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Polydopamine nanoparticles (PDA NPs) are an appealing biomimetic photothermal agent for photothermal
antibacterial treatment because of their long-term safety, excellent photostability, accessible manufacturing, and
good biodegradability. However, the low photothermal conversion efficiency (PCE) of PDA NPs requires high-
power and long-term near-infrared light irradiation, which severely restricts their practical application. In this
work, PDA@Cu NPs were fabricated by growing Cu NPs in situ on the surface of PDA and then introduced into a
polyelectrolyte hydrogel precursor (cationic polyethyleneimine/anionic pectin, named as CPAP). The formulated
photothermal platform possessed a high PCE (55.4%), almost twice as much as pure PDA NPs (30.8%). Moreover,
the designed CPAP/PDA@Cu captured and killed some bacteria by electrostatic adsorption, which helped
enhance the antibacterial performance. As expected, the formed CPAP/PDA@Cu that combined the advantageous
features of PDA@Cu NPs (high PCE) and CPAP matrix (inherent antibacterial activity and preventing NPs ag-
gregation) can efficiently kill bacteria both in vitro and in vivo under the help of near-infrared laser irradiation.
Taken together, this study offers a promising strategy for constructing a facile and safe PDA-based photothermal
agent for photothermal antibacterial therapy.

1. Introduction therapy, chemodynamic therapy, and photothermal therapy (PTT) have

emerged to fight bacteria. Among these antibacterial approaches, PTT,

Pathogenic bacteria-related infections are one of the most severe risks
in the fields of food and medicine, leading to nearly one-third of deaths
worldwide and posing a severe threat to public health and economics [1,
2]. As a most accepted treatment, antibiotics have been extensively uti-
lized for bacterial infections. However, the indiscriminate utilization of
antibiotics has been causing the emergence of many drug-resistant bac-
teria [3]. Therefore, developing effective alternative strategies to manage
bacterial infections without inducing multi-drug resistance is urgently
needed [4]. In recent years, various approaches such as photodynamic

which can efficiently kill bacteria by physical heating, has drawn sub-
stantial interest because of its outstanding high selectivity, non-invasive
nature, preferable controllability, negligible drug resistance, and less
likely to induce systemic toxicity [5,6]. Particularly, near-infrared (NIR)
light-triggered PTT has been extensively developed owing to the excel-
lent tissue penetration of NIR light [7,8]. In the PTT process, the NIR light
energy can convert into heat with the help of photothermal agents
(PTAs), providing a spatiotemporal thermal effect to cause bacterial
degeneration in the light-irradiated area [9,10].
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There are numerous organic NPs (PDA, polypyrrole, porphyrins, and
cyanines) and inorganic materials (palladium nanosheets, carbon nano-
materials, transitional metal dichalcogenide, and gold NPs) that have
been explored as PTAs for PTT [11-14]. Among these popular PTAs,
PDA, a melanin-based biopolymer widely distributed in almost all kinds
of living organisms, is the most potential one due to its superior
biocompatibility, prominent biodegradability, favorable photostability,
and ease of synthesis [15-18]. Recently, PDA nano-PTAs possessing
various sizes (mainly from 20 to 500 nm) and different morphologies
(nanosheets and nanospheres) have emerged for utilization in PTT
[19-21]. Nevertheless, two inherent defects of PDA nano-PTAs severely
hamper their clinical application. One is that PDA nano-PTAs are readily
aggregated, which is mainly ascribed to the existence of many active
groups (catechol, secondary amine, and primary amine moieties) on the
surface of PDA. The light absorption efficiency of PDA decreases when it
is aggregated. The other is that the PCE of PDA NPs at 808 nm is rela-
tively low (nearly 20%) [22] and even lower at longer wavelengths due
to the nonradiative conversion and insufficient light absorption of PDA in
the NIR region [23]. Therefore, reducing the aggregation and improving
the light absorption efficiency of PDA nanomaterials simultaneously are
the main obstacles in realizing PDA PTAs with high photothermal con-
version ability for bacterial infection treatment.

To achieve a PDA with robust photothermal performance, many ef-
forts have been made in two aspects, including promoting the dispersion
by incorporating PDA into a matrix and increasing the light absorption
ability of PDA in the NIR region through improving non-radiative energy
transfer [24]. For instance, Qi and co-workers demonstrated that PDA
with high PTT efficacy was realized when PDA was introduced into an
agarose hydrogel scaffold [25]. Furthermore, Cheng and co-workers
found that PDA displayed augmented light absorption efficiency when
the surface of PDA was decorated with metal NPs by in situ deposition
[26]. The reason was that the addition of metal was beneficial to
increasing the charge transfer efficiency of the PDA-based system.
Inspired by these results, we speculate that integrating the surface
modification with a suitable carrier may enhance the photothermal
performance of PDA.

In light of the above considerations, in this study, we engineered a
polyelectrolyte complex hydrogel composed of cationic poly-
ethyleneimine (a water-soluble artificial polymer), anionic pectin (a class
of plant polysaccharides widely used in food and medicine), and
PDA@Cu NPs for antibacterial therapy. As shown in Scheme 1, PDA@Cu
NPs were fabricated by the reduction-deposition of Cu ions on the surface
of PDA NPs. With the assistance of Cu NPs, the PCE was almost doubled
from 30.8% (PDA) to 54.2% (PDA@Cu). Subsequently, PDA@Cu NPs
were introduced into the polyelectrolyte hydrogel precursor (cationic
polyethyleneimine/anionic pectin, labeled as CPAP) to fabricate the
CPAP/PDA@Cu hydrogel by a convenient one-step mixing approach.
With the help of CPAP, PDA@Cu NPs were uniformly dispersed without
agglomeration; besides, the CPAP matrix possessed abundant functional
groups that can non-selectively capture and kill bacteria by hydrophobic,
van der Waals forces, and electrostatic interactions, thus offering addi-
tional antibacterial activity. In vitro antibacterial assay exhibited that
CPAP/PDA@Cu had broad-spectrum antibacterial activity against
Staphylococcus aureus (98.2%) and Escherichia coli (100%). Furthermore,
in vivo antibacterial assays also confirmed the prominent bactericidal
ability of CPAP/PDA@Cu hydrogel. To the best of our knowledge, this is
the first report on developing a CPAP/PDA@Cu system for photothermal
therapy of bacterial infection. We believe that this study will provide new
ideas for designing and applying robust PDA nano-photothermal agents
for more bioapplications.

