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ABSTRACT: Despite increased pre- and postoperative care and
aseptic practices in surgical rooms, methicillin-resistant
Staphylococcus aureus (MRSA) continues to colonize acute surgical
wounds. MRSA is also present in chronic nonhealing wounds, such
as diabetic foot and pressure ulcers. In this work, advanced

antimicrobial-loaded wound dressings are 3D printed using fused ‘m oA \‘\’f}/l
deposition modeling. To achieve a high antimicrobial effect, the ') ~
topical antiseptic octenidine (OCT) was incorporated into the < S T @ =
pellets used in the feeder of the extruder prior to fused modeling. Acute wound infection 2 \ Wound recovay
Lysostaphin (LYS), a lytic enzyme that cleaves MRSA ikt - A

peptidoglycan, was incorporated by supramolecular interactions

on the surface of the OCT-loaded dressings to exploit the anti-

MRSA synergy identified here between OCT and LYS showing a fractional inhibition concentration index (FICI) of 0.156.
Minimum inhibitory concentration (MIC) and bactericidal concentration (MBC) values for the OCT were 1 and 25 ug/mlL,
respectively, whereas the MIC and MBC values for the LYS were 0.1 and 0.2 ug/mL, respectively. The resulting dressings
completely eradicate MRSA USA 300 inocula (10° CFU/mL) in 96 h. The bactericidal mechanisms exerted by these dressings were
identified through molecular techniques, showing lytic effects on the cell wall peptidoglycans of treated bacteria. Additionally, OCT
at 1 ug/mL was able to reduce lipopolysaccharide (100 ng/mL)-induced NO production on murine J774A.1 macrophages by more
than 90% demonstrating its simultaneous anti-inflammatory action. This effect was also corroborated by the qRT-PCR analysis of
several pro-inflammatory genes including IL-18, IL-6, TNF-a, and Nos2. The combination of OCT and LYS within the dressings
reveals higher in vivo therapeutic effects compared to free compounds or individual antimicrobial-loaded dressings. In vitro and in
preclinical models, the use of OCT-LYS dressings effectively reduces MRSA bioburden and inflammation, promoting fast wound
healing.

KEYWORDS: 3D printing, wound dressings, antimicrobial therapies, wound healing, MRSA

1. INTRODUCTION antibiotic classes (e.g, macrolides, aminoglycosides, quino-
lones, etc.) have been identified.’

S. aureus is a facultative commensal bacteria commonly
present asymptomatically on the skin, nasopharynx, intestine,

The 2019 estimates of the global burden of antimicrobial
resistance revealed that Staphylococcus aureus represents the
second leading pathogen for deaths associated with resistance.” oo )
More than 100 000 deaths worldwide were attributed in 2019 and mucosa of healthy 1nd1v1.duals but due to dlffer‘ent
to Methicillin-resistant Staphylococcus aureus (MRSA), which is er‘1dogenous (eg, weakened immune syétem, wc.)unc.hng,
a strain that carries the mobile genetic element staphylococcal dlabe.tes, .etc.) or exogenous .(e.g., specific medlcatlf)n.s,
chromosomal cassette mec (SCCmec) encoding for specific smoking, implants, ?tc") fact.ors, 1t can beéome OPportumStlc
penicillin-binding proteins (i.e.,, PBP2a) that confer resistance and can produce skin infections, bacteremia/sepsis, pneumo-
against several f-lactam antibiotics (such as methicillin).” The
European Antimicrobial Resistance Surveillance Network Received: May 6, 2025
described a significant decreasing trend in the number of Revised:  August 1, 2025
reported MRSA bloodstream isolates in the EU/EEA during Accepted:  August 3, 2025
the 2018—2022 period, but still its presence remains alarmingly Published: August 18, 2025
high in several other European countries; in addition,

numerous MRSA strains multiresistant to other different
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nia, endocarditis, topical wound infections, and so on.* Despite
increased pre- and postoperative care, MRSA can colonize
surgical wounds with infection rates varying depending on the
region analyzed. A 2016 European study reported a 0.06%
MRSA-related surgical site infection rate, while data from India
(2009—2012) showed a 1.38% rate.” In Japan (2012—2018),
MRSA infections ranged from 0.03% in laminectomies to
2.33% in amputations.” In the U.S. (2009—2010), MRSA
infection prevalence among major surgeries was reported as
1.03%."

Not only in surgical wounds but also MRSA is alarmingly
present in chronic nonhealing wounds such as diabetic foot,
pressure, and venous and arterial insufficiency ulcers. For
instance, a meta-analysis of 112 studies, involving 16 159
diabetic foot patients, from which 22 198 microbial isolates
were sampled, identified S. aureus as the most common
pathogenic bacteria observed, MRSA being identified in 18%
of those samples.” The analysis of the chronic wound
microbiome of 2963 U.S. patients identified Staphylococcus as
the most prevalent genus, and 25.2% of the wounds, examined
using 16S rDNA pyrosequencing, were colonized with
MRSA."? Similar data were obtained in several other meta-
analyses.'' For many of those chronic wounds, antimicrobial
treatments fail to heal. For instance, a retrospective analysis of
38 patients receiving ambulatory treatment of their MRSA-
infected leg ulcers during 1 month consisting of the use of
silver wound dressings and daily antiseptic treatment and
hygiene measures failed in 22 of them.'” Even combinatorial
treatments are unable to eradicate infective bacteria on
chronically infected wounds. For instance, a randomized,
controlled clinical study with 43 patients having 88 infected
diabetic foot ulcers revealed that no statistical benefits were
observed for patients receiving bioresorbable antibiotic
(gentamicin)-collagen topical sponges with systemic anti-
biotics (levofloxacin or amoxicillin-clavulanate) over those
receiving just the systemic antibiotics."> In the evaluation of
the effectiveness of different interventions proposed for the
management of infected chronic foot ulcers in diabetic
patients, Vas et al. found limited evidence for the benefits of
combinations of antimicrobials and honey or the use of growth
factors and cellular products or the use of topical oxygen
therapy or the use of electromagnetic radiation (i.e., electrical,
light, magnetic) over the best standard care."* Furthermore,
even after the analysis of commercially available products on
the market, Weigelt et al. concluded that the number of high-
quality randomized controlled trials in which scientific
evidence demonstrates the effectiveness of antibiofilm
compounds for chronic wound healing is scarce.'> Therefore,
more research in that field is needed to provide the best
scientific evidence to address this unmet clinical need. In
response, we decided to identify a synergetic combination of
antimicrobials having different mechanisms of antimicrobial
action to reduce the chances to develop resistance.

After wounding, a perfectly orchestrated physiological
process starts with the formation of a fibrin-based clot
(homeostasis), inflammatory cell recruitment, neo-angio-
genesis, epithelialization, granulation tissue formation, and
remodeling. But as we mentioned before, due to endogenous
or exogenous factors, wound healing can be delayed or become
even chronic due to the presence of pathogenic bacteria. The
pathophysiology of those difficult-to-treat wounds is com-
monly represented by the presence of a polymicrobial dynamic
microbiome, ubiquitous mature bacterial biofilms, persistent

inflammation, high levels of neutrophil-derived proteases, and
in some cases intracellular S. aureus persisters (named small
colony variants).'’ Those phenotypic characteristics make
bacteria refractory and resilient against the host’s defenses and
against most antimicrobial treatments systemically applied
and/or topical.

Wound debridement (only when revascularization is
feasible) and antiseptic solutions (e.g., chlorhexidine, iodopo-
vidone, octenidine, polyhexamethylene biguanide, hypochlo-
rous acid, etc.) are commonly applied as pharmacological
treatments on those infected chronic wounds together with the
concomitant treatment of underlying causes that might delay
healing and with the recommended reduction of potential risk
factors.'® The use of topical antibiotics (e.g., mupirocin, fusidic
acid, bacitracin, minocycline, gentamicin, etc.) is generally
restricted for those cases in which infection is extended to the
bone (osteomyelitis) to avoid the potential development of
antibiotic resistance, contact dermatitis, and potential impaired
wound healing."”

