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Abstract: The problem of antibiotic abuse and drug resistance is becoming increasingly
serious. In recent years, polydopamine (PDA) nanoparticles have been recognized as a
potential antimicrobial material for photothermal therapy (PTT) due to their excellent
photothermal conversion efficiency and unique antimicrobial ability. PDA is capable of
rapidly converting light energy into heat energy under near-infrared (NIR) light irradiation
to kill bacteria efficiently. In order to solve the problem of PDA’s tendency to aggregate
and precipitate, this study improved its stability by grafting hyaluronic acid (HA) onto the
surface of PDA. Using dopamine and hyaluronic acid as raw materials, hyaluronic acid (HA)
was grafted onto polydopamine (PDA) nanoparticles via self-polymerization and Michael
addition reactions under alkaline conditions to obtain PDA-HA-modified nanoparticles.
We confirmed the successful grafting of hyaluronic acid via scanning electron microscopy
(SEM), Fourier infrared spectroscopy (FTIR), nuclear magnetic hydrogen spectroscopy
(¹H NMR), ultraviolet–visible spectroscopy (UV–vis), Raman spectroscopy (Raman), and
dynamic light scattering (DLS) methods. Scanning electron microscopy (SEM) was used
to observe the surface morphology and nanostructure of the grafted materials, providing
information on the morphology and size distribution of the materials. Near-infrared
performance experiments showed that the temperature of the PDA-HA solution increased
rapidly under near-infrared light irradiation, demonstrating an excellent photothermal
conversion performance. Antimicrobial properties were assessed via the colony counting
method, and typical Gram-positive bacteria S. aureus and Gram-negative bacteria E. coli
were selected as model strains. The experimental groups were tested under dark conditions
and near-infrared (NIR) light irradiation. PDA/HA showed significant photothermal
properties under NIR light irradiation, resulting in a rapid increase in the surrounding
temperature to a level sufficient to kill bacteria. Under NIR light irradiation, PDA/HA
exhibited 100% antimicrobial efficacy against both S. aureus and E. coli, while antimicrobial
efficacy was limited under dark conditions. This indicates that the antibacterial activity of
PDA/HA is highly dependent on NIR light activation.

Keywords: polydopamine; hyaluronic acid; photothermal conversion; antibacterial

1. Introduction
Bacterial infections have always threatened the health of all human beings [1]. Ac-

cording to the World Health Organization (WHO), more than 2.2 million people die from
wound infections every year [2]. Antibiotics are the first-line drugs for treating these infec-
tions [3]. However, the misuse and overuse of antibiotics have resulted in the emergence of
bacterial resistance, which poses a deadly threat to humans [4–6]. Many other antimicrobial
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agents, such as quaternary ammonium salts (QASs), metal ions [7], antimicrobial peptides,
graphene oxide (GO) flakes, and nitric oxide (NO), have been gradually developed and
have shown excellent antimicrobial effects [8]. However, they have some shortcomings.
QAS is prone to bacterial resistance; metal ions and oxides have broad-spectrum antimicro-
bial properties, but the uncontrolled release of ions and significant cytotoxicity limit the
broad application of these materials. Therefore, it is important to develop a new antimi-
crobial strategy. Examples include antimicrobial therapies based on bioactive materials,
photodynamic therapy (PDT), and photothermal therapy (PTT). Among these approaches,
PTT, as a novel therapeutic technique with high biocompatibility and medical efficiency,
is considered a safe and effective strategy for the treatment of bacterial infections [9]. It
utilizes materials with a high photothermal conversion efficiency to generate enough heat
to kill bacteria under near-infrared (NIR) light irradiation [10].

