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ABSTRACT: Developing robust antibacterial materials is of
importance for a wide range of applications such as in
biomedical engineering, environment, and water treatment.
Herein we report the development of a novel super-
hydrophobic surface featured with hierarchical architecture
and bimetallic composition that exhibits enhanced antibacterial
activity. The surface is created using a facile galvanic
replacement reaction followed by a simple thermal oxidation
process. Interestingly, we show that the surface’s super-
hydrophobic property naturally allows for a minimal bacterial
adhesion in the dry environment, and also can be deactivated in

the wet solution to enable the release of biocidal agents. In particular, we demonstrate that the higher solubility nature of the
thermal oxides created in the thermal oxidation process, together with the synergistic cooperation of bimetallic composition and
hierarchical architecture, allows for the release of metal ions in a sustained and accelerated manner, leading to enhanced
antibacterial performance in the wet condition as well. We envision that the ease of fabrication, the versatile functionalities, and
the robustness of our surface will make it appealing for broad applications.
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1. INTRODUCTION

Engineering robust artificial biomaterials that can resist bacterial
colonization and biofilm formation is of importance for a wide
range of applications such as in marine, petroleum pipelines,
textiles, and medical implants, yet has proved challenging.' ™
Antibacterial agents such as antibiotics have been extensively
used to protect the public health in our daily life. However, the
growing concern about antibiotic resistance has made it
imperative to engineer more effective antimicrobial therapies.
In particular, there is a renewed interest in developing efficient
metal-based antibacterial agents due to their broad-spectrum
antibacterial performances and relatively lower toxicity to
human cells."® Although silver has been used as an
antimicrobial since antiquity, the specific mechanism of action
remains elusive. Recently, studies have shown that silver ion can
bind the biological thiol groups in enzymes,'”'" generate
reactive oxygen species (ROS),"”™" and disrupt the bacterial
respiratory chain.'®"”

Since the adhesion of bacteria to the substrate represents the
first step in the bacterial colonization and subsequent biofilm
formation,"® > the creation of novel surfaces that prevent the
initial attachment of bacteria to the substrate emerges as an
appealing alternative to a traditional chemical-based approach.
Many natural surfaces, including plant leaves, gecko foot, shark
skin, insect wings, fish scale, and spider silk, are capable of
resisting bacterial colonization.”'~** Inspired by these natural
surfaces, numerous superhydrophobic surfaces®* ™ have been
extensively developed over the past decade. Although artificial

-4 ACS Publications  © 2014 American Chemical Society

22108

superhydrophobic surfaces®*™>® can maintain antifouling in the

dry conditions for a long time, the desired antifouling property
is prone to being compromised in the wet environment due to
the breakdown of their water repellency.>"*”~*°

Here, we report a novel superhydrophobic surface with
hierarchical architecture and bimetallic composition (Cu/Ag)
that exhibits superior antibacterial activity under various
working conditions. The surface is fabricated through a facile
galvanic replacement approach* ™ followed by a simple
thermal oxidation process. Remarkably, we show that the metal
oxides created by the thermal oxidation process facilitate the
antifouling property in the dry condition due to its low surface
energy and also can be dissolved for the release of metal ions in
water. Moreover, the higher solubility nature of these thermal
#5749 together with the synergistic cooperation of
bimetallic composition and hierarchical architecture, enables
the release of metal ions in a sustained and accelerated manner,
leading to enhanced antibacterial activity in the wet condition
as well.

2. EXPERIMENTAL SECTION

Sample Preparation. The hierarchical bimetallic composite
surface was fabricated using a simple galvanic exchange process.
Briefly, the porous copper foam substrate was first cleaned by
ultrasonic treatment in ethanol, followed by washing with 1 M
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Figure 1. Scanning electron microscope (SEM) images of as-fabricated hierarchical Ag/Cu composite and nanostructured Ag/Cu composite. (a)
SEM image showing that the hierarchical bimetallic composite is covered by dense silver dendrites. The contact angle of bacterial suspension on the
surface is 158.59° (inset). (b) The silver dendrites are composed of nanoparticles 100 + 20 nm in diameter. The length and width of silver dendrites
are 8 + 0.8 ym and 2.5 + 0.7 um, respectively. (c) SEM image of the nanostructured bimetallic composite fabricated on the flat copper foil. The
contact angle of bacterial suspension on the surface is 111.16° (inset). (d) Silver nanostructures are in a coral-like shape, with an average length of 4
+ 1 pum and width of 0.8 + 0.2 um.
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Figure 2. XPS spectra analysis. (a) The characteristic peaks corresponding to the hierarchical bimetallic composite at 530.5 (O 1s) and 974.8 eV (O

