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ABSTRACT: The application of antimicrobial peptides has emerged as an alternative therapeutic tool to encounter against
multidrug resistance of different pathogenic organisms. a-Melanocyte stimulating hormone (a-MSH), an endogenous neuropeptide,
is found to be eflicient in eradicating infection of various kinds of Staphylococcus aureus, including methicillin-resistant Staphylococcus
aureus (MRSA). However, the chemical stability and efficient delivery of these biopharmaceuticals (i.e.,, ®-MSH) to bacterial cells
with a significant antibacterial effect remains a key challenge. To address this issue, we have developed a chitosan-cholesterol
polymer using a single-step, one-pot, and simple chemical conjugation technique, where a-MSH is loaded with a significantly high
amount (37.7%), and the final product is obtained as chitosan-cholesterol a-MSH polymer—drug nanoconjugates. A staphylococcal
growth inhibition experiment was performed using chitosan-cholesterol @-MSH and individual controls. a-MSH and chitosan-
cholesterol both show bacterial growth inhibition by a magnitude of 50 and 79%, respectively. The killing efficiency of polymer—
drug nanoconjugates was very drastic, and almost no bacterial colony was observed (~100% inhibition) after overnight incubation.
Phenotypic alternation was observed in the presence of a-MSH causing changes in the cell structure and shape, indicating stress on
Staphylococcus aureus. As a further consequence, vigorous cell lysis with concomitant release of the cellular material in the nearby
medium was observed after treatment of chitosan-cholesterol @-MSH nanoconjugates. This vigorous lysis of the cell structure is
associated with extensive aggregation of the bacterial cells evident in scanning electron microscopy (SEM). The dose-response
experiment was performed with various concentrations of chitosan-cholesterol @-MSH nanoconjugates to decipher the degree of the
bactericidal effect. The concentration of a-MSH as low as 1 pM also shows significant inhibition of bacterial growth (~40% growth
inhibition) of Staphylococcus aureus. Despite playing an important role in inhibiting bacterial growth, our investigation on hemolytic
assay shows that chitosan-cholesterol a-MSH is significantly nontoxic at a wide range of concentrations. In a nutshell, our analysis
demonstrated novel antimicrobial activity of nanoparticle-conjugated a-MSH, which could be used as future therapeutics against
multidrug-resistant Staphylococcus aureus and other types of bacterial cells.

1. INTRODUCTION because of its unique mode of action (MOA) which differs

The increased incidence of antibiotic resistance necessitates from traditional antibiotics.’ AMPs are produced from a
the need for the development of novel antimicrobials that
could be effectively treated against disease-producing patho-
gens. Various pharmaceuticals/drugs, e.g, small molecule
drugs and biopharmaceutics have been used traditionally as
an alternative therapy against antibiotic treatment to combat
the growth and virulence of different organisms. One such very
popular method is the application of antimicrobial peptides
(AMPs). This particular group of small biomolecules gained
recent scientific attention as a potential antimicrobial agent

variety of species” and destroy a broad spectrum of
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microorganisms.” The action mechanism of AMPs is either by
disrupting the cell membrane and fostering the subsequent
leakage of cellular materials or by interfering with the regular
metabolic functions by binding with protein or nucleic acid.*
This AMP-based cellular destruction of organism method has
been gaining popularity, and chemical/structural modification
over native AMP has ensured better efficacy and enhanced
stability inside the cellular environment.

Alpha-melanocyte stimulating hormone (a-MSH) is an
endogenous neuropeptide with linear tridecapeptides (Ac-Ser’-
Tyr*-Ser*-Met*-Glu®-His®-Phe’-Arg®-Trp’-Gly'®-Lys'!-Pro'*
Val'*-NH,) that results from the cleavage of its precursor
polypeptide pro-opiomelanocortin (POMC).® Besides its
melanogenic properties, it is also known for its antipyretic
and anti-inflammatory effects.” At the molecular level, they
interact with the melanocortin receptor (MCIR, MC3R,
MC4R), thereby interfering with the cAMP signaling through
the downregulation of NF-kf and protecting the brain and
peripheral organs from inflammatory conditions. Apart from its
physiological function, @-MSH exhibits potential lethal activity
against Gram-positive bacteria especially Staphylococcus aureus,
vindicating its bactericidal properties.” The bactericidal activity
is observed at the C-terminal end as truncated peptides also
show bactericidal effects. A modified version of peptide
palmitoylated a-MSH has shown to be highly effective against
the highly resistant biofilm of Staphylococcus aureus. Pal-a-
MSH’™"'" emerged as the most effective AMP as palmitoyla-
tion led to a remarkable enhancement in its activity against
stationary phase bacteria.'?

Although the nature and concentration of different
inhibitory molecules are crucial for the prevention of bacterial
growth, effective delivery of these molecules to their target site
of action is also very important to achieve an efficient
pharmacological effect. Fortunately, recent advancements in
nanobiotechnology have enabled us with various nanocarriers
that can efficiently target the pharmaceutics to their target site
of action in a wide range of areas, from tumor cells"*™° to
bacterial cells.”" The wide possibilities of either encapsulation
or chemical modifications of drugs into the nanocarrier, precise
control over its size, decorating its surface with disease-
targeting ligands that facilitate the interaction between loaded
drugs and target cells, and the efficient drug release mechanism
made it one of the most promising tools for conjure
therapeutic benefits. These benefits of nanocarriers are not
only restricted in the area of tumor-targeted drug therapy”” but
also have a remarkable effect on a wide range of bacteria. The
colossal surface-area-to-volume ratio of this system increases
the contact points with different organisms and therefore helps
in drug delivery.”> Nanocarriers demonstrated antibacterial
properties in various ways: by membrane perturbation,
interfering with metabolic processes, damaging cellular
components, producing reactive oxygen species, inhibiting
protein and RNA synthesis, etc.”* The antibacterial properties
of nanocarriers highly depend on their physical and chemical
characteristics (e.g., size, surface charge, drug-loading effi-
ciency, shape, presence and nature of targeting ligands,
etc.).””*° and these tunable properties provide selective
advantages in the context of drug loading and releasing to
the target site without losing chemical stability of the complex.

