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RESEARCH ARTICLE

Antibacterial CATH-2 Peptide Coating to Prevent Bone
Implant-Related Infection

Pardis Keikhosravani, Fatemeh Jahanmard, Tim Bollen, Kamran Nazmi,

Edwin J. A. Veldhuizen, Prasad Gonugunta, Prasaanth Ravi Anusuyadevi,

Bart C.H. van der Wal, Charles Vogely, Floris J. Bikker, Peyman Taheri, Harrie Weinans,
and Saber Amin Yavari*

The development of antibacterial coatings is a promising approach to
preventing biofilm formation and reducing the overuse of systemic
antibiotics. However, widespread antibiotic use has resulted in
antibiotic-resistant bacteria, limiting the efficacy of antibiotic-based coatings.
Herein, an antibacterial coating is developed by layer-by-layer (LbL) assembly
of two polymers namely PDLG (poly (D,L-lactide-co-glycolide)) and gelatin
methacryloyl (GelMA) while chicken cathelicidin-2 (CATH-2), a cationic and
amphipathic peptide, is loaded between these polymer layers. The
electrospray method is used to apply the coatings to achieve efficient peptide
loading and durability. The CATH-2 bactericidal concentration ranges are first
identified, followed by a study of their cytotoxicity to human mesenchymal
stem cells (hMSCs) and macrophage cell lines. Later, different LbL
electrospray coating assemblies loaded with the optimal peptide
concentration are sought. Various coating strategies are investigated to
identify an LbL coating that exhibits prolonged and biocompatible CATH-2
release. The resulting CATH-2-coated titanium surfaces exhibit strong
antibacterial activity against both Staphylococcus aureus and Escherichia coli
bacteria for 4 days and are biocompatible with hMSCs and macrophage cells.
This coating can be considered as a versatile delivery system platform for the
delivery of CATH-2 peptides while avoiding cytotoxicity, particularly for the

1. Introduction

Implant-related infection (IRI) is a ma-
jor issue with surgical implants, such as
hip replacements, dental implants, and
other medical devices. Bacteria colonize
the implant and form biofilm, leading
to a difficulty in treating infection with
potential implant failure and a long pa-
tient recovery time.l!l Staphylococcus au-
reusis one of the bacteria most frequently
associated with bone implant infections
and biofilm formation.”?! In some cases,
one or two-step revision surgery is re-
quired to remove and replace an infected
implant.’) It appears that at the stage of
initial bacteria surface adherence only a
small window of opportunity exists for
immune cells or other therapeutic strate-
gies to prevent biofilm development.
Once the biofilm is formed, biofilm-
residing bacteria require approximately
1000 times higher antibiotic concentra-
tions than planktonic bacteria, yet lead
to toxic side effects.[*] Hence, IRI man-

prevention of infections associated with implants.

agement should focus on prevention.
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Antibacterial coatings on surfaces are one of the most promis-
ing approaches for preventing biofilm formation.l®! In fact, lo-
cal delivery of antibiotics can reduce the overuse of antibiotics in
systemic antibiotic therapy (such as the treatment of chronic os-
teomyelitis) while increasing their effectiveness.l’] Nevertheless,
the widespread use of antibiotics has resulted in the development
of antibiotic-resistant bacteria, limiting the efficacy of coatings
that are based on antibiotics.!®) Alternatively, some non-antibiotic
compounds including host defense peptides (HDPs),[°! inorganic
nanoparticles (e.g., copper, silver, etc.),['”) immunomodulatory
agents (e.g. Interferon-y (IFN-y))'!) and sphingoid bases!'?] have
been reported to have antimicrobial activity and could there-
fore be applicable for the development of antimicrobial coatings.
Among novel antibacterial agents, HDPs (LL-37, Nisin, Maga-
inin, etc.) are a group of antimicrobial peptides (AMPs) found in
all organisms, including humans, that play a key role in the in-
nate immune response and are able to overcome the resistance
of certain antibiotic-resistant strains of bacteria,!'3 making them
potent candidate compounds for the development of antimicro-
bial coatings. Though, recent studies have revealed some chal-
lenges associated with the use of HDPs in the development of
antibacterial coatings. As an example, due to their high mini-
mum inhibitory concentration (MIC), a huge amount of pep-
tides is needed in the coating, making them an impractical op-
tion from a financial perspective.['*] It should be noted that some
groups have already attempted to use low concentrations of pep-
tide, however they have only achieved 60% or 85% antibacterial
efficacy,[*>1°] which is considerably below the minimum clinical
bactericidal properties (at least two logarithmic differences when
compared to the control group). Additionally, HDP-based coat-
ings do not possess long-lasting antibacterial properties due to
the degradation or denaturation of the peptide in the physiologi-
cal environment.['”]

Cationic and amphipathic CATH-2, also known as chicken
cathelicidin-2, is a type of HDPs that belongs to the catheli-
cidin family. It is rich in arginine and lysine and has both im-
munomodulatory and strong antibacterial activity againsta range
of Gram-positive and Gram-negative bacteria.['¥! It is not inacti-
vated at serum or high salt concentrations.[?] In addition to the
antibacterial agent, the type of material used for coating plays
an instrumental role in the bio-stability and efficacy of the an-
tibacterial coating.[?] Poly (D, L-lactide-co-glycolide) copolymers
(PDLG) and gelatin methacryloyl (GelMA) are biodegradable, and
biocompatible polymers. It is common to use these polymers
in the formulation of drug delivery systems, including surface
coatings, tissue engineering, and implantable devices.[?!??] Since
PDLG polymers are biodegradable, they will gradually break
down by enzymes or hydrolysis processes in the body, so there
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will be no need for second surgery to remove the device.[?)] Fur-
thermore, GelMA is also biodegradable, and the degradation rate
can be controlled by changing the crosslinking time and poly-
mer concentration.[?* The electrospray method is extremely ver-
satile when applying polymeric-based coatings, such as PDLG
and GelMA. During the process, a polymer solution is created,
and then an electric field is applied to the solution to create very
fine particles.[?’! It provides a high degree of control over coating
thickness and produces uniform coatings. Moreover, this method
has low costs, is relatively simple, and can be easily scaled up for
industrial use.?]

