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The development of antibiotic resistance among bacterial strains is a major global public health concern. To address this,
drug-free antibacterial approaches are needed. Copper surfaces have long been known for their antibacterial properties. In
this work, a one-step surface modification technique is used to assemble 2D copper chloride nanoplatelets directly onto
copper surfaces such as copper tape, transmission electron microscopy

(TEM) grids, electrodes, and granules. The nanoplatelets are formed using copper ions from the copper surfaces, enabling
their direct assembly onto these surfaces in a one-step process that does not require separate nanoparticle synthesis. The
synthesis of the nanoplatelets is confirmed with TEM, scanning electron microscopy, energy dispersive spectroscopy (EDS),

X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FT-IR). Antibacterial properties of the Cu
nanoplatelets are demonstrated in multidrug-resistant (MDR) Escherichia coli, MDR Acinetobacter baumannii, MDR
Staphylococcus aureus, E. coli, and Streptococcus mutans. Nanoplatelets lead to a marked improvement in antibacterial
properties compared to the copper surfaces alone, affecting bacterial cell morphology, preventing bacterial cell division,
reducing their viability, damaging bacterial DNA, and altering protein expression. This work presents a robust method to
directly assemble copper nanoplatelets onto any copper surface to imbue it with improved antibacterial properties.

1. Introduction

Drug-resistant bacterial infections are a ris-ing concern with increasing prescription of antibiotics. High-touch surfaces have
been proven to contribute to pathogen spread.l'! Bacterial biofilms are typically the main form of surface bacterial contamination
and are known to exhibit enhanced resistance to antibiotics.>3! This enhanced tolerance has been attributed to the stratified
metabolic activity of the resident bacteria within the ultrastructure of the biofilm, increased mu-tation frequency of biofilm
bacteria, and ability for inter-bacterial transfer of plas-mids that encodes for resistance toward an-timicrobial agents, among other
factors.>=5) Because of this, biofilm-infected surfaces pose a significant threat to public health—biofilm which originates from
medical im-plants such as catheters, heart valves, and orthopedic implants can cause bloodstream and urinary tract infections.*®!

To address the potential health threat of biofilm-infected surfaces, many approaches have been explored to confer antibacte-rial
properties to surfaces. In preventing
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bacterial growth, surfaces are typically modified via fabrication
methods or treated with bactericidal agents to either prevent
initial bacterial attachment onto the surface or kill the bacte-
rial cells upon coming into contact with the surface, thereby
preventing biofilm formation altogether.”] Nanomaterials have
been successfully synthesized for use in a variety of applica-
tions in medicine,®1°! including the detection and eradication
of bacteria.?%%8] Due to the proficient bactericidal abilities ex-
hibited by metallic nanoparticles, particularly those composed of
transition metals such as silver, copper, and gold, many have ex-
plored the utility of these particles for developing antibacterial
surfaces.”3*3] These particles are typically synthesized and then
integrated into polymer-based coatings for the controlled release
of metal ions onto the local environment of the surface, killing
bacterial cells upon making contact to the surface and therefore
preventing biofilm formation.[***] Another approach involves
fabricating surfaces with nano- or microstructures to improve
their bacterial repellent properties.[*®! This method employs laser
ablation to form crater-like structures on the surface to mini-
mize contact points between bacterial cells and the fabricated sur-
face, subsequently conferring superhydrophobicity to the surface
which helps prevent bacterial attachment.!747:49]

While the aforementioned approaches have been shown to
confer surfaces with antibacterial properties, the extensive sur-
face fabrication or treatment steps render them to be impractical
in terms of cost and labor, widening the gap for these methods
to be employed for real-world applications. Herein, we report a
novel approach wherein a nanoparticle-based antibacterial coat-
ing is directly assembled onto copper surfaces using a simple syn-
thesis procedure. Copper exhibits intrinsic antibacterial proper-
ties and is used in a variety of medical devices including dental
implants, intrauterine devices, and catheters.[**>°! Copper incor-
poration into antibacterial coatings and materials has been exten-
sively reviewed by others.’**”] Using a robust and simple syn-
thesis process, the antibacterial properties of copper are further
improved by assembling copper chloride nanoplatelets onto a va-
riety of copper surfaces (Figure 1). To the best of our knowledge,
this is the first report of assembling nanoparticles on a metal
surface using metal ions from the surface itself. The synthesis
was conducted by dropping a solution of dilute HCI or dilute
HCl in combination with 2 2’-(ethylenedioxy)bis(ethylamine) di-
rectly onto the metal surface. The resulting nanoplatelets are re-
ferred to as Cu@HCI NP and Cu@HCI-NH, NP, respectively.
The physicochemical properties of the nanoplatelets were exten-
sively characterized, and the improved antibacterial properties
of the particle-covered surfaces were compared to those of un-
treated copper surfaces using data obtained with Escherichia coli
and multi-drug-resistant (MDR) E. coli. These model bacteria
were selected because drug resistance in E. coli is of increasing
concern.l’®%] Further experiments were conducted to explore the
antibacterial effects of particle-covered surfaces on other bacte-
ria including MDR Acinetobacter baumannii, MDR Staphylococcus
aureus, and Streptococcus mutans. These bacteria were chosen in
order to provide a combination of gram-positive, gram-negative,
drug-resistant, and regular bacterial strains. The CDC 2019 An-
tibiotic Resistance Threats Report describes the threat level of
methicillin-resistant S. aureus and drug-resistant A. baumannii as
“Serious Threat” and “Urgent,” respectively.[®*] Thus, by explor-
ing the antibacterial effects of particle-covered surfaces on clini-
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Figure 1. Self-assembly of copper-derived nanoplatelets onto copper sur-
faces. A synthesis solution composed of dilute HCl or dilute HCl in
combination with small amounts of 2 2’-(ethylenedioxy)bis (ethylamine)
is deposited onto a copper surface and allowed to dry. No copper is
present in the synthesis solution itself. Upon deposition of the synthe-
sis solution onto the copper surface, chlorine ions from the HCl cou-
ple with copper ions from the surface to form copper chloride crystals
(copper nanoplatelets). The nanoplatelets exhibit improved antibacterial
properties compared to the copper surfaces alone. The inclusion of 2 2'-
(ethylenedioxy)bis (ethylamine) modifies nanoplatelet morphology.

cally relevant bacterial strains we aimed to illustrate the potential
for the particle-covered surfaces to be used in real-world clinical
applications.

2. Results and Discussion

2.1. Copper Nanoplatelets Were Assembled Directly on Multiple
Copper Surfaces

The precursor solution for Cu@HCl NPs contained only di-
lute HCl, while the precursor solution for Cu@HCI-NH,
NPs contained dilute HCl and a small amount of 2 2'-
(ethylenedioxy)bis(ethylamine) (referred to as diamine). Full de-
tails of experimental procedures are provided in Experimental
Section. Deposition of the solutions onto the copper side of cop-
per TEM grids led to the formation of nanoplatelets directly on
the TEM grid surfaces. TEM imaging revealed the formation of
Cu@HCI NPs with sizes of less than 100 nm, in addition to the
formation of nanoparticles with diameters less than 10 nm (Fig-
ure 2A). In contrast, Cu@HCI-NH, NPs exhibited larger sizes
with widths of approximately 0.25 to 1 pm. The rod-like struc-
tures in the TEM images provide a view of nanoplatelets with
a vertical orientation, confirming that their thickness is in the
nanometer range. Additionally, the thin size of the nanoplatelets
is also confirmed by the slight reduction in transmission of elec-
trons through areas with overlapping nanoplatelets. The differ-
ence in size between Cu@HCI NPs and Cu@HCI-NH, NPs can
be attributed to an effect of diamine on crystallization as the
nanoplatelets are formed. The formation of the nanoplatelets on
the copper TEM grids was further confirmed by scanning elec-
tron microscopy conducted on the TEM grids (Figure 2B and Fig-
ure S1, Supporting Information). Some nanoplatelets have either
moved from the copper portions of the TEM grid to the carbon
surface, or have newly formed on the carbon surface from copper
ions that have diffused into the solution from the copper surfaces.
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Figure 2. Copper chloride nanoplatelets formed on copper TEM grids. A) TEM images of Cu@HCI NPs (left) and Cu@HCI-NH, NPs (right), formed
directly on the copper side of TEM grids (The contrast of the nanoplatelets is less than the contrast from the nanoparticles because the nanoplatelets
are very thin). Nanostructures formed using the HCl solution alone include small nanoplatelets and nanoparticles, while the HCl and diamine solution
results in the formation of hexagonal nanoplatelets. Rod-like structures are nanoplatelets that are oriented vertically rather than horizontally. B) SEM
image of copper grid containing Cu@HCI-NH, NPs. Nanoplatelets are found both on the copper portion of the grid and on the carbon portion of the
grid, indicating the nanoplatelets can either move from the copper surface onto the carbon coating during the synthesis process, or form there from

copper ions that have diffused from the copper surfaces.

