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ABSTRACT: Cu-modified nanoparticles have been designed to mimic perox-
idase, and their potent antibacterial and anti-biofilm abilities have been widely
investigated. In this study, novel core−shell polydopamine (PDA)/Cu4(OH)6SO4
crystal (PDA/Cu) nanometer rods were prepared. The PDA/Cu nanometer rods
show similar kinetic behaviors to chloride-activated peroxidases, exhibit excellent
photothermal properties, and are sensitive to the concentrations of pH values and
the substrate (i.e., H2O2). PDA/Cu nanometer rods could adhere to the bacteria
and catalyze hydrogen peroxide (H2O2) to generate more reactive hydroxy radicals
(•OH) against Staphylococcus aureus and Escherichia coli, Furthermore, PDA/Cu
nanometer rods show enhanced catalytic and photothermal synergistic
antibacterial activity. This work provides a simple, inexpensive, and effective
strategy for antibacterial applications.

■ INTRODUCTION
Antibiotic-resistant bacterial infections are posing a serious
threat to public health. Bacteriostatic antibiotics act on bacteria
by targeting and disrupting their basic survival (bactericidal)
and multiplication (bacteriostatic) processes.1 However,
microorganisms rapidly evolve antibiotic resistance through
gene mutation and horizontal gene transfer, changes in
antibiotic targets, or modification of the antibiotic agents.1,2

Therefore, Cu-modified nanoparticles with efficient antibacte-
rial properties were developed, and they use multiple
mechanisms simultaneously to kill and/or inhibit the growth
of microorganisms, overcoming microbial resistance mecha-
nisms.3−5

Cu-modified nanoparticles were recently reported to exhibit
peroxidase-like activity and consequently could conceivably be
used as antibacterial materials.6 Nanoparticles working as
artificial enzymes keep their catalytic activity in extreme pH
and temperature conditions7 and have higher stability and
lower price and are easier to be stored compared with natural
enzymes.8 The peroxidase-like catalytic mechanism of Cu-
based nanomaterials is generally summarized as a Fenton-like
reaction.9 Briefly, Cu2+ ions participate in catalyzing the
conversion of hydrogen peroxide (H2O2) to hydroxyl radicals
(•OH).10 •OH is much more effective against microorganisms
than H2O2,

11,12 since H2O2 is less reactive and can be
detoxified by endogenous antioxidants.13 Accelerated rates of
•OH production correlate remarkably with antibacterial
activities.14

In addition to Cu or Cu compound nanomaterials being
used as nanozymes, it was also reported that the adhesion of
Cu2+ on organic nanomaterials significantly improved the

enzyme-like catalytic activity of nanozymes and enhanced
synergistic antibacterial activity.6,15,16 Polydopamine (PDA)
has been recently widely used in antibacterial composite
materials, benefiting from its advantages of easy synthesis,
good biocompatibility, strong adhesion, excellent photo-
thermal properties, and unique antibacterial ability.17 It was
reported that PDA was used to modify the surface of
nanozyme to improve their antibacterial effect and ability to
target the bacteria membrane.17,18 Moreover, the photothermal
effect of PDA provided the composite nanozymes with
additional photothermal therapy and near-infrared (NIR)-
enhanced catalytic activity to augment their antibacterial
activity.19,20

In this study, we developed a simple method to prepare
core−shell PDA/Cu4(OH)6SO4 crystal (PDA/Cu) nanometer
rods. PDA/Cu nanometer rods showed Cl−-accelerated
peroxidase-like activity. In phosphate-buffered saline (PBS)
buffer containing sufficient Cl−, the antibacterial activity of
PDA/Cu and H2O2 against Staphylococcus aureus and
Escherichia coli was much higher than that of H2O2 alone.
Furthermore, PDA/Cu nanometer rods have an excellent
photothermal property compared with non-PDA
Cu4(OH)6SO4 crystals, which endowed them with enhanced
catalytic and photothermal synergistic antibacterial activity.
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■ RESULTS AND DISCUSSION
Synthesis and Characterization of PDA/Cu Nano-

meter Rods. .PDA/Cu nanometer rods were synthesized via a
simple method. The green suspension of Cu4(OH)6SO4
crystals (brochantite) was prepared in the aqueous mixture
of CuSO4·5H2O and NaAc (pH = 5),21 in a molar proportion
of Cu2+/Ac− = 1/6. The excessive addition of Ac− was to keep
the aqueous solution in slightly acidic conditions to fit with the
narrow stability field of brochantite.22 Subsequently, DA·HCl
was added, and the green suspension turned brown
immediately, reflecting the formation of PDA. The X-ray
diffraction (XRD) pattern of the obtained Cu4(OH)6SO4

crystals is shown in Figure 1a. The characteristic peaks of
the obtained crystals are consistent with the reference
brochantite, indicating that the main component of the green
suspension is Cu4(OH)6SO4 crystals. Moreover, it was
concluded from the slight difference between the XRD
patterns of the Cu4(OH)6SO4 crystals and PDA/Cu nano-
meter rods that the coating with PDA did not disrupt the
structure of the Cu4(OH)6SO4 crystals greatly. As shown in the
transmission electron microscopy (TEM) images and scanning
electron microscopy (SEM) images (Figure 1b−d), the core−
shell PDA/Cu nanometer rods had a length of 1−2 μm and a
maximum width of 200 nm, with the thickness of the PDA