Polydopamine (PDA) nanoparticles are a potential antimicrobial material due to their
excellent photothermal conversion properties, unique antimicrobial ability, and simple
green preparation process [11–13]. Numerous studies have demonstrated that PDA can
rapidly convert light energy into heat energy under near-infrared light irradiation, a
property that shows great potential for application in the field of photothermal therapy
(PTT). In addition, the surface of PDA is rich in catechol groups [14]. These reactive
groups enable it to interact with a variety of biomolecules to form nanocomposite particles
capable of killing bacteria with photothermal therapy. For example, Li et al. [15] linked
PDA NPs with thiolated polyethylene glycol (PEG) and MagI (an antimicrobial peptide)
to improve the stability and bacterial interaction ability of PDA NPs, respectively. The
formation of PDA occurs through the oxidative polymerization of dopamine (DA) [16].
However, PDA tends to aggregate and form further precipitates from the solution [17,18].
To overcome these problems, graft-modified hyaluronic acid polydopamine nanoparticles
were used to improve the stability of PDA NPs. Hyaluronic acid (HA), as a linear polymeric
polysaccharide, contains a large number of hydrophilic hydroxyl and carboxylic acid
groups on its molecular chain, which can undergo a Michael addition reaction with the
amine groups in polydopamine [19,20].

Based on the above research, in this study, dopamine and hyaluronic acid were used as
raw materials, and hyaluronic acid (HA) was grafted onto polydopamine (PDA) nanopar-
ticles via self-polymerization and Michael addition reactions under alkaline conditions
to obtain PDA-HA-modified nanoparticles [21]. The importance of Michael addition in
polymer chemistry lies not only in its ability to provide stable covalent bonding but also
in its high efficiency in the aqueous phase, which is particularly important for the synthe-
sis of biocompatible polymers. Other polymers such as chitosan, polyvinyl alcohol, and
polylactic acid–hydroxyacetate copolymers are also grafted with HA through Michael ad-
dition reactions to enhance their antibacterial properties [22]. These modified nanoparticles
not only improved the stability of the polydopamine nanoparticles but also exhibited a
high photothermal conversion efficiency under near-infrared light (NIR) excitation, with
significant antimicrobial effects.

2. Materials and Methods
2.1. Materials

The polyacrylic acid (PAA, Mw ≈ 5000) aqueous solution (50 wt%) was purchased
from Shanghai Mellin Biochemical Technology Co. (Shanghai, China). The dopamine
hydrochloride (purity not less than 99.0%), sodium hyaluronate (molecular weight:
200–400 k Da, purity not less than 99.0%), 1-ethyl-(3-dimethylaminopropyl) carbodiimide
(EDC, purity not less than 98.0%), N-hydroxysuccinimide (NHS, purity not less than 97.0%),
and ammonia were purchased from Shanghai Aladdin Science and Technology Biochemical
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Co. Ltd. Escherichia coli CMCC44102 (E. coli, Gram-negative) and Staphylococcus aureus
CMCC26003 (S. aureus, Gram-positive) were provided by Qingdao Haibo Bioengineer-
ing Co., Ltd. (Qingdao, China). The water used was homemade distilled water from
the laboratory.

The equipment required for the experiments were as follows: a constant temper-
ature shaker (ZJ288-M393813, Julabo Labortechnik GmbH, Seelze, Germany); a multi-
station magnetic stirrer (HMS-4SG, IKA Works Ltd, Tokyo, Japan); an ultrasonic cleaner
(SB25-12DTDN, IKA Works Ltd, Tokyo, Japan); an enzyme labeling analyzer (JC-MB68,
Thermo Fisher Scientific, Waltham, MA, USA); a centrifuge (LC-LX-H165A, Beckman Coul-
ter Inc, Brea, CA, USA); a biochemical culture incubator (BJPX-150L, Sanyo Electric Co., Ltd,
Tokyo, Japan); a two-person, single-side purification workstation (SW-CJ-2D, Sartorius AG,
Zurich, Switzerland); an autoclave (DZF-6030, Sanyo Electric Co., Ltd, Tokyo, Japan); an
infrared camera (FLIR T620, FLIR Systems, Inc, Wilsonville, OR, USA); a near-infrared
laser (VCL-808nmM1-10W, Thorlabs, Washington, DC, USA); an ultrapure water prepara-
tion system (Ultra clear Plus, Elga LabWater, High Wycombe, UK); an electronic balance
(FA2004, Mettler Toledo, Greifensee, Switzerland); an ultraviolet–visible spectrophotometer
(UV-1800 PC, Shimadzu Corporation, Kyoto, Japan); a desktop ultrapure water machine
(UPT-11-10T, Millipore Corporation, Belmont, CA, USA); and an ultrasound processor
(Sonics Vibra-Cell VCX 600, IKA Works Ltd, Tokyo, Japan).

