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Background: Nowadays, tuberculosis (TB) is one of the top ten leading causes of mortality
worldwide. The emergence of multidrug-resistant (MDR) — and extensively drug-resistant
(XDR) — Mycobacterium tuberculosis (M. tuberculosis) is identified as one of the most
challenging threats to TB control. Thus, new and safe nano-drugs are urgently required for
the elimination of TB. The aim of this study was to investigate the anti-bacterial effects of
Ag, ZnO, and Ag-ZnO nanoparticles (NPs) on MDR- and XDR-M. tuberculosis.
Materials and methods: In this study, Ag, ZnO, and Ag-ZnO NPs were synthesized by the
chemical reduction and chemical deposition methods. NPs were characterized using ultra-
violet—visible spectroscopy, dynamic light scattering, and transmission electron microscopy.
Then, various dilutions of NPs were prepared and their minimum inhibitory concentrations
(MICs) and minimum bactericidal concentrations (MBCs) were determined against M.
tuberculosis strains using the broth microdilution and agar microdilution methods. Finally,
MTT test and cell culture assay were performed.

Results: The effects of concentrations of 1-128 pg/mL Ag NPs, ZnO NPs, 2Ag: 8Zn0O,
8Ag:2Zn0, 3Ag: 7Zn0, 7Ag:3Zn0, and 5Ag:5Zn0O on M. tuberculosis strains were inves-
tigated. MIC results showed the inhibitory effect of 1 pg/mL of all NPs against XDR-M.
tuberculosis. In addition, the concentrations of 4 pg/mL Ag, 8 ng/mL 5Ag:5Zn0O, 8 pg/mL
7Ag:3Zn0, 32 pg/mL 3Ag:7Zn0, 16 pg/mL 8Ag:2Zn0, and 64 pg/mL 2Ag:8Zn0 inhibited
MDR-M. tuberculosis growth. However, MBC results indicated the inability of Ag, ZnO and
Ag-ZnO NPs, either in combination or alone, to kill MDR- or XDR-M. tuberculosis.
Conclusion: To the best of our knowledge, this is the first study to evaluate the effects of Ag
and ZnO NPs against MDR and XDR strains of M. tuberculosis. According to the results, Ag and
ZnO NPs showed bacteriostatic effects against drug-resistant strains of M. tuberculosis.
Therefore, these NPs may be considered as promising anti-mycobacterial nano-drugs.
However, further studies are required to affirm the bactericidal effects of these NPs against TB.
Keywords: Mycobacterium tuberculosis, silver, zinc oxide, nanoparticle, MDR-TB, XDR-TB

Introduction

Tuberculosis (TB) is one of the top ten leading causes of death accounting for a high
mortality rate compared to other infectious diseases worldwide. According to the latest
reports of WHO, about 10.4 million new cases including 6.2 million men, 3.2 million
women, and 1 million children are infected with TB worldwide."> Recently, the emer-
gence of multidrug-resistant (MDR)- (XDR)-
Mycobacterium tuberculosis has complicated TB contro necessitating advanced

and extensively drug-resistant
1,3,4

research and novel tools for the treatment and eradication of TB during the End-TB
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era.’ As novel potential platforms, nanoscale structures can
destroy bacterial structures thereby inhibiting their growth.
Employing these NPs has several advantages, including the
provision of noninvasive cell access, production of ROS, and
increased localized activities of ionizing radiation.® Silver
(Ag) and zinc oxide (ZnO) nanoparticles (NPs) are two nano-
technology products with numerous applications in various
fields of health care and medical sciences in recent years.””
Ag and ZnO NPs possess a wide range of antibacterial proper-
ties and can rarely lead to the development of bacterial
resistance.'” The unique physicochemical properties of Ag
NPs, including small-scale size, ability to interact with biomo-
lecules, and possessing a uniform morphology have reinforced
their antimicrobial activity.'! Moreover, the antibacterial
effects of ZnO NPs against eczema, slight excoriation disor-
ders, wound, and hemorrhoids have long been known. 12 To the
best of our knowledge, few studies have investigated the
effects of Ag and ZnO NPs against MDR and XDR strains
of M. tuberculosis. Accordingly, the aim of this study was to
evaluate the antibacterial activity of Ag, ZnO, and Ag-ZnO
NPs against H37Rv, MDR, and XDR strains of M. tubercu-
losis using minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) tests.

