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A B S T R A C T

The rise of antibiotic resistant bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA), requires novel 
approaches to combat infections. Medical devices like implants and wound dressings are frequently used in 
conjunction with antibiotics, motivating the development of antibacterial biomaterials capable of exhibiting 
combined antibacterial effects with conventional antibiotics. This study explores the synergistic antibacterial 
effects of combining antimicrobial peptide (AMP) functionalized hydrogel particles with conventional antibi-
otics, vancomycin (VCM) and oxacillin (OXA), against Staphylococcus aureus and MRSA. The AMP employed, 
RRPRPRPRPWWWW-NH2, has previously demonstrated broad-spectrum activity and enhanced stability when 
attached to hydrogel substrates. Here, checkerboard assays revealed additive and synergistic interactions be-
tween the free AMP and both VCM and OXA against Staphylococcus aureus and MRSA. Notably, the AMP-OXA 
combination displayed a significant synergistic effect against MRSA, with a 512-fold reduction in OXA’s mini-
mum inhibitory concentration (MIC) when combined with free AMP. The observed synergism against MRSA was 
retained upon covalent AMP immobilization onto the hydrogel particles; however, at a lower rate with a 64-fold 
reduction in OXA MIC. Despite this, the OXA-AMP hydrogel particle combinations retained considerable syn-
ergistic potential against MRSA, a strain resistant to OXA, highlighting the potential of AMP-functionalized 
materials for enhancing antibiotic efficacy. These findings underscore the importance of developing antimicro-
bial biomaterials for future medical devices to fight biomaterial-associated infections and reverse antimicrobial 
resistance.

1. Introduction

Antimicrobial peptides (AMPs) are a class of molecules that are part 
of the innate immune system of all multicellular organisms in the animal 
and plant kingdoms. Their antibacterial, antifungal, and antiviral 
properties have warranted significant research into using AMPs to fight 
infections (Zasloff, 2002; Yeung et al., 2011). Specific structural fea-
tures, such as their positive charge and amphiphilic character as well as 
short amino acid chain length and secondary structure formation, have 
proven integral to the broad-spectrum antimicrobial activity of AMPs. 
Due to their positive charge, the predominant mode of action (MOA) of 
AMPs involves targeting membranes through interactions with the 
negatively charged cell membranes of microorganisms. These in-
teractions disrupt membrane integrity, ultimately resulting in cell death. 

Furthermore, additional MOAs have been reported, including the inhi-
bition of protein, DNA and RNA synthesis as well as targeting of other 
intracellular sites (Bahar and Ren, 2013; Shai, 2002).

Due to the aforementioned reasons, AMPs have demonstrated broad- 
spectrum antibacterial activity against many Gram-positive, Gram- 
negative and multidrug-resistant (MDR) bacteria strains, that could be 
useful in antibacterial therapy. Given the increasing antibiotic resis-
tance, AMPs are promising candidates over conventional antibiotics, as 
their nonspecific membrane-targeting is believed to result in reduced 
resistance, in contrast to the more target-specific intracellular MOAs of 
antibiotics (Yeung et al., 2011; Bahar and Ren, 2013). Additionally, 
AMPs have been investigated as adjuvants in combination with con-
ventional antibiotics for combination therapy due to their synergistic 
interaction potential (Wu et al., 2021; Pizzolato-Cezar et al., 2019).
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Drug synergism is defined as the combined effect of different drugs, 
where the resulting effect is greater than the sum of their individual 
effects (Lewies et al., 2017). Many AMPs have been investigated for their 
synergistic activity with antibiotics, where the bacterial membrane 
disruption is hypothesized to increase the bioavailability of the anti-
biotic, leading to enhanced potency, activity and even the reversal of 
antibiotic resistance (Lewies et al., 2017; Zharkova et al., 2019; Zhu 
et al., 2021; Sousa et al., 2021; Mhlongo et al., 2023). Furthermore, due 
to their excellent anti-biofilm properties, certain AMPs have shown 
great synergism with antibiotics for eradication of bacterial biofilms – 
precursors for biofilm-associated infections (Grassi et al., 2017; Reffu-
veille et al., 2014; Mataraci and Dosler, 2012; Li et al., 2022). Synergistic 
combinations of AMPs with antibiotics remain highly interesting 
research topics, due to benefits such as increased antibiotic potency at 
lower concentrations, enhanced clinical outcomes, reduced toxicity, 
prevention of resistance development and potential antibiotic repur-
posing (Mhlongo et al., 2023; Almaaytah et al., 2019).

Despite the promising antibacterial performance of AMPs, their low 
proteolytic stability and salt sensitivity pose a significant challenge for 
clinical translation, impacting their potential for use in combination 
therapy. To address issues associated with peptide stability, various 
stabilization methods have been proposed, ranging from AMP immobi-
lization onto base materials to peptide delivery systems (Costa et al., 
2011; Cesaro et al., 2023). Indeed, covalent immobilization of AMPs 
onto a material has demonstrated significant improvements in proteo-
lytic stability and salt resistance, while retaining high antibacterial ef-
fect (Mishra et al., 2017; Costa et al., 2011; Blomstrand et al., 2022; Li 
et al., 2014). Therefore AMP-functionalized biomaterials have been 
developed for a range of medical devices, from biomedical implants to 
wound care products, as alternatives to traditional antibiotic therapy in 
the management of biomaterials-associated infections (Kazemzadeh- 
Narbat et al., 2021). By demonstrating broad-spectrum antibacterial 
activity both in vitro and in vivo, AMP-functionalized biomaterials offer 
significant potential for infection control through synergistic in-
teractions with conventional antibiotics (Rai et al., 2022; Mishra et al., 
2014; Cleophas et al., 2014; Atefyekta et al., 2021; Lim et al., 2013). 
While complete replacement of the use of antibiotics in biomaterials- 
associated infections management is unlikely, AMP-functionalized ma-
terials provide many potential synergistic benefits by combining anti-
biotic therapy with antibacterial materials.