Figure 1. Characterization of the chemical structure of PDA/Cu nanometer rods. (a) XRD patterns of (i) the obtained Cu4(OH)6SO4 crystals and
PDA/Cu nanometer rods prepared for (ii) 0.5 h, (iii) 1 h, (iv) 3 h, and (v) 9 h. Cu4(OH)6SO4 (brochantite) reference is presented for comparison.
(b) SEM images of Cu4(OH)6SO4 crystals. (c) SEM and (d) TEM images of PDA/Cu nanometer rods obtained after 9 h of reaction time.

Figure 2. Characterization of the chemical structure of PDA/Cu nanometer rods. (a) XPS spectrum. (b) High-resolution XPS spectrum of Cu 2p.
(c) Fourier transform infrared (FT-IR) of self-polymerized PDA and PDA/Cu nanometer rods. (d) Thermogravimetric analysis (TGA)/derivative
thermogravimetry (DTG) curves of PDA/Cu nanometer rods.
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coating of about 30 nm. The dynamic light scattering (DLS)
study suggested that the PDA/Cu nanometer rods had a
hydrodynamic diameter of 1237 ± 20 nm. The formation
process of PDA/Cu nanometer rods was additionally
monitored by SEM. According to the SEM images of PDA/
Cu nanometer rods shown in Figure S1 in the Supporting
Information (SI), the coating of Cu4(OH)6SO4 crystals with
PDA increased the roughness of the surface and led to the
inconsistent morphology of PDA/Cu nanometer rods. We
proposed that there were three major factors that led to this:
(1) The Cu4(OH)6SO4 crystals cores had different thicknesses
and lengths. (2) The self-polymerized PDA nanoparticles
catalyzed by the free Cu2+ in the reaction solution are mixed
with PDA/Cu nanometer rods.23 (3) Because of the Cu2+

chelating capability of dopamine and its derivates, PDA
promoted the etching of Cu4(OH)6SO4 crystals cores,
resulting in either pure PDA capsules or ill-defined
structures.24

The elemental composition of PDA/Cu nanometer rods was
characterized by X-ray photoelectron spectroscopy (XPS).
Four main peak groups of C 1s, N 1s, O 1s, and Cu 2p were
observed in the PDA/Cu nanometer rod sample (Figure 2a),
which was ascribed to the Cu4(OH)6SO4 crystals and the PDA
layer formed on its surface. The high-resolution XPS spectrum
of Cu 2p is shown in Figure 2b. The binding energies of Cu2+

2p (3/2) and Cu2+ 2p (1/2) were observed at 934.6 and 954.4
eV, with the Cu+ 2p (3/2) and Cu+ 2p (1/2) at 932.6 and
952.2 eV, respectively. The satellite peaks in the spectra
confirmed that PDA/Cu nanometer rods contain both Cu2+

and Cu+ ions. The reduction of Cu2+ to Cu+ could be caused
by the oxidative polymerization process. Cu2+ has been
reported as an oxidizing agent to speed up the polymerization
process of DA. In this process, DA was catalytically oxidized to
the o-quinone of DA with the generation of •O2

− and Cu+, and
then Cu+ was reoxidized by O2 and •O2

− to form Cu2+.23,25

Although Cu2+ alone was a weak oxidant under acidic
conditions, the Cl− from DA·HCl facilitated the reaction.23,26

This is because Cl− increases the positive redox potential of
Cu2+/Cu+ due to the formation of strong Cu+−Cl−
complexes.33 The high-resolution XPS spectrum of N 1s
(Figure S2a in the SI) was decomposed into three peaks
corresponding to the nitrogen environments of RNH2 (401.1
eV), R2NH (399.8 eV), and Aryl-NH (398.5 eV). The O 1s
spectrum (Figure S2b in the SI) was separated into two peaks
with binding energies of 532.6 and 531.3 eV, which were
assigned to C−O and C�O, respectively. The three peaks of

C 1s (Figure S2c in the SI) at 284.5, 285.4, and 287.6 eV were
assigned to C�O, C−O/C−N, and C−C/C−H of PDA.

