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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. Th e 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 eff ect on the liver function of patients undergoing rehabilitation in an 
occupational disease clinic and taking medications by the standard protocol. Th e study involved 15 male patients per 
group, experiencing transient increases in the liver biomarkers due to medication, with some exceeding normal ranges 
but insuffi  cient for a DILI diagnosis. In the group consuming the drink prepared with a new Lactobacillus plantarum 
starter combination, biomarkers normalized aft er 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 aft er fermentation and 
storage. Th e 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. Th e «Beetroot 
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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 eff ects 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 fi nd means 
of prevention, which include the development of 
new safety guidelines and methods of drug man-
agement, identifi cation of risk factors, and the use 
of natural eff ective 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 eff ect 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, 

and Cu), dietary fi bres, proteins, carbohydrates, vi-
tamins (А, К, С, Е, В5, В6, В12), betalains,and in-
organic nitrates (Gliszczynska-Swiglo et al., 2006; 
Wruss et al., 2015; Cliff ord 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). Th e mechanisms 
of the positive impact on human health of beet-
root juice are being intensively studied (Webb et 
al., 2008; Babarykin et al., 2019b). Th e role of red 
beetroot juice nitrates in the regulation of blood 
pressure and the eff ect on iron metabolism, cho-
lesterol reduction, and blood clotting regulation 
have been described (Webb et al., 2008). A posi-
tive eff ect 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-infl ammatory, and pro-
biotic properties (Kazimierczak et al., 2014; Kim et 
al., 2021; Kumari et al., 2022). 

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 aft er 14 days. Statistical signifi cance was assessed using t-tests and Mann-Whit-
ney U-tests (p≤0.05). Results. Th e 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» signifi cantly shortened the time of obtaining the beverage 
compared to the original one. Th e pH value of 4.0—4.2 corresponded to the required for «Beetroot drink» aft er 6 hours, 
and the titrable acidity was 24 ± 2 ºT. Inoculation of the beetroot juice led to signifi cant inhibition of autochthonous bac-
teria growth compared to non-inoculated spontaneously fermented juice. Aft er 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. Th e new L. plantarum strain combination can be 
used for «Beetroot Drink» production with a protective eff ect against transient drug-induced liver stress. A positive eff ect 
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 eff ect.
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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». Th e 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 eff ect 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). 

Th e 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. Th e 
Lactobacillus plantarum 11/16 (UKM B-2694) 
strain of the original «Beetroot drink» starter 
(Kovalenko et al., 1990) and the L. plantarum 
lMB В7565 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 fi ltered, diluted with distillate water 
(1:1 v/v), and pasteurized for 20 min at 80  °C. 
Aft er pasteurization, the juice was cooled to 
room temperature, inoculated by L.  plantarum 
strains (5% v/v), and incubated at 37 ºC to rich 

pH 4.0—4.2. Aft er fermentation, the «Beetroot 
drink» was stored at a temperature of 4 ºC. Non-
pasteurized and non-inoculated juices were used 
as control. Th e 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 aft er fermentation. Th e total LAB 
count was also determined aft er storage. 

Betalaine concentration determination. Beta-
lain pigments were quantifi ed spectrophotomet-
rically as previously reported (Fernández-López 
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 (CB) were expressed as betanin and 
vulgaxanthin I content, respectively, and calcu-
lated according to the formula:

CB = A × DF × MM × 1000/(ε × L), 

where A is the absorption (A538 for betanine 
and A476 for vulgaxanthin I), DF  — dilution 
factor, MM — molar mass (MM of betanine — 
550 g/mol, vulgaxanthin I — 339 g/mol), ε — a 
molar extinction coeffi  cient (60.000 l/(mol×cm) 
for betanine, 48.000 l/(mol×cm) 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 eff ect evaluation. Th e 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. Th e 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 insuffi  cient 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). Th e male-only cohort refl ects 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). Th e study complied with bioethical 
requirements, with informed consent obtained. 
Measurements were taken at the baseline and 
aft er 14 days. Th e sample size (15 per group) is 
suffi  cient for a pilot study, but larger studies (≥20 
per group) are needed for 80% power (α=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). Th e 
AST/ALT ratio confi rmed 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 ± stan dard deviation. Normality was asses sed 
with the Shapiro-Wilk test. Diff erences 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 ºT, and the total betalain content 

1062.67 ± 117.93 mg/L (60.5 % of betacyanins and 
39.5% of betaxantins). Betalains are pigments that 
are specifi c for plants belonging to the Centrosper-
mae order. Th ey 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 diff er mainly 
in the radicals associated with the basic structure. 
Th eir color is due to the conjugation of the sub-
stituted aromatic nucleus with the diaz system, 
which shift s the absorption maximum from ca. 
535 nm in betacyanins to almost 480 nm in betax-
anthins (Fernández-López et al., 2002).

Th e titratable acidity and betalain concentra-
tion decreased twice aft er 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 eff ect of heat treatment on the fermentation 
process. Th e 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 lg CFU/mL, 
respectively. In the fresh non-inoculated juice, the 
count of LAB was less than 2 lg CFU/mL.

Incubation of non-pasteurized juice (spontane-
ous fermentation) for 24 h resulted in signifi cantly 
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 aft er 24 h of incubation but did 
not aff ect the content of yeast and mold compared 
to the spontaneously fermented juice (Fig. 1). 

Th e pasteurized non-inoculated and LAB-
inoculated beetroot juices had a count of indig-
enous microbiota less than 2 lg CFU/mL at the 
beginning and aft er 24 h of fermentation. Pas-
teurization led to a non-signifi cant change in the 
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pH and TTA values, whereas the concentrations 
of betacyanins and betaxanthins decreased by 
24.5% and 13.7%, respectively (Fig. 2). 

Immediately aft er inoculation, the pH of the 
diluted juice decreased by an average of 1 unit 
and aft er 6 hours already corresponded to the re-
quired «Beetroot drink» pH value of 4.0—4.2, and 
the titrable acidity was 24 ± 2 ºT. Further incuba-
tion (up to 24 h) resulted in a pH of 3.7 ± 0.2 and 
a titrable acidity of 66 ± 2 ºT, which gave the drink 
a strong sour taste. At the same time, LAB-inocu-
lation and fermentation for 24 hours did not aff ect 
the level of betanin (р > 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, 

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. Aft er 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 insuffi  cient to meet diag-
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nostic criteria for DILI, indicating transient drug-
induced stress. In the study group (15 men), aft er 
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 signifi cant 
ALP change (p=0.45). In contrast, the control 

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. Th e AST/
ALT ratio in the study group remained <1 (mean 
0.65 at baseline and 0.71 aft er 14 days), suggest-
ing a hepatocellular pattern of stress (Williams & 
Hoofnagle, 1988). Th e 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 signifi cant changes, while the study 
group had increased monocytes by 34.7% (p=0.03), 
reduced platelets by 10.0% (p=0.04) and thromb-

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. Th e use of the new composition signifi -
cantly shortens the time of obtaining the fi nished 
beverage compared to the original one. 

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

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

Parameters
Control group (10 per.) Experimental group (15 per.)

Norm
At the beginning Aft er 14 days At the beginning Aft er 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 3.41 ± 0.43 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 5.21 ± 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, μmol/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)

Parameters 
Control group Experimental group

Norm
At the beginning Aft er 14 days At the beginning Aft er 14 days

Leukocytes,103/mm3 5.82 ± 1.46 6.42 ± 1.24 6.75 ± 1.09 6.90 ± 1.16 4—10
Lymphocytes,103/mm3 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,103/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,103/mm3 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, 106/mm3 4.41 ± 0.19 4.54 ± 0.28 4.67 ± 0.30 4.71 ± 0.33 3.8—5.8
Hematocrit,% 41.20 ± 1.17 41.65 ± 2.78 43.85 ± 3.60 42.04 ± 4.15 30—50
Platelets, 103/mm3 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
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vative eff ect on beet juice due to more rapid acid-
ifi cation (Czyżowska et al., 2006). Th e fresh juice 
used in this study contained a LAB count of less 
than 2 lg CFU/ml. Th e number of lactic acid bac-
teria in fresh beet juice ranged from 3.0×102 to 
2.5×103 CFU/mL depending on variety and was 
not suffi  cient for rapid acid accumulation and 
pH decrease (Czyżowska 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% aft er fermentation. 
Inoculation also led to a decrease in the relative 
abundance of pathogens (Choińska et al., 2022)

Aft er 24 hours of fermentation, the LAB count 
reached 9.5 lg CFU/mL and aft er 14 days of stor-
age, a decrease by 0.77 lg CFU/mL (8%) was 
observed. Similar results were obtained by Kle-
wicka and Czyżowska (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 diff erent 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. 
Th ese 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 
et al., 2009; Fernández-López et al., 2023). Higher 
concentrations of betacyanins and relatively low 
levels of betaxanthins also were found in diff erent 
beetroot varieties (Wruss et al., 2015; Skalicky et 
al., 2020; Fernández-L´opez et al., 2023). 

It is known that the content of betalains is rela-
tively unstable and infl uenced by various factors, 
including temperature and pH (Skalicky et al., 
2020). Diff erences in betalain absorbance values 
during «Beetroot» production that were observed 

in this work may be due to changes in its structure 
as a result of temperature treatment and changes 
in pH value. Th e pasteurization used in this study 
(80 ºC for 20 min) resulted in decreasing the con-
centration of betanin and vulgoxanthin I by 24.5% 
and 13.7%, respectively. Th e results obtained are 
comparable to those of other authors. In the work 
of Klewicka and Czyżowska (2011), the content 
of betalains in beetroot juice decreased by 21% 
(from 1.27 to 1.01 mg/mL) aft er pasteurization 
at 80 ºC 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 signifi cant ef-
fect on the content of betacyanins and betaxan-
tins (Buniowska-Olejnik and Marszałek, 2022). 
Immediately aft er 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 aff ect the biological activity of red 
beetroot juice, in particular, its antioxidant activ-
ity. Th is may be because the products of betalains 
degradation also exhibit biological activity (Mu-
ramatsu et al., 2023). Aft er 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 β-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 eff ect on beet juice pigments 
(Czyżowska et al., 2006). Th e studies conducted 
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by Klewicka and Czyżowska (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 
insuffi  cient to diagnose DILI, refl ecting tran-
sient stress rather than pathology. Th e AST/ALT 
ratio (<1) and ALT/ALP ratio ( > 2) confi rmed 
a hepatocellular pattern (Lee et al., 2015). Aft er 
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» aff ected 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 signifi cantly af-

fect the cellular composition of peripheral blood 
but promoted the activation of phagocytic cells 
and reduced the content of platelets. Th erefore, 
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). Th e hep-
atoprotective eff ect of the «Beetroot drink» may 
be due to the antioxidant properties of betalains, 
which protect hepatocytes from damage.

Conclusions. Th e new L. plantarum strains 
combination can be used for faster production of 
«Beetroot drink» with a protective eff ect against 
transient drug-induced liver stress. A positive 
eff ect 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 
aft er 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. Th e «Beetroot 
drink» shows promise as a preventive agent for 
individuals under drug-induced stress.
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ВИКОРИСТАННЯ ШТАМІВ LACTOBACILLUS PLANTARUM 
ДЛЯ ПРИГОТУВАННЯ «БУРЯКОВОГО НАПОЮ» ТА ЙОГО ЗАХИСНИЙ ЕФЕКТ 
ПРОТИ ТРАНЗИТОРНОГО МЕДИКАМЕНТОЗНОГО СТРЕСУ ПЕЧІНКИ
Транзиторний субмолекулярний стрес на печінку, спричинений лікарськими засобами, є ранньою стадією 
потенційного розвитку медикаментозного ураження печінки (DILI). Серед натуральних ефективних гепато-
протекторів ферментований сік червоного буряка останнім часом привертає особливу увагу. Метою роботи 
було удосконалити склад закваски для «Бурякового напою» для скорочення часу його приготування та ви-
вчити профілактичний вплив «Бурякового напою» на функцію печінки пацієнтів, які проходять реабілітацію 
в умовах клініки профзахворювань та приймають медикаментозні препарати за стандартним протоколом. 
У дослідженні брали участь 15 пацієнтів чоловічої статі в кожній групі, в яких спостерігалося тимчасове 
підвищення біомаркерів печінки внаслідок прийому ліків, причому деякі з них перевищували нормальні по-
казники, але були недостатніми для встановлення діагнозу DILI. У групі, яка вживала напій, приготований з 
новою комбінацією штамів Lactobacillus plantarum, біомаркери нормалізувалися через 14 днів. Методи. «Бу-
ряковий напій» отримували шляхом ферментації бурякового соку новою композицією штамів Lactobacillus 
plantarum, які проявляють пробіотичні властивості. Визначали кількість життєздатних мікроорганізмів, рН, 
титровану кислотність та вміст беталаїнів до і після ферментації та зберігання. Гепатопротекторну актив-
ність «Бурякового напою» оцінювали в 15 добровольців, які перебували на лікуванні в клініці професій-
них захворювань Інституту медицини праці ім. Ю.І. Кундієва НАМН України. «Буряковий напій» вживали 
в дозі 50 мл щодня протягом 14 днів. Гематологічні та біохімічні показники визначали за загальноприйня-
тими методиками на початку експерименту та через 14 днів. Статистичну значущість оцінювали за допомо-
гою t-критерію та U-критерію Манна-Уітні (p≤0.05). Результати. Використання нової композиції на основі 
штаму L. plantarum оригінальної закваски «Буряковий напій» та штаму L. plantarum препарату «Лактокап» 
значно скорочує час отримання готового напою. Необхідне для «Бурякового напою» значення рН 4.0—4.2 
досягалось через 6 годин, а титрована кислотність становила 24 ± 2 ºТ. Інокуляція бурякового соку привела 
до значного пригнічення росту автохтонних бактерій порівняно з неінокульованим соком спонтанної фер-
ментації. Після пастеризації концентрація бетаціанінів та бетаксантинів зменшилася відповідно на 24.5% та 
13.7%. У ферментованому «Буряковому напої» кількість беталаїнів залишалася незмінною протягом 14 днів 
зберігання. Вживання «Бурякового напою» позитивно вплинуло на загальний стан здоров’я добровольців, 
збільшило кількість моноцитів і гранулоцитів у крові, позитивно вплинуло на функцію печінки та ліпідний 
обмін. Висновки. Нова комбінація штамів L. plantarum може використовуватися для виробництва «Буряко-
вого напою» із захисною дією проти транзиторного медикаментозного стресу печінки. Позитивний ефект 
спостерігався у 80.0% випадків, при цьому всі біомаркери поверталися до норми в досліджуваній групі, що 
свідчить про його потенціал як профілактичного засобу для осіб, які зазнають медикаментозного стресу.
Ключові слова: ферментований сік червоного буряка, молочнокислі бактерії, пробіотики, функціональна 
активність, гепатопротекторна дія.
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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. Th e objective of this study was to investigate the bactericidal, fungicidal, and disinfectant properties of a 
mixture of metal nanoparticles, specifi cally 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 fl avus, and helminth eggs Toxocara 
canis, which were obtained from the collection of pathogens of infectious animal diseases at the National Scientifi c Cen-
ter «Institute of Experimental and Clinical Veterinary Medicine» (Kharkiv). Th e 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. Th e suspension method determined the antimicrobial properties of the Ag-Zn-Cu metal 
nanoparticle mixture. Th e most eff ective bactericidal eff ect 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. Th e 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 fl avus 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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Th e 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 microfl ora (Ponomarenko et al., 
2021; Paliy et al., 2024a; Jaleta et al., 2024).

Th e modern development of nanotechnology 
makes it possible to obtain new materials with 
high bactericidal properties and low toxico-

logical parameters (Borehalli Mayegowda et al., 
2023; Granja Alvear et al., 2024). Th e 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 eff ect (Rai et al., 2012; Chernousova & 
Epple, 2013; Vila Domínguez et al., 2020). Cop-
per, compared to silver, exhibits less pronounced 
antiseptic properties; however, it markedly en-
hances the effi  cacy of silver preparations (Díez-
Pascual, 2020). Zinc oxide nanoparticles induce 
alterations in the morphology of the bacterial 
cell membrane, resulting in a notable enhance-
ment in its permeability. Th is, 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 μg/
mL exhibited inhibitory eff ects on the growth of 
seven species of fungi known to aff ect leaf and 
soil health (Malandrakis et al., 2019).

It has also been found that the combined eff ect 
of metal nanoparticles (silver, copper, zinc oxide, 
iron oxide) in certain concentrations provides a 
biocidal eff ect on both model and pathogenic 

the nanocomposite in a concentration of 13.7 mg/L at an exposure time of 1 hour showed a fungistatic eff ect. Th e fun-
gicidal properties of the nanocomposite against the test culture of the Aspergillus fl avus species were observed at a con-
centration of 13.7 mg/L. Furthermore, at a concentration of 22.5 mg/L, a fungicidal eff ect was detected aft er 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 effi  ciency range of 88.3 to 94.2%. 
Conclusions. Th e 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 fl avus, 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 aft er exposure for 1 hour. Furthermore, the nanocomposite has a disinfection 
eff ect 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 fl avus, Toxocara canis.
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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 Fe2O3 nanoparticles reduced 
the number of S. aureus, S. enterica, and P. aeru-
ginosa by more than 99% (Janczak et al., 2021).

Th e 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 (Król 
et al., 2023).

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

Th e 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 Scientifi c 
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. Th e 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. Th e 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-

lution was added. A separate solution containing 
metals was prepared by mixing 33 mL of 73 mM 
ZnSO4·7H2O solution with 7 mL of 115  mM 
AgNO3 solution. Th is metal ion solution was 
then added dropwise to the reaction mixture 
under continuous stirring. Th e fi nal 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.

