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. The upsurge of drug resistant tuberculosis is major health threat globally. To counteract, antimicrobial
peptides are being explored as possible alternatives. However, certain limitations of peptide-

. based drugs such as potential toxicity, high cost and relatively low stability need to be addressed

. to enhance their clinical applicability. Use of computer predicted short active motifs of AMPs along

: with nanotechnology could not only overcome the limitations of AMPs but also potentiate their

. antimicrobial activity. Therefore, present study was proposed to in silico identify short antimicrobial

. motif (Pep-H) of human neutrophil peptide-1 (HNP-1) and explore its antimycobacterial activity in

. free form and using nanoparticles-based delivery systems. Based on colony forming unit analysis,
motif Pep-H led to killing of more than 90% M. tb in vitro at 10 pg/ml, whereas, similar activity
against intracellularly growing M. tb was observed at 5 jug/ml only. Thereafter, chitosan (244 nm) and
gold nanoparticles (20 nm) were prepared for Pep-H with both the formulations showing minimal
effects on the viability of human monocyte derived macrophages (MDMs) and RBC integrity. The
antimycobacterial activity of Pep-H against intracellular mycobacteria was enhanced in both the

. nanoformulations as evident by significant reduction in CFU (>>90%) at 5-10 times lower concentrations

. than that observed for free Pep-H.Thus, Pep-H is an effective antimycobacterial motif of HNP-1 and its

: activity is further enhanced by chitosan and gold nanoformulations.

© Antimicrobial peptides (AMPs) have great potential to be explored as efficient drug candidates against tuberculo-
. sis (TB), the leading cause of deaths amongst infectious diseases across the globe'. The complex survival strategies
employed by mycobacteria to reside successfully inside the host led to usage of lengthy multidrug cocktail regime
. for more than forty years. Lack of addition of new drugs to the age old therapy and patient incompliance has
. provided favourable conditions for mycobacteria to evolve into various drug resistant strains and posing great
. challenges for TB control. Thus, AMPs, essential part of our first line innate immune defense, having ability to not
only form cytotoxic pores in bacterial membranes, but also inhibit cell wall, nucleic acid, and protein biosynthesis
are appropriate contenders to enhance efficacy of current chemotherapy.
Previously our laboratory reported Human neutrophil peptide-1 (HNP-1), a human «a-defensin (AMP), as
- apotential adjunct to existing chemotherapy and also established its specific mode of action against mycobac-
: teria®™*. However, there are various drawbacks of a peptide drug to be used as a pharmacological agent. The
. problems that hamper the progress of AMPs as clinical candidates include lack of stability, short in vivo half-life,
. proteolytic cleavage, toxicity and high cost of manufacturing. Recently, studies have focused on exploring the
. role of shorter peptides of AMPs as ideal therapeutic candidates against range of infectious agents’. These shorter
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Antimicrobial Score *Antimicrobial
Peptide fragments Position AntiBP AntiBP2 CAMP AMPA Charge motif
ACYCRIPACIAGERR 1-15 1.001 —0.454 0.662 — +2 Yes
CYCRIPACIAGERRY 2-16 1.120 —0.702 0.816 — +2 Yes
YCRIPACIAGERRYG 3-17 —0.276 —0.566 0.656 — +2 NO
CRIPACIAGERRYGT 4-18 1.080 —1.048 0.377 — +2 NO
RIPACIAGERRYGTC 5-19 0.833 —0.249 0.682 — +2 Yes
IPACIAGERRYGTCI 6-20 —1.425 —0.629 0.296 — +1 NO
PACIAGERRYGTCIY 7-21 —0.261 —0.996 0.505 — +1 NO
ACIAGERRYGTCIYQ 8-22 0.829 0.637 0.519 — +1 Yes
CIAGERRYGTCIYQG 9-23 —0.515 —0.051 0.450 — +1 Yes
TAGERRYGTCIYQGR 10-24 —0.368 —0.242 0.357 — +2 NO
AGERRYGTCIYQGRL 11-25 0.652 0.151 0.662 — +2 Yes
GERRYGTCIYQGRLW 12-26 —0.643 —1.066 0.885 — +2 NO
ERRYGTCIYQGRLWA 13-27 —0.593 —0.513 0.955 — +2 NO
RRYGTCIYQGRLWAF* 14-28 0.806 0.089 0.946 0.218 +3 Yes
RYGTCIYQGRLWAEFC 15-29 —0.302 —0.467 0.840 — +2 NO
YGTCIYQGRLWAFCC 16-30 —0.447 —0.287 0.325 — +1 NO

Table 1. Antimicrobial scores of short peptides of HNP-1 obtained from AntiBP, AntiBP2, CAMP and AMPA
servers. The peptide highlighted in bold has antimicrobial potential based on antimicrobial score predictions
by respective servers. * Antimicrobial motif: a short peptide having highest positive charge and predicted as
antimicrobial based on scores obtained from all the servers. The motif RRYGTCIYQGRLWAF (highlighted in
box) was selected as motif based on its antimicrobial score predictions.

peptides are more economical, easier and faster to synthesize, less immunogenic and can be easily tuned to min-
imize toxicity, enhance stability and specificity, increase half-life>. Unique features constituting pharmacophore
of AMPs that facilitate their interaction with pathogenic membranes include cationic charge provided by Arg
and Lys, amphipathic nature and a-helical structure. Various in silico prediction tools have also emerged which
exploit different properties of these AMPs to generate prediction algorithms that are helpful in identifying such
short pharmacophore of any AMP”%,

Another approach to overcome the limitations of AMPs based therapy is to utilize nanotechnology for safer
delivery and improved activity. The smaller size and high drug loading capacity of nanoparticles enable them to
deliver drugs safely by crossing various cellular barriers®. Peptide therapeutics can be encapsulated and conju-
gated on different types of polymeric or metallic nanoparticles for their better applicability'’. Amongst various
polymers used for nanoformulations, chitosan, an abundant natural polymer is biocompatible, non-toxic and
biodegradable'!. Various recent reports have indicated chitosan as a promising candidate for encapsulation of
antimicrobial peptides against various infections. Chitosan nanoparticles loaded with the antimicrobial pep-
tide temporin B have been reported to exert effective antibacterial activity in vitro against clinical isolates of
Staphylococcus epidermidis*'. Similarly, nano-encapsulated cryptdin formulation against Salmonella infection
had shown improved oral therapeutic potential with prolonged and continuous release of peptide in intesti-
nal mucosa'?. In case of metallic nanoformulations, gold nanoparticles have been considered as most promis-
ing for drug delivery due to their small size, high solubility, stability, biocompatibility and chemical inertness'.
Moreover, large surface-area-to-volume ratio in gold nanoparticles, allows the adsorption of several hundred
molecules on its surface!®. There are very limited studies available on the use of AMPs loaded gold nanoparti-
cles'>!%, More importantly, the potential of nanoformulations of AMPs against mycobacterial infection is as yet
unexplored. Present study was therefore designed to identify functional pharmacophore of HNP-1 to evaluate its
activity against Mycobacterium tuberculosis (M. tb) using chitosan and gold nanoparticles.

Results

Selection of HNP-1 motif. The web servers generated 15 amino acid long peptide fragments of HNP-1
and antimicrobial scores were designated for each fragment to predict their antimicrobial activity. Based on the
positive charge and antimicrobial scores obtained, the functional motif was selected. Out of 16 peptide fragments
of HNP-1, RRYGTCIYQGRLWAE, was predicted commonly as antimicrobial fragment by all the four servers
obtaining antimicrobial scores of 0.806, 0.089, 0.946 and 0.218 along with highest positive charge (+3) amongst
all the fragments (Table 1). Thus, peptide RRYGTCIYQGRLWAF named as Pep-H was selected as antimicrobial
motif of HNP-1. Pep-H was further subjected to in vitro and ex vivo assays to establish its antimycobacterial
efficacy.