KLL) result from the dissolved oxygen or the thermal oxidation of copper and silver in the heating stage. (b—d) High-resolution XPS spectra analysis
showing the chemical states of Cu, Ag, and O, respectively.
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Figure 3. Antibacterial activity measurement using the turbidity assay. (a) Time-resolved silver ion concentration of bacterial suspension with the
hierarchical bimetallic composite, and nanostructured bimetallic composite, respectively. (b) Time-resolved copper ion concentration of bacterial
suspension with the hierarchical bimetallic composite, nanostructured bimetallic composite, and porous copper foam, respectively. (c) Optical
density (OD) measurements (at 600 nm) showing the distinctively different growth of bacteria in suspensions with different samples. (d)
Comparison of the survival rate of bacteria in different solutions. The error bar is based on the average of three measurements.

hydrochloric acid (HCI) to remove the surface oxide layer. After
rinsing with abundant water, the copper substrate was immersed into 3
mM AgNOj; aqueous solution for 1 h at room temperature (eq 1). The
deposition of silver nanostructure onto the copper substrate can be
described using the following galvanic replacement reaction.

Cu + 2Ag™ — 2Ag + Cu** (1)
Finally, the as-fabricated surface was heated at 150 °C for 2 h in the
atmosphere to induce the metal oxides for a low surface energy.

Characterization. The morphology and chemical compositions of
the as-fabricated surfaces were characterized by Environmental
Scanning Electron Microscope (ESEM, FEI/Philips XL30 ESEM-
FEG) with energy-dispersive spectrometry (EDS). The chemical state
of the element on the surface was analyzed by X-ray Photoelectron
Spectrometer (XPS, PHIS802). The static contact angle measurements
were carried out by using a Digidrop (500-F1, Ramé-hart) at the room
temperature. The adhesion of bacteria on the substrate was
characterized by laser confocal scanning microscope (Leica, SPE).
Concentrations of copper and silver ions were quantified by
Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-
AES).

Antibacterial Tests. The antibacterial activities of various samples
were measured using the turbidity assay and the modified Kirby—
Bauer method. The initial concentration of the Staphylococcus aureus
suspension was ~10°—10° CFU/mL. The bacterial suspensions with
different samples were incubated in a shaking incubator at 200 rpm
and 37 °C. In the turbidity assay, the optical density (OD) of the
bacterial suspensions at 600 (ODg,,) nm was measured for 9 h with a
time interval of 1 h. The bacterial survival rates of various solutions, or
the normalized OD values relative to that of the pure medium, were
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calculated. The time-resolved ion concentrations of both silver and
copper were also measured with a time interval of 1 h. The growth rate
and concentration of bacteria were determined by the values of OD. In
the latter method, the radius of the inhibition zone was used to
quantify the antibacterial activity. Briefly, a suspension of 100 yL was
spread on LB-Agar plates, and then different samples were placed on
top of the LB-Agar plates. After incubation at 37 °C for 24 h, the sizes
of the inhibition zone of different samples were measured using the
optical microscopy.

3. RESULTS AND DISCUSSION

Previously, we developed the most superhydrophobic surface
ever reported, which can significantly reduce the classical
contact time limit of droplets impinging on surfaces.’® The
superhydrophobic surface with a hierarchical architecture was
fabricated on the porous copper foam by using a chemical
etching. Distinct from our previous work, the superhydropho-
bic surface developed here is multiscale in surface roughness
and also has bimetallic composition enabled by a facile galvanic
replacement (GR) reaction.” The average pore diameter of the
copper foam substrate we used is ~150 ym, and the width of
ridges connecting the pores is ~50 ym. In our experiment, the
copper foam was first washed with ethanol, 1 M hydrochloric
acid (HCl), and deionized (DI) water. Then, the copper foam
was immersed into a solution of 3 mM AgNO; for 60 min for
the GR reaction, followed by heating at 150 °C for 2 h in the
atmosphere. Figurela shows the typical scanning electron
microscope (SEM) image of the as-prepared surface. It is
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apparent that the originally porous copper foam with
microstructure alone is transformed into a composite with
two-tier roughness. The copper pores and ridges are covered by
silver dendrites with a length of 8.0 # 0.8 ym and width of 2.5
+ 0.7 um (Figure la). High-resolution image shows that the
dendrites are composed of numerous nanoparticles ~100 nm in
diameter (Figure 1b). As a comparison, we also prepared the
bimetallic composite with nanostructure alone based on the flat
copper foil substrate using the same GR reaction process
discussed above. As shown in Figure 1c,d, different from the
dense silver dendrite structures obtained from the porous
copper foam, the nanostructures obtained from the flat copper
foil are sparse and in a coral-like shape due to the smaller
nucleation sites. The nanostructures have an average length of
4.0 + 1 0.0 gm and width of 0.8 + 0.2 um.

