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A B S T R A C T

A variety of novel biomaterials have recently been developed to promote bone regeneration. However, the current
biomaterials cannot accurately and effectively resist bacterial invasion. In this study, we constructed microspheres
that mimic certain functions of macrophages as additives to bone repair materials, which can be manipulated as
demanded to resist bacteria effectively and protect bone defect healing. Firstly, we prepared gelatin microspheres
(GMSs) by an emulsion-crosslinking method, which were subsequently coated with polydopamine (PDA). Then,
amino antibacterial nanoparticles obtained by a nanoprecipitation-self-assembly method and commercial amino
magnetic nanoparticles were modified onto these PDA-coated GMSs to construct the functionalized microspheres
(FMSs). The results showed that the FMSs possessed a rough topography and could be manipulated by a 100–400
mT static magnetic field to migrate directionally in unsolidified hydrogels. Moreover, in vitro experiments with
near-infrared (NIR) showed that the FMSs had a sensitive and recyclable photothermal performance and could
capture and kill Porphyromonas gingivalis by releasing reactive oxygen species. Finally, the FMSs were mixed with
osteogenic hydrogel precursor, injected into the Sprague-Dawley rat periodontal bone defect of maxillary first
molar (M1), and subsequently driven by magnetism to the cervical surface of M1 and the outer surface of the gel
system for targeted sterilization under NIR, thus protecting the bone defect healing. In conclusion, the FMSs had
excellent manipulation and antimicrobial performances. This provided us with a promising strategy to construct
light-magnetism-responsive antibacterial materials to build a beneficial environment for bone defect healing.
1. Introduction

Bone defects in the oral and maxillofacial region impair patients'
aesthetics and cause mastication and speech dysfunction [1]. Previous
studies reported that implantation of specific material promoted bone
regeneration [2,3]. However, due to the complex anatomy and being
surrounded by various microbes, the wound surfaces in the oral and
maxillofacial regions are more vulnerable to pathogenic microorganisms’
infection [4–6]. Several strategies have been developed for anti-infection
to ensure bone regeneration stability, including wound dressings (such as
iodoform gauze and periodontal dressing paste) or antibiotics to reduce
the occurrence of postoperative wound infection [7,8]. However, the
anti-infection performance of these methods was limited. For example,
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although the wound dressing can isolate the wound from the outside
world, it provides a moist environment advantageous for bacteria
growth, and some ingredients in the dressing would compromise wound
healing [9]. For the use of antibiotics, the systemic administration of
antibiotics decreases the accumulation of drugs in the wound sites, while
the local administration has diffusion losses. This increased the possi-
bility of drug resistance [10]. Therefore, it was necessary to develop an
accurate and effective antibacterial strategy to prevent bone defects from
bacterial attacks.

The precise human immune system may give us a compelling clue for
precise sterilization. Macrophages are essential to the body's innate im-
munity and are important in anti-infection and wound healing processes
[11,12]. Macrophages can capture bacteria and kill pathogenic
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microorganisms by releasing reactive oxygen species (ROS) under
physiological conditions [13,14]. Inspired by this “capture-controllable
release of ROS sterilization” process, we attempted to construct micro-
spheres that mimic certain functions of macrophages as additives for
bone repair materials. Studies have shown that the reactive catechol
groups on the polydopamine (PDA) coating formed by the
auto-polymerization of dopamine could capture bacteria [15,16]. In
addition, recent studies reported that IR780 iodide (IR780) could
generate single oxygen (1O2) after laser irradiation at 808 nm [17],
which provided a convenient way to controllably release ROS for
anti-infection. However, the high levels of ROS will result in cell senes-
cence through oxidative stress, which would impair the regeneration of
bone defects [18]. Therefore, the preconceived microspheres should not
only be delivered precisely to the target area (such as the cervical surface
of the tooth or outer surface of implanted materials) to kill specific
pathogens but also be kept away from the center of bone regeneration to
decrease the influences of ROS on bone repair. The directional movement
of magnetic microspheres under magnetic control may address this
unmet need [19]. The functions of the microspheres partially mimic the
natural macrophages, such as chemotaxis. Therefore, we hypothesize
that by combining the above three elements (IR780, PDA, and magnetic
microspheres) within a particle at several tens of microns in an ordered
manner, it is possible to obtain the microspheres with “chemo-
taxis-capture-sterilization” functionalities, which mimic the certain
functions of natural macrophage and may achieve the requirement for
precise sterilization.

In this study, we constructed such functionalized microsphere (FMS)
through the ordered assembly of gelatin microsphere (GMS), PDA layer,
IR780 loaded amino antibacterial nanoparticles (ANPs), and amino
magnetic nanoparticles (MNPs). We also further tested it in multi-
aspects, including morphology, physical and chemical properties,
manipulation performances, antibacterial properties in vitro and in vivo,
and its effects on bone defect healing.