Cu nanoparticles were synthesized as described 
below. First, an aliquot of a 0.05 M copper nitrate 
solution was added to a conical fl ask. Th en, 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. Th e 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. Th e fl ask containing 
the copper precursor solution was placed in a 
water bath on a magnetic stirrer and connected 
to a refl ux condenser. Th e 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 fi nally to red — indicating nanoparticle 
formation. Th e average particle size determined 
by dynamic light scattering (DLS) was 57 nm (by 
volume). Th e synthesized Zn/Ag and Cu colloids 
were then mixed in the ratio of 1:1. Th e 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-
fi ed as Class VI 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 
2×109 CFU/mL, were used as test cultures. Th e 
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. Th e re-
sults were counted aft er 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. Th e bactericidal activity of the nanoparti-
cle mixture was considered confi rmed 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.

Aft er 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 2×109 
CFU/mL and inactivated bovine serum were ap-
plied to their surfaces at the rate of 1.0 cm3 of 
standardized test culture and 0.5 cm3 of serum 
per 100 cm2 of the test object area. Aft er 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 cm3 of disinfectant per 100 cm2 
of the test object area. Sterile saline was applied 
to the control test objects in the same volumes. 

Th e exposure time was 1 hour. Th e disinfection 
effi  ciency was monitored using a sterile wet swab, 
which was used to wash the surface of the test ob-
ject aft er exposure. Th e swabs were washed for 
15 min in 10 cm3 of sterile saline, and the liquid 
was centrifuged at 1500 rpm for 15 min. Th e re-
sulting precipitate was resuspended with sterile 
saline and inoculated onto nutrient medium (0.5 
cm3). Th e growth of the cultures was monitored 
visually and by microscopy of smears aft er 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 fl avus was 
used as a biological model. Th e nutrient media 
were Wort agar and Czapek’s agar. Th e work-
ing suspension of the test culture of A. fl avus 
was standardized by the number of spores per 
1.0 cm3. Th e spores of the 7-day test culture of 
the museum strain were washed off  with 5.0 cm3 
of 0.5% Tween-80 solution and combined in a 
separate sterile vial. Aqueous dilutions of spore 
suspensions were prepared from 1.0 cm3 of the 
resulting suspension by rolling. Th e number of 
spores in the test culture was counted using a 
Goryaev chamber and a microscope (at a mag-
nifi cation of 200 × 300).

A dilution of the spore suspension, contain-
ing no more than 120 spores per 1/5 mm³, was 
regarded as a working dilution. Th e untreated 
working dilution of the spore suspension of the 
test culture A. fl avus was designated as a posi-
tive control. Th e negative control was prepared 
by adding Nystatin (100 thousand units per 100 
cm³ 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. 
Th ese dilutions aff ected 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. Th e 
mixture was kept at a temperature of 20.0 ± 0.5 
°C for 60, 120, and 180 min. Aft er that, to count 
the number of spores that survived the action of 
nanoparticles, 1.0 cm3 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. fl avus 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 cm³ was 
applied to sterile test objects (10 cm × 10 cm), 
placed on sterile cuvettes, spread evenly over the 
surface, and dried at room temperature for 24 
hours. Th en, the test objects were coated with the 
experimental concentrations of the nanocom-
posite at a rate of 4—5 cm3 per 1 test object. Th e 
test objects with a Nystatin solution served as a 
negative control, and the test objects with a saline 
solution served as a positive control. Th e expo-
sure to the agents was 1 hour. To determine each 
concentration against the test culture of A. fl a-
vus, at least 3 experiments were performed. Th e 
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. Aft er 

that, the swab was placed in a test tube with 5.0 
cm3 of sterile water and shaken for 20 m. Th e 
washed solution in a volume of 1 cm3 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.

Th e 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. 

Th e mean number of colonies was calcu-
lated based on the results obtained at diff erent 
time points, a variation series was constructed, 
and the median was determined. Th e highest 
dilution of the drug was considered eff ective, 
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 eff ect 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 eff ect of the nano-
composite, a culture of Toxocara canis eggs was 
prepared, which was obtained from the feces of 
infected mammals using the Füllleborn 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 signifi cant number of 
eggs visible at low magnifi cation), and the mix-
ture was stirred thoroughly, fi ltered through a 
layer of gauze, transferred to 250 mL centrifuge 
tubes, and centrifuged for 2—3 min at 800 rpm. 
Th e supernatant was subsequently discarded, 
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and water was added to the sediment, which was 
then subjected to another centrifugation step. 
Th is process was repeated four or fi ve times, or 
until the liquid became clear. Aft er 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. Th e 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. Th eir viability was determined 
by microscopy based on the degree of proto-
blast fragmentation and staining (Verocai et al., 
2010). Th e number of eggs in the test culture was 
counted using a Goryaev chamber and a micro-
scope (×8 objective, ×15 eyepiece). Dilutions of 
egg suspensions containing 100 eggs in 1.0 cm3 
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 fi lter paper. Aft er that, working so-

lutions of the nanocomposite at concentrations 
of 5.0 and 10.0% were added to the helminth 
eggs separately. Th e exposure time ranged from 
1 to 24 hours. Aft er 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 aff ect 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 fi lter paper. Aft er 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 

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

Exposition,
hours

Concentration of solution, %

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. Th e ovocidal eff ect 
of the nanocomposite was deemed to be con-
fi rmed 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.

Th e 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 effi  cacious bacteri-
cidal eff ect 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. Th e 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. Th is was evidenced by the pres-
ence of colonies and the continuous growth of the 
test cultures in the control (Table 1).

Aft er 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).

Th e Ag-Zn-Cu nanocomposite at a concentra-
tion of 5.0% and an exposure time of 1 hour dem-
onstrated a high disinfectant effi  cacy 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 signifi cant diff erence 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.

Th e next step was to ascertain the fungicidal 
properties of the nanocomposite using the test 
culture of Aspergillus fl avus. Th e 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.

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

Table 2. Bactericidal eff ect of the nanocomposite on test objects, % (M ± m, n=3)

Test culture Concentration, % Exposure, hour
Test object

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 signifi cantly aff ected the 
growth and number of A. fl avus colonies. Th us, 
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 signifi cant delay in the growth of the micromy-
cete was observed, indicating its fungistatic eff ect 
on A. fl avus. Considering the results obtained, we 
performed their statistical processing (Table 4).

Th e 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, eff ectively inhib-
ited the growth of the test culture of A. fl avus. 
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).

Th e 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 eff ect of the nanocomposite against A. fl avus (n=9)

Concentration, %

Terms of counting A. fl avus colonies, days

3 5 7 10 14

Exposure, min

60 120 180 60 120 180 60 120 180 60 120 180 60 120 180

Number of colonies, pcs

3.0 — — — 21 18 17 22 19 18 22 20 19 22 20 19
5.0 — — — — — — — — — — — — — — —
6.0 — — — — — — — — — — — — — — —
8.0 — — — — — — — — — — — — — — —
10.0 — — — — — — — — — — — — — — —
12.5 — — — — — — — — — — — — — — —
25.0 — — — — — — — — — — — — — — —
50.0 — — — — — — — — — — — — — — —
75.0 — — — — — — — — — — — — — — —
Positive control + + + + + + + + + + + + + + +
Negative control — — — — — — — — — — — — — — —

«—» — no growth of the test culture; «+» — continuous growth.

Table 4. Statistical processing of experimental results 
to determine nanocomposite’s fungistatic properties against A. fl avus

Optimal concentration 
for fungistatic properties, %.

Variation 
range

Average number 
of colonies grown Median

3.0 0; 21; 22; 22; 22 17.4 22.0
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(13.7 mg/L for metals). Furthermore, the prod-
uct’s effi  cacy 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. fl avus, 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 fl at-
ter the surface, the higher the antifungal eff ec-
tiveness observed.

Aft er 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 signifi cantly inhibit the growth of 
microsporidial fungi.

Th e 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 aff ect the development of T. canis eggs. Th e 

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

Concentration, % Test object

Term of calculation of colony growth, days

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 eff ect of the nanocomposite on T. canis (n=3)

Exposure, hours

Term of determination of T. canis eggs viability, days

3 6 14 21 28

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 effi  ciency, %

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 eff ect of nanocomposite on test objects (n=3)

Concentration, % Test object

Exposure, hours

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. Th e 
larvae developed in the eggs at the same time 
as in the positive control. Th e 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. Th e 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).

Th e ovocidal effi  ciency (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%. Aft er 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-
fl ection) was observed under the infl uence 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 fi lm 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 eff ect of the nanocomposite on 
T. ca nis was determined using test objects (Table 9).

As evidenced by the fi ndings 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 effi  ciency range of 88.3—94.2%. 
Th e larvae within the invasive eggs exhibited a 

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. Th ese 
compounds exhibit diff erences 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).

Th e 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. Th ese properties of copper and silver 
were designated as «oligodynamic.» Subsequent 
research has demonstrated that silver exerts the 
most pronounced oligodynamic eff ect, which is 
contingent upon the concentration of the metal 
in the solution. Th e eff ect of Cu is 4-5 times less 
pronounced. Th e combined use of Ag and Cu 
has been demonstrated to enhance the antimi-
crobial eff ects 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 
et al., 2009). A mixture of Ag and Cu nanoparti-
cles has been demonstrated to exhibit bactericid-
al properties against staphylococci (Sarıtaş et al., 
2024) and Escherichia coli (Ameh et al., 2022).

Our fi ndings align with the literature, substan-
tiating the pronounced antibacterial effi  cacy 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 fi ndings 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. Th is is attribut-
ed to the use of three diff erent metal types with 
varying modes of action and the observed syn-
ergistic enhancement of the action of silver, zinc, 
and copper when used together.

Th e 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 (Sánchez-López et al., 2020).

Many researchers have observed the occur-
rence of a synergistic eff ect resulting from the 
combination of diverse metal nanoparticles, 
which gives rise to enhanced material properties. 
A signifi cant body of research has demonstrated 
that composites comprising CuO and ZnO with 
incorporated silver, such as Ag2O-CuO, Ag-ZnO, 
and Ag-CuO, exhibit heightened antibacterial 
activity compared to CuO and ZnO alone. Th is 
enhanced eff ect 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). Th e ternary nanocom-
posites ZnO-MnO2-Cu2O, ZnOAg2O-Ag2S, and 
ZnO-Ag-Mn2O3, which also demonstrate an en-
hanced antibacterial eff ect, are the subject of ac-
tive research, (Gabrielyan & Trchounian, 2019; 
Zoha et al., 2020).

Th e antibacterial activity of Cu-Zn-Fe tri-
oxide nanoparticles against Gram-negative 
(Escherichia coli) and Gram-positive (Entero-
coccus faecalis) bacteria was demonstrated. Th e 
viability of E. faecalis and E. coli decreased by 
40 and 38%, respectively, in the presence of Cu-

Zn-Fe trioxide nanoparticles. At the same time, 
ZnO nanoparticles infl uenced the decrease in 
the viability of E. faecalis and E. coli cells by 22 
and 75%, respectively. CuO nanoparticles had 
almost no eff ect on E. coli, while they reduced 
the viability of E. faecalis by 70%. Th e cell death 
analysis showed that the level of infl uence of 
trioxide nanoparticles on E. coli and E. faeca-
lis lies between the eff ects of ZnO and CuO 
nanoparticles (Alzahrani et al., 2017). Th e Ag-
Fe2O3-GO nanocomposite showed improved 
long-term antibacterial properties against E. 
coli and B. subtilis compared to individual Ag 
and Ag-Fe2O3 nanoparticles. Th e bactericidal 
activity of the nanocomposite lasted up to 19 
days (Gao et al., 2013).

Th e 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 signifi cant role in the future in the fi ght against 
plant diseases, off ering 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 effi  ciency (Pestovsky & Mar-
tínez-Antonio, 2017; Worrall et al., 2018; Cama-
ra et al., 2019).

Th e most commonly used in the fi ght against 
plant diseases are carbon, silver, silicon nanopar-
ticles, and non-metallic oxides or alumino-
silicates, which have shown antifungal effi  cacy 
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 infl uence 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 effi  ciency of nanopesticides 
can be improved by developing nanohybrids or 
composites that can have diff erent chemical ori-
gins, covering biological, inorganic, and natu-
ral/synthetic organic-inorganic materials. Th ese 
composites have special properties character-
ized by an additive or reinforcing eff ect, 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 fl avus. 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 fl avus, 
and its use at a concentration of 22.5 mg/L has a 
fungicidal eff ect.

Th e widespread distribution of exogenous 
forms of helminths requires science to fi nd the 
most eff ective 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 eff ective 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). Th us, it has been 
proven that Ag nanoparticles have a higher an-
tiparasitic eff ect compared to traditional anthel-
mintics (Zhang et al., 2023). Exposure to low or 
high concentrations of AgNPs activates genes 
involved in detoxifi cation, 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 

and excessive production of reactive oxygen spe-
cies, as well as a defi ciency of the antioxidant de-
fense system (Bahaaeldine et al., 2022).

It has been reported that CuO and ZnO 
nanoparticles can be eff ective in the control and 
treatment of fascioliasis (Ravvaz et al., 2024). 
Additionally, other fi ndings indicate that AgNPs 
and SeNPs exhibit a pronounced anthelmintic 
eff ect against H. contortus at various stages of 
its life cycle (Kaiaty et al., 2023). Th e 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. Aft er an exposure period of 24 hours, 
the ovicidal effi  ciency reached 94.7%. Th e data 
on the formation of a thin fi lm on the surface 
of Toxocara eggs corroborate the conclusion of 
Voloshina et al. (2008) that it has a long-lasting 
biocidal eff ect.

Th e fi ndings suggest the necessity for compre-
hensive investigations into the biocidal charac-
teristics of metal nanoparticles on both sanitary 
indicative and fi eld isolates of microorganisms, 
with the aim to expand the range of highly eff ec-
tive antimicrobial compounds.

Conclusions. Th e use of bicomponent na no-
par ticles of Ag-Zn-Cu metals as an antimicro-
bial agent leads to the eff ective inhibition of mi-
crobial growth due to the synergistic eff ect of its 
components.

Th e 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 fl avus. 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.

Th e nanocomposite has a disinfecting eff ect 
on Toxocara canis eggs at a concentration of 
45.1 mg/L aft er 24 hours of exposure.

Th e 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-
ter mining 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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БІОЦИДНІ ВЛАСТИВОСТІ СУМІШЕЙ НАНОЧАСТИНОК МЕТАЛІВ СРІБЛА, ЦИНКУ ТА МІДІ

Використання наночастинок металів набуває все ширшого застосування у різних галузях виробництва. 
Завдяки своїм фізико-хімічним та протимікробним властивостям наночастинки набули популярності в 
конструюванні інноваційних протимікробних сполук. Метою роботи було вивчити бактерицидні, фунгіцидні 
та дезінвазійні властивості суміші наночастинок металів Ag — 151.2 мг/л; Zn — 287.76 мг/л; Cu — 12.0 мг/л. 
Методи. При вивченні біоцидних властивостей нанокомпозиту в якості тест-культури використовували 
ентеробактерії Escherichia coli № 12, Staphylococcus aureus № 5, мікроскопічні гриби Aspergillus fl avus, яйця 
гельмінтів Toxocara canis з колекції збудників інфекційних хвороб тварин Національного наукового центру 
«Інститут експериментальної і клінічної ветеринарної медицини» (м. Харків). Перший етап передбачав 
визначення бактерицидної дії нанокомпоненту суспензійним методом, а на другому етапі застосовували 
тест-об’єкти. Результати. При визначенні антимікробних властивостей суміші наночастинок металів Ag-
Zn-Cu суспензійним методом було встановлено, що найбільш ефективною бактерицидною дією відносно 
тест-культур E. coli та S. aureus розчини з концентрацією наночастинок 22.5 мг/л та 45.1 мг/л за експози-
ції від 1 до 5 годин. Повне знезараження контамінованих ентеробактеріями тест-об’єктів відбувалося при 
застосуванні нанокомпозиту в концентрації 45.1 мг/мл за дії протягом 1 години. За даними з фунгіцидних 
(фунгістатичних) властивостей нанокомпозиту щодо Aspergillus fl avus встановлено, що застосування засобу 
в концентраціях 22.5мг/л — 339.1 мг/л упродовж 60 — 180 хвилин зумовлює зупинку росту мікроміцету, 
тоді як нанокомпозит у концентрації 13.7 мг/л за експозиції 1 год має фунгістатичну дію. Фунгістатичні 
властивості нанокомпозиту відносно тест-культури виду Aspergillus fl avus, нанесеної на тест-об’єкти, були 
встановлені за концентрації 13.7 мг/л, а за концентрації 22.5  мг/л впродовж 1 год експозиції виявлено 
фунгіцидну дію. Встановлено, що нанокомпозит за концентрації 45.1 мг/л та експозиції 24 год знезаражує 
контаміновані яйцями гельмінтів Toxocara canis тест-об’єкти з ефективністю від 88.3 до 94.2%. Висновки. 
Нанокомпозит у концентрації за загальними вмістом металів 22.5 мг/л та експозиції 1 год проявляє 
бактерицидні властивості щодо Escherichia coli та Staphylococcus aureus, а також фунгіцидні властивості 
щодо Aspergillus fl avus. У концентрації 13.7 мг/л за витримки впродовж 1 год він проявляє фунгістатичні 
властивості щодо тест-культури мікроміцету. Нанокомпозит діє дезінвазійно на яйця гельмінтів Toxocara 
canis у концентрації 45.1 мг/л за експозиції 24 год.
Ключові слова: наночастинки Ag, Zn, Cu, Escherichia coli, Staphylococcus aureus, Aspergillus fl avus, Toxocara 
canis.
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INFLUENCE OF HETEROMETALLIC 
HYDROXYCARBOXYLATOGERMANATES/STANTATES 
ON FIBRINOGENOLITIC ACTIVITY 
OF BACILLUS sp. IMV B-7883
Diff erent 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. Th ey 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 eff ectively infl uence the structure and function of enzymes. Earlier, we investigated the eff ect of some heterometallic 
carboxylatogermanates/stannates on the activity of Bacillus sp. IMV B-7883 elastase. Th e purpose of this work was 
to study the infl uence of these coordination compounds on the fi brinogenolytic activity of Bacillus sp. IMV B-7883. 
Methods. Th e 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. Th e culture was grown under conditions of submerged 
cultivation at 28 °С, with a mixing speed of the nutrient medium of 244 rpm for 3 to 6 days (72—144 hours). We 
used an enzyme purifi ed from the supernatant of the culture liquid by precipitation with 90% ammonium sulfate, 
with further fractionation on neutral and charged carriers. To determine fi brinogenolytic activity, fi brinogen was used 
as a substrate. As modifi ers 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(H2O)6]
[Ge2(OH)2(H2Gluc)2]×2H2O (H6Gluc  — gluconic acid) in both tested concentrations at an exposure time of 1 h 
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Hydrolytic enzymes, which include proteases, 
are synthesized by almost all living organisms: 
animals, plants, and microorganisms. However, 
their most promising sources are microorgan-
isms. Th ey are capable of rapid reproduction 
and synthesis of biologically active compounds 
under controlled conditions. In addition, micro-
organisms produce signifi cant amounts of en-
zymes in the environment, which greatly facili-
tates their isolation and purifi cation. Since the 
microbial cell, depending on the conditions of 
existence, is surrounded by various protein sub-
strates, elastin, fi brin, fi brinogen, collagen, kera-
tin, proteases of diff erent specifi cities are synthe-
sized (Atanasov et al., 2021; Barzkar & Vianello, 
2021; López-Otín et al., 2008). Th e enzymes are 
characterized by high necrotic activity: they do 
not aff ect healthy tissues but lyse viscous puru-
lent exudates and exhibit thrombolytic and anti-
infl ammatory eff ects (Insuasty et al., 2020; Kaul 
& Asano, 2012; Kunder et al., 2022). Th erefore, 
proteases of microorganisms and medicines 
based on them can be used for eff ective throm-
bolysis and for the therapy of injuries, infected 
wounds, and burns. While microbial producers 
of elastase, fi brinases, keratinases, and collage-
nases are known in the literature, very few of 
them are known as producers of proteases with 
fi brinogenolytic activity. Analysis of the works of 
a number of researchers (Sun et al., 2016; Th u 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 fi brinogenolytic activity, are 
promising microorganisms. Indeed, earlier we 
(Gudzenko et al., 2023a) selected strain of Ba-

