 0.842 0.846 0.00566 88.22
80 0.803 0.816 0.8095 0.00919 84.41
100 0.689 0.673 0.681 0.01131 71.01

Vero cells were treated with increasing concentrations (20—100 pL) of the acid extract, and cell viability was assessed
via MTT assay. A decrease in absorbance values corresponds to reduced cell viability. Average absorbance, standard de-
viation (SD), and calculated percentage of viability relative to the untreated control (100%) are presented. Cytotoxicity
increases at higher concentrations, with viability dropping to 71.01% at 100 uL, indicating a dose-dependent response
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ually with increasing extract concentrations, all
values remained above 70%, indicating that the
acid extract is non-cytotoxic and safe for use at
these concentrations (Table 3). These results sup-
port the potential application of the acid extract
as a preservative with minimal cytotoxic effects.

To evaluate antioxidant activity, a DPPH radical
scavenging assay was performed. Although no sig-
nificant color change was visually observed, spec-
trophotometric readings showed a decreasing trend
in absorbance with increasing extract concentra-
tion, indicating moderate antioxidant activity. The
absorbance values at 517 nm for 20 pL, 40 pL, 60 pL,
80 uL, and 100 uL were 0.816, 0.805, 0.789, 0.747,
and 0.718, respectively. The percentage inhibition
was calculated using the standard formula and was
found to be 16.22%, 17.35%, 18.99%, 23.30%, and
26.28%, respectively, confirming a gradual increase
in antioxidant activity with concentration ICs, =
=~ 301.13 ug/mL, though the values remained with-
in a modest range (Table 4).

The preservative potential of the acid extract
was tested by monitoring pH variation in fish fil-
lets for 5 hours. The pH of the treated sample in-
creased from 6.6 to 7.2 for 5 hours, while the con-
trol sample pH rose from 7.6 to 8.3 for 5 hours.
The slower rate of alkalinization in the treated
group suggests delayed spoilage (Table 5).

To further validate the preservative effect,
a bioload analysis and 5 hours). At 0 hour, the
average CFU count for the 1:100 dilution was
26.3 £ 1.53 in the test group and 54 + 6 in the
control. At the 1:1000 dilution, the test and con-
trol groups showed 13.7 + 3.8 and 4.4 + 8.1 CFU,
respectively. Unpaired two-tailed t-test showed
no statistically significant difference at 0 hour
(p > 0.05), indicating that the initial microbial
load was comparable.

At 5 hours, both test and control samples in the
1:100 dilution exhibited TNTC (Too Numerous
To Count), suggesting extensive microbial prolif-
eration. However, in the 1:1000 dilution, the test
group recorded a CFU of 154.7 + 11.9, while the
control group recorded 259 + 11.53. Statistical
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Table 4. DPPH radical scavenging activity
of acid extract from Piaractus brachypomus
skin mucus at various concentrations

Concentration Absorbance Inhibition,
at 517nm %
20 0.816 16.22
40 0.805 17.35
60 0.789 18.99
80 0.747 23.30
100 0.718 26.28

The antioxidant potential of the acid extract was eval-
uated by measuring its ability to inhibit DPPH free
radicals at 517 nm. A dose-dependent increase in anti-
oxidant activity was observed, with % inhibition rising
from 16.22% at 20 pL to 26.28% at 100 uL, indicating
moderate scavenging potential.

% of Inhibition = Percentage of DPPH radical scavenged
by thextract.ICso (half-maximum inhibitory concentra-
tion) represents the concentration of extract required
to inhibit 50% of the DPPH radicals. For this extract,
ICso = 301.13 pg/mL, indicating moderate antioxidant
strength.

Table 5. Changes in pH

of fish fillet samples treated with acid extract
from Piaractus brachypomus mucus

and untreated controls over time

Time points, pH pH
hours of the treated of the control
sample sample
0 6.6 7.6
1 6.8 7.8
2 6.8 7.9
3 7.0 8.1
4 7.1 8.2
5 7.2 8.3

The table presents pH values measured at hourly inter-
vals for both treated and control samples. The treated
fillet maintained a lower pH, indicating delayed mi-
crobial spoilage compared to the control, whose pH
increased more rapidly.

was performed using the spread plate method at two
dilutions (1:100 and 1:1000) and two time points ( 0
and 5)

77



S.L. Charles, M.H. E, T.S. Kumar

Total Bacterial count
Treated vs Untreated

No. of Colonies
s
S

100 +
50 +
0 1 1
Test Control Test Control
0™ hour 0" hour  5%™hour 5% hour

Fig. 4. Total bacterial colony counts in fish fillets treated
with red-bellied Pacu (Piaractus brachypomus) skin mu-
cus extract versus untreated controls at 0 and 5 hours.
Treated samples showed a slower increase in bacterial
load, with approximately 40% fewer colonies at the 5th
hour compared to controls, indicating the extract’s pre-
servative effect

analysis using an unpaired two-tailed t-test yield-
ed a highly significant p-value of < 0.001, con-
firming a substantial reduction in microbial load
in the treated sample, which supports for the of
the acid extract as a natural preservative (Fig. 4).
Discussion. The current study investigated the
potential of skin mucus extracts from red-bellied
Pacu (Piaractus brachypomus) as a natural preser-
vative for fish, focusing on antibacterial, protein
content, cytotoxicity, antioxidant activity, and
shelf-life extension. The use of fish mucus, espe-
cially acid extracts, offers a promising alternative
to synthetic preservatives, which are increasingly
criticized for their potential health hazards and
cytotoxicity. Common chemical preservatives like
sodium benzoate and nitrites have been linked to
cytotoxic and genotoxic effects in human cell lines
(Kozics et al., 2019; Cannella et al., 2019), rein-
forcing the need for safer bio-based alternatives.
In this study, mucus was collected via the scrap-
ing method after 12 hours of starvation — a tech-
nique previously validated for its efficiency (Leng
et al,, 2022) — and preserved at —20 °C. Two ex-
traction protocols were employed: aqueous extrac-
tion using buffered saline and acid extraction using
1% acetic acid. Only the acid extract demonstrated
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significant antibacterial activity at concentrations
of 75 pL and 100 pL, while the aqueous extract
showed no substantial inhibitory effect. This dis-
crepancy may be attributed to the heat-stable, low-
molecular-weight antimicrobial peptides released
during acid extraction, as supported by Rasheed
et al. (2018) and Leng et al. (2022), who reported
similar bioactivity in fish mucus due to the pres-
ence of lysozyme and other defense proteins.

Protein quantification using the Bradford
method, known for its high reliability (Kielkopf
et al,, 2020), revealed that the acid extract had a
significantly higher protein content (absorbance
0.997) compared to the aqueous extract (absor-
bance 0.614). This was further supported by the
SDS-PAGE analysis, where the acid extract dis-
played 11 prominent bands in the 35—25 kDa
range, corresponding to known mucus proteins
such as apolipoprotein Al lectin, lysozyme, and
heat-shock proteins. These proteins are impli-
cated in immune responses and antimicrobial
defense (Leng et al., 2022), reinforcing the func-
tional relevance of the acid extract.

Importantly, cytotoxicity evaluation using
Vero cell lines confirmed the safety of the acid
extract with cell viability exceeding 70% at all
tested concentrations. According to Cannella
et al. (2019), substances with >70% viability are
classified as non-cytotoxic, which validates the
extract’s potential as a safe biopreservative. For
comparison, other natural preservatives such as
grape seed extract (Di Nunzio et al.,, 2020) and
chitosan (Liu et al., 2022) have demonstrated
non-cytotoxic behavior in food applications,
while Zhang et al. (2021) reported that clove oil
had minimal toxic effects on human skin cells,
supporting its safe use in food systems (Silva et
al., 2024). This is due to the fact that many syn-
thetic preservatives are known to cause harmful
effects; for example, Gharu (2016) highlighted
the negative health impacts of common chemi-
cal preservatives. Compared to the existing
products, fish mucus acid extract highlights a
competitive safety profile in food preservation.
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The antioxidant capacity of the acid extract, as-
sessed via the DPPH assay, was minimal, show-
ing limited color change and low radical scaveng-
ing activity. Though not a strong antioxidant with
ICs0 = 301.13 pg/m, this is consistent with reports
that fish mucus may lack significant antioxidant
activity unless specifically enriched (Belete et al.,
2023). In contrast, plant-based preservatives like
turmeric and clove extract have demonstrated
more robust antioxidant properties (Zhao et al,,
2022), suggesting a potential for synergistic use.

Shelf-life evaluation of fish fillets treated with
mucus extract revealed slower increases in pH
and reduced microbial load compared to control
samples. The pH of untreated samples increased
more rapidly, likely due to protein degradation
and amine production during spoilage (Liu et
al., 2022), while treated samples showed de-
layed spoilage. Moreover, bio-load analysis over
5 hours showed a 40% reduction in bacterial
colonies in mucus-treated samples. These results
align with findings from Leng et al,, (2022), who
noted that mucus application delayed microbial
proliferation in fish storage.

The challenge of fish spoilage stems primar-
ily from lipid oxidation and microbial growth.
Fish muscle is rich in unsaturated fatty acids and
iron-bound proteins that accelerate oxidation,
leading to sensory deterioration and nutrition-
al losses (Zhao et al., 2022). Moreover, specific
spoilage organisms (SSOs) such as Pseudomo-
nas and Shewanella spp. dominate during aero-
bic storage, contributing to unacceptable odors
and flavors (Liu et al., 2022). The mucus extract’s
ability to mitigate microbial load positions is as
a valuable barrier against SSO-related spoilage,
especially in combination with refrigeration.

Overall, this study highlights the untapped
potential of fish mucus, particularly acid ex-
tracts, as a natural and non-toxic preservative.
While its antioxidant properties are limited, its
antimicrobial efficacy, safety, and protein rich-
ness make it a competitive candidate among
natural preservatives such as plant extracts, chi-
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tosan, and lysozyme. Future work should focus
on optimizing extraction protocols to enhance
antioxidant effects and testing their effectiveness
under cold chain storage conditions.
Conclusions. This study demonstrates that
the acid extract of red-bellied Pacu (Piaractus
brachypomus) skin mucus possesses antibacterial
potential and is non-cytotoxic, making it a prom-
ising natural alternative to chemical preserva-
tives. The extract showed higher protein content
and a clearer protein band profile than the aque-
ous extract, which may contribute to its antimi-
crobial activity. Though the antioxidant activity
was low, the extract effectively reduced microbial
growth in fish meat under normal market condi-
tions. The microbial load study, conducted over
a five-hour period, confirmed that applying the
extract helped slow down bacterial growth, sug-
gesting an ability to extend the shelf life of fish
sold at local markets. This highlights the practical
relevance of the extract for improving food safety
and reducing spoilage. As synthetic preservatives
are associated with potential health risks, natural
preservatives like fish mucus extract offer a safer
and more sustainable solution. However, more
in-depth studies are needed to identify the bioac-
tive components, understand their mechanisms
of action, and evaluate the extract’s performance
under refrigerated or commercial storage condi-
tions. Future work could also explore combining
this extract with other natural compounds to en-
hance its preservative effect.
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Kadenpa mikpobionorii, Magpacbkuit XpUCTUAHCHKIIT KOMEMK (ABTOHOMHMIT),
Tambapam, Yennai-600 059, Inpis.