Not only antibiotics and antiseptics are prescribed but also
antimicrobial peptides are used to eliminate pathogenic
bacteria from chronic nonhealing wounds and concomitantly
boosting the host’s immune response by regulating inflamma-
tion and promoting homeostasis.'® More than 500 anti-MRSA
peptides have been identified in the literature."” Some of those
antimicrobial peptides (e.g, oritavancin, daptomycin, etc.)
have been approved for their use on topical skin infections
associated with Gram-positive bacteria. Some of them show
intracellular targets, but most of them electrostatically bind to
negatively charged lipoteichoic acids of Gram-positive
bacteria.”” Their clear advantage compared to antibiotics is
that they target multiple mechanisms of bacteria, while their
advantage over antiseptics is their reduced cytotoxicity on
eukaryotic cells. One of them, lysostaphin (LYS), a type Illa
bacteriocin (i.e., lytic enzyme), is able to cleave the cross-
linked pentaglycine bridges in S. aureus peptidoglycan.”!
Positive preclinical and clinical results on the management of
infection have been reported, and even the human
immunogenicity associated with its parenteral administration
has also been successfully overcome by developing deimmu-
nized LYS.”” Synergistic combinations of this lytic enzyme
with other antimicrobial peptides have shown superior
antimicrobial activity in a rabbit model of MRSA topical
infection than either of those antimicrobials as monotherapy.*
The combination of LYS with antimicrobial and anti-
inflammatory peptides has also demonstrated, in a murine
model of intradermally MRSA infection, superior bactericidal
activity and anti-inflammatory response than monotherapy.**
Intracellular MRSA has been successfully eliminated from
infected macrophages after intraperitoneal MRSA injection in
mice using the simultaneous action of LYS with vancomycin
when loaded within mannosylated exosomes taking advantage
of the high levels of mannose receptors in macrophages.”> We
have previously demonstrated that the nanoencapsulation of
LYS in PLGA (poly(lactic-co-glycolic acid)) nanoparticles
preserves its antimicrobial action against planktonic and sessile
MRSA.*® Furthermore, it has been previously reported that
LYS is unable to eliminate intracellular pathogens due to its
size (~25 kDa) and due to its activity reduction after
lysosomal entrapment, but we previously demonstrated that
LYS-encapsulated in PLGA is also able to eradicate intra-
cellular MRSA, attributed to the protection provided by the
polymer and due to its promoted intracellular uptake when
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Figure 1. Analysis of antimicrobial activity and thermal stability of selected antimicrobials. (A) Antimicrobial activity assay against MRSA before
and after heat treatment at 220 °C for S min. Results are presented as the mean + standard deviation (SD) from three independent experiments (n
=3). (B) TGA (thermogravimetric analysis) thermograms of the antimicrobials in air.

loaded within nanoparticles.”® Some other peptides have
demonstrated not only antimicrobial effects but also
immunomodulatory action suppressing lipopolysaccharide
(LPS)-induced inflammation in vitro and promoting re-
epithelialization and angiogenesis in vivo.”’

As we mentioned before, there are several antiseptics
available for the management of MRSA-associated infected
wounds. Octenidine (OCT), a cationic dihydropyridine, shows
broad spectrum efficacy, low allergenic properties, and superior
cytocompatibility compared to other antiseptics.”* " Its
mechanism of antimicrobial action is based on hydrophobic
and electrostatic interactions with the negatively charged
membrane wall causing membrane reorganization and
mechanical disruption with the consequent cell lysis.’!
Permeabilization, neutralization, and disordering of the lipid
bilayer of Gram-positive bacteria have also been identified as
nonlipid specific and simultaneous mechanisms of antimicro-
bial action.”” It has also been demonstrated that clinical
isolates of MRSA did not acquire stable resistance after a
continuous exposure to reduced concentrations of OCT.”
Anti-inflammatory and protease-inhibitory ability have also
been reported for OCT ex vivo and in vivo.”” In a
comparative preclinical study on the treatment of MRSA
biofilm-infected wounds, OCT (500 ppm) impregnated gauzes
outsmarted mupirocin (2%) treated wounds showing higher
reduction in MRSA counts and in the number of inflammatory
cells (6 times less comparing OCT treated wounds with the
untreated controls and halved compared to mupirocin
counts).”® A prospective study in 44 patients having 49
venous leg ulcers treated with commercially available advanced
silver-based wound dressings alone, OCT alone or OCT and
advanced silver-based wound dressings in combination

47953

revealed a superior reduction in the wound bioburden and
faster granulation tissue formation when using just OCT.*”

Herein, we demonstrate that OCT and LYS are synergetic
antimicrobials that potentially reduce the chances for MRSA to
develop resistance. Despite of the fact that MRSA resistance to
LYS has been reported, its combination with the broad
spectrum unspecific antiseptic OCT would decrease the
chances for bacteria to develop phenotypic mutations or the
acquisition by horizontal or vertical gene transfer due to the
synergetic combination of their unspecific and multiple
mechanisms of antimicrobial action.”® We demonstrate in a
murine model of excisional topical infected wound not only a
reduction in the bacterial bioburden but also a measurable
therapeutic reduction in the inflammatory reaction when using
OCT-LYS loaded 3D printed wound dressings.

To the best of our knowledge, this is the first time that a
synergetic effect has been identified between LYS and OCT
and validated in vivo. In addition, the anti-inflammatory effect
of OCT has been demonstrated using the LPS-induced
immune response on murine macrophages leading to
inflammation in vitro and corroborated by gqRT-PCR analysis
of several pro-inflammatory genes including IL-18, IL-6, TNF-
a and Nos2.

2. RESULTS AND DISCUSSION

We initially screened which antimicrobials could be suitable for
fused deposition modeling (FDM) 3D printing. As mentioned
before, due to the potential low antimicrobial loading achieved
when immersing an already printed dressing in an antimicro-
bial solution, we decided instead to include the selected
antimicrobial together with the polymer in the feed of the 3D
printer before printing. By doing so, all of the printed dressings

https://doi.org/10.1021/acsami.5c08968
ACS Appl. Mater. Interfaces 2025, 17, 47951-47968


https://pubs.acs.org/doi/10.1021/acsami.5c08968?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c08968?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c08968?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c08968?fig=fig1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c08968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

: PLA
! — PEO
; ocT
; PLA-OCT
: — PLAPEO
—/\_ — PLAPEO-OCT
T T T T T T T II T
1800 1600 1400 1200 1000 800 600 1800 1750 1700
C Wavenumber (cm) Wavenumber (cm™)
= Water = TSB
2 1.0 S 20
© PLA-OCT ° PLA-OCT
® 0.84 -+ PLAPEO-OCT & -=- PLAPEO-OCT
° o 15+
o ]
5 0.6 -
= 2 10-
2041 . 1 P h
2 N — ¢ 2
B 02 L/f/l 5 51
3 3
g E _f/
3 0o T T T T 3 01 T T T T
0 24 48 72 96 0 24 48 72 96
Time (h) Time (h)
£ 2 DMEM < Water + Tween 2 wt.%
Y PLA-OCT < PLA-OCT
§ 154 PLA:PEO-OCT $100- - PLA:PEO-OCT
2 -1 [0
° T 80-
5) 10 ? 60 =
g o°
2 5 | + /I,—L 2 40+
s I : 2
g T 2
S 0= £
[$) T T T T 3 0 T T T T
0 24 48 72 96 0 24 48 72 96
PLA PLA:PEO PLA:PEO-OCT
40 S
35 —PLAPEO
- - —PLA PEO OCT
L£:80.00£9,74° | Lz:30.62+6.3° |Ls: 46.32+18.68°
E Rz: 78.82+11.63°| Rz: 29.96+9.740 |R.: 48.75+18.33°
-
<t
L£:80.00£9,74° |  L£:0.00£0° | Lz:22.93+7.030 Youmgs | P SURPEO NP LA EoIoT
Modul
Y |rz:78.82:11.630| Rz:0.00500 | Rz:25.03:3.560 (©Pa) 151 089 061

Figure 2. (A) Images of 3D printed dressings. (B) FTIR (Fourier transform infrared spectroscopy) analysis of printed dressings and those of the
free antimicrobial compounds. (C) OCT release profile in different media under sink conditions; data are presented as the mean + SD (n =5). (D)
Contact angle data and images of water droplets on the printed materials over time (1 min). (E) Mechanical testing stress—strain graph on the 3D

printed materials and their corresponding Young’s moduli.

would contain in their structures a large amount of the selected
antimicrobial. Due to the high temperatures reached in the
printer head during the thermal extrusion (i.e,, 210—220 °C),
the thermal stability of the antistaphylococcal topical
antiseptics chlorhexidine digluconate and OCT, together
with the antibiotic fusidic acid, was evaluated. Figure 1A
shows that before the thermal treatment the three antimicro-
bials were able to completely eliminate MRSA bacteria in its
planktonic form having MBCs of 5 ug/mL for both
chlorhexidine digluconate and fusidic acid and 25 pug/mL for

47954

OCT. Despite the fact that fusidic acid and chlorhexidine
digluconate showed superior efficacy (ie., lower MICs
(minimum inhibitory concentrations) and MBC (minimum
bactericidal concentrations) values) over OCT, we observed
that after heating them (at 220 °C for S min, conditions
reached in the printer head during printing) only, the OCT
preserved its antimicrobial action (Figure 1A), while the other
two antimicrobials lost their activity at the doses tested. MIC
and MBC values for the heated OCT were 1 and 25 pg/mL,
respectively. Those MIC and MBC results obtained for the

https://doi.org/10.1021/acsami.5c08968
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antimicrobials before heating are in agreement with previous
data.*”*

These previous results are also in agreement with the
subsequent TGA results retrieved for the selected compounds.
Figure 1B shows that no measurable weight loss was observed
for the OCT until reaching temperatures as high as 273 °C,
while fusidic acid and chlorhexidine showed important weight
losses starting at 194 and 182 °C, respectively.