Materials And Methods

Identification Of Mycobacterial Strains
The MDR, XDR, and H37Rv (ATCC 27294) strains of M.
tuberculosis were obtained from Massoud laboratory,
Tehran, Iran. For confirmation, Ziehl Neelsen staining
was carried out. In addition, following decontamination
by the Petroff’s method, samples were inoculated into
Lowenstein—Jensen (LJ) media (Merck, Germany) and
incubated at 37°C for 56 days. Next, bacterial suspension
was prepared and adjusted to the turbidity of 1 McFarland
standard (3x10® CFU/mL)."?

DNA Extraction

Mycobacterial DNAs were extracted using phenol-chloro-
form isoamyl alcohol DNA extraction method according
to the study of Torkaman et al.'* Simply, 1.5 mL of a
loopful of bacterial culture was incubated at 80°C for 20
mins. Then, it was re-suspended in a freshly prepared Tris-
EDTA buffer containing lysozyme. Next, proteinase K was
added, and the mixture was heated at 56°C for 30 mins.
Finally, 80 pL of neutralizing buffer was added to the
mixture and an equal volume of chloroform-isoamyl alco-
hol (24:1) was added to the tube. Mycobacterial DNAs

were precipitated with isopropanol, washed with 70%
ethanol, and re-dissolved in TE buffer.

Polymerase Chain Reaction Assay
Mycobacterial strains were identified as M. tuberculosis com-
plex using PCR method via an Eppendorf thermocycler
(Eppendorf, Germany). The extracted DNA was amplified
using the following primers: IS6110-F (5'-CCTGCGAGCG
TAGGCGTCGG-3') and IS6110-R (5-CTCGTCCAGCGCC
GCTTCGG-3")."” DNA template was amplified in 35 cycles
consisting of denaturation at 95°C for 30 s, annealing at 65°C
for 30 s, and extension at 72°C for 20 s.'¢

Drug Susceptibility Testing

The drug susceptibility testing used for the identification of
MDR and XDR strains of M. tuberculosis was based on the
agar proportion method. In this assay, the capability of strains
to grow on LJ medium containing a critical concentration
(the lowest concentration that inhibits wild strains) of a single
drug was investigated. MDR strain of M. tuberculosis was
defined as M. tuberculosis strain resistant to at least isoniazid
and rifampin (first-line anti-TB drugs). XDR strain of M.
tuberculosis was defined as the MDR strain resistant to at
least one fluoroquinolone and a second-line injectable drug
(amikacin, capreomycin, or kanamycin).'”

Synthesis Of Ag NPs

Ag NPs were synthesized through a chemical reduction
method with some modifications. Briefly, 0.5 mL silver
nitrate (0.02 mM) (Merck, Germany) and 20 mL sodium
citrate (0.08 M) (Merck, Germany) were mixed and then,
0.5 mL fresh ice-cooled sodium borohydride (0.02 M)
(Merck, Germany) was injected to the mixture under vig-

orous stirring for 15 mins.'®

Synthesis Of ZnO NPs

ZnO NPs were prepared based on a chemical precipitation
method. Briefly, 1.2 g
Germany) was dissolved in 25 mL 100% methanol (Dr.
Mojallali,
Germany) was dissolved in 25 mL 100% methanol (Dr.

sodium hydroxide (Merck,

Iran) and 1.097 g zinc acetate (Merck,

Mojallali, Iran) under mild stirring for 60 mins. Then, zinc
acetate was added dropwise to the sodium hydroxide solu-
tion. The final mixture was vigorously stirred for 3 hrs and
the obtained ZnO NPs were centrifuged, washed, and dried
for 48 hrs. The washing/drying process was repeated three

. 19
times.
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Preparation Of Ag-ZnO NPs

Various ratios/dilutions of Ag-ZnO NPs were prepared
following the mixture of Ag and ZnO NPs. These ratios/
dilutions included 2Ag: 8ZnO, 8Ag:2Zn0O, 3Ag: 7Zn0,
7Ag:3Zn0, and 5SAg:5Zn0.

