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ABSTRACT: Bioinspired bactericidal surfaces are artificial
surfaces that mimic the nanotopography of insect wings and are
capable of inhibiting microbial growth by a physicomechanical
mechanism. The scientific community has considered them an
alternative method to design polymers with surfaces that inhibit
bacterial biofilm formation, suitable for self-disinfectant medical
devices. In this contribution, poly(lactic acid) (PLA) with
nanocone patterns was successfully produced by a novel two-
step procedure involving copper plasma deposition followed by
argon plasma etching. According to reverse transcription-

quantitative polymerase chain reaction tests, the bioinspired PLA SARS-CoV-2 inactivation by the bioinspired j
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nanostructures display antiviral performance to inactivate infec- nanostructured PLA
tious Omicron severe acute respiratory syndrome coronavirus 2
particles, reducing the amount of the viral genome to less than 4% in just 15 min due to a possible combined effect of mechanical
and oxidative stress. The bioinspired antiviral PLA can be suitable for designing personal protection equipment to prevent the
transmission of contagious viral diseases, such as Coronavirus Disease 2019.
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1. INTRODUCTION ing), aiming for implants and other devices for healthcare

The global pandemic of Coronavirus Disease 2019 (COVID- purposes, including PPE.

. Mother nature shows that surfaces structured with micro-
19) caused by Severe Acute Respiratory Syndrome Corona- and nanopatterns can inhibit biofilm formation, killing bacteria
virus 2 (SARS-CoV-2) has evidenced to human beings that P ’ 8

. . . > through mechanical stress. The nanostructured surfaces
there is a need to develop smart materials with viricidal observed in wings from cicada, damselfly, dragonfly, shark
properties to ensure the protection of people to direct contact skin, and the lotus leaf show patterns with such bactericidal
with surfaces or air contaminated by viruses in open or closed activity, having attracted the attention of several studies.” In

spaces. It should be pointed out that the SARS-CoV-2 virus addition to the ability to confer bactericidal properties, these
maintains its transmission and infection potential for 2 and 3 surfaces can present superhydrophobicity, being suitable for
days on the surface of polypropylene and stainless steel, different technological a 8plications, such as the design of self-
respectively.’ Furthermore, people spend about 90% of their cleaning smart textiles.”” In general, bioinspired nanostruc-
time indoors (hospitals, schools, and universities, among tured surfaces are obtained by plasma technologies.t’)’10
others), where airborne diseases’ transmission is a critical However, it is not a simple task to achieve a surface
epidemiological issue. Among the materials available and used topography similar to natural surfaces that exhibit antibacterial
for the manufacture of personal protective equipment (PPE), properties with nanopillar (conical shape) dimensions
poly(lactic acid) (PLA) has been widely used in medical observed on the wing of the Mogannia heblels (height of 164
implants in the form of screws, pins, rods, and orthopedic nm, diameter of 85 nm, spacing of 95 nm).

devices.” In addition, PLA is biodegradable and can be

produced from natural raw materials such as rice, corn starch, Received: December 21, 2022

potatoes, and other renewable resources, which are character- Accepted: January 25, 2023

istics considered important to minimize environmental impacts Published: March 7, 2023

caused by the discarding of plastic residues.”* This polymer
can be processed by three-dimensional (3D) printing
technologies, including the FDM (Fused Deposition Model-
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Figure 1. FTIR spectra of the copper-coated PLA samples using different deposition times (S, 10, and 20 s) and plasma etching times: 0 (a), 30
(b), 60 (c), and 120 s (d). Plasma etching was performed after metallic deposition. *Plasma etching time of 0 s means the sample was not plasma

etched after the copper coating.

Table 1. Effect of Process Parameters (Copper Deposition Time and Plasma Etching) on the Relative Intensity (Hy) of FTIR

Signals Associated with PLA Degradation”

Functional group (important positive
effects on Hy)

CH + CH; (2990 cm™)

Parameter

Copper deposition time

Plasma efching time CH + CH; (2990 cm™)

Simultaneous interaction of
parameters

Functional group (important negative

effects on Hy)

COOH (920 cm™)

Functional group (minor effects on Hy)

All (except COOH and CH + CHj,
2990 cm™)

All (except CH + CHj, 2990 cm™")

All

“Results from t-tests and Bonferroni tests presented in Pareto charts. Negative Effects: Hy reduction. Positive effects: Hy increase. Hy was
calculated for the functional groups: C=0 (1750 cm™"), COOH (920 cm™"), C—O (secondary alcohol and PLA hydrolysis, 1260 cm™"), C=C
(1650 cm™), CH + CH; (2945 cm™), CH + CH; (2990 cm™), and OH (3600 cm™).

