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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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Abstract.
Background: Control of rifampicin-resistant tuberculosis 

(RR-MTB) requires novel technologies for restoring the anti-
TB efficacy of priority drugs. We sought to evaluate the ability 
of nanotechnology application in the recovery of the anti-
tuberculosis efficacy of rifampicin.

Methods: Nanocomposite- standard dose of rifampicin and 
20 nm silver nanoparticles (AgNPs) suspension solution of 6 
different concentrations: 0.25%; 0.5%; 1%; 2.5%; 5%; and 10%, 
were supplemented to 70 rifampicin-resistant mycobacterium 
tuberculosis (RR-MTB) isolates. The control arm consisted 
of 35 RR-MTB isolates and AgNPs suspension with identical 
concentrations. The inhibitory effect of nanocomposites was 
evaluated by MTB growth rate using the BACTECTM MGIT 
960TM. The safety assessment of single-use AgNPs was 
conducted in experimental animals.

Results: The suppression process of AgNPs on RR-MTB 
isolates started with 2,5% nanocomposite solution application 
and full suppression was achieved in 5% and 10% nanocomposite 
solutions. A standard dose of rifampicin and a 2.5% solution of 
AgNPs increased the minimal inhibitory effect on RR-MTB by 
10% (total 80%) vs the isolated use of a 2.5% solution of AgNPs 
(70%). An experiment on animals revealed the complete safety 
of a single injection of ultra-high doses of AgNPs.

Conclusion: The study showed the potentiating effect of 
AgNPs in overcoming the resistance of MTB to rifampicin 
providing a scientific basis for further research.

Key words. Rifampicin-resistance, silver nanoparticles, 
growth inhibition, experimental animals.

Introduction.
Multidrug- and rifampicin-resistant tuberculosis (MDR/RR-

TB) is still a challenge for clinicians and public health authorities 
[1,2]. New and repurposed drugs have significantly improved 
treatment efficacy in patients with MDR/RR-TB, increased 
adherence [3], and decreased lost to follow-up rate. Also, 
active drug safety monitoring provided appropriate prevention, 
detection, and management of adverse events causing (leading 
to) radical improvement in treatment outcomes. Despite the 
encouraging data, the overall rate of favorable outcomes of 
MDR/RR-TB treatment is only 59% and much lower in patients 
with higher resistance profiles [1,4].

Several publications have appeared in the scientific medical 
literature regarding the developing resistance of M. tuberculosis 
(MTB) to new and repurposed drugs in recent years [5-8] and 
hence, we may face a drug-resistant TB crisis again [9]. To 
prevent the process, it is necessary to expand and update the 
drug base for the treatment of resistant tuberculosis constantly, 
which can be performed both through the synthesis of new 
anti-tuberculosis drugs and restoring the anti-TB efficacy of 

priority drugs using stability inhibitors. In the quest for more 
efficient anti-mycobacterial drugs that are able to overcome the 
“classical” issues discussed above and partially responsible for 
the global TB status - recently the nanoparticles gained special 
attention. 

Nanoparticles have the ability to overcome existing 
mechanisms of bacterial drug resistance, such as decreasing 
absorption, enhancing drug efflux from microbial cells, forming 
bio accumulators, and fighting intracellular infection pathogens. 
Applying nanoparticles directly to the injury sites may allow 
the transportation of high concentrations of antimicrobial drugs 
while maintaining the optimal dose of the drug for the body; 
thus, overcoming the mechanisms of antibiotic resistance and 
reducing side effects [10].