Characterization Of Ag-ZnO NPs

Particle size and size distribution of the synthetized Ag
and ZnO NPs were determined by dynamic light scattering
(DLS) (Scatteroscope-I, Korea). The samples were diluted
to be suitable for DLS characterization and the experiment
was carried out at room temperature (24°C).%°

The ultraviolet—visible (UV—Vis) spectrum absorption of
Ag and ZnO NPs were recorded by UV—Vis spectrometer
(Analytik Jena, Germany) with an optical resolution of
0.0Inm full width at half maximum. The spectrum response
was taken within a range of 200-800 nm at regular time
intervals in a 4x1x1 cm path quartz cuvette.*”

In addition, the exact concentration of silver and zinc
ions were determined using inductively coupled plasma
mass spectrometry (ICP-MS, Varian VISTA PRO, USA).

Finally, the morphology, average particle size, size distri-
bution, and crystallinity of the particles were characterized by
transmission electron microscopy at an operating voltage of
100 kV (TEM, Zeiss-EM10C, Germany). TEM samples were
prepared by homogenizing a suspension of ZnO/ethanol or
Ag/deionized water with 1 mM concentration in an ultrasonic
vibrator and dropping a few droplets of the mixed suspension
on the holy carbon-coated grid copper mesh 300 followed by
the solvent evaporation at room temperature.”'

Broth Microdilution Method

A specific broth microdilution test for M. tuberculosis
called the Microplate Alamar Blue Assay (MABA) was
performed to determine the MIC of various concentrations
of Ag NPs, ZnO NPs, and various ratios/dilutions of Ag-
7ZnO NPs.?? In this method, the wells of sterile 96-well
plates (Dr. Mojallali, Iran) in rows B to G of columns 3 to
11 received 100 uL. Middle-brook 7H9 broth (BD diag-
nostics, USA). To minimize the evaporation of Middle-
brook 7H9 broth during incubation, 200 pL of sterile
deionized water was added to all outer-perimeter wells.
Then, 100 pL of the concentrations of 1 ug/mL, 2 pg/mL,
4 pg/mL, 8 ug/mL, 16 pg/mL, 32 pg/mL, 64 pg/mL, and
128 pg/mL of Ag and ZnO NPs, as well as ratios/dilutions
of 2Ag: 8Zn0, 8Ag:2Zn0, 3Ag: 7Zn0O, 7Ag:3Zn0O, and
5Ag:5Zn0 mixed NPs were added to the wells in rows B

to G of columns 2 and 3. The wells in rows B to G of
column 2 were considered as negative control (bacteria-
free). Serial dilution was prepared from column 3 to col-
umn 10. Next, 100 pL of the suspension of MDR, XDR,
and H37Rv strains of M. tuberculosis with a turbidity
equal to 1 McFarland standard (3x10® CFU/mL) were
added to the wells in rows B to G of columns 3 to 11.
The wells in rows B to G of column 11 were considered as
positive control (drug-free). The plates were sealed with
Parafilm and incubated at 37°C for 5 days. Then, 50 puL of
Alamar Blue reagent (BD diagnostics, USA) was added to
all wells in the microplate and followed for up to 2 days. A
blue color in the well was interpreted as no growth of M.
tuberculosis, and a pink color was scored as bacterial
growth. The MIC was considered as the lowest concentra-
tion of the NPs which prevented a color change from blue
to pink. Each two rows of 96-well plates carried one M.
tuberculosis strain. To elucidate, the wells of rows B and C
were treated with M. tuberculosis H37Rv, the wells of
rows D and E were treated with the MDR strain, and the
wells of rows F and G were treated with the XDR strain.

Agar Microdilution Method

A routine agar microdilution test was performed for M. tuber-
culosis strains treated with Ag and ZnO NPs as well as various
ratios/dilutions of Ag-ZnO NPs to determine their MBC.?'
This test was performed for the wells that prevented a color
change from blue to pink (MIC positive tests). The contents of
these wells, including a mixture of the M. tuberculosis strains,
Middle-brook 7H9 broth, and the NPs were cultured on LJ
medium and incubated at 37°C for 56 days. Next, McCartney
bottles were removed from the incubator and the colony-
forming units (CFU) of M. tuberculosis strains were counted.

