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Background: Periodontal pathogenic bacteria promote the destruction of periodontal tissues and 
cause loosening and loss of teeth in adults. However, complete removal of periodontal pathogenic 
bacteria, at both the bottom of the periodontal pocket and the root bifurcation area, remains 
challenging. In this work, we explored a synergistic antibiotic and photothermal treatment, 
which is considered an alternative strategy for highly efficient periodontal antibacterial therapy.
Methods: Mesoporous silica (MSNs) on the surface of Au nanobipyramids (Au NBPs) were 
designed to achieve the sustained release of the drug and photothermal antibacterials. The 
mesoporous silica-coated Au NBPs (Au NBPs@SiO2) were mixed with gelatin methacrylate 
(GelMA-Au NBPs@SiO2). Au NBPs@SiO2 and GelMA-Au NBPs@SiO2 hybrid hydrogels 
were characterized, and the drug content and photothermal properties in terms of the release 
profile, bacterial inhibition, and cell growth were investigated.
Results: The GelMA-Au NBPs@SiO2 hybrid hydrogels showed controllable minocycline 
delivery, and the drug release rates increased under 808 nm near-infrared (NIR) light 
irradiation. The hydrogels also exhibited excellent antibacterial properties, and the antibac-
terial efficacy of the antibiotic and photothermal treatment was as high as 90% and 66.7% 
against Porphyromonas gingivalis (P. gingivalis), respectively. Moreover, regardless of NIR 
irradiation, cell viability was over 80% and the concentration of Au NBPs@SiO2 in the 
hybrid hydrogels was as high as 100 µg/mL.
Conclusion: We designed a new near-infrared light (NIR)-activated hybrid hydrogel that offers 
both sustained release of antibacterial drugs and photothermal treatment. Such sustained release 
pattern yields the potential to rapidly eliminate periodontal pathogens in the periodontal pocket, 
and the photothermal treatment maintains low bacterial retention after the drug treatment.
Keywords: periodontitis, mesoporous silica, Au nanobipyramids, gelatin methacrylate, 
photothermal therapy, antibacterial properties

Introduction
Periodontitis, which is one of the most common chronic oral infectious diseases, is 
initiated by periodontopathic bacteria, resulting in the formation of periodontal pocket 
and the destruction of the surrounding and supporting tissues of the teeth.1–3 Typically, 
mechanical debridement by scaling and root planing (SRP) to remove the subgingival 
pathogens is conventionally performed in non-surgical periodontal therapy. But it does 
not completely remove subgingival pathogens, especially in deep pockets, owing to the 
complex tooth anatomy.4,5 Therefore, several antibiotics are used to clear the residual 
bacteria.6 However, the destruction of normal flora and difficulty in maintaining local 
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therapeutic concentrations have limited the use of 
antibiotics.7 And overuse of antibiotics has led to the emer-
gence of the drug-resistant bacteria, thus making antibiotic 
treatments ineffective. Therefore, it is vital to develop a new 
strategy for not only achieving the removal of residual bac-
teria in the early stage of treatment, but also for maintaining 
a low number of bacteria in the long term.

In previous decades, Mesoporous silica (MSNs) have 
been received much attention as drug carriers, including 
for the delivery of antimicrobials to treat infectious dis-
eases. Because of the ordered pores and highly specific 
surface area, MSNs can carry large antibiotic loads and 
achieve sustained release.8,9 Further, nanovalves and poly-
mers are applied on the surface of MSNs to protect the 
antibiotics loaded in the pores and target the lesion this 
structure on the surface can be activated by pH,10 light,11 

radical12 and enzyme.13 However, when the concentration 
of antibiotics loaded onto the MSNs decreases to below 
the lowest effective concentration, subgingival pathogens 
resume proliferation, leading to recurrence of infection.

Photothermal is widely applied in medical treatment due 
to its spatiotemporally controlled photothermal effect by 
photo-induced heat.14 Particularly, photothermal therapy 
(PTT) induced by near-infrared (NIR) can effectively kill 
bacteria with deep tissue penetration and little photodamage, 
making it a good supplement to conventional medical 
treatment.15,16 Among numerous photothermal nanomater-
ials, Au nanobipyramids (Au NBPs) have been emerged as 
an excellent photothermal agent because of the strong surface 
plasmon resonance, good biocompatibility and efficient PTT 
conversion performance.17 Therefore, Au NBPs can be used 
as an excellent photothermal reagent with NIR controllability 
for synergistic phototherapy and pharmacotherapy.

