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The escalating global threat of antibiotic-resistant bacterial infections, driven by biofilm formation on
medical device surfaces, prompts the need for innovative therapeutic strategies. To address this growing
challenge, we develop rifampicin-loaded multicompartment micelles (RIF-MCMs) immobilized on
surfaces, offering a dual-functional approach to enhance antimicrobial efficacy for localized therapeutic
applications. We first optimize the physicochemical properties of RIF-MCMs, and subsequently coat the
optimal formulation onto a glass substrate, as confirmed by quartz crystal microbalance and atomic
force microscopy. Surface-immobilized RIF-MCMs facilitate sustained antibiotic release in response to
biologically relevant temperatures (37 °C and 42 °C). In addition, their heterogeneous distribution
enhances the surface’s roughness, contributing to the antibacterial activity through passive mechanisms
such as hindering bacterial adhesion and biofilm formation. In vitro antimicrobial testing demonstrates
that RIF-MCM-modified surfaces achieve a 98% reduction in Staphylococcus aureus viability and a
three-order-of-magnitude decrease in colony formation compared to unmodified surfaces. In contrast,
RIF-MCMs exhibit minimal cytotoxicity to mammalian cells, making them suitable candidates for medical
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enhanced surface roughness, presents a promising approach to locally prevent implant-associated
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1. Introduction

Biomedical implants are indispensable in modern healthcare,
offering essential solutions for patients with missing or
impaired body parts. However, they are prone to infections,
which can lead to severe complications and often result in
implant failure, necessitating additional surgeries." The most
common cause of biomaterial-centered infection is Staphylo-
coccus aureus, which, upon binding to medical devices, forms
biofilms enabling bacteria to avoid antimicrobial activity and
host immune response. Major challenges in combating bacter-
ial infections in healthcare include preventing bacterial adhe-
sion to surfaces, ensuring their removal, and addressing their
ability to form biofilms, especially on medical implants.*
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The prevention and treatment of bacterial infections on
medical implants primarily rely on passive and active
strategies.”™ Passive strategies focus on creating pathogen-
repellent surfaces or environments inhospitable to bacteria,
aiming to prevent adhesion, colonization, and biofilm for-
mation without directly killing bacteria.” These methods are
particularly effective in the application of medical devices like
catheters and implants, where reducing infection risks is
crucial.>® However, their effectiveness is limited in high-
bacterial-load environments or established infections, as they
do not directly target or kill bacteria.” In contrast, active strategies
focus on directly targeting bacteria to kill them or inhibit their
growth.® These approaches typically employ antimicrobial agents,
biomolecules, or biocidal coatings to disrupt bacterial processes,
including contact-killing surfaces, controlled antimicrobial agent
release, and photodynamic or photothermal therapies.”"°
Although highly effective in reducing bacterial populations, active
strategies may face limitations, such as toxicity to human cells,
limited duration of action, and an enhanced risk of inducing
bacterial resistance.'"'>

To overcome the limitations associated with either approach
and enhance antibacterial efficacy, modern antibacterial
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strategies increasingly employ strategies that combine passive
and active mechanisms.>® The dual-functional approach is
particularly sought after in the design of implants and wound
care solutions, where both prevention and eradication of infec-
tions are critical.">'* Dual-functionality has the potential to
maximize antibacterial performance, extend protective lifespan
of antibiotics, and reduce resistance development by targeting
bacteria through multiple mechanisms.® Recent advances uti-
lize nanomaterials, chemical surface modifications, and micro-
and nano-structuring to create effective chemical, physical, or
hybrid barriers against microbial colonization.®'>#
Nanomaterials are of particular interest for developing
advanced antibacterial surfaces that can effectively combat
bacterial infections owing to their unique physicochemical
properties.”'® A diverse range of nanomaterials and coatings
including metal-based nanoparticles, carbon-based nanomater-
ials, polymeric, lipidic, and hybrid nanostructures, as well as
surface-immobilized antibacterial peptides has demonstrated
promising antibacterial activities.”'®***! For instance, nano-
materials enable sustained release of antimicrobial agents over
extended time periods and facilitate disruption of bacterial
membranes through various mechanisms, thereby enhancing
the potency of existing antibiotics.>”*”>> In addition, by increas-
ing the local concentration of antimicrobial agents at the
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implant-tissue interface and minimizing the systemic side
effects associated with conventional antibiotics, nanomaterials
hold transformative potential to significantly reduce implant-
related infection risks and improve patient outcomes.'>?>™?”
Other solutions include nanostructured surface topographies,
self-cleaning and photocatalytic coatings, and quaternary
ammonium compound (QAC)-based coatings, each utilizing
distinct mechanisms to combat bacterial adhesion and biofilm
formation.?"*® However, the growing prevalence of antibiotic-
resistant strains, which pose significant challenges in clinical
settings, further highlights the wurgent need for high-
performance nanomaterials suitable for combined passive
and active antibacterial performance.***°

Here, we present antibacterial surfaces based on the immo-
bilization of antibiotic-loaded nanoassemblies on a solid sup-
port, to combine passive and active strategies for enhanced
antimicrobial efficacy. These surfaces feature solid supports
with non-uniformly immobilized peptidic multicompartment
micelles (MCMs), which encapsulate antibiotics within their
hydrophobic core (Fig. 1). Peptide-based supramolecular
assemblies due to their inherent biocompatibility, biodegrad-
ability, and ability to form colloidally stable nanostructures, are
expected to serve as effective and versatile platforms for anti-
biotic entrapment. Despite these advantages, the application of
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Fig. 1 Top panel, schematic representation of RIF-loaded multicompartment micelle (RIF-MCM) assembly from (HR)s(WL)gW peptide and rifampicin
(RIF). Bottom panel, cryo-transmission electron micrograph of RIF-MCM (left). Scale bar = 50 nm; (right) Schematic representation of surfaces decorated

with these RIF-MCMs to exhibit antimicrobial activity.
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these platforms for antibiotic delivery in implants remains
underexplored.***' The (HR);(WL)sW peptide consists of 3
sequential histidine-arginine (HR) units followed by trypto-
phan-leucine (WL) repeats, imparting amphiphilic properties
that facilitate favorable interactions with both hydrophilic and
hydrophobic environments. This amino acid composition facil-
itates the self-assembly of peptides into MCMs, which can
disassemble in response to temperature.** The tryptophan
and leucine residues originated from a truncated gramicidin A
sequence.*® They contribute to hydrophobic interactions with
hydrophobic compounds and facilitate their entrapment into
nanoassemblies in the process of their formation. The dual-
action antibacterial performance of our surfaces arises the
increased surface roughness resulting from MCM immobiliza-
tion, combined with stimuli-responsive antibiotic release.

