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Abstract

In an attempt to develop potent and non-toxic antimicrobial agent, the palmitoylated analogue of a-melanocyte stimulating
hormone(11-13), Pal-a-MSH(11-13) was conjugated with gold nanoparticles (GNPs) for the first time and the efficacy
of derived complex was investigated against two strains of Staphylococccus aureus. The GNPs were synthesized using
tri-sodium citrate as reductant and Pal-a-MSH(11-13) was conjugated thereafter. The particles were characterised by
UV-vis spectroscopy, transmission electron microscopy, dynamic light scattering, fourier transform infrared spectroscopy
etc. Conjugation occurred via electrostatic interaction between anionic GNPs and cationic Pal-a-MSH(11-13). The zeta
potential of GNP-Pal-a-MSH(11-13) was —26.91, indicating its stability. The antibacterial activity was determined by
minimal inhibitory concentration (MIC) and killing kinetics assay, whereas, inhibition of biofilm formation was studied
by determining the biofilm biomass by crystal violet dye binding method, viability of biofilm-embedded cells by counting
CFUs and metabolic activity by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. The toxic-
ity was analysed by hemolysis assay against murine RBCs and cytotoxicity against 3T3 fibroblasts. The MIC was 18
uM for GNP-Pal-a-MSH(11-13) and 12 puM for Pal-o-MSH(11-13). The killing kinetics and biofilm inhibition studies
indicated the comparable efficacy of peptide before and after nano-conjugation. Importantly, the conjugation resulted
in diminished toxicity, as evidenced by 0.29+0.03% hemolysis and 100% viable fibroblasts at 72 uM compared to the
Pal-a-MSH(11-13), showing 74.99 £+ 1.59% hemolysis and 59.39+ 1.06% viable fibroblasts. The nano-fabrication drasti-
cally reduced the peptide toxicity without compromising its antibacterial efficacy. The anionicity of the conjugate may be
responsible for non-toxicity that makes them suitable for pharmaceutical applications.
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Introduction development, as declared by World Health Organization

(WHO). Since the last two decades, the misuse of antibiot-
Antimicrobial resistance (AMR) has been considered ics and the emergence of different drug resistant bacterial
as one of the major global threat for human health and  variants have boosted the escalating occurrence of AMR
(Ferri et al. 2017). Furthermore, the manifestation of four
viral outbreaks i.e. SARS-CoV epidemic (2002), the HIN1
pandemic (2009), Middle East Respiratory Syndrome

>4 Kasturi Mukhopadhyay (MERS) outbreak (2012), and finally the COVID-19 pan-
kasturim@mail jnu.ac.in demic (2019) have fuelled up the overusage/ misusage of
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India worldwide (Manohar et al. 2020). Under the current circum-
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agents. A promising approach to tackle antibiotic crisis amid
rapidly increasing AMR, is the application of antimicrobial
peptides (AMPs), that represent a significant class of anti-
microbials and are widely distributed in nature as part of
host immune defence systems of different organisms includ-
ing microbes, plants, mammals, insects etc. (Mahlapuu et al.
2016; Huan et al. 2020). Cationic AMPs are considered as
a potential source of future antimicrobials because of their
various advantageous features like low tendency for resis-
tance development and broad spectrum activity against a
variety of microorganisms.

Staphylococcus aureus is considered as an important
human pathogen that causes different clinical infections
like soft tissue or skin infections, endocarditis, bacteremia
and device-related infections (Tong et al. 2015). Since the
last two decades, this organism is also considered as one
of the prominent pathogens for healthcare as well as com-
munity associated infections, contributing to mortality and
morbidity, due to their incredible ability to acquire AMR.
Starting from the introduction of penicillin in 1940s to the
methicillin in 1960s, emergence of methicillin resistant S.
aureus (MRSA) strains in late 1970s followed by the rise of
vancomycin-resistant S. aureus (VRSA) strains in 2002, the
World has observed a total of four epidemic waves till date
(Chambers and DeLeo, 2009). The most commonly known
nosocomial organism responsible for catheter associated
infections is S. aureus, which has natural affinity to attach to
catheter surfaces (Trautner and Darouiche 2004). S. aureus
adhesion to medical implants and host tissue followed by
the biofilm formation, is the causative factor for chronic
infections. The establishment of biofilm, along with EPS
formation, decreases the susceptibility to antimicrobials,
thereby increasing complications for the biofilm associated
infections (Lister and Horswill 2014). According to WHO
data, drug resistant strains of S. aureus and Escherichia coli
caused more than 2.6 lakh cases of blood stream infections
and 8,200 casualties in European countries in 2007, which
led to the healthcare expense of € 62 million (Ferri et al.
2017).

Of interest, a-melanocyte stimulating hormone (a-MSH)
is an anti-inflammatory peptide comprising of 13 amino
acids, that is produced by different cell types such as kera-
tinocytes, monocytes, endothelial cells etc. Based on the
significant similarities with natural AMPs, the antimicro-
bial activities of a-MSH have been explored over the last
decade, and the whole peptide as well as its C-terminal
region [namely o-MSH(6-13) and o-MSH(11-13)] were
reported to be active against various microorganisms
including Candida albicans, E. coli, S. aureus etc. (Catania
et al. 2005; Charnley et al. 2008; Singh and Mukhopadhyay
2011). Mukhopadhyay and her research group have been
pursuing antibacterial properties of a-MSH and its various
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analogues with rapid and strong efficacy against S. aureus
including MRSA (Singh and Mukhopadhyay 2011, 2014;
Shireen et al. 2012; Singh et al. 2016, 2020; Mumtaz et al.
2020) and E. coli (Tiwari et al. 2022).

Despite having negligible cytotoxicity, the parent peptide,
o-MSH has physiological limitations like reduced activity
in presence of bacterial growth media, that affects their ther-
apeutic potential. Grieco et al. (2013) designed a number of
novel analogues replacing Gly10 in the DNal sequence with
natural and unnatural amino acids, showing broad spectrum
antimicrobial action in standard microbiological culture
conditions. Moreover, recently designed analogue by Singh
et al. (2020), Ana-5 was found to exhibit strong staphylo-
cidal potential in presence of both growth media and serum
with ex vivo efficacy and very nominal toxicity, represent-
ing their high therapeutic aptitude. Previously, Several
researchers reported that C-terminal amino acid sequences
of a-MSH, o-MSH(6-13) and a-MSH(11-13) exhibited
rapid antimicrobial efficacy which is equivalent to that of
the parent peptide, while a-MSH(6-9) was responsible for
melanogenic activity (Catania et al. 2005; Charnley et al.
2008; Singh and Mukhopadhyay 2011). It is significant to
state that the shortest C-terminal sequence [Lys-Pro-Val or
a-MSH(11-13)] contributes to both anti-inflammatory and
antibacterial activity, rendering it as the potent therapeutic
agent. Therefore, a-MSH(11-13) may be of high interest to
be taken for further structural modification to make it active
in standard culture environment and extending their clinical
potential. In a parallel study, the N-terminal palmitoylation
in a-MSH(11-13), resulted in exhibiting efficacy in bacte-
rial growth media with rapid killing action against S. aureus
(Mumtaz et al. 2020).

