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ABSTRACT: Implant-associated infections pose significant chal-
lenges due to bacterial resistance to antibiotics. Recent research
highlights the potential of immobilizing antimicrobial peptides
(AMPs) onto implants as an alternative to conventional antibiotics
for the prevention of bacterial infection. While various AMP
immobilization methodologies have been investigated, they lack
responsiveness to biological cues. This study proposes an enzyme-
responsive antimicrobial coating for orthopedic devices using KR-
12, an AMP derived from Cathelicidin LL-37, coupled with the
Human Elastin-Like Polypeptide (HELP) as a biomimetic and
stimuli-responsive linker, while mimicking the extracellular matrix
(ECM). During implantation, these customized interfaces encoun-
ter the innate immune response triggering elastase release, which
degrades HELP biopolymers, enabling the controlled release of KR-12. After coupling KR-12 with HELP to titanium surfaces, the
antimicrobial activity against four pathogenic bacterial strains (Staphylococcus aureus, Staphylococcus epidermidis, Escherichia coli, and
Pseudomonas aeruginosa) was assessed, revealing an inhibition ratio of bacterial adhesion and colonization exceeding 92% for all
tested strains, compared with surfaces functionalized with KR-12 only. It is thought that the enhanced antimicrobial activity was due
to the improved mobility of KR-12 when coupled with HELP. Furthermore, the prepared coatings boosted the adhesion and
proliferation of human osteoblasts, confirming the cytocompatibility. These findings suggest the potential for smart coatings that
combine the antimicrobial functions of AMPs with HELP’s biological properties for use in a variety of settings, including medical
devices.
KEYWORDS: antimicrobial peptide, Human-Elastin Like Polypeptide, KR-12, enzyme-responsive coating, osteoblast promotion,
bacterial growth inhibition

1. INTRODUCTION
The implantation of medical devices carries a notable risk of
nosocomial pathogens colonizing and forming biofilms on
device surfaces, subsequently leading to infections with
prolonged healing periods. According to the concept of the
“race for the surface”, proposing a competition between host
and bacterial cells for colonization on the implant surface, the
likelihood of bacterial attachment decreases if the host cells
establish colonization on the implant surface first, and vice
versa.1 Upon implant placement, the surface becomes coated
with a protein film, providing potential receptors for bacterial
adhesive ligands, thus promoting further colonization. Biofilms,
once formed, serve as effective shields for microorganisms
against host immune responses and antibiotic treatments.2

Titanium, renowned for its mechanical strength, chemical
inertness, and compatibility with biological systems, remains
the predominant material choice in orthopedic implants, bone

surgery, and dental applications, aiming to improve human
tissue healing.3 However, despite its exceptional characteristics,
bacterial colonization on titanium surfaces remains a significant
factor contributing to implant failure, often requiring revision
and introducing complexities to patient treatment and recovery
processes.4

To effectively inhibit bacterial biofilm formation, it is
essential to modify surfaces with antimicrobial coatings to
combine antifouling methods to deter bacterial adhesion and
colonization while enhancing biocompatibility by reducing
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potential toxicity to human cells.5 Recent advancements in
antimicrobial coatings aim to develop multifaceted structures
with controllable toxicity and bioengineering capabilities.
These novel coatings are designed to achieve a balance
between effective pathogen elimination and compatibility with
host tissues, minimizing cytotoxic effects.6 Innovations include
incorporating nanostructured materials, stimuli-responsive
elements, and multifunctional agents, such as nanoparticles
or antimicrobial peptides (AMPs), which provide controlled
release or activation in response to specific environments.7,8

This dual functionality addresses the challenges of preventing
infections while supporting tissue regeneration and integration
by promoting cellular adhesion, proliferation, and differ-
entiation.9,10 AMPs, which are naturally found in various
organisms, possess distinct structural features characterized by
cationic and amphiphilic domains. These features are crucial
for disrupting bacterial cell membranes. Unlike traditional
antibiotics, AMPs have demonstrated a broad spectrum of
activity against bacteria, fungi, and viruses while also avoiding
the induction of bacterial resistance. This resistance avoidance
stems from their ability to permeate the cytoplasmic
membrane without triggering typical resistance mechanisms.11

Amidst a diverse array of AMPs that have been documented,
the human cathelicidin peptide LL-37 emerges as a noteworthy
antimicrobial agent renowned for its multifaceted immuno-
modulatory capabilities.12 One notable fragment of LL-37 is
the cationic KR-12; the shorter length, reduced cytotoxicity,
and cost-effectiveness of KR-12 make it an attractive option for
various biomedical applications, including surface immobiliza-
tion on materials used in wound dressings, urinary catheters,
and implants.13 KR-12 interacts favorably with bacterial
membranes due to its α-helical conformation and positive
charge while also minimizing cytotoxic effects. Structural
studies suggest that AMPs like KR-12 function by creating
nanometric pores in cell membranes or inducing membrane
micellization.14 Moreover, prior research has shown that
controlled concentrations of KR-12 promote osteogenic
differentiation in human-bone-marrow-derived mesenchymal
stem cells, in addition to its antibacterial properties.15,16

Two primary approaches, physical adsorption and covalent
immobilization, have been explored for immobilizing AMPs on
titanium implants.17 The simpler method, involving the
physical adsorption of AMPs onto the titanium surface, is
less stable compared to covalent immobilization, leading to
rapid leaching of AMPs and a subsequent reduction in
antimicrobial activity over time.17,18 In contrast, covalent
immobilization establishes a chemical bond between the AMP
and the titanium surface, ensuring long-term stability and
preserving AMP activity on the implant surface.19 However, a
drawback of this method is that it reduces the mobility of the
peptide and can cause steric hindrance. To address this
limitation, a flexible linker between the AMP and the titanium
surface can be introduced as a solution. The linkers provide
flexibility to AMPs, increasing their exposure and facilitating
better mobility and penetration of bacteria, thereby enhancing
antimicrobial efficacy.20

Although covalent immobilization of AMPs using linkers
ensures high antimicrobial efficiency, the increased concen-
tration of antimicrobial agents on the surface may compromise
the biocompatibility, angiogenic activity, and osteogenic
activity of the implant, consequently delaying sufficient
osseointegration.21 To address these critical issues, there is a
demand to explore novel antimicrobial coatings capable of

selectively targeting bacteria under pathological conditions.22

Therefore, developing statically versatile implant coatings
would significantly enhance their applicability, necessitating
the design of a coating capable of responding to fluctuations in
the pH or enzymatic activity.21 The findings of recent studies
emphasized the significance of biomaterial coatings that
respond to pathogen microenvironments inhibiting the contact
between AMPs and normal cells and thereby decreasing their
toxicity.23,24 Such an approach was followed by Suo et al.,23

who reported that AMP−hyaluronic acid hybrid hydrogels
exhibit excellent broad-spectrum antibacterial activity, showing
on-demand release of AMPs specifically in acidic environments
and expediting wound healing in infected mice. These findings
suggest a promising avenue for the development of biomaterial
coatings that could effectively manage chronic infected wounds
by harnessing the innate properties of AMPs and responsive
hydrogel systems.

The ideal antimicrobial coatings should exhibit efficacy
against diverse pathogens, biocompatibility with host tissues,
long-lasting activity, physiological stability, minimal cytotox-
icity, resistance to biofilm formation, ease of application, and
cost-effectiveness for medical deployment.25 To meet these
criteria for the anticipated antimicrobial coating, an ideal linker
for immobilizing AMPs on titanium implants could be
extracellular matrix (ECM)-inspired polymers, such as
Human Elastin-Like Polypeptide (HELP).26 HELP is a well-
described recombinant biopolymer comprising sequences
resembling natural human tropoelastin, offering enhanced
biocompatibility, improved cell adhesion, and increased
anchoring sites for effective AMP immobilization.27 Moreover,
HELP can be degraded by physiological pathways, mitigating
the risk of harmful byproducts.28 Previous studies have
assessed the proteolytic susceptibility of HELP matrixes,
demonstrating their potential for enzymatic-triggered release
of model compounds.29,30 The elastolytic activity, present in
both prokaryotic and eukaryotic organisms, is associated with
various pathological conditions such as pulmonary emphyse-
ma, cystic fibrosis, infections, inflammation, chronic wounds,
and atherosclerosis.31,32 Building on this concept, HELP
polypeptides show promise as proteolytic stimuli-responsive
systems for controlling the release of AMPs.28

In this study, we developed an ECM-mimicking system
based on HELPs to tether AMPs to titanium implant devices.
We utilized enzyme-mediated release, taking advantage of
physiologically normal inflammatory reactions or remodeling
processes, which are most active during tissue healing and
bone formation after surgical implantation.30 Initially, HELP
biopolymer was immobilized onto titanium disks as linkers.
Subsequently, the AMP KR-12 was attached covalently at an
optimized immobilization density to maximize the cell viability
and antimicrobial activity. The antimicrobial activity of the
coating against various pathogenic bacteria was investigated,
and the cytocompatibility of the coating was assessed by using
human osteoblast bone cells.

2. EXPERIMENTAL METHODS
2.1. Sample Preparation. The immobilization of peptides on

titanium substrates involved a systematic three-step process. Prior to
initiating the process, the production and purification of HELP was
carried out. To immobilize the peptides using HELP linkers on the
titanium substrates, first, hydroxylation and silanization were carried
out, followed by attachment of the HELP linker and subsequent
peptide immobilization. Each stage of this sequential procedure is
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precisely outlined in the following sections. The processing scheme is
summarized in Figure 1. Table 1 provides the description of sample
names used in the experimental work.

2.1.1. Silanization of Titanium Substrates. Titanium disks, 10 mm
in diameter and 2 mm in thickness, served as representative models
for the prevalent materials found in dental and orthopedic implants
(commercially pure Medical grade 5 Ti6Al4 V, William Gregor Ltd.,

East Grinstead, U.K.). The preparation process started with grinding
of the titanium disks consecutively with 800, 1200, and 2500 grit
Struers silicon carbide/abrasive papers using Struers Metallographic
equipment. The disks were then polished to a mirror finish using a
0.05-μm-particle-size colloidal silica, according to Bruker’s protocols.
To ensure cleanliness, the polished disks were sonicated for 30 min in
ethanol, followed by a 30 min sonication in deionized (DI) water. The

Figure 1. Schematic representation of (a) a step-by-step procedure for silanization, HELP attachment, and KR-12 immobilization to prepare an
enzyme-responsive antimicrobial coating for titanium implant surfaces and (b) chemical reactions that occurred in each step at the interface of the
titanium surface and the reagents. The diagram is not drawn to scale, and symbols are just utilized to elucidate the underlying concepts. APTES =
(3-aminopropyl)triethoxysilane, HELP = Human Elastin-Like Polypeptide, EDC = 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydro-
chloride, and sulfo-NHS = sulfo-N-hydroxysuccinimide.
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titanium disks were then air-dried at room temperature and stored in
a desiccator until required.

