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With the emergence of multidrug-resistant mycobacterial strains, better therapeutic strategies are required for the suc-
cessful treatment of the infection. Although antimicrobial peptides (AMPs) and silver nanoparticles (AgNPs) are becoming
one of the popular antibacterial agents, their antimycobacterial potential is not fully evaluated. In this study, we synthe-
sized biogenic-silver nanoparticles using bacterial, fungal, and plant biomasses and analyzed their antibacterial activities
in combination with AMPs against mycobacteria. Mycobacterium smegmatis was found to be more susceptible to AgNPs
compared to M. marinum. We found that NK-2 showed enhanced killing effect with NP-1 and NP-2 biogenic nanoparticles
at a 0.5-ppm concentration, whereas LLKKK-18 showed antibacterial activity only with NP-2 at 0.5-ppm dose against M.
smegmatis. In case of M. marinum NK-2 did not show any additive activity with NP-1 and NP-2 and LLKKK-18 alone com-
pletely inhibited the bacterial growth. Both NP-1 and NP-2 also showed increased killing of M. smegmatis in combination
with the antituberculosis drug rifampin. The sizes and shapes of the AgNPs were determined by transmission electron mi-
croscopy and dynamic light scattering. AgNPs showed no cytotoxic or DNA damage effects on macrophages at the myco-
bactericidal dose, whereas treatment with higher doses of AgNPs caused toxicity and micronuclei formation in cytokinesis
blocked cells. Macrophages actively endocytosed fluorescein isothiocyanate-labeled AgNPs resulting in nitric oxide inde-
pendent intracellular killing of M. smegmatis. Apoptosis and cell cycle studies showed that treatment with higher dose of
AgNPs arrested macrophages at the G1-phase. In summary, our data suggest the combined effect of biogenic-AgNPs and
antimicrobial peptides as a promising antimycobacterial template.

Bacterial infections remain a major cause of death, disability,
and socioeconomic burden for millions of people worldwide.

The genus Mycobacterium includes an expanding list of both in-
fectious and saprophytic bacteria that can infect humans and an-
imals. The species causing human diseases include Mycobacterium
tuberculosis, M. avium, M. bovis, M. smegmatis, and M. marinum,
whereas M. bovis and M. marinum also cause disease in cattle and
fish, respectively (1). Although tuberculosis is the most common
infectious disease caused by M. tuberculosis, mycobacteria also
cause other diseases such as abscesses, septic arthritis, and osteo-
myelitis (2, 3). On an annual basis, active cases of tuberculosis
account for �1.5 million deaths and 10 million new cases. Major
factors that have contributed to the development of resistance are
the emergence of multidrug-resistant strains (4) and the presence
of multilayered lipid-rich hydrophobic mycobacterial cell wall
structure, which limits the binding or the entry of drug into the
cell (5). Moreover, the cell wall of pathogenic mycobacteria con-
tains several efflux systems by which the pathogen can pump out
the antibiotics effectively (6, 7). It is thus imperative to design and
develop better therapeutic strategies to treat the mycobacterial
infections successfully. One of the approaches for successful treat-
ment of mycobacterial infections could be the use of a combina-
tion of drugs with different mode of actions. In view of this, anti-
microbial peptides (AMPs) and metallic nanoparticles (NPs) have
attracted increasing attention due to their potent antibacterial ac-
tivity.

AMPs, also known as natural antibiotics, constitute an impor-
tant component of innate immunity against viruses, fungi, and
bacteria throughout the animal and plant kingdoms (8, 9). AMPs
selectively bind to the bacterial membranes containing substantial

amount of acidic phospholipids and other negatively charged
molecules (10). As mentioned above, lipids constitute ca. 60% of
the mycobacterial cell wall. We have previously shown that several
cationic AMPs, such as NK-2 (11), LL-37, and its variant
LLKKK-18 (12), exhibit antimycobacterial activity when used as a
single drug agent. However, their antibacterial efficacy decreased
from nonpathogenic to pathogenic mycobacteria. NK-2 is a pep-
tide representing the cationic core region of the lymphocytic ef-
fector protein NK-lysin, which is found in NK cells and cytotoxic
T cells (13). NK-2 has been found active against Gram-positive
and Gram-negative bacteria, parasitic protozoa such as Trypano-
soma cruzi (14) and Plasmodium falciparum (13) and the fungal
pathogen Candida albicans (15). LL-37, an amphipathic �-helical
peptide, is expressed in neutrophils, macrophages, monocytes,
myeloid bone marrow cells, and epithelial cells. We have prepared
several variants of LL-37. Among them, a variant (LLKKK-18) in
which polar uncharged residues glutamine (Q22), asparagine
(N30), and negatively charged aspartic acid (D26) were substi-

Received 11 December 2012 Returned for modification 10 February 2013
Accepted 15 May 2013

Published ahead of print 20 May 2013

Address correspondence to Avinash Sonawane, asonawane@kiitbiotech.ac.in.

S.M. and P.J. contributed equally to this article.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AAC.02475-12.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/AAC.02475-12

3688 aac.asm.org Antimicrobial Agents and Chemotherapy p. 3688–3698 August 2013 Volume 57 Number 8

http://dx.doi.org/10.1128/AAC.02475-12
http://dx.doi.org/10.1128/AAC.02475-12
http://dx.doi.org/10.1128/AAC.02475-12
http://aac.asm.org


tuted by positively charged lysine (K) showed more antimycobac-
terial activity compared to parental LL-37 peptide (12).