In this study, titanium (Ti) surfaces were electrosprayed
with CATH-2 peptide using the layer-by-layer (LbL) assembly
method?’] and release time and antibacterial activity were opti-
mized for Ti implant coatings, without compromising host cells
viability.

2. Results and Discussions

2.1. Surface Characterization

After HCI acid treatment of the Ti substrate, the surface rough-
ness was increased (Figure 1a). The PDLG coating exhibited
distributed pores in all coated groups, Figure 1a,b. It was ob-
served that the PDLG coating in the [PDLG/-/-] and groups was
uniform on the Ti surface, with an average coating thickness
of approximately 96.1+1.5 um. The [PDLG/CA/-], [PDLG/-/Gel],
and [PDLG/CA/Gel] coatings had a comparable coating thickness
of 97.240.4, 98.2+0.8, and 101.5+1.1 um, respectively. Further-
more, some parts of the GelMA coating were diffused within the
PDLG coating (Figure 1b).

The Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy (ATR-FTIR) spectra of [PDLG/-/-] and [PDLG/-
/Gel] confirm the presence of PDLG and GelMA polymers, re-
spectively. In the spectra of groups [PDLG/-/-], [PDLG/CA/-],
the stretching vibration region of functional groups containing
C =N, C=C, and C = O falls within the 1000-1800 cm™!
wave number range. However, in [PDLG/CA/-] compared to
[PDLG/-/-], the spectra band at 1750 cm™" corresponding to the
C = O bond was sharper. The 800-600 cm~! wave number region
corresponds to the IR stretching vibration region of functional
groups containing C-Cl and C-C. Moreover, stretching bands
caused by symmetric C-C( = O) vibrations were observed in the
1300-1150 cm~! range (Figure 1c).[?8] However, the unetched and
etched Ti samples was not IR active. In the groups [PDLG/-
/Gel] and [PDLG/CA/Gel], the spectra demonstrated character-
istic peaks of the GelMA polymer. The N-H and O-H stretching
vibrations are typically assigned to the absorption band around
3346 cm™!, while the peaks in the range of 2800-3100 cm™! are
attributed to the C-H stretching vibration. GeIMA’s backbone
structure is linked to absorption bands at 1640 cm™ (amide I,
C = O stretching), 1500 cm™' (amide II, N-H bending coupled
with C-H stretching), and 1253 cm™! (amide I1I, C-N stretching
and N-H bending). Notably, the peak around 1640 cm™ in the
GelMA spectrum, which corresponds to the C = C stretching of
methacrylate groups, is situated too close to the amide I C = O
stretching peak (Figure 1¢).[>%% Overall, the ATR-FTIR analysis
indicated successfully implementing of coatings layer.

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 1. Surface characterization of uncoated and coated titanium implants. Scanning electron microscopy of a) surfaces morphology of unetched and
etched titanium, [PDLG/-/-], [PDLG/CA/-], [PDLG/-Gel] and [PDLG/CA/Gel] groups and b) cross section view of coated implant, [PDLG/-/-], [PDLG/CA/-],
[PDLG/-Gel] and [PDLG/CA/Gel, to determine coating thickness. c) Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy from the
implant surfaces of unetched and etched titanium, [PDLG/-/-], [PDLG/CA/-], [PDLG/-Gel] and [PDLG/CA/Gel] groups in the wavenumber range of 400—
4000 cm™" to provides and confirm of presence or absence of specific functional group. Atomic Low resolution x-ray photoelectron spectroscopy (XPS)
d) to determine titanium, oxygen, carbon and nitrogen atomic concentration and e) binding energy surface of unetched and etched titanium, [PDLG/-/],
[PDLG/CA/-], [PDLG/-Gel] and [PDLG/CA/Gel] groups. f) High-resolution XPS spectra for C 1s, N1s and O1s peaks in [PDLG/CA/-], [PDLG/-Gel] and
[PDLG/CA/Gel]. The scale bar of all images shows 100 um.

Additionally, X-ray photoelectron spectroscopy (XPS) was uti-  mental carbon contamination. After electrospraying PDLG, the
lized to investigate the surface chemistry of the different sam-  group [PDLG/-/-] exhibited two signals of O and C. The groups
ples. As illustrated in Figure 1d,e, three characteristic signals = [PDLG/CA/-], [PDLG/-/Gel], and [PDLG/CA/Gel] exhibited three
of Ti, C, and O were observed from both unetched and etched  signals of O, C, and N; with the intensity of N being less in
Ti substrates. The presence of the C element indicated environ-  the group without GelMA. Furthermore, the surface elemental
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composition (Figure 1d) demonstrated that carbon and nitrogen
atomic concentrations increased upon the deposition of GelMA
and peptide coatings for all samples, while the oxygen atomic
concentration decreased. The titanium and oxygen atomic con-
centrations decreased after HCI treatment. Following treatment
and coating procedures, the Ti atomic concentration dropped
from 7.7% to 0%. The high-resolution spectra of Cls, N1s and
O1s for [PDLG/CA/-], [PDLG/-/Gel] and [PDLG/CA/Gel] are rep-
resented in Figure 1f and was further confirming that coating has
been successfully applied.?134

2.2. Coating Characterization and Stability

The effect of PDLG, peptide, and GelMA coating layers on Ti sur-
face properties was evaluated using contact angle (CA) measure-
ments. The etched Ti group demonstrated a lower CA value than
the unetched Ti and displayed more hydrophilic behavior. This
is due to the roughness created by etching. However, subsequent
deposition of PDLG as a hydrophobic polymer on etched Ti in-
creased the hydrophobicity and CA value. Furthermore, the ad-
dition of GelMA [PDLG/-/Gel] and peptide layer [PDLG/CA/-],
improved the hydrophilicity of the coating, which decreased CA
value (Figure 2a,b).