A nanocarrier that is easy to synthesize, efficient in
bioconjugation, and has drug-loading ability with versatile
implications is a promising candidate in the aspect of
translational research and development for bench-to-bedside

applications.”””” There are many inorganic and organic
nanocarriers known so far that have potential antibacterial
properties.”® Interestingly, chitosan-based biopolymers have
emerged as an attractive potent antibacterial agent against
various bacteria like E. coli and S. aureus.”” Modified chitosan
with certain metal ions and antibiotics have been proven to be
efficient against fungus Cryptococcus neoformans (C. neofor-
mans), Candida albicans (C. albicans), and Gram-negative
Pseudomonas aeruginosa (P. aeruginosa) and MDR .
aureus.”” "> Chitosan derivatives have exhibited their bacter-
icidal action against biofilms of S. aureus and S. mutants.**>*
Although the exact mechanism of highly efficacious anti-
bacterial activity of chitosan is yet to be understood, it is well
known that the antibacterial activity of chitosan is based on a
number of intrinsic and extrinsic factors.”® Intrinsic factors
include the molecular weight and degree of deacetylation of
parent chitosan, size and concentration of nanocarriers, etc.”®
The extrinsic factors include pH, temperature, etc.”> The
mechanism includes binding of chitosan to the negatively
charged bacterial cell wall, causing altering of the cell surface
permeability.’” Loss of cellular permeability renders the
leakage of cytoglasmic contents in extracellular space, leading
to cell death.”® Besides its polycationic structures, the
antibacterial effect is also exerted through the generation of
membrane instability by chelating essential ions such as Mg**
and Ca®" that influence the integrity of cell walls and
degradative enzymes.””~* Cholesterol is another active
ingredient, which is routinely used in the preparation of
nanopolymers. This vital structural and functional cellular
component is frequently used to alter hydrophobicity of
biomaterials and form suitable complex structures using its
hydrophobic feature.”

In this article, we modified the low molecular weight and
water-soluble chitosan with cholesterol using a single-step,
one-pot, simple chemical method to produce chitosan-
cholesterol nanocarriers. The physical loading of a-MSH
helps to form the chitosan-cholesterol a-MSH polymer—drug
nanoconjugates that can more efficiently adhere and pass
through the cell wall of Gram-positive methicillin-resistant
Staphylococcus aureus (MRSA) (Scheme 1). We have
successfully demonstrated in vitro bactericidal activity of the
compound that is efficient enough to kill almost 100% of
bacterial cells. Moreover, we confirmed that the effect of the
chitosan-cholesterol a-MSH polymer—drug nanoconjugates
exists till the limit of the picomolar concentration. Based on
the interesting results obtained from this study, it can be said
that our simple but versatile chitosan-based nanocarrier system
has the potential to be an efficient alternative therapy against
different clinically important organisms.

2. EXPERIMENTAL SECTION

2.1. Materials. Chitosan oligosaccharide (M, ~ 5000 Da)
was purchased from TCI chemicals and cholesteryl chlor-
oformate (95%) from Sigma Aldrich. Dimethyl sulfoxide
(DMSO), diethyl ether, dichloromethane, and N,N-dimethy-
lacetamide (DMA) were procured from Merck and Rankem.
Triethylamine (TEA) and Resazurin were purchased from TCI
chemicals. Dialysis membranes (MWCO 2000 and 12,000 Da)
and MTT were purchased from Sigma Aldrich. a-MSH
(EEEDDDSYSMEHFRWGKPV) was purchased from S
Biochem. The USA300 MRSA strain has been used to perform
all kinds of experiments. All the chemicals were used as
received.

https://doi.org/10.1021/acsomega.2c08209
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Scheme 1. Chitosan-Cholesterol a-MSH Preparation and Its
Interactions with Bacteria Cells”
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“The polymer—drug nanoconjugates of @-MSH were prepared by
reaction between chitosan and cholesterol units, interacted with
bacteria cell walls, made it more permeable, and finally disrupted the
cell wall and released cellular materials, leading to inhibition of
bacterial cell growth and death.

2.2. Instrumentation. An Olympus CKXS3 instrument
and an Olympus BX53 microscope were used for performing
bright field, DIC, and fluorescence imaging. A Hitachi U-2910
UV—visible spectrophotometer was used for measuring UV—
visible absorption spectra, using a quartz cell of 1 cm path
length. A Hitachi F-4600 spectrophotometer was used for
measuring fluorescence spectra. Size distribution and surface
charge analysis via dynamic light scattering (DLS) were
quantified using a Nano ZS (Malvern) instrument. Hemolytic
analysis was performed using a multiplate reader (PerkinElmer
Victor Nivo).

2.3. Synthesis of Chitosan-Cholesterol. Chitosan-
cholesterol was synthesized using our previous method with
some modifications.** Briefly, the chitosan oligosaccharide
(i.e., chitosan) was dissolved in DMSO (300 mg, 0.06 mmol in
7 mL DMSO), and 120 uL of triethylamine was added to it.

Then, cholesteryl chloroformate (215 mg, 0.48 mmol) was
dissolved in 7 mL of DMA and added gradually to chitosan
solution with continuous stirring at room temperature.
Reaction continued overnight (Figure 1). Then, the product
chitosan-cholesterol was separated from unreacted reagents
using the ether precipitation method. Briefly, the reaction
mixture was added dropwise to cold diethyl ether and
centrifugation of the mixture was done at 6000 rpm for §
min. The same process was repeated a few times. The chitosan-
cholesterol was collected in the form of a precipitate. Finally,
the chitosan-cholesterol polymer was thoroughly washed with
dichloromethane to remove any excess cholesteryl chlorofor-
mate, solvents etc.; finally, it was dried well and stored at 4 °C
to use further whenever needed.