Along with AMPs, several metallic nanoparticles, such as silver
(16, 17, 18), gold (19, 20), zinc oxide (21, 22), have also emerged as
potential alternative for the treatment of drug-resistant bacterial
infections. Among them, silver nanoparticles (AgNPs) have at-
tracted great attention in recent years owing to their potent broad-
spectrum antimicrobial activity, lower propensity to induce mi-
crobial resistance than antibiotics, unique mode of action, and
ease of generation (23, 24). AgNP binding disrupt microbial cell
wall permeability and affect cellular respiration by forming com-
plexes with the catalytic sulfur groups in cysteine residues (25) and
through the production of toxic superoxide radicals (26). The
cytotoxic and genotoxic studies showed that the cytotoxicity,
DNA damage, chromosome aberrations, and cell death activities
of AgNPs enhanced if they are directly applied above a certain
concentration level (27). Recently, we have shown that high doses
of starch and chitosan-stabilized AgNPs cause significant cyto-
toxic and genotoxic effect in macrophages (17, 18). Nanoparticles
also interact with immune cells and modulate their function to
increase the immunotoxicity (28). Macrophages, a primary resi-
dent cell for mycobacteria, are notable for their capacity to phago-
cytose nanoparticles possibly through endocytic pathways, which
may lead to intracellular killing of bacteria (29).

To date, numerous chemical methods concerning the fabrica-
tion of AgNPs have been developed (30–33). Most of these chem-
ical agents lead to environmental toxicity or biological hazardous
risks; therefore, the trend has shifted to biological synthesis of
AgNPs using polymer matrices (34), bacterial biomasses (35),
fungal biomasses (36), or plant extracts (37) as stabilizing and
reducing agents. The biological synthesis of nanoparticles has sev-
eral advantages over synthetic methods such as they have no tox-
icity risks and can synthesize stable silver particles that can be
easily designed into almost any shape and size required for a par-
ticular application.

Although several independent studies have shown applications
of AMPs and AgNPs as single antibacterial agent against different
human pathogens, no additive analysis of biogenic AgNPs and
AMPs against pathogenic and nonpathogenic mycobacteria have
been reported. In the present work, we have synthesized biogenic-
AgNPs using Alstonia macrophylla (NP-1) and Trichoderma sp.
(NP-2) biomasses and studied their cytotoxic, genotoxic, and an-
tibacterial activities against M. smegmatis and M. marinum as a
single agent or in combination with two potent AMPs, NK-2 and
LLKK-18, and the antitubercular drug rifampin. AgNPs were
characterized by transmission electron microscopy (TEM) and
dynamic light scattering (DLS). We found that the combination of
AgNPs and AMPs kill the mycobacteria more efficiently without
causing cytotoxicity and genotoxicity effect on mammalian cells
as determined by single cell gel electrophoresis (comet), MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide],
nucleus staining, and micronucleus formation assays. Annexin V
and cell cycle studies showed that treatment with higher doses of
NP-1 and NP-2 arrested cells at the G1 phase. Moreover, macro-
phages actively endocytosed fluorescein isothiocyanate (FITC)-
labeled AgNPs resulting in nitric oxide (NO) independent intra-
cellular killing of M. smegmatis. Altogether, these data support the
combinatorial antimycobacterial therapeutic application of
AgNPs and AMPs.

MATERIALS AND METHODS
Bacterial and cell line culture conditions. M. smegmatis mc2155 (ATCC
700084) and M. marinum (ATCC 927) strains were grown in Middle-
brook 7H9 broth medium (Difco) supplemented with 10% OADC (oleic
acid-albumin-dextrose-catalase) and 0.05% Tween 80 (Merck) at 37 and
30°C, respectively, on a shaker at 120 rpm. The mouse macrophage cell
line RAW264.7 was cultured in Dulbecco modified Eagle medium
(DMEM; Himedia, Mumbai, India) supplemented with 10% fetal calf
serum, 1% penicillin-streptomycin solution, 1% L-glutamine, and
HEPES. Low-melting-point agarose, DAPI (4=,6=-diamidino-2-phenylin-
dole), and FITC were purchased from Sigma-Aldrich (St. Louis, MO).
MTT was purchased from MP Biomedicals (USA). Silver nitrate solution
was purchased from Fisher Scientific (Mumbai, India). Propidium iodide
was purchased from Invitrogen.

Antimicrobial peptides. The synthesis of NK-2 and LLKKK-18 hav-
ing primary structures KILRGVCKKIMRTFLRRISKDILTGKK-NH2

(11) and H-KEFKRIVKRIKKFLRKL-OH (12), respectively, have been
described previously. Stock solution of NK-2 was prepared by dissolving it
in 10 mM HCl and further diluted in required buffer or medium during
the experiment. LLKKK-18 was dissolved in 0.1% acetic acid.

Synthesis of silver nanoparticles using plant extracts. One-gram
portions tender leaves of Alstonia macrophylla were cut into small pieces
in 10 ml of distilled water. The solution was mixed with 100 ppm of silver
nitrate (AgNO3) solution in 0.1% starch under continuous stirring at
50°C. Development of brown color solution indicated the formation of
AgNPs. Synthesis of nanoparticles was confirmed by measuring the ab-
sorption spectra of the solution at 420 nm and by TEM and DLS analysis.

Synthesis of nanoparticles using Trichoderma biomass. For the syn-
thesis of AgNPs using fungi, loopful spores of Trichoderma sp. were inoc-
ulated in potato dextrose broth (PDB) and incubated for 48 h at 28°C. A
5% cell suspension was inoculated in 500 ml of PDB and incubated for
another 24 h. Cell mass was separated by filtration, and a 1-g wet pellet was
added in a 100-ppm AgNO3 solution.

Nanoparticle characterization. For TEM, a drop of aqueous solution
of AgNPs was placed on the carbon-coated copper grids. The samples
were dried and kept overnight under a desiccator before loading them
onto a specimen holder. The TEM measurements were performed on a
JEM-2100 HRTEM apparatus (JEOL, Japan) operating at 200 kV. The size
distribution and zeta potential of the AgNPs were determined by DLS
(Zetasizer Nano ZS Malvern Instruments, Malvern, United Kingdom) at
room temperature.