2.2. Preparation of Hyaluronic Acid Graft-Modified Polydopamine (PDA-HA) Nanoparticles

The preparation of PDA-HA comprised the following: 1 g of HA and 100 mL of
deionized water were added to the reactor, which was placed on a magnetic stirrer for
complete dissolution. The solution was observed as clear and transparent, with no visible
particles or precipitates with a viscosity of 150-180 mPa·s. Then, 1.50 g of EDC and 0.91 g
of NHS were added and stirred for 2 h; 1.42 g of DA was added at 600 r/min for 12 h,
and ammonia was added to adjust the pH to 8~9. It was then stirred for 24 h in the dark
and centrifuged (13,000 rpm, 15 min) to remove the supernatant (15 min). Centrifugation
(13,000 rpm, 15 min) was carried out with deionized water 3 times to remove the unreacted
DA, and the solution was poured into the polypropylene cap and dried at 60 ◦C for 15 h to
obtain PDA-HA (Figure 1).
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2.3. Characterization of Materials

The chemical functional groups of DA, HA, PDA, and PDA-HA were validated by
using an attenuated full-reflection Fourier transform infrared spectrometer. The samples
were ground with potassium bromide (KBr) and pressed with high pressure to facilitate the
penetration of infrared light. The prepared sample sheet was placed in the sample chamber
of the infrared spectrometer. A background scan was required to correct the instrument
before measuring the sample. The infrared spectrometer was initiated, the sample was
scanned to generate the infrared absorption spectrum, and the collected spectral data
were processed using the accompanying software, which included a baseline correction
and smoothing. The infrared spectra were tested within the range of 4000~500 cm−1.
A British Renishaw’s Invia Raman (Renishaw Scientific, Wokingham, UK)spectrometer
was used for a Raman spectral analysis with a scanning range of 4000~500 cm−1. The
sample was dissolved in the appropriate deuterated solvent, and the concentration of the
sample solution was adjusted to ensure that the signal intensity was within the detection
range of the NMR instrument. NMR tubes that were suitable for the sample volume
and NMR instruments were selected. The prepared solution was carefully transferred to
the NMR tubes to avoid bubble production. The NMR tubes with samples were placed
into the sample probe of the NMR instrument, and the sample tubes were centered to
achieve optimal magnetic field homogeneity. Before measuring the sample, the magnetic
field calibration of the NMR instrument was carried out to ensure the accuracy of the
measurement. PDA and PDA-HA were observed using a scanning electron microscope
(SEM, Nova NanoSEM450, FEI Company, Hillsboro, OR, USA). The sample solutions were
diluted with distilled water and sonicated for 5 min, and the particle size and zeta potential
were determined using a highly sensitive nanoparticle size analyzer, Zetasizer Nano ZS90,
from Malvern Instruments, Malvern, UK. The samples were tested three times each, and
the average values were taken. The absorption peaks of the samples were determined
using a UV-2450 UV spectrophotometer from Shimadzu, Kyoto, Japan, with a scanning
wavelength of 230~350 nm.

2.4. NIR Performance Evaluation

The photothermal properties of the materials were evaluated using an infrared thermal
imager (FLIR T620) to monitor the temperature changes in each group of samples in real
time under irradiation with a near-infrared (NIR) laser. The samples in each group were irra-
diated with a near-infrared (NIR) laser (808 nm, 2.0 W/cm2) for 20 min, during which time
the temperature changes were recorded using an infrared thermography camera at 1 min
intervals, and the warming curves were plotted. In addition, photothermal stability was
evaluated via the repeated irradiation of PDA-HA with an NIR laser (808 nm, 2.0 W/cm2).