The CATH-2 release profile of [PDLG/CA/-] on day 1 shown
releasing all CATH-2 (Figure 2¢). An initial burst release of pep-
tide was observed from the coating in group [PDLG/CA/Gel] on
the first day followed by additional sustained releases on days 2,
3 and 4. In total, 75 pg of CATH-2 was released over 7 days. The
proposed mechanism of action for peptide release includes dif-
fusion through GelMA coating and degradation is illustrated in
Figure 2d.

To determine the GelMA concentration following incubation,
the degradation rate of GelMA in groups [PDLG/CA/Gel] and
[PDLG/-/Gel] was analyzed using a BCA kit assay. Both groups
indicated GelMA demonstrated a rapid degradation profile with a
high release rate on the first day. It also demonstrated slow degra-
dation on the following days. Quantitatively, more than 60% of
GelMA was degraded after 1 day and almost 80% after 7 days in
both groups (Figure 2e).

The mechanical shear resistance of a coating on Ti rod im-
plants was qualitatively evaluated through implantation of a
coated implant in a cadaveric rat bone. Upon examination, no evi-
dence of coating delamination was observed on coated-etched Ti.
The coating on unetched Ti was detached in some parts. The bone
had to be broken to retrieve the implants, indicating their firm fix-
ation (Figure 2f). To quantify the resistance of the [PDLG/CA/Gel]
coating to mechanical forces during implantation, the weight loss
of the coating after removal from the cadaveric bone was investi-
gated. The results showed an average 5% and 40% weight loss of
coating on etched and unetched Ti, respectively (Figure S2, Sup-
porting Information).

2.3. Antibacterial Properties
CATH-2 peptide antibacterial mechanism on both Gram-positive

and Gram-negative was illustrated (Figure 3a). The colony-
forming units (CFU) counting of the collected release media
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against planktonic S. aureus and E. coli bacteria over a period of
5 days were used to determine the antibacterial activity. As pre-
sented in Figure 3b,c on day 1, all groups with peptide in coat-
ings had no live planktonic bacteria. [PDLG/CA/Gel] killed 100%
of bacteria for 4 days, while the [PDLG/CA/-] group did not ex-
hibit any antimicrobial properties. The collected released media
of all groups on day 5 was demonstrated no antibacterial activity.
Furthermore, the CFU counting of sonicated implants showed
[PDLG/CA/Gel] coatings completely eradicated the bacteria on
day 4 and was not allowed adherent bacteria either positive or
negative strain to grow on the implant (Figure 3d,e).

To verify the bactericidal properties of the coatings, the bac-
teria treated with the implants, after being incubated for 4 days
in PBS, were stained and analyzed using confocal laser scan-
ning microscopy (CLSM, Leica SP8X, Germany). The images re-
vealed that in both positive and negative strains, the surfaces
of the specimens from the Ti, [PDLG/-/-], [PDLG/CA/-], and
[PDLG/-/Gel] groups were associated with the accumulation of
live bacteria (green dots). On the other hand, the surfaces of the
specimens containing both peptide and GelMA, [PDLG/CA/Gel]
group, had no live bacteria, and all bacteria being dead (red dots)
(Figure 3f,g). CLMS images confirmed the quantitative CFU as-
say results.

2.4. Cell Viability

The cytocompatibility and cellular adhesion of human mesenchy-
mal stem cells (hMSCs) and macrophage cell lines to the sur-
faces of the samples were evaluated over 7 days. As presented
in Figure 4a, the viability of hMSCs on the implants was con-
firmed using a quantitative AlamarBlue assay. Results showed
a steady increase in total metabolic activity over 7 days for all
groups when compared to blank specimens. However, for the
macrophage cell line, the cell viability of the [PDLG/CA/-] group
was significantly reduced compared to the other groups at days
1, 3, and 7 (Figure 4b). Using a qualitative live-dead assay on day
7, it was found that hMSCs adhered and spread homogenously
on all implants and no dead cells (red stain) were observed on
the implants cultured with hMSCs (Figure 4c). In comparison to
other groups, a higher number of dead cells was observed on the
[PDLG/CA/-] sample, while all the macrophage cells in the other
groups were live (Figure 4d).

2.5. Discussion

In this study, we determined the biocompatible concentration of
the antibacterial CATH-2 peptide. We found that it could be ef-
fectively loaded onto Ti substrates using the LbL coating method.
Specifically, the Ti surface was first etched with 37% HCIl and
then coated with PDLG. This was followed by adding 80 ng
CATH?-2 peptide and applying a GelMA layer to form an LbL coat-
ing. The electrospray method was used to apply both PDLG and
GelMA to achieve efficient peptide loading and durable LbL coat-
ing. The resulting peptide-coated Ti samples exhibited strong an-
tibacterial activity against both Gram-positive and Gram-negative
bacteria and were biocompatible with hMSCs and macrophage
cells. Therefore, local delivery of CATH-2 at sufficiently high