FT-IR test (Figure 2c) was done to reveal the chemical
structure of the self-polymerized PDA and PDA/Cu nano-
meter rods. PDA/Cu nanometer rods had an absorption peak
at 603 cm−1, which is the characteristic of Cu−O vibration. In
the spectra of both self-polymerized PDA and PDA/Cu
nanometer rods, the peaks located at the wavenumber of 3404
cm−1 were related to the N−H stretching vibrations and
catechol O−H stretching vibrations. The peaks at 1640−1510
cm−1 were caused by the benzene skeleton vibrations. The
identified hydroxyl, amine groups, and aromatic structure in
the two spectra were evidence of the formation of PDA on the
surface of Cu4(OH)6SO4 crystals. The above characterizations
demonstrated the successful preparation of core−shell PDA/
Cu nanometer rods.

The content of the Cu element in PDA/Cu nanometer rods
was measured by TGA. The first weight drop in the TGA curve
between 30 and 120 °C (Figure 2d) was presumably due to the
evaporation of the surface-adsorbed water.27,28 The significant
change in weight from 170 to 430 °C was ascribed to the
thermal degradation of PDA coating, and the structural water
came from the OH− groups of Cu4(OH)6SO4 crystals. The
decomposition of copper sulfate (CuSO4) happened between
430 and 710 °C, which was also observed in the TGA and
DTG curves of Cu4(OH)6SO4 crystals (see Figure S3). There
was almost no weight loss between 710 and 1000 °C,
indicating that the complete decomposition was achieved and
the decomposition product was CuO,29 with a mass percentage
of 43.2%.
Peroxidase-Like Activity of PDA/Cu Nanometer Rods

and Kinetic Studies. The peroxidase-like catalytic activity of
PDA/Cu nanometer rods was photometrically quantified. For
that purpose, the color changes of 3,3′,5,5′-tetramethylbenzi-
dine (TMB) (ε652 nm = 39 000 M−1 cm−1) and o-phenylenedi-
amine (OPD) (ε417 nm = 16 700 M−1 cm−1) oxidized with
H2O2 were monitored in presence of PDA/Cu nanometer
rods.

Figure 3a shows the UV−vis absorption spectra of the
oxidation products of the mixtures of TMB, PDA/Cu
nanometer rods, and H2O2 after a 1 min of reaction time at
25 °C. The appearance of two absorption peaks at 370 and 652
nm indicated that colorless TMB was oxidized to its colored
products. However, the absence of the absorption peaks in the
sample without PDA/Cu nanometer rods or H2O2 indicated
the catalytic activity of the PDA/Cu nanometer rods and the

Figure 3. (a) UV−vis absorption spectra of colorimetric substrates: (1) TMB + NH4Cl + H2O2, (2) TMB + NH4Cl + PDA/Cu, (3) TMB + H2O2
+ PDA/Cu, (4) TMB + NH4Cl + H2O2 + PDA/Cu, (5) OPD + NH4Cl + H2O2, (6) OPD + NH4Cl + PDA/Cu, (7) OPD + H2O2 + PDA/Cu, (8)
OPD + NH4Cl + H2O2 + PDA/Cu (TMB: 0.5 mM, OPD: 0.5 mM, NH4Cl: 100 mM, H2O2: 100 mM, PDA/Cu: 50 μg mL−1, solution: 0.1 M 2-
(N-morpholino)ethanesulfonic acid (MES) buffer, pH 5.5). (b) Kinetics of the TMB oxidation as a function of the H2O2 concentration. The lines
show the linear data interpolation of the first 60 s.
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requirement of oxidative power. Moreover, when Cl− was
added to the mixture containing TMB, PDA/Cu nanometer
rods, and H2O2, more oxidized TMB was obtained, indicated
by the higher absorption peaks at 370 and 652 nm. The same
results were obtained from the absorption spectra of OPD.
These results suggested that PDA/Cu nanometer rods had a
peroxidase-like catalytic ability, and the addition of Cl−
accelerated this process. The Cl−-accelerated mechanism
could be explained by the fact that the coordination of Cl−
stabilized Cu+ more than Cu2+. This led to an enhanced
formation of Cu+ from Cu2+, which was the rate-determining
step of the Cu2+-catalyzed decomposition of H2O2.

10,30

The absorbance at 652 nm was considered as a measure of
the progress of TMB oxidation. The initial stage was linearly
approximated and the slope was considered as the initial
reaction rate (shown in Figure 3b). The plots of the initial
reaction rates as a function of the concentrations of TMB and
H2O2 clearly followed a Michaelis−Menten kinetic (see Figure
S4 in the SI). The kinetic parameters of Km and Vmax were
obtained from the nonlinear parameter fitting of the
Michaelis−Menten equation to the experimental data. Table
1 compared the kinetic parameters of PDA/Cu nanometer

rods with horseradish peroxidase (HRP) and other peroxidase
mimics. The results show that PDA nanometer rods have
higher Vmax for both H2O2 and TMB than other nanozymes.
Temperature, pH, and Solution-Dependent Perox-

idase-Like Activity. Selected factors that may affect the
peroxidase-like catalytic activity of PDA/Cu nanometer rods
were explored. For that purpose, the initial rate versus Cl−
concentrations were analyzed (Figure 4a). A linear Cl−-
accelerating effect on the peroxidase-like activity of PDA/Cu
nanometer rods in the Cl− concentrations in the range from 10
to 125 mM was observed. Figure 4b shows the catalytic activity
as a function of pH in the range of 3.0−8.0, with an optimum
between 4.5 and 5.0.

