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Introduction

Antibacterial peptidomimetic and characterization
of its efficacy as an antibacterial and
biocompatible coating for bioceramic-based bone
substitutest

Sudip Chakraborty,#® Rajesh Kuppusamy,#*®® Iman Roohani,®*® William R. Walsh,®
Mark D. P. Willcox,® Naresh Kumar {22 and Renxun Chen {2 *?

Infection of orthopedic devices by pathogenic bacteria, coupled with the development of bacterial
resistance against major antibiotics, have caused severe physical and emotional trauma to patients and
posed economic challenges to healthcare institutes and governments worldwide. Antimicrobial
peptidomimetics have emerged as promising new candidates to fight the rise of bacterial resistance.
Conjugation of these peptidomimetics to bone implant materials has become a viable strategy to
combat orthopedic device related infections. In this paper, we report on the synthesis of an
anthranilamide-based antibacterial peptidomimetic. The compound, which could possibly be acting
through the depolarization of bacterial cell membrane, demonstrated a higher toxicity towards S. aureus
compared to E. coli. We further demonstrated the ability of this compound to disrupt pre-formed
biofilms. Coating of the compound on hydroxyapatite discs was achieved via physical interactions
between the charged hydroxyapatite surface and the peptidomimetic. This was confirmed via X-ray
photoelectron spectroscopy. The compound imparted antibacterial property to the discs as determined
via antibacterial assays and imaging, while rendering the discs mildly cytotoxic towards human fetal
osteoblast cells.

to 4.2% in patients that have undergone elective orthopedic surgery,
while for patients with trauma that require complex surgeries, the

Infection of orthopedic implants is a major challenge facing
healthcare systems around the world.'? Infections lead to the
failure of implants which necessitates implant revision surgery
and, in severe cases, may result in amputation and even
mortality.* ® Management of orthopedic implant related infections
(ODRIs) also poses a significant financial burden to health care
systems and governments.” The rate of infection ranges from 0.7%
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rate can be as high as 30%.5"* Nearly two thirds of all ODRIs are
caused by Staphylococcus species, of which, Staphylococcus aureus
and Staphylococcus epidermis are the most significant. Between 20%
to 30% of ODRISs are caused by Staphylococcus aureus.>™ S. aureus
can make up a significant proportion of the resident microbiota of
the skin, and from there can cause hospital- or community-acquired
infections.'®

Treatments of ODRIs have depended heavily on the use of
antibiotics. However, one of the major complications with the
treatment of ODRIs with traditional antibiotics is the develop-
ment of bacterial resistance.”’ The emergence of methicillin
resistant Staphylococcus aureus has posed serious challenges
to established therapeutic protocols for ODRIs.>* A decline in
the development of new antibiotics has happened in parallel
with the acquisition of resistance to established antibiotics.>***
Just two new antibiotics were developed during 2008-2012.>>2°
This decline can be attributed to a decrease in antibiotic
research, reduced investment in the development of new anti-
biotics, and unfavorable government regulations.*>”>°

These developments have necessitated research into alter-
native strategies to combat bacterial infection. One class of

Mater. Adv,, 2021, 2, 6369-6379 | 6369


http://orcid.org/0000-0002-0951-9621
http://orcid.org/0000-0003-0828-9980
http://crossmark.crossref.org/dialog/?doi=10.1039/d1ma00648g&domain=pdf&date_stamp=2021-09-07
http://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00648g
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA002019

Open Access Article. Published on 08 September 2021. Downloaded on 2/13/2026 7:28:45 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

molecules have gained prominence. These are referred to as
antimicrobial peptides (AMPs), and are a diverse group of small
proteins, some of which play a key role in the innate immune
system of various species.>’ One of the primary modes of action
of AMPs is through the disruption of bacterial cell membranes.
AMPs also exert their influence through the modulation of
immune responses and the regulation of inflammation.*' The
primary advantages of AMPs over traditional antibiotics are
their broad-spectrum activity and lesser susceptibility towards
the development of bacterial resistance.’” There has been a
significant amount of research on AMP coated bone
implants.**° Despite a lot of promise, there are certain draw-
backs of natural AMPs that hinder their clinical translation.
These can include toxicity towards mammalian cells, protease
susceptibility,’” sensitivity to changes in pH and salt
concentrations,*®*° and high costs of production.*® These
shortcomings have inspired research on mimics of AMPs. Our
group has designed short molecule peptidomimetics which
have significant antibacterial activity.*"*> However, little
research has been conducted to demonstrate the application
of such peptidomimetics in controlling ODRIs.

Hydroxyapatite (HA) has been used extensively for the fab-
rication of biomaterials particularly bone substitutes.** A com-
parative study of HA based materials with autografts
demonstrated increased implant incorporation of the HA graft
in a canine model for cervical interbody fusion.** In another
study, hydroxyapatite disc fusion exhibited slightly superior
performance over autologous iliac crest interbody fusion in
anterior cervical disc surgery.*> HA has been used as a stand-
alone material or in combination with other materials and
nanoparticles for the fabrication of bone tissue engineering
scaffolds.”® On other occasions, HA has been used as coatings
and other formulations to improve the performance of metal
and polymer-based implants.***® Due to its versatility and
widespread usage as a material for fabricating bone implants
and biomaterials, HA serves as a suitable model material for
testing the efficacy of novel antimicrobial peptidomimetics.

In this work, we report the synthesis of a small molecule
peptidomimetic and its antibacterial efficacy. We then deter-
mine its effectiveness as an antibacterial coating material on
hydroxyapatite surface.