2. Materials and methods

2.1. Materials and devices

Gelatin from porcine skin (type A, 300 g Bloom; Sigma-Aldrich, USA),
span 80 (C24H44O6; Sigma-Aldrich, USA), liquid paraffin (C25H43NO3;
Aladdin, China), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-5000] (DSPE-PEG5000-NH2; 5000 Da;
Sigma-Aldrich, USA), lecithin (C42H80NO8P; Aladdin, China), lauric acid
(LA; CH3(CH2)10COOH; Aladdin, China), stearic acid (SA;
CH3(CH2)16COOH; Sigma-Aldrich, USA), glutaraldehyde aqueous solu-
tion (2.5% wt/wt; Leagene Biotechnology, China), acetone (Sinopharm
Chemical Reagent, China), tris(hydroxymethyl)aminomethane hydro-
chloride (Tris-HCl; 1 mol L�1, pH ¼ 8.5; Leagene Biotechnology, China),
dopamine hydrochloride ((HO)2C6H3CH2CH2NH2⋅HCl; Sigma-Aldrich,
USA), 4 mg mL�1 amino MNPs (APTS@Fe2O3; Nanoeast, China), IR780
(C36H44ClIN2; Sigma-Aldrich, USA), DMF (dimethylformamide; Sino-
pharm Chemical Reagent, China), 0.2 μm surfactant-free cellulose ace-
tate membrane (Sartorius, Germany), centrifugal concentrator (Vivaspin
6; MWCO ¼ 10 kDa; Sartorius, Germany), phosphotungstate negative
staining buffer (2% wt/wt, pH ¼ 7.0; Leagene Biotechnology, China),
methacrylate gelatin (GelMA; type B; 300 g Bloom; degree of amino
substitution is 60%; EFL-technology, China), bone morphogenetic
protein-2 (BMP-2; 26 kDa; MedChemExpress, USA), chlorhematin
(Aladdin, China), sterile defibrinated sheep blood (Nanjing Bianzhen
Biotechnology, China), agar ((C12H18O9)n; biosharp, China), brain heart
infusion (BHI; Oxoid, UK), Porphyromonas gingivalis W83 (P. gingivalis
W83; Shanghai Bioresource Collection Center, China), phosphate buff-
ered solution (PBS; HyClone, USA), live & dead bacterial staining kit
(YEASEN, China), Masson's trichrome staining kit (Servicebio, China),
hematoxylin-eosin (HE) staining kit (Servicebio, China), laser particle
size analyzer (Zetasizer Nano ZS90; Malvern Panalytical, UK), pH meter
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(FiveEasy Plus; Mettler Toledo, Switzerland), freezing dryer (FreeZone
4.5 L; Labconco, USA), X-ray photoelectron spectroscopy (XPS; Escalab
250Xi, Thermo Scientific, USA), magnetic property measurement system
(MPMS-3; Quantum Design, USA), multi-mode microplate reader
(SpectraMax M2e; MD, Germany), scanning electron microscope (SEM;
JSM-7900F; JEOL, Japan), transmission electron microscope (TEM; JEM-
1400Flash; JEOL, Japan), teslameter (TD8620; Tunkia, China), near-
infrared (NIR) laser (VCL-808 nm M1-7 W; Beijing Honglan Optoelec-
tronics Technology, China), thermograph (H21Pro; HIKMICRO, China),
automatic colony counter (Scan1200; Interscience, France), inverted
phase contrast microscope (DMILLED; Leica, Germany), inverted fluo-
rescence microscope (DMI3000B; Leica, Germany), anaerobic & micro-
aerophilic workstation (Bugbox M; BAKER, UK), electron paramagnetic
resonance (EPR) spectrometer (EMXplus; Bruker, Germany), ultraviolet
(UV) lamp (3 W, 405 nm; EFL-technology, China), oral surgery motor
(Bien Air, Switzerland), micro-computed tomography (CT) (vivaCT80;
SCANCO, Switzerland), upright microscope (DM4000 B; Leica,
Germany).

2.2. Preparation of GMS and PDA modification

GMSs were prepared by the emulsion-crosslinking method, and the
steps were as follows. 10% wt/wt aqueous gelatin solution was prepared
as the water phase, and 1.5% v/v span 80 solution in liquid paraffin was
prepared as the oil phase. After adding 30 mL oil phase to a 100 mL
beaker and stirring at 60 �C, we added 6 mL preheated water phase and
stirred at 400 rpm for 20 min. Then, the beaker was immediately put into
an ice-water bath to maintain the temperature at 0–10 �C. Next, we
slowly added 5 mL of 2.5% wt/wt glutaraldehyde aqueous solution and
stirred for 2 h, then added 50 mL acetone and stirred for 1 h. After the
GMSs were collected by centrifugation, we washed them with acetone,
then transferred them to a glass dish until the acetone was evaporated at
room temperature. Finally, these microspheres were transferred to the
oven at 60 �C to dry the GMSs thoroughly. The morphology was observed
by phase contrast microscope and SEM, and the particle size was
measured.

To prepare PDA-coated GMSs, 800 mg GMSs were added to 40 mL of
dopamine solution (2 mg mL�1 in 1 mol L�1 Tris-HCl at pH ¼ 8.5). After
incubating in the shaker at 200 rpm and kept away from light overnight,
these microspheres were dried and collected.

2.3. Preparation and characterization of amino ANPs

Amino ANPs were prepared by the nanoprecipitation-self-assembly
method, which refers to a light-responsive drug release system from
previous literature with some modifications [20]. The steps were as
follows: 48 μL IR780 solution (2.5 mgmL�1 in DMF) was added to 600 μL
of the phase change material (PCM) stock solution (mass ration of LA and
SA was 4:1, 4 mg mL�1, diluted in methanol) and mixed well, then the
mixture was added dropwise to the 3 mL phospholipid solution (mass
ration of lecithin and DSPE-PEG5000-NH2 was 3:1, 1 mg mL�1, and
diluted in 4% v/v ethanol aqueous solution) at 55 �C with gentle stirring,
and then vigorously vortexed for 2–3 min. Next, the glass bottle con-
taining the mixed liquor was quickly placed into an ice-water bath to cool
for 1–2 min and stirred for 2 h at room temperature. When the mixture
reached room temperature, it was vortexed for 1–2 min, filtered with a
0.2 μm filter, and concentrated (MWCO¼ 10 kDa) at 3800 g. Finally, the
ANPs were washed with double distilled H2O (ddH2O) and stored in the
dark at room temperature for further use.

In order to study the drug-loading properties of the nanoparticles, we
used a multi-mode microplate reader to detect their ultraviolet–visible
(UV–Vis) absorption spectra, with nanoparticles without IR780 (i.e.,
empty vehicles) and free IR780 as controls.

We further detected the encapsulation efficiency (EE) and loading
efficiency (LE) of IR780 in the nanoparticles. The steps are as follows: The
mass of IR780 used to prepare ANPs was recorded as m0, then the
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prepared ANPs were freeze-dried in the dark, weighed, and recorded as
mANP. Next, these ANPs were dissolved into a concentrated solution,
whose volume was denoted as V1. Then the concentrated solution was
diluted n times to detect the optical density (OD) at the absorption peak
by a multi-mode microplate reader. Next, the loaded concentration of
IR780 was calculated by Equation (1) (the standard curve of IR780 is
shown in Supplementary Information, Fig. S1) and denoted as c1. Finally,
the EE was calculated according to Equation (2), and LE was calculated
according to Equation (3).

c1
�
μg mL�1

�¼ðODþ 0:0162Þ �
0:1057� n (1)

EE ½%� ¼ ðV1 � c1Þ = m0 � 100% (2)

LE ½%� ¼ ðV1 � c1Þ = mANP � 100% (3)

In addition, we observed the Tyndall phenomenon of nanoparticle
dispersion. The microscopic morphology was also observed by TEM. The
sample preparation steps of the TEM were as follows: a carbon support
film on 200 copper mesh was placed on the ANPs nano-suspension to
float for 3 min. Then, it was transferred onto phosphotungstate negative
staining buffer (2% wt/wt) to float for 3 min. After natural drying at room
temperature, it was ready for TEM observation. Meanwhile, we also use a
laser particle size analyzer to detect its hydrated particle size at room
temperature. Finally, we also tested its photothermal properties. An NIR
laser (wavelength at 808 nm with a power of 0.5 W cm�2) was used to
irradiate IR780 (15 μg mL�1), and the temperature was recorded.