2. Materials and methods
2.1. Materials

High acyl anionic pectin (AP) was purchased from Henan Zhongtai
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(Zhengzhou, China). Cationic polyethyleneimine (CP, My = 70,000, 50
wt% in water), anhydrous ethanol, sodium hydroxide (NaOH), and
ammonia solution (28 wt% in water) were obtained from Macklin
(Shanghai, China). Copper chloride and dopamine hydrochloride were
purchased from Aladdin (Shanghai, China). Agar powder, Luria-Bertani
broth, ascorbic acid, and tryptone soya broth were purchased from
Solarbio (Beijing, China). Fetal bovine serum (FBS), penicillin/strepto-
mycin (P/S), trypsin-EDTA (0.25%), Dulbecco's modified Eagle's medium
(DMEM), and phosphate-buffered saline (PBS, pH = 7.4) were bought
from Gibco (Grand Island, USA). L7012 Live/Dead BacLight Bacterial
Viability Kit comprising SYTO9 and propidium iodide (PI) was purchased
from Thermo Fisher Scientific (Waltham, USA). Cell Counting Kit-8
(CCK-8) was commercially available from Glpbio (Montclair, USA).
Live/Dead Cell Viability Kit composed of Calcein-AM and PI was pur-
chased from Yeasen (Shanghai, China). All chemical reagents were used
as supplied without further purification.

2.2. Synthesis of PDA NPs

In this study, PDA NPs were fabricated according to previous reports
[27,28]. In detail, the ammonia solution (1 mL) was mixed with anhy-
drous ethanol (20 mL) and deionized water (45 mL). Subsequently,
dopamine hydrochloride (250 mg) in deionized water (5 mL) was
incorporated into the aforementioned blended solution, and the reaction
was allowed to continue at 37 °C for 24 h under gentle stirring. Next, PDA
NPs were isolated by high-speed centrifugation (12,000 rpm, 8 min) and
washed four times with deionized water. Lastly, the synthesized PDA NPs
were diluted to 5 mg/mL for further use.

2.3. Synthesis of PDA@Cu NPs

PDA@Cu NPs were fabricated employing a facile reduction-
deposition approach. Specifically, 0.25 g copper chloride dihydrate was
incorporated into a 250 mL round-bottom flask equipped with 20 mL of
deionized water. Then, the solution of copper chloride was heated to 85
°C, and its pH was adjusted to 7.0 using NaOH, followed by simulta-
neously dropping ascorbic acid solution (0.625 M) and PDA NPs sus-
pension (10 mg/mL) under constant stirring (300 rpm). After 60 min of
reaction, PDA@Cu NPs were acquired after centrifugation at 12,000 rpm
for 8 min. The obtained PDA@Cu NPs were washed four times with
deionized water, diluted to 5 mg/mlL, and stored in a 4 °C refrigerator for
further usage.

2.4. Synthesis of hydrogels

Hydrogels were formed through a simple one-step blended method.
Typically, 4 mL of CP polysaccharide solution (2 mg/mL) was first mixed
with 4 mL of AP polysaccharide solution (2 mg/mL), followed by intro-
ducing PDA@Cu NPs suspension (5 mg/mL). After being vigorously
mixed for 3 min at room temperature, the mixture was kept overnight to
allow gelation. Herein, hydrogels with (CP + AP): PDA@Cu volume ra-
tios of 8:0, 8:1, 8:2, and 8:3 were designed (designated as CPAP, CPAP1,
CPAP2, and CPAP3, respectively).

2.5. Structure characterization

The zeta potentials of prepared NPs were monitored by a particle size
analyzer (ZEN3600, Malvern, UK). The morphology of specimens was
characterized by the JEM-1230 transmission electron microscope (TEM,
Jeol, Japan) and the SU-8010 scanning electron microscope (SEM,
Hitachi, Japan); before lyophilization, all hydrogels were first immersed
in deionized water until the hydrogel weight no longer changed. The
chemical groups of specimens were analyzed employing a Fourier
transform infrared (FTIR) spectrometer (Tensor II, Bruker, Germany).
Ultraviolet—visible-near-infrared (UV-vis-NIR) spectra were performed
on a spectrophotometer (Cary5000, Agilent, USA). Thermogravimetric



Z. Li et al.

r-—---—---—--—---

PDA NPs !

: CuSO, Ascorbic

I . acid

| 0

@t -

I Heating

e T
Polyethyleneimine

.
(7 <

oL

N,

ELS

Capture

<———————

#  Live bacteria

"é‘.‘}r

i )
—@—®

Materials Today Bio 15 (2022) 100264

Stir

o

Wound
. infection

A\

Wound

4? treatment
7

'8

# Dead bacteria

Scheme 1. Schematic illustrating the preparation (A) and antibacterial application (B) of CPAP/PDA@Cu hydrogel.

analysis (TGA) was conducted on a TGA8000 thermal gravimetric
analyzer (PerkinElmer, USA) operating under a nitrogen atmosphere
from 30 °C to 600 °C with a heating rate of 20 °C/min. The rheological
properties of hydrogels were assessed using a DHR-2 rheometer (TA,
USA). The rheological experiment was first conducted using a dynamic
strain sweep test to detect the linear viscoelastic regions of prepared

hydrogel samples (thickness = 2 mm, diameter = 25 mm). Then, the
storage modulus (G') and loss modulus (G”) of the designed specimens
during alternate step-strain cycles between 1% and 1000% oscillation
strain were assessed. Finally, dynamic frequency sweep tests of hydrogels
were determined over a range of different angular frequencies (0.1-10
rad/s) with a fixed strain of 1%.