Previous studies are also aligned with our results, showing
that chlorhexidine digluconate undergoes exothermic decom-
position starting at ~160 °C, while fusidic acid starts to
partially decompose at 155 °C.*"** On the other hand, the
melting point of OCT was reported to be located at
temperatures above 214 °C."> Above this temperature, the
weight loss can be attributed to the loss of the dihydrochloride
groups, which was confirmed by the change in the hydrophilic
nature of the resulting heated antiseptic as we mentioned
before. On the contrary to the parent OCT dihydrochloride,
we observed that the heated OCT was sparingly soluble in
water. Also, both the water angle measurements for the OCT-
loaded dressings and the OCT release kinetics described below
confirmed that observation.

Many commercially available adhesive bandages have a
polymeric porous top layer placed on the cotton-based pad to
prevent them from sticking to the wound. Therefore, we
decided to fabricate 3D printed mesh-type self-supported
dressings to demonstrate the versatility of the FDM 3D
printing technique, which is potentially applicable in
commercial wound dressings. Herein, FDM 3D printing was
selected as an additive manufacturing technology to print
antimicrobially loaded layers due to its cost efficiency, speed,
and polymer versatility. Despite the use of high temperatures
during the printing process and the lower resolution achievable
by 3D printing compared to other material processing
techniques (e.g., electrospinning), the low cost of this
technology, the straightforward large scale fabrication and
rapid prototyping achievable, and the easy fabrication of
complex geometries in the macroscale represent clear
advantages of this additive technology. Figure 2A shows that
OCT-loaded polymeric (PLA and PLA:PEO (polyethylene
oxide blends) mesh-type dressings can be 3D printed starting
from polymer pellets with or without containing OCT. A clear
color change from transparent to brownish was also indicative
of the presence of OCT in the loaded dressings. Those two
thermoplastic polymers were chosen for their cost-effective-
ness, biodegradability, compostability, and easy processability
by 3D printing. The porous mesh-type structure was chosen to
allow gas permeation and exchange and to avoid potential
wound maceration while maintaining an adequate moisture on
the wound bed and facilitate subsequent regenerative cells
migration during wound healing.

PEO, as mentioned before, was incorporated into the blend
to increase the hydrophilic nature of the final dressings and,
consequently, to favor wound exudates absorption. Figure 2B
shows FTIR spectra of PLA, PEO, and OCT and their
combinations. PLA:PEO sample spectrum showed the
characteristic PLA bands. The CHj stretching band was
observed at 1454 cm™', and signals related to the ester group
(1277 cm™), the vO—C asymmetric mode (1080 cm™"), and
the —OH bending (1044 cm™) could also be observed, in
agreement with the previous literature.”* The band at 1210
cm™! appeared only as a shoulder and no band was observed in
the wavenumber around 920 cm™!, while an important peak at

1180 cm ' and a signal at 956 cm ™! were detected. This would

indicate that the PLA loses its semicrystalline nature after
printing becoming amorphous as previously reported.”*’
Besides, the presence of PEO was confirmed by bands at 1342
cm ™! assigned to wagging vibrations and at 844 cm ™' related to
asymmetric rocking vibrations both of CH, groups.”’ It is
interesting to notice that the shift of the C=0 bond stretching
of PLA from 1748 to 1752 cm™" due to the presence of PEO
might suggest a supramolecular interaction between both
polymers through this group as previously reported.** On the
other hand, the addition of OCT seemed to affect that
interaction since, in the spectrum of the sample with the three
compounds, the C=O band appeared again at 1748 cm™'
(Figure 2B inset). Other effect of the addition of the OCT was
the disappearance of the 1342 and 844 cm™' vibrations,
attributed to the presence of PEO.

Figure 2C shows the different OCT release profiles in
different media under sink conditions. Almost no release (<1
wt %) was detected in water (circles) due to the previously
mentioned hydrophobic nature of the thermally printed OCT,
whereas in bacterial cell culture medium (TSB, trypto-casein
soy broth) (squares) after 96 h more OCT (~11 wt %) was
released when loaded in PLA:PEO than when loaded in PLA
(~4 wt %). Probably, the hydrophilic PEO favors the transport
and diffusion of OCT to the release medium. The same
behavior was observed in the eukaryotic cell culture medium
(DMEM, Dulbecco’s modified Eagle medium) (triangles)
(released amounts of ~6.5 and ~4 wt %, were measured from
PLA:PEO-OCT and PLA-OCT based dressings, respectively).
The polypeptide and amino acids content of both cell culture
media (casein and soy peptone in TSB and glutamine in
DMEM) acting as mild surfactants could be responsible for
facilitating the diffusion and release of the hydrophobic OCT
from the 3D printed dressings from both polymers. We
corroborated those findings by using a strong surfactant,
Tween-20 (a polysorbate-type nonionic surfactant) at 2 wt %
in water, and we observed after 72 h a superior OCT release
(~98 wt %) (stars) from the PLA-PEO-OCT dressings
compared to that retrieved from the PLA-OCT printed
samples (~10 wt %) and a superior OCT release than in
any of the other release media tested. Tween-20 forms
emulsions in water at concentrations as low as 0.06 wt % (i.e.,
critical micellar concentration); therefore, hydrophobic OCT
could be easily entrapped within Tween-based micelles and
facilitate its diffusion to the polar medium.

Figure 2D shows the water contact angle on the printed
dressings during 1 min in contact on the sample stage using an
optical tensiometer. PLA:PEO blends showed a superior
hydrophilic character over PLA printed mesh-type dressings,
and the incorporation of OCT in the final dressings did not
significantly change their wettability and superior hydro-
philicity. PEO, due to its hydrophilic nature, absorbs water,
forming a swollen hydration layer and becoming a hydrogel,
where water is linked by hydrogen bonding to the polymer
backbone.”” This ability is beneficial because one of the
requirements of a wound dressing is having the ability to
absorb wound exudates, relieve tissue edema, and avoid fluid
leakage and potential bacterial dissemination while preventing
maceration of the wound bed and skin edges. Thus, the
hydrophilic nature of PEO would also help prevent dressing
adhesion to the wound and the potential trauma upon removal.
Figure 2E shows the strain—stress graph for the 3D printed
dressings. Young moduli of 1.51, 0.89, and 0.61 GPa were
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Figure 3. Evaluation of antimicrobial activity and synergism of PLA and PLA:PEO-based dressings against MRSA. (A) Antimicrobial activity of
PLA-OCT (left) and PLA:PEO-OCT (right) printed dressings (concentrations presented as total dressing weight per volume adjusted to contain
all the same OCT content). (B) Durability test of the PLA:PEO-OCT dressings. A fresh MRSA inoculum was added at days 1, 3, and S on the
same single dressing. (C) Fractional inhibitory concentration index (FICI) analysis to show the synergism identified between the OCT and LYS
against MRSA. (D) Antimicrobial assay of 8 mm in diameter dressings coated with different LYS concentrations (concentrations presented as
PLGA nanoparticle suspensions at S000 and 2500 pg/mL (which corresponds with a LYS loading of 0.8 ppm and 0.4 ppm, respectively). (E)
Evaluation of the LYS MBC and MIC against MRSA. (F) SEM images of dressings with particles. SEM images, first row: PLA:PEO dressings were
immersed in various LYS-loaded PLGA particle concentrations (from 1250 to S000 yg/mL). Second row: PLA:PEO-OCT dressings immersed in
various LYS-loaded PLGA particle concentrations (from 1250 to S000 yg/mL). Bar graphs show the mean + SD (n = 3 independent experiments).

obtained from the slope in the linear elastic region of the Young modulus of printed PLA was lower than that of the
materials for the PLA, PLA:PEO, and the OCT-loaded pristine one (3.5 GPa) probably because of the porosity of the
PLA:PEO printed dressings, respectively. The measured tensile printed mesh type dressing, its thermal transition from
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Figure 4. Evaluation of MRSA membrane depolarization and DNA degradation. (A) Cell depolarization assay. (B) Qubit assay for the evaluation
of DNA degradation (ssDNA). (C) Agarose gel analysis of released DNA. Statistical significance between groups is indicated by horizontal bars,
with p-values as follows: ns (nonsignificant), p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), p < 0.0001 (****). Bar graphs show the mean + SD (n

= 3 independent experiments).

semicrystalline to amorphous (according to our FTIR results),
and the reduction in the polymer MW after printing as
previously reported.*® The stiffness of PLA was reduced by the
addition of PEO as expected. The further reduction in the
mechanical strength of the PLA:PEO-OCT dressings can be
attributed to the load transfer to the amorphous OCT present
in the amorphous polymeric blend. This reduction in the
mechanical stiffness would be beneficial to allow elastic
deformation and make the resulting dressings conformable to
the wound bed.