Alteration in membrane permeability and interference
with DNA replication/protein synthesis inhibition were
found to be responsible for efficacy of a-MSH against S.
aureus (Singh and Mukhopadhyay 2011). Recently, it has
been observed that enhanced cationicity of the designed
a-MSH analogues exhibited increased staphylocidal effi-
cacy and membrane damaging activity without compromis-
ing the host cell selectivity, due to the increased electrostatic
interactions between the peptides and negatively charged
bacterial membranes (Singh et al. 2016). Charnley et al.
(2008) also confirmed the antibacterial activity of C-ter-
minal region of o-MSH (i.e., Ac-Lys-Pro-D-Val-NH,
and Ac-Lys-Pro-Val-NH,) against E. coli. Some novel
analogue designed by Mukhopadhyay and her research
group, by substituting the sequence of a-MSH(6—13) with
arginine and tryptophan residues, was found to be highly
active against S. aureus cultures grown in bacterial growth
media (Singh et al. 2020), though the parent peptide and
its derivatives, reported earlier were active only in presence
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of physiological buffers (Singh and Mukhopadhyay 2011;
Shireen et al. 2012).

The research had been further extended by the successful
design of N-terminal palmitoylated analogue of a-MSH(11—
13), that was not only active in growth media, but also
exhibited potent staphylocidal activity against both plank-
tonic cells and biofilm (Mumtaz et al. 2020). The novel ana-
logue, Pal-a-MSH(11-13) was membrane active similar to
the parent peptide, and inhibited stationary phase cells as
well as the biofilm development by both methicillin sensi-
tive S. aureus (MSSA) and MRSA. Moreover, AMR was
not developed in MRSA cells upon treatment with 18 serial
passages at sub-MIC of the palmitoylated analogue.

Some CAMPs exhibit toxicity toward eukaryotic cells,
that might be less applicable for clinical applications. A
potential attempt to diminish the cytotoxicity can be feasible
via nanofabrication and conjugation with GNPs (Rajchakit
and Sarojini 2017). Therefore, it is necessary to modify the
research goals and functionalize the toxic AMPs using the
nano-carriers like GNPs, to increase their cell-selectivity as
well as for subsequent drug release over an extended period.
The antimicrobial drug coating on GNP surfaces promote
the delivery and subsequent release of the drug molecules to
exhibit potent antibacterial activity (Yougbare et al. 2019).
Over the past few years, citrate reduced GNPs have been
used for AMP conjugation with a hope to enhance its bacte-
ricidal efficacy and develop stable and non-toxic nano-AMP
therapeutics (Casciaro et al. 2017; Lee et al. 2017; Yeom
et al. 2016). Despite possessing an excellent staphylocidal
potential, Pal-a-MSH(11-13) exerted little cytotoxicity at
tested concentrations against mammalian cells (Mumtaz
et al. 2020), which might be concentration dependent and
may loose cell selectivity at higher concentrations (may be
needed to treat other strains). Therefore, the motivation of
the current study came up with a new hope to diminish the
cytotoxicity of Pal-a-MSH(11-13) by GNP conjugation for
the first time, without hampering its bactericidal activity
against S. aureus.

Materials and methods
Materials

The customized synthesis of the peptide Pal-a-MSH(11-13)
was done by BioChain Incorporated, India. Chloroauric acid
(HAuCl,), Tri-sodium citrate (Na;CcHs0-), 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
crystal violet (CV), melittin, Dulbecco’s modified Eagle’s
medium (DMEM), Triton X-100, dimethyl sulfoxide
(DMSO) were obtained from Sigma-Aldrich (USA). Fetal
bovine serum (FBS) was obtained from Gibco, India. The

bacterial culture media cation-adjusted Mueller-Hinton
Broth (MHB), tryptic soy broth (TSB), brain heart infusion
(BHI) broth/agar and standard antibiotics were obtained
from Himedia (India).

Two bacterial strains, methicillin-sensitive S. aureus
ATCC 29213 (MSSA) and methicillin-resistant S. aureus
ATCC 33591 (MRSA) were used in the current study.

Synthesis of gold nanoparticles

Gold nanoparticles (GNPs) were synthesized by tri-sodium
citrate as reducing agent according to Turkevich/Frens
method (Turkevich et al. 1951; Frens 1973). Briefly, 50
ml of 0.02% chloroauric acid was boiled on a hot-plate for
10 min after which 1 ml of tri-sodium citrate (0.5 mg/ml)
was added followed by heating for 15 min. The resulting
wine-red coloured solution was stored at 4 °C. The con-
centration of GNP solution was determined spectrophoto-
metrically at 526 nm (e=2.33x 103 M"! cm™!) (Baptista et
al. 2005).

Synthesis of peptide conjugated GNPs

The Pal-a-MSH(11-13) conjugated GNPs [GNP-Pal-a-
MSH(11-13)] was synthesized following Singh et al. 2017
with brief modifications. The GNPs and the peptide were
mixed in a ratio of 1.9 nM: 600 nM followed by overnight
incubation at 10 °C with shaking at 100 rpm. Before that,
the GNP : peptide ratio was optimized over a broad range
to avoid any visible clumping and precipitation of particles
(Fig. S1 of Supplementary Information). Highest concentra-
tion of the Pal-a-MSH(11-13) with 1.9 nM GNPs, which
yielded no visible precipitation of the nanoparticles, was
considered as the optimal conjugation and taken for further
analysis. The colour of the reaction mixture involving GNP
: peptide ratio of 1.9 nM: 600 nM changed from red to blue
with no particle aggregation, indicating the successful com-
pletion of the reaction. The peptide conjugated GNPs were
washed twice with sterile de-ionised water by centrifuging
at 12,000 rpm for 20 min to remove the free peptides and
stored at 4 °C for further use.