In vitro killing assay. M. smegmatis and M. marinum (4 � 103 to 9 �
103/ml) were grown in the presence of NP-1 and NP-2 with or without
NK-2 and LLKKK-18 in Tris-glucose buffer (10 mM Tris, 5 mM glucose
[pH 7.4]) supplemented with 0.05% Tween 80 in 96-well plate for 6 h.
Before checking the additive activities of NPs and peptides, the MICs of
NK-2 and LLKKK-18 against M. smegmatis and M. marinum were deter-
mined by incubating the bacteria with 3.5, 17.5, 35, and 87.5 �g and 1, 5,
10, and 25 �g of peptides/ml, respectively, for 24 h. NPs at concentrations
of 0.1 and 0.5 ppm alone or in combination with NK-2 (7 �g/ml) and
LLKKK-18 (1 �g/ml) were selected for antibacterial assay. The antimyco-
bacterial activity of NPs and rifampin was checked by incubating 0.1 ppm
of NP-1 and NP-2 with or without 0.7 �g of rifampin/ml against M.
smegmatis and M. marinum for 24 h. CFU were assayed by plating 5 �l of
suitably diluted samples in triplicate in 7H10 plates supplemented with
OADC at the indicated time points and were counted after 3 days. All
samples were plated in triplicate, and values were averaged from three
independent experiments. Mycobacteria grown in Tris-glucose buffer
only served as control.

Cytotoxicity assay. RAW264.7 cells (104 cells/well) in DMEM were
grown in 96-well plate at 37°C, 5% CO2 for 24 h, followed by treatment
with different concentrations of AgNPs and peptides alone or in combi-
nation for another 24 h. To determine the cell viability, MTT (0.1 mg/ml)
was added to the wells, followed by incubation for 4 h in dark. In meta-
bolically active cells, MTT was reduced to an insoluble dark purple form-
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azan. The formazan crystals were dissolved in dissolving buffer (11 g of
sodium dodecyl sulfate in 50 ml of 0.02 M HCl and 50 ml of isopropanol).
The absorbance was read at 570 nm in enzyme-linked immunosorbent
assay (ELISA) reader (Biotek, Germany), compared to untreated cells, and
the percentage of viable cells was calculated.

Comet assay. The effect of AgNPs on DNA damage was determined by
alkaline single cell electrophoresis (Comet) assay. Macrophages were
treated with a bactericidal agent (5 ppm) and 10 ppm of AgNPs for 12 h.
Untreated cells were used as a control. Cells were treated with trypsin, and
a cell suspension was prepared in 1� phosphate-buffered saline (PBS).
Then, 10 �l of cell suspension was mixed with 60 �l of 0.5% low-melting-
point agarose. A thin smear of cell suspension was prepared in glass cavity
slides (Blue Label Scientifics, Mumbai, India). The agarose was allowed to
solidify in the dark at 4°C for 45 min, and then the slides were submerged
in lysis solution (10 mM Tris, 100 mM EDTA, 2.5 M NaCl, 1% Triton
X-100, 10% dimethyl sulfoxide) for 30 min in dark at 4°C. After lysis, the
slides were washed with distilled H2O (dH2O), transferred to an electro-
phoresis unit containing freshly prepared electrophoresis buffer (500 mM
EDTA, 200 mM NaOH [pH �13]), and left for unwinding of DNA for 45
min, and the cells were electrophoresed for 15 min at 15 V. The cells were
washed twice with dH2O, fixed with 70% chilled ethanol, and stained with
0.5 �g of propidium iodide/ml for 15 min in dark. The slides were dried
and observed using a fluorescence microscope (Nikon, Japan).

Micronucleus assay. RAW264.7 cells (2 � 105 cells/well) were grown
in six-well plates and treated with 5 and 10 ppm of AgNPs for 6 h. Cells
grown in media were used as a control. The cells were then processed for
micronucleus assay as previously described (38). Briefly, the cells were
arrested at the cytokinesis stage by the addition of cytochalasin B (0.5
mg/ml) in 1� PBS at a concentration of 10 �g/ml, and the cells were
allowed to grow for 12 h. The cells were then treated with trypsin and
centrifuged at 1,000 rpm for 8 min at room temperature. Cells were fixed
by the addition of chilled methanol and acetic acid (3:1), vortexed simul-
taneously, and incubated at 4°C for 1 h. The process described above was
repeated twice until the cell suspension appeared clear. Finally, a few
drops of cell suspension were added on a slide, air dried, and stained with
propidium iodide stain. The images were captured by Olympus BX61
fluorescence microscope using appropriate filters and analyzed by Cyto-
vision7.2 software.

Apoptosis assay. The percentage of apoptotic cells was determined by
using an Annexin V-FITC apoptosis detection kit (Sigma). Briefly, 2 �
105 RAW264.7 cells were grown overnight in six-well culture plate (Tar-
son, India) and treated with 5 and 10 ppm of AgNPs, and the cells were
incubated for another 12 h. The cells were treated with trypsin and washed
three times with Dulbecco’s phosphate-buffered saline (0.1 M [pH 7.4]).
A 500-�l portion of 1� binding buffer was added, followed by 5 �l of
annexin V-FITC and 10 �l of propidium iodide, and then incubated for
10 min at room temperature in the dark. Untreated cells were taken as a
negative control. Flow cytometry was performed by analyzing 10,000
gated cells using a FACSCalibur flow cytometer and CellQuest software
(Becton Dickinson [BD], USA).

Free nitric oxide estimation. RAW264.7 cells (2 � 105) were grown
overnight in a six-well plate, followed by treatment with 5- and 10-ppm
concentrations of AgNPs for another 24 h. The accumulation of nitrite
was measured by mixing 100 �l of cell supernatants with an equal volume
of Griess reagent (1% sulfanilamide– 0.1% naphthylethylenediamine di-
hydrochloride in 5% concentrated H3PO4), followed by incubation for 10
min at room temperature, and the absorbance was measured at 550 nm in
a microtiter plate reader (Epoch; Bio-Tek, USA). The nitrite production
(in micromoles per liter) was determined by least-square linear regression
analysis using sodium nitrite as a standard (5 to 100 �M). Each experi-
ment was performed in triplicate.

Endocytosis and intracellular accumulation of AgNPs in macro-
phages. AgNPs were labeled by addition of 0.1 �g of FITC/ml, and the
mixture was stirred continuously for 8 h at 4°C in dark. FITC-labeled
AgNPs were added to RAW264.7 cells (105cells/ml) and incubated for 1 h.

