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ARTICLE INFO ABSTRACT

Keywords: Materials with antimicrobial properties are highly desirable for making food packaging and personal protective
SARS-CoV-2 equipment due to their intrinsic ability to prevent the proliferation of pathogenic microorganisms and food
PLA contamination. Poly(lactic acid) (PLA) is a biodegradable, compostable, and recyclable polymer that presents
(PEIC; 21::; interesting mechanical properties for such applications. However, this polymer does not show intrinsic antimi-
Coating crobial activity. Herein, we applied Radio Frequency Magnetron Sputtering (RF-MS) to produce antimicrobial

copper coatings on the PLA surface. The results indicate that the prolongation in the copper deposition time
causes an increase in surface roughness. The PLA coating with copper using a short deposition time (5-20 s) was
sufficient to guarantee a bactericidal effect against Escherichia coli and Bacillus subtilis, in addition to conferring
antiviral activity against Omicron Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). Nuclear
magnetic resonance (NMR) and high-resolution x-ray photoelectron (XPS) spectroscopic studies indicate that
occurs only localized degradation on the PLA surface via polymer chain scission. The RF-MS technique was
suitable for rapidly manufacturing antimicrobial Cu-coated PLA and providing low copper consumption in the
antimicrobial coating process.

Antimicrobial

1. Introduction and high vacuum [5]. This synthetic route mainly leads to low molar

mass PLA due to water and impurities in the reaction medium. Another

Microbial adhesion and its proliferation on solid surfaces can form a
biofilm with particular physicochemical and biochemical features that
can cause the failure of devices used in engineering, dentistry, medicine,
and other critical technological applications [1-4]. Materials with
antibacterial properties are also highly desirable for making food
packaging and personal protective equipment (PPE) because they can
prevent the proliferation and transmission of pathogenic microorgan-
isms that can compromise human health.

Among the material available currently, poly(lactic acid) (PLA)
stands out due to being a thermoplastic polyester with biocompatible
and biodegradable characteristics, which can be recycled and synthe-
sized by step-growth polymerization of lactic acid, involving solvents
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synthetic route is the ting-opening polymerization of lactide without
using solvents. This technique makes it possible to obtain PLA with a
higher molar mass than the polycondensation of lactic acid [5]. Due to
the presence of chiral carbon, lactic acid, and lactide present optical
isomers, lactic acid can form two optical isomers: L-lactic acid and
D-lactic acid. In addition to the L and D stereoisomers, lactide has a meso
isomer. Lactic acid obtained by the fermentation of carbohydrates is
predominantly levorotatory. The petrochemical route obtains a 50/50
racemic mixture of lactic acid enantiomers. For this reason, there are
several distinct forms of PLA depending on the monomeric units used
[6]: poly(L-lactic acid) (PLLA) which is synthesized with levorotatory
monomers; poly(D-lactic acid) (PDLA) which is synthesized with
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Fig. 1. Illustrative representation of the PLA casting, copper coating procedure of the PLA films by radio frequency magnetron sputtering (RF-MS), and antimi-

crobial assays.

dextrorotatory monomers; and poly(DL-lactic acid) (PDLLA) which is
obtained by polymerizing a racemic mixture of monomers.

Besides the petrochemical route, lactic acid (PLA monomer) can be
produced from renewable biomass, including bacterial fermentation of
sugar or starch from vegetables. In recent years, bacterial fermentation
has been the most used option as it is a more eco-friendly route [7]. This
possibility of PLA being synthesized from natural sources, combined
with its recyclability, has attracted interest in the use of this polymer as
an alternative polymeric material to mitigate the environmental impacts
caused by unsustainable synthetic polymers widely used in several
sectors, such as polypropylene (PP), polyethylenes (PEs), polystyrene
(PS) and other petroleum-based polymers [8].

Traditionally, the technological methods for preventing the devel-
opment of biofilms are based on chemical modification of the material
surface by chemical functionalization or by adding biocidal substances.
These strategies aim to prevent microbial attachment (anti-biofouling
property) or kill microorganisms (antifungal, antiviral, bactericidal, or
biocidal properties) when it comes into direct contact with the solid
surface by biochemical mechanisms [9]. Generally, bactericidal and
anti-fouling properties are introduced into PLA by adding antimicrobial
agents to the polymer bulk or surface chemical modification [10-13].