To study the relationship between catalytic activity and
temperature, we chose OPD as the chromogenic substrate
instead of TMB, which had two oxidation products at 60 °C
with different UV−vis absorption spectra (see Figure S5 and
Scheme S1a in the SI). In contrast, OPD provided a color
response that maintained its maximum absorption peak
without unacceptable changes at elevated temperatures (Figure
5a and Scheme S1b). PDA/Cu nanometer rods showed a
higher initial rate at higher temperatures between 25 and 65
°C, with a good linear relation between the natural logarithm
of the kinetic constant and the reciprocal temperature (Figure
5b). The data fitted well with the Arrhenius equation, and the
calculated activation energy of the reaction was 78.48 ± 2.86 kJ
mol−1 (Figure 5c). The final absorbance of H2O2 + OPD was
much lower than that of the H2O2 + OPD + PDA/Cu system
or the H2O2 + OPD + PDA/Cu + NH4Cl system (see Figure
S6 in the SI), indicating the lower catalytic activity of the H2O2
+ OPD system. Compared with the H2O2 + OPD + PDA/Cu
system (Ea = 84.49 ± 4.24 kJ mol−1), the OPD + NH4Cl +
H2O2 + PDA/Cu system (Ea = 78.48 ± 2.86 kJ mol−1) had
faster kinetics at the same temperature, and the reaction
mechanism required lower activation energy.

The above-mentioned results indicated that PDA/Cu
nanometer rods had higher stability at extreme temperature
conditions and were easier to be stored compared with natural
enzymes.35 Additionally, PDA/Cu nanometer rods showed
higher Vmax than other nanozymes and had higher catalytic
activity at higher temperatures, while some other nanozymes
have optimum activity at a temperature of around 40 °C31,36 or
showed stable catalytic activity in a wide temperature range.7

The peroxidase-like activity of PDA/Cu nanometer rods
depended on the applied buffer solution (Figure 5d and Table
S1 in the SI). The catalytic activity of PDA/Cu nanometer
rods in the MES buffer was higher than that in the BR buffer at
the same pH. This was because Ac− was tightly adsorbed on
Cu2+ and resulted in a negatively charged surface. In contrast,
2-(N-morpholino)ethanesulfonic acid (MES) hardly was
bound to Cu2+ at pH < 7.37 The catalytic activity of the
PDA/Cu nanometer rods in the PBS buffer (pH 5.0) reached a
particularly high level due to the high concentration of Cl− in
the PBS buffer.
Peroxidase-Like Catalytic Antimicrobial Activity. Two

samples of potentially pathogenic bacteria (the Gram-positive
bacteria S. aureus and the Gram-negative bacteria E. coli) were
chosen to evaluate the antibacterial activity of the PDA/Cu +
H2O2 + Cl− system. The experiments were performed in the
PBS buffer at pH 5.0 because PDA/Cu showed the highest
catalytic activity at pH 5.0 (Figure 4b), and the high

Table 1. Kinetic Parameters for the Peroxidase-Like Activity
of PDA/Cu Nanometer Rods, Other Mimics, and HRP

Km (mM) Vmax (10−8 M s−1)

TMB H2O2 TMB H2O2

PDA/Cu nanometer rods 2.66 39.93 70.3 15.8
Fe3O4

31 0.098 154 3.44 9.78
MOF-80832 0.0796 1.06 3.12 1.39
Cu-CDs33 0.042 67.4 8.26 1.96
HRP34 0.172 10.9 41.8 58.5

Figure 4. (a) Colorimetric assay based on Cl−-accelerated peroxidase-like activity of PDA/Cu nanometer rods. (b) pH-dependent peroxidase-like
activity of PDA/Cu nanometer rods carried out in Britton−Robison (BR) buffer (25 °C) (n = 3 for each data point).
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concentration of Cl− in the PBS buffer greatly increased the
Cl−-accelerated peroxidase-like activity (Figure 5d). The PBS
buffers of pH 5.0 and 7.4 had no significant influence on the
survival of both sample bacterial strains, as demonstrated by
colony-forming units (CFUs) after incubation for 1 h at 37 °C
(see Figure S7 in the SI).

Agar plates were used to determine the survival of bacteria
after incubation with PDA/Cu nanometer rods and H2O2 for 1
h. As shown in the photographs of agar plates (Figure 6a),
both the growth of S. aureus and E. coli were suppressed by
PDA/Cu nanometer rods in combination with H2O2, whereas
both agents alone have no such significant effect.