OTPMMAHHSA TA AHAJII3 AHTUMIKPOBHOI AKTMBHOCTI EKCTPAKTY
PUB’STYOTO CJIN3Y 3 PIARACTUS BRACHYPOMUS SK ITPYIPOOHOT'O KOHCEPBAHTY [IJI51 PVIBI

3pocTarounii MONNUT Ha MPUPOJHI Ta CTiliKi a7bTepHAaTUBY XiMiYHMM KOHCepBaHTaM NPUBIB /IO 3pOCTaHHA iHTep-
ecy 1o 610/I0riYHO aKTUMBHUX CIIONYK, OTPYMAaHMX 3 BOGHMX opraHismis. Cus pu6’s4oi mkipy, 6araTuit Ha aHTHU-
MIKpOOHI 61K Ta IeNTUAN, € IEPCIEKTUBHIM JXKEPEIOM [Isl TAKUX 3aCTOCYBaHb. OfHAK JOCTIIKeHb eeKTIB-
HOCTI eKCTPAKTIiB pub s40r0 CM3y K IPUPOFHNX KOHCEPBAHTIB /11 pUOHMX Ta M SICHUX IIPOAYKTIB HEOCTATHBO.
Y 1iit po6OTi BUBYAETHCSI KOHCEPBYIOUMII ITOTEHIIa/ MIKIPHOTO CIM3y YepBOHOUYEpeBHOI pubu maxy (Piaractus
brachypomus). Meta. Onep)xaty Ta OLiHUTK 6i0/IOTiYHO aKTMBHI BIACTMBOCTI eKCTPAKTY CIM3y 3 pub’sT90i MmIKi-
pu Piaractus brachypomus f/11 moTeHIiiTHOr0 BUKOPUCTAHHSA AK IIPUPOFHOr0 KoHcepBaHTy. Meromu. IITkipHmit
cm3 pub 36upany Ta 06poOIAIM MeTOZaMM KMCIOTHOI Ta BOZHOI eKcTpakLil. BmicT 6inka BusHa4anmu KinbKiCHO
3a goriomorolo Metony bpendopna, a 6inkosi npodini ananisysanu 3a gonomorow SDS-PAGE. Autu6akrepianpHy
aKTMBHICTb 000X eKcTpakTiB TecTyBamu npotu Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus,
Staphylococcus haemolyticus, Klebsiella sp. 1 Salmonella sp. y pisanx koHuenrpanisx (25, 50, 75 i 100 mki). Kucnor-
HIIT eKCTPAKT O6yB HONATKOBO OLiHEHMII HA [[UTOTOKCUYHICTD, QaHTUOKCUAAHTHY aKTUBHICTD Ta eEeKTUBHICTD K
KOHCEepBaHTa A/ pubHOro (isle MUIIXOM aHaIi3y MiKpOOHOrO HaBaHTAKEHHs MPOTITOM 5 TOAMH 3 60-XBUINH-
HMUMI iHTepBanamu. Pesymbraru. KucmoTHMIT eKCTPaKT BUABUB 3HAYHY aHTHOAKTepiabHy aKTUBHICTD, 0COO/IBO
y BUCOKUX KOHLIEHTpAIlifAX, TOfi K BOJHMII eKCTPAKT MPOLEMOHCTPYBAB He3HAUHI epeKTI. AHAII3 IMTOTOKCHY-
HOCTI II0Ka3aB, 1[0 KUCTIOTHMII €KCTPAKT OyB HETOKCMYHMM HaBiTh Y BUCOKMX KOHIIEHTpauiax (>70% >xurresnar-
HOCTI KIiTVH). X04a aHTMOKCYUJAHTHA aKTUBHICTh Oya MiHiManbHOI, MiKpOOHe HaBaHTaKeHHA Ha 00poOieHe
pubHe dine smenumTocs npnbm3Ho Ha 40% MOPIBHAHO 3 HeOOpOOIEHUM KOHTpoeM. BucHoBku. KucmorHuit
eKCTpaKT cnuay 3i wkipu pubu Piaractus brachypomus IpofeMOHCTPYBAB CI/IBHY aHTIOAKTEPIaIbHY 110, HUSBKY
LUTOTOKCUYHICTD i TOTEHIiasI /151 SMEHIIEHH s MiKpOOHOT0 3a6pyHeHH s pUOY Iijf 4aC KOPOTKOYACHOI eKCITO3MIIL.
L1i pesymbraTyi CBif4aTh IIPO Te, LIO BiH MOXKe CIyryBaTy O6e3medHuM Ta e(peKTUBHUM MPUPOLHIM KOHCEPBAHTOM
IIs1 TIOKPAIIleHHs SKOCTi Ta TepMiHy 30epiraHHs pubu, 0co61MBO 3a TUIIOBMX PUHKOBIUX YMOB Ta JOBIOTPUBAJIOTO
36epiraHHA B XOMOAMIbHYKY.

Kntouoei cnosa: korcepsysanns pubu, pub auuii cnus, mokCcuuHicmo, AHMUMIKPOOHA AKMUBHICMb, AHIMUOKCUOAHM.
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BIOMACHINING: A SUSTAINABLE ALTERNATIVE
TO CONVENTIONAL MICROMACHINING TECHNIQUES —
A COMPREHENSIVE REVIEW

Biomachining is the use of microorganisms to remove metal from a workpiece. This process has gained importance over
the past decade due to its low energy consumption rate and lack of heat-affected zone during the process. The perfor-
mance of this sustainable process is assessed by the material removal rate, and certain parameters have to be controlled
for manufacturing the machined part with the desired surface finish. Majorly, two factors play a vital role in speeding up
the biomachining process — the effect of concentration of FeSO, and the effect of temperature). Aim. This review article
focuses on the various partheameters/factors and mechanisms involved in the biomachining process over the conven-
tional mechanical machining practices like laser machining, chemical machining, and electric discharge machining. A
variety of microorganisms can be used for the process by maintaining appropriate cell concentration. Chemolithotrophic
bacteria such as Acidothiobacillus ferroxidans has been used in biomachining of metals like copper, etc. Conclusions.
These bacteria are used due to their property of catalyzing the oxidation of inorganic substances. Biomachining is a suit-
able process for micromachining of metals.

Keywords: Biomachining, Chemolithotroph, microstructures, kinetics of cell wall, laser beam, electric discharge machining.

The demand for high-precision micro-compo- | processes capable of producing complex geom-
nents is rapidly increasing due to the miniaturiza- | etries with fine tolerances and high surface qual-
tion of devices in sectors such as electronics, bio- | ity (Chavoshi & Luo, 2015). Traditionally, such
medical engineering, aerospace, and photonics. | tasks have been accomplished using physical and
These components often require micromachining | chemical micromachining methods such as laser
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beam machining (LBM), electrdischarge machin-
ing (EDM), microgrinding, and chemical etching
(Diaz-Tena et al., 2017). While these techniques
are effective, they are energy-intensive, produce
heat-affected zones, involve tool wear, and often
result in the generation of environmentally haz-
ardous waste (Diaz-Tena et al., 2018).

In recent years, there has been a growing need
for sustainable manufacturing practices that
minimize environmental impact without com-
promising performance. Among the emerging
alternatives, biomachining, a biologically driven
metal removal process that employs microorgan-
isms such as Acidithiobacillus ferrooxidans has
gathered increasing interest. This approach le-
verages the oxidative metabolism of acidophilic
and chemolithotrophic microbes to etch metal
surfaces under mild, eco-friendly conditions.
Machining is the process of adding, removing, or
shaping the material on workpieces. Depending
on the energy utilization, these are categorized
into physical, chemical, and biological process-
es (Pradeep, Rajesh, et al., 2022). The physical
processes include milling, turning, drilling, and
grinding, although several non-conventional
methods such as laser or electrical discharge ma-
chining are also used (Matlani & Kadam, 2022).
Some of the chemical processes include chemi-
cal milling and photo etching by maintaining
baths of temperature-regulated chemicals such as
strong acids (Pradeep, Shanmugavel, et al., 2022).
The absence of heat and mechanical stressesand
hazardous chemicals makes biomachining a
promising method for green manufacturing and
microscale applications (Weimin et al., 2022).

Although biomachining is still in its develop-
mental stage, growing studies of research have
explored its mechanisms, optimization param-
eters, and practical feasibility. This review aims to
provide a comprehensive and up-to-date evalu-
ation of biomachining, positioning it within the
broader context of micromachining technologies.
Firstly, a brief overview of conventional micro-
machining methods to contextualize the advan-

84

tages of biomachining is followed by a detailed
explanation of microbial biological principles,
microbial mechanisms, culture conditions, and
operational parameters that govern this unique
process. Finally, comparizing biomachining with
traditional techniques, the authors highlight its
applications and discuss recent advancements
and future directions. By synthesizing recent lit-
erature-particularly studies published within the
last five years, this review offers a critical perspec-
tive on biomachining as a viable and sustainable
alternative for precision manufacturing.

Overview of conventional micromachining
methods. Micromachining techniques are pivotal
in manufacturing high-precision components
used in electronics, biomedical devices, aero-
space, and optics. Traditionally, these processes
are categorized into physical and chemical meth-
ods, each with its own advantages and limitations.
While effective in achieving precise geometries,
these approaches often involve high energy con-
sumption, tool wear, or the use of hazardous re-
agents, thereby raising environmental and opera-
tional concerns (Gomes et al., 2021).

Physical micromachining methods. Micro-
grinding. Micro grinding is a machining method
that uses mechanical forces to achieve exceptional
finishes on small components. The tiny chip size,
produced by micrograins, contributes to this
superior surface finish (Zhang et al., 2020). It is
particularly effective for brittle materials due to
its microscopic depth of cut, allowing for a mir-
ror finish. Microgrinding wheels consist of a ma-
trix and abrasive requiring grain depths below
100 nm for smooth surfaces (Stachurski et al.,
2018). While modern techniques enable the cre-
ation of 2D and 3D microcavities, maintaining a
low aspect ratio is crucial, as deep cavities or mi-
croholes are not suitable for microgrinding (Liu
et al., 2019; Pratap et al., 2016). The grit size re-
stricts the tool tip radius in microgrinding, affect-
ing concave shapes. Ultrasonic vibrations reduce
grinding forces, enabling micro-tools, such as 11
pum pins (Pradeep, Shanmugavel, et al., 2024).
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Fig. 1. Pictorial representation of laser beam profile

However, microgrinding hard coatings generates
high compressive stress and poses challenges with
grain size in small tools (Ding et al., 2020).