Figure 2a plots the X-ray photoelectron spectroscopy (XPS)
spectra of the as-fabricated hierarchical bimetallic composite.
The characteristic peaks at 530.5 (O 1s) and 974.8 eV (O KLL)
result from the dissolved oxygen or the thermal oxidation of
copper and silver in the heating stage. Figure 2b,c shows the
high-resolution spectra of both Cu 2p and Ag 3d, respectively.
The characteristic peaks at 934.4 eV (Cu 2p;,) and 954.0 eV
(Cu 2ps,,) correspond to CuO, while the binding energy of
932.0 eV (Cu 2p;);) and 952.1 eV (Cu 2p,,) are associated
with Cu,0.°” Similarly, two characteristic peaks located at
~367.8 eV (Ag 3ds/,) and 373.9 eV (Ag 3d,,) are assigned to
Ag,0.%® The existence of Ag,0, Cu,O, and CuO is further
confirmed by the O 1s spectrum measurement as shown in
Figure 2d.>*

The apparent contact angle of DI water with a bacterial
concentration of ~10°—10° CFU/mL on the hierarchical
bimetallic composite is 158.6° (inset of Figure la). As a
comparison, without the presence of the metal oxide layer, the
surface is hydrophilic, revealing the effect of the metal oxide
layer on the transformation of the surface wettability.
Moreover, the use of the simple thermal oxidation process
avoids the need for additional chemical modification step used
in the fabrication of conventional superhydrophobic surfaces.
The contact angle of DI water with a bacterial concentration of
~10°=10° CFU/mL on the nanostructured bimetallic
composite is 111.2° (inset of Figure lc). Such a smaller
contact angle is due to the absence of microscale roughness as
well as the smaller density of silver dendrites. To characterize
the bacterial (S. aureus) adhesion on different surfaces in the
dry environment, we prepared the bacterial suspension in DI
water with a concentration of ~10°—10° CFU/mL. Then, a
bacterial suspension of 10 yL was dispensed on samples. After
20 min of incubation, samples were then treated with 4%
paraformaldehyde and propidium iodide (PI), respectively.
Following a thorough rinsing with phosphate buffer solution
(PBS) buffer, we quantified bacteria adhered to each sample
using the laser scanning confocal microscope. There is no
visible bacteria colony observed on the hierarchical bimetallic
composite, owing to the minimal interaction between bacteria
and underlying superhydrophobic substrate. By contrast, the
bacterial suspension can easily penetrate into the nano-
structured bimetallic composite due to its small contact angle.

To illustrate the utility of hierarchical architecture and
bimetallic composition for enhanced antibacterial activity in the
wet condition, we measured the time-resolved concentration of
silver ion in the bacterial suspension. For the bacterial
suspension consisting of the hierarchical bimetallic composite,
there is a continuous increase in the silver ion concentration

until it reaches a maximum silver ion concentration at ~240
min as shown in Figure 3a. Note that although the hierarchical
bimetallic surface is superhydrophobic at the beginning, its
nonwetting property is gradually deteriorated due to the
dissolution of the metal oxide over time.*® Accordingly, the
interaction area between the medium and underlying solid
surface is dramatically enhanced. Moreover, because of the
higher solubility of metal oxide (Ag,O) than zerovalent silver in
water, the release of silver ion is accelerated. Without the
presence of the metal oxide, the release of silver ion in water is
mainly governed by the slow oxidation of the zerovalent
metallic phase by the dissolved oxygen (eqs 2 and 3).*”® Thus,
the presence of the metal oxide coating on the hierarchical
bimetallic surface not only leads to an antifouling property in
the dry condition but also promotes the silver ion release in the
wet condition. The reduced silver ion release after ~240 min
might be due to the depletion of metal oxides. Still, during the
whole process, the release of the silver ion in the bacterial
suspension with the nanostructured bimetallic surface is always
slower than that in the bacterial suspension with the
hierarchical bimetallic surface due to its small surface area of
silver nanostructures. For example, the maximum silver
concentration in the suspension with the hierarchical surface
is ~600% larger than in the bacterial suspension with the
nanostructured bimetallic surface. Moreover, the released silver
ion is susceptible to unwanted reaction with the CI~, leading to
the formation of the silver precipitation, further limiting the

lifetime of silver based antibacterials.”~>°
4Ag(0) + O, — 2Ag20 (2)
2Ag,0 + 4H' — 4Ag" + 2H,0 3)