MTT Test

Cell viability following exposure to Ag and ZnO NPs was
evaluated using the MTT test.”> THP-1 cells were seeded in
96-well plate at 1x10* cell/well in RPMI 1640 medium. Serial
dilutions of Ag and ZnO NPs were prepared. Then, cells were
treated with Ag and ZnO NPs in a 5% CO, incubator at 37°C
for 24 hrs. Since the THP-1 cells were non-adherent, micro-
plates were centrifuged at 1200 rpm for 5 mins to allow cells to
attach to the bottom of the plate. Supernatant was carefully
removed and replaced with 100 pL of ready-to-use RPMI
1640. Next, 10 pL of the MTT stock solution was added to
each well and the microplates were incubated at 37°C for 4
hrs. Then, 50 pL. of DMSO was added to each well and
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completely mixed. After incubation at 37°C for 10 mins, the
plate was read at 570 nm by a microplate reader.

Cell Culture

The THP-1 cell line (human monocytic leukemia cell line)
was provided by Razi Vaccine and Serum Research Institute,
Tehran, Iran. The THP-1 cells were transferred to culture
media containing 9 mL RPMI 1640 medium (Gibco, USA)
with 10% FBS (Gibco, USA) and 100 units/mL of penicillin/
streptomycin (Sigma-Aldrich, USA). Next, cells were cul-
tured in 96-well microplates and incubated at 37°C in a
humidified incubator with 5% CO2 atmosphere to assess
the cell viability. About 24 hrs before treatment of THP-1
with M. tuberculosis strains, phorbol myristate acetate
(SIGMA, USA) was added to wells in order to activate
phagocytosis of bacteria. Then, 10 uL of bacterial suspension
with turbidity equal to 1 McFarland standard (3x10® CFU/
mL) was added to each well. After incubation at 37°C for 3
hrs, the infected macrophages were treated with various
ratios/dilutions of Ag and ZnO NPs and incubated at 37°C
for 24 hrs. Finally, the macrophages were lysed with 0.05%
SDS and cultured in LJ medium.'®

Statistical Analysis

In the current study, statistical analyses were performed
using Microsoft office excel software (Version 2017). A
p-value less than 0.05 was considered statistically signifi-
(p<0.05). mean=SD.
Diagrams were drawn with Origin 2015 (OriginLab Co.,

cant Data were expressed as
USA) software. TEM micrographs were analyzed using
Digital Micrograph® and Origin 2015.

Results

Mycobacterial Strains

Following Ziehl Neelsen staining, acid-fast bacilli were
observed in all 100 fields of the light microscope with
1000x magnification. Sputum specimens were culture-
positive for M. tuberculosis complex and molecular ampli-
fication testing confirmed the genetic relatedness of strains
to M. tuberculosis. According to the results of drug sus-
ceptibility testing (agar proportion method), these M.
tuberculosis strains were determined as MDR and XDR.

Characterization Of NPs

Based on the DLS assay, Ag and ZnO NPs were mono-
dispersed and homogeneous. The UV-Vis spectrum
absorption of Ag and ZnO NPs in the range of 300—500

nm exhibited an absorption peak at 420 and 350 nm,
respectively (Figures 1 and 2). Furthermore, the average
zeta potential values of Ag and ZnO NPs were reported
—1.5 and —9.3, respectively, which is indicative of their
small size and high stability.

The TEM micrographs showing the morphology, size,
and size distribution of the Ag and ZnO NPs are presented
in Figures 3 and 4. As expected, the majority of Ag and
ZnO NPs were spherical with respective average particle
sizes of 5.4£2.6 nm and 9.34£3.9 nm (Figures 5 and 6).

The results of ICP-MS were used for determining the initial
concentrations of Ag and ZnO NPs. Based on our results, the

concentration of silver and zinc ions was 512 pg/mL.
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Figure 2 UV-visible spectrum absorption of ZnO nanoparticles.
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Figure 6 Size distribution of ZnO nanoparticles.

Broth Microdilution Method

The MICs of Ag and ZnO NPs as well as various ratios/
dilutions of Ag-ZnO NPs were assessed against MDR,
XDR, and H37Rv strains of M. tuberculosis by the
MABA test.

According to the results, 1 pg/mL of Ag NPs, ZnO
NPs, 2Ag:8ZnO NPs, 8Ag:2ZnO NPs, 3Ag: 7ZnO NPs,
7Ag:3Zn0O NPs, and 5SAg:5ZnO NPs was the lowest con-
centration inhibiting the growth of the XDR strain of M.
tuberculosis (Figures 7-9).