2.5. Evaluation of Antimicrobial Properties

In this study, the antibacterial properties of the materials were evaluated via the colony
counting method. The typical Gram-positive bacteria S. aureus and the Gram-negative
bacteria E. coli were selected as representative species. The antimicrobial ability of each
dark/NIR-treated group (saline, PDANPs, and PDA-HANPs) against S. aureus and E. coli
was assessed via plate coating. An ultraviolet (UV) lamp was used to disinfect the surface.
All equipment required for the experiments (such as test tubes, pipettes, culture dishes,
etc.) were autoclaved. The sterilized samples were fully mixed with 700 µL of an S. aureus
or E. coli solution (1104 CFU/mL) for 20 min: in the dark and under 808 nm NIR light
(2.0 W/cm2). Subsequently, 50 µL of bacterial suspension was inoculated on LB solid agar
culture plates, evenly coated using an L-type applicator, and incubated in a 37 ◦C oven for
24 h; then, they were photographed to record the bacterial colony’s growth and counted.
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The results of the same set of samples were averaged five times. The antimicrobial rate R
can be calculated using Equation (1):

R = (NC − N)/NC × 100% (1)

where NC and N are the number of colonies in the control (saline group) and experimental
samples (PDA group, PDA-HA group, PDA/NIR, and PDA-HA/NIR group), respectively.

3. Results and Discussion
3.1. Chemical Structure Analysis

The FT-IR spectra of DA, HA, PDA, and PDA-HA are shown in Figure 2a. The
absorption peak of pure HA appeared at 1607 cm−1, which represented the asymmetric
stretching peak of the carboxyl group. DA had several characteristic absorption peaks in
the IR spectrum, and the broad absorption peaks near 3500–3200 cm−1 corresponded to
the stretching vibrations of the hydroxyl (-OH) and amino (-NH2) groups. The PDA NPs
showed a broad peak for the O-H bond on the aromatic ring near 3420 cm−1, with the
characteristic peaks at 1630 and 1510 cm−1 belonging to the stretching vibration of C=O
and the bending vibration peak of N-H, respectively, further demonstrating the successful
synthesis of PDA [23]. Since HA itself contains an amide group and HA was grafted onto
the amino group of the PDA via amide condensation, the amide bond was the focus for
examining the success of the HA grafting. However, the characteristic peak of the amide
band that should have appeared at 1680–1630 cm−1 overlapped with the characteristic peak
of the benzene ring in the PDA, and a distinct characteristic peak of the amide second band
appeared at 1570–1510 cm−1 [12,24]. In addition, the absorption peaks at 1210 cm−1 and
1050 cm−1 were the O-H deformation vibration peaks of the secondary alcohols and the C-O
stretching vibration peaks of the saturated secondary alcohols, respectively. Accordingly,
the appearance of the above HA-specific absorption peaks proved that HA was introduced
on the surface of PDA, and the intensity of the corresponding characteristic absorption
peaks (1351 cm−1 and 1396 cm−1) of PDA was relatively weakened in the HA-modified
samples, which also proved that the modification of the surface of PDA using HA was
more homogeneous and complete.

The Raman spectra of HA, DA, PDA, and PDA-HA were analyzed, and the results
are shown in Figure 2b. In Figure 2b, two characteristic peaks of PDA can be observed,
corresponding to the D band at 1352 cm−1 and the G band at 1580 cm−1 [25–27]. These
two absorption peaks belong to the standard characteristic peaks of polydopamine, thus
indicating that DA has been successfully synthesized as PDA. The Raman spectrum of
HA with a strong absorption peak at 2938 cm−1 can be attributed to the -OH stretching
vibration of the alcohol chelates, whereas the appearance of new peaks at 2500–3200 cm−1

for PDA-HA suggests that HA may be grafted onto PDA [28,29].
The UV–vis characterization of HA, DA, PDA, and PDA-HA is shown in Figure 2c.