As a model antibiotic, we selected a potent bactericidal
antibiotic, rifampicin (RIF), known for its strong efficacy
against Staphylococcus aureus and Staphylococcus epidermidis,
two key pathogens in implant-associated infections.** ¢ Rifam-
picin derived from Amycolatopsis rifamycinica, possesses a
complex macrocyclic structure featuring a naphthalene core
bridged by an aliphatic chain, a key determinant of its anti-
microbial activity. Its broad-spectrum antibacterial efficacy is
primarily attributed to its ability to inhibit bacterial DNA-
dependent RNA polymerase, thereby suppressing RNA synth-
esis and leading to bacterial cell death.?” This mechanism is
particularly effective against Gram-positive bacteria, which lack
an outer membrane, allowing rifampicin to readily diffuse
across the cell membrane and reach its intracellular target. In
contrast, Gram-negative bacteria feature an outer membrane
that acts as a permeability barrier, significantly restricting
rifampicin uptake and reducing its effectiveness against them.
In addition, rifampicin exhibits potent activity against biofilm-
forming bacteria, a critical advantage in mitigating persistent
implant-associated infections, where biofilm resistance poses a
significant therapeutic challenge.*® However, its direct admin-
istration is hindered due to its hydrophobic nature, suscepti-
bility to degradation under environmental conditions (such as
exposure to light and pH changes), and potential cytotoxicity at
high concentrations.>*™*" Therefore, the controlled release of
RIF in implant coatings has been explored through encapsula-
tion within polymer- or lipid-based supramolecular assemblies
or incorporation into composite materials.*>™** We are advan-
cing this field by entrapping RIF in peptide MCMs and immo-
bilizing them on a solid support, utilizing the unique
advantages offered by such assemblies. Our aim was to develop
a functional surface decorated with nanoassemblies that facil-
itate sustained release of RIF, preserving its stability and
enhancing its antimicrobial efficacy over time, while minimiz-
ing the risk of cytotoxicity.

The self-assembly process of the (HR);(WL)sW peptide into
unique supramolecular architecture of MCMs facilitates the
straightforward encapsulation of hydrophobic payloads—here,
rifampicin—within the hydrophobic cores of individual
micelles. The subsequent formation of MCMs is expected to
yield a higher local concentration of the hydrophobic antibiotic
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by spatially confining it within multiple micelles, resulting in
an enhanced entrapment capacity compared to individual
micelles. Considering that hydrophobic interactions are the
primary driving force behind the entrapment process, we
systematically optimized the rifampicin-to-peptide mass ratios
to maximize entrapment efficiency while maintaining the
structural integrity of the self-assembled MCMs. This process
involved a detailed study of physico-chemical properties of the
self-assembled MCMs. Once optimized, RIF-MCMs were immo-
bilized on a glass substrate to generate antimicrobial surfaces.
Then, we investigated the stability, antimicrobial activity and
cell toxicity of surface immobilized RIF-MCMs. These surfaces’
ability to combine passive and active antimicrobial effects
highlights their potential for developing implant coatings that
provide robust infection prevention while minimizing toxicity.

2. Experimental
2.1 Self-assembly of RIF-MCMs

(HR)3(WL)sW peptide synthesis and purification was performed
as described elsewhere.”® The self-assembly of rifampicin-
loaded and empty MCMs was achieved via a solvent exchange
method. Briefly, for the rifampicin (RIF)-loaded nanocarriers,
100 pL of peptide stock solution (1 mg mL™" in a 50/50 viv
ethanol/water mixture) were mixed at various RIF-to-peptide mass
ratios (1:4, 1:2, and 1:1) from a RIF stock solution (2 mg mL ™"
in dimethylformamide) for 15 minutes. Each mixture was then
adjusted to a final volume of 500 pL with a 35/65 v/v ethanol/water
solution and transferred to a prewashed 500-1000 MWCO dialysis
tube. For the empty nanocarriers, 100 puL of the peptide stock
solution were diluted to 500 pL with the same 35/65 v/v ethanol/
water solution and transferred to a dialysis tube. All samples were
dialyzed overnight at 4 °C for approximately 20 hours, with two
changes of 500 mL Milli-Q water.

2.2 Transmission electron microscopy

Nanocarrier aliquots were placed onto carbon-coated 400-mesh
copper grids for 2 minutes to allow adsorption. After blotting
the excess liquid, the grids were negatively stained with 2%
uranyl acetate for 10 seconds. Following staining, the grids
were rinsed with water, dried, and analyzed using a Philips
CM100 transmission electron microscope (Philips Healthcare,
Netherlands) at an acceleration voltage of 80 kv.

2.3 Dynamic light scattering

The hydrodynamic mean diameter (z-average) and polydisper-
sity index (PDI) of the nanocarriers were measured using a Zeta
Sizer Nano ZSP (Malvern Instruments Ltd, UK) with a laser
wavelength of 633 nm and a detection angle of 173° at 25 °C. All
dynamic light scattering (DLS) measurements were conducted
in triplicate.

2.4 Zeta-potential

The electrophoretic mobility of the nanocarriers in water was
analyzed using a Zeta Sizer Nano ZSP (Malvern Instruments
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Ltd, UK). Measurements were taken at room temperature using
a cuvette. The zeta potential values represent the average of
three consecutive measurements taken after each polyelectro-
lyte layer was deposited.

2.5 Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) was carried out using the
NanoSight NS 300 instrument (NanoSight Ltd, UK). Peptide
nanocarrier samples were diluted 1: 50 in water and introduced
into the viewing chamber via a 1 mL syringe. For each measure-
ment, three 60-second videos were recorded at room tempera-
ture to track the movement of individual particles frame by
frame. The NTA software (version 3.4, NanoSight, UK) was then
used to analyze particle motion and calculate the concentration
of nanocarriers in the solution.