Activity of Pep-H against in vitro growing M. tb H37Rv.  Log phase M. tb was grown in the presence of
different concentrations of Pep-H for 7 days to determine anti-mycobacterial potential of Pep-H by monitoring
absorbance and colony forming units (CFU). Based on absorbance measurements, nearly 40% and 8% bacteria
survived after treatment with Pep-H at 5ug/ml and 10 pg/ml respectively (Fig. 1a). This indicated that Pep-H
displayed 60% and 92% inhibitory activity against M. tb H37Rv at 5ug/ml and 10 pg/ml respectively and 10 pg/ml
was taken as its MICY. These results were further confirmed by CFU enumeration that depicted the bactericidal

SCIENTIFIC REPORTS |

(2019) 9:7866 | https://doi.org/10.1038/s41598-019-44256-6 2


https://doi.org/10.1038/s41598-019-44256-6

www.nature.com/scientificreports/

100
1007

80
801

60
60

401

Percent Survival

Percent Survival

] ol
0 28 3 ) ) ) 2% ) 20 B

Peptide Pep-H [ug/ml] Peptide Pep-H [ug/ml]

Figure 1. Activity of antimicrobial motif Pep-H against M. tb H37Rv. Mycobacterial cells were grown in vitro
in the presence of different concentrations of Pep-H for 7 days and the percentage of viable bacilli left after the
treatment was determined based on (a) absorbance measurements and (b) CFU enumeration. Percent survival
was calculated as OD or CFU (Treated)/OD or CFU (Control)*100. Values are expressed as Mean + S.D. of 3-4
independent experiments. For control (Untreated M. tb H37Rv), values were considered as reported earlier'®.
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Figure 2. Activity of antimicrobial motif Pep-H on the growth of M. tb H37Rv inside MDMs. For
antimycobacterial activity of Pep-H against intracellular bacilli, MDMs were infected with M. tb H37Rv
followed by incubation with different concentrations of Pep-H. Reduction in intracellular bacterial load based
on CFUs is presented as Log10 reduction as Mean =+ SD of three independent experiments. Log10 reduction
is calculated as Log,(CFU (treated)-Log,CFU(Control)/Log,,CFU(Control). The Log10CFU/ml in control
(untreated infected MDMs) was 5.79 + 0.08 as reported earlier'®.

activity of Pep-H at 10 pg/ml against M. tb as only 3% mycobacterial growth was observed as compared to control
(Fig. 1b).

Effect of Pep-H against intracellular M. tb H37Rv.  Since M. tb is an intracellular pathogen, it is impor-
tant to monitor the activity of any therapeutic candidate against M. tb multiplying inside the host cells. In the
present study, PBMC:s isolated from the blood of healthy volunteers were differentiated into macrophages and
the effect of Pep-H on the growth of M. tb H37Rv replicating in MDMs was monitored in terms of its bactericidal
activity by CFU analysis. Pep-H showed 1log (91%) reduction at 5pg/ml in intracellular mycobacterial growth
(Fig. 2). No further increase in the bactericidal activity of Pep-H was observed at higher concentrations. The
inhibitory potential of Pep-H against intracellular M. tb was comparable to that obtained with anti-tubercular
drugs rifampicin and isoniazid at 5 jig/ml and 3 ug/ml respectively as reported earlier by our group'®. The increase
in growth inhibition from 60% (against in vitro M. tb) to 91% (against intracellular M. tb) at the concentration
5ug/ml indicates the possibility of immunomodulation of host cells by Pep-H as AMPs are well known to have
immune-stimulatory effect. Therefore, cytokine levels in culture supernatants from Pep-H treated and control
infected MDMs were estimated.

Estimation of immune effectors indicated that Pep-H led to significant increase in the levels of IFN-~ and
RNOS as compared to control infected MDMs (Fig. 3a,c). Pep-H treatment resulted in significant decrease in
the levels of pro-inflammatory cytokines TNF-a (3.44 £ 0.38 pg/ml), IL-6 (64.35+0.12 pg/ml) and MCP-1
(1.04+2.12 pg/ml) (Fig. 3a,b). The increase in the levels of IFN-~ and RNOS following Pep-H treatment could
be playing protective role along with direct anti-mycobacterial activity in restricting the growth of intracellular
M. tb.

Characterization of Pep-H loaded chitosan nanoparticles (Pep-H-CSNPs).  The chitosan nanopar-
ticles were prepared by simple process of ionic gelation, by dropwise addition of chitosan solution to TPP in the
ratio of 5:2. The dynamic light scattering showed that average hydrodynamic size of Pep-H-CSNPs (244 + 6 nm)
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Figure 3. Levels of (a) IFN-+, TNF-o, MCP-1, (b) IL-6, IL-8 and (c) NO released by M. tb H37Rv infected
MDMs after treatment with Pep-H. Values are expressed as Mean + SD of three independent experiments.
The values of IFN-~, TNF-a, MCP-1, IL-6, IL-8 obtained in control untreated infected MDMs are 0.15+0.02,
41+15.22,2.05+0.81,231.53 £+ 85.33, 40.23 £ 2.36 respectively as reported earlier's. For statistical analysis,
one-way ANOVA was used and comparison was done with the levels of cytokines obtained in untreated
infected MDMs. ***p < 0.001, **p < 0.01, w.r.t Control (Untreated infected MDMs).
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Figure 4. Representative graphs of particle size distribution (by intensity) of (a) CSNPs, (b) Pep-H-CSNPs and
Zeta Potential of (c) CSNPs, (d) Pep-H-CSNPs. DLS was carried out with three different batches of chitosan
nanoparticles and values shown are representative of one batch.

CSNPs 197 £16 0.2140.03 +14.4+0.16 | — —
Pep-H-CSNPs 244+6 0.1640.06 +12.4£0.33 | 7247.48 3.7+1.06

Table 2. The characteristics of chitosan nanoparticles (CSNPs) and Pep-H loaded chitosan nanoparticles (Pep-
H-CSNPs) based on average size (nm), polydispersity index (PdI), Zeta potential (mV), encapsulation efficiency
(%), and loading efficiency (%) and Yield (%). Values are expressed as Mean =+ SD of three independent batches
of nanoparticles. *Encapsulation efficiency is defined as the amount of peptide entrapped in nanoparticles

per total peptide amount used. ®Loading efficiency is defined as the amount of peptide entrapped per mg of
nanoparticle weight.

was more as compared to empty CSNPs (197 £ 16 nm) (Fig. 4a,b). The polydispersity index of 0.16 indicated that
the size of Pep-H-CSNPs formulations was uniformly distributed (Table 2). The zeta potential of Pep-H loaded
nanoparticles was observed to be in range of +12mV which suggested that the nanoparticles were positively
charged and had less tendency to aggregate and flocculate (Fig. 4c,d). Further, narrow size distribution range
with positive zeta potential indicates that Pep-H-CSNPs were stable and monodispersed. The amount of Pep-H
encapsulated in CSNPs as determined by estimating the concentration of peptide in the supernatants showed
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Figure 5. In vitro release profile of Pep-H loaded CSNPs in simulated intestinal fluid (SIF) and phosphate bufter
(SPB). Chitosan nanoparticles (CSNPs/Pep-H-CSNPs) were placed in 1 ml SIF and phosphate buffer. After 1hr, 3hrs,
6hrs, 24hrs and 72 hrs, nanoparticles were pelleted down and the protein content was estimated in supernatants of all
time points by BCA protein estimation assay. Values are expressed as Mean = SD of three independent experiments.

entrapment efficiency to be 72% for Pep-H. The loading efficiency i.e. amount of peptide entrapped per mg of
nanoparticles was 3.7% (Table 2). The release of Pep-H from Pep-H-CSNPs in simulated intestinal fluid (SIF) (pH
6.8) was examined for 72 hrs. The results showed initial rapid release of upto 30% peptide within 1 hr followed
by a linear increase pattern. Thereafter, sustained release of 50% peptide was observed upto 72hrs in SIF. (Fig. 5).
The release of Pep-H from Pep-H-CSNPs monitored in phosphate buffer (PB) (pH 7.4) for 72 hrs showed an early
rapid release of around 40% with, a sustained release of 50% peptide till 3 days of incubation.

Characterization of Pep-H conjugated gold nanoparticles (Pep-H-AuNPs).  The carboxyl group
functionalized gold nanoparticles (AuNPs) were synthesized using aspartic acid as a reducing and capping agent
via chemical reduction for tagging of Pep-H peptide on the surface. AuNPs exhibit a characteristic optical feature
of surface plasmon resonance (SPR). The absorption spectra of gold nanoparticles (Fig. 6a) showed the absorp-
tion maxima at 523 nm that exhibits a red shift to 526 nm for Pep-H-AuNPs due to increased size and change in
surface plasmon resonance (SPR). Presence of an additional hump around 220 nm, characteristic of peptide bond,
confirms the conjugation of Pep-H with AuNPs.