Although numerous studies have been devoted to AMP-antibiotic 
combinations using AMPs in solution, i.e., their free soluble state, 
research on AMP-functionalized biomaterials in combination therapy 
with antibiotics remains sparse. A limited number of studies have pri-
marily focused on AMP carrier materials in the form of drug delivery 
systems (Zarghami et al., 2021; Sharma et al., 2021; Orlando et al., 
2008; Wang et al., 2020). Although these studies show promising anti-
bacterial synergism, the low stability of AMPs remains an issue to be 
addressed. While these studies are indicative of the potential synergism 
between AMP-containing materials and antibiotics, to the best of our 
knowledge, interactions between covalently immobilized AMP mate-
rials and antibiotics have not been reported and remain an unexplored 
field of research. Therefore, combining covalently immobilized AMP 
materials with conventional antibiotics could offer the potential to 
harness the AMPs’ broad-spectrum antibacterial activity along with 
increased antibiotic potency, reversal of resistance, and antibiotic 
repurposing for infection control.

In the present work, the potential synergism between a potent 
cationic AMP, RRPRPRPRPWWWW-NH2 (RRP9W4N) covalently 
immobilized onto soft hydrogel particles in combination with conven-
tional antibiotics, specifically VCM and OXA, against S. aureus and 
MRSA, was investigated. MRSA has emerged as a high priority pathogen 
where its common prevalence in hospital- and community-acquired 
infections, along with a lack of effective antibiotics strongly motivates 
the need for new antibacterial solutions (Tacconelli et al., 2018; Haque 
et al., 2018). RRP9W4N has been previously studied by our research 

group, where AMP covalent immobilization onto hydrogel sheets and 
particles have resulted in materials with high antibacterial activity 
against S. epidermidis, S. aureus, E. coli, P. aeruginosa, MRSA, and MDR 
E. coli. These materials have potential applications in antibacterial 
wound dressings and coating materials, further motivating their syner-
gistic combinations with conventional antibiotics for fighting 
biomaterial-associated infections and reversal of antimicrobial resis-
tance (Atefyekta et al., 2021; Blomstrand et al., 2022; Stepulane et al., 
2022; Blomstrand et al., 2023).

2. Materials and methods

2.1. Materials

Unless stated otherwise, all reagents used in this work were pur-
chased from Sigma-Aldrich Sweden AB (Stockholm, Sweden) and used 
as received without further purification. Pluronic F127 diacrylate 
copolymer powder (Acr − PEO100 − PPO70 − PEO100 − Acr, DA-F127) 
with a Mw = 12600 g/mol and a purity of ≥95 % as well as AMP 
powder RRPRPRPRPWWWW-NH2 (RRP9W4N) with Mw = 1930 g/mol 
and purity of ≥90 % was provided by Amferia AB (Mölndal, Sweden). 
Ultrapure Milli-Q water was used for all steps of the material synthesis 
and analysis.

2.2. Hydrogel particle preparation

Hydrogel particles were prepared using a top-down method of me-
chanical homogenization based on a previously reported methodology 
(Blomstrand et al., 2022). In brief, 30 % w/w DA-F127 copolymer 
powder was manually mixed with 70 % w/w water. To induce photo-
polymerization of the acrylate functional groups, photoinitiator 2-hy-
droxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone was added to the 
mixture at a conc. of 0.5 % w/w with respect to the dry DA-F127 weight. 
The mixture was refrigerated at 4 ◦C to aid liquification. The cold liquid 
was then cast into a glass Petri dish and allowed to equilibrate to room 
temperature (RT) to form a gel. The gel was crosslinked via UV photo-
polymerization at λ = 302 nm for 3 min, resulting in a bulk hydrogel. 
The obtained hydrogel was washed in a copious amount of water to 
remove any non-crosslinked polymer fractions and to facilitate the 
hydrogel swelling.

The washed hydrogels were ground into particles using a food pro-
cessor (ErgoMixx, Bosch, Germany), and further homogenized with a 
disperser, (T18 ULTRA-TURRAX, IKA, Germany) resulting in particle 
suspension in water. The obtained suspension was suction filtrated using 
filter paper with a pore size of 6 µm, (Whatman grade 3, Cytiva, Sweden) 
to remove the excess water, and the obtained filter cake was collected. 
The wet particle cake post-filtration was divided into two parts: 
hydrogel particles for further AMP functionalization according to the 
methodology stated in section 2.2.1 (henceforth referred to as AMP 
particles), and AMP-free hydrogel particles to act as a control (hence-
forth referred to as control particles). The prepared particles were stored 
at − 20 ◦C for short term storage, or, alternatively, freeze-dried for long 
term storage.

2.2.1. Particle functionalization with the AMP
Freshly filtered particles were functionalized with the AMP using the 

following procedure. One gram of the wet particle cake post-filtration 
was dispersed in 5 ml of 0.5 M 2-(N-morpholino) ethanesulfonic acid 
buffer (MES, pH 6) containing 2 mg/ml of 1-ethyl-3-(3- (dimethyla-
mino)propyl) carbodiimide (EDC) and 2 mg/ml N- hydroxysuccinimide 
(NHS) and stirred for 30 min. This procedure facilitated the activation of 
free carboxyl groups in the DA-F127 network via carbodiimide coupling 
for the subsequent functionalization step with the AMP. Although absent 
in the native state of Pluronic F127 molecules, free carboxyl group 
formation in the DA-F127 molecular structure is facilitated by sponta-
neous hydrolysis of the ester groups present in the polymer structure 
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after the acrylate group photopolymerization (see Appendix A, 
Fig. A.1A). This phenomenon has been successfully explored for the 
covalent AMP attachment to DA-F127 hydrogels by previous studies 
(Atefyekta et al., 2021; Blomstrand et al., 2022). Thereafter, the 
carboxyl group activation for direct AMP coupling is aided by the EDC 
and NHS to improve the reaction efficacy and stability of the reactive 
intermediates (see Appendix A, Fig. A.1B).

After the activation step, particle suspension was repeatedly suction 
filtered by washing with water to remove any activation byproducts. 
One gram of the activated particles post-filtration was dispersed in 5 ml 
of 400 µM RRP9W4N AMP in phosphate buffered saline (PBS, pH 7.4) 
solution and stirred for 2 h to aid direct covalent AMP attachment to the 
free carboxyl groups via amide bond formation. After the AMP attach-
ment step, particle suspension was repeatedly suction filtered by 
washing with water to remove any unreacted AMP. The freshly func-
tionalized and suction filtered particles were collected for further 
analysis.

