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Poly(Amino Acid) LbL Multilayers With Embedded Silver
and Copper Oxide Nanoparticles as Biocompatible

Antibacterial Coatings

Ana-Marija Milisav, Lamborghini Sotelo, Cristina Cantallops-Vila, Tommaso Fontanot,
Ina Erceg, Krunoslav Bojanié, Tomislav Vuleti¢, Zeljka Fiket, Maja Ivanic,

Silke Christiansen, Edwige Meurice, and Maja Dutour Sikiri¢*

The growing concern over implant-associated infections motivates the
development of novel antibacterial coatings for medical devices as an effective
strategy in reducing the occurrence of IAl. Polyelectrolyte multilayers (PEMs)
incorporating metal/metal oxide nanoparticles (NPs) as antimicrobial
components receive special attention for their ability to coat diverse surface
types and low potential to induce antimicrobial resistance. This study
investigates the potential of poly(amino acid) multilayers consisting of
poly-L-lysine and poly-L-glutamic acid with embedded silver (PEMAg) or
copper oxide (PEMCuO) deposited on titanium surfaces for the coating of
medical surfaces. The results of the quartz crystal microbalance with
dissipation, scanning electron microscopy, and electron dispersive
spectroscopy show that both types of NPs are successfully incorporated in the
PEM and deposited over the entire coated surface. The incorporation of NPs
in PEM prevents the burst release. The viability of MG-63 cells is higher than
70% on all investigated PEMs, confirming their biocompatibility. PEMCuO
shows better biofilm prevention compared to PEMAg, entirely preventing
Pseudomonas aeruginosa biofilm and allowing the formation of only weak
Staphylococcus aureus biofilm. The results obtained confirm the high
potential of poly(amino acids) multilayers with embedded metal/metal oxide
NPs as biocompatible antimicrobial coatings for medical devices.

1. Introduction

In modern medical practice, the use
of implantable medical devices has be-
come a common procedure to main-
tain a patient’s physiological functions af-
ter a serious illness or injury.!] These
devices notably improve the quality of
life of patients over the age of 50 who
are affected by chronic conditions.?3]
However, implant-associated infections
(IAls) are considered a major draw-
back of implantation, which can endan-
ger the patient, prolong medical treat-
ment, and significantly increase its cost.

The adhesion of pathogenic bacte-
ria to the surface of the medical de-
vice is the first step that can lead to
[Als. Once adhered, bacteria can prolifer-
ate and form biofilms.[* These biofilms
hinder the penetration of antimicro-
bial agents and induce their metabolic
transformation, reducing the efficacy of
treatments and leading to persistent,
difficult-to-treat infections. As a result,
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Figure 1. Scheme depicting the layer-by-layer build-up of poly-L-lysine (PLL) and poly-L-glutamic acid (PGA) multilayers with and without embedded silver
(AgNPs) and copper oxide (CUONPs) nanoparticles. The process begins with depositing PLL (blue) by immersing the substrate in a PLL solution, followed
by washing with a buffer to remove excess material. Next, PGA (red) is deposited, and the substrate is washed again. This process is repeated, with
AgNPs and CUONPs embedded during the deposition of the 3 and 8 bilayers by immersing the substrate into either AgNPs or CUONPs suspension.
The right-hand side of the figure shows the final multilayer structures: one with 10 PLL/PGA bilayers without nanoparticles and another with either silver

or copper oxide nanoparticles incorporated.

much higher doses of antibiotics are required to treat bacte-
rial biofilms than to treat the same bacteria in their planktonic
form.B! 1t is estimated that biofilm formation is responsible for
80% of all hospital-acquired microbial infections, which can lead
to chronic infections and severe tissue damage.['**]

Traditional treatments for IAls often involve prolonged sys-
temic administration of antibiotics.®) However, decades of
overuse of antibiotics have led to the development of bacterial
resistance, so the number of infections caused by antibiotic-
resistant bacteria is constantly increasing, posing a major chal-
lenge for both patients and healthcare systems.”#] Consequently,
the functionalization of medical device surfaces with antimicro-
bial agents has become a major research focus, aiming to prevent
adverse outcomes and provide a more sustainable solution.!**-11]

Among the various materials, metal/metal oxide nanoparti-
cles are attracting attention because of their antimicrobial ef-
ficacy and the lower likelihood of bacterial resistance due to
their multiple simultaneous mechanisms of action.'? Silver
and copper/copper oxide nanoparticles are among the most
commonly used nanoparticles for the preparation of materials
with antimicrobial properties. The broad-spectrum antimicro-
bial activity of silver has long been recognized.'*] The ad-
vantage of silver nanoparticles (AgNPs) is the release of Ag*
ions, making them more active than bulk silver.['®! Although Ag-
NPs are unlikely to induce bacterial resistance,!'’] there is ev-
idence to the contrary.'®l This finding has motivated research
on other types of metal/metal oxide nanoparticles. Copper is
another material whose antimicrobial activity was recognized
early in human history.[*! The copper/copper oxide nanoparti-
cles (CuNPs/CuONPs) are receiving attention because copper
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is crucial for many cellular enzymes and major physiological
functions, such as angiogenesis, immune response, bone min-
eralization, and osteoblast function.l?-22] Furthermore, dietary
excess!?l or skin contact’?!! are unlikely to harm mammals.
Like silver, copper has broad-spectrum antimicrobial activity, and
some studies claim it is more efficient than silver.!'] Additionally,
CuNPs release ions at a much faster rate than AgNPs.[25:2]

Consequently, various techniques have been developed to in-
troduce of silver and copper nanostructures to the surfaces of
medical implants.[?”] However, due to the potential cytotoxicity
of nanoparticles released into the system/organism, studies sug-
gest that nanoparticles should be embedded in a matrix to reduce
adverse effects and ensure biocompatibility.[?8]

Among different matrices, polyelectrolyte multilayers (PEMs)
attract special attention and are commonly used for the prepara-
tion of antimicrobial coatings.[?° Their build-up on the substrate
is performed by the sequential adsorption of oppositely charged
polyelectrolytes, known as the layer-by-layer (LbL) method.l3%!
This LbL method is versatile, as it can be applied to almost
any type of substrate, regardless of its size, shape, topology or
composition. The properties of PEMs (chemical, physicochem-
ical, and mechanical) can be tailored by varying their building
components and preparation conditions (solvent, pH, tempera-
ture, ionic strength).3! In addition, active components (differ-
ent chemical compounds, bioactive macromolecules, nanoparti-
cles, etc.) can be incorporated into PEMs and their release can
be sustained. Thus, special attention is given to PEMs contain-
ing inorganic nanomaterials, as such hybrid coatings have spe-
cific properties of interest for the development of new photonic
materials, sensors and biosensors, transistors, amplifiers, and
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Figure 2. a) TEM micrograph of polyvinylpyrrolidone (PVP) stabilized silver nanoparticles (AgNPs), b) SEM micrograph of copper oxide nanoparticles
(CuONPs), and representative volume size distribution of c) AgNPs and d) CuONPs suspended in HEPES/NaCl buffer at 25 °C, pH 7.4, y (AgNPs) =