2.4. Characterization of amino MNPs

A 10 μL of the nanoparticle (APTS@Fe2O3) dispersion was pipetted to
the carbon support film and dried at room temperature overnight, and its
morphology was observed under TEM. The hydrated particle size was
determined using the laser particle size analyzer at room temperature.
For the magnetic properties, the amino MNPs were accurately weighed
after freeze-drying and were subsequently analyzed using a magnetic
property measurement system (MPMS-3) to plot the hysteresis loop.

2.5. Acquisition of FMS

The amino MNP dispersion and amino ANP dispersion were diluted
with ddH2O to make the pH at 6.24 (the corresponding concentration of
MNP was 0.4 mg mL�1) and 6.26 (the corresponding concentration of
IR780 in ANP was 75 μg mL�1) respectively, therefore meeting the re-
action condition for covalent bonding between quinone groups and
amino groups (aqueous solutions with pHwithin 5.5–9.5) [21]. To obtain
FMSs, 10 mL diluted amino MNP dispersion was applied to incubate 800
mg PDA-coated GMSs at 37 �C. The MNPs were refreshed every day until
one week. Then 10 mL diluted ANP dispersion was used to incubate them
at 37 �C for one week with ANPs refreshed daily. The zeta potential of
FMS was detected before and after the modification with MNPs and
ANPs. To evaluate the magnetic property, these FMSs were attracted with
a permanent magnet and were freeze-dried, followed by detection with
the MPMS-3 to plot the hysteresis loop. The phosphorus element (P2p) on
the surface of FMSs was detected by XPS, and the morphology of FMSs
was characterized by phase contrast microscopy and SEM.

2.6. The handling performances of FMS under magnetic field and NIR

The handling performance of FMS under magnetism was evaluated. 4
mg FMSs were mixed with 2.5 mL of unsolidified 10% wt/wt GelMA
aqueous solution. Their capacity for directional movement was detected
using a static magnetic field of 100–400 mT at 37 �C.

To clarify the photothermal performance of FMSs under NIR, several
groups were divided: group 1 (G1), pure GMS; G2, PDA-coated GMS; G3,
PDA-coated GMS þ MNP; G4, PDA-coated GMS þ ANP; G5, PDA-coated
3

GMS þ MNP þ ANP (i.e., FMS). 1.5 mg of dry microspheres were taken
from each group, and 20 μL of normal saline was added to make the
microspheres infiltrated with the liquid to mimic the humid environment
in vivo. The NIR laser (wavelength of 808 nm, power of 0.5 W cm�2) was
used to irradiate these samples (60 s/cycle, for three consecutive cycles).
Meanwhile, the temperature was monitored with a handheld thermom-
eter. The thermographs were exported, temperature variation curves
were plotted, and the heating rates in 10 s irradiation were calculated.
Furthermore, to control the temperature of the FMSs, we performed the
following experiments: The temperature of the FMSs was rapidly
increased at a power of 0.5 W cm�2 in the beginning, and the tempera-
ture was slowly decreased by switching the power to 0.1 W cm�2 when it
reached 45 �C. When the temperature dropped to 41 �C, the power was
switched back to 0.5 W cm�2 to raise the temperature to 45 �C. The cycle
was repeated and continued for 2 min.

The photodynamic performance of FMSs was also examined. FMSs (5
mg) were resuspended with 100 μL ddH2O and 100 μL capture agent (0.1
mol L�1 2,2,6,6-tetramethylpiperidine). After being mixed thoroughly,
they were irradiated by the NIR with a wavelength of 808 nm. The NIR
power was cyclic switched (0.5 W cm�2, 0.1 W cm�2) as described above
to maintain the temperature at 41–45 �C for 5 min. The supernatant was
aspirated by a capillary tube and then detected by an EPR spectrometer.

2.7. In vitro antibacterial properties of FMS

The culturing protocol of P. gingivalisW83 refers to previous literature
[22,23], which is as follows: P. gingivalis W83 was resuscitated at room
temperature and incubated on BHI solid medium (consisting of 2.5 g
agar, 7.5 g BHI, 250 mL ddH2O, 25 mL sheep blood, 2.5 mL 0.5 mg mL�1

chlorhematin), then placed in anaerobic & microaerophilic workstation
(10% CO2, 10% H2, and 80% N2) for culture. After 2–3 passages, the
bacteria in the exponential stage were transferred to BHI liquid medium
(consisting of 7.5 g BHI, 250 mL ddH2O, 2.5 mL 0.5 mg mL�1 chlo-
rhematin). After culturing for 48 h, the bacteria solution was centrifuged
at 4000 rpm for 10 min at 4 �C and resuspended with 1 mL of PBS. Af-
terward, it was diluted with BHI liquid medium (OD600 ¼ 0.8) for further
use.

The 10 mg sterile FMSs were co-cultured with 200 μL bacteria solu-
tion for 24 h. Then they were fixed, dehydrated, and subjected to
conductive coating. The distribution of bacteria on the surface of FMSs
was observed by SEM. Moreover, the material-bacterial mixtures were
irradiated with NIR at 808 nm. Finally, the laser power was switched by
cycling as described above (0.5 W cm�2, 0.1 W cm�2) to maintain the
temperature at 41–45 �C for 5 min. The NIR-irradiated material-bacterial
mixtures were used for the follow-up experiment with normal saline,
PDA-coated GMS, PDA-coated GMSþMNP, and PDA-coated GMSþ ANP
set as control.

For the live and dead bacteria staining, DMAO, EthD-III, and normal
saline were mixed (1:2:8, v/v/v; the total volume is 1 μL), then added to
100 μL NIR-irradiated material-bacterial mixtures. After incubating in
the dark for 15 min, the dead or live bacteria were observed and counted
under an inverted fluorescence microscope. Meanwhile, another 100 μL
NIR-irradiated material-bacterial mixtures were added onto the BHI solid
medium and cultured for one week. Finally, the number of colony-
forming units (CFU) was counted using an automatic colony analyzer.

