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Abstract: Orthopedic-device-related infections are notorious for causing physical and psychological
trauma to patients suffering from them. Traditional methods of treating these infections have relied
heavily on antibiotics and are becoming ineffectual due to the rise of antibiotic-resistant bacteria.
Mimics of antimicrobial peptides have emerged as exciting alternatives due to their favorable antibac-
terial properties and lack of propensity for generating resistant bacteria. In this study, the efficacy of
an antibacterial polymer as a coating material for hydroxyapatite and glass surfaces, two materials
with wide ranging application in orthopedics and the biomedical sciences, is demonstrated. Both
physical and covalent modes of attachment of the polymer to these materials were explored. Polymer
attachment to the material surfaces was confirmed via X-ray photoelectron spectroscopy and contact
angle measurements. The modified surfaces exhibited significant antibacterial activity against the
Gram-negative bacterium E. coli, and the activity was retained for a prolonged period on the surfaces
of the covalently modified materials.

Keywords: antimicrobial peptides; antimicrobial polymers; biomaterials; hydroxyapatite;
antimicrobial coatings

1. Introduction

Orthopedic-device-related infections (ODRIs) pose serious technological and economic
challenges to healthcare institutes and governments around the world, while causing
physical and psychological trauma to patients suffering from them [1]. Although many of
these infections are caused by Staphylococcus species [2], Gram-negative bacteria such as
E. coli constitute a significant threat owing to the difficulty of treating these infections [3–5].

ODRIs have traditionally been treated with antibiotics [6–8], either as free forms or
conjugated (electrostatic and covalent) to implants and with various modes of antibiotic
release from implants [1,8,9]. However, a major drawback with these techniques is their
over-reliance on antibiotics. Generous use of antibiotics has led to the emergence of
antibiotic-resistant bacteria [10,11]. This has motivated scientists to explore alternative
antibacterial agents. One class of such alternative antibacterial agents is antimicrobial
peptides (AMPs) [12–14]. AMPs are usually amphiphilic, cationic peptides, some of which
are known to act as components of the innate immune system in a variety of species [15–18].
They often exhibit broad-spectrum activity and are less susceptible to bacterial resistance,
owing to their mode of action that involves non-specific binding to bacterial membrane
surfaces, thereby causing membrane disruptions [19–22].
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Their interesting properties notwithstanding, natural AMPs do not have ideal pharma-
cological properties [23–25]. Thus, synthetic mimics of AMPs have been explored [26–28].
These mimics incorporate the properties of AMPs that render them antibacterial, such
as amphiphilicity and net positive charge [29]. However, unlike AMPs, the mimics are
designed to be resistant to proteolytic cleavage, resistant to changes in pH and ionic condi-
tions, and have higher solubility. A wide variety of molecules have been used as mimics.
These include, but are not limited to, small peptides, oligopeptides, and non-peptide-based
mimics [28,30,31]. Although the small molecule and peptide-based mimics have shown
substantial promise, they can also suffer from certain limitations. These include poor
biocompatibility, reduced in vivo activity, and often, poor activity against biofilms.

An exciting class of non-peptide-based AMP mimics is antimicrobial polymers
(APs) [32–34]. APs are manufactured through controlled polymerization techniques and
like other mimics of AMPs, emulate the physical properties of AMPs. Several papers have
reported star-shaped polymers [35–37] and polymeric micelles [38] with antimicrobial ac-
tivity that are also biocompatible, i.e., not cytotoxic towards mammalian cells. Cyrille et al.
recently synthesized a library of single-chain polymeric nanoparticles (SCPNs) by sys-
tematically varying their chemical compositions [39–41]. These SCPNs folded into stable
conformations in aqueous media via intramolecular hydrophobic interactions [39]. Changes
in chemical composition were introduced deliberately to identify SCPNs with selectivity
towards bacterial cells over mammalian ones, and to identify SCPNs with reduced sus-
ceptibility to bacterial resistance [40]. The SCPNs were active against both planktonic and
biofilm bacteria and were also potent in dispersing biofilms [39]. Furthermore, the APs
retained their activity in the presence of interfering serum proteins. Such APs represent
promising alternatives to traditional antibiotics.

In the context of ODRIs, coating bone implant materials with antimicrobial agents that
demonstrate a reduced susceptibility to bacterial resistance is crucial for the fight against
antibiotic resistance, and to improve health outcomes of patients with implants. Hydroxya-
patite (HA), a calcium phosphate-based bioceramic [42–49], is used widely in bone implant
research, from classical implants [42,50,51] to tissue-engineered scaffolds [46,52], due to its
chemical similarity to the inorganic mineral phase of natural bones and its excellent biocom-
patibility [53–56]. HA, therefore, serves as a suitable model material for testing the efficacy of
antibacterial coatings for treating ODRIs. The two general strategies available for attaching
antibacterial compounds to the surface of HA are covalent and physical (electrostatic) bind-
ing [57–59]. Both strategies have some advantages and some drawbacks associated with them.
However, these depend on the specific details of the interactions between the antibacterial
entity and the hydroxyapatite surface (and the bulk material as the case may be). The strength
of attachment, the rate of release, etc., all play important roles in determining the effectiveness
of a particular type of coating in combating bacterial growth. It is often not feasible to have a
complete theoretical understanding of the factors that affect the performance of a particular
coating. Therefore, it is crucial to explore multiple coating strategies experimentally in order
to determine the optimal. We have previously demonstrated the efficacy of a small molecule
peptidomimetic as a coating material for HA disc surfaces [60]. The HA surfaces were conju-
gated with the peptidomimetic via electrostatic bonding, and the coated material inhibited
the growth of S. aureus [60].

The aim of the current study was to determine whether AP physically adsorbed
or covalently bound to HA is able to influence the colonization by E. coli. For covalent
attachment, an Plasma Immersion, Ion Implantation, and Deposition (PIIID) technique
was used, followed by spin-coating. Attachment of the AP to HA was confirmed via
XPS, and antibacterial activity was monitored via direct-contact antibacterial assay and
SEM imaging. PIIID is a linker-free, single-step process for attaching compounds directly
to surfaces of nonpolymeric materials [61–64]. PIIID has previously been used to attach
AMPs to glass [61], and the attachment of the AMP to the PIIID-treated glass surface was
confirmed via XPS [61]. In the current study, we used glass coverslips as control surfaces
for comparison with this established protocol.
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Summary

In summary, ODRIs pose significant challenges to healthcare systems and patients.
Unfortunately, the over-reliance on antibiotics for treatment has led to the emergence of
antibiotic-resistant bacteria. As an alternative, antimicrobial peptides (AMPs) and their
synthetic mimics have been explored due to their broad-spectrum activity and reduced
susceptibility to bacterial resistance. Among the mimics, antimicrobial polymers (APs)
show promise as they emulate the physical properties of AMPs and exhibit biocompatibility.
Coating bone implant materials such as hydroxyapatite (HA) with antimicrobial agents is
crucial in combating ODRIs. In this study, we report strategies for attaching an AP to HA
surfaces and investigate the efficacy of such coated surfaces in combating colonization by
the Gram-negative bacterium E. coli. The study aims to investigate the influence of mode
of attachment of the AP (physically adsorbed or covalently bound) on the antibacterial
activity of the coated surfaces.

2. Materials and Methods
2.1. Synthesis of HA Nanoparticles and HA Discs

HA nanoparticles and, subsequently, HA discs, were synthesized according to proto-
cols described previously [60]. Briefly, ammonium phosphate dibasic (79.24 g) and calcium
nitrate tetrahydrate (236.15 g) were weighed and added to two separate beakers that con-
tained predefined volumes of MilliQ water (500 mL for ammonium phosphate dibasic and
1500 mL for calcium nitrate tetrahydrate). Ammonium phosphate dibasic was dissolved
spontaneously in MilliQ water, while the calcium nitrate tetrahydrate solution containing
the beaker was transferred to a hot plate and heated until it reached a temperature of 60 ◦C.
Upon the latter reaching 60 ◦C, both the solutions were mixed. Mixing was carried out
slowly in order to ensure that a pH of more than 7.5 was maintained during the entire
process. The entire solution was passed through a filter paper after complete mixing was
accomplished. The filtered cake containing the HA nanoparticles was then dried overnight
at room temperature and the filtrate was discarded. The HA nanoparticles were then
sintered for one hour at 1000 ◦C.

HA discs were fabricated using the sintered nanoparticles. Briefly, the nanoparticles
were first disaggregated and powdered. Powder particles larger than 0.2 µm were separated
out from the rest by running the powder through a sieve. Particles larger than 0.2 µm were
ground further to bring their size down while the particles smaller than 0.2 µm were used
to prepare a 40 wt% (40 g of nanoparticles in 60 g of water) mixture in water. The mixture
was subsequently homogenized for 60 min inside a ball mill and then cast into cylindrical
molds. The casts were dried overnight inside a vacuum desiccator. Dry, cylindrical HA
discs were subsequently sintered for 6 h at 1100 ◦C inside a furnace.