Characterisation of nanoparticles
UV-Visible spectroscopy

The GNPs and GNP-Pal-a-MSH(11-13) were analyzed by
UV-Visible spectroscopy (UV-2450 Spectrophotometer,
Shimadzu) by recording the absorbance spectra in the range
from 400 to 800 nm with a resolution of 1 nm. A differ-
ence in the peak absorption (A,,,) between the spectra of
unconjugated and peptide conjugated GNPs may indicate
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the successful peptide conjugation onto the GNP surfaces
(Singh et al. 2017).

Dynamic light scattering and zeta potential

Hydrodynamic diameter and size distribution of the
nanoparticles was measured by dynamic light scattering
(DLS) (3D LS Spectrometer, LS Instruments) at following
parameters; Scattering angle: 90°, Duration (s): 30, Wave-
length (nm): 632, Temperature (K): 298.0, Laser intensity
(mW): 0.25. Zeta potential of the unconjugated GNPs,
Pal-o-MSH(11-13) and GNP-Pal-a-MSH(11-13) were
determined by zeta potential analyzer (Zeecom ZC-3000,
Microtec Co.).

Transmission electron microscopy and selected area
electron diffraction

The nanoparticles were further characterised by transmis-
sion electron microscopy (TEM) for the determination of
shape and size. For this, the samples were dried on car-
bon-coated copper grids and then put for TEM analysis at
200 kV (JEOL 2100 F) (Manson et al. 2011). The selected
area electron diffraction (SAED) patterns of the particles
were also taken by the same instrument.

Fourier transform infrared spectroscopy

The fourier transform infrared spectroscopy (FTIR) was
performed to identify the surface functionalization and con-
firm the presence of the peptide over GNP surfaces. Infra-
red spectra were collected by drop-casting 2 ul aliquot of
each sample and the spectra was recorded at a resolution of
2 cm™! over a wavenumber range of 600-4000 cm™! (Ten-
sor 37, Bruker) (Bonor et al. 2014; Mondal et al. 2020).

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed in the
instrument TGA1 (Mettler Toledo, India) combined with
Minichiller MT/230 and STARe software V13.00 (Payne et
al. 2016), to determine the amount of Pal-a-MSH(11-13)
conjugated with the GNPs, hence the conjugation efficiency
(%). Briefly, the Pal-o-MSH(11-13) and GNP-Pal-a-
MSH(11-13) were lyophilized overnight and ~2 mg of both
was heated separately over the temperature range of 25 to
800 °C for the analysis. The amount of peptide conjugation
was calculated as the percentage weight loss or degradation
of the GNP-Pal-a-MSH(11-13) at this temperature range.

@ Springer

Minimal inhibitory concentration and minimal
bactericidal concentration

Minimal inhibitory concentration (MIC) of conjugated and
unconjugated Pal-a-MSH(11-13) were determined against
both MSSA (ATCC 29213) and MRSA (ATCC 33591) by
standard broth microdilution assay as per the guidelines
of the Clinical and Laboratory Standards Institute (CLSI)
(CLSI, 2018). Briefly, after overnight growth of S. aureus at
37 °C, the cell suspensions were centrifuged and cell den-
sity was adjusted in cation adjusted MHB, to OD, of ~0.5
(corresponds to ~10% CFU/mL). The test solutions were
diluted using 2-fold serial dilution in the same medium. A
final of 5 x 10° CFU/mL bacterial cell density was used in
each well of the 96- well microtitre plate. The plates also
contained column for negative control (with only media)
and growth control (with only cells). The plates were incu-
bated for 16—18 h at 37 °C. The MIC value was determined
as the lowest concentration of the agents that gave no visible
turbidity in the well, hence inhibited the bacterial growth.

To determine the MBC, the suspension was taken starting
from the 1*' well upto the MIC well and streaked onto the
BHI plates. After incubated overnight at 37 °C, the mini-
mum concentration producing no colony on agar plates was
considered as the MBC, that completely killed the bacteria
(Mondal et al. 2020). The experiment was performed twice
independently in duplicates.

Tolerance level

The tolerance level of the bacteria indicates the bacterio-
static or bactericidal action of the tested agent. Here, the
tolerance level of MSSA (ATCC 29213) and MRSA (ATCC
33591) was estimated against the GNP-Pal-a-MSH(11-13)
using the following formula (May et al. 1998; Mondal et al.
2020).

Tolerance =MBC/MIC.

The above ratio greater than 16 considers the test agent as
bacteriostatic, while the same less than 4 considers the agent
to possess bactericidal activity (Mohammed et al. 2018).

Antibacterial kinetics

The antibacterial potency was compared between the Pal-
o-MSH(11-13) and GNP-Pal-a-MSH(11-13) by studying
the killing kinetics in TSB against stationary phase cells of
S. aureus following standard drop plate method (Singh et
al. 2016; Mumtaz et al. 2020). To describe briefly, station-
ary phase culture of S. aureus was centrifuged to get the
cell pellet. The cells were resuspended in fresh TSB and
diluted to the desired cell densities (considering ODy, of
~0.5 corresponds to ~10% CFU/mL). After that, the cells
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were treated with different concentrations of test agents at
37 °C with 180 rpm. At various time points, aliquots were
taken, diluted and 15 pL of each dilution was plated on agar
plates. Bacterial colony forming units (CFU) were counted
after 16-18 h incubation at 37 °C and the cell numbers of
the treated plates were compared with that of the untreated
control. The mean + standard deviation (SD) for viable cells
was represented in terms of Log;, CFU/mL. The experiment
was performed twice independently in duplicates.

Biofilm susceptibility

Biofilm susceptibility assays were performed by CV stain-
ing for studying the inhibition of biofilm biomass and MTT
assay for evaluating the biofilm viability (Traba and Liang
2011). The cell viability of the biofilm was also determined
by the colony count, as described by Joshi et al. (2018).

For the biofilm formation, overnight grown MRSA
(ATCC 33591) (considering ODg, of ~0.5 corresponds to
~10% CFU/mL) was diluted in fresh TSB to the desired cell
concentration (10> CFU/mL). 100 uL of this cell suspen-
sion was added to each well of a polystyrene 96-well plate,
and the biofilm was allowed to grow in static condition for
24 h at 37 °C in the presence of desired concentration of the
test agents. The growth control wells did not have any com-
pound, whereas the negative control wells contained 100 pL.
of sterile media. After 24 h, CV staining and MTT assay
were performed to evaluate the biofilm inhibition.