Laser. Laser Beam Machining (LBM) utilizes
a coherent beam of electromagnetic radiation
to remove material through melting, vaporiza-
tion, and chemical degradation. A high-energy-
density laser heats the workpiece, transforming
the material into a removable state, which is then
expelled by a high-pressure gas jet for efficient
material removal as shown in Fig. 1.

LBM is a thermal process influenced by the
thermal and optical properties of materials
rather than their mechanical characteristics.
Materials with high brittleness and low thermal
conductivity are ideal for LBM (Parandoush &
Hossain, 2014). LBM can create precision micro-
scale components with holes as small as 5 mm
using nanosecond frequency-tripled lasers (Dar-
wish et al., 2016). Process outcomes depend on
various laser, process, and material parameters,
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Fig. 2. Pictorial principle depiction of EDM

affecting performance indicators such as surface
roughness, recast layer, heat-affected zone, and
microcrack formation.

Electrical discharge machining. Electrical Dis-
charge Machining (EDM) utilizes electric dis-
charges through a dielectric to heat the work-
piece, making it a viable method for producing
microstructures (Gore & Patil, 2018). The pulsed
arc discharge occurs in the gap between the
tool and electrode, filled with insulating media
like hydrocarbon oil or deionized water to pre-
vent electrolysis (Mohanty & Routara, 2016).
A high voltage is necessary to surpass the di-
electric breakdown strength (Singh & Dvivedi,
2016). The discharge frequency is high, ranging
from 103103 to 106106 Hz, leading to minimal
material removal per discharge but creating
craters through evaporation (Raju & Hiremath,
2016). Proper timing between pulses is crucial to
avoid overheating and ensure dielectric recovery
(Karmakar & Maji, 2021).

Chemical micromachining methods. A widely
used non-traditional machining process, chemi-
cal machining is the controlled chemical disso-
lution of the material of the workpiece caused
by contact with an etchant. This can be either
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a strongly acidic or alkaline reagent. Maskants
are used to protect the material that is not to be
removed by a coating (Zhan et al., 2017). Pro-
ducing pockets, contours, and material removal
from high strength-to-weight ratio materials can
be performed via chemical machining. Chemi-
cal machining is also very popular in various in-
dustries to produce micro-components such as
micro-electro-mechanical systems (MEMS) and
also in the semiconductor industries (Debnath
et al., 2017). Several contributing factors to the
popularity of chemical machining processes are
as follows. (a) It is well established and mature,
(b) It is relatively simple to implement. (c) No
additional step for cleaning is required, (d) It is
a cheap process. Chemical etching involves se-
lectively removing material using strong acids
or alkalis. Although inexpensive and capable of
producing intricate patterns, it generates hazard-
ous liquid waste and can damage the metallurgi-
cal properties of the substrate (Leese & Ivanov,
2016). Photoetching, often used in MEMS fabri-
cation, uses photoresists and masks to define pat-
terns before chemical etching. While it achieves
high precision, it requires complex process con-
trol, expensive cleanroom environments, and
involves multiple toxic chemical steps (Abdur
Rahman et al., 2025).

Limitations of Conventional Methods. De-
spite their established use, conventional micro-
machining methods face several constraints:

1. Thermal and mechanical damage to the
substrate

2. Generation of toxic byproducts

3. High energy input and capital cost

4. Incompatibility with the green manufactur-
ing mandates

These challenges have led researchers to ex-
plore alternative techniques such as biomachin-
ing, which offers a non-thermal, environmental-
ly-benign, and energy-efficient route to material
removal.

Principles and Mechanisms of Biomachin-
ing. Role of microorganisms. The use of micro-
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organisms to extract metals from their respective
ores is commonly known as biomining. Bioma-
chining involves natural processes, which are
gaining attention due to their versatile commer-
cial application. Unlike conventional processes
such as hydrometallurgical and pyrometallurgi-
cal ones, biomachining is free from various en-
vironmental hazards (Johnson & Plessis, 2015).
The environmental benefits of biomachining is a
valuable advantage in the current industrial poli-
cies, as many industries are focusing their efforts
not only on improving productivity but also on
fulfilling the environmental regulations thereby
promoting an eco-efficient and eco-friendly as-
pect (Mittal & Sangwan, 2014; Paul et al., 2014).
The involvement of microorganisms in the
biomachining process replaces FeCl, employed
in chemical treatment (Santaolalla et al., 2023).
Consequently, biomachining is classified as a
promising option in terms of green manufactur-
ing technologies. Biotechnological alternatives
can be successfully employed in manufacturing
semiconductors and metal-based microchannel
production of heat exchangers (Hocheng & Jad-
hav, 2015; Istiyanto et al., 2012). Apart from these
applications, they can be used in the medical and
surgical sectors as well as in scientific industrial
installations such as particle accelerators, with a
highlight being the outcome of the high-quality
surface of the pieces after biotreatment using
various microorganisms (Diaz-Tena et al., 2014).
As far as the process economy is concerned,
physical machining has major advantages but it
involves more energy, capital, and labor require-
ments. Chemical machining is more economi-
cal but it generates liquid wastes, which are ex-
pensive to proper final disposal (Pradeep et al,,
2023). Therefore, biomachining is the most af-
fordable and suitable process that can become an
integral of future industrial procedures. Where-
as large-scale biomachining is yet to be imple-
mented in production, so the real estimation of
cost for biomachined parts is yet to be reported
in the literature (Jadhav & Hocheng, 2015). As
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this bio-strategy for machining is still in its early
stages, further research is required.

Direct vs Indirect mechanisms. The oxidation
and reduction chemical reactions that take part
in the biomachining process for metal dissolu-
tion have been well reported in earlier literature
reviews, and two main mechanisms that are di-
rect and indirect pathways have been established
(Ma et al., 2020). Adirect mechanism involves
the use of bacteria and metal a workpiece that
are held together by an extracellular polymeric
enzyme substance (EPS) secreted by the micro-
organisms (Santos Schneider et al., 2020). Thus,
enzymes play a major role in the metal oxidation
and dissolution processes. The general outline of
the reaction for copper machining involvinga di-
rect mechanism can be summarized as follows:

++1

Cu®+2H 2

0, > Cu?1ho (Reaction 1)

Similarly, an indirect mechanism involves the
usage of intermediate redox couples (like fer-
rous/ferric ions) to dissolve the metal present in
the workpiece surface without any direct contact
between the bacteria and the metal (Singh &
Mishra, 2017). This indirect process involves two
processes. Firstly, the ferrous ion (Fe?*) is oxi-
dized into ferric ion (Fe**) via microorganisms in
order to obtain energy for their survival as shown
in reaction 2. Eventually, the ferric ion acts as the
oxidizing agent for metal dissolution as shown in
reaction 3. Reaction 3 recovers Fe**, which is re-
duced again by the involvement of the bacteria in
the first step. Therefore, the indirect mechanism
is a cyclic combination of chemical and micro-
biological processes, although the different rates
of both reactions may cause an ion imbalance in
the system over time (Lambert et al., 2015).

24LQ 4 opp o2 O
e 27

2F (Reaction 2)

3+9Cu2++2Fe2*

Cu®+2Fe (Reaction 3)
Uno etal. (1996) reported that the direct mech-
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anism in biomachining prevailed for pure iron,
whereas the indirect mechanism was the priority
pathway for pure copper (Uno et al., 1996). An-
other study reported by Ma et al. (2024) stated
that Acidithiobacillus ferrooxidans can be used
on machined copper pieces (Ma et al., 2024).
Xenofontos et al. (2015) quantified the number
of Cu particles released by both direct and indi-
rect biomachining and concluded that the direct
mechanism contributed 5% to the biomachining
process, whereas the rest (95%) was due to the
indirect mechanism (Xenofontos et al., 2015).

As far as kinetic mechanisms are concerned,
Hussien (2025) built a custom-made bioreactor
to study the bacterial oxidation of pure copper
by Acidithiobacillus ferrooxidans and confirmed
the occurrence of the direct oxidation process,
which was concluded to be relatively slow com-
pared to the direct mechanism (Hussien, 2025).

The overall reaction employed by the chemoli-
thotrophic Acidithiobacillus ferrooxidans can be
summarized as a combination of the continued
oxidation of ferrous ion (Fe**) to ferric (Fe?*) as
well as the reduction of H* ions from the acidic
environment coupled with oxygen to produce
water as by-product (Muhammad et al., 2015).
The overall redox reaction is mentioned below:

2410 4 g2 O
e 277

2F (1)

The production of ferric ions enables this mi-
croorganism to be useful in the process of mi-
cromachining of metals. The ferric ion thus ob-
tained is able to oxidize all pure, neutral copper
and iron into soluble and charged forms thereby
corroding the solid surface of the metal work-
piece (Jhajj et al., 2019). This can be explained in
the reaction mentioned below:

3+53Fe”
Fel + 2Fe ' ¢ (2)

3_'__>Cuz++21:e3+

Cu°®+2Fe (3)
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Fig. 3. Depicting the reactions that take place within the cell wall

The mechanism of iron and copper ion reac-
tions as shown in (2) and (3) occurs outside the
microorganism, that is, in the medium whereas
the reaction involving continuous production of
ferric ions and water as shown in equation 1 oc-
curs inside the matrix of the microorganism cell.

Redox reactions, enzymatic pathways, and
cytochrome transport chains. The cell wall of
Acidithiobacillus ferrooxidans is made up of mul-
tiple layers which separate the interior of the cell,
the cytoplasm, from its environment The outer
region of the cell wall consists of an outer mem-
brane and a region named peptidoglycan (Sonia
et al., 2021). The gap between the cell and outer
membrane is called a periplasmic space where
the action of pH of the fluid is maintained with
that of the environment. Lastly, an inner mem-
brane separates the periplasmic space from the
outer membrane (Arshad et al., 2025) The pH in
this membrane increases to a value of 4.5, and
in the cytoplasm, approaches neutral. The reason
for such marked pH variation is twofold: the oxi-
dation process of ferrous to ferric iron is easier
in lowering pH in environments, and an excess
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of hydrogen ions (i.e. a low pH) allows an ample
source of reactant for the water production reac-
tion (Taufiqurrakhman et al., 2021). A represen-
tation of the cell wall is shown in Fig. 3.