Scientific studies have established the enhanced biocidal 
properties of silver, its physiological role in the normal 
metabolism of human substances, and the functioning of the 
immune system. It is possible to use small concentrations of 
silver in the nano-size range with multiple enhancements 
of biocidal properties. Only a few scientific publications 
are presenting the results of studies on the antibacterial and 
immunobiological properties of silver nanoparticles (AgNPs), 
the bactericidal effect of AgNPs on drug-resistant strains of 
various diseases [11-18], as well as the peculiarities of AgNPs 
action in healthy and experimental animals infected with MTB, 
taking into account the administration routes of nanoparticles 
into the body [19-23]. “In vitro” studies showed that while 
using a combination of AgNPs and isoniazid (in cases of proven 
resistance to isoniazid), there was a complete or significant 
inhibition of the growth of MTB [22]. There is scarce data 
in the scientific literature regarding the usage of AgNPs and 
rifampicin (RIF) on RR-TB [24,25].

The study aimed to investigate the in vitro restoration of the 
anti-TB efficacy of RIF using AgNPs. The main objectives 
were: 1) "In vitro” study of the inhibitory effect of suspensions 
containing different concentrations of AgNPs on RR M. 
tuberculosis (RR-MTB) strains; 2) “In vitro” study of the 
effectiveness of the standard dose of RIF and nanocomposite 
with different concentrations of AgNPs to investigate the 
presence of inhibitory effect on RR-MTB strains; 3) Evaluation 
of the safety of single administration with high and ultra-high 
doses of AgNPs in experimental animals.
Materials and Methods.

Study Design and Settings: We conducted an experimental 
study, and the bacteriological part of the research was 
performed in the National Reference Laboratory (NRL) of 
the National Center for Tuberculosis and Lung Diseases 
(NCTLD), Tbilisi, Georgia. The safety of AgNPs was studied 
on experimental animals at the Alexander Natishvili Institute 
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of Morphology, Ivane Javakhishvili Tbilisi State University. 
The study was approved by the Institutional Review Boards 
of the NCTLD and the Alexander Natishvili Institute of 
Morphology. Experiments were conducted in compliance with 
current international standards (The Declaration of Helsinki 
Convention for the Use and Care of Animals, 1964; Directive 
2010-63-EU on the Protection of Animals Used for Scientific 
Purposes, 2010; Guide for the Care and Use of Laboratory 
Animals, 8th ed., 2011). Euthanasia was performed according 
to IACUC guidelines. (https://animal. research. uiowa.edu/
iacuc - guidelines-euthanasia).

Statistical analysis was performed using IBM SPSS Statistics 
software (Version 29.0.2.0). The chi-square (X2) test was used 
to compare the effect of two different groups: AgNPs alone and 
R/AgNPs analyzing two categorical variables for each group: 
growth increase vs suppression.
Study Procedures.

“In Vitro” Inhibitory Study of Silver Nanoparticles (AgNPs) 
on RR-MTB Strains.

An “in vitro” experiment was carried out on 105 cultures of 
RR-MTB, which were obtained in clinical conditions from the 
sputum of patients with pulmonary tuberculosis. The experiment 
was conducted on liquid nutrient soils in a BACTECTM MGIT 
960TM system. For the experimental study AgNPs (AgNPs of 
20nm) were purchased from “Hongwu International Group Ltd” 
(https://www.hwnanomaterial.com). High-frequency ultrasonic 
homogenizer, disruptor, and disintegrator (Ultrasonic Processor 
FS-1800N (China) was used to characterize the nanoparticle 
suspension size of AgNPs and was carried out on an electron 
microscope. 

The experiment was conducted in 2 groups. In the sensitivity 
testing kit, in one case, only silver solution in the amount of 100 
μl (with different concentrations) was applied to the samples, 
and in another case, the silver solution of the appropriate 
concentration was added along with standard dose of RIF.

To determine the growth inhibitory effect of MTB - 6 
concentrations of AgNP solution on preselected RR isolates 
were studied: 0.25%, 0.5%, 1%, 2.5%, 5%, and 10%. Initially, 
105 cultures of RR MTB were taken. Six (0.25%, 0.5%, 1.0%, 
2.5%, 5%, 10%) types of suspensions were prepared from the 
powder of nanoparticles containing 99.9% silver: In each case 
100 ml of injection water was supplemented to 0.25 g, 0.5 
g, 1.0 g, 2.5 g, 5.0 g, and 10 g of silver nanoparticle powder, 
respectively. In all six groups, injection water was supplemented 
to the silver nanoparticle powder separately and centrifuged 
for 5 minutes. In the obtained suspension, the silver powder 
precipitated fast. In order to stabilize the suspension, it was 
placed in a homogenizer, disruptor, disintegrator and affected 
with 1800 W high-frequency ultrasound for 2 min three times.