2.4. Preparation of Chitosan-Cholesterol a-MSH
Polymer—Drug Nanoconjugates. To prepare chitosan-
cholesterol a-MSH polymer—drug nanoconjugates, we used
a-MSH peptide drug (My, ~ 2395 Da) and chitosan-
cholesterol polymer. Chitosan-cholesterol was dissolved (122
mg, 0.022 mmol) in water and a-MSH (3.5 mg, 1.46 mmol)
was dissolved in DMSO. Then, the a-MSH solution was added
dropwise to chitosan-cholesterol solution at room temperature
under constant, slow stirring and continued for 2 days. After a-
MSH loading, the solution was dialyzed overnight against
double-distilled water using a dialysis membrane (MWCO
12,000 Da) to remove DMSO and any free a-MSH.

2.5. Calculation of a-MSH Loading in Chitosan-
Cholesterol a-MSH Polymer—Drug Nanoconjugates.
The calibration curve of a-MSH was prepared using several
diluted solutions of a-MSH in water and absorbance values at
280 nm wavelength for a-MSH. a-MSH [1.25 mg (0.52
mmol)] was dissolved in S mL of distilled water which made a
dilution series and absorbance values were obtained using a
UV—visible absorption spectrometer. The drug-loading per-
centage was calculated from the calibration curve (Abs
0.263Conc.), with absorbance value 0.066 using the following
equation.

HO H
0o o
© )k
OH OH clI” o
o o Cholesteryl chloroformate Ho o
0.
OH NH, Room temperature 1 o g’iﬂ
HO Ho (I)@ N2 I
. —n on NH
OH
NH, ) 12:( oo
. . . OH NH2
Chitosan oligosaccharide )
OH @ HN
on O NH2 o’Lo

Chitosan-cholesterol

Figure 1. Synthesis of chitosan-cholesterol. The graft polymer used in this study was synthesized by modification of the chitosan backbone with
cholesterol units using a single, one-pot chemical conjugation strategy and used for further a-MSH loading.
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Drug — loading percentage
= (final concentration of the drug/initial concentration

of the drug) X 100%

2.6. Bactericidal Assay for the Antimicrobial Study of
Chitosan-Cholesterol a-MSH. The bactericidal assay was
performed according to the protocol mentioned earlier. Briefly,
Staphylococcus aureus bacterial cells were grown overnight and
freshly inoculated into SO mL tryptic soy broth (TSB) medium
in 1:100 ratio and allowed to grow up to mid-exponential
phase (ODgy = 0.5). The bacterial cells were harvested and
washed with phosphate buffer saline (1X PBS) and serially
diluted to 10° numbers of cells. All sets of components used in
our analysis (such as a-MSH, chitosan-cholesterol polymer
and polymer—drug nanoconjugates) have been administered in
a concentration of 1 uM in 100 uL total volume. The reaction
was carried out at 37 °C for two hours. A volume of 50 uL was
taken from the reaction mixture and plated on tryptic soya agar
(TSA). The plates were incubated overnight, and different
numbers of colonies appeared on each plate. The number of
colonies was enumerated and analyzed. The result was
interpreted with respect to control where no treatment has
been done. The result was compared with the control which
was not treated with different components.*

2.7. SEM Study. The bacterial cell culture was prepared in
the same way as the bactericidal analysis was performed. The
bacterial cells were grown up to the mid-exponential phase and
washed thrice with 10 mM PBS and diluted in the same buffer
to ODjgyo = 1.0 (cell number 10°). The concentrations of the a-
MSH peptide and chitosan-cholesterol a-MSH were kept at 30
UM. After two hours of incubation at 37 °C, cells were
removed by centrifuging at 6000 rpm for 10 min. The cells
were washed with 10 mM PBS (pH 7.5) thrice to get rid of all
kinds of salts associated with them. Glutaraldehyde (2.5%) was
used to fix the bacterial cell at 4 °C overnight. On the next day,
the fixed cells were again collected by centrifugation at 6000
rpm for 10 min and washed with 10 mM PBS again to wash
out the excess fixative from it. SEM analysis was performed on
Quanta FEG 250 operating at an accelerating voltage of 20 kV.
Silicon wafers were used to prepare SEM specimens. For each
sample, a droplet of bacterial suspension was cast on a silicon
wafer and dried overnight in a vacuum desiccator. The gold
coating was done before inserting the samples into the
microscope.

2.8. Hemolytic Analysis of Chitosan-Cholesterol a-
MSH. Hemolytic analysis was done using fresh human blood.
Briefly, the collected blood was gently centrifuged at 1500 rpm
for 10 min to remove the plasma, and the collection of red
blood cells (RBCs) was done without being hemolyzed. RBCs
were washed with 10 mM PBS twice and resuspended in the
same buffer. An aliquot of 100 L of RBC suspension was
added to different concentrations of chitosan-cholesterol a-
MSH diluted in 100 gL of PBS buffer. The mixture was
incubated at 37 °C for one hour and centrifuged again in order
to get the supernatant. The absorbance of the supernatant was
measured at 414 nm using a 96-well plate in a multiplate reader
(PerkinElmer Victor Nivo). Triton X-100 (1%) was used to
measure 100% lysis of RBCs used as the positive control.
Similarly, hemolysis was done with PBS used as the negative
control (0% lysis). The percentage of hemolysis was calculated
from the following equation.