cillus sp. IMV B-7883, which showed quite high 
elastase and fi brinogenolytic activities.

Diff erent 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. 
Th ey 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 infl uence 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 aff ecting 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, aff ecting its 
catalytic activity. Earlier (Gudzenko et al., 2024b), 
we investigated the eff ect of some heterometallic 
carboxylatogermanates/stannates on the activity 
of Bacillus sp. IMV B-7883 elastase. Th e purpose 
of this work was to study the infl uence of these 
coordination compounds on the fi brinogenolytic 
activity of Bacillus sp. IMV B-7883.

Materials and Methods. Th e 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-

showed the greatest inhibitory eff ect (48%), as well as compound [Cu(H2O)6][Ge2(OH)2(H2Gluc)2]×4H2O inhibited 
to a lesser extent (40%) in both studied concentrations at an exposure time of 24 h. Along with that, the compound 
[Co(phen)3]2[{Sn(HMal)2(Mal)}Cl]×14H2O (Н3Mal — malic acid) activated the fi brinogenolytic activity of Bacillus 
sp. IMV B-7883 by 2.28 times. Conclusions. Modifi cation of the Bacillus sp. IMV B-7883 enzyme with fi brinogenolytic 
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, fi brinogenolytic activity, heterometallic carboxylatogermanates/stannates complexes.
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tivated in Erlenmeyer fl asks on a liquid medium 
of the following composition, (g/L): KH2PO4 — 
1.6; MgSO4∙7H2O — 0.75; ZnSO4∙7H2O — 0.25; 
(NH4)2SO4 — 0.5; maltose — 1.0; gelatin — 10.0; 
yeast autolysate  — 0.15, pH  — 7.0. Th e strain 
was cultivated for 3 to 6 days (72—144 hours) 
in fl asks on a shaker (100 mL of medium, 28 °C, 
244 rpm). Th e inoculum was taken on the same 
medium for 24 hours and inoculated in fl asks at a 
quantity of 105—106 colony-forming units (CFU). 
Th e cells were separated from the culture liquid 
medium by centrifugation at 5000 g for 30 min. 
Th e enzyme was purifi ed 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 
fi  brinogenolytic activity, fi brinogen was used as 
a substrate (Singh et al., 2023). 1 mg of fi brino-
gen, 1.8 mL of Tris-HCl buff er (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. Th e reaction was stopped by adding 2 mL of 
10% trichloroacetic acid (TCA). TCA was added 
to the control sample immediately. Th e 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. Th e 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. 
Th e specifi c fi brinogenolytic activity of Bacillus 
sp. IMV B-7883 enzyme was 833 U/mg protein.

For research as enzyme modifi ers, 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): [М(H2O)6]
[Ge2(OH)2(H2Gluc)2] · nH2O (М = Ba(1), n=2; 
Co(2), n = 4; Ni(3), n = 4; Cu(4), n = 4; Zn(5), 
n  =  3; H6Gluc  — gluconic acid) (Gudzenko 
et al., 2023b); [Ni(bipy)3][Ge(HCit)2] · 3H2O 
(9); [Ni(phen)3][Ge(HCit)2] · 2H2O (10); 

[{Cu(bipy)2}2Ge(m-Cit)2] · 12Н2О (11); 
[{Cu(phen)2}2Ge(m-Cit)2] · 13H2O (12); 
[Zn(bipy)3][Ge(HCit)2] · 2H2O (13); [Zn(phen)3]
[Ge(HCit)2] · 3H2O (14) (phen  — 1,10-phen-
anthroline, bipy  — 2,2’-bipyridine, H4Cit  — 
citric acid) (Martsinko et al., 2018, 2021); 
[Fe(phen)3]2[{Sn(HMal)2(Mal)}Cl] · 14H2O (15), 
[Co(phen)3]2[{Sn(HMal)2(Mal)}Cl] · 14H2O 
(16), [Ni(phen)3]2[{Sn(HMal)2(Mal)}Cl] · 14H2O 
(17), and [Cu(phen)3]2[{Sn(HMal)2(Mal)}Cl] ×
× 10H2O (18) (Н3Mal — malic acid) (Afanasen-
ko et al., 2023). 

When studying the infl uence 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. Th e studied compounds 
were dissolved in 0.1% DMSO. Enzyme solu-
tions without modifi ers were used as a control. 

All experiments were performed in 5—7 rep-
licates. Th e 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 (М ± m) were calculated. Values with 
P  <  0.05 were considered reliable. Th e results 
presented graphically were processed using Mi-
crosoft  Excel 2007.

Results. Study of the infl uence of coordination 
compounds of group 1 (1—5) on the fi brinogen-
olytic activity of Bacillus sp. IMV B-7883 showed 
(Fig. 1 A, B) that all of them exhibit an inhibitory 
eff ect, the level of which depends on the concen-
tration of the compounds and the exposure time. 
Th e greatest inhibitory eff ect (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 eff ect 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 eff ect of 
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compound 5 was noted in both concentrations. 
Compounds 3, 4, and 2 showed a slightly lower 
inhibitory eff ect (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).

Th e eff ect of compounds of group 2 on fi brino-
genolytic activity was interesting. Th e most sig-
nifi cant 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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Fig. 1. Infl uence of germanium compounds of group 1 on the fi brinogenolytic activity of Ba-
cillus sp. IMV B-7883: A — exposure time 1 hour; B — exposure time 24 hours

Fig. 2. Infl uence of germanium compounds of group 2 on the fi brinogenolytic activity of Ba-
cillus sp. IMV B-7883: A — exposure time 1 hour; B — exposure time 24 hours

Fig. 3. Infl uence of germanium compounds of group 3 on the fi brinogenolytic activity of Ba-
cillus sp. IMV B-7883: A — exposure time 1 hour; B — exposure time 24 hours
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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 signifi cantly lower activation (by 19% 
and 28%, respectively). Increasing the exposure 
time of compound 9 to 24 h led to a decrease in 
its eff ect to control values.

Most of the compounds of group 3 (15—18) 
increased the activity of fi brinogenase 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 aff ect the fi brinogen-
olytic activity of Bacillus sp. IMV B-7883, while at 
exposure for 24 h, its activating eff ect of 69 and 
71% was noted, respectively, at 0.01 and 0.1% 
concentrations. Th e greatest activating eff ect (by 
128%) at an exposure time of 24 h was shown by 
compound 16 (Fig. 3, b). It should be noted that 
the activating eff ect 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 eff ect of 32—55% depending on the 
concentration and exposure time (Fig. 3, a, b).

Th us, compound 16 [Co(phen)3]2[{Sn(HMal)2
(Mal)}Cl] × 14H2O, which activates the fi brino-
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(H2O)6]
[Ge2(OH)2(H2Gluc)2] × 2H2O in both tested 
concentrations at an exposure time of 1h showed 
the greatest inhibitory eff ect (48%), whereas com-
pound 4 [Cu(H2O)6][Ge2(OH)2(H2Gluc)2] × 4H2O 
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 

as blood clotting and blood clot lysis. Th erefore, 
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 effect s and high prices has driven the 
search for safer and more economically viable 
compounds for the treatment of cardiovasculaк 
diseases, іn particular fibrino(geno)lytic enzymes 
(Baggio et al., 2019). Th e action of fi brinogeno-
lytic enzymes is considered a way to reduce the 
concentration of fi brinogen 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 aff ect 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 
w as shown that they have diff erent eff ects on the 
activity of enzymes. It has been established that 
various germanium complexes with bioligands can 
be recommended for targeted search for eff ectors 
of α-L-rhamnosidases. Th us, compounds based 
on gluconic acid mostly increased the activity of 
α-L-rhamnosidases of P. tardum and E. erubescens, 
[Ba(H2O)6][Ge2(OH)2(H2Gluc)2]×2H2O (1) at a 
concentration of 0.1 % and an exposure time of 1 
h increased the activity of α-L-rhamnosidase of E. 
erubescens by 80%. When concentration decreased 
to 0.01%, the activity increased by 29% (Gudzenko 
et al., 2023b, 2023c). Th e considered bis(citrato)
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germanates are able to regulate the catalytic activity 
of α-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. Th e eff ect 
of these complexes on α-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 eff ect of these compounds 
on the elastase activity of Bacillus sp. IMV B-7883, 
their inhibitory eff ect was revealed (Gudzenko 
et al., 2024). As for the fi brinogenolytic 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 eff ect 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 ) aft er ex-
posure for 24 hours, which exceeds the activating 
eff ect 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. Th ey are chemically constructed from 
two biologically active blocks: aqua-/phenanth-
roline-/bipyridine metal cations and gluconato/
citrategermanate(IV) or malatostane(IV) anions. 
Th is 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: eff ector-enzyme-substrate.

Th e 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 

factors determines the nature and degree of eff ec-
tor infl uence 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 fi brinogenolytic 
activity of Bacillus sp. IMV B-7883, but to a diff er-
ent degree. Th e dependence on the complexing 
agent can be traced in aquacations [M(H2O)6]2+ 
(М = 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 ger ma na-
tes(IV) do not inhibit but increase the fi brinogen-
olytic activity of Bacillus sp. IMV B-7883, also to 
varying degrees. If we compare compounds 9 and 
10, which diff er in the presence of phen / bipy in the 
cation, then the latter is more active. Th e 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), diff ering only in the complex-
ing agent in phenanthroline cations [M(phen)3]2+ 
(M=Fe(15), Co(16), Ni(17), Cu(18)), a diff erent 
degree of enzyme activation was found, while 
compound 15 does not aff ect the fi brinogenolytic 
activity of Bacillus sp. IMV B-7883. Th is 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 fi brinogenolytic activity of Ba-
cillus sp. IMV B-7883.

Th us, modifi cation of the fi brinogenolytic 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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ВПЛИВ ГЕТЕРОМЕТАЛІЧНИХ ГІДРОКСИКАРБОКСИЛАТОГЕРМАНАТІВ/СТАНАТІВ 
НА ФІБРИНОГЕНОЛІТИЧНУ АКТИВНІСТЬ BACILLUS SP. IMВ B-7883

Для підвищення біосинтезу та активності ферментів можна використовувати різні способи: змінювати умови 
вирощування мікроорганізмів, застосовувати генетичні маніпуляції, а також використовувати різні коорди-
наційні сполуки, зокрема гетерометалічні карбоксилатогерманати/станати. Вони являють собою клас сполук 
з унікальними структурними та функціональними властивостями. Завдяки здатності утворювати різнома-
нітні координаційні полімери та комплекси з біомолекулами вони можуть ефективно впливати на структуру 
та функцію ферментів. Раніше ми досліджували вплив гетерометалічних карбоксилатогерманатів/станатів на 
еластазну активність Bacillus sp. IMB B-7883. Метою даної роботи було вивчити вплив цих координаційних 
сполук на фібриногенолітичну активність Bacillus sp. ІМВ В-7883. Методи. Об’єктом дослідження був виділе-
ний із ґрунту штам Bacillus sp., депонований в Українській колекції мікроорганізмів під номером ІМВ В-7883. 
Культуру вирощували в умовах глибинного культивування при 28 °С, зі швидкістю перемішування живиль-
ного середовища 244 об./хв протягом 3—6 діб (72—144 години). Використовували фермент, очищений із су-
пернатанту культуральної рідини осадженням 90% сульфатом амонію з подальшим фракціонуванням на ней-
тральних і заряджених носіях. Для визначення фібриногенолітичної активності використовували фібриноген 
як субстрат. Як модифікатори активності ферменту використовувалися етерометалічні карбоксилатогерма-
нати/станати. Результати. З 15 досліджених координаційних сполук найцікавішими виявилися три. Сполука 
[Ba(H2O)6][Ge2(OH)2(H2Gluc)2]×2H2O (H6Gluc — глюконова кислота) в обох досліджуваних концентраціях при 
експозиції 1 год виявила найбільший інгібуючий ефект (48%), а сполука [Cu(H2O)6][Ge2(OH)2(H2Gluc)2]×4H2O 
інгібувала меншою мірою (40 %) в обох досліджуваних концентраціях при експозиції 24 год. Поряд з цим спо-
лука [Co(phen)3]2[{Sn(HMal)2(Mal)}Cl]×14H2O (Н3Mal  — яблучна кислота) активувала фібриногенолітичну 
активність Bacillus sp. IMВ B-7883 у 2,28 рази. Висновки. Модифікація фібриногенолітичної активності Bacillus 
sp. IMВ B-7883 гетерометалічними гідроксикарбоксилатогерманатами/станатами є перспективним напрям-
ком досліджень. Це відкриває нові можливості для створення біокаталізаторів з унікальними властивостями. 
Ключові слова: Bacillus sp. IMВ B-7883, фібриногенолітична активність, гетерометалічні карбоксилатогер-
манатні комплекси.
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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. Th is study, carried out in the Skikda region, North-Eastern Algeria, in February 
2020, aims to evaluate three medicinal plants potential eff ects as antifungal agents, namely Zingiber offi  cinale, 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. Th e antifungal 
activity of the plant aqueous extracts was assessed using the diff usion 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 aff ects females with 61.29%, predominating in the age group of 30 to 40. Also, Zingiberoffi  cinale’s extract was 
the most eff ective, with 100% mycelial growth inhibition (MGI) at 20 % (V/V) concentration for each of the three tested fungal 
species. Th en, 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 
nigrum’s 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. Th ese fi ndings confi rm the potential therapeutic eff ects of those medicinal plants 
in combating fungal diseases and bring up interesting possibilities for developing new natural medicines.
Keywords: Antifungalactivity, Diff usion, Inhibition, Plant extracts, Onychomycosis.



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

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

Human health is continuously at risk from various 
dangerous substances, including bacteria, virus-
es, parasites, and microscopic fungi (Temilola et 
al., 2020). Th e 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). Th ese mycoses are 
common in developing countries (Diongue et al., 
2021; Mtibaa et al., 2022), aff ecting 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 superfi cial mycoses including onycho-
mycosis (Bharti et al., 2021).

Superfi cial 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 infl uence mold installation, 
the predominance of onychomycosis, and inter-
trigo in women because they are exposed to water.

In the past, superfi cial 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 diff er-
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; Martínez-Herrera et al., 2018), whichh are 
increasingly recognized as signifi cant causative 
agents, including species such as Aspergillus, Fu-
sarium, and Alternaria.

Medicinal plants are an inexhaustible source of 
various bioactive and pharmacological substanc-
es. Th eir 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).

Treating onychomycosis is an expensive and 
time-consuming process. Patients frequently ex-
perience long periods of suff ering in addition to 
fi nancial diffi  culties (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 eff ectiveness (Navkiranjeet 
et al., 2021). Algeria, in particular, is in an ex-
cellent position to profi t from its vast fl oral 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, benefi ting 
patients and preserving conventional knowledge.