Materials and methods

1. Synthesis and characterization of the antimicrobial
peptidomimetic

1.1. Synthesis of antimicrobial peptidomimetic com-
pound. Refer ESI{ for experimental details.

1.2. Minimum inhibitory concentration (MIC). The anti-
microbial activity of the compound was evaluated via a broth
microdilution assay using the procedure described by Clinical
and Laboratory Standards Institute (CLSI). Briefly, S. aureus
(S.A 38) and E. coli (E.C K12) were grown to mid-log phase in
Muller Hinton broth (MHB) from Sigma Aldrich, Australia, on a
shaker maintaining 120 rpm and inside an incubator, at 37 °C,
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for 12-16 h. Following incubation, bacteria were washed three times
in PBS, pH 7.4, at 3500 g, for 10 min. After washing, bacteria were
diluted with fresh MHB. The turbidity of the bacterial suspension
was adjusted such that a value of 0.1 was obtained at the wavelength
of 600 nm, which corresponds to a bacterium count of 1 x 10°
Colony Forming Units (CFU) mL ™", and then the suspension was
further diluted to achieve 5 x 10> CFU mL ™" as the final concen-
tration of bacteria. The compound was diluted (250-3.9 pM)
through two-fold dilution. Each dilution of the compound was
further added to the wells in a microtiter plate which were also
incubated with 100 pL of inoculum containing 5 x 10> CFU mL "
bacteria. Wells without any compound and containing only bacteria
were used as negative controls (i.e., no inhibition of growth). Wells
with media only were used as blanks. The microtiter plate was
wrapped with paraffin to prevent evaporation and incubated with
shaking at 120 rpm and 37 °C for 18-24 h. After incubation,
spectrophotometric reading was taken at 600 nm. The concen-
tration of the compound in the well devoid of any visible bacterial
growth and an absorbance value of zero was determined to be
its MIC.

1.3. Cytoplasmic membrane permeability assay. The
method for this assay was adopted from Wu et al.*® with slight
modifications. Bacterial cytoplasmic membrane permeability
was determined using membrane potential sensitive dye diSC3-
5 (3,3'-dipropylthiadicarbocyanine iodide) whose penetration
inside bacterial cells depends on the potential gradient across
their cytoplasmic membranes. Bacteria (S.A 38 and E.C K12)
were grown in MHB to mid-log phase via shaking at 37 °C
inside an incubator for 18-24 h. Following incubation, bacteria
were washed with a 5 mM HEPES (pH 7.2) solution containing
20 mM glucose and then resuspended in the same buffer to a
final optical density of about 0.5-0.6 at 600 nm, which approxi-
mately corresponds to a bacterium count of 1 x 10" CFU mL ™.
The dye diSC3-5 was added at a concentration of 4 uM to the
bacterial suspensions. The suspensions were incubated in the
dark and at room temperature for 1 h to ensure maximum dye
uptake by the bacterial cells. Then, 100 mM KCI was added to
balance the K' concentration across the bacterial cell
membrane to prevent further uptake or outflow of the dye.
For the Gram-negative bacteria, 0.5 mM EDTA was used to
destabilize the lipopolysaccharides-Mg>*-Ca®" complex to help
in the penetration of the dye without affecting bacterial growth.
100 pL of bacterial suspension was added to a 96-well microtiter
plate with equal volume of antimicrobial compound. Three
different concentrations of the antimicrobial compound were
tested in this experiment. The concentrations (1x MIC,
2x MIC, 4x MIC) were selected based on the MIC values deter-
mined in the previous experiment, where 1x, 2x, and 4x MIC
denote one-fold, two-fold, and four-fold MIC, respectively. DMSO
(20%) was used in the growth media as positive control while
bacteria grown in the absence of any compound was used as
untreated control. Fluorescence was measured with a luminescence
spectrophotometer at 3 min intervals at an excitation wavelength of
622 nm and an emission wavelength of 670 nm.

1.4. Biofilm disruption assay. Bacterial cultures (S.A 38 and
E.C K12) were grown in MHB overnight at 37 °C with shaking at

© 2021 The Author(s). Published by the Royal Society of Chemistry
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120 rpm. Cultures were diluted (1:20) in MHB medium and
200 pL aliquots were dispensed to flat bottom 96-well plate
wells (Sarstedt Australia). Biofilm was allowed to grow in the 96-
well plate for 24 h, followed by the addition of the compound
and further incubation for 24 h. Four different concentrations
of the compound; 1x, 2x, 4x, 8x MIC, corresponding to one-
fold, two-fold, four-fold, and eight-fold MIC were chosen for
this study. Untreated biofilm was used as control. Plates were
sealed with self-adhesive microplate sealers (TopSeal-A, Perki-
nElmer) to allow diffusion of air and to prevent condensation.
Biofilms adhered on polystyrene substratum were quantified by
crystal violet staining as described previously.>® This experi-
ment was performed in triplicate.

2. Synthesis of HA nanoparticles and discs

2.1. Synthesis of HA nanoparticles. Hydroxyapatite nano-
particles were synthesized according to a protocol developed in
our group. Briefly, 236.15 grams of calcium nitrate tetrahydrate
and 79.236 grams of ammonium phosphate dibasic were
weighed and added to two separate beakers containing MilliQ
water (1500 mL for calcium nitrate tetrahydrate and 500 mL for
ammonium phosphate dibasic). The solution containing cal-
cium nitrate tetrahydrate was heated on a hot plate. Ammo-
nium phosphate dibasic was allowed to completely dissolve in
solution and then it was added to the calcium nitrate tetrahy-
drate solution after the later reached a temperature of 60 °C.
The solutions were mixed slowly in order to maintain a pH of
above 7.5 throughout the mixing process. After complete mix-
ing, the final 2000 mL solution was passed through a filter
paper. The solvent was discarded, and the paste consisting of
HA nanoparticles was retained and allowed to dry overnight.
The HA nanoparticles were then sintered at four different
temperatures for one hour. The selected temperatures were
800 °C, 1000 °C, 1050 °C, and 1100 °C. The sintered nano-
particles were then observed under SEM.