© 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 2. a) Optical images of the water contact angle of unetched and etched titanium, [PDLG/-/-], [PDLG/CA/-], [PDLG/-Gel] and [PDLG/CA/Gel]
groups to determine the wettability. Schematic illustrates different surface structures (created by BioRender.com). b) The water contact angle measure-
ment on the surface. The uncertainty of the contact angle measurements was determined from the standard deviation of 3 independent measurements.
) Culminative release profile of CATH-2 conjugated-Tamara at an excitation wavelength of 550-590 nm from [PDLG/CA/Gel] samples for 7 days using
multiplate reader. d) Schematic presents CATH-2 release mechanisms from LbL coating in group [PDLG/CA/Gel] (created by BioRender.com). ) Release
profile of GelMA degradation from [PDLG/CA/Gel] samples over one week via BCA kit assay. f) CLSM imaging before and after press-fit implantation of
the unetched and etched titanium implant in a cadaveric rat bone, coated with PDLG/GelMA labeled with Nile-red (red) and FITC (green), respectively.
Data represent the means + SD (n = 3) and the scale bar shows 100 um.

concentrations is capable of eradicating residual bacteria. To pre- The surface morphologies and corresponding coating thick-
vent bacteria spread from the implant surface to the surround-  ness measurements of the samples are shown in Figure 1la,b.
ing tissue and to eradicate bacteria contaminating tissue during  Acid treatment improved the polymer coating’s adhesion to the
surgery, a rapid initial release of antimicrobial agents followed by ~ Ti surface. By creating many acid-etched pits, the surface be-
a sustained release is necessary. came rougher which resulted in more efficient polymer coating
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Figure 3. Antibacterial activity of etched titanium, [PDLG/-/-], [PDLG/CA/-], [PDLG/-Gel] and [PDLG/CA/Gel] groups. a) Schematic represents the an-
tibacterial mechanism of CATH-2 peptide against both gram-negative and gram-positive bacteria (created by Biorender.com). Colony forming unit (CFU)
of the implant’s collected supernatant incubated in PBS over 5 days against b) S. aureus and c) E. coli. CFU of samples after incubation 4 days in PBS
and sonicated to measure adherent d) S. aureus and e) E. coli bacteria on implants. Live-dead assay of adherent bacteria on specimens after incubation
4 days in PBS and sonication to visualize (e) S. aureus and f) E. coli bacteria by confocal laser scanning microscopy. The green and red dots represent

live and dead bacteria, respectively. Data shows the means + SD (n = 3, *p <0 .05; **p < 0.01; ¥

adhesion.[*®] In addition, this process can also remove any con-
taminants on the Ti surface that may interfere with the adhe-
sion of the polymer coating. This ensures a strong and durable
bond between Ti and the coating.**! Through the electrospray
technique developed in this study, PDLG and GelMA coatings
were uniformly applied to the implant. The coatings showed
distributed pores in all coated groups. By electrospraying fine
droplets of a polymer solution, the solvent evaporated, leaving

Adv. Mater. Technol. 2023, 8, 2300500 2300500 (6 of 13)

p < 0.007) and the scale bar shows 100 pm.

behind a solid layer of polymer. The use of electrospray in the
coating process can result in the formation of a porous structure
within the coating, which can be distributed across the surface.’’]
Furthermore, electrospray coating allowed CATH-2 embedded in
the porosity of PDLG coating to be preserved. It improved GelMA
coating’s adhesion to Ti substrates while preserving the CATH-
2 embedded within the PDLG. Besides, the study presented in
this paper investigated the coating characteristics by ATR-FTIR
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Figure 4. Cytotoxicity of etched titanium, [PDLG/-/-], [PDLG/CA/-], [PDLG/-Gel] and [PDLG/CA/Gel] groups. AlamarBlue activity assay of implants for
different time points of 1, 3 and 7 days cultured with a) human mesenchymal stem cells (hnMSCs) and b) macrophage cell line. Live-dead assay on day 7

by confocal laser scanning microscopy of sample’s surface cultured by c)
*p <0 .05; **p < 0.01; ***p < 0.007) and the scale bar shows 100 pm.

and low and high resolution XPS of different coatings applied
to Ti substrates (Figure 1c.ef). These analyses provided valu-
able information about the surface chemical composition and
bond of uncoated and coated substrates. They also helped to un-
derstand the interaction between the coating and the substrate,
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hMSCs and d) macrophage cell line. Data represent the means + SD (n = 3,

which can further improve the coating process. The ATR-FTIR
spectra of the coated groups confirmed the presence of PDLG,
GelMA, and peptide. XPS analysis demonstrated an increase in
carbon and nitrogen atomic concentrations upon the deposition
of GelMA and peptide coatings. In contrast, the oxygen atomic
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concentration decreased. The results suggest that the coating pro-
cess on Ti substrates has been successful. The CA measurements
indicated that the addition of CATH-2 and GelMA coating layers
increased the CA value, which suggests that the coatings have
hydrophilic properties. Hydrophilic coatings can improve cell ad-
hesion and proliferation by promoting the adsorption of proteins
and other biological molecules.*®! Coating thickness and unifor-
mity can be carefully controlled, so that the drugs can be released
precisely. At body temperature, GelMA degraded, and CATH-2
was released. By adjusting the GelMA polymer’s chemical com-
position and crosslinking density, drug release and degradation
can be fully controlled and tuned.!*!