SEM images were taken to visualize the changes in bacterial
membrane and structure after exposure to different treatments
(Figure 6b). After incubation with PDA/Cu nanometer rods,
both S. aureus and E. coli had a smooth membrane and an
intact cell structure consistent with the control, indicating that
PDA/Cu nanometer rods did not cause fatal damage to the
bacteria. In contrast, partial deformation and shrinkage of
bacteria appeared after incubation with H2O2. Furthermore, in
the group of PDA/Cu nanometer rods with H2O2, the bacteria
showed major damage and lost their intact spherical-like or
rod-like shape. The adhesion of bacteria to PDA/Cu
nanometer rods was also observed, which would facilitate the
rapid and precise attack of •OH from the surface of PDA/Cu
nanometer rods to the cell membrane.

A plate-counting method was applied for quantifying the
influence of the different agents on the survival of the bacteria.
PDA/Cu nanometer rods in the concentration range of 0−20
μg mL−1 alone did not show high antibacterial activity (Figure
6c,d). After the addition of H2O2, the number of viable
bacteria decreased significantly with the increase in the PDA/
Cu nanometer rod concentrations. The survival rates of both S.
aureus and E. coli were less than 0.01% when the concentration
of PDA/Cu nanometer rods was higher than 10 μg mL−1.
H2O2 was able to kill 99.9% of S. aureus and E. coli at
concentrations of 100 and 10 mM, respectively (Figure 6e,f).

Compared with E. coli, S. aureus required higher concentrations
of H2O2 to effectively inactivate bacteria. The remarkable
H2O2 resistance of S. aureus was known to be caused by
antioxidant enzymes (superoxide dismutases, catalases, and
peroxiredoxins), which participated in the detoxification of
•O2

− and H2O2 but not of •OH.13,38 The PDA/Cu nanometer
rods catalyzed the conversion of H2O2 to the potent
antibacterial agent •OH. Approximately 20 mM H2O2 was
required for S. aureus and 5 mM for E. coli to achieve a similar
antibacterial activity.

To clarify whether the PDA/Cu nanometer rods or the
released Cu2+ played a major role in the antibacterial process,
the release of Cu2+ in the PBS buffer (pH 5.0) was quantified
by photometric analysis with the chromogenic probe
dicyclohexanoneoxaly dihydrazone using the absorbance at
540 nm (Figure 7a).33,39 According to TGA and DTG results,
the molar concentration of Cu in 1 mg mL−1 PDA/Cu
nanometer rods was 5.4 mM (Figure 2d). In contrast, the
absorbance of filtrates of PDA/Cu nanometer rods after
different incubation times was much lower than that of 0.6 mM
Cu2+, indicating that very little Cu2+ was released into the
solution.

The antibacterial activity of recollected PDA/Cu nanometer
rods from the PBS buffer (pH 5.0) was tested. The nearly
identical CFU counts results between PDA/Cu nanometer
rods and the recollected ones indicated that the antimicrobial
activity mainly remained. In conclusion, the recollected PDA/
Cu nanometer rods, after being dispersed in the PBS buffer
(pH 5.0), had equal enzyme mimicry-assisted antimicrobial
activity to kill 99.9% of S. aureus and E. coli (Figure 7b). These
results demonstrated that PDA/Cu nanometer rods adhered to
the bacteria and generated efficiently •OH in the presence of
H2O2, causing rapid damage to the bacteria.
Photothermal and Catalytic Synergistic Antibacterial

Therapy. Numerous studies have reported PDA and PDA
composites as photothermal materials with a strong ability to

Figure 5. (a) UV−vis absorption spectra of oxidized OPD in the temperature range of 25−65 °C (OPD: 0.5 mM, H2O2: 20 mM, NH4Cl: 20 mM;
PDA/Cu nanometer rods: 10 μg mL−1, incubation for 5 min). (b) Plots of the concentration of oxidized OPD versus time. The slope is the rate
constant. (c) Plots of ln kT versus 1/T. The slope is the activation energy. (d) Initial reaction rates in different pH buffers.
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absorb near-infrared light and convert light energy to heat.40 It
was coordinated with the properties of PDA/Cu nanometer
rods that exhibited higher catalytic activity at higher temper-
atures (Figure 5c). Therefore, we studied the photothermal
properties of PDA/Cu nanometer rods. The PDA/Cu
nanometer rods displayed a monotonously changing UV−vis
absorption spectrum (Figure 8a), with a peak at 270 nm and
smaller shoulders at 370, 460, and 660 nm, the shoulders could

be related to the partially oxidated state of the metal-oxidized
polydopamine.23,41 Moreover, compared to the Cu4SO4(OH)6
crystals (Figure S8a in the SI), PDA/Cu nanometer rods
displayed a remarkably higher NIR absorption, which was
contributed by the PDA layer and was favorable for
photothermal therapy. With the NIR irradiation at 808 nm
(0.5 W cm−2), the temperature of PDA/Cu nanometer rods
increased over time (Figure 8b). The changes in temperatures

