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Because of the decreasing supply of new antibiotics, recent outbreaks of infectious diseases, and the emergence of
antibiotic-resistant microorganismes, it is imperative to develop new effective strategies for deactivating a broad
spectrum of microorganisms and viruses. We have implemented electrically polarized nanoscale metallic (ENM)
coatings that deactivate a wide range of microorganisms including Gram-negative and Gram-positive bacteria with
greater than 6-log reduction in less than 10 minutes of treatment. The electrically polarized devices were also effec-
tive in deactivating lentivirus and Candida albicans. The key to the high deactivation effectiveness of ENM devices
is electrochemical production of micromolar cuprous ions, which mediated reduction of oxygen to hydrogen per-
oxide. Formation of highly damaging species, hydroxyl radicals and hypochlorous acid, from hydrogen peroxide
contributed to antimicrobial properties of the ENM devices. The electric polarization of nanoscale coatings repre-
sents an unconventional tool for deactivating a broad spectrum of microorganisms through in situ production of

reactive oxygenated and chlorinated species.

INTRODUCTION

Consistent attention is aimed at communicable diseases, which are
identified as a key challenge to public health and are also recognized
as a major concern for global welfare (1). It is estimated that, of
13.7 million infection-related deaths in 2019, about 7.7 million
deaths were associated with 33 bacterial pathogens (2). Recent mul-
tiple outbreaks of infectious diseases, including severe acute respira-
tory syndrome coronavirus 2 (3-5), Mpox (6, 7), influenza A (widespread
yearly outbreak) (8-10), measles morbillivirus (11, 12), and various
bacterial infections (3), have resulted in an enormous loss of human
lives, causing substantial adverse impacts on the global economy and
society. Furthermore, the rapid rise of antimicrobial resistance (AMR)
poses an urgent and grave threat, adding to a substantial clinical and
financial burden on health care systems (13-18). Thus, there is an ur-
gent and pressing need to develop new tools, methods, and strategies
that are effective against a broad range of microorganisms, viruses,
and protozoans (19-22).

A number of antimicrobial approaches involving biological, small,
and large organic molecules and metallic nanoscale materials have
been implemented in the literature. For example, peptides (19, 20,
23-25), enzymes (19, 20, 24), bacteriophages (19, 20), organic bio-
cides (13, 19, 20, 22, 24), small-molecule inhibitors (19, 26, 27), and
high-molecular weight polymers (19, 28, 29) have shown promise
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against many infection-causing viruses and microorganisms. Metallic
nanoparticles (NPs) and coatings are also extensively investigated for
antimicrobial applications. Silver (19, 21, 30-33), gold (34-38), cop-
per (19, 27, 32), CuO (19, 27, 39, 40), MgO (41), Fe,05 (42), TiO, (43,
44), CeO, (45), and ZnO (19, 39, 40, 45, 46) are demonstrated in de-
activating microorganisms and viruses.

In general, organic antibiotics and biological-based antimicrobial
species deactivate bacteria through one or more action of mecha-
nisms, by interrupting or inhibiting crucial bacterial biochemical and
biophysical pathways; adversely disrupting the mechanical integrity
of the cells (for example, cell wall/membrane); and forming pores in
the membrane (19). Similarly, the antimicrobial properties of the
metal-based materials are thought to be due to multiple modes of
mechanisms, including generation of oxidative species (21, 42, 47-
49), release of metallic ion contributing to cell toxicity (19, 24, 30, 47,
48), mechanical damage to cell/membrane wall, and suppression of
the antioxidant response of the host cell (19, 30, 42, 47, 48). Depend-
ing on the concentration of oxidative and other toxic species, the host
cell cycle could be severely affected and inhibited, or even apoptosis
(programmed cell death process) could be activated (50-55).

Recently, nanoscale materials and surfaces exhibiting exciting de-
activation mechanisms against microorganisms and viruses have
been reported (36-38, 56-62). Rotellos group recently demonstrated
ligand-engineered NPs, which exhibit potent antimicrobial activi-
ties against multidrug-resistant bacteria (36-38). Thioxanthene-based
light-activated molecular machines showed excellent antibacterial
properties that rapidly kill a broadband of bacteria including drug-
resistant microbes by disrupting bacterial membranes (58, 63). Photo-
active biocidal molecules containing nanofibrous membranes produced
reactive oxygenated species (ROS) that deactivated bacteria and viruses
with more than 6-log difference (57). Similarly, photocatalytic-based
nanoscale films (19-21), nanotextured silicon films (64), zwitterion
polymer films (65), synergetic quantum dot-antibiotic nanoscale
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materials (66), and silver-containing polymers (59, 67) have shown
great promises against many microorganisms, including antibiotic-
resistant bacteria (36, 38, 58). However, some concerns such as re-
chargeability, toxicity, and stability of the active species contribute to
their reduced applicability and usages (19, 24).

Here, we report that electrically polarized nanoscale metallic
(ENM) coatings, composed of Cu(II) and Ag, deactivate and kill both
Gram-positive and Gram-negative bacteria with more than 6-log re-
duction in less than 10 min of treatment. The electric polarization of
the coatings was accomplished using low-power alkaline batteries or
solar cells. ENM devices were rationally designed for the in situ pro-
duction of micromolar cuprous ions in solutions for an extended
period of time (>2 days). The cuprous ions are implicated in the
production of ROS, (hydrogen peroxide and hydroxyl radicals), reac-
tive chlorinated species (RCS), including hypochlorous acid. Highly
damaging ROS and RCS produced by the ENM devices also deacti-
vated broad-spectrum microorganisms including medically relevant
Pseudomonas aeruginosa, Acinetobacter baumannii, and Staphylococcus
aureus with an efficiency of £#99.9999% (more than 6-log reduction).
ENM devices were also effective against Candida albicans fungal
spores with an efficiency of ~#93%. Treating lentivirus with electri-
cally polarized metallic coatings resulted in >90% deactivation of the
virus. ENM devices are easy to fabricate in a short time (<2 hours) using
accessible materials on a variety of flexible wearable surfaces. Further-
more, the microorganism deactivation efficiency was “actively” modu-
lated by the magnitude of applied potential to the devices. The
electrical polarization of the nanoscale metallic surfaces represents an
unconventional tool for deactivating microorganisms and viruses
through in situ production of ROS and RCS. Overall, these studies
contribute to addressing current challenges of managing and reduc-
ing the spread of infectious diseases by implementing electrically po-
larized, self-sanitizing, nanoscale materials.

RESULTS
Fabrication and characterization of ENM devices
Figure 1A shows a schematic of implementation of the ENM devices for
the deactivation of microorganisms and viruses. Briefly, an aqueous
drop, represented by a large transparent light blue sphere, containing
three healthy microorganisms (rose-, green-, and pistachio-colored
structures), was placed on a control device (white rectangle) (Fig. 1A).
The control treatment did not exhibit any damage or deactivation of the
microorganisms (Fig. 1A, top). The microorganisms were, however, de-
activated with a greater than 6-log reduction after they were treated
with an ENM device for less than 10 min. The damaged microorgan-
isms are represented by perforated structures in the bottom figure of
Fig. 1A. The deactivation of the microorganisms was caused by ROS
(shown by smaller cyan and red spheres) and RCS (light pink sphere),
which were produced by electrically polarized metallic nanoscale coat-
ings (dark gray rectangle). The electrical polarization of the devices was
accomplished by either alkaline batteries or commercial solar cells ir-
radiated with a light-emitting diode (LED). (—) and (+) in Fig. 1A rep-
resent — and + polarities of a source battery, respectively. Electrically
polarized ENM devices with E,,, = 3 and 6 V are referred to as ENMsy
and ENMgy, respectively, whereas the electrically nonpolarized ENM
devices (E;pp = 0 V) are denoted by ENMy.

The ENM devices were fabricated using a simple two-step process
(Fig. 1B). First, the polypropylene control surfaces were immersed in a
0.1 M CuSOy solution for 1 hour (Fig. 1B and figs. S1 and S2), yielding
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an average copper concentration of ([Cu(II)]) ~ 15.7 parts per million
(ppm) cm ™2 (n=4) on the surfaces (fig. S3). Then, 80- to 100-nm-thick
coating of silver was sputtered on both sides of the Cu-containing
surfaces (Fig. 1, G and H). The silver coating is composed of NPs of
29 + 5 nm (n = 172) (Fig. 1I). A typical ENM device is shown in
Fig. 1C. ENM devices were also fabricated on a variety of surfaces, in-
cluding household air filters, cellulose filter paper, and hand paper
towels. A detailed procedure for the fabrication of ENM devices is pro-
vided in the Supplementary Materials.

Energy-dispersive x-ray spectroscopy (EDS) confirmed the presence
of elemental Cu (L, 0.930 keV and K,, 8.04 keV) and Ag (L, 2.984 keV)
on ENM devices (Fig. 1, D and E, figs. S5 to S9, and table S2). The sheet
resistances (R;) of the freshly prepared ENM devices and after five us-
ages were 32 + 12 ohm cm™2 (n = 6) and 129 + 132 ohm cm 2 (n=6),
respectively (fig. S11). The water static contact angles (6.) on the ENM
devices (Eqpp = 3 V) were 118° & 7° and 115° + 6° (n = 3) for ENM
treatment durations (Tapp) of 0 and 10 min, respectively (Fig. 1F and
fig. S10). The observed change in 6. was insignificant for ENMgy and
ENMzy treatments for T,p, = 10 min (fig. S10).

Rationale for electrically polarized metallic surfaces for ROS
and RCS generation

Before describing antimicrobial and antiviral properties of ENM de-
vices, we provide a rationale of electrical polarization of the na-
noscale copper-silver metallic coatings for the generation of ROS and
RCS. ENM treatments produced H,O,, which decomposed to "OH
through Fenton-like reaction (68), although recently, other oxidative
species are also implicated in the Fenton-like reaction (69). Further-
more, HOCI was also produced in the solutions treated with ENM
devices through a reaction between H,0, and CI™ (70). Both "OH
and HOCI are known to be highly damaging to cells (50) and are at-
tributed to deactivation of microorganisms and lentivirion with
ENM treatments.