Z. Li et al.
2.6. Swelling and water retention tests

The designed hydrogels were freeze-dried and weighed accurately
(Wq) before measurements to explore the swelling properties. Then,
these dried hydrogels were put into PBS at 37 °C until the equilibrium
state was realized. Next, the hydrogels were taken out of the PBS and
weighed (W) at certain intervals after removing the PBS on the hydrogel
surface. Finally, the water uptake was calculated employing the
following formula [29]:

Water uptake = (W, — Wq)/W4 (@D)]

Where W; is the mass of the swollen hydrogel specimen and Wy is the
mass of the initial hydrogel specimen.

Meanwhile, the water retention properties of designed CPAP/
PDA@Cu hydrogel specimens were measured. Firstly, the hydrogel
samples were soaked in PBS to reach the equilibrium of water uptake
(Mp). Next, the hydrogels were transferred to an oven at 37 °C, and their
weights (M) were weighed at a given time point. Finally, the water
retention was calculated according to the following equation:

Water retention (%) = MyMy x 100% 2)

Where M is the mass of the gel sample at the specified duration and My is
the mass of the initial mass of the gel.

2.7. Photothermal performance measurement

An 808 nm NIR laser was adopted to evaluate the photothermal
characteristics of the fabricated NPs and CPAP/PDA@Cu hydrogels.
Typically, all specimens were put into 2.0 mL Eppendorf tubes and
irradiated for 6 min using an 808 nm NIR at gradient power density (0.5,
1.0, and 2.0 W/cm?). During the irradiation process, the temperature
variation of the sample was monitored by an IR camera (E8, FLIR, USA).
In addition, the stability of the specimens during the four repeated laser
on-off cycles was also evaluated. As a result, the photothermal conversion
efficiency was calculated as follows [30,31]:

hA (Tmﬂ/\"sl)(’ - T’”(l.‘( W'ﬂ[t’)‘)
= - 3
n (1 — 10401 ) @)
> .m;iCp;
= 2T g
t T (€)]
T — Txur
P —— 5
Tonr — Towr ®)

where Tyax,spe denotes the maximum temperature of tested specimens;
Tmax, water denotes the maximum temperatures of water; I denotes the
laser power; Agpg is the absorbance value of tested specimen aqueous
solution at 808 nm; m; denotes the water mass; C,; denotes the water
heat capacity; 0 is the system constant.

2.8. In vitro antibacterial test

In this study, Staphylococcus aureus (S. aureus, ATCC 29213) and
Escherichia coli (E. coli, ATCC 25922) were selected as the targeted bac-
teria to explore the antibacterial activity of CPAP/PDA@Cu hydrogel.
Generally, the CPAP/PDA@Cu circular hydrogel with a diameter of 8
mm was first pre-soaked in PBS until achieving absorptive equilibrium.
Then, it was sterilized with a UV lamp for 20 min and added into a 5.0 mL
centrifuge tube containing bacterial suspension (1 mL, 1.0 x 10’ CFU/
mL). After co-culturing at 37 °C for 2 h, the tube was treated with or
without irradiation (808 nm NIR, 1.0 W/cm?) for 5 min. Simultaneously,
the bacteria suspension treated by PBS with or without 808 nm NIR
irradiation was acted as control groups. Next, 100 pL of bacteria solution
was taken out from the tube and diluted. Subsequently, 100 pL of the
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diluted bacterial suspension was coated evenly on the agar plates and
cultivated for 12 h. Ultimately, the agar plates were photographed by a
digital camera, and the bacterial number was measured using a colony
counter (J3, Tenlin, China).

Besides, we performed the bacterial live/dead staining assay to study
the antibacterial properties of hydrogels. Briefly, after different treat-
ments, the bacteria cells were co-stained by fluorescence dyes composed
of SYTO9 and PI for 20 min in the dark. After being washed with PBS 3
times, the cell membrane integrity of the bacteria was observed
employing a confocal laser scanning microscopy (CLSM, Al imaging
system, Nikon, Japan). All STYO9-stained bacteria displayed green
fluorescence following the manufacturer's instructions, while PI-labeled
dead bacteria emitted red fluorescence [32].

Additionally, the bacteria morphological changes after different
treatments were captured by SEM for further investigating the steriliza-
tion routes of prepared hydrogels. Typically, the treated bacteria were
collected, washed with PBS four times, fixed with glutaraldehyde, seri-
ally dehydrated with graded ethanol solutions (20-100%), sputter-
coated with platinum to increase conductivity, and observed with SEM.