To confirm the composition of the nanoplatelets, energy disper-
sive spectroscopy (EDS) was conducted on Cu@HCI-NH, NPs
at various locations on the carbon portion of the TEM grid (Fig-
ure S2, Supporting Information). EDS confirmed the presence
of copper in these nanoplatelets, and also identified the presence
of chlorine atoms, suggesting the nanoplatelets are likely com-
posed of copper chloride. The presence of carbon and oxygen can

be attributed to the carbon and oxygen atoms in the carbon grid
coating, as well as the atoms in the diamine molecules.
Nanoplatelet precursor solutions were then deposited on cop-
per tape surfaces to form nanoplatelets directly on the copper
tape. Scanning electron microscopy images of the tape surfaces
reveal the formation of Cu@HCI NPs with widths on the order
of micrometers and thicknesses on the order of nanometers, as



g %M——LLAJA‘MUM
2
225k 3
£ ﬂ
- _ |Cu@HCI NP I\
20} _ A 4
o N R Y.

15 | CU@HCI-NH, NP ]

- i i i i i i i i ;

10 15 20 25 30 35 40 45 50 55 60
20

=
o
S

s
o
o

Intensity [AU]

50

Cu@HCI NP
A~

Cu@HCI-NH, NP

§ o

0
4000 3500

3000 2500 2000
Wavenumber [cm'1]

Effects of Varying Synthesis Parameters on NP Formation

Precursor Solution

Volume diamine

Further dilution before

solution (3.5 pL. -
Condition Description diamiie, 10 mk Volume 2N HCI depositing?
water)
i Cu@HCI-NH; NP
(0.35 L : 50 uL 1mL 50 pL No
Diamine : HCI ratio)
i No Hcl 1L 50 uL water without No
HCI
1 mL water
iii Cu@HCI NP withoutdiamine 50 pL No
2 Higher Ratio
W 0.35 L : 5 pL 1mL 5L No
Diamine : HCI ratio)
v Lower Ratio
(0.35 L : 500 pL 1mL 500 pL No
Diamine : HCl ratio)
. 10 X Less 200 pL precursor solution +
- Concentrated 1 ml. 50/ 2000 pL water
vii 100 X Less 100 pL of the final dilution for
Concentrated 1mL 50 pL the 10 X Less concentrated

condition + 1000 pL water

1500

1000

Figure 3. Characterization of copper chloride nanoplatelets formed on copper tape. A) SEM images of nanoplatelets formed directly on copper tape:
Cu@HCI NPs (left) and Cu@HCI-NH, NPs (right). B) XRD spectra of copper tape, copper (I1) chloride powder, nanoplatelets formed directly on copper
tape using the HCl solution, and nanoplatelets formed directly on copper tape using the HCl and diamine solution. C) FTIR spectra of copper tape,
Cu@HCI NPs, and Cu@HCI-NH, NPs formed directly on copper tape. Black lines mark peaks present in Cu, Cu@HCl NPs, and Cu@HCI-NH, NPs;
Red lines mark peaks present in both Cu@HCI NPs and Cu@HCI-NH, NPs but not in Cu; Blue line marks peak present in only Cu@HCI-NH, NPs.
D) SEM images of results of syntheses carried out under different parameters. Nanoplatelets are only observed in conditions i, iii, and iv. Other shapes
were observed when the precursor solution was diluted before being deposited on the copper tape (vi, vii).

well as Cu@ HCI-NH,, NPs that are wider than the Cu@HCI NPs
(Figure 3A). The increase in Cu@HCI-NH, NP widths can again
be attributed to a role of diamine in the nanoplatelet crystalliza-
tion process. XRD spectra reveal the presence of new peaks in
20 ranges of 10° to 40° and 55° to 60° for Cu@HCI NPs and
Cu@HCI-NH, NPs, in addition to the peaks in the 20 range of

40° to 55° that are from the Cu tape itself (Figure 3B). The new
peaks that resulted from nanoplatelet formation had some align-
ment with peaks in the XRD spectra of copper chloride, further
suggesting that the nanoplatelets are composed of copper chlo-
ride crystals. However, SEM images of commercially obtained
Cu(Il) chloride powder revealed much larger and irregularly



shaped crystals (Figure S3, Supporting Information), indicating
that the nanoplatelets that have been formed on the copper sur-
faces do not reflect the typical morphology of copper chloride
powders, and are instead more ordered in structure. It is impor-
tant to note that the XRD peaks resulting from copper tape cannot
be separated from the signal resulting from the nanoplatelets,
as the nanoplatelets are formed directly on copper tape. FT-IR
spectra of Cu@HCI NPs and Cu@HCI-NH, NPs reveal many
spectral similarities to that of Cu tape, with the addition of multi-
ple sharp peaks in the 800 cm™! to 1250 cm™! range (Figure 3C).
Peaks at approximately 1580, 1263, and 1116 cm™! are observed
for Cu tape, Cu@HCI NPs, and Cu@HCI-NH, NPs. Peaks at ap-
proximately 988, 921, and 834 cm™! are observed for Cu@HCl
NPs and Cu@HCI-NH, NPs. A peak at approximately 1060 cm™"
is observed for only the Cu@HCI-NH, NPs. These results sug-
gest high similarity in composition between the Cu@HCI NPs,
and Cu@HCI-NH, NPs. As with the XRD spectra, it is important
to note that the FTIR signal resulting from copper tape cannot be
separated from the signal resulting from the nanoplatelets, as the
nanoplatelets are formed directly on copper tape. Despite these
limitations, these results suggest that the nanoplatelets are com-
posed of copper chloride, although it cannot be said with certainty
whether they are Cu(I) chloride or Cu(lI) chloride. The ability for
nanoplatelets to be synthesized on other copper surfaces such as
copper electrodes and copper granules was also confirmed with
SEM (Figures S4 and S5, Supporting Information).

To evaluate the effects of various synthesis parameters on
nanoplatelet formation, syntheses were repeated on copper tape
while varying the ratios of diamine to HCl in the precursor solu-
tion, in addition to experimenting with different dilutions of the
precursor solution prior to deposition on the copper tape (Fig-
ure 3D). Nanoplatelets did not form in the absence of HCI (Fig-
ure 3D-i), leaving the copper tape surface completely smooth, but
formed in the absence of diamine (Figure 3D-iii), confirming the
central role of HCl in the nanoplatelet formation process. When
the ratio of diamine to HCl was increased 10 times from that used
for Cu@HCI-NH, NP formation (i.e., volume of HCI used was
decreased), nanoplatelets still formed but did not appear as reg-
ularly shaped as the Cu@HCI NPs or Cu@HCI-NH, NPs (Fig-
ure 3D-iv). When the ratio of diamine to HCl was decreased 10
times from that used for Cu@HCI-NH, NP formation (i.e., vol-
ume of HCI used was increased), we observed the presence of
large troughs on the copper tape surface, without nanoplatelet
formation (Figure 3D-v). These troughs bear some resemblance
to SEM images of metal corrosion and pitting (ref. [64]). This indi-
cates that while an appropriate amount of HCl can lead to the for-
mation of nanostructures, too much HCl may instead lead only
to corrosion of the copper tape surface. Indeed, the use of surface
treatments to prevent copper corrosion by hydrochloric acid has
been the topic of much research.[%-¢7) When the precursor solu-
tion used to form Cu@HCI-NH, NPs was diluted to a 10 times
lower concentration before deposition on the copper tape, cube-
shaped structures were formed (Figure 3D-vi). In contrast, when
the precursor solution used to form Cu@HCI-NH, NPs was di-
luted to a 100 times lower concentration before deposition on the
copper tape, triangular structures were observed (Figure 3D-vii).
These results suggest that a number of precursor solution con-
centration windows exist, each of which enables the formation of
a different shape. Further exploration of the variety of shapes that

can be obtained under different synthesis conditions, as well as
evaluation of their potential antibacterial activities, is beyond the
scope of this paper, but the present studies revealed a definitive
role for HCl in the nanoplatelet synthesis process, in addition
to an optimized precursor solution concentration in order to ob-
tain nanoplatelets. Thus, the synthesis conditions that resulted
in Cu@HCI-NH, NPs and Cu@HCI NPs were used for further
experiments.