2.2. Synthesis of HA discs. HA nanoparticles synthesized in
the previous step were used for the fabrication of discs. Briefly,
the sintered nanoparticles were first ground and disaggregated
using a mortar and a pistil. The ground nanoparticle powder
was then passed through a 0.2 pm sieve to retain particles
larger than that for further grounding. The particles smaller
than 0.2 pm were mixed with water at 40 wt% (40 grams of
nanoparticles in 60 grams of water). The water-nanoparticle
mixture was then homogenized in a ball mill for 60 minutes.
The homogenized mixture was then cast into cylindrical molds
and allowed to dry overnight in a desiccator. The dried cylind-
rical HA discs were then sintered at 1100 °C for 6 hours. The
surface morphology of the sintered HA discs was analyzed
using Scanning Electron Microscopy (SEM).

3. Synthesis and physical characterization of peptidomimetic
coated hydroxyapatite discs

3.1. Synthesis of peptidomimetic coated HA discs. Pepti-
domimetic was coated onto the HA discs via physical adsorp-
tion. Briefly, sintered HA discs were incubated in an aqueous
solution containing the peptidomimetic for 24 hours under

© 2021 The Author(s). Published by the Royal Society of Chemistry
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mild shaking condition at room temperature. For this purpose,
three different solutions of the peptidomimetic were prepared
in water, each having a concentration of 100 pg mL™ %
500 ug mL ™', and 1000 pg mL~* peptidomimetic, respectively.
After incubation, the solutions were removed, and the discs
were washed thrice with distilled water in order to remove
loosely bound and unbound peptidomimetics. The discs were
then allowed to dry at room temperature for roughly 18-24

hours. These coated discs were used for subsequent
experiments.
3.2. UV-Vis spectroscopy. The amount of peptidomimetic

attached to the HA discs was measured indirectly through UV-
Vis spectroscopy. This was done immediately after attachment
of the peptidomimetic to the discs. As mentioned in the
previous step, HA discs were incubated in the peptidomimetic
solutions for 18-24 hours for effective adsorption. After the
incubation, the solution was removed and its absorbance was
measured at 260 nm. Before this, a standard curve of the
peptidomimetics concentration vs absorbance was generated.
The value of absorbance obtained in the solutions was then
compared to this standard curve to determine the concen-
tration of peptidomimetic left in it. The amount of peptidomi-
metic attached to the discs was calculated as {C; — Cg} x V,
where Cj is the initial concentration of the peptidomimetic in
the solution, Cf is the concentration after 24 hours of incuba-
tion of HA disc in the solution, and V is the volume of the
solution.

3.3. X-Ray photoelectron spectroscopy (XPS). The surface
of uncoated and peptidomimetic coated HA discs were ana-
lyzed via XPS to qualitatively determine the adsorption of the
peptidomimetic. A Thermo ESCALAB250Xi X-ray photoelectron
spectrometer was used at a background vacuum higher than
2 x 10~°° mbar. A mono-chromated Al Ko (energy 1486.68 eV)
was used as the X-ray source and the power was maintained at
120 W. A photoelectron take-off angle of 90° and a spot size of
500 pm was chosen for the analysis.

3.4. Fourier transform infrared spectroscopy (FTIR). The
HA discs (uncoated and coated) were further analyzed via FT-IR
spectroscopy. A Spectrum 100/Spotlight 400 FT-IR spectrometer
was used for the analysis. The scanning range was set from
650 to 4000 cm .

3.5. RAMAN spectroscopy. The discs were also analyzed via
RAMAN spectroscopy. Uncoated HA discs and HA discs coated
with the three different concentrations of the peptidomimetic
were used in the analysis. A standard diode laser setting of

532 nm (green) was used along with a grating of 1800 1 mm .

The scanning range was set from 44 to 1826 cm™ .
4. Invitro antimicrobial evaluation of peptidomimetic coated
discs

4.1. Direct contact antibacterial assay. Antibacterial activ-
ity of the discs was evaluated via directly growing bacteria on
their surfaces.’® Briefly, a stock solution of S. aureus 38 was
prepared by incubating MHB with the bacteria and growing it
overnight at 37 °C. S. aureus 38 for this step was isolated by
picking a single colony from a freshly prepared streak plate.

Mater. Adv, 2021, 2, 6369-6379 | 6371
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After incubation, the S. aureus 38 containing MHB was centri-
fuged at 3500 rpm for 10 minutes in an Eppendorf 5430
multifaceted centrifuge. Subsequently, the supernatant was
discarded, and the pellet was dissolved in fresh MHB. The
amount of MHB added to the pellet was adjusted such that the
absorbance value of the solution, when observed in a micro-
plate reader at 600 nm, read 0.1. This is corresponding to a
bacterial concentration of 10° CFU mL™". After adjustment of
the absorbance, the media was further diluted 1000-fold to
reach a final bacterial concentration of 10° CFU mL ™ ". Pepti-
domimetics coated discs, in triplicates, were placed in 96 well
plates. Uncoated discs were used as controls. These discs were
submerged in the diluted media and incubated overnight at
37 °C. After the incubation, media from each well were collected into
separate Eppendorf tubes and diluted serially with PBS from 1 to 10-
fold. All the dilutions corresponding to media collected from an
induvial well were then plated in an agar plate. These plates were
incubated overnight at 37 °C. The number of colonies at each
dilution were counted the next day, and the CFUs mL ' of
the corresponding undiluted media was calculated as
CFUs mL~! (undiluted media) = CFUs in nth dilution x 10".