In CV staining, after allowing the biofilms to grow for
24 h in microtitre plate, the spent media was removed, and
the wells were washed twice with 10 mM PBS (pH 7.4) gen-
tly to discard the non-adherent planktonic cells. Then, the
biofilms were fixed for 1 h at 60 °C and stained with 125
pL of 0.1% aqueous CV for 20 min. The wells were then
washed with PBS twice to remove the unbound CV and air-
dried for 5 min at room temperature. The dye attached to
the biofilm biomass was then dissolved in 125 pL of 33%
glacial acetic acid. The microtitre plate was read at 570 nm
using microplate reader (Molecular Devices, Sunnyvale,
CA, USA) to quantify the biofilm biomass.

For MTT assay, the wells of the 96-well microtitre plate
containing the biofilms were washed twice with 200 pL
of 10 mM PBS (pH 7.4) gently. The biofilms were treated
with 100 pL of 0.5 mg/mL MTT, and incubated at 37 °C for
2 h in dark. After removing the MTT from each well, 200
pL DMSO were added and incubated further at 37 °C for
10-15 min in dark. 100 pL of this suspension was trans-
ferred from each well to a fresh plate and absorbance was
read at 570 nm using microplate reader (Molecular Devices,
Sunnyvale, CA, USA).

To determine the number of viable cells within the bio-
film, the wells were first washed with 200uL PBS to discard

the planktonic cells, followed by the addition of 100 pL
PBS to each well. The wells were then scraped thoroughly,
cell suspensions were bath-sonicated at 40 kHz for 5 min
and plated onto BHI plates. After incubation for 16—-18 h
at 37 °C, the CFUs were counted and the mean+SD for
viable cells was represented in terms of Log;, CFU/mL.
These experiments were performed twice independently in
duplicates.

Hemolytic activity

The hemolytic activity was determined against mice red
blood cells following Singh et al. 2016. Briefly, fresh murine
red blood cells (RBCs) were washed with 35 mM PBS (pH
7.4) by centrifugation at 1500 rpm for 10 min. The pellet of
RBCs was resuspended in 4% (v/v) in the same buffer. Two-
fold serial dilutions of test agents (100 uL) were prepared in
96-well microtitre plates to which 100 pL of 4% (v/v) RBC
suspensions were added and incubated at 37 °C for 1 h. The
hemoglobin release was obtained by centrifuging the plates
at 1500 rpm and measuring OD at 414 nm. Wells treated
with 0.1% Triton X-100 were considered as positive con-
trol (100% hemolysis), and untreated RBCs were consid-
ered as negative control. The percentage of hemolysis was
determined as shown below. The experiment was performed
twice independently in duplicates.

OD of Sample — OD of PBS

100
OD of 0.1% TritonX — OD of PBS

%Hemolysis =

For hemolysis experiment, the guidelines of CPCSEA
(Committee for the Purpose of Control and Supervision of
Experiments on Animals) were followed and performed on
approval by Institutional Animal Ethics Committee (IAEC-
17/2019) of Jawaharlal Nehru University, New Delhi, India.

Cytotoxicity

The cytotoxicity of the Pal-a-MSH(11-13) and GNP-Pal-
a-MSH(11-13) was studied by MTT assay against mam-
malian 3T3 fibroblast cell line (Singh et al. 2013; Mumtaz et
al. 2020). Briefly, the cells were seeded into 24-well plates
at 20,000 cells/well (determined by trypan blue staining
method) in DMEM (containing 10% FBS) for 24 h. After
75% confluent growth (refers to the 75% coverage of the
wells by the cells, determined visually by inverted micros-
copy), the cells were treated with desired concentrations of
the test agents dissolved in DMEM (without FBS), and incu-
bated in 5% CO, incubator for 2 h at 37 °C. After the wells
were washed with PBS, 1 mL of 0.1 mg/mL MTT (dissolved
in DMEM) was added, and the plate was incubated in dark
for 2 h (5% CO, at 37 °C). After that, each well was treated
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with 200 pL of DMSO to lyse the cells and dissolve the
purple coloured formazan crystals. 150 pL of this solution
was transferred from each well to a fresh 96-well plate and
the absorbance was read at 570 nm using microplate reader
(Molecular Devices, Sunnyvale, CA, USA). Triplicate wells
without treatment and wells treated with 2% Triton X-100
were considered as growth control and positive control,
respectively. The cytotoxicity was presented as the percent-
age survival of cells relative to growth control calculated as
shown below (Joshi et al. 2018). The experiment was per-
formed twice independently in triplicates.

OD of sample

% Survival of cells = x 100

OD of growth control

Statistical analysis

All the experiments were performed twice independently
on different days in duplicates or triplicates and mean + SD
were calculated using Prism 8 program (GraphPad Software
Inc., La Jolla, CA, USA).

Results

Proposed mechanism of synthesis of GNP-Pal-a-
MSH(11-13)

The amino acid sequences and chemical structures of the
parent peptide a-MSH and analogues, a-MSH(11-13) and
Pal-0-MSH(11-13) are given in the Table S1 of the Supple-
mentary Information. The GNPs were synthesized using
tri-sodium citrate, that provided them the negative charge
to be suitable for conjugation with the positively charged
peptide Pal-o-MSH(11-13). Here the nano-fabrication was
done using tri-sodium citrate as the reducing agent and Pal-
a-MSH(11-13) as capping agent (Fig. S2 of Supplementary
Information).

Characterisation of GNP and GNP-Pal-a-
MSH(11-13)

UV-Vis spectra were taken from 400 to 800 nm, that showed
a strong absorption peak at 526 nm for GNPs (red line) while
the .., was shifted to 632 nm for GNP-Pal-a-MSH(11-13)
(blue line). The shifting in peak was due to change in surface
chemistry in nanoparticles after peptide addition, indicating
the successful conjugation (Fig. 1a). The physical appear-
ance of GNP-Pal-a-MSH(11-13) was blue in color, while
the GNP was wine red (Fig. 1b and ¢). DLS and TEM analy-
sis revealed the hydrodynamic diameter and average particle
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Fig. 1 (a) UV-Vis spectroscopic analysis of GNP (i) and GNP-Pal-a-

MSH(11-13) (ii) showing absorption peak at 526 and 632 nm respec-
tively, Physical appearance of (b) GNP and (c) GNP-Pal-a-MSH(11-13)

Table 1 Characterization of synthesized nanoparticles

Mnax Average Hydrodynamic  Zeta
(nm) diameter from diameter from poten-
TEM DLS tial
(nm) (nm) (mV)
GNP 526 11.94+1.8 23.71+4.21 -40.36
GNP-Pal-a- 632 11.9£1.05 172.99+15.89 -26.91