2.6 Absorption spectroscopy

To determine the entrapment efficiency (EE) for various for-
mulations of RIF within MCM nanocarriers, 200 pL of each
sample were mixed with 800 pL of DMSO and then exposed to 4
hours of sonication to release the encapsulated RIF. The
absorbance of each sample was then measured in triplicate at
475 nm using a SpectraMax iD3 plate reader (Molecular
Devices, US). A calibration curve of free RIF in DMSO was used
to determine the RIF concentration in the samples and the EE
(%) was calculated using the following formula:

EE (%) = Mass of RIF entrapped

" Total mass of RIF used in formulation 100

The resulting EE (%) was multiplied by the initial RIF
concentration of each sample to calculate the total mass of
RIF encapsulated in the nanocarriers. EE values from three
samples were averaged to determine the overall amount of RIF
entrapped in the MCMs.

2.7 ART-FTIR spectroscopy

Infrared spectra were measured using a Bruker Alpha II IR
spectrometer in attenuated total reflection (ATR) mode. ATR-
FTIR spectra were recorded between 400 and 4000 cm ™" over 24
scans. Prior to each measurement, the pure diamond surface
was recorded as a background over 24 scans. MCMs and RIF-
MCMs spectra were measured in solution form, while the RIF
spectrum was acquired from Rifampicin in powder form. All
spectra were recorded by placing the sample directly on the
diamond detector. For MCMs and RIF-MCMs, 3 uL of solution
was deposited onto the detector. Specifically, for the RIF-MCMs
sample, 40 cycles of solution casting followed by evaporation
were performed to concentrate the compound of interest. Data
processing was carried out using OPUS software. The water
signal was attenuated by subtracting water from the MCMs
and RIF-MCMs spectra using the built-in subtraction function
of the software. All measurements were conducted at room
temperature.
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2.8 In vitro payload release experiments

To monitor the release behavior of RIF-MCMs, in vitro drug
release experiments were conducted at both 37 °C and 42 °C
using a dialysis bag setup. In this setup, 5 mL of diluted RIF-
MCMs were placed into prewashed dialysis bags (Spectrum
Spectra/Por, MWCO 12-14 kDa). Each bag was immersed in
20 mL of HEPES buffer (25 mM HEPES, pH 7.4, containing 150
mM NaCl and 0.5% ascorbic acid) under continuous stirring at
the respective temperature. For comparison, free RIF, in
amounts equivalent to those encapsulated in 5 mL of RIF-
MCMs, was placed into separate dialysis bags and dialyzed
under the same conditions. At predetermined intervals, 1 mL of
release buffer was collected and replaced with 1 mL of fresh
buffer to maintain sink conditions. The absorbance of the
released RIF was measured at 475 nm using a SpectraMax iD3
plate reader (Molecular Devices, US).

To determine the cumulative release of RIF from RIF-MCMs
over time using the dialysis method, first, at each sampling
time point ¢;, the concentration of RIF in the external release
buffer (C;) was measured using spectroscopy technique. Sub-
sequently, amount of RIF at each time point was calculated as:

RIF amount at ¢; = C;, X Vg

where V is the volume of the collected release buffer (1 mL).

Since the removed volume was replaced with fresh buffer,
the cumulative amount of RIF released up to time ¢, was
calculated as:

n n—1

O, = Z (Cii X Vs) + Vext % Z <Ct, x D(n—i))

i=1 i=1

where:
e Q;, is cumulative amount of RIF released up to time ¢,
e Ve is total volume of the external release buffer (20 mL)
e D is dilution factor
To express the cumulative release as a percentage of the total
RIF initially loaded into the RIF-MCMSs (M;ota1):

% Cumulative release at ¢, = (&) x 100

total

2.9 Quartz-crystal microbalance with dissipation

Quartz-crystal microbalance with dissipation (QCM-D) experi-
ments were performed using a QSense E1 and QSense Analyzer,
allowing for up to four simultaneous measurements, with QSoft
401 (version 2.8.5) serving as the control software (Biolin
Scientific, Géteborg, Sweden). A four-channel peristaltic pump
(Reglo Digital, Ismatec, Glattbrugg, Switzerland) was utilized,
connected via Tygon MHSL tubing with two stoppers and PTFE
tubing (ID 0.75 mm). During the measurements, resonance
frequencies and dissipation of the fundamental harmonic,
along with odd-numbered overtones (3rd to 9th), were recorded
at room temperature. Prior to experimentation, the QCM-D
SiO, sensors (QSX 303; 5 MHz; Biolin Scientific, Goéteborg,
Sweden) were sequentially sonicated in baths of ethanol and

This journal is © The Royal Society of Chemistry 2025
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water for 10 minutes each, followed by drying under a stream of
nitrogen. To remove residual impurities and enhance surface
hydrophilicity, the sensors were treated with UV-ozone (Jelight
Company Inc., Irvine, USA) for 20 minutes. The QCM-D sensors
were placed into the QCM-D flow cell and used immediately after
activation.

The QCM-D technique was employed to study the attach-
ment of RIF-MCMs, unloaded MCMs, and free peptide
(HR)3(WL)sW to SiO,-coated sensor surfaces. The free peptide
was dissolved in filtered MilliQ water at a concentration of
5 ug mL™', while the RIF-MCMs and unloaded MCMs were
used after self-assembly. The injection sequence for QCM-D
measurements was as follows: after calibration, the sensors
were equilibrated in filtered Milli-Q water at a flow rate of
100 puL min~'. Then, 501 pL of each sample (RIF-MCMs,
unloaded MCMs and free peptide) was injected into separate
flow cells at 100 uL min~". Finally, the sensors were washed
with 501 pL of filtered Milli-Q water at the same flow rate to
remove any unbound components.