%hemolysis = (OD of sample — OD of PBS)
/(OD of positive control — OD of PBS)
X 100

2.9. Bacterial Growth Analysis in the Presence of
Polymer—Drug Nanoconjugates. Overnight-grown satu-
rated culture of MRSA was inoculated in TSB in 1:100 ratio,
and the growth was monitored in the presence of different
concentrations of chitosan-cholesterol a-MSH. The optical
density of the culture at 600 nm wavelength from different
time points illustrates the growth profile of the organism. In
order to see the bactericidal effect of the chitosan-cholesterol
a-MSH, samples have been added either in the beginning or
after reaching mid-exponential phase of growth (ODgq = 0.5).
The concentration of the polymer—drug nanoconjugates was
kept similar in both the cases. Colony forming units (CFUs)
were calculated from the culture of two different timepoints,
where a visible difference in absorbance was observed. The
difference in the number of CFU encompasses the relative
abundance of the live cells in the culture, therefore
synonymous of the growth of the organism at that point.

2.10. Determination of the MIC. Determination of the
minimum inhibitory concentration (MIC) is important since it
gives an idea of the effective dosage of chemotherapeutics.
With a view to know the MIC of the polymer—drug
nanoconjugates, different concentrations of samples (up to S
uM) were mixed with the growing culture of MRSA in a series
of experimental sets. The growth of the organism was
determined by measuring absorbance (ODygy,) after overnight
incubation and the concentration of chitosan-cholesterol a-
MSH in which growth is completely inhibited is the MIC of
chitosan-cholesterol a-MSH (Figure S4).

2.11. Microscopic Differentiation of Live and Dead
Cells by Trypan Blue Staining. The effect of the polymer—
drug nanoconjugates can be illustrated by trypan blue staining.
This particular stain specifically colors the internal part of the
dead cell, but in the case of the live cell, only the membrane
gets stained. Briefly, the MRSA cells in the mid-log phase have
been harvested and washed with PBS buffer. The cell
suspension is treated with 30 M of polymer—drug nano-
conjugates for two hours at 37 °C. A set of MRSA which was
not treated with the conjugates remained as the control. The
treated cells were washed twice with the PBS buffer and mixed
with trypan blue for staining. The stained cells were put inside
a coverslip and observed under bright field with 40X
magnification.

2.12. Membrane Perforation Analysis by Wheat Germ
Agglutinin Staining. The effect of polymer—drug nano-
conjugates on the cell membrane of MRSA has been illustrated
with this particular staining procedure. Briefly, MRSA cells are
harvested from the mid-log phase and washed with PBS 7.4
bufter. The cells were treated with 30 uM of polymer—drug
nanoconjugates for two hours at 37 °C. The cells without
treatment were set as the control. Cells are harvested after the
treatment and washed again with PBS. Paraformaldehyde
(PFA) solution (4%) is applied for 30 min under room
temperature to fix the cell. Once the cells were fixed, the PFA
solution was washed out with repeated washing and the cells
were stained with wheat germ agglutinin (WGA) that
specifically stain the membrane of the cell. Excess stain was
removed by washing, and the cell suspension is put on the
coverslip and air-dried. The coverslip was mounted with a gold
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antifade mounting agent and observed under fluorescence
microscopy using 100X magnification.

2.13. Cell Viability Determination by Resazurin Dye.
Cell viability was determined by performing the resazurin
experiment. Resazurin is a substrate that changes color in
response to metabolic activity. The reduction of resazurin gives
rise to pink-colored fluorescent product resorufin. The dye is
most frequently used for the determination of cellular viability
of bacterial and eukaryotic cells. In this particular analysis, we
performed the treatment of chitosan-cholesterol-aMSH on the
Staphylococcus aureus as previously mentioned, and the cells are
washed with 1X PBS twice and resuspended in the same buffer.
This is followed by the addition of the resazurin, and the
mixture was incubated at room temperature for one hour.
Visible color change has been observed in the control where no
treatment was done. The color of the samples treated with 1
and 30 uM of the chitosan-cholesterol-aMSH remained
unchanged due to the absence of viable cells (Figure S6).

2.14. Measuring Cytotoxicity by MTT Assay. The
viability of HT22 skin cancer cells was determined through the
MTT assay to evaluate the cytotoxicity of peptides, as
described previously.** The cell line was prepared in 24-well
plates (~5 X 10° cells per well) in DMEM supplemented with
10% FBS and suitable antibiotics at 37 °C with 5% CO,. After
overnight, various concentrations of chitosan-cholesterol a-
MSH were added to each well (in triplicate). The cells with
medium and without the sample was as negetive control. The
plate was incubated for 2 h at 37 °C. The MTT solution (0.1
mg mL™") was added to each well, and the plates were again
incubated for 3 h at 37 °C. Subsequently, after carefully
removal of the supernatants, 200 uL of dimethyl sulfoxide was
then added to each well and shaken well to dissolve the
formazan crystals formed, and absorbance was measured at 570
nm. The assay was done in triplicate on three different days,
and the percentage of cytotoxicity was determined using the
following equation.

%cytotoxicity = [(OD of negative
— control OD of sample)]
/(OD of negative control) X 100

3. RESULTS

3.1. Characterization of Chitosan-Cholesterol. We
have characterized chitosan-cholesterol graft copolymer by
Fourier transform infrared (FTIR) spectroscopy and matrix-
assisted laser desorption/ionization time-of-flight mass spec-
troscopy (MALDI-TOF-MS). The characteristic peak of N—H
bending at 1519 and 1637 cm™' of the primary amine in
chitosan shifted to 1552 and 1652 cm™, respectively, of amide
in chitosan-cholesterol. The stretching vibration of C=0O at
1770 cm™" of the carbonyl group in cholesteryl chloroformate
is present at 1739 cm™' in chitosan-cholesterol. Moreover,
peaks at 1465 cm™! for C—H bending and 2949 cm™' for C—H
stretching in cholesteryl chloroformate are present at 1462 and
2945 cm™, respectively, in chitosan-cholesterol (Figure 2). All
the characteristic peaks present in chitosan-cholesterol
confirmed the successful chemical conjugation of cholesterol
to the chitosan backbone. Moreover, the MALDI-TOEF-MS
data show higher molecular mass peaks of 9551 and 9373
(compared to 5394 for chitosan) along with other low
molecular weight peaks, suggesting that 8—9 cholesterols
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Figure 2. Characterization of chitosan-cholesterol by FTIR spectros-
copy. The characteristic peak of N—H bending at 1519 and 1637
cm™' of primary amine in chitosan shifted to 1552 and 1652 cm™,
respectively, of amide in chitosan-cholesterol. The stretching vibration
of C=0 at 1770 cm™ of the carbonyl group in cholesteryl
chloroformate is present at 1739 cm™' in chitosan-cholesterol.
Moreover, peaks at 1465 cm™' for C—H bending and 2949 cm™
for C—H stretching in cholesteryl chloroformate present at 1462 and
2945 cm™', respectively, in chitosan-cholesterol confirmed successful
conjugation of cholesterol units to the chitosan backbone.