2.2. Nanoplatelets Inhibit E. coli and MDR E. coli Bacterial
Growth

To assess the antibacterial properties of the surfaces with cop-
per nanoplatelets compared to those without, an experimental
setup was created to enable continuous contact between bac-
terial suspensions with those surfaces. Cu tape, Cu tape on
which Cu@HCI NPs were synthesized, and Cu tape on which
Cu@HCI-NH, NPs were synthesized were adhered to the sides
of 24-well plates (Figure 4B). Bacterial suspensions were then
added to the wells, and optical density at 600 nm (OD600) values
representing bacterial concentration was measured over time.
The initial color of the surfaces with Cu@HCI-NH, NPs was ob-
served to be bright green, while those with Cu@HCl NPs exhib-
ited a lighter green color (Figure 4A). With increasing exposure
time to the bacterial suspensions, a change in color of both the
nanoplatelet tape samples and the suspension was observed (Fig-
ure 4A,B). These changes in color include a loss of the green color
from the copper tape surfaces, as well as an increase in green
color of the bacterial suspensions. These observations suggest
that the nanoplatelets are capable of dissolving into the bacterial
suspension. Although representative images from a few bacterial
strains are provided in Figure 4, similar changes in bacterial sus-
pension color and nanoplatelet tape samples were observed for
each bacterial strain tested in these studies.

Changes in bacterial suspension color as a result of
nanoplatelet treatment are apparent in both E. coli and MDR E.
coli (Figure 4C,D). The exposure of the broth to nanoplatelet-
covered surfaces without bacteria results in the appearance of
a UV-visible absorbance peak at 600 nm (Figure S6, Support-
ing Information). To account for the increase in absorbance at
600 nm due to copper tape with and without nanoplatelets in the
absence of bacteria, the OD600 values for broth exposed to Cu
tape and Cu tape with nanoplatelets were collected concurrently
with, and subtracted from, the OD600 values for the bacteria-
containing broth exposed to Cu tape and tape with nanoplatelet
samples. In the presence of bacteria, the copper tape led to a
smaller increase in OD600 values than when no tape was present
at all, indicating a small amount of bacterial growth inhibition.
However, the inhibition caused by the surfaces with Cu@HCI
NPs and Cu@HCI-NH, NPs represented a marked improvement
over this. The OD600 values after 4 h of bacterial treatment were
found to remain almost entirely unchanged for the Cu@HCI
NPs and Cu@HCI-NH, NPs, indicating almost complete inhi-
bition of bacterial growth. This is also apparent in photographs
of the well plates after 4 h of treatment, with controls and bac-
terial suspensions exposed to copper tape having a greater opac-
ity than suspensions exposed to copper tape with nanoplatelets
(Figure S7, Supporting Information). Importantly, the final fold
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Figure 4. Inhibition of bacterial growth by nanoplatelets. A) Representative images of nanoplatelet copper tape samples before, during, and after ex-
posure to S. mutans bacteria. A visible color change occurs as a result of nanoplatelet dissolution into the bacterial broth. This was observed with all
tested bacterial strains. B) Representative images of samples adhered to wells of 24-well plates. Top panel shows samples before exposure to bacteria,
while bottom panel shows samples after exposure to MDR E. Coli. This was observed with all tested bacterial strains. C) Growth inhibition of E. coli in
the presence of nanoplatelets. Nanoplatelets lead to almost complete inhibition of bacterial growth. Values represent averages and error bars represent
standard deviations (n = 8 for control, n = 4 for treatment groups). ** Denotes statistical significance from control, with P < 0.01. NS = not significant.
Control samples are untreated bacterial suspensions. D) Growth inhibition of MDR E. coli in the presence of nanoplatelets. Nanoplatelets lead to almost
complete inhibition of bacterial growth. Values represent averages and error bars represent standard deviations (n = 8 for control, n = 4 for treatment
groups). ** Denotes statistical significance from control, with P < 0.01. NS = not significant. Control samples are untreated bacterial suspensions.



changes in OD600 values for bacteria treated with nanoplatelet-
covered surfaces were very similar for E. coli and MDR E. coli,
even though untreated MDR E. coli grew more quickly than E.
coli. This suggests that the mechanism behind bacterial growth
inhibition by the nanoplatelet-covered surfaces is not affected by
bacterial drug resistance. This is an important consideration for
providing antibacterial options that do not lose efficacy as bac-
terial strains continue to develop resistance to more antibiotics
amongst already-limited antibiotic options. Although nanoparti-
cles can be used for drug delivery, using nanoparticle-based car-
riers for delivery of antibiotics would be unlikely to help with pre-
venting the further development of bacterial antibiotic resistance.
In contrast, the use of particles, such as those described in this
work, that are not loaded with antibiotics can provide a poten-
tial way in which nanotechnology can be applied to prevent the
spread of drug-resistant pathogens.

To ensure that the observed bacterial growth inhibition was
not caused by the HCl or HCI-NH, solutions themselves, ex-
periments were repeated with MDR E. coli exposure to liquid
HCI solution or HCI-NH, solution at equivalent concentrations
to those used in forming the nanoplatelets (Figure S8, Support-
ing Information). The results reveal that the solutions themselves
have little to no effect on OD600 values, confirming that the ob-
served bacterial growth inhibition is a result of the presence of the
nanoparticles on the copper surfaces. The mechanism of growth
inhibition is not entirely clear. Considering the toxicity of cop-
per ions, (%% the inhibition likely results from the fact that the
nanoplatelets increase the surface area from which copper ions
can dissolve into the suspension and cause the growth inhibition.

2.3. Scanning Electron Microscopy Reveals Bacterial Damage as
a Result of Nanoplatelet Treatments

Scanning electron microscopy images were taken of control
MDR E. coli samples, as well as those treated with Cu, Cu@HCI
NPs, and Cu@HCI-NH, NPs for 4 h (Figure 5). Control sam-
ples and Cu-treated samples retain a regular rod-like bacterial
morphology, while samples exposed to nanoplatelet-covered cop-
per surfaces have altered morphologies. In particular, exposure
to those surfaces appears to lead to a wilting and flattening of
bacterial samples. This is likely a result of an osmotic imbalance
between the concentration of copper ions in the broth and in the
Dbacterial cells. As copper ions are released from the dissolution
of nanoplatelets into the bacterial suspension, a high concentra-
tion of copper ions would accumulate outside the bacterial cells
and lead to hypertonic conditions. In response, the bacterial cells
release water in an attempt to regain an equilibrium copper con-
centration between the bacteria and its environment, leading to
the shriveled appearance in cells exposed to platelet-covered sur-
faces.

Scanning electron microscopy images taken of the tape sub-
strates with which MDR E. coli samples were treated (Cu,
Cu@HCI NPs, and Cu@HCI-NH, NPs) demonstrate a low ad-
hesion between the bacterial cells and the copper substrates (Fig-
ure 6). Furthermore, bacteria on the Cu substrate samples appear
to retain their normal rod-like morphology, while those on the
nanoplatelet surfaces have a shriveled appearance, further con-
firming the negative effects of the presence of nanoplatelets on

bacterial cell morphology. In addition to the antibacterial effects
of the copper ions released by nanoplatelet dissolution into the
bacterial suspensions, it is possible that the dissolution of the
nanoplatelets acts to prevent bacterial adhesion to the copper sur-
face since bacterial cells may not be able to reach the copper tape
surface before coming into contact with dissolved nanoplatelets
or those still on the copper tape surface.

2.4. Nanoplatelets Also Inhibit E. Coli Bacterial Colony Growth

Planktonic culture alone is generally considered inadequate for
establishing antibacterial properties due to the fact that bacteria
often grow as biofilms on surfaces rather than in a suspension.
Thus, antibacterial properties of materials are best explored
with further experiments in solid agar-based media that enable
bacterial colony growth. To confirm the antibacterial properties
of the nanoplatelets in non-planktonic culture we conducted
halo tests using an adaptation of previously reported methods.!”?!
Nanoplatelet-covered copper tape was placed face-down in direct
contact with agar plates cultured with E. Coli, and the bacterial
growth inhibition area was quantified as a function of the
substrate area. As can be expected, the antibacterial properties
in agar culture were slightly different than those observed in
planktonic culture, with the copper tape leading to some ap-
parent inhibition of bacterial colony growth compared to the
control untreated condition (Figure 7A and Figures S9 and S10,
Supporting Information). However, as with the inhibition of
bacterial growth in planktonic culture, nanoplatelet-covered sur-
faces exhibited increased inhibition of bacterial colony growth
compared to copper surfaces alone. The growth inhibition area of
the nanoplatelet-covered copper surfaces extended to over 200%
of the substrate area, while the copper surface growth inhibition
area extended to less than 150% of the substrate area. These re-
sults further confirm the superior antibacterial properties of the
nanoplatelet-covered surfaces compared to the copper surface
alone.