The concentrations of 4 pg/mL Ag NPs, 8 pg/mL
5Ag:5ZnO NPs, 8 pug/mL 7Ag:3ZnO NPs, 32 pg/mL
3Ag:7ZnO NPs, 16 pg/mL 8Ag:2ZnO NPs, and 64 pg/
mL 2Ag:8ZnO NPs were the lowest concentrations inhi-
biting the growth of the MDR strain of M. tuberculosis
(Figures 7-9).

it
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Figure 7 The MIC results of concentrations of | pg/mL to 128 pug/mL of 5Ag:5ZnO
on H37Rv, MDR, and XDR strains of M. tuberculosis.
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Figure 8 The MIC results of 1-128 pg/mL for 2Ag:8ZnO on the H37Rv, MDR, and
XDR strains of M. tuberculosis.
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Figure 9 The MIC results of concentrations of 1128 pg/mL for 8Ag:2ZnO on the
H37Rv, MDR, and XDR strains of M. tuberculosis.

Furthermore, 1 pg/mL Ag NPs, 1 pg/mL 5Ag:5ZnO
NPs, 16 pg/mL 7Ag:3ZnO NPs, 32 pug/mL of 3Ag:7ZnO
NPs, 16 pg/mL 8Ag:2Zn0O NPs, and 32 ug/mL 2Ag:8ZnO
NPs were the lowest concentrations inhibiting the growth
of M. tuberculosis H37Rv (Figures 7-9).

Agar Microdilution Method

Agar microdilution method was performed to evaluate the
MBCs of Ag and ZnO NPs as well as ratios/dilutions of
2Ag: 8Zn0O, 8Ag:2Zn0O, 3Ag: 7Zn0O, 7Ag:3Zn0O, and
5Ag:5Zn0O mixed NPs against MDR, XDR, and H37Rv
strains of M. tuberculosis. After treatment, M. tuberculosis
strains were cultured on LJ medium and incubated at 37°C
for 56 days. Then, the CFUs of M. tuberculosis strains
were reported according to the protocols of World Health
Organization (Table 1). The Ag and ZnO NPs as well as
ratios/dilutions of Ag-ZnO NPs showed concentration-
dependent activity against M. tuberculosis strains. In fact,

Table 1 Grading Scale For The Culture Of Mycobacterium tuber-
culosis On The L] Media

Growth Laboratory Report

None No growth

1-49 colonies Record actual number

50-99 colonies I+
100—-199 colonies 2+
200499 colonies 3+
>500 colonies (too numerous to count) 4+

the CFUs of strains were decreased with increased con-
centrations of the NPs (Table 2). However, the concentra-
tions of 1 pg/mL, 2 pg/mL, 4 pg/mL, 8 pg/mL, 16 pg/mL,
32 pg/mL, 64 pg/mL, and 128 pg/mL of Ag, ZnO, and
Ag-ZnO NPs were unable to kill M. tuberculosis strains.
Therefore, none of these concentrations had bactericidal
effects on M. tuberculosis strains.

MTT Test

MTT test was applied to determine the survival of THP-1
cells treated with the concentrations of 1 pg/mL, 2 pg/mL,
4 ng/mL, 8 pg/mL, 16 pg/mL, 32 pg/mL, 64 and 128 pg/
mL of Ag NPs, ZnO NPs, 2Ag: 8Zn0O, 8Ag:2Zn0, 3Ag:
7Zn0, 7Ag:3Zn0, and 5Ag:5Zn0. The results of MTT
assay showed the high toxicity of 128 pg/mL Ag NPs
against the THP-1 cell line, leading to the destruction of
half of the cells (Figure 10). Apparently, the higher toxi-
city of Ag NPs on THP-1 cells compared to that of ZnO
NPs is due to using sodium borohydride in Ag NPs synth-
In addition, the number of viable THP-1 cells
increased with decreased concentrations of Ag and ZnO
NPs as well as of Ag-ZnO NPs
(Figure 10).

esis.