Here, we designed a hybrid hydrogel containing high- 
surface area MSNs and Au NBPs with photothermal proper-
ties. The large surface area of Au NBPs@SiO2 enables the 
MSNs to load and release the antibiotics, and also achieves 
long-term control of bacterial proliferation on the tooth sur-
face. Additionally, the incorporation of Au NBPs@SiO2 into 
the GelMA hydrogel greatly enhanced biocompatibility with 
the periodontal microenvironment and increased the duration 
of retention in the periodontal pocket.

Materials and Methods
Materials
Gold chloride trihydrate (HAuCl4·3H2O, 48%), sodium bor-
ohydride (NaBH4, 98%), silver nitrate (AgNO3, 99%), 

L-ascorbic acid (99%), hexadecyltrimethylammonium bro-
mide (CTAB, 98%), cetyltrimethylammonium (CTAC solu-
tion 25% in water), trisodium citrate (99%), ammonia 
solution, minocycline (MINO), and Ingacure 2959 were 
obtained from Sigma-Aldrich. Hydrogen peroxide solution 
(30 wt%), tetraethyloxysilane (TEOS), and GelMA were 
purchased from Aladdin Reagent Co. Ltd. Sodium hydroxide 
(NaOH), and methanol (CH3OH) were purchased from 
Sinopharm Chemical Reagent Limited Corporation and 
used as received. Trypsin-EDTA (0.25%), fetal bovine 
serum (FBS), Dulbecco’s modified Eagle medium 
(DMEM), Hank’s Balanced Salt Solution, LIVE/DEAD™ 
Viability/Cytotoxicity Kit, LIVE/DEADTM BacLightTM 

Bacterial Viability Kit and 5-diphenyl-2-H-tetrazolium bro-
mide (MTT) were purchased from Life Technologies. Brain 
Heart Infusion (BHI), hemin and vitamin K were purchased 
from the Solarbio. Water was purified with a Millipore sys-
tem, and all glassware and Teflon-coated magnetic stirring 
bars were thoroughly cleaned with aqua regia, followed by 
copious rinsing with purified water.

Synthesis of Au NBPs and Au  
NBPs@SiO2
The Au NBPs were synthesized by a seed-mediated method, 
according to a previous report.18 Firstly, 0.15 mL of 10 mM 
NaBH4 solution was added to an aqueous solution composed 
of 0.125 mL of 10 mM HAuCl4, 0.25 mL of 10 mM triso-
dium citrate, and 9.625 mL of water. A seed solution was 
obtained in a water bath maintained at 30 °C for 2 
h. Secondly, 20 mL of 10 mM HAuCl4 was mixed with 
400 mL of 100 mM CTAB solution to prepare a growth 
solution. Briefly, 4.0 mL of 10 mM silver nitrate, 8.0 mL of 
1.0 M hydrochloric acid, and 3.2 mL of 100 mM L-ascorbic 
acid were added into the solution to prepare a growth solu-
tion. Then, 2.74 mL of the seed solution was added to the 
above growth solution and kept at 27 °C for several hours. 
A 450 mL solution of as-synthesized Au NBPs was centri-
fuged at 7500 rpm for 15 mins; then, the precipitates were 
redispersed in 315 mL of 80 mM CTAC solution and mixed 
with 52 mL of 10 mM AgNO3 and 26 mL of 100 mM 
ascorbic acid. The resultant solution was kept in the water 
bath at 65 °C for 4 h and subsequently centrifuged to enable 
precipitation. The precipitates were dispersed in 315 mL of 
50 mM CTAB and left undisturbed at 27 °C for 4 h. The 
particles precipitated to the bottom of the container. The 
remaining precipitate was dispersed in 200 mL of 50 mM 
CTAB solution. The resulting solution was mixed with 
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4.2 mL of NH3·H2O (25 wt %) and 3.2 mL of 1.6 M H2O2 

and kept undisturbed for 6 h. Then, the clear supernatant was 
removed and centrifuged at 7500 rpm for 15 mins. Finally, 
the purified Au NBPs were dispersed in 100 mL of 2 mM 
CTAB solution and stored at 4 °C for further use.

The mesoporous silica coating Au NBPs were gener-
ated by a modified Stober method.19 Firstly, 1 mL of 100 
mM NaOH solution was added to 100 mL Au NBPs, 
adjusting the pH value to 11. Then, 2.4 mL of 20% 
TEOS in methanol solution was added to the resultant 
solution at the rate of 0.8 mL every 30 mins. The mixture 
could react at 27 °C for 24 h. The resulting Au 
NBPs@SiO2 were washed twice with water, and then 
three times with methanol, and finally dispersed into 
100 mL of methanol. The removal of CTAB from the as- 
synthesized solution was carried out by NH4NO3–CH3OH 
extraction. Firstly, 5 mL of Au NBPs@SiO2 methanol 
solution was added to 30 mg of NH4NO3. Then, the 
resultant mixture was heated to reflux at 65 °C with 
stirring. The extracted Au NBPs@SiO2 was washed with 
methanol for three times, and stored at 4 °C.