The average frequency shift (AF) and dissipation shift (AD)
values for each step of the protocol were calculated by averaging
the data over the final 1 minute of each step. For each sample,
replicates measured at the 5th overtone (n = 5) were used, and
the relative AFs,mple were calculated as follow:

AFsample = AFafterwashing - AFbefore deposition

The frequency shift, corresponding to the attachment of
each sample was then converted into mass per unit area (Am/A)
using the Sauerbrey equation:

Am AF
= _ox ==
A % n

where C is the sensitivity constant of the quartz crystal (17.7 ng cm >

Hz for a 5 MHz crystal) and n is the overtone or number (odd
harmonic: 1, 3, 5, 7, .. .). All calculations were performed using 7 = 5.

Using the calculated Am/A values, the sensor surface area
(diameter = 12 mm), and data from nanoparticle tracking
analysis (NTA) for the concentration of nanoparticles per mL,
and the initial concentration of peptide used for self-assembly,
we calculated the approximate mass of each MCM (mycm)-
Finally, the mass per unit area was converted into the number
of MCMs per unit area (N/A) using the following equation:

N Am/A
A mmcm

2.10 Atomic force microscopy

Topographical images of the RIF-MCMs immobilized on glass
slides were captured using a JPK NanoWizard 3 atomic force
microscope (AFM; Bruker, Germany). Prior to imaging, the
glass slides underwent a thorough cleaning process using
SDS, followed by activation through a 20-minute UV-ozone
(UV-0O3) treatment to ensure a clean and reactive surface. After
treatment, the glass slides were incubated at 4 °C overnight in a
solution containing RIF-MCMs. Following incubation, the

This journal is © The Royal Society of Chemistry 2025
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slides were carefully washed with Milli-Q water to remove any
unbound particles and stored at 4 °C in Milli-Q water until
imaging. AFM was performed in AC mode using gold-coated
silicon nitride cantilevers (DNP-S10 A, with a resonance fre-
quency of 65 kHz and a spring constant of 0.35 N m™"). The
measurements were conducted in Milli-Q water at a line rate of
0.5 Hz. Image analysis was carried out using open-source
software Gwyddion (version 2.65). In addition, JPKSPM data
processing software (version 8.1.29+; JPK Instruments AG) has
been used for verification of the roughness values. Both soft-
ware tools rely on standardized algorithms for roughness
calculation, and the consistency between the two supports the
reliability of our measurements.

2.11 ISO 22196/JIS Z 2801 based antimicrobial activity assays

The antimicrobial activity of the MCM-modified surfaces was
evaluated according to with ISO 22196/JIS Z 2801*>*° with
adjustments for smaller sample sizes. The ISO norm specifies
an inoculum of 400 pL on 4 x 4 cm samples, whereas we
adapted it to 125 pL for 2 x 2 cm samples to maintain a
consistent inoculum-to-surface ratio. In brief, Staphylococcus
aureus DSM 2569 was cultured overnight in LB medium at
37 °C, and an inoculum of 10° CFU per ml was prepared in 0.2%
LB medium with 145 mM NaCl (ODgg, = 1 correspond to 10°
CFU per mL). Then, aliquots of 125 pL were pipetted onto
MCM-modified and unmodified glass slides (20 x 20 mm) and
covered with parafilm for incubation at 37 °C for 24 h. To
maintain humidity, Petri dishes were lined with pre-moistened
paper towels and sealed with parafilm (approximately 4 x 3 cm).
After incubation, the surviving bacteria was quantified using two
complementary methods:

Resazurin-based metabolic assay: samples with inoculum
were incubated in 3 mL of 5% LB medium containing
0.015 mg mL ™" resazurin at 37 °C under 90 rpm agitation for
approximately 5 h. The resorufin fluorescence produced by
metabolically active bacteria was quantified by fluorimeter
(excitation 536 nm, emission 588 nm) with untreated glass
serving as the 100% viability control. This method captures
signals from both planktonic and surface-adherent bacteria,
providing a comprehensive activity assessment.

(ii) Plate counting: bacteria in the inoculum and on the
sample surface were manually rubbed off the surface in 5 mL of
5% LB medium with145 mM NacCl, followed by serial dilution,
plating on agar plates, incubation at 37 °C for 24 h and counting
colony formation. In this method, unlike the resazurin assay,
oxidizing or reducing molecules in the sample or inoculum will
not interfere with the assay providing a robust and complemen-
tary approach for quantifying bacterial viability.

2.12 MTS cell viability assay

The cytotoxicity of RIF-MCMs towards A549 cancer cells was
assessed using the tetrazolium compound-based Cell Titer 96"
AQueous One Solution Cell Proliferation assay (MTS; Promega).
MTS assays were performed according to the manufacturer’s
protocol, with measurements taken after 24 and 48 h of
treatment with peptide MCMs at different concentrations. In
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brief, A549 cells were seeded in a 96-well plate at 3 x 10> cells
per well in 100 pL RPMI medium and cultured for 24 h at 37 °C
in a 5% CO,. Subsequently, the cells were treated with RIF-
MCMs, unloaded MCMs and free RIF under three treatment
dosages (Dose I, Dose II, Dose III). Dose I corresponded to the
concentration of RIF-MCMs required to achieve full surface
coverage when developing antibacterial surfaces, Dose II was
double, and Dose III was triple this concentration. The dosages
for unloaded MCMs corresponded to the peptide MCM concen-
tration in corresponding RIF-MCM samples, while for free RIF,
doses were equivalent to the entrapped RIF in corresponding
RIF-MCM samples. Control cells were incubated correspond-
ingly but without treatment as a reference value for 100%
viability. All experiments were performed in triplicate wells
for each condition. After 24 and 48 h of incubation at 37 °C,
20 pL of MTS solution were added to each well, and the plate
incubated for an additional 2 h at 37 °C. The absorbance of the
plate was then read at 4 = 490 nm using a Spectramax plate
reader (Molecular Devices LLC, USA). Background absorbance
from wells without cells was subtracted from all test wells. The
viability in treated wells was determined by normalizing the
absorbance to that of untreated control cells.