To facilitate the silanization process, a thorough 2 h etching
process using an oxidizing solution (50:50 v/v, 98% H2SO4/30%
H2O2) was carried out, introducing hydroxyl groups on the surfaces.
The etched surfaces were washed twice in DI water and ethanol with
30 min sonication intervals. Silanization, a common method for
immobilizing biomolecules on inorganic surfaces, was then performed,
as described previously.33 An organic silane, (3-aminopropyl)-
triethoxysilane (APTES) (ThermoFisher Scientific, Birmingham,
U.K.), was used as the intermediate linker, enhancing the adhesion
process. The hydroxylated titanium (TiOH) substrates were
immersed in a 10% (v/v) APTES solution in toluene (purity ≥
99.5%, Sigma-Aldrich, Poole, U.K.) at 80 °C for 4 h with continuous
agitation to introduce functional amino groups onto the titanium
surfaces. Each batch of the silanization reaction consisted of 10
samples in a total volume of 10 mL of solution. After the silanization
reaction, the surfaces were sonicated following two 10 min sonication
cycles in each of the following solvents: pure toluene, ethanol, and
water.

2.1.2. Production and Purification of the HELP Biopolymer. The
expression and purification of recombinant HELP biopolymers were
performed in standard conditions, as described in the literature.34,35

Briefly, recombinant clones of the Escherichia coli C3037I strain (New
England Biolabs, Ipswich, MA) transformed with the plasmid carrying
HELP DNA sequences were grown in a Luria−Bertani (LB) medium,
supplemented with 50 μg/mL ampicillin and 70 μg/mL chloramphe-
nicol. An overnight starter culture was used to seed the expression
culture in Terrific Broth, which was carried out at 37 °C under
constant agitation until a turbidity of approximately OD600 = 1 was
reached. The expression of HELP was induced by adding 0.1 mM
isopropyl β-D-1-thiogalactopyranoside. Growth was continued for an
additional 5 h, after which bacterial cells were collected by
centrifugation at 8000 rpm for 20 min at 10 °C using a Beckman
Coulter J-26 XP (High Wycombe, U.K.).

The pellets were suspended in 400 mL of an extraction solution
containing 50 mM Tris/HCl (pH 8), 250 mM NaCl, 0,1 mM EDTA,
0,1% Triton X-100, and 1 mM phenylmethanesulfonyl fluoride and
disrupted using a high-pressure homogenizer (Panda NS1001L, GEA
Niro Soavi, Italy). Then, 2-mercaptoethanol was added to 20 mM,
and after the bacterial lysate was cooled on ice, the mixture was
centrifuged at 10000 rpm for 30 min at 8 °C (Beckman Coulter J-26
XP). The cellular debris was discarded, and the supernatant was
further processed to purify the HELP biopolymer following a well-
established procedure known as inverse transition cycling (ITC),
which is based on the thermoresponsive properties of the elastin
domain.36 Briefly, the biopolymer was precipitated by adding NaCl to
the supernatant to a final concentration of 1.5 M at 37 °C. The
aggregated part was separated from the solution by centrifugation at
7000 rpm for 30 min at 37 °C. The pellet was redissolved in cold
water, and any nonsoluble components were removed through cold
centrifugation. In total, three ITC cycles were performed to ensure
the desired degree of purification. The material was lyophilized for
long-term storage and further use. The details of the HELP
biopolymer sequences are provided in the Supporting Information.

2.1.3. HELP Attachment. To enable the attachment of HELP as a
linker onto titanium surfaces, the process involved the selective
activation of the carboxyl group in HELP using 1-ethyl-3-[3-
(dimethylamino)propyl]carbodiimide hydrochloride (EDC, Thermo-

Fisher Scientific), resulting in the formation of highly reactive O-
acylisourea. This intermediate complex subsequently reacted with the
primary amine groups present on the titanium surface using sulfo-N-
hydroxysuccinimide (sulfo-NHS, ThermoFisher Scientific) as an
activating agent, as described in the literature.37

The initial step involved preparing a 1 mg/mL HELP solution in 2-
(N-morpholino)ethanesulfonic acid (MES) buffer (0.1 M, pH 6.0).
Amino-functionalized substrates (Sil-PTi; Table 1) were then
immersed in a HELP solution for 1 h, followed by immersion in a
solution of EDC (23 mg/L) and the sequential addition of sulfo-NHS
(77 mg/L) in a dropwise manner. Each batch of the reaction included
10 samples within a total volume of 10 mL. The grafted samples,
HELP-STi, were successively washed with DI water and ethanol using
a vortex to remove noncovalently bound reactants before drying and
storing in a desiccator.

2.1.4. Covalent Immobilization of KR-12. Following the attach-
ment of HELP, a similar EDC/NHS protocol was employed to
immobilize KR-12 (H-KRIVQRIKDFLR-OH) on the amine groups
of HELP, labeled as KR12-HTi. An identical procedure was employed
to immobilize KR-12 (BOCSCI Inc., NY, USA) directly onto the
silanized surface of Sil-PTi, labeled as KR12-STi. To immobilize the
peptides, the carboxylic groups of the peptides were activated with
EDC and subsequently reacted with the primary amine groups of the
silanized surface of Sil-PTi or the HELP biopolymer on the surface of
HELP-STi. Following the protocol outlined in the previous section,
the substrates were incubated in a 1 mg/mL solution of KR-12 in
MES buffer. After 1 h of incubation, EDC and sulfo-NHS solutions
were added dropwise in sequence to facilitate the covalent binding of
the KR-12 peptide. This step-by-step procedure ensured a consistent
and effective process for immobilization of the KR-12 peptide onto
the silanized surfaces and HELP-modified surfaces. In both
procedures, each batch consisted of 10 samples processed in a total
volume of 10 mL. Two wash cycles with DI water and ethanol,
employing a vortex for thorough cleansing, were performed to remove
any noncovalently bound peptides.

To precisely quantify the immobilized peptides on the surfaces, a
fluorenylmethyloxycarbonyl (Fmoc)-labeled KR-12 [Fmoc-KRIVQ-
RIKDFLR-OH] was used, following the protocol mentioned above.
The peptide percentage used for KR-12 immobilization was selected
and evaluated based on the minimum inhibitory concentration (MIC)
of KR-12. KR-12 and modified versions of KR-12 have been
synthesized in our laboratory by solid-phase peptide synthesis and
fully characterized. The MIC values for KR-12 in this study were
measured at 2, 2, and 8 μM for E. coli, Pseudomonas aeruginosa, and
Staphylococcus aureus, respectively, consistently close to reported
values from previous studies.38,39

However, the antimicrobial efficacy observed with the immobilized
peptide on surfaces differed significantly from the expected results
based on MIC. The reason behind this is that AMPs often exhibit
different mechanisms and efficacies compared to their soluble
counterparts40 (see also Results and Discussion sections 3.1, 3.2,
and 3.4). When peptides are attached to a surface, their mobility is
restricted. This can lead to more rigid and extended conformations,
which may affect their interactions with other molecules. In addition,
the immobilization process can influence the peptide’s orientation,
accessibility, and interaction with bacterial membranes, leading to
variations in antimicrobial activity compared to the free form of the
peptide.41 Consequently, we incrementally increased peptide
concentrations until the optimum antimicrobial activity was achieved.
This approach ensured the highest antimicrobial activity, while
optimized concentrations conducive to osteogenic differentiation and
promotion were determined.
2.2. Surface Characterization. 2.2.1. Scanning Electron

Microscopy (SEM). At each stage of sample preparation, SEM was
carried out to assess the influence of individual steps on the surface
morphology using a JEOL 6060 with an Oxford Inca energy-
dispersive spectrometer. Before the examination, the samples were
gold (Au) sputter-coated using a Polaron Emitech SC7640 sputter
coater. Each sample was then subjected to a comprehensive imaging

Table 1. Description of Sample Names Indicating Different
Surface Modifications

Sample Name Description

PTi Polished titanium alloy Ti6Al4 V
Sil-PTi Silanized titanium surface
KR12-STi KR-12 immobilized on Sil-PTi
HELP-STi HELP attached on Sil-PTi
KR12-HTi KR-12 immobilized on HELP-attached Sil-PTi
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process, capturing five images at a working distance of 9 mm and a
voltage of 20 kV.

2.2.2. Attenuated-Total-Reflectance Fourier Transform Infrared
(ATR-FTIR). To confirm the chemical reaction mechanisms, the
presence of functional groups was assessed through ATR-FTIR
spectral analysis before and after the chemical reactions using a
Nicolet 6700 FTIR machine (ThermoFisher Scientific) and Omnic 8
software suite (ThermoFisher Scientific) in the range of 4000−400
cm−1. The spectra were acquired from an average of 64 scans/
background at a spectral resolution of 2 cm−1.

2.2.3. Atomic Force Microscopy (AFM). The surface topography
and roughness changes of HELP-attached and peptide-attached
samples were analyzed in the tapping mode at room temperature
using Bruker Multimode 8 and Pt-coated silicon cantilevers provided
by Bruker (SCM-PIT). Scans were taken at random sites in 20 μm2

using a 5 mm scan head at a scan rate of 0.1 Hz for all measurements.
The pictures were digitally processed by NanoScope Analysis 1.7
software, and the mean roughnesses (Ra) were measured.

2.2.4. X-ray Photoelectron Spectroscopy (XPS). The surface
elemental compositions of PTi and Sil-PTi were measured using a
Thermo NEXSA XPS instrument equipped with a monochromated Al
Kα X-ray source (1486.7 eV). The system included a spherical sector
analyzer, three multichannel resistive plates, and 128-channel delay
line detectors. Data acquisition occurred at 19.2 W and an X-ray beam
with a size of 400 × 200 μm. Survey scans were performed at a pass
energy of 200 eV, and high-resolution scans used a pass energy of 40
eV. Electronic charge neutralization was managed via a dual-beam
low-energy electron/ion source (ThermoFisher Scientific FG-03).
Measurements were taken at a pressure below 10−8 Torr and a room
temperature of 294 K. Data processing was completed using CasaXPS
v2.3.20PR1.0 with peaks fitted using Shirley background subtraction
prior to component analysis. Binding energies were calibrated with
the C 1s signal at 284.8 eV and a minimum of three different samples
were analyzed for each group.

2.2.5. Water Contact Angle (WCA) Measurement. Surface
wettability, determined through static WCA measurements, is a
strong indicator of the surface’s hydrophilic/hydrophobic properties
that influence the cells attachment. Static WCAs were measured at
room temperature, analyzing the profile of sessile drops. A 5 μL
droplet of DI water was deposited on the sample surface by using a
Hamilton syringe set on a Kruss DSA100 apparatus (Hamburg,
Germany) equipped with a CCD camera and an image analysis
processor. The WCAs were calculated by using the built-in CAM 100
software. The test was performed in triplicate. Four droplets were
measured at different locations on each sample and three different
samples in each group. A static picture was taken within 3 s after
droplet deposition, and angles were measured on the static picture.
The reported values are the averages of these nine measurements for
each type of surface.
2.3. Concentration of Immobilized KR-12. The quantification

of KR-12 loading on the surface involved estimating the number of
Fmoc groups by measuring the maximum ultraviolet (UV) absorption
at 301 nm. The determination of Fmoc group loading at the surface
enabled calculation of the peptides because each peptide contained
one Fmoc (Fmoc-KRIVQRIKDFLR-OH). Fmoc groups attached to
the peptides were readily cleaved using 20% piperidine in
dimethylformamide (DMF), a common reaction mechanism during
solid-phase peptide synthesis employing the Fmoc/tert-butanol (t-Bu)
method. The presence of piperidine induces the formation of
dibenzofulvene−piperidine adducts via a Michael-type addition,
which are soluble in reaction solvents, enabling spectrophotometric
measurement based on the Beer−Lambert law.42 A multipoint
standardization method (calibration curve) was established to
measure the solution’s UV-light absorption ability at a specific
wavelength. The calibration points were prepared and validated on
the same day of the analysis to ensure accuracy.