2.8. The antibacterial application of FMS during bone defect healing

All the animal experiments agreed with the ethical guidelines
approved by the Institutional Animal Care and Use Committee of Nanjing
Medical University, China (approval number: IACUC-2211027). Spra-
gue-Dawley (SD) rats (Nanjing medical university, China) weighing
300–400 g were used. Before the periodontal surgery, BMP-2 loaded
GMSs (BGMSs) were prepared in advance with the following steps: after
washed with PBS, 0.5 g (dry weight) GMSs were mixed with 1.63 mL 100
μg mL�1 BMP-2 aqueous solution. They were incubated for one week in
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the dark to obtain the BGMSs. The GelMA containing BGMSs served as a
simple representative injectable osteogenic hydrogel, which was short
for Gel-BGMS. Then SD rats were randomly divided into three groups: 1,
blank control (BC) group, in which no material was injected; 2, Gel-
BGMS group, in which the GelMA containing BGMSs was injected (25
μL 8% GelMA þ 0.23 mg BGMSs); 3, Gel-BGMS/FMSM þ group, in which
the GelMA containing BGMSs and FMSs was injected (25 μL 8% GelMA
þ 0.23 mg BGMSs þ 0.23 mg FMSs) followed by a static magnetic field
(100–400 mT) was used to attract the FMSs. The SD rat periodontal bone
defect model was established, which referred to a previously described
procedure with some modifications [2]. Specifically, SD rats were anes-
thetized with a 2% (wt/wt) sterile pentobarbital sodium aqueous solu-
tion. After mucosa preparation and draping, a 3� 3mmmucoperiosteum
was excised mesial to the maxillary first molar (M1). Subsequently, a 5
mm additional incision was made along the alveolar ridge to lift the
mucoperiosteal flap. Then, a full thickness round bone defect was
generated with a round bur (4 mm in diameter) with the irrigation of
sterile normal saline. Furthermore, a smaller round bur with a diameter
of 2.3 mm was used to remove the residual bone tissues on the mesial
surface of M1. After sutured, materials were injected through the
reserved soft tissue defect mesial to M1. A static magnetic field at
100–400 mT was applicated to drive the FMSs to the mesial neck region
of M1 and the outer surface of the gel system (the specific implementa-
tion step is to place a permanent magnet with a field intensity of
Fig. 1. Schematic diagram of FMS. (a) Structure. A rough PDA layer was wrapped on
the surface of the PDA layer to obtain FMS. The core of amino ANP is loaded with I
inner core of amino ANP melted under the NIR, and IR780 was released to generate R
effect of PDA and IR780 under NIR will increase the permeability of bacterial cell wal
“chemotaxis-capture-sterilization” function similar to natural macrophages. c1) FMSs
directionally moved to the target region driven by magnetism. c3) They trapped bact
and protecting the wound.
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100–400 mT on the gingival sulcus and surgical wound for 15 s), fol-
lowed by immediate curing with the UV lamp. After surgery, the mesial
gingival sulcus of M1 and the wound surface were applied with
P. gingivalis (1 � 109 CFU mL�1 � 40 μL) every day for a week and
irradiated with 808 nm NIR at 1, 3, 5, and 7 days (5 min, 41–45 �C). After
irradiation, the bacteria were absorbed by absorbent paper points for the
live/dead bacterial staining and observed under the inverted fluores-
cence microscope. Three months post-surgery, all the SD rats were
euthanized. The maxillae were excised and fixed with an aqueous para-
formaldehyde solution (4% wt/wt). These samples were scanned by
micro-CT (55 kVp, 72 μA), followed by three-dimensional (3D) recon-
struction and quantitative analyses. After that, they were decalcified,
dehydrated, embedded, cut into slices, and stained with an HE staining
kit and Masson's trichrome staining kit for observation under an upright
microscope.
2.9. Statistical analysis

All experiments were repeated at least three times independently, and
data are presented as mean � standard deviation. A two-tailed Student's
t-test was used to compare two groups of data, and one-way analysis of
variance (ANOVA) with the least-significant difference (LSD) test was
used for three or more data groups. P < 0.05 means the difference is
statistically significant.
the surface of GMS, and amino MNPs and amino ANPs were further modified on
R780. (b) The potential antibacterial mechanism. b1) Photodynamic effect. The
OS; b2) Photothermal effect. The rise in temperature caused by the photothermal
ls and facilitate the entry of antibacterial substances into bacteria. (c) FMS had a
were mixed with injectable hydrogel and injected into the bone defect, c2) then
eria on their surfaces, c4) finally killed them under NIR, thus blocking the attack
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3. Results and discussion

3.1. FMS design and conception

The schematic structure of the magnetic microsphere mimicking
certain functions of macrophages constructed in this study is shown in
Fig. 1a. GMSs native to macrophages in size were wrapped up with a
rough PDA layer for trapping bacteria. The PDA coating was further
modified with aminoMNPs and amino ANPs. The core of the amino ANPs
was loaded with IR780. The potential antibacterial mechanism of the
FMS is shown in Fig. 1b: 1, photodynamic effect (the core of the ANPs
melted under NIR, controllably released IR780, and generated ROS for
sterilization); 2, photothermal effect (the rise in temperature caused by
the photothermal effects of PDA coating and IR780 could increase the
permeability of bacterial cell walls [24], promoting the entry of anti-
bacterial substances into the bacteria).

This FMS possessed the capacity of “chemotactic-capture-kill,” which
was similar to that of natural macrophages (Fig. 1c). When FMSs were
injected into the bone cavity loaded within an injectable hydrogel
(Fig. 1c1), they could move to the target region under the control of
magnetism (Fig. 1c2). They trapped bacteria on their surfaces (Fig. 1c3)
and killed bacteria under NIR (Fig. 1c4), thus preventing bacterial attack.
Fig. 2. The substrate of FMS (PDA-coated GMS). (a) Topography of GMS. a1) Macroph
distribution of GMSs. (c) Morphology of GMSs before and after PDA modification
schematic shows that we can use the reaction of amino groups with quinone groups to
microspheres.

5

3.2. Components of FMS

3.2.1. Construction of the base of FMS
We used PDA-coated GMS as the substrate for FMS. Firstly, GMSs

were prepared successfully by an emulsion-crosslinking method. It was a
pale-yellow powder with good flowability (Fig. 2a1). The microscope
showed various microspheres with flat and smooth surfaces (Fig. 2a2-3).
The particle size ranged between 5 and 70 μm (Fig. 2b). The average
particle size was 33.76� 13.16 μm, which was close to the size of natural
macrophages (21.2 � 0.3 μm) [25].