Further, Pep-H-AuNPs were spherical in shape, with smooth surface morphology as observed by TEM
(Fig. 6b,c). The size of AuNPs was analysed by measuring diameter of 20 nanoparticles per field at 3 equidistant
points and 3 different fields were scanned per sample. The average size thus obtained for AuNPs was 15+2nm
whereas that of Pep-H-AuNPs was 20 +4 nm. In a preparation of 4.7 X 10'° gold nanoparticles using 15 ug of
Pep-H peptide, the amount of peptide on each nanoparticle was calculated to be 0.313fg which corresponded to
1 x 10° peptide (Mw-1.89 kDa) molecules per AuNP. Percent release studies as measured by peptide estimation
indicated no peptide release in the supernatant of the Pep-H-AuNPs in PBS at pH 7.4 even after 72 hrs of incuba-
tion. While in simulated gastric (SGF; pH 1.2) and simulated intestinal (pH 6.8) fluids, a small amount of peptide
was released only after 3 hrs of incubation with marginal increase upto 5 hrs beyond which remained constant till
72 hrs. In SIF, the peptide released was in the range of 18-20% whereas in SGE, it was only 3-5% (Fig. 6d).

Further, absorption spectra of corresponding supernatants up to 1 hr of incubation of Pep-H-AuNPs conjugate
in SGEF, SIF and PBS buffers, is marked by absence of characteristic peak of peptide bond (207, 214, 220 nm) or
aromatic amino acid (280 nm), thus indicating that Pep-H-AuNPs bond is not broken (data not shown). Spectra
of pellets of Pep-H-AuNPs obtained after incubation with different pH media exhibited no shift in SPR peak (at
pH 7.4) with a minor red shift at pH 6.8 indicative of increased size. Further, spectral features with well-defined
peak representative of dispersed particles (no agglomeration) suggested the stability of Pep-H-AuNPs at pH 7.4
and pH 6.8 (Fig. 6e). However, at pH 1.2, in addition to the red shift of absorption peak, there is substantial broad-
ening of the peak as well suggestive of increased size and/or agglomeration of the particles (Fig. 6e).

Uptake of Pep-H-AuNPs by MDMs. The gold nanoparticles are vehicles for intracellular drug deliv-
ery. Therefore, ability of Pep-H-AuNPs to permeate MDMs was determined. In order to estimate gold content
inside the cells, monolayers incubated with AuNPs and Pep-H-AuNPs were subjected to Inductively Coupled
Plasma Mass Spectrometry (ICP MS). The measured cellular mean gold content (ppb) was 141.65 £ 16.06 and
71.82 £ 22.50 for AuNPs and Pep-H-AuNPs respectively (Fig. 7a). The amount of gold taken up by MDMs was
also normalized by the amount of cellular protein in each sample lysate and accumulation was expressed as
amount of gold per unit mass of protein as presented in Fig. 7b. Although, uptake of nanoparticles based on
amount of gold per unit mass of protein was lesser in case of Pep-H-AuNPs, however there was no significant dif-
ference as compared to AuNPs. These results indicated the uptake of both AuNPs and Pep-H-AuNPs by MDMs.

Assessment of cytotoxicity of nanoformulations.  The effect of Pep-H and Pep-H nanoformulations on
cell viability was evaluated by MTT assay performed in human MDMs. As evident from Fig. 8a, the optimum cell
viability was seen for free Pep-H at 51g/ml whereas, at higher concentration of 100 ug/ml cell viability was observed
to be 75%. In case of Pep-H-CSNPs and Pep-H-AuNPs also, more than 80% MDMs were viable at all the concen-
trations tested (Fig. 8a). These results were further supported by LDH release observed in culture supernatants to
determine cytotoxicity of free peptides and nanoparticle formulations which indicated less than 20% cell cytotoxicity
with increasing concentration up to 100 pg/ml for free Pep-H as well as peptide in nanoformulations (Fig. 8b). These
results confirm the cytocompatibility of chitosan/gold nanoformulations used in the present study.
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Figure 6. Characterization of Pep-H loaded AuNPs. (a) Absorption spectra of AuNPs and Pep-H-AuNPs,
(b,c) TEM micrographs of AuNPs and Pep-H-AuNPs respectively for which AuNPs were coated on carbon
grids and viewed under transmission electron microscope at magnification of 2,50,000x and scale of 100 nm
(d) In vitro release profile of Pep-H-AuNPs in simulated intestinal fluid (SIF), simulated gastric fluid (SGF) and
phosphate buffer (PB) for which gold nanoparticles (AuNPs/Pep-H-AuNPs) were placed in 1 ml SIF (pH-6.8)/
SGF (pH1.2)/phosphate buffer (pH 7.4). After 1hr, 3hrs, 5hrs, 24 hrs and 72 hrs, nanoparticles were pelleted
down and the protein content was estimated in supernatants of all time points by Bradford assay (e) Stability of
Pep-H-AuNPs as monitored by UV-Vis spectroscopy for any change in spectra of the pellets of Pep-H-AuNPs
following incubation in SIF/SGF/PB. Values are expressed as Mean & S.D. of 3 independent experiments.

Assessment of RBC integrity by hemolytic assay. Another important parameter for determining
the toxicity of experimental therapeutic agents is the effect on RBC integrity. Incubation of RBCs isolated from
healthy blood with increasing concentrations of Pep-H showed only 7% RBC lysis even after 24 hrs of treatment
with Pep-H (100 pg/ml), a concentration 20 times higher than its MIC (Fig. 9a). Similarly, Pep-H-CSNPs dis-
played negligible haemoglobin release after 1 hr treatment but upto 21% RBC lysis was observed after 24 hrs with
increasing concentration upto 50pg/ml as shown in Fig. 9b. Again, in case of AuNPs and Pep-H-AuNPs, very low
haemoglobin release was exhibited after 1 hr but as incubation time was increased to 24 hrs 27% lysis of RBCs was
observed when concentration was increased up to 100 ug/ml (Fig. 9¢).

Activity of Pep-H loaded CSNPs/AuNPs against M. tb H37Rv growing inside MDMs. Based
on CFU enumeration, the antimycobacterial activity of Pep-H-CSNPs and Pep-H-AuNPs was observed to be
markedly increased even at lower concentrations as compared to free Pep-H against M. tb H37Rv replicating
inside MDMs (Fig. 10a,b). At 0.5 ug/ml, Pep-H-CSNPs resulted in 80% reduction in bacterial load as compared to
only 12% reduction by free peptide (0.5 ug/ml). In case of Pep-H-AuNPs (1 pg/ml), 91% decrease in intracellular
mycobacterial load was observed as compared to only 45% decrease by free Pep-H (1 pug/ml) treatment.
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Figure 7. Uptake of Pep-H-AuNPs by MDMs. (a) The concentration of gold (ppb) measured in MDM
monolayers after incubation of AuNPs and Pep-H-AuNPs after 24 hours. (b) The amount of gold accumulated
inside the MDM monolayers after 24 hrs was expressed as amount of gold (ng) per mg of total cellular protein.
Values are expressed as Mean + SD of 3 independent experiments.
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Figure 8. Evaluation of safety profile of Pep-H loaded nanoformulations against MDMs. (a) Percentage cell
viability of MDMs upon treatment with different concentrations of Pep-H and its nanoformulations. (b) Percent
cytotoxicity of Pep-H and its nanoformulations at different concentrations in MDMs. The cells were treated
with various concentrations of Pep-H as well as Pep-H-CSNPs and Pep-H-AuNPs respectively for 72 hrs. The
effect of this treatment on cell viability was assessed by MTT assay. The supernatants of these treated cells were
subjected to LDH assay to determine cytotoxicity of free peptides and their nanoparticle formulations. Values
are expressed as Mean & S.D. of 3 independent experiments.
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Figure 9. Stability of RBCs after treatment with Pep-H and its chitosan and gold nanoformulations. (a)
Percent hemolysis exhibited by RBCs after incubating with different concentrations of Pep-H. (b,c) Percent
hemolysis exhibited by RBCs after incubating with different concentrations of Pep-H-CSNPs and Pep-H-
AuNPs respectively. The cells were treated with various concentrations of Pep-H as well as its nanoformulations
respectively for 1 hr and 24 hrs and hemoglobin release was measured to determine the effect on RBC integrity.
Values are expressed as Mean + S.D. of 3 independent experiments.