For the evaluation of the inhibitory activity of AgNPs, the 
solution of AgNPs with an appropriate concentration was 
added to 35 test tubes (in the set of susceptibility test tubes). 
Each concentration of 0.25%, 0.5%, 1%, 5% and 10% solution 
were added to 5 test tubes and 2.5% solution to 10 test tubes. 
Evaluation of the inhibitory activity of different concentrations 
of AgNPs and RIF (R/AgNPs) composite was conducted on 
susceptibility test tubes with 6 different concentrations of 

silver solution (0.25%, 0.5%, 1%, 2.5%, 5%, 10%) with the 
supplement of a standard dose of RIF (each concentration of 
AgNPs solution with RIF was applied to 10 test tubes, except 
for the 2.5% concentration of the silver solution, applied to 20 
test tubes with RIF (70 test tubes in total). 

An “in vitro” experiment was carried out on cultures of RR-
MTB, which were obtained in clinical conditions from the 
sputum of patients with pulmonary tuberculosis. The experiment 
was conducted on liquid nutrient soils in a BACTECTM MGIT 
960TM system. The BACTECTM MGIT 960TM device is used for 
rapid detection of MTB in a test sample. MTB growth is detected 
by fluorescence, which increases in proportion to the decrease 
of oxygen in the test tube. The device emits fluorescence 
using ultraviolet rays and a special computer algorithm. The 
BACTECTM MGIT 960TM device is also used to determine the 
sensitivity to anti-TB drugs, which allows interpretation of the 
results within 4-13 days.

Testing of susceptibility in anti-TB drugs using the BACTECTM 
MGIT 960TM device is based on the same principle, which 
involves the detection of mycobacterial growth by fluorescence. 
The test is carried out with a set of MGIT 7 ml test tubes, 
necessarily including a control test tube (without drug) and test 
tubes where the drug is supplemented with an already known 
concentration. The device automatically and continuously 
monitors the increase process of fluorescence in the drug and 
control tubes. If the drug is active against MTB (an isolate is 
sensitive), growth of inhibition and suppression of fluorescence 
occur in the tubes including drugs, while in the control tube 
an increase of MTB growth and fluorescence is detected. If 
the isolate is resistant, growth of MTB and corresponding 
increase of fluorescence is observed in both control and tubes 
with drugs. The BACTECTM MGIT 960TM system automatically 
monitors the growth process in sensitive or resistant samples 
and interprets results accordingly.

The final evaluation of the inhibitory activity of the study 
result was performed based on the inhibition of MTB growth, 
supplemented with the experimental suspension to the test tubes.
The Safety Study of a single-use of silver nanoparticles 
(AgNPs) in experimental animals.

At the first stage of the safety study with AgNPs, high and ultra-
high doses of AgNPs were used in the experiment conducted on 
test animals (Table 1). 

To evaluate the safety of 2.5% and 5% suspensions of AgNPs, 
white mogrel rats (of body weight 250-300 g.) were used in 
experimental studies. Animals were housed under standard 
vivarium conditions (temperature 22±2ºC, humidity 50%±5%, 
12/12h light/dark cycle, free access to water and food) in 
polypropylene cages covered with stainless steel mesh (5 rats 
per cage). 8-12-week-old rats were randomly divided into four 
groups: five rats per group (2 female and 3 male). Female rats 
were non-pregnant and nulliparous. Suspensions of AgNPs 
(2.5% and 5%) were administered once orally using a special 2.5 
ml food needle to the first and third groups; 5 ml - to the second 
and fourth groups, and the control group received physiological 
saline. Before administering the control suspension, the 
laboratory animals were food-restricted for 24 hours but had 
free access to water.
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Group I - Rats received a single dose of 2.5% suspension of 
AgNPs: 2.5 ml/100 g orally for 24 hours.