To obtain the PDA-modified layer, we modified the surface of GMSs
by the auto-polymerization of dopamine [26]. The modified GMSs were
presented as a black powder from a macroscopical view. The microscope
showed a rough surface modification layer (Fig. 2c), caused by the
self-aggregation of dopamine in the solution to form some small PDA
particles [27]. According to previous studies [21], the quinone groups of
PDA coating could chemically react with the amino terminus to form
covalent bonds in aqueous solutions at pH¼ 5.5–9.5 (Fig. 2d). Therefore,
to construct FMS, we needed amino nanoparticles.

As the base of FMS, the PDA-coated GMS has the following effects: 1,
In addition to the ability to further modify amino nanoparticles and
capture bacteria mentioned above, the PDA coating also has a photo-
thermal capacity [28,29]. 2, The PDA-coated GMS also provides a size
otograph. a2) Phase contrast microscope image. a3) SEM image. (b) Particle size
. c1-2) macroscopic photos; c3-4) phase contrast microscope photos. (d) The
covalently bind the two types of nanoparticles onto the surface of PDA-modified
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advantage. Modified onto the microspheres at several tens of microns,
these nanoparticles can be fixed well at the desired position when used in
combination with the injectable hydrogel, thus making the obtained hi-
erarchical gel system stable. Without the microsphere, the use of nano-
particles alone may lead to the instability of the hierarchical structure
due to the small size-mediated diffusion within the hydrogel system [30].

3.2.2. Amino ANP
The ANPs with a core-shell structure could be successfully prepared

by the nanoprecipitation-self-assembly method, according to the previ-
ous study [20]. 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[-
methoxy(polyethylene glycol)-5000] (DSPE-PEG5000) was used to
construct the shell of the nanoparticle [20]. The PEG5000 terminal of the
molecule is exposed on the surface of the shell, contributing to stabilizing
the nanoparticle dispersion system [31]. In this study, to obtain nano-
particles rich in amino groups on their surface, the DSPE-PEG5000 in the
Fig. 3. Amino ANPs and MNPs. (a) Characterization of amino ANPs. a1) Schematic
drophobic core loaded with IR780. a2) UV–Vis absorption spectra. The characteri
Macroscopic pictures of blank vehicles and ANPs dispersions, both with the Tyndall
hydrated particle size distribution. a6) Photothermal performance of ANPs under N
acterization of amino MNPs. b1) TEM image. b2) Hydrate particle size distribution.
legend, the reader is referred to the Web version of this article.)
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material preparation process was replaced with DSPE-PEG5000-NH2,
which added an amino group to the end of PEG5000. This promoted the
formation of amino groups layer on the surface of the particle shell
(Fig. 3a1).

The core of the nanoparticles was a hydrophobic PCM composed of
LA and SA (mass ratio¼ 4:1, referring to previous literature [20]), with a
melting point of 40.09 �C (Supplementary Information, Fig. S2). It could
controllably release the drug within the particle when melted. In this
study, the drug contained in the hydrophobic core was IR780, a small
molecule heptamethine indocyanine dye [32] that can heat up and
produce ROS after NIR irradiation [17]. The detection with EPR further
illustrated the ROS-releasing ability of this ANP (Supplementary Infor-
mation, Fig. S3). The drug-loading properties of this ANP could be
observed in the UV–Vis absorption spectra (Fig. 3a2). The result showed
that a high absorption peak corresponding to free IR780 could be found
in the spectrum of ANPs. Furthermore, this absorption peak was
diagram of the structure. ANP consists of a shell with amino groups and a hy-
stic peak of ANPs is broadened and red-shifted compared to free IR780. a3)
effect (the light path is indicated by the white arrow). a4) TEM image. a5) The
IR. The left is the thermal image, and the right is the heating curve. (b) Char-
b3) Hysteresis loop. (For interpretation of the references to colour in this figure
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broadened and red-shifted compared to the free IR780 (from 770 nm to
790 nm). This was caused by the hydrophobic interaction between IR780
and the PCM matrix [33,34], which indicated that IR780 has been suc-
cessfully loaded into the hydrophobic core of the nanoparticles.

Moreover, we also noted that the EE and LE of IR780 in ANPs were
66.57 � 0.86% and 3.56 � 0.09%, respectively. The empty and the
IR780-loaded vehicles possessed the Tyndall effect, indicating that the
nanoparticles' dispersion system was a sol (Fig. 3a3). The TEM results
showed the nanoparticle with a particle size of 10–50 nm (see Fig. 3a4) at
an average particle size of 22.65 � 5.68 nm. The hydrated particle size
distribution is shown in Fig. 3a5, and the characteristic peak is located at
100.30 � 7.65 nm.

The normal temperature of the human body is 36–37 �C, while the
melting point of the nanoparticle core material was 40.09 �C. Therefore,
it only needed to rise 3–4 �C to release the drug by melting the core. We
detected the photothermal properties of the nanoparticles, and the results
are shown in Fig. 3a6. Under NIR at a power density of 0.5 W cm�2, the
ANPs could rise more than 10 �C within 1 min, which reached the
requirement that increased 3–4 �Cmentioned above. Moreover, the ANPs
possessed better photothermal properties than free IR780. It was attrib-
uted to the protection from the nanoparticle vehicle, which reduced the
denaturation of IR780 under light [20]. In short, the ANP had a good
photothermal effect, which would be beneficial to melting the core ma-
terial to controllably release the contained drugs.
Fig. 4. Acquisition of FMSs. (a) Modification effect of MNP. a1) FMSs can be attracte
effect of ANP. The XPS result of FMSs showed a peak of phosphorus element, whil
corresponds to the shell component of the ANP (lecithin and DSPE-PEG5000-NH2), in
Morphology of FMSs. c1) Phase contrast microscope image. c2-3) SEM image.