The filtrate was sampled for the quantification of the AMP uptake 
into the particles. For this, a UV− Vis spectrophotometer (Multiskan GO, 
Thermo Fisher Scientific, USA) was used, and absorbance was measured 
at λ = 280 nm, which correlates to the absorbance of the tryptophan 
amino acid end-tag in the AMP structure. The AMP uptake was esti-
mated based on the difference in AMP concentration in the filtrate and 
the AMP activation solution, using a standard curve.

2.3. Bacterial strains

Staphylococcus aureus CCUG 10778 and methicillin-resistant Staph-
ylococcus aureus (MRSA) CCUG 41586 were purchased from the Culture 
Collection University of Gothenburg (CCUG, Gothenburg, Sweden) and 
stored long-term at − 80 ◦C after revival. The bacteria were streaked 
onto brain heart infusion (BHI) agar plates and incubated at 37 ◦C 
overnight to obtain single colonies. The agar plates were refrigerated at 
4 ◦C and used within one week.

For each new experiment, a single colony of bacteria was inoculated 
into 4 ml of tryptic soy broth (TSB) and incubated statically at 37 ◦C until 
the mid-log growth stage was reached, determined by optical density 
measurements at 600 nm (OD600), with an OD600 of 0.55–0.75 estimated 
to correspond to 109 colony-forming units per milliliter (CFU/ml). The 
bacterial suspension was then diluted to the desired target concentration 
and used for further antibacterial activity assays as described below.

2.4. Antibacterial activity assays individually

2.4.1. Plain AMP and antibiotics
The minimal inhibitory concentration (MIC) of free AMP in liquid 

(henceforth referred to as plain AMP) as well as the antibiotics VCM and 
OXA against S. aureus and MRSA, were determined using the broth 
microdilution technique.

MIC of plain AMP was determined in three different culture media 
conditions i.e., Mueller Hinton broth (MHB), cation-adjusted Mueller 
Hinton broth (CAMHB), and cation-adjusted Mueller Hinton broth 
supplemented with 2 % w/v NaCl (CAMHB + NaCl) to determine the 
effect of salt concentration on AMP activity, and mimic the conditions 
required for antibiotic testing. In brief, 2-fold serial dilutions of AMP in 
the chosen culture media (i.e., MHB, CAMHB, or CAMHB + NaCl) were 
prepared in a 96-well plate, with the final target conc. range of 200–0.2 
µM. The bacterial inoculum was prepared from the TSB cultures by 
diluting the bacteria with the chosen culture media to approximately 
106 CFU/ml, and finally adding to each well in 1:1 ratio for a final 
bacteria conc. of 5 * 105 CFU/ml. Well plates were then incubated at 
37 ◦C overnight (~ 18 h), the OD600 read using a UV− vis spectropho-
tometer with a plate reader and MIC defined as the lowest drug conc. 
resulting in reduced bacterial growth by more than 80 % compared to an 
AMP-free growth control.

VCM and OXA MICs were determined in 96-well plates at standard 

testing conditions according to the Clinical and Laboratory Standards 
Institute (CLSI) (Clinical and Laboratory Standards Institute, 2012). 
CAMHB culture media and overnight incubation (~ 18 h) at 37 ◦C or 
CAMHB + NaCl culture media and incubation at 35 ◦C for 24 h was used 
for VCM or OXA susceptibility testing, respectively. After incubation, the 
antibiotic containing well plates were read at OD600 using a plate reader 
and MIC defined as the lowest drug concentration resulting in more than 
80 % reduced bacterial growth compared to antibiotic-free controls.

All antibacterial susceptibility experiments were repeated at least 
three times, and the MIC values displayed as a concentration interval.

2.4.2. AMP hydrogel particles
The MIC of AMP hydrogel particles was determined by using the 

broth macrodilution technique in MHB, CAMHB and CAMHB + NaCl 
culture media against S. aureus and MRSA. In brief, 2-fold serial di-
lutions of freshly functionalized (with 400 µM AMP solution) and suc-
tion filtered (>6 µm) AMP hydrogel particles were prepared in a 24-well 
plate with the final target conc. range of 512–1 mg/ml (swollen particle 
mass). The bacterial inoculum was prepared from the TSB cultures by 
diluting the bacteria with the chosen culture media to approximately 
106 CFU/ml, and then adding it to each well in a 1:1 ratio for a final 
bacterial conc. of 5 × 105 CFU/ml. A mirror plate of AMP-free hydrogel 
particles was prepared as the positive control as well as growth control 
and sterility controls included in each experiment. The plates were 
placed on a shaker plate under 200 rpm to facilitate component mixing 
and incubated at 37 ◦C overnight (~ 18 h). The following day, MIC 
values were observed, and MIC defined as the lowest conc. of particles 
that produced complete inhibition of visible growth.

All antibacterial susceptibility experiments were repeated at least 
three times, and the MIC values displayed as a concentration interval.

2.5. Checkerboard assays

The combinations of the VCM and OXA antibiotics with (a) plain 
AMP and (b) AMP hydrogel particles were assessed against S. aureus and 
MRSA using the checkerboard assay technique.

2.5.1. Plain AMP and antibiotics
The effect of the combination of antibiotics and plain AMP was 

evaluated using the broth microdilution checkerboard assay based on a 
previously reported method (Bellio et al., 2021). In brief, 2-fold serial 
dilutions of AMP were prepared along the ordinate of a 96-well plate in 
sub-MIC conc., with varying final conc. (50–0.39 µM). Following this, a 
crosswise 2-fold dilution of the antibiotic was prepared along the ab-
scissa (see Appendix A, Fig. A.2A for graphical representation). The 
final conc. depended on the chosen antibiotic type, with VCM tested in 
conc. range of 32–0.03 µg/ml and OXA in a conc. range of 64–0.06 µg/ 
ml. The cell media type was chosen based on the CLSI guidelines i.e., all 
VCM checkerboard assays were conducted in CAMHB, while all OXA 
assays were performed in CAMHB + NaCl. The bacterial inoculum was 
prepared from the TSB cultures by diluting the bacteria with the chosen 
cell culture media to approximately 106 CFU/ml and then added to all 
wells of the 96-well plate in a 1:1 ratio for a final bacterial concentration 
of 5 × 105 CFU/ml. For each organism and AMP-antibiotic combination, 
additional dilution series for the AMP and antibiotic as well as a growth 
control not containing any AMP or antibiotics, were included. The plates 
were incubated at 37 ◦C overnight (~18 h) for VCM and at 35 ◦C for 24 h 
for OXA. The following day, OD600 was read using a plate reader, and 
MIC was defined as the lowest drug conc. resulting in more than 80 % 
reduction in bacterial growth compared to the growth control.