3. Results and discussion
3.1 Antibiotic-loaded peptide MCMs

To obtain antibiotic-loaded peptide nanoassemblies, we
used (HR);(WL)¢W, an amphiphilic peptide, which forms

1:4 RIF:Pep
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multi-compartment micellar (MCM) nanostructures upon self-
assembly via the solvent-exchange method.*> To optimize
the conditions for the self-assembly of MCMs with high
RIF loading, we investigated different mass ratios of RIF to
(HR)3(WL)sW peptide. Specifically, we selected 1:4, 1:2, and
1:1 RIF to peptide to assess the impact of varying drug loads on
the self-assembly process, the encapsulation efficiency and the
properties of the resulting supramolecular assemblies. We were
interested to identify the optimal balance between maximizing
RIF loading and preserving the structural integrity of the
supramolecular assemblies.

Transmission electron microscopy (TEM) analysis of
negatively stained samples prepared at different RIF to peptide
ratios, revealed a spherical morphology in all cases with indica-
tions of a multimicellar architecture (Fig. 2, top). This archi-
tecture was further supported by cryo-TEM images of unstained
RIF-MCMs (Fig. 1 and Fig. S1A, ESIT). Dynamic light scattering
(DLS) and zeta potential measurements were used to character-
ize the size and colloidal stability of the resulting MCMs (Fig. 2,
bottom, distribution profiles in Fig. S2, ESIt). Depending on
the mass ratio of RIF to peptide (Pep), the hydrodynamic
diameter (Dy) of loaded MCMs varied slightly. At 1:4 RIF: Pep,
the average Dy of MCMs was 105 £+ 2 nm with a polydispersity
index (PDI) of 0.17. At 1: 2 RIF : Pep, the Dy slightly increased to
113 £ 1 nm, while the PDI remained similar at 0.16. With
further relative increase of RIF (1:1 RIF:Pep), the Dy value
increased to 117 + 4 nm with a PDI of 0.19. MCMs assembled
in the absence of RIF exhibited a Dy of 101 + 5 nm with a PDI
of 0.17 (Fig. S1C, ESIf). These results suggest that while the

1:1 RIF:Pep
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Fig. 2 Physico-chemical characterization of peptide MCMs formed at different mass ratios of rifampicin to peptide. Upper panels, TEM micrographs of
supramolecular assemblies containing RIF, scale bars = 200 nm. Lower panels: (left) Hydrodynamic diameter (Dy) and polydispersity index (PDI); (right)

zeta potential and RIF entrapment efficiency (EE) of RIF-MCMs.
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resulting MCMs slightly increase in size as the mass ratio of
RIF to peptide increases, the self-assembly into MCMs is not
perturbed and did not lead to aggregation under the conditions
tested. The zeta potential remained positive and relatively
high for all RIF-MCMs, indicating stable colloidal systems.
Specifically, the RIF-MCMs exhibited a zeta potential of
+27 & 2 mV at the 1:4, +22 &= 3 mV at the 1:2, and +24 £+ 2 mV
at the 1:1 RIF:Pep (Fig. 2, bottom). The zeta potential of MCMs
assembled in the absence of RIF was +29 + 3 mV (Fig. S1D, ESIY).

To investigate the RIF entrapment efficiency in peptide
MCMs, we established a standard curve of free RIF in dimethyl
sulfoxide (DMSO) (Fig. S3, ESI) and measured nanoparticle
concentration using nanoparticle tracking analysis (Table S1,
ESIT). RIF was successfully integrated into the MCM architec-
ture in all assemblies, driven by hydrophobic interactions
between RIF and the micelle cores. The entrapment efficiency
of RIF-MCMs varied depending on the mass ratio of RIF to
peptide. At 1:4 RIF:Pep, the entrapment efficiency was 46%
(Fig. 2, bottom). Increasing the RIF : Pep ratio to 1: 2 resulted in
an entrapment efficiency of 84%. However, at 1:1 RIF: Pep, the
entrapment efficiency decreased to 67%. This decrease can be
attributed to the saturation of entrapment capacity at the
micelle cores and/or the destabilization of the MCM structure
at higher RIF concentrations. Notably, NTA showed a decrease
in RIF-MCM concentration with increasing RIF:Pep ratios,
supporting the notion that a higher RIF content reduces the

A

Release at 37 °C

View Article Online
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overall MCM assembly yield (Table S1, ESIT). Based on entrap-
ment efficiency results, the optimal balance between RIF and
the peptide for obtaining MCMs with maximum RIF load is
1:2. This data highlights the importance of optimizing the
drug-to-carrier ratio to maximize drug loading without compro-
mising the formation or integrity of the nanoassemblies. In
addition, the interaction between RIF and MCMs was investi-
gated by ATR-FTIR spectroscopy. The spectra of RIF, MCMs,
and RIF-MCMs (1:2 RIF:Pep) (Fig. S4, ESIT) demonstrated
characteristic peak differences, confirming RIF incorporation
into the micellar structure. A slight shift in peak positions
around 3000 cm™ " and 1250 cm~ ' in the RIF-MCMs spectra
compared to MCMs indicates interactions between RIF and
MCMs. Additionally, the presence of RIF in RIF-MCMs is
supported by the peak at ~1250 ecm !, which appears with
lower intensity compared to pure RIF but is absent in MCMs.

We previously reported that the MCMs, which maintain
their multimicellar architecture over months at 4 °C, disassem-
ble into smaller MCMs and/or individual micelles over time at
37 °C.** Therefore, we exploited this temperature responsive-
ness to examine the release of RIF from MCMs in solution by a
cumulative release study”” at 37 °C and 42 °C using the dialysis
tube method (Fig. 3A). For each temperature, RIF-MCMs were
placed in a dialysis tube, immersed in 20 mL of HEPES buffer
(25 mM HEPES, pH 7.4, containing 150 mM NacCl and 0.5%
ascorbic acid) and RIF release was monitored over time by
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(right panel) from RIF-MCMs formed at 1:4, 1:2 and
1:1RIF: Pep. (B) TEM micrographs of RIF-MCMs (1:2 RIF: Pep) after 0, 2, 6 and 9 h incubation at 37 °C and 42 °C. Scale bars = 200 nm.
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measuring absorbance at 475 nm. A standard curve of free RIF
in buffer was used to quantify the release (Fig. S5, ESI{). RIF-
MCMs assembled at 1:2 and 1:4 RIF: Pep, showed a sustained
release profile, with 100% cumulative release achieved in 9 h
(Fig. 3A). At 1:1 RIF:Pep, complete RIF release took 12 h. In
contrast, 90% of free RIF was released from the dialysis tube
within the first 2 h at 37 °C.