7(CuONPs) = 50 mg dm~3, d,, — hydrodynamic diameter.

biomaterials.[3233] The application field can be further expanded
by combining the LbL method with techniques like spin-coating,
photolithography, and spraying.**/Therefore, it is not surpris-
ing that the application of PEMs in the coating of various med-
ical devices, including bone implants, catheter tubes, intraocu-
lar lenses, and suture membranes, is the subject of numerous
research.[223]

Previous studies have investigated AgNPs synthesized in situ
within PEMs, mainly by the reduction of Ag* ions,[***] and
less frequently by incorporation as the anionic component of the
multilayer, based on the negative charge of the nanoparticles.!*!]
To the best of our knowledge, only a few studies have exam-
ined the incorporation of copper nanoparticles into PEMs.[4>:4¢]
Although these studies were aimed at producing antimicrobial
coatings, only a few of them evaluated biocompatibility, a fun-
damental property of implantable medical devices.[3841:4647] Fur-
thermore, even though the type of substrate may substantially
influence PEM properties,[*®! only two studies!**] used com-
mon implant materials as substrates. To the best of our knowl-
edge, no study has investigated poly(amino acids) as matrices for
the incorporation of nanoparticles, despite their significant ad-
vantage for biomedical applications due to their biocompatibility
and biodegradability, as they metabolize naturally within biologi-
cal systems, reducing the risk of long-term toxicity.l**] Poly(amino
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acids) secondary structures are similar to structural motifs in nat-
ural proteins, allowing them to mimic biological processes and
making them valuable for creating biomimetic materials that in-
teract effectively with biological tissues.[!]

Motivated by this lack of data, this study aims to investigate
the potential of poly(amino acid) multilayers as matrices for the
incorporation of AgNPs or CuONPs and to determine the physic-
ochemical properties and biological performance of these two
types of coatings. Poly-L-lysine (PLL) and poly-L-glutamic acid
(PGA) were chosen for the build-up of the PEMs because they are
known to form biocompatible PEMs.*% In addition, the PEMs
ending in negatively charged PGA were chosen to utilize the re-
pulsive forces between negatively charged PEM and bacterial cell
membranes to further enhance antibacterial activity.[**! Syn-
thesized AgNPs stabilized with polyvinylpyrrolidone (PVP) and
commercial CuONPs were embedded as anionic components of
the PEMs to avoid in situ synthesis and possible traces of re-
ducing agents. Due to the differences between the nanoparticles,
only their individual contributions to the properties of the mul-
tilayers were investigated in the current study. Figure 1 depicts
the build-up process and multilayer composition. As titanium is
a widely used material for medical implants due to its excellent
biocompatibility and mechanical properties,>2! it was chosen as
the substrate in this study unless limited by the specificity of the
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Figure 3. Changes in frequency shift (—Af) and surface characteristics of poly-L-lysine (PLL) and poly-L-glutamic acid (PGA) multilayers. Increase in —Af
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with the number of deposited PLL and PGA layers a) without nanoparticles (PEMn), including an inset log/lin graph confirming the exponential growth

due to swelling, b) with silver (PEMAg) and copper oxide nanoparticles (PEMCuO). c) AFM amplitude images of the 3, 5, 8, and 10 deposited PLL/PGA
bilayers without (PEMn) and with nanoparticles (PEMAg and PEMCuO). d) RMS roughness analysis of PEMn, PEMAg, and PEMCuO. Arrows denote
the addition of PLL (blue), PGA (red), AgNPs, and CUONPs (magenta). Error bars represent standard error. Means with different letters are significantly

different, p < 0.05. y (PLL) = (PGA) = Tmg mL™", y (AgNPs) = (CuONPs) = 50 mg L™, HEPES/NaCl buffer, pH 7.4, 23 + 0.02 °C.
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research method. The viability of osteoblast MG-63 cells was as-
sessed to determine the biocompatibility of prepared coatings.
Two common pathogens in IAls,53] namely Staphylococcus au-
reus and Pseudomonas aeruginosa, were used in biofilm formation
assay.

2. Results

2.1. Characterization of AgNPs and CuONPs

Two types of nanoparticles, AgNPs and CuONPs, known for their
antibacterial properties were used for PEMs build-up. The mor-
phology and primary size of the AgNPs were determined by
transmission electron microscopy (TEM) while scanning elec-
tron microscopy (SEM) was used for CuONPs, as it was shown to
be the more appropriate method (Figure 2a,b). The AgNPs were
found to be predominantly polyhedral particles with an average
size of 54.7 + 9.5 nm. In the case of CuONPs, a mixture of rod-
shaped and irregular plate-shaped particles with an average size
0f 114.2 + 17.9 nm in size was observed.

Considering that nanoparticles tend to agglomerate in me-
dia with high ionic strength due to the screening of electro-
static interactions,>*%%] the behavior of AgNPs and CuONPs in
HEPES/NaCl buffer (media for multilayer build-up) was inves-
tigated using dynamic light scattering (DLS) and electrophoretic
light scattering (ELS). In the AgNPs suspension, a dominant pop-
ulation of particles with d,, 121.7 + 3.0 nm, indicating the quality
of synthesis and stability, was detected (Figure 2c). A population
of larger particles with d,, #5000 nm was also detected, but in low
amounts (1.8 vol. %). The zeta potential of the AgNPs was —8.0
+ 0.8 mV.

In contrast to the AgNPs, the CuONPs aggregated in
HEPES/NaCl buffer (Figure 2d). A bimodal size distribution was
observed, with a dominant population of particles with a hydrody-
namic diameter of 676.0 + 60.0 nm and a population of particles
with an average hydrodynamic diameter of 4958.8 + 434.1 nm
present in 7.4 & 2.1 vol. %. The zeta potential of the CuONPs
was —15.5 + 2.6 mV.