2.2. Synthesis of PIIID-Modified HA Discs and Glass Surfaces

PIIID treatment of HA discs and glass surfaces was carried out using a dielectric
barrier discharge (DBD) apparatus [65]. Nitrogen and acetylene gases were used at a
pressure of 500 mTorr. The DBD was powered by a custom ANSTO switch-mode pulsed
power supply with a square wave amplitude of −10 kV, pulse width of 40 µs, frequency of
500 Hz, and a pulse rise time of ~500 ns. The HA discs and glass cover slips were placed
on the base of a borosilicate Erlenmeyer flask and treated on both sides for 5 min each.
The chamber was evacuated to 10−5 torr to remove oxygen, before the treating gas was
flowed in. Chamber evacuation was performed with a turbomolecular pump backed by a
scroll pump and nitrogen and acetylene gases were flowed in equal volume ratios into the
chamber at a combined pressure of 350 mTorr. A schematic of the PIIID treatment setup is
presented in Figure 1.
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Figure 1. Schematic of the PIIID treatment process.

2.3. Synthesis of Polymer-Coated HA Discs, PIIID-HA Discs and PIIID-Glass Surfaces

The AP used in this study was synthesized according to a protocol described by Boyer
and coworkers [39,41]. It is an amphiphilic random ternary copolymer rationally designed
to exhibit optimal antimicrobial activity and biocompatibility. The AP contains 20 repeat
units of hydrophobic ethylhexyl group to aid in bacterial membrane disruption, 30 repeat
units of biocompatible oligoethylene glycol with anti-fouling properties, and 50 repeat
units of primary amino groups to aid in bacterial membrane attachment via electrostatic
interactions. The AP was synthesized in large quantities via a controlled radical poly-
merization technique, known as reversible addition–fragmentation chain transfer (RAFT)
polymerization [66,67]. A schematic of the synthesis, recreated from [41], is presented
in Scheme 1. The reported minimum inhibitory concentration (MIC) of the AP against
E. coli is 32 µg/mL, or 1.4 µM [39].

Scheme 1. Synthesis of antimicrobial polymer (AP).

Native HA discs were conjugated to the polymer via physical interactions while
PIIID-modified HA discs and glass surfaces were utilized for covalent conjugation with the
AP. AP attachment to the HA discs, PIIID-HA discs, and PIIID-glass surfaces was achieved
via spin coating. Briefly, 500 and 1000 µg of the polymer were dissolved in two different
vials containing 1 mL of MilliQ water each, resulting in two solutions containing different
concentrations of the polymer (500 µg/mL and 1000 µg/mL). Subsequently, HA discs,
PIIID-HA discs and PIIID-glass coverslips were transferred to well plates and incubated in
these solutions for 24 h at room temperature and under mild shaking. After incubation, the
solutions were removed from the wells and the discs and coverslips were washed thrice
with distilled water. The discs were then subjected to mild vortexing to ensure the removal
of loosely bound and unbound polymer. After the washing and the vortexing steps, the
discs and the coverslips were left to dry for 24 h at room temperature. Two different
test groups (discs and coverslips coated with 500 and 1000 µg/mL) were used for all the
experiments. Uncoated samples (incubated in MilliQ water without the polymer) were
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used as controls. HA discs incubated in 500 and 1000 µg/mL solutions of the polymer are
referred to as HA 500p and HA 1000p, respectively, in the relevant places in this text, while
the corresponding PIIID-treated discs and glass coverslips are referred to as PIIID-HA 500p,
PIIID-HA 1000p, PIIID-glass coverslip 500p, and PIIID-glass coverslip 1000p, wherever
necessary. To minimize confusion, the nature of the samples being discussed is specified in
the text.

2.4. Characterization of PIIID-Modified and Polymer-Coated Samples
2.4.1. Scanning Electron Microscopy (SEM) Imaging of PIIID-HA Discs and
PIIID-Glass Coverslips

A field-emission scanning electron microscope (FE-SEM), NanoSEM 230, was used for
all the imaging performed in this study. Native HA discs and PIIID-HA discs were imaged
to observe the morphological changes brought about by the PIIID treatment on the surface
of HA. For this, untreated and PIIID-HA discs were sputter coated with 30 nm of platinum
in a Leica sputter coater, and then imaged under the microscope. Spot sizes between 3 and
5 and an accelerating voltage of 15 kV were found to be suitable for imaging.

2.4.2. Fourier-Transform Infrared Spectroscopy (FTIR)

FT-IR spectroscopy was performed to analyze the surfaces of HA discs (untreated,
PIIID-treated, and polymer-coated PIIID-treated). The motivation behind this analysis
was to assess the types of chemical species introduced to the surface of native HA discs
via the PIIID treatment. Furthermore, data from FT-IR and RAMAN spectroscopy are
complementary in nature, and can therefore be used to corroborate each other. For this
analysis, we used a Spectrum 100/Spotlight 400 FT-IR spectrometer and operated it within
the scanning range of 650 to 4000 cm−1.

2.4.3. RAMAN Spectroscopy

RAMAN spectroscopy was further performed to analyze the surfaces of untreated HA
discs, PIIID-HA discs, and PIIID-HA discs coated with the two different concentrations of
the polymer. Similar to FT-IR spectroscopy, the primary motivation behind this study was
to assess the types of chemical species introduced to the HA surface via the PIIID treatment.
Furthermore, RAMAN spectra of the PIIID-treated samples were used as an indicator of
the success of the PIIID treatment. A grating of 1800 L/mm and a standard diode laser
setting of 532 nm (green) was used for the analysis. In order to determine the extended
spectra of the samples, the scanning range was adjusted from 44 to 4000 cm−1.

2.4.4. X-ray Photoelectron Spectroscopy (XPS)

In order to qualitatively confirm the attachment of the polymer onto the unmodified
HA discs, and the PIIID-HA discs, and PIIID-glass coverslips, and to further characterize
the changes in the chemical composition of the HA disc surface brought about by the PIIID
treatment, XPS was performed on the surfaces. For this analysis, a Thermo ESCALAB250Xi
X-ray photoelectron spectrometer was used, and it was operated at a background vacuum
greater than 2 × 109 mbar. A mono-chromated Al Kα (energy 1486.68 eV) was used as the
X-ray source and a spot size of 500 µm was found to be suitable for the analysis. The device
was operated at a power of 120 W and at a photoelectron take-off angle of 90◦.

To characterize the nature of the attachment of the polymer to the PIIID-HA discs
and PIIID-glass, these surfaces, along with the corresponding polymer-coated ones, were
incubated in a solution of 2% sodium dodecyl sulfate (SDS) for one hour at a temperature
of 70 ◦C. This assay was performed in a water bath to ensure a constant temperature
throughout the one-hour period. SDS wash at an elevated temperature is a standard
procedure for the removal of electrostatically bound entities from treated surfaces [61,62].
Subsequently, the samples were washed thrice with MilliQ water. After the final wash, the
discs and coverslips were left to dry at room temperature for 24 h, and then analyzed via
XPS. The elemental composition of PIIID-treated and polymer-coated surfaces before and
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after SDS treatment were analyzed and compared to that of the uncoated and PIIID-only-
treated surfaces. This assay was performed as a qualitative test for the covalency of the
bonds between the polymer and the PIIID-modified surfaces and was not performed on
the samples that were used in other physicochemical and biological testing.

2.4.5. Contact Angle Measurement

The effect of PIIID treatment and subsequent polymer attachment on the wettability
of glass coverslip surface was evaluated via contact angle measurement. The analysis was
performed only on the glass coverslips as the HA discs did not allow for the formation
of stable droplets due to their extremely porous nature. However, the change, or lack
thereof, of the wettability the glass surface due to PIIID treatment and subsequent polymer
attachment can serve as a reasonable indicator of what happens to HA surfaces too after
similar modifications. For this analysis, a ramé-hart contact angle goniometer was used.
A syringe was used to deposit water droplets on the surfaces of glass coverslips that
were placed on a stage. The volume of the droplets deposited on the samples was kept
approximately the same. Three droplets were deposited per sample and the contact angle
was measured using the software DROPimage Standard (v2.1.3).

2.5. Antibacterial Activity of the Modified Surfaces

E. coli K12 strain (ATCC 10798; isolated from feces of a diphtheria convalescent)
was used to assess the antibacterial performance of the surfaces described in this study.
The antibacterial activity of the unmodified and PIIID-treated HA discs coated with the
polymer, and PIIID-glass surfaces coated with the polymer was determined by culturing
E. coli (ATCC 10798) directly on them [68]. Surfaces devoid of the polymer were used
as controls.