2.9. Invitro cytotoxicity test

The cytotoxicity of CPAP/PDA@Cu hydrogels on 1929 cells was
determined by employing a CCK-8 assay. First, the fabricated hydrogels
were sterilized with UV light, then added into a DMEM containing 1% P/
S and 10% FBS for 24 h to obtain the hydrogel extract liquid. Then, 100
L of L929 cells (1 x 10° cells/mL) was aspirated into 96-well plates and
incubated in an incubator (5% CO,, 37 °C) overnight. Subsequently, the
cell culture medium in each well was discarded, and the hydrogel
leaching liquid was added and incubated for 1, 3, and 5 days. Next, the
old cell culture medium was substituted by an equivalent fresh medium
containing 10% CCK-8. After being incubated for 4 h, the optical density
(OD) value of each well was detected at a wavelength of 450 nm. The
1929 cells cultured without hydrogel extract liquid were defined as the
control group. The cytotoxicity was determined from the formula below:

Cell viability (%) = As/ac x 100% (6)

Where A and A. mean the absorbance values of the experimental spec-
imen and the control specimen at 450 nm, respectively.

Additionally, we conducted a cell live/dead staining assay to quali-
tatively investigate the cell viability of the CPAP/PDA@Cu hydrogels.
Briefly, after different treatments, the L929 cells were stained with
calcein-AM/PI for 20 min. Subsequently, the fluorescent photos were
collected employing CLSM. The dead cells with compromised plasma
membranes showed red fluorescence, while viable cells with esterase
activity displayed green fluorescence [33,34].

2.10. In vitro blood compatibility

The hemolysis rate of CPAP/PDA@Cu hydrogels was determined
using red blood cells isolated from the eyeballs of healthy rats. First,
diluted red blood cells (1 mL) were mixed using deionized water (100
mg) as the positive control, PBS (100 mg) as the negative control, and
hydrogels (100 mg) as the experimental groups. Then, after incubating at
37 °C for 3 h, the supernatant absorbance at the wavelength of 545 nm
was monitored on a UV-vis-NIR spectrometer. The tests were repeated
three times. The hemolysis rate was calculated by the following formula
[35]:

(A — Ay) x 100% )

(Ap - A")

where A, A, and A, are the supernatant fraction absorbance of the
experimental group (hydrogel), negative group (PBS), and positive group
(deionized water), respectively.

Hemolysis ratio (%) =
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Fig. 1. Characterization of PDA@Cu NPs. TEM pictures of PDA NPs (A) and PDA@Cu NPs (B). SEM pictures of PDA NPs (C) and PDA@Cu NPs (D). (E) SEM elemental
mapping photographs of PDA@Cu NPs. (F) UV-vis-NIR absorption spectra of PDA and PDA@Cu NPs. (G) Plot fitting of driving force temperature and cooling time.
(H) The relationship between the time and —Ln®. (I) The photothermal temperature rise of the PDA@Cu NPs under various powers of NIR irradiation (2.0, 1.0, and 0.5
W/cm?). (J) Photothermal stability capability of PDA@Cu under repeated laser on-off of 2.0 W/cm? 808 nm NIR irradiation. (K) Infrared thermal images of tested

samples under different power NIR irradiation (2.0, 1.0, and 0.5 W/cm?).

2.11. In vivo photothermal performance

All laboratory animal procedures had been reviewed and approved by
the Institutional Animal Care and Use Committee of Wenzhou Medical
University. Male Sprague-Dawley rats were kindly provided by Vital
River Laboratory Animal Technology Co, Ltd (Beijing, China). Rats were
randomly divided into three groups: PBS, CPAP hydrogel and CPAP3
hydrogel. Full-thickness circular wounds (diameter = 8 mm) were con-
structed on the shaved backs of each rat and were applied with PBS,
CPAP hydrogel, and CPAP3 hydrogel. The wounds were then exposed to

a NIR laser (808 nm, 1.0 W/ sz) for 3 min. At last, the wound sites were
photographed employing a thermal infrared camera.

2.12. In vivo hemostatic experiment

To assess the hemostatic potential of the hydrogels, rats were
randomly divided into three groups: gauze, PBS, and CPAP3. Firstly, a
bleeding model was made by cutting off the rat tail. Inmediately after
surgery, the bleeding site was covered with tested samples. Blood was
carefully collected using a pre-weighed dry filter paper. Next, the wound
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without hydrogel and gauze treatment was applied as the control group.
After treating for 3 min, the total amount of lost blood was calculated by
weighing the filter paper.

2.13. In vivo wound healing experiment

A bacteria-infected rat wound model was adopted to investigate the
ability of the CPAP/PDA@Cu hydrogels to repair wounds. Firstly, round
wounds with a diameter of 8 mm were produced on the back of the rats.
Then, S. aureus suspension (10 pL, 1.0 x 10% CFU/mL) was inoculated
into the created wounds and homogeneously smeared over the wound
surface. Next, the bacterially infected wounds were covered with 100 pL
of samples and classified into four test groups: negative control group
(PBS), positive control group (3M Tegaderm hydrogel), CPAP3 hydrogel
(100 pL), and CPAP3 hydrogel + NIR (1.0 W/cm?, 3 min). Finally,
hydrogels on the wounds were immobilized using medical tape. Photo-
graphs of the wounds were recorded every 24 h for 12 days. Meanwhile,
bacteria at the wound sites were collected, and their numbers were
determined using a plate counting approach. Besides, the regenerated
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skin tissues were excised and collected on days 3, 7, and 12 for Masson's
trichrome, hematoxylin and eosin (H&E), and immunohistochemical (IL-
6 and CD31) analyses [36].

2.14. Statistical analysis

All experiments in this work were conducted at least in three inde-
pendent batches. All data were processed by OriginPro 8.0 and presented
as the mean value + standard deviation (SD). The data were considered
statistically significant when *P < 0.05 [37], and the data were recog-
nized highly significant when **P < 0.01 and ***P < 0.001.

3. Results and discussions
3.1. Synthesis and characterization of PDA@Cu NPs
In this study, PDA@Cu NPs were fabricated by a facile redox reaction

method. Herein, Cu NPs were selected because they had good photo-
electric properties, and we expected that the deposition of Cu NPs onto
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Fig. 2. Characterization of fabricated CPAP/PDA@Cu hydrogels. FTIR (A), TGA results (B), water retention (C), and water uptake (D) of CPAP/PDA@Cu hydrogels.