For the calibration curve preparation, Fmoc-KR12 stock solutions
(1 mg/mL = 637 μM) were prepared in 20% (v/v) piperidine in
DMF. Both solvents were provided by Sigma-Aldrich. Fmoc removal
reactions were carried out for 30 min at room temperature.

Subsequently, 5.0 mL of the stock solution was diluted to 50.0 mL
with 20% (v/v) piperidine in DMF. Dibenzofulvene-based solutions
of varying concentrations (ranging from 10 to 310 μM in 30 μM
intervals) were prepared using a dilution technique. These solutions
were prepared in triplicate and measured at 301 nm, where absorption
was solely due to the dibenzofulvene-based adduct. Then, a
calibration curve of the dibenzofulvene-based adduct concentration
versus absorbance was constructed.

For analysis, each peptide-immobilized titanium surface was
immersed in a 20% (v/v) piperidine solution in DMF, and Fmoc
removal reactions were conducted for 30 min at room temperature.
Subsequently, the absorbance of each solution was measured at 301
nm (n = 3) and correlated to the calibration curve.
2.4. KR-12 Release Triggered by Elastase Degradation of

HELP. As described in previous studies, the HELP moiety has been
reported to be susceptible to degradation in the presence of elastase.35

Elastases are a family of proteases with broad specificity, with elastin
being the main target, because they cleave proteins at the carboxyl
side of small hydrophobic amino acids.43 For the release of KR-12
from the KR12-HTi and KR12-STi disks, the samples were soaked in
50 mM Tris/HCl (pH 7.5), 1 mM CaCl2 buffer, and 50 μL of
solution of the elastase enzyme from porcine pancreas (Sigma-
Aldrich, #E7885; 50 μg/mL final concentration). Then, they were
incubated with the elastase solution at 37 °C for specific time points
of 2, 4, 6, 12, and 24 h in a final reaction volume of 500 μL. In parallel,
the same conditions were adopted to set up control reactions for
KR12-HTi and KR12-STi without adding the enzyme. To assess the
amount of KR-12 remaining after elastase-mediated degradation, the
samples were removed from the reaction solution and washed gently
with DMF at fixed times. Then, piperidine/DMF cleavage was utilized
by the protocol described above. The remaining amount subtracted
from the amount of measured immobilized peptides provided the
released amount of peptide during the enzyme degradation assay.
2.5. Antimicrobial Activity Assay. Orthopedic implant

infections are caused most often by S. aureus, S. epidermidis, E. coli,
and P. aeruginosa, which can be acquired during surgery or
subsequently through a hematogenous route.44−46

To assay the antimicrobial activities of the prepared coatings, two
Gram-positive bacteria, S. aureus (SH1000) and S. epidermidis (ATCC
12228), and two Gram-negative bacteria, E. coli (ATCC 25922) and
P. aeruginosa (PAO1), were grown on Mueller−Hinton (MH) agar
plates using the Streak Plate method. Then, a colony of each strain
was cultured in MH broth at 37 °C overnight. To count the number
of colony-forming units (CFU) in a bacterial suspension, serial
dilutions of the bacterial culture were prepared in a 96-well plate and
cultured on MH agar plates based on the Miles and Misra method.47

The bacterial suspension was adjusted to a concentration of 1 × 105

CFU/mL in MH broth for further analysis.
The coated titanium samples and polished substrates (control

samples) were sterilized in 1 mL of 70% ethanol for 5 min at room
temperature and then washed with sterilized DI water in a sterile
environment. This process was repeated three times. Then, 20 μL of
the bacterial suspension was added to the samples, followed by
incubation for 24 h at 37 °C. Bacterial growth inhibition, confocal
laser scanning microscopy, and SEM were used to characterize the
bacterial colonization for each group of coatings. All work was carried
out in a class II ventilated flow cabinet, and all tools were autoclaved
or sterilized with 70% ethanol before use.

2.5.1. Bacterial Growth Inhibition. The surface antimicrobial
activity was tested against S. aureus, S. epidermidis, E. coli, and P.
aeruginosa using a modified direct contact test (DCT) protocol. For
each sample, a sterile Petri dish was prepared with a round filter paper
and saturated with phosphate-buffered saline (PBS) to maintain
humidity and avoid evaporation of the bacterial suspension. A sterile
microscope slide was positioned on the filter paper, and the sample
(10 × 10 mm2) was kept on the slide. Then, 20 μL of the overnight
bacterial suspension (containing 105 bacteria/mL) was pipetted onto
the sample surface and a coverslip (20 × 20 mm2) was carefully
positioned on top to spread the inoculum over the entire disk surface.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.4c01731
ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

E

www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.4c01731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Petri dishes containing the disks and bacteria were incubated at 37 °C
for 24 h.

After incubation, the substrates covered with the bacterial
suspension were moved to a 10 mL sterile tube and, after the
addition of 5 mL of MH, were vortexed for 5 min to detach adherent
bacteria. Because the titanium substrates are nonporous and
nonabsorbent, a 5 min process was efficient in removing the adhered
bacteria. This has been attested by SEM studies, before and after
vortexing. A total of 200 μL of the bacterial suspension was collected,
and 10-fold serial dilutions of the suspension were prepared to count
the bacterial colonies on MH agar plates using the Miles and Misra
method. After incubation at 37 °C for 20 h, the number of colonies on
each sample was counted.

The bacterial growth inhibition ratio was calculated by measuring
the CFU of the control sample, PTi, (denoted as B1), and each
coated titanium (denoted as B2) by using the following equation:

= ×B B Bbacterial growth inhibition ratio (%) ( )/ 1001 2 1

For each sample type, measurements were conducted for three
independent experiments; each experiment was performed in
triplicate, and the percentage of bacterial growth inhibition was
averaged over the three experiments.

2.5.2. Bacteria Morphology Assay. After incubation with 20 μL of
bacterial suspension (as described previously), the samples were
immersed in 2.5% EM-grade glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.3) for 10 min to fix the bacteria on the
surface.

To remove water slowly, samples were dehydrated for 10 min in
ethanol solutions with increasing concentrations of 20, 30, 40, 50, 60,
70, 90, 95, and 100%. After dehydration, hexamethyldisilizane
(HMDS; Sigma-Aldrich) was used to remove the alcohol.

Samples were then coated with Au before SEM imaging by a Zeiss
MERLIN field-emission SEM instrument (Carl Zeiss GmbH,
Oberkochen, Germany). All samples were scanned at a voltage of
10 kV and a working distance of 9 mm.

2.5.3. Confocal Laser Scanning Microscopy (CLSM). CLSM was
applied to characterize the live or dead bacteria on the various coated
surfaces. Briefly, after 24 h of bacteria culture (20 μL, 105 bacteria/
mL) with each substrate (described in section 2.5.1), surfaces were
gently washed with PBS to remove nonadherent bacteria. Samples
were then stained with the live/dead BacLight bacterial viability kit
(Invitrogen) according to the manufacturer’s instructions. The kit
included a solution of SYTO 9, the green-fluorescent nucleic acid
stain, and propidium iodide, the red-fluorescent nucleic acid stain, in
dimethyl sulfoxide (DMSO). Equal volumes of the components were
mixed thoroughly in a microfuge tube. A total of 5 μL of the dye
mixture was added to each sample and incubated in the dark at room
temperature for 15 min. The excitation/emission maxima of the dyes
are about 480/500 nm for the SYTO 9 stain and 490/635 nm for
propidium iodide. The samples were characterized by noninverted
CLSM using a Leica TCS SP8 microscope. The viable bacteria
appeared fluorescent green, while the nonviable bacteria appeared
fluorescent red.
2.6. Cell Viability and Compatibility Assessment. 2.6.1. Cell

Culture. The human fetal osteoblast cell line hFOB 1.19, obtained
from ATCC, was cultured in a 1:1 mixture of Ham’s F12 sedium and
Dulbecco’s modified Eagle’s medium (DMEM) without phenol red,
supplemented with 2.5 mM L-glutamine, 15 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid, and 0.3 mg/mL G418. This medium
was further supplemented with 1% penicillin−streptomycin and 10%
fetal bovine serum. Cells were incubated at 34 °C, and upon reaching
90% confluence, the cells were rinsed with sterile PBS and treated
with a 0.25% (w/v) Trypsin−0.53 mM ethylenediaminetetraacetic
acid (EDTA) solution for 10 min at 34 °C to detach them from the
tissue culture surface. Cells were then transferred to a centrifuge tube
containing the culture medium and centrifuged at approximately 125g
for 5 min. The cell pellets were resuspended and subcultured at a ratio
of 1:4. Cells from passage 3 were utilized in all experiments. The
culture medium, supplements, and all reagents for cell culture were
purchased from ThermoFisher Scientific Inc.

2.6.2. Quantification of the Cell Viability Using MTT Assay. The
cytotoxicity of coated titanium surfaces was assessed using
methylthiazolyldiphenyltetrazolium bromide (MTT) assay supplied
by Sigma-Aldrich. The cell viability on each titanium sample was
measured at 1, 3, 5, and 7 days postseeding. Cells were cultured as
described above, and titanium samples were washed twice with PBS
and briefly soaked in ethanol before being transferred to new 24-well
plates. Cells were then seeded onto the coated disks (10 mm
diameter), previously positioned in 24-well plates, at a density of
20000 cells/disk, using a 20 μL drop. Following a 30 min incubation
at 34 °C to facilitate cell attachment, an additional medium was added
to reach a total volume of 500 μL for further culture. The culture
medium was refreshed every 48 h.

A blank growth medium served as the background control. At
specific intervals during the incubation period at 34 °C, the medium
in each well was substituted with 100 μL of MTT solution (0.5 mg/
mL in supplemented DMEM) and incubated for 4 h. Subsequently,
the solution was aspirated, and the insoluble formazan crystals were
dissolved in 100 μL of DMSO. After a 15 min incubation period, the
absorbance was measured at a wavelength of 570 nm using an ELISA
microplate reader and expressed as a percentage relative to the
absorbance of the nontoxic control. Due to the light sensitivity of the
MTT reagent, all procedures were conducted in the dark.