The cells were fixed with 3.7% paraformaldehyde for 30 min at 37°C,
washed with 1� PBS, and mounted on glass slides. The images were vi-
sualized by fluorescence microscope. To study the accumulation of nano-
particles, NP-1 and NP-2 were labeled with FITC as described above. The
macrophages (5 � 105 cells/ml) were incubated with 1 and 2 ppm of
nanoparticles, and the intracellular accumulation of NPs was determined
after 12, 24, and 48 h of incubation by flow cytometry using fluorescence-
activated cell sorting (FACS; Canto II; BD).

Effect on intracellular killing of mycobacteria. To examine whether
treatment with AgNPs and AMPs increase killing efficiency of macro-
phages, 5 � 105 RAW264.7 cells were infected with M. smegmatis and M.
marinum for 2 h at a multiplicity of infection of 10, followed by killing of
extracellular bacteria by addition of 20 �g of gentamicin/ml. Macro-
phages were treated with NP-1 and NP-2 (0.5 ppm) alone or in combina-
tion with NK-2 and LLKKK-18. Macrophages infected with bacteria alone
were used as a control. After the incubation period, the cells were washed
and lysed with 0.5% Triton X-100. The intracellular survival was deter-
mined by plating serially diluted cultures on 7H10 plates, and the colonies
were enumerated after 3 days for both M. smegmatis and M. marinum.

Statistical analysis. Statistically significant differences between
groups were determined using the Mann-Whitney U-test (two-tailed,
equal variances; **, P � 0.01; *, P � 0.05).

RESULTS
Characterization of nanoparticles. Different bacterial, fungal,
and plant extracts were used to stabilize and reduce AgNO3 to
AgNPs. A total of eight different extracts were used: five from
plants, one from bacteria, and two from fungi. The appearance of
brown color and maximum UV-absorption spectra at 420 nm
indicated the formation of AgNPs. Further microscopic analysis
indicated that the optimum synthesis of AgNPs occurred only in
the presence of a plant Alstonia macrophylla (NP-1) and fungal
Trichoderma sp. (NP-2) biomasses. Therefore, these two particles
were selected for further studies. The shapes of these two particles
were determined by TEM. A typical TEM micrograph showed
spherical, monodispersed NP-1 and NP-2 particles of 50 and 100
nm, respectively (Fig. 1A). DLS showed predominantly two sizes
of NP-1 and NP-2 viz. 177 and 97.65 nm (Fig. 1B), while surface
zeta potential was measured as �2.70 and 13 mV, respectively
(Fig. 1C).

Antimycobacterial activity of AgNPs in combinations with
AMPs and rifampin. Previously, we have shown that the AgNPs
synthesized using biopolymers exhibit antibacterial activity
against Gram-positive and Gram-negative bacteria (17, 18). It is
worth noting that the mycobacteria are resistant to numerous
drugs due to lipid-rich cell wall. First, M. smegmatis viability was
determined in the presence of different doses of NP-1 and NP-2 in
96-well round-bottom plates by a CFU assay. Incubation with
higher doses (�0.5 ppm) showed complete killing of bacteria
(data not shown). Previously, we have shown that NK-2 and
LLKKK-18 exhibit significant antimycobacterial activity (11, 12).
First, we determined the M. smegmatis viability in the presence of
different doses of NK-2 and LLKKK-18. A CFU assay showed that
3.5 �g of NK-2/ml had no significant killing effect, whereas 17.5
�g of NK-2/ml killed �90% M. smegmatis population after 24 h of
incubation (see Fig. S1A in the supplemental material). In the case
of LLKKK-18, no significant killing of M. smegmatis was observed
in 1- and 5-�g/ml LLKKK-18 treatments, whereas 25 �g of
LLKKK-18/ml killed �80% of M. smegmatis after 24 h (see Fig.
S1A in the supplemental material). M. marinum was found to be
more susceptible to both NK-2 and LLKKK-18 since ca. 90% of
bacterial killing was observed with 3.5 and 1 �g of NK-2 and
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LLKKK-18/ml, respectively (see Fig. S1B in the supplemental ma-
terial). Complete bacterial killing was observed with both NK-2
(17.5, 35, and 87.5 �g/ml) and LLKKK-18 (5, 10, and 25 �g/ml)
at higher doses. Therefore, in the present study, we used sub-
lethal doses of NPs (0.1 and 0.5 ppm), NK-2 (7 �g/ml), and
LLKKK-18 (1 �g/ml) for antibacterial assays. Exponentially
grown bacteria were incubated with 0.1 and 0.5 ppm of NP-1
and NP-2 alone or in combination with NK-2 and LLKKK-18.
We also checked the antibacterial activity of NP-1 and NP-2 in
combination with rifampin, which is one the most potent first-
line antitubercular drugs used for the treatment. Previous in-
vestigation has shown that MIC of rifampin ranges between 0.5
and 1 �g/ml (39). Therefore, we selected a sublethal dose (0.7
�g/ml) of rifampin to check the additive effect with NP-1 and
NP-2 against M. smegmatis. The CFU were analyzed by harvest-
ing bacteria at different time points. The surviving colonies
were enumerated after 72 h for M. smegmatis and M. marinum.
The results were compared against a control (no treatment). As
shown in Fig. 2A, NP-1 particles showed superior dose-depen-
dent antibacterial activity against M. smegmatis. At 0.1- and
0.5-ppm concentrations of NP-1, ca. 60 and 80% of the M.
smegmatis were killed, respectively, after 6 h of incubation (P �
0.01), relative to the control. Although under similar condi-
tions NP-2 showed ca. 53 and 75% (P � 0.01) killing activity.
Both the nanoparticles exhibited pronounced antibacterial ef-