Since SARS-CoV-2 particles have diameters of 150—200
nm,"” obtaining surfaces with nanocones with such dimensions
would be interesting to assess whether this virus is susceptible
to mechanical stress from bacteria. To the best of our
knowledge, there are no studies about the virucidal activity of
bioinspired surfaces. Then, in this contribution, we develop a
new method to obtain PLA with a surface containing
nanopatterns with conical shape, using copper deposition by
plasma sputtering to obtain “copper nanomasks” and argon
plasma etching as a surface nanostructuring agent. Such a
surface was successfully designed by adjusting the process
parameters of copper magnetron sputtering deposition and
plasma etching, and it presented the potential to quickly
destroy or deactivate the SARS-CoV-2 virus through the
combined antiviral action of nanostructured topography (a
physicomechanical mechanism) and copper (an oxidative
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mechanism), which is a metal with intrinsic antimicrobial
activity via release of metal ion and generation of reactive
oxygen species (ROS)."

2. RESULTS AND DISCUSSION

As shown in Figure 1 and detailed in Table 2S, PLA displays
characteristic infrared absorption bands due to bond
deformations at 1070 cm™' (COC symmetric (sym.)
stretching), 1190 cm™' (asymmetric stretching of COC),
1360 cm™' (CH deformation, CH, sym. bending), 1445 cm™"
(CH; bending), and 1740 cm™ (C=O stretching)."*™"
Other minor absorptions due to CC stretching are attributed
to polymer morphology deformations. The maximum intensity
bands at 740 and 950 cm™ can be assigned to the crystalline
phase, while those at 860 and 920 cm™' are from the
amorphous phase.””*" Thus, changes in those peaks are often

https://doi.org/10.1021/acsbiomaterials.2c01529
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Figure 2. Schematic illustration of the PLA film coating with copper, chemical reactions associated with PLA degradation by Norrish type I
mechanism during copper deposition, and Ar plasma etching. Also, the possible inactivation mechanisms of the SARS-CoV-2 virions are illustrated.

attributed to induced secondary crystallization. Inevitably,
plasma treatment leads to polymer degradation. PLA is
expected to undergo random chain scission under plasma;
hence, besides cross-linking and degradation, induced
oxidation processes may take place in the presence of dissolved
water and O, molecules, leading to products containing
hydroxyl (voy & 3350 cm™; Soy ~ 1350 cm™; Sy ~ 650
ecm™), carboxylic acid (vc—o & 1700 cm™, veoon & 3500—
3000 cm™), anhydride (v ~ 1780 cm™), and vinyl (vcy =
3010 cm™; e & 1650 cm™Y; Seyy & 990 cm ™!/ ~910 em™;
~690 cm™") moieties.”” To analyze the PLA degradation after
copper deposition and surface plasma etching, the relative
intensity (Hg) for several infrared transmittance signals
associated with the PLA degradation was calculated: C=0
(1750 cm™), COOH (920 cm™"), C—OH (secondary alcohol,
1260 cm™'), C=C (1650 cm™"), CH + CH, (2945 cm™), and
CH + CH, (2990 cm™). Also, Hy response curves and their
respective Pareto charts were determined using metal
deposition and plasma etching times as process variables
(Figures 1S and 2S). The Pareto charts are suitable for
identifying the effects of surface plasma modification time on
Hp, using an experimental design with factorial analysis. Table
1 details a summary of the effects of metal deposition time and
plasma etching on the relative intensity (Hy) of Fourier
transform infrared (FTIR) signals related to PLA degradation.

The combination of analysis of variance (ANOVA) and
factorial analysis with ¢ test and Bonferroni test enables us to
statistically evaluate the effects of different factors (isolated and
combined) on a property/signal of interest, such as the Hy
values. Prolonging the copper deposition process increases the
Hy for CH + CH; (2990 cm™) but reduces that of COOH
(920 cm™") probably due to amorphous(920)-crystalline(950)
interconversion occasioned by plasma local heating effects.
Plasma etching exposure time of copper-coated PLA films
positively affects (i.e., increases) the Hy for the FTIR signal at
2990 cm™!.