Discussion

Tuberculosis is one of the major global health threats. It is highly needed to update chemotherapy regimen to
control the spread of the disease efficiently. The tough mycobacterial cell wall makes it difficult for drugs to per-
meabilize and act on the pathogen. Antimicrobial peptides are known to act on microbial cell walls by creating
pores, thus making them interesting candidates to explore for therapeutic potential. In our previous studies,
HNP-1 has shown immense potential as anti-mycobacterial candidate. Currently the focus is on developing short
peptide motifs of HNP-1, as they are easy to synthesize and easily modifiable to enhance antimicrobial potential
and reduce toxicity. Various in silico tools employing different strategies for prediction of antimicrobial peptides
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Figure 10. The antimycobacterial effect of (a) Pep-H-CSNPs and (b) Pep-H-AuNPs as compared to free

Pep-H on M. tb H37Rv growing in the MDMs from healthy subjects. The results are represented as Mean

CFU £ SD per ml of three independent experiments. Statistical analysis of the results was performed by one-
way ANOVA. ##%¥p < 0.001 w.r.t Control (untreated MDM:s), **p < 0.001 w.r.t CSNPs/AuNPs. Values in round
brackets indicate percent inhibition obtained after respective treatments. Percent inhibition is calculated as CFU
(Control) — CFU (treated)/CFU (Control) x 100.

such as using antimicrobial index of each amino acid" and recognizing pattern of amino acids at N and C ter-
minal in antimicrobial peptides?®*' have been exploited. Recently our group reported that Pep-B, the motif of
HBD-1 selected using in silico prediction servers similar to present study demonstrated potential antimycobacte-
rial activity against in vitro active as well as dormant tubercle bacilli'®. By using similar in silico approach, we have
identified short amino acid stretch, RRYGTCIYQGRLWAF (Pep-H) having highest positive charge as potential
antimicrobial motif of HNP-1. Another study reported that this amino acid stretch forming conserved ~-core
motif is a structural determinant of antimicrobial activity of a-defensins®?. The motif Pep-H in the present study
was observed to kill the in vitro growing M. tb but at higher concentration as compared to the earlier reported
MIC of HNP-1* The Pep-H peptide was used as such without any amino acid substitution whereas earlier by
using various computational prediction servers, naturally occurring antimicrobial peptides have been modified
by amino-acid substitution leading to antimicrobial potential even better than their parent peptide. hBD3-Pep4,
a short decapeptide of HBD-3 designed by amino acid substitutions has been recently reported to inhibit the
growth of M. smegmatis, at a concentration higher than MIC of HBD-3%. But a short truncated peptide of LL-37
substituted with positively charge amino acids was able to effectively kill M. smegmatis and M. bovis BCG by three
fold as compared to LL-37 at the same concentration®’. The in silico developed peptides, MIAP (300 jig/ml) and
LLAP (600 pg/ml) have shown strong antimycobacterial activity as compared to magainin I (1200 pg/ml) and LL
37 (2400 pg/ml) against non-virulent strains of M. tb”%. Noteworthy, as compared to earlier reported customised
motifs, Pep-H without any modification in its sequence has resulted in to >90% killing of virulent mycobacteria
at much lower concentration (10 pug/ml). Although, there was increase in the antimycobacterial activity of Pep-H
with increasing concentration ranging from 0.5 pg/ml to 30 pg/ml, surprisingly, at 20 pg/ml, higher survival of
mycobacterial cells was seen as compared to 10 pg/ml, the MIC of Pep-H and this was reproducibly observed in
all the experiments. Although, the reason for the same is not understood, however, this kind of deviation at one
or two concentrations while carrying out antimicrobial assays has also been observed in earlier studies. A report
on the effect of different concentrations of Althaea officinalis extract on Lactobacillus acidophilus in terms of
inhibitory growth zone diameter has indicated that from 3% to 50% concentration of the extract, there is gradual
increase in the mean zone of microbial growth inhibition, whereas at 75%, there is again decrease in the growth
inhibition followed by increase in inhibition at 100%2°. Similar kind of deviation in the antibacterial activity curve
in terms of log CFU/ml has been reported while investigating the effect of lecithin and eugenol against E. coli**.

M. tb is an intracellular pathogen that replicates efficiently in macrophages. It is important for therapeutic
candidates to have ability to surpass this physical barrier so as to reach its target. PBMCs derived macrophages
were used as ex vivo model to test the antimycobacterial activity of Pep-H. Pep-H showed marked reduction in
intracellular mycobacterial growth at two times less concentration than in case of in vitro growing mycobac-
teria. This substantial decrease in mycobacterial growth was not due to any cytotoxic effect of the peptides on
host cells. In contrast, hBD3-Pep4, LL-37 and its motif LLKKK-18 led to only 50-60% decrease in survival of
M. smegmatis inside murine and human macrophage cell lines at higher concentrations than the peptide used
in present study****. However, in earlier studies, the activity of AMPs has been explored against intracellular
mycobacteria using various cell lines in contrast to human MDM:s used in the current study. Recently, Pep-B
motif of HBD-1 was also observed to result into >90% decrease in mycobacterial growth as compared to control
infected MDMs'®. In another study using human MDMs, LL-37 restricted the intracellular growth of M. tb in a
dose dependant manner?’.

Apart from direct antimicrobial role, AMPs are also known to modulate host immune system to help in the
containment of infection. There are various studies showing immunomodulatory role of AMPs resulting into
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upregulated secretion of pro-inflammatory cytokines and chemokines. TNF-oand CXCLS release in THP-1 and
primary human macrophages by HBD-2 and HBD-3%, modulated levels of TNF-q, IL-17, IFN-~, IL-10, TGF-3
by LL-37 in M. tb infected macrophages®” and increased production of cytokines TNF-c, IL-6, and IL-12p70 in
dendritic cells by HNP-1% support the immunomodulatory role of AMPs. In a recent study, immunomodulatory
potential of antimicrobial motif Pep-B of HBD-1 was observed'®. Pep-H also led to significantly high release of
IFN-~ and NO, however as compared to HNP-1 (data not shown), it significantly lowered the levels of proinflam-
matory cytokines including TNF-q, IL-6, IL-8 and MCP-1 suggesting that Pep-H is able to exert the antimyco-
bacterial activity maintaining a balanced host inflammatory response.

Nanoscience has emerged as powerful technique for drug delivery and designing effective nano-delivery vehi-
cles would help in enhancement of clinical applicability of AMPs as drugs. Although various nanoformulations
have been exploited for antimicrobial activities of AMPs against various pathogens!>*-32 however, their utility
for boosting the therapeutic potential of AMPs as drugs against mycobacteria is still unexplored. Both chitosan
and gold have inherent antimicrobial and biodegradable properties**-*¢ and gold-based materials also exhibit
interaction with immune system?®”%. These features make them useful candidates to be explored for the develop-
ment of therapeutic nanoformulations for AMPs against mycobacterial infections. The Pep-H-CSNPs had average
diameter of 244 nm with uniform size distribution and stability with slow and constant release rate of peptide in
SIF and phosphate buffer. There are very few reports available showing the successful encapsulation AMPs in
polymer-based nanoparticles. Rishi et al., (2015) have shown the encapsulation of cryptidin in CSNPs with an
average particle size of 105 nm'2. Another study has shown encapsulation of temporin B in CSNPs having mean
diameter of 185 nm, peptide entrapment of 75% along with linear and slow release of temporin in phosphate
buffer!!. The same authors have also reported the encapsulation of lysozyme in CSNPs, having mean size of
159 nm and positive surface charge®. In case of gold nanoparticles, capping agents such as surfactants play main
role in stabilizing nanoparticles but create safety issues also. However, in present study amino acid Asp is used as a
reducing and capping reagent for gold nanoparticles synthesis resulting in stable and biocompatible formulation.
The ~-COOH group (Asp on gold nanoparticles) was exploited to form -CO-NH- linkage with -NH2 group of
Arglocated at N terminal of Pep-H and it was confirmed by red shift of 2-3 nm in the absorption spectra after
peptide coating®*. Further, stability studies indicated the stable complex of Pep-H-AuNPs at different pH cor-
responding to different physiological buffers. Minimal peptide release from Pep-H-AuNPs complex suggested
that observed antimycobacterial activity in the present study was due to complex of gold with Pep-H as a whole.
Another characteristic of nanoparticles is their ability to permeate the cells in order to deliver the drug intra-
cellularly. This feature is particularly of great significance for drug delivery against intracellular pathogens like
M. tb. Earlier, the uptake of FITC labelled CSNPs has been reported in J774.1, Caco-2 and HeLa cells**2. In the
present study also, uptake of CSNPs by MDMs was observed by incubating the rhodamine loaded CSNPs with
macrophages (data not shown). In case of gold nanoparticles, uptake of both empty as well as Pep-H conjugated
AuNPs by MDMs was observed. Earlier, several studies have reported the uptake of AuNPs with various cellu-
lar systems**~%. Various blood and cytocompatability assays confirmed biocompatibility of both chitosan and
gold nanoformulations of Pep-H. Various studies have shown low hemolytic and negligible cytotoxic effect after
exposure with CSNPs!#647_ As compared to chitosan, the chemical inertness of gold accounts for its safety and
gold-based compounds have been used clinically also as anti-inflammatory agents to treat rheumatoid arthritis*.
There are sufficient reports indicating the safety profile of AuNPs in terms of negligible to very low cytotoxicity
to various host cells/cell lines and hemolysis**~*°. A recent study has reported that coating of amino acids on the
surface of AuNPs minimizes the chance of coming in contact with RBCs, hence results in reduced hemolysis*
thus further supporting non-toxic and biocompatible nature of nanoformulations of Pep-H.