2.5.1. Direct Contact Antibacterial Assay

In the first study, the number of bacteria growing in the solution in contact with the
polymer-coated surfaces was determined. Briefly, E. coli K12 (ATCC 10798) was grown
in Mueller Hinton Broth at 37 ◦C overnight. The next day, the bacteria were collected
via centrifugation for 10 min at 3500 rpm. Subsequently, the bacteria were dissolved in
fresh broth to an absorbance of 0.1 at 600 nm, corresponding to a bacterial concentration
of 1 × 108 bacteria/mL. The broth was further diluted 1000-fold to obtain a final bacterial
concentration of 105 bacteria/mL.

Three sets of samples were used in this study, and three groups were included in each
set. The first set comprised untreated HA disc as control, and HA disc incubated in 500 and
1000 µg/mL polymer as the two test groups. The second set comprised PIIID-glass coverslip
as the control group, and PIIID-glass coverslips incubated in 500 and 1000 µg/mL polymer
as the two test groups. Finally, the third set comprised PIIID-HA discs as the control group,
and PIIID-HA discs incubated in 500 and 1000 µg/mL polymer as the two test groups.
Samples were transferred to 96-well plates and incubated overnight at 37 ◦C in MHB media
containing 105 bacteria/mL. Post incubation, the plates were retrieved and the media from
each well was collected into separate Eppendorf tubes and serially diluted from 1 to 10-fold.
Sterile PBS was used for preparing the dilutions. The diluted medium was subsequently
collected from the tubes and pipetted out onto nutrient agar plates. For this, nutrient agar
plates were divided into five segments of roughly equal area, and each segment was used
for growing bacteria corresponding to a single dilution. Therefore, ten different segments
(two nutrient agar plates) were utilized to grow bacteria corresponding to all the ten
dilutions of a single group. The plates containing the diluted media were further incubated
overnight at 37 ◦C. Post incubation, the number of visible single bacterial colonies, referred
to as the Colony Forming Units (or CFUs), in each segment of the nutrient agar plates
were counted, and the values were assigned to the corresponding dilutions. The CFUs in
nth dilution was then used to calculate the CFUs/mL of the undiluted media using the
following formula: CFUs

mL (undiluted media) = CFUs in nth dilution × 10n.
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2.5.2. Bacterial Adhesion Assay

A modification of a previous protocol was followed to quantify the number of bacteria
attached to surfaces of the materials [69]. Three sets of samples were used in this study,
and three groups were included in each set. The first set comprised untreated HA discs as
control and HA discs incubated in 500 and 1000 µg/mL polymer as the two test groups. The
second set comprised PIIID-glass coverslips as the control group and PIIID-glass coverslips
incubated in 500 and 1000 µg/mL polymer as the two test groups. Finally, the third set
comprised PIIID-HA discs as the control group and PIIID-HA discs incubated in 500 and
1000 µg/mL polymer as the two test groups.

Briefly, the samples were transferred to 96-well plates and incubated overnight at 37 ◦C
in MHB media containing 105 bacteria/mL. Post incubation, the samples were washed
three times with PBS with mild shaking for 5 min in order to remove loosely attached
bacteria. All the samples barring the glass coverslips were subsequently removed from the
wells and transferred to Eppendorf tubes containing broth. The tubes were then placed on
a vortex mixer and the samples were vortexed vigorously for 5 min. The glass coverslips
were retained in the well plates and submerged in fresh broth. The plates were placed
on a vortex mixer and the coverslips were vortexed gently for 5 min. Vortexing was
performed to ensure the dissociation of strongly attached bacteria from the discs and the
coverslips. After vortexing, the media from the Eppendorf tubes (in case of the HA disc)
and the well plates (in case of the glass coverslips) were collected into separate Eppendorf
tubes and serially diluted from 1- to 10-fold. Sterile PBS was used for preparing the
dilutions. The diluted medium was subsequently collected from the tubes and pipetted out
on nutrient agar plates. For this, the nutrient agar plates were divided into five segments
of roughly equal area, and each segment was used for growing bacteria corresponding
to a single dilution. Therefore, ten different segments (two nutrient agar plates) were
utilized to grow bacteria corresponding to all the ten dilutions of a single group. The plates
containing the diluted media were further incubated overnight at 37 ◦C. Post incubation,
the number of visible single bacterial colonies, referred to as colony forming units (or
CFUs), in each segment of the nutrient agar plates were counted, and the values were
assigned to the corresponding dilutions. The number of CFUs in the nth dilution was
then used to calculate the CFUs/mL of the undiluted media using the following formula:
CFUs
mL (undiluted media) = CFUs in nth dilution × 10n.

2.5.3. SEM Imaging of Bacteria on the Surfaces

Bacteria attached to the surfaces were also imaged using SEM. Untreated HA discs
and HA discs incubated in 500 and 1000 µg/mL polymer, PIIID-HA discs and PIIID-HA
discs incubated in 500 and 1000 µg/mL polymer, and PIIID-glass coverslips and PIIID-glass
coverslips incubated in 500 and 1000 µg/mL polymer were imaged in this study. Briefly,
the samples were transferred to 96-well plates and incubated overnight at 37 ◦C in MHB
media containing 105 bacteria/mL. Post incubation, the samples were washed three times
with PBS under mild shaking condition for 5 min in order to get rid of loosely attached
bacteria. Subsequently, the firmly attached bacteria were fixed to the surfaces via incubation
for two hours in a 2.5% glutaraldehyde solution at ambient temperature. Post fixing, the
samples were washed sequentially with increasing concentrations of ethanol, starting at
50%, then 60%, then 70%, all the way up to 100% ethanol. After the last wash, the samples
were dried at the critical point of carbon dioxide in a critical point dryer and then sputter
coated with 30 mm of platinum in a Leica sputter coater. For native HA discs (uncoated
and polymer-coated), a spot size of 3 and an accelerating voltage of 15 kV were found to be
suitable for imaging. For PIIID-glass surfaces and PIIID-HA discs, a spot size of 3 and an
accelerating voltage of 5 kV were found to be suitable for imaging.



Materials 2023, 16, 5045 8 of 30

2.6. Analysis of Retention of Antibacterial Activity
2.6.1. XPS Analysis of Surface Elemental Composition before and after Release of Polymer

The surfaces of HA and PIIID-HA discs coated with 1000 µg of the antimicrobial
polymer (HA + 1000p, PIIID-HA + 1000p) were analyzed via XPS after their incubation
in PBS for 7 days. A Thermo ESCALAB250Xi X-ray photoelectron spectrometer was used
at a background vacuum higher than 2 × 109 mbar. A mono-chromated Al Kα (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 µm was chosen for the analysis.

2.6.2. Antibacterial Assay

The ability of the modified HA discs to retain their antibacterial activity over a period
of two weeks in PBS was tested. Newly coated HA discs (both physically and covalently
coated) were incubated in PBS inside 24-well plates. Each day after incubation, the PBS
from each sample was removed and replaced with fresh PBS. After 7 and 14 days of
incubation, the samples were removed and air dried. The dry samples were then incubated
with fresh bacteria at a concentration of 105 bacterial/mL of media. Subsequently, after
24 h of bacterial growth, the total number of bacteria growing in the supernatant and on
the surface of the discs was measured according to the protocols already described above.
The degree of reduction in the number of viable bacteria, both in the supernatant and the
sample surface, was compared to the antibacterial activity of newly coated discs.

2.7. Anti-Biofilm Activity
2.7.1. In Vitro Inhibition of Biofilm Formation Assay

The ability of AP-coated HA discs and glass coverslips to inhibit formation of biofilms
was measured by quantifying the biomass of biofilms via a crystal violet staining assay.
Briefly, E. coli K12 (ATCC 10798) bacteria were grown in MHB for 18 h and then diluted in
MHB to obtain a final bacterial concentration of 106 CFU/mL. 100 µL of the bacterial solu-
tion was then added to the wells of a 96-well plate containing HA, PIIID-HA, HA + 1000p,
and PIIID-HA + 1000p discs and glass, PIIID-glass, glass + 1000p, and PIIID-glass + 1000p
coverslips. The plates were subsequently incubated at 37 ◦C for 48 h. Following incubation,
the media from the wells were pipetted out and the discs were washed thrice with 125 µL
of Milli-Q water to get rid of loosely bound bacteria and residual polymer. The adherent
biofilms on the discs were then stained with 125 µL of 0.1% (w/v) crystal violet solution at
room temperature. After 10 min of staining, the discs were washed again, being washed
thrice with 200 µL of Milli-Q water. After the final wash, 200 µL of 70% (w/v) ethanol was
added to each well to solubilize the crystal violet. The ethanol–crystal violet solutions from
each well were then transferred to another 96-well plate and their optical densities were
measured at 595 nm in a microplate reader. The percentage of biofilm inhibition compared
to negative controls (HA discs and glass coverslip, respectively) was calculated using the
following formula.

Reduction in biomass (%) =
ODnegative control − ODsample

ODnegative control
× 100.