The interaction type between the AMP and antibiotics was deter-
mined using the fractional inhibitory concentration (FIC) index. The FIC 
index was calculated for each AMP-antibiotic concentration combina-
tion from the observed MIC values of AMP and antibiotics using the 
following equations: 

A. Stepulane et al.                                                                                                                                                                                                                              International Journal of Pharmaceutics 664 (2024) 124630 

3 



FICAMP =
MICAMP in combination

MICAMP alone
(1) 

FICAntibiotic =
MICAntibiotic in combination

MICAntibiotic alone
(2) 

FIC = FICAMP + FICAntibiotic (3) 

The calculated FIC index values were averaged along the turbidity/non- 
turbidity interface of each well-plate. Ultimately, the mean FIC index 
was averaged over an experimental triplicate, and the determined FIC 
value was used to categorize results, where an FIC index ≤ 0.5 was 
interpreted as synergistic, 0.5 < FIC ≤ 1.0 as additive, 1.0 < FIC ≤ 4.0 as 
indifferent, and FIC > 4.0 as antagonistic interactions between the AMP 
and antibiotic (Zhu et al., 2021; Mataraci and Dosler, 2012; Bonapace 
et al., 2000).

2.5.2. AMP hydrogel particles and antibiotics
The effect of the OXA antibiotic and AMP hydrogel particle combi-

nation was evaluated using a modified broth macrodilution checker-
board assay. Freshly functionalized (with 400 µM AMP solution) and 
suction filtrated AMP particles were used to prepare a particle suspen-
sion in CAMHB at four times the desired highest particle suspension 
conc. (e.g., 32 x 4 = 128 mg/ml for 32 mg/ml). Two-fold serial dilutions 
of AMP particles were prepared along the abscissa of a 24-well plate in 
sub-MIC conc. with varying final conc. (32–1 mg/ml in swollen particle 
mass). Following this, OXA solutions in CAMHB were prepared by 
diluting the OXA stock solution (3 mg/ml in H2O). Four separate vials 
with four times the desired final OXA conc. (e.g., 32 x 4 = 128 µg/ml for 
32 µg/ml) were prepared. OXA solution was then added to the AMP 
particles in the 24-well plate at 1:1 ratio, with each row containing one 
conc., with final conc. series of 32, 16, 8 and 4 µg/ml, respectively, 
simulating a 2-fold dilution series along the ordinate (see Appendix A, 
Fig. A.2B for graphical representation). The MRSA inoculum was pre-
pared from the TSB cultures by diluting the bacteria with the CAMHB to 
approximately 106 CFU/ml and then added to all wells of the 24-well 
plate in 1:1 ratio for a final bacteria conc. of 5 * 105 CFU/ml. A 
mirror plate of AMP-free hydrogel particles as a positive control was 
prepared as well as growth and sterility control wells included in each 
experiment. The prepared plates were placed on a shaker plate at 200 
rpm to facilitate the component mixing and incubated at 35 ◦C for 3 h. 
After 3 h the plates were removed from the incubator and 67 µl of 
aqueous NaCl solution (32 % w/v) was added to every 1 ml test solution 
to generate 2 % w/v of final NaCl conc. in every well. A delayed salt 
addition methodology was devised to limit the AMP inactivation due to 
high sodium ion content and resulting loss of antibacterial activity. Ul-
timately, the plates were returned to the incubator and incubated under 
shaking at 35 ◦C for 24 h. MIC values were observed the following day 
with MIC defined as the lowest conc. of particle-OXA combination that 
produced complete inhibition of visible growth. The resulting FIC index 
was calculated along the observable growth/no growth interface ac-
cording to the methodology stated in section 2.5.1.

2.6. Scanning electron microscopy (SEM)

SEM (Leo Ultra 55, Carl Zeiss, Germany) was utilized at a 2 kV 
accelerating voltage to investigate the particle interaction with bacteria 
and observe any changes in bacterial morphology. For this, AMP parti-
cles and AMP-free control particles were placed in a 24-well plate and 
inoculated with a high inoculum MRSA at 108 CFU/ml in 10 % v/v TSB 
followed by overnight incubation at 37 ◦C. The following day, the par-
ticles were carefully washed in PBS, followed by fixation and dehydra-
tion procedure. The particles were immersed in 4 % formaldehyde 
solution (VWR, Sweden) for 2 h, followed by successive 15 min dehy-
dration steps in an ethanol solution gradient (20 %, 50 %, 70 %, 85 %, 
and 99.9 % v/v). Finally, the particles were immersed in 50 % v/v 

hexamethyldisilazane (HDMS) solution in ethanol for 30 min, followed 
by 100 % HDMS. The HDMS was allowed to fully evaporate overnight 
under a fume hood. The dried particles were then mounted onto SEM 
sample holders and coated with 5 nm layer of gold using a sputter coater 
(EM ACE600, Leica Microsystems) prior to SEM imaging.

2.7. Optical microscopy

An optical microscope was utilized to image the rehydrated particles 
and analyze their morphology in the swollen state. For this a stereo 
microscope (Stemi 508, Carl Zeiss AG, Germany) equipped with a digital 
camera was used and the hydrogel particles were rehydrated in Milli-Q 
water prior to imaging.

2.8. Drug delivery from the control hydrogel particles

To investigate the potential of using hydrogel particles as drug de-
livery systems for localized delivery of antibiotics, OXA and VCM were 
used as model drugs. Further experimental details of particle loading 
and drug delivery experiments are presented in Appendix A (Sup-
porting Text 1).