From the figure, it can be observed that HA has no absorption peaks between 230 and
350 nm, while DA shows a distinct characteristic absorption peak at 280 nm, which corre-
sponds to the catechol structure of DA and is in accordance with the literature reports [30].
The characteristic absorption peaks of PDA are concentrated at 279 nm, and there are no
other peaks in the NIR region [31]. Similarly, PDA-HA showed a distinct absorption peak
at 280 nm, suggesting the possible grafting of HA onto PDA.

The chemical structures of HA, DA (Figure 2d), PDA (Figure 2e), and PDA-HA
(Figure 2f) were characterized via 1H NMR spectroscopy, and the 1H NMR spectra of
PDA-HA exhibited the presence of catechol aromatic proton peaks at chemical shifts of
6.65, 6.75, and 6.80 ppm, in addition to catechol methylidene proton peaks at 3.1 and
2.8 ppm. Moreover, a catechol methylidene proton peak upon the chemical shifts at the
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methyl proton peak of HA was present at 1.9 ppm [32–35]. In addition, a new proton peak
(-CH=N-) appeared at 5.84 ppm in the 1H NMR spectra of PDA-HA, proving the successful
preparation of PDA-HA.
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3.2. Microscopic Morphology Analysis

Through a scanning electron microscope image analysis, the average particle size of
PDA was determined to be approximately 352 nm, the shape was spherical and uniformly
distributed (Figure 3a), the surface was relatively smooth, and some particles were slightly
agglomerated. PDA-HA exhibited a monodispersed spherical shape, and the average
particle size was about 400 nm (Figure 3b).
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3.3. Surface and Stability Analysis

The surface modification of hydrophilic HA improves the water stability of NPs. To
test this, we prepared PDA and PDA-HA solutions with deionized water. As shown in
Figure 4b, the PDA solution settled rapidly within 4 h. The PDA-HA solution was not
stable at all. In contrast, we did not observe the settling of PDA-HA during the same time
period. We even extended the experimental time to 12 h and still did not observe PDA-HA
settling. Thus, we verified that PDA-HA is stable in aqueous solutions and exhibits better
dispersion, which is useful for subsequent experiments.
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Particle size and zeta potential determine the in vivo distribution, bioavailability,
cytotoxicity, and targeted delivery of nanosystems. Therefore, the particle size and zeta
potential of PDA-HA and PDA were measured via dynamic light scattering (DLS). The
particle size and zeta potential of PDA-HA changed significantly when compared with pure
PDA. The zeta potential of PDA-HA gradually increased from −21.03 mV to −28.03 mV
(Figure 4a) because of the negative charge of HA (Figure 2d). After modifying HA, the
particle size of the NPs increased from 503 nm to 577 nm (Figure 4d). In summary, it was
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shown that the particle size and zeta potential of the particles were significantly increased
after the introduction of graft-modified hyaluronic acid polydopamine nanoparticles.