A kinetic model named First-order kinetic yielded the most
accurate fit for observed release kinetics. This model can be
used to describe water-soluble drugs dissolution within porous
matrixes or barrier membrane coatings, indicating that the sys-
tem is concentration-dependent, and that degradation-diffusion
is likely to be the mechanism by which CATH-2 is released.!*0*1]
lustrative CATH-2 release and GelMA degradation are depicted
schematically (Figure 2d). It showed that GelMA degradation in-
creased the pore size of the protective layer enabling peptide re-
lease. When GelMA is exposed to PBS suspension, it swells, caus-
ing drug diffusion. The outermost surface of the GelMA layer,
representing the diffusion zone, was expected to play a primary
role in initial burst release of CATH-2.1*21 A drug’s release rate
can also be influenced by its solubility, which impacts its diffu-
sion rate.[**] Also, the rapid initial release of antibacterial drug
is effective in killing all bacteria which is crucial as the local
immune defenses may be impaired after implantation, leaving
the implant vulnerable to bacterial colonization on the implant
surface and delayed release of drug may allow bacteria to infil-
trate host cells.*+*] It was observed that the LbL coating exhib-
ited a high initial CATH-2 release rate, followed by a sustained
slow release. A sustained antimicrobial effect administered over
a prolonged period is necessary to prevent the development of
bacterial colonies and biofilm formation.[*] The [PDLG/CA/Gel]
demonstrated effective antimicrobial activity against S. aureus
and E. coli bacteria in vitro for 4 days without cytotoxicity to hM-
SCs and macrophage cells. As such, the current LbL coating re-
sulted in high drug delivery efficacy in a bactericidal concentra-
tion without cytotoxic side effects. GelMA, as an outer layer, is
an ideal substrate for host cell adhesion and proliferation. This
makes it a suitable candidate for applications as a coating for bone
implants.[+748]

It is also crucial that the bone implants coating remains in-
tact and functional throughout surgery. An antibacterial coating
should retain its effectiveness over a longer time period, produc-
ing the desired therapeutic effects.?#] The etching process on
Ti implants can enhance the adhesion of the PDLG and GelMA
coating to the Ti substrate and thereby increase the stability of the
final coating, which can be attributed to the strong bond between
the implant and the electro-sprayed coating (Figure 2f). Moreover,
there are many factors that can affect the mechanical stability of
a GelMA coating, including its degree of crosslinking, substrate,
GelMA concentration and any additional components like the ap-
plied incorporated drugs or cross-linker component.[5%31]

When the cathelicidin peptide comes into contact with bac-
teria, the carboxy-terminal domain of it is cleaved off.*?! Stud-
ies have demonstrated that the likelihood of antibacterial resis-
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tance developing against CATH-2 is minimal, which is crucial.
It has the ability to combat antimicrobial-resistant bacteria with-
out provoking significant resistance.>*] Moreover, CATH-2 has
been shown to be a potent inhibitor and eradicator of biofilms.[>4]
CATHS-2 possesses a proline residue at its center, which destabi-
lizes its helical conformation and may influence how it interacts
with biological membranes. As a result of CATH-2's net positive
charge and amphipathicity, it interacts strongly with lipopolysac-
charide (LPS) and inner membranes, resulting in cell lysis, self-
uptake, or the formation of pores, which facilitate further pen-
etration (Figure 3a).5>>71 CATH-2 binding to LPS does not ap-
pear antimicrobial directly. It is more likely that LPS in the outer
membrane serves as a barrier that the peptide must overcome be-
fore reaching its target. This could be the cytoplasmic membrane
or an intracellular target, or both.[>°! Bacterial membranes wrin-
kle and fragment when exposed to CATH-2. CATH-2 has been
shown to have bactericidal effects on E. coli and demonstrated
that it has distinct effects on Gram-negative bacterial membranes
and intracellular contents.®! It binds via hydrogen bonding,
but also exhibits hydrophobic binding at higher concentrations.
Hydrophobic interactions between peptide and membrane can
disrupt membrane.l’®! In the interaction between CATH-2 and
Gram-positive bacteria, membrane perturbation was observed in
S. aureus as a result of the interaction with negatively charged sur-
face molecules, such as lipoteichoic acid (LTA) and cardiolipin, re-
sulting in the formation of lamellar mesosomes and membrane
permeabilization.>’]

Peptides that destabilize bacterial membranes may also affect
human cell membranes. However, a coating containing antimi-
crobial properties should not exhibit significant cytotoxicity to
mammalian cells.’?) While cationic HDP can rapidly permeabi-
lize prokaryotic membranes, most natural peptides are relatively
less toxic to eukaryotic cells. LL-37 and CATH-2 can enter eukary-
otic cells and facilitate nucleic acids and DNA dye entry without
cell lysis. This phenomenon is cell-type dependent, with primary
human lymphocytes and monocytes relatively unaffected by high
CATH-2 peptide concentrations.l®! Our results indicate no mea-
surable toxicity against hMSCs and a human macrophage cell
line for CATH-2 when efficiently coated on a Ti substrate.

Peptide-based antibacterial coatings face some challenges, in-
cluding coating preparation and drug delivery, as well as high
production costs.>?¢1 CATH-2 displays broad antimicrobial ac-
tivity and exerts strong immunomodulatory effects, including
binding to LPS, neutralization of the immune response, and en-
hancement of DNA-induced activation of Toll-like receptor 21
(TLR21).[°262] In this study, antibacterial activity and cytotoxic-
ity were separately checked. However, the co-culture model can
simultaneously evaluate the immunomodulatory and antibacte-
rial activity of the compound by incubating it with immune cells
and bacteria and measuring changes in cytokine production and
bacterial growth, respectively.[®*] Future studies should aim to
address the limitations of current antibacterial peptide coatings
that may enhance their efficacy against a wide range of bacte-
ria, particularly against biofilm-forming strains. Additionally, it
would be worthwhile to investigate the potential for bacterial re-
sistance to these peptide coatings, and develop strategies to mit-
igate this risk. In spite of numerous publications on peptide-
based antibacterial coatings, only a few studies have been per-
formed in vivo, which is essential for their clinical application.
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Finally, the PDLG/GelMA coating can serve as a multipurpose
delivery platform for administering antibacterial peptides safely
and without causing harm to cells. It could be particularly use-
ful in addressing infections related to bone implants. By utiliz-
ing multiple GelMA coatings, it is possible to improve drug re-
lease longevity and load multiple drugs. Further research could
be done to optimize drug release kinetics. This will ensure that
the coating provides a sustained release of antibacterial peptides
over a prolonged period of time.