Th is study aims to investigate cases of Ony-
chomycosis in the Skikda region, North-Eastern 
Algeria, and evaluate the eff ects of three medici-
nal plants (Black pepper: Piper nigrum, Clove: 
Syzigium aromaticum, and Ginger: Z. offi  cinale, 
which are available in our region and have very 
considerable antifungal activity on the mycelial 
growth of specifi c fungal species that cause su-
perfi cial mycoses in this area.

Material and Methods. Th e 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. 
Th e sampling was done in sterile settings with 
sterile equipment, and the aff ected nail area was 
washed with alcohol 70% before sampling. Th e 
sampling procedures and equipment were tai-
lored to the collected lesions and their locations 
(Ba et al., 2021).

Isolation and identifi cation 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. 
Th e plates were incubated at 28 °C for fi ve days. 
Identifi cation 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).

Th ree fungal isolates were recovered from 
44 individuals with onychomycosis and identi-
fi ed as Fusarium sp., Alternaria sp., and Asper-
gillus sp.

Plant extracts. Th ree plants were chosen for 
this study that are oft en used in Algerian cuisine 
and traditional medicine: rhizomes of ginger 
(Z. offi  cinale), 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 modifi cations 
(Gustavo et al., 2020).

For ginger, a rhizome homogenate was pre-
pared using the method of Ridwan et al. (2021). 
Th e 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 fi ltering (Shokouh et al., 2020). 

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

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

for each concentration:
%MGI = [(dC – dE) / dC] × 100 

(Miranda et al., 2021; Janatiningrum et al., 2022; 
Abdelhakim et al., 2023; Duy, 2023), where:

MGI 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. 
Th e outcomes were shown as means ± standard 
deviation. Th e ANOVA test Graphpad Prism9 
soft ware was used for the statistical analysis. 
Based on the signifi cance level (p-value), dis-
tinctions compared to the control group are 
categorized in the following manner: p ≤ 0.05 — 
signifi cant, p ≤ 0.01  — highly signifi cant, and 
p ≤ 0.001 — very highly signifi cant.

Results. Results for onychomycosis. Th e data 
show that females were more aff ected 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. Th ese data suggest that molds predominate 
over yeasts (Fig. 2).

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

Antifungal activity data. Eff ect of aqueous 
extract of Z. offi  cinale on the growth of tested 
isolates. Th e data show that the aqueous extract 
of Z.offi  cinale has inhibitory eff ects on the devel-
opment of the three tested isolates. When com-
pared to the control, the extract has a signifi cant 
eff ect on Fusarium sp. (p≤ 0. 05), no signifi cant 
eff ect on Aspergillus sp., and a highly signifi cant 
eff ect on Alternaria sp. (p<0.01), with diameters 
of 3.47 ± 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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respectively. Th e eff ect 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).

Eff ect of aqueous extract of P. nigrum on the 
growth of tested species. Th e study shows that 
Piper nigrum’s extract signifi cantly aff ects the 
development of the three isolates. On the other 
hand, a highly signifi cant eff ect (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 signifi cant eff ect (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).

Eff ect of aqueous extract of S. aromaticum 
on the growth of tested species. Th e results illus-
trated in Fig. 6 revealed that the three tested iso-
lates were eff ectively inhibited by S. aromaticum 
aqueous extract. Alternaria sp. was signifi cantly 
aff ected by al l 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  ≥  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 signifi cant eff ect 
on Fusarium sp. (p ≤ 0.001). Th e 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 signifi cant (p < 0.0 1), with a diameter 
of 2.03 ± 0.35cm and 37.7 ± 16.8% MGI.

Discussion. Th is study has shown that ony-
chomycosis mainly aff ects females, predominat-
ing in the age group of 30 to 40. Onychomycosis 
is the most frequently observed clinical aspect 
of superfi cial mycoses. Th ese fi ndings are con-
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Fig. 4. Eff ect of Z.offi  cinale aqueous extract on the mycelial growth of tested species on Sabouraud medium aft er 
5-day incubation at 28 °C (presented as average fungal growth diameters (D) +/— standard deviation): *signifi cant, 
** highly signifi cant, *** very highly signifi cant, E: extract

Fig. 5. Eff ect of aqueous extract of P. nigrum on the mycelial growth of tested species on Sabouraud medium aft er 
5-day incubation at 28 °C (expressed in average fungal growth diameters (D) +/— standard deviation): *signifi cant, 
** highly signifi cant, *** very highly signifi cant, E: extract
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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 eff ective preventive 
and treatment strategies.

Our data also revealed a female preponderance 
with a frequency of 61.26% for women, which is 
comparable with the fi ndings 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). Th e most aff ected 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). Th e 
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 confi rmed by Kouotou et al. (2017). Onycho-
mycosis is becoming more common due to life-

style changes, including public baths and occlu-
sive footwear. Th e 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 
eff ect of Z. offi  cinale 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). 
Th is 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 
et al., 2019; Adam et al., 2019).

Hayder (2022) also showed that ginger’s aque-
ous extracts are effi  cient 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 fl avus, Trichothecium roseum, Fusarium 
graminearum, Fusarium oxysporum, and Curvu-
laria pallescens (Hayder et al., 2022). Th e results 
indicate that essential oils eff ectively 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 fi ndings 
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.). Th e amount 
of the added extract has a proportionate impact 
on the inhibitory eff ect 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 superfi cial mycoses (Arun et al., 2017; 
Abraham et al., 2018; Ameneh et al., 2019).

In contrast to other fungal isolates, Aspergillus 
fl avus 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 fl avus and Al-
ternaria alternata are most susceptible to anti-
fungal action (Abraham et al., 2018).

In contrast, Fusari um 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 fl avus, and Fusarium oxysporum (Adam et al., 
2020). Th e eff ectiveness 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). 

Th e 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. Th is study has revealed that 
onychomycosis primarily aff ects females, espe-
cially those aged 30 to 40. Th ese fi ndings align 
with existing research, underscoring the need to 
understand these fungal skin conditions better 
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to develop eff ective prevention and treatment 
methods. Th e study also evaluates the antifun-
gal properties of extracts from Z.offi  cinale, Piper 
nigrum, and Syzygium aromaticum, demonstrat-
ing their eff ectiveness in inhibiting the growth 
of fungal isolates. Th is reaffi  rms the potential of 
medicinal plants to combat fungal diseases and 
explore new natural remedies. Despite medical 
advancements, current treatments for bacterial 
and fungal diseases are still inadequate. Medici-

nal plants hold promise, particularly in devel-
oping countries where they are widely used for 
therapeutic purposes. Th e study encourages fur-
ther research to exploit the antifungal properties 
of medicinal plants, paving the way for more ef-
fective and accessible treatments. Th is research 
can potentially improve human health and pro-
vide new therapeutic solutions.
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ПРОТИГРИБКОВИЙ ПОТЕНЦІАЛ ВОДНОГО ЕКСТРАКТУ ДЕЯКИХ ЛІКАРСЬКИХ РОСЛИН 
ПРОТИ ЗБУДНИКІВ ОНІХОМІКОЗУ В РЕГІОНІ СКІКДА/ПІВНІЧНИЙ СХІД АЛЖИРУ

Оніхомікоз є поширеною грибковою інфекцією. Це дослідження, проведене в регіоні Скікда на північному 
сході Алжиру в лютому 2020 року, має на меті оцінити потенційний вплив трьох лікарських рослин як 
протигрибкових засобів — Zingiber offi  cinale, Piper nigrum та Syzygium aromaticum — на ріст трьох грибкових 
ізолятів: Aspergillus sp., Alternaria sp. та Fusarium sp., виділених від осіб з діагнозом оніхомікоз в регіоні Скікда 
на північному сході Алжиру. Методи. Визначення протигрибкової активності водних екстрактів рослин 
проводили з використанням дифузійного методу за Сабуро. Результати. Дані показали, що Aspergillus sp. є 
найпоширенішим збудником з частотою 29.70%, за ним ідуть Fusarium sp. та Alternaria sp. з частотою 21.6%. 
Оніхомікоз переважно вражає жінок — 61.29%, переважаючи у віковій групі від 30 до 40 років. Також екстракт 
Zingiber offi  cinale виявився найбільш ефективним, зі 100% пригніченням росту міцелію (MGI) у концентрації 
20% (V/V) для кожного з трьох досліджуваних видів грибів. У концентрації 20% (об/об) екстракт Syzygium 
aromaticum показав середній MGI% 100%, 100% та 60.56% для Fusarium sp., Alternaria sp. та Aspergillus sp., від-
повідно. При концентрації 20% (V/V) екстракт Piper nigrum має середній MGI% 83.15%, 81.29% та 100% проти 
Fusarium sp., Aspergillus sp. та Alternaria sp. відповідно. Висновки. Отримані дані свідчать про те, що Alternaria sp. 
є найбільш чутливим видом грибів до трьох досліджуваних екстрактів, за ним ідуть Fusarium sp. та Aspergillus 
sp. Ці результати підтверджують потенційну терапевтичну дію цих лікарських рослин у боротьбі з грибковими 
захворюваннями та відкривають нові можливості для розробки ефективних природних лікарських засобів.
Ключові слова: протигрибкова активність, дифузія, інгібування, рослинні екстракти, оніхомікоз.
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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 signifi cant role. Th e 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. Th e study was conducted on palatine tonsil (PT) cell cultures obtained from 20 patients with chronic tonsil-
litis who underwent tonsillectomy for indications. Th e immunological activity of the tonsil cells in vitro was compared 
with that of mononuclear cells isolated from heparinized blood using a Ficoll-Verografi n density gradient (d=1.077). Th e 
antibody content in the culture fl uid aft er 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 infl uenza 
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 



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

O.F. Melnykov, D.I. Zabolotnyi, M.Y. Spivak et al.

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 suffi  ciently to conclude about the factors 

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

Th e 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. Th e 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. Th e 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.

Th e tissue processing was performed accord-
ing to the recommendations (Melnykov et al., 
2017). Th e tonsil tissue was immersed in 199 
medium (Serva, Germany) with gentamicin 
(Darnitsa, Ukraine) at a concentration of 120 μg/
mL and left  at a temperature of 4—8 °C for 20 
min. Aft er 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% 

the «Granum» tests (Ukraine), to Klebsiella pneumoniae proteoglycans — via the passive hemagglutination reaction us-
ing sorption of Klebsiella antigen (Biostim, France). Th e content of interferons α and γ was determined using ELISA kits 
(Elabscience, USA). Results. Th e obtained data indicate more pronounced reactive manifestations of antibody formation 
against viral and microbial antigens of respiratory pathogens aft er culturing PT cells of patients with chronic tonsillitis. 
Th e highest content of antibodies in the culture fl uid was determined to antigens of Infl uenza 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. Th e content of α-interferon was higher in blood cells supernatants than that of γ-interferon in PT cells superna-
tants. Conclusions. Th e conducted studies indicate a high immunological potential of the palatine tonsils, even with their 
chronic infl ammation relative to a wide range of antigens of respiratory viruses and microbes, which confi rms the new 
concept of local vaccination through the upper respiratory tract, rather than parenterally. 
Keywords: vaccination, local immunity, palatine tonsil cells, blood mononuclear cells.
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fetal calf serum, and 60 μg/mL gentamicin. Th e 
tissue was cut with scissors and washed with the 
medium to release the cells, then fi ltered through 
a nylon fi lter. All manipulations were carried 
out in a laminar fl ow cabinet (ES160, Turkey) in 
a stream of sterile air. Th e 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 106 
lymphocytes in 1 mL of medium. Th e 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 eff ect of cell damage dur-
ing mechanical extraction on the release of active 
compounds into the medium, immediately aft er 
the formation of suspension, it was centrifuged in 
a refrigerated centrifuge (4 °C, E-800R, Turkey). 
Th e production of antibodies to infl uenza A and 
B viruses (Infl uenzavirus A, B), SARS-CoV-2 vi-
rus, and to Human orthopneumovirus, as well as 
to α- and γ-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-Verografi n density 
gradient (d=1.077), washed from the Ficoll, and 
incubated in 199 medium (Sigma, USA) enriched 
with glutamine, amino acids, and vitamins. 

Th e cells were cultured at 37 °C for 24 hours. 
Aft er 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. Th e samples 
were stored until testing for up to three months at 
-20 °C in a low-temperature refrigerator. Th e as-
sessment of antibody content in the culture fl uid 
aft er 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 infl uenza A and B 
virus antigens by the hemagglutination inhibi-

tion assay using vaccine hemagglutinins (GCFLU, 
quadrivalent, GC Pharma, Korea), where human 
erythrocytes of the fi rst 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). Th e 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). Th e 
levels of α- and γ-interferons were determined 
using ELISA kits (Elabscience, USA).

Th e statistical analysis for the results obtained 
was performed using the one-sided nonpara-
metric Mann-Whitney «U» test, and when ana-
lyzing log2 antibody titers, the t-Student test was 
used. Calculations were performed using the 
open-access soft ware packages WIN PEPI and 
Biostat, following the recommendations given in 
the literature (Hlants, 1998).

Th e 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. Diff erences were considered statistically 
signifi cant when p<0.05.

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

Th e data presented in Table 1 show that the level 
of antibodies to infl uenza viruses in the superna-
tants aft er tonsil cells cultivation was signifi cantly 
lower compared to the levels aft er cultivation of 
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blood mononuclear cells. Determination of anti-
bodies levels to the SARS-CoV-2 virus under sim-
ilar conditions of research showed a tendency to 
increasing antibodies content in the culture me-
dium aft er 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 signifi cant diff erences between their contents 
in the culture fl uids of palatine tonsil cells (PT) 
and blood mononuclear cells (BMC) were found.

Th e determination of such antiviral factors 
as α- and γ-interferons showed that the content 
of α-interferon was 2.5 times higher in the cul-
ture fl uid aft er cultivation of BMC than PT. In 
contrast, the level of γ-interferon was 3 times 
higher in the culture fl uid aft er PT cells cultiva-
tion (Table 2).

When examining the content of antibodies 
to streptolysin-O in culture fl uids from PT and 
BMC, it was found that the antistreptolysin-O 
(ASL-O) titer from PT cultures was signifi cantly 
higher compared to that in BMC culture fl uid 
(Fig. 2). Th e content of antibodies to the pro-
teoglycans of K. pneumoniae was also higher in 
culture fl uid from PT, but this diff erence was not 
signifi cant (Fig. 3.) 

Table 1. Th e content of antibodies to hemagglutinins 
of infl uenza viruses, human orthopneumovirus, and to SARS-CoV-2 virus in the supernatants 
of palatine tonsil cells and blood mononuclear cells of patients with chronic tonsillitis

Statistical values

Antihemagglutinins to 
Infl uenza viruses A and B, log2

Antibodies to Human 
Orthopneumovirus, IU/mL

Antibodies 
to SARS-CoV-2 virus, g/L

PT BMC PT BMC PT BMC

n 21 9 8 9 21 9
М 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 —
Signifi cance of diff erences, pU — <0.02 <0.05 — — >0.05

PT — palatine tonsils; BMC — blood mononuclear cells.

Table 2. Th e content of α- and γ-interferons in supernatants aft er cultivation 
of tonsil cells and blood mononuclear cells of patients with chronic tonsillitis

Statistical values
α-ІFN, pkg/mL γ-ІFN, pkg/mL

PT BMC PT BMC

n 21 9 21 9
М 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
Signifi cance of diff erences, pU — <0.02 — <0.02
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Discussion. Th e 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 fl uid 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».

Th e 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 signifi cant content of antibodies 
aft er 24-hour cultivation, especially when using 
tonsil cells, indicates their crucial role in the 
processes of immune defense formation. Large 
fl uctuations in the level of interferons may in-
dicate the active inclusion, fi rst of all, of anti-
viral defense. At the same time, in the culture 
fl uid of PT cells, there was more γ-interferon, 
the action of which is associated not only with 
antiviral protection but also with a wide range 
of immunoregulatory eff ects (Drannik, 2010; 
Wang et al., 2018).