Figure 3A shows the antimicrobial effect of PLA-OCT and
PLA:PEO-OCT dressings over time (concentrations presented
as total dressing weight per volume adjusted to contain all of
the same OCT content). As it is shown, both neat polymers
did not show any antimicrobial effect but when OCT was
incorporated in the printed dressings, a strong antimicrobial
action was observed. Using the same inoculum and analyzing
the bacterial counts over time, we observed that the PLA-OCT
dressings were able to reduce the bacterial burden by 3log.
However, the PLA:PEO-OCT dressings were able to
completely eliminate the total bacterial load in 96 h. This
observation was attributed to the high water uptake of PEO
forming a swollen hydration layer which would facilitate OCT
release and a promoted bacterial contact. It has been reported
that S. aureus bacteria are strongly bound to hydrophilic abiotic
surfaces using cell wall proteins while those cell wall proteins
are weakly bound when those bacteria are tethered to
hydrophobic surfaces.”’ A superior bacterial growth on the
PLA:PEO dressings (lacking in OCT) over PLA dressings
(lacking in OCT) would also corroborate this observation. A
sustained OCT release could be expected from the highly
hydrophobic PLA-OCT dressings, whereas a fast and
continuous OCT release was observed for the PLA:PEO-
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OCT dressings. Probably all the OCT entrapped within the
PEO structure diffuses rapidly to the culture medium thanks to
the ability of the polymer to absorb water and dissolve. The
proximity of the bacteria to the hydrophilic PLA:PEO-OCT
dressings would also contribute to the superior antimicrobial
effect observed.

We also performed a repeated bacterial challenge by
exposing the same PLA:PEO-OCT dressing to successive
MRSA loads (3 inoculums) every 2 days to evaluate the long-
term durability of one single dressing. The results (Figure 3B)
showed that in the first 24 h the dressing was able to reduce
the initial bacterial burden by 3 log, and after 48 h no bacteria
remained alive. We repeated the inoculation on the same used
dressing up to 3 times and the results revealed large durability
for the OCT-loaded dressings. Therefore, the PLA:PEO-OCT
dressings were able to eliminate repeated bacterial infective
loads in the time frame studied. This long-term ability is
attributed to the large OCT loading present in the dressings
(3.83 mg/dressing having 8 mm in diameter) thanks to the
simultaneous incorporation of the antimicrobial and the
polymer during the printing process in the feeder extruder.

A schematic diagram of the obtained FICI results is depicted
in Figure 3C. The obtained FIC for OCT was 0.031 ug/mL
(eq 2) and the one calculated for LYS was 0.125 ug/mL (eq 3)
rendering a FICI (eq 1) of 0.156 which demonstrated a
synergetic effect (i.e., FICI < 0.5) between both antimicrobials
against MRSA. As we mentioned before, synergistic combina-
tions for LYS have been reported when combined with
antimicrobial peptides and with antibiotics.”>>* But to the best
of our knowledge, this is the first time that synergetic effects
have been reported for LYS combined with OCT. This
synergetic effect could be attributed to the multiple
mechanisms of antimicrobial action of both compounds
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Figure 5. Cell viability and inflammatory response in various cell types exposed to treatments. (A) Cell viability in keratinocytes, fibroblasts, and
macrophages exposed to the OCT (left) and LYS (right). (B) Cell viability in fibroblasts (left) and keratinocytes (right) when exposed to PLA-
OCT and PLA:PEO-OCT dressings exudates released after 24 h. (C) Nitric oxide (NO) production after inflammatory response of LPS-induced
macrophages to OCT. Statistical significance between control and all treated groups is indicated by a horizontal bar, with the p-value as follows: p <
0.0001 (**#**). (D) qPCR quantification of pro-inflammatory genes expression after OCT treatment (p < 0.0001 (****)). (E) Cell viability in
fibroblasts exposed to PLA:PEO + 0.8 ppm LYS and PLA:PEO-OCT + LYS dressings (25 and 0.8 ppm, respectively). (F) Cell viability in
keratinocytes exposed to PLA:PEO + 0.8 ppm LYS and PLA:PEO-OCT + LYS dressings (25 ppm and 0.8 ppm, respectively). (G) Cell viability in
macrophages exposed to PLA:PEO + LYS 0.8 ppm and PLA:PEO-OCT + LYS dressings (25 ppm and 0.8 ppm, respectively). Bar graphs show

mean + SD (n = 3 independent experiments).

combined. LYS cleaves the cross-linked pentaglycine bridges in
peptidoglycan, producing the lysis of the bacteria via osmotic
stress and OCT hydrocarbon chains interact with the fatty acyl

. . 21,32,52
chains of the bacterial membrane.?"*”

This permeabilization,
neutralization, and disordering of the lipid bilayer in Gram-
positive bacteria have also been identified as nonlipid specific
and simultaneous mechanisms of antimicrobial action for
OCT.*” In addition, as mentioned before, low level exposure of

MRSA to OCT does not induce resistance.”> Despite the
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extended use of OCT in patients, susceptibility to it in MRSA
does not seem to decrease.”*

The synergy was also observed in the antimicrobial tests
performed with 8 mm in diameter PLA:PEO-OCT 3D-printed
dressings, which were subsequently used in the in vivo study.
Figure 3D shows a 3log reduction in the MRSA cell counts
when using PLA:PEO-OCT dressings. When PLGA-LYS was
incorporated in the dressings, we observed a dose-dependent
cytotoxic effect on bacteria attributed to the synergistic LYS
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effect, reaching complete bacterial eradication when using
PLGA-LYS nanoparticle suspensions at S000 ug/mL (which
corresponds with a LYS loading of 0.8 pg/mL). Free LYS
exhibited MIC and MBC values of 0.1 and 02 pg/mlL,
respectively (Figure 3E). When LYS was encapsulated in
PLGA nanoparticles, the MIC and MBC values varied to 1.73
and 2.3 ug/ml, respectively, as reported in our previous
study.”® Figure 3F shows the morphological analysis of the
surface of the developed dressings at two different magnifica-
tions using SEM. The bare dressings show a homogeneous
surface; the incorporation of PEI did not change their
morphology. No phase segregation was observed between
both polymers. The electrostatic assembly of the negatively
charged PLGA-LYS nanoparticles on the surface of the PEI-
modified PLA:PEO dressings is also shown. After repeated
washings, the nanoparticles remained strongly bound to the
surfaces as a result of a robust supramolecular interaction. At
neutral pH the zeta potential of the developed PLGA-LYS
nanoparticles is —37.7 + 2.3 mV whereas the one of PLA
layers (PEO is nonionic) is also reported to be highly negative
(e, ~—25 mV).***° PEI, having a strong positive electro-
kinetic potential at neutral pH (~+55 mV) would favor a
strong electrostatic interaction between the printed layers and
the nanoparticles.”® A figure summarizing the physicochemical
properties of the PLGA-LYS nanoparticles is included in
Figure S1.

In order to analyze the mechanisms of antimicrobial action,
we hypothesized that both antimicrobials would interact with
the top peptidoglycan layer and reach, through the
periplasmatic space, the bacterial membrane, promoting cell
lysis and nucleic acids release. We consequently examined the
potential bacterial membrane depolarization under the
presence of OCT and LYS as shown in Figure 4A. At short
times (4 h), no significant differences were observed for the
treated bacteria at MICs compared to those for the nontreated
controls. At longer times (24 h), a larger number of polarized
cells were observed for samples treated with OCT and LYS.
Therefore, both antimicrobials changed the membrane fluidity
and the membrane polarization values. Therefore, membrane
polarization, cell lysis, and DNA release were bactericidal
mechanisms identified for the combination of both antimicro-
bials. Next, it was evaluated whether cell lysis induced by OCT
and LYS led to the release and degradation of nucleic acids or
if they were leaked intact. Even though bacteria do not have
ssDNA, the evaluation of the ability of the OCT and LYS to
fragment dsDNA and release ssDNA to the medium was
carried out. Figure 4B shows the degradation of ssDNA over
time after treatment. Compared with untreated controls,
differences were observed in the relative ssDNA degradation
profiles at three different time points. On the other hand,
agarose gel electrophoresis using a DNA ladder (Figure 4C)
revealed the circular supercoiled DNA released upon treat-
ment. The bacterial DNA bands appeared below the last band
of the molecular marker (100 bp). This is not because the
DNA used had fewer than 100 base pairs but because the
bacterial DNA is present as an intact genome, which is
supercoiled. This supercoiling allows the DNA to migrate
faster in the agarose gel due to its compact structure. The
release of nonfragmented DNA was also observed in the
controls, suggesting that this phenomenon occurs naturally,
not solely as a result of the treatment.