ratios/dilutions

Cell Culture

Cell culture was performed to determine the bactericidal
effects of Ag, ZnO, and Ag-ZnO NPs against MDR, XDR,
and H37Rv strains of M. tuberculosis phagocytized by the
THP-1 cell line. The results showed poor antibacterial
activities of the Ag, ZnO, and Ag-ZnO NPs. As expected,
these results confirmed the results of the agar microdilu-
tion method (Table 2). The CFUs of M. tuberculosis
strains decreased with increased concentrations of Ag,
Zn0O, and Ag-ZnO NPs. However, the Ag, ZnO, and Ag-
ZnO NPs were unable to eliminate the M. tuberculosis
strains in the THP-1 cells and the strains treated with
NPs showed growth in the LJ medium.
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Figure 10 The percentage viability of THP-I cells in exposure of Ag, ZnO, and Ag-
ZnO nanoparticles.

Discussion
Nowadays, TB is one of the most common infectious
diseases in developing countries and has remained as one
of the main causes of morbidity and mortality worldwide.-
24 Immediately after the introduction of antibiotic therapy
for TB treatment, the emergence of drug-resistant M.
tuberculosis was reported during 1940-1950. Soon after,
it was found that patients suffering from MDR- and XDR-
TB were less likely to be cured.?~°

As potential novel therapeutic options, Ag and ZnO
NPs can destroy drug-resistant bacteria. Although the
exact mechanism of Ag NPs on bacteria is still unknown,
two antibacterial mechanisms are confirmed including
contact killing and ion-mediated killing. In addition, the
proposed antibacterial mechanism of ZnO NPs is the ROS
producing capacity, which destroys the bacterial mem-
brane and decreases DNA, proteins, and survival 2”-?8

In order to develop an effective therapeutic approach
for TB infection, small-sized Ag and ZnO NPs were
synthesized. Ag NPs were prepared through a chemical
approach by which Ag ions were reduced with sodium
borohydride in the presence of citrate ions. This approach
has been completely discussed in our previous reports.”'!
On the other hand, ZnO NPs were precipitated in methanol
solution using zinc acetate and sodium hydroxide'® and
were synthesized in a non-aqueous medium. Although
previous studies have shown the prolonged stability of
ZnO NPs,'"" fresh NPs were used here for each assay.
The hydrodynamic diameters of both Ag and ZnO NPs
obtained by the DLS instrument were larger than those
obtained by TEM micrographs in virtue of different ana-
lysis systems. TEM is a quantitative instrument, while
DLS is an intensity-based one. Therefore, TEM gives the

exact sizes of NPs in the dry state (core size); whereas
DLS shows the hydrodynamic diameter in the solvated
state (core sizet+adsorbed atoms).**** In addition, the lar-
ger hydrodynamic diameters of small metal NPs compared
to those obtained by TEM micrographs have been attrib-
uted to the flocculation of small particles.*'

In 2016, studies have suggested the ability of Ag-ZnO
NPs to inhibit the growth of the standard laboratory strain
of M. tuberculosis H37Rv.>> However, there is no suffi-
cient data regarding the antibacterial effects of Ag, ZnO,
and Ag-ZnO NPs against the drug-resistant clinical strains
of M. tuberculosis. In the study performed by Jafari et al,
the effects of Ag, ZnO, and Ag-ZnO NPs were evaluated
against M. tuberculosis H37Rv phagocytized by THP-1
cell lines. They showed the ability of Ag-ZnO NPs to
kill M. tuberculosis H37Rv in the THP-1 cells in the
concentration of 8192 pg/mL. However, other concentra-
tions of Ag-ZnO NPs did not show any bactericidal activ-
ity against M. tuberculosis H37Rv.!

Researchers have demonstrated a broad spectrum of
antimicrobial activity of Ag NPs against approximately
700 pathogens. Therefore, Ag NPs are supposedly one of
the most promising alternatives to anti-TB agents.** In the
present study, different concentrations of Ag NPs demon-
strated concentration-dependent efficacy on all three stu-
died M. tuberculosis strains. The MIC of Ag NPs was 1
pg/mL against XDR and H37Rv strains of M. tuberculosis,
while the MDR strain of M. tuberculosis was inhibited
within the MIC of 4 ug/mL. Banu et al evaluated the
antimicrobial effect of Ag NPs against the MDR and
XDR clinical isolates of M. tuberculosis by the MABA
method. According to their results, the concentration range
of 6.25 to 12.5 pg/mL of Ag NPs could inhibit the growth
of MDR and XDR isolates of M. tuberculosis.>*

Antibacterial effects of ZnO NPs have always received
global notice.*> Our study showed concentration-depen-
dent effects of ZnO NPs against M. tuberculosis strains.
Both H37Rv and XDR strains of M. tuberculosis were
inhibited at concentrations greater than or equal to 1 pg/
mL of ZnO NPs. Moreover, the concentration of 4 pg/mL
was determined as the MIC of ZnO NPs against the MDR
strain of M. tuberculosis.