The ANOVA results for Hy do not indicate significant
effects of the copper deposition and plasma etching times on
the C—OH signal of secondary alcohols (1260 cm™"), probably
because the secondary alcohols tend to recombine and form
molecules with C=C bonds in degraded PLA."” Therefore,
the relative intensity signal of C—O (1260 cm™) is unchanged
even though this C—O signal is strong and wide for many
organic compounds with this bond extending over a wide
range, but that for the C=C signal (1650 cm™") increases
instead. The O—H bending at 1350 cm™" also is subjected to
interference from the C—H bending signal, influencing the
degradation evaluation of the PLA samples by FTIR
spectroscopy.
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Figure 3. (a) Copper atomic concentration in copper-coated PLA samples from the XPS data: response surface (left image) and Pareto chart (right
image) from the factorial analysis for the effect of factors (metal deposition time and plasma etching time), using ANOVA. AB: simultaneous
interaction of factors A and B. Negative effect: reduces the property. Positive effect: increases the property. (b) O, Cy,, and Cu,, regions of XPS
high-resolution spectra from the PLA before and after Cu deposition and plasma etching. 3D response surface fitting parameters are detailed in

Supporting Information.

The increase in C=C and COOH abundance is connected
with the products from PLA degradation via the Norrish type
IT mechanism due to ester bond-breaking under scission of the
PLA polymer chains via cis-elimination reactions selectively

triggered by the transition of electrons in the carbonyl without
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the production of free radicals.”*~>* According to the statistical
results on Hy, copper leads to PLA degradation predominantly
by the Norrish type I mechanism in which, after carbonyl
excitation, an a-carbonyl bond undergoes homolytic cleavage,

followed by hydrogen abstraction by formed free radicals (O=

https://doi.org/10.1021/acsbiomaterials.2c01529
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Figure 4. AFM images of the copper-coated PLA samples using different deposition times (S, 10, and 20 s) and plasma etching times (0, 30, 60,
and 120 s). Plasma etching was performed after metallic deposition. Scan area = 1 ym X 1 um. Size bars present different scales for each AFM
image. *Plasma etching time of 0 s means the sample was not plasma-etched after the copper coating.

C*, O=C-0°*, C—0°, and CH"*) (Figure 2) that can continue
the degradation of PLA**** and can cause both cross-linking
and random scission of PLA polymeric chains.”® In addition,
the secondary reactions can increase the amount of carboxylic
acid, aldehyde, vinyl, and methyl groups on the PLA surface. In
the case of Cu-coated PLA, the COO*® radicals are unlikely to
convert to COOH, due to copper availability, forming
carboxylate instead, which explains the minor effect of the
plasma process parameters on the Hy of the OH groups (3600
cm™') shown in the Pareto charts.

The copper atomic content on the PLA surface from X-ray
photoelectron spectroscopy (XPS) measurements (Figure 3S)
is slightly improved by the metal deposition time. However,
there is a minor combined simultaneous effect of the plasma
etching time and metal deposition time, as indicated by the t-
values in the Pareto chart in Figure 3a. PLA shows
characteristic binding energies associated with the O—C (287
€V in the Cy, region, 534 €V in the Oy, region), C=0 (289.8
€V in the Cy, region, 531.5 eV in the Oy, region), and C—C/
C—H 312 (285.1 €V in the C;, region) chemical bonds (Figure
3b).26_29

The XPS spectra confirm the PLA degradation products
indicated by FTIR data, presenting XPS signals associated with
C—OH/C—0-C bonds (285.4 eV in the C,, region, 533.5 eV
in the Oy, region) and C=C bonds (282.8 €V in the C,;
region).”” The copper film is chemically linked on the surface
of the PLA substrate by C—O—Cu bonds (284.1 eV in the Cy,
region, 531.5 eV in the Oy, region) since all copper-coated
PLA present Cu®" ions at the surface due to the binding signals
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at 963.5 eV (Cu*" 2p,), satellites), 954.6 eV (Cu** 2p, ),
944.1 eV (Cu®* 2p,), satellites), 941.2 eV (Cu®* 2p;),
satellites), and 933.9 eV (Cu®* 2p,;,) on Cu,, XPS
spectra.”’ > Even after plasma etching, all copper-coated
PLA display metallic copper (Cu®) at the surface, confirmed by
the XPS characteristic signals at 933 (Cu® 2p;,,) and 952.5
(Cu’ 2p12)-

The average transparency of the pristine PLA film is 59 +
11%, but it is reduced with the Cu coating, mainly after the
plasma etching treatment, as shown in the Pareto charts in
Figures 4S and SS. The accentuation of the PLA degradation,
due to the plasma etching, reduced the PLA transparency and
caused yellowing. The light yellow coloration of PLA became
more evident after sputtering deposition of copper for 120 s
(Figure 6S).