4.2. Bacterial adhesion assay. The number of bacteria
attached to the surface of the discs was quantified using a
modification of the aforementioned protocol.’ Coated discs
were submerged in 10° CFUs mL ™" of S. aureus 38 containing
media and incubated overnight at 37 °C. Subsequently, the
media was removed, and the discs were washed thrice with PBS
with mild shaking for 5 minutes. The washing steps ensure the
removal of loosely attached bacteria. After the third wash, the
discs were submerged again in media and vortexed vigorously
for 5 more minutes. This was done to dissociate the strongly
attached bacteria from the discs. The media was then collected
in an Eppendorf tube and serially diluted from 1 up to 10-fold.
Each dilution was then plated on separate agar plates and
incubated overnight at 37 °C. The number of colonies corres-
ponding to each dilution was counted on the following day and
the CFUs mL™" in the corresponding undiluted media was
back calculated according to the following formula
CFUs mL~! (undiluted media) = CFUs in nth dilution x 10".

5. Invitro cytotoxicity

5.1. Cell culture. The in vitro cytotoxicity studies were
performed with human fetal osteoblastic cell line hFOB 1.19.
For this purpose, cells previously frozen in our lab at passage 4
were thawed and subsequently revived in DMEM/F-12 media
supplemented with 10% Fetal Bovine Serum (FBS), and peni-
cillin (5000 unit per mL), and streptomycin (5000 pg mL ™). The
cells were grown by incubation in a humidified CO, chamber
that was maintained at 5% CO, and 37 °C. The cells were grown
for one more passage before they were used for the subsequent
experiments.

5.2. Alamar blue assay. The cytotoxicity of the scaffolds was
determined by measuring the metabolic rate of hFOB 1.19 cells
grown on the scaffolds for 24 and 72 hours in an alamar blue
assay. Briefly, uncoated and peptidomimetic coated scaffolds

6372 | Mater. Adv, 2021, 2, 6369-6379

View Article Online

Materials Advances

were incubated in DMEM/F-12 media supplemented with 10% FBS
for 24 hours. Before cell seeding, the scaffolds were replenished
with fresh media. The cells for this purpose were obtained via
trypsinization of a monolayer cultured in tissue culture flasks as
mentioned above. The trypsinized cell suspension was seeded onto
the scaffolds at a density of 10* cells per scaffold. After 24 and
72 hours of culture on the scaffolds, alamar blue reagent was added
such that the final media contained 10% alamar blue reagent (v/v).
After addition, the cells were further incubated for 2 hours at 37 °C
in a humidified CO, chamber. After the incubation, the media was
transferred to a 96 well microtiter plate and the absorbance of the
media was measured at 570 nm with 600 nm as the reference. The
metabolic activity of the cells was taken as a measure of their
viability, and it was calculated from the absorbance values as
follows:

(Mz XA])—(Ml X A2)
(Mz X Pl) —(01 X Pz)

Percentage cell viability = x 100,

where: M; = molar extinction coefficient (E) of oxidized alamar blue
(blue) at 570 nm, M, = molar extinction coefficient (E) of oxidized
alamar, blue (blue) at 570 nm, A; = absorbance of test wells at
570 nm, A, = absorbance of test wells at 600 nm,
P, = absorbance of positive growth control well (cells in tissue
culture plate) at 570 nm, P, = absorbance of positive growth control
well at 600 nm.

5.3. SEM imaging. The morphology of the cells growing on
the surface of the HA discs was determined via imaging the
surface of the discs under a SEM. For this purpose, cells were
grown on the surface of the discs for 24 hours as mentioned
previously. After 24 hours of growth, the cell culture media was
removed, and the surface of the discs was wiped with PBS.
Then, the discs were incubated in a 2.5% glutaraldehyde
solution for 2 hours in a humidified CO, chamber maintained
at 37 °C. After the incubation, the glutaraldehyde solution was
discarded and the discs were serially washed with solutions of
increasing ethanol concentrations (starting from 50%, then
60%, going all the way to 100%). Each washing step involved
incubation of the discs in the respective ethanol solution for
10 minutes at room temperature. After the final wash, the discs
were dried in a critical point dryer. The dried discs were
subsequently sputter coated with platinum and taken for
imaging. NanoSEM 230 was operated at an accelerating voltage
of 3 kv and a spot size of 3 for the imaging.

The morphology of the bacteria attached to the discs was
observed under SEM. The same protocol as above was followed
for fixing the cells. NanoSEM 230, a field-emission scanning
electron microscope (FE-SEM) was used for the imaging. The
spot size was fixed at 3 and an accelerating voltage of 10 kV was
used for the imaging.

Statistics. The bar graphs are plotted as mean + standard
deviation. Unless specified otherwise, all the experiments were
performed in triplicates and repeated at least three indepen-
dent times. The data was analyzed via one way Analysis of
Variance (one way ANOVA). A p-value of less than 0.05 was
considered to be statistically significant.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00648g

Open Access Article. Published on 08 September 2021. Downloaded on 2/13/2026 7:28:45 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