The use of metals or metallic nanoparticles to make antimicrobial
polymeric products has attractive potential applications, particularly in
biomedical applications, food packaging and PPE, due to their virucidal
and bactericidal properties [14,15]. Silver, gold, platinum, and copper
are the major metals with intrinsic viricidal properties used for these
industrial applications [16,17]. In addition to these materials, metal
oxides with virucidal action are used for the same purpose, including

Zn0, SiOy, TiO2, and CuO [17-19].

The sanitizing properties of copper have long been known against
bacteria, viruses, and fungi. Like silver, copper (Cu) has antimicrobial
activity through oxidative stress and the release of metal ions that cause
irreversible damage to structural molecules in the biological systems
(proteins, lipids, and nucleic acids). An advantage of copper is that
bacterial copper resistance systems do not provide protection against
bacterial cell death by direct contact but only prolong cell survival [20,
21]. Moreover, the lowest cost of copper is another advantage of this
metal concerning using silver as a self-disinfecting agent. For this
reason, copper is more attractive than silver from an economic point of
view. Furthermore, forming a passivating layer of copper oxides does
not compromise their antimicrobial activity, as they also have intrinsic
self-disinfecting properties associated with generating reactive oxygen
species (ROS) [22,23]. From an environmental point of view, copper
metal and copper oxides are mildly toxic [17,24].

The surface modification of polymers by low-temperature plasmas
(or cold plasmas, non-thermal plasmas) is a feasible process for polymer
surface modifications involving chemical and physical processes, which
has been used by the industry [25]. The physical processes are associ-
ated with the bombardment of the polymeric surface by ions and elec-
trons present in the plasma, causing mainly changes in the roughness
surface due to the removal/ablation of material on the surface. In
another way, the chemical processes correspond to chemical reactions
between plasma particles with molecules on the polymer surface, which
cause breakage and formation of chemical bonds, often leading to
changes in chemical functional groups on the polymer surface [26].

Among the low-temperature plasma technologies, the magnetron
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sputtering technique is suitable for generating plasma with high density
under lower pressure than conventional sputtering technologies (such as
DC and RF diode bias sputtering), enabling a high ionization rate of
secondary electrons to quickly metal deposition on substrates [27,28].
In this way, the substrate undergoes low damage due to its exposure to
plasma, being very important in the surface treatment of polymers so
that these materials are not substantially damaged and their macro-
scopic properties are undesirably modified.

Within this context, plasma treatment has been a convenient
approach for binding functional groups and tuning the topography of
polymer, enabling the design of PLA-engineered products for advanced
applications [7,29-34]. However, there is a lack of studies about the
bactericidal and antiviral activity of copper coating on PLA obtained by
magnetron sputtering.

Given the scientific relevance, the antiviral performance of the Cu-
coated PLA against the Omicron SARS-CoV-2 virus is reported in this
work. This virus strain is a highly contagious variant of the coronavirus
responsible for the pandemic of Coronavirus Disease 2019 (COVID-19),
and there are no studies about the antiviral performance of Cu-coated
PLA systems against Omicron SARS-CoV-2 virus [35]. The antiviral re-
sults from quantitative reverse transcription-polymerase chain reaction
(RT-qPCR) indicate that the SARS-CoV-2 virions undergo damage to the
genetic material. Also, the copper coating prevented the formation of
E. coli and B. subtilis biofilms on the PLA surface. The copper coating
approach reported here proved a viable technological alternative for
producing antimicrobial copper coating for manufacturing biomedical
devices and PPE with antimicrobial and anti-biofouling properties.

2. Experimental section
2.1. Materials

Chloroform (CHClg), ethylene glycol, and diiodomethane were sup-
plied from Synth (Sao Paulo, Brazil) and used without further purifica-
tion. Poly(lactic acid) (PLA) with a melt flow index of 9.1 + 1.8 g/10
min (ASTM D-1238/13, 190 °C - 2.16 kg) was purchased from
GTMAX3D - Equipamentos Eletronicos e Materiais Plasticos LTDA (Sao
Paulo, Brazil). Deuterated chloroform (CDCls) was purchased from
Sigma Aldrich (Sao Paulo, Brazil).

2.2. PLA film preparation

PLA films with a thickness of 290 + 80 um were obtained by dis-
solving PLA in chloroform (2 g.mL™) at room temperature, introduced in
glass dishes, and dried in semi-open desiccators under atmospheric
pressure at 25 °C.

2.3. Copper coating by radio frequency magnetron sputtering (RF-MS)

The PLA films were coated in disc format (diameter = 70 mm). Then,
they were put in an RF-MS reactor at 100 mm of distance from the target
(Cu, 99.99% purity). The coating was performed under operating pres-
sure of 100 Bar (Argon, 99.99%), using a Cu target (99.99% purity), a
constant electric current (0.2 A), and a constant discharge power (40
W). Different copper deposition times were utilized in the experiments:
5, 10, and 20 s. Fig. 1 presents a schematic illustration of the coating
method of the PLA films.