Figure 3b plots the time-resolved copper ion concentration
obtained from various bacterial suspensions. Although the
copper ion concentration in the suspension with the
hierarchical bimetallic composite is smaller than that in the
copper foam in the first 2 h, after that there is a steep increase
resulting from the increasing copper area as well as the metal
oxide-assisted ion release after the breakdown of the super-
hydrophobic property.>”*® The maximum copper ion concen-
tration of the suspension with the hierarchical bimetallic
composite at 9 h is 277.22 pug/mL, which is 27% larger than
that of the solution with the Cu foam (218.9 ug/mL) or 226%
larger than that from the solution with the nanostructured
bimetallic composite. Notably, the presence of the copper
component in the bimetallic composite hinders the precip-
itation problem encountered in the silver ion release. This is
confirmed by the copper ions measurements in different
suspensions as shown in Figure 3b, in which we did not observe
the decrease in the copper ion in the measurement up to 600
min. This is because during the whole process, the copper ion
alternates between the redox states (Cu®* and Cu*) due to the
interaction with the proteins in the bacterial membrane and
dissolved oxygen.®® Thus, compared to the surface with single
composition or simple topography, the use of bimetallic
composition in our surface can engender a sustained ion supply.

To examine the antibacterial activities of different samples,
we first studied the %rowth of bacteria in a pure medium using
the turbidity assay.®®> The concentration of the bacterial
suspension is ~10°~10” CFU/mL. In the control experiment,
the bacteria exhibit a time-dependent growth. As indicated by
the optical density (OD) measurement at 600 nm, the bacteria
keep a fast growth after 120 min, though there is no
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Figure 4. Antibacterial activity measurement using the modified Kirby—Bauer method. (a—c) Optical images of bacterial colonies around (a) the
hierarchical bimetallic composite, (b) the nanostructured bimetallic composite, and (c) the copper foam against S. aureus, respectively. (d)
Comparisons of the size of the inhibition zone of bacteria treated with different samples. The radius of the inhibition zone of bacteria against the
hierarchical bimetallic composite is ~10 mm, which is much larger than these on the bimetallic composite with nanoscale roughness alone (~5 mm)
and the copper foam (~0.7 mm). Error bar is based on the average of three measurements.

Figure 5. Bacterial morphological analysis. The average diameters of bacteria incubated in the medium with (a) the hierarchical bimetallic composite,
(b) the nanostructured bimetallic composite, (c) the copper foam, and (d) the pure medium are ~900, 700, 640, and 600 nm, respectively.
Moreover, the peripheral cell walls of S. aureus treated with the hierarchical bimetallic composite are surrounded by small granules with a diameter of
~90 + 10 nm. By contrast, there is no granule observed on the surfaces of bacteria incubated in the suspension with the copper foam or the pure
medium.

pronounced bacteria growth at the beginning (Figure 3c). After containing the hierarchical bimetallic composite, the OD value
an incubation of 9 h, the suspension becomes cloudier, and the during the whole incubation is small, and the maximum OD
OD value increases to 1.614. By contrast, for the suspension value is ~0.073. This OD value is 1 order of magnitude smaller
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than that of the suspension with the nanostructured bimetallic
composite or the copper foam. It is important to note that
although the copper ion concentration in the bacterial
suspension with the nanostructured bimetallic composite is
far less than that in the copper foam, these two surfaces exhibit
comparable antibacterial activities, confirming the synergistic
cooperation of silver and copper components for enhanced
antibacterial activity. To quantify the antibacterial activity, we
converted the OD values measured in different solutions to the
bacterial survival rate. Here, the bacterial survival rate is defined
as the normalized OD value in the bacterial suspension with
samples relative to that of the pure medium.%® Figure 3d plots
the survival rate of S. aureus in different solutions after an
incubation of 9 h. The survival rate of bacteria treated by the
hierarchical bimetallic composite is 4.5%, which is 1 order of
magnitude lower than that of the nanostructured bimetallic
composite or the copper foam, confirming that the hierarchical
composite is a more effective inhibitor for bacterial growth than
its counterparts that either have single-phase chemical
composition (copper foam) or one-tier architecture (nano-
structured bimetallic composite).