3. Results and discussion

3.1. AMP-functionalized hydrogel particles

The covalently functionalized AMP hydrogel particles investigated in 
the present study were formed according to the procedure developed by 
E. Blomstrand et al. (Blomstrand et al., 2022). Similar to the previously 
described method, the hydrogel particles were manufactured from 
crosslinked lyotropic liquid crystal hydrogels made from diacrylate 
Pluronic F127 (DA-F127) block copolymers via a top-down technique. 
An SEM micrograph of the final freeze-dried particles can be seen in 
Fig. 1B, with the dried particles appearing as a powder, as shown in 
Fig. 1C. The prepared particles had a distinctly asymmetrical geometry 
and irregular profiles due to the top-down manufacturing method of 
mechanical homogenization.

The covalent immobilization of RRP9W4N AMP was achieved via 
carbodiimide chemistry, resulting in direct AMP coupling to the 
hydrogel particle network via amide bond formation. The successful 
AMP integration was confirmed through UV− Vis spectroscopy, 
revealing an approximate 3 % w/w AMP uptake within the dry particle 
structure, which is in line with the previously reported values 
(Blomstrand et al., 2022). These findings correlate directly with previ-
ous studies on the AMP particles, where AMP covalent immobilization 
has been demonstrated by various spectroscopy techniques (UV–Vis, FT- 
IR, Raman and XPS) as well as leaching studies and zone of inhibition 
experiments, with no detectable AMP leaching reported (Blomstrand 
et al., 2022; Stepulane et al., 2022; Atefyekta et al., 2021).

Regarding the size distribution of the AMP particles as well as the 
AMP-free control particles, previous dynamic light scattering (DLS) 
studies on the particle suspensions have concluded that 99.8 % w/w of 
the particle mass is distributed between 100 μmand 500 µm, with 
maximum number-based distribution between 2 μm and 30 µm 
(Blomstrand et al., 2022). Both particle types utilized in the current 
study were filtered through a 6 µm pore size filter paper during pro-
cessing, removing the lower fractions of the number-based distribution, 
as seen in the microscopy images of rehydrated and dried particles in 
Fig. 1A and B, respectively. However, since DLS assumes a spherical 
particle geometry, it is worth noting that some error is to be expected in 
the estimation of the particle size distribution.

Most importantly, the AMP particles utilized in the present study 
have previously demonstrated high antibacterial efficacy against 
S. aureus, S. epidermidis, E. coli, two different MRSA strains as well as 
P. aeruginosa to a lesser extent, with MIC values of 26–103, 26–52, 
52–103, 13–52 and 413–825 µg/ml (0.8–3.1, 0.8–1.6, 1.6–3.1, 0.4–1.6 
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and 12.5–25 mg/ml in dry particle mass), respectively, corroborating 
the broad-spectrum contact-killing potential of the immobilized AMP. 
Furthermore, the AMP particles have also been shown to display no 
cytotoxic or hemolytic effect, along with improved stability against 
serum, where a high antibacterial effect against S. epidermidis has been 
retained for 2 days, compared to plain AMP losing all of its antibacterial 
potency within a day (Blomstrand et al., 2022).

3.2. Antibacterial activity of the antibacterial agents individually

The antibacterial activity of all individual antibacterial agents uti-
lized in the study, namely the antibiotics VCM and OXA as well as plain 
AMP and AMP particles, was tested against S. aureus and MRSA, with the 
results presented in Table 1.

Three different cell culture media types were employed, namely, 
MHB, CAMHB and CAMHB + NaCl. Different media types were utilized 
to comply with the standard testing conditions for VCM and OXA ac-
cording to the CLSI antibacterial susceptibility test methodology 
(Clinical and Laboratory Standards Institute, 2012). In order to produce 
reliable MIC values, several requirements must be fulfilled for certain 
antibiotics and antibiotic/species combinations; namely, additional 
supplementation of MHB with Ca2+ and Mg2+ ions is necessary for ac-
curate detection of VCM resistance in staphylococci, and addition of 2 % 
w/v NaCl to CAMHB is required for testing of OXA resistance in order to 
improve the detection of heteroresistant MRSA. As expected, VCM ac-
tivity was high for both S. aureus and MRSA with MICs of 0.5–1 µg/ml 
and 1–2 µg/ml, respectively, consistent with the susceptibility 

breakpoint of 2 µg/ml (Tenover and Moellering, 2007; Baltch et al., 
2007). Similarly, in accordance with the expected susceptibility and 
resistance to OXA, MICs of 0.06–0.25 µg/ml were observed for regular 
S. aureus and 16–32 µg/ml for MRSA (Baltch et al., 2007).

As evident from Table 1, the variation in media type significantly 
impacted the antibacterial activity of plain AMP and the resulting MIC 
values for both S. aureus and MRSA. For S. aureus, plain AMP exhibited 
comparable MIC values between 12–24 µg/ml in both MHB and CAMHB, 
with a substantial 4- to 8-fold increase to 96 µg/ml in CAMHB+NaCl. A 
similar trend was observed for the MRSA, with AMP displaying 
increasing MIC values of 6–12, 12–24 and 48–96 µg/ml in MHB, CAMHB 
and CAMHB + NaCl, respectively. Given that CAMHB and CAMHB +
NaCl have higher cation concentrations compared to MHB, the bacterial 
susceptibility to AMP is expected to decrease. This is because the pres-
ence of Na+, Ca2+, and Mg2+ ions is known to cause substantial inhi-
bition of cationic AMPs (Wiegand et al., 2008). Indeed, high salt 
concentration is one of the key challenges in therapeutic applications of 
soluble AMPs, where the salt-induced shielding of the cationic charge 
can lead to peptide inactivation (Lim et al., 2013). The covalent 
attachment of AMP has been proposed as a potential solution, further 
motivating the development of AMP hydrogel particles (Onaizi and 
Leong, 2011; Li et al., 2014).

