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Nataša Škalko-Basnet a,* 

a Drug Transport and Delivery Research Group, Department of Pharmacy, University of Tromsø The Arctic University of Norway, Universitetsvegen 57, N-9037 Tromsø, 
Norway 
b Beneficial Microbes Research Group, Department of Pharmacy and Biotechnology, University of Bologna, Via San Donato 19/2, 40127 Bologna, Italy 
c Department of Chemistry, University of Tromsø The Arctic University of Norway, Universitetsvegen 57, N-9037 Tromsø, Norway 
d Natural Products and Medicinal Chemistry Research Group, Department of Pharmacy, University of Tromsø The Arctic University of Norway, Universitetsvegen 57, N- 
9037 Tromsø, Norway 
e Department of Pharmaceutical Technology, Faculty of Pharmacy and Biochemistry, University of Zagreb, A. Kovačića 1, 10 000 Zagreb, Croatia 
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A B S T R A C T   

The eradication of bacteria embedded in biofilms is among the most challenging obstacles in the management of 
chronic wounds. These biofilms are found in most chronic wounds; moreover, the biofilm-embedded bacteria are 
considerably less susceptible to conventional antimicrobial treatment than the planktonic bacteria. Antimicrobial 
peptides and their mimics are considered attractive candidates in the pursuit of novel therapeutic options for the 
treatment of chronic wounds and general bacterial eradication. However, some limitations linked to these 
membrane-active antimicrobials are making their clinical use challenging. Novel innovative delivery systems 
addressing these limitations represent a smart solution. We hypothesized that incorporation of a novel synthetic 
mimic of an antimicrobial peptide in liposomes could improve its anti-biofilm effect as well as the anti- 
inflammatory activity. The small synthetic mimic of an antimicrobial peptide, 7e-SMAMP, was incorporated 
into liposomes (~280 nm) tailored for skin wounds and evaluated for its potential activity against both biofilm 
formation and eradication of pre-formed biofilms. The 7e-SMAMP-liposomes significantly lowered inflammatory 
response in murine macrophages (~30 % reduction) without affecting the viability of macrophages or kerati
nocytes. Importantly, the 7e-SMAMP-liposomes completely eradicated biofilms produced by Staphylococcus 
aureus and Escherichia coli above concentrations of 6.25 μg/mL, whereas in Pseudomonas aeruginosa the eradi
cation reached 75 % at the same concentration. Incorporation of 7e-SMAMP in liposomes improved both the 
inhibition of biofilm formation as well as biofilm eradication in vitro, as compared to non-formulated antimi
crobial, therefore confirming its potential as a novel therapeutic option for bacteria-infected chronic wounds.   

Abbreviations: AMP, antimicrobial peptide; AMR, antimicrobial resistance; B3M-liposomes, Bacterial Membrane-Mimic Liposomes Model; CCK-8, cell counting 
kit-8; CFU, colony-forming unit; DMEM-hg, Dulbecco's Modified Eagle Medium high glucose; DMSO, dimethyl sulfoxide; EE, entrapment efficiency; FBS, fetal bovine 
serum; FITC, fluorescein isothiocyanate; HEPES, N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid); LPS, lipopolysaccharide; MAAs, membrane-active anti
microbials; MBC, minimum bactericidal concentration; MDR, multidrug-resistant; MIC, minimal inhibiting concentration; mQ, milli-Q water; Mw, molecular weight; 
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peptide; SWF, simulated wound fluid; TEM, transmission electron microscopy. 
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1. Introduction 

As we are entering a post-antibiotic era, antimicrobial resistance 
(AMR) has become one of the major medical concerns and critical 
hurdles in medical care, often with fatal consequences [1]. Over the 
course of time, the inevitable rise of AMR and multidrug-resistant 
(MDR) pathogens have rendered many infections practically untreat
able and potentially life threatening. Moreover, researchers struggle to 
bring forward novel antimicrobial compounds for new targets, resulting 
in the clinical pipelines for antimicrobial compounds being rather 
stagnant [2]. With this upsurge of AMR and limited arsenal of antimi
crobial compounds and therapeutic options, chronic wounds and wound 
management are rapidly growing challenges for both patients and health 
care providers. Furthermore, due to an aging population and increased 
prevalence of diabetes and obesity, cases of chronic wounds are 
increasing and expected to further rise [3]. Amid these challenges of 
chronic wound treatment, it is essential to focus on biofilms as they are 
found in up to 80 % of all chronic wounds [4]. Bacteria embedded in 
these bacterial communities often have 1000-fold increased tolerance to 
antibiotics. Moreover, there are no antimicrobials specifically targeting 
biofilm eradication approved by the major regulatory agencies [5,6]. 
Antimicrobial peptides (AMPs) are often considered promising candi
dates to mitigate the effects and progression of AMR [7,8]. The anti
microbial activities of AMPs and other membrane-active antimicrobials 
(MAAs) reach beyond disruption of bacterial membranes. For instance, 
many cause alterations of immune responses as well as target the in
ternal components, such as DNA, in bacteria [9,10]. Besides, AMPs have 
proven to evoke less resistance due to their fast onset of action and ac
tivity against metabolically inactive bacteria [11]. The antimicrobial 
activity of AMPs is often broad, including gram-positive and gram- 
negative bacteria, viruses, and fungi [12,13]. Additionally, AMPs and 
other MAAs could improve the eradication of biofilm-embedded bacte
ria compared to the more conventional antimicrobials [6]. 

All listed properties bear optimism around AMPs as valuable candi
dates in the path to ease the challenges around AMR and eradication of 
biofilm-embedded bacteria; however, some frequent general drawbacks 
linked to AMPs require careful consideration. These limitations include 
their toxicity, haemolytic activity, loss of in vivo efficacy, and proteolytic 
instability [7,11]. These are among the most common reasons for their 
discontinuation before or in early-stage clinical trials [9]. Researchers 
have tried to evade these problems, further improving the therapeutic 
index, by chemically modifying AMPs or creating AMP mimics. A fine- 
tuned balance between activity and toxicity or selectivity is vital for 
the success of these compounds [14]. Development of peptidomimetics 
or synthetic mimics of antimicrobial peptides (SMAMPs) could over
come the hurdles of instability, lowered bioavailability, and immuno
genicity [15]. Although small SMAMPs are especially promising drug 
candidates, some of the issues considering clinical settings remain, 
namely, interactions with biomolecules, tendencies to proteolytic 
degradation, toxicity, and rather low in vitro/in vivo translation. The 
remaining issues limit their clinical applicability as well as faster prog
ress in the pipelines [14,16]. 

Pursuing topical administration routes such as efficient localized 
therapy of skin and vaginal infections could help circumvent many of 
the SMAMPs limitations linked to systemic route; however, certain ob
stacles remain to be addressed even for topical routes [14]. Drug de
livery strategies, using e.g., nanomaterials, could advance the 
therapeutic index and increase exposure or contact time and retention at 
the infected area [8,17,18]. Lipid-based systems for MAA delivery have 
previously demonstrated superior antimicrobial activity and could 
therefore be suitable alternatives for the delivery of these compounds 
[7,19,20]. We have previously established that liposomes associated 
with MAA chlorhexidine improved biofilm eradication in addition to 
lower inflammatory responses in macrophages [21]. Moreover, lipo
somes can facilitate sustained release of the active compound which in 
turn could lower the risk of bacterial regrowth, improve interaction with 

the bacterial membrane, and increase the exposure time [17,22]. 
Additionally, liposomes enable accumulation of the active compound at 
the infected site, thus limiting systemic exposure due to their ability to 
interact with skin lipids, making them suitable for topical skin admin
istration [23,24]. Even though formulated and non-formulated AMPs 
and their mimics are well-studied for their potential in microbial erad
ication, there are few studies dealing with biofilms related to wounds, 
moreover, many of the studies on AMPs associated with liposomes 
investigated their potential as food preservatives [6,14,25]. However, 
we believe that the SMAMPs combined with liposomes could primarily 
serve as a therapeutic option for treating biofilm-infected chronic 
wounds. 

In the present study, 7e-SMAMP, a novel SMAMP with excellent 
antimicrobial properties [15], was incorporated into liposomes opti
mized for treatment of biofilm-infected chronic skin wounds. Develop
ment of 7e-SMAMP was inspired by incorporating important properties 
of AMPs into a cationic and amphipathic scaffold mimicking the marine 
antimicrobials Eusynstyelamides found in bryozoan Tegella cf. spitzber
gensis [15]. We hypothesized that associating the membrane-active 7e- 
SMAMP with liposomes could improve in vitro biofilm eradication of 
bacteria commonly found in wounds in addition to lowering the in
flammatory activity of macrophages therefore further improving heal
ing. After initial optimization and characterization of 7e-SMAMP- 
liposomes, the evaluation of in vitro performance of the delivery sys
tem focused on cell compatibility, anti-inflammatory properties, and 
antimicrobial efficacy. 