3. Experimental Section/Methods

3.1. Peptide Synthesis

The CATH-2 peptide (REGRFLRKIRRFRPKVTITIQGSARF-
NH) and fluorescent CATH-2 conjugated-Tamra dye were syn-
thesized by Fmoc-chemistry at the Academic Centre for Dentistry
Amsterdam (Amsterdam, the Netherlands). By using solid phase
peptide synthesis using fluoren-9-ylmethoxycarbonyl (Fmoc) pro-
tected amino acids (OrpegenPharma GmbH, Heidelberg, Ger-
many) and (Novabiochem, Darmstadt, Germany) in a Syro II
synthesizer (Biotage, Uppsala Sweden). Labeling of CAHT-2
with 5,6-carboxytetramethylrhodamine (TAMRA), (Iris Biotech
GmbH, Marktredwitz, Germany) was carried out in-synthesis
using an additional Fmoc-Ahx-OH (NovaBiochem) at the N-
terminus. CAHT-2 peptide and the TAMRA-labeled were puri-
fied to a purity of at least 95% by preparative RP-HPLC UltiMate
3000 Series (Thermo scientific, Massachusetts USA) on Vydac
C18 column (218MS510, Vydac, Hesperia, CA, USA) and the au-
thenticity of the CAHT-2 and TMRA labeled peptide was con-
firmed by MALDI-TOF mass spectrometry on a Microflex LRF
mass spectrometer equipped with an additional gridless reflec-
tron (Burker Daltonic, Bremen, Germany).

3.2. Layer by Layer Coating

Ti disks (Alfa Aeser by Thermo Fisher Scientific, US), 6.0 mm
in diameter and 0.25 mm in thickness, were treated with con-
centrated hydrochloric acid HCI 37% (Merk, Germany) at 60 °C
for 30 min, and disks were immersed and washed with distilled
water and dried in the oven at 40 °C for 1 h (Etched Ti).[**] Af-
ter surface modification, the disks were ultrasonically cleaned
with acetone, ethanol and distilled water each for 10 min, and
then allowed to air dry. The Ti disks were coated with a multi-
layer coating through sequential layering, resulting in multiple
layers on top of each other. To coat Ti implants, PDLG (50:50,
Thermo Fisher Scientific, US) was dissolved in trifluoroethanol
(TFE, Sigma-Aldrich, Germany) at a concentration of 50 mg mL™!
for 2 h at room temperature. A 0.5 mL h™! flow rate was em-
ployed, and a sample distance of 100 mm was used to electrospray
the prepared solution for 120 min. In order to generate particles,
an electric field (16 kV) was applied with a high voltage power
supply (Heinzinger LNC 30000, Germany). CATH-2 was loaded
onto samples by dissolving it in deionized water (Milli-Q) to a
concentration of 2g L~1. 40 pL of CATH-2 solution was pipetted
onto the PDLG-coated samples. Peptides were spread out slightly
and dried at room temperature for 1 h. PDLG coating was con-
trolled by fixing the coating weight at 5 mg per implant.
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Table 1. An overview of all experimental groups’ specifications.

Group’s name PDLG CATH-2 GelMA
(mg per (ug per (mg per
implant) implant) implant)

Etched titanium (Ti) — — —

Etched titanium + PDLG 5 —_ —_
Coating ([PDLG/-/-])

Etched titanium + PDLG 5 80 —
coating + CATH-2
([PDLG/CA/-])

Etched titanium + PDLG 5 — 2
coating + GelMA coating
([PDLG/-/Gel])

Etched titanium + PDLG 5 80 2
coating + CATH-2 + GelMA
coating ([PDLG/CA/Gel])

GelMA was synthesized using previously established
methods.[??! Briefly, 10% w/v porcine type A gelatin (Merk,
US) was dissolved in phosphate-buffered saline (PBS, Thermo
Fisher Scientific, US) at 50°C while stirring continuously. A
solution of Methacrylic anhydride (60% w/v, Merk, US) was
added to the gelatin solution. A pH adjustment was made
using 5 mM sodium hydroxide (NaOH) after the reaction was
terminated with 3x PBS, and excess methacrylic Anhydride was
centrifugated at 4000 rpm to remove excess. After dialyzing with
Milli-Q water for 5 days at 4 °C, the solution was filtered through
0.2 m pores and lyophilized to sterilize it.

A final concentration of 3% GelMA was achieved at room tem-
perature by gently mixing it with Milli-Q water. After this, 0.5%
Irgacure (Merk, US) was added to the solution. Electrospray con-
ditions were the same as those described for the PDLG layer,
where the solution was loaded into a syringe and electrosprayed
at a spray rate of 0.5 mL h~! for 90 min. After coating, samples
were exposed to UV-irradiation (Bluepoint ecocure, Germany) for
1 min to form a stable hydrogel coating. The GelMA coating was
adjusted by of 2 mg per implant. Briefly, four additional con-
trol groups were established where no coating was present on
Ti, where the CATH-2 and GelMA were not present, but PDLG
was present [PDLG/-/-], where the CATH-2 and PDLG layer were
present, but the GelMA layer was absent [PDLG/CA/-], and where
PDLG and GelMA were loaded without peptide [PDLG/-/Gel].
Etched Ti was used to prepare all of the different groups. Table 1
summarizes the specifications of all experimental groups.