Upon covalently attaching the AMPs onto the hydrogel particles, a 
MIC value of 0.8–1.6 mg/ml and 3.2 mg/ml (dry particle mass) was 
observed for S. aureus in MHB and CAMHB, respectively. No MIC could 
be detected in CAMHB + NaCl, as bacterial growth was observed at the 
highest AMP particle test concentration, where the particles no longer 
behaved like a dispersion, but exhibited a slurry-like consistency. When 
the obtained MIC values were adjusted to the corresponding AMP up-
take in µg/ml from the UV–Vis data, a MIC equivalent to 26 –52 µg/ml 
and 104 µg/ml was observed in MHB and CAMHB, respectively, corre-
sponding to 2- and 5-fold increase when compared to plain AMP. These 
results are anticipated, as AMP covalent attachment is generally asso-
ciated with loss of antibacterial activity, contributing to the reduced 
AMP particle MICs against S. aureus.

Overall, it is important to emphasize that, due to the hydrogel par-
ticles’ ability to swell and take up aqueous solutions, it is highly likely 
that only a fraction of the covalently attached AMP is located on the 
particle surface, with some portion being bound within the particle bulk. 
Since AMPs require direct contact to exert their contact-killing anti-
bacterial mechanism, this could result in only a fraction of the attached 
AMP being active and able to contribute to the observed antibacterial 
effect, potentially leading to an underestimation of the obtained AMP 
particle MIC values, with the possibility of even lower actual MICs. For 
these reasons, AMP particle MIC values are presented in the original mg/ 
ml values as definitive MIC value as well as the µg/ml derived from the 
UV–Vis AMP uptake data.

Furthermore, the AMP particles displayed equally high activity 
against MRSA compared to S. aureus – an observation consistent with 
previous work performed by Blomstrand et al. – with identical MIC 
values detected in MHB and CAMHB (Blomstrand et al., 2022). This 

Fig. 1. Stereo microscopy image of the rehydrated AMP hydrogel particles (A), SEM micrograph of the freeze-dried control particles (B), photograph of the freeze- 
dried control particle powder (C).

Table 1 
Antibacterial activity of the individually tested agents against S. aureus and 
MRSA in different cell culture media.

MIC (µg/ml)

Culture media

MHB CAMHB CAMHB + NaCl

S. aureus, CCUG 10778
AMP 12–24 12–24 96
Vancomycin − 0.5–1a −

Oxacillin − − 0.06–0.25a

AMP particles 26–52b

(0.8–1.6 mg/ml)c
104b

(3.2 mg/ml) c
− d

MRSA, CCUG 41586
AMP 6–12 12–24 48–96
Vancomycin − 1–2a −

Oxacillin − − 16–32a

AMP particles 26–52b

(0.8–1.6 mg/ml)c
104b

(3.2 mg/ml)c
− d

a at standard testing conditions according to the CLSI methodology (Clinical 
and Laboratory Standards Institute, 2012).

b calculated AMP concentration in the AMP particles, µg/ml.
c AMP particle concentration in dry mass, mg/ml.
d MIC not observed at the highest AMP particle test concentration of 832 µg/ 

ml (25.6 mg/ml in dry mass).
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result directly indicates the AMP’s membrane-targeting MOA, due to the 
electrostatic attraction between the cationic arginine in the AMP 
structure and the negatively charged peptidoglycan layer of the Gram- 
positive bacteria cell envelope. This interaction leads to broad- 
spectrum antibacterial activity, regardless of the bacteria’s resistance 
profile to conventional antibiotics. To further illustrate this, AMP par-
ticles were inoculated with a high inoculum of MRSA (108 CFU/ml) and 
incubated overnight, followed by bacterial fixation and SEM imaging. As 
evident from Fig. 2, drastic changes in the bacterial cell morphology as 
well as growth patterns could be observed. Generally, a denser cell 
coverage was observed on the control particles, with a large population 
of bacteria present. With no significant observable changes in the cell 
morphology, bacteria appeared to form multilayered structures remi-
niscent of microcolony formation in early-stage biofilm development. In 
contrast, MRSA displayed a scattered growth pattern on the AMP par-
ticles, with fewer cells and no evidence of cell division or microcolony 
formation. Notably, a drastic change in the cell morphology could be 
observed with the individual MRSA cells exhibiting strong adherence to 
the hydrogel substrate, resulting in damaged cell envelopes and loss of 
overall integrity. It is worth noting that small, round particle-like fea-
tures at a length scale smaller than the bacteria were seen on the AMP 
particle surface, most likely stemming from the cell media component 
precipitation and deposition, caused by the strong electrostatic effect of 
the AMP – an issue commonly observed with cationic AMPs. Overall, 
these observations serve as visual evidence of the strong antibacterial 
effect AMP hydrogel particles exert on the bacterial cells.

3.3. Plain AMP interaction with antibiotics

The antibacterial activity of the plain AMP in combination with VCM 
and OXA antibiotics was studied against S. aureus and MRSA using the 
checkerboard assays, with the results presented in Table 2, where an FIC 
index ≤ 0.5 was interpreted as synergistic, 0.5 < FIC ≤ 1.0 as additive, 
1.0 < FIC ≤ 4.0 as indifferent, and FIC > 4.0 as antagonistic interaction. 

In general, plain AMP displayed additive or synergistic interactions with 
both VCM and OXA to varying degrees, depending on the bacterial 
strain. No antagonism was observed with any AMP-antibiotic combi-
nation. On average, the AMP-VCM combination exhibited lower anti-
bacterial interaction potential than AMP-OXA, most likely due to the 
already high initial antibacterial activity of VCM.

With AMP-VCM combination, a mean FIC index of 0.94 and 0.87 was 
obtained against S. aureus and MRSA, respectively, implying an overall 
additive interaction between the two agents, with slightly increased 
potential toward MRSA. Notably, a 33-fold reduction in VCM MIC (from 
1 µg/ml to 0.03 µg/ml for S. aureus, from 2 µg/ml to 0.06 µg/ml for 
MRSA) was more pronounced than the mere 2-fold reduction in AMP 
MIC (from 24.13 µg/ml to 12.06 µg/ml for S. aureus, from 24.13 µg/ml 

Fig. 2. SEM micrographs of AMP-free control particles (A, B) and AMP particles (C, D) after overnight incubation with high inoculum of MRSA. The presence of AMP 
notably influenced the bacterial cell count, morphology, and growth pattern.