The synergistic activities of Ag and ZnO NPs have
been proven against various bacteria.’’ The results of the
current study showed the greater effect of the combination
of Ag and ZnO NPs against the M. tuberculosis strains
compared to that of each NP alone. The highest synergistic
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effect was observed when equal volumes of Ag and ZnO
NPs were applied simultaneously.

In this study, the MIC of Ag-ZnO NPs against the
drug-resistant strains of M. tuberculosis was less than
that against sensitive strains. Thus, Ag-ZnO NPs were
more effective against resistant strains. In conclusion, anti-
biotic resistance does not lead to the reduced antibacterial
activity of Ag-ZnO NPs against M. tuberculosis. This may
probably be due to differences in the mechanism of actions
adopted by Ag-ZnO NPs and antibiotics.

MBC results demonstrated that the concentrations less
than 128 pg/mL of Ag, ZnO, and Ag-ZnO NPs were not
able to kill M. tuberculosis strains. However, it should be
noted that the CFUs of M. tuberculosis strains decreased
with increased concentrations of Ag and ZnO NPs as well
as increased dilution ratio of Ag-ZnO NPs. As expected,
cell culture method confirmed the results of the MBC
assay and M. tuberculosis strains in the THP-1 cells trea-
ted with NPs were grown in the LJ medium. Siddiqi et al
reported the complete destruction of Mycobacterium smeg-
matis and Mycobacterium bovis following exposure to
1000 pg/mL ZnO NPs.*® However, since concentrations
more than 100 pg/mL of ZnO NPs were highly toxic to
THP-1 cells, we did not use concentrations greater than
128 pg/mL for M. tuberculosis killing. This also applies to
Ag and Ag-ZnO NPs.

The results of MTT assay showed that the number of
viable THP-1 cells increased with decreased concentra-
tions of the NPs. Therefore, the Ag, ZnO, and Ag-ZnO
NPs had a concentration-dependent toxicity against the
THP-1 cell line. The results also indicated the lower
toxic activity of ZnO NPs in the THP-1 cell line compared
to Ag NPs. This may be due to the use of sodium borohy-
dride in Ag NPs synthesis. In the study performed by
Lanone et al, toxicity of ZnO NPs on macrophage cell
lines was greater than Ag NPs. They synthesized the Ag
NPs without using sodium borohydride.”

Although we made the Ag and ZnO NPs by chemical
methods, the MIC of various ratios/dilutions of Ag-ZnO
NPs was not significantly toxic. By producing biocompa-
tible Ag and ZnO NPs from natural and plant materials,
their toxicity could be reduced. Therefore, it is recom-
mended that researchers synthesize biocompatible plant-
derived secondary metabolites coating on Ag and ZnO
NPs surfaces to decrease the detrimental effects on
human health.*®

Based on our results, Ag and ZnO NPs showed bacter-
iostatic activities against M. tuberculosis strains. Since

sometimes these bacteria may go to latent phase and
survive, further studies should be done on the bactericidal
effects of these NPs against TB.*® Therefore, we suggest
that the researchers work on the synergism between these
NPs and the common anti-TB drugs or other effective anti-
TB drugs (i.e., bedaquiline, linezolid, and clofazimine).

Conclusion

The results of the current study showed that 1 ug/mL of
Ag and ZnO NPs can inhibit the growth of the XDR
strains of M. tuberculosis. Moreover, 1-64 pug/mL of var-
ious dilutions of Ag-ZnO NPs can inhibit the MDR and
H37Rv strains of M. tuberculosis. Therefore, Ag and ZnO
NPs may be considered as promising options for TB
infection therapy and may be used as an alternative to
antibiotics. However, more investigations are required,
and the simultaneous use of NPs and anti-TB drugs is
recommended.
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