Along with their safety profile, both Pep-H nanoformulations led to marked increase in efficacy of Pep-H
against intracellular mycobacteria at 5-10 times lower concentration than free Pep-H. Our results are supported
by other studies that reported the effect of antimicrobial activity of AMPs like cryptidin, temporin, plectasin
loaded in chitosan and PLGA nanoparticles against Salmonella and Staphylococcus strains'"!>?!. In case of gold
nanoparticles also, Pep-H-AuNPs using 1 pg/ml of Pep-H showed similar antimycobacterial activity as that
shown by free Pep-H at 5 pg/ml. Interestingly AuNPs without Pep-H also showed significant decrease in intracel-
lular bacterial CFU as compared to control infected MDMs, however antimycobacterial activity of Pep-H-AuNPs
was significantly higher than that exhibited by AuNPs. Earlier, the antimicrobial activity of both gold and silver
nanoparticles has been reported against various gram negative and gram positive bacterial pathogens®**’. The
results of present study clearly demonstrate the combinatorial antimycobacterial effect of AuNPs and Pep-H
exhibited by Pep-H-AuNPs as a complex rather than free peptide released from the gold nanoparticles. This was
also supported by stability and peptide release assay indicating either no or minimal peptide release. There are
studies showing the effect of different types of gold and silver nanoparticles against intracellular mycobacteria®*2,
however, to the best of our knowledge, this is first report showing the effect of AMP loaded AuNPs against M. tb.
Opverall, the results of this study suggest that nanoformulations using chitosan or gold can be effectively used for
the delivery of AMPs and could be explored further for the development of peptide based anti-TB therapeutic
candidates.

In conclusion, this study highlights the therapeutic potential of an in silico predicted antimicrobial motif
(Pep-H) from HNP-1, a human antimicrobial peptide, against M. tb in various nanoformulations.

Methods

In silico screening of antimicrobial motif of HNP-1. The amino acid sequence of HNP-1 was scanned
using web servers AntiBP (www.imtech.res.in/raghava/antibp), AntiBP2 (www.imtech.res.in/raghava/antibp2/),
AMPA (http://tcoftee.crg.cat/apps/ampa) and CAMP (http://www.camp.bicnirrh.res.in/) to identify an antimi-
crobial motif. These in silico tools generated antimicrobial scores based on different algorithms and these scores
were used to identify a possible antimicrobial motif in a given protein. The antimicrobial motif thus selected was
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named as Pep-H and was got synthesized with >95% purity by RP-HPLC commercially from G.L. Biochem Ltd.,
China. The peptide was dissolved in 0.01% acetic acid and aliquots were frozen until further use at —80°C.

Mycobacterial culture. Mycobacterium tuberculosis (M. tb) H37Rv originally obtained from National
Collection of Type Culture (NCTC), London and being maintained in the laboratory was used in this study. The
culture was grown under continuous shaking in Sauton’s medium containing ADC and 0.05% Tween 80 at 37 °C
and 200 rpm**. All experiments involving use of M. tb H37Rv strain were performed in Biosafety level 3 facility
of the Institute.

Activity of Pep-H against M. tb H37Rv growing in vitro. The antimycobacterial potential of Pep-H
was determined by the broth-dilution method?. In brief, 1.5 x 108 bacilli/ml from log phase culture were dis-
pensed in 5ml Sauton’s media along with Pep-H in the range of 1 ug/ml-40 ug/ml and incubated under contin-
uous shaking for 7 days at 37 °C. To determine the minimal inhibitory concentration (MIC) (more than 90%
reduction of growth), absorbance was measured at 620 nm' and to determine the bactericidal activity, appropriate
dilutions were plated on middlebrook 7H11 agar medium supplemented with OADC and colony-forming units
(CFU) were enumerated after 3—4 weeks.

Culture and maintenance of monocyte derived macrophages (MDMs). This study protocol
was approved by Institutional Ethics Committee, Post Graduate Institute of Medical Education and Research,
Chandigarh, India. Informed consent was taken from all healthy participants before collecting blood samples.
The methods were performed as per the relevant guidelines and regulations of Institutional Ethics Committee.

The heparinized blood was layered on Ficoll-hypaque and density gradient separation was done at 400 X g
for 30 min to obtain peripheral blood mononuclear cells (PBMCs). PBMCs (2 x 10° cells/ml) thus obtained were
allowed to adhere overnight at 37°C, 5% CO, and were further cultured for 5-7 days to allow for maturation of
monocytes into macrophages.

Activity of Pep-H against intracellular M. tb H37Rv. Monocyte derived macrophages (MDMs) were
dispensed (2 x 10° cells/ml) in a flat bottom 24 well tissue culture plate and infected with M. tuberculosis H37Rv
in the ratio of monocytes: mycobacteria::1:10 for 2 hrs. In order to remove extracellular non-phagocytosed
mycobacteria, infected monolayer was washed thrice with RPMI-1640 without antibiotics and then media con-
taining 2% FBS and amikacin (25 ug/ml) was added in each well and incubated for 2 hrs at 37°C in 5% CO,,
Thereafter infected monolayers were treated with different concentrations of Pep-H and cells were incubated for
72hrs at 37°C in 5% CO,. At the end of incubation, supernatants were removed and stored for cytokine anal-
ysis. Monolayer was washed gently with RPMI media and lysed with 500 pl of chilled 0.01% SDS. Lysates were
appropriately diluted and plated on middle brook 7H11 agar medium supplemented with OADC and plates were
incubated at 37 °C for 3-4 weeks. Colonies were counted and results were expressed as log,, CFU.

Estimation of cytokines and reactive nitrogen species (RNOS) levels.  Apart from direct antimyco-
bacterial activity, effect of Pep-H on host immune system was also evaluated. To measure cytokines levels in the
respective culture supernatants, BD Cytometric Bead Array (CBA) kit was used. IL-8 and MCP-1 concentrations
were measured using anti human IL-8 and MCP-1 reagents (OptEIATM, BD Pharmingen, USA). Nitrite levels
were determined by the Griess assay™.

Formulation of Chitosan nanoparticles (CSNPs). Chitosan (Sigma) was dissolved in 1% acetic acid
(1 mg/ml; pH 5) under continuous stirring overnight. In order to load Pep-H, 100 g of peptide was added to
the chitosan solution and kept on stirring for 1hr. Then sodium tripolyphosphate (TPP; Sigma) solution (1 mg/
ml in water) was added dropwise through 26 gauge needle to chitosan solution kept under continuous stirring at
the ratio of 5:2. The nanoparticles (Pep-H-CSNPs) formed spontaneously were kept on stirring for 2 hrs at room
temperature and were separated by centrifugation at 22000 g for 1 hr at 4 °C followed by washing thrice'!.

Particle size and surface charge. The hydrodynamic particle size and polydispersity of freshly prepared
CSNPs and Pep-H-CSNPs was measured by means of dynamic light scattering using Zetasizer (Malvern instru-
ments, UK). For measuring the surface charge and stability of the formulation, Zeta potential was evaluated using
particle size analyzer (Beckman-Coultier Delsa Nano C). Chitosan nanoparticles were dissolved in distilled water,
sonicated for 5min. and were passed through 0.45 um sized syringe filters. The analysis was performed at 25°C
with angle of detection at 90 °C and dispersant refractive index and viscosity was selected as 1.33 and 0.88 for
water respectively. The values thus obtained were average of analysis of three independent batches, each of them
measured five times.

Entrapment efficiency. The supernatants obtained after purification of nanoparticle suspensions of
Pep-H-CSNPs by centrifugation were used for peptide estimation. The peptide content present in the superna-
tants was estimated by BCA protein assay Kit. As per manufacturer’s instructions, to estimate the peptide con-
centration in range of (5 ug/ml-250 jug/ml), samples and working solution were incubated at 60 °C for 30 min and
optical density was measured at 562 nm.