2.7.2. SEM Imaging of Biofilm Bacteria on the Surfaces

In addition to quantifying the biofilm biomass, bacteria attached to the surfaces
were also imaged under SEM. Briefly, the samples were transferred to 96-well plates and
incubated overnight at 37 ◦C in MHB media containing 105 bacteria/mL. Post incubation,
the plates were retrieved, and the medium from each well was discarded by pipetting.
The samples were washed thrice with PBS under mild shaking conditions for 5 min in
order to get rid of loosely attached bacteria. Subsequently, the strongly attached bacteria
were fixed to the surfaces via incubation for two hours in a 2.5% glutaraldehyde solution
at room temperature. Post fixing, the samples were washed sequentially with increasing
concentrations of ethanol, starting at 50%, then 60%, then 70%, all the way up to 100%
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ethanol. After the last ethanol wash, the samples were dried at the critical point of carbon
dioxide in a critical point dryer, sputter coated with 30 mm of platinum in a Leica sputter
coater and taken for imaging. For native HA discs (uncoated and polymer-coated), a spot
size of 3 and an accelerating voltage of 15 kV were found to be suitable for imaging. A
spot size of 3 and an accelerating voltage of 5 kV were found to be suitable for imaging all
the samples.

2.8. Assessment of Cytotoxicity
2.8.1. Cell Culture

In vitro cytotoxicity studies were performed to analyze the biocompatibility of the
modified surfaces. Human fetal osteoblast cells, hFOB 1.19 (at passage 4), were revived
from a frozen stock in DMEM/F-12 media supplemented with 10% Fetal Bovine Serum
(FBS), streptomycin (5000 µg/mL), and penicillin (5000 unit/mL). The cells were then
grown in a humidified CO2 chamber which was maintained at 5% CO2 and 37 ◦C. After
one passage, the cells were used for alamar blue cytotoxicity assay.

2.8.2. Alamar Blue Assay

The cytotoxicity of the physically and covalently coated HA disc surfaces was de-
termined by measuring the metabolic activity of hFOB 1.19 cells grown on the discs for
24 and 72 h. For the physically coated discs, uncoated HA discs were used as the control.
For the covalently coated PIIID-modified discs, uncoated PIIID-HA discs were used as the
control. The cytotoxicity of all the groups were compared to that of nascent tissue culture
plates. Briefly, the discs were incubated in DMEM/F-12 media supplemented with 10%
FBS for 24 h to ensure the adsorption of nutrients from the media onto the surface of the
materials. The medium was discarded, and the discs were resuspended in fresh media for
cell seeding. Cells harvested by trypsinized from tissue culture plates were seeded onto the
discs at a density of 104 cells/disc and cultured up to 72 h. The medium was replaced every
24 h. After 24 and 72 h of cell growth, the medium was supplemented with alamar blue
reagent at 10% (v/v). The cells were then incubated for 2 h in a humidified CO2 chamber
at 37 ◦C. Post incubation, the medium was pipetted out from the wells and transferred to
a 96-well microtiter plate. The absorbance of the medium was then measured at 570 nm
with a reference wavelength of 600 nm. The cell viability was compared to cells grown on
tissue culture plates. The percentage cell viability was then calculated from the absorbance
values using the following formula:

Percentage cell viability =
(M2 × A1)− (M1 × A2)
(M2 × P1)− (O1 × P2)

× 100,

where:
M1 = molar extinction coefficient (E) of oxidized alamar blue (blue) at 570 nm;
M2 = molar extinction coefficient (E) of reduced alamar blue (red) at 600 nm;
A1 = absorbance of test wells at 570 nm;
A2 = absorbance of test wells at 600 nm;
P1 = absorbance of positive growth control well (cells in tissue culture plate) at 570 nm;
P2 = absorbance of positive growth control well at 600 nm.

2.9. Statistics

All data presented in this study are plotted as mean ± standard deviation. Unless
mentioned otherwise, all the experiments were performed in triplicate and repeated at
least three times. GraphPad Prism software (10.0.0) was used to statistically analyze the
data from the experiments. One-way Analysis of Variance (one-way ANOVA; GraphPad
Prism) was used to determine significant differences between groups and p-values less than
0.05 were considered statistically significant. The following symbols are used to signify
statistical significance throughout the article: ns = no significance (p > 0.05); * = p < 0.05;
** = p < 0.01; *** = p < 0.001; **** = p < 0.0001.
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3. Results
3.1. Synthesis of PIIID-HA Discs and PIIID-Glass

The surface morphologies of the HA discs, PIIID-HA discs, glass coverslips, and PIIID-
glass coverslips were visualized via SEM. The PIIID process deposits a layer of reactive
polymer over the surface on which it is performed. Therefore, our starting point was to
observe the morphological changes brought about by this technique on HA and glass
surfaces. The surface of the PIIID-HA discs exhibited a blistered appearance, while no
such feature was observed on the unmodified HA disc surface (Figure 2a). Similarly, a
blistered appearance was also observed for the PIIID-glass surface while no such feature
was observed on unmodified glass surface (Figure 2b). The modified features on the
surfaces of PIIID-HA discs and PIIID-glass are a result of the PIIID treatment.

3.2. Synthesis and Characterization of Polymer-Coated HA Discs, PIIID-Glass and HA Discs
3.2.1. Fourier-Transform Infrared Spectroscopy (FTIR)

The chemical groups present on the surfaces of unmodified and modified HA discs
were analyzed via FT-IT spectroscopy. The FT-IR spectra of untreated HA discs revealed
peaks corresponding to the functional groups present in pristine HA (Figure 3a). A peak
around 960 cm−1, corresponding to v1 nondegenerate symmetric stretching characteristic
of P-O bonds was observed in the spectra of HA. The spectra of HA also revealed peaks
associated with the v3 vibration mode of the PO4

3− at 1036 and 1095 cm−1. The FT-IR
spectrum of the PIIID-HA discs showed the peaks corresponding to the groups introduced
by the PIIID treatment, and masked the peaks found in pure HA. Peaks were observed
between 1650 and 1800 cm−1 (Figure 3b). These peaks correspond to C=O and C=N groups
introduced to the surface via the PIIID treatment [70]. Peaks corresponding to C-O and C-N
groups were observed between 1150 and 1400 cm−1. Peaks were also observed between
2800 and 3000 cm−1 corresponding to the C-H bonds present in acetylene (Figure 3c).
Attachment of the polymer led to a reduction in the intensity of the peaks while no changes
were observed in their locations. The complete FT-IR spectra of all the samples spanning
the entire range of detection (45–4000 cm−1) are provided in Figure S1a.

3.2.2. RAMAN Spectroscopy

The surfaces of the PIIID-HA discs, PIIID-HA 500p, and PIIID-HA 1000p were further
analyzed via RAMAN spectroscopy. The RAMAN spectra of nascent HA discs displayed
the characteristic peaks of HA. Peaks were observed at 1076 cm−1, 1046 cm−1, 1030 cm−1,
and 961 cm−1, corresponding to the asymmetric and symmetric stretching modes of the
PO4 group (Figure S1c). Peaks corresponding to the triply degenerated bending mode of
the O-P-O bond were observed around 610 cm−1, 594 cm−1, and 582 cm−1 (Figure S1c).
Finally, peaks corresponding to the doubly degenerated mode of the same bond were
observed at 433 cm−1 and 447 cm−1 (Figure S1c). PIIID-HA discs and the discs coated with
the polymer exhibited these peaks too.

The RAMAN spectra of PIIID-HA discs further revealed the characteristic peaks
corresponding to the groups added by the PIIID treatment. Notably, peaks were observed
between the wavenumbers 1500 and 1700 cm−1 (Figure 3d). These peaks correspond to
sp2 bonds present in the carbon matrix of the film deposited via the PIIID treatment [70].
Native HA discs did not display any peaks between 1500 and 1700 cm−1, and therefore,
their spectra are not visible in the graph in the figure. The complete RAMAN spectra of
all the samples spanning the entire range of detection (50–1800 cm−1) are provided in
Figure S1b.
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3.2.3. X-ray Photoelectron Spectroscopy (XPS)

Attachment of the polymer to the surfaces of HA discs, PIIID-HA discs, and PIIID-
glass coverslips was confirmed via XPS. A significant increase in the percentage of the
surface occupied by carbon and nitrogen was observed on HA discs that were physically
bonded to the polymer (Table 1). Untreaded HA discs had a surface carbon content of 18.2%
and a negligible amount of nitrogen (0.1%). The carbon on the surface of untreated HA discs
can be attributed to contaminants and gases present in the atmosphere that get adsorbed to
the surfaces of materials during their preparation, transport, etc. The most common species
contributed by the contaminants is COOH. Similarly, the negligible amount of nitrogen on
the surface can also be attributed to environmental contaminants. The surface of HA discs
incubated in 500 and 1000 µg/mL polymer solutions exhibited carbon contents of 28.9 and
26.9%, respectively. The increase in the percentage of surface carbon is a consequence of the
adsorption of the polymer on these surfaces. This conclusion is further corroborated by the
significant increase in the percentage of surface nitrogen, which went up to 3.8 and 3.4%
for the respective samples. There was also a decrease in the percentage of surface oxygen
with the attachment of the polymer. Untreated HA discs exhibited a surface oxygen of
51.1%, while the values were 43.1 and 44.6% for HA discs incubated in 500 and 1000 µg/mL
polymer, respectively.