2.4. Characterizations

2.4.1. Atomic Force Microscopy (AFM)

The AFM images (area = 1 um x 1 um) of the PLA surfaces were
obtained in a Multimode 8 microscope (Bruker, USA), using a silicon
nitride probe (ScanAsyst-Air-HR type) with a characteristic spring con-
stant of 0.4 N.m™ and a nominal resonant frequency of 130 kHz. The
AFM analyses were performed with the peak force mode scanning,
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Table 1
Surface tension data of the test liquids at 25 °C [41-44]: dispersive (ygw), acid
(y;) and base (7;) of the liquid surface tension (y“’ml)

Liquid 7V (mJ 7 (mJ 7/ (mJ 77 (mJ 7ol (mJ
m?) m2) m?) m?) m?)
Diiodometane 50.8 0 0 0 50.8
Water 21.8 51.0 25.5 25.5 72.8
Ethylene 29.0 19.0 3.0 30.1 48.0
glycol

ScanAsyst method, scanning frequency of 3.5 Hz, and pixel resolution of
512 x 512.

2.4.2. X-ray photoelectron spectroscopy (XPS)

XPS spectra were collected at room temperature using K-alpha
equipment (Thermo Scientific, USA). The monochromatic radiation Al
Ka was used to collect all XPS high-resolution spectra at 10 eV acquired
at 0.1 eV step interval and acquisition time of 0.5 s, using standard
charge neutralization. XPS spectra were calibrated to give C-C binding
energy (Clsregion) of 284.63 eV. All XPS data analyses and curve fitting
were performed in CasaXPS software (version 2.3.25), using U2 Tou-
gaard background approximation and finite Lorentzian asymmetric (LF)
lineshape (with relative sensitivity factors = 1). All XPS spectra were
calibrated to give C-C/C-H binding energy (Cls region) of 284.8 eV,
according to the literature data [36].

2.4.3. Contact angle and surface free energy (y**) measurements

The static contact angles (0,s:) were determined by a static/dynamic
contact angle tensiometer (SEO model - Phoenix 300, Kromtech Alliance
Corp., London, UK), using the sessile drop method with different test
liquids: diiodomethane, water, and ethylene glycol. The measurements
were performed under air relative humidity of 67 + 5% and a temper-
ature of 25 + 2 °C, using 10 pL of the test liquid that was dropped on the
surface’s sample. The total surface free energy (y“’“") was calculated
with the 6,4, according to the Young-Laplace equation and Lifshitz-van
der Waals acid-base model (Egs. 1 and 2). For this purpose, the O
values were previously converted to the corrected contact angles (6.),
considering the Wenzel roughness factor (r) and the Cassie-Baxter factor
(f) determined from AFM topographical data (Eq. 3), as detailed in the
literature [37-39]. The surface tension data of the test liquids used in the
calculations are detailed in Table 1.

mml _ yS + 2 /}/J 75 (1)

w
= ”LT[I + cos(67"))" @

M
[cos(Oes + 1 — f]

cos(6,) = o

3
where yIY, v and y; are the dispersive, acid, and base components of
Y in that order. §%°is the contact angle measured with a standard
non-polar liquid (diiodomethane, y!W = 0). yf and y; are calculated

from the 6, data, using Eq. (4) [40].
711 (14 cos(6 2,/;’”‘/ LW

VA vaval il
7ia(1+cos(0a) — 24 /vy "

Vs V72 7l
where i, v, v, and y} are the surface tension parameters character-
istic of two different polar test liquids (water and ethylene glycol),
which are indicated by 1 and 2 indexes.

4
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Fig. 2. AFM images of the PLA samples after different copper deposition times: (a) 0's, (b) 5, (c¢) 10, and (d) 20 s. Scan area = 1 ym x 1 pm. Bar scales = 200 nm.