(E) SEM image and its higher magnification image of CPAP/PDA@Cu hydrogel.
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Fig. 4. Invitro antibacterial activity of different specimens. The colonization (A), confocal fluorescence (B), and SEM (C) images of S. aureus and E. coli after treatments
with PBS, CPAP, CPAP + NIR, CPAP3, and CPAP3 + NIR.

the PDA surface might improve the photothermal conversion perfor- participate in the reduction process of cu?t, forming coordination bonds
mance of PDA NPs. As displayed in Scheme 1, the deposition of Cu NPs with Cu NPs.
was easily achieved because PDA possessed a variety of functional groups Firstly, the zeta potential of PDA NPs and PDA@Cu NPs was identified

like dihydroxyphenyl groups, which can attract Cu>* ions and actively and evaluated. As presented in Fig. S1, the zeta potential of PDA NPs and
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PDA@Cu NPs was —50.1 mV and —10.5 mV, respectively. This was
because when Cu?* was reduced to Cu, a certain number of negatively
charged moieties of PDA were consumed. Thus, the zeta potential of
PDA@Cu increased. After that, the morphology of the prepared PDA and
PDA@Cu NPs was observed by TEM and SEM (Fig. 1A-D). Cu NPs
(average diameter around 30 nm) were uniformly dispersed on the PDA
surface, and Cu-modified PDA NPs exhibited a relatively homogeneously
spherical architecture with an average diameter of almost 220 nm.
Furthermore, the SEM-assisted element mapping image proved the
presence of evenly distributed Cu, O, N, and C elements, which indicated
the successful preparation of PDA@Cu NPs (Fig. 1E). Next, the
UV-vis-NIR absorption spectra of prepared nanomaterials were checked.
As can be seen from Fig. 1F, PDA@Cu NPs had a significantly higher
absorption at 808 nm, revealing that PDA@Cu NPs may be more suitable
for PTT. As expected, the PCE (1)) of PDA and PDA@Cu NPs at 808 nm
NIR, determined by equations (3)-(5), was 30.8% and 54.2%
(Fig. 1G-H). This data suggested that the photothermal behavior of PDA
NPs was remarkably enhanced after Cu deposition.

Next, the photothermal performance of PDA@Cu NPs under different
powers (0.5, 1.0, and 2.0 W/cm?) was studied. We observed from Fig. 11
that under the irradiation of the NIR laser (808 nm, 0.5 W/cmz), the
temperature (At) of PDA@Cu NPs increased from 0 °C to 10.5 °C within
3 min, and it achieved 18.1 °C within 6 min. With the increase of laser

power, the temperature of PDA@Cu NPs enhanced to 40.2 °C (1.0 W/
cm?) and 61.9 °C (2.0 W/cm?) after 6 min of irradiation. In addition, the
PDA@Cu NPs maintained robust photothermal stability after multiple
irradiation cycles because the maximum heating temperature was not
significantly reduced (Fig. 1J). Similarly, the photothermal heating effect
was observed from the infrared thermal images of PDA@Cu NPs
(Fig. 1K). These results showed that the as-prepared PDA@Cu NPs
possessed excellent photothermal performance that may have the po-
tential as a photothermal antibacterial system for treating bacterial
infections.

3.2. Synthesis and characterization of CPAP/PDA@Cu hydrogels

Polyelectrolyte hydrogel is a classical cross-linking system that en-
ables fast cross-linking by multiple interactions (such as electrostatic
force, hydrogen bonding, and hydrophobic interactions) between posi-
tively and negatively charged polymers without the use of additional
cross-linking agents [38]. Herein, a polyelectrolyte hydrogel matrix
composed of cationic polyethyleneimine/anionic pectin (labeled as
CPAP) was employed to avoid the photothermal ability loss of PDA@Cu
NPs caused by aggregation. Before confirming the use of poly-
ethyleneimine and pectin, we tried different positively charged polymers
(such as chitosan, polylysine, and polyethyleneimine) and negatively
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Fig. 6. Invivo assessment of hemostasis and photothermal performance of CPAP/PDA@Cu hydrogel. (A) Photographs displaying the materials after application to the
rat-tail amputation model. (B) The hemostatic ability of the tested materials was determined by measuring the total blood loss in a rat-tail amputation model (n = 3,
and ***P < 0.001). (C) Schematic of the in vivo wound treatment assay. (D) Infrared thermal images of rats at different time intervals.

charged polymers (such as hyaluronic acid, alginate, and pectin). How-
ever, except for polyethyleneimine/pectin, other systems required more
demanding reaction conditions (such as an acidic environment and
additional multivalent ions). Therefore, in the present work, we used
polyethyleneimine/pectin to load PDA@Cu NPs. Three kinds of
CPAP/PDA@Cu hydrogels (CPAP1, CPAP2, and CPAP3) were fabricated
using an environmentally friendly one-pot blending approach. Typically,
PDA@Cu NPs were first added to the anionic pectin (AP) solution, fol-
lowed by the introduction of a cationic polyethyleneimine (CP) solution.
The presence of multiple non-covalent interactions in the mixture
(electrostatic force, n-n stacking, and hydrogen bonds) enabled the rapid
transition of the precursor solution from sol to gel [39]. Of note, these
recoverable non-covalent bonds can give the obtained hydrogel
self-healing ability and injectability and provide more convenience for
applying CPAP/PDA@Cu hydrogel in clinical practice.