PIIID treatment results in the deposition of a thin carbon film containing reactive
radicals and functional groups on the HA disc surface [70]. The identities of some of these
groups were identified via FT-IR and RAMAN spectroscopy as described above, and the
results were corroborated during XPS analysis. An increase in the surface carbon and
nitrogen percentages was observed (Table 1) on HA surface after PIIID treatment. Surface
carbon on the HA disc after PIIID treatment was 66.4%, up from just 18.2% in the untreated
HA disc. In-depth analysis of the types of carbon species present on the surface revealed
the predominance of C-O, C-H, C-N, and C=N groups. Similarly, surface nitrogen went
up from 0.1% to 23.1% after PIIID treatment. Most of the extra nitrogen was contributed
by N-C and N=C species. However, there was a big drop in the percentage of surface
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oxygen, from 51.1% in untreated HA disc, to 9.3% in PIIID-HA disc. This can be attributed
to the masking of the oxygen present in the underlying HA in the form of phosphates. The
predominant species of oxygen on HA surface after PIIID treatment were found to be O-C,
while some amount of O=C was also detected. Upon the attachment of the polymer, an
increase in the amount of oxygen was observed. PIIID-HA discs incubated in 500 µg/mL
polymer exhibited a surface oxygen content of 14.8%, while PIIID-HA discs incubated in
1000 µg/mL polymer exhibited a surface oxygen content of 14.3%. All the extra oxygen
was found to be either in the O-C or in the O=C forms, more of which was introduced to the
surface due to the attachment of the polymer. There was a reduction in the surface nitrogen
content, with PIIID-HA discs incubated in 500 and 1000 µg/mL of polymer exhibiting
18.2 and 17.8% surface nitrogen, respectively. However, unlike the surface of PIIID-HA
discs, most of the nitrogen on these polymer-coated surfaces was identified as belonging
to the N-H species, and a reduced amount was identified as belonging to the N-C species,
indicating the attachment of the polymer. PIIID treatment also uniformly covered the
underlying HA structure as evidenced by the negligible amounts of calcium (0.6%) and
phosphorus (0.4%) found on the PIIID-HA discs, amounts which were significantly lower
than those found on untreated HA discs (calcium 17.8% and phosphorus 10%).

Table 1. Elemental composition of various HA surfaces determined via XPS.

Elemental Composition
(% of Total) HA HA 500p HA

1000p
PIIID-
HA

PIIID-HA
500p

PIIID-HA
1000p

Carbon 18.2 28.9 26.9 66.4 65.5 66.2

Oxygen 51.1 43.1 44.6 9.3 14.8 14.3

Nitrogen 0.1 3.7 3.4 23.1 18.2 17.8

Calcium 17.8 13.2 13.7 0.6 0.5 0.7

Phosphorus 10 7.9 8.2 0.4 0.3 0.5

XPS data from the glass coverslips revealed similar trends in the amount of carbon,
nitrogen, and oxygen as the HA discs (Table 2). PIIID treatment increased the surface
carbon and nitrogen content from 21.2% and 0% on untreated glass to 73.6% and 12.3%
on PIIID-glass coverslips. The predominant contributors to the increased carbon content
were found to be the C-O, C-H, C-N, and C=N species, whereas the primary contributors
to the increased nitrogen content were found to be the N-C and N=C species. The oxygen
content on the surface decreased from 55.4% on untreated glass to 12.3% on PIIID-glass
coverslips. The attachment of the polymer reduced the surface carbon content to 58.7%
and 59.7% on PIIID-glass incubated in 500 and 1000 µg/mL polymer solutions, and the
nitrogen content was reduced to 7.1% and 6.1% on the respective samples. However, the
primary contributor to the surface nitrogen was found to be the N-H species. Like PIIID-
HA discs, there was a decrease in the surface oxygen content from 55.4% on untreated
glass to 12.3% on PIIID-glass. Furthermore, there was an increase in the surface oxygen
content from 12.3% on PIIID-glass coverslips to 19.7% and 20% on PIIID-glass incubated
in 500 and 1000 µg/mL polymer solutions, respectively (Table 2). O-C and O=C were the
primary contributing species of oxygen on these surfaces, and they were contributed by
the attached polymer.

The covalent bonds formed between the polymer and the PIIID-HA (Table 3) and
glass surfaces (Figure 4a) was determined via XPS after the polymer-bound surfaces
were subjected to washing in SDS, which has been shown to remove tightly adsorbed
compounds [61,62]. The elemental composition of the PIIID-HA surfaces (uncoated and
coated with the polymer) did not change significantly after the SDS treatment, suggesting
that SDS did not have a significant impact on the surface composition of the discs (Figure 5b).
Conversely, HA discs coated with the polymer did exhibit a significant change in surface
elemental composition upon SDS treatment (Figure 5a). The XPS data indicate that the
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polymer was primarily bound covalently to the surfaces of the PIIID-HA discs. However,
it should be noted that XPS reveals the composition of only the surface of a material up
to a limited thickness. Since the HA discs used in this study were three dimensional and
possessed a porous architecture, we cannot rule out the possibility of some of the polymer
being physically entrapped inside the pores of the PIIID-HA discs at depths exceeding the
limits of the PIIID treatment and of the XPS instrument.

Table 2. Elemental composition of various glass surfaces determined via XPS.

Elemental Composition
(% of Total) Glass Coverslip PIIID-Glass Coverslip PIIID-Glass Coverslip

500p
PIIID-Glass Coverslip

1000p

Carbon 21.2 73.6 58.7 59.7

Oxygen 55.4 12.3 19.7 20

Nitrogen 0 12.3 7.1 6.1

Silicon 14.4 0 0 0

Table 3. Elemental composition of various PIIID-HA surfaces determined via XPS before and after
SDS treatment.

Elemental Composition
(% of Total) PIIID-HA PIIID-HA

500p
PIIID-HA

1000p
PIIID-HA +

SDS
PIIID-HA 500p

+ SDS
PIIID-HA

1000p + SDS

Carbon 66.4 65.5 66.2 66.6 65.2 66.4

Oxygen 9.3 15 14.3 9.3 14.4 14.5

Nitrogen 23.1 18.8 17.8 23.2 18.4 17.8

Calcium 0.6 0.5 0.7 0.7 0.7 0.7

Phosphorus 0.4 0.3 0.5 0.3 0.6 0.7
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3.2.4. Contact Angle Measurement

Attachment of the polymer to PIIID-glass surfaces was further confirmed by measuring
the changes in the hydrophobicity of the polymer-coated surfaces compared to an uncoated
control surface. Furthermore, the change in the surface hydrophobicity brought about by
PIIID treatment of native glass coverslips was also observed. PIIID modification resulted in
an increase in the hydrophobicity of the surface (Figure 4b), raising the contact angle from
51 ± 1◦ (unmodified control glass surface) to 62 ± 1◦ (PIIID-glass surface). PIIID-glass
incubated in polymer solutions of concentrations 500 µg/mL and 1000 µg/mL exhibited
contact angles of 39 ± 1◦ and 10 ± 1◦, respectively. Thus, a dose-dependent increase in
the hydrophilicity of the surface was observed in response to attachment of the polymer.
Although it was not possible to perform the same study on PIIID-HA surfaces owing to



Materials 2023, 16, 5045 15 of 30

their porous nature, it can reasonably be concluded that the surface of HA is similarly
modified upon PIIID treatment and subsequent polymer attachment. This is due to the
fact that the PIIID treatment deposits a layer of reactive entities on the HA and glass
surface which is at least 10 nm in thickness, and therefore, the surface hydrophobicity
is primarily a function of the plasma coated layer and the added polymers, not the HA
or glass underneath [63,64]. The negligible amount of calcium and phosphorus signals
in the XPS spectra of PIIID-HA discs and the complete lack of silicon signal in the XPS
spectra of PIIID-glass coverslips point to a layer thickness of at least 10 nm (the resolution
of XPS) [71].
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3.3. Antibacterial Activity

Two distinct antibacterial parameters were quantified to assess the antibacterial perfor-
mance of freshly coated samples. First, the number of bacteria growing in the supernatant
surrounding the coated samples was quantified, and then, the number of bacteria growing
attached to the surface of the samples was quantified. The HA discs that were physically
conjugated to the polymer demonstrated higher antibacterial activity in the supernatant
than the uncoated control discs, with both the discs (incubated in 500 and 1000 µg/mL
polymer, respectively) exhibiting a 3-log10 reduction in the number of viable bacteria in the
media (Figure 6b). No dose-dependent increase in the antibacterial activity was observed,
as both the concentrations of the polymer yielded discs of similar antibacterial activity. This
could be due to quite a few factors, including a saturation of the polymer on the HA surface,
and a similar release kinetics of the polymer from the discs. However, these hypotheses
need to be tested experimentally.