The cytotoxicity of free OCT and free LYS on human
keratinocytes, fibroblasts, and macrophages is shown in Figure

SA. For the OCT a reduction in the cellular viability below
70% was reached at S, 10, and 100 pg/mL for macrophages,
fibroblasts and keratinocytes, respectively. The viability data
for OCT are consistent with previously reported studies.””>”
The cytotoxicity assays of LYS on the same cell lines revealed
that it was not cytotoxic at any concentration tested in any of
the cell lines.

However, the exudates released after 24 h in high glucose
DMEM by the corresponding OCT-loaded or LYS-loaded
dressings did not show any cytotoxic effect on the same cell
lines (Figure SB,E—G). This is indicative of a strong
antimicrobial action but a lack of cytotoxic effects. The slow
OCT release ability of the dressings in polar solvents lacking
strong surfactants (Figure 2C) might be responsible for this
effect, and the low LYS loading and its reduced cytotoxic
nature against eukaryotic cells can also explain its reduced
cytotoxicity. However, in combination we observed a reduction
in the cellular viability on fibroblasts, keratinocytes, and
macrophages. The cytotoxic synergy observed against bacteria
was also present against human cells. Macrophages were more
sensible to the treatment probably due to their phagocytic
nature, the amounts of internalized OCT and LYS probably
being superior to those observed in fibroblasts and
keratinocytes. It is important to point out that when cleaning
an infected topical wound, antiseptics are used despite their
cytotoxicity against human cells because the goal is to remove
all pathogenic bacteria regardless of scarifying some eukaryotic
cells because new stem cells are going to migrate and
regenerate the wounded area. Therefore, the developed
dressings loaded with a single antimicrobial (OCT or LYS)
showed an antibiotic-like behavior in which a MRSA bacterial
burden can be eliminated while large eukaryotic cell viability is
preserved. In combination, cytotoxicity was observed for the
combination of OCT and LYS, but as later shown in the in vivo
results, no detrimental effects were observed after treatment
with the combined dressings.

The OCT anti-inflammatory effect on macrophages is
demonstrated in Figure SC where the MIC for MRSA
(subcytotoxic concentration) is effective to reduce the
inflammation caused by LPS used as a common protocol to
evaluate anti-inflammatory compounds, showing a nitric oxide
(NO) production similar to the one for the control.'® In order
to corroborate those findings, quantitative PCR (qPCR) of
genes involved in the pro-inflammatory process induced by
LPS treatment in macrophages was performed. The expression
of IL-1p, IL-6, TNF-a, and Nos2 genes was evaluated, given
that their involvement in the inflammatory process is widely
reported in the literature. The expression of IL-6, TNF-a, and
Nos2 genes showed a significant decrease in the gene
expression after treatment with the OCT, with a reduction
of almost 40% in the case of IL-6 and Nos2. However, OCT
did not produce any reduction in the level of IL-1/ expression.
These results indicate that OCT principally acts on the AP-1
pathway through the mitogen-activated protein kinases
(MAPKs) pathway activated by LPS.>® Signaling of the AP-1
transcription factor responsible for the expression of IL-6,
TNF-a, and Nos2 genes is mediated through the extracellular
signal-regulated kinase (ERK) and, in turn, through MAPKs
signaling.59 Therefore, the OCT would be acting on some of
the enzymes responsible for the signaling pathway. In addition,
the Nos2 gene is one of the main effectors of NO synthesis;*’
consequently, we can correlate the reduction in Nos2
expression with the observed decrease in NO production. So
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Figure 6. Semiquantitative bacterial counts and analysis from infected wounds in treated animals. (A) Diagram of the experimental procedure
followed in the wound infection model used. (B) Images showing the progression of wounds in the different experimental groups. Bacterial growth
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0.0001 (%),

a multifunctional ability for OCT is here demonstrated, being
able not only to eliminate pathogenic bacteria but also to
simultaneously reduce cellular inflammation. This represents
an outstanding advantage of our advanced dressings.

To evaluate the therapeutic potential of the proposed
treatments, an in vivo study was conducted in a murine model
of infected topical wounds, as depicted in Figure 6A. The in
vivo study showed semiquantitative bacterial counts on the
wound exudates collected with swabs from the animals,
revealing a superior therapeutic effect of PLA:PEO dressings
containing OCT and OCT + LYS compared to all other
groups tested, as shown in Figure 6C. However, those in vivo
results suggested that LYS did not significantly enhance the
therapeutic efficacy of OCT, either in its free form or when
encapsulated within the PLGA particles decorating the printed
dressings. This is probably a result of the physiological
reported degradation of LYS in its free form which has been
overcome by its PEGylation, hydrogel encapsulation but not in
this work, by PLGA-encapsulation.”’ Probably, in this case,
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when released from the PLGA nanoparticles to the
physiological medium, the protection was lost.

As it was mentioned before, MRSA can easily colonize biotic
(skin, mucosa, nasopharynx, intestine, etc.) and abiotic surfaces
(prothesis, indwelling medical devices, implants, cardiac
pacemakers, etc.).”” The bacterial colonization of a surface
and the consequent biofilm formation provide an evolutive
advantage against the host’s immune system and against
antimicrobial regimens. Also, bacteria transmit genetically to
their descendants the characteristics of the surface they are
attached to in order to be even faster in the adaptive adhesion
to the same surface.® According to the in vivo results, we can
conclude that the combination of free OCT and LYS, which
was effective in the in vitro assay, did not maintain its efficacy
in the in vivo study. Additionally, LYS was ineffective in both
its free and encapsulated forms, while the encapsulated form of
OCT demonstrated a better effectiveness than its free form at
equivalent doses. The highest reduction in the bacterial counts
was observed for the combined PLA:PEO-OCT + LYS
dressings at all times sampled. At day 7 PSI only one of the
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Figure 7. Histopathological evaluation of the experimental groups at 7 days after surgical intervention (PSI). Upper row: hematoxylin—eosin
staining (all images taken at X4 magnification). Lower row: Gram staining (mostly at X60 magnification except for PLA:PEO-OCT and PLA:PEO-

OCT + LYS, which were taken at X10 magnification).

four sampled wounds showed a reduced number of bacterial
colonies. The high experimental challenge to which the
wounds were subjected (~10* CFU/mL of MRSA) was
completely eliminated in three of the four wounds analyzed.
The characteristic golden color of S. aureus (i.e., due to the
production of a metabolic byproduct called staphyloxanthin)
was present in all tested groups except in the free OCT,
PLGA:PEO-OCT, and PLGA:PEO-OCT + LYS groups. This
pigment helps S. aureus thrive in various conditions, and it is
shown how our advanced dressings rendered the best wound
care.

Histopathological evaluations were conducted to assess the
wound status with respect to tissue morphology, bacterial
presence, inflammation, and cellular infiltration across the
experimental groups (Figure 7). The presence of bacteria in
the tissues (i.e., epidermis, dermis, and subcutaneous tissue) as
well as hyperplasia, ulceration, crust, inflammation, the
identification of the cell types (neutrophils, fibroblasts,
macrophages, and lymphocytes), fibroplasia, panniculitis,
mononuclear inflammation, and necrosis are described in
Table SI1. Notably, the untreated groups and those treated with
free LYS exhibited a greater intensity of inflammatory reaction
and a larger number of bacterial colonies within the dermis and
subcutaneous tissues compared to those treated with
PLA:PEO + LYS and PLA:PEO-OCT + LYS, where bacterial
loads and inflammatory reaction were significantly reduced.
Similarly, while fibroplasia and the presence of inflammatory
cells (mainly fibroblasts and neutrophils) were evident in most
groups, the groups treated with PLA:PEO-OCT and
PLA:PEO-OCT + LYS dressings demonstrated reduced

necrosis and a circumscribed inflammatory reaction, suggesting
better tissue preservation and wound healing,

In terms of structural recovery, epidermal thickening and
ulceration were effectively controlled in the groups receiving
the PLA:PEO-OCT + LYS dressings, indicating enhanced
wound healing and re-epithelialization. Furthermore, coccoid
bacteria were predominantly observed in the untreated control
groups and LYS-treated groups, suggesting that the OCT-
based treatments were more effective in reducing bacterial
surface colonization. Overall, the incorporation of OCT and
LYS within the dressings demonstrated advantages over
equivalent doses of their free forms, promoting tissue healing
and managing infection without causing excessive tissue
damage, thereby facilitating tissue remodeling and scar
formation.