2.5. Nuclear magnetic resonance (NMR) spectroscopy experiments

All NMR spectra were recorded at 300 K on a 500 MHz infinity shield
Varian spectrometer (Agilent, CA, USA). 'HNMR spectra were acquired
with a number of scans of 32, relaxation delay of 1 s, pulse angle of 45°,
acquisition time of 6.4 s, spectral width of 5000 Hz, receiver gain of
46 dB, and 32,000 complex points. 13C NMR spectra were acquired with
a number of scans of 256, relaxation delay of 1 s, pulse angle of 45°,
acquisition time of 1.152 s, spectral width of 27,777.8 Hz, receiver gain
of 30 dB, and 32,000 complex points. 'H-13C HSQC bidimensional NMR
experiments were performed with the number of scans per increment of
4, acquisition time of 0.150 s, spectral width of 5000 and 28,901.7 Hz
for the proton and carbon, average 'Jc y of 146 Hz, receiver gain of
46 dB, coupling constant of 146 Hz, and 5000 complex points. Tetra-
methylsilane (TMS) was applied as an internal reference compound for
NMR measurements. All PLA samples were dissolved in CDCl3, and the
copper coating did not affect the polymer solubility due to the low
amount of metal on the surface of the Cu-coated PLA samples.

2.6. Antibacterial assays

The bactericidal assays were performed using a bacterial growth
inhibition test in nutrient broth. The PLA samples (squares of
0.5 cm x 0.5 cm) were coated with 5 pL of Escherichia coli (E. coli, ATCC
25922) and Bacillus subtilis (B. subtilis, Caron Beta A 155) inoculums at a
count of 10° CFU.mL™. Subsequently, the samples were incubated at
36 °C and 32 °C for E. coli and B. subtilis for bacterial growth for 24 h.
then, they were added to a test tube containing 2 mL of nutrient culture
medium (Kasvi nutrient broth) and incubated again for 72 h (E. coli) and

120 h (B subtilis). After incubation, a UV-Vis spectrophotometer (UV-
M51 BEL, Bel Engineering srl) was used to quantify microorganisms
using a wavelength absorption at 630 nm and MC Farland microbiology
scale.

2.7. Antiviral assays

SARS-CoV-2 inoculation and detection of SARS-CoV-2 genetic ma-
terial were performed as described previously [45]. The PLA samples
(discs with diameter = 0.5 mm) were maintained in direct contact with
Omicron SARS-CoV-2 inoculums (50 pL) for 30 min. The viral in-
oculums were collected with oropharynx and nasopharynx swabs from
anonymous patients diagnosed with COVID-19, contaminated with the
Omicron SARS-CoV-2 variant. RNA extraction process from frozen
SARS-CoV-2 inoculums was performed with a commercial kit (Pure-
Link™ Viral RNA Mini Kit - Invitrogen™). After the direct contact time,
the SARS-CoV-2 genetic material was amplified by Quantitative reverse
transcription-polymerase chain reaction (RT-qPCR) wusing the
2019-nCoV TagMan RT-PCR kit (Norgen, Cat. TM67120), using CFX
Opus Real-Time PCR Systems (Bio-Rad, USA) and three programmed
reaction cycles (cycle 1 — 50 °C for 30 min; cycle 2 — 95 °C for 3 min;
cycle 3-45 x 95 °C for 3 s; cycle 4-55 °C for 30 s). A negative control
corresponds to water, and the positive control corresponds to the virus
inoculum without direct contact with the PLA samples. N2 gene was the
selected target on the RNA viral and used to make a standard calibration
curve (y = 3.723 x + 44.75; R? = 0.998; Efficiency = 85.6%, limit of
detection (LOD) = 10 copies of the genome). The cycle threshold values
(Ct values) from the RT-qPCR measurements were 39.77 + 0.58.
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2.8. Statistical analysis

The analyses of variance (ANOVA) were performed in GraphPad
Prism 7 (Dotmatics, UK) software, using Tukey’s test with a confidence
level of 95%.

3. Results and discussion
3.1. Copper coating topography

The surface topography plays a critical role in the total surface free
energy, microorganism attachment and biofilm formation on material
surfaces [46]. Then, it is essential to evaluate surface parameters, such
as surface roughness, to evaluate how the surface topography changed
by the copper sputtering.

The AFM topographic images of the PLA films are shown in Fig. 2.
The AFM images show that the copper coating leads to the formation of
nanometric structures on the PLA surface, increasing its surface

roughness. The height-height correlation function, H(r), and power
spectral density function, S(k), were computed from the AFM data. The
H(r) and S(k) curve profiles in Figs. 3a and 3b are typical characteristics
of self-affine surfaces, which can be represented mathematically by
rescaling a unitary geometry in horizontal and vertical directions as a
fractal object [47].