Results

1. Synthesis and characterization of novel antimicrobial
peptidomimetic for surface coating

We have previously reported amphiphilic anthranilamide com-
pounds as antimicrobial peptidomimetics.*! In this study, we
have designed a cationic synthetic peptide for noncovalent,
electrostatic binding with HA, aiming to construct an antimi-
crobial coating. Amongst the different biaryl compounds
that were synthesized (data not presented), one compound
(6 in Scheme 1) was found to be active against S. aureus
(MIC = 3.9 uM) and E. coli (MIC = 31.2 pM). The compound
was further investigated to understand its mode of action. As
most AMP mimics Kkill bacteria by disrupting their cytoplasmic
membranes, membrane permeability assays are illuminating
for analyzing their mode of action.>® The membrane potential-
sensitive dye cyanine disC3-5 (3,3’-dipropylthiadicarbocyanine
iodide) assay was used to analyze the ability of our compound
to depolarize the cytoplasmic membrane of S. aureus and
E. coli. Perturbation of the bacterial cell membrane by a
membrane disruptive compound leads to the loss of the
membrane potential gradient, thereby causing the dye to be
released into the medium. The release of the dye subsequently
increases the fluorescence intensity of the medium, which can
be used as a measure of membrane activity of the compound.
The addition of biaryl compound 6 at 1x MIC (3.9 uM) against
S. aureus rapidly increased the fluorescence intensity indicating
the perturbation of the cell membrane (Fig. 1(a)). Similar
results were obtained when the cytoplasmic permeability assay
was performed on E. coli as well (Fig. 1(b)).

Biofilms have been shown to be 10-1000 times more resis-
tant to conventional antibiotics.>® We tested the ability of our
peptidomimetic compound for its ability to disrupt established
S. aureus and E. coli biofilms using the crystal violet staining
assay. The ability of compound 6 to disrupt the biofilms was
measured at increasing concentrations that were multiples of
its MIC; 1x, 2x, 4%, and 8x, where x is the MIC of compound
6 (Fig. 2). Compound 6 disrupted around 93% of biofilm at
4x MIC (15.6 uM) concentration. However, the compound did
not show biofilm disruption of E. coli even at a concentration of
>125 uM, corresponding to 32x MIC.
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Scheme 1 Synthesis of antibacterial peptide mimics for surface coating.
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Fig.1 Cytoplasmic membrane depolarization of (a) S. aureus 38 and (b)
E. coli K12 by 6, as assessed by release of the membrane potential-
sensitive dye DiSC3-(5) measured spectroscopically at 622 nm and
670 nm, as the excitation and emission wavelength respectively. 1x, 2x,
and 4x MIC denote one-fold, two-fold, and four-fold MIC, respectively.
Data presented as means (+ SD) of three independent repeats in triplicate
cells 20% DMSO was used as a positive control.

*okkok

Kok Kk
* kKK
ok Kk
100+ Il Untreated control
B 1xMmIC
- 2xMIC
B axmic

1 8xMIC

@
s
1

% reduction of biofilm mass

Concentrations of compound (fold MIC)

Fig. 2 Disruption of established biofilm of S. aureus after 24 h with 1x to
8x MIC concentrations of compound 6. 1x, 2x, 4x, and 8x MIC denote
one-fold, two-fold, four-fold and eight-fold MIC, respectively. The positive
control represents the preestablished biofilms without any compounds.
**** = p-value <0.0001.

The active peptidomimetic compound was further assessed
for its activity after attachment on HA discs.

2. Synthesis of HA nanoparticles and discs

2.1. Synthesis of HA nanoparticles. HA nanoparticles were
synthesized via a protocol developed in our group. After sinter-
ing at four different temperatures, the morphology of the
nanoparticles was observed under SEM (Fig. 3). The nano-
particles appeared aggregated under the microscope and the
nanoparticles sintered at 1000 °C displayed a morphology more
suitable for fabrication of discs (Fig. 3(c)). These nanoparticles
were chosen for the synthesis of HA discs and all the subse-
quent experiments.

Mater. Adv., 2021, 2, 6369-6379 | 6373
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Fig. 3 Scanning electron micrographs of (a) un-sintered and (b)—-(e), HA
nanoparticles sintered at 800, 1000, 1050, and 1100 °C, respectively.

Fig. 4
surface.

(a) Sintered HA discs, (b) scanning electron micrograph of HA disc

2.2. Synthesis of HA discs. HA discs were prepared by
drying a 40 wt% solution of HA inside cylindrical PMMA molds
and subsequent sintering at 1000 °C. The discs appeared
mechanically rigid to naked eyes (Fig. 4(a)). The surface of
the discs, as elucidated through SEM, appeared porous
(Fig. 4(b)). This porosity is most likely to be a characteristic
feature of the entire volume of the disc.

3. Synthesis and characterization of peptidomimetic coated
HA discs

3.1. Synthesis of peptidomimetic coated HA discs. Pepti-
domimetic coated discs were synthesized via physical adsorp-
tion of the peptidomimetic onto the HA discs. Uncoated and
coated discs were imaged under an SEM (Fig. 5(a)-(d)). Incuba-
tion of the discs in peptidomimetic solution did not alter their
surface morphology as can be seen from the SEM images.

3.2. UV-Vis spectroscopy. The degree of peptidomimetic
attachment on the HA discs was quantified indirectly through
UV-Vis spectroscopy. A dose dependent increase was observed
in the amount of peptidomimetic attached to the discs
(Fig. 5(e)). The amount of peptidomimetic attached to the discs
was approximately 5, 28, and 55 pg, corresponding to loading
concentrations of 100, 500, and 1000 pg mL~" respectively.

3.3. X-Ray photoelectron spectroscopy (XPS). Surface ele-
mental composition of uncoated and coated HA discs was
determined through XPS. An increase in the total carbon
coverage on the surface was observed with an increase in the
peptidomimetic loading (Fig. 6(a)). Uncoated HA disc had a
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(e) Peptidomimetic concentration
in solution (100ug/mL)
Peptidomimetic concentration
in solution (S00ug/mL)
Peptidomimetic concentration
in solution (1000ug/mL)

2
g

2
8

20

Peptide attached (p.g/disc)

Fig. 5 (a) and (c) Scanning electron micrographs of HA discs incubated in
water for 24 h and (b) and (d) incubated in 1000 ug mL~* peptidomimetic
solution for 24 h. (e) Quantification of peptidomimetic attachment on HA
discs corresponding to three different concentrations of peptidomimetic
loading solution. n = 3.