3. CONCLUSIONS

High anti-MRSA effects were observed for the synergetic
combination of the OCT and LYS in vitro and in vivo using a
murine excisional wound splinting model. It is possible to
directly 3D-print antimicrobial wound dressings using fused
deposition modeling and their antimicrobial action enhanced
by electrostatically binding a lytic enzyme (LYS) encapsulated
in polymer nanoparticles using PEI as polycation attached to
the polymeric dressings. The surface properties of the resulting
advanced PLA-based dressings can be modified with PEO to
improve their wettability and hygroscopic character and to
control the loaded antimicrobials release kinetics. Membrane
polarization, cell lysis, and DNA release were bactericidal
mechanisms identified for both antimicrobials in this study.
Additionally, the combination of the anti-inflammatory effects
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of OCT and LYS loaded within PLA:PEO wound dressings
demonstrated a superior therapeutic effectiveness in vivo
compared to the effect of the same antimicrobials alone in
their free form and when present individually in the dressings.
Previously reported advanced dressings include antimicrobials
and immunomodulators to promote re-epithelialization and
fast wound healing; here, we identified synergism between
OCT and LYS against MRSA together with an anti-
inflammatory eftect of OCT supporting regeneration over
fibrosis in vivo. This advanced wound dressing can be
manufactured using a conventional 3D printer and shows a
multifunctional character both antimicrobial and anti-inflam-
matory thanks to the biological effects of the selected
antimicrobials.

4. MATERIALS AND METHODS

4.1. Materials. PLA (polylactic acid, MW 80 kDa), PEO
(polyethylene oxide) (MW 100 kDa), chlorhexidine (>99.5%),
polyethylenimine (branched, MW 25 kDa), and lysostaphin (from
Staphylococcus simulans) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Dichloromethane (DCM > 99%), fusidic acid
(98%), and octenidine dihydrochloride (98%) were obtained from
Thermo Fisher Scientific (Waltham, MA, USA). Tryptone soy broth
(TSB) and tryptone soy agar (TSA) were obtained from Laboratorios
Conda-Pronadisa S.A. (Madrid, Spain). Dulbecco’s modified Eagle
medium (4.5 g/L) (DMEM) containing L-glutamine (2 mM),
antibiotics (1% penicillin—streptomycin—amphotericin), and phos-
phate buffered saline (PBS) were obtained from Biowest (Cedex,
France). Fetal bovine serum (FBS, 10% v/v) was used to supplement
DMEM and was purchased from Gibco (Waltham, MA, USA).

4.2, Evaluation of the Thermal Stability and Bactericidal
Effects of Selected Antimicrobial Drugs. We initially screened
which antimicrobials could be suitable for the simultaneous fused
deposition modeling (FDM) 3D printing of a polymer and an
antimicrobial. Due to the high temperature (210—220 °C) reached
during the thermal extrusion in the printer head, some antimicrobials
could be degraded and their activity lost. Given the potentially low
antimicrobial loading achieved when immersing an already printed
dressing in an antimicrobial solution, we decided instead to include
the antimicrobial within the polymer in the feed of the 3D printer. By
doing so, all of the printed material would include the selected
antimicrobial in its structure. Therefore, prior to the fabrication of the
3D printed antimicrobial-loaded wound dressings an in vitro
preliminary study was conducted to determine the bactericidal effects
of different commonly used topical antimicrobial compounds against
MRSA, including two antiseptics chlorhexidine and octenidine
dihydrochloride (OCT) and one antibiotic (fusidic acid) before and
after a simulated thermal treatment mimicking the one occurring in
the printer extruder. The three selected antimicrobials were treated at
220 °C for S min (conditions reached in the printer head during
printing) in a Memmert BE300 oven (Memmert GmbH + Co.,
Germany). Their antimicrobial susceptibilities before and after
heating were analyzed using the broth microdilution method on
MRSA. To do so, MRSA (USA300, kindly donated by Cristina Prat-
Aymerich, Ph.D., M.D., at IGTP, Badalona, Spain) suspensions at 10°
CFU/mL in TSB media containing serial concentrations of the
corresponding antimicrobial were prepared before and after been
heated up. After 24 h of incubation at 37 °C under stirring (150 rpm),
cultures were diluted in PBS in 96-well microplates and subsequently
spot-plated into TSA plates being the observed colonies counted after
24 h of incubation at 37 °C. All experiments were made in triplicate.
Samples not treated with any antimicrobial were used as positive
control. In parallel, the thermal stability of those antimicrobials was
studied by thermogravimetric analysis (TGA) using a Mettler Toledo
TGA/SDTA 851 equipment in air, from 35 to 600 °C with a heating
rate of 10 °C/min.

4.3. Octenidine Dihydrochloride and Lysostaphin Synergy
Evaluation. The in vitro antimicrobial evaluation of the potential

synergy between OCT and LYS was determined by the checkerboard
microdilution method.**®® Individual minimum inhibitory concen-
trations (MICs) for both antimicrobials were initially calculated using
the broth microdilution method following the same protocol
mentioned above, but in this case, serial concentrations of the
corresponding antimicrobial (OCT or LYS) were prepared. After 24 h
of incubation at 37 °C under stirring (150 rpm), cultures were diluted
in PBS in 96-well microplates and subsequently spot-plated into TSA
plates being the observed colonies counted after 24 h of incubation at
37 °C. All experiments were made in triplicate. Samples not treated
with any antimicrobial were used as positive control.

To evaluate their potential synergy, stock solutions containing the
resulting individual MICs increased by 4-fold for both antimicrobials
were prepared and diluted horizontally and vertically, respectively. We
added 20 uL of the MRSA strain, achieving a final concentration of
10° CFU/mL, to each well and used a bacteria-free mirror plate as the
negative control. Subsequently, the plates were incubated at 37 °C for
24 h. Plates were centrifuged at 1500 rpm for S min and the
supernatants were discarded. Two washes with PBS were performed
before using the Blue Cell Viability Assay Kit (Abnova, Taiwan) to
evaluate cellular viability in each well. Bacteria were incubated for 2 h
in TSB with 10% of the reagent and subsequently the fluorescence
emitted at 590 nm was quantified using a Varioskan LUX microplate
reader (Thermo Scientificc Waltham, USA). Using the following
equations, the fractional inhibitory concentration index (FICI) was
calculated:

FICI = FICor + FIC s (1)
where

MICg ¢y in combination with LYS

FICocr =
MICocr (2)

MIC, y¢ in combination with OCT
MICyys 3)

FIC,ys =

The interaction between both antimicrobials was identified as
synergetic (FICI < 0.5), additive (0.5 < FICI < 1), indifferent (1 <
FICI < 4), or antagonist (FICI > 4) depending on the resulting
values.

4.4. Synthesis of 3D-Printed Antimicrobial-Loaded Dress-
ings. As mentioned before, separately prepared OCT-containing
pellets were synthesized to load the printer feeder located in the head
extruder. In brief, a solution of 10 g of PLA with 2% w/w OCT (PLA-
OCT) were dissolved in S0 mL DCM at 700 rpm overnight. The
solution was left to evaporate to reach a semisolid texture, which was
extruded through a 20 mL syringe to obtain a 2 mm diameter
filament, which was cut into approximately S mm long pieces to
obtain pellets that were dried for 24 h at RT. Mixtures of PLA with
PEO at different concentrations (3:1, 6:1, and 9:1) were also prepared
and dissolved in 70 mL of DCM. PEO was introduced into the
polymeric blends to increase the hydrophilicity of the resulting
dressings in order to promote the absorption of wound exudates and
to favor bacterial contact. In addition, 2% w/w OCT was also
introduced into PLA:PEO (9:1) blends (named PLA:PEO-OCT) and
corresponding pellets prepared following the same protocol described
above. 2% w/w OCT loading in the printed dressings was chosen to
inhibit bacterial growth while preserving eukaryotic cells viability.

The 3D printed dressings (2 mm X 2 mm X 0.5 mm) were
designed using Paint 3D (Microsoft) and then imported into the
PrusaSlicer open-source program. PLA, PLA-OCT, PLA:PEO and
PLA:PEO-OCT dressings were printed in an Anycubic Chiron 3D
printer (Shenzhen, China) at an extrusion temperature of 210—220
°C, having a nozzle diameter of 0.4 mm, using a print bed
temperature of 50—60 °C and a printing speed of 3 mm/s, travel
speed of 60 mm/s, and accuracy of 0.05—0.3 mm. The printer has
incorporated a pellet extruder, which avoids the need of using a
filament. The thickness of the dressings could be controlled,
depending on the number of layers deposited. A mesh type pattern
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was used having a layer thickness of 0.25 mm, leaving an infill density
of 90%.