These surfaces are characterized by a roughness exponent (), also
known as the static scaling exponent, and a growth exponent (f), also
named the temporal scaling exponent. These exponents are adimen-
sional parameters that universally specify the mechanism that guides the
thin film growth and surface roughness evolution. The surface roughness
of the thin film is a consequence of atomistic processes that co-occur
[48]: (i) direct fixation of atoms on the surface of the substrate; (ii)
remotion of surface atoms and atomic movements along the surface of
the substrate and thin film during its formation; (iii) diffusive mass
transport due to the formation of a potential chemical gradient in the
surface during the thin film growing.

In self-affine surfaces, the root-mean-square (RMS) fluctuations of
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Table 2

Static scaling exponent (roughness exponent, «), PSD k-exponent (1), and root-
mean-square (RMS) roughness (also known as interface width, T,,s) from height-
height correlation function data for the PLA samples after different metal
deposition times (0, 5, 10, and 20 s).

Copper Static scaling Root-mean-square (RMS) PSD k-
deposition exponent / surface roughness / exponent
time (s) roughness exponent  interface width - Ty m
(@) (nm)
0 0.42 + 0.02 1.06 + 0.05 1.54 +0.15
0.64 + 0.03 1.54 + 0.08 2.49 +0.25
10 0.79 + 0.04 1.93 £ 0.09 3.26 + 0.33
20 0.66 + 0.03 1.67 £ 0.08 2.78 £ 0.28

the surface height (t,,s) present a dynamic scaling that follows a Family-
Vicsek relationship (Eq. 5) [48].

Toms (1, 1) = 1°f (ﬂ;—r/”> (5)

where f (ﬁ) is a constant, a and p are the roughness and growth ex-

ponents, respectively. Then, The temporal scaling exponent (growth
exponent, p) calculated by fitting the root-mean-square (RMS) rough-
ness (Tyms) versus deposition time in a log-log plot (Fig. 3c) is 0.059

+ 0.153. As shown in Fig. 3d, the inclination of the log-log plot of the
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lateral correlation length (&) versus deposition time gives the dynamic
exponent (z = a/p), and the z value obtained here is 11.76 + 0.58.

Table 2 details the a values obtained for the PLA samples estimated
from the H(r) function. The copper deposition increases a. Also, the
copper coatings present RMS surface roughness (interface width, Tymys)
slightly higher than that measured for the uncoated PLA. However, the
copper coatings obtained by magnetron sputtering are smooth, with
RMS surface roughness varying from 1 to 2 nm. The exponent of the
power law region in the power spectral density (PSD) function, i.e., PSD
k-exponent (n), indicates the surface growth mechanism of the copper
coating is predominantly by bulk diffusion (1 = 3), but evaporation-
recondensation (n=2) and surface diffusion (n =4) may simulta-
neously occur too [49]. The surface roughness of the uncoated PLA is
generated by a plastic flow (n ~ 1) with simultaneous
evaporation-recondensation processes, which is coherent with the pro-
cessing method used to prepare the PLA sample (i.e., casting of a viscous
polymer solution).

The bulk diffusion involves the adsorption of copper atoms on the
surface of the PLA substrate due to the high kinetical energy of these
species after they eject the copper target. The copper atom ejection
process is inherent from transfers of the kinetic moment caused by the
bombing of the copper target with the argon atoms accelerated inside
the vacuum chamber of the sputtering equipment [50]. Antagonisti-
cally, surface diffusion occurs through the lateral flow of these chemicals
adsorbed on the PLA substrate surface from the deposition point to

PLA
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Fig. 4. O;, C; 5, and Cuy, XPS high-resolution spectra regions from the PLA before and after copper deposition.
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adjacent points onto the substrate surface, as illustrated in Fig. 3e.

3.2. Surface chemical structure and surface free energy

PLA presents characteristic electron binding energies in the O; s and
C; s XPS high-resolution spectra regions at 287.1 eV (O-C, C; s region),
534.2 eV (O-C, O; region), 289.7 eV (C=O, C;¢ region), 532.1 eV
(C=0, 0; s region), and 285.2 eV (C-C/C-H, C; s region) chemical bonds
[51-54], as shown in Fig. 4. The copper deposition on the surface of this
polymer leads to the formation of C=C (282.5eV in C;g region),
C-OH/C-O-C (285.1 eV in C; region, 531.8 eV in O; ¢ region), and
C-0-Cu (283.8 eV in C; s region, 529.8 eV in O; g region) chemical bonds
[55]. The C-OH, C=C, and C-O-C chemical linkages are inherently
connected with the surface local degradation of the PLA polymer chains
by random chain scissions. The sp2 carbon (C=C) at 282,5 eV is not
from carbides, according to the Cuzp XPS region (Fig. 4). The sp2 carbon
(C=C) signal was shifted to electron binding energies slightly less than
the data reported in the literature (284 — 285 eV) after the fitting process
of the C; g spectrum due to overlapping with the C-C/C-H and C-O-Cu
signals [56]. Also, the C-O-Cu signal was shifted to less electron binding
energies than those reported in the literature, but surface effects must
affect surface dipole moment that can cause shifting of the binding en-
ergies too [55,57].