2.2. PEMs Build-Up and Physico-Chemical Properties

Figure 1 shows the in situ build-up of PLL/PGA PEMs: with-
out nanoparticles (PEMn), with embedded AgNPs (PEMAg) and
CuONPs (PEMCuO), monitored using quartz-crystal microbal-
ance with dissipation monitoring (QCM-D). During the measure-
ment of the PLL/PGA multilayer build-up, each PLL or PGA ad-
sorption step was marked by a decrease in oscillating resonance
frequency (Af), indicating mass changes, and an increase in dis-
sipation (AD), reflecting viscous losses within the multilayer
shown in Figure S1a (Supporting Information). A slight increase
in Af accompanied by a decrease in AD was noted during the
buffer rinsing steps, suggesting slight desorption of loosely at-
tached polyelectrolyte molecules and the establishment of a more
compact multilayer, consistent with previous reports.**! Overall,
the PLL/PGA multilayer showed an exponential growth regime
(Figure 3a), which is consistent with previous observations.>’~°]
This suggested that the final layers contribute much more to the
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mass and dissipation changes than the initial ones, indicating
that the final layers are more hydrated and swollen.?" The fi-
nal thickness of the hydrated PLL/PGA multilayer was calculated
to be 153.77 + 5.08 nm using the Voigt model, as the dissipa-
tion changed distinctly (AD > 0).[%] Previous studies have shown
that the thickness of PEM depends on the experimental condi-
tions (pH and ionic strength, molecular weight of the polyelec-
trolyte, and the type and concentration of salts used) as well as
on the measurement method.31!] Lavalle et al. reported a thick-
ness of ~300 nm for (PLL/PGA); multilayers measured by op-
tical waveguide light-mode spectroscopy, but only 160 nm was
measured for 10 bilayers by AFM.>’] On the other hand, Richert
et al.l’®! showed that polyethylenimine (PEI)-(PLL/PGA),, multi-
layers built in water at a pH of 7.4 are extremely thin, reaching a
thickness of ~15 nm, while Halthur and Elofssonl®? reported a
thickness of 30 nm for PEI-(PLL/PGA), PEM prepared in buffer
atapH of 7.4.

Since both types of nanoparticles exhibited a negative zeta po-
tential in HEPES/NaCl buffer, the medium used for the PEM
build-up, their suspensions were used as anionic components in-
stead of the PGA solution during the 3 and 8% bilayer build-
up. The corresponding frequency and dissipation changes ob-
served in PLL/PGA multilayers with nanoparticles are shown
in Figure 3b and Figure S1b,c (Supporting Information). It is
noteworthy that the changes in Af after adsorption of AgNPs
and CuONPs were negligible. This indicates that the nanoparti-
cle coverage was probably a submonolayer with a relatively small
amount of adsorbed material.

The dissipation energy parameter (AD) revealed more de-
tails about the adsorption behavior of nanoparticles. As shown
in Figure Slb,c (Supporting Information), the deposition of
nanoparticles in the 3™ PLL/PGA bilayer notably contributed to
the overall viscoelastic response. Effectively, they adsorbed on the
top of the multilayer and remain in a state of minimal bind-
ing, reducing the oscillations of the quartz crystal. In contrast,
when the nanoparticles were deposited in the 8 bilayer, they
did not contribute to the dissipation parameter of the multilayer,
i.e., AD is negligible. Since the higher layers are swollen and
the polyelectrolyte chains are uncoiled, the entire structure is
more open.31°6% Tt can be assumed that the nanoparticles were
embedded within this open multilayer structure, concealed and
thereby not influencing dissipation.[®3! This type of bonding lim-
its thickness modeling by QCM-D.

The development of topography of the PEMs was visualized
by atomic force microscopy (AFM, Figure 3c), imaging PEMs
after the deposition of the 3", 5™, 8" and 10" bilayer. For the
PEMn samples, AFM images revealed that with the increas-
ing layers, the PLL/PGA multilayer became increasingly gran-
ular, with both the width and height of the granules expand-
ing, as previously observed.””] In the case of PEMAg, after
the first adsorption of AgNPs (3" bilayer), AgNPs were visi-
ble as sparsely distributed individual nanoparticles on the sur-
face, confirming the QCM-D results. The granular morphology
of the PEM was observed between AgNPs and became more
pronounced after the deposition of the 5% bilayer. The subse-
quent deposition of AgNPs (8" bilayer) resulted in a notably
larger height of the nanoparticles and their aggregation, while
the PEM remained visible, especially after the deposition of the
10% bilayer.
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Figure 4. a) Energy dispersive X-ray spectroscopy elemental maps of carbon (red), silver (green), and copper (blue) obtained from poly-L-lysine (PLL) and
poly-L-glutamic acid (PGA) multilayers consisting of 10 bilayers with incorporated silver (PEMAg) and copper oxide nanoparticles (PEMCuO) deposited
on titanium substrates. Each map is displayed in the relative intensity scale where the color of each element is presented in strong, bright (element-rich),
and dark (element-deficient) colors. c) Water contact angle of Ti sheets, PLL/PGA multilayers consisting of 10 bilayers without nanoparticles (PEMn),
and with nanoparticles (PEMAg, PEMCuO). Error bars represent standard error. Means with different letters are significantly different, p < 0.05.

Concerning CuONPs adsorption, CuONPs aggregates were
readily adsorbed in the first deposition step (3 bilayer), growing
larger after the second deposition step (8" bilayer). The AFM im-
ages of PEMCuO show the formation of larger aggregates than
PEMAg, which can be attributed to the inherent differences in
the nanoparticles themselves. As can be seen in Figure 2a,b, the
nanoparticles differ substantially in shape and size, with the Ag-
NPs exhibiting a relatively monodisperse distribution. In con-
trast, a pronounced polydispersity in size and shape was ob-

Adv. Mater. Interfaces 2025, 12, 2400631 2400631 (6 of 14)

served for the CuONPs. These differences between the nanopar-
ticles were reflected in their surface adsorption behavior and con-
tributed to the observed differences in the coating topographies.
Previous studies have shown that the size of the nanoparticles
affects the density and thickness of the films as well as the ad-
sorption kinetics. In the presence of smaller particles, smoother,
denser films with more nanoparticles were obtained.** It
should be noted that in biomedical applications, the reduc-
tion in nanoparticle size may be limited by the increasing
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Table 1. Amount of silver and copper incorporated in poly-L-lysine and poly-L-glutamic acid multilayers consisting of 10 bilayers with incorporated silver
(PEMAg) or copper oxide nanoparticles (PEMCuO), and the cumulative amount of silver and copper released from the respective coating during 24 h

exposure to phosphate buffer saline at 37 °C.

Sample Incorporated [ug cm™2] 1 h release [ug cm™?] 4 h release [ug cm™2] 24 h release [ug cm™?]
Ag

PEMAg 2.585 +0.529 0.052 + 0.003 0.115 + 0.009 0.233 +0.043
Cu

PEMCuO 7.323 +0.760 0.020 + 0.004 0.092 + 0.048 0.150 + 0.033

toxicity with decreasing size.[*] It was proposed that embed-
ding into polymer matrices, in general, could be a way of re-
ducing nanoparticle cytotoxicity.[?®! A similar agglomeration of
CuONPs was previously observed in poly(allylamine hydrochlo-
ride) (PAH)/alginate multilayer.[*¢]

The observed differences in the topography of PEMs were re-
flected in Root Mean Square (RMS) values (Figure 3d). The lowest
RMS values were observed for the PEMn, indicating a relatively
smooth surface texture. Although the RMS value for PEMAg was
higher than for PEMn coatings, the difference was not signifi-
cant. However, PEMCuO exhibited the highest RMS roughness
value, indicating a significantly rougher surface texture. The high
roughness and standard deviation obtained for this coating indi-
cate variability in the surface properties of the sample, probably
due to the pronounced surface irregularities caused by adsorbed
CuONPs aggregates.