Unlike OCT, it was not possible to incorporate LYS into the
polymeric pellets used for 3D-printing due to its enzymatic nature
because it would be completely denatured at the printing temperature
(210—220 °C). Therefore, LYS was separately incorporated into the
previously prepared OCT-loaded 3D printed dressings. LYS-loaded
PLGA nanoparticles were separately prepared following our
previously reported protocol.”® As we mentioned before, we used
PLGA nanoparticles to encapsulate LYS to avoid its reported
immunogenicity and fast degradation under physiological conditions
in its free form. The LYS-loaded PLGA nanoparticles were
electrostatically linked to the printed dressings by supramolecular
interactions using PEI as a polycation. Printed dressings with a
thickness of 0.25 mm and a diameter of 8 mm were immersed in 1 mL
of PEI solution (1 mg/mL) for 1S min. Then, two washes were
performed to remove nonbound PEI and the resulting positively
charged dressings were subsequently introduced in an aqueous
dispersion containing LYS-loaded PLGA nanoparticles at a nano-
particle concentration of 2.5 or S mg/mL. After this process, the
dressings were washed twice to remove weakly or nonattached
nanoparticles. The final antimicrobial-loaded dressings were denoted
as PLA:PEO + LYS and PLA:PEO-OCT + LYS.

4.5, Physicochemical Characterization of the 3D Printed
Dressings. To evaluate the increase in the hydrophilic character of
the PLA printed dressings after the introduction of PEO, we
performed contact angle measurements. At room temperature, a 10
uL droplet of distilled water was deposited on the surface of the
corresponding printed dressings for 1 min, followed by contact angle
measurements utilizing Dataphysics OCA equipment (Dataphysics
Instruments GmbH, Filderstadt, Germany). In addition, the presence
of characteristic chemical bonds on the printed dressings was analyzed
by using a Vertex 70 infrared spectrometer (Bruker, Bremen,
Germany) with attenuated total reflection device (ATR Golden
gate) (Specat Ltd., Orpington United Kingdon). For mechanical
testing, the dressings were cut into 50 mm X S mm strips according to
UNE-EN ISO 527-1:2012 (Plastics: Determination of tensile
properties) norm. The mechanical properties of the dressings were
assessed by a tensile test to determine the elastic modulus using an
Instron Microtester 5548 (Instron, Norwood, USA) together with a
laser video extensometer (at a speed of 1 mm/min with a load cell of
1 kN) at room temperature. Finally, the printed dressings were coated
with Pt (~10 nm) to analyze their morphological structure by
scanning electron microscopy (SEM Inspect-F50; FEI Co. Hillsboro,
OR, USA).

4.6. Antimicrobial Evaluation of the 3D-Printed Dressings.
To evaluate the antimicrobial efficiency of the printed dressings, we
followed the same broth dilution method described above but with
slight modifications. A MRSA colony was picked, inoculated into 4
mL of TSB, and incubated at 37 °C under stirring (150 rpm)
overnight. We diluted 1/100 a stationary growth phase culture of this
MRSA suspension (~10° CFU/mL, ODgypn = 1.4—1.6) to reach
~10° CFU/mL in a final volume of 20 mL. CFUs were counted after
the bacteria were incubated at 37 °C under stirring for 24 h with the
corresponding dressing. Subsequently, the serial microdilution
method was used to evaluate the number of viable colonies. MICs
and MBCs (minimum bactericidal concentrations) were determined.
For the study of dressing durability, a dilution of 10° CFU/mL was
made and confronted with a dressing in a final volume of 20 mL and
incubated for 48 h with agitation at 37 °C. After the first 24 and 48 h,
plating was performed, and the number of colonies was counted.
Subsequently, the same used dressing was washed with PBS to
eliminate any bacteria that might remain adhered and was reapplied in
a new bacterial medium having a fresh inoculum, and the process
described above was repeated until the seventh day. Consequently,
the same dressing faced three bacterial inoculums over a 1 week
period.

4.7. Evaluation of the Mechanisms of Antimicrobial Action
on MRSA. To evaluate the mechanism of bactericidal action of OCT
and LYS on MRSA, bacterial cultures were incubated for 4 and 24 h at

37 °C under shaking (150 rpm) at the previously determined MIC
and MBC concentrations. To study the influence of LYS and OCT on
the cell membrane potential, a flow cytometer (Gallios flow
cytometer, Beckman Coulter, USA) was used using the cellular
pellets of the treated and nontreated bacteria (used as control)
measuring mitochondrial membrane potentials. Samples were also
centrifuged at 3500 rpm for 5 min, and the supernatant was collected
for the analysis of nucleic acid release. The pellet was resuspended in
100 puL of PBS, and S uL of mitoStep (Immunostep, Salamanca,
Spain) was added. Samples were incubated at 37 °C for 15 min.
Subsequently, 400 uL of PBS and 0.5 uL of propidium iodide stain
were added before being analyzed in a flow cytometer. For DNA
extraction, 250 uL of S M NaCl was added to 500 uL of the
previously collected bacterial supernatant, followed by centrifugation
at 12 500 rpm for 15 min. The supernatant was treated with 500 yL of
isopropanol and centrifuged again at 12 500 rpm for 15 min. The
supernatant was discarded, and the pellet was washed with 500 uL of
70% EtOH, followed by centrifugation at 12 500 rpm for 15 min. The
pellet was allowed to dry and was resuspended in 50 uL of H,O for
further analysis. For the preparation of agarose gels, 2% agarose
(Thermo Fisher Scientific, Waltham, MA, USA) was dissolved in 100
mL 1X TBE (Tris-borate EDTA) buffer and heated until complete
dissolution. 2.5 L of SYBR DNA dye (Thermo Fisher Scientific,
Waltham, MA, USA) was added until the gel was formed. For sample
preparation, 4—7 uL of extracted DNA was mixed with 1.5 yL of the
dye and with 100 bp DNA ladder (BIORON GmbH, Romerberg,
Germany) used as control. Electrophoresis was carried out with a
PowerPac Universal Power Supply (Bio-Rad, Hercules, CA, USA) at a
voltage of 80 V and displayed in the GelDoc go Imaging System (Bio-
Rad, Hercules, CA, USA). To analyze the ability of OCT to degrade
DNA, MRSA DNA was extracted and mixed with OCT at MIC and
MBC concentrations for 2, 4, and 24 h. To analyze nucleic acid
potential degradation, Qubit ssDNA and dsDNA high sensitivity assay
kits (Thermo Fisher Scientific, Waltham, MA, USA) were used. In all
experiments, the quality of the DNA was determined by measuring
the 260/280 and 260/230 nm absorbance ratios with a Nanodrop
2000 spectophotometer (Thermo Fisher Scientific, Waltham, MA,
USA).

4.8. Antimicrobial Release Kinetics. To study the amount of
OCT released from the dressings over time, kinetics were evaluated in
different solutions under sink conditions including Milli Q water with
2 wt % Tween-20, DMEM high glucose and in TSB. Different release
media were used to corroborate that after heating, the OCT
dihydrochloride became hydrophobic due to the loss of the
dihydrochloride group. PLA, PLA-OCT, PLA:PEO, and PLA:PEO-
OCT dressings were weighed, immersed in 20 mL of each of the
mentioned solutions, and left to incubate at 37 °C on a shaker. Then,
measurements were performed spectrophotometrically at 280 nm on
the supernatants and at different times so that, subsequently, the
concentration of the OCT was obtained by using a calibration curve
separately implemented with known concentrations of this antiseptic.

4.9. Epithelial Cells Viability. Human epidermal keratinocytes
(HaCaT; kindly donated by Dr. Pilar Martin-Duque), human dermal
fibroblasts (Lonza, Basel Switzerland), and the murine macrophage
cell line J774A.1 (ATCC TIB-67; LGC Standards, Spain) were used
to determine the subcytotoxic doses of the free antimicrobials and
those for the antimicrobial-loaded wound dressings. Cells were
cultured in complete DMEM and incubated at 37 °C and 5% CO,
until confluence. The cytotoxicity of free OCT, free LYS, and the one
of the exudates released from the dressings (PLA-OCT, PLA:PEO-
OCT, and PLA:PEO-OCT-LYS) after 24, 48, and 72 h was evaluated
in culture after dilution in complete medium. After 24 h, cell viability
was evaluated by adding 10% Blue Cell Viability Assay Kit (Abnova,
Taiwan) to the wells after incubation at 37 °C and 5% CO, for 4 h.
The fluorescence was then quantified, and the results were normalized
with respect to untreated controls.