The first step for the generation of ROS and RCS in an ENM-
treated solution is Cu(I)-mediated O, reduction to O,"", which is
followed by a second one-electron reduction of O, to H,O,. Cu(I)-
mediated reduction of O, to O, has a standard reduction potential
(E,) of —0.319 V (Supplementary Materials); thus, it exhibits a ther-
modynamic limitation. This limitation is, however, strictly applied to
thermodynamic equilibrium conditions and can be kinetically re-
laxed, as is evident from multiple reports demonstrating the feasibil-
ity of Cu(I)-mediated O, reduction to Oy~ (71-75). Cu(I) to Cu(I)
reduction is thought to occur under dynamic nonequilibrium condi-
tions in sunlit seawater, where submicromolar to nanomolar Cu(I)
concentration exists (71). Although O, reduction and O, oxidation
mediated by copper species can involve multiple reaction pathways
(egs. S1to S9, Supplementary Materials), it may be useful to consider
them as a two-step reaction (Eq. 1). These considerations provide
useful insights and rationale concerning the kinetics of Cu(I)-
mediated O, reduction to O,

k k
0, + Cu(I) (—>i 0,"” + Cu(Il) - Products (1)
k reactan

T

where kg, k., and k are rate constants. kr = 3.1 x 10* M~! s7},

k. =6.6 x 10 M~' s}, and k varies with reactants and reaction con-
ditions (73).

We evaluate kinetic feasibility of Cu(I)-mediated O, reduction to
O, by estimating a kinetic parameter (Ryi,) for the ENM system.
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Fig. 1. Working principle, fabrication, and characterization of the ENM devices. (A) Top (control treatment): An aqueous droplet (large light blue sphere), containing three
healthy microorganisms (represented by rose-, green-, and pistachio-colored structures), was placed on a control device (white rectangle with two strips). Bottom (ENM treat-
ment): The microorganisms were deactivated in less than 10 min of ENM treatment. The perforation of these three structures represents damage and deactivation of the mi-
croorganisms. The (+) and () represent + and — polarities of a battery, respectively. “OH, H,0,, and HOCI are represented by cyan, red, and light pink spheres,
respectively. (B) ENM fabrication involves the deposition of Cu(ll) (blue particles) on a substrate (white rhombus) by immersion in a 0.1 M CuSOj4 solution followed by ~90-nm
silver coating (dark gray). (C) Optical image of a typical ENM device. (D) EDS mapping of an ENM device, showing Cu (blue) and Ag (purple). (E) An EDS energy spectrum on
ENM revealed the presence of elements C, O, S, Cl, Cu, and Ag. au, arbitrary units. (F) Fluorescence micrograph of three 40 pM fluorescein-containing water droplets deposited
on ENMjy for T,pp = 10 min, exhibiting a water contact angle of ~115 + 6° (n = 3). Scale bar, 5 mm. AFM measurements: (G) Two-dimensional AFM scan of silver coating on

glass yielded a thickness of ~#93 nm (H); (J) histogram of the silver particle size in (I) exhibited an average silver particle size of 29 + 5 nm (n = 172).

[O,] = 254 pM (76) in an air-saturated solution is about eight to nine
orders of magnitude larger than that of steady-state [O,""] (14 to 234
ki[O, ][Cu(D)]
k[0 ][Cu(D)]
that the forward reaction is kinetically accessible (Supplementary Ma-
terials). Furthermore, the reaction of O, with species such as Cu(I)
present in the solution is fast (k = 2 X 10° M~ Ls™, facilitating O,

reduction in the forward direction.

Another possibility for the generation of H,0, is through a two-
electron reduction of O, to H,O, by two Cu(I) species (77, 78). Although
the reaction 2Cu(I) + O, + 2H" — H,0, + 2Cu(Il) is thermodynami-
cally viable (E, = 0.436 V) (79), it imposes a spatial restriction of avail-
ability of two Cu(I) species in close vicinity during the reaction. In any
case, Cu(I) is known to play a crucial role in the generation of H,O,.

pM, Supplementary Materials). Thus, Riin = >> 1 indicates
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Here, we rationally designed surfaces and devices that produced
Cu(I) using two modes: First, Cu(I) was generated by electrically po-
larizing nanoscale Cu(II)-Ag coatings with low-power alkaline bat-
teries or solar cells through Cu(II) reduction to Cu(I). Cu(II) — Cu(I)
is known to occur in Cu(II)-containing aqueous solutions under
an appropriate electric potential (80). Second, the Walden reductor
was implemented for Cu(II) — Cu(I) (E, = 0.159 V). The Walden
reductor provided an appropriate reduction potential of Eqwalden =
0.2305 V to achieve Cu(II) — Cu(I). However, it does not allow
Cu(II) — Cu(0) (E, = 0.3419 V), which is larger than E,waiden (81,
82). Although only the Walden reductor generated Cu(I) in the ab-
sence of an applied potential to the ENM devices (referred to as
ENMyy), Cu(I) was generated by both modes in the presence of
Eqpp =3V (referred to as ENMy).
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Rapid broadband microbial deactivation by ENM

We worked with seven different microorganisms from two different
kingdoms: five bacteria (both Gram-positive and Gram-negative),
two fungi, and one virus (lentivirus). Three human-health relevant
bacteria—A. baumannii, P. aeruginosa, and S. aureus [a part of the
ESKAPE family (83)]—were chosen for deactivation investigations
by ENM devices. These bacteria are considered excellent bacterial
models of nosocomial opportunistic pathogens that cause infections
with high morbidity and mortality (84-86). These bacteria are known
to escape biocidal actions of common antibiotics, leading to develop-
ment of antibiotic-resistant bacteria (83). S. aureus is the leading
cause of bacterial death in 135 counties and is also associated with
the most mortality rate among individuals 15 years and older (2).
Two extremophiles, SIUC2 [a Gram-negative, 85% identification
(ID) to Serratia marcescens] and SIUC11 (a Gram-positive, 99% ID
to Bacillus safensis), were also used in our studies (Supplementary
Materials). Furthermore, two fungi, Aspergillus fumigatus (strain
AakuB*Y®) and C. albicans (strain SC5314, American Type Culture
Collection MYA-2876), were also used to evaluate antimicrobial
properties of ENM devices. These fungi are known to cause diseases
in immunodeficient humans. Lastly, antiviral properties of the de-
vices were examined against lentivirus, which is a model virus used
in biomedical studies.

Briefly, three to six 100-pl droplets containing a known concen-
tration of a desired microorganism or lentivirus were placed on
ENMyy and ENM3y devices. The treatment time (T,pp) for the stud-
ies was 5 min, unless otherwise stated. The sample droplets formed
bead-like structures on the devices (Fig. 1F and fig. S10), allowing
accurate extraction of £91 + 4 pl (n = 72) for culture growth studies.
Approximately 7.5% of viable A. fumigatus were retained on both
control and ENM devices for T,p, = 5 min treatments. This was con-
sidered in our analysis by assuming that 7.5% of the initial concen-
tration of the microorganisms and lentivirion was retained on the
devices. The treated microorganisms were then grown in culture me-
dia for 24 hours. The device-treated lentivirion were transduced into
human embryonic kidney (HEK) 293T cells to evaluate the device
deactivation efficiency against lentivirion. The viable microorganism
population was manually counted and is reported as an average + SD
(n > 3). The deactivation efficiency (1) and log reduction in the pop-
ulation of microorganisms for different treatments were estimated
using Eqs. 2 and 3, respectively:

CFUcontrol B CI::Ljdevice

% 100
CFU,

n= (2)

control

AIOg = log(CFUcontrol) - log(CFUdevice) (3)
where CFUgptro] and CFUeyice are mean colony-forming units ml~!
of a given bacteria on control and device treatment, respectively. The
Alog represents mean log reduction in the microorganism population

treated with control as compared to population of microorganisms
treated with a device. For lentivirus studies, n = ( - % ) % 100,

where [ is the fluorescence emission intensity of the healthy HEK293T
mammalian cells that were transduced with control surface treated
lentivirion. I is the fluorescence emission intensity of the HEK293T
cells that were transduced with Ag device-treated lentivirion.

Figure 2 shows deactivation of a SIUC2 and SIUC11 mixture (50%
each) treated with six devices at E,pp = 0and 3 V (Tapp = 5 min, n.=3).
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The Alog values of the cells treated with devices composed of Cu(II),
Ag, Au, and Cu(II)/Au were either insignificant or relatively modest
in magnitude (Fig. 2B). These experiments indicated that the presence
of Cu(II) by itself with E,pp, = 3 V [Alog = 0.004, P = not significant
(ns) versus control] and 0 V (Alog = —0.015, P = ns versus control) on
electrically nonconductive surfaces was not effective in deactivating
SIUC2 and SIUC11 bacterial cells (Fig. 2). Similarly, for electrically
conductive Au- and Ag-functionalized devices at E,, = 3 V but without
Cu(II) yielded a modest Alog = (0.176 + 0.029) and (0.571 + 0.340),
respectively (Table 1). These results suggested that the electric polar-
ization of the electric conductive devices that did not contain Cu(II)
was modestly effective against STUC2-SIUC11 bacteria. The experi-
ments conducted with ENMgy exhibited Alog =1.96 + 0.360 (n = 3,
P < 0.0001) for the STUC2-SIUC11 bacterial cells. However, the viable
SIUC2-SIUC11 cells were not detected (referred to as ND) for all ex-
periments (n > 50) when the bacterial cells were treated with ENM3y
(Fig. 2, figs. S12 and S14, and Table 1). Furthermore, ENM3y treat-
ments (Typp = 10 to 15 min) of STUC2-SIUC11 at a much higher load
of [C,] =5 x 107 CFU ml™ did not exhibit viable cells (i.e., CFU
ml™! = 0) after a 24-hour growth period (fig. S14). These studies fur-
ther reinforced that the ENM devices are capable of deactivating a
higher load of bacteria with Alog ~ 7.7 and n = 99.99999% in 15 min
of treatment. Last, the STUC2-SIUCI11 mixture treated with Cu(II)-
Au devices at E;p, = 0 and 3 V exhibited modest Alog = 1.04 + 0.141
and 1.23 + 0.131, respectively (Fig. 2, fig. S13, and table S3). These
experiments confirmed that the electric polarization of the coatings
composed of cupric ions and nanoscale silver plays a crucial role in
the antimicrobial properties of the devices. As shown below, the high
deactivation efficiency of the ENM devices against microorganisms
and lentivirion is due to generation of ROS and RCS, which react with
cellular and virus components resulting in the irreversible damage of
these species.