7

3.2.3. Amino MNPs
A commercial amino MNP was used in our study. The TEM results

(Fig. 3b1) showed that the particle size ranged between 5 and 19 nm, and
the average particle size was 10.08 � 2.18 nm. Moreover, the hydrated
particle size is shown in Fig. 3b2. The characteristic peak was located at
55.45� 0.62 nm. The hysteresis loop showed a saturation magnetization
of 55 emu g�1 and the remanence and coercivity close to 0 (Fig. 3b3).
This implied the superparamagnetic properties of the MNPs.
3.3. Acquisition of FMS

The FMS was obtained by modifying the two types of amino nano-
particles onto the PDA-coated GMS [21]. The surface charge of these
microspheres before modification with MNPs and ANPs was �20.26 �
0.85 mV, similar to the surface charge of PDA particles reported in pre-
vious studies [35]. Modification with MNP and ANP slightly decreased
the negative charge of the microsphere surface to�18.49� 1.16 mV. We
examined the modification effect of these nanoparticles on the FMS
surface. We noted that the FMSs could be attracted by the permanent
magnet (Fig. 4a1), and its saturation magnetization could reach 1.5 emu
g�1 (Fig. 4a2), indicating that the MNPs have been successfully modified.
Moreover, the remanence and coercivity were close to 0 and still
possessed superparamagnetism. This reduces the influence of the mag-
netic field on the surrounding tissue when implanted into the body. The
d by permanent magnets. a2) Magnetic hysteresis loop of FMSs; (b) Modification
e the PDA-coated GMSs were without it. The peak of the phosphorus element
dicating that the ANPs have been successfully modified onto the PDA coating. (c)
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results of XPS are shown in Fig. 4b: contrasted to PDA-coated GMSs, a
peak of phosphorus element could be detected on the surface of FMSs,
which corresponded to the phosphorus element in the shell components
(lecithin and DSPE-PEG5000-NH2) of ANP, indicating that ANPs had also
been successfully modified. These results indicated that both MNPs and
ANPs were successfully modified onto the PDA-coated GMS. Therefore,
we constructed the FMS successfully. In fact, besides this surface modi-
fication strategy for obtaining the magnetic microspheres, the one-spot
loading strategy with high efficiency can also be adopted to obtain
them [36]. In this study, we required an intermediate product (the pure
GMSs) for later use in loading BMP-2, thus not adopting the one-spot
loading strategy.

The phase contrast microscope and SEM results showed that the FMS
had a rough surface (Fig. 4c), which would benefit the capture and killing
Fig. 5. FMS manipulated by the magnetic field and NIR. (a) The manipulation pe
directionally to form an FMS layer under the static magnetic field. (b) The phototherm
which showed a recyclable photothermal property. b3) The heating rate within 10
maintained at 41.3–45.5 �C by cyclically switching the power of NIR at 808 nm. Blue
0.5 W cm�2 (G1, pure GMS; G2, PDA-coated GMS; G3, PDA-coated GMS þ MNP; G4
The generation of ROS from FMSs by NIR. The generated ROS can be detected by EPR
the obtained spectrum. (For interpretation of the references to colour in this figure
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of bacteria [37,38]. Interestingly, the morphology of FMSs resembled
native macrophages, which also possess a rough surface and villi-like
structure [39].
3.4. Application performance of FMS in vitro

3.4.1. Manipulating FMS by magnetism and NIR
FMSs were mixed with unsolidified GelMA (an injectable scaffold for

bone repair). We noted that a static magnetic field could drive the FMSs
to move to the desired site to form an FMS layer (Fig. 5a), mimicking the
“chemotactic” effect of natural macrophages. It may realize the design
that the FMSs moved to the target region to form an antibacterial layer
after injection into the defect.

This FMS exhibits sensitive photothermal properties under NIR and
rformance of FMS under magnetic field. FMSs in uncoagulated GelMA moved
al performance of FMSs under NIR. b1) Thermal image. b2) The heating curve,
s of NIR irradiation. * indicates P < 0.05. b4) The temperature of FMSs was
arrows refer to switching to 0.1 W cm�2, and yellow arrows refer to switching to
, PDA-coated GMS þ ANP; G5, PDA-coated GMS þ MNP þ ANP (i.e., FMS).) (c)
, which showed three characteristic peaks of 1O2 (indicated by black arrows) in

legend, the reader is referred to the Web version of this article.)
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can be heated cyclically (Fig. 5b1-2). We found that PDA-coated GMS and
PDA-coated GMS þ MNP have good photothermal properties, and the
heating rate is significantly higher than that of GMS (Fig. 5b3), which
mainly owed to the photothermal capacity of PDA [28,29]. As described
in section 3.2.2, the ANP also had good photothermal properties.
Therefore, the modification of ANP onto the PDA surface will result in the
superimposition of the photothermal properties of PDA and ANP, leading
to a more sensitive photothermal performance. Our experiment also
verified this: compared with PDA-coated GMS and PDA-coated GMS þ
MNP, the heating rates for PDA-coated GMS þ ANP and PDA-coated
GMS þ MNP þ ANP (i.e., FMS) were further increased significantly
(Fig. 5b3). In short, the sensitive photothermal performance of FMS was
realized by the PDA coating and the ANPs. Based on the sensitive and
cyclable photothermal properties of FMSs, we could stabilize the tem-
perature of FMSs at 41.3–45.5 �C by cyclically switching the laser power
Fig. 6. Antibacterial properties of FMS in vitro. (a) Culture of the P. gingivalis. a1) Bact
P. gingivalis on the surface of FMSs after co-culture for 24 h. White arrows indicate the
dead bacterial staining). Green fluorescence represents all bacteria (live/dead), a
P. gingivalis captured and killed on the surface of FMS. (d–e) Bacteria in the liquid me
fluorescence represents all bacteria (live/dead), and red fluorescence represents dead
solid medium after culturing the NIR-irradiated material-bacterial mixtures for one w
interpretation of the references to colour in this figure legend, the reader is referred
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(two levels of 0.5 W cm�2 and 0.1 W cm�2) (Fig. 5b4). This could not
only melt the core of ANP and release IR780 to generate ROS for steril-
ization but also avoid damage to bone tissue (the maximum temperature
tolerance of osteocytes is 47 �C [40]). Furthermore, the characteristics of
cyclic heating may also bring the advantages of regular irradiation for
regular sterilization in clinical applications.