Figure 6. (a) Typical photographs of the agar plates of S. aureus and E. coli (both about 5 × 107 CFU mL−1) after incubation with different agents
with the following concentrations (PDA/Cu nanometer rods: 20 μg mL−1, H2O2: 50 mM (S. aureus) or 5 mM (E. coli)). In the control
experiments, nothing was added. (b) SEM images of S. aureus and E. coli (both about 1 × 109 CFU mL−1) after incubation with different agents
with the following concentrations (PDA/Cu nanometer rods: 40 μg mL−1, H2O2: 200 mM (S. aureus) or 50 mM (E. coli)), PDA/Cu nanometer
rods were marked with blue arrows and cell membrane damage was marked with red arrows. Colony-forming units (CFUs) of S. aureus (c) and E.
coli (d) after incubation with different concentrations of PDA/Cu nanometer rods with and without H2O2 (50 and 5 mM, respectively). CFUs of S.
aureus (e) and E. coli (f) after incubation with different concentrations of H2O2 with or without PDA/Cu nanometer rods (20 μg mL−1).
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Figure 7. (a) Release of Cu2+ from PDA/Cu nanometer rods. (b) CFU of S. aureus and E. coli after incubation with H2O2 (50 and 5 mM,
respectively), PDA/Cu nanometer rods (20 μg mL−1) + H2O2, and the recollected PDA/Cu nanometer rods (PDA/Cu (r), 20 μg mL−1) + H2O2.

Figure 8. (a) UV−vis absorption spectra of PDA/Cu nanometer rods with different concentrations. (b) Photothermal effects of PDA/Cu
nanometer rods at different concentrations at 2.0 W cm−2 (λ = 808 nm) and (c) under different power densities (200 μg mL−1). Photothermal and
catalytic synergistic antibacterial properties: (d) typical photographs of S. aureus and E. coli agar plates. (e, f) CFU of S. aureus and E. coli (PDA/Cu
nanometer rods: 80 μg mL−1, H2O2: 20 mM (S. aureus) or 5 mM (E. coli), irradiation laser: 808 nm, 40 mW cm−2; all groups were incubated for 20
min).
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were dependent on the concentrations of PDA/Cu nanometer
rods and the power densities (Figure 8b,c). As shown in Figure
S8b,c in the SI, the photothermal conversion efficiency (η) of
PDA/Cu nanometer rods was 22.39%, which was greatly
higher than that of pure Cu4(OH)6SO4 crystals (0.14%).

With temperature-dependent peroxidase-like activity and
photothermal performance, the photothermal and catalytic
synergistic antibacterial activity of PDA/Cu nanometer rods
were investigated. The synergistic antibacterial effect of PDA/
Cu nanometer rods against bacteria was clearly observed
through the typical photographs of the agar plate incubated
with S. aureus and E. coli (Figure 8d). The results indicated
that Figure 6PDA/Cu nanometer rods had enhanced nano-
zyme-photothermal antibacterial activity, efficiently killing
bacteria in 20 min (Figure 8e,f).

■ CONCLUSIONS
In summary, core−shell PDA/Cu nanometer rods were
obtained with the Cu4(OH)6SO4 crystal core and PDA
coating. The formation of Cu4(OH)6SO4 crystals and
polymerization of DA was carried out in a weakly acidic
aqueous solution, accompanied by the reduction of Cu2+ ions.
The obtained PDA/Cu nanometer rods acted similar to the
Cl−-activated peroxidase with the activation energy of 78.48 ±
2.86 kJ mol−1. PDA/Cu nanometer rods showed tunable
peroxidase-like catalytic activity, which could be easily
enhanced by increasing the temperature as well as increasing
the concentration of Cl−. Further studies demonstrated that
PDA/Cu nanometer rods showed enhanced catalytic and
photothermal synergistic antibacterial activity. In addition,
PDA/Cu nanometer rods potentially functionalize material
surfaces for efficient synergistic antibacterial properties due to
the unique ability of the PDA coating to deposit on almost all
inorganic and organic substrates.