To confirm the incorporation of AgNPs and CuONPs within
the PEM, energy dispersive spectroscopy (EDS) was performed.
The spatial distribution of carbon (C), silver (Ag), and copper (Cu)
is shown in Figure 4a. The mapping of C in both cases confirmed
the formation of the PEMs over the entire substrate surface. In
the presence of CuONPs, the PEM appeared denser and more
homogeneous. Ag mapping revealed that both AgNPs and their
aggregates were distributed throughout the PEM. The CuONPs
appeared to be more aggregated and more densely adsorbed. The
larger adsorption of CuONPs compared to AgNPs was confirmed
by the average weight %, thatis, 1.1 wt. % of Ag and 5.3 wt. % of
Cu was embedded within the corresponding PEM.

To determine the amount of AgNPs and CuONPs incorporated
within the coatings, the coatings were dissolved in nitric acid. To
ensure accuracy, bare Ti sheets underwent the same dissolution
procedure, and the resulting values were used as baseline correc-
tion for the measurements of the coated surfaces. The inductively
coupled plasma mass spectrometry (ICP-MS) results confirmed
that the PEM coatings incorporated a higher amount of CuONPs
compared to AgNPs (Table 1). These findings align with those of
Kruk et al.l**] who reported that the amount of Ag in PEI/AgNPs
PEM ranged from 500 ng cm™ to 15100 ng cm™2, which is com-
parable to our results.

Around 10% of the incorporated Ag and only 2% of Cu ions
were released within 24 h, with both types of PEMs showing
rapid release within the initial 4 h, followed by gradual release
up to 24 h. Considering the low release amounts, it is notewor-
thy that burst release is prevented and that these coatings enable
slow release over time, which is important for the development
of controlled release systems. This release behavior is in contrast
to the findings of Wang et al.3®] who observed burst release from
chitosan-Ag/PVP nanocomposite films within the first day. How-
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ever, they also observed that Ag* ions exceeded the minimum in-
hibitory concentration of Ag* (0.12 mg L™!) over the following 26
days. It is important to note that only the total release of Ag and
Cu was determined in our study, as the samples were dissolved
in nitric acid and thus it was not possible to detect the release of
nanoparticles themselves.

Water contact angle measurements revealed the influence of
different surfaces on wettability (Figure 4b). Coating Ti sheets
with PEMu slightly reduced the water contact angle from 80.8 °
+ 54 ° to 75.2 ° + 5.8 °. The incorporation of AgNPs and
CuONPs into the PEMs resulted in different effects. PEMAg
demonstrated a slight increase in contact angle to 80.1 ° +
9.7 ° compared to PEMn. A similar trend of water contact angle
change upon incorporation of AgNPs was previously observed
with dopamine-modified alginate/chitosan PEM.[*) However, in-
corporating CuONPs into PEM resulted in a statistically signifi-
cant reduction in water contact angle to 59.4 ° + 11.4 °, indicat-
ing improved wettability of the PEMCuO-coated surfaces. Pre-
viously, it had been suggested that an increase in water contact
angle could be a consequence of changes in the polyelectrolyte
orientation within the PEM, leading to greater exposure of the
polymer backbone than the functional groups on the surface of
the film. Contrary, the presence of metal ions or nanoparticles
near the surface could lead to a decrease in the water contact
angle.’”] The improved wettability could also be related to the
higher surface roughness!®! of PEMCuO.

2.3. Biocompatibility Assessment

As already mentioned, biocompatibility is a key requirement for
medical devices that are to be implanted in the human body. To
assess the biocompatibility of the developed material, the viability
of osteoblastic MG-63 cells of uncoated and PEMn-, PEMAg- and
PEMCuO-coated Ti sheets was determined in two experimental
setups. In the first setup (unrinsed), the osteoblastic MG-63 cells
were seeded directly onto the samples, while in the second setup
(rinsed), the cells were seeded on the samples after they had been
incubated for 24 h in media without cells.l®! The percentage of
viable cells was determined by MTT assay.

A comparison of the rinsed and unrinsed test results revealed
that the viability of MG-63 cells on rinsed surfaces was higher for
all surfaces tested. In the case of PEMn and PEMCuO surfaces,
the difference in cell viability determined by the two tests was
significant (Figure 5a). The difference in the viability between
the control cells and those grown on the investigated surfaces
was significant in both tests. However, in all cases, the viability
of MG-63 cells was above 70%. This is the threshold value for
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Figure 5. a) Cell viability of osteoblastic MG-63 cells on unrinsed and rinsed tested surfaces. Error bars represent standard deviation. b) SEM micrographs
of MG-63 cells seeded after 24 h exposition to cell media. Ctrl cells — control cells, Ti sheets — original titanium surface, PEMn — Ti surface coated with
PLL/PGA multilayer consisting of 10 bilayers without nanoparticles, PEMAg — Ti surface coated with PLL/PGA multilayer consisting of 10 bilayers with
silver nanoparticles, PEMCuO — Ti surface coated with PLL/PGA multilayer consisting of 10 bilayers with copper oxide nanoparticles, u — unrinsed, r —
rinsed. Means with different letters are significantly different. ns — not significant, s — significant difference, p < 0.05. The blue arrow denotes a cell with

a round shape.

non-cytotoxic materials according to the criteria of the ISO
10993-5 protocol.

Cell viability was significantly higher on the PEMn-coated sur-
faces compared to the other surfaces tested under both condi-
tions. This was not surprising as PLL/PGA PEMs have previ-
ously shown good biocompatibility.”] PEMs ending with PGA
have also shown good biocompatibility for osteoblast-like cells.[8]
The addition of nanoparticles in PEM decreased cell viability,
with no significant difference from the bare Ti surface, which
had the lowest cell viability. A similar trend was observed with
dopamine-modified alginate/chitosan PEM with or without em-
bedded AgNPs.3% Interestingly, no statistically significant differ-
ence in cell viability was observed for PEMAg and PEMCuO, de-
spite a larger amount of CuONPs embedded within the PEM
(Table 1). It should also be noted that the released compounds
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were also not cytotoxic (data not shown) despite the observed dif-
ferences in the release of Ag and Cu ions (Table 1).

SEM images of the MG-63 cells confirm the lack of cytotoxic
effect in all PEM samples (Figure 5b). Cells with a classical elon-
gated shape with cytoplasmic extensions were observed on all
coatings, further confirming their biocompatibility. However, in
the case of PEMAg, round cells can be sparsely observed, imply-
ing some contact toxicity.