2. Experimental section 

2.1. Materials 

Lipoid S100 (phosphatidylcholine content >94 %) was kindly pro
vided by Lipoid GmbH (Ludwigshafen, Germany). Methanol (≥99.9 %), 
HiPerSolv CHROMANORM® for LC-MS, acetonitrile (≥99.9 %), HiPer
Solv CHROMANORM®, gradient grade for HPLC and acetic acid (>99.9 
%) were purchased from VWR International (Fontenay-sous-Bois, 
France). Phosphoric acid (>85 %) was acquired from Kebo lab (Oslo, 
Norway). Albunorm (200 mg/mL human serum albumin) was acquired 
from Octapharma AG (Lachen, Switzerland). Sepharose™ CL-4B was 
purchased from GE Healthcare (Uppsala, Sweden). 1,2-Dioleoyl-sn- 
glycero-3-phospho-rac-(1-glycerol) (DOPG), and 1-palmitoyl-2-(6-[(7- 
nitro-2-1,3-benzoxadiazol-4-yl)amino]hexanoyl)-sn-glycero-3-[phos
pho-rac-(1-glycerol)] (ammonium salt) (C6-NBD-PG) were obtained 
from Avanti Polar Lipids (Alabaster, AL, USA). 1,2-Dioleoyl-sn-glycero- 
3-phosphoethanolamine (DOPE) was obtained from Lipoid GmbH 
(Ludwigshafen, Germany). Trifluoroacetic acid (TFA) for HPLC (≥99.0 
%), chloroform (99.0–99.4 %, GC), glycerol solution (86–89 %), sodium 
phosphate dibasic dihydrate, potassium phosphate monobasic, sodium 
chloride, EDTA sodium, sodium hydrogen carbonate, potassium chlo
ride, calcium chloride dehydrate, cardiolipin sodium salt from bovine 
heart (≥97 %), N-(2-Hydroxyethyl)piperazine-N′-(2-ethanesulfonic 
acid) (HEPES), sodium dithionite, fluorescein isothiocyanate–dextran 
average molecular weight (Mw) 3000–5000 Da (FITC–dextran 4400), 
fluorescein isothiocyanate–dextran average Mw 20,400 Da 
(FITC–dextran 20,400), Kollisolv® PEG E 400, Phospholipid Assay Kit 
for colorimetric or fluorometric tests, N-(− 1-Naphthyl)ethylenediamine 
dihydrochloride, sulphanilamide, Triton™ X-100, and Cell Counting Kit- 
8 (CCK-8) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Penicillin-streptomycin (10,000 units/mL and 10 mg/mL, respectively), 
lipopolysaccharides (LPS) from Escherichia coli O55:B5, RPMI-1640 
medium (with L-glutamine and sodium bicarbonate) and fetal bovine 
serum (FBS) were obtained from Sigma-Aldrich (Steinheim, Germany). 
Dulbecco's Modified Eagle Medium high glucose (DMEM-hg) w/L- 
glutamine and sodium pyruvate was purchased from Biowest (Nuaillé, 
France). Nutrient Broth (NB) was supplied by Becton Dickinson and 
Company (Sparks, MD, USA). Murine macrophage, RAW 264.7 cell line 
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was obtained from ATCC (Manassas, VA, USA). HaCaT cell line 
(immortalized human keratinocytes) was purchased from CLS Cell Lines 
Service GmbH (Eppelheim, Germany). Staphylococcus aureus 
ATCC29213, Escherichia coli ATCC11105, Pseudomonas aeruginosa 
ATCC10145 were purchased from American Tissue and Cell Culture 
Corp. (Manhasset, Virginia, USA). Staphylococcus aureus SO2, SO83, 
SO86, and SO88 are clinical isolates (Ospedale Sant'Orsola-Malpighi, 
Bologna, Italy) [26]. 

2.2. SMAMP synthesis 

The synthesis of the 7e-SMAMP (Fig. 1) has been previously 
described by Paulsen et al. including the detailed methodology and 
materials involved [15]. However, a brief overview of the procedure is 
provided in Supplementary Material (S1.1.). 

2.3. Evaluation of 7e-SMAMP stability 

The 7e-SMAMP stock solutions were diluted to 25 and 50 μM with 
simulated wound fluid (SWF; 5.84 g/L NaCl, 3.36 g/L NaHCO3, 0.3 g/L 
KCl, 0.35 g/L CaCl2 ⋅ 2H2O, and 33 g/L albumin from Albunorm in milli- 
Q water (mQ)) [27] or mQ and analysed using reversed-phase chro
matography [28] with a Waters e2795 separations module combined 
with a Waters 2489 UV–VIS detector. The quantification of 7e-SMAMP 
was carried out using Waters XBridge® C18 column (5 μm, 4.6 × 250 
mm) and a Waters XBridge® C18 guard cartridge (5 μm, 4.6 × 20 mm, 
Waters Corporation, Milford, CT, USA) modified from a method by 
Paulsen et al. [29]. The 7e-SMAMP was eluted with mobile phases 
comprising mQ and acetonitrile, both with TFA (0.1 %, v/v). The 
gradient starting at 50 % acetonitrile followed a linear gradient to 75 % 
acetonitrile over 8 min with a flow of 1 mL/min at detection wavelength 
set to 231 nm. 

Prior to the evaluation of 7e-SMAMP stability, we performed a UV- 
VIS scan analysis [28]; the detailed procedure can be found in Supple
mentary Materials (S1.2.). All solutions were stored for 7 days at 4, 25, 
and 32 ◦C. Chemical evaluations of stability were performed at prepa
ration time and after 1- and 7-days storage. 

2.4. Liposome preparation and size reduction 

The thin film method was utilized to prepare liposomes. In short, 
Lipoid S100 (200 mg) and 7e-SMAMP (20 mg) were dissolved in 10 mL 
methanol. Lipid films were created by evaporation on Büchi rotavapor 
R-124 (equipped with vacuum controller B-721, Büchi Vac® V-500 and 
Büchi B-480 water bath, Büchi Labortechnik, Flawil, Switzerland) at 60 
mBar and 45 ◦C for at least 1 h. The lipid film was rehydrated with 10 mL 
distilled water to form liposomes. Empty liposomes (without 7e- 

SMAMP) were prepared with only Lipoid S100 in the lipid film. The 
size of the liposomes was reduced by manual extrusion through poly
carbonate membranes (Nuclepore Track-Etch Membrane, Whatman 
House, Maidstone, UK). The size reduction was achieved by successional 
manual extrusion through 0.8 μm (three times), 0.4 μm (five times), and 
0.2 μm (two times) membranes [21]. 

2.5. Liposome characterization - size, zeta potential, pH, and entrapment 
efficiency determination 

The liposome size was determined with a Malvern Zetasizer Nano 
Zen 2600 (Malvern, Oxford, UK). The liposomes were diluted 1:100 (v/ 
v) with 0.2 μm filtered tap water prior to every measurement and 
measured in triplicates. 

The zeta potential was determined with the Zetasizer Nano Zen 2600 
(Malvern, Worcestershire, UK). The liposomes were diluted 1:20 (v/v) in 
0.2 μm filtered tap water prior to every measurement and measured in 
triplicates. 

The pH was determined using the Accumet®, Portable pH meter 
AP115 (Fisher Scientific, MA, USA) at room temperature (21 ± 1 ◦C). 
The stability of the 7e-SMAMP-liposomes was evaluated, and the pro
cedure is described in the Supplementary Materials (S1.3.). 

Liposomes were dialyzed (tube, MWCO: 12–14 kDa; Spectra/Por®4, 
Spectrum®, VWR International, Fontenay-sous-Bois, France) for 4 h 
(1:1000, v/v) as previously described [21]. HPLC was utilized to 
determine 7e-SMAMP concentrations as described in Section 2.3. 

2.6. Morphology studies by transmission electron microscopy 

The morphology of 7e-SMAMP-liposomes was investigated using 
transmission electron microscopy (TEM) as reported earlier [30]. Lipo
somes were deposited onto carbon-coated grids and stained with 3 % 
uranyl acetate and 2 % methylcellulose. The images were acquired with 
microscope HT7800 Series (Hitachi High-Tech Corp., Tokyo, Japan) at 
an accelerated voltage of 100 kV coupled with a Morada camera. 

2.7. Phospholipid content of liposomes 

The phospholipid content of liposomes was measured with Phos
pholipid Assay Kit according to the technical bulletin provided by the 
supplier. Prior to the experiment, liposomes (50 μL) were diluted with 
distilled water to a total volume of 10 mL. Finally, the phospholipid 
content was measured on a UV–VIS plate reader (Tecan Trading AG, 
Männedorf, Switzerland) at 570 nm. 

Fig. 1. Structure of the 7e-SMAMP. The barbiturate ring ensures an amphipathic and achiral scaffold with C2-symmetry.  
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2.8. Elasticity of liposomal membranes 

The assessment of the elasticity of the liposomal membranes to 
confirm integrity of liposomes followed a method by Palac et al. [31]. 
The empty and 7e-SMAMP-liposomes were extruded with a constant 
pressure of 2.5 Bar through a membrane with a pore size of 100 nm. The 
amount of liposomal suspension passing through the membrane within 
5 min and liposomal mean diameter were recorded. Empty liposomes 
served as control for 7e-SMAMP-liposomes. The elasticity was calculated 
according to Eq. (1): 

E = J ×
(
rv
/

rp
)2 (1)  

where J represents the amount (g) of liposomal suspension passing 
through the membrane within 5 min, rv represents mean diameter (nm) 
after extrusion, and rp represents pore size of the membrane (nm). 