fect with NK-2, killing more than 90% of M. smegmatis at a
concentration of 0.5 ppm of NP-1 and NP-2 and 7 �g of NK-
2/ml. In the case of LLKKK-18, we found an additive effect with
0.5 ppm of NP-2 only, showing 89% killing of M. smegmatis.
On the other hand, exposure to NK-2 (7 �g/ml) and LLKKK-18
(1 �g/ml) alone showed moderate bacterial killing after 6 h of
incubation (Fig. 2A). Among peptides and nanoparticles, NP-1
and NK-2 was found to kill �50% M. smegmatis in an additive
manner after 3 h of incubation (see Fig. S1C in the supplemen-
tal material). M. marinum was found to be slightly more resis-
tant to both NPs such that exposure to 0.5 ppm of NP-1 and
NP-2 showed 42 and 65% of bacterial killing, respectively. In
the case of peptides alone, M. marinum exhibited more sensi-
tivity to LLKKK-18, in which completely bacterial killing was
observed after 6 h of incubation (Fig. 2C). After 3 h of incuba-
tion, complete killing of M. marinum was observed with
LLKKK-18 treatment, and no additive effect was found be-
tween nanoparticles and peptides (see Fig. S1D in the supple-
mental material). Since LLKKK-18 alone showed complete kill-
ing, we did not perform a combinatorial in vitro killing assay
with this peptide. Significant killing of M. smegmatis was ob-
served after exposure to a combination of rifampin and nano-
particles. The combination of NP-1 (0.1 ppm) and rifampin
(0.7 �g/ml) exhibited �2-fold increased killing of M. smegma-
tis compared to bacteria treated with NP-1 alone after 6 h of

FIG 1 (A) Transmission electron microscopy of NP-1 and NP-2 (scale bars, 50 and 100 nm, respectively). (B) Determination of zeta size distribution of NP-1
and NP-2 by DLS. (C) Zeta potential of NP-1 and NP-2.
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incubation. Similarly, NP-2 in combination with rifampin
killed 2.3-fold more of the M. smegmatis population compared
to NP-2 alone. After 24 h of incubation, the combination of
rifampin with NP-1 and NP-2 showed �2.3- and �3-fold re-
ductions in bacterial viability, respectively. The combination of
NP-1 and NP-2 at 0.5 ppm with 0.7 �g of rifampin/ml led to
complete killing of M. smegmatis (data not shown). In contrast,
no additive effect between nanoparticles and rifampin was no-
ticed against M. marinum (data not shown). These results in-
dicate that both nanoparticles exhibit a significant additive ef-
fect with both AMPs and rifampin against M. smegmatis.

Cytotoxic effect on macrophages. The use of AMPs and Ag-
NPs as therapeutic agents is greatly reduced due to their intrinsic
cytotoxic activity toward mammalian cells. The cytotoxic effect of
NP-1, NP-2, NK-2, and LLKKK-18 on RAW264.7 macrophages
was assessed by an MTT assay, which relies on the principle that
metabolically active cells to convert MTT to purple formazan, so
the intensity of the dye is directly proportional to the number of
viable cells. As shown in Fig. 3A, exposure to effective bactericidal
doses of NP-1, NP-2, NK-2, and LLKKK-18 as a single agent or in
combination showed no significant reduction in cell viability. To
identify the cytotoxic dose, macrophages were treated with higher

doses of NPs (up to 10 ppm). We have previously shown that
NK-2 and LLKKK-18 did not show cytotoxicity on macrophages
at up to 100- and 25-�g/ml concentrations, respectively (11, 12).
Treatment with a 5-ppm concentration, which is 10-fold above
the effective bactericidal dose, did not show a cytotoxic effect on
macrophages (Fig. 3A). The microscopic examination of mono-
layer macrophages also showed no distinct morphological
changes in cells treated with a 5-ppm concentration (Fig. 3B).
However, at a 10-ppm concentration, the cells appeared more
rounded and fragmented. Moreover, the cell membrane integrity
was determined by trypan blue exclusion assay. A total of 500 cells
from three independent experiments were analyzed for trypan
blue staining. At 5 ppm or lower doses, statistically no significant
differences in the trypan blue-positive cells were observed com-
pared to untreated (control) cells (Fig. 3C), whereas at 10 ppm
�90% cells were found to be trypan blue positive.

Genotoxic activity. (i) Nuclear integrity. Many studies have
shown that AgNPs, when applied above a certain concentration,
cause cell death by loss of nuclear integrity, by DNA damage, or by
inducing the death pathways. For toxicity studies, we used either 5
ppm (maximal nontoxic dose) or 10 ppm (toxic dose). First, we
determined nuclear integrity by DAPI staining. The cells were

FIG 2 Antibacterial activity of NP-1 and NP-2 against mycobacteria. M. smegmatis (A) and M. marinum (C) were incubated with different concentrations of
nanoparticles (NP-1 and NP-2) and peptides (NK-2 and LLKKK-18) alone and in combinations, and M. smegmatis was incubated with 0.1 ppm of nanoparticles with
or without rifampin (RIF; 0.7 �g/ml) (B) to check the additive effect. The bacterial survival rate was determined after 6 and 24 h by CFU assay. Medium containing
bacteria alone was used as a control. Experiments were performed in triplicates; means � the standard deviation (SD) are shown. **, P � 0.01; *, P � 0.05.
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treated with different doses of NP-1 and NP-2 for 6 h. An intact
nucleus was observed in 5-ppm-treated cells. However, at 10 ppm,
prominent nucleus shrinkage was observed in NP-1-treated cells
compared to NP-2-treated cells (Fig. 4A).

(ii) DNA damage and micronuclei formation. Higher doses of
AgNPs exert DNA damage by causing double-strand breaks.
Therefore, the effect of AgNPs on macrophage DNA damage was
studied using a comet assay. In this assay, the length of the tail
increases with the extent of DNA damage. NP-1- and NP-2-
treated cells showed a concentration-dependent increase in tail
length compared to control cells. No significant DNA damage was
observed in control and 5-ppm NP-1- and NP-2-treated cells,
whereas a comet-like tail, which implies DNA damage, was ob-
served at a 10-ppm concentration (Fig. 4B).