The FMS can respond to NIR to generate ROS (photodynamic effect).
1O2 is a type of ROS with a strong sterilization performance [17]. Three
characteristic peaks of 1O2 can be found in the EPR spectrum (Fig. 5c)
with the radiation temperature at 41–45 �C, and the amount of 1O2 was
2.20 � 1012 � 4.32 � 1011 spins mg�1. This provides the possibility that
the FMSs can generate ROS for sterilization within the tolerance tem-
perature of osteogenesis-related cells [40], which ensures the feasibility
of their antibacterial application in bone defect healing.
eria cultured in BHI liquid medium; a2) SEM image of bacteria. (b) SEM image of
P. gingivalis. (c) P. gingivalis on the surface of FMSs after co-culture for 24 h (live/
nd red fluorescence represents dead bacteria. The white arrows indicate the
dium after NIR irradiation (live/dead bacterial staining): (d) is the picture. green
bacteria, (e) is quantitative analysis. (f–g) CFU analysis of the P. gingivalis on BHI
eek: (f) is the picture; (g) is the quantitative analysis. * indicates P < 0.05. (For
to the Web version of this article.)
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3.4.2. Antibacterial properties of FMS in vitro
P. gingivalis is a common pathogen in oral infections. It is the primary

pathogen for the occurrence and development of chronic periodontitis,
which can lead to the resorption of alveolar bone [22]. We decided to
explore the bactericidal ability of FMSs on P. gingivalis to evaluate the
application possibility of FMS in the oral and maxillofacial regions. We
cultured the P. gingivalis (Fig. 6a1), which possesses a rod-shaped
morphology under SEM (Fig. 6a2), consistent with the normal cell
morphology of P. gingivalis in previous studies [41–43].

We co-cultured FMSs with P. gingivalis. The SEM results showed that
the FMSs trapped the bacteria on its surface (Fig. 6b), which may be
realized by the catechol on the surface of the PDA coating [16]. The
results of live and dead bacterial staining also verified the phenomenon
of bacteria capture (the green fluorescence showed the location of bac-
teria under the inverted fluorescence microscope; Fig. 6c). No noticeable
difference was found when comparing themwith the PDA-coated GMS in
the bacterial capture ability (Supplementary Information, Fig. S4).
Furthermore, after NIR irradiation, FMSs killed bacteria on their surface
(the red fluorescence showed the dead bacteria; Fig. 6c). This suggested
that the FMS could capture and kill P. gingivalis, which is consistent with
the bactericidal mechanism of natural macrophages [13,14].

Finally, we evaluated the antibacterial efficiency of the FMSs. After
NIR irradiation, we found that the dead bacteria in the PDA-coated GMS
group and the PDA-coated GMSþMNP groupwas slightly more than that
of the normal saline group by live/dead bacterial staining (Fig. 6d). By
Fig. 7. The antibacterial application of FMSs in bone defects. (a) The schematic diag
injected into the bone defect, driven by the magnetism to the desired region (such as t
cured with UV. They established a defensive line to resist the attack from specific pat
gingival sulcus and wound surface after the irradiation of NIR. b1) The photographs c
all bacteria (live/dead), and red fluorescence represents dead bacteria. b2) The q
interpretation of the references to colour in this figure legend, the reader is referred
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comparison, almost all bacteria were killed in the PDA-coated GMS þ
ANP group and the FMS group. The quantitative analysis results of this
staining have a consistent trend: the percentage of viable bacteria in the
PDA-coated GMS group and the PDA-coated GMS þ MNP group was
significantly lower than the control group, while the PDA-coated GMS þ
ANP group and the FMS group approached 0 andwere significantly lower
than the other three groups (Fig. 6e). The CFU analysis of P. gingivalis on
BHI solid medium further verified the trend that only a small number of
bacterial colonies were formed in the PDA-coated GMSþ ANP group and
the FMS group (Fig. 6f), significantly less than the saline group, the PDA-
coated GMS group, and the PDA-coated GMS þ MNP group (Fig. 6g).
Summarizing the above phenomena, the groups containing PDA coating
but without ANPs (the PDA-coated GMS group and the PDA-coated GMS
þ MNP group) possessed mild sterilizing performances. The reason may
be that the heat produced by PDA-coating under the NIR irradiation
destroyed the bacterial cell walls and membranes, leading to the leakage
of cellular contents and, ultimately, bacterial death [35,44,45]. However,
the working temperature in the study was controlled below 47 �C, which
is lower than the conventional antibacterial photothermal therapy tem-
perature [35,45], therefore only killing a small number of bacteria.
Meanwhile, the groups where microspheres were further modified with
ANPs (the PDA-coated GMS þ ANP group and the FMS group) showed a
sharp decline in viable bacteria, suggesting the dominant role of ANP in
the antibacterial process. Furthermore, the antibacterial activity of ANP
is mainly mediated by the heat and the ROS, while the temperatures were
ram. The FMSs were mixed with the uncured osteogenic hydrogel (Gel-BGMS),
he cervical surface of the tooth and the outer surface of the hydrogel system), and
hogens. (b) The live/dead bacterial staining of bacterial samples taken from the
aptured by the inverted fluorescence microscope. Green fluorescence represents
uantitative analysis of living bacterial percentage. * indicates P < 0.05. (For
to the Web version of this article.)
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consistent (41–45 �C) in the above four groups. Therefore, mainly the
ROS generated from the ANPs played a key bactericidal role. In short, all
these results indicate that the FMS had a significant bactericidal effect on
P. gingivalis even at a relatively lower temperature, which mainly owed to
the ROS produced by the ANPs.
3.5. Application performances of FMS in vivo

For the excellent light-magnetism responsive and bactericidal
Fig. 8. The effects of FMSs on bone defect healing at 3 months post-surgery. (a) Micro
the bone tissues regenerated on the mesial surface of the M1 mesial root. a2) The qua
and the bone healing area percentage. * indicates P < 0.05. (b) HE and Masson's trich
the center of the bone defect. White lines show the bone tissues along the mesial root
interpretation of the references to colour in this figure legend, the reader is referred
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performances in vitro, the FMSs were further applied with injectable
osteogenic hydrogel in vivo in this study. However, before the experiment
in vivo, three points need to be made clear. The first is the selection of
animal models. The inflammatory periodontal bone defect model
induced by ligature placement, bacterial inoculation, and lipopolysac-
charide local injection [46] can better mimic the occurrence and devel-
opment of clinical periodontal disease, which is suitable for investigating
pathogenesis. However, the size of bone defects varies among different
individuals, making it difficult to accurately evaluate the antibacterial
-CT. a1) Images of 3D reconstruction and sectional view. The red arrow indicates
ntitative analyses of the regenerated bone height along the mesial surface of M1
rome-staining photographs showing the mesial surface of the M1 mesial root and
surfaces of M1, while black lines show the bone tissues in the defect center. (For
to the Web version of this article.)
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and regenerative performances of the implanted materials. To address
this issue, we combined trauma-induced bone defects with bacterial
inoculation [47,48], ensuring defect size consistency among different
individuals. The second is the dosage of BMP-2. In this study, BMP-2 was
used as the active ingredient of the injectable osteogenic hydrogel
(Gel-BGMS). It is a classic cytokine that promotes bone healing and is
approved for clinical use by U.S. Food and Drug Administration in 2002
[49]. It should be noted that excessive BMP-2 will not promote bone
regeneration and may instead cause inflammation and fat formation [2,
50,51]. The commonly used concentration of BMP-2 is 0.3–3 μg mL�1