(a)

Carbon |Oxygen |Nitrogen |Calcium |Phosphorus
Control HA disc 20.8 54.23 0 18.54 6.44
HA disc + 100 pg/mL
17.76  52.63 045  17.03 11.03
HA disc + 500 pg/mL
i 50.17] 28.11 8.13 7.97, 5.02
HA disc + 1000 pg/mL
70.26 12.95 12.31 2 1.07
(b) ()
Ratio of different carbon species Surface Nitrogen
FHAK 15 Fokkk

g

B HA disc
HA disc soaked in 100 g/ml
peptidomimetic
HA disc soaked in 500 g/ml
peptidomimetic

HA disc soaked in 1000 jg/ml
* peptidomimetic

|_|

Aok

2
H

Hokkk

g

(C-C/C-H : COOH)
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3

Atomic percentage

2848 ev:288.6 ev

(€15 binding energy)

-

Modified HA discs

s

o 0
Modified HA discs

Fig. 6 (a) Surface elemental composition of the uncoated and coated HA
discs, (b) ratio of different carbon species on the surface of the discs,
(c) surface coverage of nitrogen on the discs. ns = no significance,
* = p-value <0.5, **** = p-value <0.0001. n = 3.

surface Carbon coverage of 20.8% while HA discs soaked in
100, 500, and 1000 pg mL™' peptidomimetic had surface
carbon coverages of 17.76, 50.17, and 70.26% respectively.
Upon further inspection of the total carbon content, at least
four different types of carbon species were found corres-
ponding to carbon present in different types of bonds. Out of
these, two types of carbon species were of interest to us: carbon
present in C-C/C-H bonds (corresponding to a binding energy
of 284.8 eV, Fig. 6(b)) and carbon present in COOH groups
(corresponding to a binding energy of 288.6 eV, Fig. 6(b)).
Accumulation of COOH on the surface is due to adsorption of
adventitious carbon from the environment while preparation
and handling of the discs. C-C/C-H is contributed by the
peptidomimetic and its accumulation on the surface is an
indication of the adsorption of the peptidomimetic on the
surface. We observed an increase in the ratio of C-C/C-H
relative to COOH with an increase in peptidomimetic loading
on HA discs indicating an increase in the amount of adsorbed
peptidomimetic with an increase in initial loading. The total
nitrogen coverage on the surface also increased with an
increase in the initial peptidomimetic loading (Fig. 6(c)). The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 FT-IR spectra of unmodified and modified HA discs.

surface nitrogen is contributed solely by the peptidomimetic,
and therefore, an increase in the surface nitrogen coverage
further confirms the adsorption of the peptidomimetic to the
surface.

3.4. Fourier transform infrared spectroscopy (FTIR). The
FT-IR spectrum of the uncoated and coated HA discs showed
the characteristic HA peaks (Fig. 7). In the spectra of the
uncoated and the three coated discs, the peaks around
960 cm ™' correspond to v; nondegenerate symmetric stretching
characteristic of P-O bonds. Furthermore, the peaks associated
with v, vibration mode of the PO,*>~ are observed around 1036
and 1095 cm ™",

All the four spectra follow the characteristic spectrum of HA;
however, the intensity and sharpness of the peaks decreased
with an increase in the amount of bound peptidomimetic.

3.5. RAMAN spectroscopy. The surfaces of the discs were
further analyzed via RAMAN spectroscopy. Similar to the spec-
tra in FT-IR, all the four RAMAN spectra showed the character-
istic spectrum of HA (Fig. 8). The peaks at 1076 cm™’,
1046 cm ™', 1030 cm™', and 961 cm ' correspond to the

——HA disc + 1000 pg/ml id
|——HA disc + 500 pg/ml peptidomimetic
200000 ——HA disc + 100 pg/ml peptidomimetic

[—HA disc
180000 ~
160000
140000 I
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Fig. 8 RAMAN spectra of unmodified and modified HA discs.
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asymmetric and symmetric stretching modes of the PO, group.
The peaks observed around 610 cm™, 594 cm™?, and 582 cm ™!
correspond to the triply degenerated bending mode of the
O-P-O bond. Furthermore, the peaks at 433 cm ' and
447 em ™! correspond to the doubly degenerated bending mode
of the same bond. The intensity and sharpness of some of these
peaks and bands decrease with an increase in the amount of
adsorbed peptidomimetic on the surface of the discs.

4. Antibacterial adhesion assay

The antibacterial activity of the peptidomimetic coated discs
was evaluated in a direct contact antibacterial assay.*® The
coated discs demonstrated higher antibacterial activity than
the uncoated control discs, exhibiting a 2 log reduction in the
number of viable bacteria in the media (Fig. 9(a)). However, a
significant dose dependent increase in the antibacterial activity
of the coated discs was not observed. A trend towards an
increasing activity was noticed but the differences between
groups with different amounts of loaded peptide were not
statistically significant.

The number of bacteria attached to the discs was quantified
by a slight modification of the protocol of the direct contact
antibacterial assay. A reduction in the total number of bacteria
attached to the discs was observed between the coated and the
uncoated discs (Fig. 9(b)). However, like the case with bacteria
in media, no significant difference was observed within the
three different coated discs.

The morphology of the attached bacteria was observed
under SEM. S.A. 38 exhibited a spherical morphology on all
the discs and no structural deformities were visible on the
bacteria grown on the coated discs (Fig. 10). The number of
bacteria within a field of view was higher in the uncoated disc
compared to that on the coated discs.