3.3. Surface Characterization

The coatings morphology was examined using field emission
scanning electron microscopy (FESEM, JEOL, JSM-6500F). Prior
to measurements, the samples were carbon sputtered for 25 s,
resulting in a thickness of around 17.8 nm, using JEOL-JEC-530
auto carbon coater equipment, to ensure the conductivity of the
samples. Representative images of the coated specimens were se-
lected by inspecting several regions of the implant surface quasi-
randomly. The inspected areas displayed different morphologies,
and images showing some recurrent patterns were chosen as
representative images. To measure the overall thickness of the
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coatings, half-coated samples were tilted by FESEM and cross-
section images were taken. After importing these images into
Image] software, the coatings thickness was measured quanti-
tatively by measuring its height across multiple regions of the
image. This allowed for an average thickness measurement that
accounted for any thickness variations across the coating surface.

The coating surface chemistry was characterized using XPS.
Here, analyses were carried out using a PHI-TFA XPS spectrom-
eter (Physical Electronic Inc.), equipped with an x-ray Al Ka X-
ray monochromatic source (hv = 1486.7 eV). The vacuum dur-
ing the XPS analysis was maintained around 10~° mbar and the
pass energy during survey was 89.45 eV. During measurements,
the diameter of the analyzed circular area was 0.4 mm, and the
corresponding depth of analysis was 3-5 nm. Narrow multiplex
scans of Cls, Ols and N1s peaks were collected in high resolu-
tion mode with pass energies of 71.55 eV. They had resolution of
0.2 eV, at a 45° take-off angle. The acquired spectra were pro-
cessed using MultiPak v.8.0 (Physical Electronics Inc.), for curve
fitting and atomic concentrations calculation.

The chemical structures of the coated surfaces were ana-
lyzed using ATR-FTIR (Perkin Elmer Instruments, US). The
transmittance spectra of the coated samples were recorded in
the wavenumber range of 400-4000 cm™!. The samples were
mounted on the sample stage and placed in contact with an ATR
crystal.

In order to determine the CA of different surfaces, the sessile
drop method was used. Digital cameras were connected to optical
microscopes to measure CA values and SCA20 software (Data
physics instrument Company, Filderstadt, Germany) was used to
analyze them. Three measurements were done on each sample,
and the average value was reported.

3.4. Coating Characterization and Stability
3.4.1. CATH-2 Release Profile

Fluoroskan Ascent FL multiplate reader (Thermo Labsystems,
Finland) was used to measure the fluorescent signal gener-
ated by CATH-2 conjugated-Tamra at an excitation wavelength
of 550-590 nm to determine the peptide release profile. The
[PDLG/CA/Gel] samples were incubated in 1 mL of PBS (pH
7.4) at 37 °C for 7 days, and the media containing the peptide
was collected and replaced daily. The concentration of CATH-2
in the samples at various time points was measured to calculate
cumulative release profiles. In order to determine the cumula-
tive release curves, a titration of CATH-2 conjugated to Tamra as
a standard was prepared.

3.4.2. GelMA Degradation

The degradation of the GelMA hydrogel in the groups of [PDLG/-
/Gel] and [PDLG/CA/Gel] was evaluated by incubating the sam-
ples in PBS for 7 days. The samples were placed in 200 uL PBS
at pH 7.4 and the media was collected and refreshed daily. The
concentration of degraded GelMA in PBS was determined using
the BCA kit assay (Thermo Fisher, US) as per the manufacturer’s
protocol. The degradation rate was calculated by normalizing the
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concentration of degraded GelMA at the indicated time points to
the total GelMA content.

3.4.3. Coating Durability

Rod-shaped Ti implant (RatFix Shoulder screw, RISystem,
Switzerland), with a length of 6.5 mm and a diameter of 0.8
mm was used. The ability of the coatings to withstand surgi-
cal implantation in the group [PDLG/CA/Gel] was evaluated by
implanting unetched and etched Ti coated with 5 mg Nile-red
(Thermo Fisher Scientific, US) loaded PDLG and 2 mg FITC-
loaded GelMA into cadaveric rat tibiae with a surgical procedure,
previously reported.[®] The coatings were visualized before and
after implantation by CLSM. To quantify the amount of coating
remaining after explanation, the explanted implants were washed
with demineralized water to remove any tissue residue, dried
completely and weighed. The coating weight loss was calculated
using Equation 1. Where w, represents the initial weight of the
coating before implantation and w, represents the final weight af-
ter washing and drying.

Wy — Wy

weight loss(%) = (1)

Wy

3.5. Antibacterial Activity
3.5.1. Bacterial Culture

The antibacterial activity of the coating was assessed using green
fluorescent protein (GFP) labelled S. aureus (strain: SH1000) and
E. coli (strain: MG1655). These bacteria were transformed with a
GFP-expressing plasmid pCM29 to facilitate constitutive GFP ex-
pression, as per established protocols.[®®®’] S. aureus was grown
in Todd-Hewitt broth (THB) containing 10 pg mL™! chloram-
phenicol at 37°C for 16 h to reach stationary phase. The overnight
bacterial culture was then diluted in THB to achieve a final inocu-
lum concentration of 10° CFU mL~!. Similarly, E. coli was pre-
pared in Luria-Bertani broth medium without chloramphenicol.

3.5.2. Antibacterial Assay

The coated samples were incubated at 37 °C in PBS for 5 days.
Culture media were collected daily and refreshed. The collected
release media in 48-well plate was then exposed to the 1 mL pre-
pared bacterial suspension. The plates were incubated at 37 °C
in an incubator for 16 h before counting CFU for each plate. The
number of planktonic bacteria was quantified by CFU assay in
serial dilutions of the bacterial suspension.