2.9. In vitro release studies 

The in vitro 7e-SMAMP release from the liposomes was evaluated 
using tubes of pre-soaked regenerated cellulose (MWCO: 12–14 kDa) 
membranes (Spectra/Por®4, Spectrum®, VWR International, Fontenay- 
sous-Bois, France) [32]. The medium (150 mL) used in the experimental 
setup was PEG E400 (10 %, v/v) in distilled water, heated to 32 ◦C. An 
aliquot (1.5 mL) of 7e-SMAMP-liposomes or 7e-SMAMP dissolved in 
acceptor medium was added to the dialysis membrane. Samples were 
withdrawn after 1, 2, 3, 4, 6, 8, and 24 h and analysed using HPLC as 
described in Section 2.3. The sample volume was replaced with fresh 
medium in the acceptor phase after every sampling. The sink conditions 
were assured. The cumulative release of formulated and non-formulated 
7e-SMAMP (applied at the same concentration) was compared. 

2.10. Evaluation of cell viability 

AMPs and their mimics often display certain level of toxicity to 
eukaryotic cells; therefore, to ensure the safety of the novel formulations 
we evaluated cytotoxicity using Cell counting kit – 8 (CCK-8) as 
described previously [33]. Suspensions of HaCaT or RAW 264.7 cells 
(90 μL, 1 × 105 cells/mL) were plated on 96-well plates and incubated 
for 24 h (37 ◦C/5 % CO2). The macrophages were cultured in complete 
RPMI (containing 10 % FBS, penicillin-streptomycin), while keratino
cytes were cultured in complete DMEM-hg (containing 10 % FBS, 
penicillin-streptomycin). The pre-incubated cells were treated with 10 
μL of medium (control), diluted liposome suspensions (1, 10, and 50 μg/ 
mL lipid concentration) and incubated for another 24 h (37 ◦C/5 % 
CO2). An aliquot of 10 μL CCK-8 reagent was added to each well and the 
cells were incubated for 4 h (37 ◦C/5 % CO2, total incubation of 28 h). To 
evaluate the cell survival, the cells were assessed using a UV–VIS plate 
reader (Tecan Trading AG, Männedorf, Switzerland) at 450 nm and 
referenced at 650 nm. The results were expressed as percentage of sur
viving cells compared to the non-treated cells (control). Three batches 
for each formulation were tested in triplicates. 

2.11. Assessment of anti-inflammatory activity 

Anti-inflammatory activities of empty and 7e-SMAMP-liposomes 
were determined by assessing lipopolysaccharide (LPS)-induced nitric 
oxide (NO) production in murine macrophages. Macrophages (RAW 
264.7) were cultured in complete RPMI and seeded in 24-well plates (1 
mL, 5 × 105 cells/mL) prior to incubation (37 ◦C/5 % CO2) for 24 h. 
After incubation, the complete medium was replaced with medium 
containing LPS (1 μg/mL). The cells were then treated with liposomal 
suspensions (1, 10, and 50 μg/mL lipid concentration). The LPS con
taining medium and complete medium served as controls. The cells were 
then incubated for another 24 h and NO production evaluated on a 
UV–VIS plate reader (Tecan Trading AG, Männedorf, Switzerland) with 

Griess reagent (1:1, v/v; 2.5 % phosphoric acid with 1 % sulphanilamide 
and 0.1 % N-(− 1-naphthyl)ethylenediamine) at 540 nm [33]. Three 
batches for each formulation were tested in triplicates. 

2.12. Effects of 7e-SMAMP on bacterial membrane-mimic liposomes 
model 

2.12.1. Bacterial membrane-mimic liposomes model 
Bacterial Membrane-Mimic Liposomes Models (B3M-liposomes) 

mimicking S. aureus membranes were tailored according to literature 
[34,35]. In brief, DOPG and cardiolipin (20 mg) were dissolved in 
chloroform and methanol (2:1, v/v) in a molar ratio of 58:42. A lipid film 
was produced by solvent evaporation on a rotary evaporator at 45 ◦C, 60 
mBar, and 60 rpm for 2 h to remove the solvents. The lipid films were 
rehydrated with FITC-dextrans (10 mg/mL, 2 mL) of two different 
average Mws, namely 4400 or 20,400 Da, in HEPES buffer (10 mM, with 
100 mM NaCl and 1 mM EDTA sodium, pH 7.4). The size of B3M- 
liposomes was reduced and made uniform by manual extrusion (8 
times through 0.8 μm polycarbonate membranes). A Sepharose™ CL-4B 
column was used for removal of unentrapped FITC-dextran 4400 and 
20,400. HEPES buffer (10 mM, with 100 mM NaCl and 1 mM EDTA 
sodium, pH 7.4) was used for the elution. 

The B3M-liposomes mimicking P. aeruginosa membranes were 
tailored similarly to the S. aureus membranes mimics; however, the lipid 
composition was altered. The membrane was composed of DOPE, DOPG, 
and cardiolipin (20 mg) in a molar ratio of 65:23:12 as described by 
Lombardi et al. [36]. 

2.12.2. FITC-dextran leakage 
FITC-dextrans leakage from B3M-liposomes was assessed following 

the procedures [35,37] with minor modifications. The FITC-dextran- 
loaded B3M-liposomes were diluted 20-fold in the HEPES buffer. The 
non-formulated and formulated 7e-SMAMP were also diluted in HEPES 
buffer (final 7e-SMAMP concentrations corresponding to 0.5, 2, and 5 
μg/mL). The leakage from FITC-dextran-loaded B3M-liposomes was 
measured as a fluorescence intensity at excitation wavelength 485 nm 
and emission wavelength 530 nm after 10 min. Triton (10 %, v/v) in 
HEPES buffer served as control. The leakage was calculated using the 
following formula (Eq. (2)) [38]: 

Leakage (%) = 100 × [(F – F0)/(FT – F0) ] (2)  

F = fluorescence of treated FITC-dextran B3M-liposomes.F0 = buffer.FT 
= buffer with Triton. 

2.12.3. Lipid flip-flop 
The B3M-liposomes mimicking S. aureus or P. aeruginosa membranes 

for the lipid flip-flop assay were tailored in the same manner as for the 
FITC-dextran leakage assay; however, C6-NBD-PG was added at 0.5 mol 
% together with the other lipids [39]. The lipid film was rehydrated with 
HEPES buffer (10 mM, comprising 100 mM NaCl and 1 mM EDTA so
dium, pH 7.4) and the vesicle size reduced in the same manner as for the 
FITC leakage assay. To achieve only the labelling of the inner leaflet, 
sodium dithionite (1 M) in 1 M HEPES buffer (pH 7.4) was added to 
B3M-liposomes that were incubated for 15 min at 24 ◦C to ensure 
quenching of C6-NBD-PG in the outer leaflets. Subsequently, B3M- 
liposomes and sodium dithionite were separated on PD-10 desalting 
columns (Cytiva, Marlborough, MA, USA) with HEPES buffer (10 mM, 
with 100 mM NaCl and 1 mM EDTA, pH 7.4) sodium for the elution. The 
B3M-liposomes were diluted 50-fold with buffer and incubated with 
non-formulated or formulated 7e-SMAMP (0.5, 2, and 5 μg/mL, 7e- 
SMAMP concentration). Finally, sodium dithionite (1 M) was added, 
and monitored with excitation and emission wavelengths of 460 and 
520 nm, respectively, for 650 s. Triton or buffer served as respective 
controls [39,40]. 
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2.13. Antimicrobial evaluation 

2.13.1. Determination of MIC and MBC 
The antimicrobial activity of 7e-SMAMP-liposomes, as well as 7e- 

SMAMP and empty liposomes, was evaluated by broth microdilution 
method following the EUCAST guidelines [41]. Microorganisms were 
aerobically cultured on nutrient agar plates at 37 ◦C for 24 h, and sub
sequently diluted in nutrient broth (NB) [26,42] to obtain bacterial 
suspensions at final concentrations of 2 × 106 CFU/mL. The 7e-SMAMP 
was solubilized in 100 % dimethyl sulfoxide (DMSO, 10 mg/mL) and 
then diluted in distilled water to assure that the final concentration of 
DMSO in the test series was <1 %. The non-formulated and formulated 
7e-SMAMP were diluted in sterile water in a two-fold sequence in 96- 
well culture plates (Corning Inc., Pisa, Italy) to test 7e-SMAMP con
centration ranging from 0.1 to 100 μg/mL. Empty liposomes and DMSO 
were tested at the same dilutions. The microbial suspension (100 μL) 
was then inoculated with 100 μL of samples. Wells containing microbial 
suspension (100 μL) and sterile water (100 μL) served as growth control. 
Blank control, comprising only a growth medium, and sterility controls, 
containing samples and sterile medium, were also included. Plates were 
aerobically incubated at 37 ◦C for 24 h. Afterwards, the minimal 
inhibiting concentrations (MIC) were determined by comparing the 
turbidity (OD600) of samples with that of growth control by means of 
EnSpire Multimode Plate Reader (PerkinElmer Inc., Waltham, MA, 
USA). To determine a microbicidal effect, 20 μL of samples from wells 
exhibiting no growth were spotted onto nutrient agar plates and incu
bated at 37 ◦C for another 48 h. The minimum bactericidal concentra
tion (MBC) was defined as the minimal concentration that completely 
inhibited microbial viability. Three batches for each formulation were 
tested in triplicates. 