■ EXPERIMENTAL SECTION
Materials. CuSO4·5H2O (99.0%), o-phenylenediamine

(OPD, 98.5%), H2O2 (30.0%), ammonium chloride (NH4Cl,
99.5%), sodium phosphate dibasic dodecahydrate (Na2HPO4·
12H2O, 99.0%), potassium phosphate monobasic (KH2PO4,
99.5%), sodium chloride (NaCl, 99.5%), potassium chloride
(KCl, 99.5%), acetic acid (HAc, 99.5%), phosphoric acid
(H3PO4, 85%), boric acid (H3BO3, 99.5%), sodium hydroxide
(NaOH, 96%), and hydrochloric acid (HCl, 36.0−38.0%)
were purchased from Sinopharm Chemical Reagent Co., Ltd.,
Shanghai. Sodium acetate (NaAc, 99%) was bought from
Acros Organics, Belgium. DA·HCl (98%) and 3,3′,5,5′-
tetramethylbenzidine (TMB) (98%) were purchased from
Aladdin Industrial Inc., Shanghai. 2-(N-Morpholino)-
ethanesulfonic acid (MES, 99%) was purchased from Macklin
Biochemical Co. Ltd. Shanghai. All these chemicals were used
directly without any further purification. All aqueous solutions
were prepared in ultrapure water with a resistivity of 18.2 MΩ
cm−1 (Millipore Simplicity). The composition and the pH
range of MES, Britton−Robison (BR), and phosphate-buffered
saline (PBS) buffer solutions are listed in Table S1 in the SI.
Characterization. The morphologies of Cu4(OH)6SO4

crystals and PDA/Cu nanometer rods were characterized by
transmission electron microscopy (TEM) on JEM-2100 Plus
(JOEL, Japan) and scanning electron microscopy (SEM) on
Zeiss Merlin Compact (Oxford, U.K.). The dynamic light
scattering (DLS) measurements were performed on Malvern

Instruments Zetasizer Nano (Malvern Instruments, U.K.) at 25
°C. TGA and DTG analysis of PDA/Cu nanometer rods were
performed on a Mettler-Toledo TGA2 (Mettler-Toledo,
Switzerland) instrument by heating 10 mg of PDA/Cu
nanometer rods at a rate of 10 °C min−1 from 30 to 1000
°C in a flow of air. The X-ray diffraction (XRD) measurements
were recorded on an XPert Pro X-ray diffractometer (Panaco,
the Netherlands). The Fourier transform infrared (FT-IR) was
conducted on a Nicolet IS10 Fourier transform infrared
spectroscope (Thermo Fisher Scientific). The X-ray photo-
electron spectra (XPS) were carried out on an Escalab250Xi
photoelectron spectrometer (Thermo Fisher Scientific). The
photothermal properties were measured with a NIR laser (Hi-
Tech Optoelectronics Co. Ltd., China).
Preparation of PDA/Cu Nanometer Rods. PDA/Cu

nanometer rods were prepared as previously described with
modifications.31 In a typical procedure, an aqueous solution of
CuSO4·5H2O (4 mM) and NaAc (24 mM) was kept at 55 °C
with gentle stirring for 1 h to prepare the bladed
Cu4(OH)6SO4 crystals. During this time the mixture changed
from a blue solution to a green suspension (at pH 5.0). Then,
DA·HCl (2 g L−1) was added, and the mixture was kept at 55
°C for 9 h with gentle stirring to prepare PDA/Cu nanometer
rods. To analyze the kinetics of the growth of the PDA coating,
the samples were collected at 0.5, 1, and 3 h after the addition
of DA·HCl for further characterization. All these samples were
purified by repeated centrifugation (12 000 rpm, 8 min) and
dried via the freeze-drying process (−60 °C, 1 Pa, 48 h) on an
LGJ-10 vacuum freeze dryer (Beijing Songyuan Huaxing
Technology Develop Co. Ltd., China). Two grams per liter
DA·HCl was added to the Tris−HCl buffer (0.1 M, pH 8.5)
and stirred for 12 h to prepare self-polymerized PDA.
Peroxidase-Like Activity of PDA/Cu Nanometer Rods

and Kinetic Assay. The peroxidase-like activity measure-
ments were carried out in an MES aqueous buffer (pH 5.5) at
25 °C, monitoring the absorbance changes at 652 nm every 10
s over 3 min on a Hitachi U-2900 UV−vis spectrophotometer
(Hitachi High-Tech, Japan) with a circulating bath. To
calculate the kinetic constants, experiments were performed
by determining the concentrations of H2O2 (100 mM), NH4Cl
(100 mM), and PDA/Cu nanometer rods (50 μg mL−1) and
changing the concentration of TMB (0.05−0.6 mM), or by
determining the concentrations of TMB (0.5 mM), NH4Cl
(100 mM), and PDA/Cu nanometer rods (50 μg mL−1) and
changing the concentration of H2O2 (10−120 mM).

The kinetic parameters Vmax and Km were calculated by
fitting to the Michaelis−Menten equation (eq 1)

= [ ]
+ [ ]

v
V

K
S

S
max

m (1)

[S] is the substrate concentration, Vmax is the maximum
reaction rate, and Km is the Michaelis constant, ν is the initial
reaction rate. Briefly, v = k/ε, k is the slope of the linear change
in absorbance and ε is the molar absorption coefficient of a
colorimetric substrate.
Temperature, pH, and Solution-Dependent Perox-

idase-Like Activity. The effect of Cl− concentration on
catalytic activity was performed with fixed concentrations of
TMB (0.5 mM), H2O2 (100 mM), and PDA/Cu nanometer
rods (50 μg mL−1).