To corroborate the DNA damage studies, a micronucleus for-
mation assay was performed. A total of 1,000 binucleated cells
were analyzed for detecting micronuclei frequency per dose of
treated samples. The extent of DNA damage was much higher in
cells treated with 10 ppm of NP-1, in which significant numbers of
micronuclei were formed, compared to untreated cells and cells
treated with 5 ppm (Fig. 4C). Notably, no micronucleus forma-
tion was observed in cells treated with 10 ppm of NP-2.

(iii) Cell apoptosis. To examine the nature of cell death, an-
nexin V-FITC/PI dual-staining assay was performed according to
the manufacturer’s instructions. This dual-staining method dif-
ferentiates early apoptotic (annexin V-FITC positive, PI negative),
necrotic (annexin V-FITC positive, PI positive), and viable cells
(annexin V-FITC negative, PI negative) based on the staining pat-
tern. The cells were treated with 5 and 10 ppm of NP-1 and NP-2
for 12 h and analyzed by flow cytometry. The data from the dual-

staining experiment showed that only a small percentage (between
13 and 15%) of cells, which is comparable to the control, were
undergoing cell death after treatment with 5 ppm, although at 10
ppm an increase in the percent cell death viz. 51 and 40% in NP-1
and NP-2, respectively, was observed (Fig. 4D).

Another important method to assess the DNA damage is to
check the cell cycle pattern. Cell cycle arrest leads to apoptotic and
necrotic cell death. As shown in Fig. 4E, no significant differences
in the cell cycle pattern were observed in 5 ppm of NP-1- and
NP-2-treated cells compared to control cells. However, treatment
with 10 ppm of NP-1 showed the presence of 37.6% of cells in GO
phase in contrast to ca. 0.5% cells in control and NP-2-treated
cells. Moreover, exposure of macrophages to 10 ppm of NP-1
particles indicated that the cells may be blocked at the G1-phase
checkpoint, whereas no differences in the cell cycle were observed
in NP-2-treated and control cells (Fig. 4E).

Intracellular killing of mycobacteria in nanoparticle- and
peptide-treated macrophages. Macrophages can endocytose any
particle ranging from 100 nm up to 10 �m. First, we performed
immunofluorescence studies using FITC-labeled nanoparticles to
evaluate the internalization of exogenously added NP-1 and NP-2
by macrophages. Our microscopic studies showed uptake of both
particles by macrophages (Fig. 5A). Uptake of both nanoparticles
was further confirmed by FACS analysis. We observed that 1.8%
of NP-1 was endocytosed by macrophages, where as an increased
rate of NP-2 (15.2%) was observed after 12 h of incubation (Fig.
5D). After 24 and 48 h of treatment, no further increase in the
uptake of both NPs was observed (Fig. 5D). In fact, negligible
amount of NPs was found inside the macrophages, indicating that
NPs may be degraded by intracellular lysosomal enzymes.

FIG 3 (A) Cytotoxic activity of NP-1, NP-2, NK-2, and LLKKK-18 on RAW264.7 cells. Macrophages were treated with different doses of nanoparticles for 24
h, and cell viability was determined by using an MTT assay. (B) Monolayer morphology of RAW264.7 after treatment with 5- and 10-ppm doses of NP-1 and
NP-2. Cells grown in medium were used as a control. (C) Determination of macrophage cell viability by trypan blue exclusion assay. Cells were treated with 5-
and 10-ppm doses of NP-1 and NP-2 for 6 h, and the number of trypan blue-positive cells were calculated. Experiments were performed in triplicates; means �
the SD are shown. **, P � 0.01; *, P � 0.05.
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To test the intracellular survival of mycobacteria, M. smegma-
tis-infected macrophages were treated with 0.5 ppm of NP-1 and
NP-2, 7 �g of NK-2/ml, and 1 �g of LLKKK-18/ml alone or in
combination. As shown above, these concentrations of nanopar-
ticles and peptides were found to be nontoxic to the macrophages
but killed mycobacteria effectively under in vitro condition. NP-1
and NP-2 showed ca. 35% reduction in intracellular survival of M.
smegmatis (Fig. 5B). Interestingly, treatment with a combination
of nanoparticles and peptides displayed differential intracellular
killing patterns in macrophages. NP-1 in combination with
LLKKK-18 was found to be potentially effective, killing ca. 65% of
mycobacteria compared to NP-1 or LLKKK-18 alone. On the
other hand, NP-2 in combination with NK-2 killed �52% intra-
cellular M. smegmatis. Combination of NP-1 and NK-2 showed
similar killing pattern to that of nanoparticles alone. No signifi-
cant reduction in intracellular survival of M. smegmatis was ob-
served in NK-2- and LLKKK-18-treated conditions (Fig. 5B). We
did not check the intracellular survival of M. smegmatis for a pro-
longed period of time after infection because previous findings
have shown that macrophages efficiently kill M. smegmatis after 12
h of infection and that, after 24 h, the majority of the bacteria are
cleared by macrophages (12, 40, 41). The intracellular killing pat-
tern of M. marinum was found to be different compared to M.
smegmatis. After 6 h of treatment, no significant reduction in in-
tracellular survival of M. marinum was observed, although a mod-

erate increase in bacterial killing was observed in NP-2- and NK-
2-treated macrophages (Fig. 5C).

Quantification of free nitric oxide production. Macrophages
kill intracellular mycobacteria by the production of superoxide
radicals such as NO. Therefore, the level of NO production was
checked in nanoparticle-treated macrophages. The supernatants
of macrophages treated with different doses of NP-1 and NP-2 for
48 h were used to measure the free nitrite formation, which serves
as an indirect indicator of NO production. As shown in Fig. 5E and
Fig. S2 in the supplemental material, no significant nitrite accu-
mulation was observed after exposure to NP-1 and NP-2 particles
for up to 12 h of treatment, whereas after 24- and 48-h exposures,
a dose-dependent decrease in NO production was observed.