2.5. Nanoplatelet Planktonic Inhibition of E. Coli Growth Extends
through 24 h of Contact

To evaluate the ability of nanoplatelet-covered surfaces to inhibit
bacterial growth in planktonic conditions over a longer period
of time, further well plate experiments were conducted with E.
Coli over a period of 24 h (Figure 7B). Interestingly, the antibac-
terial effects of the copper tape appeared to increase between ap-
proximately 4 and 8 h of exposure, leading to a drop in bacterial
ODG600 over this period of time. However, the Cu-treated bacteria
then recovered their growth at approximately 10 h of exposure,
continuing on to obtain an OD600 value similar to that of the un-
treated control. This suggests a short-lived delayed antibacterial
effect from copper tape, with its effects only becoming apparent
after longer-term (>4 h) exposure to the bacteria but fading after a
few hours. In comparison, the nanoplatelet-covered surfaces ex-
hibited less bacterial growth than the control or Cu-treated con-
dition for the entirety of the 24 h period, resulting in a signifi-
cant difference between the final fold changes of bacteria treated
for 24 h with nanoplatelet-covered surfaces compared to the
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Figure 5. Scanning electron microscopy (SEM) images of MDR E. coli bacterial samples collected after 4 h of treatment with nanoplatelets. Insets depict
higher magnification images of boxed regions. Untreated samples (controls) or samples treated with Cu tape alone exhibit regular bacterial morphologies
(i,ii). Samples treated with Cu@HCI NPs or Cu@HCI-NH, NPs exhibit signs of bacterial damage, including a flattened and shriveled appearance (iii,iv).

untreated control or Cu-treated surfaces. Furthermore, the final
fold change in OD600 was less than 1 for Cu@HCI-NH, NPs
(i-e., the final OD600 was less than the initial OD600), indicat-
ing that these nanoplatelets not only inhibited bacterial growth
but also led to bacterial death over the span of 24 h. Despite
there being a higher final fold change in OD600 for the Cu@HCI
NPs, the difference between the Cu@HCI-NH, NPs and the
Cu@HCI NPs was not statistically significant. Previous studies
have demonstrated important roles for both contact with cop-

per surfaces and exposure to copper ions in copper antibacte-
rial effects.”!] The favorable performance of the nanoplatelet-
covered surfaces compared to the copper tape alone can perhaps
be linked to the dissolution of the nanoplatelets into either the
bacterial broth (planktonic condition) or the solid agar medium
(nonplanktonic condition). This dissolution may lead to a “burst
release” of copper ions and therefore the nanoplatelet antibac-
terial effects, enabling the prevention of bacterial growth from
early on in bacterial exposure to the antibacterial surfaces. The



Substrate Samples

Cu@HCI NP

Figure 6. Scanning electron microscopy (SEM) images of MDR E. coli on copper substrates after 4 h of treatment. Insets depict higher magnification
images of boxed regions. Bacteria treated with copper alone exhibit relatively normal morphologies, and exhibit some adhesion to the copper surface.
Bacteria treated with nanoplatelets have minimal adhesion to the surface, and exhibit signs of damage.

nanoplatelet-covered surfaces may provide a greater initial sur-
face area to facilitate short-lived direct contact between the bac-
terial suspension and the copper surface, as well as providing a
greater surface area for copper ion dissolution into the bacterial
suspension. On the other hand, the inability of the Cu surface it-
self to exhibit a strong immediate antibacterial effect may be due
to slower or non-occurrence of copper ion release by the Cu sur-
face, as well as a smaller surface area for bacterial contact com-
pared to the nanoplatelet-covered surfaces.

2.6. Nanoplatelets Exhibit Antibacterial Effects on Other MDR
and Regular Bacterial Strains

Two further MDR bacterial strains were selected for planktonic
analysis of antibacterial activities. Methicillin-resistant S. au-
reus (MRSA) is a common gram-positive bacteria that spread
in healthcare facilities, leading to challenges with treatment
due to its antibiotic resistance.l®®] MRSA is listed as a “Serious
Threat” in the CDC 2019 “Antibiotic Resistance Threats In the
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Figure 7. Further exploration of antibacterial properties of nanoplatelet-covered surfaces. A) Halo test in which nanoplatelet-covered copper surfaces
were exposed for 24 h to nonplanktonic E. coli grown in agar medium. Inhibition of bacterial colony growth was observed for samples treated with Cu,
Cu@HCI NPs, and Cu@HCI-NH, NPs, but inhibition was significantly higher for the nanoplatelet-treated samples. Red dashed lines provide a sample
outline of the inhibition area for each sample. Data are represented as an average of 2 samples on a single plate for each condition, with error bars
representing standard deviation. * Denotes statistical significance from Cu, with P < 0.05. B) Planktonic growth inhibition of E. coli in the presence
of nanoplatelets for 24 h. Nanoplatelets significantly reduce bacterial growth. Values represent averages and error bars represent standard deviations
(n = 4 for each group). ** Denotes statistical significance from control, with P < 0.01. * Denotes statistical significance from control with P < 0.1.
NS = not significant. Control samples are untreated bacterial suspensions. C) Planktonic growth inhibition of MDR S. aureus and MDR A. baumannii.
Nanoplatelets significantly reduced bacterial growth for both types of bacteria. Control samples are untreated bacterial suspensions. Values represent
averages and error bars represent standard deviations. (i) n = 8 for control, n = 4 for treatment groups).
with P < 0.01. NS = not significant. (ii) n = 7 for control, n = 3—4 for treatment groups. * Denotes statistical significance from control, with P < 0.05.

X

Denotes statistical significance from control,



United States” report. MRSA has been found on a variety of
surfaces in hospital settings.”>73] The S. aureus strain we used
in these studies is resistant to multiple drugs, including methi-
cillin. A. baumannii is a gram-negative bacteria that can survive
for an extended period of time on surfaces, and the occurrence
of carbapenem-resistant Acinetobacter infections in patients in
healthcare facilities is a major concern as it can lead to pneumo-
nia and infections in wounds, the bloodstream, and the urinary
tract.®3 Carbapenem-resistant Acinetobacter is listed as an “Ur-
gent Threat” in the CDC 2019 “Antibiotic Resistance Threats In
the United States” report. The strain we used in these studies is
resistant to many drugs including carbapenems Imipenem, and
Meropenem.l”4l

Over a 4 h treatment period, the OD600 values of S. aureus
treated with copper tape tracked closely with those of untreated
S. aureus (Figure 7C-i). In contrast, S. aureus exposed to Cu@HCI
NPs or Cu@HCI-NH, NPs had a much slower increase in OD600
values. S. aureus that was untreated or treated with copper tape
exhibited a greater than sevenfold change in OD600 values af-
ter 4 h, while S. aureus that was treated with Cu@HCI NPs or
Cu@HCI-NH, NPs had a less than threefold change in OD600
values over the same time period. For A. baumannii, little to no
change in bacterial OD600 values was observed for the first two
hours, indicating possible slow bacterial growth. However, af-
ter approximately two hours an increase in OD600 values is ob-
served for untreated bacteria and bacteria treated with copper
tape (Figure 7C-ii). Little to no change in OD600 values is ob-
served for A. baumannii treated with Cu@HCI NPs or Cu@HCI-
NH, NPs over the entirety of the 4 h treatment period, and the
fold change for both Cu@HCI NPs and Cu@HCI-NH, NPs was
close to 1. These experiments demonstrate the capability of the
nanoplatelet-covered surfaces to slow bacterial growth of multi-
ple strains of drug-resistant bacteria that have been associated
with hospital infections.

To further explore the antibacterial properties of the
nanoplatelet-covered surfaces against gram-positive bacte-
ria, experiments were conducted using S. mutans, a strain
of gram-positive bacteria associated with dental plaque and
caries.[”®l Here again, the OD600 values of control bacteria and
copper-treated bacteria tracked closely with each other, while
the OD600 values of the nanoplatelet-treated bacteria rose at a
slower rate (Figure S11, Supporting Information). Overall, these
experiments confirm that the effects of the nanoplatelet-covered
surfaces are not restricted to a single bacterial strain, but instead
extend to gram-positive and gram-negative bacteria, in addition
to extending to multiple strains of drug-resistant bacteria.

2.7. Exposure to Nanoplatelet-Covered Copper Surfaces Reduced
Bacterial Viability and Induced DNA Damage

Multiple studies were conducted to determine the mechanism
by which the presence of nanoplatelets inhibits bacterial growth.
Although OD600 measurements can provide information on the
concentration of bacteria, they do not provide a direct measure
of cell viability. To assess the viability of treated cells, live-dead
staining of MDR E. coli was conducted using a commercial green
stain for live cell indicator (live cell indicator) and propidium
iodide (dead cell indicator), where a lower ratio of green to red
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fluorescence would indicate lower viability (Figure 8A). These
studies demonstrated that the presence of nanoplatelet-covered
copper surfaces not only inhibit bacterial cell division, but also
reduced bacterial cell viability within only 4 h of exposure.
This result is consistent with copper ion toxicity observed by
others. (]

Since cell division appeared to be affected by the presence of
nanoplatelet-covered copper surfaces, terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assays were con-
ducted to identify DNA damage in the bacterial samples (Fig-
ure 8B). In TUNEL assays, fragmented DNA is labeled with a
fluorescent dye, and the presence of greater DNA fragmentation
leads to a greater fluorescent intensity. Cu alone was found to
lead to some DNA fragmentation, as can be expected from the an-
tibacterial properties of Cu. However, the presence of Cu@HCI
NPs and Cu@HCI-NH, NPs led to greater DNA fragmentation
than the Cu treatment alone, confirming that the nanoplatelets
provide a mechanism leading to a more potent antibacterial
function. To further confirm this, gel electrophoresis was con-
ducted on genomic DNA extracted from bacterial control sam-
ples, as well as bacterial samples treated with Cu, Cu@HCI NPs,
and Cu@HCI-NH, NPs (Figure 8C). Exposure to nanoplatelet-
covered surfaces reduced DNA band intensity for both E. coli and
MDR E. coli, while untreated control samples and samples treated
with Cu surfaces alone exhibited high band intensities, further
confirming the role of nanoplatelets in preventing bacterial cell
division by inducing DNA damage.