Similarly, the number of bacteria attached to the polymer-coated discs after one day
of growth was lower compared to the control HA disc (Figure 6). However, unlike the
bacteria in the supernatant, there was only a one-log10 reduction in the number of viable
bacteria on both the coated discs. Additionally, unlike the bacteria in the supernatant, a
dose-dependent increase in the toxicity towards bacteria on the surface was observed.

The morphology of the bacteria attached to disc surfaces was further observed under
SEM. A reduced number of bacteria was observed on the surface of the polymer-coated
discs, which was in accordance with the quantitative assay described above. Furthermore,
E. coli. K12 exhibited a cylindrical rod-like morphology on all the discs, and no structural
deformities were visible on the bacteria grown on the uncoated disc (Figure 6c). However,
blebbing of the cell membrane was visible on the bacteria grown on HA disc incubated in
500 µg/mL polymer (Figure 6d). The blebbing was even more pronounced in the membrane
of bacteria grown on the HA disc that was incubated in 1000 µg/mL polymer (Figure 6e).
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Figure 6. Antibacterial activity of HA discs physically coated with the polymer. (a) Antibacterial
activity on coated disc surfaces, (b) activity in the surrounding media. Scanning electron micrographs
of E. coli growing on (c) untreated HA disc, (d) HA 500p, and (e) HA 1000p. ns = no significance,
*** = p < 0.001; **** = p < 0.0001.

The antibacterial activity of PIIID-glass surfaces coated with the polymer was analyzed
in order to evaluate the effect of covalent binding on the activity of the polymer. AMPs have
previously been attached to glass via PIIID and maintained their antimicrobial activity [61].
Similar results were observed with our polymer. PIIID modification of the glass surface
imparted some antibacterial property to it, and it resulted in a 0.5-log10 reduction in the
number of viable bacteria growing in the supernatant (Figure 7b). Attachment of the
polymer led to further increase in the antibacterial activity, with PIIID-glass incubated
in 500 µg/mL polymer exhibiting a one-log10 reduction in the number of viable bacteria
compared to the control, and PIIID-glass incubated in 1000 µg/mL polymer exhibiting a
2.5-log10 reduction in the number of viable bacteria compared to the control (Figure 7b).
The detection of antibacterial activity in the supernatant poses some interesting questions.
Unlike physically attached polymers, covalently bound polymers aren’t expected to leach
out into the surrounding solution within one day of incubation. However, it is quite possible
that some of the polymer is entrapped in the regions of the glass that are unaffected by the
PIIID treatment. Since, in these regions, the polymers are only physically bound, they can
leach out to the surrounding solution [72], thereby imparting antibacterial activity to it [73].
This phenomenon is expected to be more prominent in the case of the PIIID-HA discs
owing to the significant thickness and porous nature of the HA discs [73,74]. Furthermore,
the PIIID-generated layer on the glass surface was observed to be mildly unstable (data
not reported). Surface erosion was observed from the PIIID-glass surface when they were
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incubated in a liquid media for a prolonged period, even within a day (data not reported).
This resulted in the detachment of tiny amounts of the plasma deposited layer from the
surface and their dissolution in the surrounding solution. It is conceivable that some of
the attached polymers were lost to the surrounding media due to this phenomenon and
that could further explain the observed antibacterial activity of the uncoated PIIID-glass
surface [75].
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Figure 7. Antibacterial activity of glass coverslips covalently coated with the polymer. (a) Antibac-
terial activity on coated glass surface and (b) activity in the surrounding media. Scanning electron
micrographs of E. coli growing on (c) untreated glass coverslip, (d) PIIID-glass coverslip 500p, and
(e) PIIID-glass coverslip 1000p. ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001.

A more significant effect was observed when the number of bacteria attached to the
surface of the polymer-modified PIIID-glass surfaces was quantified (Figure 7a). A mild
reduction in the number of bacteria was observed upon PIIID treatment of the surface.
However, upon further polymer attachment, a 2-log10 (500 µg/mL polymer solution) and
a 3-log10 (1000 µg/mL polymer solution) reduction in the number of attached bacteria
was observed (Figure 7a). The density and morphology of the attached bacteria was
further observed under SEM. In accordance with the quantitative assay, a higher number of
bacteria was observed per unit area of the PIIID-glass surface compared to polymer-coated
PIIID-glass surfaces (Figure 7c–e).

On the control PIIID-glass surface, bacteria had even formed clusters that resembled
the early stages of a biofilm (Figure 8a,c). No such aggregates were observed on the polymer-
coated surfaces, and the few bacteria that attached were mostly found in planktonic state
(Figure 8b,d). Upon closer inspection at a higher magnification, no significant surface
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blebbing was observed on the polymer-coated surfaces, unlike what was observed for the
physically coated HA discs.
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Figure 8. Diminished and magnified images of E. coli growing on PIIID-glass surfaces: (a,c) PIIID-
glass coverslip, and (b,d) PIIID-glass coverslip 1000p.

Finally, the antibacterial activities of PIIID-treated and polymer-coated HA discs were
similarly assessed. PIIID modification of the HA discs imparted some antibacterial activity
to them, leading to a 0.5-log10 reduction in the number of viable bacteria growing in the
supernatant (Figure 9b). This phenomenon was also observed on PIIID-glass coverslips,
and was attributed to the desorption of the plasma coating itself. The PIIID-generated
coating on HA discs was notably more stable (data not reported). Nonetheless, there could
still be some desorption happening from the surface and causing mild antibacterial activity
in the surrounding media [72]. Incubating PIIID-HA discs in 500 µg/mL polymer solution
did not lead to an increased antibacterial activity in the supernatant. However, a further
one-log10 reduction in the number of viable bacteria in the supernatant was observed with
PIIID-HA discs that were incubated in 1000 µg/mL polymer solution (Figure 9b). This
could be due to the presence of polymers inside the pores of the HA disc that did not
covalently bind to the HA and diffused out into the surrounding media [73]. The reduced
activity in the supernatant demonstrated by covalently modified HA surfaces compared
to the physically modified surfaces could be attributed to the inability of the covalently
bound polymers to leave the HA surface and diffuse into the surrounding media [76].
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Figure 9. Antibacterial activity of glass coverslips covalently coated with the polymer. (a) Antibac-
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**** = p < 0.0001.

The antibacterial activity was found to be more prominent on the surface of the
polymer-coated PIIID-HA discs (Figure 9a). Similar to the supernatant, a 0.5-log10 re-
duction in the number of viable bacteria was observed on the surface of PIIID-HA discs.
This number increased to 2-log10 and 2.5-log10 in the case of PIIID-HA discs incubated
with 500 µg/mL and 1000 µg/mL polymer, respectively. A dose-dependent increase in
antibacterial activity was observed on the disc surfaces (Figure 9a). It can be inferred that,
like the polymer-coated glass surfaces, covalent attachment of the polymer to PIIID-HA
discs does not inhibit the nascent antibacterial activity of the polymer. It is also a possibility
that covalently coating PIIID-HA disc and PIIID-glass surfaces with the polymer makes
these surfaces bacteria repellent, and consequently, the number of bacteria that colonize
the surfaces are much smaller compared to the corresponding control surfaces [77,78]. The
data from the contact angle measurements performed on PIIID-glass surfaces coated with
the polymer certainly hint towards changes in the surface energy of the materials upon co-
valent attachment of the polymer [79,80]. Further experiments are needed to segregate the
contributions of the bacteria-repellent and the bactericidal/bacteriostatic or both properties
of the modified surfaces in reducing the CFU counts observed in this study.

The number and morphology of the bacteria growing on the uncoated and polymer-
coated PIIID-HA discs were further elucidated via SEM (Figure 9c–e). Uncoated PIIID-
HA discs displayed a larger number of bacteria per unit area (Figure 9c). Furthermore,
aggregations of bacteria into biofilm-like structures were observed on the same samples.
The surface was colonized by both planktonic and the bacteria in these aggregates. The
number of bacteria observed per unit area of the polymer-coated PIIID-HA discs was far
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lower than on the control PIIID-HA disc. Small groups of bacteria were observed on the
disc coated with 500 µg/mL polymer (Figure 9d), but they did not resemble the biofilm-like
structures observed on the control disc surface. The reduction in the number of bacteria per
unit area was more pronounced on the discs coated with 1000 µg/mL polymer. Bacteria
were found predominantly in their planktonic state (Figure 9e).