MSH(11-13)

diameter for the unconjugated GNPs as 23.71 £4.21 nm and
11.94+ 1.8 nm, respectively (Table 1; Fig. 2a and e). The
nanoparticles were mostly spherical in shape, as observed in
TEM. No difference was obtained in the particle sizes after
peptide conjugation, which were found to be 11.9+1.05 nm
for GNP-Pal-a-MSH(11-13) conjugate, as obtained by TEM
analysis (Fig. 2b). This was expected, as the gold core is
only visible at the acceleration voltage used in TEM (Hall et
al. 2007; Manson et al. 2011). However, the hydrodynamic
diameter increased to 172.99 + 15.89 nm upon peptide addi-
tion, as obtained by DLS technique, that was sensitive to the
peptide conjugation(Table 1; Fig. 2f). The crystalline nature
of the nanoparticles was investigated by SAED. The SAED
patterns of GNP (Fig. 2c¢ ) and GNP-Pal-o-MSH(11-13)
(Fig. 2d) showing the diffractions from the (111), (200),
(220) and (311) reflection planes of the face centred cubic
(fcc) of gold. The inter-planar d-spacing of bare GNP was
found to be 2.32 A and that of the peptide-conjugate was
2.26 A corresponding to the (111) lattice plane of gold. The
values calculated from the SAED data were confirmed by
high resolution TEM analysis. Our results were supportive
of the data obtained by Suvarna et al. (2017), who reported
the d-spacing of 2.36 A for citrate capped spherical GNPs.
Overall, the peptide conjugation was found not to affect the
lattice configuration of the gold crystals, as observed by
their analogous spectra and inter-planar spacing.

The FTIR spectrum of GNPs was shown in Fig. 3a. The
characteristic peaks at 1400 cm™'and 1647 cm™! correspond



World Journal of Microbiology and Biotechnology (2022) 38: 186

Page7of 16 186

Relative Intensity
n

1 10 100 1000 10000 1 10 100 1000 10000
Hydrodynamic Radius (nm) Hydrodynamic Radius (nm)

Fig. 2 Transmission electron microscopy images, SAED patterns and
particle size distribution plots of (a, ¢ and ¢) GNP and (b, d and f)
GNP-Pal-0-MSH(11-13) respectively. Scale bar 50 nm

to the symmetric and anti-symmetric stretching of COO~
group, confirming the successful reduction by citrate and
synthesis of GNPs. The FTIR spectrum of GNP-Pal-a-
MSH(11-13) showed bands at 1600-1700 cm™! (indicative
of C=0, C-N stretch) (Fig. 3 d and e), that suggested the
peptide capping over GNP surface (Wangoo et al. 2008).
Peaks at 1340—-1350 cm™' in Pal-a-MSH(11-13) indicates
the -NH, vibration of lysine (Fig. 3b and c) (Bonor et al.
2014), which were absent in the spectra of GNP-Pal-a-
MSH(11-13). This phenomenon suggested that conjugation
might occur via electrostatic interaction between negatively
charged -COO™ group on GNPs and secondary -NH;* group
of lysine residues in Pal-a-MSH(11-13). The average zeta
potential of GNPs was —40.36 mV before conjugation.
The zeta potential of Pal-a-MSH(11-13) was found to be
+31.73 mV, that was responsible for partial neutralization
of surface charge in the GNP-Pal-a-MSH(11-13) conjugate,
the value of which was recorded as -26.91 mV(Table 1, Fig.
S3 of Supplementary Information). The zeta data showed
high colloidal stability of the synthesized nanoparticles and
indicated the electrostatic interaction between the peptide
and GNPs. The TGA analysis was extremely essential to
calculate both the mass and the concentration of the peptide
bound to the GNP surfaces, needed for further experiments.
The TGA spectra of Pal-a-MSH(11-13) showed the sharp

weight loss in the temperature range of 200°-450 °C and
then caused subsequent mass loss of 100% over the range
up to 800 °C. The peptide conjugate showed analogous pat-
tern, where rapid weight loss occurred in the range of 200°—
500 °C, finally resulted in the weight loss of 4.85% over
the whole range. The comparable spectral pattern of Pal-
o-MSH(11-13) and GNP-Pal-a-MSH(11-13) confirmed
the conjugation process (Fig. 4). The TGA data revealed
the amount of the peptide conjugated with GNPs, which
was about 3.05% by weight, from which the conjugation
efficiency was calculated as 75% (SI1 of Supplementary
Information).

Minimal inhibitory concentration and minimal
bactericidal concentration

Previous studies showed, though the parent peptide a-MSH
and its analogues did not exhibit any antibacterial activity
in presence of standard bacterial growth media (Singh and
Mukhopadhyay 2011; Singh et al. 2013, 2016, 2020), the
palmitoylation on the a-MSH(11-13) enabled to retain its
anti-staphylococcal efficacy in growth media like MHB and
TSB (Mumtaz et al. 2020). Therefore, the MIC and MBC
were determined to see the difference in their antibacterial
potency (if any) between the peptide and peptide conju-
gated GNPs. The MIC as well as the MBC of GNP-Pal-a-
MSH(11-13) and Pal-a-MSH(11-13) were 18 pM (~ 10.44
pg/ml) and 12 pM (~6.96 pg/ml) respectively against both
MSSA (ATCC 29213) and MRSA (ATCC 33591) (Table 2).
The unconjugated GNP did not show any cell inhibition at
corresponding concentration needed for the synthesis of the
conjugate GNP-Pal-a-MSH(11-13). Therefore, the MIC of
the conjugate represents the concentration of the peptide
[based on the molecular mass of Pal-a-MSH(11-13)] pres-
ent in the nanoparticles. The standard antibiotic vancomycin
exhibited a MIC of 0.75 uM (~ 1.11 pg/ml) against both the
strains, while the MBC was found to be 1.5 pM (~2.22 pg/
ml) against the MSSA (Table 2).

Tolerance level

The tolerance level of both tested strains against the GNP-
Pal-0-MSH(11-13) and Pal-a-MSH(11-13) were calculated
as 1, because of the identical MIC and MBC values. This
data indicated the bactericidal properties of the tested agents
(Mondal et al. 2020).