The ENM,y treatment exhibited a modest Alog = 0.07 (P < 0.0001
versus control) and 0.028 (P < 0.0001 versus control) for P. aeruginosa
and A. baumannii, respectively. On the other hand, the viable
P, aeruginosa and A. baumannii cells in the culture growth media were
not detected for ENM3y treatment, which corresponds to Alog = 6.18
and 6.48, respectively (P < 0.0001 versus control, # = 3; Fig. 3 and
Table 1). S. aureus cells were, however, found to be more resistant,
exhibiting modest n =~ 89% (Alog = 0.94) and 99.8% (Alog = 2.75)
(P < 0.05 versus control, n = 3) for ENMgy and ENM3y treatments,
respectively (T,pp = 5 min). Thus, more aggressive treatments com-
prising ENMgy and 7., = 10 min were performed, which resulted in
a complete deactivation of S. aureus (Alog = 6.4, P < 0.0001 versus
control; Fig. 3C and Table 1). All five bacteria investigated in the
studies were deactivated by ENM3y (or ENMgy) treatments with
N = 99.9999% (Alog > 6). The antimicrobial effectiveness of the ENM
devices against two fungi (C. albicans and A. fumigatus) was also
studied. Ninety microliters of the fungal spores treated with ENM
devices was grown in a culture media for 24 hours. Although the
ENMj;y treatment successfully deactivated C. albicans with n = 93%
(P < 0.0001), the ENMgy treatment exhibited n = 80% (P < 0.0001;
Table 1). In comparison, the C. albicans deactivation efficiency of the
Cu(II)- and Ag-treated devices were 17.4 and 14.7%, respectively (ta-
ble S4). However, the ENMgy treatment against A. fumigatus spores
yielded a modest n ~ 47% (T,pp = 10 min), but it increased to 92%
with ENMoy (Tapp = 10 min; fig. S15). Thus, ) for A. fumigatus treated
with ENM devices was significantly lower than that was observed for
bacterial deactivation efficiency (99.9999%) even when A. fumigatus
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Fig. 2. Bacteria deactivation with various treatments. (A) Cell viability (CFU mI™") of a SIUC2-SIUC11 mixture (50% each) treated with control and five different devices
without (Eapp = 0V) and with applied potential (E;pp = 3 V). ns: Pis not significant versus control, *P = 0.0186 versus control, ***P = 0.0003 versus control, and ****P < 0.0001
versus control. The bars represent the arithmetic mean of the data, and the error bars represent the SD of three independent experiments.“0V”and “3 V" on the x axis mean
that Eapp = 0 and 3V, respectively. (B) Log reduction for the SIUC2 and SIUCT1 mixture treated with five different devices at 5, = 0V (purple bars) and 3V (blue bars). t in (A)
and (B) denotes that vial bacterium was not detected for the ENMsy treatment. The optical micrographs of growth of the SIUC2 and SIUC11 mixture treated with control
(€), Cu(ll) device (D), Ag device (E), Au device (F), Cu(ll)/Au device (G), and ENM device (H) at E,, = 0 and 3 V. Additional optical micrographs showing bacteria growth on
various devices for three independent experiments are available in figs. S12 and S$13. For all comparisons, microorganisms were treated in the same way at the same time with
devices to minimize the errors related to batch-to-batch differences. To avoid error in Alog calculations, where the viable bacterium was not detected after a 24-hour growth

period, a CFU ml~" value of 1 (i.e., log1 = 0) was assumed. The SD for Alog (denoted as S g) was estimated by using Sz = [(s2

/n) +($2 /m)]1/27 where Scontrol aNd Sdevice

control device

are SDs for the log reductions for the control and device treatments, respectively, and n and m are the number of control and device treatments, respectively.

was treated with harsher conditions (Eqpp = 6 t0 9V, Topp = 10 to
20 min; figs. S15 to S17 and table S5). These studies highlight the roles
that the copper export machinery and the reactive oxygen intermedi-
ate defense system play in reducing the toxic effects of ROS and cop-
per species in A. fumigatus (87). The significant differences in the
deactivation efficiency observed among bacteria and fungi under-
score the need for optimizing experimental conditions {such as
[Cu(II)], Eapp> and Tapp} to achieve high deactivation efficiency with
ENM treatments.

The antiviral effectivity of the devices was studied by quantifying
the lentiviral transduction in the HEK293T cell line to produce an
infrared protein. For these studies, only control and Ag devices were
used because ENM devices were found toxic to the mammalian
HEK293T cells. The HEK293T cells that were transduced with Aggy-
and Agsy-treated lentivirion appeared healthy and exhibited conflu-
ency similar to healthy nontransduced HEK293T cells. For these
experiments, lentivirion were first treated with control or Ag devices
(Eapp =0, 3,and 6 V, T, = 10 to 20 min). The treated lentivirion were

Vargas-Lizarazo et al., Sci. Adv. 10, eado5555 (2024) 2 August 2024

then transduced into HEK293T cells, which expressed infrared fluo-
rescent protein (iRFP). The fraction change in the emission intensity
of the iRFP expressed in the HEK293T cells represents the lentivirion
transduction efficiency in the HEK293T cells (88). Thus, a decrease in
the emission intensity at 700 nm quantifies a lower iRFP concentra-
tion in the cells, which represents successful transduction of the lenti-
virion. The treatment of the lentivirion with Agyy devices exhibited a
modest transduction efficiency (n) of 63 + 5.7 and 67 + 11.5% for
Tapp = 10 and 20 min, respectively (P < 0.0001 versus control, n = 3;
Fig. 3E and Table 2). However, the HEK293T cells transduced with
lentivirion treated with Agsy devices showed a larger reduction in the
emission intensity, corresponding to 1 & 86 + 6% (Tspp = 10 min,
n =3, P < 0.0001 versus control) and n & 92 + 8% (Tapp = 20 min,
n =3, P < 0.0001 versus control) (Fig. 3E and Table 2). These results
confirmed that lentivirion were damaged with the Agyy and Agsy
treatments such that they were either less effective in entering
HEK293T cells and/or their effectiveness to transduce HEK293T cells
after entering the cells was reduced. We have not investigated which of
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Table 1. Viable bacterial and fungal spore concentration and effectiveness percentage of the microorganisms treated with ENMgy, ENM3y, and ENMgy.

Kingdom Species (CFU Eapp (V) Tapp (Min) Viable cell or 11%'r Alog1E PS
ml~") spore (CFUmI™!
or sporesml™")
Bacteria P. aeruginosa 0 5 55%10° + 80 0.70 ns

[Clo=2.8x10° 1.5%10°

5 01

S. aureus 0 5 34%10° + 88.5 0.94 <0.0001
[Clo=3.0x% 10° 1.0 % 10°

3 5 57x10° + 99.8 2.75 <0.0001
34x%x10°

10 ND! 6.48 <0.0001

A. baumannii 0 5 14 % 10° + 6.3 0.028 <0.0001
[Clo=1.5x10° 45x10°

3 5 ND! 6.18 <0.0001

SIUC2 and 0 5 41%x10%+ 98.5 1.9 <0.0001
SIUC11 3.2 10?

[(Jo=3.1%10 3 5 ND! 4577 <0.0001

Fungi C. albicans 0 5 95x10° + 0.67 <0.0001
Co=44x10* 4.0x% 103

spores ml 3 5 3.1x10% + 93 1.2 <0.0001
27%x10°

*Vfiable CFU mI~" or spores ml~" after ENM treatment.

detected in the culture media after a 24-hour growth period.
exhibited n ~ 99.99999% for the ENM3y treatment (tapp = 15 to 20 min; fig. S14).

these two scenarios contributed to a decrease in the iRFP production
in the cells. However, these results confirmed that the electrically po-
larized silver coatings were effective in reducing the transduction of
lentivirion in HEK293T cells, which is attributed to generation of
‘OH and HOCI by the Ag devices (fig. S18). Although effective in
reducing the iRFP concentration, the ROS and RCS concentrations
produced by the Ag device treatments were significantly lower than
the ROS and RCS concentrations produced with ENM treatments
(fig. S18), which were ineffective in deactivating bacterial cells with
high efficiency (Fig. 2).

Electron microscopy measurements of physical damage and
surface morphology changes in the bacterial cells due to
ENM treatment

Changes in the physical dimensions and surface morphology in the
bacterial cells subjected to electrically polarized device treatment are
expected to provide useful information regarding the deactivation
process. We performed electron microscopy measurements on SIUC2
and SIUCI11 bacterial cells treated with three types of devices (control,
ENMjyy, and ENM3y) to gain this information in the bacterial cells.
The cells were preserved without substantial distortion by using
critical point drying procedure (Supplementary Materials). Figure 4
shows scanning electron microscopy (SEM) images of control (col-
umn 1), ENMyy-treated (column 2), and ENM;y-treated (column 3)
bacterial cells (Top, = 5 min). Although the untreated SIUC2 and
SIUCI11 control cells were cylindrical with smooth and uniform sur-
face characteristics, the cells treated with ENMgy showed surficial
dot- and filament-like nanoscale structures with width =~ 60 nm and
length of a few hundreds of nanometers (n = 14) (Fig. 4, B and E).
Although cells were not completely distorted or collapsed, large
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tn that was estimated using Eq. 2.
calculated using a one-way ANOVA and a Tukey'’s test for separating means when differences were found (n = 3).
#Studies conducted with a SIUC2-SIUCT1 mixture having [Clo =5 x 107 CFU ml~', which

$Alog that was estimated using Eq. 3. §P values were
IND denotes viable bacterial cells were not

*¥n & 99.9999% (Alog > 6). 1T1n = 99.99%.

damage was observed in the cells with ENMgy treatments. These re-
sults are consistent with the cell growth studies, which exhibited
substantial but not a complete deactivation of the cells treated with
ENMyy (Fig. 2 and Table 1). However, ENM3y-treated cells experi-
enced more pronounced damage including significant distortions in
shape, volume, and surface texture (Fig. 4, C and F). Furthermore, the
ejection and leakage of the internal cellular material are also seen in
electron micrographs (dashed oval in Fig. 4C), which is attributed to
damage of the bacterial walls and/or membrane. In general, many
modes of interactions between bacteria and damaging species can de-
activate and kill bacteria, including (i) direct contact of the species
with cell walls and/or membranes; (ii) generation of ROS and RCS,
which can adversely affect the membranes, nucleic acids (genotoxici-
ty), proteins, and enzymes (proteotoxicity); (iii) impairment of mem-
brane function; and (iv) interference with nutrient assimilation (48,
49). Experiments conducted with devices composed only of Cu(II)
and those composed only of Ag did not exhibit deactivation of STUC2
and STUC11 with high efficiency (Fig. 2 and fig. S12). This implies that
the contribution of metal ions to the microorganism deactivation
with ENM treatment is minimum. ROS and RCS are known to kill
microorganisms and viruses (89-91) and are attributed to bacteria,
fungi, and lentivirus deactivation in this study. However, more studies
are needed to elucidate potential biochemical pathways, which led to
the membrane damage and pore formation in the membranes, caus-
ing leakage of the internal cellular materials.