Table 2 
Antibacterial activity of the plain AMP in combination with antibiotics against 
S. aureus and MRSA as determined by the checkerboard assay.

Agent 
combination

MIC (µg/ml) Minimum 
FIC indexb

Mean 
FIC 
indexc

Interaction 
type

Alone Combineda

S. aureus, CCUG 10778
AMP 

Vancomycin
24.13 
1.00

12.06 
0.03

0.53 0.94 additive

AMP 
Oxacillin

96.50 
0.25

3.02 
0.13

0.53 0.75 additive

MRSA, CCUG 41586
AMP 

Vancomycin
24.13 
2.00

6.03 
0.06

0.53 0.87 additive

AMP 
Oxacillin

96.50 
32.00

12.06 
0.06

0.25 0.39 synergistic

a MIC at minimum FIC index.
b minimum FIC index corresponds to the agent conc. combination with lowest 

possible FIC index and no observable growth.
c mean FIC index corresponds to an average of all FICs along the observable 

growth/no growth interphase.
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to 6.03 µg/ml for MRSA) at the minimum FIC of 0.53 for both S. aureus 
and MRSA. The most likely explanation for the lower activity of the AMP 
stems from the peptide inactivation in the presence of CAMHB, as dis-
cussed previously.

For AMP-OXA combination, a mean FIC index of 0.75 was obtained 
against S. aureus consistent with an additive antibacterial effect. In 
contrast to the AMP-VCM combination, OXA showed only 2-fold 
reduction in MIC (from 0.25 µg/ml to 0.13 µg/ml) in comparison to 
stark 32-fold reduction of AMP MIC (from 96.50 µg/ml to 3.02 µg/ml) at 
the minimum FIC index of 0.53. Significantly, upon combining AMP and 
OXA against MRSA, a notably increased antibacterial activity could be 
observed with a mean FIC index of 0.39, down to the minimum FIC 
index of 0.25, displaying strong antibacterial synergism between the two 
compounds. Notably, OXA showed 512-fold reduction in MIC (from 32 
µg/ml to 0.06 µg/ml), whilst AMP experienced a more moderate 8-fold 
reduction in MIC (from 96.50 µg/ml to 12.06 µg/ml) at the minimum 
FIC index against MRSA.

Despite the test media limitations on the AMP-antibiotic combina-
tions, the in vitro results of the plain AMP interactions showed promise, 
especially between plain AMP and OXA against MRSA, warranting 
further investigation of the AMP-functionalized hydrogel particle com-
bination with OXA.

3.4. AMP particle interaction with oxacillin antibiotic against MRSA

To investigate the interaction potential between OXA antibiotic and 
AMP hydrogel particles against MRSA, a modified checkerboard assay 
was utilized. As previously discussed in section 3.2, the change in cell 
culture media has a stark effect on the antibacterial activity of both the 
plain AMP and AMP particles separately, with no MIC detected for AMP 
particles in CAMHB + NaCl. Therefore, to circumvent the AMP particle 
inactivation by the high Na+ ion concentration and the related issues in 
the OXA checkerboard testing, a late NaCl addition method was devised. 
More specifically, a 3 h delay was introduced for the NaCl addition to the 
test cultures to hinder AMP particle inactivation. Killing kinetics of 
AMPs are generally considered to be rapid due to the electrostatic 
attraction between the peptides and negatively charged components in 
the bacterial cell envelopes, ranging from seconds to minutes (Lim and 
Leong, 2018). Therefore it was theorized that 3 h would be an optimal 
timepoint to allow AMP particles to interact with the MRSA, while not 
diminishing reliable determination of OXA MIC. Since the delayed NaCl 
addition does not directly affect the mechanism of action of OXA, it was 
deemed suitable for AMP particle synergy testing while maintaining 
reliable accuracy.

The obtained results from the OXA-AMP particle checkerboard 

assays against MRSA can be seen in Table 3, displayed as the determined 
FIC indexes and the observable growth/no growth gradient at different 
OXA-AMP particle combinations, where shaded area in yellow represent 
the wells with observable bacterial growth. In general, the OXA-AMP 
particle combination displayed positive synergistic effect with signifi-
cant enhancement of the antibacterial activity of both compounds in 
sub-MIC concentrations. Markedly, a maximum of 64-fold reduction in 
OXA MIC (from 32 µg/ml to 0.5 µg/ml) was observed in combination 
with the AMP particles. Similarly, a reduction in the AMP particle MIC 
was observed, with a maximum of 32-fold reduction from 104 µg/ml to 
3.25 µg/ml (from 3.2 mg/ml to 0.1 mg/ml in dry particle mass) upon 
combination with OXA. Overall OXA and AMP particle interaction can 
be considered as synergistic, resulting in a mean FIC index of 0.22 
(Bonapace et al., 2002).

Ultimately, from the conducted checkerboard tests it was concluded 
that the OXA antibiotic can react synergistically in combination with 
both plain AMP and AMP-functionalized hydrogel particles, displaying 
enhanced antibacterial effects against MRSA. However, it is worth 
noting that, upon covalent immobilization of the AMP onto the hydrogel 
particles, a consecutive decrease in the synergism with OXA was 
observed, from 512-fold MIC reduction to 64-fold MIC reduction with 
plain AMP and AMP particles, respectively, when compared to OXA 
alone (see Fig. 3). This observation can be directly linked to the reduc-
tion in peptide availability and accessibility upon immobilization, re-
ported previously both for the RRP9W4N investigated in the present 
study as well as multiple other types of AMPs (Blomstrand et al., 2022; 
Costa et al., 2011). Despite the commonly observed reduction in anti-
bacterial efficacy prevalent in chemically tethered AMPs, our study 
demonstrated that AMP covalent attachment to hydrogel particles 
maintained high synergism with OXA, even at reduced antibacterial 
activity.

As to the potential synergism mechanisms between the plain AMP 
and the AMP hydrogel particles with OXA, further insights are needed 
into the MOA of both RRP9W4N alone, and upon covalent immobili-
zation, to draw more concrete conclusions.