3.4. Retention of Antibacterial Activity
3.4.1. XPS Analysis of Surface Elemental Composition before and after Release of Polymer

The surfaces of HA 1000p and PIIID-HA 1000p discs were analyzed via XPS after
incubation in PBS for 7 days. Significant changes were observed on the surface of HA 1000p
discs before and after incubation in PBS. Most notably, the nitrogen content went from
3.4% on the freshly coated disc to 0.3% on the disc incubated in PBS (Table 4), indicating
a drastic reduction in the amount of the adsorbed polymer. This was further confirmed
by a decrease in carbon and an increase in oxygen content on the surface (Table 4). The
loss of polymer from the disc surface was correlated with the loss of activity observed in
the supernatant and on the surface of HA 1000p discs after 7 days of incubation in PBS.
Although changes were also observed in the elemental composition of PIIID-HA 1000p
disc surface after incubation (Table 4), these changes were not as pronounced as the ones
observed on HA 1000p. Therefore, the surface composition of the PIIID-HA 1000p discs
did not change significantly during the incubation period. However, it is possible that
polymers adsorbed inside the pores of the ceramic disc diffused out into the surface and
subsequently into the surrounding media during this period. This can account for the
reduction in activity observed in the supernatant after the PIIID-HA 1000p discs were
incubated in PBS for 7 days. Furthermore, some of the polymer attached to the disc surface
via covalent linkages could have diffused out into the surrounding media too after lysis of
their bonds.

Table 4. Elemental composition of AP-coated samples before and after incubation in PBS.

Elemental Composition
(% of Total)

HA + 1000p PIIID-HA + 1000p

Before
Incubation

After
Incubation

Before
Incubation

After
Incubation

Carbon 26.9 19.1 66.2 68

Oxygen 44.6 52.8 14.3 13.1

Nitrogen 3.4 0.3 17.8 16.5

Calcium 13.2 15.6 0.7 0.5

Phosphorus 7.9 12.6 0.5 0.8

The reduction in the antibacterial activity of the polymer-coated discs (both physically
and covalently coated ones) was monitored over a period of 14 days. HA discs physi-
cally coated with 1000 µg/mL polymer demonstrated no antibacterial activity both in the
surrounding solution and on the disc surface after 7 and 14 days of incubation in PBS.
The activities of freshly coated discs measured previously were assigned to day 1. In the
supernatant, the activity reduced from a 3.5-log10 reduction in CFUs at day 1 to a 0-log10
reduction in CFUs after day 7 (Figure 10a). On the disc surface, the activity reduced from
an almost 1-log10 reduction in CFUs on day 1 to a 0-log10 reduction in CFUs after day 7
(Figure 10b). The lack of retention of activity can be attributed to the weak interactions
between the polymers and the HA surface. These interactions are incapable of retaining
the polymers on the surface of the discs for a prolonged period.
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Figure 10. Antibacterial activity on (a) the surface of discs and (b) in the supernatant after 7 and
14 days of incubation in PBS.

The PIIID-HA discs covalently coated with 1000 µg/mL polymer exhibited some
retention of their antibacterial activity. Freshly coated discs led to a 1.5-log10 reduction
in CFUs at day 1 in the surrounding solution. After day 7 and day 14 of incubation in
PVS, the discs exhibited 1.2- and 0.6-log10 reductions in CFUs in the surrounding solution,
respectively (Figure 10a). Similarly, activity was retained on the disc surfaces as well. After
day 1, the discs exhibited a 2-log10 reduction in the number of CFUs on surface. This
number decreased to 1.3-log10 and 0.7-log10 reductions in CFUs on the surface after day 7
and day 14, respectively (Figure 10b). Nonetheless, there was still antibacterial activity on
the surface of covalently coated discs even after 14 days of incubation in PBS. The retention
in activity can be attributed to the strength of covalent binding which makes it difficult for
the polymers to leave the surface of the discs.

3.4.2. In Vitro Inhibition of Biofilm Formation Assay

The ability of the polymer-coated sheets to inhibit the growth of biofilms on their
surfaces was tested via crystal violet staining. Inhibition of biofilm formation was observed
on the HA 1000p and PIIID-HA 1000p sheets, with the former exhibiting 24.9% and the latter
exhibiting 53.16% reductions in biofilm biomass, on average, when compared to the control
HA disc (Figure 11a). Inhibition of biofilm formation was also observed on coated-glass
coverslips, with glass 1000p and PIIID- glass 1000p exhibiting 31.2% and 64% reductions in
biofilm biomass, on average, when compared to control glass coverslip (Figure 11b). Freshly
coated surfaces were tested in this study, and the anti-biofilm activity observed in this
study can be attributed to the antibacterial activity of the AP present on the surface of the
discs. We found a reduction in the number of CFUs on the surfaces of the polymer-coated
HA and PIIID-HA discs, and also observed perturbations in bacterial morphology under
SEM. These properties of the coated surfaces inhibit the formation of biofilms. The lower
anti-biofilm activity observed on the surface of HA 1000p compared to that on PIIID-HA
1000p can be attributed to the gradual release of the AP from the physically coated surface
over the two days of incubation in media, during which opportunistic bacteria gain access
to the disc surface. A higher amount of AP is retained on the covalently coated disc surface
which offers a higher degree of protection from biofilm formation.

3.4.3. SEM of Biofilm Bacteria

The bacteria growing in biofilms on the surface of modified HA discs and glass
coverslips were imaged under SEM. On HA discs, the bacteria appeared to be clustered
together and with extracellular structures such as flagella extending from their bodies
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(Figure 12a). The bacteria growing on HA 1000p disc appeared similar in morphology to
the bacteria on the control HA disc (Figure 12b).
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reduction), for (a) and (b) respectively.

Materials 2023, 16, x FOR PEER REVIEW 23 of 31 
 

 

3.4.3. SEM of Biofilm Bacteria 
The bacteria growing in biofilms on the surface of modified HA discs and glass co-

verslips were imaged under SEM. On HA discs, the bacteria appeared to be clustered to-
gether and with extracellular structures such as flagella extending from their bodies (Fig-
ure 12a). The bacteria growing on HA 1000p disc appeared similar in morphology to the 
bacteria on the control HA disc (Figure 12b). 

 
Figure 12. SEM of biofilm bacteria on (a) HA disc, (b) HA 1000p, (c) PIIID-HA, and (d) PIIID-HA 
1000p. 

On the PIIID-HA disc, the bacteria exhibited extracellular projections and grew in 
clusters (Figure 12c). On PIIID-HA 1000p, fewer bacteria were observed compared to the 
PIIID-HA and control HA surfaces (Figure 12d). The SEM images of biofilm bacteria on 
HA discs corroborate the results from the crystal violet assay. 

Bacteria were found growing in clusters on glass (Figure 13a) and PIIID-glass (Figure 
13c). Like the bacteria on the modified HA surfaces, the bacteria on these surfaces exhib-
ited normal morphology and extracellular structures such as flagella. A reduction in the 
number of bacteria was observed on the surface of glass 1000p (Figure 13b). However, 
despite the reduction in number, bacterial aggregates of significant sizes were still present 
on the surface. A reduction in number of bacteria was accompanied by a reduction in the 
size of bacterial aggregates on the surface of PIIID-glass 1000p (Figure 13d). Disruption in 
membrane morphology of the bacteria wasn’t apparent on these surfaces. These results 
are in agreement with the quantitative measurements of the biofilms obtained via the crys-
tal violet assay. 

Figure 12. SEM of biofilm bacteria on (a) HA disc, (b) HA 1000p, (c) PIIID-HA, and (d) PIIID-
HA 1000p.



Materials 2023, 16, 5045 23 of 30

On the PIIID-HA disc, the bacteria exhibited extracellular projections and grew in
clusters (Figure 12c). On PIIID-HA 1000p, fewer bacteria were observed compared to the
PIIID-HA and control HA surfaces (Figure 12d). The SEM images of biofilm bacteria on
HA discs corroborate the results from the crystal violet assay.