Group II - Rats received a single dose of 2.5% suspension of 
AgNPs: 5 ml/100 g orally for 24 hours.

Group III - Rats received a single dose of 5.0% suspension of 
AgNPs: 2.5 ml/100 g orally for 24 hours.

Group IV - Rats received a single dose of 5.0% suspension of 
AgNPs: 5 ml/100 g orally for 24 hours.

The control group - received a single dose of 0.9% physiological 
saline.

After receiving the control suspension, the rats were monitored 
every 30 minutes for the first 4 hours; then every 6 hours for the 
first 24 hours, and twice a day for the following days. According 
to the recommendations of the OECD guideline for testing of 
chemicals, observation of the rats continued for 7 days. A week 
later the rats were restricted from food for 24 hours (with free 
access to water).

To study the histomorphological material, the rats were 
euthanized with CO2 at a rate of 5 L/min in an individual 
chamber. For histomorphological research tissues were taken 
from the organs of rats of all five groups, and embedded in 
paraffin blocks to prepare the slides for microscope specimen; 
The specimens were stained with hematoxylin-eosin and 
observed under a light microscope
Results.
Evaluation of “In Vitro” Inhibitory Effect of Silver 
Nanoparticles (AgNPs) on RR-MTB Strains.

The conducted experimental study showed the complete 
suppression of the growth of multiresistant strains of MTB 
when applying 5% and 10% silver suspensions; In the case of 
application with 0.25%, 0.5%, and 1.0% concentration solutions, 
the growth of multiresistant strains of MTB was re-detected.

Applying a 2.5% solution of AgNPs showed both inhibition 
and growth of the RR-MTB strains.

To increase the reliability of the obtained results, we expanded 
the scope of the study and added the suspension containing a 
2.5% concentration of silver to five more sensitive test tubes 
(a total of 10 test tubes). The addition of 2.5% AgNPs to the 
suspension showed the growth inhibition of RR-MTB strains in 
70% of cases (Table 2).

The addition of RIF and different concentrations of silver 
nanocomposite showed the same tendency to inhibit the growth 
of mycobacteria as applying only AgNPs to RR-MTB cultures. 
The study showed complete ineffectiveness of composites 

including the standard dose of RIF and suspension of AgNPs 
200 with the following concentrations: 0.25, 0.5%, 1.0%; 
Growth inhibition of RR-MTB strain started with R/AgNPs 
2.5% solution, and the complete inhibition was observed in 
case of supplement including R/AgNPs 5% and 10% solution. 
Despite statistically nonsignificant (P > 0.05) difference between 
two groups - R/AgNPs and AgNPs only (X2= 0.373, degrees 
of freedom (df):1, P-value=0.541), a bactericidal effect while 
applying the nanocomposite containing R/AgNPs concentration 
of 2.5% was observed in 80.0% of cases, which is 10% higher 
than the bactericidal effect obtained by applying only AgNPs. 
R/AgNPs with a higher concentration of nanocomposite (5%, 
10%) showed a bactericidal effect in 100% of cases (Table 2).

Table 2. Growth inhibition of RR-MTB with various concentrations of 
AgNPs with RIF.

Growth 
Suppression 

The concentration of AgNPs in combination with 
RIF
0,25% 0,5% 1,0% 2,50% 5% 10% Total

Suppression N 
(%)  

0                
0%

0                     
0%

0  
0%        

16
80%

10
100%

10
100%

36
93,3%

Growth N (%)  10 
100%

10 
100%

10
100%

4
20%

0                 
0%

0                  
0%

34                      
80%

Total N 10 10 10 20 10 10 70

Abbreviations: RR-MTB, rifampicin-resistant M. tuberculosis; AgNPs, 
silver nanoparticles, N, number.