OXA is a narrow-spectrum Gram-positive β-lactam antibiotic that 
works by inhibiting the cell wall biosynthesis process. Generally, 
β-Lactams inhibit the synthesis of the peptidoglycan layer in the bacte-
rial cell wall by binding to the penicillin binding proteins (PBPs), 
thereby halting the crosslinking phase of the cell wall synthesis. MRSA 
has evolved resistance to all β-lactams, including OXA, conferred by the 
mecA gene – a gene encoding for an altered penicillin binding protein 
(PBP2a) with low affinity for β-lactams (Peacock and Paterson, 2015).

With OXA resistance mechanisms in MRSA well understood, litera-
ture on OXA-AMP or other AMP-like antibacterial agent combinations 

Table 3 
FIC indexes for the AMP particle and oxacillin combination against MRSA. Shaded areas in yellow respective of the wells with observable bacterial growth. Mean FIC 
index determined along the observable growth/no growth interface shaded in grey.

aMIC of OXA and AMP particles alone at CAMHB.
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does not yield any universal mechanistic conclusions on the possible 
MOA of such combinations. This is expected, as AMP interaction 
mechanisms with the bacterial cell envelope, despite common structural 
features and functionality, can vary significantly and are highly 
dependent on the specific peptide structure.

Previous studies on antibiotic-AMP combinations have suggested 
that synergism mainly occurs between highly membrane-active AMPs 
and antibiotics with intracellular targets like OXA (Zharkova et al., 
2019). For example, MDR E. coli have been reported to exhibit increased 
susceptibility to AMP, partly through regulatory changes shaping the 
lipopolysaccharide composition of the bacterial outer membrane (Lázár 
et al., 2018). More specifically, a synthetic antibacterial peptide conju-
gate ASU014 composed of a S. aureus binding and an inhibitory peptide 
has been previously shown to exhibit synergy with OXA against MRSA 
both in vitro and in a MRSA skin infection model, with no insights on the 
possible MOA (Lainson et al., 2017).

RRP9W4N, the AMP investigated in this study, is a relatively short 
AMP consisting of only 13 amino acids. With S. aureus cell wall thickness 
estimated to range between 20–40 nm, and thickening upon methicillin 
resistance acquisition, it is plausible to assume that plain RRP9W4N is 
unable to translocate the cell envelopes (Lim et al., 2015; García et al., 
2017). Furthermore, upon covalent immobilization of RRP9W4N, a 
further reduction in the AMP’s degree of freedom is expected. It is 
therefore unlikely for the AMP particles to breach the bacterial mem-
branes and form transient pores. Based on the AMP particle antibacterial 
activity alone, it can therefore be speculated that AMP particles interact 
with MRSA by increasing the bioavailability of OXA, similar to mem-
brane permeabilizers, resulting in the observed OXA-AMP particle 
synergism.

Alternatively, MRSA resistance itself could lead to a reduction in 
plasma membrane charge, as demonstrated previously with daptomycin 
antibiotic and OXA synergistic combinations, facilitating the OXA-AMP 
interactions observed in this study. Daptomycin is one of only three 
clinically approved membrane-targeting AMPs, potentially providing 
some insight into how membrane-active peptides could synergize with 
antibiotics (Huang, 2020). Some previous studies have concluded that 
β-lactam antibiotics enhance the daptomycin binding to MRSA by 
reducing the charge of the plasma membrane (Molina and Huang, 
2016). Some authors have hypotheses that insertion of daptomycin into 
the cell membrane can alter peptidoglycan precursors, leading to PBP2a 
being unable to perform its crosslinking function in the presence of OXA. 
Additionally, some studies have suggested that daptomycin could affect 

the levels or functionality of one or more factors required for the full 
expression of the resistance gene mecA in MRSA in the presence of OXA 
(Rand and Houck, 2004).

Overall, based on the conclusion of similar antibiotic-AMP systems, 
it is possible to only speculate on the unelucidated factors that determine 
the synergistic effect between the plain AMP and the AMP particles with 
OXA observed in this study.

The findings of this study demonstrate how the well-known AMP- 
antibiotic synergism can be effectively translated to AMP-functionalized 
biomaterial surfaces, highlighting their potential applicability in 
conjunction with conventional antibiotics for combating drug resistant 
infections. With major significance in medical devices and wound care, 
AMP-functionalized hydrogel particles have application potential in 
combination with systemic antibiotic therapy or as antibiotic delivery 
system. DA-F127 hydrogels, known for their high water content, have 
been previously explored in drug delivery systems (Veyries et al., 1999). 
As a proof-of-concept, we investigated the VCM and OXA delivery from 
the AMP-free control particles (see Appendix A, Fig. A1). The control 
particles were able to load both VCM and OXA, however exhibiting rapid 
release without sustained delivery profile. Therefore, further modifica-
tion is needed to fully harness the synergistic potential of AMP- 
functionalized hydrogel particles with antibiotics for a multifunctional 
material platform.

4. Conclusions

This study investigates the combined antibacterial efficacy and po-
tential synergism of plain RRP9W4N antimicrobial peptide (AMP) and 
AMP-functionalized hydrogel particles together with conventional an-
tibiotics – vancomycin (VCM) and oxacillin (OXA). Checkerboard assays 
revealed additive and synergistic interactions between the plain AMP- 
VCM and plain AMP-OXA combinations against S. aureus and MRSA, 
with OXA showing particularly high synergism. Notably, the AMP-OXA 
combination displayed a significant synergistic effect against MRSA, 
with a 512-fold reduction in OXA MIC values when combined with plain 
AMP. The observed synergism with OXA against MRSA was retained 
upon covalent AMP immobilization onto the hydrogel particles, albeit at 
a lower rate, with a 64-fold reduction in OXA MIC, indicating a potential 
trade-off between the AMP stability and antibacterial efficacy. In the 
context of medical devices, these findings emphasize the potential of 
AMP-functionalized biomaterial surfaces to provide combined antibac-
terial effects alongside antibiotics, offering a promising strategy for 
fighting drug resistant biomaterial-associated infections and reversal of 
antimicrobial resistance.
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