The first part of these reactions, the continu-
ous production of Fe’* from Fe?', involves the
transfer of electrons from the ferrous iron. This
process is accomplished by a series of cellular
compounds known as cytochromes, labelled
cyto.-c and cyto.-al in Fig. 2. These large mol-
ecules embedded in the inner membrane of the
cell wall often contain metallic atoms such as
iron or copper that have a high affinity for elec-
trons (Verma et al., 2019a). An example of a typi-
cal cytochrome is shown in Fig. 4.

The process of stripping an electron from the
iron atoms reduces the formation of these mac-
romolecules. The electrons are then once again
stripped by another cytochrome further in the
cell, thus passing the electrons into the cytoplasm
by a series of oxidation-reduction reactions.
These cytochromes together form an electron
transport chain that facilitates energy production
for microbial metabolism. In A. ferrooxidans, we
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see cytochrome-c (which strips 7 electrons from
the iron ions) in combination with cytochrome-
al (Diaz-Tenaetal., 2017). It is believed that cyto-
chrome-al performs a similar task to another cy-
tochrome in its family, called a3, which facilitates
the re-oxidation (taking the acquired electrons
back out) of cytochromes, thus acting as a c-cy-
tochrome oxidase. Cytochrome-al is believed to
be the final link in the electron transport chain
described above (Suwandi et al., 2014). It is con-
cluded that the exact functioning of this group
of cytochromes is still not well defined. The oxi-
dation of iron takes place at low pH of the peri-
plasmic space along with the uptake of H* ions.
The main aim of these two processes, namely the
coupling of the reoxidation of the cytochromes
found in the cell and the reactions of hydrogen
ions with oxygen, is to produce enough ATP en-
ergy for the organism (Bijimol et al., 2025). These
reactions produce energy by virtue of the free
energy change between the products and the re-
actants, and this energy is used to bind an extra
phosphate onto the Adenosine diphosphate mol-
ecule, thus creating Adenosine triphosphate. The
actual efficiency of the cells in utilizing the redox
reactions can vary within 10—50%, which is still
efficient enough to produce the necessary energy
to create ATP (Imran et al., 2017).

The ATP molecule is a vital source for all or-
ganisms as a means of storing and transporting
energy throughout the cell. The phosphate bonds
are theoretically able to hold anywhere within
37.656—58.576 kJ (9000—14000 calories) each,
and for each atom of oxygen consumed in the
reaction, 1-4 phosphate bonds can be produced.
Another theoretical calculation estimates that
the overall reaction used by microorganism,
A. ferrooxidans produces around 33.472 kJ/mol
(8 kcal/mol) of usable energy in the form of ATP
(Hemalatha et al., 2021). The energy-creating
process forms a circulatory system of sorts for
the iron ions as they are continually converted
to Fe**, exuded from the cell, reduced to Fe**
by their reaction with copper or iron, and then
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reabsorbed into the periplasmic space for deoxi-
dation (Ramirez et al., 2025). Hydrogen ions are
consumed, and water is produced. Thus, H* ions
must be continuously supplied for the reaction
to forward. A representation of the reactions in-
volved is depicted in Fig. 5.

The lower reactions described above depict the
formation of Fe(OH), and free H* ions from the
ferric ions via hydrolysis with water. By this reac-
tion, bacteria are involved in the process of bioma-
chining the workpiece (Vigneshwaran et al., 2018).
The H* ions are supplied by the reaction of copper
ions from the workpiece with H,S present in the
medium. Acidithiobacillus ferrooxidans is able to
produce energy using the above-mentioned reac-
tions thereby making it a boon for manufacturing
engineers to work on biomachining. Through the
redox and oxidation process of copper and iron,
the organism is able to produce a machining effect
better than the chemical etching processes.

Microorganisms and culture media. Various mi-
croorganisms used in biomachining require spe-
cific culture media that support optimal growth
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Fig. 5. Pictorial representation of all the reactions that take place in the biomachining process

and metabolic activity. The composition of the
media directly influences microbial performance,
particularly metal oxidation rates and biofilm
formation, both of which are critical for efficient
biomachining. For instance, Acidithiobacillus fer-
rooxidans is commonly cultivated in 9K medium,
which includes FeSO4 as an energy source and
supports ferrous oxidation. A. thiooxidans thrives
in sulfur-containing media like 317 medium, en-
hancing its ability to acidify the environment and
facilitate metal etching. Fungal species such as
Aspergillus niger produce bio-oxidative enzymes
in sucrose-rich or PYG (peptone, yeast, glu-
cose) media, enabling enzymatic biomachining
through hydrogen peroxide generation. Some of
the culture media used for the biomachining pro-
cess are 9K medium (3.0 (NH4)ZSO4’ 0.50 K,H-
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PO, 0.50 MgSO,.7H,0, 0.10 KCl, 0.01 Cu(NO,),
and 30.0 FeSO,.7H O) in 1L deionized water for
Aczdzthzobaczllus ferrooxzdans Leathen medium
containing 0.15 (NH,),SO,, 0.05 K,HPO,, 0.05
MgSO,.7H,O, 0.05 KCI, 0.01 Ca (NO3)2, and
25.0 FeSO,.7H,0; 317 medium containing 0.3
(NH,),S0,, 3.5 K,HPO,, 0.5 MgSO,.7H,0, 0.01
elemental sulfur for Acidithiobacillus thiooxi-
dans; PYG medium containing 5.00 Polypeptone,
1.00 yeast extract and 5.00 glucose for Bacillus
sp.; Sucrose medium containing 100 sucrose, 1.5
NaNO,, 0.5 K,HPO,, 0.025 MgSO,.7H,0, 0.025
KCl, and 1.6 Yeast extract for Aspergillus niger.
The action of microorganisms on any metal
surface can be both detrimental and beneficial,
depending on the application pursued. Contrary
to the microbially induced (or influenced) corro-
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sion (MIC) that produces gradual destruction of
the surface of material and properties, the success
of biotechnological processes such as mining bio-
leaching and biomachining relies on the efficient
and controlled activity of microorganisms ( Jadhav
et al., 2013). Bioleaching and biomachining have
the same characteristics as both use similar micro-
organisms throughout the processes. Bioleaching
process involves the use of chemoorganotrophic
and chemolithotroph bacteria for releasing the
metal ores. Particularly, bacteria of the genus Thio-
bacillus are considered important. Acidithiobacil-
lus ferrooxidans is the most widely used source of
microbial leaching due to its ability to oxidize both
soluble and insoluble inorganic substrates.

Recent studies have explored genetically mod-
ified strains of A. ferrooxidans and Shewanella
sp. to enhance ferric ion production, thus in-
creasing the metal removal rate under controlled
pH and temperature conditions (Mohamed et
al., 2020). Another microorganism of the genus
Acidithiobacillus, particularly Acidithiobacillus
thiooxidans, was also used as a substitute to Aci-
dithiobacillus ferrooxidans. They are facultative
anaerobic microorganisms and also have can
tolerate high salt concentrations. Acidithiobacil-
lus ferrooxidans and A. thiooxidans are chemoli-
thotrophic acidophilic bacteria that oxidize iron
and sulfur, respectively. These species are capable
of functioning at low pH and moderate tempera-
tures (30—35 °C), making them ideal for metal
leaching and biomachining. Their metabolism
supports sustained redox cycling, contributing to
continuous metal dissolution. A. ferrooxidansoxi-
dizes Fe** to Fe**, used in indirect biomachining.
A. thiooxidansxidizes sulfur compounds acidify
the environment to promote metal dissolution.

Aspergillus niger facilitates enzymatic bioma-
chining through the production of glucose oxi-
dase, which catalyzes glucose into gluconic acid
and hydrogen peroxide (H,O,). The H,O, actsasa
mild oxidizing agent, dissolving the metal surface:

Glucose + 0,~> Gluconic acid + H,0,
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Unlike bacterial systems, this method does
not require active microbial growth, making it
simpler for implementation (Beale et al., 2016).

Sulfate-Reducing Bacteria (Desulfovibrio sp.).
These anaerobic bacteria reduce sulfate to hy-
drogen sulfide (H,S), which reacts with metal
ions forming metal sulfides. The localized corro-
sion driven by H,S can be directed for controlled
metal removal:

SO i—+organiccompoundseHZSeMetalJrH2S—>Metalsulﬁde+H+

This mechanism is relevant for ferrous and
nickel-based materials and offers potential for an-
aerobic biomachining systems (Singh et al., 2020).
A recent study demonstrated the effective use of
Thiobacillus novellus for biomachining NiTi al-
loys, showing superior metal removal and sur-
face quality compared to traditional strains like
A. thiooxidans (Pradeep et al., 2024). Using the
Design of Experiments and Grey Wolf Algorithm
optimization, the study identified optimal condi-
tions (shaking speed, pH, temperature) to enhance
SMRR and reduce Ra for biomedical applications.

Metal-Reducing Bacteria (Geobacter metal-
lireducens, Shewanella oneidensis). These bacte-
ria utilize metals as terminal electron acceptors in
their respiratory pathways. By reducing metals like
Fe** to Fe?", they can alter surface chemistry and
contribute to microetching effects. Their extracel-
lular electron transfer capabilities also open doors
for electrically-assisted biomachining systems:

Fe3++e— 9F62+(Viaextracellularelectromransfer)

Although primarily used in microbial fuel
cells and bioremediation, their potential in pre-
cision biomachining is gaining research interest
(Lee et al., 2025).