Table 3. Growth inhibition of RR-MTB with the various concentrations 
of AgNPs.

Characteristics              The concentration of  AgNPs

0,25%  0,5% 1,0% 2,5%   5% 10% Total
MTB Growth 
Suppression
N (%) of Test 
Tubes

0       
0%

0                 
0%

0   
0%

7
70%

5 
100%

5 
100%

17                        
90,0%

MTB Growth
N (%) of Test 
Tubes

5 
100%

5  
100%

5 
100%

       3
     
30%

0                 
0%

0   
0%

       18
82,5%

Number of Test 
Tubes 5 5  5      10    5 5 35

Abbreviations: RR-MTB, rifampicin-resistant M. tuberculosis; AgNPs, 
silver nanoparticles, N, number.

The combination of 2.5% suspension of AgNPs and a standard 
dose of RIF has a minimal inhibitory effect on RR-MTB, and 
the minimum bactericidal concentration of AgNPs with the 
standard dose of R is equal to 5% suspension of silver.
Evaluation of a single-use of silver nanoparticles (AgNPs) in 
experimental animals.

In the experiment, no case of lethality was observed in rats with 
high and ultra-high single doses of AgNPs. At the same time, 
they were not restricted in food, water, defecation, diuresis, and 
movement.

No histomorphological changes were observed in the tissues 
of the first, second, and third group of rats, while the following 
types of changes were detected in the rats of the fourth group: 
1) No pathological changes were detected in the myocardium. 

Rat 

Rat weight (g)

Control 
Group

AgNPs 
2,5% 1000 
mg/kg

AgNPs 
2,5% 5000 
mg/kg

AgNPs 
5% 1000 
mg/kg

AgNPs 5% 
5000 mg/
kg

Female 250 250 240 240 240
Female 260 250 240 250 240
Male 300 300 300 290 280
Male 270 270 260 260 250
Male 300 300 290 300 280

Table 1. Study of the safety of silver nanoparticle suspension with the 
single administration, weight of control and experimental group rats.

Abbreviations: g, gram; AgNPs - silver nanoparticles.
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In some cases, we could see extravasates, probably caused 
by the damage of material due to rough handling (Figure 1); 
2) Hemorrhage foci were detected in the alveoli and lung 
interstitium (Figure 2); 3) A moderate amount of blood was 
observed in the liver; No pathological deviations were detected 
(Figure 3); 4) No pathological changes were detected in the 
gastrointestinal (GI) system (Figure 4); 5) Focal mineralization 
manifested by eosinophilia was observed in renal tubules 
(Figure 5).

While applying silver suspensions with the above-mentioned 
concentrations did not have a lethal dose - LD50 could not be 
determined. No histomorphological changes were noted while 
applying the suspension dose of 2.5 ml/100g; the use of ultra-
high dose suspension of 5% AgNPs (5 ml/100g) caused some 
changes in lung and kidney tissue structure.

Figure 1. Histomorphological changes in the heart tissues of rats after 
a single injection of high and ultra-high doses of AgNPs. Picture of 
normal heart muscle. Hematoxylin-eosin. x 40.

Figure 2. Histomorphological changes in the tissues of the alveoli and 
lung interstitium of rats after a single injection of high and ultra-high 
doses of AgNPs. Hemorrhage foci were detected in the alveoli and lung 
interstitium. Hematoxylin-eosin. x 20.

Figure 3. Histomorphological changes in the liver tissues of rats after 
a single injection of high and ultra-high doses of AgNPs.  Picture of 
normal liver, hematoxylin-eosin. x 40.

Figure 4. Histomorphological changes in the small intestine tissues 
of rats after a single injection of high and ultra-high doses of AgNPs.  
Small intestine within normal limits. Hematoxylin-eosin. x 40.