The Cuy), XPS spectral region also evidences the formation of copper
metallic (Cu®) on the copper coating: 932 (cu® 2ps3/2), 951.5 (Cu® 2p1/2)
[58-61]. However, the XPS spectra in Fig. 4 also indicate Cu®" on the
Cu-coated PLA surface because there are XPS signals at 935 eV (Cu?*
2ps3/2) and 954.5 eV (Cu?* 2p1,2) with XPS shake-up satellite signals
with electron binding signals at 963.4 eV (Cu?t 2p;,, satellites),
944.2 eV (Cu?t 2ps, satellites) and 941.2 eV (Cu®' 2ps, satellites).

The presence of Cu?t can be associated with the C-O-Cu bonds that
chemically link the copper coating to the PLA surface [58-61]. Also,
Cu?* can be from copper oxides that can be generated on the PLA surface
due to oxidation of the copper coating with oxygen gas in the atmo-
sphere, which is highly reactive immediately after removing Cu-coated
PLA from the high vacuum sputtering chamber.

Hydrophobicity diminishes the adhesive interaction of microorgan-
isms on the material surface, avoiding the attachment and proliferation
of bacteria on surfaces contributing to the antimicrobial properties of
materials. Besides antibacterial properties, hydrophobic surfaces are
highly water-repellent and present other relevant technological and
functional applications in aerospace, automotive, and biomedicine due
to their anti-icing, self-cleaning, anti-fogging and other properties [62].
Then it is relevant to evaluate the alteration of surface free energy on
PLA due to the chemical and morphological changes caused by the
copper coating by sputtering.

The dispersive (yﬁw), acid (y;), and base (7, ) components of the y§°“’l
from contact angle measurements are shown in Fig. 5. These surface
parameters were calculated with the generalized Wenzel-Cassie-Baxter,
in which the surface roughness and other topographical parameters are
considered to determine the surface free energy. For this purpose, the
surface topographical parameters (not shown here) were determined
from the AFM surface data of the PLA samples. The copper coating de-
creases v, v, y; andy!®@ of the PLA surface. Although there is the
formation of carboxylic (COOH) and hydroxyl (OH) groups on the sur-
face of the PLA films due to polymer degradation that could contribute
to increasing the base (y;) components, the increase of copper metal
content at the PLA surface attenuates the contribution of the chemical
groups of the polymer at the surface to the polar (}) component to the

total

W@ of the samples. The copper atomic

total surface free energy (y
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Fig. 6. 'H NMR spectra of the PLA (a) before and (b) after copper deposition, using magnetron sputtering (copper deposition time = 20 s).

content on the PLA surface increases with increasing copper deposition
time, while the total surface energy decreases with increasing copper

sputtering time. The y® from the uncoated PLA sample is 124.67

S

+1.25 mJ.m?, being decreased to 97.89 + 0.99 mJ.m? after 55 of
sputtering, 24.83 & 0.25 mJ.m2 after 10's of sputtering, and 12.34

+0.12 mJ.m? after 20 s of sputtering. The y©yalue from uncoated
PLA here is higher than 40-110 mJ .m?2 reported in the literature [63,
641, which must be associated with the fact that the y°@values reported
in the literature are calculated without considering the surface topo-
graphic parameters, disregarding surface defects and roughness,

including the mathematical model and the measurement assay.

3.3. PLA bulk chemical structure

Typically, PLA suffers random chain scissions under plasma treat-
ments, leading to degradation reactions. Also, oxidation processes may
occur when water and oxygen gas are dissolved in the polymer bulk.

