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A B S T R A C T   

Infectious diseases caused by drug-resistant bacteria bring an increasing threat to public health. Thus, finding an 
effective approach equipped with a synergistic antibacterial performance becomes a critical challenge. This work 
reports a NiFe2O4@Au/Polydopamine core/shell nanosphere with rough surface, which exhibits a photothermal 
and magnetolytic coupling antibacterial behavior. The Au/Polydopamine (Au/PDA) hybrid layer, covered on the 
stable magnetic NiFe2O4 nanosphere by a one-step polymerization method, possesses an excellent photothermal 
effect. Simultaneously, the superparamagnetic characteristic offers the NiFe2O4@Au/Polydopamine with 
fantastic magnetolytic force to the biological organism under a rotating external magnetic field. It is found that 
the NiFe2O4@Au/PDA core/shell nanospheres show good photothermal antibacterial performance (808 nm laser 
irradiation) on both Escherichia coli and Staphylococcus aureus. Notably, the photothermal antibacterial perfor-
mance can be significantly improved under applying the rotating magnetic field. This novel photothermal- 
magnetolytic coupled antimicrobial method supplies a high performance photothermal bactericidal therapy 
via a remote conduction and reduces the possible damage to normal tissue caused by overheating. Besides 
bactericidal therapy, the easily and scalable magnetolytic enhancing method is believed to possess high potential 
in drug delivery, antitumor, and bioseparation.   

1. Introduction 

Bacteria are known to be highly adaptable to harsh environments 
and can proliferate rapidly, while being pathogens of many diseases 
[1,2]. With the uncontrolled use of antibiotics, multiple drug-resistant 
superbugs are surviving and spreading widely, which causes serious 
human infections and insurmountable public health problems world-
wide [3,4]. Due to the decreasing effectiveness of conventional antibi-
otics, it is imperative to find improved strategies to overcome drug- 
resistant bacteria and biofilm-associated infections [5–7]. Recently, 
with the fast development of nanotechnology, many novel nanoplat-
forms treated for terrible diseases have been intensively studied. 
Fortunately, besides the anti-tumor, these nanobiological methods also 

provide many new insights into the treatment of drug-resistant super-
bugs. Among them, the sonodynamic therapy [8], photodynamic ther-
apy [9], photothermal therapy [10–12], magnetolytic therapy [13–15] 
and a variety of combination therapies [16–18] have been extensively 
studied and gradually applied in the field of antibacterial [19–23]. 

Photothermal therapy attracts increasing interest in antibacterial 
due to its simple processing and remote operation [24]. Under applying 
light of the appropriate wavelength, the excited photothermal material 
often leads to a rapid increase in temperature due to the photon-induced 
lattice vibrations. As a result, the membrane and internal proteins of the 
cell or bacteria can be destroyed and rendered to be inactive. Among 
various strategies to fight bacterial infections, photothermal therapy is a 
promising antibacterial method owing to its low toxicity, high 
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selectivity, low invasiveness and lack of resistance. During the past 
decade, various nanoplatforms with excellent photothermal conversion 
efficiency have been developed to kill cancer cells or bacteria, such as 
carbon-based nanostructures [25], noble metal nanostructures [26], 
metal oxides [27], two-dimensional materials [28,29], and polymers 
[30]. For example, Liu Z. et al. [24] prepared polyvinyl alcohol-coated 
polypyrrole nanospheres as near-infrared light absorbers for photo-
thermal therapy. Their product showed high performance in cancer 
ablation therapy. Yang H.H. et al. [31] demonstrated that the 
Fe3O4@polydopamine core shell nanocomposites could be applied as 
therapeutic agents for photothermal anticancer therapy. To date, most 
of the previous reports were focused on the treatment of tumor cells, 
while few of them was deal with bacterial [32–34]. Moreover, to better 
kill the bacterial by photothermal therapy, a relatively high temperature 
is required, which often limits the practical application. A further 
improving method that can enhance antibacterial activity without 
increasing the temperature is highly desired. 

In this case, the photodynamic therapy is usually applied as an 
adjunctive therapy [17,18]. In consideration of the easy conduction and 
safety, the magnetic field become another wonderful candidate. In 
previous studies, through hysteresis losses, alternating magnetic fields 
can allow magnetic particles to be continuously heated, thus enhancing 
the photothermal effect [35]. This form still essentially enhances by 
increasing the temperature and does not solve the problem of over-
heating. Therefore, magnetolytic therapy become an ideal adjunctive 
therapy because it is based on the magneto-mechanical action of bio- 
organism and can be coupled with other treatment due to the advan-
tages of safety, convenience, and low cost. It was found that the mag-
netic particles under alternating magnetic fields, vibrating magnetic 
fields, or rotating magnetic fields often exerted mechanical force on the 
surface of the substrate, whatever they were in contact with [36–38]. 
Due to the unique rotate, oscillate, shear, or other complex motions of 
the magnetic particles in these applying fields, the generated mechanical 
forces are sufficient enough to alter the continuity of the surface, which 
further leads to the onset of apoptosis [15,16,39]. Gao X.H. et al. [40] 
designed a special structure of magnetic microspheres and firstly pro-
posed the magnetolytic therapy based on magneto-controlled mechan-
ical damage to cell membranes. Cheng Y. et al. [41] designed a zinc- 
doped iron oxide nanocube, which could effectively target the mito-
chondria of cancer cells. By means of the rotating magnetic field, the 
nanocubes assembled in alignment and produced a localized mechanical 
force to kill the cancer cells. Inspired by this method, many other 
magnetolytic therapy reagents such as liquid metal [42], porous Fe3O4 
nanoparticles [43], Ni nanoflowers [13] have been successfully devel-
oped. Nevertheless, the bacterial cell walls are stronger compared to cell 
membranes. The long duration of the magnetic dipole action to bacterial 
reduces the efficiency of magnetolytic therapy for antibacterial 
purposes. 

It is reported that the Au/Polydopamine (Au/PDA) hybrid layer has 
excellent photothermal properties and can be coated on the surface of a 
variety of materials to broaden the application range of the material 
[17,23,44]. Therefore, by coating the magnetic particles with a shell 
layer with photothermal properties, a novel candidate with both pho-
tothermal and magnetolytic properties will be achieved. Previously, 
many photothermal nanoplatforms based on magnetic core–shell 
nanostructure were successfully fabricated. However, none of them 
concerned about the improvement of the magnetolytic effect on pho-
tothermal antibacterial performance. To our knowledge, although the 
combination of magnetolytic and photothermal therapy is a viable and 
valuable method in antibacterial, insight into the detail photothermal- 
magnetolytic coupling antibacterial mechanism is scarce. 