4.10. Anti-Inflammatory Drug Analysis. The murine macro-
phage cell line J774A.1 was seeded at a density of 60 000 cells/cm? in
12-well plates in complete DMEM and incubated at 37 °C and 5%
CO, for 24 h. To induce inflammation, cells were treated with 100
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ng/mL lipopolysaccharide (LPS) in serum-containing medium for 3
h. Subsequently, different concentrations of OCT were added, and the
mixtures were incubated for 24 h. Then, 100 uL of the supernatant
was collected from each well and 100 L of Griess reagent was added
to quantify the nitric oxide produced which is commonly associated
with the inflammatory nitrosative stress. The plate was incubated at
room temperature for 15 min. Finally, the absorbance was measured
at 540 nm using a plate reader. NO production was calculated by
interpolating the absorbance values of each sample with a sodium
nitrite standard curve.

4.11. Quantitative Real-Time Reverse Transcriptase Poly-
merase Chain Reaction (qRT-PCR) analysis. To study the
changes in the expression of pro-inflammatory genes, ]J774 cells
were seeded at a density of 21 000 cells/cm? in a 6-well plate. The
induction of inflammation described above was repeated, and a post-
treatment with OCT at its MIC (1 ug/mL) was performed. Cells
were washed with PBS, and 500 uL of Trizol (ThermoFisher,
Waltham, USA) was added to each well to lyse the cells before being
transferred to 1.5 mL tubes. 100 L of chloroform (Sigma-Aldrich, St.
Louis, USA) was added to each tube and centrifuged at 12 000 rpm
for 15 min at 4 °C to separate the phases. 200 uL of the upper phase
was collected, and 0.5 uL of glycogen (ThermoFisher, Waltham,
USA) was added. The samples were incubated for 10 min at RT.
Subsequently, 250 L of isopropanol (ThermoFisher, Waltham, USA)
was added and centrifuged at 12 000 rpm for 10 min to precipitate the
RNA and discard the supernatant. S00 uL of absolute ethanol (Sigma-
Aldrich, St. Louis, USA) was added and centrifuged at 7500 rpm for §
min to discard the supernatant and resuspend the pellet in 20 uL of
H,0. RNA quantification was performed at 260 nm using a
NanoDrop 2000 instrument (Thermo Fisher Scientific, Waltham,
USA). For RNA retrotranscription to cDNA, the PrimeScript RT
Master Mix kit (Takara Bio, Shiga, Japan) was used with 500 ng of the
extracted RNA. Relative quantification of the obtained ¢cDNA after
RT-PCR was performed by quantitative PCR (qPCR) using Premix
Ex Taq DNA polymerase (Takara Bio, Shiga, Japan) as detection
method, and the different studied genes were amplified using specific
primers (Table 1). The fluorescence emitted during the PCR reaction

Table 1. Mouse Gene Primers Used in qPCR for the Study
of Pro-Inflammatory Genes Acquired in Integrated DNA
Technologies (Newark, NJ, USA)

mouse genes target probes

Actb Mm.PT.39a.22214843.g
IL-15 Mm.PT.58.41616450
IL-6 Mm.PT.58.10005566
TNF-a Mm.PT.58.29509614
Nos2 Mm.PT.58.43705194

was detected with a QuantStudio S System instrument (Thermo
Fisher Scientific). For data analysis the mathematical method delta-
delta-Ct (2-AAACt) was used for the relative quantification of our
interest genes.”® Study genes were normalized with the endogenous
control Actb and expressed as a percentage using LPS as reference
(100%).

4.12. In Vivo Study. In vivo experiments were conducted in
accordance with the Spanish and European regulation (Royal Decree
53/2013 and EU Directive 2010/63) on the protection of animals
used for scientific purposes and approved by the University of
Zaragoza ethical review committee (P120/24) designated as Animal
Welfare Body. This study included male and female SKH1 hairless
mice aged between 7 and 10 weeks (Charles River Laboratories,
Wilmington, DE, USA). All mice were maintained in BSL2 laboratory
and housed in individually ventilated cages with unlimited access to
food and water. A murine excisional wound splinting model was
developed to analyze the process of wound healing after wounding
and infection. Silicone splint rings were used to prevent the natural
wound contraction of the murine skin. A total of 28 animals were
divided into seven experimental groups (N = 4):

L Infected mice without any treatment (control group)
II. Infected mice treated with free OCT (25 uL at a concentration
of 25 mg/L)
III. Infected mice treated with PLA:PEO-OCT dressings (8 mm in
diameter containing 0.2 mg of OCT)
IV. Infected mice treated with free LYS (25 uL at a concentration
of 0.2 mg/L)
V. Infected mice treated with PLA:PEO + LYS
VI. Infected mice treated with a combination of free OCT and
LYS (25 pL containing 6.25 ug/L LYS and 0.125 mg/L OCT
in PBS)
VIIL. Infected mice treated with PLA:PEO-OCT + LYS (8 mm in
diameter containing 0.2 mg OCT and 0.8 ug)

The weight of the animals was monitored before surgery and daily
throughout the study to detect any potential weight loss. Mice were
anesthetized with 4% isoflurane for induction and maintained under
2% with an oxygen flow of 1L/min during the surgical procedures.
Animals were treated immediately before surgery with a nonsteroidal
anti-inflammatory analgesic drug (Meloxicam) with a dose of S mg/kg
body weight subcutaneously, followed by every 24 h for 72 h
postsurgery and infection (PSI).

The excisional wound séplinting model was conducted as previously
established in our group.®” Briefly, the animals’ skin was disinfected
with rubbing alcohol, and two circular incisions were made in the
scapular area using a sterile biopsy punch (¢ = 8 mm; Eickemeyer
Veterinary Equipment Ltd., Stratford, Canada). Silicone wound
splints (14 mm OD X 10 mm ID X 0.5 mm thick; Grace Bio-Labs,
Bend, USA) were sutured around the wounds using a polyamide
suture (Dafilon 4/0; Braun, Germany). The wounds were then
inoculated with a dispersion of MRSA USA300 (25 uL, ~10* CFU/
mL in PBS) to induce infection, followed by the administration of the
different treatments according to the corresponding experimental
groups. This bacterial load was selected after a preliminary animal test
(results not shown) to guarantee infection without producing sepsis
or septic shock in the animals. Finally, the wounds were covered with
sterile adhesive plasters (Hartmann, Heidenheim, Germany) and
Tegaderm (3M, Saint Paul, MN, US). All treatments were reapplied
at 2 and 4 days of PSI mimicking conventional clinical procedures
where bandage replacements are intended to keep the wound clean
and to absorb exudates.

Infection progression, wound healing, body weight changes, and
animal welfare were monitored daily until the end of the study.
Wounds were photographed daily to document healing and the
infection progression. Wound infection presence was assessed by
collecting microbiological samples from the wounds at 2, 4, and 7
days of PSI with swabs (Deltalab, Barcelona, Spain). The samples
were then cultured in Brillance MRSA2 chromogenic agar plates
(Thermo Fisher Scientific, Waltham, MA, USA), specifically designed
for MRSA isolation. A streak plate method was used to perform a
semiquantitative analysis to estimate the bacterial load in the animals’
wounds. The mechanical dilution of the microbial sample over the
surface of the solid agar was performed by using an inoculating loop.
This dilution takes place through sequential streaking across different
quadrants of the plate, which reduces cell density, and then individual
bacterial cells are spatially separated and can grow into discrete
colonies. Each visible colony theoretically originates from a single
colony-forming unit (CFU): a viable bacterial cell or a cluster of cells.
Based on the extent of bacterial growth on the plate quantified, the
bacterial load was classified as follows: (0) no growth and from (1) to
(4) for increasing levels of bacterial presence (1 minor, 2 moderate, 3
extensive, and 4 massive). On day 7 PSI, mice were euthanized via
CO, inhalation, and the wounds along with surrounding tissues were
collected, fixed in PBS with paraformaldehyde (4% w/v) (Alfa Aesar,
Heysham, UXK.) for 24 h, and embedded in paraffin. Lastly,
histological sections (S um thick) were stained with hematoxylin
and eosin (HE) and Gram stain before pathological analysis.

4.13. Statistical Analysis. All values are expressed as the mean +
standard deviation. Differences between two groups were compared
by the Student’s ¢ test, and differences between three or more groups
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were analyzed by one-way or two-way ANOVA tests using
GraphPadPrism software (version 7.00; GraphPad software). Differ-
ences were considered significant with an adjusted p-value of <0.0S.
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