2.13.2. Killing curves in simulated wound fluid 
The antimicrobial activity of non-formulated and formulated 7e- 

SMAMP was also evaluated against planktonic cultures of pathogens 
in SWF (bovine serum albumin 2 % w/v; CaCl2 0.02 M; NaCl 0.4 M; 
Trizma base 0.05 M, pH 7.4) [21]. The 7e-SMAMP was diluted in 
distilled water starting from the stock solution (10 mg/mL in DMSO) at 
the same concentration as in liposomes. Both 7e-SMAMP and 7e- 
SMAMP-liposomes were diluted in 5 mL of SWF to test the final con
centration of 50 μg/mL of SMAMP. Empty liposomes were diluted in the 
same manner. Microorganisms were aerobically cultured on nutrient 
agar plates at 37 ◦C for 24 h, and subsequently suspended in SWF to 
obtain bacterial suspensions at final concentrations of 108 CFU/mL. 
Next, 50 μL of bacterial suspensions were then added to SWF containing 
free or formulated 7e-SMAMP (starting inoculum of 106 CFU/mL). Mi
croorganisms inoculated in 5 mL of SWF were used as controls. Counts of 
viable cells were carried out on nutrient agar plates at the inoculum time 
and after 3, 6, 8, and 12 h of incubation at 32 ◦C. Three batches for each 
formulation were tested in triplicates. Results are expressed as viability 
(logCFU/mL) of microorganisms over the time in presence of different 
samples. 

2.13.3. Anti-biofilm activity 
The non-formulated and formulated 7e-SMAMP were investigated 

for their ability to inhibit the biofilm formation and eradicate pre- 
formed biofilms of S. aureus, E. coli, and P. aeruginosa. Microbial sus
pensions were prepared as previously described (2.13.1) and employed 
as inocula for both the inhibition and eradication assays. For the inhi
bition assay, the wells of sterile 96-well flat-bottomed culture plates 
were filled with 100 μL of microbial suspension and 100 μL of non- 
formulated and formulated 7e-SMAMP. Both non-formulated and 
formulated 7e-SMAMP were tested at final concentrations of 0.78, 1.56, 
3.12, 6.25, 12.5, 25, and 50 μg/mL. The DMSO and empty liposomes 
were also tested as controls. The multi-well plates were incubated at 
37 ◦C under shaking (100 rpm) for 48 h to allow biofilm development. 

For the eradication assay, the 96 multi-well plates were inoculated 

with 200 μL of bacterial suspensions and after 48 h of incubation (37 ◦C, 
100 rpm), the liquid cultures were removed, leaving only adherent cells. 
Cells were washed once with phosphate-buffered saline (PBS, pH 7.4), 
and biofilms were then treated with 100 μL of fresh medium and 100 μL 
of non-formulated and formulated 7e-SMAMP at the same concentra
tions as in the inhibition assay. The plates were further incubated (37 ◦C, 
100 rpm) for 24 h. 

Biofilm quantification was performed through crystal violet staining. 
Briefly, the liquid culture was removed, and adherent cells were washed 
twice with 200 μL of PBS (pH 7.4), fixed with 200 μL of conc. ethanol for 
5 min and stained with 180 μL of crystal violet 0.41 % (w/v) in 12 % 
ethanol for 5 min. Excess stain was rinsed out by washing the multi-well 
plate with PBS thrice. Subsequently, the plates were air dried, the dye 
bound to the adherent microorganisms was resolubilized with 200 μL of 
acetic acid 30 % (v/v) and the optical density measured at 595 nm 
(OD595). Three batches for each formulation were tested in triplicates. 
The anti-biofilm activity was calculated with respect to untreated con
trol, as follows (Eq. (3)): 

Inhibition of biofilm formation/Eradication of pre-formed biofilm (%)

= (1-OD595 sample / OD595 control) × 100 (3)  

2.14. Statistical analyses 

In general, results are expressed as mean ± SD. Student's t-tests, one- 
way ANOVA with Tukey's post-test or two-way ANOVA with Šídák's 
multiple comparisons post-test were performed to evaluate significance 
(at least p < 0.05). All statistical analyses were performed in GraphPad 
Prism version 9.3.1 for Windows (GraphPad Software LLC, San Diego, 
CA, USA). 

3. Results and discussions 

3.1. 7e-SMAMP stability 

AMPs often display instability in different biological fluids; however, 
this drawback is expected to be addressed by designing SMAMPs. Still, it 
is important to evaluate the stability of novel SMAMPs as well as their 
safety prior to the development of pharmaceutical formulations [28]. 

The chemical stability of 7e-SMAMP was evaluated by analysing the 
7e-SMAMP content in fluids after 1- and 7-days storage at 4, 25, and 
32 ◦C. The 7e-SMAMP was stored in either SWF (Fig. 2a) or water 
(Fig. 2b) and compared to the initial concentrations. As seen in Fig. 2a, 
the 7e-SMAMP was stable in SWF over the entire period at all temper
atures. The stability of the 7e-SMAMP in water (Fig. 2b) was in most 
cases seemingly lower at 25 and 32 ◦C; however, the deviations within 
the same measurements were rather large. Despite more variations upon 
storage in water, the content remained almost constant throughout the 
stability testing period. Additionally, the 7e-SMAMP is formulated in 
delivery systems both to maintain over an extended period at wounded 
site and be protected against degradation. Furthermore, our results were 
in agreement with the UV-scans analysis data presented in Supplemen
tary Materials (S2.1.), and indicate that 7e-SMAMP should be stored at 
4 ◦C. 

3.2. Liposome characteristics 

In the fight against resistant pathogens, new antimicrobial com
pounds are needed to avoid an even more challenging outcome and 
further progression of resistance patterns seen today. However, effective 
means of delivering these active compounds to the targeted site are 
desired and often necessary to achieve sufficient therapeutic effects. The 
novel 7e-SMAMP has previously displayed excellent activity against 
some of the most problematic bacteria; however, its toxicity profile 
might still limit its applicability in clinical settings [15]. Liposomes are 
known to reduce the toxicity of pharmaceutical compounds, including 
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AMPs [23,43]. Moreover, liposomes are known to be able to improve 
antimicrobial efficacy of antimicrobial compounds both against plank
tonic and biofilm-embedded bacteria and it has been shown that they 
interact with skin and can accumulate active compounds at specific sites 
[44,45]. As exemplified by Rukavina et al., incorporating azithromycin 
in liposomes significantly lowered both MIC and minimum biofilm 
inhibitory concentration of azithromycin [46]. Our formulation, 
comprising liposomes and a SMAMP, could fulfil most crucial re
quirements; increased activity, reduced toxicity, prolonged release, and 
maintenance of structural integrity, all required for a successful topical 
delivery system intended for treatment of infected chronic wounds or 
other topical infections. 

The liposome properties are strongly related to the formulation 
characteristics and, in the extent of that, the biological properties. In 
topical delivery, sizes in the range of 200–300 nm are found to be 
suitable for pharmaceutical delivery vesicles [47,48]. Furthermore, we 
previously found that liposomes associated with the MAA chlorhexidine, 
in the same size range, demonstrated promising antimicrobial and anti- 
biofilm activities against S. aureus and P. aeruginosa [21]. As illustrated 
in Table 1, the thin film hydration method followed by extrusion, as a 

size reduction method, resulted in liposomes smaller than 300 nm. 
Furthermore, these preparation methods also yielded an acceptable 
polydispersity index (PI) of 7e-SMAMP-liposomes. For lipid-based sys
tems intended for topical delivery, PIs below 0.3 are considered suitable 
and represent rather homogenous populations [49]. Generally, an 
overall positive surface charge of vesicles is preferred when tailoring 
drug delivery systems for microbial and biofilm eradication [43,50]. The 
bacterial membrane is negatively charged, therefore liposomes with a 
positive surface charge can easily interact with the membrane. A 
strengthened electrostatic interaction between the bacterial membrane 
and liposomes could result in a successful outcome [51]. This interaction 
is potentially stronger with bacterial compared to eukaryotic mem
branes due to the slightly higher negative charge density on bacterial 
membranes [52]. This may lead to reduced toxicity and a favourable 
outcome of treatment with the novel SMAMP; however, the biocom
patibility needs to be assessed. Literature also shows that cationic lipo
somes might improve inhibition of biofilm formation [44]. The high zeta 
potential of 7e-SMAMP-liposomes (58.7 mV) could most likely be 
ascribed to 7e-SMAMP association with/in bilayers of liposomes. This 
indicated that the cationic guanidine groups of 7e-SMAMP (Fig. 1) are 
accommodated onto/within the lipid bilayer This association also 
resulted in a rather high entrapment efficiency of 78 %, as seen in 
Table 1. 

Considering wound healing, acidic pH conditions could be advan
tageous. The most common bacteria have optimal growth at neutral pH 
conditions, therefore lowered pH could generate less favourable condi
tions for the bacterial growth [53]. Although this alone is not enough to 
prevent bacterial growth, acidic pH of 7e-SMAMP is highly beneficial 
feature considering therapy. 