In this study, NiFe2O4@Au/PDA core/shell nanosphere with rough 
surface has been developed for photothermal-magnetolytic coupling 
antibacterial performance. Owing to the simple one-step preparation, 
the shell thickness and Au content can be controlled by changing the 
experimental conditions. The outer layer endows the nanospheres with 

an excellent photothermal effect, while the magnetic NiFe2O4 core offers 
strong magnetorheological effects. Moreover, the orientation of the 
magnetolytic is discussed, and the chain model magnetorheological 
mechanism agrees well with the simulation results. The NiFe2O4@Au/ 
PDA core/shell nanosphere presents a photothermal antibacterial per-
formance and a typical magnetolytic antibacterial effect. While under 
the photothermal-magnetolytic coupling treatment, a higher antibacte-
rial efficacy against Gram-positive and Gram-negative bacteria than either 
of the individual treatments is observed. This magnetolytic enhancing 
photothermal antibacterial approach is highly instructive for other 
multifunctional magnetic nano-agents in treating antimicrobial 
infections. 

2. Materials and methods 

2.1. Materials 

All chemicals are purchased and used directly without any further 
purification: Iron (III) chloride hexahydrate (FeCl3⋅6H2O), Nickel (II) 
chloride hexahydrate (NiCl2⋅6H2O), Gold (III) chloride (HAuCl4), So-
dium citrate (C6H5Na3O7⋅2H2O), Urea (H2NCONH2), Trihydroxymethyl 
aminomethane (Tris), Ethanol (EtOH), Polyacrylamide (PAM, [CH2CH 
(CONH2)]n), was supplied from Sinopharm Chemical Reagent Co., Ltd. 
3-Hydroxytyramine hydrochloride (DA-HCl) was purchased from 
Aladdin Reagent Co., Ltd. Luria-Bertani Broth and Luria-Bertani agar 
were purchased from the Hangzhou Microbial Reagent Co., Ltd. 
Escherichia coli (WM3064) and Staphylococcus aureus (ATCC6538P) were 
used for antimicrobial testing. Ultrapure water is used throughout the 
experiment. 

2.2. Preparation of NiFe2O4 nanospheres 

NiFe2O4 nanospheres were synthesized by an adjusted solvothermal 
reaction [45]. First, sodium citrate (0.8823 g), FeCl3⋅6H2O (0.2703 g), 
NiCl2⋅6H2O (0.1189 g), and urea (0.3603 g) were solubilized in 40 mL 
ultrapure water. Then, PAM (0.3 g) was dissolved in the solution by 
sonication at room temperature. After PAM was completely dissolved, 
the uniform solution was moved and sealed in a stainless-steel autoclave 
with a Teflon liner and heated to 200 ◦C for 12 h. Then, the stainless- 
steel autoclave was cooled to room temperature. The obtained 
NiFe2O4 nanospheres were collected from the solution by magnetic 
separation and washed five times alternately with ethanol and ultrapure 
water. Finally, NiFe2O4 nanosphere powder can be gained by freeze- 
drying the aqueous solution. 

2.3. Synthesis of NiFe2O4@Au/PDA core/shell nanostructure 

The monodisperse NiFe2O4@Au/PDA core/shell nanostructure was 
prepared by a modified in situ redox-oxidize polymerization [46]. 
Firstly, NiFe2O4 nanospheres (10 mg) were dispersed in 60 mL ethanol 
by sonication for 0.5 h. Then, HAuCl4 (0.1 g/mL, 40 μL) and sodium 
citrate (10 mg) were added to form the solution A. Next, solution B was 
formed by adding DA-HCl (30 mg) to 30 mL of Tris (pH = 8.5). Then, 
solution B was added to the A and the reaction was started under ul-
trasonic conditions. After 3 h of reaction, the product was separated 
from the solution using magnetic separation. The obtained product was 
washed alternately with ethanol and ultrapure water, and was freeze- 
dried to get the final product. In the preparation of different shell 
thickness and gold content, the other processes remained the same, only 
the gold or dopamine contents were changed. 

2.4. Photothermal effect of NiFe2O4@Au/PDA 

First, the solution of NiFe2O4@Au/PDA in water at the concentration 
(1 mg/mL) was prepared and diluted in a gradient dispersion (0, 50, 
100, 150 and 200 μg/mL). The absorption value at 808 nm was 
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measured. Then, 2 mL of gradient concentrations were added into a 
centrifuge tube (5 mL) and successively irradiated by NIR light (2.0 W/ 
cm2) for 10 min. The temperature of the dispersion was recorded every 
10 s with the infrared camera and the maximum temperatures of the 
solution were analyzed. Similarly, the photothermal effect of NiFe2O4 
and NiFe2O4@PDA suspensions was tested similar to the NiFe2O4@Au/ 
PDA. Furthermore, the photothermal conversion efficiency was calcu-
lated to evaluate the case of the photothermal effect. The details of the 
formula can be found in the Supporting Information. 

2.5. Rheological properties of NiFe2O4@Au/PDA suspension 

The NiFe2O4 and NiFe2O4@Au/PDA nanospheres were dispersed 
into water to form magnetic suspensions with mass fractions of 15, 20 
and 25 wt%. The rheological properties of magnetic suspensions were 
tested by Anton Paar’s Physical MCR302. The magnetic suspension is 
placed between two parallel plates (PP20/MRD) and the rotating upper 
plate is used to apply the shear force. A uniform magnetic field vertical 
to the shear direction is generated by a constructed electromagnet. The 
magnetic field sweep test was performed with the magnetic field linearly 

added from 0 to 240 mT at a steady shear rate of 100 s− 1. The rheology 
curves were obtained at constant gradient magnetic fields with shear 
rates increasing logarithmically from 0.1 to 100 s− 1. Microstructures 
from previous experiments were removed by applying 30 s of pre-shear. 
The temperature of the test platform was 25 ◦C at all times during the 
experiment. The microscopic observation system is described in detail in 
the text, while the relevant equations for the simulation and information 
about the fabrication of microfluidic channels can be found in the 
Supporting Information. 