The atomic force microscopy (AFM) topographic images of
the copper-coated PLA films are shown in Figure 4. There are
significant topographical changes of the PLA substrate due to
the Cu deposition time and plasma etching time, leading to the
formation of nanocones on the PLA surface of several samples
that depends on the parameters of the plasma treatment(s). In
their review, Phan et al.>* describe the mechanisms in plasma
technologies responsible for the nanostructures on polymeric
substrates, which involve pattern formation due to the
preferential etching of polymers since the metal clusters
work as an etching mask (“hard” plasma inhibitors) on
polymeric surfaces, as illustrated in Figure 2.

According to AFM images (Figure 4), the PLA substrates
present nanocones on their surface after 5 s of copper

https://doi.org/10.1021/acsbiomaterials.2c01529
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deposition, but the plasma etching causes the destruction of
these nanostructures on the PLA surface. However, the plasma
etching does not remove the nanocones of the PLA substrate if
the copper plasma deposition extends for 10 and 20 s, though
the aspect ratio (feature height/base diameter) and spacing of
the nanocones change (Figure 7S). While the aspect ratio is
significantly increased by the plasma etching time, the diameter
and spacing are improved by the metal deposition time. The
root-mean-square roughness (Rq) calculated over the total area
of the PLA samples suffers minor effects on the plasma etching
and copper plasma deposition times evaluated in this work, as
indicated by the Pareto chart in Figure 7S.

The dispersive (y:") and polar (y¥) components of the total
surface free energy () were calculated with the contact
angles measured per sessile drop and using the Cassie-Bexter
and Wenzel factors to consider the topography effects on total
surface free energy (y°) of the copper-coated PLA samples.
According to the design of experiments (Figure 8S), these
surface parameters are not significantly changed by the plasma
etching and metal plasma deposition times. ¥} and 7l of the
PLA samples tend to reduce due to the increase in the duration
of the plasma etching and metal deposition, but the
prolongation of the plasma etching slightly increases V.
The pristine PLA presents 7 of 164 + 5 mJ/m? which is a
value superior to surface energy data reported in the literature
for PLA (typically from 40 to 110 mJ/m?).'®*> Commonly,
these " data are determined without considering the surface
defects (cracks, cavities, and voids) on the PLA substrates.
Popelka et al.’® observed the reduction of y*V and y* for
PLA after plasma etching. Izdebska-Podsiadly et al.”” observed
the increase of the surface free energy of PLA after Argon
plasma etching, but to the best of our knowledge, there are no
studies about the " changes of Cu-coated PLA substrates to
compare our results

The alterations of the y*V, ¥, and 7 are connected to the
PLA degradation products and copper content fixation during
the plasma treatments, which changes the amount of C=C,
COOH, CH,, and COO-Cu groups at the PLA surface.
According to C,; XPS data (Figure 3), the XPS signal area of
the CH, and C=C bonds increases while the signal area of the
C—O bonds reduces at the PLA surface due to the plasma
treatments, justifying the increase of the y:™.

All Cu-coated PLA samples reduce the amplified RNA
genetic material of the Omicron SARS-CoV-2 with just 15 min
of direct contact with the viral inoculum, according to the
quantitative reverse transcription-polymerase chain reaction
(RT-qPCR) assays shown in Figure Sa. The Omicron strain is
an SARS-CoV-2 variant that presents several mutations in
RNA segments associated with the synthesis of viral proteins,
such as Spike (S), Envelope (E), Membrane (M), and
Nucleocapsid (N). Besides the high infectivity, the Omicron
strain presents N mutations connected with new alternative
mechanisms of the virus to evade the host immune response.*®
The Pareto charts from the RT-qPCR data (Figure Sb) suggest
that the plasma etching times applied to design the bioinspired
nanostructured surfaces on PLA slightly reduced the amplified
RNA number, even though the plasma etching tends to reduce
the copper content onto the PLA surface.