It is known that the cytotoxicity of AgNPs and CuONPs varies
according to size, concentration, cell type, and ion release rate.[®]
Surprisingly, as far as surface toxicity is concerned, there is scarce
literature data on the cytotoxic effect of PEM with embedded Ag-
NPs and CuONPs. Anandhakumar et al.*!l investigated the in
situ preparation of AgNPs in (PAH)/dextran sulfate PEM and
found that the prepared PEMs did not significantly affect the
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growth of renal epithelial cells. Wang et al.3®) used a similar
method to prepare chitosan/PVP films doped with AgNPs. They
showed that the viability of human umbilical vein endothelial
cells was significantly reduced when the concentration of AgNO,
used for the in situ preparation of AgNPs was higher than 0.25
mwm. Matijakovi¢ Mlinari¢ et al.l**) showed that the metabolic ac-
tivity of immortalized human keratinocyte cells was not signifi-
cantly reduced after the cells were exposed to cell media in which
PAH/alginate multilayers with embedded CuONPs had been in-
cubated for 24 h. However, the surface concentrations of Ag or
Cu in PEMs were not reported in either study. To the best of
our knowledge, Agarwal et al.*’] were the only ones to investi-
gate the relationship between the amount of AgNPs loaded in
PAH/poly(acrylic acid) (PAA) PEM and cytotoxicity. They found
that PEMs containing ~0.4 pg cm~2 Ag were not toxic to a murine
fibroblast cell line NIH-3T3 but were effective against S. epider-
mis. Our results show that even a 5 times higher incorporated
amount of Ag was not toxic to MG-63 cells. This could be a con-
sequence of the different susceptibility of the different cell lines
to Ag as well as the different polyelectrolytes used.

2.4. Antibacterial Activity

The formation of biofilms on implanted and indwelling medical
devices represents a serious challenge in healthcare, as biofilms
increase bacterial resistance to host immune response and an-
timicrobial agents, making infections difficult to treat.l’>”!l Two
bacterial strains were selected to evaluate the inhibition of surface
biofilms: Gram-positive S. aureus, which is responsible for most
I1AIs,>3l and P. aeruginosa, the most common Gram-negative bac-
teria causing I1AIs.”?

The results of the biofilm assays are shown in Figure 6. In gen-
eral, the surfaces tested inhibited S. aureus biofilm formation to
a lesser extent than that of P. aeruginosa, which could potentially
be due to the dense cell wall of Gram-positive bacteria being less
permeable to metal ions.l”?] Weak S. aureus biofilm was formed
on bare Ti surfaces, while on PEMn-coated surfaces, moderate
biofilm was formed. The surface properties of Ti surfaces, such as
low surface roughness and hydrophobicity, probably contributed
to lower bacterial adhesion.l”] In contrast, coating the Ti surface
with PLL/PGA PEM altered the surface and made it conductive
to bacteria, which is not surprising.>®! While PLL/PGA multi-
layer coatings improve cell compatibility, this benefit appears to
come at the expense of increased bacterial adhesion. Nonethe-
less, the PEMCuO coating was the strongest biofilm inhibitor
for both bacterial strains. It entirely inhibited the formation of P.
aeruginosa biofilm, and only a weak biofilm of S. aeruginosa was
formed. In addition, the statistically different OD values for S.
aureus biofilm formation on PEMn and PEMCuO were obtained.
The PEMAg coating was an efficient biofilm inhibitor only for P.
aeruginosa.

PEMs embedded with Ag* ions are known for their antimi-
crobial efficacy, especially in combination with antiseptic agents,
further driving research on PEMs containing AgNPs.7#75] Inter-
estingly, Dai et al. have shown that PEMs containing AgNPs have
the same antibacterial effect as those containing Ag* ions. How-
ever, embedding nanoparticles in PEMs could be a preferable op-
tion to reduce Ag* bioaccumulation.[**!
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Previous studies have shown that AgNPs are efficient in in-
hibiting the biofilm formation of both S. aureus and P. aerugi-
nosa, with the extent of inhibition being dose-dependent and in-
fluenced by the type of stabilizing agent used for the AgNPs.l76-78]
PAH/PAA PEM containing in situ synthesized AgNPs was found
to be effective against both Gram-positive and Gram-negative
bacteria.l””!

Moreover, Kruk et al.[**! showed that PEM with incorporated
CuONPs exhibited antibacterial activity regardless of the number
of PEM layers, suggesting a high contact mechanism of bacterial
inhibition. CuONPs were also found to be effective against both
bacteria, with higher efficacy observed in preventing the biofilm
formation of P. aeruginosa.l®) PAH/alginate multilayers with em-
bedded CuONPs were shown to be effective against E. coli, with
alginate-terminating PEMs being more efficient.[*®! To the best of
our knowledge, there is no direct comparison of the efficacy of in-
corporated AgNPs or CuNPs/CuONPs against bacterial biofilm
formation.

The SEM images of the PEMs with and without incorporated
nanoparticles after the biofilm formation assay (Figure 6) re-
vealed clusters of S. aureus cells and individual cells with a higher
cell density on the PEMn surfaces, confirming the results of the
biofilm formation assay. In the case of P. aeruginosa, scattered in-
dividual cells with coccoid morphology were observed, indicative
of impaired growth. The relatively low cell densities correspond
with the weak or no biofilm results obtained with the crystal violet
assay.

Multilayers with incorporated metals and metal oxides are bac-
tericidal LbL systems that can be based on either release, contact
killing or a combination.l®!} Since the multilayers investigated
in this work released low amounts of Ag and Cu compared to
the total amounts adsorbed (Table 1), it can be assumed that the
mechanism of antibacterial activity of PEMAg and PEMCuO is
mainly based on contact killing. This is in contrast to PEI/AgNPs
PEM, where the release of Ag* ions was shown to be the domi-
nant mechanism, although the contact mechanism could not be
excluded.[**]

The mechanism of antibacterial action of AgNP and
CuONP differs, although it is not fully understood for ei-
ther nanoparticle.?>®2] In the case of AgNPs, in addition to the
extracellular release of Ag" ions, release at the nanoparticle-cell
interface also plays an important role in antibacterial activity. It
has been shown that P. aeruginosa cells, which tend to attach to
AgNPs, exhibited the highest sensitivity to different forms of
AgNPs among the bacterial strains tested, including S. aureus.®]
Similarly, released copper atoms or copper ions (Cu* or Cu?*)
bind to negatively charged cell membranes, causing uneven
distribution of negative charge across the membrane, leading
to cell distortions, rupture, and leakage of cell contents, and
copper can further interact with DNA and proteins, impairing
normal cell functions leading to cell death.# In addition,
CuONPs can eliminate bacteria by generating reactive oxygen
species.[21:82]