2.6. Antibacterial activity of NiFe2O4@Au/PDA 

In order to test the antibacterial activity of the samples, Escherichia 
coli (E. coli, Gram-negative bacteria) and Staphylococcus aureus 
(S. aureus, Gram-positive bacteria) were selected. Add 50 μL of E. coli or 
S. aureus stored in glycerol to 50 mL of fresh Luria-Bertani broth medium 
in a conical flask and incubate at 37 ◦C with shaking at 100 rpm for 12 h. 
Different concentrations of samples were separately injected to E. coli or 
S. aureus diluted with fresh Luria-Bertani Broth Medium, and the final 
concentration of the bacterial solution was 1 × 106 CFU/mL. Bacterial 

Fig. 1. (a) Scheme for the preparation of NiFe2O4 and NiFe2O4@Au/PDA core/shell nanospheres, SEM (b) and TEM (c, d) images of the NiFe2O4@Au/PDA, SEM (e) 
and TEM (f, g) images of the NiFe2O4@PDA, and SEM (h) and TEM (i, j) images of the NiFe2O4. 
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suspension was treated with Near-infrared laser (L, 2.0 W/cm2) and 
rotating magnetic field (M, 15mT, 200 rpm), and the four groups were 
labeled as L (+) M (+), L (+) M (-), L (-) M (+), and L (-) M (-), 
respectively. Except for the control group, the treatment time was 10 
min, where L (+) M (+) was the combined action of Near-infrared laser 
and rotating magnetic field for 10 min. All groups were then incubated 
in a constant temperature incubator at 37 ◦C for 4 h. The diluted co- 
culture solution (100 μL) was then inoculated onto the plate with 
Luria-Bertani agar medium and incubated at 37 ◦C for 24 h. Using the 
dilution assay and the planar colony counting method, the total number 
of surviving bacteria was measured. SEM imaging analyses were also 
performed. Detailed procedures are described in the Supporting 
Information. 

2.7. Detection of cytotoxicity using the CCK-8 assay 

Human retinal epithelial cells (REP1) were selected for cytotoxicity 
testing. REP1 cells were seeded into 96-well plates at a cell density of 4 
× 105 cells/mL. After 24 h of cell culture, the cells were in the loga-
rithmic proliferation phase, with the number of cells accounting for 
about 85%. Thereafter, the medium was discarded, the sample was 
added, and the cells were continued to be cultured for 4–72 h. To detect 
cell viability, the cells were removed and 10 μL of CCK-8 (MCE, USA) 
solution was added to each well. After incubation in a 5% CO2 incubator 
at 37 ℃ for 45 min, the values were read at 455 nm and 650 nm on an 

enzyme marker (BioRad, USA). [A] is obtained by subtracting the 
reading at 650 nm from the reading at 455 nm. Cell viability was 
calculated from [A]test/[A]control × 100%, where [A]test is the absor-
bance of the complexes and [A]control is the absorbance of the control. 
Six parallel samples were tested to obtain the average value of 
absorbance. 

2.8. Statistical analysis 

All experiments were repeated at three times. Data were presented as 
means ± standard deviation. Statistical significance was evaluated by 
using Student t-test when only two groups were compared. If more than 
two groups were compared, evaluation of significance was performed 
using one-way analysis of variance (ANOVA) followed by Tukey’s post 
hoc test. In all tests, statistical significance was set at p less than 0.05. 

2.9. Characterization 

The sample morphology and nanostructure were characterized by a 
JEM-2100F field emission transmission electron microscope (FE-TEM) 
operated at an accelerating voltage of 200 kV. The JEM-2100F also 
conducted the high-angle annular dark-field scanning TEM (HAADF- 
STEM) images and energy dispersive X-ray spectroscopy (EDX) 
elemental maps of the final samples. The field emission scanning elec-
tron microscope (FESEM) images were obtained on the Regulus 8230 

Fig. 2. HAADF-STEM images and EDX elemental mapping of Au, Fe, Ni, N and O (a–g) and the EDX spectrum (h) of the NiFe2O4@Au/PDA; Scale bar is 50 nm.  
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HR-FESEM and Sirion 200. X-ray powder diffractograms (XRD) of the 
nanospheres were obtained with an X-ray diffractometer (Bruker D8 
Advance). X-ray photoelectron spectra (XPS) were measured by Electron 
Spectroscopy (ESCALAB 250). FTIR spectra of all samples in the range of 
4000–400 cm− 1 wavenumber was obtained on an FTIR spectrometer 
(TENSOR model 27). Thermogravimetric analysis was performed on a 
thermogravimeter (DTG-60H) heated from room temperature to 800 ◦C 
under air conditions at a heating rate of 10 ◦C/min. Hysteresis loop was 
measured on a vibrating sample magnetometer (SQUID-VSM) at 300 K. 
The metal content in the nanospheres was analyzed by using inductively 
coupled plasma mass spectrometer (ICP-MS, PlasmaQuad 3). Solution 
temperature during photothermal testing was recorded using an infrared 
camera (ImageIR 8325). 

3. Result and discussion 

3.1. Synthesis and characterization of NiFe2O4@Au/PDA core/shell 
nanosphere 

The three-layer NiFe2O4@Au/PDA core/shell nanosphere was suc-
cessfully prepared by a modified simply in situ reduction–oxidation 
polymerization process [46]. Firstly, as shown in Fig. 1a, the well- 
dispersed NiFe2O4 nanospheres were obtained by the previously re-
ported solvothermal method [45]. Then, these nanospheres were evenly 
dispersed in ethanol by ultrasound with the addition of HAuCl4 and 
sodium citrate. Once the dopamine was added, the dopamine reacted 
rapidly with the HAuCl4 to form Au/Polydopamine (Au/PDA) hybrid 
and covered on the surface of NiFe2O4 nanosphere to form the 
NiFe2O4@Au/PDA core shell nanostructure [47]. As shown in Fig. 1b, 
the synthesized samples exhibit a uniform spherical morphology and the 
average particle size of finally NiFe2O4@Au/PDA is about 250 nm. The 
TEM image agrees that the size of the nanospheres is relatively homo-
geneous (Fig. 1c). The high magnification TEM image (Fig. 1d) indicates 
the NiFe2O4@Au/PDA core/shell nanospheres own a three-layer nano-
structure. Between the continuous inner NiFe2O4 core and the external 
thin PDA crust layer, there exist a lot of grainy protrusion, which are the 
Au nanocrystals. Typically, the exterior pale PDA shell well encapsulate 

all of the Au nanocrystals. In comparison to the original NiFe2O4 
nanosphere (Fig. 1h-j), the surface of the NiFe2O4@Au/PDA is much 
rough, mainly because of the outer hybrid coating layer. Here, without 
adding the HAuCl4, only NiFe2O4@PDA nanospheres with core shell 
nanostructure are obtained after a 12 h coating reaction (Fig. 1e–g). In 
this work, the preparation time for NiFe2O4@Au/PDA is 3 h, thus the 
thickness of the PDA layer is thin and is believed to be favored for the 
uneven surface. This rough surface NiFe2O4@Au/PDA nanosphere is 
more likely to lead to concentrated stress at the peak. This structure 
characteristic is helpful for improving the magnetolytic effect under 
applying the external magnetic field. 