ROS production using electrically polarized metallic
nanoscale coatings

Identification and quantification of the potential chemical species
that contributed to the deactivation of microorganisms by the ENM
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Fig. 3. Viable bacterial cells, fungal spores, and lentivirion deactivation with control and ENM devices. Cell viability of P. aeruginosa (R), A. baumannii (B), S. aureus
(€), and spore viability of C. albicans (D) treated with the control and ENM devices. t denotes that viable P. aeruginosa, A. baumannii, and S. aureus cells were not detected after
treatment with ENMay, ENMsy, and ENMey, respectively. [Co] values of S. aureus, A. baumannii, and P. aeruginosa were 3 x 10%, 1.5 x 10, and 2.8 x 10° CFU ml™, respectively.
[C,] for the C. albicans was 5.5 X 10* spores ml~". Tapp = 5 Min was used for the experiments in (A) to (D). (E) Transduction efficiency of the lentivirion treated with control and
Ag devices (Eapp = 0 and 3 V) for tpp = 10 and 20 min was estimated using relative fluorescence intensity emission (Aem = 700 nm) of the iRFP expressed in the HEK293T cells.
The emission intensity of HEK293T cells infected with untreated lentivirion was taken as 100 arbitrary units. All the results are presented as the means + SD of three indepen-
dent experiments (n = 3). The SD was not estimated for the treatments when viable cells were not detected after culturing the cells or spores for 24 hours. ns, **, ### and *#
represent not significant versus control, P = 0.0209 versus control, P = 0.0006 versus control, and P < 0.0001 versus control, respectively. For all comparisons, microorganisms
and lentivirus were treated in the same way at the same time with the ENM devices to minimize errors related to batch-to-batch differences.

Table 2. Transduction effectiveness of Ag-treated lentivirion.

Virus Eapp (V) Tapp (Min) Relative IR emission (%) n SD pt
Lentivirus 0 10 37 63 5.7 <0.0001
15
33
3 20 8 92 8.4 <0.0001

*Transduction efficiency (n) of the lentivirion, which was estimated using the equation n = - ;—‘ ) X 100. Ic and Is are the IR emission intensities of the
HEK293T cells, which were transduced with control-treated lentivirion and Ag-treated lentivirion, respectively. For all the measurements, the background
emission was subtracted. 1P values that were estimated from three independent experiments using a two-way ANOVA test followed by Bonferroni

correction. For these studies, the lentivirion and HEK298T concentrations were 8 x 10° titer unit mI~' and 10* cells mI™", respectively.

treatment are important. This will help improve understanding of the
deactivation processes involved in the treatment. The changes in tem-
perature and pH of the aqueous solutions treated with ENM devices
(Eapp = 310 6V, Typp = 5 to 15 min) were <2°C and <1 pH unit, re-
spectively (figs. S19 and S20). Furthermore, because Cu(II)-containing
devices without silver coatings were not effective in the deactivation
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of the microbes investigated in the studies (Fig. 2 and fig. S12), we
therefore rule out any large contributions from factors such as tem-
perature, pH, and cupric ions to the observed deactivation of the mi-
croorganisms and lentivirus with the ENM treatment. We provide
below spectroscopic quantification of ROS and RCS, which are impli-
cated in the antimicrobial and antiviral properties of ENM devices.
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Fig. 4. SEM measurements of control, ENMgy-treated, and ENM;y-treated SIUC2 and SIUC11 bacteria. Column 1: SEM images of (A) untreated control SIUC2 and
(D) SIUC11 cells. The length and width of the SIUC2 cells were ~1192 + 342 and 667 + 45 nm (n = 50), respectively, and the SIUC11 cells exhibited the length and width
of #1708 + 417 and 623 + 33 nm, respectively (n = 50). Column 2: SEM images of the ENMgy-treated (B) SIUC2 and (E) SIUC11 cells. Column 3: SEM images of the ENM3y~
treated (C) SIUC2 and (F) SIUC11 cells. The insets in (E) and (F) represent magnified micrographs of the white dashed squares in (E) and (F), respectively, whereas the insets
in (B) and (C) show magnified micrographs of the white dashed ovals in (B) and (C), respectively. ENMoy- and ENM3y-treated cells exhibited their large physical deforma-
tions, and leakage of the intracellular material is also observed. Scale bars, 1 um [(B), (C), and (E)], 2 pm [(A) and (F)], and 10 pm (D).

Cu(l) generation by ENM devices

The in situ production of Cu(I) is key to the generation of micromolar
concentrations of ROS and ROS observed in ENM-treated solutions.
Therefore, Cu(I), H,O,, "OH, and HOCI were spectroscopically quan-
tified. The concentration of Cu(I) (denoted as [Cu(I)]) was mea-
sured in the ENMgy- and ENMjy-treated solutions by using the
bathocuproine disulfonate (BCS) complexation method. BCS is a
highly selective Cu(I) sensor, which provides accurate estimation of
[Cu(I)] in aqueous solutions (92, 93). All the experiments were per-
formed in the dark to avoid interference from photochemically ac-
tivated reactions (pH = 7, temperature = 22°C). The linear Cu(I)
production rates of 0.76 and 0.34 pM cm ™ min~" for Tapp = 0 t0
10 min were observed for ENM3y and ENMy treatments, respectively
(Fig. 5). Furthermore, more than twice [Cu(I)] (=15 pM cm™2) was
produced in the solutions treated with ENM3y (T,pp = 2 hours) than
that was produced with ENMgy (~6.5 pM cm™?) (Fig. 5, A to C).
Furthermore, a significantly smaller initial [Cu(I)] production rate
and a much shorter time to attain a pseudo-steady state was ob-
served for ENMyy than that for the ENM;y treatment. For example,
the Cu(I) generation was plateaued at T,,, = 45 min for the ENMy-
treated solutions, whereas a pseudo-steady-state Cu(I) concentra-
tion of ([Cu(I)]ss) =~ 23 pM cm ™2 was achieved at Tapp = 1440 min
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(1 day) for the ENM3y treatment. Therefore, [Cu(I)]ss~ 3 and 11%
of the initial Cu(II) concentration were generated in the solutions
treated with ENMyy and ENM3y, respectively. These experiments
suggested that a sustainable long-term generation of [Cu(I)] was
achieved with ENM3;y treatments, which may provide effective an-
timicrobial and antiviral properties to ENM devices for an extended
period of time.

Agoy and Agsy devices also produced [Cu(I)] when these de-
vices were placed in 240 nM Cu(II) aqueous solutions. The [Cu(I)]
for the Agsy treatments was, however, about 3 times and >27 times
lower than that for ENMgy and ENM3y treatments (Tapp = 90 min),
respectively (Fig. 5C). This indicates a more efficient Cu(II) reduc-
tion by both ENMyy and ENMj3y devices. One of the possible rea-
sons for thelarger [Cu(I)] and its production rate in the ENM-treated
solutions is the intimate contact of Cu(II) with conductive coating
in ENM devices, which is likely to facilitate Cu(II) reduction rate.
However, diffusion of the hydrated cupric ions to the silver elec-
trodes is needed for Cu(I) production in Agyy and Agsy devices,
which is a slower process. Furthermore, aggregation of Cu(II) on
the ENM surfaces leads to considerably larger Cu(II) local con-
centration, potentially contributing to an enhance Cu(II) reduction
rate for the ENM treatments.
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Fig. 5. Spectroscopic quantification of Cu(l), ROS, and RCS generated in the aqueous solution treated with ENMoy and ENM3y devices. Electronic absorbance
spectra of Cu(l)-BCS complex for (A) ENMgy and (B) ENM3y treatments for tapp = 0 to 120 min. (C) [Cu(l)]-t4pp dependence for ENMgy (red), ENMay (black), Agoy (green), and
Agsy (blue) devices. (D) Ultraviolet-visible (UV-Vis) spectra for the [H,0,] estimation using the 1>~ method for ENMgy (red), ENMsy (black), and the control surface (blue)
treated for Tapp = 30 min. (E) [H,0,]-tap, dependence for the aqueous solutions treated with ENMgy (red) and ENMsy (black) devices for t,5, = 5 and 30 min, respectively.
(F) The ['OH]—'rapp dependence for ENMgy-treated (red) and ENMjsy-treated (black) solutions was estimated using the NDA assay. The emission spectra of a 0.1 mM couma-
rin solution treated with ENMgy (G) and ENM3y (H) devices for tap, = 0 hour (blue), 48 hours (black), 96 hours (red), and 120 hours (green). The device size for the experi-
ments performed in (G) and (H) was 16 cm?. (I) UV-Vis spectra of o-tolidine containing an aqueous solution treated with control (green), ENMoy (red), and ENMsy (black)
devices. Tap, = 60 min, device area = 1 cmz, and [CI7] = 0.30 mM were used for (I). All the experiments were performed in the dark (pH = 7 and temperature = 22°C). For
data in (A) to (C), [BCS] = 250 pM, ENM device area = 0.5 to 2 cm?, and volume of the solution = 2 ml. For Ag device experiments in (C), [Cu(ll)] = 240 nM was used.

Micromolar H,0, was produced by ENM treatment

The [H,0;] in the ENM-treated solutions was spectroscopically esti-
mated using the >~ method (94). For 5-min treatment, the ENMgy
and ENM3y devices yielded [H,O,] ~ 3 and 8.6 pM cm™?, respec-
tively, whereas [H,O,] = 17 and 39 pyM cm ™2 for ENMpy and ENMy,
respectively, were formed for 7., = 30 min treatments (Fig. 5, D and
E). These results agree with the [Cu(I)]-Tqpp trend for ENMgy and
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ENM;y devices, where the [Cu(I)] production rate for ENM3y de-
vices was more than twice that for the ENMy devices for over 90-min
duration (Fig. 5C). The control experiments with unfunctionalized
surfaces did not exhibit production of H,O, under the same experi-
mental conditions (Fig. 5D).