Th e 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. Th ese 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 
et al., 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 
off » (Benn et al., 2020; Zabolotny et al., 2021; 
Park et al., 2024; Shi et al., 2022). For mucosal 
vaccines of the microbial group, the eff ectiveness 
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 fl uid 
aft er 24-hour cultivation of tonsil and blood cells: IP — 
index of positivity, PT — palatine tonsils, BMC — blood 
mononuclear cells, (P > 0.05) 

Fig. 2. Content of ASL-O in culture fl uid aft er 24-hour 
cultivation of palatine tonsil cells (PT) and blood mono-
nuclear cells (BMC) (р < 0.05)

Fig. 3. Content of antibodies to K.pneumonie proteogly-
cans in culture media with palatine tonsil cells (PT) and 
blood mononuclear 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 α, γ-interferons in the supernatants 
aft er 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 signifi cantly higher 
compared to those from blood mononuclear 
cells. Th e highest antibody content in the culture 
fl uid was determined to antigens of Infl uenza 
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. Th e content of 
α-interferon was higher in the supernatants from 
blood cells, and γ-interferon  — from palatine 
tonsil cells. Th e conducted studies indicate a high 
immunological potential of the palatine tonsils, 
even in chronic infl ammation, and confi rm new 
concepts of local vaccination through the upper 
respiratory tract, rather than parenterally.
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ВИЗНАЧЕННЯ ІМУННОГО ПОТЕНЦІАЛУ КЛІТИН 
ПІДНЕБІННИХ МИГДАЛИКІВ ПРОТИ АНТИГЕНІВ ВІРУСІВ РЕСПІРАТОРНOЇ ГРУПИ 
ТА МІКРОБІВ ЗА ДАНИМИ ДОСЛІДЖЕНЬ IN VITRO
В останні десятиріччя багато уваги приділяється новим підходам до вакцинації проти вірусів респіраторної 
групи, серед яких заслуговує на увагу концепція локальної етіологічно адекватної вакцинації, згідно якої 
вакцинація повинна провадитись тим же шляхом, яким іде інфікування, тобто для вірусів та мікробів 
респіраторної групи  — через верхні дихальні шляхи або перорально, де суттєву роль виконує система 
мукозального імунітету та його важливі складники — структури лімфоглоткового кільця. Метою роботи 
було визначити рівень продукції антитіл до вірусів респіраторної групи та до антигенів Streptococcus pyogenes 
і Klebsiella pneumoniae та інтерферонів клітинами піднебінних мигдаликів (ПМ) та мононуклеарами крові 
хворих на хронічний тонзиліт. Методи. Дослідження проведено на культурах клітин піднебінних мигдаликів, 
отриманих від 20 хворих на хронічний тонзиліт, яким за показаннями проводили тонзилектомію. Імуноло-
гічну активність in vitro клітин мигдаликів порівнювали з такою мононуклеарів, виділених з гепаринізованої 
крові на градієнті щільності фікол-верографіну (d  =  1,077). Вміст антитіл в культуральній рідині після 
24-годинного культивування клітин визначали за рівнями IgG-антитіл до антигенів вірусу SARS-CoV-2 (ІФА-
система «Діапроф», Україна), антигемаглютинінів проти грипу А та В — в реакції інгібіції гемаглютинації 
проти гемаглютинінів вакцини (GCFLU, quadrivalent, GC pharma). Антитіла до антигенів Human 
orthopneumovirus визначали за допомогою ІФА-системи (Еuroimmun), до капсидного антигену Virus Epstein-
Barr — за допомогою системи Vitrotest (Україна). Титри антитіл до S. pyogenes визначали за допомогою тестів 
«Гранум» (Україна), до протеогліканів K. pneumoniae — в реакції пасивної гемаглютинації зі застосуванням 
сорбції антигенів клебсіели (Biostim, France). Вміст інтерферонів α і γ визначали за допомогою ІФА-наборів 
(Elabscience, USA). Результати. Отримані дані свідчать про більш виражені реактивні прояви формування 
антитіл проти вірусних та мікробних антигенів інфектів респіраторної групи після культивування клітин 
ПМ хворих на хронічний тонзиліт. Найбільший вміст антитіл в культуральній рідині було визначено по 
відношенню до антигенів вірусів грипу А та В, антигенів Human orthopneumovirus і меншою мірою до вірусу 
SARS-CoV-2 і Virus Epstein-Barr. Клітини ПМ in vitro активно продукували антитіла до стрептолізину-О 
S. pyogenes групи А і слабо — до протеогліканів K. pneumonie. Вміст α-інтерферону визначався як вищий в 
супернатантах з клітин крові, а γ-інтерферону — з клітин ПМ. Висновки. Проведені дослідження свідчать 
про високий імунологічний потенціал піднебінних мигдаликів, навіть при хронічному їх запаленні, по 
відношенню до широкого спектру антигенів вірусів респіраторної групи і мікробів, що підтримує нову 
концепцію проведення не парентеральної, а локальної вакцинації через верхні дихальні шляхи.
Ключові слова: вакцинація, локальний імунітет, клітини піднебінних мигдаликів, мононуклеари крові.
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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. Th is 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. Th e antibacterial activity of the extracts was evalu-
ated against MRSA using the disc diff usion 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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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 fi rst-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).  Th ese 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 et al., 2021). Among the most basic bioactive 
phytochemicals that are eff ective against bacteria 
are phenols, such as cinnamic and caff eic acids 
(Cowan, 1999; Perumal & Gopalakrishnakone, 
2010). Quinone has the potential to have a wide 
range of antimicrobial eff ects, including inactiva-
tion of proteins and loss of their functions (Ríos 
& 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 

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). Th e rate of MRSA in Uyo, Nigeria, 
between 2013 and 2020 ranged between 45% 
and 50% (Edem et al., 2013; Onwuezobe et al., 
2020). Th is 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 fi ght MDR bacteria, as reported by 
Tankeo et al. (2016), where methanolic extracts 

locations to analyze their physicochemical properties. Results. Th e 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, fl avonoids, saponins, phenolics, tannins, anthraquinones, 
and triterpenoids. Th e MIC and MBC values indicated potent antibacterial activity, with lower concentrations of ethanol 
extracts showing eff ective 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 signifi cant antibac-
terial potential of H. madagascariensis leaf extracts against MRSA. Th e fi ndings highlight the importance of extraction 
methods, phytochemical composition, and soil properties in infl uencing the antibacterial activity of the plant extracts.
Keywords: Harungana madagascariensis, antibacterial, Methicillin-Resistant Staphylococcus aureus (MRSA), Alka-
loids, fl avonoids.
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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 eff ects 
of H. madagascariensis on MRSA with consid-
erations on the eff ect of soil physico-chemical 
properties, plant mineral contents, and plant 
phytochemicals. Th erefore, 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-
thi cillin-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. Th e phenotypic identity of the organism 
was re-confi rmed using conventional biochemi-
cal tests, the Vitek 2 automated system (Biomer-
iux Inc., France), and susceptibility to oxacillin 
(1 μg) 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. Th e 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. Th en, the leaves were taken to the Pharma-
cognosy and Natural Medicine Laboratory at the 
University of Uyo for processing. 

Preparation of the Extracts. Th e 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). Th e H. madagascariensis 
leaves were washed three times under running 
water. Th e plant leaves were cut into small pieces, 
air-dried in the shade for two weeks, pulverized, 

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. Th e extract 
was dried under reduced pressure at 45 °C using 
a rotary evaporator aft er being fi ltered through 
Whatman No. 1 fi lter paper. Th e extracts were 
kept in the refrigerator at 4 °C until needed.

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

Th e 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). 
Th e total phenol content of the extracts was de-
termined using the method described by Single-
ton et al. (1999). Briefl y, 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. Th ese 
were taken to the laboratory for digestion and 
analysis. Th e samples were prepared as described 
by Anwana et al. (2018).

Th e physicho-chemical properties of the soil we-
re performed as described by Mbong et al. (2020). 
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Antibacterial Activity of Aqueous and Etha-
nol Leaf extracts of H. madagascariensis. Th e in 
vitro antibacterial activities of aqueous and etha-
nol leaf extracts of H. madagascariensis against 
MRSA were determined by the disk diff usion 
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 106 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. 
Th e extracts were diluted to diff erent concentra-
tions of 800, 400, and 200 mg/mL. Filter papers 
were punched into blank 6 mm disks. Th e sterile 
blank disks were separately submerged in diff er-
ent concentrations of each extract. A disk of Van-
comycin (30 μg) was used as a positive control, 
and fi lter paper discs dipped into sterile DMSO 
and allowed to dry (negative control) were used. 
Th e discs were carefully and fi rmly placed on the 
agar plates, which had been seeded with stan-
dardized bacterial suspensions. Th e plates were 
incubated at 37 °C for 24 hrs. Antibacterial ac-
tivity was determined by measuring the zone of 
inhibition around each paper disc. Th e antibac-
terial activity was assessed by measuring the di-
ameter of the zone of inhibition formed. All the 

tests were carried out in triplicate, and the mean 
was calculated. 

Determination of the Minimum Inhibitory 
Concentration (MIC) and Minimum Bacteri-
cidal Concentration (MBC). Th e 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 12th test tube was reached, giving extract 
concentrations ranging from 800 to 0.39 mg/mL 
in diff erent 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. 
Th e positive control consisted of broth contain-
ing only H. madagascariensis extract, whereas the 
negative control contained broth and organism 
(MRSA). Th e inoculated and control tubes were 
incubated at 37 oC for 24 hours, aft er which they 
were observed for turbidity. Th e 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. Th e plates were incubated 
aerobically at 37 °C for 24 hours, and the plates 
were observed for growth. Th e highest dilution of 
H. madagascariensis extract that did not produce 

a b

Fig. 1. Leaves of H. madagascariensis for site 1 (a) and site 2 (b)
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any growth was considered the MBC of H. mada-
gascariensis extract for the test organism.

Data Analysis. Th e Statistical Package for the 
Social Sciences (SPSS, version 25) was used to 
analyze the data. Th e results were presented in 
the form of the mean ± standard error of the 
mean, with statistical signifi cance determined at 
a 95% confi dence interval (p < 0.05).

Results. Geographical Properties and Soil Mi-
ne ral Contents. Geographical variations of phy-
si cal 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). Th e mean soil pH 
was acidic in site 1 (5.33) and moderately neu-
tral in site 2 (6.5). Th e 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. Th e 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. Th e results of the 
qualitative phytochemical analysis of aqueous 
and ethanol leaf extracts of H. madagascarien-
sis are presented in Table 4. Th e phytochemical 
constituents detected in both aqueous and etha-
nol leaf extracts of H. madagascariensis in both 
site 1 and site 2 were alkaloids, fl avonoids, 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 

extracts of H.  madagascariensis against MRSA. 
Th e 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. ma da-
gascariensis for MRSA. Th e 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). 
Th e 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. Th e 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. Th e ability of the ethanol ex-
tract to activate the extract’s 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. Th is 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. 
Th ough high MIC and MBC values signify very 
little antibacterial effi  cacy (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

Population Habitat Condition
Soil Properties

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 
Composition of the Study Locations

Soil Physicochemicals
Locations

Site 1 Site 2

Ph 5.33 ± 0.24 6.5 ± 0.23
Total Nitrogen (mg/kg) 0.16 ± 0.21 0.31 ± 0.50
Phosphorus (mg/kg) 35 ± 0.20 21.3 ± 0.23
Potassium (Cmol/kg) 1.2 ± 0.43 2.7 ± 0.40
Magnesium (Cmol/kg) 1.7 ± 0.27 5.2 ± 0.02 
Calcium (Cmol/kg) 2.8 ± 0.36 10.1 ± 0.62 
Zinc (mg/kg) 9 ± 0.10 16.5 ± 0.3
Manganese (mg/kg) 21 ± 0.49 53.2 ± 1.4
Copper (mg/kg) 3.2 ± 0.02 1.4 ± 0.10
Sodium (Cmol/kg) 1.7 ± 0.07 1.3 ± 0.03
Sand (%) 88.5 ± 0.20 73.2 ± 1.53
Clay (%) 9.0 ± 0.07 19.39 ± 0.12
Silt (%) 2.5 ± 0.03 7.41 ± 0.71
Organic carbon 2.19 ± 0.04 5.14 ± 0.70

Site 1= Uyo; Site 2=Eket

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

Mineral elements (mg/kg)
Locations

Site 1 Site 2

Calcium 21.30 ± 0.42 23.5  ±  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

Table 4. Phytochemical Constituents 
of H. madagascariensis Leaf Extracts

Phytochemical 
Constituents

Site 1 Site 2

Aqueous Ethanol Aqueous Ethanol

Flavonoid + ++ ++ +++
Alkaloid ++ ++ ++ +++
Phlo-bactannin + + + —
Saponins ++ ++ ++ +++
Triterpenoid + +++ ++ +++
Anthraquinones + ++ + ++
Cardiac Glycoside — + + ++
Tannin ++ +++ ++ +++
Phenol ++ ++ ++ +++

«—» — not detected; «+++» — highly present; «++» — 
moderately present; «+» — low, Site 1= Uyo; Site 2=Eket

Table 5. Zone Diameters 
of diff erent Leaf Extracts of H. madagascariensis 
against MRSA according to study locations 

Locations Test Variables
Zone of Inhibition (mm)

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 μg) 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 μg) 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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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. Th e dispari-
ties in the observations of the two locations may 
be due to the known botanical fact that herbal 
plants from diff erent locations may demonstrate 
diff erent properties since they are grown on dif-
ferent soils and in varying climates and are ex-
posed to diff erent chemical and biological fl ora. 
Furthermore, the disparity may also be attribut-
ed to the extraction methods wherein the active 
component of the leaf was better isolated. Th e 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. Th is 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, fl avonoids, saponins, phenolics, tan-
nins, anthraquinones, and triterpenoids in both 
aqueous and ethanol extracts. Our fi ndings con-
form with reports by Iwalewa et al. (2009), and 
Mukeba et al. (2020) on the phytochemical in-

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. Th is variance may be associated 
with the eff ects of the environment on the physi-
ological and biosynthetic reactions of plants (Pe-
ter et al., 2022). Th e 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 (Th awabteh et al., 2019); fl avonoids 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., 

MIC, mg/mL MBC, mg/mL MIC, mg/mL MBC, mg/mL

100

200 200

100
50

100

400

Site 1
Site 2

800

Aqueous extracts Ethanol extracts 

Fig. 2. MIC and MBC of diff erent leaf extracts of H. madagascariensis on MRSA ac-
cording to study locations
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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 aff ect 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.  Th is could be done by decreasing 
the affi  nity 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. Th e diff erences 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). Th is 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. Th ere 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. 
Th is could be attributed to soil characteristics 
in the locations as site 2 had a higher mean clay 

and silt content than site 1 but lower mean sand 
content. Soil texture has a great infl uence 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). Th erefore, these may have contributed to 
the diff erences in nutrients in leaf extracts of H. 
madagascariensis between the two locations. Th e 
studies by Mbosowo and Ebinimitei (2018) and 
Mbong et al. (2020) also reported that soil forms 
and soil factors have a considerable infl uence 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. Th e 
plant’s location aff ects the eff ectiveness and 
phytochemical composition of the extracts, as 
soil conditions infl uence the availability and 
distribution of nutrients for the plant. Th e 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 effi  cacy in killing MRSA, 
which highlights its carriage of a potential bioac-
tive phytochemical against resistant organisms. 
Th erefore, 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-β-lactamase 
(MBL) as seen to be eff ective against MRSA.
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ФІЗИКОХІМІЧНІ ВЛАСТИВОСТІ ГРУНТУ, ВМІСТ МІНЕРАЛІВ У РОСЛИНАХ, 
ФОТОХІМІЧНІ ВЛАСТИВОСТІ РОСЛИН ТА АНТИБАКТЕРІАЛЬНА АКТИВНІСТЬ 
ЕКСТРАКТІВ ЛИСТЯ HARUNGANA MADAGASCARIENSIS (LAM. EX. POIR) 
НА МЕТИЦИЛІН-РЕЗИСТЕНТНИЙ STAPHYLOCOCCUS AUREUS (MRSA)

Метою цього дослідження було дослідити антибактеріальний потенціал екстрактів листя Harungana 
madagascariensis проти метицилін-резистентного Staphylococcus aureus (з MRSA) з урахуванням фізикохіміч-
них властивостей ґрунту, вмісту мінеральних речовин у рослинах та фітохімічного складу. Методи. Свіже 
листя H. madagascariensis було зібрано з двох місць у Нігерії та піддано водно-етанольній екстракції. Анти-
бактеріальну активність екстрактів оцінювали щодо MRSA за допомогою методу дискової дифузії, а їхню 
ефективність  — шляхом визначення мінімальної інгібуючої концентрації (МІК) та мінімальної бактери-
цидної концентрації (МБК). Також були відібрані зразки ґрунту з двох локацій для аналізу їхніх фізикохі-
мічних властивостей. Результати. Результати показали, що етанольні екстракти листя демонструють вищі 
інгібуючі зони проти MRSA порівняно з водними екстрактами в обох місцях. Фітохімічний аналіз виявив 
наявність різних біологічно активних сполук, серед яких алкалоїди, флавоноїди, сапоніни, феноли, дубиль-
ні речовини, антрахінони та тритерпеноїди. Значення МІК та МПК вказують на потужну антибактеріаль-
ну активність, причому нижчі концентрації етанольних екстрактів демонструють ефективне пригнічення 
та знищення MRSA. Аналіз ґрунту продемонстрував відмінності у фізичних та мінеральних властивостях 
між двома ділянками. Висновки. Таким чином, це дослідження надає докази значного антибактеріально-
го потенціалу екстрактів листя H. madagascariensis проти MRSA. Отримані дані підкреслюють важливість 
методів екстракції, фітохімічного складу та властивостей ґрунту у впливі на антибактеріальну активність 
рослинних екстрактів.
Ключові слова: Harungana madagascariensis, антибактеріальна дія, метицилін-резистентний Staphylococcus 
aureus (MRSA), алкалоїди, флавоноїди.
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PREPARATION AND ANALYSIS 
OF ANTIMICROBIAL ACTIVITY OF FISH MUCUS 
EXTRACT FROM PIARACTUS BRACHYPOMUS 
AS A NATURAL PRESERVATIVE FOR FISH
Th e 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 effi  cacy of fi sh mucus ex-
tracts as natural preservatives for fi sh and meat products. Th is study explores the preservative potential of fi sh skin 
mucus from the red-bellied Pacu fi sh (Piaractus brachypomus). Aim. To prepare and evaluate the bioactive properties 
of fi sh 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 quantifi ed using 
the Bradford assay, and protein profi les 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 μL, 50 μL, 75 μL, and 100 μL). Th e acid extract was further evalu-
ated for cytotoxicity, antioxidant activity, and effi  cacy as a preservative on fi sh fi llets through a microbial load analysis 
over 5 hours at each hour. Results. Th e acid extract exhibited signifi cant antibacterial activity, particularly at higher 
concentrations, while the aqueous extract showed negligible eff ects. 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 fi sh fi llets was reduced by approximately 40% compared to untreated controls. Conclusions. Th e acid 
extract of fi sh skin mucus from Piaractus brachypomus demonstrated strong antibacterial eff ects, low cytotoxicity, and 
high potential to reduce microbial contamination on fi sh meat during short-term exposure. Th ese fi ndings suggest that it 
may serve as a safe and eff ective natural preservative for improving fi sh quality and shelf life, particularly under typical 
market conditions, and long storage in refrigerator conditions.
Keywords: fi sh preservation, fi sh mucus, toxicity, antimicrobial activity, antioxidant.
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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 fi sh 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. Th ough freezing, 
the fi sh (- 20 °F) can arrest the bacterial action, 
prolonged freezing may cause the fi sh 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 fi sh 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 fi sh are of diff erent origins: nisin, 
pediocin, reuterin, and lacticin as bacteriocins 
and organic acids produced by microorganisms 
have been assessed in fi sh 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 fi sh 
preservation; animal-derived antimicrobials such 
as chitosan, lysozymes, lactoferrin, and lactoper-
oxidase have demonstrated ability to extend the 
shelf life of fi sh (Mei et al., 2019). In search for al-
ternate preservatives, using a bioactive substance 
fi sh mucus with high antimicrobial properties 
can be of choice. Fish possesses various defense 
mechanisms to protect themselves from patho-
genic infections among which fi sh skin mucus is 
the fi rst-line defense (Wang et al., 2011). Th e skin 
mucus is a slimy layer on the epithelial surfaces 
that is produced continuously and sloughed off  

regularly preventing adherence or colonization of 
the pathogens (Arasu et al., 2013). Th e composi-
tion of mucus varies amongst diff erent fi sh spe-
cies and is infl uenced by various factors such as 
hyperosmolarity, pH, etc. (Ellis, 2001). Th e fi sh 
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 fi sh 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).