In comparison to the original NiFe2O4, the average size of the 
NiFe2O4@Au/PDA is about 40 nm larger, which is certainly due to the 
presence of the Au/PDA hybrid coating layer (Fig. S2a, b). The HAADF- 
STEM images and EDX elemental maps were used to investigate the 
composition of the NiFe2O4@Au/PDA core/shell nanosphere. Obvi-
ously, the core/shell nanostructure is mainly composed of Au, Fe, Ni, C, 
N and O (Fig. 2h). Typically, the Fe and Ni are well distributed in the 
center of the nanospheres, where Fe is denser than Ni (Fig. 2a-e). 
Interestingly, the Au element (Fig. 2c) is non-uniformly distributed on 
the surface of the NiFe2O4 nanosphere with a larger diameter than the Fe 
and Ni component map, which demonstrates that the Au element forms 
crystalline nanocrystals and they are covered on the periphery of the 
NiFe2O4 nanosphere. Moreover, although the diameter of the Au map is 
about 40–50 nm larger than Fe and Ni, it is smaller than N and O [46] 
(Fig. 2f-g), indicating that the Au nanocrystals are sandwiched between 
the NiFe2O4 core and the PDA layer, which agrees with the TEM anal-
ysis. Based on the above analysis, it can be derived that the as-prepared 
NiFe2O4@Au/PDA nanosphere presents a sandwich-like nanostructure 
with a 200 nm NiFe2O4 core and the 20 nm thickness Au/PDA hybrid 
layer. 

The internal nanostructure of the NiFe2O4@Au/PDA can be easily 
adjusted by altering the concentration of dopamine and HAuCl4. As 
shown in Fig. 3, the shell thickness of the Au/PDA hybrid layer is related 
to the concentration of dopamine. Keeping the HAuCl4 concentration as 
a constant, the thicknesses of Au/PDA change from 10 to 35 nm as the 
concentrations of the dopamine increase from 0.2 mg/mL to 1.0 mg/mL. 

Fig. 3. TEM images of NiFe2O4@Au/PDA prepared with different concentrations of dopamine: 0.2 mg/mL mg (a), 0.3 mg/mL mg (b), 0.7 mg/mL mg (c), and 1.0 
mg/mL (d). Insert image scale bar is 20 nm. 
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In this work, with rising dopamine concentration, the Au nanocrystals 
will be continually coated with polydopamine, thus the surface of the 
NiFe2O4@Au/PDA particles tend to be smooth, just like the 
NiFe2O4@PDA case. To achieve a rough surface, the dopamine con-
centration is kept at 0.3 mg/mL. As shown in Fig. S3, when the DA 
concentration is kept, with the concentration of HAuCl4 increasing from 
6.5 × 10-5 M to 2.6 × 10-4 M, the number and size of Au increase 
correspondingly. The thin PDA shell layer is bad for Au shedding and too 
thick PDA coating leads to a smooth surface which is un-conducive for 
magnetolytic action. As a result, 0.3 mg/mL PDA and 2.6 × 10-4 M 
HAuCl4 are the optimum conditions for preparing NiFe2O4@Au/PDA 
nanospheres. 

After wrapping the Au/PDA shell layer, the surface of the NiFe2O4 
nanosphere critically changed. As shown in Fig. 4a, the Zeta potential of 
the final product decreased, leading to enhancing stability in solution. 
The XRD patterns of NiFe2O4, NiFe2O4@PDA and NiFe2O4@Au/PDA 
nanospheres are shown in Fig. 4b. The NiFe2O4 nanospheres present a 
classic face-centered cubic phase (JCPDS Card No. 23–1119). Because 
the nanosphere is composed of secondary nanocrystals, the diffraction 
peaks are relatively broad. After the Au/PDA shell is covered on the 
NiFe2O4 nanosphere, four additional broad peaks occur at 38.0◦, 44.0◦, 
64.7◦ and 77.6◦, which can be classified as (111), (200), (220), and 
(311) of the Au lattice plane (JCPDS Card NO. 04–0784). No additional 
peak of impurity is found in the XRD patterns, which means that the Au/ 
PDA cladding procedure does not affect the crystal structure of original 
NiFe2O4. The element composition determined by ICP-MS also indicates 
that the Ni and Fe weight ratios are reduced in the NiFe2O4@Au/PDA, 
which further proves the coating of the Au/PDA (Table S1). Since PDA 

polymer is amorphous, XRD patterns cannot be used to detect PDA. 
Thermogravimetric (TG) analysis is further used for studying the 

composition of the NiFe2O4@Au/PDA nanospheres. The weight losses of 
NiFe2O4, NiFe2O4@PDA and NiFe2O4@Au/PDA are 9.58 wt%, 34.71 wt 
% and 17.52 wt%, respectively (Fig. 4c). It is obvious that the increase in 
weight loss must come from the decomposition of the PDA at high 
temperatures. Because Au nanocrystals cannot be decomposed at high 
temperatures, the weight loss of NiFe2O4@Au/PDA is less than 
NiFe2O4@PDA. This result indicates that Au occupies a large portion of 
the weight in the Au/PDA shell. Fig. 4d shows the FT-IR spectra of each 
sample in the range of 4000–400 cm− 1. Two main metal–oxygen bands 
at 602 cm− 1 and 409 cm− 1 are observed and they are attributed from the 
NiFe2O4 nanospheres. For the NiFe2O4@Au/PDA, the pronounced peaks 
at 3367, 1629, and 1276 cm− 1 are assigned to the –OH/–NH2, C = O, 
and C-N stretching vibration of PDA. XPS was applied to further study 
the surface elemental composition of NiFe2O4@Au/PDA nanospheres. 
As shown in Fig. 4e, O 1 s (530.4 eV), Ni 2p (855.4 eV) and Fe 2p (710.4 
eV) peaks are obvious in spectra of NiFe2O4. Here, the tiny peak at C 1 s 
(284.4 eV) must be originated from the ethanol or remaining poly-
acrylamide chains [44]. After coating the Au/PDA shells, Ni 2p and Fe 
2p peaks are almost un-observable, and N 1 s (400.3 eV) and Au 4f (84.1 
and 87.7 eV) appear in the spectrum. The characteristic C-N peak at 
286.2 eV in the C 1 s spectrum occupies a significant proportion (Fig. 4f). 
Since the element N is presented only with PDA, thus the N 1 s spectrum 
(Fig. 4g) shows three peaks at 398.7, 400.1 and 401.5 eV, and they are 
assigning to tertiary/aromatic (-N-), secondary (–NH-) and primary 
amine (–NH2) groups of PDA, respectively. Moreover, the Au is 
completely in the singlet state with no additional satellite peaks. Since 