In the quality control of liposomes or other lipid-based formulations, 
it is important to monitor the lipid content of formulations, especially 
when reducing the size of liposomes by extrusion. The phospholipid 
content of 7e-SMAMP-liposomes was approximately 90 % (Table 2), 

Fig. 2. Stability of non-formulated 7e-SMAMP. The changes from initial concentration (25 and 50 μM) when stored in a) simulated wound fluid (SWF) and b) milli-Q 
(mQ) water at 4, 25, and 32 ◦C for 1 day (solid colour) and 7 days (pattern) compared to the determined concentration upon preparation. All results are expressed as 
means with their respective SD (n = 3). 

Table 1 
Liposome characteristics: mean diameter, polydispersity index (PI), zeta po
tential, entrapment efficacy (EE%), and pH in aqueous medium.   

Mean 
diameter 
(nm) 

PI Zeta potential 
(mV) 

EE (%) pH 

7e-SMAMP- 
liposomes 

276 ± 16 0.20 ±
0.01 

58.7 ± 1.6 78.1 ±
2.2 

4.9 ±
0.1 

Empty 
liposomes 

269 ± 42 0.44 ±
0.05 

− 0.4 ± 0.2 – 6.3 ±
0.0 

Results are expressed as means with their respective SD (n = 3). The mean 
diameter represents the weight-intensity distribution of the liposomes. 
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proving limited loss of lipid during the extrusion process. To further 
examine the stability of liposomes after incorporation of 7e-SMAMP, the 
membrane elasticity assay was performed. AMPs and SMAMPs are re
ported to destabilize the bacterial membrane [54]; we therefore sought 
to investigate if the membrane integrity of liposomes was altered by 7e- 
SMAMP. As seen in Table 2, the rigidity of the bilayer of 7e-SMAMP-li
posomes was higher (p = 0.001) than for the empty liposomes, indi
cating that the bilayer of the 7e-SMAMP-lipsomes remained stable upon 
incorporation of 7e-SMAMP. A small increase in fluidity could be linked 
to the so-called carpet-like model of their antimicrobial mechanisms of 
action; a contribution because of disruption of lipid packing within the 
membrane [55]. Furthermore, the 7e-SMAMP-liposomes maintained a 
stable size, size distribution, surface charge, entrapment efficacy, and 
pH over a period of 12 weeks (Table S1). 

Since liposomes incorporating 7e-SMAMP were prepared for the first 
time, we utilized TEM to evaluate the morphology and confirm the size 
of the novel 7e-SMAMP-liposomes. The 7e-SMAMP-liposomes were 
spherical and in similar size range as determined using dynamic light 
scattering (Fig. 3a). Additionally, TEM was also used to confirm the 
formation of liposomes and their structure, even upon incorporation of 
7e-SMAMP. Fig. 3b demonstrates the proposed accommodation of 7e- 
SMAMP within the liposomal bilayers. 

3.3. In vitro release 

The conventional formulations for localized antimicrobial therapy of 
the skin, especially considering wounds, are often associated with 
serious limitations such as instability of drug at the site of application 
and/or insufficient drug release leading to low drug concentration at the 
site of infection [46]. Therefore, the first aim was to tailor a formulation 
able to remain at the intended site and serves as a depot of the antimi
crobial compound assuring its prolonged release. Secondly, the formu
lation should ensure proper release of the antimicrobial compound to 
achieve a high local concentration to prevent bacterial growth, eradicate 
existing bacteria and inhibit biofilm formation or eliminate biofilm- 
embedded bacteria [56]. As shown in Fig. 4 the release from the 7e- 
SMAMP-liposomes was approximately 71 % (after 8 h) and 79 % 
(after 24 h), respectively, while for the free or non-formulated 7e- 
SMAMP, 94 % of the content permeated through the membrane after 
only 6 h. The release from liposomes was significantly slowed (p <

0.0001 for all time points) as compared to non-formulated 7e-SMAMP 
(free). Therefore, this rather high initial concentration could boost the 
immediate eradication, while slower release after 6–8 h could prevent 
bacterial regrowth. Furthermore, liposomes could interact with the 
bacterial membrane and give increased concentration of the antimi
crobial compound within bacteria [57]. 

Reducing the frequency of formulation application onto an already 
painful area is considered beneficial in the treatment of chronic wounds 
[21]. The 7e-SMAMP-liposomes decreased the release rate of 7e-SMAMP 
and could potentially allow for less frequent administration onto 
wounded areas. Furthermore, according to Korrapati and colleagues, 
ideal biological nanomaterials should be easy to design and modify, 
originate from natural sources and be biodegradable, biocompatible, 
and non-toxic [58]. Liposomes possess all these features; namely, are 
made of lipids originating from natural sources are biodegradable, non- 
toxic, and biocompatible, especially considering skin and the moist 
environment in wounds [59]. However, liposomal formulations do not 
exhibit proper viscosity as well as desired retention and are often 
incorporated within secondary delivery system (vehicle), such as 
hydrogels, that can be tailored to improve the healing while treating 
infection intended for wounds [21]. 

3.4. Evaluation of cell viability 

Biocompatibility of drug formulation is an important issue, espe
cially considering its contact with the wound [3]. Since 7e-SMAMP re
quires a smart formulation to be administered, the potential cytotoxicity 
of 7e-SMAMP-liposomes in comparison to empty liposomes was inves
tigated in vitro using murine macrophages and keratinocytes. In both cell 
lines, the cell viability for liposomes-treated cells was similar to the non- 
treated cells (Fig. 5a). However, both macrophages and keratinocytes 

Table 2 
Phospholipid content and membrane elasticity of liposomes.   

Phospholipid content (%)a Membrane elasticity (E) 

7e-SMAMP-liposomes 89.9 ± 1.0 5.081 ± 0.785 
Empty liposomes 92.6 ± 1.7 9.775 ± 0.581 

Results are expressed as means with their respective SD (n = 3). 
a Phospholipid content (%) of initial concentration (20 mg/mL). 

Fig. 3. a) TEM image of 7e-SMAMP-liposomes. Scale bar 500 nm. b) Proposed accommodation of 7e-SMAMP in liposomes.  

Fig. 4. Cumulative release (%) from non-formulated (dissolved in release me
dium, free) and formulated 7e-SMAMP utilizing dialysis membranes (32 ◦C, 24 
h). The release is presented as the cumulative percentage of the initial 
liposomally-associated 7e-SMAMP concentration. All results are expressed as 
means with their respective SD (n = 3). 
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treated with the highest concentration (50 μg/mL) of empty liposomes 
demonstrated significantly improved viability (p < 0.01), while kerati
nocyte viability improved at the highest concentration of 7e-SMAMP-li
posomes (p < 0.01). Highly cationic surfaces of liposomes, as in our case, 
could alter the safety profile of the formulation [60]. Nevertheless, no 
negative effects of empty or 7e-SMAMP-liposomes were observed in the 
current study. The dose-dependent cell compatibility and proliferative 
effects of empty liposomes have previously been confirmed in both 
macrophages and keratinocytes [33,61]. 

3.5. Anti-inflammatory activity 

The wound healing cascade is both dynamic and complex, and 
therefore depends on several intricately tuned events to transpire [62]. 
In this cascade, macrophages are essential for removal of debris, 
damaged matrix, microorganisms, and neutrophils from the wound bed 
in addition to releasing cytokines and growth factors [63]. Throughout 
wound healing process, pro-inflammatory macrophages transition into 
an anti-inflammatory macrophage phenotype to initiate healing [64]. 
However, in chronic wounds, transition to the next stages is hampered 
and the wound becomes haltered in the inflammatory phase [65]. 
Furthermore, many chronic wounds exhibit higher levels of NO that 
could cause damages to the tissue in the later stages of the cascade [66]. 
Therefore, we evaluate the anti-inflammatory activity of both empty and 
7e-SMAMP-liposomes through their ability to lower inflammatory 
response by reducing the NO production in LPS-induced murine mac
rophages as an indicator for the liposomes' anti-inflammatory potential. 
As shown in Fig. 5b, the highest lipid concentration of both empty and 
7e-SMAMP-liposomes significantly (p < 0.05 and p < 0.0001, respec
tively) reduced the NO production compared to the non-treated cells 
(control cells). 

In the current study, we observed a clear indication of the dose- 
dependent anti-inflammatory trends when 7e-SMAMP was 

incorporated within liposomes. The findings are in agreement with the 
work by Ahn et al. who investigated the anti-inflammatory properties of 
a peptidomimetic in the same cell line as used in our work; the authors 
also found a dose-dependent reduction in inflammatory response upon 
treatment with the peptidomimetic [67]. Moreover, we also detected 
anti-inflammatory activity of empty liposomes, similarly as Giordani 
et al. who reported reduced NO production in LPS-induced macrophages 
by approximately 20 % compared to the non-treated cells evaluated in 
the same concentration range [68]. 