The reduction in the number of amplified RNA copies by
RT-qPCR involves the viral capsid disruption (constituted by
biological molecules, such as proteins and lipids) followed by
RNA irreversible damages.’”~"> All Cu-coated samples display
high antiviral capacity, reducing the amplified RNA copies by
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Figure S. (a) Amplified RNA by RT-qPCR for Omicron SARS-CoV-2
using the N2 gene targets after 15 min of exposure with the PLA
samples. Graph bars with different letters (a, b, and c) are significantly
different, according to Tukey’s test using a 95% reliability level. Cycle
threshold (Ct) values were lower than 30. (b) Pareto charts (right)
from the factorial analysis for the effect of factors (metal deposition
time and plasma etching time) over the RT-qPCR data, using
ANOVA. AB: simultaneous interaction of factors A and B. Factors
above the Bonferroni threshold almost certainly have major effects on
the property. Factors above the t-value threshold have potentially
major effects on the property. Factors below the t-value threshold
have minor effects on the property. Negative effect: reduces the
property. Positive effect: increases the property. The samples were
named PLA/Cu(Yd-Te), where Y is the copper deposition time by
magnetron sputtering (S, 10, and 20 s), and T is the time used in the
plasma etching treatment (0, 30, 60, and 120 s). *Plasma etching time
of 0 s means the sample was not plasma-etched after the copper
coating.
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Figure 6. AFM image and XPS spectra (Cu2p region) from a copper-coated PLA (a) before and (b) after wear.

more than 90% with respect to the results from the PLA
sample, which does not present intrinsic antiviral properties. In
a recent work, Meister et al.** reported that silicone substrates
coated with copper could inhibit SARS-CoV-2 virions when
the Cu ion release is higher than 50 ug/mL, which is a
minimum antiviral dose higher than that observed for silver.

To elucidate if the nanocone patterns contribute to the
virions’ deactivation by mechanical stress, we removed the
nanopatterns on a Cu-coated PLA sample by 20 wear cycles.
The AFM image and the XPS spectra of this sample in Figure 6
prove the absence of nanopatterns on the Cu-coated surface
after wear. At the same time, the reduction fold for the
amplified RNA copies reduction remained at 70% concerning
the results from the uncoated PLA sample, which suggests a
poor contribution of the mechanical stress from the
biomimetic topography to the final antimicrobial activity of
the Cu-coated PLA. Then, the deactivation of virions is due to
the copper ion release and ROS generation. The slight
diminishment of fold reduction in the amplified RNA copies is
due to the slight reduction of the copper content at the Cu-
coated PLA surface caused by the wear.

3. CONCLUSIONS

We assembled PLA with a bioinspired surface containing
conical nanostructures by combining copper plasma deposition
and plasma etching, a new approach using low plasma
treatment times. PLA has no intrinsic antiviral features, but
the Cu-coated nanostructured PLA reduces the amplified
RNA; RT-qPCR is reduced from 6.88 + 0.05 Mcopies/uL
(control) to lower than 0.26 + 0.01 Mcopies/uL after just 15
min of direct contact with an Omicron SARS-CoV-2 inoculum
from patients infected with COVID-19. The plasma treatment
causes the PLA degradation via Norrish mechanisms,
predominantly Norrish type I, according to FTIR and XPS
data combined with the factorial analyses using the design of
experiments.

The copper plasma deposition and plasma etching times
change the aspect ratio (feature height/base diameter) and
spacing of the nanocones, also affecting the total surface free

energy (y®%) and its dispersive (y*V) and polar (yf)
components. Our results suggest that the nanocone patterns
do not contribute to the antiviral properties of the Cu-coated
PLA by a mechanical stress mechanism.

4. MATERIALS AND METHODS

The materials used and the experimental methods are detailed in the
Supporting Information (available on the Internet).
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polynomial curve-fitting data for the Hy surface
responses obtained from the experiment design of the
FTIR data (Table 3S); XPS spectra of Cu-coated PLA
samples using different deposition and plasma etching
times (Figure 3S); 3D polynomial curve-fitting data for
the surface response obtained by the experiment design
(Table 4S); UV—vis transmittance spectra of copper-
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etching times (Figure 4S); Average transmittance of
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data using polynomial models for average transparency
from Cu-coated PLA samples (Table 5S); R, and Pareto
charts from AFM data of the Cu-coated PLA films
(Figure 7S); 3D polynomial curve-fitting data for the
surface response obtained by the experiment design of
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PLA films (Figure 8S); 3D polynomial curve-fitting data
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