We first determined the PCE (1)) of PDA@Cu NPs and CPAP/PDA@Cu
hydrogel at 808 nm. The n of PDA@Cu and CPAP/PDA@Cu (CPAP3) was
54.2% and 55.4% (Fig. S2) under the same concentration of PDA@Cu
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NPs. This confirmed our hypothesis that preventing aggregation and
promoting dispersion of PDA@Cu NPs helped to enhance the photo-
thermal properties of the resulting system. Therefore, CPAP3 with robust
photothermal performance was chosen as the model specimen for the
following antibacterial assay.

Subsequently, the functional groups of CPAP/PDA@Cu hydrogel
were investigated by FTIR spectra. As shown in Fig. 2A, we observed that
pure CPAP hydrogel and CPAP/PDA@Cu hydrogel had sugar ring, C-H,
and O-H vibrations at approximately 1648, 2920, and 3200 cm ™. More
interestingly, the redshift in the CPAP hydrogel (from 3224 to 3190
em ™) after introducing PDA@Cu NPs may be due to the reason that the
newly formed interactions (electrostatic interactions and n-n stacking)
between PDA@Cu NPs and CPAP destroyed some of the previously
established hydrogen bonds in the polyelectrolyte matrix, further
proving the successful fusion of PDA@Cu NPs with the CPAP networks
[40,41]. After that, a TGA assay was conducted to explore the thermal
stability of CPAP specimens (Fig. 2B). The remaining mass of the CPAP3
at 600 °C was higher than that of the CPAP, confirming that the thermal
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Fig. 7. Invivo evaluation of the wound healing properties. (A) Photographic images of different treatments of S. aureus-infected wounds from day 0-12. (B) Schematic
representation of wound contraction treated with varying specimens from day 0-12: (1) PBS, (2) Tegaderm, (3) CPAP3, and (4) CPAP3 + NIR. (C) Images of bacterial
colonies on agar plates from wound sites on the first day after different treatments: (1) PBS, (2) Tegaderm, (3) CPAP3, and (4) CPAP3 + NIR.

stability of the CPAP was improved due to the presence of PDA@Cu NPs.
Then, the water uptake behavior of the hydrogel was investigated by
culturing the prepared hydrogel in PBS until reaching the equilibrium
state (Fig. 2C). The water absorption of CPAP and CPAP2 in the equi-
librium state was 149.1 and 146.5, respectively, attributed to the in-
crease in cross-linking density of the hydrogel. We speculated that after
the PDA@Cu NPs were incorporated into the CPAP matrix, more
non-covalent interactions involving electrostatic interactions formed in
the hydrogel, resulting in a dense hydrogel network, which hindered the
water uptake [42]. This meant that, compared with pure CPAP hydrogel,
the water in CPAP2 was difficult to escape from the tight cross-linked
hydrogel network, as demonstrated by the results of the water reten-
tion assay (Fig. 2D). Next, the architectural information of CPAP/P-
DA@Cu hydrogel was studied by SEM (Fig. 2E). After PDA@Cu NPs were
loaded, the CPAP/PDA@Cu hydrogel presented a porous interconnected
architecture, and a higher magnification SEM image confirmed that
PDA@Cu NPs existed in the form of NPs inside the hydrogel. These data
evidenced the successful fabrication of CPAP/PDA@Cu.

Typically, hydrogels used as wound dressings are required to possess
a certain level of self-healing capability to cope with the pressure on the
wounds caused by body movements, which will enhance the safety and

11

use time of hydrogels [43,44]. Therefore, the mechanical and self-healing
performance of the developed CPAP/PDA@Cu hydrogel was assessed.
Briefly, rheological experiments were performed to evaluate the me-
chanical features of CPAP/PDA@Cu hydrogel. First, the hydrogel point of
the prepared CPAP/PDA@Cu hydrogel was almost 20% (Fig. 3A). Then,
the moduli of the CPAP/PDA@Cu hydrogel were studied. As presented in
Fig. 3B, the dynamic frequency sweep assay results showed that the G’
was always larger than G” when the angular frequency applied to
hydrogel rose from 0.1 to 10 rad/s [45,46]. Besides, both G’ and G” were
not related to angular frequency, suggesting that elastic behavior of the
CPAP/PDA@Cu hydrogel dominated the viscous one. Subsequently, the
rheological recovery test was performed by determining G’ and G” under
different strains. The low strain was fixed at 1%, and the high strain was
selected as 1000% (exceeding the critical points about fifty times). As
displayed in Fig. 3C, when a high strain (1000%) was applied, G’ was
lower than G”, demonstrating that the collapse of the CPAP/PDA@Cu
hydrogel network occurred. On the other hand, when the used strain was
1%, G’ value increased sharply and immediately became bigger than G”,
meaning the specimen returned to a gel state [47]. Meanwhile, G’ and G”
can restore to their initial values wholly without decrease after three
repeated intervals, proving the remarkable self-healing capacity of
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Z. Li et al.

CPAP/PDA@Cu [48].

In addition, the self-healing capability of the CPAP/PDA@Cu was
investigated. The CPAP/PDA@Cu hydrogel with column shape was first
physically cut into two halves. Then, as shown in Fig. 3D, two hydrogel
halves could recombine into a new hydrogel without noticeable break
lines after being left for 2 h in environmental conditions without any
external intervention. In addition, no significant difference between the
original CPAP/PDA@Cu hydrogel and the healed CPAP/PDA@Cu
hydrogel was observed. The excellent self-healing performance of CPAP/
PDA@Cu hydrogel was due to the non-covalent interactions (electro-
static force, n-n stacking, and hydrogen bond) induced by the functional
groups of CPAP and PDA@Cu NPs that can dynamically associate and
disassociate (Fig. 3E).