Antibacterial kinetics
The antibacterial kinetics was performed to compare the

bactericidal potency between the peptide and peptide con-
jugated GNPs. Stationary phase cells of MSSA and MRSA
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(~10° CFU/ml) were incubated with 2 x MIC of GNP-Pal-  (equivalent to 3 x MIC) and presented in Fig. 5. The time
a-MSH(11-13) (i.e. 36 uM) for 4 h and compared with  kill kinetics against stationary phase MSSA cultures showed
the treatment of same concentration of Pal-o-MSH(11-13)  that at 36 puM concentration, GNP-Pal-a-MSH(11-13)
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Fig. 4 The thermo-gravimetric analysis (TGA) of Pal-o-MSH(11-13)
(continuous line) and GNP-Pal-a-MSH(11-13) (dotted line)

caused 1.8 log reduction after 1 h of incubation, while Pal-
o-MSH(11-13) caused a more rapid killing, as shown by
3.6 log reduction within same time (Fig. 5a). Furthermore,
the peptide-conjugate increased its bactericidal potency and
caused 3.5 log reduction after 2 h, comparable effect was
exerted by the peptide alone as shown by 3.7 log reduc-
tion. The bactericidal effect was further increased to 4.7 log
and 3.9 log reduction by the peptide-conjugate and peptide
respectively after 4 h of incubation. Bactericidal efficacy
was also observed for stationary phase MRSA cultures,
where the GNP-Pal-o-MSH(11-13) caused 3.2 log reduc-
tion and the Pal-a-MSH(11-13) exhibited 3.7 log reduction
at 36 uM upon 1 h of incubation (Fig. 5b). The peptide alone
was able to cause complete eradication of cells after 4 h,
while 5.2 log reduction (~99.99% Kkilling) was caused by
the peptide-conjugate. The standard antibiotic, vancomycin
even at 3 uM (equivalent to 4 x MIC) caused 0.5 log reduc-
tion upto 4 h of incubation with both MSSA and MRSA
cultures.

In antibacterial study, the stationary phase cells were
used as the inoculum and added to fresh TSB, which led to
the significant growth in control samples after 24 h. Thus,
next, we also determined the efficacy of Pal-o-MSH(11-13)
and its GNP conjugate after incubated for 24 h and the data
showed that Pal-a-MSH(11-13) was able to completely kill
the MSSA cells after 24 h, it’s conjugated form caused 5.2
log reduction (~99.99% killing). Vancomycin was able to
cause 2.7 log reduction (~99.8% killing) after 24 h of incu-
bation with MSSA and MRSA cells.

Overall, both Pal-a-MSH(11-13) and its conjugate,
GNP-Pal-a-MSH(11-13) were successfully able to cause
more than 99.9% killing in 4 and 24 h against both MSSA
and MRSA cells, thereby ensured their rapid and potent effi-
cacy. The aim of this study was to perform a comparative
analysis of rapid antibacterial action of the peptide before
and after GNP conjugation and this observation supported
the comparable efficacy. Maximum killing effect was exhib-
ited within 4 h of incubation and both peptide and its con-
jugated form could remain very active even after 24 h. It is
also important to mention that bactericidal activity of the
peptide and its conjugate were higher than that of vancomy-
cin which is last resort drug for staphylococcal infections.

Biofilm susceptibility

The anti-biofilm potential was also noted by studying the
MRSA biofilm inhibition for both Pal-a-MSH(11-13) and
its conjugated form. The extent of cell adhesion and cell
viability were 7.2+0.24% and 4.26+0.3% for the GNP-
Pal-o0-MSH(11-13), while the same were 5.44 +0.24% and
2.39+0.24% respectively for Pal-a-MSH(11-13) at 36 uM
concentration (Fig. 6a and b). The cell survival in biofilm
was also determined by scraping and plating the suspen-
sions onto agar. It was observed that the peptide and its con-
jugate were able to cause 4.4 log and 4 log reduction in the
viable cell count of MRSA biofilm (Fig. 6¢). As vancomycin

Table 2 Minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC) values against MSSA (ATCC 29213) and MRSA

(ATCC 33591)
Antimicrobial substances MSSA

(ATCC 29213)

MIC MBC

(uM) (uM)

(1 ng/ml) (1 ng/ml)
Pal-o-MSH(11-13) 12 uM 12 uM

1696 pg/ml 1 6.96 ng/ml
GNP-Pal-0-MSH(11-13) 18 uM 18 uM

110.44 pg/ml 1 10.44 pg/ml
Vancomycin 0.75 uM 1.5 M

P 1.11 pg/ml  §2.22 ug/ml

MRSA
(ATCC 33591)

Tolerance level MIC MBC Tolerance level
M) M)
(1 pg/ml) (1 pg/ml)

1 12 uM 12 uM 1
1696 pg/ml 1 6.96 ng/ml

1 18 uM 18 uM 1
110.44 pg/ml 1 10.44 pg/ml

2 0.75 uM 0.75 uM 1
P 1.11 pg/ml  §1.11 pg/ml

T The MIC or MBC of the GNP-Pal-a-MSH(11-13) represents the concentration of the Pal-a-MSH(11-13) (based on its molecular mass) present

in the nanoparticles

1 Corresponding values in pg/ml
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Fig. 5 The antibacterial kinetics against stationary phase cells of (a)
MSSA (ATCC 29213) and (b) MRSA (ATCC 33591), after treatment
with Pal-o-MSH(11-13), GNP-Pal-a-MSH(11-13) and vancomycin
for 4 h. The data represent mean + standard deviation (SD) for experi-
ments performed twice independently in duplicates

at its 4 x MIC, was unable to exert strong bactericidal activ-
ity in killing kinetics study, we used higher concentration
of 12 pM (equivalent to 16 x MIC) in biofilm inhibition
assays. MRSA biofilm treated with vancomycin exhibited
4.91+0.09% cell adhesion and 2.48+0.05% cell viability
(Fig. 6a and b). The antibiotic also caused a reduction of 4.7
log in cell survival of treated biofilm (Fig. 6¢).

Hemolysis and cytotoxicity

For hemolysis and cytoxicity assays, the concentration
range was extended upto 72 uM for the tested agents, to
study their cell selectivity potential at higher concentrations
that may be needed to treat other strains. As obtained in the
analysis, the peptide conjugation with the GNPs resulted in
diminished hemolytic activity against murine RBC (Fig. 7a)
as well as cytotoxicity (Fig. 7b) against murine 3T3 fibro-
blast cells, as evidenced by 0.29+0.03% hemolysis and
100% viable fibroblast cells even at 72 uM compared to the
Pal-a-MSH(11-13), which showed 74.99 + 1.59% hemoly-
sis and 59.39+1.06% viable fibroblasts at said concentra-
tion. Comparative analysis with melittin, which is known
to possess poor cell selectivity (Dempsey 1990), exhibited
100% hemolysis against murine RBC at 72 uM, while,
treatment with triton-X (2%) showed 51.22 +0.94% viable
murine fibroblasts.