5. In vitro cytotoxicity

5.1. Alamar blue assay. The cytotoxicity of the discs was
measured via alamar blue assay. A dose dependent increase in
cytotoxicity was observed with increasing amounts of the
peptidomimetic on the discs (Fig. 11). However, the magnitude
of cytotoxicity on all the discs was within the acceptable range.
Unmodified HA discs had a toxicity level closest to the tissue
culture plate control (approximately 95% cell viability).
Amongst the coated discs, the discs loaded with 5 pg of

(a) (b)

S.aureus growth in superatant S. aureus growth on disc

** *xrx
*x wkrx

e
15000-

CrUs/mL
cRus/di

Modified HA surfaces Modified HA surfaces

Fig. 9 (a) CFUs in supernatant, (b) CFUs on disc surface. ** = p-value
<0.01, **** = p-value <0.0001. n = 3.
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Fig. 10 SEM micrographs of S. aureus on the surfaces of (a) HA disc, (b)—
(d) HA disc soaked in 100, 500, 1000 pg mL~* peptidomimetic, respec-
tively. (e)—(h) corresponding images of the same samples in the same
order at a lower magnification.

(a) 24 hrs (b) 72 hrs

*k kK

*%
ns
ns
100
50
0

Modified HA discs
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Fig. 11 Cytotoxicity after (a) 24 h, (b) 72 h of cell culture on discs,
(c) side by side comparison of cytotoxicity at 24 and 72 hours, respectively.
ns = no significance, ** = p-value <0.01, *** = p-value <0.001,
**** = p-value <0.0001. n = 3.

% Cell viability

peptidomimetic demonstrated quite low cytotoxicity (approximately
86% cell viability), while discs loaded with 28 and 55 pg of
peptidomimetic showed significant cytotoxicity (approximately 75
and 63% cell viability, respectively). The increase in cytotoxicity with
an increased peptidomimetic loading could possibly be due to the
membrane disruptive effect of the peptidomimetic, although
further studies need to be performed to explore the mechanism
of cytotoxicity. Since the antibacterial activity of the discs loaded
with three different concentrations of the peptidomimetic is quite
comparable and the disc loaded with the lowest amount of pepti-
domimetic has negligible cytotoxicity, we decided to take a disc with
the lowest amount of peptidomimetic for morphological analysis of
the cells growing on the discs.
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Fig. 12 SEM of hFOB on (a)-(c), HA disc, (d)-(f),
100 pg mL~* peptidomimetic.

Ha disc soaked in

5.2. SEM imaging. The morphology of the cells growing on
the discs was observed through SEM. The cells appeared
healthy after 24 hours of growth on both uncoated and HA
discs coated with 5 pg peptidomimetic (Fig. 12(d)-(f)). They
displayed an elongated morphology with projections extending
out of the cellular body as is observed for healthy osteoblasts
growing under normal osteogenic conditions.

Discussion

The prevalence of bacterial infections on orthopedic implants
and biomaterials is a major challenge for governments and
healthcare institutes around the world. The presence of
S. aureus in a significant majority of these infections makes it
a major target of therapeutic interventions. However, tradi-
tional antibiotics, despite their success, have become ineffec-
tual in treating a lot of infections due to the emergence of
antibiotic resistance in bacteria. Novel strategies for treating
infections have utilized AMPs and their synthetic analogs.
Natural AMPs are not particularly suitable for use in the
pharmaceutical industry due to their drawbacks mentioned
before. Synthetic mimics of AMPs, also known as antibacterial
peptidomimetics, retain crucial structural features of AMPs
responsible for their antibacterial activity while overcoming
some of their drawbacks.

Our group has previously reported amphiphilic anthranila-
mide compounds as novel antibacterial peptidomimetics.*"*>
Inspired by the success of those compounds, our current work
describes the synthesis of a novel antibacterial peptidomimetic
for potential application as a coating material for orthopedic
devices. In this paper, we reported on the synthesis of a new
anthranilamide-based peptidomimetic. The compound demon-
strated activity against both Gram-positive and Gram-negative
bacteria and its MIC against S. aureus 38 strain was signifi-
cantly lower than its MIC against E. coli K12 strain. One
possible common mechanism of action of AMPs and AMP
mimics is the disruption of bacterial cell membrane.
Membrane disruption is initiated by the attachment of the
AMPs and their mimics to the membrane surface which is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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facilitated by the cationic and amphiphilic nature of these
molecules. Our compound demonstrated the ability to desta-
bilize artificial membrane in the cytoplasmic membrane per-
meability assay, which suggests that membrane disruption is
an integral part of mechanism of action for the peptidomi-
metic. This can be attributed to the cationic and amphiphilic
nature of our compound which, as mentioned before, are
crucial parameters determining the attachment of antibacterial
entities to the surface of bacterial membranes. Furthermore,
our compound demonstrated the ability to disrupt pre-formed
biofilms. These results suggests that the peptidomimetic is a
suitable candidate for the prevention and/or treatment of
bacterial infections.

One of the strategies for combatting orthopedic device
associated infections is the release of antibacterial agents from
the devices in situ. Biomaterials and devices used in orthopedic
therapy have been coated with antibacterial entities, both
traditional  antibiotics and AMPS/peptidomimetics.>*™”
Amongst the different coating strategies, direct covalent and
non-covalent attachment of antibacterial entities to surfaces
have been explored quite extensively.>®”® Non-covalent attach-
ment strategies leverage the charged and/or polar properties of
some drugs and material surfaces to form favorable weak
interactions between the two. This type of attachment is
reversible and the characteristics of the material and the
antibacterial entity contributing to their interaction can be
modified to tune the strength of attachment and dissociation
kinetics. Non-covalent attachment of an antibacterial entity on
a biomaterial surface also allows for sustained release of the
antibacterial over a prolonged period.