Fig. 4. (a) Zeta potential, (b) XRD diffraction patterns, (c) TG curves, (e) XPS spectra and (i) magnetization hysteresis loops of the NiFe2O4, NiFe2O4@PDA and 
NiFe2O4@Au/PDA nanospheres; (d) FTIR spectra of PDA, NiFe2O4, NiFe2O4@Au/PDA; (f) C 1 s, (g) N 1 s and (h) Au 4f core-level spectra of NiFe2O4 @ Au/PDA. 
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the detection depth of XPS is about 10 nm, the finding of Au elements 
indicates a very thin PDA layer on the NiFe2O4@Au/PDA nanosphere. 
Based on the above analysis, it can be determined that the magnetic 
NiFe2O4 spheres are functionalized by Au/PDA shells. 

In this work, the NiFe2O4 nanospheres are chosen as the core tem-
plate beyond the traditionally used Fe3O4, for the former usually shows 
higher stability than the latter. The hysteresis loops of NiFe2O4, 
NiFe2O4@PDA and NiFe2O4@Au/PDA nanospheres were measured by 
SQUID-VSM at 300 K (Fig. 4i) and the internal illustration showed the 
typical magnetic separation properties of NiFe2O4@Au/PDA nano-
spheres. Because the NiFe2O4 core is composed of a large number of 
small secondary nanograins, both the NiFe2O4 and NiFe2O4@Au/PDA 
exhibit unique superparamagnetic properties. The saturation magneti-
zations of NiFe2O4@Au/PDA (38.9 emu/g) and NiFe2O4@PDA (41.1 
emu/g) nanospheres are smaller than that of pristine NiFe2O4 (54.8 
emu/g) due to the presence of the shell. However, it is still strong 
enough to perform magnetic separation (the upper left inset of Fig. 4i). 

3.2. The photothermal effect and magneto-mechanic behavior of 
NiFe2O4@Au/PDA 

Due to the existence of Au and PDA, the NiFe2O4@Au/PDA is ex-
pected to exhibit excellent photothermal effect. Fig. S4 shows the pho-
tothermal performance testing device, which is used to characterize the 
photothermal performance of the prepared samples by recording the 
change of solution temperature at different times. Because 

NiFe2O4@Au/PDA has low Zeta potential, it can be efficiently dispersed 
in ultrapure water. The aqueous solution exhibits a broad absorption 
spectrum of NIR-І from 780 to 1100 nm with a low concentration 
(Fig. 5a, Fig. S5a, d). The extinction coefficient was calculated according 
to formula 1 in Supporting Information. It can be seen that A/L has a 
wonderful linear relationship with concentration due to the Lambert- 
Beer law. The results of extinction coefficient of the products at 808 
nm are 3.26, 3.43 and 17.3 Lg− 1⋅cm− 1, respectively, indicating a high 
absorption at 808 nm (Fig. 5b). As shown in Fig. 5c, after 10 min of NIR 
irradiation (808 nm, 2 W/cm2), the temperature of NiFe2O4@Au/PDA 
solutions (2 mL, 100 μg/mL) rises rapidly from 25.0 ◦C to 61.8 ◦C. As a 
comparison, the temperature of the DI increases less than 5 ◦C. All the 
aqueous solutions possessed a concentration-dependent photothermal 
effect when irradiated at fixed energy (Fig. 5d, Fig. S5b, e). Obviously, 
the NiFe2O4@Au/PDA core shell nanosphere exhibits a superior pho-
tothermal effect due to the presence of PDA and Au. In addition, the 
photothermal performance of NiFe2O4@Au/PDA is linearly related to 
the laser power density. The maximum temperature increases signifi-
cantly with increasing of the laser power density (Figure S6). However, 
when the power is reduced to 1.0 W/cm2, the suspension still possesses 
nearly 50 ◦C, which also shows a good photothermal performance. 

To further understand the main functions of each part, after 10 min 
irradiation, the aqueous solution (100 μg/mL) was cooled to room 
temperature, and the photothermal conversion efficiency was calculated 
according to formula 2 in Supporting Information. The conversion effi-
ciency values of NiFe2O4 and NiFe2O4@PDA are 25.5 % and 34.3 %, 

Fig. 5. Photothermal-property characterization of NiFe2O4@Au/PDA under 808 nm NIR irradiation (2.0 W/cm2). (a) UV–vis spectra of different concentrations of 
NiFe2O4@Au/PDA dispersed in aqueous solution; (b) The extinction coefficient and (c) Temperature elevation curves (100 μg/mL) of DI water, NiFe2O4, 
NiFe2O4@PDA, NiFe2O4@Au/PDA; (d) Temperature elevation of NiFe2O4@Au/PDA with different concentrations; (e) Temperature elevation curves of 
NiFe2O4@Au/PDA dispersions (100 μg/mL) after continuous irradiation and natural cooling and a plot fitting of cooling time versus -ln(θ) (inset graph); (f) 
Recycling-heating profiles of NiFe2O4@Au/PDA aqueous solution (100 μg/mL) for six on/off cycles; (g) The infrared thermal image of NiFe2O4@Au/PDA (100 μg/ 
mL) suspension. 
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while the NiFe2O4@Au/PDA core–shell nanosphere reaches 42.7 %, 
(Fig. 5e, Fig. S4c, f). In comparison to the gold nanoflowers (74%) and 
gold nanoplates (68.5%), the photothermal conversion of NiFe2O4@Au/ 
PDA nanospheres is lower [48]. However, this photothermal conversion 
efficiency of our product is as high as other normal used photothermal 
nanomaterials [48]. This is due to the fact that both PDA and Au 
nanocrystals play a critical role in photothermal conversion, as near- 
infrared light needs to pass through a PDA shell layer before the gold 
nanoparticles can act, so the photothermal conversion efficiency is 
bound to be discounted. The photothermal stability of NiFe2O4@Au/ 
PDA was evaluated by heating the sample (100 μg/mL) with the NIR 
laser on and off at room-temperature. Fluctuations in the temperature 
profile and the maximum temperature of the sample suspension during 
the subsequent five cycles were negligible compared to the temperature 
changes during the first heating and cooling cycle (Fig. 5f), which 
indicated that the NiFe2O4@Au/PDA possesses good photothermal sta-
bility. The infrared thermal images (Fig. 5g) of the sample suspension 
were also recorded by an infrared thermal camera every 60 s. With the 
extension of illumination time, the temperature increased significantly. 