Overall, antibacterial activity can be influenced by the size,
shape, and charge of the nanoparticles, their aggregation state,
and the ion release rate.[?5Although aggregated nanoparticles
may limit interactions with the bacterial cell wall and conse-
quently have a weaker effect on bacteria, PEMCuO was shown
to still affect biofilm formation, but this may also be due to the
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Figure 6. Representative SEM images of Staphylococcus aureus and Pseudomonas aeruginosa on Ti sheets — original titanium surface, PEMn — Ti surface
coated with PLL/PGA multilayer consisting of 10 bilayers without nanoparticles, PEMAg — Ti surface coated with PLL/PGA multilayer consisting of 10
bilayers with silver nanoparticles, PEMCuO — Ti surface coated with PLL/PGA multilayer consisting of 10 bilayers with copper oxide nanoparticles. OD
ratio < 1—no biofilm produced; 1 < OD ratio < 2 — weak biofilm produced; 2 < OD ratio < 4 — moderate biofilm produced; 4 < OD ratio — strong biofilm

produced.

higher amount of adsorbed CuONPs. It is worth noting that
Matijakovi¢-Mlinari¢ et al.*l have shown that in the case of
CuONPs, morphology influence was less apparent compared to
ZnO nanoparticles.

3. Conclusion

Antibacterial coatings for implanted medical devices attract at-
tention as a potentially effective way to combat infections without
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promoting bacterial resistance. Given the varying surface com-
position, size, and topology of medical devices, it is essential to
choose a versatile coating methodology and coating composition.
The LbL build-up of PEMs offers this versatility and allows the
incorporation of various antibacterial agents, such as AgNPs and
CuONPs, both known for their broad-spectrum antibacterial ac-
tivity.

In this study, we investigated and compared the physico-
chemical and biological properties of PEMs composed of
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poly(amino acid) PLL and PGA, which serve as effective matri-
ces. The successful embedding of AgNPs and CuONPs as anionic
components in these PEMs resulted in coatings with distinct
morphologies. It was revealed that a larger amount of CuONPs
was adsorbed on the surface. In addition, the CuONPs were more
aggregated on the surface, resulting in increased surface rough-
ness and a lower contact angle of PEMCuO. Importantly, the
PEMs were effective in preventing the burst release of total Ag
and Cu, confirming the effectiveness of these coatings as sus-
tained release systems.

Both PEMAg and PEMCuO were proven to be non-cytotoxic
when tested with human osteoblastic MG-63 cells. This was prob-
ably due to the relatively low content of AgNPs and CuONPs en-
trapped on the surface and released into the medium, which did
not significantly affect cell viability. More importantly, the pres-
ence of poly(amino acids) probably contributed substantially to
the biocompatibility of the surfaces. In addition, both the PEMAg
and PEMCuO coatings were effective in reducing biofilm forma-
tion by S. aureus and P. aeruginosa, with PEMCuO being a more
efficient inhibitor for both bacteria.

The results obtained show that it is possible to achieve an an-
timicrobial effect with a minimal content of active agents, en-
abling retainment of biocompatibility. As the LbL method of
preparation contributes to the scalability of the coating process,
obtained results could have implications for the future design
and application of PEM-based antimicrobial coatings. However, a
limitation of this study is the difference in size, shape, and aggre-
gation state of the nanoparticles used in this study, which limits
a detailed direct comparison of the coatings studied. Further re-
search should overcome these limitations by optimizing the size
and distribution of the nanoparticles within the PEM layers. Fur-
thermore, as the released particles and ions could have different
effects on biological responses, further research should investi-
gate this together with the long-term stability of metal release.

4. Experimental Section

Materials—Materials for AgNPs Synthesis and PEMs Build-Up:  For the
synthesis of AgNPs, silver nitrate (AgNO3) was purchased from Alfa Ae-
sar, while polyvinylpyrrolidone (PVP, M,, = 40000), ammonium (NH,), D—
(+)-glucose and sodium hydroxide (NaOH) were obtained from Sigma-
Aldrich.

Poly-L-lysine hydrobromide (PLL, M,, = 30000-70000), poly-
L-glutamic acid sodium salt (PGA, M, = 50000-100000), 4-(2-
hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), sodium chloride
(NaCl), copper oxide nanopowder (CuONPs) were purchased from
Sigma-Aldrich. Sodium dodecyl sulfate (SDS), used for washing sensors,
was also obtained from Sigma-Aldrich. Titanium sheets (99.6% purity, 0.5
mm x 10 mm x 10 mm) were purchased from HMW Hauner GmbH & Co.
KG, Germany. They were cleaned by sonication in ethanol in three cycles,
each lasting 10 min to ensure the removal of surface contaminants.

For ICP-MS analysis, nitric acid (HNOj3, 65%, Suprapur) was obtained
from Merck, while the multielement reference standard and silver stan-
dard solution were obtained from Analytika and Fluka, respectively.

Materials for Cell Viability Assay and Cell Culturing: MG-63 cells
(ECACC 86051601) were purchased from Sigma-Aldrich. Minimum Es-
sential Medium Alpha 1 (a-MEM) and dimethyl sulfoxide (DMSO) were
purchased from Corning, while Fetal Bovine Serum (FBS), amphotericin
B, and gentamycin were obtained from PAN Biotech. Trypsin-EDTA, glu-
tamine, and Dulbecco’s Phosphate Buffered Saline (D-PBS), used to rinse
the cell culture wells, were purchased from Dominique Dutscher. The MTT
cell viability assay kit was purchased from Biotium.

Adv. Mater. Interfaces 2025, 12, 2400631 2400631 (11 of 14)

www.advmatinterfaces.de

Materials for Biofilm Formation Assay:  Bacteria used for the biofilm for-
mation assays included S. aureus DSM 1104 and P. aeruginosa DSM 22644.
Tryptic soy agar and tryptic soy broth were obtained from Biolife, while
D-(+)-glucose, phosphate buffer saline (PBS), and crystal violet 1% so-
lution were obtained from Sigma-Aldrich. APl Suspension Medium was
purchased from bioMerieux, and formaldehyde 35% solution was from
Kemika.

Synthesis of AgNPs: AgNPs were synthesized by the reduction of
AgNO; with glucose, and stabilized with PVP, as described previously.[3¢]
In short, AgNO; was added to the PVP solution under constant stirring
to reach final concentrations of T mm AgNO; and 0.3% PVP. Then NH,
(35%) was added, followed by the gradual addition of glucose solution at
a rate of approximately one drop per second. Finally, NaOH was added,
and the resulting reaction mixture was kept at 40 °C for another 30 min
with continued stirring for another 20-30 min. The resulting suspension
was centrifuged twice at 3500 x g for 15 min. The supernatant was dis-
carded, and the precipitate was resuspended in ultrapure water. The con-
centration of AgNPs was determined by inductively coupled plasma mass
spectrometry. The suspension was stored at 4 °C in the dark until further
use.