2.6.3. Cell Morphology. Following a similar cell culture procedure
as described above, the prepared samples were cultured with hFOB
(20000 cells/cm2) to observe the cell morphology after 3 and 7 days.
After culturing, surfaces were gently washed with PBS and then fixed
with 4% paraformaldehyde in PBS (ThermoFisher Scientific) for 40
min. Following fixation, samples were sequentially dehydrated with
ethanol solutions [30, 50, 70, 80, 90, and 100% (v/v)] for 10 min
each. HMDS was used to remove the alcohol. Finally, the surfaces
were sputter-coated with Au, and the morphology of the cells was
examined by using a Zeiss MERLIN field-emission SEM instrument
(Carl Zeiss GmbH).
2.7. Statistical Analyses. The results are presented as mean ±

standard deviation (SD) from three independent repeats, with n ≥ 3
indicated. Statistical analysis was performed using SPSS with a one-
way analysis of variance (ANOVA) with Tukey’s posthoc method to
evaluate significant differences between groups. A p value of <0.05 was
considered statistically significant (*p < 0.05, **p < 0.01, and ***p <
0.001).

3. RESULTS AND DISCUSSION
This study aimed to develop a biomimetic enzyme-responsive
antimicrobial coating by exploiting the elastolytic degradation
potential of the recombinant HELP biopolymer. A stepwise
procedure was employed to initially functionalize a silanized
titanium surface with HELP biopolymer, followed by the
immobilization of KR-12 on the HELP linker. Various
strategies for the covalent bonding of biological molecules to
titanium surfaces have been documented, with silane chemistry
particularly prominent.48 Among these approaches, APTES
stands out due to its bifunctional nature. APTES possesses
three alkoxy groups capable of forming siloxane bonds with
titanium hydroxyl groups, while its nucleophilic amine groups
serve as anchoring sites for the further attachment of bioactive
compounds via cross-linking methods.49 However, note that
the siloxane bond in an APTES coating exhibits hydrolytic
instability in aqueous environments, resulting in a gradual loss
of covalently attached silane molecules over time. Moreover,
the silanization process yields a multimolecular layer, which
may impact the alignment of peptides and introduces
challenges in predicting their orientation.50

Following silanization, the carboxyl groups of HELP reacted
with primary amine groups of APTES on the surface via an
EDC/NHS activating process. As a result, the amine groups of
HELP were primed as anchoring points for subsequent AMP
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immobilization. In this study, various ratios of HELP and
peptide were explored, and the reported concentrations
represent the optimized and finalized parameters, which have
been utilized for subsequent characterizations.
3.1. Surface Characterization by SEM, FTIR, AFM, XPS,

and WCA. The morphological characteristics of the surfaces
were examined using SEM subsequent to each phase of surface
functionalization, as depicted in Figure 2. Initially, untreated
polished titanium (PTi) specimens displayed a smooth surface,
albeit they exhibited scarcely detectable scratches attributed to
experimental manipulation (Figure 2a). Following the
silanization initialized by hydroxylation through etching, a
remarkable alteration in surface topography was observed. Sil-
PTi specimens subjected to the silanization process exhibited a
roughened surface morphology characterized by a distinct
ridge-like microstructure.

Direct covalent immobilization of the KR-12 peptide
(KR12-STi samples) elicited no observable impact on the
surface morphology compared to Sil-PTi. In contrast, HELP
attachment on the surface (HELP-STi) revealed the deposition
of an opaque polymeric layer discernible on the rough titanium
surface (Figure 2a). Furthermore, upon the introduction of
KR-12 peptides after HELP attachment, KR12-HTi samples
showed no apparent changes, except for the microstructured
titanium surface becoming nearly entirely covered by a thin,
blurred layer. This occurrence can be ascribed to the

disentanglement of the HELP biopolymer during the peptide
immobilization process.

Utilizing ATR-FTIR spectroscopy provided an essential
understanding of the molecular composition and structural
changes throughout the coating preparation process. The
obtained IR spectrum exhibited vibration bands characteristic
of different stages of the coating. The distinctive bonds
associated with each peak are marked in the spectra, as shown
in Figure 2b. For PTi, a prominent peak at 488 cm−1 is
attributed to the Ti−O stretching band, characteristic of
Ti6Al4 V, along with bands at 735 and 786 cm−1

corresponding to the Ti−O and Al−O bonds.51,52 Peaks at
998 and 1413 cm−1 are attributed to the Ti−O−Ti stretching
vibration bands.19,53 A broad vibration band between 3150 and
3680 cm−1 arises from the stretching vibrations of the O−H
groups of physisorbed water molecules on the polished surface,
while a weaker band at 1694 cm−1 is associated with the
bending vibration of the corresponding free −OH groups.
Peaks at 2905 and 2943 cm−1, falling between 3000 and 2800
cm−1, indicate C−H stretching vibration absorbance bands,
possibly due to equipment contamination and air adsorp-
tion.53,54

Following silanization with APTES, the IR spectra still
showed broad bands corresponding to O−H bending, albeit
with decreased intensity, indicating interaction between TiO2
and APTES molecules. The silanized surface exhibited a band

Figure 2. Surface characterization of coated titanium surfaces. (a) SEM micrographs depicting the surface morphology, with a scale bar of 10 μm,
(b) ATR-FTIR spectra, and (c) mean roughness (Ra) and morphology analyzed by AFM 3D imaging. *** denotes the statistical significance (p <
0.001) between the polished titanium (PTi) and all modified surfaces.
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at 1612 cm−1 corresponding to the deforming vibrations of
primary amino groups and a band at 998 cm−1 specific to
stretching vibrations in the Si−O bond of silanol groups (Si−
OH) and Si−O−Ti, demonstrating APTES immobilization
through hydroxyl groups.55 Additionally, the presence of a
band at 1136 cm−1, specific to Si−O−Si, suggests binding
between multiple APTES molecules via ether bridges,
enhancing the stability of the immobilization process.56

Sharp bands at 3797 and 3822 cm−1 indicate free silanol
groups from organosilane compounds on the sample surface.55

Furthermore, symmetric and asymmetric stretching vibrations
characteristic of methylene groups from APTES are observed
at 2911 and 2844 cm−1, respectively.57

After HELP and KR-12 immobilization, the broadness of the
peak makes it challenging to distinguish individual peaks.
However, characteristic peaks affirm the effectiveness of the
grafting process. Sharp peaks at 2911 and 2948 cm−1 represent
CH and CH2 stretching and bending vibrations, while larger
peaks between 1548 and 1620 cm−1 correspond to amide
II.54,55 Moreover, stretching vibrations of C−H bonds are

detected at 3231, 3289, and 3273 cm−1 in the KR12-STi,
HELP-STi, and KR12-HTi samples, respectively. A peak at
1489 cm−1 coincides with CH2 and CH3 bending vibrations in
the backbone of the grafted HELP biopolymer. Additional
strong peaks at 1309 and 1261 cm−1 correspond to the C−O
stretch, suggesting the presence of ester and acid.58,59 The
primary amine group exhibited a doublet at 804 and 747 cm−1

for KR12-STi and 883 and 811 cm−1 for HELP-STi, indicating
deformation vibration, while the C−O bond showed stretching
vibrations at 1083 and 1018 cm−1.54,60 The broad absorption
between 3650 and 3050 cm−1, representing the −OH
stretching region, cannot solely be attributed to −OH peaks
from the carboxylic acid groups of peptides and HELP
biopolymer but also to the presence of physisorbed water
molecules.

Surface properties, including morphology and roughness, are
critical factors affecting cell behavior, such as adhesion,
proliferation, and differentiation. AFM was employed to
precisely evaluate these surface characteristics due to its ability
to provide high-resolution topographical information. The

Figure 3. XPS analysis results for characterization of the surface elemental composition after the modification steps during silanization, HELP
attachment, and KR-12 immobilization: (a) high-resolution C1 s spectra and (b) N 1s spectra of PTi, Sil-PTi, KR12-STi, HELP-STi, and KR12-
HTi, (c) relative atomic ratios of chemical compositions, and (d) a graphic illustration of different element ratios for all samples.
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surface topography was assessed after each step of the surface
coating. Before the reaction, the titanium substrates exhibited a
smooth morphology with very low roughness (1.2 ± 0.2 nm)
due to mirror-finish polishing (Figure 2c). After silanization,
the Sil-PTi sample displayed notable alterations in surface
morphology and roughness, consistent with the SEM micro-
graphs showing a similar microstructure pattern for Sil-PTi
(Figure 2a). The silanized surface exhibited a statistically
significant increase in roughness (150.5 ± 8.1 nm) due to the
surface pretreatment with the etching solution. Conversely, the
immobilization of KR-12 onto the silanized surface, denoted as
the KR12-STi sample, exhibited negligible alterations in both
morphology and roughness. This observation suggests that the
influence of the short KR-12 molecules on these surface
characteristics was minimal.

HELP integration resulted in an evident ridge-like structure
(Figure 2c), demonstrating the successful assembly of HELP
biopolymer onto the titanium surface. HELP-attached surfaces
exhibited reduced Ra values of 107.1 ± 11.4 nm compared to
those of Sil-PTi. This reduction suggests that the high-
molecular-weight biopolymer of HELP serves as a covering
layer for surface pores, effectively concealing sharp and large
edges and imparting a smoother appearance. Following the
KR-12 peptide integration for KR12-HTi, the surface
morphology did not change significantly, with bulk morphol-
ogy still observable. The minimal change in the morphology
and roughness observed compared to the previous step is likely
due to the superior coverage provided by HELP, attributed to
its larger molecular size (about 30-fold). This resulted in
visible aggregation of HELP on all silanized surfaces, while the
impact of the shorter molecules of KR-12 was negligible. By
immobilizing HELP and KR-12 on titanium surfaces and
subsequently examining them with AFM, we were able to
assess how these modifications influenced the surface proper-
ties and, by extension, the near-surface environment for cells.
This allowed us to determine the suitability of the modified
surfaces for promoting cell adhesion and proliferation.

XPS measurements were conducted to validate the
successful functionalization and grafting at each stage of
sample coating by assessing the chemical groups present on the

surface. These measurements aimed to determine the quantity
of primary amine groups present on the silanized surface,
serving as attachment points for the subsequent immobiliza-
tion steps. The XPS survey spectra (Figure S1) for each
modification stage exhibited characteristic peaks corresponding
to carbon (C), oxygen (O), nitrogen (N), silicon (Si), and
titanium (Ti). Additionally, minimal traces of aluminum,
vanadium, sulfur, and phosphorus were detected, likely
originating from the Ti6Al4 V alloy and contaminants
introduced during sample preparation. Higher-resolution
scans were conducted to further investigate the chemical
bonding on the surfaces, as presented in Figure 3.

In the XPS region of the PTi surface, the titanium (Ti 2p)
peak is typically identified at around 458.7 eV. The oxygen (O
1s) peak predominantly originates from the titanium oxide
layer on the surface. Additionally, the C 1s scan reveals a sharp
peak attributed to residues from the polishing step as well as
the presence of carbon contamination from the equipment
chamber, which is unavoidable in XPS measurements. This
peak indicates the presence of C−C or C−H bonds,
constituting approximately 10.49% of the atomic ratio on the
surface.