At 42 °C, RIF release occurred more rapidly due to the
accelerated dissociation of MCMs at the elevated temperature
(Fig. 3A). The 1:2 and 1:4 formulations reached 100% release
in 6 h, while the 1:1 formulation took 9 h. Consistent with
diffusion-driven release, free RIF displayed a fast release beha-
vior similar to that at 37 °C. The temperature-dependent release
profile of RIF-MCMs, with faster release observed at 42 °C
compared to 37 °C, is attributed to the increased kinetic energy
and diffusion rates at the higher temperature, which facilitate
the dissociation of the MCMs and the subsequent release of
RIF. We further monitored the change in the architecture of
MCMs during the release of RIF by TEM analysis of RIF-MCMs
after 2, 6, and 9 h at both, 37 °C and 42 °C (Fig. 3B). Ultra-
structural analysis confirmed that the disintegration of RIF-
MCMs occurred more rapidly at the higher temperature. At
42 °C, the assemblies completely disintegrated within 6 hours,
whereas at 37 °C, slower disassembly was observed, with
complete breakdown occurring by 9 hours (Fig. 3B). These
observations are consistent with the cumulative release studies.
The temperature-induced release behavior demonstrates that
RIF-MCMs are capable of maintaining sustained RIF levels over
an extended period of time. The faster release at 42 °C high-
lights the potential for a temperature-regulated release in
certain applications.

3.2 Immobilization of RIF-MCMs on solid support

After the systematic investigation into the impact of various
RIF-to-peptide mass ratios on encapsulation efficiency and
physicochemical properties, the 1:2 ratio was identified as
the optimal formulation for developing an antimicrobial sur-
face. Because the chemistry of silicon oxide (SiO,) solid sup-
ports, such as those used in quartz crystal microbalance with
dissipation (QCM-D) sensors, closely resembles that of glass
substrates, we interchangeably used them depending on the
corresponding experimental requirements. We considered
glass and silicon oxide (SiO,) surfaces to be suitable models
for the initial development of an antimicrobial surface. Speci-
fically, both supports share a silica-based composition and the
capacity to form hydroxyl groups upon activation through
processes such as UV-O; treatment. Besides introducing hydro-
xyl functional groups that enhance the surface reactivity,®*°
UV-O; treatment efficiently cleans the substrate surfaces
by removing organic contaminants.’® The resulting clean,
hydrophilic, negatively charged, and highly functionalized
surfaces®"** are particularly suited for the immobilization of
our positively charged RIF-MCMs. Moreover, the amine func-
tionalities of histidine groups exposed on the surface of MCMs
facilitate strong interactions with the activated silica or glass
substrates. Besides, glass is a useful preliminary model for
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coatings in medical device research due to its uniformity and
optical properties.*®

To investigate the attachment dynamics of RIF-MCMs and
unloaded MCMs on solid supports, we employed quartz crystal
microbalance with dissipation monitoring (QCM-D) using sili-
con oxide-coated sensors. First, the frequency signal of bare
silica substrates mounted in parallel flow cells was stabilized in
water to establish a baseline. Subsequently, RIF-MCMs and
unloaded MCMs in aqueous solution were introduced into
separate flow cells, and real-time changes in frequency (AF)
and dissipation (AD) were recorded to evaluate attachment
behavior and immobilization efficiency over time (Fig. 4A).
Both, RIF-MCMs and unloaded MCMs resulted in frequency
decreases relative to the bare substrate, indicating a mass
increase on the sensor surface due to successful immobiliza-
tion. Once the signal had stabilized, the system was flushed
with water (for 40 minutes under continuous flow of
100 pL min~") to remove loosely adhered MCMs and to assess
the stability of the immobilized layers. The immobilized RIF-
MCMs and unloaded MCMs remained stably attached to the
substrate, with only a slight frequency decrease observed dur-
ing the washing step. This slight decrease suggests further
attachment of MCMs to the surface under flow conditions.
After the washing step, the frequency shift measured for RIF-
MCMs was —105 Hz, while unloaded MCMs exhibited a shift of
—67 Hz, consistent with the higher mass of RIF-MCMs due to
the encapsulated rifampicin (Fig. 4B). The frequency shifts were
converted into mass per unit area (Am/A) using the Sauerbrey
equation (see Method section). The calculated mass per unit
area (Am/A) was 372 + 18 ng cm > for RIF-MCMs and 237 +
14 ng cm ? for unloaded MCMs (Fig. 4C). The difference in
mass, 134 + 10 ng cm %, corresponds to the amount of
rifampicin encapsulated within the RIF-MCMs, assuming com-
parable attachment efficiencies for both MCM types. To further
investigate the surface coverage of MCMs, the nanoparticle
density (N/A) was calculated using NTA data and the known
mass of the peptide used for self-assembly (see Method sec-
tion). Based on these parameters, we derived a surface density
of (2.8 & 0.2) x 10 nanoparticles per cm” for RIF-MCMs and
(2.6 £ 0.3) x 10’ nanoparticles per cm* for unloaded MCMs,
reflecting a similar attachment density for both MCM types
(Fig. 4C). Additionally, similar experiments were performed for
free peptide adsorption onto the SiO, substrate (Fig. S6, ESIT).
As expected, the free peptide exhibited a smaller frequency
decrease compared to MCMs due to its lower mass. Notably,
like the MCMs, the free peptide remained stably attached to the
substrate after the washing procedure, further demonstrating
the robust interaction between the peptide and the SiO, surface
(Fig. S6, ESIT).

As we aim to maximize the antibacterial performance of our
RIF-MCM-based surface through dual functionality (passive
and active), we also examined the spatial distribution and
topography of RIF-MCMs and unloaded MCMs incubated over-
night on UV-O;-treated glass substrates. After carefully rinsing
off unbound MCMs, we analyzed the modified surface topo-
graphy using atomic force microscopy (AFM) in AC mode. The

This journal is © The Royal Society of Chemistry 2025
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using the Sauerbrey equation.

untreated glass surface was studied as a reference (Fig. 5A and
Fig. S7A(i-iii), ESI{). AFM images confirmed the successful
surface immobilization of both unloaded MCMs and RIF-
MCMs (Fig. 5B, C and Fig. S7B(i-iii)C(i-iii), ESIt). The immo-
bilization results from a combination of electrostatic interac-
tions between the negatively charged glass substrate and the
positively charged peptide-modified MCMs, as well as hydrogen
bonding between the hydroxyl groups on the glass surface and
the amine functionalities present on the surface of the
peptide MCMs.