However, the 'H NMR spectra (Fig. 6) do not indicate the increase of
subproducts with hydroxyl (2-4 ppm), anhydride (2-3 ppm) and vinyl
(4.6-5.9 ppm), and carboxylic acid (2-2.6 ppm) moieties due to the
reactions of free radicals carboxylic acid in PLA with the water and O,
molecules [65]. Although the XPS spectroscopy indicated PLA degra-
dation by polymer chain scission at the surface, there are no appreciable
molecules with -COO-C- (esters, 3.7-4.1 and 2-2.6 ppm) and C=C
(4.6-5.9 ppm) chemical bonds detected by NMR due to the PLA bulk
degradation mechanisms via Norrish type I and type II, respectively
[66-68]. Furthermore, the g spectra indicate that the macroradicals
generated on the surface of the PLA films during the process of copper
deposition by magnetron sputtering do not have sufficient mobility to
enter the PLA bulk and initiate degradation reactions within the film.
These macroradicals are likely to be highly reactive, reacting immedi-
ately with neighboring chemical species on the PLA surface shortly after
being formed during copper sputtering.

The 'H NMR spectrum from uncoated PLA (Fig. 6a) exhibits the
quadruple signal from =CH- asymmetric methine groups at 5.15, 5.16,
5.18, and 5.19 ppm. These quadruplet signals indicate the presence of
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Fig. 7. 13C NMR spectra of the PLA (a) before and (b) after copper deposition, using magnetron sputtering (copper deposition time = 20 s).

unique left- or right-handed (L or D) enantiomers along the PLA polymer
chains (i.e., PLA isotactic) due to the coupling between CH and CHjs
protons in the PLA polymer backbone [69-71]. Moreover, there is a
characteristic doublet signal from CHj3 protons (a doublet signal) with
chemical shifts at 1.58 and 1.59 ppm. The multiple signals with low
intensity and located at 4.35, 4.36, 4.37, and 4.38 ppm are attributed to
protons from the terminal CH; groups linked to COOH end groups on the
PLA polymer chains [72].

The degree of polymerization (i.e., the number of repeating units in
the polymer, n) and the number-average molar weight (M,) of the PLA
are 11 and 881 g.mol’}, respectively. n and M, were estimated by the
integration of the proton signal from the end-group (4.33 ppm) and the
proton signal from the methine polymer repeating unit (5.18 ppm),
according to Egs. (6) and (7) [70]. Moreover, n and M, do not suffer
changes due to the copper deposition via magnetron sputtering, as
shown in Fig. 6b.
n= 55.18ppm

©

54,33ppm

M, =72n+89 (@]

The 3C NMR spectra from the PLA sample (Fig. 7) present the
characteristic carbon signal from C—=0 (170 ppm), CHs (16.6 ppm), and
=CH- (69 ppm) chemical groups. The unique carbon signal at 69 ppm
also suggests the PLA isotactic. The 'H-'3C HSQC NMR spectra of the
PLA before and after copper deposition (Figs. 8a and 8b) evidence
confirm the correlations between the carbons and their attached protons
along the PLA polymer backbone, except for the terminal CH3 polymer
chain groups due to their low amount in the PLA bulk. The '3C NMR and
'H-13C HSQC NMR spectra of the PLA samples also confirm that there is
no significant presence of PLA degradation by-products inside the PLA
bulk due to the copper coating procedure. This characteristic PLA sta-
bility guarantees that this polymer does not change its macroscopic
properties due to its surface coating with copper. The copper coating
aims to confer only the antimicrobial properties to PLA without changes
in other polymeric material properties that can be essential to its tech-
nological applications and durability since the macroradicals can trigger
degradation reactions within the PLA bulk [65].

3.4. Antimicrobial assays

The antimicrobial and antibiofilm performances against E. coli
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(Gram-negative bacteria, G-) and S. subtilis (Gram-positive bacteria, G+)
of the Cu-coated PLA were evaluated via bacteria counting. PLA is
known as a polymer that has no intrinsic antimicrobial activity. Ac-
cording to Figs. 9a and 9b, the antimicrobial tests show that only all
copper-coated PLA samples show bactericidal activity, which corre-
sponds to a bacterial reduction greater than 99.9% (i.e., > 3 log) of the
total count of CFU.mL" concerning the uncoated PLA sample. These
outstanding antimicrobial results from Cu-coated PLA samples evidence
that the copper coating does not only inhibit the bacterial growth and
reproduction of E. coli and S. subtilis strains (i.e., bacteriostatic activity
with bacterial reduction of 99% (10% CFU.mL", or 2 log1o CFU.mL’l),
but provoking the death of all those G- and G+ bacteria strains in direct
contact with the metal coating on PLA surface. Bactericidal activity is of
great interest to the hospital area to ensure the death or irreversibly
damage of bacteria that are adhered to surfaces. The intrinsic antimi-
crobial properties of copper (metal and oxides) are from the oxidative
mechanisms via metal ion releasing and generation of reactive oxygen
species (ROS) that damage the bacteria cell constituents (proteins,
lipids, DNA, and RNA) [73].