H,0, was produced in the aqueous ENM-treated solutions by a
two-step reaction mechanism (71, 73). The first step involves
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Cu(I)-mediated oxygen reduction to superoxide (Egs. 4 and 5),
which is followed by a second one-electron reduction through either
superoxide disproportionation reaction (Eq. 7) or Cu(I)-mediated
O, reduction (Eq. 8). The detection of [0, ] by the ferric cytochrome
¢ to ferrous cytochrome c reduction assay was not successful in our
experiments. We estimate a pseudo-steady-state [0, | in the pico-
molar range (Supplementary Materials), which is two to three orders
of magnitude smaller than the lowest concentration of cytochrome ¢
that can be measured using absorption spectroscopy. This low [0, ] is
a result of the rapid consumption of O, through multiple deactiva-
tion pathways (Egs. 7, 8, 10, and 12), where the reaction of O, ~ with
species, such as Cu(I), Cu(Il), O, , and Ag NPs present in solution, is
fast (rate constants of ~10% to 10°° M~! s} Fig. 6). As discussed earlier,
another possibility of the H,O, production is through a single two-
electron O, reduction process (75, 77, 78).

‘OH and HOCI production in ENM-treated aqueous solutions
The "OH in aqueous solutions treated with ENMgy and ENM3y de-
vices was spectroscopically quantified using two molecular probes:
p-nitrosodimethylaniline (NDA) (95) and coumarin (96)—both
probes are selective for the “OH detection. Figure 5F shows [‘OH]-
Tapp dependence for ENMgy and ENMsy using the NDA assay. The
[*OH] for the ENM3y was 900 nM cm™2 for Tapp = 45 min treatment,
which was found to increase linearly for T,pp ~ 100 min. The ['OH]
for the ENM3y devices was >4 times larger than that was observed
for the ENMgy-treated solution (T, = 100 min) (Fig. 5F and
fig. S21). These results agree with both [Cu(I)]-T.pp and [H2O03]-Tapp
trends and are also consistent with the overall “OH production mecha-
nism, where H,O, and Cu(I) are involved in the “OH generation in
the solutions.

The presence of "OH in the solutions treated with ENMgy and
ENM3;y devices was also confirmed by the appearance of a strong
7-hydroxycoumarin (7HC) emission peak centered at 456 nm. 7HC is
known to form by oxidative attack of ‘OH on coumarin (96). Unlike a
relatively sharp emission band for pure 7HC centered at A, &~ 454 nm
for the ENM3y solutions (Tpp, = 96 hours), the emission spectrum
for the ENMyy devices exhibited a much broader emission band with
full width at half maximum (FWHM) = 130 nm (Fig. 5, G and H). A
significant increase in the FWHM of the emission spectrum of
ENMyy-treated solution suggested the presence of both coumarin
and 7HC species in the solutions, whereas it appears that all the cou-
marin was converted into 7HC. These results confirmed that much
larger [*OH] were produced with ENM;y treatment than ENMoy
treatment. In addition, the experiments with control surfaces did not
exhibit a 7HC emission peak, which is not unexpected.

Using a calibration curve (fig. S22C), ["OH] ~ 272 pM cm™?
(Tapp = 96 hours) to 575 pM cm™ (Tapp = 120 hours) were obtained
for the ENM;y-treated solutions. Although the ['OH] for short Tapp
was not estimated in the 7HC assay because of the large overlap
between coumarin and 7HC peaks, the NDA assay clearly indicated
*OH production in the ENM solutions for short T,y < 120 min treat-
ments. The ["OH] estimated from the 7HC assay was substantially
lower than the ['OH] estimated using the NDA assay (Fig. 5F). This
large difference in the ['OH] estimated using these assays is attrib-
uted to quenching of 7HC emission by various reactive species, in-
cluding superoxide, H,O,, RCS, and metal ions, present in the
solutions (fig. S22). Therefore, we emphasize that the ["OH] estimated
using the 7HC emission method lowers its expected concentration in
the solution.
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The presence of HOCI was confirmed in the aqueous solutions
that were treated with the ENM devices. HOCl is known to form from
H,0; in the presence of Cl™ and copper ions (70). In the presence of
o-tolidine, the ENMy- and ENMjy-treated solutions turned yellow
due to the formation of holoquinone (97), confirming the presence of
HOCI in the solution (Fig. 5I and tables S6 and S7). Although the
holoquinone absorption peak at 437 nm was absent for solutions
treated with control devices, under the same experimental conditions,
more than twice HOCI (3.6 pM cm™?2) was produced in the solutions
treated with ENM3y for 7,5, = 60 min than that was observed with the
ENMyy treatment (1.7 pM cm™?) (Fig. 51, fig. S23, and tables S6
and S7).

Lastly, both the ENMgy and ENM3y devices also exhibited fast
oxidation of ascorbic acid (a known antioxidant). The ascorbic acid
oxidation rates were 1.2 and 0.8 pM cm™2s7! for ENM3y and ENMyy
treatments, respectively (figs. S24 and S25). Collectively, the spectro-
scopic results confirmed that the electric polarization of the metallic
Cu(II)-Ag nanoscale coatings produced highly reactive ROS and
RCS in the solutions. Additionally, although the ENMyy devices pro-
duced lower ROS and RCS concentrations than those observed for
the ENMjsy treatments, they still exhibited modest antimicrobial
properties, implying that ENM devices can be used in the active
mode. That is, the antimicrobial efficacy of ENM devices can be
modulated with applied electric potential. Furthermore, ENM de-
vices retained antimicrobial effectivity even after the applied electric
potential was reset to 0 V although with a lower deactivation efhi-
ciency than ENMsy devices.

DISCUSSION

Because of recent outbreaks of highly infectious diseases and the
emergence of antimicrobial bacteria, new materials and devices that
deactivate and kill a wide range of microorganisms and viruses are
urgently needed. In this study, we demonstrate effective deactivation
of broad-spectrum microorganisms and lentivirus by implementing
electrical polarization of nanoscale copper-silver coatings. ENM de-
vices were powered by an external low-power battery and consume
power in the milliwatt regime. Conventional alkaline batteries or solar
cells powered ENM devices for many hours without any observable
decrease in performance. We explore below three important points
that are crucial to understanding of the various processes involved
in the ENM treatments that yielded broad-spectrum antimicrobial
properties to the ENM devices: (i) the potential pathways and reac-
tions for the production of ROS and RCS; (ii) discussion concerning
physical and chemical processes, which are potentially involved in the
generation of Cu(I), H,0,, ‘OH, and HOCl at distances much farther
away from the ENM devices; and (iii) discussion concerning an ob-
served long-term sustainable concentration of Cu(I) and "OH in the
ENM-containing solutions.

Mechanisms and pathways for the production of ROS and
RCS in solutions treated with the ENM devices

Figure 6A shows two major parts that depict various major redox
pathways for Cu(0/I/II) cycling and generation of ROS and RCS in
solutions treated with the ENM devices. This figure is not compre-
hensive, but it is intended to provide major potential reactions rele-
vant to the present studies. The bottom square emphasizes the
production of ROS and RCS mediated by the copper redox chemis-
try, whereas the top triangle depicts reactions involving cycling of
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Fig. 6. Redox reaction pathways that generated ROS and RCS in ENM-treated solutions. The figure contains two parts: triangle (top) and square (bottom) redox cy-
cles. The top triangle provides Cu(0/I/I1) redox reactions occurring in the solutions treated with ENM devices. The bottom square provides various possible reactions that
generate ROS and RCS in the system. The size of the circle represents the expected/measured concentration of the species. Purple-colored (ROS) and pink-colored (RCS)
species are reactive to cells, whereas gray-colored rectangles are less reactive/nontoxic to cells. For some reactions, half-cell reduction potential (in volts) and second-
order rate constants (in M~ s™") are also provided. The dashed circles in the rectangular part represent species that were either not detected or formed at concentrations,
which we were not able to detect. The solid and dashed arrows represent thermodynamically accessible and thermodynamically inaccessible/less accessible reactions,
respectively. The external power is represented by a yellow circle with e™. H,0, can be generated by two successive one-electron reduction mechanisms or a single two-
electron O; reduction. The later mechanism is denoted by *. Some reactions depicted in the figure can occur through multiple pathways. Not all possible reaction path-

ways are shown in the figure.

Cu(0/1/II) species. In some cases, standard reduction potentials and
rate constants were also provided in Fig. 6. The rate constants of
some reactions in Fig. 6 may depend on the experimental conditions;
however, they provide useful information regarding the kinetics of
the reactions.

Reactions pathways for O;'~ and H,0; production and
consumption

The first step in the production of ROS and RCS is the Cu(I)-
mediated one-electron reduction of O, to O, (Egs. 4 to 6), which
is followed by a second one-electron reduction to generate H,O,
(Eq. 8) (71-75). Thus, two Cu(I) species are involved in two succes-
sive one-electron reduction reactions for H,O, production. A two-
electron reduction of O, to H,O, reduction reaction using two
Cu(I) species is also proposed in the literature (Eq. 9). As mentioned
earlier, this reaction is thermodynamically accessible (E, = 0.436 V)
(79) but has a low rate constant (ks = 6.5 x 10> M~ s7%) (77). Fur-
thermore, two closely located Cu(I) species are necessary for a single
two-electron O, reduction to H,O,. With [Cu(I)] ~ 30 pM cm 2,
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the probability of availability of two Cu(I) in close proximity in the
bulk solution for the two-electron reduction reaction is expected to
be small, although this reaction is feasible in the Cu(II) aggregated
state on the solid surfaces. In any case, Cu(I) plays a crucial role in
the generation of H,0, in both the mechanisms. However, because
of a lack of clarity, we consider that both the reaction mechanisms
can be operable in the production of H,O, in the ENM treat-
ment (Fig. 6).

In general, the oxygen reduction by Cu(I) to O, can occur
through three major reaction pathways at circumneutral pH (Egs. 4
to 6; purple arrowed reaction in Fig. 6) (73), where k; are second-
order rate constants (71, 73, 98). Equations 4 and 5 are available in
the present studies (dark purple arrow, Fig. 6); the third reaction
(Eq. 6), however, contributes negligibly to the production of O," in
the present studies

Cut+0, - Cu(Il)+0,

k,=3.1x10* M~ s7! 4)
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CuCIOH™ +0, — Cu(Il) + 0,

k,=3.1x10°M's7! %)

CuCO;” 40, —» Cu(Il)+ 0,

ky=1.0x10* M~'s7! ©

The rate constants (k) for Egs. 4 to 6 depend on [CI™] and other
experimental conditions. The reported k values for Egs. 4 to 6 are for
experimental conditions containing [Cl7] = 0.2 t0 0.7 M, pH = 6.6 to
8.0, and ionic strength = 0.7 M (73, 99). In general, the reduction of
O, with copper species is usually expressed in terms of total Cu(I) and
Cu(Il) concentrations rather than explicit individual ionic species.
This is due to Cu(I) stabilization by ligands (such as Cl") in the solu-
tion. The relative concentrations of Cu(I)-Cl complexes, such as
CuCl(s), CuCl,”, and CuCls>", depends on [Cl7] (73).