were successfully incorporated in the chitosan backbone
(Figure S1).

3.2. Characterization of a-MSH Loading and Particle
Size Determination of Chitosan-Cholesterol a-MSH
Nanoconjugates. a-MSH loading in the chitosan-cholesterol
copolymer was determined by using UV—Visible absorption
spectroscopy. The characteristic absorption of a-MSH shows
at 280 nm due to the presence of tryptophan residues. The
same characteristics absorption at 280 nm for a-MSH was also
observed for chitosan-cholesterol @-MSH nanoconjugates
(Figure 3a) and due to a-MSH confirmed the successful
loading of a-MSH in chitosan-cholesterol a-MSH nano-
conjugates. The peak of a-MSH as shown at 280 nm in the
nanoconjugates is based on the amount used during the
preparation process. The drug-loading percentage was
measured from the calibration curve of the free a-MSH
analogue by UV—visible spectroscopy and with the help of
Beer—Lambert law (A = &cl). The amount of a-MSH loaded
was found to be 0.25 mg/mL and the drug-loading efficiency
was 35.7% (Figure S2). The size and charge of chitosan-
cholesterol a-MSH polymer—drug nanoconjugates were 10—
20 nm and +11.5 mV, as observed by DLS and zeta potential
measurement (Figure 3b). Furthermore, to check the stability
of chitosan-cholesterol a-MSH polymer—drug conjugates, we
measured the size distribution (using DLS measurement) in
varied concentrations of NaCl (50, 137, 200 mM) and at
different time points (0, 2, and 4 h). We observed that under
the experimental conditions (137 mM NaCl corresponds to
the NaCl concentration of PBS and under 2 h experimental
time in this article), the nanoconjugates are stable enough
which could be a hallmark of good therapeutics. However, at
increased NaCl concentrations with longer incubation times
(300 mM, 4 h), the conjugates start to destabilize as observed
from DLS size measurements (Figure S3).

3.3. Antibacterial Activity of Chitosan-Cholesterol a-
MSH. Bactericidal analysis was performed using chitosan-
cholesterol a-MSH polymer—drug nanoconjugates with a-
MSH and chitosan-cholesterol. We have performed each assay
and repeated at least thrice, and the result was interpreted in
terms of percentage inhibition. The effective concentration of
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Figure 3. (a) Characterization of a-MSH loading. The characteristics peak at 280 nm under UV—Vis absorption spectroscopy confirmed the
loading of a-MSH. (b) Particle size determination. The average size of chitosan-cholesterol a-MSH polymer—drug conjugates were less than 15 nm
as determined by the DLS experiment with surface charge +11.5 mV.

a-MSH was 1 uM. In the case of a-MSH after two hours of
treatment, we observed ~50% inhibition of the Staphylococcus
aureus with respect to untreated cells (i.e., 100%). The
percentage of inhibition of chitosan-cholesterol was even more
significant than that of a-MSH only; 21.3% of staphylococcal
cells survived after the treatment which indicates that ~79%
eradication of bacterial growth occurs (Figure 4a,b). However,
the chitosan-cholesterol a-MSH polymer—drug nanoconju-
gates have proven to be the most lethal one, where no
Staphylococcus aureus cells were survived after two hours of
treatment (inhabitation of growth was ~100%). The result
therefore predicts that the polymer—drug conjugate shows a
cumulative and synergistic effect in killing of bacterial cells
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Figure 4. (a) Study of antibacterial activity: (a) Staphylococcal
growth inhibition experiment was performed using chitosan-
cholesterol @-MSH and individual controls. Concentration of all the
components of this experiment is 1 M. a-MSH and chitosan-
cholesterol both show bacterial growth inhibition by a magnitude of
50 and 79%, respectively. The killing efficiency of the peptide
conjugated was very drastic, and almost no bacterial colony was
observed (~100% inhibition) after incubation of the plate overnight.
The experiment was done three times, and percentage survival was
plotted using the software graph pad prism. In this calculation, the
standard error of mean has been considered. Statistical analysis was
done with the student T-Test with respect to control. All the tested
sample was found to be statistically significant while the polymer
peptide has the highest one P < 0.0001. (b) Concentration-dependent
antibacterial properties of chitosan-cholesterol a-MSH. A Staph-
ylococcal growth inhibition experiment was performed using various
concentration limits of @-MSH. The concentration of a-MSH as low
as 1 pM shows significant inhibition of bacterial growth (~40%
growth inhibition) of Staphylococcus aureus. The concentration limits
around 1 nM demonstrated higher efficiency of inhibition but 1 uM
shows the best efficacy. Results of all the treated samples were found
to be significant; P value ranging from 0.0062 to lesser than 0.0001.
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when it is treated in 1 uM concentration (Figure 4a). In this
regard, we also compared the bactericidal efficacy of our
developed chitosan-cholesterol a-MSH polymer—drug nano-
conjugates when it was administered in much lower
concentrations to check the effectiveness in the nanomolar
and picomolar concentration range. Surprisingly, we found the
efficient antibacterial activity in such smallest possible
concentration ranges. The percentage of inhibition was 40%
at a concentration as low as 1 pM, whereas 1 nM shows 60%
killing of bacteria when it was compared with the untreated
cells (Figure 4b). The result therefore indicates that chitosan-
cholesterol a-MSH is a powerful antibacterial weapon that can
efficiently eradicate the growth of multidrug-resistant Staph-
ylococcus aureus even in the lowest possible concentration.
Perhaps, these data are very important in the context of safety
issues as higher concentrations produce more toxicity or side
effects inside the host cell.