Figure 5. Histomorphological changes in the kidney tissues of 
rats after a single injection of high and ultra-high doses of AgNPs.  
Mineralization by eosinophilia in the renal tubules of the upper part of 
the image. Hematoxylin-eosin. x 20.
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One of the main challenges of using AgNPs in humans is 
the safety profile of nanocomposites. Our study revealed the 
complete safety (absence of any type of histomorphological 
changes) of a single administration of AgNPs suspension 
(AgNPs 2.5% 1000 mg/kg; AgNPs 2.5% 5000 mg/kg; AgNPs 
5.0% 1000 mg/kg) in the animal experiment. At an ultra-high 
dose (AgNPs 5.0% 5000 mg/kg), some non-lethal changes 
were detected in the tissue structures of parenchymal organs 
(lungs, kidneys). The study of the efficacy of an “in vitro” use of 
nanocomposite in RR-MTB strains (based on the results of the 
studied criteria), confirms the enhancing effect of nanoparticles 
in overcoming the resistance of the pathogen to RIF. The 
obtained results show that the optimal dose of nanoparticles in 
the composite is a concentration of 2.5%. The safety of using 
20 nm AgNPs of the above-mentioned concentration was also 
confirmed by the experimental research.

The study highlights the urgent need to maintain the 
effectiveness of RIF as one of the most potent anti-TB drugs 
due to its unique bactericidal and sterilizing capacity. Along 
with developing new anti-TB drugs, it is important to prevent 
the acquisition of resistance to RIF and introduce new methods 
to restore the effectiveness of RR-MTB strains.

Our study is among few researches evaluating the efficacy 
and safety of AgNPs and RIF on MTB strains. Kreytsberg et al. 
[26] found that the efficacy of the combined application of the 
nanoparticles with specific anti-TB drugs significantly exceeded 
the isolated mode of the nanoparticle application. The bacterial 
growth-inhibitory activity of AgNPs with RIF was 93,3% at 
a concentration within the range of 2.5 – 5.0 mg/l. Ellis et al. 
[25] demonstrated a limited independent intramacrophagic 
antimycobacterial effect of multimetallic nanoparticles 
including AgNPs. However, the coadministration of AgNPs 
with subtherapeutic RIF increased the potentiating effect of 
RIF by reducing 69% of M. tuberculosis colony-forming units. 
Interestingly, Farooq et al. [24] showed an enhancement of 
antibiofilm efficiency of RIF following conjugation with silver 
(R/AgNPs) also in methicillin-resistant K pneumoniae and S 
aureus [24]. All these studies are consistent with our findings 
regarding the efficacy of nanocomposite of AgNP and RIF.

The main limitation of the study is that the safety assessment 
involved only a single administration of the AgNP suspension 
to experimental animals. However, we are continuing our study 
to evaluate the safety of AgNPs and RIF suspensions when 
administered multiple times following OECD GUIDELINES 
FOR TESTING.
Conclusion.

The in vitro study of the effectiveness of using AgNPs and RIF 
nanocomposite on RR-MTB isolates proves the potentiating 
effect of AgNPs at a standard dose of RIF, overcoming the drug 
resistance of the pathogen, which provides a scientific basis for 
an in-depth study of this actual problem.
Acknowledgements.

Author contributions: NK, GP, and NK conceptualized 
and designed the study. NB performed bacteriological testing, 
NC performed histomorphological examinations, TA and LS 
contributed to data acquisition, and NK wrote the first draft 
of the manuscript. All authors provided critical feedback and 