Scientifi c classifi cation:
Kingdom: Animalia
Phylum: Chordata
Class: Actinopterygii
Order: Characiformes
Family: Serrasalmidae
Genus: Piaractus
Species: P. brachypomus
Leng et al. (2022) studied the antimicrobial 

properties of fi sh mucus extract of snakehead 
fi sh (Channa argus) against Escherichia coli and 
verifi ed using it for chilled fi sh fi llets preserva-
tion, which could extend the shelf-life of the fi l-
lets by about 3 days. Several studies have shown 
the antimicrobial properties of fi sh skin mucus, 
but there are few applications of fi sh skin mucus. 
Furthermore, there are no studies on the antimi-
crobial activity of the fi sh skin mucus of Piaractus 
brachypomus (Pacu). Th e present study has been 
designed to study the antimicrobial activity and 
the application of fi sh mucus extract of Piaractus 
brachypomus (Pacu) to fi sh as a preservative.

Materials and Methods. Fish collection. Live 
fi shes (Piaractus branchypomus) were purchased 
from Dr. Moses Inbaraj (Director- Frontier 
Aquatic Research Foundation) and maintained 
in an artifi cial 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-
lyticus, 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-buff ered saline in a ratio of 
1:4 (V/V). 50Mm Tris HCl, pH 8.0, and 15mM 
NaCl were taken in a tube and homogenized us-
ing a vortex. Th e homogenized mixture was then 
centrifuged at 8000rpm for 35 min at 4 °C. Th e 
supernatant was collected, and the centrifuga-
tion process was repeated. Th e supernatant was 
then fi ltered with a syringe fi lter (0.45μm) and 
stored at –20 °C for further processing. Th e 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. Th en it was ho-
mogenized for 5 min on dry ice and centrifuged 
at 8000 rpm for 35 min at 4 °C. Th e supernatant 
was collected, and the centrifugation was repeat-
ed. Th en the supernatant was collected, fi ltered 
using a syringe fi lter (0.45  μm), and stored at 
–20 °C for further processing.

Agar well diff usion. Th e antibacterial activity 
of the fi sh mucus extracts was assessed using the 
agar well diff usion method following Balouiri et 
al. (2016), with slight modifi cations. 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 × 108 CFU/mL). 
Mueller-Hinton agar plates were prepared, and 
100 μL of each bacterial suspension was evenly 
spread. 4 wells (6mm) were punched into the 
agar and fi lled with 25—100 μL of a sample such 
as acid extract or aqueous mucus extract in this 
study. Aft er 30 min of pre-diff usion at room 
temperature, the plates were incubated at 37 °C 
for 24 hours. Zones of inhibition were measured 
in millimeters to evaluate antibacterial activity.

Protein estimation- Bradford assay. Th e Brad-
ford assay was carried out for protein estimation 
following the method described by Esvelt et al. 
(2011), with slight modifi cations. 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 fi nal volume was made 
up to 1 L using distilled water. Th e 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 μg/
mL. Th ese standards were used to generate a cal-
ibration curve for the assay. For the test samples, 
both acid and aqueous extracts of fi sh skin mu-
cus were used in varying volumes (20, 40, 60, 80, 
and 100 μL). Each volume of the extract was pi-
petted into a microplate well containing 1000 μL 
of the Bradford dye reagent. Th e contents were 
mixed thoroughly using a plate shaker for 1 min 
and allowed to incubate at room temperature for 
5 min. Th e 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 Profi ling. Protein pro-
fi ling 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 modifi cations. A 12% 
separating gel and a 5% stacking gel were pre-
pared using an acrylamide-bisacrylamide solu-
tion, 1.5 M Tris-HCl buff er (pH 8.8) for the sepa-
rating gel, 0.5 M Tris-HCl buff er (pH 6.8) for the 
stacking gel, 10% SDS, 10% ammonium persul-
fate (APS), and TEMED as the polymerization 
catalyst. Electrode buff er (0.025 M Tris, 0.192 M 
glycine, 0.1% SDS, pH 8.3) was used as a running 
buff er. Samples of the acid and aqueous extracts 
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were mixed with Laemmli sample buff er 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. Th e 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. Aft er 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. 
Th e molecular weights of the separated protein 
bands were estimated by comparing them with 
the standard marker.

Cytotoxicity test. Th e cytotoxic eff ect 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). Th e cells were seeded in 96-well micro-
plates (1 x 106 cells/well), incubated at 37 °C for 
48 h in a 5% CO2 incubator, and allowed to grow 
70—80% confl uence. Th en the medium was 
replaced, and the cells were treated with diff er-
ent concentrations of sample and incubated for 
24 h. Th e morphological changes of untreated 
(control) and treated cells were observed un-
der a digital inverted microscope (20X magni-
fi cation) aft er 24 h and photographed. Th e cells 
were then washed with phosphate-buff er saline 
(PBS, pH 7.4), and 20 μL of (MTT) solution (5 
mg/mL in PBS) was added to each well. Th e 
plates were then stood at 37 ºC in the dark for 2 
h. Th e formazan crystals were dissolved in 100 
μL DMSO, and the absorbance was determined 
using a spectrometer at 570 nm. Th e percentage 
of cell viability was calculated by the formula

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

Antioxidant test. Th e DPPH scavenging ac-
tivity of the sample was measured by the 1, 
1-diphenyl-2-picrylhydrazyl (DPPH) method 
(Manzocco et al., 1998). Briefl y, 0.4 Mm solution 

of DPPH in methanol was prepared, and 2mL 
of this solution was added to diff erent concen-
trations of sample and allowed to stand at room 
temperature for 15 min. Th en absorbance was 
read at 517 nm against blank samples. Th e lower 
absorbance of the reaction mixture indicated the 
higher free radical scavenging activity. Th e per-
centage of the DPPH scavenging was calculated 
using the equation given below:

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

Qualitative Analysis of Fish Fillets. pH mea-
surement. Th e calibration of the pH meter was 
done using buff er 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. Th e 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 fi l-
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) Th e percentage of inhibition was 
calculated using the formula: 

Abs control — Abs sample / Abs control × 100.

Statistical Analysis. Th e data were expressed as 
mean ± standard deviation (SD). Statistical analy-
sis was performed using SPSS and Excel soft ware.

Results. Th e fi sh skin mucus was collected 
and processed to obtain both aqueous and acid 
extracts. Th e antibacterial activity of these ex-
tracts was evaluated using the agar well diff u-
sion method. Th e 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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Salmonella sp., across all tested concentrations 
(25 μL, 50 μL, 75 μL, and 100 μL). In contrast, 
the acid extract exhibited antibacterial activ-
ity at higher concentrations. No activity was 
observed at 25 μL and 50 μL, while 75 μL and 
100 μL showed clear zones of inhibition, indi-
cating dose-dependent effi  cacy. For example, at 
100 μL 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 μL produced slightly 
smaller zones (Table 1). Th e antibacterial eff ect 
was signifi cantly more pronounced in acid ex-
tract compared to the aqueous form, confi rming 
its superior bioactivity (Fig. 1, 2).

Protein estimation was carried out using the 
Bradford assay with bovine serum albumin 
(BSA) as the standard. Th e BSA standard curve 
was generated using concentrations of 0, 2.5, 5, 
10, 15, and 20 μg/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 μL 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 μg/mL. 

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 diff usion method

Microorganism
Aqueous extract

(Zone of inhibition)
Acid extract

(Zone of inhibition)

25μL 50μL 75μL 100μL 25μL 50μL 75μL 100μL

Escherichia coli — — — — — — 7mm 8mm
Staphylococcus aureus — — — — — — 7mm 8mm
Pseudomonas aeruginosa — — — — — — 10mm 12mm
Klebsiella sp. — — — — — 7mm 12mm 14mm
Staphylococcus haemolyticus — — — — — 9mm 10mm 11mm
Salmonella sp. — — — — — — 8mm 10mm

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

Table 2. Absorbance values 
and corresponding protein concentrations (μg/mL) 
of acid and aqueous mucus extracts 
from Piaractus brachypomus estimated 
using the Bradford assay at 595 nm. 

Sample Type Volume 
(μL) Absorbance Protein Conc. 

(μg/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. Th e protein content in the extracts was derived 
from the standard curve equation generated from the 
BSA standards
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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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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 μg/mL, respectively (Table 2). Th ere-
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 profi ling was further carried out us-
ing 12% SDS-PAGE. Th e 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. Th e 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. Th is reinforces the 
conclusion that the acid extract contains more 
bioactive or structurally stable proteins (Fig. 3).

Th e 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 μL) 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). Th e control group showed absorbance 
values of 0.965 and 0.953, representing 100% cell 
viability. At 20 μL, absorbance values were 0.928 
and 0.934, corresponding to 97.08% viability. At 
40 μL, absorbance values were 0.912 and 0.921 
(95.57% viability). At 60 μL, values were 0.850 
and 0.842 (88.22% viability). At 80 μL, absor-
bance readings were 0.803 and 0.816 (84.41% 
viability). Finally, at 100 μL, absorbance values 
were 0.689 and 0.673, corresponding to 71.01% 
viability. Although cell viability decreased grad-

245 KDa

180 KDa
180 KDa

135 KDa 135 KDa

75 KDa75 KDa75 KDa

43 KDa43 KDa
43 KDa

20 KDa20 KDa

100 KDa100 KDa
100 KDa

Fig. 3. SDS-PAGE protein profi le of fi sh skin mucus ex-
tracts from Piaractus brachypomus. НLane (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 effi  cient extrac-
tion and solubilization under acidic conditions. 

Table 3. Cytotoxic eff ect of acid extract of Piaractus brachypomus fi sh skin mucus on Vero cell line

Concentration (μL) 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 μL) 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 μL, 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). Th ese results sup-
port the potential application of the acid extract 
as a preservative with minimal cytotoxic eff ects.

To evaluate antioxidant activity, a DPPH radical 
scavenging assay was performed. Although no sig-
nifi cant color change was visually observed, spec-
trophotometric readings showed a decreasing trend 
in absorbance with increasing extract concentra-
tion, indicating moderate antioxidant activity. Th e 
absorbance values at 517 nm for 20 μL, 40 μL, 60 μL, 
80 μL, and 100 μL were 0.816, 0.805, 0.789, 0.747, 
and 0.718, respectively. Th e 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, confi rming a gradual increase 
in antioxidant activity with concentration IC50  ≈ 
≈ 301.13 μg/mL, though the values remained with-
in a modest range (Table 4).

Th e preservative potential of the acid extract 
was tested by monitoring pH variation in fi sh fi l-
lets for 5 hours. Th e 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. 
Th e slower rate of alkalinization in the treated 
group suggests delayed spoilage (Table 5).

To further validate the preservative eff ect, 
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 signifi cant diff erence 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 

Table 4. DPPH radical scavenging activity 
of acid extract from Piaractus brachypomus 
skin mucus at various concentrations

Concentration Absorbance 
at 517nm

Inhibition, 
%

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

Th e 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 μL to 26.28% at 100 μL, indicating 
moderate scavenging potential.
% of Inhibition = Percentage of DPPH radical scavenged 
by thextract.IC50 (half-maximum inhibitory concentra-
tion) represents the concentration of extract required 
to inhibit 50% of the DPPH radicals. For this extract, 
IC50 ≈ 301.13 μg/mL, indicating moderate antioxidant 
strength.

Table 5. Changes in pH 
of fi sh fi llet samples treated with acid extract 
from Piaractus brachypomus mucus 
and untreated controls over time

Time points, 
hours

pH 
of the treated 

sample

pH 
of the control 

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

Th e table presents pH values measured at hourly inter-
vals for both treated and control samples. Th e treated 
fi llet 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) 
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analysis using an unpaired two-tailed t-test yield-
ed a highly signifi cant p-value of < 0.001, con-
fi rming 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. Th e current study investigated the 
potential of skin mucus extracts from red-bellied 
Pacu (Piaractus brachypomus) as a natural preser-
vative for fi sh, focusing on antibacterial, protein 
content, cytotoxicity, antioxidant activity, and 
shelf-life extension. Th e use of fi sh mucus, espe-
cially acid extracts, off ers 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 eff ects 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 aft er 12 hours of starvation — a tech-
nique previously validated for its effi  ciency (Leng 
et al., 2022) — and preserved at −20 °C. Two ex-
traction protocols were employed: aqueous extrac-
tion using buff ered saline and acid extraction using 
1% acetic acid. Only the acid extract demonstrated 

signifi cant antibacterial activity at concentrations 
of 75 μL and 100 μL, while the aqueous extract 
showed no substantial inhibitory eff ect. Th is 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 fi sh mucus due to the pres-
ence of lysozyme and other defense proteins.

Protein quantifi cation using the Bradford 
method, known for its high reliability (Kielkopf 
et al., 2020), revealed that the acid extract had a 
signifi cantly higher protein content (absorbance 
0.997) compared to the aqueous extract (absor-
bance 0.614). Th is 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 AI, lectin, lysozyme, and 
heat-shock proteins. Th ese 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 confi rmed 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 
classifi ed 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 eff ects on human skin cells, 
supporting its safe use in food systems (Silva et 
al., 2024). Th is is due to the fact that many syn-
thetic preservatives are known to cause harmful 
eff ects; for example, Gharu (2016) highlighted 
the negative health impacts of common chemi-
cal preservatives. Compared to the existing 
products, fi sh mucus acid extract highlights a 
competitive safety profi le in food preservation.
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Fig. 4. Total bacterial colony counts in fi sh fi llets 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 eff ect
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Th e 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. Th ough not a strong antioxidant with 
IC50 ≈ 301.13 μg/m, this is consistent with reports 
that fi sh mucus may lack signifi cant antioxidant 
activity unless specifi cally 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 fi sh fi llets treated with 
mucus extract revealed slower increases in pH 
and reduced microbial load compared to control 
samples. Th e 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. Th ese results 
align with fi ndings from Leng et al., (2022), who 
noted that mucus application delayed microbial 
proliferation in fi sh storage.

Th e challenge of fi sh 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, specifi c 
spoilage organisms (SSOs) such as Pseudomo-
nas and Shewanella spp. dominate during aero-
bic storage, contributing to unacceptable odors 
and fl avors (Liu et al., 2022). Th e 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 fi sh mucus, particularly acid ex-
tracts, as a natural and non-toxic preservative. 
While its antioxidant properties are limited, its 
antimicrobial effi  cacy, safety, and protein rich-
ness make it a competitive candidate among 
natural preservatives such as plant extracts, chi-

tosan, and lysozyme. Future work should focus 
on optimizing extraction protocols to enhance 
antioxidant eff ects and testing their eff ectiveness 
under cold chain storage conditions.