3.4. Analysis of the Effect of Chitosan-Cholesterol a-
MSH Nanoconjugates on Growth of MRSA. Since the
nanoconjugate has an inhibitory eftect on Staphylococcus
aureus, we were interested to see the effect of the following
agent in the different growth phases of the opportunist
pathogen. The polymer—drug nanoconjugates were treated
either at the onset of the growth or during the exponential
phase where the cell density steadily increases. The rationale
behind it is to understand whether MRSA can restore the
growth after the initial set back. Growth curve analysis shows
that the growth was compromised during the initial hours
where MRSA were treated with 1 and 2 uM of the polymer
peptide nanoconjugates. After three hours, it started increasing
and later it became almost close to the set where no treatment
has been made (Figure S). The CFU count that gives the
direct number of the live cells present in the culture also
indicates the same. It can therefore be predicted that the effect
of the polymer—drug nanoconjugates remains for a few hours
and reduced over time, which allowed the remaining cells to
grow manifested by the nature of the curve. The administration
of the chitosan-cholesterol a-MSH in the exponential phase (at
three hour) of the growth also has some effect. The distinctive
reduction was observed in the growth in the case of both sets
(1 and 2 pM). The effect set aside gradually with time.
Perhaps, the effect of the chitosan-cholesterol a-MSH lasts for
three hours, which is evident from both types of growth
analysis. It could be due to the stability of the conjugates or the
cells that do not get killed by the MSH contributed in growth
restoration. We aim to explore this area more in future.

3.5. Study of Morphological Changes during Bacte-
rial Growth Inhibition. The bacterial growth inhibition
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Figure 5. Growth curve analysis. (a) The growth profile of MRSA in
the presence of a polymer peptide complex. Initial treatment shows
retardation of growth for early three hours followed by growth
enhancement in the later period. The live number of cells was
calculated by CFU counts, which indicates the significant low number
of live cells present in the sample treated with 1 and 2 uM of the
complex. (b) Intermediate administration of the polymer peptide
complex shows growth retardation for the next few hours and then
becomes almost similar to the cells in the untreated sample. The
number of live cells in samples with intermediate treatment does not
show any significant difference as the CFU count was performed at
four hours.

mechanism using chitosan-cholesterol a-MSH nanoconjugates
was investigated using SEM. In order to understand the mode
of interaction between chitosan-cholesterol a-MSH and
Staphylococcus aureus in the course of bacterial growth
inhibition, MRSA cells were grown up to the mid-exponential
phase, and a higher number of cells (10°) were treated with
different components for two hours at 37 °C. After successful
purification and extraction of the bacteria, the effect of the
treatment was analyzed. In the presence of a-MSH, a fraction
of the total cells has been lysed, and the formation of thread-
like structures was seen under SEM (Figure 6), and cells were
elongated. Actually, treatment of the a-MSH produces stress
on the bacteria causing alteration of the structure. We observed
that cells not only died but also the regular shape of cells
changed. To have a better understanding of the effect, we
performed live and death cell differentiation study with trypan
blue and membrane perforation analysis by WGA that
specifically stain the membrane of the bacterium. Trypan

blue deposits along the membrane when the membrane is
intact. Upon disruption of the membrane (cell lysis), this dye
penetrates through membrane and accumulates inside the cell,
which is evident in the figure (Figure 7). The treatment of the
conjugates produces the lysis of the cell and therefore produces
such an effect. On the other hand, the application of WGA
clearly shows the perforation of the membrane structure after
the treatment of the polymer—drug nanoconjugates. This is
another evidence that indicates that the cell lysis is primarily
vindicated by disintegration of the cell membrane. Therefore, it
can be concluded that the treatment of polymer—drug
nanoconjugates produces a significant damage on bacteria
leading to rapid cell lysis, and cellular materials were leaked
and released into the medium, causing large aggregation of
numerous MRSA cells, as observed by SEM. The result
correlates with our in vitro bactericidal analysis where the
effect of the chitosan-cholesterol @-MSH is much more
pronounced and lethal for bacterial growth inhibition and
killing efficiency (Figure 6).

3.6. Toxicity Study of Nanoconjugates on Various
Types of Cells Using Hemolysis Assay (RBC) and MTT
Assay (Mammalian Cells). The percentage of hemolysis at
different concentrations of chitosan-cholesterol a-MSH with
individual controls was determined using fresh human blood
samples. At various ym concentrations of a-MSH (shows the
best antimicrobial activity, as shown in Figure 4ab), the
hemolysis effect is very negligible considering100% hemolysis
of TritonX-100. The absorbance of the supernatant was
measured at 414 nm using a 96-well plate in the multiplate
reader (PerkinElmer Victor Nivo). TritonX-100 (1%) was
used to measure 100% lysis of RBCs used as the positive
control. Similarly, hemolysis occurs in the presence of PBS
which is taken as the negative control as 0% lysis (Figure 8a).
The cytotoxicity study on the human cell line also resulted in
negligible toxicity under the minimum inhibitory concen-
trations, ie, 0.2 and 1 uM. However, at sufficiently high
concentrations of the compound (almost 8 times than MIC), it
showed some effect in terms of almost 40% inhibition of the
cell viability (Figure 8b). Since a-MSH was shown to inhibit
melanoma cell lines (skin cancer cell line HT22) at higher
concentrations, this kind of effect is possible. Perhaps, we can
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Figure 6. Study of morphological changes of Staphylococcus aureus after individual treatments using scanning electron micrograph: (a) the regular
shape of staphylococcal cells as observed without treatment. (b) Cells changed their regular shape and formed an elongated structure after
treatment of a-MSH only (c). Vigorous cell lysis was observed with concomitant release of the cellular material in the nearby medium after
treatment of chitosan-cholesterol a-MSH, which results in the aggregation of the bacterial cells. (d) Magnification image of Figure 6¢ showing the
lysis and clear aggregation of Staphylococcus aureus. All images were observed under 3—4 pum resolution. All the above figures are associated with the
scale bar showing relative dimensions. The magnified part of figure ¢ is shown as figure d showing cell lysis and subsequent release of cellular