Discussion.
Mycobacterium tuberculosis has the extraordinary ability to 

adapt to the administration of antibiotics through the development 
of resistance mechanisms. By rapidly exporting drugs from 
within the cytosol, these pathogenic bacteria diminish antibiotic 
potency and drive the presentation of drug-resistant tuberculosis. 
The membrane integrity of MTB is pivotal in retaining these 
drug-resistant traits. Silver nanoparticles are established 
antimicrobial agents that effectively compromise membrane 
stability, giving rise to increased bacterial permeability to 
antibiotics. RIF is a semisynthetic, broad-spectrum antibiotic 
used commonly for the treatment of tuberculosis. Due to its 
penetrating power, it is also reported to treat various biofilm-
related infections. With the emergence of RIF resistance among 
microbes, researchers are looking for various ways to improve 
its bioavailability. Umar Farooq and co-authors [24] studied 
Rif conjugated silver nanoparticles on methicillin resistant 
Staphylococcus aureus and Klebsiella pneumoniae strains and 
found that, nanotechnology decreasing their size of Rif to nano 
level, which results an increase in cell permeability. Synthesized 
nanoparticles showed 1.5–2-times more penetrating potential 
as observed by biofilm eradication and percentage viability 
reduction as compared to RIF alone.

The release of AgNPs within the macrophage endosomal 
system increase the potency of the model antibiotic RIF by 
as much as 76% by realised through an increase in membrane 
disorder of intracellular MTB [25].

Thus, the synergistic impact of the action of R/AgNPs 
against Mycobacterium tuberculosis is not fully studied yet, 
but the base of the mechanism itself is antibiofilm activity. 
Silver nanoparticles are established antimicrobial agents that 
effectively disrupt the stability of the membrane, leading to an 
increase in the permeability of bacteria to antibiotics (Rif).

In our experimental study, the addition of RIF standard 
dose and nanocomposite (with different concentrations of 
AgNPs) to RR-MTB strains showed complete suppression of 
Mycobacterium tuberculosis growth in 51,4% of cases, while 
in control arm supplement of 6 different concentrations of only 
AgNPs to RR-MTB isolates showed 48,6%. As a result of “in 
vitro” research, studying the effects of 20 nm AgNPs solutions at 
six separate concentrations, it was found that they have different 
inhibitory effects on RR-MTB isolates-suppression process in 
RR-MTB strains started with 2,5% nanocomposite solution 
application and full suppression was achieved in 5% and 10% 
nanocomposite solutions. It was established that a solution of 
AgNPs of 2.5% has a minimal inhibitory effect and a solution 
of 5.0% has a minimal bactericidal effect on RR-MTB “in 
vitro” strains. The study results determined that the “in vitro” 
application of nanocomposite including a standard dose of RIF 
and a 2.5% solution of AgNPs increased the minimal inhibitory 
effect on RR-MTB to 10% (total 80%) compared to the isolated 
use of a 2.5% solution of AgNPs nanoparticles (70%) indicating 
the potentiating effect of AgNPs to overcome the resistance of 
MTB to R. “In vitro” application of a nanocomposite using a 
standard dose of RIF, a 5% suspension of AgNPs, and a 5% 
solution of isolated AgNPs on RR-MTB strains showed identical 
results in terms of minimal bactericidal effect.
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Изучение эффективности и безопасности 
нанокомпозитов серебра в отношении рифампицин 
устойчивых штаммов микобактерии туберкулёза
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Резюме
Цель: Целью исследования было оценка потенциала 

наночастиц серебра в восстановлении противотуберкулёзной 
эффективности рифампицина.

Материалы и методы: К 70 рифампицин-устойчивым 
изолятам микобатерии туберкулёза (RR-MTB) добавляли 
нанокомпозит (R/AgNPs)-стандартную дозу рифампицина 
(R) вместе с 6 различными (0,25%; 0,5%; 1%; 2,5%; 5%; 
10%) концентрациями наночастиц серебра (AgNPs). 
Контрольную группу составили 35 изолятов RR-MTB, 
к которым добавляли суспензию AgNPs в идентичных 
концентрациях. Ингибирующий эффект нанокомпозитов 
оценивали по росту микобатерии туберкулёза  (MTB) 
с использованием BACTECTM MGIT 960TM. Оценка 
безопасности одноразового использования AgNPs 
проводилась на экспериментальных животных.