3.3. Photothermal antibacterial activity of CPAP/PDA@Cu in vitro

First, the photothermal performance of CPAP/PDA@Cu (CPAP3)
hydrogel was studied. We observed from Fig. S3 and S4 that under the
808 nm NIR irradiation (1.0 W/cmz), CPAP/PDA@Cu hydrogel tem-
perature (At) increased from 0 °C to 40.1 °C within 3 min, and it achieved
45.7 °C within 5 min. These results showed that the as-prepared CPAP/
PDA@Cu hydrogel possessed excellent photothermal performance that
may have the potential as a photothermal antibacterial system for
treating bacterial infections.

The excellent light-to-heat conversion properties of the fabricated
CPAP/PDA@Cu hydrogel motivated us to assess its antibacterial activity.
In this study, we selected two strains of bacteria (E. coli and S. aureus) that
were the culprit of most infectious diseases to investigate the antibacte-
rial ability of CPAP/PDA@Cu. As shown in Fig. 4A, after contacting the
hydrogel at 37 °C for 2 h, the CPAP hydrogel and CPAP/PDA@Cu
hydrogel showed 80.2% and 34.6% survival rates for S. aureus (Fig. S5)
and 71.1% and 22.4% survival rate for E. coli (Fig. S6), respectively.
Therefore, we speculated that CPAP/PDA@Cu hydrogel possessing large
positive groups (-NHj) could interact with negatively bacterial cell
membranes, leading to pathogen capture and inactivation. Besides, the
antibacterial performance of CPAP/PDA@Cu hydrogel was better than
that of CPAP hydrogel, which was ascribed to the antibacterial effect
provided by PDA@Cu NPs. As anticipated, with the help of 808 nm NIR
laser (1.0 W/cmz, 5 min), most of S. aureus (>98.2%) and almost all
E. coli (100%) were killed by the CPAP/PDA@Cu hydrogel. In addition,
compared with the CPAP group, there was no significant improvement in
antimicrobial performance after the introduction of NIR, which was due
to the lack of photothermal warming sterilization properties of CPAP.
These data exhibited that under the synergy of PDA@Cu NPs (photo-
thermal sterilization) and CPAP hydrogel matrix (bacterial capture), the
developed CPAP/PDA@Cu hydrogel possessed powerful antibacterial
properties.

Subsequently, we conducted live/dead bacterial staining tests to
identify potential antibacterial mechanisms of the CPAP/PDA@Cu
(CPAP3) hydrogel. We found that fluorescence detection and plate count
tests displayed the same antimicrobial trend. As exhibited in Fig. 4B and
S7, both S. aureus and E. coli treated with PBS showed evident green
fluorescence, and only a minority of bacteria were marked as red fluo-
rescent. In comparison, some red fluorescence was observed in the CPAP,
CPAP + NIR, and CPAP3; meanwhile, the CPAP3 + NIR group presented
the most robust red fluorescence, revealing the optimum antibacterial
effect.

Next, SEM was used to characterize the sterilization effect to explore
the morphological changes of S. aureus and E. coli treated with different
samples (Fig. 4C). Both S. aureus and E. coli with PBS treatment showed
smooth and intact cell membranes, indicating negligible damage to
bacteria from PBS [49]. In contrast, the bacteria were damaged to
varying degrees after the hydrogel and hydrogel + NIR treatments. More
specifically, some wrinkles presented in the CPAP/PDA@Cu hydrogel
group, manifesting that the CPAP/PDA@Cu hydrogel had a specific
antibacterial activity. This may be because the formulated
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polyelectrolyte hydrogel possessed some inherent antimicrobial proper-
ties that facilitated the antimicrobial effect by capturing and killing
bacteria through effective interactions (such as electrostatic adsorption)
between the CPAP/PDA@Cu and bacteria. However, there were still
some well-shaped bacteria in the CPAP/PDA@Cu, demonstrating that
the antibacterial capability of CPAP/PDA@Cu hydrogel was not enough
to kill all bacteria (Fig. S8). More importantly, when CPAP/PDA@Cu was
used with the assistance of an 808 nm NIR, the bacteria showed more
severe damage, with deformed or even ruptured bacterial cell membrane,
suggesting that the developed antibacterial system (CPAP/PDA@Cu +
NIR) had the most significant bactericidal effect.

3.4. Cytotoxicity and hemolysis experiments

Biocompatibility is essential for in vivo antimicrobial applications of
hydrogels [50]. First, the biocompatibility of the CPAP/PDA@Cu
hydrogel was evaluated using a hemocompatibility assay. The superna-
tant of red blood cells treated with deionized water (DDW) was bright
red, whereas those treated with PBS and CPAP/PDA@Cu hydrogel
groups were colorless (Fig. 5A). Therefore, as displayed in Fig. 5B, the
optical density (OD) of the hydrogel and PBS was much lower than that of
the DDW group, demonstrating the negligible hemolytic effect of
CPAP/PDA@Cu hydrogel [51]. Next, the cytotoxicity of CPAP/PDA@Cu
hydrogels on 1929 cells was evaluated by employing the CCK-8 assay. As
presented in Fig. 5C and S9, similar to the control group, NIR treatment
and CPAP/PDA@Cu hydrogels did not cause significant toxicity to L929
cells. Besides, we employed a live/dead cell staining technique to explore
the cytocompatibility of the produced CPAP/PDA@Cu hydrogels. No
significant red fluorescence was detected when culturing L929 cells with
CPAP/PDA@Cu, indicating the non-toxic nature of CPAP/PDA@Cu
hydrogels (Fig. 5D) [52]. Moreover, we also found that the designed
CPAP/PDA@Cu (CPAP3) hydrogel possessed prominent hemostatic
ability (Fig. 6A-B). For example, after 3 min of sample treatment, the
blood weights of the PBS, gauze, and CPAP3 were 249.5 mg, 100.9 mg,
and 24.7 mg, respectively. In sum, the CPAP/PDA@Cu hydrogel had
excellent biocompatibility that may be suitable for in vivo anti-infection
treatment.