materials.
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Figure 7. Cell viability analysis. (a) Cell viability assay was performed by the trypan blue staining method. The control (left most panel) shows live
cells where the membrane was stained with trypan blue but the cytosol remains unstained. Polymer—drug conjugate-treated cells are lysed and
therefore capable of taking stain inside the cell (right hand pane). (b) Staining with wheat germ agglutinin clearly shows the intact membrane
morphology in control, whereas the treated cells show the perforated, disintegrated cell structure associated with normal healthy cells. The pore
formation on the membrane is shown by an arrow. All the measurements have been taken in 100X resolution.

concentrate on the permissible dose of the chitosan-cholesterol
a-MSH which is effective on the MRSA and at the same time
nontoxic to blood cells and in vivo systems (Figure 8b).

4. DISCUSSION

4.1. Formulation Properties of Generated Chitosan-
Cholesterol @-MSH. We used chitosan-based nanocarriers for
the conjure antibacterial effect of @-MSH. We choose chitosan
particularly for several reasons; the positively charged chitosan
is the key for bacterial cell wall (which is negative charged)
penetration and efficient cellular delivery of a-MSH. This
interaction promotes destabilization and changes membrane
permeability, leading to the lysis of the bacteria cell.*® This
positive charge of chitosan arises from the presence of
numerous primary amine groups (—NH,). According to our
calculation, it has been determined that a single chitosan
polymer possesses 30 number of —NH, functional group
which offers enough possibility for further modifications of the
base polymer (i.e., chitosan chain). We have again emphasized
on easy, single-step, one-pot functionalization methods and
chosen the reactive acid chloride form of cholesterol (i.e.,
cholesteryl chloroformate) for the current study. The reaction
between chitosan and cholesteryl chloroformate is very
spontaneous without addition of further reagents. Particularly,
this easy way of polymer modifications will extremely help
biologists and other researchers of various areas to follow
similar strategies. Moreover, the chitosan is an active
biopolymer that has inherent anti-bactericidal activity, as
shown in previous reports.”’>* Cholesterol which is
biocompatible has made an additional key feature.””*® We
have modified chitosan chains with various ratios of cholesterol
using our developed method. However, we observed that the
presence of very high ratios of cholesterol in the chitosan

backbone (chitosan-cholesterol 1:15, 1:20, 1:25, or 1:30)
decreases the water solubility of the chitosan-cholesterol
polymer which restricts them from being used for further
antibacterial applications, whereas the presence of low ratios of
cholesterol in the chitosan backbone (chitosan-cholesterol 1:1,
1:3, 1:5) offers low drug-loading percentage. Therefore, we
have used an optimal chitosan-cholesterol ratio of 1:8 for our
study which has enough water solubility and drug-loading
capacity to serve the purpose. We have purposefully chosen the
chloroformate derivative of cholesterol because of its very high
reactivity (as mentioned above) and we assume the full
conversion as the molar ratio with the primary amine of
chitosan and cholesteryl chloroformate we used. Actually, from
MALDI-TOF-MS data, we have observed that 8—9 ratios of
cholesterol are attached with the chitosan backbone (Figure
S1), which supports our hypothesis. In the chitosan-cholesterol
graft copolymer, the remaining positive charge of chitosan
from —NH, (i.e, from remaining 22 no.) with the highly
hydrophobic nature of cholesterol present in chitosan-
cholesterol fosters the loading of negatively charged and
hydrophobic drugs more by means of various nonbonding
interactions (for instance Coulombic interactions, hydro-
phobic—hydrophobic interactions, etc.).”* Here, the mecha-
nism involved physical interactions between polymers and
drugs to form chitosan-cholesterol a-MSH polymer—drug
conjugates. The whole process of drug loading includes two
types of interactions: Coulombic interactions and hydro-
phobic—hydrophobic interactions (not covalent interactions).
Moreover, we have designed a-MSH in such a way that the
overall charge is negative (—6 unit) and they have few
hydrophobic amino acid residues (V, Y, W, M, F). Since the a-
MSH is negatively charged, it interacts with the positively
charged chitosan backbone via Coulombic interactions and the
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Figure 8. Effect of nanoconjugates on different types of cells. (a)
Hemolytic analysis. The percentage of hemolysis at different
concentrations of chitosan-cholesterol a-MSH with individual
controls was determined using fresh human blood samples. At
various #M concentrations of a-MSH (shows the best antimicrobial
activity as shown in Figure 4ab), the hemolysis effect is very
negligible considering 100% hemolysis of TritonX-100. The
absorbance of the supernatant was measured at 414 nm using a 96-
well plate in a multiplate reader (PerkinElmer Victor Nivo). TritonX-
100 (1%) was used to measure 100% lysis of RBC used as the positive
control. Similarly, hemolysis in the presence of PBS is taken as the
negative control (0% lysis). Statistical analysis was done with the
student T-Test and the treated sample was compared with the
control. (b) Mammalian cell cytotoxicity assay: furthermore, to check
the cytotoxicity of chitosan-cholesterol a-MSH polymer—drug
nanoconjugates, we measured cytotoxicity in HT22 cell lines using
MTT assay at different concentrations of samples (0.5, 1, and 5 uM)
for 2 h incubation time. We observed that the conjugates are
negligible and cytotoxic to mammalian cells. However, at sufficiently
high concentrations of the compound (almost 8 times than MIC), it
showed some effect in terms of almost 40% inhibition of the cell
viability since @-MSH was shown to inhibit the melanoma cell line
(skin cancer cell line HT22) at higher concentrations.

presence of hydrophobic residues interacts via hydrophobic—
hydrophobic interactions with the cholesterol molecule present
in the polymer. The overall design also helps the formulation
to interact with bacterial cell walls and to show efficient
antibacterial activity.