Following the silanization of titanium surfaces, the XPS
survey in Figure S1 revealed noticeable Si 2s and Si 2p signals
in Sil-PTi compared to PTi, indicating the successful grafting
of APTES onto the titanium surface. The elemental
composition analysis of silanized titanium samples showed an
increase in N% and C% to 5.58% and 27.28%, respectively, and
a decrease in O% to 42.08%. The high-resolution C 1s
spectrum of the silanized surface exhibited a primary peak at
285 eV attributed to C−C and C−H bonds, originating from
the presence of the propyl chain. Moreover, the high-
resolution N 1s spectrum displayed two main peaks attributed
to protonated and nonprotonated amine groups in APTES. By
measurement of the percentage of N 1s in Sil-PTi (5.58%) and
the ratio of NH2 to the overall N on the surface (83.6%) after
deconvolution of the N 1s scan, the calculated percentage of
primary amine groups on the surface, which act as anchoring
points for further steps, is 4.67%.

Figure 4. Quantitative measurement of (a) WCA of each titanium substrate (**p < 0.01 and ***p < 0.001) and representative images of the water
drops on the different coatings and (b) KR-12 release from coatings in the absence and presence of elastase. Reactions were carried out at 37 °C for
24 h. Following incubation, the proteolytic activities were detected by absorbance readings at 585 nm. The results were the mean ± SD of three
independent experiments performed in triplicate.
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Upon covalent immobilization of the KR-12 peptide onto
the silanized titanium surface, the amine groups on the surface
formed covalent bonds with the carboxyl group of the KR-12
peptide. This led to a notable increase in the C 1s and N 1s
signals, accompanied by a decrease in the O and Ti signals
(Figure S1). Additionally, the signals corresponding to Si 1s
and Si 2p became nearly absent. Deconvolutions of the C 1s
and N 1s peaks from high-resolution XPS spectra are presented
in parts a and b of Figure 3, respectively. The C 1s signal of
KR12-STi exhibited three peaks: one at a binding energy of
284.9 eV associated with C−C bonds, another at 286.2 eV
related to C−O/C−N bonds, and a third at 288.3 eV for C�
O bonds. The XPS N 1s scan of KR12-STi revealed two peaks:
one at 399.8 eV corresponding to amine bonds (−NH2) of
side chains and one at 401.6 eV arising from amide bonds
(−NHCO), confirming the covalent immobilization of KR-12
on the surface.19 Consequently, the N signal from the amide
bonds, which are more abundant than those from the amines,
appears to be more intense, as anticipated.

A subsequent increase in the N content, totaling 6.25 and
8.45%, was noted for KR12-STi and HELP-STi, respectively,
attributed to the presence of amine and amide groups within
the KR-12 and HELP molecular chains. Quantitatively, the N/
Ti atomic ratio rose from 0.24 to 0.31 following the
immobilization of the KR-12 peptide on the silanized surface
and from 0.68 to 0.73 for HELP-STi and KR12-HTi. Overall,
higher N/Ti and C/Ti atomic ratios were evident for HELP-
STi compared to KR12-STi surfaces, as anticipated due to the
larger molecular weight of the HELP polymers relative to that
of the AMP KR-12. The alterations in the atomic ratios of all
elements are presented in Figure 3c,d. The C 1s and N 1s
scans of KR12-HTi and KR12-STi have similar peaks at
identical binding energies, with variations in percentages,
indicating no significant differences.

The FTIR and XPS findings illustrate the successful
chemical grafting of KR-12 and HELP onto the silanized
surfaces.

The hydrophilicity of each substrate was assessed through
the WCA analysis presented in Figure 4. The titanium
substrate exhibited a contact angle of 69.8 ± 4.7°. Subsequent
silanization resulted in a decreased contact angle for Sil-PTi,
measuring 53.6 ± 8.3°, indicating increased hydrophilicity
compared to the PTi substrate (Figure 4). Despite the
expectation of increased WCA due to the presence of the
propyl chain in APTES, the hydroxyl groups and rough surface
morphology led to a final reduction in WCA and a consequent
increase in hydrophilicity. Covalent immobilization of the KR-
12 peptide on the silanized titanium surface slightly decreased
the hydrophilicity (55.1 ± 6.2°). This reduction can be
attributed to the hydrophobic amino acids present in the KR-
12 peptide, such as leucine, isoleucine, and valine. Moreover,
when the peptide is tethered via its C-terminal, the lysine in
KR-12 becomes exposed on the surface. Lysine is a positively
charged amino acid, housing a primary amine group. Although
the amine group has the potential to engage in hydrogen
bonding with water, it typically exhibits lower hydrophilicity in
comparison to other polar functional groups such as hydroxyl
(−OH) or carboxyl (−COOH). Consequently, this feature
may lead to a slight increase in the overall hydrophobicity of
the immobilized peptide. Nonetheless, KR12-STi can still be
categorized as a hydrophilic surface due to its low WCA. It
should be noted that there is no straightforward explanation

relating the properties of the AMP or its orientation to the
resulting WCA of the grafted surface.

The integration of HELP linkers notably increased the
hydrophilicity of the titanium surface. According to previous
observations,61 the amphipathic nature of elastin-like domains
enables them to reconfigure at the solid/water interface in
response to the interactions with water molecules. This
explains the significant reduction in the WCA observed for
HELP-STi surfaces (39.5 ± 7.7°). The negligible difference in
the hydrophilicity between HELP-STi and KR12-HTi (42.4 ±
6.9°), where KR-12 is absent and present, respectively,
suggests that the interaction with water is mainly driven by
the exposure of the HELP biopolymer. This is likely due to the
longer chains of HELP, which results in a higher surface
coverage compared to that of KR-12. As indicated,
incorporating the HELP linker enhances the surface hydro-
philicity, potentially promoting interaction with the biological
system.
3.2. Calculation of the Peptide Density. Due to the

molecular structure resemblance between KR-12 and HELP,
both composed of amino acids, precise differentiation and
quantification of the immobilized peptide amount utilizing
XPS and FTIR pose challenges. Hence, an alternative
technique using the Fmoc/t-Bu strategy has been employed
to quantify the immobilized peptide content, as described in
Experimental Methods section 2.3.

Utilization of the Fmoc/t-Bu strategy has become prevalent
due to the advantageous properties of the Fmoc moiety, which
exhibits absorption in the UV region. Figure S2 illustrates the
removal of the Fmoc group via a β-elimination reaction
induced by treatment with a secondary amine, piperidine. This
reaction yields the highly reactive DBF, which subsequently
reacts with excess piperidine to form the DBF adduct,
characterized by a distinctive UV absorbance peak at 301
nm. A calibration curve relating the concentration of the DBF-
based adduct to absorbance was established by measuring UV
absorption across a range of concentrations (10−310 μM).
This curve exhibited a linear relationship with a molar
absorption coefficient of 8.141 L/mol·cm at λ = 301 nm.
Both the calibration curve and the reaction scheme are
provided in Figure S2. The absorbance of each solution (n = 3)
was assessed at λ = 301 nm and correlated with the established
calibration curve. The results revealed that the quantities of
Fmoc groups present on surfaces, in the absence or presence of
the HELP linker, were 61.34 and 256.52 nmol, respectively,
with reaction yields of 11% and 46%. KR12-HTi displayed a 3-
fold rise in KR-12 loading compared to KR12-STi. This
increase can be attributed to the higher concentration of
primary amine groups in the side chains of the HELP linker
acting as anchors.
3.3. KR-12 Release Triggered by Elastase. This work

aimed to explore the potential of HELP-based coatings as a
delivery system capable of releasing the antimicrobial agent
under an enzymatic stimulus from the environment. As shown
in Figure 4, a high release of KR-12 from KR12-HTi substrates
was detected after incubation with elastase for 6 h,
corresponding with the high elastolytic degradation potential
of HELP. It is well-known that this enzyme efficiently degrades
stretches of alanines,28 like those presented in the hydrophilic
domains of HELP.

As expected, elastase exhibited very high elastolytic activity
because it was able to degrade the HELP linkers on the KR12-
HTi samples, detected by higher peptide release from the
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substrates than samples without added enzyme. KR12-STi in
the presence and absence of elastase, under similar conditions,
showed a slight release of 7−13.1 μM in 24 h, suggesting that
elastase did not have an impact on KR-12.

After 24 h, 71.2 μM peptides were released from the KR12-
HTi sample. This amount is lower than the overall amount of
immobilized peptides, suggesting that the grafted HELP
macromolecules are less sensitive to the proteolytic activity
compared with the free form of HELP in solution. In addition,
a more pronounced increase in peptide release could be
expected at a higher elastase concentration. Our results suggest
that a substantial part of the immobilized Fmoc-labeled KR-12
was effectively released under the proteolytic stimulus.
3.4. Antimicrobial Activity Assay. S. aureus and S.

epidermidis, as Gram-positive bacteria, and E. coli and P.
aeruginosa, as Gram-negative bacteria, were specifically chosen
for this study to assess the antimicrobial effectiveness of AMP-
immobilized surfaces for orthopedic applications. The
antibacterial activity of the substrates was evaluated through
a DCT, where 105 CFU/mL of each bacterial strain was added
onto the surfaces and then incubated for 24 h. The
antimicrobial efficacy of the substrates was quantified and

expressed as a percentage of bacterial killing compared to a
reference (PTi) after 24 h. The bacterial growth inhibition
ratio was calculated by subtracting the colony numbers of each
sample from the colony numbers of PTi and then dividing by
the colony numbers of PTi, as reported in Figure 5a.

PTi exhibited no antibacterial activity, while Sil-PTi showed
mild antibacterial effects, with inhibition ratios ranging from
25% to 29% across all bacterial strains. This modest growth
inhibition could be attributed to the rough morphology of the
silanized surface, which possesses sharp edges that hinder
bacterial attachment. This hypothesis was further supported by
live/dead staining assays and SEM micrographs (Figures 5b,c
and 6). Following the modification of Sil-PTi with KR-12,
KR12-STi exhibited substantial antibacterial effects, with
inhibition ratios of 83.74%, 79.68%, 77.95%, and 90.81%
against E. coli, P. aeruginosa, S. aureus, and S. epidermidis,
respectively. Overall, the introduction of KR-12 significantly
endowed titanium surfaces with antibacterial efficacy against
Gram-positive and Gram-negative bacteria. This is consistent
with its demonstrated killing efficiency against Gram-negative
bacteria in solution, reported in previous findings.38,62

Figure 5. Assessment of the antimicrobial activity: (a) bacterial growth inhibition ratio of the indicated surface coatings against E. coli, P. aeruginosa,
S. aureus, and S. epidermidis. PTi samples were considered as controls showing 0.00% inhibition ratio. * denotes p < 0.05, ** denotes p < 0.01, ***
denotes p < 0.001 (error bars represent the SD from three independent experiments, each performed in triplicate). Representative fluorescence
live/dead assay images of (b) E. coli and (c) S. aureus cultured on different coatings (scale bars = 6 μm; green bacteria, live; red bacteria, dead).
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KR12-HTi demonstrated the highest antibacterial activity,
with inhibition ratios of 93.74%, 99.71%, 91.86%, and 95.79%
against E. coli, P. aeruginosa, S. aureus, and S. epidermidis,
respectively (Figure 5a). The proposed mechanism suggests
that the antibacterial action of AMPs involves the insertion of
positively charged peptides into bacterial cell membranes,
leading to the disruption and eventual death of bacteria. AMPs
with HELP biopolymers as linkers are hypothesized to interact
with bacterial cell membranes more easily, thereby exhibiting
superior antibacterial properties, as supported by previous
studies using other polymer linkers.63,64 Compared to KR12-
STi, KR12-HTi, exhibiting flexible HELP linkers, showed
increased antimicrobial activity by an average of 14.6% across
all bacterial strains. This is attributed to a higher AMP density
as well as an enhanced mobility for effective bacterial
interaction.