[52,53]. In this study, the concentration of BMP-2 to soak GMSs was 100
μg mL�1. The volume ratio between BMP-2 solution and the final
hydrogel system was 3: 100, which means that the working concentra-
tion would not exceed the upper limit (3 μg mL�1) even if all the loaded
BMP-2 diffused rapidly, ensuring the safety of BMP-2 use. The third is the
architecture implementation and biocompatibility of the hierarchical
Gel-BGMS/FMSM þ system. Our design is as follows. Before curing with
UV, the Gel-BGMS was mixed with FMSs and then injected into the bone
defect adjacent to the M1. After the control by magnetism, the FMSs were
distributed at the mesial neck of M1 and the outer surface of the gel
system to resist attacks from specific pathogens in the gingival sulcus and
wound surface (Fig. 7a). This strategy of attracting FMSs to the outer
surface of the gel system bymagnetism has been pre-implemented in vitro
(Supplementary Information, Fig. S5), and the gel system with hierar-
chical structure at the microscale have been successfully realized (Sup-
plementary Information, Fig. S6). Furthermore, in vitro experiments
confirmed that heat and ROS produced by the antibacterial layer of the
hierarchical system did not adversely affect the proliferation, penetra-
tion, osteogenic differentiation, and calcium salt deposition of bone
marrow mesenchymal stem cells in the osteogenic region (Supplemen-
tary Information, Figs. S7–8), suggesting that it would have no detectable
damage to the bone regeneration center if used in vivo. Therefore, the
hierarchical Gel-BGMS/FMSM þ system was applied to the periodontal
bone defect model in this study.

The live/dead bacterial staining results showed that the FMSs had a
good antibacterial performance in vivo (Fig. 7b): they killed most
P. gingivalis in the operative area (Fig. 7b1). The percentage of viable
bacteria in the Gel-BGMS/FMSM þ group is 10.38� 13.68%, significantly
lower than the BC group (90.34� 2.01%) and Gel-BGMS group (85.69�
22.29%) (Fig. 7b2).

Since P. gingivalis can result in bone absorption by secreting proteases
and endotoxins [54,55], killing P. gingivalis by FMSsmay offset their bone
absorption effect to promote bone defect healing. Further experiments
confirmed this hypothesis. The results of micro-CT (Fig. 8a) suggested
that the Gel-BGMS/FMSM þ group had a significantly higher bone height
on the M1 mesial surface compared with the other groups. Furthermore,
the Gel-BGMS/FMSM þ group had a better bone healing performance
from the results of 3D reconstruction, although there is no significant
difference in the quantitative analysis of the bone healing area compared
to the Gel-BGMS group. The better bone healing performancemay also be
caused by the mild localized heat generated by FMSs under NIR, which
can promote osteogenic differentiation of osteogenesis-related cells by
activating the BMP pathway [56,57]. The results of HE and Masson's
trichrome-staining further verified the tendency that the
Gel-BGMS/FMSM þ group had a higher bone height along root surfaces
and a better bone healing performance (Fig. 8b). In short, the FMS can
kill specific pathogens (such as P. gingivalis) in a predetermined region in
the organism with the control by magnetism and NIR, thus inhibiting
bone resorption along root surface and promoting bone defect healing.
Finally, we also tested the visceral toxicity of FMSs in the hierarchical
system. No sign of organ damage can be observed in the histological
structure of heart, liver, spleen, lung and kidney, and no noticeable dif-
ference was found when comparing Gel-BGMS/FMSM þ group with
Gel-BGMS group and BC group (Supplementary Information, Fig. S9). It
suggested that the FMS had no obvious visceral toxicity in this applica-
tion, further proving its good biocompatibility.
12
The hierarchical gel system constructed with FMSs has achieved good
performances in vivo. In fact, injecting the Gel-BGMS system and micro-
spheres modified with ANPs step by step may also realize the hierarchical
gel system. However, the magnetic design strategy used in our study has
three advantages: 1, it can be administered in one step, simplifying the
operating procedures; 2, the composition ratio of the gel system to FMSs
was constant; 3, if the infection is in a deep region, we can also conve-
niently move FMSs to the infection site by magnetism.

In addition, the good NIR controllability and antibacterial property of
FMS also played an important role. Although a series of photo-responsive
antibacterial materials have been previously reported [35,44,45], the
FMS has its uniqueness in usage as additives for bone regeneration ma-
terials, which means the demand for a milder working temperature (the
maximum temperature tolerance of osteocytes is 47 �C [40]). Based on
the sensitive photothermal performance of FMS, we controlled the tem-
perature below 47 �C by cyclic switching the power. The FMSs still
showed excellent antibacterial performances at such lower temperatures,
avoiding the damage to osteocytes caused by excessive temperature and
guaranteeing the healing effect of bone defects. The FMS constructed in
this study provides an effective way to satisfy the antibacterial demands
after periodontal surgery. It can be used as the additive of injectable
osteogenic hydrogel to precisely inhibit the colonization of P. gingivalis
and guarantee the healing of periodontal bone defects, possessing a
clinical application prospect in treating periodontal disease. The appli-
cation range of FMS is expected to be further expanded in the future.
Appropriate anatomical structures, such as the digestive tract or joint
cavity, may be more conducive to the function of FMS.

4. Conclusion

In this study, we constructed the magnetic microsphere that mimics
certain macrophage functions by integrating IR780, magnetism, and PDA
into a microsphere in an organized way. It possessed a rough surface and
could mimic the directional movement, capture, and bactericidal func-
tion like natural macrophages under the manipulation of magnetic fields
and NIR light. Furthermore, the functionalized microspheres can be
combined with injectable osteogenic materials in vivo and be driven to
the target region for sterilization, protecting the healing environment of
bone defects. This gave us a promising strategy to construct an intelli-
gent, responsive antibacterial material to meet the precise antibacterial
demand during bone defect healing.
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