The consumption of O, occurs through multiple pathways, as
depicted in Eqs. 7 to 12 and 16. The O,"~ disproportionation reaction
(Eq. 7) and Cu(I)-mediated O,"~ reduction (Eq. 8) are two potential
pathways for H,O, generation in the ENM-treated solutions (one-
electron reduction mechanism). Because ks [0, ]* < ks [Cu(])]
[0,7], the O, disproportionation reaction appears play a minor
role in H,0; production, and the predominant contributor to
observed for H,0; is the Cu(I)-mediated O, ™ reduction reaction
(green arrow, Fig. 6).

Recently, Waite’s group reported that Ag NPs can also react with
0,"” with diffusion-limited rate constant (ko ~ 1 x 10 M~! s71).
Thus, Ag NPs can provide another potential draining pathway for
0, consumption (100). We used dynamic light scattering to inves-
tigate if NPs were generated in the ENM-treated solutions. NPs were
not detected in the ENMsy-treated solutions for T,,, = 5 hours.
However, the solutions treated with ENM3y for T.p, = 24 hours ex-
hibited NPs of radius ~ 100 nm (fig. S26). Although the exact chem-
ical nature of the NPs is not conclusively known at this time, both the
silver NPs and copper-containing NPs are known to react with O,
(100-102). Therefore, the contribution of reactions between O,
and Ag NPs can be neglected in the overall reaction scheme for short
Tapp ENM treatments. However, given fast kinetics with diffusion-
limited rate constants, these reactions may become important to
consider for the long ENM treatments. In summary, the interplay of
multiple reactions (Egs. 1, 2, 8, 10, and 12) dictates the generation of
H,0, in the ENM-treated solutions.

Reaction pathways for ‘OH and HOCI generation and
consumption

Both O, and H,0, are substantially less reactive to cellular and len-
tivirus components than ‘OH. “OH is the most reactive ROS gener-
ated in cellular systems (50, 103). ‘OH is known to react with cellular
species with a diffusion-limited reaction rate constant of 10° to
10 M~ 57! (50). In ENM-treated solutions, ‘OH was produced by a
Fenton-like reaction between Cu(I) and H,O, (light purple arrow,
Fig. 6). The reaction between Cu(II) and H,O, for “OH production is
extremely slow [Eq. 14, k3 < 1 M~!s71(98)]. Therefore, the contribu-
tion of Eq. 14 to the overall ‘OH production islikely to be small (Fig. 6).

Unexpectedly, the 7HC emission experiments confirmed that ‘OH
was produced for T,pp > 96 hours in the ENM-treated solutions. Because
the "OH production requires both H,O, and Cu(l), it follows that these
two species were available in the solutions for an extended period of
time. H,O, is quite stable in the aqueous solutions having a lifetime
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of ~1 to 2 days (104) and with a diffusion distance (du202) = up to
millimeters in the aqueous solutions (50). Furthermore, although the
lifetime of Cu(I) is on the order of minutes, the experiments con-
firmed the generation of Cu(I) in the ENM-treated solutions for many
hours (Fig. 5C). Thus, the availability of both the H,O, and Cu(I) in
the solutions over extended periods supports the “OH production in
the solutions treated with ENM devices for a long period of time.
Similarly, ENM treatments also generated micromolar HOCI in the
solutions (Fig. 5I). HOCI is known to form through a reaction of
H,0, with CI™ in the presence of Cu(II) (70), where all the species are
stable under the aqueous conditions. This reaction also reduces Cu(II)
to Cu(I), providing another source of Cu(I) in the bulk solution
(Eq. 17). Lastly, although the detection of other ROS (such as 10,)
(105), RCS (CI" and Cl,"), and reactive nitrogen species (such as ni-
tric oxide and peroxynitrite) was not attempted, their presence in the
ENM-treated solution cannot be not ruled out (Fig. 6).

Figure 7 represents the overall proposed mechanism for the pro-
duction of ROS and RCS in the ENM-treated solutions. First, Cu(II)
in a water droplet (blue hemisphere) was reduced to Cu(I) using
external battery sources and the Walden reductor (Fig. 7, 1). H,0,
was produced through either two one-electron reduction reactions
(Fig. 7, 2 to 3 to 4) or a single two-electron reduction reaction
(Fig. 7,2 and 3’). Although "OH was produced by the H,O, decom-
position catalyzed by Cu(I) (Fig. 7, 5), HOCI was generated by a
reaction between H,0O, and Cl™ catalyzed by Cu(II) (Fig. 7, 6).
These reactions were repeated in the solution producing ROS and
RCS for an extended period, where recurring Cu(0/1/1I) redox cy-
cles played a crucial role.

Possible reactions involving consumption of O, and produc-
tion of H,O, (Fig. 6)

0, +0,"” +2H" - H,0,+0,

7
k,=83x10° M~ s7! (pH=7) @

Cu(l)+0," +2H* - Cu(Il) + H,0,

8
ks=2x10°M™"'s7! ®

2Cu(I) + 0, +2H* - 2Cu(1l) + H,0,

)
ky =65%x10° M1 5712

Cu(Il)+ 0, = Cu(l)+0,

ks=6.6x108 M~ 57! (10)
Agt+0,” > AgNP+0, (11)
ky=64.5 (+16.3)
AgNP+0,” - AgNP*+0

g 2 g 2 (12)

ky=1x10""M"'s7!
The potential reactions involving consumption of H,O, and gen-
eration of "OH (Fig. 6)
Cu(I)+H,0, — Cu(Il)+ "OH+OH"

kip=1.0x10* M~ s to5x10* M~ 57! (13)
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Fig. 7. Schematic of the proposed mechanism of ROS and RCS formation in the bulk solution with ENM treatment. The large hemispheres represent aqueous drop-
lets ranging from many hundreds of micrometers to centimeter in dimension. (1) Electrochemical and electrically induced reduction of Cu(ll) (blue sphere) to Cu(l) (yellow
sphere) on the ENM electrode. (2) O, diffuses to the ENM-water interface, whereas Cu(l) can diffuse away from the ENM-water interface. (3) O, is reduced to Oy (green

sphere). (4) Cu(l)-mediated reduction of O, produces H,0, (light blue sphere) in the bulk solution. (3') Two-electron O, reduction produces H,0, using two Cu(l) species.
(5) A Fenton-like reaction between H,0, and Cu(l) produces ‘OH (red sphere). (6) Reaction of H,0, in the presence of Cu(ll) and CI~ produces HOCI (purple sphere). "OH
and HOCI can react with microorganisms and lentivirus, killing or deactivating them. The recycling of Cu(ll) to Cu(l) reduction through electrical polarization mechanism
allows the generation of ROS and RCS for an extended period of time in the solution. Hypothetical scale bars provide the dimensions of the water droplets. lons, radicals,

and other molecular species are not drawn to the scale.

Cu(Il)+H,0, - Cu(l)+ 0,
k,<1M's7!

AgNP+H,0, — Products
Ky, =2.7x10* M~ 57! (size dependent)

0, +H*+H,0,—>0,+ ‘OH+OH"

k,5 negligible for practical purposes

H,0,+Cl" + Cu(II) - HOCl + Cu(I) + H,O

k,, (value was not given)
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(14)

(15)

(16)

(17)

Here, superscript “a” in Eq. 9 represents a two-electron reduc-
tion reaction between Cu(I)(bipydyl), and O, (77). Ag NP* de-
notes products of O, /Ag NP reaction (100). ko is reported for
[CI7] between 0.1 and 0.6 M, pH = 8, and T = 298 K. k; for Egs. 8
to 17 may vary depending on experimental conditions. Equation 16
is a part of Haber-Weiss cycle, but it contributes insignificantly to
‘OH production, in the absence of catalyst, due to slow reaction
kinetics.

Production of Cu(l), 'OH, and HOCI at distances farther away
from ENM devices

‘OH is the most reactive and damaging known ROS produced in bio-
logical systems (103). The reaction between "OH and cellular species
occurs with a diffusion-limited rate constant of ~1 X 10'° M~ s™!. The
"OH diffusion distance (don) is, however, extremely short (<10 nm)
(106). Therefore, a reaction between “OH and cellular species is expected
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to occur within a limited spatial volume of <10° nm?®, which is ~5 to 7
orders of magnitude smaller than a typical cell volume. Similarly,
HOCl is also a potent oxidant, which damages and kills cells and has
a diffusion distance of HOCI (dyoci)—on the order of a micrometer
(smaller than a typical cell) (50). The observed high effectiveness for
deactivating microorganisms and lentivirion present within ENM-
treated droplets of volume ~ 0.1 cm® suggests that microorganisms
and lentivirion were present within the diffusion distances of "OH and
HOCI. This also agrees with experiments that confirmed the presence
of Cu(I), 'OH, and HOCl in ENM-treated bulk solutions (Fig. 5).

Both "OH and HOCI were produced by the reactions that involved
H,0,; and copper species. We therefore consider diffusion distances
and the availability of O, and Cu(]) in the bulk solution to explain
the generation and availability of ROS and RCS in bulk solutions. The
half-life of Cu(I) (t1/2,cu) ranges from less than a minute (at pH ~ 7) to
many minutes, depending on [Cl™] and the pH of the solution (73, 107).
The estimated diffusion distance of Cu(I) (dcu ®4/2Dc,t 5 ) is thus
309 um to 780 pm. Here, the 1/, ¢, and diffusion coefﬁaent (Dcy) for
Cu(I) were taken as 30 s to 3 min and 1.6 X 10~> cm? s ™! (108), respec-
tively. Similarly, with the reported half lifetime of O, (£, /,, oy) ~ 120
(109) and Dof =76% 108 cm? s (pH = 5.4) (110), the ‘estimated
diffusion distance (do -) for O, is ~42 pm. Thus, based on these simple
estimations, both Cu(I) and O, ™ can diffuse many tens of micrometers,
contributing to the production of ROS and RCS in the bulk solution. dc,
and d-- in our experiments, however, are likely to be smaller than the
estimated diffusion distance values because of the availability of multiple
deactivation reaction pathways available in the solution (Egs. 7 to 10 and
13). HOC], on the other hand, was produced by a reaction between two
stable species, H,O, and Cu(II), contributing to its generation at dis-
tances farther away from the ENM devices (Eq. 17). This reaction is
also a source of Cu(I) in the bulk solution, aiding in ROS generation in
the bulk solution. Lastly, another mechanism that can generate Cu(I) in
the bulk solution is a reaction between O, and Cu(Il) (Eq. 10) (71),
which has a relatively fast kinetics (ks = 6.6 x 10° M™" s™"). In any case,
these simple estimations suggest that ROS and RCS can be generated by
diffusion of the reactive species, allowing deactivation of microorgan-
isms and lentivirion in the bulk solution.