Bacteria were found growing in clusters on glass (Figure 13a) and PIIID-glass
(Figure 13c). Like the bacteria on the modified HA surfaces, the bacteria on these surfaces
exhibited normal morphology and extracellular structures such as flagella. A reduction in
the number of bacteria was observed on the surface of glass 1000p (Figure 13b). However,
despite the reduction in number, bacterial aggregates of significant sizes were still present
on the surface. A reduction in number of bacteria was accompanied by a reduction in the
size of bacterial aggregates on the surface of PIIID-glass 1000p (Figure 13d). Disruption in
membrane morphology of the bacteria wasn’t apparent on these surfaces. These results are
in agreement with the quantitative measurements of the biofilms obtained via the crystal
violet assay.
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3.5. Cytotoxicity Assay

The cytotoxicity of the polymer-coated discs was measured via the alamar blue assay.
Uncoated HA discs were found to be non-toxic to human fetal osteoblast cells. Upon surface
coating of HA with the polymer, a dose-dependent increase in cytotoxicity was observed
after 24 h of cell growth, with 79% and 64% of cells surviving, on average, on the surfaces
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of HA discs coated with 500 µg/mL and 1000 µg/mL polymer, respectively (Figure 14a).
Similar results were found after 72 h of cell culture, too: 77% and 64% of cells survived on
the surfaces of HA discs coated with 500 µg/mL and 1000 µg/mL polymer, respectively.
Uncoated HA discs allowed for the survival of 94% of cells, on average (Figure 14a).
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Similar trends in cytotoxicity were observed on HA discs that were covalently linked
to the polymer. PIIID modification of the discs did not confer any cytotoxicity to them.
Interestingly, after 72 h of culture, a higher viability of cells was observed on PIIID-HA discs
(111%) than the corresponding tissue culture plate control, while after 24 h of cell culture,
the viability of cells on PIIID-HA discs was nearly 100% (Figure 14b). Upon attachment of
the polymer, a dose-dependent decrease in cell viability or an increase in cytotoxicity was
observed. After 24 h of cell culture, cell viability was found to be 80% and 67% on PIIID-HA
discs coated with 500 µg/mL and 1000 µg/mL polymer, respectively (Figure 14b). The cell
viability values after 72 h of cell culture on PIIIF-HA discs coated with 500 µg/mL and
1000 µg/mL polymer were found to be 81% and 71%, respectively (Figure 14b).

4. Discussion

The prevalence of ODRIs demands concerted effort by researchers [1,3]. The loss of
effectiveness of traditional antibiotics owing to the rapid evolution of antibiotic-resistant
bacteria and the concomitant dearth of novel antibiotics being developed has shifted the focus
of researchers towards alternative antimicrobial strategies [10,11,30]. AMPs and their mimics
have garnered a lot of attention as potential alternatives to traditional antibiotics [14,30]. Of
these, mimics of AMPs appear to be more promising therapeutic agents due to their favorable
pharmacological properties alongside their antibacterial activity [28,30]. Polymeric mimics of
AMPs, also known as APs, offer exciting opportunities for the development of novel strategies
to combat ODRIs [32]. In this study, we characterized the antibacterial properties of an AP-
coated HA discs and glass coverslips against the Gram-negative pathogen E. coli. The AP used
in the current study has previously demonstrated significant antibacterial activity against the
Gram-negative pathogen in solution [39–41]. However, to the best of our knowledge, ours is
the first study to explore the effectiveness of the AP as an antibacterial coating for materials of
significance in orthopedics research.

The AP was successfully coated on the surface of HA discs via physical and cova-
lent attachments and on glass coverslips via covalent attachment. Physical attachment of
antibacterial compounds to biomaterials has been a common strategy for imparting an-
tibacterial properties to biomaterials [81,82]. Physical attachment is usually accomplished
via adsorption or entrapment of the antibacterial compounds [82]. Adsorption is facilitated
by the charge distributions within the antibacterial entity and the biomaterial surface. The
AP used in this study is cationic at physiological pH, whereas the biomaterial, HA, is
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predominantly negatively charged. Physical attachment was thus achieved via electrostatic
interactions between the AP and the HA disc surface. Covalent attachment is another
commonly employed strategy for the conjugation of antibacterial compounds to biomateri-
als [82]. The traditional methods of covalent conjugation usually involve multiple reaction
steps that often leave behind toxic remnants [82,83]. PIIID has emerged as an exciting
technology for the attachment of desirable compounds to the surfaces of biomaterials [63].
Unlike traditional linker-based approaches, PIIID is a single-step process and is relatively
easy to perform. In a recent study, Tran et al. demonstrated the efficacy of PIIID treatment
in covalently attaching an AMP to the surface of biomaterials [61]. In this study, we utilized
the PIIID technique for covalent attachment of the AP to HA and glass. The two modes
of attachment (physical and covalent) often yield materials with varying antibacterial
properties owing to differences in the orientation, diffusion, release, and other physico-
chemical characteristics of antibacterial compounds from coated materials [84]. Both types
of attachment were first confirmed via XPS. XPS is a reliable technique for determining
the chemical composition on a materials surface and a previous study has demonstrated
the efficacy of XPS in confirming the attachment of AMPs to PIIID-treated surfaces [61].
Attachment to PIIID-glass was further confirmed via contact angle measurements.

Physically coated HA discs exhibited significantly higher antibacterial activity in the
supernatant compared to the surface of the discs (which also showed a reduction in CFUs).
This can be attributed to the leaching out of the AP from the discs [85]. Physically conjugated
antibacterial biomaterials have been used for local delivery of antibacterial entities [85].
Diffusion is one of the key phenomena exploited by these systems for the sustained delivery
of antibacterial compounds [85], the other being degradation of the carrier material. Since
the HA discs used in this study were not degradable under physiological conditions, it
is reasonable to attribute the leaching out of the AP to diffusion of the AP from the pores
and from the surface of the discs to the surrounding media. Nonetheless, not all of the AP
leached out into the surrounding media during the antibacterial assay, as activity was also
observed on the surface of the discs. The morphology of E. coli attached to the surface of
AP-coated HA discs appeared to be distorted, while those on the control HA disc appeared
normal. This indicates that the AP, in its physically bound state, could be killing bacteria
by disrupting their membranes [86,87]. Membrane disruption has been reported as one
of the modes of antibacterial activity exhibited by AMP-mimicking APs [88]; however,
further investigation of the mode of action of the AP used in this study (in its surface-
bound state) needs to be performed to substantiate any hypothesis about its mechanism of
antibacterial activity.

Covalently coated PIIID-HA discs and glass coverslips exhibited significantly higher
antibacterial activity on their surfaces compared to the supernatants. This can be attributed
to the retention of the AP on the covalently coated surfaces. Further characterization via
XPS confirmed that the covalently coated PIIID-HA discs successfully retained the surface-
bound AP even after 7 days of incubation in PBS, which was not the case for the physically
coated HA discs. Interestingly, no disruption in membrane morphology was observed on
the bacteria attached to the covalently coated surfaces. This could be attributed to different
modes of action exhibited by the AP in their physically bound and covalently bound states
but will need to be tested experimentally via membrane disruption, depolarization assays.

The anti-biofilm activity of the physically and covalently coated discs and glass sur-
faces was quantified. AP coating (both physical and covalent) resulted in a significant
reduction in the magnitude of biofilm formation. However, the degree of reduction in
biofilm formation was much higher on the covalently coated surfaces compared to the
physically coated ones. This can once again be attributed to the higher retention of the
AP on the covalently coated surfaces. SEM images of the biofilms on the control surfaces
revealed large clumps of bacteria, while only single bacteria and small clumps of bacteria
were visible on the AP-coated surfaces. Further characterizations of the mechanism of
action of the AP in physically bound and covalently bound states should reveal some
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interesting results. Nonetheless, the AP investigated in this study is a promising candidate
for controlling E. coli-mediated infections on orthopedic biomaterial surfaces.

5. Conclusions

In summary, we successfully synthesized antibacterial coatings for HA surfaces via
two different techniques: physical and covalent attachment of APs. The detailed mechanism
of action of these coatings needs to be understood further, but the coatings demonstrated
significant antibacterial activity against the Gram-negative pathogen E. coli. Although both
forms of coating yielded surfaces with antibacterial activity, covalently coated surfaces
retained their activity over a longer period of time compared to physically coated surfaces.
This work paves the way for further research into PIIID modification of orthopedic surfaces
for the attachment of biologically relevant molecules, including novel antimicrobial entities.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma16145045/s1, Figure S1: (a) FT-IR spectra of HA disc, PIIID-HA
disc, PIIID-HA 500p, and PIIID-HA 1000p spanning the entire range of detection (45–4000 cm−1),
(b) RAMAN spectra of HA disc, PIIID-HA disc, PIIID-HA 500p, and PIIID-HA 1000p spanning
the entire range of detection (50–1800 cm−1), (c) RAMAN spectra of pure HA disc spanning the
entire range of detection (50–1800 cm−1); Figure S2: (a) XPS spectrum and peak-differentiation-
imitating analysis of (b) C1s, (c) O1s, and (d) N1s species of HA discs; Figure S3: (a) XPS spectrum
and peak-differentiation-imitating analysis of (b) C1s, (c) O1s, and (d) N1s species of HA 500p;
Figure S4: (a) XPS spectrum and peak-differentiation-imitating analysis of (b) C1s, (c) O1s, and
(d) N1s species of HA 1000p; Figure S5: (a) XPS spectrum and peak-differentiation-imitating anal-
ysis of (b) C1s, (c) O1s, and (d) N1s species of PIIID-HA discs; Figure S6: (a) XPS spectrum and
peak-differentiation-imitating analysis of (b) C1s, (c) O1s, and (d) N1s species of PIIID-HA 500p;
Figure S7: (a) XPS spectrum and peak-differentiation-imitating analysis of (b) C1s, (c) O1s, and (d) N1s
species of PIIID-HA 1000p.
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