The antibacterial activities obtained on various samples are
consistent with the measurement using the modified Kirby—
Bauer method,** in which we used the radius of inhibition zone
to quantify the antibacterial activity. The inhibition zone is a
region where no growth of bacteria colonies was found around
the sample during the testing. Briefly, in our experiment, 100
uL of S. aureus bacterial suspension with a concentration of
~10°-10° CFU/mL was dispensed on a LB agar plate. After
gently placing the samples on this LB agar plate and incubating
for 24 h at 37 °C, we measured the radius of the inhibition
zone. As shown in Figure 4a, the radius of the inhibition zone
corresponding to the hierarchical bimetallic composite is ~10
mm, which is much larger than these on the bimetallic
composite with nanoscale roughness alone (~5 mm, Figure 4b)
and the copper foam (~0.7 mm, Figure 4c). Such observations
suggest that the hierarchical bimetallic composite is a more
effective inhibitor for the bacterial growth than its counterparts,
that is, the copper foam with a single chemical composition or
the nanostructured bimetallic composite with one-tier rough-
ness alone. Note that after the release of ions in the wet
condition, the hierarchical bimetallic Ag/Cu composite still
maintains a good antibacterial activity, although the surface
becomes superhydrophilic.

We also examined the morphologies of bacteria incubated in
various suspensions with SEM. As shown in Figure Sa, after an
incubation of 9 h, the surfaces of S. aureus in the suspension
consisting of the hierarchical bimetallic composite are rough
and covered by tiny granules® with a diameter of ~90.0 + 10.0
nm. Note that these randomly distributed granules are also
observed on the surfaces of bacteria incubated in the medium
consisting of the nanostructured bimetallic composite (Figure
Sb), although the amount of these granules is less than that on
the bacteria incubated with the hierarchical bimetallic
composite. By contrast, the surfaces of bacteria in the medium
with the porous copper (Figure Sc) and the pure medium
(Figure Sd) are smooth and intact, and there is no granule
observed on the bacteria surfaces. Moreover, as shown in
Figure 6, compared to the energy-dispersive X-ray spectroscopy
(EDS) spectrum of the bacteria incubated in the pure medium,
bacteria incubated in the medium with the hierarchical
bimetallic composite exhibit a characteristic peak, which is
assigned to the silver on the granules.°® The presence of silver

Ag

Intensity (a. u.)

29 3.0 3.1
Energy (keV)

Untreated S.aureus
S.aureus incubated in the media consisting
hierarchical Ag/Cu composite

Intensity (a. u.)

Energy (keV)

Figure 6. EDS spectra of S. aureus incubated in different conditions.
The blue curve corresponds to the bacteria incubated in the medium
with the hierarchical Ag/Cu composite, and the pink curve
corresponds to the untreated bacteria. (inset) The EDS characteristic
peak assigned to the silver element, suggesting the existence of silver in
the granules. The absence of copper element in the granules in the
EDS analysis is also consistent with our previous analysis on the
copper ion, which alternates between the redox states (Cu** and Cu"*)
during the release process.

in the granules is ascribed to the specific binding of silver ion to
the negatively charged bacteria cellular membrane/wall. The
absence of copper element in the granule in the EDS analysis is
also consistent with our previous analysis on the copper ion,
which alternates between the redox states (Cu** and Cu")
during the release process.*’

Interestingly, we found that the bacteria size is dependent on
the concentrations of both silver and copper ions (Figure S).
For example, after an incubation of 9 h, the average diameter of
bacteria in the medium consisting of the hierarchical bimetallic
composite is 900 nm,”” which corresponds to the largest silver
and copper ion concentrations. By contrast, the average
diameters of bacteria incubated in the medium with the
nanostructured bimetallic composite, the copper foam, and the
pure medium are ~700, 640, and 600 nm, respectively. The
increase of the size of the bacteria might be caused by the
interaction of ions with the bacterial membrane, though the
fundamental mechanism remains to be investigated.”® These
results further confirm the synergistic cooperation effect of
combined silver and copper ions on the antibacterial activity.

4. CONCLUSIONS

In summary, we developed a facile approach to fabricate a novel
antibacterial surface functioning in various conditions. The
surface is multiscale in structure, bimetallic in composition.
Moreover, the thermal oxides covered on the rough surface
lowers the surface energy, allowing for a superhydrophobic
property without the need for additional surface modification as
in the case of conventional superhydrophobic surfaces.
Remarkably, the superhydrophobic effect can also be collapsed
in the wet solution to enable the release of biocidal agents. We
demonstrate that the synergy between the large surface area,
the presence of the metal oxides, as well as the bimetallic
composition endows an enhanced antibacterial activity in both
dry and wet conditions. By further structure optimization, we
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envision that the metal ions in the water can be released in an
on-demand and sustained manner, making it possible to
develop robust and intelligent antibacterial materials for various
applications.
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