The encapsulation efficiency was defined as the amount of peptide Pep-H recovered in the supernatant of
Pep-H loaded nanoparticles (Pep-H-CSNPs) compared to the total amount of peptide used in the formulation
and was calculated by following formula:
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Total amount of peptide — Amount of peptide in supernatant x 100

Encapsulation efficiency =
P R Total amount of peptide added

The loading efficiency was defined as the amount of peptide entrapped per mg of nanoparticles and was cal-
culated as:

Loading efficiency — Total amount of peptide — Amount of unbound peptide x 100

Weight of Nanoparticles

In vitro peptide release kinetics of Pep-H-CSNPs. A suitable amount of peptide loaded nanoparticles
equivalent to 15pg of peptide were re-dispersed in 1 ml simulated intestinal fluid (pH 6.8) and 1 ml phosphate
Buffer (pH 7.4) and kept at 37 °C under continuous stirring!'>%. Nanoparticles were centrifuged at 22000 g for
30 min. at different time intervals (1 hr, 3 hr, 5hr, 24 hr, 72 hrs). Supernatants were collected and the amount of
peptide released was evaluated by modified BCA protein assay as explained above.

Formulation of gold nanoparticles (AUNPs).  For synthesis of AuNPs, 3 ml of aspartic acid (100 mM)
was added at a constant flow rate (0.1 ml/min.) to the boiling chloroauric acid. Heating and stirring was contin-
ued until the solution turned bright red and then it was quenched using an ice bath. Thereafter, sonication was
done for 15 min. followed by centrifugation at 9000 rpm for 30 minutes. The pellet thus obtained consisted of the
carboxyl functionalized AuNPs and was kept at room temperature till further processing®.

Loading of Pep-H on AuNPs (Pep-H-AuNPs). For loading of peptide on AuNPs, 100 ul of AuNPs
were diluted in 50 ml MilliQ water and known amount of the peptide (1 ug/100pl, 51g/100 pl, 10 ug/100 pl and
30g/100 ul) was added to the solution followed by incubation for 30 minutes at room temperature. The nano-
particles were collected by centrifugation at 9000 rpm for 30 minutes and pellet thus obtained was resuspended in
100 pl of MilliQ water and stored at 4 °C until further use. In order to use this formulation in ex vivo experiments,
they were filter sterilized by passing through 0.2 pum syringe filters.

Particle size and surface morphology. For particle size determination, 10 pl of sample (AuNPs/
Pep-H-AuNPs) was placed onto carbon-coated copper grid, air dried and viewed under transmission electron
microscope. The colloidal solution of gold nanoparticles was characterized by optical studies by comparing the
UV-Vis spectra of AuNPs and Pep-H-AuNPs in the wavelength range of 400-900 nm.

Estimation of number of peptide molecules on the surface of AUNPs.  Using Beer lamberts Law
with molar coefficient of extinction of 20 nm diameter AuNP as 8.8 x 105M~! cm ™! and path length of 1 cm, con-
centration of AuNPs in colloidal solution was estimated to be 7.95 x 1071 M which corresponded to 4.7 x 10!
gold nanoparticles/ml. Using 100 uL of AuNPs suspension and 15 ug of peptide, the average amount of peptide
per nanoparticle was calculated.

Stability of Pep-H-AuNPs and in vitro peptide release assay. A suitable amount of Pep-H-AuNPs
equivalent to 15 ug of Pep-H were incubated in different pH media including simulated intestinal fluid (SIF)
(pH 6.8), simulated gastric fluid (SGF) (pH 1.2) and phosphate buffer (PB) (pH 7.4) at 37°C for 1 hr, 3hr, 5hr,
24hr, 72 hrs. At indicated time points, nanoparticles were centrifuged at 9000 rpm for 30 min. and supernatants
were collected for the estimation of peptide release by Bradford assay®’. At the same time points, AuNPs and
Pep-H-AuNPs pellets were also collected and resuspended in 2 ml of MilliQ water to record the spectra by UV-Vis
spectroscopy.

Uptake of Pep-H-AuNPs by MDMs. The uptake of AuNPs was studied by Inductively Coupled Plasma
Mass Spectrometry (ICP MS) analysis*!. Briefly, monolayers of MDMs were treated with AuNPs/Pep-H-AuNPs
for 24 hrs at 37°C, 5% CO, in incubator. The monolayers were de-adhered using sterile cold PBS. For sample
digestion, aqua regia was prepared by mixing high purity HNO; and HCl in the ratio of 1:3. Each sample was
digested with 0.5 ml aqua regia for 1hr and then diluted to 10 ml with milliQ water. Different gold standards (0
ppb-20 ppb) were prepared from 100 ppb stock solution in MilliQ water along with addition of 0.5 ml aqua regia.
The standards and samples were subjected to inductively coupled plasma mass spectrometer (Agilent technol-
ogies 7700X) to estimate the gold content inside the cells. Simultaneously, cell lysates were also prepared for the
quantitation of protein by BCA and the amount of gold uptake by MDMs was expressed as amount of gold per
unit mass of protein.

MTT assay. The safety profile of Pep-H, Pep-H-CSNPs and Pep-H-AuNPs was monitored by change in
cell viability using MTT assay®®. The monolayers of MDMs were incubated with different concentrations (1 pg/
ml-100 pg/ml) of Pep-H and its respective chitosan and gold nanoformulations at 37 °C in the presence of 5%
CO, for 72 hrs. In each well 110l of 1.2mM MTT solution was added and incubated for 4 hrs at 37 °C. After
the completion of incubation, 85l of supernatants from the wells were removed and to the remaining 25l
supernatants, 50 pl of DMSO was added. The solution was mixed thoroughly to dissolve the dark blue crystals of
formazan. The absorbance was read on microplate reader at 570 nm with reference at 630 nm. The control cells
were taken as reference standard. Percent viability was calculated A570 of test wells/A570 of control wells x 100.

Lactate dehydrogenase assay. The cell culture supernatants (50 pl) from the MDMs treated with Pep-H
and its nanoformulations for 72 hrs were subjected to LDH assay to confirm the cell cytotoxicity. The assay was
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performed using Cytotox 96 assay kit (Promega) as per manufacturer’s instructions. For calculating %cytotoxicity
by the peptide and its nanoformulations, a positive control of tritonX-100 leading to maximum LDH release was
included. The absorbance obtained in the presence of test samples and positive control was used to calculate %
cytotoxicity as A490 (Sample)/A490(Positive control) x 100.

Hemolytic assay. Pep-H and its nanoformulations were incubated with 1% human RBCs in phosphate
buffer (pH 7.4) for 1 hr and 24 hrs at 37°C in round bottom 96 well microtiter plates. 0.1% triton X 100 and
phosphate buffer were used as positive and negative control respectively. To determine haemoglobin release,
supernatants were collected after centrifugation at 500 in flat bottom 96 well plates® and absorbance (A) was
measured at 540 nm. The percent hemolysis was calculated as A;,o(sample) — As,o(negative control)/Asy,(positive
control) — Ay, (negative control) x 100.

Antimycobacterial activity of nanoformulations of Pep-H against intracellular M. tb
H37Rv. PBMCs were isolated from blood of healthy subjects and differentiated into macrophages as described
above. The antimycobacterial potential of Pep-H-CSNPs and Pep-H-AuNPs was evaluated in MDMs infected
with M. tb. Briefly, MDMs were infected with M. tb H37Rv as described above and infected MDMs were treated
with Pep-H-CSNPs and Pep-H-AuNPs at different concentrations (0.5 ug/ml, 1 ug/ml, 2 ug/ml, 5ug/ml). At the
end of 72 hrs incubation, lysates of monolayers were prepared and plated for counting the bacterial colonies as
discussed above and results were expressed as log,, CFU.

Statistical analysis. All graphical representations and statistical analysis was done by Graphpad prism soft-
ware version 7.0 (trial version). All the experiments were repeated three times unless indicated otherwise. The
data is represented as Mean + SD and t-test and one-way ANOVA were performed. The p-value <0.05 was con-
sidered significant.

References

1. WHO. Global tuberculosis report (2017).

2. Kalita, A., Verma, I. & Khuller, G. K. Role of human neutrophil peptide-1 as a possible adjunct to antituberculosis chemotherapy. J
Infect Dis 190, 1476-1480 (2004).

3. Sharma, S., Verma, I. & Khuller, G. K. Biochemical interaction of human neutrophil peptide-1 with Mycobacterium tuberculosis
H37Ra. Arch. Microbiol. 171, 338-342 (1999).

4. Sharma, S., Verma, I. & Khuller, G. K. Antibacterial activity of human neutrophil peptide-1 against Mycobacterium tuberculosis
H37Rv: in vitro and ex vivo study. Eur Respir J. 16, 112-117 (2000).