For the quantification of the adherent bacteria on implant on
day 4, the implants kept in PBS at 37 °C for 4 days. After discard-
ing the supernatant, the implants were incubated with mixing
of 1 mL prepared bacteria and fresh PBS at 37 °C for 16 h. The
samples were rinsed three times with PBS and then sonicated
for 1 min in 1 mL fresh PBS. The supernatant was used for CFU
determination using the same method as mentioned.

Furthermore, the implants exposed to the GFP-labelled bacte-
rial suspension, as mentioned above, were analyzed by CLSM fol-
lowing staining with SYTOX Orange Nucleic Acid Stain (Thermo
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Fisher Scientific, US). Specifically, the 20 pL. SYTOX orange so-
lution (50 uM stock concentration) was added to the suspension
of overnight incubated implants with bacteria and was kept with
the dye-solution for 15 min at room temperature. Images were ac-
quired using CLSM at a magnification of 20x. The fluorescence
signals emitted by live cells (green, with an excitation wavelength
range of 396-508 nm) and dead cells (red, with an excitation
wavelength range of 547-570 nm) were analyzed and processed
using software provided by the CLSM manufacturer (Leica soft-
ware).

3.6. Cytotoxicity
3.6.1. hMSCs Isolation and Culture

In accordance with institutional medical ethics committee ap-
proval and written informed consent obtained from patients,
bone marrow samples were collected from three individuals
who underwent orthopedic surgery at the University Medical
Center Utrecht in the Netherlands under the protocols METC
08-001/K and METC 07-125/C. The mononuclear cell fraction
was obtained through Ficoll-Paque centrifugation, and subse-
quently cultured in growth medium composed of minimum es-
sential medium supplemented with 100 units mL~! Penicillin-
Streptomycin antibiotics (Pen-Strep, Thermo Fisher Scientific,
US) and 10% fetal bovine serum (FBS, Invitrogen, UK) for
48 h. The plastic-adherent cells were then expanded to passage
5. These hMSCs were then seeded onto implants in 48-well plate
at a density of 10,000 cells per 500 uL and were maintained in
a humidified incubator (37°C, 5% CO,). Every third day of the
culture period, the medium was replaced.

3.6.2. Monocyte (THP-1) Isolation and Culture

An in vitro model of macrophage polarization was previously de-
scribed, utilizing THP-1 monocytes (ATCC, Teddington, UK) as a
starting population, which were differentiated into macrophages
through exposure to Phorbol 12-myristate 13-acetate (PMA).[%8]
Briefly, the human monocytic leukemia cell line THP-1 was
cultured in RPMI 1640 culture medium (Thermo Fisher Scien-
tific, US) supplemented with 10% v/v FBS and 1% v/v Pen-Strep
at 37 °C in 5% CO, in a humidified incubator for 1 day. To in-
duce differentiation, PMA (Sigma-Aldrich, Germany) was added
to a final concentration of 100 nM. After 2 days, the PMA sup-
plemented media was removed, and the cells were washed with
PBS and allowed to rest for an additional 24 h in fresh PMA-free
media to acquire macrophages. These cells were cultured onto
samples in 48-well plates at a density of 5,000 cells per 500 uL
and were maintained in a humidified incubator (37 °C, 5% CO,).
Every third day of the culture period, the medium was replaced.

3.6.3. Cell Viability Assay
To investigate the impact of CATH-2 release from the coating on

host cells’ behavior, five groups of implants were incubated with
cells for 7 days. First, the coated implants were sterilized for 1 h
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with ultraviolet radiation. The macrophage and hM SCs cells were
seeded into the coated implants in a 48-well plate at a density of
5,000 and 10,000 cells per well in growth medium, respectively.
The cytotoxicity of all implants was evaluated with the Alamar
blue metabolic activity assay at different timepoints (days 1, 3
and 7) by incubation with 10% Alamar Blue Cell Viability Reagent
(Thermo Scientific, USA) in growth medium. The fluorescence
signal at 540-590 nm was read using a multiplate reader after
3 h. Fluorescence values of blank samples (untreated cells) were
considered 100% viable. Before calculating the percentage of cell
viability, the background signal from wells containing only Ala-
marBlue reagent was subtracted. In addition, other experimental
groups were normalized compared to blank samples.

Cell adhesion and survival were evaluated using a live/dead
cell viability staining kit (Thermo Scientific, US) as per the man-
ufacturer’s instructions on day 7. The samples were then ana-
lyzed using CLSM. Fluorescence signals from live cells (green,
500-525 nm) and dead cells (red, 528-640 nm) were processed
and analyzed with Leica software.

3.7. Statistical Analysis

Data are presented as mean + standard deviation and sam-
ple size was 3 (n = 3). A one-way ANOVA followed by
Tukey post-hoc correction was used for comparison of group
means in SPSS (version 26, IBM SPSS statistics). The
Shapiro-Wilk test was employed to assess data normality.
A P value of 0.05 was used as a threshold for statistical signifi-
cance. *p <0 .05; **p < 0.01; ***p < 0.001.

4, Conclusions

In conclusion, the study demonstrated the successful use of an-
tibacterial CATH-2 peptide in a LbL coating method. This was
for the development of antibacterial coatings on Ti substrate. The
electrospray method was used to apply PDLG and GelMA coat-
ings to achieve efficient peptide loading and a durable coating.
The resulting peptide-coated titanium samples exhibited strong
antibacterial activity against both S. aureus and E. coli bacteria and
were biocompatible with hMSCs and macrophage cells. The use
of GelMA allowed for a prolonged release of CATH-2, which ef-
fectively prevented bacterial adhesion to titanium implants with-
out compromising host cells viability. Degradation-diffusion is
likely the mechanism by which CATH-2 is released. The study
provides a promising approach to developing antibacterial coat-
ings for use in the prevention of biofilm formation and the treat-
ment of bone implant related infection.
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