AMPs primarily exert antibacterial effects through electro-
static interference and destabilization of bacterial membranes.
In the absence of a linker, KR12-STi destabilized bacterial
membranes, increasing their susceptibility to physical puncture.
It has been reported that the rough surfaces, similar to those
induced by the silanization process, could play a crucial role in
physically puncturing destabilized bacteria, particularly effec-
tive against Gram-negative bacteria.65 Compared to Gram-
positive bacteria, Gram-negative bacteria are more susceptible
to surface interactions and membrane disruption, due to a
thinner peptidoglycan layer and possession of both inner and
outer membranes.65 KR12-HTi demonstrated superior bacter-
icidal activity against P. aeruginosa (inhibition ratio of 99.71%),
which is notably higher than that observed for other strains.
This higher inhibition could be attributed to the elastase
production capacity of P. aeruginosa,66 stimulating AMP
release.

To assess various substrates’ bactericidal efficacy and
adherence properties, we employed a live/dead staining
assay, as depicted in Figure 5b,c. In the live/dead assay,
dead bacteria emitted red fluorescence, while live bacteria
emitted green fluorescence. S. aureus and E. coli were selected
as model bacteria of Gram-positive and Gram-negative bacteria
to present the concept of bacterial behavior on different
substrates. Consistent with the DCT results, live and dead
staining revealed that PTi exhibited no antimicrobial activity
against S. aureus and E. coli, with all bacterial colonies
remaining viable and stained green.

Live/dead assays of Sil-PTi indicated that the attached
bacteria were alive and green (Figure 5b,c). However, the
number of attached bacteria was reduced with respect to the
control sample, PTi, possibly due to the surface roughness,
resulting in mild growth inhibition. Despite their rough
morphology, both HELP-STi and KR12-HTi surfaces
demonstrated greater bacterial attraction compared to Sil-
PTi. The presence of the HELP moiety seemed to attract
microorganisms. However, most of the adhered bacteria on
KR12-HTi were dead (Figure 5b,c).

Both HELP-STi and KR12-HTi surfaces exhibited bacterial
affinity higher than that of Sil-PTi. The inclusion of HELP as a
linker appeared to increase the level of bacterial adhesion.
However, a significant proportion of bacteria that adhered to
KR12-HTi were found to be dead. In addition, we conducted
SEM analyses to characterize the morphology of E. coli and S.
aureus after 24 h of culture on the surfaces, as represented in
Figure 6. PTi and Sil-PTi surfaces exhibited typical shapes with
intact cell walls, suggesting a lack of antimicrobial activity.
Despite the absence of biofilm formation on PTi, many
bacteria adhered to and aggregated on the surface. Sil-PTi,
however, slightly inhibited bacterial colonization compared to
PTi, consistent with the DCT and live/dead staining results.

Figure 6. SEM characterization of the bacterial growth of substrates. SEM images of (a) E. coli and (b) S. aureus on indicated substrates. All results
were taken after 24 h of incubation with the surface. Scale bars = 5 μm. AMPs attached to KR12-HTi and KR12-STi showed adequate bactericidal
activity to disrupt the membranes of both E. coli and S. aureus bacteria.
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A cell morphology similar to that of Sil-PTi was observed for
HELP-STi, coupled with increased bacterial attachment,
suggesting HELP’s supportive role in facilitating bacterial

adhesion without detrimental effects. SEM images revealed
that, compared to PTi and Sil-PTi, S. aureus cultured on KR12-
STi and KR12-HTi showed distinct morphological changes

Figure 7. Cytocompatibility and cell morphology study: (a) Cell viability results of the MTT test of hFOB cells cultured on different substrates
after 3, 5, and 7 days of culturing, * denotes significant differences (p < 0.05) compared with PTi. (b) SEM micrographs showing the morphology
of the seeded hFOB cells on days 3 and 7. Scale bars = 20 μm. By day 7, the cells exhibited a spread morphology with filopodia extending toward
adjacent cells, accompanied by the formation of mineralized deposits (depicted by arrows) on KR12-STi, HELP-STi, and KR12-HTi surfaces.
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characterized by shrunken and disrupted membranes,
indicative of damage. Similarly, E. coli on KR12-HTi and
KR12-STi exhibited corrugated, distorted, and lysed morphol-
ogy, suggesting membrane damage possibly induced by the
AMP. It can be assumed that AMPs immobilized on KR12-
HTi provided sufficient mobility to permeate the bacterial
membrane, leading to bactericidal activity. On the other hand,
the positively charged surfaces of KR12-STi facilitated
electrostatic interactions with bacteria, thereby enhancing the
efficacy of AMP action.

While SEM data alone cannot ascertain the precise
mechanism of KR-12 action on cellular membranes, they
strongly suggest that significant damage can be inflicted by the
immobilized KR-12. Future studies employing transmission
electron microscopy will provide further insights.
3.5. Cytocompatibility and Cell Adhesion. The

cytocompatibility of the modified titanium surfaces was
evaluated using hFOB 1.19 cells, an osteoblast cell line of
human origin, frequently employed in studies of osteoporosis,
bone tissue engineering, and orthopedic biomaterials. The cell
viability was assessed via MTT assay, which indirectly
measures cell proliferation by assessing the metabolic activity.
It also provides a measure of cytocompatibility by determining
whether cells remain metabolically active when exposed to
materials. Previous studies have investigated the cytocompat-
ibility of KR-12 peptides in solution, revealing no cytotoxic
effects within a specific concentration range.15,38,62 However,
at higher AMP concentrations, the cell viability decreases. It is
crucial to find a balance in loading antibacterial agents to
optimize efficiency while mitigating potential cytotoxicity.
Although a high loading density of antibacterial agents can
effectively eradicate bacteria, they also pose the risk of being
cytotoxic.

In this study, the cell viability relative to controls was
measured at three time points (3, 5, and 7 days). MTT assay
results indicated higher proliferation rates of hFOB cells on
titanium disks with different coatings compared to the control
(standard TCP) across all time points. This aligns with
previous findings on the cytocompatibility of HELP and the
low toxicity of KR-12 peptide.15,29 Despite exhibiting potent
antimicrobial activity, KR12-HTi showed biocompatibility
comparable to that of PTi and higher than that of KR12-STi
surfaces. Sil-PTi and KR12-STi samples also demonstrated
support of cell growth, indicating strong cell attachment
despite minimal bacterial adherence attributed to the rough
morphology of the surfaces. Osteoblasts, being larger and more
resilient than bacteria, were less affected by surface roughness,
thereby indicating the inherent cytocompatibility of silanized
surfaces.

After 3−7 days of incubation, the cell viability was
significantly higher on HELP-STi and KR12-HTi compared
to PTi, indicating good cytocompatibility even in the presence
of grafted KR-12. This excellent cell-adhesion-promoting
activity, attributed to HELP, aligns with the results of recent
studies on its biological interactions at the molecular level.67

These studies specifically worked on the fusion of HELP with
AMPs to enhance cellular attachment by facilitating integrin
binding and interactions with ECM components. However,
slightly lower viability was observed on KR12-HTi compared
to HELP-STi, possibly due to the slight decrease of
hydrophilicity observed in KR12-HTi, as discussed earlier in
section 3.1. In contrast to KR12-HTi, statistically significant

variations in the metabolic activity were detected between
KR12-STi and PTi at all time points.

Cell adhesion and the interaction between cells and coatings
play a pivotal role in successfully integrating implants into
native bone tissue.68,69 The evaluation of cell distribution and
adhesion on each surface after 3 and 7 days of incubation was
performed using SEM. The SEM images in Figure 7, captured
on days 3 and 7, depict normal attachment and growth of
hFOB cells on untreated PTi surfaces. Compared to PTi, the
extent of cell spreading on Sil-PTi and KR12-STi surfaces was
slightly lower on day 3, consistent with the MTT results, and
these cells exhibited a contracted and disjointed attachment
morphology. Despite the initial observations of improper cell
attachment on day 3, hFOB cells showed consistent growth on
Sil-PTi and KR12-STi surfaces by day 7, with flattened
morphology and increased cell spreading over time, indicating
viability and proliferation. The number of attached cells on
HELP-STi and KR12-HTi surfaces was notably higher than
that on Sil-PTi and KR12-STi on day 3. These attached cells
displayed extensive spreading by day 7, indicative of the
excellent biocompatibility of the coating layer. By day 7, the
surfaces of HELP-STi and KR12-HTi were fully covered by a
thick layer of cells, with spread and flattened morphology and
the formation of mineralized nodules suggesting cell-secreted
mineralization and osteoblast differentiation.

Overall, normal cell attachment and proliferation on all
surfaces highlight the excellent biocompatibility of both
unmodified and modified titanium alloy surfaces. By day 7,
the cells displayed spread morphology with filopodia extending
toward adjacent cells, alongside the formation of mineralized
deposits on KR12-STi, HELP-STi, and KR12-HTi surfaces
(depicted by arrows in Figure 7b).

4. CONCLUSIONS
Preventing bacterial adhesion and biofilm formation while
promoting osteointegration in medical implants is a significant
challenge. This study explored a novel approach utilizing
enzyme-responsive peptide-based coatings to address this
issue. By harnessing enzyme-response mechanisms, a proof
of concept is presented for the development of coatings with
potent antibacterial properties, improved functionalities, and
enhanced cytocompatibility. Specifically, the study investigated
the potential of HELP-based matrixes as delivery systems
triggered by enzymatic activity in the surrounding environ-
ment. During implantation, the customized interfaces encoun-
ter the innate immune response, triggering elastase release
from the activated neutrophils, which promotes biodegradation
of HELP biopolymers and enables the controlled release of
AMPs.

Through experimentation, it was demonstrated that the
AMP KR-12 can be effectively immobilized onto HELP-
attached titanium surfaces, named KR12-HTi, at desired
densities with high reaction yields. This coating exhibited
excellent antimicrobial activity against clinically significant
bacteria, including S. aureus, S. epidermidis, E. coli, and P.
aeruginosa. Notably, this surface displayed the significant
release of KR-12 upon exposure to elastase, indicating the
high elastolytic degradation potential of HELP. Unlike
traditional direct covalent immobilization methods, this
coating was statically versatile, offering biocompatibility and
cell adhesion without external stimuli.