3.6. Effect of formulated and non-formulated 7e-SMAMP on bacterial 
membrane-mimic liposome models 

Liposomes tailored to mimic bacterial membranes are often utilized 
to investigate the potential antimicrobial and membrane-activity of 
MAAs, also termed transient pore formation [36,69]. We assessed the 
activity of both non-formulated and formulated 7e-SMAMP on B3M- 
liposomes mimicking S. aureus and P. aeruginosa membranes by study
ing the leakage of liposomally-associated FITC-4400 or FITC-20400, 
respectively. As shown in Fig. 6, both non-formulated and formulated 
7e-SMAMP induced leakage from mimicked S. aureus (Fig. 6a and b) and 
P. aeruginosa (Fig. 6c and d) B3M-liposomes. A dose-dependent leakage 
was observed; however, it was more pronounced in the mimicked 
S. aureus B3M-liposomes. Stronger antimicrobial activity against gram- 
positive strains is commonly observed for both AMPs and SMAMPs 
due to their membrane structure [15,70]. In our study, the leakage was 
stronger for non-formulated 7e-SMAMP than formulated 7e-SMAMP, 
while FITC-4400 leakage was slightly higher than FITC-20400 
leakage, as expected due to smaller Mw. In mimicked P. aeruginosa 
B3M-liposomes, the dose-dependency was not as evident for non- 
formulated 7e-SMAMP; however, the differences in leakage between 
the two markers were observed. Leakage of FITC-4400 was greater when 
the B3M-liposomes were treated with non-formulated 7e-SMAMP; in 

Fig. 5. a) Evaluation of cell toxicity of empty and 7e- 
SMAMP-liposomes in HaCaT (patterned bars, left) 
and RAW 264.7 cells (solid bars, right). Three 
different concentrations were tested, namely 1, 10, 
and 50 μg/mL lipid, and the results are presented as 
cell viability of treated cells compared to control 
(100 %). Control cells were only supplemented with 
complete medium; the cell viability is thereof 
considered as 100 %. b) Evaluation of anti- 
inflammatory activity of empty liposomes and 7e- 
SMAMP-liposomes expressed as reduction of nitric 
oxide (NO) production in RAW 264.7 cells. Three 
different concentrations were tested, namely 1, 10, 
and 50 μg/mL lipid, and the results are presented as 
NO production of treated cells compared to control 
(100 %). Control refers to non-treated lipopolysac
charide (LPS)-induced cells; their production is 
thereof considered as 100 %. All results are expressed 
as means with their respective SD (n = 3). * p ≤ 0.05, 
** p ≤ 0.01, **** p ≤ 0.0001, compared to control.   
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addition, a clear dose/effect step was observed between 0.5 and 2 μg/mL 
upon treatment with formulated 7e-SMAMP. Leakage of FITC-20400 
was only about 40 % and approximately the same for all concentra
tions of non-formulated 7e-SMAMP. The mimicked P. aeruginosa B3M- 
liposomes loaded with FITC-20400 treated with formulated 7e- 
SMAMP displayed much greater leakage in a dose-dependent manner. 
Other studies have also confirmed dose-dependent leakage from 
membrane-mimics, as in the study of Lee et al. where they assessed 
calcein leakage from Escherichia coli mimics [69]. Furthermore, Lom
bardi et al. showed dose-dependent leakage of 8-aminonaphtalene- 
1,3,6-trisulfonic acid disodium salt in membrane-mimics of E. coli and 
P. aeruginosa [36]. 

Another approach to investigate the membrane-activity of MAAs is to 
examine the fusion between the inner and outer layer of mimicked B3M- 
liposomes. Here, the B3M-liposomes were labelled only on the inner 
leaflet by reducing the labelling on the outer layer using a reducing 
agent [36]. In the mimicked S. aureus B3M-liposomes (Fig. 7a), the 
initial leaflet fusion of mimics treated with non-formulated 7e-SMAMP 
showed dose-dependent trends. Mimicked S. aureus B3M-liposomes 
treated with formulated 7e-SMAMP showed different tendencies. At 
the highest 7e-SMAMP concentrations, the fusion was quite extensive 
and exhibited an initially stronger effect than the control (Triton); 
however, the leaflet fusion gradually turned similar for different con
centrations. In the mimicked P. aeruginosa B3M-liposomes (Fig. 7b), 
Triton exhibited the strongest fusion activity overall. Additionally, both 
the non-formulated and formulated 7e-SMAMP demonstrated dose- 
dependent lipid flip-flop activity. Yet, the formulated 7e-SMAMP 
seemingly had a stronger effect on the inner-outer leaflet fusion than 
the non-formulated 7e-SMAMP indicating higher stress responses on the 
membranes. This was in line with the results from the evaluation of FITC 
leakage from B3M-liposomes. Strong effects on inner-leaflet-labelled 

Fig. 6. Bacterial Membrane-Mimic Liposomes Models (B3M-liposomes) loaded with FITC-dextran 4400 or 20,400 (molecular weight = Mw) treated with 7e-SMAMP 
or 7e-SMAMP-liposomes. The leakage is expressed as percentage compared to the control (Triton X-100). Concentrations of 7e-SMAMP were 0.5, 2, and 5 μg/mL for 
both non-formulated and formulated 7e-SMAMP. Different B3M-liposome mimics were prepared and challenged, namely A) S. aureus with FITC-4400, B) S. aureus 
with FITC-20400, C) P. aeruginosa with FITC-4400, and D) P. aeruginosa with FITC-20400. Results are presented as means with their respective SD (n = 3). *) p < 0.05, 
**) p < 0.01. 

Fig. 7. Lipid flip-flop in Bacterial Membrane-Mimic Liposomes Models (B3M- 
liposomes) of bacterial membranes with C6-NBD-PG inner leaflet labelling. The 
B3M-liposomes were treated with non-formulated and formulated 7e-SMAMP 
and monitored for 650 s. Two different B3M-liposome mimics were prepared 
and challenged, namely A) S. aureus and B) P. aeruginosa B3M-liposome mimics. 
Concentrations of 7e-SMAMP were 0.5, 2, and 5 μg/mL were chosen for both 
non-formulated and formulated 7e-SMAMP. Results are presented as means of 
the normalized fluorescence intensity (0–1, n = 3). 
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liposomes have previously been showed in other studies [71]. Addi
tionally, dose-dependent responses have also earlier been confirmed for 
AMPs [39,72]. 

3.7. Antimicrobial activity 

3.7.1. Inhibitory activity towards planktonic cultures 
Antimicrobial wound management is a major challenge that high

lights the need for new solutions against free-floating pathogens and 
their biofilms. After a first contamination, the wound microenvironment 
can be rapidly colonized by gram-positive bacteria, specifically 
S. aureus, followed by gram-negative bacteria, including P. aeruginosa 
and E. coli. During acute wound infections, local therapy is highly 
beneficial to immediately inhibit microbial proliferation, and therefore, 
prevent the spread and chronification of wounds. Unfortunately, the 
tendency of microorganisms such as S. aureus to easily acquire MDR 
makes most of the conventional available therapies ineffective [73,74]. 
In this regard, AMPs and SMAMPs are intriguing alternatives to coun
teract bacterial spreading. Paulsen et al. have already reported that free 
7e-SMAMP possesses promising antibacterial activity both in vitro and in 
a murine model [15]. Considering that delivery system is expected to 
enhance the activity on incorporated antimicrobial [21], we developed 
novel 7e-SMAMP liposomes and, tested their antimicrobial activity 
against planktonic cultures of susceptible bacteria (S. aureus 
ATCC29213, E. coli ATCC11105, and P. aeruginosa ATCC10145), 
gentamicin-resistant S. aureus (SO88) and MDR S. aureus (SO2, SO83, 
and SO86). The MIC and MBC values are reported in Table 3. Empty 
liposomes and DMSO did not affect the bacterial growth, as expected 
(data not shown). We were concern whether liposomal incorporation 
can hamper the activity of 7e-SMAMP. The 7e-SMAMP-liposomes 
exhibited the same MIC and MBC values as non-formulated 7e- 
SMAMP, indicating that neither the delivery system nor the prepara
tion procedure interfered with the biological activity of the payload. 

Among tested bacteria, inhibiting P. aeruginosa ATCC10145 was the 
most challenging (MIC: 25.00 μg/mL), whilst S. aureus ATCC29213 and 
S. aureus SO88 were very sensitive to the action of 7e-SMAMP-liposomes 
(MIC: 0.78–1.56 μg/mL). Notably, 7e-SMAMP-liposomes were also 
effective against MDR S. aureus, although MIC values (MIC: 3.13–12.50 
μg/mL) were higher than those obtained for the susceptible strain. 
Overall, the MBC values were only slightly higher than MIC values 
suggesting that 7e-SMAMP acted as bactericidal compound. This was in 
full agreement with Paulsen et al. who previously demonstrated that 7e- 
SMAMP possesses membranolytic dose-dependent activity against both 
gram-positive and gram-negative bacteria [15]. 