Originated from the superparamagnetic NiFe2O4, the NiFe2O4@Au/ 
PDA nanospheres are forced to move under applying the external 

magnetic field. The magneto-mechanic behavior of NiFe2O4@Au/PDA 
was also investigated by testing the rheological properties of the mag-
netic NiFe2O4@Au/PDA suspension (Fig. 6). As shown in Fig. 6a, the 
physical state of the magnetic suspension gradually changed with the 
increasing of the magnetic field intensity. Typically, the shear stress 
increases with the increasing of magnetic flux density. Once the mag-
netic flux density exceeds a critical level, the shear stress of the magnetic 
suspension decreases. This trend is more pronounced in dilute magnetic 
suspension (10–15 wt%), while for higher concentrations of magnetic 
suspension (20–25 wt%), the shear stress reaches a relatively flat state 
after reaching saturation magnetization. Under an external magnetic 
field, the NiFe2O4@Au/PDA nanospheres are magnetized and the 
magnetic dipole–dipole interaction forces the nanospheres to form 
chains-like microstructure along the magnetic field. In this case, the 
shear stress will be increased due to the as-named magnetorheological 
effect. Due to the microstructure tilting toward the shear direction in a 
steady shear flow, a continuous process of destruction and reorganiza-
tion will be acquired. However, the testing magnetic field is not perfectly 
uniform and the gravity cannot be neglected, the NiFe2O4@Au/PDA 
nanospheres tend to be attracted to one shear plane. Thus, the shear 
stress decreases for the low concentration magnetic suspension. 

Fig. 6. Rheological properties of NiFe2O4@Au/PDA based magnetic suspensions. (a) Magnetic field sweep test; Magnetic suspension flow curves of various mass 
fractions under different magnetic fields: (b) 15 wt%, (c) 20 wt%, and (d) 25 wt%;(e) Static yield stress versus external magnetic field; (f) Comparison of experimental 
and simulated results of magnetic field sweep test (25 wt%); (g) Evolution of microstructures of 15 wt% magnetic suspension; (h) Microstructure of different 
magnetic fields at the end of the simulation. 

Y. Xu et al.                                                                                                                                                                                                                                       



Chemical Engineering Journal 437 (2022) 135282

9

Fig. 6b-d show the shear stress curves of magnetic suspensions with 
different mass fractions as the magnetic field changes. Without applying 
external magnetic field, NiFe2O4@Au/PDA is uniformly distributed in 
the suspension and does not affect the shear stress, similar to a typical 
Newtonian fluid. After loading the magnetic field, the chain-like mi-
crostructures are formed. When the sample is forced to flow, the shear 
load should first overcome the original microstructure, at which point 
the magnetic suspension exhibits a static yield stress τ0. If the stress is 
less than τ0, the suspension will be assumed as a solid-like state. When 
the shear stress exceeds this value, the magnetic suspension is in a 
flowing state and exhibits a liquid property. At high shear rates, typical 
Bingham characteristics can be observed. The flow curves can be 
described as: 

τ = τ0 + ηpγ̇ (1) 

where τ is the shear stress, ηp is the zero-field viscosity at high shear 
rates independent of the magnetic field, τ0 is the static yield stress of 
magnetic suspension, and γ̇ is the shear strain rate. Based on the equa-
tion, it can be found that the shear stress should always increase with 
increasing of the magnetic field until saturation. Fig. 6e shows that 
τ0 increases with advancing external magnetic field and the sample 
concentration, mainly determined by the number of microstructures. By 
comparing the properties with those of the magnetic suspension 
formulated with NiFe2O4, it can be seen that the difference between the 

magnetorheological properties of the two is not significant, despite the 
decrease in saturation magnetization intensity (Fig. S7). This may be 
mainly due to the similar magnetic behavior of the particles. In this 
work, it is found that increases of the interaction between particles often 
lead to the formation of a stronger chain of particles. Therefore, the high 
concentration NiFe2O4@Au/PDA suspension will exhibit a stronger 
magneto-mechanic behavior. 

To better understand the magneto-mechanic behavior mechanism of 
NiFe2O4@Au/PDA magnetic suspension, the microstructural evolution 
of the magnetic suspensions is simulated by OVITO software using a 
Molecule Dynamic method [49] (Fig. 6g). First, a stable homogeneous 
magnetic field with B = 150 mT is chosen, and the mass fraction and 
shear rate of the magnetic suspension is set at 15 wt% and 100 s− 1. In the 
original state, NiFe2O4@Au/PDA nanospheres are uniformly distributed 
in the simulation chamber. Under applying both of a shear force and an 
external magnetic field, the particles rapidly (0.2 ms) develop short 
chains following the magnetic field direction because of magnetic 
dipole–dipole interaction. In a concise time (0.4 ms), the short chains 
continue to assemble and arrange each other to form a longer chain. Due 
to the loading of the shear flow, the microstructure tilts in different 
directions at 5 ms. The inclination angle of the chain is relatively small. 
Eventually, the X-directional component of the force loaded by the 
magnetic field is balanced with the hydrodynamic forces from substrate. 
When the simulated process reaches dynamic equilibrium (20 ms), these 

Fig.7. (a) Microscopic observation device structure schematic diagram; (b) The microstructures corresponding to different times (from left to right: 0, 200 ms, 400 
ms, 600 ms, 800 ms, 1000 ms) after turning on the magnetic field; (c) Microstructures at different magnetic fields when the liquid flow is stable (from left to right: 5 
mT, 10 mT, 15 mT, 20 mT, 25 mT, 30 mT). Scale bar is 200 μm. 

Y. Xu et al.                                                                                                                                                                                                                                       



Chemical Engineering Journal 437 (2022) 135282

10

chains do not flow with the substrate or further assemble into other new 
microstructures during the rest of the simulated process. 

Fig. 6h shows the dynamic equilibrium microstructure at different 
external fields at the same shear rate. In a weak magnetic field (50 mT), 
the chain-like microstructure has a consistent oblique angle toward the 
X-axis (shear direction). As the external field increases, the inclination of 
the chains decreases and becomes irregular. When the magnetic field 
strength is over 150 mT, the microstructure shows a similar feature. The 
X-component of the magnetic dipole force is positively correlated with 
the magnetic flux density. The stronger the external magnetic field, the 
smaller the inclination angle of the chain is needed to counteract the 
shear force. The comparison between experiments and simulations of 
shear stress vs external magnetic field is shown in Fig. 6f. The simulation 
results are higher than the experimental results due to the simulation did 
not take settlement into account. Basically, based on the above analysis, 
it can be concluded that the simulation matches well with experiment. 