3.5. Invivo antibacterial experiment

In this work, we used a rat bacteria-infected model to assess the in vivo
antibacterial capability of the designed CPAP/PDA@Cu dressing
(Fig. 6C). First, the in vivo photothermal performance of CPAP/PDA@Cu
hydrogel was studied (Fig. 6D). After 808 nm NIR irradiation (1.0 W/
em?) for 3 min, the wound area temperature (At) of the rat covered with
CPAP/PDA@Cu hydrogel rose to 23.4 °C, while the local temperature of
the PBS was only increased to 1.9 °C; besides, an agar plate colony
counting method was used to detect bacteria at the wound site on the first
day to estimate the sterilization performance of different samples (Fig. 7C
and S10). As displayed in Fig. 7C, numerous bacteria appeared on the
agar plates of the CPAP hydrogel and control groups. In contrast, almost
no bacteria could be observed on the agar plates treated with CPAP/
PDA@Cu + NIR, consistent with the in vitro antibacterial data, providing
intuitive evidence that CPAP/PDA@Cu can be employed as a robust
platform for in vivo antibacterial treatment.

Subsequently, the wound healing process of S. aureus-infected
wounds managed with different specimens (PBS, Tegaderm hydrogel,
CPAP/PDA@Cu hydrogel, and CPAP/PDA@Cu hydrogel + NIR) was
photographed by a digital camera (Fig. 7A). The schematic diagram of
wound contraction is shown in Fig. 7B. The wound size gradually
decreased over time for all test groups. On day 12, the open wounds in
the CPAP/PDA@Cu + NIR group were the smallest (3.4%) and possessed
some newly regenerated epidermis, while 10.2%, 32.1%, and 38.4% of
the wounds remained unhealed with prominent scars in the CPAP/
PDA@Cu hydrogel, Tegaderm hydrogel and PBS groups (Fig. S11). These
results showed that the CPAP/PDA@Cu + NIR group had the greatest
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healing effect compared to other groups. Under the synergistic effect of
the photothermal properties of PDA@Cu NPs and the inherent antibac-
terial activity of CPAP hydrogels, CPAP/PDA@Cu hydrogel exhibited
optimal antibacterial properties, which effectively killed pathogens and
accelerated the wound healing process (Fig. S12). Besides, some addi-
tional functions offered by the CPAP/PDA@Cu hydrogel at the wound
site, such as hemostasis (Fig. 6A), gas exchange, adsorption of exudate,
acting as a physical barrier, and serving as a cell scaffold, also had ben-
efits for improving skin regeneration [45,53].

Finally, the histological changes in skin tissues during the wound
healing process were investigated to better understand the internal
mechanism of wound repair. Skin tissues were collected at a pre-set time
after different treatments (PBS, Tegaderm hydrogel, CPAP/PDA@Cu
hydrogel, and CPAP/PDA@Cu hydrogel + NIR) and stained by H&E
(Fig. 8A and B), Masson (Fig. 8C and D), IL-6 (Fig. 8E), and CD31
(Fig. 8F). The results of H&E revealed that on day 12, the wound scar
width in CPAP/PDA@Cu + NIR (0.98 mm) was the smallest compared
with the PBS (2.33 mm), Tegaderm (1.83 mm), and CPAP3 (1.67 mm)
groups; from the high magnification H&E photos, we found that wounds
treated with CPAP3 and control groups showed many inflammatory
signals (neutrophils and blood cells), while wounds in the CPAP/
PDA@Cu + NIR group had no significant inflammation and possessed
regenerated dermal tissues and hair follicles (Fig. 8A and B). Besides,
compared with other groups, more collagen fibers were observed in the
CPAP/PDA@Cu + NIR group (Fig. 8C and D). Additionally, the expres-
sion of IL-6 inflammatory markers in wounds of the CPAP/PDA@Cu +
NIR group was significantly lower than that of the other three groups
(Fig. S13). Moreover, the NIR-assisted CPAP/PDA@Cu system displayed
the highest expression of CD31 compared to the other three tested
groups, indicating that the CPAP/PDA@Cu + NIR group had the best pro-
angiogenic capability (Fig. S14). In conclusion, CPAP/PDA@Cu + NIR
promoted the transition from the hemostatic phase to the inflammatory,
proliferative, and remodeling phases of the wound, resulting in regen-
erated skin with low inflammation, high collagen fibers, thick granula-
tion, and newborn hair follicles (Fig. 8G). These data indicate that the
NIR-assisted CPAP/PDA@Cu system is a hopeful platform for photo-
thermal therapy of bacterial infections.

4. Conclusion

Summarized, for the first time, we successfully developed a high-
performance antibacterial platform (CPAP/PDA@Cu). PDA@Cu nano-
PTAs were first constructed by growing Cu NPs in situ on the surface
of PDA NPs using a facile one-pot reduction deposition method, and then
they were evenly dispersed in the CPAP hydrogel matrix by an easy
mixing approach. Thanks to the inherent bacterial capture/killing
capability of the CPAP hydrogel and the robust photothermal perfor-
mance ( = 55.4%) of CPAP/PDA@Cu, a highly efficient, convenient,
broad-spectrum, and environmentally friendly antibacterial system was
fabricated, not only achieving bactericidal activity against S. aureus
(98.2%) and E. coli (100%) in vitro but also ensuring outstanding high-
efficiency bacteria-killing capability in vivo. This study opens a new
avenue for PTT to design high-performance PDA photothermal
nanomaterials.
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