To mimic the microenvironment at the wound site, the viability of 
S. aureus, E. coli, and P. aeruginosa was assessed in SWF [75] and 
compared with that of the same bacteria in the presence of non- 
formulated and formulated 7e-SMAMP (Fig. 8). The 7e-SMAMP 

concentration was adjusted to 50 μg/mL because it was proven to be 
bactericidal for all tested microorganisms (Table 3). In the control, cell 
viability was retained over time, as well as in the presence of empty li
posomes. Considering susceptible bacteria, 7e-SMAMP showed high 
potency against S. aureus ATCC29213 and a slightly lower activity 
against E. coli ATCC11105 and P. aeruginosa ATCC10145. Indeed, after 
3 h of incubation, S. aureus ATCC29213, E. coli ATCC11105, and 
P. aeruginosa ATCC10145 viability was reduced by 3.84, 2.90, and 2.38 
logCFU/mL, respectively. This suggested that gram-positive bacteria 
were more efficiently killed than gram-negative bacteria, possibly 
because the outer membrane of the latter hindered 7e-SMAMP bacteri
olytic effect. Importantly, drug resistant S. aureus strains were only 
slightly more difficult to inhibit compared to sensitive S. aureus 
ATCC29213. Indeed, the viability of S. aureus SO2, SO83, SO86, and 
SO88 decreased by 2.28–2.96 logCFU/mL after 3 h of incubation and 
was completely abolished after 12 h as for sensitive pathogens. An 
almost complete killing effect was also detected for 7e-SMAMP-lipo
somes within 12 h, but with a delayed action, in agreement with the 
release profile of 7e-SMAMP (Section 3.3.). However, already after 8 h of 
treatment the bacterial load was reduced by at least 3 logCFU/mL, 
except for S. aureus SO2, indicating that concentration of 7e-SMAMP 
released in this time-window was enough to elicit a first strong anti- 
microbial activity. After 12 h, the inhibition of bacterial growth was 
even more pronounced, with complete killing of all bacterial strains, 
except from S. aureus SO2 and P. aeruginosa ATCC10145. However, the 
viability of these strains was reduced by at least 4.99 logCFU/mL, thus 
confirming that the liposome formulation was able to assure a prolonged 
7e-SMAMP action. 

3.7.2. Activity towards biofilms 
The formation of biofilms at the infection site can delay/hamper the 

healing process, which in turn leads to chronic infections [74]. It has 
been proposed that AMPs and SMAMPs are promising as anti-biofilm 
compounds as compared to conventional antibiotics since their bacte
ricidal and/or bacteriostatic activities primarily depend on their ability 
to interact with bacterial membranes or cell walls, regardless of the 
bacterial metabolic state [54,76]. Results reported in Section 3.6. 
proved that 7e-SMAMPs, as well as 7e-SMAMPs-liposomes, can interact 
with S. aureus and P. aeruginosa membranes. Thus, we also investigated 
the potential of non-formulated and formulated 7e-SMAMP to inhibit 
biofilm formation (Fig. 9) and eradicate pre-formed biofilms (Fig. 10). 
Generally, bacterial biofilms exhibit higher resistance to antimicrobials 
compared to planktonic bacteria, due to difficulty of penetrating 
capsular polysaccharides [77]. Non-formulated 7e-SMAMP completely 
inhibited S. aureus ATCC29213 biofilm formation at 6.25 μg/mL (Fig. 9), 
and eradicated pre-formed biofilms at 12.5 μg/mL (Fig. 9), confirming 
the promising effect of 7e-SMAMP against this strain. Consistent with 
what has been previously observed for planktonic cultures (Fig. 8), the 
biofilm of S. aureus ATCC29213 was the most sensitive to 7e-SMAMP. 

The non-formulated 7e-SMAMP exerted anti-biofilm activity even 
towards MDR S. aureus strains (SO2, SO83, and SO86). However, con
centrations above MIC values were required and their eradication was 
more challenging than the sensitive S. aureus ATCC29213. The same 
trends were observed for gentamicin-resistant S. aureus SO88, E. coli, 
and P. aeruginosa. Even though, inhibition of biofilm formation in 
P. aeruginosa reached only 86 % at 7e-SMAMP concentration of 50 μg/ 
mL. 

As demonstrated in Figs. 9 and 10, association of 7e-SMAMP within 
bilayers of phosphatidylcholine liposomes significantly improved its 
anti-biofilm activity, particularly against S. aureus SO88 and 
ATCC29213 biofilms, thus preventing the biofilm formation even at the 
SMAMP concentrations close to MIC values (Fig. 9). Similar patterns 
were also confirmed for eradication ability of 7e-SMAMP-liposomes 
towards pre-formed bacterial biofilms (Fig. 10), although the effective 
7e-SMAMP concentrations were significantly higher than for biofilm 
inhibition (Fig. 9). In MDR strains, the 7e-SMAMP-liposomes 

Table 3 
Antimicrobial activity (MIC and MBC) of non-formulated and formulated 7e- 
SMAMP.   

MIC (μg/mL) MBC (μg/mL) 

7e- 
SMAMP 

7e-SMAMP- 
liposomes 

7e- 
SMAMP 

7e-SMAMP- 
liposomes 

S. aureus 
ATCC29213  

0.78  0.78  3.13  3.13 

S. aureus SO2  12.50  12.50  25.00  25.00 
S. aureus SO83  6.25  6.25  12.50  12.50 
S. aureus SO86  3.13  3.13  6.25  6.25 
S. aureus SO88  1.56  1.56  6.25  6.25 
E. coli ATCC11105  3.13  3.13  6.25  6.25 
P. aeruginosa 

ATCC10145  
25.00  25.00  50.00  50.00 

MIC: minimal inhibitory concentration; MBC: minimum bactericidal concen
tration (n = 3). 
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Fig. 8. Viability (logCFU/mL) of bacteria over the time in simulated wound fluid (up to 12 h) in the presence of non-formulated and formulated 7e-SMAMP. The 
results are presented as the mean of three replicates with their respective SD. 
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Fig. 9. Anti-biofilm activity: inhibition of the biofilm development (%). The results are presented as the mean of three replicates with their respective SD. §: p < 0.05 
compared to control. Significant differences between non-formulated and formulated 7e-SMAMP were also reported: *** p < 0.001, ** p < 0.005. 
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Fig. 10. Anti-biofilm activity: eradication of pre-formed biofilm (%). The results are presented as the mean of three replicates with their respective SD. §: p < 0.05 
compared to control. Significant differences between non-formulated and formulated 7e-SMAMP were also reported: *** p < 0.001, ** p < 0.005, * p < 0.01. 
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(formulated) were able to inhibit biofilm formation and eradicate pre- 
formed biofilms at concentrations close to MIC values, however, 
slightly higher concentrations were required for S. aureus SO86. We 
confirmed the superiority of formulated 7e-SMAMP's as compared to 
non-formulated 7e-SMAMP. The inhibition and eradication of gram- 
negative bacterial biofilms were more challenging than for the gram- 
positive bacteria, especially for P. aeruginosa ATCC10145. In E. coli 
ATCC11105, biofilm inhibition and eradication required concentrations 
above MIC values (6.25 μg/mL, Figs. 9 and 10). The most challenging 
bacteria, P. aeruginosa ATCC10145, required even higher concentrations 
for the same activity, in line with the higher MIC values (Table 3). 

Many relevant medical pathogens, including S. aureus, E. coli, and 
P. aeruginosa, comprise negatively charged biofilm extracellular matrix 
due to the presence of anionic exopolysaccharide and extracellular DNA 
[78,79]. In this regard, the incorporation of 7e-SMAMP inside liposomes 
resulted in positive surface charge (Table 1), which can aid the pene
tration into the extracellular matrix of the biofilm, thus increasing the 
anti-biofilm capability of the payload [50]. Conventional liposomes 
have been shown to successfully improve cellular uptake [80]. More
over, liposomes prepared with the phosphatidylcholine revealed 
optimal ability to enhance the anti-biofilm activity of chlorhexidine 
[21]. Here, we confirmed that phosphatidylcholine liposomes were 
effectively suitable as nanocarrier to target pathogens' biofilms. Indeed, 
7e-SMAMP exerted a significantly more efficient anti-biofilm activity 
when delivered in liposomes than when applied in its non-formulated 
form. In particular, the capability to eradicate pre-formed biofilms 
was greatly improved as demonstrated by the complete eradication of 
biofilms for 7e-SMAMP-liposomes concentrations above 6.25 μg/mL, 
with the only exception for P. aeruginosa ATCC10145. However, even 
this biofilm was reduced by 75 % when treated with 6.25 μg/mL 7e- 
SMAMP-liposomes, compared to 45 % eradication in the presence of 
non-formulated 7e-SMAMP at the same concentration. Moreover, 7e- 
SMAMP-liposomes strongly hampered pathogens' biofilm formation, 
with inhibition efficacy close to 100 %, for concentrations at least equal 
to MIC, especially for gram-positive strains. At the lower tested con
centrations, 7e-SMAMP-liposomes were always more efficient in inhib
iting the development of biofilms than non-formulated 7e-SMAMP (p <
0.05). Taken together these results suggest that 7e-SMAMP-liposomes 
can be employed both for the prevention of the onset of severe in
fections and treatment of chronic wound infections. 