Methods—PEM Build-Up: The solutions (y = 1 mg mL™") of the
PLL and PGCA were freshly prepared for each experiment by dissolv-
ing the chemicals in HEPES/NaCl buffer. PEMs were prepared by alter-
nately immersing substrates into PLL and PGA solutions, each adsorp-
tion step lasting 15 min. Loosely bound PEs were removed by rinsing
three times with HEPES/NaCl for 5 min. The deposition started with
PLL and continued until the desired number of bilayers was reached,
up to a total number of 10 bilayers, forming the (PLL/PGA);, multilayer
(PEMn).

For the preparation of multilayers with embedded nanoparti-
cles, nanoparticle suspensions of AgNPs or CuONPs (50 mg L7,
HEPES/NaCl) were used as the anionic component instead of PGA in the
deposition of the 3 and 8 bilayers. This resulted in the formation of
(PLL/PGA), (PLL/AgNPs) (PLL/PGA) , (PLL/AgNPs) (PLL/PGA), (PEMAg)
or  (PLL/PGA), (PLL/CuONPs)(PLL/PGA), (PLL/CuONPs)(PLL/PGA),
(PEMCuO).

Prepared PEMs were stored at 4 °C until further use.

Quartz-Crystal Microbalance with Dissipation Monitoring (QCM-D):
The PEM build-up was monitored in situ using the Q-Sense E1 instrument
(Biolin Scientific, Sweden). Titanium sensors (QSX 310 Ti, Biolin Scientific,
Sweden) with a fundamental resonance frequency of 5 MHz were used. Be-
fore each PEM build-up, sensors were cleaned by immersion in 2% SDS
for 30 min, then rinsed with ultrapure water and dried with nitrogen gas.
The dried sensors were treated with O, plasma in the Diener Zepto plasma
oven for 10 min.

At the beginning of the PEM deposition measurement, the ultrapure
water was pumped through the QCM-D flow cell. To determine the base-
line values of Af and AD, HEPES/NaCl buffer solution was pumped
through the cell before the first deposition step. PLL and PGA polyelec-
trolyte solutions were then sequentially added, each pumped for 10 min,
with a 5 min buffer flow after each polyelectrolyte adsorption step. This
cycle was repeated until 10 bilayers were formed. AgNPs or CuONPs
suspensions (y = 50 mg L~') were added in place of the polyanionic
PGA solution during the 3™ and 8" bilayer build-up. The flow was
maintained at 150 uL min~! using a peristaltic pump (Ismatec™ Re-
glo Digital Pump, IDEX Health & Science, Germany) and the tempera-
ture was kept constant at 23.00 + 0.02 °C throughout the measurement.
The parameter changes were recorded for several odd harmonics, how-
ever values of the 3 harmonic parameters were used for the graphical
analysis.

The Voigt model was used to calculate the thickness since significant
changes in dissipation were observed (AD > 0) which limits the use of
the Sauerbrey equation.[®?] The changes in frequency (Af) and (AD) were
described by the following Equations (1) and (2):187]

2 2

1 M m mw
Af ~ — = +d -2d| =) — 1
\f 27004, {52 1910 1<52> ﬂ% +w2'1% } Q)]
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In Equations (1) and (2), f stands for the resonant frequency, p for the
density, d for the thickness, 7 for the viscosity, u for the modulus of elastic-

21 The index
po

0 stands for the quartz crystal, 1 for the adsorbed layers, and 2 for the lig-
uid medium. The fitting was performed with the software QTools 3 (Biolin
Scientific, Sweden). Overtones of frequency considered were 3rd sth 7th
gth, and 11t

Dynamic and Electrophoretic Light Scattering (DLS and ELS): The size
distribution and zeta potential of AgNPs and CuONPs suspended in
HEPES/NaCl buffer were determined by DLS and ELS using a photon
correlation spectrophotometer, Zetasizer Nano ZS (Malvern Instruments,
Worcestershire, United Kingdom) with a 532 nm “green” laser. For DLS
measurements, the intensity of the scattered light was monitored at the
angle of 173 °. To avoid possible overestimation of particle size due to
the scattering of larger particles, the hydrodynamic diameter (d,,) was ob-
tained as a value at the peak maximum of the size volume distribution
function. The zeta potential ({) of the nanoparticles was calculated from
the electrophoretic mobility measurements using the Henry equation with
the Smoluchowski approximation. Each sample was measured five times,
and representative data are shown. Data processing was carried out us-
ing Zetasizer software 7.13 (Malvern Instrument Worcestershire, United
Kingdom). All measurements were performed at 25.0 + 0.1 °C.

Transmission Electron Microscopy (TEM): TEM images of AgNPs were
obtained using LaB Philips CM200 TEM and Jeol Jem 1010 operated at 80
kV. For TEM/SAED analysis, a drop of the nanoparticle suspension was
placed on a copper grid covered with a hollow Formvar membrane. The
excess solution was adsorbed with filter paper, and the precipitate was
washed three times with a drop of ultrapure water. After removing excess
water, the samples were dried under a stream of nitrogen. The samples
were stored in a desiccator until further analysis.

Scanning Electron Microscopy (SEM): Scanning electron micrographs
of the CUONPs were obtained with a Zeiss Crossbeam 550 SEM (Ger-
many) at voltages between 5 and 10 kV. The elemental composition of the
PEM samples was analyzed using the Oxford Ultim Max 170 EDS detector
(United Kingdom) integrated into the Zeiss Crossbeam 550 SEM setup.
The EDS measurements were performed at an accelerating voltage of
20 kV.

For visualization of MG-63 and bacterial cells by SEM, samples were
washed with PBS, fixed with 4% glutaraldehyde, and dried with a series of
graded ethanol concentrations. These included a sequence of 10-min im-
mersions in 70, 80, and 90% ethanol, followed by a final overnight immer-
sion in 100% ethanol. Once dehydrated, the samples were sputter-coated
with gold for SEM imaging!®] Hitachi SU5000 with EDS/WDS (Thermo
Scientific) was used for imaging MG-63 cells. Imaging of bacterial cells
was conducted with the Zeiss Crossbeam 550 SEM (Germany) and the
Axia ChemiSEM (Thermo Fisher Scientific, USA).

Particle Size Measurements: The particle size distributions of AgNPs
and CuONPs from SEM and TEM micrographs were determined using the
image analysis software Image | 1.48v (freely available at https://imagej.
net/ij/). The results were expressed as the mean + standard deviation of
50 measured particles.