@ Springer

Discussion

The rapid development of antibiotic resistance now-a-
days, is leading to the development of alternative strategy
of using CAMPs due to their low tendency for resistance
development and broad spectrum activity against variety
of microorganisms. Over the past decade, Mukhopadhyay
and co-researchers have established the a-MSH and their
analogues as effective staphylocidal agents (Singh and
Mukhopadhyay 2011; Singh et al. 2013, 2016, 2020). Provi-
dentially, major limitation of AMPs, like inactivity in pres-
ence of bacterial growth media was conquered by the design
of N-terminal palmitoylated analogue Pal-o-MSH(11-13),
which has been reported to exhibit potent anti-staphylo-
coccal activity against both planktonic cells and biofilm
(Mumtaz et al. 2020). Palmitoylation increased the potency
against stationary phase cells and also inhibited the biofilm
development of both MSSA and MRSA. Similar to the par-
ent peptide, Pal-a-MSH(11-13) was shown to act through
membrane permeabilization and rapid depolarization, lead-
ing to the cell lysis. However, the palmitoylation resulted
in cytotoxicity toward mammalian cells, as evidenced by
50% hemolysis at 62.5 uM and ~14.5% killed fibroblast
cells at 20 and 50 pM concentrations (Mumtaz et al. 2020).
Though the cytotoxic concentration of Pal-a-MSH(11-13)
was higher than the bactericidal concentration against the
reported strains of MSSA and MRSA, but increasing the
potential of cell selectivity at higher concentration is always
beneficial for its broad spectrum use against other bacterial
strains, where higher MIC may be obtained.

On an aim to reduce the toxicity of Pal-a-MSH(11-13)
and to increase its cell selectivity toward mammalian cells,
the Pal-a-MSH(11-13) conjugation with GNPs was pro-
posed for the first time in this study. GNPs are highly bio-
compatible and currently used as drug delivery tools because
of the easy surface functionalization and conjugation with
other molecules (Cabuzu et al. 2015). Here, GNPs were
synthesized using the citrate reduction process, an eminent
method that generates nanoparticles of controlled size regu-
lated by optimizing the ratio of the reactants (Frens 1973;
Turkevich et al. 1951; Jana et al. 2001; Ghosh and Chat-
topadhyay 2013). Monodispersed GNPs of 11.94+ 1.8 nm
were obtained in this study, as observed in TEM images.
However, Pal-a-MSH(11-13) attachment onto the GNP
surfaces resulted in crosslinking the GNPs, thereby form-
ing aggregates, shown in TEM. The particle aggregation
may also be confirmed by the higher hydrodynamic diam-
eter of 172.99+15.89 nm of the GNP-Pal-a-MSH(11-13)
compared to that of GNPs alone, 23.71+4.21 nm. This was
supported by the UV-Vis spectra, where .., was red shifted
from 526 to 632 nm for GNP-Pal-a-MSH(11-13) due to
the alteration of surface plasmon resonance of the larger
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particles. Further SAED patterns revealed that the synthe-
sized GNPs and GNP-Pal-a-MSH(11-13), both are crystal-
line in nature (Singh et al. 2018; Gopinath and Arumugam
2014). The particle aggregation does not always have det-
rimental effect on their activity, as same phenomenon was
also observed by Fuller et al. (2020) and Saha et al. (2007).
Despite forming aggregates, the antibiotic conjugated GNPs
exhibited better inhibition against bacteria compared to the
respective antibiotics only.

Anionic GNPs have strong affinity for thiol (-SH) and
amine (-NH,) groups, that allows for their surface func-
tionalization leading to various biomedical and clinical
applications (Shukla et al. 2005). The peptide capping
over GNPs was supported by our FTIR data. IR absorption
peak at 1340 cm™! which is indicative of -NH, vibration of
lysine, appeared in Pal-a-MSH(11-13) spectrum but not in
that of GNP-Pal-a-MSH(11-13). Peaks between 1100 and
1200 cm™! of the peptide was also absent in the spectrum
of the conjugate, thereby confirmed the reduction and inter-
action with the free electrons of the -NH, group. This was
corroborative of the results obtained by Bansal et al. (2018),
where the authors described a one-step synthesis of GNPs

capped with cationic cell penetrating peptide and worked on
their intracellular delivery into cancer cells. The spectrum
of GNP-Pal-0-MSH(11-13) revealed characteristic peaks of
C=0, C-N stretch at 1600—1700 cm™!, also indicated the
peptide conjugation over GNP surface (Wangoo et al. 2008).
The spectral differences between the peptide and peptide
conjugated GNPs confirmed that the peptide-conjugate was
formed via electrostatic interaction between anionic -COO~
group on GNPs and cationic -NH;* group of lysine residues
of peptide.

In Turkevich/ Frens methods, the citrate ions act as
reducing agent for GNP synthesis and also stabilize the
particles, as confirmed by its highly negative zeta potential
of -40.36 mV, obtained in our study. A simple electrostatic
interacting strategy was taken to attach the newly reported
CAMP, Pal-a-MSH(11-13) onto the surface of negatively
charged citrate reduced GNPs. This was also confirmed
by the change of zeta value to -26.91 mV for GNP-Pal-a-
MSH(11-13), due to the attachment of the cationic peptide.
The alteration of zeta potential due to electrostatic conju-
gation was also observed by Falciani et al. 2020, where a
non-natural CAMP, SET-M33 was conjugated with anionic
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dextran nanoparticles to act against Pseudomonas aerugi-
nosa. The zeta potential or surface charge of the molecules
play a major role in establishing nano-medicines and their
delivery to the target sites. Cationicity of the drug allows
strong electrostatic interaction with the negatively charged
cells, providing toxicity to both the bacterial and human
cells. Therefore, here an aim was to develop overall anion-
icity in the conjugate by attaching the peptide with GNPs,
while not affecting their antibacterial activity significantly.
Our result was comparable with the previous report by Salvi-
oni et al. 2017. They developed anionic silver nanoparticles
through citrate and tannic acid reduction approach, which
exhibited strong antibacterial activity and low cytotoxicity
toward eukaryotic cells.