5. Ramesh, S., Govender, T., Kruger, H. G., de la Torre, B. G. & Alericio, F. Short Antimicrobial Peptides (SAMPs) as a class of
extraordinary promising therapeutic agents. J. Pept. Sci. 22, 438-451 (2016).

6. Kim, H,, Jang, J. H., Kim, S. C. & Cho, J. H. De novo generation of short antimicrobial peptides with enhanced stability and cell
specificity. J. Antimicrob. Chemother. 69, 121-32 (2013).

7. Santos, P., Gordillo, A., Osses, L., Salazar, L.-M. & Soto, C.-Y. Effect of antimicrobial peptides on ATPase activity and proton
pumping in plasma membrane vesicles obtained from mycobacteria. Peptides 36, 121-128 (2012).

8. Chingaté, S., Delgado, G., Salazar, L. M. & Soto, C.-Y. The ATPase activity of the mycobacterial plasma membrane is inhibited by the
LL37-analogous peptide LLAP. Peptides 71, 222-228 (2015).

9. Singh, R. & Lillard, J. W. Nanoparticle-based targeted drug delivery. Exp. Mol. Pathol. 86, 215-23 (2009).

10. Yadav, S. C., Kumari, A. & Yadav, R. Development of peptide and protein nanotherapeutics by nanoencapsulation and
nanobioconjugation. Peptides 32, 173-187 (2011).

11. Piras, A. M. et al. Chitosan nanoparticles loaded with the antimicrobial peptide temporin B exert a long-term antibacterial activity
in vitro against clinical isolates of Staphylococcus epidermidis. Front. Microbiol. 6,372 (2015).

12. Rishi, P. et al. Improved oral therapeutic potential of nanoencapsulated cryptdin formulation against Salmonella infection. Eur. J.
Pharm. Sci. 72, 27-33 (2015).

13. Connor, E. E., Mwamuka, J., Gole, A., Murphy, C. J. & Wyatt, M. D. Gold nanoparticles are taken up by human cells but do not cause
acute cytotoxicity. Small 1, 325-327 (2005).

14. Pietro, P. D, Strano, G., Zuccarello, L. & Satriano, C. Gold and silver nanoparticles for applications in theranostics. Curr. Top. Med.
Chem. 16, 3069-3102 (2016).

15. Rai, A. et al. One-step synthesis of high-density peptide-conjugated gold nanoparticles with antimicrobial efficacy in a systemic
infection model. Biomaterials 85, 99-110 (2016).

16. Bruno, C., Floriana, C., Mauro, C. & Luisa, M. M. Promising approaches to optimize the biological properties of the antimicrobial
peptide esculentin-1a(1-21)NH,: amino acids substitution and conjugation to nanoparticles. Fron. Chem. 5, https://doi.org/10.3389/
fchem.2017.00026 (2017).

17. Miyoshi, N. et al. Functional structure and antimicrobial activity of persulcatusin, an antimicrobial peptide from the hard tick
Ixodes persulcatus. Parasit. Vectors 9, 85 (2016).

18. Sharma, R., Saikia, U. N., Sharma, S. & Verma, I. Activity of human beta defensin-1 and its motif against active and dormant
Mycobacterium tuberculosis. Appl Microbiol Biotechnol 101, 7239-7248 (2017).

19. Torrent, M. et al. AMPA: An automated web server for prediction of protein antimicrobial regions. Bioinformatics 28, 130-131
(2012).

20. Lata, S., Sharma, B. K. & Raghava, G. P. S. Analysis and prediction of antibacterial peptides. BMC Bioinformatics 8, 263 (2007).

21. Lata, S., Mishra, N. K. & Raghava, G. P. S. AntiBP2: improved version of antibacterial peptide prediction. BMC Bioinformatics
11(Suppl 1), S19 (2010).

22. Yount, N. Y. & Yeaman, M. R. Multidimensional signatures in antimicrobial peptides. Proc. Natl. Acad. Sci. USA 101, 7363-7368
(2004).

23. Gupta, K., Singh, S. & van Hoek, M. L. Short, synthetic cationic peptides have antibacterial activity against Mycobacterium
smegmatis by forming pores in membrane and synergizing with antibiotics. Antibiot. (Basel, Switzerland) 4, 358-378 (2015).

24. Sonawane, A. et al. Cathelicidin is involved in the intracellular killing of mycobacteria in macrophages. Cell Microbiol 13, 1601-1617
(2011).

25. Haghgoo, R., Mehran, M., Afshari, E., Zadeh, H. FE. & Ahmadvand, M. Antibacterial effects of different concentrations of Althaea
officinalis root extract versus 0.2% chlorhexidine and penicillin on Streptococcus mutans and Lactobacillus (In vitro). ] Int Soc Prev
Community Dent. 7, 180-185 (2017).

SCIENTIFICREPORTS| (2019) 9:7866 | https://doi.org/10.1038/s41598-019-44256-6 12


https://doi.org/10.1038/s41598-019-44256-6
https://doi.org/10.3389/fchem.2017.00026
https://doi.org/10.3389/fchem.2017.00026

www.nature.com/scientificreports/

26. Zhang, H., Dudley, E. G. & Harte, E. Critical synergistic concentration of lecithin phospholipids improves the antimicrobial activity
of Eugenol against Escherichia coli. Appl Environ Microbiol. 83, 1-9 (2017).

27. Torres-Juarez, E. et al. LL-37 Immunomodulatory activity during Mycobacterium tuberculosis infection in macrophages. Infect
Immun. 83,4495-4503 (2015).

28. Wanke, D., Mauch-Miicke, K., Holler, E. & Hehlgans, T. Human beta-defensin-2 and -3 enhance pro-inflammatory cytokine
expression induced by TLR ligands via ATP-release in a P2X7R dependent manner. Immunobiology. 11, 1259-65 (2016).

29. Presicce, P, Giannelli, S., Taddeo, A., Villa, M. L. & Della Bella, S. Human defensins activate monocyte-derived dendritic cells,
promote the production of proinflammatory cytokines, and up-regulate the surface expression of CD91. J. Leukoc. Biol. 86, 941-948
(2009).

30. Piras, A. M. et al. Preparation, physical-chemical and biological characterization of chitosan nanoparticles loaded with lysozyme.
Int. J. Biol. Macromol. 67, 124-131 (2014).

31. Water, J. ], Smart, S., Franzyk, H., Foged, C. & Nielsen, H. M. Nanoparticle-mediated delivery of the antimicrobial peptide plectasin
against Staphylococcus aureus in infected epithelial cells. Eur. J. Pharm. Biopharm. 92, 65-73 (2015).

32. Chereddy, K. K. et al. PLGA nanoparticles loaded with host defense peptide LL37 promote wound healing. J. Control. Release 194,
138-147 (2014).

33. Goy, R. C,, Britto, D. D. & Assis, O. B. G. A review of the antimicrobial activity of chitosan. Polimeros 19, 241-247 (2009).

34. Piras, A. M. et al. Chitosan Nanoparticles for the linear release of model cationic peptide. Pharm. Res. 32, 2259-2265 (2015).

35. Lima, J. M. D. et al. Evaluation of hemagglutination activity of chitosan nanoparticles using human erythrocytes. Biomed Res. Int.
2015, 3-9 (2015).

36. Zhou, Y. et al. Antibacterial activities of gold and silver nanoparticles against Escherichia coli and bacillus Calmette-Guérin. J.
Nanobiotechnology 10, 19 (2012).

37. Loiarro, M. et al. Targeting TLR/IL- IR signalling in human diseases. Mediators Inflamm. 2010, 674363 (2010).

38. Garcia, C. P. et al. Microscopic analysis of the interaction of gold nanoparticles with cells of the innate immune system. Sci. Rep. 3,
67-74 (2013).

39. Lin, A. Y. et al. High-density sub-100-nm peptide-gold nanoparticle complexes improve vaccine presentation by dendritic cells in
vitro. Nanoscale Res. Lett. 8,72 (2013).

40. Prades, R. et al. Delivery of gold nanoparticles to the brain by conjugation with a peptide that recognizes the transferrin receptor.
Biomaterials 33, 7194-7205 (2012).

41. Zaki, N. M. & Hafez, M. M. Enhanced antibacterial effect of ceftriaxone sodium-loaded chitosan nanoparticles against intracellular
Salmonella typhimurium. AAPS Pharm Sci Tech. 13, 411-421 (2012).