Synthesis of GelMA-Au NBPs@SiO2
Ingacure 2959 (0.05 g) was dissolved in a 10 mL of 
deionized water to yield a 0.05% (w/v) Ingacure 2959 
solution. GelMA (5 g) was dissolved in 5 mL of the 
Ingacure 2959 solution to obtain a 10% (w/v) GelMA 
solution, which was fully dissolved by magnetic stirring 
at 60 °C for 10 mins. 100 µg/mL of Au NBPs@SiO2 was 
centrifuged and dispersed in a GelMA solution to prepare 
a GelMA-Au NBPs@SiO2 solution. This solution was 
added to a PMMA mold to prepare disc-shaped GelMA- 
Au NBPs@SiO2 under UV.

Characterization
The morphology characterizations were carried out with both 
scanning electron microscopy (SEM) and transmission elec-
tron microscope (TEM). SEM images were collected by 
using a Hitachi (SU8010) instrument. Both Au NBPs and Au 
NBPs@SiO2 were placed on silica wafers and dried at room 
temperature. The samples were coated with gold, the spray 
time lasts 30 seconds. Moreover, TEM images Au 
NBPs@SiO2 were collected by using a FEI Talos 200s 
instrument, with an operation voltage of 200 kV. The typical 
UV-vis absorbance spectra of both Au NBPs and Au 
NBPs@SiO2 were determined by UV-vis spectrometer 
(Lambda 25, PerkinElmer, USA) at a wavelength range 
between 450 and 900 nm. Fourier transform infrared (FT- 

IR, Tensor II, BRUKER, Germany) spectroscopy was 
employed to identify the surface functional structures of Au 
NBPs@SiO2. The collecting range was set at 500–4000 cm−1 

with a resolution of 1 cm−1. The size distribution and zeta 
potential of Au NBPs and Au NBPs@SiO2 were measured 
by dynamic light scattering and zeta potential measurement 
(ZS ZEN3600, Malvern, UK). The drug loading capacity of 
Au NBPs@SiO2 was measured by UV-vis spectra. 
Moreover, SEM was also adopted to investigate the morphol-
ogy of GelMA-Au NBPs@SiO2. Briefly, GelMA-Au 
NBPs@SiO2 was snap frozen at −80 °C and lyophilized for 
24 h before coated with ultrathin gold. The images were 
taken at 5.0 kV. The mechanical properties of GelMA-Au 
NBPs@SiO2 were characterized using a rheometer (DHR-2, 
TA, USA). The energy storage and loss modulus distribution 
of the GelMA samples were obtained at a shear strain of 
0.5% and a frequency range of 0.1 to 10 Hz.

Photothermal Effects Under 808 nm 
Laser Irradiation
The photothermal conversion efficiency of GelMA-Au 
NBPs@SiO2 was measured using the following method. 
The NIR laser light (808 nm) with the power of 0, 0.4, 0.8 
and 1.2 W/cm2 was focused to a spot size of 1 cm. The 
GelMA hydrogels containing 0, 25, 50, 75, and 100 µg/mL 
Au NBPs@SiO2 swelled in the phosphate-buffered saline 
(PBS) to reach equilibrium under light irradiation, and the 
temperature was recorded at 30 s intervals for a total of 5 
mins using the Thermal Imager (FLIR, E40, with an accu-
racy of 0.1 °C).

Release of Minocycline in vitro
To determine the release trend of minocycline (MINO) from 
the GelMA hydrogels, the samples were immersed in PBS 
(pH = 7.4) at 37 °C. The dried samples were immersed in 
10 mL of PBS. At time intervals of 0.25, 0.5, 1, 1.5, 2, 3, 5 and 
6 d, 300 μL of the solution was replaced with fresh PBS and 
the amount of released MINO was determined by UV-vis. In 
order to determine the effect of NIR light on MINO release, 
the samples were monitored under different conditions (with 
0, 0.4, 0.8, 1.2 W/cm2, 808 nm NIR light). At time intervals of 
10, 20, 30, 50 and 60 mins, the amount of released MINO was 
determined by UV-vis. To determine the effect of collagenase 
on MINO release, the samples were immersed in 10 mL of 
0.05 (v/w) % collagenase (125 CDU mg−1, solid) in Hank’s 
Balanced Salt Solution at 37 °C. At time intervals of 0.25, 0.5, 
1, 1.5, 2, 3, 5 and 6 d, 300 μL of the solution was replaced with 
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fresh collagenase solution and the amount of released MINO 
was determined by UV-vis spectra.