The only difference between the use of bacte-
rial and fungal biomachining processes is that
the latter does not require preliminary growth,
thereby making enzymatic machining a simpler
process. Aseptic specialized microbiological
techniques should be used for cell isolation from
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Bacterium

Fe3+
Fe3+
Fest Copper
kpiece
o> workp
9K medium

Fig. 6. Mechanism of biomachining copper by microorganism in 9K medium

natural sources to obtain preliminary inoculum
(biomass) for the biomachining system. The
culture media used for microbial biomachining
processes constitute a source of carbon and ener-
gy, a water media, a nitrogen source, some trace
elements, and other growth factors. Simultane-
ously, the pH of the media should also be main-
tained. A pictorial representation of the bioma-
chining of copper by the microorganism in 9K
medium is shown in Fig. 6. While Acidithioba-
cillus species dominate current biomachining
studies, other microbial groups offer promising
and underutilized capabilities. Fungal systems
simplify enzyme delivery, anaerobic bacteria en-
able metal sulfide formation, and electroactive
microbes can support precise electron-driven
reactions. Future research should explore genet-
ically-engineered strains, microbial consortia,
and electrochemically-assisted systems to ex-
pand the versatility of biomachining processes.
Some of the microorganisms are listed in Table 1.
In another study conducted by Matlani &
Kadam (2022), Staphylococcus aureus was used
to study an alloy of copper, zinc, and brass for
metal removal rate (MRR). The aspect ratio, de-
fined as the ratio between the machined depth
and width, was studied and compared for each
geometry and metal (Matlani & Kadam, 2023).
Among the micropatterns obtained by A. ferro-
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oxidans, circles and squares have a lower aspect
ratio than linear structures. This can be attrib-
uted to the narrower space of circular and square
patterns that allows ferric ions to work into the
opening, while the linear structure has more
open space. In contrast, in the study made by
Hocheng et al. (2012) circles and lines recorded
a lower aspect ratio than square structures by us-
ing the culture supernatant of A. thiooxidans for
copper biomachining. In comparison with Ho-
cheng et al. (2012), they found that the overall
aspect ratios obtained by using the A. thiooxi-
dans culture supernatant were lower than those
obtained previously by using the A. ferrooxidans
culture supernatant (Hocheng et al., 2012).
Okada et al. (2009) used an agar culture me-
dium to more efficiently control the machining
shape. In this method, a medium including bac-
teria is cultured on a solid agar medium (Okada
et al., 2009). The hardness of the gelatin culture
can be controlled by the amount of agar used,
and the resulting mixture is very easy to manipu-
late and shape by knife cutting. The gelatinized
and shaped culture is then placed onto the sur-
face of the workpiece. After a suitable contact
time, the gelatinized medium is transferred onto
the piece. Suwandi et al. (2014) combined and
modified conventional photolithography and
biomachining methods. They proposed the ap-
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plication of a maskless photolithography, where
the profiles were created by computers and then
directly transmitted to the material that had pre-
viously been coated with a photo-resistant resin
using a Digital-Light Processing (DLP) projector
(Suwandi et al., 2014). They combined maskless
photolithography and biomachining to create
gears, letters, and PCB tracks and thus demon-
strate the applications of this new method. This
maskless method overcomes the cost and time-
saving issues of the existing conventional meth-
od. An example of engraving complex geom-
etries was reported by Diaz-Tena et al., (2017)
who presented and validated a reliable method
for machining complex shapes by covering areas
with resin and using a laser beam to remove it
from selective areas (Diaz-Tena et al., 2017).

Factors affecting the biomachining process.
There are many factors affecting the biomachin-
ing process, thereby speeding the biomachining
process over chemical treatment.

Effect of FeSO, concentration: Mostly, Acidi-
thiobacillus ferrooxidans is cultured in selective
minimal media, e.g., 9K medium. Another study
conducted by Jadhav et al., (2013) concluded

that the Specific Metal Removal Rate (SMRR)
of a medium having 10% FeSO, was compara-
tively lower than that of a medium with 14.75%
FeSO,, i.e, with an increase by 4.75% of the
concentration of FeSO,; an average increase by
0.698 mg/hr.cm? in MRR is achieved for a bac-
terial density of 1x10® cells/mL (Jadhav et al.,
2013). An increase in the concentration of FeSO,
causes rapid deterioration in the surface quality
of work metal. This is mainly due to an increase
in the release of Fe 2" ions transferred to the cell
wall of the bacteria and thereby resulting in a
better SMR rate (Kohn et al., 2024).

Effect of temperature: A series of experiments
were conducted by providing bacterial cultures
with the required conditions under varying tem-
peratures. This study concluded that there was a
change in SMRR and MRR values under varying
temperature conditions. An increase in the tem-
perature leads to an increase in the SMRR value,
mostly due to the proteins present in the bacte-
ria operating at the optimum temperature. These
proteins function best at the optimum tempera-
ture, an increase in the temperature within the
permissible range enhances the metabolic path-

Table 1. List of classification of microorganisms and their various applications

Carbon source | Energy utilization source | Example of Microorganism Applications References
Lithotrophs Chemolithotrophs Acidithiobacillus ferrooxidans | Blomachining and | (Ho & Wu, 2018)
(Carbon source: | (Energy source: Inor- Bioleaching
CO,) ganic matter) Thiobacillus thiooxidans Bioleaching

Geobacter metallireducens Microbial fuel cells | (Goud et al., 2016)
and Bioremediation
Shweanella oneidensis Bioremediation (Giandomenico &
Meylan, 2016)
Desulfovibrio sp. Biomachining (Flafo et al., 2018)
Rhodoferax ferrireducens Microbial fuel cells | (Haryadi et al.,
Photolithotroph Plants, Chlorella, Cyanophta, 2025)
(Energy source: Light) | etc
Organotroph | Chemoorganotroph | Bacteria, animals and hu-
(Carbon source: | (Energy source: organ- | mans
organic matter) |ic matter)
Photoorganotroph Rhodospirillaceae
(Energy source: light)
ISSN 1028-0987. Microbiological Journal. 2025. (3) 93
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way involved in the bacteria (Song et al., 2025).
A decrease in the temperature below the opti-
mum will lead to a reduction in the growth rate
of the bacteria.

Benefits of biomachining over chemical
machining. Chemical methods of biomachin-
ing have been successfully used in industries,
although they can harm the metallurgical prop-
erties of the workpiece. Of late, environmental
sustainability is one of the major goals through-
out the manufacturing industry, and chemical
machining does not follow the green policy. An
alternative substitute to chemical biomachining
is the use of microorganisms in the process of
bioleaching or biomachining. An experimental
setup between biomachining and chemical ma-
chining was conducted by Lin et al. (2024). In
this experiment, they compared the use of Acidi-
thiobacillus ferrooxidans present in the Leathen
medium and the chemical machining of the same
workpiece was carried out in Fe** solution(Lin
et al., 2024). The MRR value achieved in bioma-
chining by Acidithiobacillus ferrooxidans and
chemical machining was reported by Verma et
al., (2019). They concluded that the MRR of the
metal workpiece studied was significantly higher
during chemical machining in comparison with
biomachining (Verma et al., 2019b).

Regarding enzymatic biomachining, Eskan-
darian et al. (2013) found that chemical machin-
ing was a process with the highest MRR, although
they stated that acid penetration on the work-
piece surface was difficult to control. They also
obtained data from a surface roughness analysis
after 24h of exposure in chemical, biological, and
enzymatic environments, including solutions of
sulphuric acid, hydrochloric acid, Acidithioba-
cillus feroooxidans bacteria, and enzymes (Es-
kandarian et al., 2013). The pieces exposed to
inorganic acidic environments presented a poor-
quality surface finish. The lower MRR achieved
in a biological machining in comparison with a
chemical machining may be an advantage rather
than a drawback. This particular feature makes
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biomachining an appropriate tool for precision
and controlled micro-processing, although not
all metals can be biomachined. Hence, it was
stated that in an extracellular supernatant, the
behavior of aluminum in micromachining is
unsatisfactory as compared to that of nickel and
copper workpieces.

Practical application. The removal of mate-
rial from metal workpieces by microorganisms
known as biomachining helps provide an effec-
tive and sustainable alternative to conventional
methods such as physical and chemical process-
es. Suitable microorganisms needed for success-
ful biomachining have already been reported by
researchers, yet their application in the field of
industry is not yet established. Two of the most
important aspects are the culturable ability of
microorganisms for the biomachining process,
which makes it always ready for use, and treat-
ing the liquid residue obtained after the con-
ventional machining process, thereby making it
environmentally friendly, reducing wastewater
treatment process.

Conclusions. Biomachining represents a
transformative, eco-sustainable alternative to
conventional micromachining techniques, le-
veraging the unique metabolic capabilities of
microorganisms to achieve precise low-energy
metal removal without generating hazardous
by-products. This review has critically examined
the mechanisms of microbial metal dissolution
using both direct and indirect mechanisms em-
phasizing the role of key microbial species such
as Acidithiobacillus ferrooxidans, A. thiooxidans,
and emerging potent microbes like Thiobacillus
novellus, Aspergillus niger, and Desulfovibrio sp.
In contrast to thermal and chemical methods,
biomachining enables high surface integrity
and is particularly suited for microfabrication
applications in electronics, medical implants,
and energy systems. Recent studies integrat-
ing microbial consortia, enzymatic strategies,
and machine learning-based optimization tech-
niques (e.g., Grey Wolf Algorithm) demonstrate
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a growing maturity and industrial relevance of
this technology. Looking forward, the develop-
ment of genetically engineered microbes, ad-
vanced bioreactor designs, and hybrid bioma-
chining systems will be critical for scaling this
approach. As industries move toward green and

to play a pivotal role in next-generation sustain-
able material processing.
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Ta6oparopis mikpo6Hoi 6ioTexnomorii, lllkona 6i010riYHNX HAyK i TEXHOMOTIIL,
Bennypcpknit TexHonmorivHENit iHCTUTYT, Bennyp, mrat Taminuag, Iapisa

Kadenpa BUpo6GHNYOTO iHKMHIpHHTY, GaKynIbTeT MAIIMHOOYIyBaHHS,
Benmypcpknit TexHONMOTiYHMIT iHCTUTYT, Bennyp, mrat Taminuag, [Haisa

BIOOBPOBKA: CTAJIA AJIBTEPHATVBA TPAIVIIIMHUM METOJAM MIKPOOBPOBKIU —
KOMIJIEKCHUW OIJIA[

Bioobpobxa — 1je BUKOpUCTaHHS MIKpOOPraHi3MiB [Isl BUATIEHHs MeTaTy i3 3aroToBKu. Lleit mporec HaOyB Benu-
KOTO 3Ha4eHH:A 32 OCTaHHE JeCATUIITTA 3aB/AKM HU3bKOMY €HEPrOCIOKMBAHHIO Ta BifICYyTHOCTI 30HM TEPMiYHOTO
BIUIMBY IIifj 4ac mpouecy. EdekTuBHICTh 1IbOTO MpOLIeCy OLHIOETHCS 3a MIBUAKICTIO BUAIEHHS MaTepiany, i mst
BUTOTOBJIEHHsI 00p006/IeHOI feTasi 3 Ga’kaHOM SIKICTIO ITOBEPXHi HEOOXiHO KOHTPONMIOBATH IIeBHI mapaMeTpu. B
OCHOBHOMY 7IBa (paKTOPU BifirpaloTh BaXX/IMBY POJIb Y IIPUCKOPEHHI Ipolecy 6i006po6ku, a caMe KOHIIEHTpaLLis
FeSO, ra remneparypa). Mera. []s1 ornagosa cTartsa GoKycyeTbcs Ha pisHux mapameTpax/daxropax i MexaHismax,
o 6epyTh y4acTb y mporeci 6i006po6Ky, IOPIBHAHO 3 TPaAMLIIHUMI MeTOgaMyu 06poOKY, TaKMMIU SIK J1a3epHa
06po6xa, ximiuHa 06pobKa Ta eneKTpoeposiiiHa 06pobKa. [l mpoljecy MO>KHa BYKOPVCTOBYBATH Pi3HI MiKpo-
OpraHisMu, MifTPUMYI04N BiAIIOBiAHY KOHIIEHTpaLio KiitiH. XemonitorpodHi 6axrepii, Taki sk Acidothiobacillus
ferroxidans, BUKOPUCTOBYIOTbCSI B 61006po611i MeTasIiB, TaKUX K Mifb, 3a/1i30 To1i0. Bucnosku. 11i 6akrepil Bu-
KOPUCTOBYIOTHCS Yepes IXHIO 3[IaTHICTb KaTajli3yBaTy OKMCIEHHs HEOPraHiYHIUX pedoBUH. bioo6pobka — e mep-
CIIeKTVBHUII IIpoLiec /11 MIKpOOOPOOKM MeTariB.