3.4. Evaluation of the Near-Infrared Performance of PDA-HA

It was shown that PDA has good photothermal properties and can efficiently convert
light energy into heat energy when irradiated with near-infrared light. Therefore, the
photothermal properties of PDA and PDA-HA were evaluated to verify the potential of
PDA-HA as an NIR-responsive material. The PDA (1 mg/mL) and PDA-HA (1 mg/mL)
solutions were irradiated with 808 nm, 2 W/cm2 NIR light to produce thermal effects. Un-
der the same irradiation conditions, the temperature of pure saline (control) did not change
significantly, whereas the temperature of the PDA (1 mg/mL) and PDA-HA (1 mg/mL)
solutions increased gradually with respect to the irradiation time (Figure 5a). The different
concentrations of the PDA-HA solutions (1, 0.5, 0.25 mg/mL) that were irradiated with
808 nm, 2 W/cm2 NIR light for 20 min exhibited no significant changes in the final tem-
peratures (Figure 5b), and their photothermal effects increased with an increase of 808 nm
laser power density (0.5, 1.0, 1.5, and 2 W/cm2) (Figure 5c). With respect to the PDA and
PDA- HA photothermal effects, under the same irradiation and concentration conditions,
the final temperature of the PDA solution was 67.6 ◦C, while that of the PDA-HA solution
was 67.8 ◦C (Figure 5e), and the experimental results showed that PDA grafted with HA
does not greatly affect the photothermal effect of PDA; moreover, photothermal imaging
also proved this conclusion (Figure 5e). Simultaneously, a solution containing 1 mg/mL of
PDA-HA was irradiated with near-infrared light (808 nm, 2 W/cm2) for 20 min; then, the
solution was allowed to naturally cool to room temperature, and the photothermal ability
did not change significantly after five consecutive irradiations (Figure 5d). In this case,
PDA-HA can be used as an excellent near-infrared photoresponsive material.
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In this study, the antimicrobial properties of the samples from each group were
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representative pathogenic bacteria models. As shown in Figure 6a, under dark conditions,
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groups was lower than that corresponding to the PBS group, which may be attributed to
the fact that polydopamine disrupts the cell membranes of bacteria through the production
of free radicals, resulting in the death of bacteria [36]. After the introduction of NIR light,
the antimicrobial performance of the PBS group was not significantly improved, and a
large number of colonies still existed on the surface. Notably, the PDA and PDA-HA
groups exhibited no bacterial growth under NIR light irradiation and exhibited significant
antibacterial effects at an antibacterial rate of 100%, which was attributed to the fact that,
under NIR irradiation, the PDA could efficiently absorb the energy of the NIR light and
convert it into heat, resulting in a rapid increase in the temperature of the surrounding areas
and thus killing the bacteria. “****” indicates that the PDA-HA/Dark and PDA-HA/NIR
treatment groups had statistically extremely significant reduction effects compared to the
PDA/Dark group. In conclusion, the results of the antibacterial experiments showed
that the graft-modified hyaluronic acid polydopamine nanoparticles exhibited excellent
antibacterial properties after NIR light irradiation.
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Figure 6. In vitro antibacterial effect of PDA-HA: (a) images of the bacterial growth of E. coli and S.
aureus on agar plates after different treatments; (b) the antibacterial rates of PDA, PDA-HA, PDA/NIR,
and PDA-HA/NIR against E. coli; and (c) the antibacterial rates of PDA, PDA-HA, PDA/NIR, and
PDA-HA/NIR against S. aureus.

4. Conclusions
In the present study, we grafted hyaluronic acid (HA) onto polydopamine (PDA)

nanoparticles via self-polymerization and Michael addition reactions under alkaline con-
ditions to obtain PDA-HA-modified nanoparticles. These modified nanoparticles were
synthesized via a simple process under mild conditions. By characterizing the physico-
chemical properties of PDA-HA, we observed that the particles have a uniform particle
size and good dispersion. The infrared spectroscopy analysis confirmed the successful
combination of PDA and HA, showing the characteristic absorption peaks of both. In addi-
tion, the scanning electron microscopy (SEM) and dynamic light scattering (DLS) results
further confirmed the formation of PDA-HA. It is particularly noteworthy that PDA-HA
exhibited excellent photothermal conversion abilities under near-infrared light irradiation
and significant antibacterial activity against Staphylococcus aureus and Escherichia coli, a
property that makes it potentially valuable for application in the field of photothermal
therapy. In summary, PDA-HA exhibits great potential for application in the biomedical
field, especially in photothermal therapy and antimicrobial materials, due to its excellent
NIR responsiveness, antimicrobial properties, and good biocompatibility. Future research
will focus on further optimizing the properties of the particles and conducting more in vitro
and in vivo experiments in order to evaluate their effectiveness and safety in clinical treat-
ments. Although this study has achieved some results, there are still some limitations. For
example, more in-depth investigations of the long-term interaction mechanisms between
PDA-HA and organisms are needed in terms of performance studies, and these are the
research directions that require focus and improvement in subsequent studies.
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