Although "OH was detected in the ENM-treated bulk solutions,
studies are needed to estimate the local ‘OH and HOCI concentrations
inside or close to bacterial cells, fungal spores, and lentivirion. These
studies may also shed light on relative contributions of ROS and RCS to
the observed deactivation of the microorganisms and lentivirus. More-
over, it is crucial to investigate molecular and cellular mechanisms to
gain understanding of the biochemical pathways that led to the deacti-
vation of microorganisms and lentivirus. These studies might also offer
insights into the large differences in the deactivation efficiency between
bacteria (>99.9999%) and fungi spores treated with ENM devices.
Sustained concentration of Cu(l) and "OH in the ENM devices
The redox pathways in the top triangular portion of Fig. 6 are intended
to emphasize the crucial role that copper redox chemistry plays in the
generation of ROS and RCS. Cu(0), Cu(I), and Cu(II) form three ver-
tices of the triangle in Fig. 6. Cu(I) and Cu(II) represent sums of all
cuprous and cupric species in the solution, respectively. Major redox
reactions involving Cu(0/I/II) species are shown in Egs. 18 to 25;
however, these reactions are not intended to be an exhaustive list of
reactions. E, is the standard reduction potential of the respective reac-
tion. Specifically, Eq. 18 [battery-assisted Cu(II) reduction] and Eq. 20
(Walden reductor) are two major sources of Cu(I). HOCI generation
(Eq. 17) can be another source of Cu(I), although its contribution to
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the total Cu(I) was not investigated in the studies. Cu(I) was con-
sumed by Egs. 19 and 22 and through Cu(I)-induced production of
ROS and RCS (Egs. 4, 5, 8,9, and 13).

We confine our discussion on Cu(I) because its presence is crucial
to providing ENM antimicrobial and antiviral properties. Although
the half-life of Cu(I) is relatively short (30 s to 3 min), the experiments
confirmed that Cu(I) was produced over an extended duration of time
in the solutions treated with ENM devices (Fig. 5). The [Cu(I)]-Tapp
dependence results indicated that [Cu(I)] plateaued at T,p, ~ 45 and
~1440 min for ENMgy and ENM3y treatments, respectively. Further-
more, both the pseudo-steady-state [Cu(I)]s and initial [Cu(I)] pro-
duction rates for ENM3y devices were significantly larger than those
for the ENMyy devices (Fig. 5). Thus, the contribution of the Cu(I)
generation by the Walden reductor is limited during initial stages
(Tapp < 60 min), whereas the dominant factor that contributed to
long-term Cu(I) production with an enhanced rate is attributed to
Cu(II) reduction by external batteries. Overall, these experimental re-
sults implied that efficient redox cycling of copper species [Cu(0) =
Cu(I) = Cu(I)], through electric polarization of the conductive sur-
faces, yielded Cu(I) generation for a long period of time

Cu(Il) +e~ - Cu(l)

(18)
E,=0.159 V (external power)
Cu(I)+e~ - Cu(0)
(19)
E,=0.159V
Cu(IT)+Ag+3Cl™ — CuCl,” +AgCl™
2
E,=0231V (20)
AgCl— Ag+Cl™
8 8 1)
E,=0222V
Cu(I)+ Cu(I) » Cu(II) + Cu(0) |
22
E,=0.361V (
E,=0.3419 V
Ag—Agt+e” (24)
E,=0.7996 V (external power)
Agt +Cu(0) = Ag+ Cu(Il)
25
E,=0457V (25)

From the previous discussion, it is clear that control over the distri-
bution and concentration of Cu(II) dispersed in silver coatings is highly
desirable to ensure consistent antimicrobial and antiviral performance
of ENM devices. In the present studies, Cu(II) deposition in the ENM
devices was accomplished by soaking the devices in a copper sulfate
solution. Our EDS measurements revealed relatively less uniform
Cu(II) distribution at the microscale dimension on the device surfaces
(figs. S7 and S9). The deposition time and CuSO4 concentration of the
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deposition solution had only a minor effect on the distribution and
concentration of Cu(II) on the devices. Enhanced uniform Cu(II) dis-
tribution and control over its concentration in the ENM devices can
be accomplished by tuning the surface chemistry of the substrates and
using other established deposition methods, such as chemical, electro-
chemical, magnetron sputtering, and chemical vapor deposition (111-
113). Furthermore, more economical deposition methods that do not
compromise adhesion and mechanical properties of the coating and
substrates need to be studied. The deposition of Cu(I) and Cu(II) oxide
NPs may also provide another venue for controlling the concentration
and distribution of copper in the ENM devices (114).

Many Cu- and Ag-based NPs and coatings exhibiting antimicro-
bial properties have been demonstrated in the literature (19, 27, 31, 32,
39, 40). More extensive reviews that describe the synthesis and char-
acterization of Cu- and Ag-based NPs and coatings and their utiliza-
tion for antimicrobial properties are also available in the literature (19,
21,22, 25,115, 116). Table 3 provides a comparison of antimicrobial
modes and performance of the present study with some previously
published reports. Table 3 is not a comprehensive comparison but
illustrates the main advantage of the present report, which is broad-
band deactivation of microorganisms and lentivirion in a relatively
short time of treatment.

Table 3. Some recent antimicrobial studies that used Cu and Ag NPs and coatings.

Metal Antimicrobial mechanism

Results

Ag-Ga (120) ROS-induced disruption of the integrity of the
cell membrane. Biochemical modifications of the
bacteria due to the interaction with the Ag-Ga

solution.

duction of H,0, and 0,".

Membrane damage is attributed to oxidative
stress produced by silver.

Ag and Cu NPs (32)
denaturation, and death caused by the interaction
of Ag ions on the bacterial cell wall.

CuO NPs (27) Possible disruption of the cell membrane and

enzyme function by metallic ions.

CuO,NiO,Zn0,and Sb,05 NPs (40)

attribu to deactrvatron of t e bacterra

Functionalize:
brane disruption of both Gram-positive and Gram-
negative bacteria, causing toxicity to bacteria.

AuNPs (38)

Ag/Cu alloy(123) S Release of Cu* and metallic silver and Cut/Ag
galvanic coupling are attributed to antimicrobial

properties of the Ag/Cu alloy.

ties of copper metallic NPs.

Cotton/CuNPs (128)

bacterial properties.

Cu/Ag NPs (127)
the interference of biochemical reactions after NP
interactions are attributed to killing and inhibition
of bacteria.

Methyl methacrylate resin/Cu (128)
metal ions.

Cu(II)/Agcoatrngs(thrsstudy) R Generatron of ROS and RCS specres mediated
through Cu(l) deactivated bacteria, fungi, and

lentivirion.

Generation of ROS and RCS species mediated
through Cu(l) deactivated bacteria, fungi, and

Cull/Ag coatings (thisstudy)

Disinfection of bacteria is attributed to the pro-

Disruption of the integrity of the cell wall, protein

Intrinsic toxicity of the metal oxide particles was

u NPs attributed to the cell mem-

Activities attributed to the antimicrobial proper-

Contact killing is attributed to the observed anti-

Binding of metallic particles to the cell wall and

Disruption of cell membrane by the interaction of

99% elimination rates for S. aureus and P. aerugi-

nosa treated with concentrations of 16 pg cm=2

for Ag and 176 pg cm~2 for Ga for a treatment of
Tapp = 24 hours.

Inhrbrtron of Alog 6 5 for P aerugrnosa for o

_ Tapp =18 hours.

Ag NPs an.dmCu NPs showed hrgh antrmrcrobral
activity against E. coli, S. aureus, and B. subtilis.
Tapp = 24 hours.

CuO NPs produced a reductron of vrable bacterral

cells, including AMR bacteria with t4pp = 4 hours.

atron of 125

Functronalrze Au NPsex |b|ted hrgh inhi |t|onm.

against 11 clinical multidrug-resistant bacteria.
Tapp = OVernight.

Planktonrc S. aureus ceII growth show ~7 to 8 Iog

reduction after treatment at tapp = 24 hours.

Si0,-Cu showed >90% bacterial reduction of E. coli

and S. aureus. Tapp = 24 hours.

Cu NPs on cotton showed an 8 Iog A Baumannu

 reduction at Tapp = 10 min.

deposited on cellulose films show a 5- to 6-log
reduction. Tapp = 1 hour.

Cu/Ag NPs yrelded hlgher antrbacterlal propertles "

than either Cu NPs or Ag NPs. T, = 18 hours.

treatment with copper/methyl methacrylate
surfaced =1 hour.

* More than 6-log reduction of both Gram-positive

and Gram-negative bacteria and deactivation of
fungi and lentivirion after treatment with Cu(ll)
(15.7 ppm cm~2) embedded in Ag coating was
observed. Tap, < 10 min.

More than 6 Iog reductron of both Gram posmve
and Gram-negative bacteria and deactivation of

A drsrnfectrdh efﬁcrency of 99 9999% for E colr P b
aerugmosa and Bacrl/us subtilis for Tapp = 60 min.

CuO NPS produced a hlgh |nh|b|t|on ofE COII at a h

S aureus and E colr treated wrth copper NPs o

A 99.9% reduction in bacteria was observed after

lentivirion.
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fungi and lentivirion after treatment with Cu(ll)
(15.7 ppm cm~) embedded in Ag coating was
observed. Tapp < 10 min.
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ENM devices are composed of electrically polarized Cu(Il)-Ag
coating on surfaces. The ENM devices can be fabricated on a range of
surfaces in multiple settings for applications in homes, restaurants,
hospitals, public places (such as railway stations and airports), and
industries. For examples, ENM devices can be incorporated on wear-
able masks, clothing, doorknobs, hospital furniture (handles and
frames), toilet seats, and heating, venting, and air conditioning ap-
plications. In principle, any surface that is prone to biological con-
tamination is a target for ENM. However, care should be taken to
avoid undesirable effects of ENM devices in some situations. For ex-
ample, it is important to avoid excessive generation of ROS and RCS
for applications involving food, medicine, and eating applications.
Furthermore, attention is also warranted regarding the useful lifetime
of the working ENM devices. The ENM devices used in the studies
were composed of ~90-nm-thick silver coatings, which were shown to
generate sustained production of Cu(I) and *OH in [CI"] = 0.3 mM
solutions for an extended period (Fig. 5H). However, the useful life-
time of the ENM devices in highly concentrated salt solutions
([CI"] > 1 M) was severely affected (<30 min) due to corrosion of the
conductive silver coatings. Thus, additional studies are needed to en-
hance the longevity and lifetime of the ENM devices for applications
involving highly corrosive salt solutions.