Kntouosi cnosa: 6i006pobka, xemonimompog, Mikpocmpykmypu, KiHemuxa KaimuHHOoT CmMinKU, 1a3epHULl Npomitv,
enekmpoepositina 06pooxa.
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The human microbiome, an intricate assembly of
microorganisms that inhabit various body nich-
es, has garnered increasing attention for its pro-
found influence on health and disease (Arthur
et al,, 2012). The symbiotic relationship between
the host and its resident microbial communities
has been shown to extend far beyond localized
physiological processes, encompassing systemic
impacts on immunity, metabolism, and even the
risk of disease development (Balkwill & Man-
tovani, 2001; Belkaid & Hand, 2014; Fakruddin
et al., 2023). In particular, recent research has
unveiled a novel dimension of the microbiome’s
role — its potential as a predictive tool for assess-
ing the risk of cancer initiation (Garrett, 2015;
Huang & Huang, 2022; Manzoor et al., 2020;
Parida & Sharma, 2021).

Cancer, a complex group of diseases charac-
terized by uncontrolled cell growth and prolif-
eration, remains a global health challenge with
substantial mortality and morbidity. Early detec-
tion and risk assessment are pivotal to improving
cancer outcomes, enabling timely interventions
and personalized treatment strategies (Gar-
rett, 2015; Anipindi & Bitetto, 2022; Bajic et al.,
2019). The emergence of microbiome studies
has shed light on the intricate interplay between
microbial communities and their human hosts
(Yang et al., 2018; Moreno-Gonzalez & Beraza,
2021). This interplay, ranging from influencing
immune responses to modulating host metabo-
lism, has prompted investigations into the mi-
crobiome’s association with carcinogenesis and
its potential predictive capabilities.

Short-chain fatty acids (SCFAs), especially bu-
tyrate, have been shown to play important roles
in many facets of cancer research in the recent
past. Fermentation of dietary fibers present in the
gut microbiota yields butyrate, which has anti-in-
flammatory and anticancer properties through al-
tering gene expressions and promoting apoptosis
in colon cancer cells (Louis et al., 2014). Butyrate
also inhibits histone deacetylase (HDAC), affect-
ing an increase in the acetylation of histones. This
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in turn upregulates genes that check the prolifer-
ation of cancer cells and trigger apoptosis as well
as cell cycle stoppage in cancer cells (Davie, 2003;
Canani et al.,, 2011). As a result of this epigen-
etic regulation, the prevention of cancer as well
as the integrity of the colon are paramount. Apart
from its antioxidant properties, butyrate also has
immunomodulatory properties through the gen-
eration of anti-inflammatory cytokines and the
promotion of T-reg cell differentiation. These
actions help maintain the immune homeostasis
and avoid the state in which chronic inflamma-
tion operates as the root of cancer development
(Furusawa et al., 2013). Furthermore, it has been
proven that butyrate can enhance the gut barrier
effect through the reduction of permeability and
increase in tight junction proteins and inhibition
of the transport of chemicals that induce inflam-
mation and cancer (Peng et al., 2009).

This review embarks on a journey into the
realm of «Microbial Omens», a term used here
to encapsulate the microbial signatures that hold
the potential to foretell cancer risk. With a focus
on diverse microbiome compositions and specif-
ic molecular markers, this article delves into the
mechanisms that underlie the predictive power of
microbiome signatures in concerning cancer risk.
Drawing on insights from a spectrum of studies,
this review navigates through the intricate land-
scape of microbiome research, covering gastroin-
testinal, genitourinary, and other cancer types. It
also explores the transformative influence of ad-
vanced technologies such as high-throughput se-
quencing and bioinformatics tools that allow for
nuanced analyses of complex microbiome data.

The endeavor to translate microbiome-based
risk assessment into clinical practice, however,
presents its own set of challenges, including stan-
dardization, validation, and ethical considerations
(Hanahan, 2022; Hermida et al., 2022; Kandalai
et al,, 2023; Mukherji & Weinberg, 2020). De-
spite these challenges, the integration of microbi-
ome signatures into cancer risk prediction holds
promise for shaping the future of personalized
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Fig. 1. Hierarchical mechanisms of microbiome influence on cancer risk

medicine and preventive strategies. As we embark
on this exploration of microbial omens, we hope
to highlight the strides made in our understand-
ing of the microbiome’s role in cancer risk pre-
diction and emphasize the potential it holds for
transforming our approach to early cancer detec-
tion and personalized risk assessment.
Microbiome and Cancer: Interplay and
Mechanisms. The human microbiome has gained
recognition as a crucial factor in shaping various
aspects of health and disease, extending its influ-
ence beyond localized processes to impact sys-
temic health (Pasolli et al., 2016; Rooks & Gar-
rett, 2016). The symbiotic relationship between
the host and its resident microbial communities
goes beyond digestion, influencing immune re-
sponses, metabolic pathways, and even the risk of
developing diseases, including cancer (Schwabe
& Jobin, 2013; Sobhani et al, 2011; Walther-An-
tonio et al., 2016; Xuan et al., 2014; Yan et al.,
2015). Notably, the microbiome’s interplay with
cancer risk is multifaceted and involves several
mechanisms (Zackular et al., 2013; Zwezerijnen-
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Jiwa et al., 2023). Schematic presentation of the
nested models of communication through which
microbiome modulates cancer risk is outlined
in Fig. 1, which includes immunomodulation,
metabolic interactions, and cross-organ commu-
nicating pathways.

One mechanism through which the microbi-
ome influences cancer risk is immune modula-
tion. The microbiome plays a pivotal role in edu-
cating and fine-tuning the host immune system,
exerting effects on immune cell development,
activation, and response (dos Reis et al., 2019;
Jin et al., 2019; Liang et al., 2020). This immune-
microbiome interaction is implicated in both
cancer progression and prevention. Dysregula-
tion of the microbiome can lead to immune dys-
function and inflammation and ultimately con-
tributes to a permissive microenvironment for
cancer development (Mager et al., 2005) (Fig. 2).

The microbiome has many interactions with
cancer development and progression, where cer-
tain metabolites act as cellular regulators. An
example of an SCFA that suppresses HDAC:s is
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Fig. 2. Cancer initiation mechanisms correlated with dysbiosis of microbiome signature

butyrate produced by fermentation of dietary fi-
bers by gut microbiota. As pointed out by Davies
(2003), this inhibition enhances the hyperacety-
lation of histones, which leads to up-regulation
of tumour-suppressing genes. This causes cell
cycle inhibition and apoptosis of the colorec-
tal cancer cells. Butyrate also contributes to the
maintenance of the barrier function of the in-
testinal tract and demonstrates anti-inflamatory
properties, essential to negate carcinogenesis.
On the other hand, microbial-derived metabo-
lites such as trimethylamine N-oxide (TMAO)
generated through the metabolism of choline
have been linked to the increased risk of colorec-
tal cancer (Guertin et al, 2017). That is why
TMAO increases levels of adhesion molecules
and inflammatory cytokines in the blood, which
promotes the formation of an environment fa-
vorable for neoangiogenesis, inflammation, and
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atherogenesis (Wang et al., 2011). TMAO con-
centration is also known to rise with adverse
outcomes in various types of cancer, including
colon cancer. This is because TMAO possesses
pro-inflammatory properties that promote can-
cer development by inducing DNA damage and
stimulating cell division.

Additionally, the microbiomes metabolic im-
pact is a key aspect of its role in cancer risk. Mi-
crobial communities actively participate in host
metabolism, including the metabolism of dietary
components. Alterations in the microbiome com-
position can lead to changes in metabolite pro-
files, influencing the host’s susceptibility to cancer
development. For instance, microbial metabolites
can affect cellular processes such as DNA damage
and repair (Zwezerijnen-Jiwa et al., 2023; Liang et
al., 2020; Mager et al., 2005). Furthermore, the mi-
crobiome’s involvement in the gut-brain axis and
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gut-liver axis adds layers of complexity to its in-
fluence on cancer risk. Communication between
the gut microbiome and distant organs is medi-
ated through metabolites, signaling molecules,
and immune responses (Zwezerijnen-Jiwa et al.,
2023; Ramirez-Labrada et al., 2020). Disruptions
in these axes due to dysbiosis could contribute to
systemic changes that impact cancer risk.

Microbiome Dysbiosis and Early Cancer De-
velopment. Microbiome dysbiosis, character-
ized by alterations in microbial composition and
function, has emerged as a potential indicator of
disrupted microbial balance with implications for
cancer risk (Zheng et al., 2020). Dysbiosis in the
microbiome has been linked to various disease
states, including cancer, and could potentially
serve as an early predictive tool. Studies have un-
covered associations between microbiome dys-
biosis and the initiation of carcinogenesis. Nota-
bly, dysbiosis can drive chronic inflammation, a
hallmark of cancer development (Yu et al., 2017;
Yao et al., 2021). In the context of gastrointestinal
cancers, such as colorectal cancer, dysbiosis can
lead to changes in microbial metabolites and the
production of pro-inflammatory molecules that
contribute to a pro-cancer microenvironment
(Banerjee et al., 2017).

Furthermore, microbiome dysregulation can
affect immune responses, which play a critical
role in cancer surveillance. Dysbiosis may lead
to a compromised immune system, allowing for
the evasion of cancer cells from immune surveil-
lance and enhancing tumor progression (Guer-
rero-Preston et al., 2016). Microbiome dysbiosis
is not limited to the gut and has been implicated
in other cancer types as well. For instance, altera-
tions in the vaginal microbiome have been linked
to an increased risk of cervical cancer (Krigul et
al., 2021). These findings underscore the poten-
tial of microbiome dysbiosis as an early indicator
of cancer risk across various organ systems.

Disruptions in metabolite concentrations
are one of the causes of cancer resulting from
microbiome dysbiosis. For instance, dysbiosis-
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associated enhancement on polyamines, which
include spermidine and spermine, triggers pro-
tein synthesis and destabilizes DNA structures
that promote tumour formation and cell division
(Pegg, 2009). Other molecules are lipopolysac-
charides (LPS), which are components of the
outer membrane in gram-negative bacteria or
part of the supernatant and can also be overpro-
duced in conditions of dysbiosis. The binding of
LPS to immune cells activates Toll-like receptor 4
(TLR4) triggers processes that lead to the genera-
tion of pro-inflammatory cytokines and creation
of conditions conductive to cancer progression
(Cani et al., 2008). Causing the oxidative stress
and DNA damage, this chronic inflammation
state promotes the development of carcinogens.