Non-thermal plasma technologies are attractive pathways for the
surface modification of polymers from an ecological point of view
because they cause less environmental impact since they involve a
generation of low waste amounts [74-76]. The proper choice of plasma
technology and the type of antimicrobial agent can be an effective way
to give antimicrobial properties to polymers. Despite these benefits,
there is a lack of work involving the copper metallic coating of PLA using
such plasma technologies. Woskowicz et al. [77] used magnetron sput-
tering physical vapor deposition (MS-PVD) to coat polypropylene (PP)
with silver and copper. The copper coatings led to a 100% reduction in
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cell viability of G+ (Staphylococcus aureus) and G- (E. coli) bacteria, but
the coating process proposed by them is protracted (> 1h) [77]. In
addition to antimicrobial functions, copper coatings may be suitable for
other applications. In the work of Arash and collaborators [78], copper
coatings were used to enhance the durability of 3d printed structures of
poly(acrylonitrile-butadiene-styrene) (ABS) against aggressive envi-
ronmental conditions. Graphene has been considered a 2D tunable
polymer [79], and copper nanoparticle coatings have been deposited in
graphene by magnetron sputtering to make biosensors [80].

The antiviral performance of the Cu-coated PLA samples was inves-
tigated by the amplification of the Omicron SARS-CoV-2 genetic mate-
rial by RT-qPCR (Fig. 9c¢), using the N2 nucleocapsid gene as a genetic
target in the RT-qPCR experiments. The Omicron strain is a SARS-CoV-2
infectious variant able to escape the host immune mechanism response
due to several mutations in RNA segments that are directly connected
with the synthesis of structural and non-structural proteins that mediate
and participate in the process of host infection by this virus [35]. Un-
coated PLA does not have intrinsic antimicrobial activity [34], and the
RNA amplified copies by RT-qPCR for this sample reached 5.18 x 10°
copies.uL! after 30 min of direct contact with the viral inoculum. The
decrease of RNA amplified copies of the uncoated PLA concerning the
positive control is due to the viral structure compromising along expo-
sition time in a harmful environment to the virions, since PLA does not
present any intrinsic chemical or physical mechanisms to damage the
RNA in the Omicron SARS-CoV-2 particles. Then, it is reasonable to
assume that the antiviral assay causes irreversible damage to some
SARS-CoV-2 virions, reducing the amount of RNA viral that posteriorly
is amplified by RT-qPCR. The copper coating reduces the number of RNA
amplified copies to values less than 1.2 x 10° copies.pL™), corresponding
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Fig. 9. (a) B. subtilis bacteria counting, (b) E. coli bacteria counting, and (c)
amplified RNA by RT-qPCR for Omicron SARS-CoV-2 using the N2 gene targets
of the Cu-coated PLA films after different metal deposition times (0, 5, 10, and
20 s). The values are presented as mean =+ standard deviation.*Values are
significantly different, according to Tukey’s test and a 95% confidence level.
Cycle threshold (Ct) values from RT-qPCR were lower than 30. Negative con-
trols from the bacteria counting assays were < 0.001 x 10® CFU mL™.

to a percentual reduction of 25-27% fold for the viral genetic material in
Omicron SARS-CoV-2 inoculum after 30 min of direct contact with the
uncoated PLA sample.

4. Conclusions

Antimicrobial copper coating on PLA surfaces was successfully ob-
tained by magnetrons sputtering. The coating procedure leads to
chemical and topographical changes in the PLA films. The copper
coating reduces the total surface free energy of the PLA, making the PLA
surface more hydrophobic leading to the formation of polymer degra-
dation sub-products localized at the PLA surface via random polymer
chain scission, while the polymer bulk was not compromised by the
highly reactive conditions of magnetron sputtering that could trigger a
runaway polymer degradation process by scission reactions of polymer
chains in the PLA bulk. According to the AFM data and power spectral
density (PSD) function, bulk diffusion is the primary growth mechanism
of the copper coating on the PLA surface.
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The Cu-coated PLA samples present bactericidal activity against
E. coli and S. subtilis, hampering the formation and growth of bacterial
biofilm onto the PLA surface. Moreover, the copper coating can reduce
the genetic material of Omicron SARS-CoV-2 after 30 min of direct
contact with an inoculum infected with viable viral particles. The results
indicate a great potential for using copper coating via magnetron sput-
tering for the surface modification of PLA for multifunctional applica-
tions that require antimicrobial properties.
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