To determine whether the nanoplatelets generated reactive
oxygen species (ROS) that led to the DNA damage, ROS gen-
eration assays were conducted using CM-H,DCFDA, a fluores-
cent ROS indicator that has high retention in cells, enabling long-
term studies. CM-H, DCFDA was loaded into MDR E. coli sam-
ples, and the fluorescence intensity of the bacterial samples was
monitored every 5 min for 4 h, with a greater fluorescence in-
tensity corresponding to a higher presence of ROS. Although Cu
alone was found to lead to some ROS generation near the be-
ginning of the treatment, the presence of nanoplatelets on the
copper surface was found to lead to lower fluorescence intensity
than the control (Figure S12, Supporting Information). This in-
dicates that the nanoplatelets may in fact be acting as ROS scav-
engers rather than inducing ROS generation. To ensure that this
observation was not a result of CM-H,DCFDA photobleaching
with time, the experiment was repeated with bacterial samples
protected from light during the experiment, and measurements
were collected only after 4 h of treatment (Figure S13, Supporting
Information). This further confirmed that ROS generation is not
the mechanism by which nanoplatelet-induced DNA fragmenta-
tion occurred. Our results are consistent with those of Park et al.,
who found that copper ions do not increase hydroxyl radical pro-
duction and may even reduce superoxide levels.[*”]

2.8. Exposure to Nanoplatelet-Covered Copper Surfaces Led to
Changes in Bacterial Protein Expression

In addition to evaluating DNA damage caused by the pres-
ence of nanoplatelets, further studies were conducted to evaluate
the effects of nanoplatelet-covered copper surfaces on bacterial
protein expression. Water-soluble proteins were extracted from
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Figure 8. Exploration of mechanisms behind bacterial growth inhibition by nanoplatelets. A) Live—dead assay conducted on MDR E. coli treated with
samples for 4 h. A higher green/red ratio indicates greater cell viability. A reduction in cell viability is caused by the nanoplatelet treatments. Values
represent averages and error bars represent standard deviations across three technical replicates. ** indicates statistical significance with P < 0.01.
B) TUNEL assay conducted on MDR E. coli treated with samples for 4 h. A higher intensity indicates a greater level of DNA damage. Nanoplatelets
induce greater DNA damage than Cu alone. Values represent averages and error bars represent standard deviations across three technical replicates.
Asterisks over individual bars indicate statistical significance with respect to the control. ** indicates statistical significance with P < 0.01, * indicates
statistical significance with P < 0.05. C) Gel electrophoresis results for genomic DNA extracted from E. coli and MDR E. coli treated with samples for
4 h. Reductions in band intensities for Cu@HC| NP-treated and Cu@HCI-NH, NP-treated samples confirm DNA damage induced by the nanoplatelets.
These differences are apparent in both E. coli and MDR E. coli. D) SDS-PAGE results for proteins extracted from E. coli and MDR E. coli treated with
samples for 4 h. Nanoplatelets lead to reductions in band intensities, and in some cases complete removal of some protein bands, indicating that they

have changes in protein expression. These changes are apparent in both E.

untreated control samples, as well as bacteria exposed to cop-
per surfaces, Cu@HCI NPs, and Cu@HCI-NH, NPs. SDS PAGE
was conducted on these protein samples (Figure 8D) and demon-
strates a clear difference in protein expression for nanoplatelet-
treated bacteria compared to Cu-treated or untreated bacteria.
These changes in protein expression are apparent for both E. coli
and MDR E. coli. Furthermore, exposure to copper surfaces with-
out nanoplatelets appeared to lead to little change in protein ex-
pression in either type of bacteria.

To examine this in greater detail, proteomic analysis was car-
ried out to identify individual proteins present in the protein pop-
ulation extracted from the bacteria. Heatmaps were created using
the -10logP values for all detected proteins for E. coli and MDR
E. coli, where a higher -10logP value corresponds to a greater
confidence in the identification of the proteins. In this work, we
have divided -10logP values into 3 ranges: values greater than 75
are considered the identification of the proteins with high con-
fidence, values between 45 and 75 are considered the identifica-
tion of the proteins with acceptable confidence, and values below
45 are considered proteins that cannot be confidently identified
in the samples. A list of all protein IDs and their corresponding
protein Accession IDs and descriptions are provided in Tables S1
and S2 (Supporting Information).
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coli than in MDR E. coli.

2.8.1. Proteomic Analysis of MDR E. coli

There were fewer identified proteins in MDR E. coli samples ex-
posed to copper surfaces without nanoplatelets (450 proteins),
Cu@HCl-covered copper surfaces (130 proteins), and Cu@HCI-
NH,-covered copper surfaces (182 proteins) than in control sam-
ples that were not exposed to any of the surfaces (577 proteins).
This confirms SDS PAGE observations which illustrated that ex-
posure to nanoplatelet-covered Cu surfaces had a major impact
on protein expression.

A heatmap of identified proteins in the MDR E. coli samples
is provided in Figure 9A. Three proteins related to cell division
were identified in the control sample: 89 (POA9A6|FTSZ_ECOLI,
Cell division protein FtsZ), 630 (POAF36|ZAPB_ECOLI, Cell divi-
sion protein ZapB), and 734 (P45955|CPOB_ECOLI, Cell division
coordinator CpoB). Protein 89 was identified with lower -10logP
values in bacterial samples treated with Cu, Cu@HCI NPs, or
Cu@HCI-NH, NPs, and protein 734 could not be confidently
identified in these samples. A downregulation of cell division pro-
teins as a result of treatment can be directly related to the lack of
cell division observed during the OD600 measurements.

Additionally, protein 78 (Q59385|COPA_ECOLI, Copper-
exporting P-type ATPase) was identified in MDR E. coli treated
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with either Cu or nanoplatelets, but not in the control sample.
Protein 458 (P36649|CUEO_ECOLI, blue copper oxidase), a pro-
tein believed to be involved in the detoxification of copper, was
also identified in Cu-treated samples, but not in the control or
the nanoplatelet-treated samples. Thus, the DNA damage caused
by exposure to nanoplatelet-coated copper surfaces may have pre-
vented the eventual synthesis of some of the proteins that would
provide the MDR E. coli with copper tolerance. In contrast, ex-
posure to uncoated Cu surfaces may have led to the synthesis of
proteins that would increase the copper tolerance of MDR E. coli.
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We further examined proteins related to DNA. Protein 58
(POAES4|GYRA_ECOLI, DNA gyrase subunit A), which is
known to be involved in ATP-dependent breakage, passage,
and rejoining of double-stranded DNA, and therefore plays
a role in its transcription, repair, and replication, is present
in the control sample and Cu-treated sample, but not in the
nanoplatelet-treated samples. Protein 90 (P00582|DPO1_ECOLI,
DNA polymerase I) is also present in the control samples and
samples exposed to uncoated copper surfaces, but not in those
exposed to nanoplatelet-coated copper surfaces. This protein



Table 1. Proteins of interest in MDR E. coli samples.

Protein ID Accession 1D Description Observation

734 P45955|CPOB_ECOLI Cell division coordinator CpoB Not identified in treated samples

78 Q59385|COPA_ECOLI Copper-exporting P-type ATPase Identified in treated samples but not in control

458 P36649|CUEO_ECOLI Blue copper oxidase Identified in Cu-treated samples but not control or nanoplatelet-treated samples
410 P06612|TOP1_ECOLI DNA topoisomerase 1 Not identified in treated samples

1215 P12295|UNG_ECOLI Uracil-DNA glycosylase

58 POAES4|GYRA_ECOLI DNA gyrase subunit A Not identified in nanoplatelet-treated samples

90 P00582|DPO1_ECOLI DNA polymerase |

114 POAES6|GYRB_ECOLI DNA gyrase subunit B

exhibits polymerase and exonuclease behaviors. Protein 114
(POAES6|GYRB_ECOLI, DNA gyrase subunit B), which re-
laxes negatively supercoiled DNA, is identified with less
confidence in the sample exposed to Cu surfaces than the
control samples, and is not confidently identified in the sam-
ples exposed to nanoplatelet-covered Cu surfaces. Proteins
410 (P06612|TOP1_ECOLI, DNA topoisomerase 1) and 1215
(P12295|UNG_ECOLI, Uracil-DNA glycosylase) could not be
confidently identified in any of the treated samples, despite being
identified in the control sample. These proteins are responsi-
ble for ATP-independent breakage of single-stranded DNA
and releasing uracil residues respectively. Finally, protein 529
(POABE2|BOLA_ECOLI, DNA-binding transcriptional regulator
BolA), which is known to have an impact on cell morphology,
cell growth, and cell division, is identified in the control and Cu-
exposed samples, but not confidently identified in the samples
exposed to nanoplatelet-coated surfaces. Altogether, these results
confirm that the exposure to nanoplatelet-covered surfaces had
an impact on MDR E. coli cell division, response to copper, and
DNA replication (Table 1).