The study highlighted the importance of intrinsic structural
factors, such as linkers, surface density, and exposure
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orientation, in modulating the antibacterial activity of AMPs.
The utilization of HELP as a linker resulted in a 3-fold increase
in KR-12 loading. This enhancement can be attributed to the
ability of the HELP linker to augment the number of anchors
available for immobilization, thereby increasing the density of
KR-12. Surfaces grafted with HELP exhibited higher
antimicrobial activity against adhered bacteria, owing not
only to the increase in loading density but also to the enhanced
mobility and flexibility of KR-12 due to the elongated and
flexible molecular structure of HELP.

The study highlighted the potential of stimuli-responsive
peptide-based coatings to promote antimicrobial activity and
osteoblast cytocompatibility. The potential to release KR-12 in
response to increased elastase concentrations in the surround-
ing environment offers a promising strategy to mitigate
common infections as well as promote bone formation
through its effects on osteogenic differentiation. Finally, it is
envisaged that the concourse of HELP as a linker could be
implemented in new materials for a range of medical
applications when drug release is required due to its double
function to carry and then deliver the drug by the action of
elastase enzymes.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsabm.4c01731.

Sequence of the HELP polypeptide, XPS survey spectra
of modified titanium surfaces, calibration curve of
dibenzofulvene-base adduct versus absorbance using
20% piperidine in DMF, and mechanism for Fmoc
group removal from immobilized KR-12 (PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Artemis Stamboulis − Biomaterials Research Group, School of
Metallurgy and Materials, University of Birmingham,
Edgbaston, Birmingham B15 2TT, U.K.; orcid.org/0000-
0002-8366-590X; Email: a.stamboullis@bham.ac.uk

Mohadeseh Zare − Biomaterials Research Group, School of
Metallurgy and Materials, University of Birmingham,
Edgbaston, Birmingham B15 2TT, U.K.;
Email: zare.mohadeseh@gmail.com

Authors
Laura Colomina Alfaro − Department of Life Sciences,

University of Trieste, Trieste 34127, Italy
Antonella Bandiera − Department of Life Sciences, University

of Trieste, Trieste 34127, Italy; orcid.org/0000-0002-
0376-9291

Esra Cansever Mutlu − Biomaterials Research Group, School
of Metallurgy and Materials, University of Birmingham,
Edgbaston, Birmingham B15 2TT, U.K.

David Grossin − CIRIMAT, Toulouse INP, Université
Toulouse 3 Paul Sabatier, CNRS, Université de Toulouse,
31030 Toulouse, Cedex 4, France

Fernando Albericio − School of Chemistry and Physics,
University of KwaZulu-Natal, Durban 4000, South Africa;

orcid.org/0000-0002-8946-0462
Sarah A. Kuehne − School of Science and Technology,

Nottingham Trent University, Nottingham NG11 8NS, U.K.

Zubair Ahmed − Neuroscience and Ophthalmology,
Department of Inflammation and Ageing, School of Infection,
Inflammation and Ageing, College of Medicine and Health,
University of Birmingham, Edgbaston, Birmingham B15
2TT, U.K.

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsabm.4c01731

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work is part of a project that has received funding from
the European Union’s Horizon 2020 research and innovation
program under the Marie Sklodowska-Curie Innovative
Training Network AIMed Grant Agreement No. 861138.

■ REFERENCES
(1) Amin Yavari, S.; Castenmiller, S. M.; van Strijp, J. A. G.; Croes,

M. Combating Implant Infections: Shifting Focus from Bacteria to
Host. Adv. Mater. 2020, 32 (43), No. 2002962.

(2) Arciola, C. R.; Campoccia, D.; Montanaro, L. Implant infections:
adhesion, biofilm formation and immune evasion. Nature reviews
microbiology 2018, 16 (7), 397−409.

(3) Kurup, A.; Dhatrak, P.; Khasnis, N. Surface modification
techniques of titanium and titanium alloys for biomedical dental
applications: A review. Materials Today: Proceedings 2021, 39, 84−90.

(4) Spriano, S.; Yamaguchi, S.; Baino, F.; Ferraris, S. A critical review
of multifunctional titanium surfaces: New frontiers for improving
osseointegration and host response, avoiding bacteria contamination.
Acta biomaterialia 2018, 79, 1−22.

(5) Xi, W.; Hegde, V.; Zoller, S. D.; Park, H. Y.; Hart, C. M.; Kondo,
T.; et al. Point-of-care antimicrobial coating protects orthopaedic
implants from bacterial challenge. Nat. Commun. 2021, 12 (1), 5473.

(6) Sun, T.; Huang, J.; Zhang, W.; Zheng, X.; Wang, H.; Liu, J.; et al.
Simvastatin-hydroxyapatite coatings prevent biofilm formation and
improve bone formation in implant-associated infections. Bioactive
Materials 2023, 21, 44−56.

(7) Zhang, J.; Zhuang, Y.; Sheng, R.; Tomás, H.; Rodrigues, J.; Yuan,
G.; et al. Smart stimuli-responsive strategies for titanium implant
functionalization in bone regeneration and therapeutics. Materials
Horizons 2024, 11 (1), 12−36.

(8) Liu, X.; Feng, Z.; Ran, Z.; Zeng, Y.; Cao, G.; Li, X.; et al. External
Stimuli-Responsive Strategies for Surface Modification of Orthopedic
Implants: Killing Bacteria and Enhancing Osteogenesis. ACS Appl.
Mater. Interfaces 2024, 16 (49), 67028−44.

(9) Wei, H.; Song, X.; Liu, P.; Liu, X.; Yan, X.; Yu, L. Antimicrobial
coating strategy to prevent orthopaedic device-related infections:
recent advances and future perspectives. Biomaterials Advances 2022,
135, No. 212739.

(10) Niu, J. Y.; Yin, I. X.; Wu, W. K. K.; Li, Q.-L.; Mei, M. L.; Chu,
C. H. A novel dual-action antimicrobial peptide for caries manage-
ment. Journal of Dentistry 2021, 111, No. 103729.

(11) Mookherjee, N.; Anderson, M. A.; Haagsman, H. P.; Davidson,
D. J. Antimicrobial host defence peptides: functions and clinical
potential. Nat. Rev. Drug Discovery 2020, 19 (5), 311−32.

(12) Engelberg, Y.; Landau, M. The Human LL-37 (17−29)
antimicrobial peptide reveals a functional supramolecular structure.
Nat. Commun. 2020, 11 (1), 3894.

(13) Lakshmaiah Narayana, J.; Golla, R.; Mishra, B.; Wang, X.;
Lushnikova, T.; Zhang, Y.; et al. Short and robust anti-infective
lipopeptides engineered based on the minimal antimicrobial peptide
KR12 of human LL-37. ACS infectious diseases 2021, 7 (6), 1795−808.

(14) Bechinger, B.; Gorr, S.-U. Antimicrobial peptides: mechanisms
of action and resistance. Journal of dental research 2017, 96 (3), 254−
60.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.4c01731
ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

O

https://pubs.acs.org/doi/10.1021/acsabm.4c01731?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsabm.4c01731/suppl_file/mt4c01731_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Artemis+Stamboulis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8366-590X
https://orcid.org/0000-0002-8366-590X
mailto:a.stamboullis@bham.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohadeseh+Zare"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:zare.mohadeseh@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+Colomina+Alfaro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonella+Bandiera"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0376-9291
https://orcid.org/0000-0002-0376-9291
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Esra+Cansever+Mutlu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Grossin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fernando+Albericio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8946-0462
https://orcid.org/0000-0002-8946-0462
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+A.+Kuehne"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zubair+Ahmed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.4c01731?ref=pdf
https://doi.org/10.1002/adma.202002962
https://doi.org/10.1002/adma.202002962
https://doi.org/10.1038/s41579-018-0019-y
https://doi.org/10.1038/s41579-018-0019-y
https://doi.org/10.1016/j.matpr.2020.06.163
https://doi.org/10.1016/j.matpr.2020.06.163
https://doi.org/10.1016/j.matpr.2020.06.163
https://doi.org/10.1016/j.actbio.2018.08.013
https://doi.org/10.1016/j.actbio.2018.08.013
https://doi.org/10.1016/j.actbio.2018.08.013
https://doi.org/10.1038/s41467-021-25383-z
https://doi.org/10.1038/s41467-021-25383-z
https://doi.org/10.1016/j.bioactmat.2022.07.028
https://doi.org/10.1016/j.bioactmat.2022.07.028
https://doi.org/10.1039/D3MH01260C
https://doi.org/10.1039/D3MH01260C
https://doi.org/10.1021/acsami.3c19149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c19149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.3c19149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bioadv.2022.212739
https://doi.org/10.1016/j.bioadv.2022.212739
https://doi.org/10.1016/j.bioadv.2022.212739
https://doi.org/10.1016/j.jdent.2021.103729
https://doi.org/10.1016/j.jdent.2021.103729
https://doi.org/10.1038/s41573-019-0058-8
https://doi.org/10.1038/s41573-019-0058-8
https://doi.org/10.1038/s41467-020-17736-x
https://doi.org/10.1038/s41467-020-17736-x
https://doi.org/10.1021/acsinfecdis.1c00101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsinfecdis.1c00101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsinfecdis.1c00101?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1177/0022034516679973
https://doi.org/10.1177/0022034516679973
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.4c01731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(15) Meng, X.; Zhang, J.; Chen, J.; Nie, B.; Yue, B.; Zhang, W.; et al.
KR-12 coating of polyetheretherketone (PEEK) surface via polydop-
amine improves osteointegration and antibacterial activity in vivo. J.
Mater. Chem. B 2020, 8 (44), 10190−204.

(16) Li, H.; Zhang, S.; Nie, B.; Du, Z.; Long, T.; Yue, B. The
antimicrobial peptide KR-12 promotes the osteogenic differentiation
of human bone marrow stem cells by stimulating BMP/SMAD
signaling. RSC Adv. 2018, 8 (28), 15547−57.

(17) Kazemzadeh-Narbat, M.; Cheng, H.; Chabok, R.; Alvarez, M.
M.; de la Fuente-Nunez, C.; Phillips, K. S.; et al. Strategies for
antimicrobial peptide coatings on medical devices: a review and
regulatory science perspective. Critical Reviews in Biotechnology 2021,
41 (1), 94−120.

(18) Fang, Z.; Chen, J.; Zhu, Y.; Hu, G.; Xin, H.; Guo, K.; et al.
High-throughput screening and rational design of biofunctionalized
surfaces with optimized biocompatibility and antimicrobial activity.
Nat. Commun. 2021, 12 (1), 3757.

(19) Gevrek, T. N.; Yu, K.; Kizhakkedathu, J. N.; Sanyal, A. Thiol-
Reactive Polymers for Titanium Interfaces: Fabrication of Antimicro-
bial Coatings. ACS Applied Polymer Materials 2019, 1 (6), 1308−16.