DISCUSSION

Emergence of multidrug-resistant bacterial strains has become a
major problem worldwide. To counteract such infections, it is
necessary to develop new therapeutic approaches that will subju-
gate the limitations of the present drugs. One such approach
would be to impregnate a combinatorial therapy with distinctive
mode of action. In case of mycobacteria, the hydrophobic nature
of the cell wall reduces the binding and permeability of antituber-
culosis drugs, thereby impairing their bactericidal action. There-
fore, it is of utmost importance to find out molecules that will act
directly on the cell wall of mycobacteria. In our previous studies,

FIG 4 Genotoxic activity of NP-1 and NP-2 on RAW264.7 cells. (A) Nuclear staining of control macrophages (untreated) and macrophages treated with 5 and
10 ppm of NP-1 and NP-2 after 6 h. (B) Comet assay of control macrophages (untreated) and macrophages treated with 5 and 10 ppm of NP-1 and NP-2 and then
stained with propidium iodide (0.5 �g/ml). (C) Micronucleus formation assay of control macrophages (untreated) and macrophages treated with 5 and 10 ppm
of NP-1 and NP-2. (D) Analysis of apoptosis and necrosis in macrophages treated with NP-1 and NP-2 by the annexin V FITC and PI dual-staining method. (E)
Cell cycle studies of NP-1- and NP-2-treated macrophages. The cells were stained with propidium iodide.
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we have shown that AMPs and metallic nanoparticles kill several
human pathogens by permeabilizing the cell membrane (11, 12,
17, 18). Although several reports are available on the antibacterial
activity of AgNPs and AMPs against Gram-positive and Gram-
negative bacteria, there are no reports that concomitantly describe
antimycobacterial, cytotoxic, and genotoxic effects of AMPs and
biogenic-AgNPs. We synthesized cost-effective, stable, and potent
AgNPs using various bacterial, fungal, and plant extracts as stabi-
lizing and reducing agents. These AgNPs are homogeneous and
stable for longer duration as determined by DLS and TEM studies,
indicating that plant and bacterial extracts can be used as capping
agent to prevent aggregation and increase the solubility of nano-
particles. In this study, we tested additive antibacterial, cytotoxic,
and genotoxic activities of NK-2, LLKKK-18, and biogenic
AgNPs. It is interesting to observe that nonpathogenic M. smeg-
matis and pathogenic M. marinum differ in their susceptibility to
antibacterial action of AMPs and AgNPs. Both NP-1 and NP-2

showed additive effects with NK-2 peptide only at a higher con-
centration (0.5 ppm), whereas a combination of NPs and
LLKKK-18 abated the antibacterial activity against M. smegmatis.
This indicates that NK-2 shows an additive effect only above a
certain concentration of NPs. In the case of M. marinum, no ad-
ditive activity was observed with both AgNPs and NK-2, whereas
LLKKK-18 alone showed complete bacterial killing. This discrep-
ancy could be due to differences in the properties of AMPs and
NPs and the cell wall composition of both bacterial strains (42).
AMPs act on cell membrane by forming stable pores after insert-
ing into the membrane or by forming transient pores by destruct-
ing phospholipids bilayers. Both the peptides differ in size (Fig. 1),
net charge (NK-2, �9; LLKKK-18, �8), and hydrophobicity
(NK-2, 40%; LLKK-18, 29% hydrophobic amino acids). More-
over, NP-1 and NP-2 has negative (�2.70 mV) and positive (�13
mV) zeta potential, respectively. These compounded properties
may be affecting the interactions between the two molecules and

FIG 5 Uptake of nanoparticles and intracellular killing of mycobacteria in macrophages. (A) Arrow mark indicates the intracellular localization of FITC-labeled
NP-2. RAW264.7 macrophages were infected with M. smegmatis (B) and M. marinum (C) for 2 h and then incubated with different concentrations of NP-1 and
NP-2. Macrophages infected with bacteria alone were used as a control. Cells were lysed, and bacterial intracellular survival was determined by CFU assay after
6 h. (D) RAW264.7 macrophages were incubated with FITC-labeled nanoparticles for 48 h. Percentage of FITC-positive cells were enumerated through flow
cytometry with 10,000 gated cells. (E) Quantification of free nitric oxide production in NP-1-treated macrophages using Griess reagent. Lipopolysaccharide
(LPS)-treated and untreated cells were used as positive and negative controls, respectively. Experiments were performed in triplicates. Means � the SD are shown;
*, P � 0.05.
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subsequently the penetration potency into mycobacterial cell wall
to achieve the cell death. The fact that LLKKK-18 is more active
against a pathogenic M. marinum gives a clue that this peptide
may also be an excellent antibacterial substance against M. tuber-
culosis. One of the important properties of some AMPs is their
ability to act either synergistically or antagonistically on the target
cell. We observed a decrease in M. smegmatis killing after treat-
ment with a combination of AgNPs and LLKKK-18, indicating an
antagonist effect on the target cell. Treatment with a combination
of NPs and rifampin also displayed additive effect against M. smeg-
matis. Rifampin kills mycobacteria by binding to the 	 subunit of
the RNA polymerase, thus interfering in RNA synthesis. Mecha-
nistically, it appears that permeabilization of the outer membrane
of mycobacteria by membrane-active nanoparticles might en-
hance penetration of rifampin inside the cells and block the RNA
synthesis. Moreover, AMPs also act on the cell membrane of bac-
teria. NPs are known to kill bacteria by penetrating the bacterial
cell membrane, followed by interfering in intracellular ATP pro-
duction and inhibition of DNA replication. The additive effect of
NPs and AMPs could be due to an increase in permeabilization of
the bacterial cell membrane by AMPs, which facilitates better pen-
etration of NPs. Moreover, NPs are also known to induce oxida-
tive stress in bacteria. These properties will eventually lead to the
killing of bacteria.