To develop an understanding of each sample’s protein expres-
sion relative to the control sample, the ratio of each protein’s
ion counts to the total ion counts for each sample was calcu-
lated. This relative expression ratio was then divided by the rel-
ative expression ratio of the same proteins in the control sam-
ple. This enabled a comparison between the relative abundance
of different proteins in the treated samples compared to the un-
treated control. Hierarchical clustering of these protein ratios
identified similarities between samples exposed to nanoplatelet-
covered surfaces compared to the samples exposed to copper sur-
faces without nanoplatelets (Figure 9B). In addition, the pres-
ence of nanoplatelets generally led to decreased expression of
many proteins, while the absence of nanoplatelets on copper sur-
faces led to increased expression of some proteins critical to sur-
vival. For example, Cu-treated samples had an increased relative
expression (compared to the control) of POABT2|DPS_ECOLI,
which is responsible for protecting the bacterial cells from copper
ion toxicity.

2.8.2. Proteomic Analysis of E. coli
As for MDR E. coli, there are fewer proteins in the E. coli sam-

ples treated with Cu (377 proteins), Cu@HCl NPs (178 pro-
teins), and Cu@HCI-NH, NPs (110 proteins) compared to the
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untreated control (611 proteins). This further confirms the E. coli
SDS PAGE observations which illustrated that the presence of
nanoplatelets had a major impact on protein expression.

A heatmap of identified proteins in the E. coli samples is pro-
vided in Figure S14A (Supporting Information). A number of
proteins related to cell division were identified in the control
sample. Protein 89 (POA9A6|FTSZ_ECOLI, Cell division protein
FtsZ), which is responsible for forming a contractile ring struc-
ture (Z ring) at the future cell division site, was identified with
high confidence in both the control and Cu-treated samples, but
was identified with lower confidence in Cu@HCI NP-treated cop-
per surfaces and could not be confidently identified in sample ex-
posed to Cu@HCI-NH, NP-treated copper surfaces. Protein 900
(POA734|MINE_ECOLI, Cell division topological specificity fac-
tor), which is responsible for ensuring the occurrence of cell di-
vision at the proper site, was identified in the control sample but
not in the treated samples.

A number of proteins related to DNA were also altered
in expression as a result of the exposure to copper sur-
faces. Protein 260 (POACFO|DBHA_ECOLI, DNA-binding
protein HU-alpha), protein 265 (POA800|RPOZ_ECOLI,
DNA-directed RNA polymerase subunit omega), protein
272 (POACG1|STPA_ECOLI, DNA-binding protein StpA),
protein 402 (P23909|MUTS_ECOLI, DNA mismatch repair
protein MutS), protein 528 (POACBO|DNAB_ECOLI, Replica-
tive DNA helicase), protein 837 (P21189|DPO2_ECOLI, DNA
polymerase II), protein 1250 (POABS5|/DNAG_ECOLI, DNA
primase), and protein 1294 (P65556]YFCD_ECOLI, DNA pri-
mase) were all identified in the control sample but could
not be confidently identified in any of the samples exposed
to any of the copper surfaces (both coated and uncoated
with nanoplatelets). Proteins 80 (POA7Z4|/RPOA_ECOLI,
DNA-directed RNA polymerase subunit alpha), 85 (POA9
X 4|MREB_ECOLI, DNA-directed RNA polymerase subunit
omega), 86 (P04805|SYE_ECOLI, DNA-directed RNA poly-
merase subunit alpha), 90 (P00582|DPO1_ECOLI, DNA poly-
merase I), 114 (POAES6|GYRB_ECOLI, DNA gyrase subunit B),
and 529 (POABE2|BOLA_ECOLI, DNA-binding transcriptional
regulator BolA) were all identified in the control and Cu-treated
samples but not in the samples exposed to nanoplatelet-covered
surfaces (Table 2).

Hierarchical clustering of E. coli protein ratios identified sim-
ilarities between the samples exposed to nanoplatelet-covered
surfaces compared to the samples exposed to bare copper sur-
faces (Figure S14B, Supporting Information). As with MDR



Table 2. Proteins of interest in E. coli samples.

Protein ID Accession 1D Description Observation
89 POA9A6|FTSZ_ECOLI Cell division protein FtsZ Identified with high confidence in control and Cu-treated
samples, lower confidence in Cu@HCI NP-treated samples,

and not identified in Cu@HCI-NH, NP-treated samples

900 POA734|MINE_ECOLI Cell division topological specificity factor Not identified in treated samples

260 POACFO|DBHA_ECOLI DNA-binding protein HU-alpha

265 POA800|RPOZ_ECOLI DNA-directed RNA polymerase subunit omega

272 POACG1|STPA_ECOLI DNA-binding protein StpA

402 P23909|MUTS_ECOLI DNA mismatch repair protein MutS

528 POACBO|DNAB_ECOLI Replicative DNA helicase

837 P21189|DPO2_ECOLI DNA polymerase Il

1250 POABS5|DNAG_ECOLI DNA primase

1294 P65556|YFCD_ECOLI DNA primase

80 POA7Z4|RPOA_ECOLI DNA-directed RNA polymerase subunit alpha Not identified in nanoplatelet-treated samples

85 POA9 x 4MREB_ECOLI DNA-directed RNA polymerase subunit omega

86 P04805|SYE_ECOLI DNA-directed RNA polymerase subunit alpha

90 P00582|DPO1_ECOLI DNA polymerase

114 POAES6|GYRB_ECOLI DNA gyrase subunit B

529 POABE2|BOLA_ECOLI DNA-binding transcriptional regulator BolA

E. coli, exposure to nanoplatelets generally led to decreased ex-
pression of many proteins, while exposure to Cu surfaces with-
out nanoplatelets led to increased expression of many proteins
critical to survival. These findings further confirm the role of the
presence of nanoplatelets in modulating protein expression.

2.9. Nanostructures Were Also Assembled Directly on Multiple
Other Metal Surfaces

To determine whether nanoplatelets could be assembled on other
metal surfaces, the synthesis procedures were repeated by de-
positing the HCI solution or HCl and diamine solution onto
pieces of tin, zinc, and cobalt and allowing the solution to dry.
Scanning electron microscopy was then conducted on the sam-
ples (Figures S15 and S16, Supporting Information). These im-
ages revealed the successful formation of nanostructures on
these various metal surfaces. Although the structures differed
in shape from one metal type to another, these results suggest a
simple aqueous solution containing acid can be applied to metal
surfaces to obtain textured nanoscale patterns and structures on
the surfaces. The goal in conducting experiments on these other
metal surfaces was to determine whether nanostructures could
be easily assembled onto metal surfaces not composed of cop-
per, potentially for other applications aside from antibacterial
applications. In fact, tin has been shown to not have antibac-
terial properties.”®) Additionally, the relative stiffness of these
metal surfaces compared to the flexible copper tape substrates
we used in the bacterial experiments above make them una-
menable to testing in the 24-well experimental setup we have cre-
ated to enable continuous contact between planktonic bacterial
suspensions and the metal surfaces. Thus, experiments to eval-
uate the antibacterial properties of the nanostructures on these
other metal surfaces are out of the scope of this present work.
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2.10. Comparison of Nanoplatelets with Other Antibacterial
Surfaces

Comparing the performance of the nanoplatelets described in
this work with that of other antibacterial surfaces described by
other researchers is challenging due to the differences in exper-
imental methods and relative synthetic complexity of many an-
tibacterial surfaces. However, some general comparisons regard-
ing synthetic simplicity, morphological controllability, and an-
tibacterial efficacy can be made.