(20) Wu, X.; Fraser, K.; Zha, J.; Dordick, J. S. Flexible Peptide
Linkers Enhance the Antimicrobial Activity of Surface-Immobilized
Bacteriolytic Enzymes. ACS Appl. Mater. Interfaces 2018, 10 (43),
36746−56.

(21) Chen, J.; Hu, G.; Li, T.; Chen, Y.; Gao, M.; Li, Q.; et al. Fusion
peptide engineered “statically-versatile” titanium implant simulta-
neously enhancing anti-infection, vascularization and osseointegra-
tion. Biomaterials 2021, 264, No. 120446.

(22) Xu, L.; Shao, C.; Li, G.; Shan, A.; Chou, S.; Wang, J.; Ma, Q.;
Dong, N. Conversion of broad-spectrum antimicrobial peptides into
species-specific antimicrobials capable of precisely targeting patho-
genic bacteria. Sci. Rep. 2020, 10 (1), 944.

(23) Suo, H.; Hussain, M.; Wang, H.; Zhou, N.; Tao, J.; Jiang, H.;
et al. Injectable and pH-sensitive hyaluronic acid-based hydrogels with
on-demand release of antimicrobial peptides for infected wound
healing. Biomacromolecules 2021, 22 (7), 3049−59.

(24) Tan, P.; Wu, C.; Tang, Q.; Wang, T.; Zhou, C.; Ding, Y.; et al.
pH-Triggered Size-transformable and Bioactivity-switchable Self-
assembling Chimeric Peptide Nano-assemblies for Combating Drug-
Resistant Bacteria and Biofilms. Adv. Mater. 2023, 35, No. 2210766.

(25) Asif, F.; Zaman, S. U.; Arnab, M. K. H.; Hasan, M.; Islam, M.
M. Antimicrobial peptides as therapeutics: Confronting delivery
challenges to optimize efficacy. Microbe 2024, 2, No. 100051.

(26) van Strien, J.; Escalona-Rayo, O.; Jiskoot, W.; Slütter, B.; Kros,
A. Elastin-like polypeptide-based micelles as a promising platform in
nanomedicine. J. Controlled Release 2023, 353, 713−26.

(27) Colomina-Alfaro, L.; Sist, P.; Marchesan, S.; Urbani, R.;
Stamboulis, A.; Bandiera, A. A Versatile Elastin-Like Carrier for
Bioactive Antimicrobial Peptide Production and Delivery. Macromol.
Biosci. 2024, 24 (3), No. 2300236.

(28) Bandiera, A.; Markulin, A.; Corich, L.; Vita, F.; Borelli, V.
Stimuli-Induced Release of Compounds from Elastin Biomimetic
Matrix. Biomacromolecules 2014, 15 (1), 416−22.

(29) Bandiera, A.; Catanzano, O.; Bertoncin, P.; Bergonzi, C.;
Bettini, R.; Elviri, L. 3D-printed scaffold composites for the stimuli-
induced local delivery of bioactive adjuncts. Biotechnology and Applied
Biochemistry 2022, 69 (5), 1793−804.

(30) Fischer, N. G.; Chen, X.; Astleford-Hopper, K.; He, J.; Mullikin,
A. F.; Mansky, K. C.; et al. Antimicrobial and enzyme-responsive
multi-peptide surfaces for bone-anchored devices. Materials Science
and Engineering: C 2021, 125, No. 112108.

(31) Heinz, A. Elastases and elastokines: elastin degradation and its
significance in health and disease. Crit. Rev. Biochem. Mol. Biol. 2020,
55 (3), 252−73.

(32) Hancock, R. E. W.; Sahl, H.-G. Antimicrobial and host-defense
peptides as new anti-infective therapeutic strategies. Nat. Biotechnol.
2006, 24 (12), 1551−7.

(33) Nie, B.; Ao, H.; Long, T.; Tang, T.; Yue, B. Covalent
immobilization of enoxacin on titanium surface by APTES silanization

for anti-bacteria and in vivo prophylaxis of MRSA infection. Journal of
Orthopaedic Translation 2016, 7, 78−9.

(34) Bandiera, A.; Taglienti, A.; Micali, F.; Pani, B.; Tamaro, M.;
Crescenzi, V.; et al. Expression and characterization of human-elastin-
repeat-based temperature-responsive protein polymers for biotechno-
logical purposes. Biotechnology and Applied Biochemistry 2005, 42 (3),
247−56.

(35) Corich, L.; Busetti, M.; Petix, V.; Passamonti, S.; Bandiera, A.
Evaluation of a biomimetic 3D substrate based on the Human Elastin-
like Polypeptides (HELPs) model system for elastolytic activity
detection. J. Biotechnol. 2017, 255, 57−65.

(36) Meyer, D. E.; Chilkoti, A. Purification of recombinant proteins
by fusion with thermally-responsive polypeptides. Nat. Biotechnol.
1999, 17 (11), 1112−5.

(37) Rezvanian, P.; Daza, R.; Lopez, P. A.; Ramos, M.; Gonzalez-
Nieto, D.; Elices, M.; Guinea, G. V.; Perez-Rigueiro, J. Enhanced
Biological Response of AVS-Functionalized Ti-6Al-4V Alloy through
Covalent Immobilization of Collagen. Sci. Rep. 2018, 8 (1), 3337.

(38) Blasi-Romero, A.; Ångström, M.; Franconetti, A.; Muhammad,
T.; Jiménez-Barbero, J.; Göransson, U.; et al. KR-12 Derivatives
Endow Nanocellulose with Antibacterial and Anti-Inflammatory
Properties: Role of Conjugation Chemistry. ACS Appl. Mater.
Interfaces 2023, 15 (20), 24186−96.
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(61) Çelebi, B.; Cloutier, M.; Balloni, R.; Mantovani, D.; Bandiera,
A. Human Elastin-Based Recombinant Biopolymers Improve
Mesenchymal Stem Cell Differentiation. Macromol. Biosci. 2012, 12
(11), 1546−54.

(62) Lei, R.; Yang, C.; Sun, Y.; Li, D.; Hao, L.; Li, Y.; et al. Turning
cationic antimicrobial peptide KR-12 into self-assembled nanobiotics
with potent bacterial killing and LPS neutralizing activities. Nanoscale
2024, 16 (2), 887−902.

(63) Shriver-Lake, L. C.; Anderson, G. P.; Taitt, C. R. Effect of linker
length on cell capture by poly (ethylene glycol)-immobilized
antimicrobial peptides. Langmuir. 2017, 33 (11), 2878−84.

(64) Yu, K.; Lo, J. C. Y.; Mei, Y.; Haney, E. F.; Siren, E.;
Kalathottukaren, M. T.; et al. Toward Infection-Resistant Surfaces:
Achieving High Antimicrobial Peptide Potency by Modulating the
Functionality of Polymer Brush and Peptide. ACS Appl. Mater.
Interfaces 2015, 7 (51), 28591−605.

(65) Beveridge, T. J. Structures of gram-negative cell walls and their
derived membrane vesicles. Journal of bacteriology 1999, 181 (16),
4725−33.

(66) van der Plas, M. J. A.; Bhongir, R. K. V.; Kjellstrom, S.; Siller,
H.; Kasetty, G.; Morgelin, M.; Schmidtchen, A. Pseudomonas
aeruginosa elastase cleaves a C-terminal peptide from human
thrombin that inhibits host inflammatory responses. Nat. Commun.
2016, 7 (1), No. 11567.

(67) Colomina-Alfaro, L.; Sist, P.; D’Andrea, P.; Urbani, R.;
Marchesan, S.; Stamboulis, A.; et al. Materials derived from the

human elastin-like polypeptide fusion with an antimicrobial peptide
strongly promote cell adhesion. J. Mater. Chem. B 2024, 12 (36),
8966−76.

(68) Jiang, P.; Zhang, Y.; Hu, R.; Shi, B.; Zhang, L.; Huang, Q.; et al.
Advanced surface engineering of titanium materials for biomedical
applications: From static modification to dynamic responsive
regulation. Bioactive Materials 2023, 27, 15−57.

(69) Huang, X.; Lou, Y.; Duan, Y.; Liu, H.; Tian, J.; Shen, Y.; et al.
Biomaterial scaffolds in maxillofacial bone tissue engineering: A
review of recent advances. Bioactive Materials 2024, 33, 129−56.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.4c01731
ACS Appl. Bio Mater. XXXX, XXX, XXX−XXX

Q

https://doi.org/10.1021/acsami.0c14846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c14846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10856-011-4246-2
https://doi.org/10.1007/s10856-011-4246-2
https://doi.org/10.1007/s10856-011-4246-2
https://doi.org/10.1016/j.bioactmat.2021.03.010
https://doi.org/10.1016/j.bioactmat.2021.03.010
https://doi.org/10.1016/j.bioactmat.2021.03.010
https://doi.org/10.1038/s41598-020-76360-3
https://doi.org/10.1038/s41598-020-76360-3
https://doi.org/10.1021/acs.langmuir.3c00424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.3c00424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.3c00424?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.surfcoat.2023.129457
https://doi.org/10.1016/j.surfcoat.2023.129457
https://doi.org/10.1016/j.surfcoat.2023.129457
https://doi.org/10.1038/s41598-023-34463-7
https://doi.org/10.1038/s41598-023-34463-7
https://doi.org/10.1038/s41598-023-34463-7
https://doi.org/10.1016/j.cej.2022.140990
https://doi.org/10.1016/j.cej.2022.140990
https://doi.org/10.1016/j.cej.2022.140990
https://doi.org/10.1021/acsabm.2c00131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.2c00131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.2c00131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-022-35505-w
https://doi.org/10.1038/s41467-022-35505-w
https://doi.org/10.1038/s41467-022-35505-w
https://doi.org/10.1038/s41428-022-00697-x
https://doi.org/10.1038/s41428-022-00697-x
https://doi.org/10.1038/s41428-022-00697-x
https://doi.org/10.1002/mabi.201200170
https://doi.org/10.1002/mabi.201200170
https://doi.org/10.1039/D3NR05174A
https://doi.org/10.1039/D3NR05174A
https://doi.org/10.1039/D3NR05174A
https://doi.org/10.1021/acs.langmuir.6b04481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b04481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.6b04481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b10074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b10074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b10074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1128/JB.181.16.4725-4733.1999
https://doi.org/10.1128/JB.181.16.4725-4733.1999
https://doi.org/10.1038/ncomms11567
https://doi.org/10.1038/ncomms11567
https://doi.org/10.1038/ncomms11567
https://doi.org/10.1039/D4TB00319E
https://doi.org/10.1039/D4TB00319E
https://doi.org/10.1039/D4TB00319E
https://doi.org/10.1016/j.bioactmat.2023.03.006
https://doi.org/10.1016/j.bioactmat.2023.03.006
https://doi.org/10.1016/j.bioactmat.2023.03.006
https://doi.org/10.1016/j.bioactmat.2023.10.031
https://doi.org/10.1016/j.bioactmat.2023.10.031
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.4c01731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