Overall, the study of microbiome dysbiosis of-
fers insights into the potential of microbial sig-
natures as predictive tools for cancer risk assess-
ment. As we delve deeper into the connections
between dysbiosis and early cancer development,
we gain a better understanding of the microbial
omens that could guide future strategies for early
cancer detection.

Identification and Characterization of Mi-
crobiome Signatures. The quest for microbiome
signatures that hold predictive power in assess-
ing cancer risk has prompted extensive research
into the identification and characterization of
microbial features associated with carcinogene-
sis (Mitra et al., 2016). These features encompass
specific microbial taxa, genes, and metabolites
that could serve as potential biomarkers for early
cancer detection.

High-throughput sequencing technologies
have revolutionized our ability to profile com-
plex microbial communities, enabling the dis-
covery of distinct microbiome signatures linked
to cancer risk (Binder Gallimidi et al., 2015).
These signatures can be defined by the abun-
dance or absence of specific bacterial taxa that
may have a causative or correlative relationship
with cancer development. For instance, certain
bacteria, such as Fusobacterium nucleatum, have
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been associated with colorectal cancer and have
shown potential as diagnostic markers (Binder
Gallimidi et al., 2015).

In addition to taxa-based signatures, the char-
acterization of functional genes within the micro-
biome provides insights into metabolic pathways
that could contribute to cancer risk. Microbial
genes involved in the production of metabolites
or toxins have been linked to pro-cancer pro-
cesses (Wirbel et al., 2019). Metabolomic studies
have further highlighted the potential of micro-
bial metabolites as predictive markers for cancer
risk assessment (Marmorino et al., 2023).

The utilization of multi-omics approaches,
combining metagenomics, meta-transcriptomics,
and metabolomics data, offers a holistic view of
the microbiome’s role in cancer risk (Kartal et
al., 2022). These approaches allow for a compre-
hensive understanding of microbial functions,
gene expression patterns, and metabolite profiles,
which collectively contribute to the development
of microbiome signatures (Jarman et al., 2020).

As research progresses, the challenge lies in
validating these signatures across diverse popu-
lations and cancer types, while also accounting
for confounding factors such as diet, lifestyle, and
genetics (Hosgood et al.,, 2014). The integration
of machine learning algorithms and advanced
statistical methods further refines the identifica-
tion of robust and reproducible microbiome sig-
natures (Warnke-Sommer & Ali, 2017).

In conclusion, the identification and charac-
terization of microbiome signatures present a
promising avenue for enhancing our ability to
predict cancer risk. By unraveling the intricate
associations between microbial communities
and early cancer development, researchers pave
the way for more accurate and personalized ap-
proaches to cancer risk assessment.

Cancer-specific Microbiome Signatures. The
investigation of cancer-specific microbiome sig-
natures provides critical insights into the poten-
tial of microbial compositions as predictive tools
for distinct cancer types (Schmidt et al., 2014).
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Emerging research has unveiled microbial asso-
ciations that are organ-specific and could hold
significant promise in enhancing cancer risk as-
sessment (Table 1).

Exploring microbiome signatures in various
cancer types reveals distinct patterns linked to
specific malignancies. For instance, the gut mi-
crobiome has been extensively studied in rela-
tion to colorectal cancer, where microbial dysbi-
osis has been linked to tumor progression (Zhu
et al., 2022). Similarly, the vaginal microbiome
has been implicated in cervical cancer, with al-
terations in microbial diversity associated with
disease susceptibility (Negrut et al., 2023).

Microbiome signatures have also been identi-
fied in cancers of the oral cavity, lung, and skin,
highlighting the potential of site-specific micro-
bial compositions as early indicators of cancer
risk (Bornigen et al., 2017). The unique interac-
tion between microbiota and local microenvi-
ronments may contribute to these organ-specific
signatures, providing insights into the role of the
microbiome in influencing carcinogenesis.

Moreover, the identification of microbial spe-
cies or functional genes that consistently as-
sociate with specific cancer types presents an
opportunity to develop targeted diagnostic and
predictive models (Thomas et al., 2019). These
models could potentially contribute to the re-
finement of cancer risk assessment and provide
valuable insights into the mechanistic links be-
tween microbiota and cancer development.

While progress has been made in uncovering
cancer-specific microbiome signatures, further
research is needed to validate these associations
across diverse populations and clinical settings
(Leng et al., 2021). Additionally, exploring the
interplay between microbiota and host genetics
could deepen our understanding of individual-
ized cancer risk profiles.

In conclusion, cancer-specific microbiome
signatures hold significant potential as predictive
tools for early cancer detection. By delving into
the distinctive microbial compositions associated
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with different cancer types, researchers are pav-
ing the way to improved personalized cancer risk
assessment and targeted preventive strategies.
Technological Advancements and Data Anal-
ysis. The pursuit of microbial signatures with
predictive potential for cancer risk assessment
has been propelled by the rapid advancement of
technologies that facilitate robust data collection
and sophisticated analysis of microbiome compo-
sitions (Yan et al., 2015; Olovo et al., 2021). These

technological innovations, coupled with advanced
data analysis methodologies, have revolutionized
our understanding of the intricate relationships
between microbial communities and cancer risk.
The interconnection and dependence of advanced
technologies and data analysis methods that have
been depicted in Figure 3 demonstrate how multi-
omics data, machine learning algorithms for inte-
gration, and statistics have been applied to dissect
microbial signatures for cancer prediction.

Table 1. Cancer-specific microbiome signatures for early diagnosis potential

Cancer Type

Microbiome signature

Diagnosis

References

Colorectal Cancer

Cervical Cancer

Oral Cancer

Lung Cancer

Skin Cancer

Gastric Cancer

Liver Cancer

Increased abundance of
Fusobacterium nucleatum
Reduced microbial diver-
sity

Elevated production of
bacterial metabolites

Bacteroides fragilis toxin
(BFT)

Shift from Lactobacil-
lus dominance to diverse
bacterial communities

Lactobacillus crispatus

Increased abundance of
Porphyromonas gingivalis
and Prevotella species
Altered functional path-
ways related to inflamma-
tion and metabolism

Enrichment of Strepto-
coccus and Veillonella
Decreased abundance of
bacterial species

Distinct composition of
skin microbiota

Helicobacter pylori

Streptococcus  gallolyticus
subspecies gallolyticus

Altered gut microbiota
composition

Increased abundance linked to
colorectal cancer progression

Correlates with advanced adeno-
mas and carcinomas

Potential impact on colorectal
cancer development

Toxin associated with colorectal
cancer risk

Microbial dysbiosis associated
with cervical cancer risk

Altered vaginal microbiome asso-
ciated with Human papillomavi-
rus (HPV) infection

Linked to periodontal disease and
oral squamous cell carcinoma

Dysregulation of host-microbe
interactions in oral cancer
Progression

Association of specific bacteria
with lung cancer risk

Differential microbial profiles in
lung cancer patients

Microbial diversity variations ob-
served in skin cancer

Chronic infection associated with
gastric cancer development
Implicated in colorectal and gas-
tric cancer

Distinct microbial profiles associ-
ated with liver cancer

Arthur et al., 2012; Udayasury-
an et al., 2022; Parhi et al., 2020

Thomas et al., 2019

Zackular et al., 2013; Xie et al.,

2017

Farrell et al., 2012; Zeller et al.,

2014
Mitra et al., 2016

Yang et al,, 2018

Schmidt et al., 2014

Guerrero-Preston et al., 2016;

Farrell et al., 2012

Hosgood et al., 2014

Jin et al., 2019
Pasolli et al., 2016

Ishaq et al.,, 2015

Pasquereau-Kotula et al., 2018

Moreno-Gonzalez ete al., 2021

ISSN 1028-0987. Microbiological Journal. 2025. (3)

105



M. Fakruddin, LI. Oyshe, S.M.B.U. Islam, A. Safa, J. Sultana, N. Bulbul, Md.A. Shishir

Technological advancements and data analysis

High-throughput sequences

Next-generation sequencing (NGS)

Meta-transcriptomics

Metagenomis

Metabolomics

Multi-omics integration

Combines metagenomics, meta-transcriptomics
and metabolomics data

Offers a holistic view of microbial functions,
gene expression patterns, and metabolite profiles

Fig. 3. Technological Advancements and Data Analysis

High-throughput sequencing technologies,
such as next-generation sequencing, have en-
abled comprehensive profiling of microbial com-
munities within diverse environments (Guerre-
ro-Preston et al., 2016; Marmorino et al., 2023).
These techniques empower researchers to unrav-
el the taxonomic and functional diversity of the
microbiome, providing insights into the micro-
bial species and genes associated with cancer risk.

Furthermore, the integration of metagenom-
ics, meta-transcriptomics, and metabolomics
approaches has allowed for a more comprehen-
sive assessment of the microbiome’s functional
potential (Zeller et al., 2014). Metagenomics pro-
vides insights into the genetic content of micro-
bial communities, while meta-transcriptomics
captures gene expression patterns, shedding
light on the active functions of the microbiome
(Garrett, 2015; Yao et al., 2021). Metabolomics
complements these approaches by identify-
ing the small molecules produced by microbes,
which influence host physiology and cancer risk.
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Data analysis in the realm of microbiome re-
search has evolved to accommodate the com-
plexity of microbiome datasets. Advanced bioin-
formatics tools, including custom pipelines and
open-source software, are tailored to process
large-scale sequencing data (Arthur et al., 2012;
Belkaid & Hand, 2014; Hosgood et al., 2014).
Machine learning algorithms play a pivotal role
in deciphering intricate patterns within micro-
biome datasets, aiding in the identification of
predictive microbial signatures (Zhu et al., 2022;
Negrut et al., 2023; Bornigen et al., 2017).

Incorporating statistical methods to control
for confounding factors, such as age, diet, and
host genetics, enhances the reliability of micro-
biome-based predictions (Moreno-Gonzalez
& Beraza, 2021; Mukherji & Weinberg, 2020).
These techniques enable researchers to differ-
entiate between causal associations and mere
correlations, further refining the identification
of microbiome signatures with true predictive
power.
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In conclusion, the synergy of technological
advancements and sophisticated data analysis
approaches has accelerated the discovery of mi-
crobial omens that hold the potential for predict-
ing cancer risk. The integration of multi-omics
data and machine learning techniques paves the
way for more accurate risk assessment and per-
sonalized approaches to cancer prevention.