One example of a flexible antibacterial film was devel-
oped by Wang et al.l”’l In their work, silver nanoparticles
were formed on a poly(dimethylsiloxane) surface by immer-
sion in Ag(NH3),0H followed by immersion in glucose.
Afterward, the film was sequentially dipped in solutions of
poly(l-lysine) and poly(acrylic acid), followed by coating with
a cationic conjugated polyelectrolyte, poly({9,9-bis[6’-(N,N-
trimethylamino)hexyl]-2,7-fluorenyleneethynylene}-alt-co-1,4-
(2,5-dimethoxy)phenylene)dibromide (PFEMO), which served
as a light-activated antibacterial agent. They evaluated the an-
tibacterial properties of their material by adding the bacterial
solution to the substrate, treating it with white light for 5 min
as applicable, and then spreading the bacterial solution on a
solid agar plate and counting the colony-forming units (CFUs)
after 12 h of incubation. When samples were treated with light,
they observed a 99% killing efficiency when Ag and PFEMO
were both incorporated in the films, and a 41% killing efficiency
when PFEMO was incorporated without Ag. However, the
killing efficiency was lower when Ag was incorporated without
PFEMO, as well as for all conditions when samples were not
treated with light. Thus, the high antibacterial efficacy of their
flexible film primarily came from PFEMO’s interaction with
light, rather than a simple interaction between the nanoparticles
and the substrate. Due to this, the morphological controllability



of the nanoparticle formation on the surface was not extensively
discussed. Although the antibacterial efficiency of the flexible
film was favorable, the synthesis was more complicated than our
nanoplatelet synthesis, and it also involved the addition of metal
ions to a polymer surface rather than using ions directly from a
metal surface.

Gunell et al. developed another example of a nanoparticle-
coated surface with antibacterial properties by using direct and
indirect liquid flame spray to form silver nanoparticle coatings on
glass, polyethylene, and polyethylene terephthalate surfaces.!”®!
They used a precursor solution composed of silver nitrate in
deionized water, forming particles by injecting the precursor
solution in turbulent H,/0,/N, flame. Nanoparticles were de-
posited on the surfaces directly by passing the samples through
the flame, or indirectly after passing the flame through a flow
tube. The antibacterial efficacy was evaluated for surfaces with
different numbers of coating layers, as well as for multiple strains
of bacteria. To do this, bacterial suspensions were dropped onto
the nanoparticle-coated samples and incubated for 6 to 48 h. The
samples were then stamped on top of blood agar plates to trans-
fer viable bacteria from the samples to the agar surfaces. Samples
were then incubated and the number of CFUs was counted the
following day. They found that the number of coating cycles, the
surface that was coated, and the type of bacteria, each had an ef-
fect on the antibacterial efficacy of the coated surfaces. Atleast 30
coating cycles were needed to inhibit the growth of S. aureus on
PE and PET samples. On the other hand, a single coating cycle
was enough to give glass antibacterial properties against E. coli.
They also found that direct deposition of the particles led to bet-
ter antibacterial efficacy than indirect deposition. In terms of syn-
thetic complexity, the preparation of their precursor is compara-
ble in simplicity to the preparation of the nanoplatelet precursor
solution in our work. However, the liquid flame spray synthesis
process does require some specialized equipment. Despite this,
the use of the liquid flame spray synthesis process provides the
advantage of controlling the distribution and number of particles
on the surface based on the number of coating cycles applied to
the sample. Further studies would need to be conducted on the
nanoplatelets to determine which synthesis parameters can be
adjusted to achieve greater control over their size and distribu-
tion.

Li et al. generated copper nanoparticles in situ in flexible
polyurethane foams by placing the foams in copper sulfate so-
lutions at 80 °C.°! This led to the hydrothermal formation of
copper nanoparticles, in the size range of approximately 100 to
130 nm, that was generated on the surface of cell walls within the
polyurethane foams. They observed increased tensile and com-
pressive strength in the polyurethane foams as a result of the
copper nanoparticle incorporation into the foam structure. Fi-
nally, they tested the antibacterial properties of 10 mm discs of
polyurethane foams which contained copper nanoparticles that
had been incorporated into the structures by reaction with dif-
ferent concentrations of copper sulfate solutions. After 48 h of
incubation, they observed good antibacterial activity against E.
coli, Pseudomonas aeruginosa, S. aureus, and Bacillus licheniformis,
with an inhibition zone of up to 40 mm in some cases. The syn-
thetic simplicity of this method is apparent. However, the use
of a hydrothermal synthesis method to form the nanoparticles
makes the synthesis more involved than our room-temperature
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single-step synthesis of the copper nanoplatelets. Despite this,
their method of synthesis enabled excellent control over the cop-
per nanoparticle size simply by changing the concentration of
copper sulfate used.

Overall, in situ synthesis of antibacterial nanoparticles on sur-
faces is of great interest and a field that is continuing to grow. Var-
ious approaches and materials can be used to achieve these an-
tibacterial properties, and each approach carries its own strengths
and weaknesses. The strength of our method lies in its synthetic
simplicity compared to other methods, and can potentially be
used to improve the antibacterial properties of a wide range of
copper surfaces.

3. Conclusion

We have developed a simple method to assemble metal-based
nanostructures directly on metal surfaces without the need for
the prior synthesis of nanoparticles or the inclusion of any
metals within the precursor solution. We demonstrated that
nanoplatelets could be formed on a variety of copper surfaces
and explored their potential for use in antibacterial surfaces.
We found that the copper surfaces with nanoplatelets had im-
proved antibacterial activity compared to copper surfaces with-
out nanoplatelets, likely as a result of an increased surface area
from which copper ions can dissolve. Antibacterial activity was
demonstrated against E. coli, MDR E. coli, MDR S. aureus, MDR
A. baumannii, and S. mutans. Copper surfaces covered with
nanoplatelets also induced structural and morphological changes
in bacterial cells and led to changes in protein and DNA expres-
sion. We further demonstrated that the expression of specific pro-
teins related to cell division, copper toxicity, and DNA division
were altered as a result of the presence of nanoplatelets. Lastly,
we demonstrated that other nanostructures could be formed by
depositing our simple aqueous diluted HCl solution onto various
metal surfaces. Overall, this study provides a simple method by
which metal-based surfaces, especially those containing copper,
can be modified to incorporate 2D nanostructures.

4. Experimental Section

Materials:  Copper granules, zinc strips, tin chips, and cobalt pieces
were purchased from Chemistry Cabinet.[8] Other metal samples were
obtained in the form of a copper anode sheet and zinc anode sheet. 300
to 400 mesh carbon-coated copper TEM grids were purchased from Ted
Pella.8%] Regular E. coli, multi-drug-resistant E. coli (ATCC BAA-201), multi-
drug-resistant A. baumannii (ATCC BAA-1605), and multidrug-resistant S.
aureus (ATCC BAA-38) were purchased from ATCC.I3] Loctite Clear Sili-
cone Waterproof Sealant!3°] was used to adhere copper substrate sam-
ples to the wells of 24-well plates. DNA extraction was conducted using a
ZymoBIOMICS DNA Miniprep Kit (Zymo Research).[8 Protein extraction
was conducted using a Qproteome Bacterial Protein Prep Kit (Qiagen),[3°!
and protein digestions were conducted using an In-Solution Tryptic Di-
gestion and Guanidination Kit (89 895, ThermoFisher Scientific).[8] CM-
H,DCFDA and the LIVE/DEAD BacLight Bacterial Viability Kit were pur-
chased as kits from ThermoFisher Scientific.[89] The Cell Meter TUNEL
apoptosis assay kit was purchased from AAT Bioquest.[®0]

Preparation of Nanoplatelet Precursor Solution:  Solution for Cu@HCI
NP: 50 uL of 2N HCl was diluted with 1 mL of filtered water.

Solution for Cu@HCI-NH, NP: 3.5 pL 2 2'-(ethylenedioxy)
bis(ethylamine) was diluted in 10 mL of filtered water. 50 uL of 2N
HCl was added to 1 mL of this solution.



Synthesis of Nanoplatelets:  On TEM Grids: 2.5 pL of precursor solution
was drop-cast onto the uncoated side of carbon-coated copper TEM grids.
Samples were allowed to dry for 2 min, after which excess liquid was re-
moved using filter paper. The TEM grid was then allowed to dry until the
imaging was conducted.

On Copper Tape and Other Metal Substrates: 3.5 pL of precursor solu-
tion was drop-cast onto the substrate and allowed to completely dry under
atmospheric conditions. For bacterial experiments, eight 3.5 uL drops of
precursor solution were deposited on each 2 cm copper sample.

Varying Synthesis Parameters: ~ Syntheses were repeated on copper tape
as described above but with varying the ratio of diamine to HCl in the pre-
cursor solution, as well as preparing different dilutions of the precursor
solution prior to dropping it on the copper tape. Details of each concen-
tration tested are provided in Figure 3D.

Scanning Electron Microscopy of Nanoplatelet Samples: Samples were
imaged using a commercial environmental SEM at nominal acceleration
voltages of 10 to 20 kV. Samples were not coated prior to imaging.

FT-IRand XRD:  FT-IR samples were prepared by adhering copper tape
samples directly onto corner frosted FT-IR slides. FT-IR measurements
were taken with a commercial FT-IR spectrometer. XRD was conducted
on powder samples using a commercial XRD system. XRD spectra were
collected for nanoplatelet samples directly on the Cu tape substrate.