AFM topography micrographs revealed that RIF-MCMs and
unloaded MCMs were heterogeneously distributed on the sur-
face (Fig. 5B and C). In some regions, several MCMs formed
compact patches by attaching next to or on top of one another,
while other regions showed sparsely immobilized, single
MCMs. High-resolution AFM images (Fig. 5D) demonstrated
that native RIF-MCMs were composed of individual micelles,
providing evidence that the multimicellar architecture of the

This journal is © The Royal Society of Chemistry 2025

RIF-MCMs observed by cryo-TEM remained intact after attach-
ment to the solid support.

Height distribution analysis of surfaces with immobilized
RIF-MCMs revealed two distinct peaks: one at 17 nm corres-
ponding to the base glass substrate, and another at 90 nm
corresponding to the RIF-MCMs (Fig. 5E, inset). Such nanoscale
topographical features are expected to synergize with the active
antimicrobial functionality of RIF-MCMs and enhance the
overall antibacterial performance of the surface. Surface rough-
ness analysis further showed that RIF-MCM attachment
resulted in a moderately rough surface. The mean roughness
(R.) and root mean square roughness (R,;) values measured
using Gwyddion for the glass substrate were 312.8 pm and
397.5 pm, respectively. Upon immobilization of unloaded
MCMs, these values increased to 16.3 nm (R,) and 23.4 nm
(Ry), and further increased to 19.9 nm and 27.7 nm, respec-
tively, upon immobilization of RIF-MCMs (Fig. 5F). R, and Rq
values for each condition were obtained by analyzing three
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measured along the dashed line. (E) The corresponding height distribution histogram of RIF-MCMs immobilized on a glass surface shown in (C), where p
represents the normalized density of height values. The inset provides a magnified view of the histogram, highlighting the height data specific to the
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software. The analyzed areas are shown in Fig. S6 (ESIt).

different areas per sample (Fig. S7, ESIT), and the mean values and RIF-MCMs is likely due to their size difference, as pre-
were calculated from three independently prepared samples. viously demonstrated by the Dy distribution profiles (Fig. S1
The slight difference in roughness between unloaded MCMs and S2, ESIf). The enhanced roughness of the substrate
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resulting from RIF-MCM immobilization is particularly advan-
tageous in passive antibacterial strategies, as it increases the
surface area and may hinder bacterial adhesion or create
physical barriers.>*

To assess the stability of surface-immobilized MCMs over
time, we performed the self-assembly of peptides in the
presence of hydrophobic fluorescein isothiocyanate (FITC) to
produce fluorescent MCMs (FITC-MCMs) for visualization
using confocal laser scanning microscopy (CLSM). Untreated
surfaces and surfaces with immobilized FITC-MCMs were
imaged immediately following preparation to quantify initial
fluorescence intensity (Fig. 6, Day 1). After a 10-day incubation
at 4 °C in water in the dark, both surfaces were again imaged
and their fluorescence intensity was measured (Fig. 6, Day 10).
The mean fluorescence intensity did not change significantly
over time was observed, suggesting that in aqueous environ-
ments at 4 °C, the MCMs remained stably attached to the
surfaces and preserved their architecture.

3.3 Antibacterial properties of surfaces with immobilized RIF-
MCMs

Initially, we evaluated the antibacterial effect of RIF-MCM
decorated surfaces using CLSM with live-dead staining of
Bacillus subtilis, as the efficacy of RIF against this strain is well
established.®® While bacterial viability was significantly
reduced by surface-adsorbed particles and, to a lesser extent,
by MCM-decorated surfaces (Fig. S8, ESIT), CLSM served only
for a qualitative screening due to its limitations. These include
potential imaging bias, limited visualization of bacterial popu-
lations across large surfaces, and challenges in obtaining
quantitative data.

To further assess the antimicrobial potency of RIF-MCM
decorated surfaces, we evaluated their ability to inhibit bacter-
ial growth using resazurin reduction and colony count assays.
Resazurin conversion to fluorescent resorufin serves as an
indicator of bacterial metabolic activity and is widely used for
antimicrobial testing.’® To analyze bacterial adhesion and
proliferation, Staphylococcus aureus (S. aureus), another Gram-
positive bacterium, was directly applied to RIF-MCM-modified,
MCM-modified or unmodified surfaces and incubated for 24 h

This journal is © The Royal Society of Chemistry 2025

at 37 °C. Bacterial viability was quantified by measuring resor-
ufin production at 4 = 588 nm, in response to bacterial meta-
bolic activity in samples collected from the different surfaces
(Fig. 7A). In comparison to unmodified glass surfaces (control),
incubation of S. aureus on RIF-MCM surfaces led to a 98 & 0.3%
reduction in viable bacteria. S. aureus is known forms biofilms
that hinder antibiotic penetration and enable Dbacterial
persistence, necessitating prolonged antimicrobial activity at
infection sites.”” RIF exerts its bactericidal activity by binding to
the B-subunit of bacterial DNA-dependent RNA polymerase
(RNAP), inhibiting RNA synthesis and preventing bacterial
replication.’® This transcriptional disruption, combined with
the need for prolonged antimicrobial activity, has driven exten-
sive research toward enhancing RIF’s clinical efficacy through
controlled-release formulations, such as poly(lactic-co-glycolic
acid) (PLGA) microspheres®”® and mesoporous silica
nanoparticles.®"®* The RIF-MCM surface, with its high local
RIF concentration and prolonged exposure due to sustained
release profile, effectively prevented bacterial adhesion and
proliferation, making it particularly suitable for implant-
associated and prosthetic joint infections. In contrast, bacterial
survival on surfaces coated with MCMs lacking rifampicin
(102 £ 17% viability) was comparable to the survival on the
control surfaces. Although the (HR);(WL)s peptide itself
features some characteristics typically associated with antimi-
crobial peptides, i.e., hydrophobic tryptophane-rich regions
combined with cationic regions,®"® it is noteworthy that after
assembly, unloaded MCMs showed no antimicrobial activity
under the conditions tested. However, this finding does not
entirely rule out any antimicrobial potential of the MCMs
themselves, as the ratio of MCMs to bacteria, the disassembly
state of the MCMs or their interactions with medium compo-
nents could affect their ability to kill bacteria.