Conclusions. Th is 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. Th e extract showed higher protein content 
and a clearer protein band profi le than the aque-
ous extract, which may contribute to its antimi-
crobial activity. Th ough the antioxidant activity 
was low, the extract eff ectively reduced microbial 
growth in fi sh meat under normal market condi-
tions. Th e microbial load study, conducted over 
a fi ve-hour period, confi rmed that applying the 
extract helped slow down bacterial growth, sug-
gesting an ability to extend the shelf life of fi sh 
sold at local markets. Th is 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 fi sh mucus extract off er 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 eff ect.
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ОТРИМАННЯ ТА АНАЛІЗ АНТИМІКРОБНОЇ АКТИВНОСТІ ЕКСТРАКТУ 
РИБ’ЯЧОГО СЛИЗУ З PIARACTUS BRACHYPOMUS ЯК ПРИРОДНОГО КОНСЕРВАНТУ ДЛЯ РИБИ

Зростаючий попит на природні та стійкі альтернативи хімічним консервантам привів до зростання інтер-
есу до біологічно активних сполук, отриманих з водних організмів. Слиз риб’ячої шкіри, багатий на анти-
мікробні білки та пептиди, є перспективним джерелом для таких застосувань. Однак досліджень ефектив-
ності екстрактів риб’ячого слизу як природних консервантів для рибних та м’ясних продуктів недостатньо. 
У цій роботі вивчається консервуючий потенціал шкірного слизу червоночеревної риби паку (Piaractus 
brachypomus). Мета. Одержати та оцінити біологічно активні властивості екстракту слизу з риб’ячої шкі-
ри Piaractus brachypomus для потенційного використання як природного консерванту. Методи. Шкірний 
слиз риб збирали та обробляли методами кислотної та водної екстракції. Вміст білка визначали кількісно 
за допомогою методу Бредфорда, а білкові профілі аналізували за допомогою SDS-PAGE. Антибактеріальну 
активність обох екстрактів тестували проти Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, 
Staphylococcus haemolyticus, Klebsiella sp. і Salmonella sp. у різних концентраціях (25, 50, 75 і 100 мкл). Кислот-
ний екстракт був додатково оцінений на цитотоксичність, антиоксидантну активність та ефективність як 
консерванта для рибного філе шляхом аналізу мікробного навантаження протягом 5 годин з 60-хвилин-
ними інтервалами. Результати. Кислотний екстракт виявив значну антибактеріальну активність, особливо 
у високих концентраціях, тоді як водний екстракт продемонстрував незначні ефекти. Аналіз цитотоксич-
ності показав, що кислотний екстракт був нетоксичним навіть у високих концентраціях (>70% життєздат-
ності клітин). Хоча антиоксидантна активність була мінімальною, мікробне навантаження на оброблене 
рибне філе зменшилося приблизно на 40% порівняно з необробленим контролем. Висновки. Кислотний 
екстракт слизу зі шкіри риби Piaractus brachypomus продемонстрував сильну антибактеріальну дію, низьку 
цитотоксичність і потенціал для зменшення мікробного забруднення риби під час короткочасної експозиції. 
Ці результати свідчать про те, що він може слугувати безпечним та ефективним природним консервантом 
для покращення якості та терміну зберігання риби, особливо за типових ринкових умов та довготривалого 
зберігання в холодильнику.
Ключові слова: консервування риби, риб’ячий слиз, токсичність, антимікробна активність, антиоксидант.
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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. Th is process has gained importance over 
the past decade due to its low energy consumption rate and lack of heat-aff ected zone during the process. Th e 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 fi nish. Majorly, two factors play a vital role in speeding up 
the biomachining process — the eff ect of concentration of FeSO4 and the eff ect of temperature). Aim. Th is 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. 
Th ese 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.

Th e demand for high-precision micro-compo-
nents is rapidly increasing due to the miniaturiza-
tion of devices in sectors such as electronics, bio-
medical engineering, aerospace, and photonics. 
Th ese components oft en require micromachining 

processes capable of producing complex geom-
etries with fi ne tolerances and high surface qual-
ity (Chavoshi & Luo, 2015). Traditionally, such 
tasks have been accomplished using physical and 
chemical micromachining methods such as laser 
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beam machining (LBM), electrdischarge machin-
ing (EDM), microgrinding, and chemical etching 
(Díaz-Tena et al., 2017). While these techniques 
are eff ective, they are energy-intensive, produce 
heat-aff ected zones, involve tool wear, and oft en 
result in the generation of environmentally haz-
ardous waste (Díaz-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. Th is 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). Th e 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). 
Th e 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. Th is 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-

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 fi ve years, this review off ers 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 eff ective in achieving precise geometries, 
these approaches oft en 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. Mic ro-
grin ding. Micro grinding is a machining method 
that uses mechanical forces to achieve exceptional 
fi nishes on small components. Th e tiny chip size, 
produced by micrograins, contributes to this 
superior surface fi nish (Zhang et al., 2020). It is 
particularly eff ective for brittle materials due to 
its microscopic depth of cut, allowing for a mir-
ror fi nish. 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). Th e grit size re-
stricts the tool tip radius in microgrinding, aff ect-
ing concave shapes. Ultrasonic vibrations reduce 
grinding forces, enabling micro-tools, such as 11 
μm pins (Pradeep, Shanmugavel, et al., 2024). 
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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 effi  cient 
material removal as shown in Fig. 1.

LBM is a thermal process infl uenced 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, 

aff ecting performance indicators such as surface 
roughness, recast layer, heat-aff ected 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). Th e pulsed 
arc discharge occurs in the gap between the 
tool and electrode, fi lled 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). Th e 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. Th is can be either 
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Fig. 1. Pictorial representation of laser beam profi le

Fig. 2. Pictorial principle depiction of EDM 
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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, oft en used in MEMS fabri-
cation, uses photoresists and masks to defi ne 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. Th ermal 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
Th ese challenges have led researchers to ex-

plore alternative techniques such as biomachin-
ing, which off ers a non-thermal, environmental-
ly-benign, and energy-effi  cient route to material 
removal.

Principles and Mechanisms of Biomachin-
ing. Role of microorganisms. Th e use of micro-

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). 
Th e environmental benefi ts of biomachining is a 
valuable advantage in the current industrial poli-
cies, as many industries are focusing their eff orts 
not only on improving productivity but also on 
fulfi lling the environmental regulations thereby 
promoting an eco-effi  cient and eco-friendly as-
pect (Mittal & Sangwan, 2014; Paul et al., 2014). 
Th e involvement of microorganisms in the 
biomachining process replaces FeCl3 employed 
in chemical treatment (Santaolalla et al., 2023). 

Consequently, biomachining is classifi ed 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 scientifi c industrial 
installations such as particle accelerators, with a 
highlight being the outcome of the high-quality 
surface of the pieces aft er biotreatment using 
various microorganisms (Díaz-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 fi nal disposal (Pradeep et al., 
2023). Th erefore, 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. Th e 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). Th us, 
enzymes play a major role in the metal oxidation 
and dissolution processes. Th e general outline of 
the reaction for copper machining involvinga di-
rect mechanism can be summarized as follows:

 Cu° + 2H
++1

2  O2 → Cu2++H2O
 (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). Th is indirect process involves two 
processes. Firstly, the ferrous ion (Fe2+) is oxi-
dized into ferric ion (Fe3+) 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 Fe2+, which is re-
duced again by the involvement of the bacteria in 
the fi rst step. Th erefore, the indirect mechanism 
is a cyclic combination of chemical and micro-
biological processes, although the diff erent rates 
of both reactions may cause an ion imbalance in 
the system over time (Lambert et al., 2015).

 2Fe2++1
2  O2+ 2H+→2Fe3++H2O

 (Reaction 2)

 Cu°+2Fe3+→Cu2++2Fe2+

  (Reaction 3) 

Uno et al. (1996) reported that the direct mech-

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) quantifi ed 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 confi rmed 
the occurrence of the direct oxidation process, 
which was concluded to be relatively slow com-
pared to the direct mechanism (Hussien, 2025).

Th e overall reaction employed by the chemoli-
thotrophic Acidithiobacillus ferrooxidans can be 
summarized as a combination of the continued 
oxidation of ferrous ion (Fe3+) to ferric (Fe2+) 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). 
Th e overall redox reaction is mentioned below:

 2Fe2++1
2  O2+ 2H+→2Fe3++H2O

  (1)

Th e production of ferric ions enables this mi-
croorganism to be useful in the process of mi-
cromachining of metals. Th e 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). Th is can be explained in 
the reaction mentioned below:

 Fe0 + 2Fe3+→3Fe2+

 (2)

 Cu°+2Fe3+→Cu2++2Fe3+

  (3)
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of hydrogen ions (i.e. a low pH) allows an ample 
source of reactant for the water production reac-
tion (Taufi qurrakhman et al., 2021). A represen-
tation of the cell wall is shown in Fig. 3.

Th e fi rst part of these reactions, the continu-
ous production of Fe3+ from Fe2+, involves the 
transfer of electrons from the ferrous iron. Th is 
process is accomplished by a series of cellular 
compounds known as cytochromes, labelled 
cyto.-c and cyto.-a1 in Fig. 2. Th ese large mol-
ecules embedded in the inner membrane of the 
cell wall oft en contain metallic atoms such as 
iron or copper that have a high affi  nity for elec-
trons (Verma et al., 2019a). An example of a typi-
cal cytochrome is shown in Fig. 4. 

Th e process of stripping an electron from the 
iron atoms reduces the formation of these mac-
romolecules. Th e 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. 
Th ese cytochromes together form an electron 
transport chain that facilitates energy production 
for microbial metabolism. In A. ferrooxidans, we 

pH 2 pH 5

½O2 + 2H+

H2O

ATP

ADP +
Phosphate

Cytoplasm
Outer

membrane
Inner

membrane

Cyto-c
Cyto-all

Peptidoglycan

2Fe2+

2e–
2e–

2Fe2+
Cu2+

2Fe3+2Fe3+

2H+2H+2H+

Cu+

Fig. 3. Depicting the reactions that take place within the cell wall

Th e 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. Th e cell wall of 
Acidithiobacillus ferrooxidans is made up of mul-
tiple layers which separate the interior of the cell, 
the cytoplasm, from its environment Th e outer 
region of the cell wall consists of an outer mem-
brane and a region named peptidoglycan (Sonia 
et al., 2021). Th e gap between the cell and outer 
membrane is called a periplasmic space where 
the action of pH of the fl uid is maintained with 
that of the environment. Lastly, an inner mem-
brane separates the periplasmic space from the 
outer membrane (Arshad et al., 2025) Th e pH in 
this membrane increases to a value of 4.5, and 
in the cytoplasm, approaches neutral. Th e 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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see cytochrome-c (which strips 7 electrons from 
the iron ions) in combination with cytochrome-
a1 (Díaz-Tena et al., 2017). It is believed that cyto-
chrome-a1 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-a1 is believed to 
be the fi nal 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 defi ned. Th e oxi-
dation of iron takes place at low pH of the peri-
plasmic space along with the uptake of H+ ions. 
Th e 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). Th ese 
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. Th e 
actual effi  ciency of the cells in utilizing the redox 
reactions can vary within 10—50%, which is still 
effi  cient enough to produce the necessary energy 
to create ATP (Imran et al., 2017). 

Th e ATP molecule is a vital source for all or-
ganisms as a means of storing and transporting 
energy throughout the cell. Th e 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). Th e energy-creating 
process forms a circulatory system of sorts for 
the iron ions as they are continually converted 
to Fe3+, exuded from the cell, reduced to Fe2+ 
by their reaction with copper or iron, and then 

reabsorbed into the periplasmic space for deoxi-
dation (Ramirez et al., 2025). Hydrogen ions are 
consumed, and water is produced. Th us, H+ ions 
must be continuously supplied for the reaction 
to forward. A representation of the reactions in-
volved is depicted in Fig. 5.

Th e lower reactions described above depict the 
formation of Fe(OH)3 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). 
Th e H+

 ions are supplied by the reaction of copper 
ions from the workpiece with H2S 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. Th rough the 
redox and oxidation process of copper and iron, 
the organism is able to produce a machining eff ect 
better than the chemical etching processes. 

Microorganisms and culture media. Various mi-
croorganisms used in biomachining require spe-
cifi c culture media that support optimal growth 
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and metabolic activity. Th e composition of the 
media directly infl uences microbial performance, 
particularly metal oxidation rates and biofi lm 
formation, both of which are critical for effi  cient 
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)2SO4, 0.50 K2H-

PO4,0.50 MgSO4.7H2O, 0.10 KCl, 0.01 Cu(NO3)2, 
and 30.0 FeSO4.7H2O) in 1L deionized water for 
Acidithiobacillus ferrooxidans; Leathen medium 
containing 0.15 (NH4)2SO4, 0.05 K2HPO4, 0.05 
MgSO4.7H2O, 0.05 KCl, 0.01 Ca (NO3)2, and 
25.0 FeSO4.7H2O; 317 medium containing 0.3 
(NH4)2SO4, 3.5 K2HPO4, 0.5 MgSO4.7H2O, 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 
NaNO3, 0.5 K2HPO4, 0.025 MgSO4.7H2O, 0.025 
KCl, and 1.6 Yeast extract for Aspergillus niger.

Th e action of microorganisms on any metal 
surface can be both detrimental and benefi cial, 
depending on the application pursued. Contrary 
to the microbially induced (or infl uenced) corro-

H+ supplying reactions

Cu2+ + H2S CuS + 2H+
H+ equilibrium

Precip.

V6[H+] =   [H+] + V6[H+] 
Consume H+

Thiobacillus ferrooxidans

Generate H+

½O2 + 2H+Cu2+

Photoresist

Workpiece

Hydrolysis
reaction

Cu0

2Fe2+

2Fe3+

H+

H+

H+

2Fe3+ + H2O

Fe(OH)+
2  + 

Fe(OH)3  + 

Fe(OH)2+ + 

Fe(OH)2+ + H2O 

Fe(OH)+
2 + H2O 

H2O

Fig. 5. Pictorial representation of all the reactions that take place in the biomachining process
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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 effi  cient 
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 Th io-
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-
ifi ed 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. Th ey 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. Th ese species are capable 
of functioning at low pH and moderate tempera-
tures (30—35 °C), making them ideal for metal 
leaching and biomachining. Th eir metabolism 
supports sustained redox cycling, contributing to 
continuous metal dissolution. A. ferrooxidansoxi-
dizes Fe2+ to Fe3+, 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 (H2O2). Th e H2O2 acts as a 
mild oxidizing agent, dissolving the metal surface:

 Glucose + O2 → Gluconic acid + H2O2

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.). 
Th ese anaerobic bacteria reduce sulfate to hy-
drogen sulfi de (H2S), which reacts with metal 
ions forming metal sulfi des. Th e localized corro-
sion driven by H2S can be directed for controlled 
metal removal:

SO4
2–+organiccompounds→H2S→Metal+H2S→Metalsulfi de+H+

 

Th is mechanism is relevant for ferrous and 
nickel-based materials and off ers potential for an-
aerobic biomachining systems (Singh et al., 2020). 
A recent study demonstrated the eff ective use of 
Th iobacillus 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 identifi ed optimal condi-
tions (shaking speed, pH, temperature) to enhance 
SMRR and reduce Ra for biomedical applications.

Metal-Reducing Bacteria (Geobacter metal-
lireducens, Shewanella oneidensis). Th ese bacte-
ria utilize metals as terminal electron acceptors in 
their respiratory pathways. By reducing metals like 
Fe3+ to Fe2+, they can alter surface chemistry and 
contribute to microetching eff ects. Th eir extracel-
lular electron transfer capabilities also open doors 
for electrically-assisted biomachining systems:

 Fe3++e–→Fe2+(viaextracellularelectrontransfer)

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

Th e only diff erence 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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natural sources to obtain preliminary inoculum 
(biomass) for the biomachining system. Th e 
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 off er promising 
and underutilized capabilities. Fungal systems 
simplify enzyme delivery, anaerobic bacteria en-
able metal sulfi de 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). Th e aspect ratio, de-
fi ned 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-

oxidans, circles and squares have a lower aspect 
ratio than linear structures. Th is 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 effi  ciently control the machining 
shape. In this method, a medium including bac-
teria is cultured on a solid agar medium (Okada 
et al., 2009). Th e 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. Th e gelatinized 
and shaped culture is then placed onto the sur-
face of the workpiece. Aft er a suitable contact 
time, the gelatinized medium is transferred onto 
the piece. Suwandi et al. (2014) combined and 
modifi ed conventional photolithography and 
biomachining methods. Th ey proposed the ap-
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Fig. 6. Mechanism of biomachining copper by microorganism in 9K medium
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plication of a maskless photolithography, where 
the profi les 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). Th ey combined maskless 
photolithography and biomachining to create 
gears, letters, and PCB tracks and thus demon-
strate the applications of this new method. Th is 
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 aff ecting the biomachining process. 
Th ere are many factors aff ecting the biomachin-
ing process, thereby speeding the biomachining 
process over chemical treatment.

Eff ect of FeSO4 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 Specifi c Metal Removal Rate (SMRR) 
of a medium having 10% FeSO4 was compara-
tively lower than that of a medium with 14.75% 
FeSO4, i.e, with an increase by 4.75% of the 
concentration of FeSO4; an average increase by 
0.698 mg/hr.cm2 in MRR is achieved for a bac-
terial density of 1 × 108  cells/mL (Jadhav et al., 
2013). An increase in the concentration of FeSO4 
causes rapid deterioration in the surface quality 
of work metal. Th is 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). 

Eff ect of temperature: A series of experiments 
were conducted by providing bacterial cultures 
with the required conditions under varying tem-
peratures. Th is 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. Th ese 
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 classifi cation of microorganisms and their various applications

Carbon source Energy utilization source Example of Microorganism Applications References

Lithotrophs
(Carbon source: 
CO2)

Chemolithotrophs 
(Energy source: Inor-
ganic matter)

Acidithiobacillus ferrooxidans Biomachining and 
Bio leaching

(Ho & Wu, 2018)

Th iobacillus thiooxidans Bioleaching
Geobacter metallireducens Microbial fuel cells 

and Bioremediation
(Goud et al., 2016)

Shweanella oneidensis Bioremediation (Giandomenico & 
Meylan, 2016)

Desulfovibrio sp. Biomachining (Flaño et al., 2018)
Rhodoferax ferrireducens Microbial fuel cells (Haryadi et al., 

2025)Photolithotroph
(Energy source: Light)

Plants, Chlorella, Cyanophta, 
etc

Organotroph 
(Carbon source: 
organic matter)

Chemoorganotroph 
(Energy source: organ-
ic matter)

Bacteria, animals and hu-
mans

Photoorganotroph
(Energy source: light)

Rhodospirillaceae



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

A. Suresh, J. Abraham, M. Shetty, R. Oyyaravelu, J. Abraham

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. 