A recent independent review by J. O’Neill predicted an addi-
tional 10 million annual death by 2050 because of AMR (117) and
a projected global gross domestic product (GDP) loss of up to
$100 trillion during this period. Similar to climate change and ac-
cess to clean water, AMR also poses a major challenge to humans
(118). Understanding and managing AMR require careful coordi-
nated actions from multiple sectors and constituents, and innova-
tive strategies that are effective against a broad range of AMR are
needed. Unlike antibiotics, which tend to deactivate microorgan-
isms through specific molecular interactions, “OH and HOClI react
indiscriminately with microorganisms and viruses. Therefore, it
will be interesting to investigate ROS- and RCS-producing ENM
devices against multidrug-resistant bacteria, such as Clostridium
perfringens, Salmonella, multidrug-resistant S. aureus, Bacillus cereus,
Candida auris, and M2 inhibitors of virus-resistant influenza flu
A. Although the deactivation of AMR by nanoscale species is re-
ported in the literature (36, 38, 58), it is imperative to confirm the
effectiveness of ENM devices against AMR.

Low-power ENM coatings composed of cupric salt and metallic
silver exhibited effective deactivation of a broad range of microbes in
less than 10 min of treatment. More than 6-log reduction of five differ-
ent bacteria—both Gram-positive and Gram-negative—was observed
when the bacterial cells were treated with ENM devices. Such ENM
treatments were also effective against lentivirus and two medically rel-
evant fungi. In situ hydrogen peroxide in micromolar concentrations
was produced with the ENM treatment. The spectroscopic measure-
ments confirmed micromolar cuprous ions in the ENM-treated so-
lutions, which is key to sustainable production of highly reactive
hydroxyl radicals and hypochlorous acid in the solution. The electron
microscopy studies showed a substantial distortion of bacterial cells
and release of intercellular material after ENM treatments. ENM uses
an unconventional strategy by harnessing the electrical polarization of
nanoscale metallic coatings to generate reactive oxygenated and chlo-
rinated species for the deactivation of broad-spectrum microorgan-
isms and lentivirus. ENM devices can be fabricated at a relatively low
cost using accessible materials, allowing their applications at home and
in the industry and hospital, for combating the spread of infectious
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diseases. Overall, these studies introduce a new tool in managing in-
fections caused by microorganisms and viruses.

MATERIALS AND METHODS

Materials

The control polypropylene surfaces were taken from disposable ear-
loop 3-Ply face masks (BLSCODE, China). Copper sulfate, BCS, cou-
marin, potassium iodide, sodium hydroxide, ammonium molybdate,
hydrogen peroxide (30%), and all the solvents used in the experiments
were purchased from Fisher Scientific. Fluorescein (Eastman Chemical),
pH indicator paper (0-14) type CF (Whatman International Ltd.),
PHP100 indicator paper (United Scientific Supplies), ascorbic acid
(Sigma-Aldrich), cytochrome c (Sigma-Aldrich), Acid Red 94, N,N-
dimethyl-4-nitrosoaniline (TCI), and potassium hydrogen phthalate
(TCI) were purchased from respective vendors. Plain microscope
slides (75 mm X 50 mm X 1 mm) were obtained from PRO Advantage
NDC Company. 3M copper electrical tape (model number 1245) was
used for all experiments.

Fabrication of ENM

The polypropylene surfaces were immersed in a 0.1 M CuSOj4 solution
for 1 hour. Then, ~80- to 100-nm-thick coating of silver was sputtered
on both sides of the Cu-containing surfaces. Conducting silver leads
were adhered to the ENM devices using silver paste. Either alkaline
batteries or commercial solar cells irradiated with LED (70 W, Utili-
tech) were used for the electric polarization of the ENM devices. ENM
devices were also fabricated on household air filters, cellulose filter pa-
per, and hand paper towels using the same method of preparation.
More details on the fabrication and characterization can be found in
the Supplementary Materials.

Spectroscopic characterization

Quantification of Cu(l) using BCS

Cu(I) was quantified spectroscopically using the BCS method (92,
93). Briefly, control, Ag, ENMgy, and ENM3y devices of a known de-
vice area were soaked in 2 ml of a freshly prepared 0.25 mM BCS solu-
tion kept in a quartz cuvette for varying t,,p. The electronic absorbance
measurements of the Cu(I)-BCS complex were performed in the dark
using a Cary 100 spectrometer (slit width = 0.33 nmj; scanning
speed = 200 nm min~}). The Cu(I) concentration in solutions were
estimated using a Cu(I)-BCS complex molar absorption coefficient of
12,250 M~! em™! at A = 483 nm (92, 93).

Spectroscopic quantification of hydrogen peroxide

The concentration of hydrogen peroxide in the solutions was spectro-
scopically estimated using the I3~ method reported by Klassen et al.
(94). Cu(Il), Ag, ENMyy, and ENMj3y devices of known surface area
were soaked in deionized water for a given T, = 0 to 30 min. Then, 2 ml
of an ENM-treated solution was mixed with 1 ml of reagent I [consist-
ing of potassium iodide (66 g liter ™" ), sodium hydroxide (2 g liter "),
and ammonium molybdate tetrahydrate (0.2 g liter *)] and 1 ml of
the aqueous potassium hydrogen phthalate buffer (20 g liter ™) in the
dark for 5 min. The quantification of H,O, concentration was per-
formed by measuring I;~ absorption at 351 nm (e = 25,800 M ™' cm ™
using a Cary 100 spectrometer (94).

Hydroxyl radical detection using coumarin as a

fluorescent probe

‘OH was detected by the formation of 7HC in a coumarin solution
(96). ENMgy and ENM;y devices (area = 16 cm?) were placed in
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8 ml of a freshly prepared 1 mM aqueous coumarin solution. The
fluorescence emission measurements were taken at various T,pp us-
ing an LS55 Perkin Elmer spectrometer (Aex = 330 nm, scan rate of
200 nm min~}, and excitation and emission slit widths = 15 nm).
The *OH concentration in the ENM-treated solutions was estimated
by using a calibration curve generated between [7HC] and emission
intensity (fig. S22).

Spectroscopic measurements of hydroxyl radicals using
N,N-dimethyl-4-nitrosoaniline

The *OH concentration in ENM-treated solutions was also estimated
using a reaction between *OH and NDA (95). The devices were placed
in 6 ml of 1 pM NDA solution, and the decrease in the absorbance of
the peak at 440 nm (e = 34,200 M~! cm™") was used to quantify the
‘OH concentration in the experiments (95).

Quantification of HOC|

Six milliliters of aqueous solutions containing 0.25 ml of o-tolidine was
treated with 1-cm? ENMgy and ENMsy devices for Tapp = 5, 30, and
60 min. The colorless solution changed to yellow with ENM treatment
due to the formation of holoquinone (97, 119). The electronic absor-
bance of the solutions was taken using a Cary 100 spectrometer. The
HOCI concentration in the solutions was estimated by using a molar
extinction coefficient of 14,720 M~ cm ™! at A = 437 nm (fig. S23).

Electron and atomic force microscopy measurements

The fabrication of ENM devices at various stages was characterized by
using SEM and EDS. Thermo Fisher Quanta FEG 450 and X Max 50
(Oxford) were used to acquire SEM and EDS measurements, respec-
tively. An accelerating voltage of either 20 or 30 kV; a spot size of 3.5, and
aworking distance of 6 to 10 mm were used for the SEM measurements.
The atomic force microscopy (AFM) measurements for silver thickness
and NP distribution were performed using a Bruker Dimension V Icon
AFM instrument. ScanAsyst-Air probes (resonance frequency = 45 to
95 kHz, length = 100 to 130 pm, width = 20 to 30 pm, and spring con-
stant = 0.2 to 0.8 N m ™) were used for the measurements.

Evaluation of bacteria, fungi spores, and lentivirus
treatments with ENM

Approximately 100 pl of bacteria or fungi spores was placed on ENM
devices that were polarized at an appropriate E,pp, for T,p, duration.
Ninety microliters of the bacteria mixture was then extracted from the
ENM devices for growth studies. The growth media contained sterilized
agar in Luria-Bertani + glucose media for SIUC2 and SIUC11, glucose
minimal media for A. fumigatus, and yeast extract—peptone-dextrose
for C. albicans (Supplementary Materials). S. aureus, A. baumannii, and
P aeruginosa treated with ENM devices were grown in tryptic soy broth
medium. The agar plates were incubated for 24 hours at 37°C prior to
counting the colonies. Aseptic conditions were maintained at all times
during experiments. All experiments were performed in at least tripli-
cates. Cells were counted manually, and statistical analysis was per-
formed using GraphPad Prism (see below). Detailed procedures for the
treatment of lentivirion with Ag devices, HEK293T transduction with
lentivirion, and the lentivirus deactivation efficiency studies are provid-
ed in the Supplementary Materials.

Data analysis

Deactivation efficiency () and Alog were estimated using Eqs. 2
and 3, respectively. For bacteria and fungi spore experiments, a one-
way analysis of variance (ANOVA) was performed to analyze the
data, and a Tukey’s multiple comparison test was used to compare
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means when differences were found using GraphPad Prism (Dot-
matics). When bacterial cells were not detected after 24 hours of
growth period, CFU ml™ =1 (i.e,, logl = 0) was assumed to avoid
error in the Alog calculations. The SD for the Alog (Spg) was esti-
mated LlSiIlg SirR = [(SZ /1’!)+(82 /m)]l/Z’ where Scontrol and

control . device 0
Sdevice are SDs for the log reductions for the control and device treat-

ments, respectively, and n and m are the number of control and
ENM device treatments, respectively. For lentivirus studies, P values
were estimated from three independent experiments using a two-
way ANOVA test followed by Bonferroni correction.

Supplementary Materials
This PDF file includes:

Supplementary Materials and Methods
Figs. S1to S27

Tables S1 to S7
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