The MIC and MBC of GNP-Pal-a-MSH(11-13) and Pal-
a-MSH(11-13) obtained were 18 uM and 12 puM respec-
tively against both MSSA and MRSA strains. The MIC
of the peptide-conjugate represented the concentration of
the peptide attached onto the GNP surfaces, as the citrate
reduced GNPs had no influence on bacterial inhibition up to
the tested concentration of 0.15 pM (concentration needed
for the synthesis of the conjugate). Previous studies reported
that GNPs that were synthesized by plant extracts (Mubara-
kAli et al. 2011; Ahmed et al. 2014) and sodium borohy-
dride (Shamaila et al. 2016) exhibited antimicrobial activity
against important pathogens like Sal/monella typhi, Kleb-
siella pneumoniae, E. coli and S aureus, whereas, citrate
reduced GNPs were reported to have no inhibitory effect
as studied by Morales-Avila et al. (2017) and Nur (2013).
Zhang et al. (2015) also reviewed that the probable reason
behind the antimicrobial activity of GNPs are due to the

@ Springer

presence of existing materials like surface functionalizing
agents, co-chemicals, gold ions etc. that were not removed
completely during the synthesis. In a comparative study by
Payne et al. (2016), citrate-GNPs did not exhibit any anti-
bacterial activity, while GNP conjugated with kanamycin
antibiotic showed potent activity against Staphylococcus
epidermidis, Streptococcus bovis and Enterobacter aero-
genes. Therefore, our results were in line with the previous
reports of citrate reduced GNPs and their no antibacterial
efficacy. In our study, citrate reduction method was pre-
ferred not only to impart anionic (-COO™) groups on GNPs
but also to prevent some obstacles like lack of purity, poly-
dispersity, poor yield and formation of by-products that may
happen during green synthesis approach.

The staphylococcal membrane depolarization and per-
meabilization of Pal-a-MSH(11-13) has been already
established by the previous study of Mumtaz et al. (2020).
Electron microscopy images of the MRSA cells treated
with the peptide showed alteration of membrane integrity
leading to the cell lysis. The membrane depolarizing and
permeabilizing potential was also shown to be positively
correlated with the anti-staphylococcal efficacy of the pep-
tide. The killing kinetics experiments in our study revealed
the comparable pattern of bactericidal action for both Pal-
a-MSH(11-13) and GNP-Pal-a-MSH(11-13). Though the
peptide showed a more rapid killing in 1 h against MSSA
cells, the peptide-conjugate paced up its efficacy and caused
3.5 log reduction in 2 h. The time lag for GNP-Pal-a-
MSH(11-13) might account for the time needed to release
the peptide from its conjugated form. Encouragingly, upon
24 h of incubation with both MSSA and MRSA cells, both



World Journal of Microbiology and Biotechnology (2022) 38: 186

Page 13 0f 16 186

the treatments caused analogous staphylocidal efficacy.
Our observations were in agreement compatible with what
was observed for Pal-a-MSH(11-13) previously (Mumtaz
et al. 2020). For better understanding, further studies with
higher concentrations of the peptide and conjugate against
the stationary phase MSSA and MRSA need to be explored
in future. The standard antibiotic tested here was vanco-
mycin, a widely used glycopeptide, which exerted a slow
killing due to its mechanistic action against cell wall syn-
thesis, achieving 2.7 log reduction upon 24 h of incubation.
This was also confirmed by our previous reports (Joshi et
al. 2018; Mumtaz et al. 2020) and others (Lopez et al. 2005;
McKay et al. 2009).

In our study, the possible mechanism of action of the
peptide-conjugate was postulated, though more mecha-
nistic studies will be performed in future for further con-
firmation. Being the carrier for AMP delivery, the GNPs
might release the bound peptides at the target sites, thereby
increased the local concentration of the positively charged
Pal-0-MSH(11-13) residues to interact efficiently with the
negatively charged bacterial membrane, resulting in its per-
turbation and finally leading to the cell lysis. Several studies
also established that, GNP conjugation with cationic pep-
tides did not alter their membrane targeting mechanism and
bactericidal efficacy (Casciaro et al. 2017; Luca et al. 2013;
Pal et al. 2011). However, further studies are in need to
explore the efficiency of peptide release from its bound form
followed by its movement and interaction with the target
cells. The biofilm formation by MRSA was also noted to be
well inhibited by both the peptide and its conjugated form.
However, the anti-biofilm potential was slightly higher for
Pal-a-MSH(11-13) compared to the peptide-conjugate.
This might be expected from the perspective of correspond-
ing MIC values. The standard antibiotic and glycopeptide,
vancomycin exerted a comparable efficacy to inhibit the
biofilm formation by tested MRSA strain.

Some cationic AMPs exhibit high level of cytotoxicity,
that renders them to be less applicable for clinical appli-
cations. A potential approach to decrease the AMP toxicity
can be feasible via nanofabrication and conjugation with
GNPs (Rajchakit and Sarojini 2017). Among the different
inorganic nanoparticles, GNPs are considered to be suitable
agent as drug loading/carriers because of their stability and
biocompatibility (Ghosh et al. 2008). Several factors like
shape, size, capping or reducing agents play important roles
in determining and diminishing the toxicity of nanoparti-
cles. Connor et al. (2005) reported that spherical GNPs of
18 nm size synthesized with citrate and biotin were found
to have no toxicity upto 250 uM, while the precursor gold
salt showed 90% toxicity toward leukemia cell line. The
high cell selectivity of citrate-GNPs toward dendritic cells
was also confirmed by Villiers et al. (2010). Our analysis

confirmed a drastic reduction in the hemolytic and cytotoxic
profile of Pal-a-MSH(11-13), when conjugated with gold
nanoparticles. The peptide-conjugate exerted no hemoly-
sis or fibroblast cytotoxicity upto the tested concentration
of 72 uM, thereby established their high cell-selectivity
potential. Encouragingly, previous studies also assured the
human blood compatibility of citrate-GNPs, as reported by
Dobrovolskaia et al. (2009). Our study was in great accor-
dance with the results obtained by Pal et al. (2011). The
researchers studied on the antibacterial activity as well as
therapeutic potential of some novel cyclic CAMPs and their
GNP-conjugated forms. Promisingly, peptide conjugation
with GNPs significantly reduced their cytotoxicity without
considerably hampering their antimicrobial efficacy.

Conclusions

In conclusion, the current study demonstrates the GNP con-
jugation with palmitoylated a-MSH(11-13) analogue for the
first time. The nano-fabrication was done using tri-sodium
citrate as reducing agent and Pal-o-MSH(11-13) analogue
as capping agent. An electrostatic interaction strategy was
taken to conjugate the citrate reduced anionic GNPs and
cationic Pal-a-MSH(11-13). The GNP-Pal-a-MSH(11-13)
was nontoxic toward mammalian cells as compared to the
unconjugated form, without substantially affecting their
bactericidal potency against S. aureus. The studies of bacte-
ricidal kinetics against MSSA as well as MRSA and inhibi-
tion of MRSA biofilm formation indicated the comparable
efficacy of the analogue before and after nano-conjugation.
Further studies regarding the resistance development and in
vivo bactericidal potential of the GNP conjugated analogue
need to be performed.
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supplementary material available at https://doi.org/10.1007/s11274-
022-03365-7.
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