Benefi ts 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 Fe3+ solution(Lin 
et al., 2024). Th e MRR value achieved in bioma-
chining by Acidithiobacillus ferrooxidans and 
chemical machining was reported by Verma et 
al., (2019). Th ey concluded that the MRR of the 
metal workpiece studied was signifi cantly 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 diffi  cult to control. Th ey also 
obtained data from a surface roughness analysis 
aft er 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). Th e pieces exposed to 
inorganic acidic environments presented a poor-
quality surface fi nish. Th e lower MRR achieved 
in a biological machining in comparison with a 
chemical machining may be an advantage rather 
than a drawback. Th is particular feature makes 

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. Th e removal of mate-
rial from metal workpieces by microorganisms 
known as biomachining helps provide an eff ec-
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 fi eld 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 aft er 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. Th is 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 Th iobacillus 
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 
circular manufacturing, biomachining is ready 

to play a pivotal role in next-generation sustain-
able material processing.
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БІООБРОБКА: СТАЛА АЛЬТЕРНАТИВА ТРАДИЦІЙНИМ МЕТОДАМ МІКРООБРОБКИ — 
КОМПЛЕКСНИЙ ОГЛЯД

Біообробка — це використання мікроорганізмів для видалення металу із заготовки. Цей процес набув вели-
кого значення за останнє десятиліття завдяки низькому енергоспоживанню та відсутності зони термічного 
впливу під час процесу. Ефективність цього процесу оцінюється за швидкістю видалення матеріалу, і для 
виготовлення обробленої деталі з бажаною якістю поверхні необхідно контролювати певні параметри. В 
основному два фактори відіграють важливу роль у прискоренні процесу біообробки, а саме концентрація 
FeSO4 та температура). Мета. Ця оглядова стаття фокусується на різних параметрах/факторах і механізмах, 
що беруть участь у процесі біообробки, порівняно з традиційними методами обробки, такими як лазерна 
обробка, хімічна обробка та електроерозійна обробка. Для процесу можна використовувати різні мікро-
організми, підтримуючи відповідну концентрацію клітин. Хемолітотрофні бактерії, такі як Acidothiobacillus 
ferroxidans, використовуються в біообробці металів, таких як мідь, залізо тощо. Висновки. Ці бактерії ви-
користовуються через їхню здатність каталізувати окислення неорганічних речовин. Біообробка — це пер-
спективний процес для мікрообробки металів.
Ключові слова: біообробка, хемолітотроф, мікроструктури, кінетика клітинної стінки, лазерний промінь, 
електроерозійна обробка.
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MICROBIAL OMENS: THE PREDICTIVE POWER 
OF MICROBIOME SIGNATURES IN CANCER RISK
Th e human microbiome, a complex ecosystem of microorganisms inhabiting various niches within the body, has 
emerged as a potential harbinger of health and disease. In recent years, a growing body of research has illuminated the 
intricate interplay between the microbiome and cancer risk. Th is review article explores the burgeoning fi eld of micro-
biome signatures as predictive tools for assessing the risk of cancer development. Th e microbiome’s role in maintaining 
homeostasis, modulating immune responses, and infl uencing metabolic pathways has provided a fertile ground for 
investigating its association with carcinogenesis. With a focus on distinct microbial compositions and specifi c molecular 
markers, we delve into the intricate mechanisms underlying the potential of microbiome signatures to forecast cancer 
risk. From gastrointestinal to genitourinary malignancies, we survey the landscape of microbiome-related studies that 
have unveiled promising associations between microbial dysbiosis and the initiation of carcinogenesis. Furthermore, 
we discuss the integration of cutting-edge technologies, including high-throughput sequencing and advanced bioinfor-
matics, in deciphering complex microbiome data and deriving predictive models. Th e challenges of standardization, 
validation, and clinical translation of microbiome-based risk assessments are also addressed. As microbiome research 
evolves, it off ers unprecedented insights into the early stages of cancer development, heralding a paradigm shift  in per-
sonalized cancer risk assessment. By presenting an overview of current achievements, limitations, and prospects, this 
review elucidates the transformative potential of microbial omens in shaping the landscape of cancer prediction and 
preventive strategies.
Keywords: Microbiome, prediction, cancer, diagnosis.
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Th e human microbiome, an intricate assembly of 
microorganisms that inhabit various body nich-
es, has garnered increasing attention for its pro-
found infl uence on health and disease (Arthur 
et al., 2012). Th e 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). Th e 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). Th is interplay, ranging from infl uencing 
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 fi bers present in the 
gut microbiota yields butyrate, which has anti-in-
fl ammatory 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), aff ect-
ing an increase in the acetylation of histones. Th is 

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-infl ammatory cytokines and the 
promotion of T-reg cell diff erentiation. Th ese 
actions help maintain the immune homeostasis 
and avoid the state in which chronic infl amma-
tion operates as the root of cancer development 
(Furusawa et al., 2013). Furthermore, it has been 
proven that butyrate can enhance the gut barrier 
eff ect through the reduction of permeability and 
increase in tight junction proteins and inhibition 
of the transport of chemicals that induce infl am-
mation and cancer (Peng et al., 2009).

Th is 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 infl uence of ad-
vanced technologies such as high-throughput se-
quencing and bioinformatics tools that allow for 
nuanced analyses of complex microbiome data.

Th e 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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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. Th e human microbiome has gained 
recognition as a crucial factor in shaping various 
aspects of health and disease, extending its infl u-
ence beyond localized processes to impact sys-
temic health (Pasolli et al., 2016; Rooks & Gar-
rett, 2016). Th e symbiotic relationship between 
the host and its resident microbial communities 
goes beyond digestion, infl uencing immune re-
sponses, metabolic pathways, and even the risk of 
developing diseases, including cancer (Schwabe 
& Jobin, 2013; Sobhani et al, 2011; Walther-An-
tónio 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-

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 infl uences cancer risk is immune modula-
tion. Th e microbiome plays a pivotal role in edu-
cating and fi ne-tuning the host immune system, 
exerting eff ects on immune cell development, 
activation, and response (dos Reis et al., 2019; 
Jin et al., 2019; Liang et al., 2020). Th is immune-
microbiome interaction is implicated in both 
cancer progression and prevention. Dysregula-
tion of the microbiome can lead to immune dys-
function and infl ammation and ultimately con-
tributes to a permissive microenvironment for 
cancer development (Mager et al., 2005) (Fig. 2).

Th e microbiome has many interactions with 
cancer development and progression, where cer-
tain metabolites act as cellular regulators. An 
example of an SCFA that suppresses HDACs is 

Hierarchial mechanism of microbiome influence on cancer risk

Immune modulation

Polyamines: Induce cell
proliferation and tumor growth

TMAO: Promotes inflammation,
atherogenesis

Butyrate: Inhibits HDACs, promotes
apoptosis in cancer cells

Metabolic interactions Inter-organ communication

Microbiota-derived metabolites:
Circulate and influence

distant organs

Gut-liver axis: Affects systemic
inflammation and metabolic health

Gut-brain axis: Mediates immune
and metabolic responce

General: Influences immune cell
development and responce

LPS: Activates TLR4, promotes
chronic inflammation

Butyrate: Enhances T-regs 
differentiation, reduces inflammation 

Fig. 1. Hierarchical mechanisms of microbiome infl uence on cancer risk
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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. Th is 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-infl amatory 
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). Th at is why 
TMAO increases levels of adhesion molecules 
and infl ammatory cytokines in the blood, which 
promotes the formation of an environment fa-
vorable for neoangiogenesis, infl ammation, and 

atherogenesis (Wang et al., 2011). TMAO con-
centration is also known to rise with adverse 
outcomes in various types of cancer, including 
colon cancer. Th is is because TMAO possesses 
pro-infl ammatory properties that promote can-
cer development by inducing DNA damage and 
stimulating cell division.

Additionally, the microbiome’s 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-
fi les, infl uencing the host’s susceptibility to cancer 
development. For instance, microbial metabolites 
can aff ect 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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Fig. 2. Cancer initiation mechanisms correlated with dysbiosis of microbiome signature
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gut-liver axis adds layers of complexity to its in-
fl uence 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; Ramírez-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-
ve lopment. 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 infl ammation, 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-infl ammatory molecules that 
contribute to a pro-cancer microenvironment 
(Banerjee et al., 2017).

Furthermore, microbiome dysregulation can 
aff ect 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). Th ese fi ndings 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-

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. Th e binding of 
LPS to immune cells activates Toll-like receptor 4 
(TLR4) triggers processes that lead to the genera-
tion of pro-infl ammatory cytokines and creation 
of conditions conductive to cancer progression 
(Cani et al., 2008). Causing the oxidative stress 
and DNA damage, this chronic infl ammation 
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.

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

High-throughput sequencing technologies 
have revolutionized our ability to profi le com-
plex microbial communities, enabling the dis-
covery of distinct microbiome signatures linked 
to cancer risk (Binder Gallimidi et al., 2015). 
Th ese signatures can be defi ned by the abun-
dance or absence of specifi c 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).

Th e utilization of multi-omics approaches, 
combining metagenomics, meta-transcriptomics, 
and metabolomics data, off ers a holistic view of 
the microbiome’s role in cancer risk (Kartal et 
al., 2022). Th ese approaches allow for a compre-
hensive understanding of microbial functions, 
gene expression patterns, and metabolite profi les, 
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). Th e integration 
of machine learning algorithms and advanced 
statistical methods further refi nes the identifi ca-
tion of robust and reproducible microbiome sig-
natures (Warnke-Sommer & Ali, 2017).

In conclusion, the identifi cation 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-specifi c Microbiome Signatures. Th e 
investigation of cancer-specifi c microbiome sig-
natures provides critical insights into the poten-
tial of microbial compositions as predictive tools 
for distinct cancer types (Schmidt et al., 2014). 

Emerging research has unveiled microbial asso-
ciations that are organ-specifi c and could hold 
signifi cant promise in enhancing cancer risk as-
sessment (Table 1).

Exploring microbiome signatures in various 
cancer types reveals distinct patterns linked to 
specifi c 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-
fi ed in cancers of the oral cavity, lung, and skin, 
highlighting the potential of site-specifi c micro-
bial compositions as early indicators of cancer 
risk (Börnigen et al., 2017). Th e unique interac-
tion between microbiota and local microenvi-
ronments may contribute to these organ-specifi c 
signatures, providing insights into the role of the 
microbiome in infl uencing carcinogenesis.

Moreover, the identifi cation of microbial spe-
cies or functional genes that consistently as-
sociate with specifi c cancer types presents an 
opportunity to develop targeted diagnostic and 
predictive models (Th omas et al., 2019). Th ese 
models could potentially contribute to the re-
fi nement 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-specifi c 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 profi les.

In conclusion, cancer-specifi c microbiome 
signatures hold signifi cant potential as predictive 
tools for early cancer detection. By delving into 
the distinctive microbial compositions associated 
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with diff erent cancer types, researchers are pav-
ing the way to improved personalized cancer risk 
assessment and targeted preventive strategies.

Technological Advancements and Data Anal-
ysis. Th e 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). Th ese 

technological innovations, coupled with advanced 
data analysis methodologies, have revolutionized 
our understanding of the intricate relationships 
between microbial communities and cancer risk. 
Th e 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-specifi c microbiome signatures for early diagnosis potential

Cancer Type Microbiome signature Diagnosis References

Colorectal Cancer Increased abundance of 
Fusobacterium nucleatum

Increased abundance linked to 
colorectal cancer progression 

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

Reduced microbial diver-
sity

Correlates with advanced adeno-
mas and carcinomas 

Th omas et al., 2019

Elevated production of 
bacterial metabolites

Potential impact on colorectal 
cancer development

Zackular et al., 2013; Xie et al., 
2017

Bacteroides fragilis toxin 
(BFT)

Toxin associated with colorectal 
cancer risk 

Farrell et al., 2012; Zeller et al., 
2014

Cervical Cancer Shift  from Lactobacil-
lus dominance to diverse 
bacterial communities

Microbial dysbiosis associated 
with cervical cancer risk

Mitra et al., 2016

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

Yang et al., 2018

Oral Cancer Increased abundance of 
Porphyromonas gingivalis 
and Prevotella species

Linked to periodontal disease and 
oral squamous cell carcinoma

Schmidt et al., 2014

Altered functional path-
ways related to infl amma-
tion and metabolism

Dysregulation of host-microbe 
interactions in oral cancer
Progression

Guerrero-Preston et al., 2016; 
Farrell et al., 2012

Lung Cancer Enrichment of Strepto-
coccus and Veillonella

Association of specifi c bacteria 
with lung cancer risk

Hosgood et al., 2014

Decreased abundance of 
bacterial species

Diff erential microbial profi les in 
lung cancer patients

Jin et al., 2019

Skin Cancer Distinct composition of 
skin microbiota

Microbial diversity variations ob-
served in skin cancer

Pasolli et al., 2016

Gastric Cancer Helicobacter pylori Chronic infection associated with 
gastric cancer development

Ishaq et al., 2015

Streptococcus gallolyticus 
subspecies gallolyticus

Implicated in colorectal and gas-
tric cancer

Pasquereau-Kotula et al., 2018

Liver Cancer Altered gut microbiota 
composition

Distinct microbial profi les associ-
ated with liver cancer

Moreno-Gonzalez ete al., 2021
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High-throughput sequencing technologies, 
such as next-generation sequencing, have en-
abled comprehensive profi ling of microbial com-
munities within diverse environments (Guerre-
ro-Preston et al., 2016; Marmorino et al., 2023). 
Th ese 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 infl uence host physiology and cancer risk.

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 soft ware, 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 identifi cation of 
predictive microbial signatures (Zhu et al., 2022; 
Negrut et al., 2023; Börnigen 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). 
Th ese techniques enable researchers to diff er-
entiate between causal associations and mere 
correlations, further refi ning the identifi cation 
of microbiome signatures with true predictive 
power.

Technological advancements and data analysis

High-throughput sequences

Multi-omics integration

Data analysis techniques

Next-generation sequencing (NGS)

Combines metagenomics, meta-transcriptomics
and metabolomics data

Meta-transcriptomics

Metagenomis

Integration with other biomarkers

Advanced bioinformatics

Metabolomics

Statistical methods

Machine learning algorithms

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

Fig. 3. Technological Advancements and Data Analysis 
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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. Th e 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). Th e translation of microbiome-based risk 
assessment into clinical practice involves address-
ing multifaceted issues while capitalizing on the 
transformative potential that these signatures off er.

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. Eff orts 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 profi les.

Despite these challenges, the clinical oppor-
tunities are substantial. Th e prospect of non-

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 
modifi cations, off ers 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 
off ers 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 fi eld 
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). Th ese prospects off er avenues 
for refi ning 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-
fi cial 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). Th ese technologies 
can decipher intricate patterns within large and 
complex datasets, aiding in the identifi cation of 
subtle microbial signatures that may not be evi-
dent through traditional analyses.

Additionally, longitudinal studies that track 
changes in the microbiome over time off er 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 identifi cation of early warning signs 
and windows for intervention.

Th e 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 workfl ows, 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 eff orts 
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 fi eld stands 
poised to revolutionize the landscape of person-
alized cancer risk assessment and prevention.

Conclusions. Th e remarkable strides in mi-
crobiome research have unveiled a new frontier 
in cancer risk assessment through the predictive 
power of microbial signatures. Th is 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.

Microbial dysbiosis emerges as a critical fac-
tor in the development of cancer, infl uencing 
immune responses and metabolic pathways and 
creating permissive microenvironments. Th e 
identifi cation and characterization of microbiome 
signatures off er 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. Th e inte-
gration of multi-omics data, advancements in 
machine learning, and longitudinal studies hold 
promise in refi ning predictive models. Collabor-
ative eff orts across disciplines will be essential to 
navigate challenges and unlock the full potential 
of microbiome-based risk assessment.

In conclusion, the emerging fi eld of microbial 
omens in cancer risk off ers 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 infl uence our health, the promise of microbi-
ome signatures as predictive tools for cancer risk 
assessment shines brightly on the horizon.
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МІКРОБНІ ОЗНАКИ: ПРОГНОСТИЧНА СИЛА 
МІКРОБІОМНИХ СИГНАТУР ЩОДО РИЗИКУ РАКУ

Мікробіом людини, складна екосистема мікроорганізмів, що населяють різні ніші в організмі, став потен-
ційним провісником здоров’я і хвороб. В останні роки з’являється все більше досліджень, які висвітлюють 
складний взаємозв’язок між мікробіомом і ризиком розвитку раку. Ця оглядова стаття досліджує зростаючу 
сферу мікробіомних сигнатур як прогностичних інструментів для оцінки ризику розвитку раку. Роль мікро-
біому в підтримці гомеостазу, модуляції імунної відповіді та впливу на метаболічні шляхи створила сприят-
ливе підґрунтя для дослідження його зв’язку з канцерогенезом. Зосереджуючи увагу на особливостях мікро-
бного складу та специфічних молекулярних маркерах, ми заглиблюємося в складні механізми, що лежать в 
основі потенціалу мікробіомних сигнатур для прогнозування ризику розвитку раку. Від шлунково-кишкових 
до сечостатевих злоякісних новоутворень ми розглядаємо ландшафт досліджень, пов’язаних з мікробіомом, 
які виявили багатообіцяючі зв’язки між мікробним дисбактеріозом та ініціюванням канцерогенезу. Крім 
того, ми обговорюємо інтеграцію передових технологій, а саме високопродуктивне секвенування і передову 
біоінформатику, в розшифровці складних мікробіомних даних і створенні прогностичних моделей. Також 
розглядаються проблеми стандартизації, валідації та клінічної трансляції оцінок ризику на основі мікро-
біому. Дослідження мікробіому продовжують розвиватися, пропонуючи безпрецедентне розуміння ранніх 
стадій розвитку раку та передбачаючи зміну парадигми в персоналізованій оцінці ризику раку. Грунтуючись 
на огляді поточних досягнень, обмежень і майбутніх перспектив,автори висвітлюють трансформаційний по-
тенціал мікробних ознак у формуванні ландшафту прогнозування раку і профілактичних стратегій.
Ключові слова: мікробіом, прогнозування, рак, діагностика, рання діагностика.