4.2. Antibacterial Activity of Generated Polymer-
Drug Nanoconjugates. Various studies have been demon-
strated to show the utility of biopharmaceutics like peptide
drugs on antimicrobial therapy for clinical impor-
tance.”®'>°”% Despite their promising role as therapeutics,
their chemical stability in biological fluids with susceptibility to
protease digestion, inability to maintain innate folding
structures, poor selectivity, and binding specificity often limit
their clinical applications.””” However, their formulation in a
nanocarrier not only ensures its stability but also improves the
functionality of @-MSH as AMP.®' a-MSH has already been
well known for its different biological functions. This
neuropeptide has immense effect in combating inflammatory
response by either suppressing the effect of pro-inflammatory
citokines® or promoting the action of anti-inflammatory
citokines. As a neuropeptide, it has vast clinical applications in
neuroloﬁgical diseases such as dementia and Alzheimer’s
disease.”””” In most cases, the dose of the administered
peptide occurs in a nanomolar range.”® Unfortunately, in the

case of its application in microbial killing, the effective
concentration ranges in the micromolar range which is higher
than its effective dose in combating neuroinflammation. To
improve the efficacy of the peptide, we conjugated it with
polymer—drug conjugates which have a definite antimicrobial
role. Chitosan is an active biopolymer that has inherent
antibactericidal activity shown previously.”~"">’* The synergic
effect of a-MSH and chitosan in chitosan-cholesterol a-MSH
nanoconjugates was so significant that we could hardly see any
bacterial colony. Even in the lowest possible (i.e., picomolar)
concentration, the efficiency of the inhibition of bacterial
growth was about 40%, which indicates the true potential of
the developed polymer—drug nanoconjugates. Probably, the
positive charge of chitosan helps a-MSH to efhiciently adhere
to the bacterial cell surface so that the a-MSH can make
sufficient pore formation on the cell wall, leading to the
extensive damage and lysis of the cell (Table 1).'>%*7%
Interestingly, the same formulation does not work that
efficiently in Gram-negative Pseudomonas aeruginosa (Figure
SS). Perhaps, the thick outer membrane of the Gram-negative
bacteria prevents the efficient adherence of the nano-
conjugates, resulting in the lower bactericidal activity (up to
20—25% compared to the control). Since a-MSH has already
been shown to have major bactericidal activity on Gram-
negative E. coli, fungus C. albicans, the manipulation of the
nanoconjugates structure can render a better effect. The SEM
micrograph indicates the rapid lysis of cells with subsequent
release of the cellular material in the outside medium.
Probably, there are other secondary mechanisms that can
also play in the course of cell destruction. These include the
change in membrane potential causing passive diffusion of
different materials from a nearby medium to the cytoplasm,
causing imbalance of the solute within cytoplasmic milieu. The
probability of reactive oxygen species (ROS) generation can
also come into play as there are instances of ROS-mediated
cytotoxicity seen in different systems. However, in our current
study, it is difficult to predict whether the polymer—drug
nanoconjugates can target specialized cellular organelles that
perform a distinct cellular function (e.g., ribosomes in protein
synthesis, etc.). The possibility of these killing mechanisms will
be investigated in the future correspondence. Moreover, in our
future experiments, we will work on cross-linked polymer—
drug conjugates (using glutaraldehyde, etc. as simple cross-
linkers), which will enable us to report more robust
nanoconjugates for performing longer-time and rigorous
biological processes and therefore should be stable enough
to be protected against the attack of proteases.

Safety issues of using a nanodrug formulation are very
important for further consideration in clinical applications. Our
investigation shows that chitosan-cholesterol a-MSH is
significantly nontoxic in a wide range of concentrations in
terms of its reactivity with RBCs. Moreover, the cytotoxicity
study on human cells shows that the effect of the polymer—
drug nanoconjugates is really negligible. Therefore, the
polymer—drug nanoconjugate is stable in nature and specific
in its function; it can be used for various hematological
complications and other uses. The implication of this is
multifaceted. Different drugs can be used with the chitosan-
cholesterol-based nanoconjugates, which might be injected
directly into the bloodstream in order to treat a wide range of
diseases. This ensures better access of the drug or peptide
molecules to their target sites, resulting in better efficacy in
eradicating diseases. Different peptides, antibiotics, or antibody
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molecules can be conjugated with chitosan-cholesterol-based
nanoconjugates to treat life-threatening diseases associated
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chitosan-cholesterol a-MSH polymer—drug nanoconjugates
have proven to be the most lethal ones. The result therefore
predicts that the polymer—drug conjugate shows a synergic
effect on inhibition of bacterial cell growth when it is treated in
1 uM concentration. Furthermore, chitosan-cholesterol a-
MSH polymer—drug nanoconjugates exhibit profound anti-
bacterial properties in the concentration limit as low as
picomolar concentration with 60% inhibition which implies to
be a powerful tool for effective and efficient antibacterial
therapy. Our SEM-based study clearly revealed that the lethal
effect of pore formation on the cell wall and release of the
cellular materials into the medium result in large aggregation of
numerous cells. Our development of chitosan-based tunable
and versatile nanocarriers could be widely applied for both
Gram-positive and Gram-negative bacterial systems with a
broad spectrum of different types of drugs to combat multidrug
resistance.
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