To further verify the inference, the Microfluidic device experimental 
setup is used to observe the magnetic suspension microstructure in 
Poiseuille flow (Fig. 7a). The microscopic observation device consists of 
a microscopic imaging device, a high-speed photography system, an 
injection system, a magnetic field control device and a microfluidic 
channel. Using soft lithography techniques, microfluidic channels with 
rectangular cross sections were fabricated. Two parallel electromagnets 
were used to produce a uniform magnetic field, and the strength of the 
uniform magnetic field was tuned by regulating the magnitude of the 
current. The mass fraction of magnetic suspension was 10 wt%. The 
streaming rate was fixed at 0.3 mL/h and the high-speed camera had a 
frame rate of 10,000. With increasing applying time of magnetic field, 
the NiFe2O4@Au/PDA chains gradually form a column-mounted struc-
ture almost parallel to the magnetic field (Fig. 8b), while the thickness 
becomes stable. Due to the non-uniform velocity of the substrate in the 
channel, these columns often overtake each other (Video S1). Fig. 8c 
shows that the column-mounted structure parallel to the magnetic field 
is getting thicker as the strength of the magnetic field flux increases. 

Therefore, for better magneto-mechanic effect, the strength of the 
magnetic field should not be too high when applying the magnetic field. 
A lower magnetic field not only reduces the side effects but also in-
creases the concentrated stress. As a result, the probability of acting on 
the bacteria becomes large due to the formation of finer and more 
granular chains. 

3.3. The photothermal-magnetolytic coupling antibacterial performance 
of NiFe2O4@Au/PDA 

Owing to the wonderful photothermal characteristic and magneto- 
mechanic behavior, the NiFe2O4@Au/PDA core/shell nanospheres 
show high potential in biology. To explore the broad-spectrum antimi-
crobial properties of the above materials, Gram-negative bacteria 
(E. coli) and Gram-positive bacteria (S. aureus) were selected to assess 
the antibacterial capacity. 

The antibacterial performance of the NiFe2O4@Au/PDA nano-
spheres is measured under four different processes: no-action, photo-
thermal, magnetic, and photothermal-magnetolytic coupling. The 
images of E. coli and S. aureus treated with different conditions of 
NiFe2O4@Au/PDA and the final histogram of antibacterial effect are 
shown in Fig. 8. It can be seen that the antibacterial properties of 
NiFe2O4@Au/PDA for both E. coli and S. aureus almost show the same 
trend, in which the antibacterial effect becomes more and more effective 
with increasing of the concentration and coordinated action. Fig. 8a and 
8b show that the top row of Petri dishes filled with E. coli or S. aureus, 
indicating that NiFe2O4@Au/PDA possesses a very weak antibacterial 
effect without any external treatment. When the rotating magnetic field 
is applied, the dishes are still filled with E. coli or S. aureus. Interestingly, 
the statistics show that the bacterial activity is still reduced in com-
parison to the control group, indicating that the magnetic field still has 
some antibacterial effect. With pure NIR irradiation, the growth of E. coli 
and S. aureus is significantly inhibited and the survival rate is drastically 
reduced, similar to most of the previous reports [19,29,48]. In this work, 

Fig. 8. Image of bacterial colonies formed by (a) E. coli, and (c) S. aureus treated with NiFe2O4@Au/PDA (0, 50, 100, 150, and 200 μg/mL) with or without NIR 
irradiation and rotating magnetic field for 10 min (Near-infrared laser (L, 2.0 W/cm2) and rotating magnetic field (M, 15mT, 200 rpm)). The corresponding bacterial 
viabilities of (b) E. coli, and (d) S. aureus after treatment with NiFe2O4@Au/PDA in different groups determined by the plate counting method. N = 3 for all samples. 
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the antibacterial experiments have also been conducted under both 
applying the near-infrared light and the rotating magnetic field. As 
shown in Fig. 8, the antibacterial effect is the best under this coupling 
treatment. In comparison to the pure NIR, the photothermal- 
magnetolytic therapy exhibits a much higher effect, which demon-
strates an interesting photothermal-magnetolytic coupling anti-bacterial 
performance. 

To optimize the treatment, detailed experiment conditions are dis-
cussed. When the concentration of NiFe2O4@Au/PDA is kept at 50 μg/ 
mL, more than half of the bacteria are inactivated under NIR irradiation. 
When the concentration reaches 200 μg/mL, all bacteria are inactivated, 
indicating a good photothermal antibacterial performance. In this case, 
if the rotating magnetic field is simultaneous acted under the NIR irra-
diation, the NiFe2O4@Au/PDA concentration for complete antibacterial 
will drop to 150 µg/mL (Fig. 8c, d). As discussed in the above photo-
thermal behavior, the temperature of this photothermal-magnetolytic 
coupling anti-bacterial process can simultaneously reduce about 7–8 

℃ for the solution, which will be safer. Therefore, in comparison to the 
sole near-infrared light irradiation, the antimicrobial effect is signifi-
cantly improved at each concentration during the photothermal- 
magnetolytic coupling action. In summary, NiFe2O4@Au/PDA shows 
good photothermal bactericidal effects on both E. coli and S. aureus 
under near-infrared light irradiation, and with increasing concentration, 
the number of bacterial colonies decreases significantly. In addition, 
although the rotating magnetic field has limited antibacterial ability 
against bacteria, the effect of photothermal antibacterial will be sub-
stantially enhanced if the magnetic field is applied. 

FESEM was applied to further study the antibacterial mechanism and 
observed a significant change in the morphology and membrane integ-
rity of bacteria before and after treatment under different conditions. As 
shown in Fig. 9, E. coli and S. aureus have typical rod-like and spherical 
cell morphologies, with intact surfaces and regular shapes. Without 
using the photothermal material, the morphologies are not changed 
when only applying near-infrared light radiation (Fig. 9b, h). After co- 

Fig. 9. FESEM images of E. coli and S. aureus after different treatments with NiFe2O4@Au/PDA (200 μg/mL) (a) and (g) control, (b) and (h) NIR, (c) and (i) 
NiFe2O4@Au/PDA, (d) and (j) NiFe2O4@Au/PDA + Rotating magnetic field, (e) and (k) NiFe2O4@Au/PDA + NIR, (f) and (l) NiFe2O4@Au/PDA + NIR + Rotating 
magnetic field. Scale bar is 500 nm. 