Clinical Implications: Challenges and Oppor-
tunities. As the potential of microbiome signatures
in predicting cancer risk gains momentum, explor-
ing their clinical implications reveals a landscape
of both challenges and opportunities (Arthur et al.,
2012). The translation of microbiome-based risk
assessment into clinical practice involves address-
ing multifaceted issues while capitalizing on the
transformative potential that these signatures offer.

A key challenge lies in the standardization and
validation of microbiome signatures across diverse
populations and cancer types (Balkwill & Man-
tovani, 2001). Heterogeneity in microbiome com-
positions due to genetics, environment, and life-
style necessitates rigorous validation to ensure the
robustness and reproducibility of predictive mod-
els. Efforts to establish consistent methodologies
for sample collection, processing, and data analy-
sis are crucial in this context (Yang et al., 2018).

Ethical considerations also play a pivotal role
in the clinical application of microbiome-based
risk prediction (Belkaid & Hand, 2014). Safe-
guarding data privacy, ensuring informed con-
sent, and promoting transparency in reporting
results are essential to maintain public trust and
adhere to ethical standards.

Furthermore, the integration of microbiome
signatures with other biomarkers, such as genet-
ic markers or serum-based assays, holds promise
in enhancing the accuracy of cancer risk assess-
ment (Fakruddin et al., 2023). Integrative ap-
proaches that combine multi-dimensional data
sources could provide a more comprehensive
view of individual risk profiles.

Despite these challenges, the clinical oppor-
tunities are substantial. The prospect of non-
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invasive cancer risk assessment through micro-
bial signatures presents a revolutionary shift in
preventive medicine (Garrett, 2015). Routine
screenings that incorporate microbiome analy-
sis could enable timely interventions and per-
sonalized strategies to mitigate cancer risk. Ad-
ditionally, the potential of microbiome-based
interventions, such as probiotics or dietary
modifications, offers avenues for preventive in-
terventions tailored to an individual’s microbial
composition (Zheng et al., 2020).

In conclusion, while the clinical translation of
microbiome-based risk assessment faces challeng-
es of validation, standardization, and ethics, it also
offers unprecedented opportunities to transform
cancer risk assessment and preventive strategies.
By addressing these challenges and harnessing the
insights gained from microbiome research, we are
poised to usher in a new era of personalized can-
cer risk prediction and management.

Future Directions and Prospects. As the field
of microbiome research continues to evolve,
several exciting future directions and prospects
emerge, highlighting the potential for leverag-
ing microbial signatures in predicting cancer
risk (Arthur et al., 2012; Garrett, 2015; Parida
& Sharma, 2021). These prospects offer avenues
for refining risk assessment, advancing our un-
derstanding of carcinogenesis, and transforming
cancer prevention strategies.

One promising direction involves the integra-
tion of multi-omics data to develop comprehen-
sive models for predicting cancer risk (Balkwill
& Mantovani, 2001; Yang et al., 2018; Moreno-
Gonzalez & Beraza, 2021; Hanahan, 2022). By
combining metagenomic, meta-transcriptomic,
and metabolomic information, researchers can
gain a more holistic view of the functional dy-
namics of the microbiome and its interactions
with the host (dos Reis et al., 2019; Jin et al,,
2019; Mager et al., 2005).

Advancements in machine learning and arti-
ficial intelligence hold the promise of enhanc-
ing the accuracy of predictive models (Belkaid
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& Hand, 2014; Guerrero-Preston et al., 2016;
Marmorino et al., 2023). These technologies
can decipher intricate patterns within large and
complex datasets, aiding in the identification of
subtle microbial signatures that may not be evi-
dent through traditional analyses.

Additionally, longitudinal studies that track
changes in the microbiome over time offer in-
sights into the dynamic nature of microbial
communities and their role in cancer risk (Gar-
rett, 2015). Understanding how the microbiome
evolves in relation to cancer development could
lead to the identification of early warning signs
and windows for intervention.

The translation of microbiome-based risk pre-
diction into clinical practice hinges on the devel-
opment of user-friendly tools and platforms for
healthcare professionals (Garrett, 2015). User-
friendly interfaces and decision-support systems
could facilitate the incorporation of microbiome
analysis into routine clinical workflows, enabling
widespread adoption.

While navigating these future directions, ad-
dressing challenges such as standardization, vali-
dation, and ethical considerations remains crucial
(Huang & Huang, 2022). Collaborative efforts
across disciplines are necessary to ensure the suc-
cess of microbiome-based predictive strategies.

In conclusion, the prospects for harnessing
microbial signatures in predicting cancer risk are
vast. By embracing innovative technologies, ad-
vancing our analytical capabilities, and maintain-
ing a focus on clinical application, the field stands
poised to revolutionize the landscape of person-
alized cancer risk assessment and prevention.

Conclusions. The remarkable strides in mi-
crobiome research have unveiled a new frontier
in cancer risk assessment through the predictive
power of microbial signatures. This review article
has explored the multifaceted interplay between
the human microbiome and cancer risk, delving
into the mechanisms, challenges, and oppor-
tunities inherent in harnessing these microbial
omens for early detection and prevention.

108

Microbial dysbiosis emerges as a critical fac-
tor in the development of cancer, influencing
immune responses and metabolic pathways and
creating permissive microenvironments. The
identification and characterization of microbiome
signatures offer promising avenues for predicting
cancer risk, drawing from taxonomic, functional,
and metabolomic insights. Technological ad-
vancements and advanced data analysis method-
ologies provide the tools necessary to decode the
complex relationships within the microbiome.

In exploring clinical implications, we recog-
nize both challenges and opportunities. Stan-
dardization, validation, and ethical consider-
ations stand as pivotal challenges to overcome.
However, the potential for personalized and non-
invasive cancer risk assessment through microbi-
ome signatures presents an exciting prospect that
could reshape preventive medicine. Integrating
microbiome signatures with other biomarkers
and developing user-friendly clinical tools could
pave the way for widespread adoption.

Looking ahead, future directions and pros-
pects signal a transformative journey. The inte-
gration of multi-omics data, advancements in
machine learning, and longitudinal studies hold
promise in refining predictive models. Collabor-
ative efforts across disciplines will be essential to
navigate challenges and unlock the full potential
of microbiome-based risk assessment.

In conclusion, the emerging field of microbial
omens in cancer risk offers a tantalizing glimpse
into the future of early detection and prevention
strategies. By unraveling the intricate connections
between the microbiome and cancer risk, we are
poised to enhance our understanding of carcino-
genesis and pave the way to personalized interven-
tions that hold the potential to save countless lives.
As we continue to unravel the microbial mysteries
that influence our health, the promise of microbi-
ome signatures as predictive tools for cancer risk
assessment shines brightly on the horizon.
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MIKPOBHI O3HAKMN: TIPOTHOCTNYHA CU1JIA
MIKPOBIOMHUMX CUTHATYP IIOJO PU3NMKY PAKY

MikpobioM roaHN, CKITafHA €KOCUCTeMa MIKPOOPraHi3MiB, 1[0 HaCe/sI0Th PisHi Hilli B OpraHi3Mi, CTaB IOTeH-
LiTHUM TIPOBICHMKOM 3OPOB’s i XBop06. B ocTaHHI POKU 3’AB/sIETHCS BCe Oiblile JOCTIHKEHD, sIKi BUCBITIIOIOTH
CKJTaJIHMIT B3aEMO3B A30K MK MiKp06iOMOM i pM3MKOM PO3BUTKY paKy. LIs1 orIa/ioBa CTaTTsA HOCIIIXKYE 3pOCTAI0TY
cepy MiKpoOIOMHMX CHTHATYP AK IIPOTHOCTUYHMX iIHCTPYMEHTIB JI/IA OLIHKM PU3UKY PO3SBUTKY paky. Pomb Mikpo-
6ioMy B mifTpUMIIi rOMeoCTasy, MOAY/LALIl iMyHHOI BiIIOBiAi Ta BIUIMBY Ha MeTabOMIYHi IIAXM CTBOPU/IA CIIPUAT-
JIMBe HAIPYHTA LA SOCTIKEHH JI0T0 3B’ 13Ky 3 KaHI[epOTeHe30M. 30Cepe/pKyIoul yBary Ha 0COOMMBOCTAX MiKpo-
OHOTO CK/Iafy Ta crierudivHNx MOTEKYIIPHIX MapKepax, M1 3aI/IMOMI0EMOCS B CK/IAJHI MeXaHi3M, IO JIeXaTb B
OCHOBI MOTeHIiaTy MiKpOOIOMHIX CUTHATYP [/IsI IPOTHO3YBAHHS PU3NKY PO3BUTKY PaKy. Bifl ITYHKOBO-KUIIIKOBUX
IO Ce4OCTaTeBYX 3/I0SIKICHUX HOBOYTBOPEHb MM PO3ILAIAEMO JIAHAIIADT JOCTIKeHb, ITOB A3aHNX 3 MIKpO6ioMoM,
Kl BuABMIN 6araToo6ilfoui 38’sI3KM MDK MIKpOOHMM [ucOaKTepio3oM Ta iHilifoBaHHsM KaHIjeporeHnesy. Kpim
TOTO, M 0OTOBOPIOEMO iHTeTpallilo IIepeJOBYX TeXHOJIOTil, a caMe BMCOKOIIPOAYKTUBHE CeKBEHYBAHHA 1 IIepeioBY
6ioindopmaTyKy, B posindpoBLi CKIagHNX MIKpOOIOMHYX JaHUX i CTBOPeHHI IPOrHOCTUYHUX Moperneil. Takox
PO3IIAAIOTECA MpobeMy CTaHAapTU3allii, Bamifanii Ta KIiHIYHOI TpaHC/IALIl OL[iHOK PM3MKY Ha OCHOBI MiKpo-
6iomy. JocmimpkeHHA MIKpo6ioMy IPOIOBXYIOTb PO3BMBATHCH, IIPOIIOHYIOUN Oe3NpelieflecHTHE PO3YMIHHA paHHIX
CTaiill PO3BUTKY paKy Ta Ilepefb6adarody 3MiHy ITapafiurMy B IIepCOHATi30BaHil OLHI pusuKy paky. [pyHTylounch
Ha OIIAAfii IIOTOYHUX TOCSITHEHb, 0OMe)XeHb i Mait6y THIX MepCIeKTHB,aBTOPY BUCBIT/IIOTh TPAaHC(HOPMALIiITHIIT [10-
TeHIia/T MIKpOOHMX 03HAK Y popMyBaHHi TaHAMA(TY IPOrHO3YBAHHSA PaKy i IPOIMAKTUIHNX CTPATETiil.

Kntouoei cnosa: mikpobiom, npoeHo3y8anHs, pak, diazHocmuKka, paHHs 0iaeHocmuxa.
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