Atomic Force Microscopy (AFM): The samples for AFM were prepared
on mica substrates and air-dried before analysis. Topography and rough-
ness measurements were performed using a Park NX20 AFM (Park Sys-
tems, South Korea) in non-contact mode. These measurements were per-
formed under ambient air conditions using a PPP-NCHR XY tip with a 30
nm thick aluminum coating on the detector side (nominal mean width
30 um, nominal thickness 4 um, nominal length 125 pum, nominal force
constant 42 N m~', nominal resonance frequency 330 kHz). The linear
scanning rate was 0.15 Hz with the set point 9-11 nm. The image size
was set to 5 um X 5 pm with a resolution of 512 pixels x 512 pixels. The
open-source software Gwyddion 2.61 was used for data processing and
analysis.

ity, and w for the angular frequency (w = 2xf), and 6 =
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Inductively Coupled Plasma Mass Spectrometry (ICP-MS):  To determine
the Ag concentration in the synthesized AgNPs suspension and the total
amount of Ag and Cu incorporated in PEMs, the samples were dissolved
in 5 mL of 2% (v/v) HNOj. For the analysis, these solutions were treated
without further dilution, and In (1 ug L™') was added as an internal stan-
dard. The release of Ag and Cu from PEMs was investigated by immersing
the samples in PBS for 1, 4, and 24 h, after which an aliquot of the solution
was withdrawn for analysis. These aliquots were then diluted 100-fold and
acidified with 2% (v/v) HNO; to prepare them for measurement. In this
way, potentially present nanoparticles were dissolved, and total concentra-
tions of Ag and Cu in the samples were determined by ICP-MS using the
8900 ICP-QQQ (Agilent, USA) and expressed as cumulative ionic species
released per surface area (ug cm~2). The element concentrations were de-
termined by external calibration with standard solutions. Standards were
prepared by appropriate dilution of a multi-element reference standard
(100 + 0.2 mg L™y containing Cu and a single standard solution of Ag
(1.000 + 0.002 g L="). The quality control of the measurements was per-
formed by simultaneously measuring the blank samples and the internal
control samples.

Wettability: The wetting properties of bare and PEM-coated Ti sheets
were assessed by static contact angle measurements with the DSA25E
instrument (Kriiss, Germany) at room temperature and ambient atmo-
spheric conditions. Still images of a drop of 1l ultrapure water deposited
on the surface were recorded and fitted with Kriiss Advance software. At
least 10 measurements were performed for each sample.

Cell Viability Assays: The human osteoblastic MG-63 cells were cul-
tured in 25 or 75 cm? flasks (Thermo Fisher Scientific, USA) in complete
media consisting of Minimum Essential Medium Alpha 1 supplemented
with 10% fetal bovine serum, 50 pg mL~" gentamicin, 0.25 ug mL~" am-
photericin B and 2 mmol L~! glutamine. Subculture of cells was performed
at 70% confluence (every 3—4 days) by detaching the cells with trypsin
0.05% and diluting the detached cells in new complete media. Cells were
incubated under standard conditions (37 °C, 5% CO,, humidified atmo-
sphere).

The samples, bare Ti sheets, PEMn, PEMAg, and PEMCuO, were ster-
ilized by UV irradiation for 15 min on each side. The experimental design
for assay included two different experimental setups to assess cytotoxicity:
a) cytotoxicity of the samples that came into direct contact with the cells
(unrinsed), and b) cytotoxicity of the samples that were rinsed with the
media for 24 h before the cells were added (rinsed).[%¢]

Cells were seeded onto the sample surfaces in the two aforemen-
tioned experimental setups at a density of 1.10° cells cm=2 in 24-wells
microplates (3524, Corning, USA) and cultured in complete cell media, us-
ing media with and without cells as positive and negative controls, respec-
tively. After 24 h of growth, a fresh complete cell medium with MTT was
added to each well according to the manufacturer’s instructions (Biotium,
USA). After 3 h of incubation to allow the formation of formazan crystals,
DMSO was added to dissolve the crystals by gentle mixing. Aliquots of 100
uL of each supernatant were transferred to a 96-wells microplate (3596,
Corning, USA), and the absorbance was measured at 570 nm and 630 nm
using the Infinite M200 PRO microplate reader (TECAN, Switzerland). The
percentage of viable cells for each sample was calculated according to the
following Equation (3):

ODtest - ODbIank

% viability = ——————
o e ODcontrol - ODblank

x 100 3)

where OD is optical density, which is the result of As;o — Ag3 for each con-
dition. ODy,, refers to the optical density of the negative control, and
ODonirol refers to the optical density of the positive control. The data cor-
responds to four different replicates for each condition.

Bacterial Adhesion and Biofilm Formation Assay:  Bare Ti sheets, PEMn,
PEMAg, and PEMCuO samples were prepared for bacterial adhesion and
biofilm formation assays with Gram-positive S. aureus and Gram-negative
P. aeruginosa bacterial strains. Prior to testing, samples were sterilized un-
der UV light for 30 min. Eight replicates were prepared: three for each bac-
terial strain and two for negative controls.
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Bacterial inoculum was prepared from fresh overnight cultures on tryp-
tic soy agar, which turbidity was adjusted to 0.5 MacFarland with sterile 5
mL 0.85% API Suspension Medium and then diluted to a final concentra-
tion of 5-10* CFU mL™" in tryptic soy broth supplemented with 1% glu-
cose. This was used for the overnight incubation of the samples in 24-
wells microplates at 35 °C in an aerobic atmosphere to facilitate bacte-
rial growth and biofilm formation. After overnight incubation, the sam-
ples were removed from wells and washed three times in PBS to remove
loosely attached bacteria and fixed with formaldehyde for 15 min. Sub-
sequently, the samples were washed again and stained with 0.1% crystal
violet for 15 min. The stained samples were then rinsed, dried at 60 °C
for 45 min, and treated with 96% ethanol for 30 min to resolubilize the
bound crystal violet. A 100 L aliquot of the resulting solution was trans-
ferred to a 96-well plate, and absorbance was measured at a wavelength
of 590 nm (OD590) using an Infinite 200 PRO microplate reader (TECAN,
Grodig, Austria). The average absorbance values and standard deviation
were calculated. The OD cut-off value used for biofilm quantification was
determined by adding three times the standard deviation to the average
value of the blanks (samples without bacteria). The quantity of attached
bacteria, indicating biofilm formation, was obtained by dividing the aver-
age absorbance values of the bacterial samples by the OD cut-off value.
Accordingly, biofilm formation was categorized as follows: an OD ratio
of 0-1 indicated samples with no biofilm formation, 1-2 indicated weak
biofilm formation, 2—4 indicated moderate biofilm formation and values
above 4 indicated strong biofilm formation.[8%:0]

Statistical Analysis:  All data throughout the manuscript are presented
as mean + standard deviation, if not specified otherwise. Statistical anal-
yses were done in Origin Pro 9.0 software. The choice of statistical test
was based on the results of the Shapiro-Wilk normality test. For normally
distributed data, a one-way ANOVA followed by a Tukey post-hoc test was
used. For non-normally distributed data, the Kruskal-Wallis ANOVA and
Dunn'’s post-hoc test were performed. In all analyses, statistical signifi-
cance was determined with a threshold of & = 0.05.
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