To investigate the utility of the peptidomimetic as antibac-
terial coating, we evaluated the efficacy of non-covalently
attached peptidomimetic coating on HA discs. HA is a biocom-
patible and osteoconductive material used extensively in repair
of bone defects. It serves as a good model material for testing
the efficacy of novel antibacterial agents as coatings for bioma-
terials used in orthopedics. For our studies, we prepared
cylindrical HA discs using HA nanoparticles. Cylindrical discs
are easy to handle and transport for experimental purposes and
the results obtained from them can be generalized to other HA
based formulations, provided the surface properties of HA
remain intact and play a dominant role in the function of the
material. HA nanoparticles with approximately spherical mor-
phology were selected for the formulation of the discs.

HA has a negatively charged surface at physiological pH.
Studies have reported on the effect of solution pH on the charge
of HA surfaces, and although there is some variability in the
data owing to the different sources and fabrication techniques
of HA used in these studies, the isoelectric point, and the point
of zero charge of HA have been found to be below 7 in most
cases. Thus, at pH 7, HA has a net negative charge on its
surface, which has been found to be favourable for protein
adsorption.>® This surface property makes physical adsorption
of charged antibacterial entities a viable route of infection
therapy. We took advantage of the cationic nature of our
peptidomimetic to bind it physically through electrostatic
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interaction to the surface of HA discs. The binding was con-
firmed via XPS. The adsorption of the peptidomimetic on the
surface led to an increase in the nitrogen and a specific type of
carbon (C-C/C-H) content on the surface. Some of the surface
carbon was attributed to nonspecific adsorption of contami-
nants from the environment (adventitious carbon), however,
the proportion of the adventitious carbon within the total
carbon species reduced as more peptidomimetic attached to
the surface, and the major fraction of the surface carbon was
attributed to the peptidomimetic. Binding of the peptidomi-
metic to the discs did not interfere with the native functional
groups present within HA, as was demonstrated via FT-IR and
RAMAN spectroscopy. The lack of peaks specific to the pepti-
domimetic in the FT-IR and RAMAN spectra of the discs could
be attributed to the formation of a very thin layer of coating,
below the detection limit of the two spectroscopic methods.

We subsequently evaluated the antibacterial activity of the
discs. Preliminary evaluation of antibacterial activity was done
via a Kirby-Bauer disc diffusion assay (data not shown). A
visible zone of inhibition in a lawn of S. aureus surrounding
the peptidomimetic coated discs indicated the presence of
antibacterial activity in the discs. To characterize the activity
further, we went ahead with direct contact antibacterial assays
and quantified the decrease in the number of viable S. aureus
on the surface of coated discs and their surrounding medium
compared to the number of viable S. aureus on uncoated HA
disc and its surrounding medium. A significant decrease in the
number of viable S. aureus was observed both on the surface of
the coated discs and their surrounding medium compared to
their uncoated counterparts, indicating the retention of anti-
bacterial activity of the peptidomimetic on HA surface and also
its release into the surrounding medium. The magnitude of
decrease in viable bacteria in our study is comparable to those
described in previous publications with different AMPs and
peptidomimetics.**° These results look promising and further
characterization of the peptidomimetic HA interactions can be
performed to optimize their interactions. Simultaneously,
structural analogs of the peptidomimetic used in this study
can be synthesized and assessed for their efficacy.

In order for satisfactory regeneration of bone, biomaterials
and implants used in orthopedic reconstruction should allow
the growth of cells (osteoblasts and stem cells) on their sur-
faces. HA is intrinsically osteoconductive and therefore, pro-
vides a favorable environment for osteoblasts to attach and
proliferate. Alamar blue assay was performed to assess the
cytotoxicity of the coated discs and SEM imaging was per-
formed to visualize the morphology of the cells on the discs.
hFOB 1.19 cells were chosen for these studies as it is a widely
accepted cell line for modeling the behavior of human osteo-
blasts. Incorporation of our peptidomimetic rendered the discs
cytotoxic in a dose dependent manner. However, the magnitude
of the cytotoxicity is within the acceptable range for biomater-
ials. Furthermore, the discs with the lowest amount of pepti-
domimetic yielded a cytotoxicity value that wasn’t significantly
different to the uncoated HA discs. The morphology of the cells
was unaffected by the incorporation of the peptidomimetic as
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can be inferred from the SEM images. It is plausible that
contact with the peptidomimetic coated discs alters the meta-
bolic rate of the cells and this resulted in a reduced viability
count. However, the behavior of osteoblasts in contact with
these discs needs to be studies further to reach a conclusion on
the mechanism of cytotoxicity.

Conclusions

We have successfully designed a novel antibacterial peptidomi-
metic. The possible mode of action of this compound is via the
disruption of the bacterial cell wall. Its antibacterial activity
against S. aureus suggests its possible applicability towards the
treatment of orthopedic device related infections. By coating the
surface of HA discs with the peptidomimetic and then testing
the antibacterial efficacy and cytotoxicity of the coated discs, we
have determined the propensity of the peptidomimetic to attach
to HA via electrostatic interactions and the compound retains
its activity after the attachment. This study opens up the
opportunity for further exploration into different modes of
binding of the compound onto surfaces of medical importance.
Future studies are planned to include in vitro release kinetics of
the peptidomimetics from HA as well as challenge models in
mice and a rabbit distal femoral defect model. The results from
this study paves the way for further exploration of different
antibacterial peptidomimetics on HA surfaces.
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