Y. Xu et al.                                                                                                                                                                                                                                       



Chemical Engineering Journal 437 (2022) 135282

12

culture with NiFe2O4@Au/PDA nanospheres, the intact rod (Fig. 9c) or 
spherical (Fig. 9i) cell morphologies can be well maintained without any 
treatment, indicating that the damage to bacteria by NiFe2O4@Au/PDA 
is negligible. When a rotating magnetic field is applied, the surfaces of 
some bacteria appear to be depressed, but the overall structure is rela-
tively intact without obvious outflow of content, which indicates the 
magnetolytic effect is not obvious. As a comparison, when the NIR laser 
is conducted, significant crinkling and outflow of contents are observed 
in both E. coli and S. aureus in the presence of NiFe2O4@Au/PDA 
(Fig. 9e, k). Finally, when the photothermal-magnetolytic coupling 
process is applying, besides the shrinkage and rupture, significant 
deformation of the bacteria with pits appearing on the surface is clearly 
observed (Fig. 9f, l). As a result, the microscopic images characterization 
further support that the as-prepare NiFe2O4@Au/PDA nanospheres 
exhibit a wonderful photothermal-magnetolytic coupling anti-bacterial 
performance. 

By combining the previous analysis and FESEM images, a schematic 
representation of the photothermal-magnetolytic coupling antibacterial 
process is proposed (Fig. 10). Under an external rotating magnetic field, 
the NiFe2O4@Au/PDA nanospheres are magnetized and the magnetic 
dipole–dipole interaction forces the nanospheres to form chain-like 
microstructures along the magnetic field (Fig. 10a). Due to the high 
stiffness of the cell wall, it is difficult for the rotating chain-like micro-
structure to exhibit direct magnetolytic effect. However, as has been 
reported in the literature [43,50,51], the interaction between the ma-
terial and the bacteria increases due to the unique rough surface, 
resulting in some particles sticking to the cell wall. At the same time, 
combined with the equation of pressure, the rough surface has more 
bumps, resulting in a smaller area when acting. Therefore, compared to 
the smooth surface, the larger pressure can deliver from particles to 
bacteria under the action of the magnetic field, leading to a higher bio- 
damage. When bacteria are exposed to near infrared light with the 
photothermal therapy reagent (NiFe2O4@Au/PDA), the reagent con-
verts the light energy into heat. In general, bacteria cannot withstand 
such thermal effects because such high temperatures lead to 

deformation of proteins and enzymes, induction of heat shock proteins, 
disruption of metabolic signals, etc. [52]. At this point, the selective 
permeability of the bacteria is disrupted, and the bacteria will crumple 
and the contents will flow out. 

Eventually, the situation is quite different when the photothermal- 
magnetolytic coupling process is applied. In the first half of the action, 
as the temperature does not rise completely, the rotating magnetic field 
plays a leading role. In comparison to the pure photothermal treatment, 
the probability of contact between the particles and the bacteria is 
greater due to the rotating magnetic field. Moreover, it will be easier for 
rough surface particles to adhere to the surface of the bacteria in this 
case. This allows the hot particles to come into contact with the bacteria 
more quickly in the latter part of the antimicrobial process when the 

Fig. 10. Illustration of the interaction between particles and bacteria in the antibacterial process. Schematic diagram of antimicrobial activity under (a) magnetolytic 
condition, (b) photothermal condition and (c) photothermal- magnetolytic coupling condition. 

Fig. 11. Cell viability of REP1 cells treated by NiFe2O4@Au/PDA solutions 
with different concentrations and different time. 
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temperature on the surface of the particles rises. This leads to a sharp 
decrease in the continuity of the bacterial surface, allowing particles 
impacting on the surface to penetrate into the bacteria and cause addi-
tional damage to the bacteria. Therefore, compared to the magnetic field 
alone, the magnetolytic effect begins to manifest and grows stronger 
with the gradual reduction of membrane integrity under photothermal 
conditions. So photothermal-magnetolytic coupling process provides a 
better antibacterial effect than either individual action. 

Though the NiFe2O4@Au/PDA nanospheres presents a typical 
photothermal-magnetolytic coupling antibacterial performance, they 
are biocompatible due to the PDA surface, thus they possess high po-
tential in many other bio-treatment areas. To verify the feasibility of in 
vivo application, the human retinal epithelial cells (REP1) were 
employed for cytotoxicity testing. Cell viability was assessed using the 
CCK-8 kit after co-culture of REP1 cells in different concentrations 
(0–200 μg/mL) of NiFe2O4@Au/PDA. As shown in Fig. 11, the samples 
exhibit high cell viability values and no significant increase in cytotox-
icity with increasing dose. Cytotoxicity data also shows no significant 
decrease in cell activity even after co-culture for 72 h. This result must 
be mainly due to the good coating of PDA on the particle surface, which 
reduces cytotoxicity and allows the material to exhibit good biocom-
patibility. Due to the simple processing, remote conduction and low 
cytotoxicity, such interesting hypothetical applications may include, but 
are not limited to, antibacterial therapy, thrombolytic therapy, drug- 
targeted transport, and anticancer. 

4. Conclusion 

In this study, a rough surface NiFe2O4@Au/PDA core–shell nano-
sphere with excellent photothermal effect and unique magnetolytic ef-
fect has been developed via an in situ redox–oxidize polymerization. Due 
to the Au/PDA hybrid layer and the superparamagnetic NiFe2O4, the 
final product serves as a wonderful photothermal-magnetolytic coupling 
antibacterial agent. Furthermore, the mechanism of magnetolytic force 
is explored through rheological property measurements, chain model 
observations and molecular dynamics simulations. The experimental 
results show that the NiFe2O4@Au/PDA core–shell nanosphere pos-
sesses high photothermal sterilization effect (808 nm laser irradiation) 
against both Gram-positive and Gram-negative bacteria. The gradual 
appearance of the magnetolytic effect upon photothermal bactericidal 
suggests that magnetic photothermal antimicrobial reagents can be 
further enhanced by the action of a rotating magnetic field. An in-depth 
study of the photothermal-magnetolytic coupling antibacterial behavior 
is conducted by combining the experimental results and mechanism 
analysis. Cytotoxicity experiments have shown that the final product has 
a high biocompatibility. Therefore, besides antimicrobial therapy, this 
easily scalable magnetolytically enhanced photothermal effect is a great 
guide for other multifunctional magnetic photothermal nanoreagents in 
drug delivery, antitumor and thrombolysis, due to the simplicity of 
operation and the possibility of contact-free action. 
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