The pH-dependent peroxidase-like catalytic activity was
carried out at 25 °C in BR buffers with different pH values, and
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the concentrations of TMB, H2O2, PDA/Cu nanometer rods,
and NH4Cl were 0.5 mM, 50 mM, 20 μg mL−1, and 50 mM,
respectively.

The temperature-dependent peroxidase-like catalytic activity
of PDA/Cu nanometer rods toward OPD was measured in the
BR buffer (pH 5.0), with the fixed concentrations of OPD (0.5
mM), H2O2 (20 mM), PDA/Cu nanometer rods (20 μg
mL−1), and NH4Cl (20 mM). The parameters Ea was
calculated by fitting to the Arrhenius equation (eq 2).

= +k
E

RT
Aln lnT

a
(2)

R, T, Ea, A, and kT are the molar gas constant, the
temperature, the activation energy, the frequency factor, and
the rate constant, respectively.
Peroxidase-Like Catalytic Antimicrobial Activity. The

antibacterial activity was measured against the Gram-positive
bacteria S. aureus (S. aureus ATCC 25923) and the Gram-
negative bacteria E. coli (E. coli DSM 4230) in the PBS buffer
(pH 5.0, adjusted with 2 mol L−1 HCl). Briefly, a single colony
was picked and cultured in 10 mL of LB medium at 37 °C.
After incubating overnight in a shaking bath (shaking rate =
120 rpm), the bacterial suspension was diluted and had the
final optical density of 0.5 (OD600nm = 0.5), which was
measured on a VICTOR X5 microplate reader (PerkinElmer,
Waltham).

To find out the relationship between the antibacterial
performance and the concentrations of H2O2 or PDA/Cu
nanometer rods, the prepared bacteria suspension (50 μL) was
incubated with a range of different concentrations of H2O2 and
PDA/Cu nanometer rods for 1 h (final volume 1 mL) and
studied by the plate-counting method. Furthermore, the
samples after incubation were diluted tenfold and inoculated
on a LB agar medium (50 μL per plate), incubated at 37 °C for
20 h, and then photographed.

The morphology of bacteria exposed to different treatments
was observed by SEM. S. aureus and E. coli in the groups of the
PBS buffer (pH 5.0), PDA/Cu nanometer rods, H2O2, and
PDA/Cu nanometer rods + H2O2 were washed with PBS (pH
7.4), centrifuged (6000 rpm, 5 min), and resuspended in 2.5%
glutaraldehyde (12 h, 4 °C). The samples were then
dehydrated with a series of ethanol solutions (50−100%)
and dried in air.

To identify the role of PDA/Cu nanometer rods and the
released Cu2+ in the antibacterial process, the release of Cu2+

was quantified. PDA/Cu nanometer rods were suspended in
pH 5.0 PBS with a concentration of 1 mg mL−1, incubated at
37 °C, and the filtrate at different times (5 min, 1 h, 3 h, and
18 h) was collected. The samples of the PBS buffer (pH 5.0),
CuSO4 solutions (0.6 and 2 mM), PDA/Cu nanometer rods
(1 mg mL−1), and the filtrates were added into the probe
solution (0.05 wt % dicyclohexanoneoxaly dihydrazone). All of
the samples were incubated at 25 °C for 10 min and measured
on a VICTOR X5 microplate reader. PDA/Cu nanometer rods
incubated in the PBS buffer for 1 h were centrifuged to remove
the supernatant, redispersed in water, and subjected to
antibacterial experiments.
Photothermal Performance of PDA/Cu Nanometer

Rods. PDA/Cu nanometer rods aqueous solutions (2 mL) at
different concentrations (20−400 μg mL−1) were exposed to
NIR laser for 20 min (808 nm, 0.5 W cm−2). The water and
Cu4(OH)6SO4 crystals (200 μg mL−1) were also performed
under the same conditions. In addition, the temperature

changes of PDA/Cu nanometer rods (200 μg mL−1) under
different power densities (0.5, 1.0, and 2.0 W cm−2) were
recorded. The heating and cooling curve data of
Cu4(OH)6SO4 crystals (200 μg mL−1) and PDA/Cu nano-
meter rods (200 μg mL−1) were then used to calculate the
photothermal conversion efficiency (η), as described by Shu et
al.35

Photothermal and Catalytic Synergistic Antibacterial
Therapy. A suspension of S. aureus and E. coli (50 μL,
OD600 nm = 0.5) was incubated with H2O2, DA/Cu nanometer
rods, and H2O2 + PDA/Cu nanometer rods. The bacteria
survival of different groups was immediately studied by the
plate-counting method after being irradiated for 20 min using a
NIR laser (808 nm, 40 mW cm−2). The samples without laser
were incubated at room temperature (25 °C) for 20 min as
control groups.
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