42. Malatesta, M. et al. Diaminobenzidine photoconversion is a suitable tool for tracking the intracellular location of fluorescently
labeled nanoparticles at transmission electron microscopy. Eur ] Histochem. 56, 123-128 (2012).

43. Klingberg, H. et al. Uptake of gold nanoparticles in primary human endothelial cells. Toxicol. Res. 4, 655-666 (2015).

44. Cheng, X. et al. Protein corona influences cellular uptake of gold nanoparticles by phagocytic and nonphagocytic cells in a size-
dependent manner. ACS Appl Mater Interfaces. 7, 20568-75 (2015).

45. Kim, C. S. et al. Cellular imaging of endosome entrapped small gold nanoparticles. Methods 2, 306-315 (2015).

46. Kumara, J. B. V. & Madhusudhan, B. Synthesis, characterization and hemocompatibility evaluation of curcumin encapsulated
chitosan nanoparticles for oral delivery. Int. J. Adv. Res. 3, 604-611 (2015).

47. Omar Zaki, S. S. et al. Particle size affects concentration-dependent cytotoxicity of chitosan nanoparticles towards mouse
hematopoietic stem cells. . Nanotechnol. 2015, 1-5 (2015).

48. Finkelstein, A. E. et al. Auranofin. New oral gold compound for treatment of rheumatoid arthritis. Ann. Rheum. Dis. 35, 251-7
(1976).

49. Rani, M. et al. Understanding the mechanism of replacement of citrate from the surface of gold nanoparticles by amino acids: a
theoretical and experimental investigation and their biological application. RSC Adv. 6, 17373-83 (2016).

50. Shamaila, S. et al. Gold nanoparticles: An efficient antimicrobial agent against enteric bacterial human pathogen. Nanomaterials. 6,
71 (2016).

51. Singh, R. et al. Chemical and biological metal nanoparticles as antimycobacterial agents: A comparative study. Int. J. Antimicrob.
Agents 46, 183-8 (2015).

52. Mohanty, S. et al. Cationic antimicrobial peptides and biogenic silver nanoparticles kill mycibacteria without eliciting DNA damage
and cytotoxicity in mouse macrophages. Antimicrob. Agents Chemother. 57, 3688-98 (2013).

53. Salina, E. G. et al. Potassium availability triggers Mycobacterium tuberculosis transition to, and resuscitation from, non-culturable
(dormant) states. Open Biol. 4, 140106, https://doi.org/10.1098/rsob.140106 (2014).

54. Green, L. C. et al. Analysis of nitrate, nitrite, and [15 N]nitrate in biological fluids. Anal. Biochem. 126, 131-138 (1982).

55. Stippler, E., Kopp, S. & Dressman, J. Comparison of US pharmacopeia simulated intestinal fluid TS (without pancreatin) and
phosphate standard buffer pH 6.8, TS of the international pharmacopoeia with respect to their use in in vitro dissolution testing.
Dissolution Technol. 11, 6-10 (2004).

56. Sharma, S., Goswami, N., Gupta, N. & Srivastava, S. Amino coated gold nanorods based amperometric glucose detection. Int. J. Adv.
Technol. 3, 195-202 (2012).

57. Bradford, M. A Rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-
dye binding. Anal. Biochemi. 72, 248-254 (1976).

58. Vir, P, Gupta, D., Agarwal, R. & Verma, I. Interaction of alveolar epithelial cells with CFP21, a mycobacterial cutinase-like enzyme.
Mol Cell Biochem 396, 187-199 (2014).

59. Evans, B. C. et al. Ex vivo red blood cell hemolysis assay for the evaluation of pH-responsive endosomolytic agents for cytosolic
delivery of biomacromolecular drugs. J. Vis. Exp. €50166 (2013).

Acknowledgements

The first author is grateful to Indian Council of Medical Education and Research, New Delhi, India for providing
the fellowship. We are appreciative to Dr. Manoj Raje and Dr. Himanshu Malhotra for their kind support in
providing TEM facility at Institute of Microbial technology, Chandigarh, India. We are thankful to Dr. Savita
Verma Attri for her kind support in providing ICP MS facility at Dept. of Pediatrics, Post Graduate Institute of
Medical Education and Research, Chandigarh, India.

Author Contributions

R.S. designed the study, performed the experiments, analyzed the data and wrote the manuscript, K.P. performed
the experiments, P.R. and S.S.1* guided for chitosan nanoformulations, R.R. and S.5.2* were involved in the
formulation of gold nanoparticles, I.V. Conceptualized and designed the study, analyzed the data, reviewed and
edited the manuscript and arranged for resources for the study *S.S.1 Sadhna Sharma and S.S.2 Sudha Srivastava.

SCIENTIFIC REPORTS |

(2019) 9:7866 | https://doi.org/10.1038/s41598-019-44256-6 13


https://doi.org/10.1038/s41598-019-44256-6
https://doi.org/10.1098/rsob.140106

www.nature.com/scientificreports/

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

. | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:7866 | https://doi.org/10.1038/s41598-019-44256-6 14


https://doi.org/10.1038/s41598-019-44256-6
http://creativecommons.org/licenses/by/4.0/

	Exploiting chitosan and gold nanoparticles for antimycobacterial activity of in silico identified antimicrobial motif of hu ...
	Results

	Selection of HNP-1 motif. 
	Activity of Pep-H against in vitro growing M. tb H37Rv. 
	Effect of Pep-H against intracellular M. tb H37Rv. 
	Characterization of Pep-H loaded chitosan nanoparticles (Pep-H-CSNPs). 
	Characterization of Pep-H conjugated gold nanoparticles (Pep-H-AuNPs). 
	Uptake of Pep-H-AuNPs by MDMs. 
	Assessment of cytotoxicity of nanoformulations. 
	Assessment of RBC integrity by hemolytic assay. 
	Activity of Pep-H loaded CSNPs/AuNPs against M. tb H37Rv growing inside MDMs. 

	Discussion

	Methods

	In silico screening of antimicrobial motif of HNP-1. 
	Mycobacterial culture. 
	Activity of Pep-H against M. tb H37Rv growing in vitro. 
	Culture and maintenance of monocyte derived macrophages (MDMs). 
	Activity of Pep-H against intracellular M. tb H37Rv. 
	Estimation of cytokines and reactive nitrogen species (RNOS) levels. 
	Formulation of Chitosan nanoparticles (CSNPs). 
	Particle size and surface charge. 
	Entrapment efficiency. 
	In vitro peptide release kinetics of Pep-H-CSNPs. 
	Formulation of gold nanoparticles (AuNPs). 
	Loading of Pep-H on AuNPs (Pep-H-AuNPs). 
	Particle size and surface morphology. 
	Estimation of number of peptide molecules on the surface of AuNPs. 
	Stability of Pep-H-AuNPs and in vitro peptide release assay. 
	Uptake of Pep-H-AuNPs by MDMs. 
	MTT assay. 
	Lactate dehydrogenase assay. 
	Hemolytic assay. 
	Antimycobacterial activity of nanoformulations of Pep-H against intracellular M. tb H37Rv. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Activity of antimicrobial motif Pep-H against M.
	Figure 2 Activity of antimicrobial motif Pep-H on the growth of M.
	Figure 3 Levels of (a) IFN-γ, TNF-α, MCP-1, (b) IL-6, IL-8 and (c) NO released by M.
	Figure 4 Representative graphs of particle size distribution (by intensity) of (a) CSNPs, (b) Pep-H-CSNPs and Zeta Potential of (c) CSNPs, (d) Pep-H-CSNPs.
	Figure 5 In vitro release profile of Pep-H loaded CSNPs in simulated intestinal fluid (SIF) and phosphate buffer (SPB).
	Figure 6 Characterization of Pep-H loaded AuNPs.
	Figure 7 Uptake of Pep-H-AuNPs by MDMs.
	Figure 8 Evaluation of safety profile of Pep-H loaded nanoformulations against MDMs.
	Figure 9 Stability of RBCs after treatment with Pep-H and its chitosan and gold nanoformulations.
	Figure 10 The antimycobacterial effect of (a) Pep-H-CSNPs and (b) Pep-H-AuNPs as compared to free Pep-H on M.
	Table 1 Antimicrobial scores of short peptides of HNP-1 obtained from AntiBP, AntiBP2, CAMP and AMPA servers.
	Table 2 The characteristics of chitosan nanoparticles (CSNPs) and Pep-H loaded chitosan nanoparticles (Pep-H-CSNPs) based on average size (nm), polydispersity index (PdI), Zeta potential (mV), encapsulation efficiency (%), and loading efficiency (%) and Y