4. Conclusions 

In order to address the limitations and improve the antimicrobial 
potential of AMPs and SMAMPs, a novel antimicrobial, 7e-SMAMP, was 
incorporated in liposomes destined for the treatment of biofilm-infected 
chronic wounds. The 7e-SMAMP-liposomes were evaluated for their in 
vitro biological and antimicrobial activities. The newly developed 
formulation displayed superior in vitro anti-inflammatory responses and 
had no negative effect on the cellular viability as confirmed in macro
phages and keratinocytes. Additionally, the anti-biofilm activities of 7e- 
SMAMP liposomes against S. aureus, E. coli, and P. aeruginosa were 
improved as compared to the non-formulated 7e-SMAMP. These supe
rior anti-biofilm effects were proven in both biofilm formation and 
eradication of pre-formed biofilms. The results supported our hypothesis 
that 7e-SMAMP-liposomes could serve as a novel platform in the 
development of antimicrobial therapeutic options for the treatment of 
biofilm-infected chronic wounds. 
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Propolis loaded liposomes: evaluation of antimicrobial and antioxidant activities, 
J. Liposome Res. 30 (2020) 107–116, https://doi.org/10.1080/ 
08982104.2019.1599012. 

[20] E. Bhatia, S. Sharma, K. Jadhav, R. Banerjee, Combinatorial liposomes of berberine 
and curcumin inhibit biofilm formation and intracellular methicillin resistant 
Staphylococcus aureus infections and associated inflammation, J. Mater. Chem. B 9 
(2021) 864–875, https://doi.org/10.1039/D0TB02036B. 

[21] L.M. Hemmingsen, B. Giordani, A.K. Pettersen, B. Vitali, P. Basnet, N. Škalko- 
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[25] Á. Martin-Serrano, R. Gómez, P. Ortega, F.J. de la Mata, Nanosystems as vehicles 
for the delivery of antimicrobial peptides (AMPs), Pharmaceutics 11 (2019) 448, 
https://doi.org/10.3390/pharmaceutics11090448. 

[26] B. Giordani, P.E. Costantini, S. Fedi, M. Cappelletti, A. Abruzzo, C. Parolin, 
C. Foschi, G. Frisco, N. Calonghi, T. Cerchiara, F. Bigucci, B. Luppi, B. Vitali, 
Liposomes containing biosurfactants isolated from lactobacillus gasseri exert 
antibiofilm activity against methicillin resistant Staphylococcus aureus strains, 
Eur. J. Pharm. Biopharm. 139 (2019) 246–252, https://doi.org/10.1016/j. 
ejpb.2019.04.011. 

[27] C. Bradford, R. Freeman, S.L. Percival, In vitro study of sustained antimicrobial 
activity of a new silver alginate dressing, J. Am. Col. Certif. Wound Spec. 1 (2009) 
117–120, https://doi.org/10.1016/j.jcws.2009.09.001. 

[28] R.K. Thapa, H.C. Winther-Larsen, D.B. Diep, H.H. Tønnesen, Preformulation studies 
on novel garvicin KS peptides for topical applications, Eur. J. Pharm. Sci. 151 
(2020), 105333, https://doi.org/10.1016/j.ejps.2020.105333. 

[29] M.H. Paulsen, M. Engqvist, D. Ausbacher, M.B. Strøm, A. Bayer, Efficient and 
scalable synthesis of alpha, alpha-disubstituted beta-amino amides, Org. Biomol. 
Chem. 14 (2016) 7570–7578, https://doi.org/10.1039/c6ob01219a. 

[30] L.M. Hemmingsen, K. Julin, L. Ahsan, P. Basnet, M. Johannessen, N. Škalko-Basnet, 
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[50] Z. Rukavina, Ž. Vanić, Current trends in development of liposomes for targeting 
bacterial biofilms, Pharmaceutics 8 (2016) 18, https://doi.org/10.3390/ 
pharmaceutics8020018. 

[51] H.J. Kim, E.L.M. Gias, M.N. Jones, The adsorption of cationic liposomes to 
Staphylococcus aureus biofilms, Colloids Surf. A Physicochem. Eng. Asp. 149 
(1999) 561–570, https://doi.org/10.1016/S0927-7757(98)00765-1. 

[52] S. Sandreschi, A.M. Piras, G. Batoni, F. Chiellini, Perspectives on polymeric 
nanostructures for the therapeutic application of antimicrobial peptides, 
Nanomedicine 11 (2016) 1729–1744, https://doi.org/10.2217/nnm-2016-0057. 

[53] L.A. Wallace, L. Gwynne, T. Jenkins, Challenges and opportunities of pH in chronic 
wounds, Ther. Deliv. 10 (2019) 719–735, https://doi.org/10.4155/tde-2019-0066. 

[54] N. Mookherjee, M.A. Anderson, H.P. Haagsman, D.J. Davidson, Antimicrobial host 
defence peptides: functions and clinical potential, Nat. Rev. Drug Discov. 19 (2020) 
311–332, https://doi.org/10.1038/s41573-019-0058-8. 

L.M. Hemmingsen et al.                                                                                                                                                                                                                       

https://doi.org/10.1016/j.ejpb.2018.11.009
https://doi.org/10.1016/j.msec.2021.112384
https://doi.org/10.1016/j.msec.2021.112384
https://doi.org/10.1038/nrd3591
https://doi.org/10.1038/nrd3591
https://doi.org/10.1007/s00018-011-0710-x
https://doi.org/10.1016/j.tim.2018.12.010
https://doi.org/10.1016/j.tim.2018.12.010
https://doi.org/10.1016/j.jcis.2018.10.103
https://doi.org/10.1016/j.jcis.2018.10.103
https://doi.org/10.1111/cbdd.13031
https://doi.org/10.1016/j.addr.2020.12.016
https://doi.org/10.1021/acs.jmedchem.1c00734
https://doi.org/10.1021/acs.jmedchem.1c00734
https://doi.org/10.1021/acsami.0c13083
https://doi.org/10.1016/j.jconrel.2014.03.055
https://doi.org/10.1021/acsinfecdis.1c00660
https://doi.org/10.1080/08982104.2019.1599012
https://doi.org/10.1080/08982104.2019.1599012
https://doi.org/10.1039/D0TB02036B
https://doi.org/10.1016/j.carbpol.2021.117939
https://doi.org/10.1016/j.carbpol.2021.117939
http://refhub.elsevier.com/S2772-9508(22)00515-5/rf202212100146250497
http://refhub.elsevier.com/S2772-9508(22)00515-5/rf202212100146250497
http://refhub.elsevier.com/S2772-9508(22)00515-5/rf202212100146250497
http://refhub.elsevier.com/S2772-9508(22)00515-5/rf202212100146250497
https://doi.org/10.1021/acs.molpharmaceut.0c00154
https://doi.org/10.1021/acs.molpharmaceut.0c00154
https://doi.org/10.3390/ijms22158319
https://doi.org/10.3390/ijms22158319
https://doi.org/10.3390/pharmaceutics11090448
https://doi.org/10.1016/j.ejpb.2019.04.011
https://doi.org/10.1016/j.ejpb.2019.04.011
https://doi.org/10.1016/j.jcws.2009.09.001
https://doi.org/10.1016/j.ejps.2020.105333
https://doi.org/10.1039/c6ob01219a
https://doi.org/10.3390/md19050269
https://doi.org/10.3109/08982104.2014.899368
https://doi.org/10.2147/ijn.S107107
https://doi.org/10.3390/ijms21144847
https://doi.org/10.3390/ijms21144847
https://doi.org/10.1016/j.jmb.2008.03.047
https://doi.org/10.1016/j.biomaterials.2014.10.041
https://doi.org/10.1038/srep44425
https://doi.org/10.1038/srep44425
https://doi.org/10.1128/AAC.49.8.3114-3121.2005
https://doi.org/10.1128/AAC.49.8.3114-3121.2005
https://doi.org/10.1021/bi0004549
https://doi.org/10.1021/bi0004549
https://doi.org/10.1016/j.bbamem.2009.04.013
https://doi.org/10.1016/j.bbamem.2009.04.013
https://doi.org/10.1016/j.peptides.2010.01.006
https://doi.org/10.1016/j.peptides.2010.01.006
http://refhub.elsevier.com/S2772-9508(22)00515-5/rf202212100147048867
http://refhub.elsevier.com/S2772-9508(22)00515-5/rf202212100147048867
https://doi.org/10.1371/journal.pone.0128157
https://doi.org/10.1016/j.jconrel.2016.03.025
https://doi.org/10.1016/S0927-7757(01)00481-2
https://doi.org/10.1016/S0927-7757(01)00481-2
https://doi.org/10.1016/j.colsurfb.2021.111748
https://doi.org/10.1016/j.ijpharm.2018.10.024
https://doi.org/10.1159/000086666
https://doi.org/10.1159/000086666
https://doi.org/10.1002/jps.23260
https://doi.org/10.3390/pharmaceutics10020057
https://doi.org/10.3390/pharmaceutics8020018
https://doi.org/10.3390/pharmaceutics8020018
https://doi.org/10.1016/S0927-7757(98)00765-1
https://doi.org/10.2217/nnm-2016-0057
https://doi.org/10.4155/tde-2019-0066
https://doi.org/10.1038/s41573-019-0058-8


Biomaterials Advances 145 (2023) 213238

16

[55] A. Alghalayini, A. Garcia, T. Berry, C.G. Cranfield, The use of tethered bilayer lipid 
membranes to identify the mechanisms of antimicrobial peptide interactions with 
lipid bilayers, Antibiotics 8 (2019) 12, https://doi.org/10.3390/ 
antibiotics8010012. 
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