Bacterial Culture: A. baumannii (ATCC BAA-1605), and multidrug-
resistant S. aureus (ATCC BAA-38) were cultured at 37 °C under aerobic
conditions in Tryptic Soy broth overnight with shaking at 200 rpm. E. coli
was cultured in Luria-Bertani (LB) broth at 37 °C under aerobic conditions.
MDR E. coli was cultured at 37 °C under aerobic conditions in Tryptic Soy
Medium supplemented with 10 ug mL" Ceftazidime. S. mutans was cul-
tured in brain heart infusion (BHI) broth.

Bacterial  Optical Density  Experiments: Copper substrates or
nanoplatelet samples were adhered to the wells of a 24-well plate
using waterproof silicone glue. Two 2 cm sample strips were used for
each well. The glue was allowed to completely dry before experiments
were conducted. 2 mL of bacteria with an optical density of approximately
0.25 were added to each well of the 24-well plates. OD600 values were
measured kinetically at 37 °C for 4 h in a plate reader. Fold change was
calculated by dividing the background-subtracted OD600 value at 4 h by
the background-subtracted initial OD600 value, where a fold change of
1 would indicate no change in OD600 value between the initial and final
measurement. For S. mutans, the OD600 values were initially measured
for 2 hours, after which the OD600 values were measured for another 2 h
beginning at the 2.5 h mark. This was due to the initial setup of the plate
reader software which was only collecting 2 h of data at a time.

E. coli 24 h Optical Density Experiments: Bacterial optical density ex-
periments were repeated for E. coli following the method above, but with
measurements taken every 20 min for 24 h.

Bacterial Optical Density Experiments Using Precursor Solutions: 2 mL
of MDR E. coli bacteria with an optical density of approximately 0.25 was
added to 12 wells of a 24-well plate. 2 mL of bacterial broth were added
to the remaining 12 wells of a 24-well plate. For treatment groups, 56 uL
of nanoplatelet precursor solution was added to each well. OD600 values
were measured kinetically at 37 °C for 4 h in a plate reader.

Scanning Electron Microscopy of Substrates Used to Treat Bacteria:
2 mL of MDR E. coli with an initial optical density of approximately 0.25
was exposed to two 2 cm long copper tape samples or nanoplatelet
samples for 4 h at 37 °C in an incubator-shaker. Following this, samples
were fixed in a 2% paraformaldehyde, 2.5% glutaraldehyde solution
for 10 min, and sequentially dehydrated in solutions of 25%, 50%,
75%, 95%, and 100% ethanol for 10 min each. The samples were
then allowed to dry under atmospheric conditions. Prior to imag-
ing, samples were coated with platinum-palladium. Samples were
imaged on a commercial SEM with a 10 kV nominal acceleration
voltage.

Scanning Electron Microscopy of Bacteria after Exposure to Substrates:
2 mL of MDR E. coli with an initial optical density of approximately 0.25 was
exposed to two 2 cm long copper tape samples or nanoplatelet samples
for4 hat37°Cin an incubator shaker. Following this, the bacterial suspen-
sions were centrifuged at 626 rad s (5976 rpm), 39200 m s (4000 X g)
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for 15 min, and resuspended in 0.5 mL 2% volume fraction paraformalde-
hyde/water solution, 2.5% volume fraction glutaraldehyde/water solution
for 10 min. The suspensions were then centrifuged for 10 min and resus-
pended in 25% volume fraction ethanol/water solution for 10 min. Suspen-
sions were then sequentially centrifuged (626 rad s™' (5976 rpm), 39200
m s (4000 X g), 5 min) and resuspended in 0.5 mL of 50%, 75%, and
95% volume fraction ethanol/water solutions, with samples retained in
each solution for 5 min prior to centrifugation. Finally, the samples were
in 250 pL 100% ethanol, and 50 uL of each sample was deposited onto
a glass coverslip and allowed to dry under atmospheric conditions. Prior
to imaging, samples were coated with platinum-palladium. Samples were
imaged on a commercial SEM with a 10 kV nominal acceleration voltage.

Bacterial Agar Colony Growth Inhibition Studies: Pre-poured LB agar
plates with 100 ug mL! ampicillin were used for this experiment. 100 uL
of ampicillin-resistant E. coli with OD600 = 0.6 was added to the surface
of the agar plate and spread equally. Next, the nanoplatelet samples were
placed face-down on the surface of the LB agar and then incubated at 37 °C
for 24 h.

ROS Generation Assay: 50 pg CM-H,DCFDA dye was dissolved in
8.65 pL dimethyl sulfoxide [DMSQ], and 8 pL of this solution was added to
8 mL bacterial broth. 20 mL of bacteria was suspended at an OD600 value
of 0.25. The bacteria were centrifuged at 700 rad s (6682 rpm), 49000 m
s (5000 x g) for 5 min and then resuspended in the bacterial medium
containing the CM-H, DCFDA dye. The bacteria were protected from light
and incubated in a shaker incubator at 37 °C for 5 min. The suspension
was then centrifuged at 626 rad s! (5976 rpm), 39200 m s (4000 x g) for
5 min, and the bacteria was resuspended in 8 mL fresh medium. The cen-
trifugation process was repeated one more time, and the bacterial pellet
was finally resuspended in 20 mL fresh medium. 1 mL of bacterial suspen-
sion was placed in each centrifuge tube, and the suspensions were treated
with the copper tape or nanoplatelets, after which fluorescence measure-
ments were collected in accordance with kit directions.

Live-Dead Assay: 2 mL of MDR E. coli with an initial optical density of
approximately 0.25 was exposed to two 2 cm long copper tape samples or
nanoplatelet samples for4 hat 37 °Ciin an incubator shaker. Following this,
0.75 mL of each sample was collected and centrifuged to form a bacterial
cell pellet. The pellet was then resuspended in NaCl solution with a volume
fraction of 0.85%, and three 100 L aliquots from each solution were added
into the wells of a 96-well plate. 100 pL of live-dead solution (prepared
according to manufacturer guidelines) was added to each well. Samples
were incubated in the dark at room temperature for 15 min, after which
fluorescence spectra were collected

TUNEL Assay: 2 mL of MDR E. coli with an initial optical density of
approximately 0.25 was exposed to two 2 cm long copper tape samples
or nanoplatelet samples for 4 h at 37 °C in an incubator-shaker. Follow-
ing this, 0.75 mL of each sample was collected and centrifuged to form a
bacterial cell pellet. Each pellet was then resuspended in 150 pL TUNEL
solution (12.5 pL tunnelyte diluted in 1.25 mL reaction buffer) and placed
on an incubator-shaker at 37 °C for 1 h. Samples were then pelleted and re-
suspended in 300 pL reaction buffer and three 100 uL aliquots (3 technical
replicates) of each sample were pipetted into the wells of a 96-well plate.
Fluorescence spectra were collected for each well (excitation 550 nm,
emission range: 590 nm to 650 nm, gain of 150), and the peak emission
intensity was averaged across all technical replicates for each sample.

DNA Extraction: 2 mL of MDR E. coli with an initial optical density of
approximately 0.25 was exposed to two 2 cm long copper tape samples or
nanoplatelet samples for 4 h at 37 °Cin an incubator shaker. DNA was ex-
tracted following the guidelines provided by the kit manufacturer. Samples
were stored frozen at -20 °C until further use.

DNA Gel Electrophoresis: Agarose gels were prepared by adding 2 g
agarose to 100 mL Tris-Borate-EDTA (TBE) buffer and heating the solution
in a microwave. Ethidium bromide was added into the solution, and the
gel was poured into the mold and allowed to cool. 50 ng of each DNA
sample was added to their respective wells, and the gel was run at 120 V
for 75 min.

Protein Extraction: 2 mL of MDR E. coli with an initial optical density of
approximately 0.25 was exposed to two 2 cm long copper tape samples or
nanoplatelet samples for 4 h at 37 °Ciin an incubator-shaker. Water-soluble



proteins were then extracted from bacteria following the guidelines in the
obtained kit. Samples were stored frozen at -80 °C until further use.

SDS PAGE:  Protein concentration was determined and samples were
diluted to a concentration of 1 ug uL" and run on a 7.5% precast gel at
115V for 48 min, after which they were stained and imaged on a gel imager.

Statistical Analysis: ~ Statistical analysis was conducted with two-tailed
Student’s T-tests. Bonferroni corrections were used to determine adjusted
P values in cases where multiple comparisons were conducted.

Proteomics Analysis:  Protein concentration was determined using a
Nanodrop.[8% Samples were diluted to a concentration of 1 ug uL"! and
a 10 pL aliquot was digested following the kit instructions. Samples were
stored at -20 °C and submitted to the UMBC Molecular Characterization
and Analysis Complex for label-free proteomic analysis.
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