Результаты: Процесс подавления роста изолятов RR-MTB 
начинался при добавлении 2,5% суспензии 20 нм AgNPs, 
а полное подавление наблюдалось при использовании 
5% и 10% суспензий AgNPs. In vitro при использовании 
нанокомпозита стандартной дозы рифампицина и 2,5% 
суспензии наночастиц серебра наблюдалось увеличение 
минимального ингибирующего эффекта на 10% (составило 
80%) по сравнению с изолированным применением 2,5% 
суспензии наночастиц серебра (70%). Эксперименты на 
животных показали полную безопасность однократного 
применения сверхвысоких доз AgNPs.

Заключение. Исследование показало потенцирующий 
эффект AgNPs на рифампицин по преодолению 

резистентности к МТБ , что даёт научную основу для 
дальнейших исследований.

Ключевые слова: лекарственно-устойчивый 
туберкулёз, наночастицы серебра, подавление роста, 
экспериментальные животные.

vercxlis nanokompozitiს efeqturobisa da usafrTxoebis 
Seswavla rifampicinis mimarT rezistentuli tuberkulozis 
mikobaqteriis Stamebze nino qiria1, Teona avaliani1, nino 
babliSvili2, nino WiWiveiSvili1, giorgi fiCxaia1, lali SarvaZe1, 

nana qiria2

1ivane javaxiSvilis saxelobis Tbilisis saxelmwifo universiteti,                 
saqarTvelo.

2tuberkulozisa da filtvis daavadebaTa erovnuli centri, 
Tbilisi,saqar Tvelo.

reziume mizani: kvlevis mizans warmoadgenda 
rifampicinis tubsawinaaRmdego efeqturobis aRdgenis kuTxiT 
nanoteqnologiebis potencialis Sefaseba.

masala da meTodebi: rifampicinis mimarT rezistentuli 
tuberkulozis mikobaqteriis (RR-MTB) 70 izolats davumateT 
nanokompoziti (R/AgNPs)- rifampicinis (R) standartuli doza 
vercxlis nanonawilakebis (AgNPs) 6 gansxvavebul (0,25%; 
0,5%; 1%; 2.5%; 5%; 10%) koncentraciasTan erTad. sakontrolo 
jgufi Seadgina RR-MTB-is 35 izolatma, romelsac damatebuli 
hqonda mxolod AgNPs suspenzia identuri koncentraciebiT. 
nanokompozitebis inhibitoruli efeqti Sefasda tuberkulozis 
mikobaqteriis zrdis safuZvelze BACTECTM MGIT 960TM -is 
gamoyenebiT. AgNPs -is erTjeradi gamoyenebis usafrTxoebis 
Sefaseba ganxorcielda eqsperimentul cxovelebze.

Sedegebi: RR-MTB izolatebis zrdis daTrgunvis procesi 
daiwyo rifampicinis mimarT mdgradi tub.mikobaqteriis 
Stamebze 20nm AgNPs-is 2,5% xsnaris damatebisas, xolo 
sruli daTrgunva dafiqsirda AgNPs-is 5% da 10% xsnarebis 
gamoyenebis SemTxvevaSi.  In vitro rifampicinis standartuli 
dozisa da vercxlis nanonawilakebis 2,5% xsnaris nanokompozitis 
gamoyenebisas dafiqsirda minimaluri mainhibirebeli efeqtis 
zrda 10%-iT (Seadgina 80%) vercxlis nanonawilakebis 
2,5% xssnaris izolirebul gamoyenebasTan (70%) SedarebiT. 
cxovelebze Catarebulma eqsperimentma aCvena erTjeradad 
AgNPs-is ultra maRali dozebis sruli usafrTxoeba.

daskvna: kvlevis Sedegad dadginda vercxlis nanonawilakebis 
gamaZlierebeli efeqtis arseboba rifampicinze paTogenis 
medikamentis mimarT winaaRmdegobis daZlevaSi, rac am 
mimarTulebiT gaRrmavebuli kvlevebis Cაtაrebis mecnierul 
safuZvels qmnis.

sakvanZo sityvebi: rifampicinze rezistentuli, vercxlis 
nanonawilakebi, zrdis daTrgunva, eqsperimentuli cxovelebi.
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