In addition to the resazurin assay, a plate count assay was
performed to quantify bacterial colonies in accordance with ISO
22196 standards.*® RIF-MCM modified surfaces showed strong
antimicrobial activity, with colony counts reduced by over three
orders of magnitude, reaching only 187 colonies after 24 h,
compared to 962 500 for untreated surfaces (Fig. 7B and Fig. S9,
ESIt). The large reduction of colonies is in good agreement with
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surfaces were carefully rinsed prior to adding S. aureus and running antimicrobial activity assays, and tested in quadruplicate.

data obtained by the resazurin assay. Interestingly, in colony
count experiments where bacteria for plating were collected
from the medium above the glass surface, MCM-modified
surfaces led to a reduction in colony counts, with less than
half (418333 colonies) the number of colonies observed on
plates grown from samples collected from unmodified glass
surfaces (Fig. 7B and Fig. S9, ESIt). This reduction in colony
formation is attributed to the enhanced surface roughness
resulting from the heterogeneous surface modification by the
MCMs, which hinders bacterial adhesion and biofilm for-
mation via passive antibacterial mechanisms. Further support
for a passive mechanism is provided by the fact that at 37 °C,
MCMs tend to dissociate, resulting in changes to the surface
topography, which in turn limit bacterial attachment and
growth. Thus, while the resazurin assay did not show a direct

reduction in bacterial viability attached to surface, the colony
count from the medium above the glass surface indicates that
the surface roughness and structural features of both RIF-
MCMs and unloaded MCMs play a role in reducing bacteria.

3.4 Biocompatibility of surfaces with high antibacterial
activity

To determine whether our active surfaces with high antibacter-
ial efficacy are safe for human cells, we evaluated the cytotoxi-
city of the MCMs used for surface modification toward
eukaryotic cells by an MTS assay. A549 lung cancer cells were
exposed to various concentrations of RIF-MCMs (Dose I, Dose
11, Dose III), while unloaded MCMs and free RIF were investi-
gated at equivalent concentrations for comparison (Fig. 8).
Dose I corresponded to the RIF-MCM concentration needed
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Fig. 8 Effect of MCMs and RIF on human cell viability. The proliferation of A549 cells after 24 h of treatment with Dose |, Dose I, and Dose Il at 37 °C
was assessed using MTS assays. For RIF-MCMs, dose | corresponds to the concentration applied for full surface coverage with RIF-MCMs, dose |l is
double this concentration, and dose Il triple. For unloaded MCMs, doses | to Il have peptide concentrations equivalent to those used for RIF-MCM
treatment. Doses |, Il and Il of free RIF correspond to the amount of RIF entrapped in the respective doses of RIF-MCMs. Control cells were incubated
correspondingly but without treatment. Error bars represent standard deviation of triplicate measurements. Statistical comparisons were conducted
using two-way ANOVA followed by Tukey's HSD (honestly significant difference); p > 0.05 (n.s., not significant), p < 0.05 (*), and p < 0.01(**).
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for full surface coverage, Dose II was double this concentration,
and Dose III was triple. In the case of unloaded MCMs, the
peptide concentration was matched to that of RIF-MCMs, while
the free RIF dosages used to treat A549 cells were equivalent to
the amount of RIF entrapped in RIF-MCMs. Control cells were
incubated under identical conditions but without treatment.
After 24 h of treatment, neither MCMs nor RIF-MCMs exhibited
significant cytotoxicity at any of the concentrations tested
(Fig. 8). In contrast, free RIF resulted in a notable reduction
in cell viability, with values of 86 + 5%, 77 &+ 6%, and 61 + 1.5%
observed for dose I, dose II, and dose III, respectively (Fig. 8).
These findings demonstrate that peptide MCMs are not cyto-
toxic, whereas free rifampicin exerts toxicity, particularly at
higher doses. The encapsulation of RIF within MCMs, followed
by its sustained release proved advantageous in shielding cells
from the direct exposure to high-dose of RIF, thereby reducing
toxic effects and enhancing biocompatibility. A similar trend
was observed after 48 h of exposure, with slightly more pro-
nounced cytotoxic effects at higher dosages (Fig. S10, ESIT).
This indicates that the use of peptide MCMs for antibiotic
delivery can reduce undesired cytotoxicity towards human cells
while preserving antimicrobial efficacy.

4. Conclusion

This study presents a novel approach using surface-immobilized
rifampicin-loaded multicompartment micelles (RIF-MCMs), com-
bining sustained antibiotic release (active) with contact-based
bactericidal activity (passive). Following the systematic optimization
of self-assembled RIF-MCMs, their immobilization on surfaces
resulted in prolonged antimicrobial effects, crucial for preventing
bacterial colonization and biofilm formation. These are key chal-
lenges in infections associated with medical implants, where the
synergy between sustained antibiotic release and passive bacterici-
dal activity is essential to enhance localized therapeutic outcomes.
Our in vitro antimicrobial assays demonstrate that RIF-MCM-
modified surfaces reduce bacterial viability by over 98% and
decrease colony counts by over three orders of magnitude. Further-
more, the surfaces exhibit minimal toxicity to human cells, indicat-
ing their biocompatibility and suitability for clinical applications.
This dual-functionality approach represents a step forward in
overcoming the limitations of conventional antibiotics in clinical
practice, aligning with current trends in nanomedicine to improve
antimicrobial therapies. By incorporating these nanoparticles into
medical device coatings, this strategy reduces the need for systemic
antibiotics, potentially decreasing the risk of antibiotic resistance.
To validate their broad potential in healthcare, future studies will
focus on evaluating the clinical efficacy of these surfaces in more
complex infection models, exploring different solid supports for
coating and expanding the range of bacterial targets.
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