One of the important properties of the antibacterial molecule
is that it should clear the infection without exerting toxic effect on
the host cells. Several AMPs and NPs, such as silver, gold, and zinc
oxide, show potent antimicrobial activity accompanied by toxicity
on host cells. The cytotoxic effect of AMPs and AgNPs varies with
the type of mammalian cells and is largely dependent on AgNP
preparation methodologies (43). It was shown that AgNPs that
did not contain any surface modifiers or stabilizers showed signif-
icant cytotoxic effect on mouse macrophage J774.A1 (44, 45),
whereas starch-capped AgNPs had no effect on cancer cells and
fibroblasts due to slow release of silver ions from the gel matrix
(27). The most noticeable response of cells to toxic molecules is
the decrease in metabolic activities, the release of injury signature
molecules, and an alteration in cell morphology and shape. We
found that NK-2, LLKKK-18, NP-1, and NP-2 at the mycobacte-
ricidal dose had no cytotoxic effect on mouse macrophages. These
results indicate the suitability of AMPs and biogenic-AgNPs as an
antimycobacterial molecule. In comparison, NP-1 was found to
be moderately more toxic. The toxicity of nanoparticles differs
significantly according to their type, size, release of Ag� from
nanoparticles, and the capping agent (46–49). Although the
shapes of NP-1 and NP-2 were relatively similar (spherical), their
size distribution was significantly different. About 80% of NP-1
particles were measured at 177 nm and 20% at 53 nm, whereas
NP-2 particles were more homogeneous at 97 nm. Previous re-
ports suggest that AgNPs are more toxic to mammalian cells com-
pared to AMPs. Therefore, we determined the highest noncyto-
toxic dose of AgNPs. We found that treatment of up to 5 ppm of
AgNPs, which is 10-fold more than the effective mycobactericidal
dose of NPs, did not show any toxic effect on macrophages. How-
ever, treatment with 10 ppm showed a reduction in cellular met-
abolic activities and disintegration of membrane integrity. This
could be due to disturbances in cytoskeletal functions as a result of
nanoparticle treatment.

The comet and micronuclei formation assays showed no DNA
damage at the mycobactericidal dose (up to 5 ppm), whereas

treatment with higher doses (10 ppm) of NP-1 and NP-2 showed
significant increases in tail length and micronucleus formation,
which manifests DNA damage. It has been observed that exposure
to higher doses of AgNPs lead to an increase in DNA damage,
apoptosis, and necrosis (27, 50). After DNA damage in the form of
strand breaks, micronucleus formation could arise during meta-
phase/anaphase transition of mitosis, detachment of acentric frag-
ment due to chromosome breakage or from induction of DNA
fragmentation, and cell apoptosis. These results were further cor-
roborated by apoptosis assay. No cell apoptosis was observed at
the mycobactericidal dose, whereas treatment with higher doses
resulted in an increase in the number of apoptotic cells. The in-
creased DNA damage, apoptosis, and micronucleus formation at
higher doses could also be due to increased production of reactive
oxygen species (ROS). It has been previously reported that in-
creased ROS production due to starch capped AgNPs caused
genotoxic effect in fibroblast cells (27). Altogether, these results
indicate that NP-1 and NP-2 have no cytotoxic and genotoxic
effects on macrophages at the bactericidal dose but when applied
above a certain concentration they cause toxic effects.

Owing to their phagocytic function, macrophages can readily
ingest foreign material. Macrophages have been shown as an ideal
candidate for transporting antiretroviral therapeutic molecules
(51). Since mycobacteria are an intracellular pathogen that reside
in the phagosomal compartments of macrophages, it is important
to deliver the therapeutic molecules to the target sites that would
otherwise be inaccessible due to the presence of physical barriers.
Recently, it has been shown that AgNPs are actively taken up by
the J774A.1 through scavenger receptor-mediated endocytosis
(52). Our immunofluorescence studies also showed that FITC-
labeled AgNPs are actively endocytosed by macrophages. The
shapes and sizes of NPs directly influence their uptake in to the
cells (53, 54, 55). Our flow cytometry studies have shown signifi-
cantly more internalization of FITC-conjugated NP-2 by macro-
phages compared to NP-1 after 12 h of treatment. However, after
48 h of treatment, negligible amounts of NP-1 and NP-2 were
present inside the macrophages. From a therapeutic perspective,
this is an important observation because persistent bioaccumula-
tion of AgNPs inside the host cells may cause undesired side ef-
fects. Several evidences have suggested that, after endocytosis, NPs
are trafficked to the lysosomal compartment through the endo-
cytic pathway, where they are degraded by the action of proteases
such as cathepsin L (56). The exogenous addition of NP-1 and
NP-2 was found to kill intracellular M. smegmatis, whereas intra-
cellular killing was further potentiated after treatment with a com-
bination of NP-1 plus LLKKK-18 and NP-2 plus NK-2. The fact
that NP-1 at higher concentrations did not show enhanced killing
effect with LLKKK18 under in vitro condition, whereas this com-
bination exerted intracellular killing activity under ex vivo condi-
tions. Both NPs and AMPs exert immunomodulatory and anti-
genic activity. The killing of M. smegmatis under ex vivo
conditions could be due to the immunomodulation and/or acti-
vation of macrophages or to delivery of endocytosed AgNPs and
AMPs to macrophage phagosomes where M. smegmatis resides.
However, we could not demonstrate enhanced intracellular kill-
ing of bacteria due to the antigenic nature of NPs because of lim-
itations in producing NP specific antibodies to neutralize their
effect. As mentioned above, the absence of antibacterial activity
under in vitro conditions could be due to antagonistic effects.
Treatment with AMPs and AgNPs also induces the production of
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interleukin-1 (IL-1), IL-6, and tumor necrosis factor alpha (47)
cytokines, which activate the cells, resulting in an increase in kill-
ing efficiency of macrophages. Macrophages kill mycobacteria by
inducing NO production. However, no increase in NO produc-
tion was observed in nanoparticle-treated macrophages, indicat-
ing that intracellular mycobacterial killing is NO independent.
NPs are also known to induce reactive oxygen species production
and the secretion of proinflammatory cytokines. Thus, the ob-
served killing effect could be due to the formation of superoxide
radicals and the activation of macrophages by cytokines. In sum-
mary, our results demonstrate that the AMPs and NPs tested ex-
hibit at least an additive effect and could be used as potential
templates for the treatment of mycobacterial infection. However,
in order to prove their therapeutic potential, these AMPs and NPs
need to be tested against pathogenic M. tuberculosis.
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