The Culture of Porphyromonas gingivalis 
and L929 Cell
Porphyromonas gingivalis (P. gingivalis) (ATCC 33,277) 
was grown in Brain Heart Infusion (BHI) and BHI blood 
agar plates, supplemented with hemin (5 μg/mL) and vita-
min K (1 μg/mL) in an anaerobic chamber (37 °C, N2: H2: 
CO2/75:10:15).

The L929 cell line was maintained in DMEM supple-
mented with 20% FBS, penicillin (100 units/mL) and 
streptomycin (100 µg/mL).

In vitro Antibacterial Effects
The in vitro antibacterial effects of MINO-GelMA-Au 
NBPs@SiO2 against P. gingivalis was assessed. Briefly, 
200 μL of bacterial suspension (107 CFU/mL) was incubated 
with GelMA-Au NBPs@SiO2 and MINO-GelMA-Au 
NBPs@SiO2 for 1, 3 and 5 d in BHI medium. P. gingivalis 
culture without nanoparticles was served as control. The 
growth of P. gingivalis was subsequently determined by 
measuring the optical density at a wavelength of 660nm 
(OD600nm) with a SpectraMax M2 microplate reader 
(Molecular Devices, USA). After removing the supernatants, 
the bacterial were washed twice wish PBS before staining 
with LIVE/DEADTM BacLightTM Bacterial Viability Kit. 
The bacterial vitality was visualized by ZEISS Axio Vert. 
A1 fluorescence microscopy imaging system.

To further evaluate the effects of the photothermal 
treatment on bacteria, 200 μL of bacterial suspension 
(106 CFU/mL) cultured in BHI medium was added to 96- 
well plates with or without GelMA-Au NBPs@SiO2 and 
MINO-GelMA-Au NBPs@SiO2. Subsequently, 0, 0.4, 0.8, 
and 1.2 W/cm2 NIR was used to irradiate the samples for 
1, 3, and 5 mins. After 24 h of incubation, P. gingivalis 
growth was determined by OD600nm and P. gingivalis vital-
ity was visualized by live/dead assay as described above. 
In addition, bacterial suspensions were serially diluted in 
PBS and plated on blood agar plates for the quantitation of 
live bacterial cells by counting CFU (CFU/mL) at day 5.

In vitro Cytotoxicity Studies
The in vitro cytotoxicity of GelMA-Au NBPs@SiO2 against 
L929 cells was determined by the 3- [4, 5-dimethylthiazol- 
2-yl]-2,5-diphenyl tetrazolium bromide (MTT) and live/dead 
assay. Briefly, L929 cells were cultured in DMEM with 

different concentrations of Au NBPs@SiO2 embedded in 
GelMA at 37 °C for 24 h. Thereafter, 20 μL of MTT solution 
was added and incubated for another 4 h. The supernatant was 
dissolved in 150 μL of DMSO and OD570nm was measured by 
SpectraMax M2 microplate reader (Molecular Devices, USA). 
Moreover, LIVE/DEAD™ Viability/Cytotoxicity Kit was 
used to detect cell vitality after the indicated treatment. L929 
were stained with LIVE/DEAD™ Viability/Cytotoxicity Kit 
and observed using a ZEISS Axio Vert.A1 fluorescence micro-
scopy imaging system and count the number of cells by 
ImageJ software.

In order to evaluate the cytotoxicity in the presence of 
NIR light, cells were seeded onto the hydrogels, followed 
by 0.4, 0.8 and 1.2 W/cm2 NIR light irradiation for 1, 3 
and 5 mins, respectively. After culturing for 24 h, the 
in vitro cytotoxicity of the hydrogels was determined by 
MTT and live/dead assay as described above.

Statistical Analysis
All assays were performed in triplicate, and each treatment 
tested was repeated three times. All values are presented as 
mean ± SD, and calculated by one-way ANOVA with the 
LSD test for multiple comparisons. All statistical analyses 
were executed with the SPSS 19.0 software, with p<0.05 
were regarded as statistically significant.

Results and Discussion
Characterization of Au NBPs@SiO2
The synthesis of the Au NBPs@SiO2 core@shell nanostruc-
ture involves seed-mediated growth and modified Stober 
methods.19 As shown in Figure 1A, representative SEM 
images of Au NBPs indicate that the average length and 
width of Au NBPs are about 107 and 32 nm, respectively. 
After coating mesoporous silica, the Au NBPs@SiO2 show the 
typical core-shell structure, with an average shell thickness of 
11 nm (as shown in Figure 1B and C). The corresponding UV- 
vis spectra further confirms the silica layers of Au NBPs 
(Figure 1D) based on the shift of the peak of longitudinal 
surface plasmon resonance (LSPR) from 808 to 818 nm after 
application of the silica shell coating. According to the Mie- 
Gans theory, the increasing dielectric via the silica coating 
enhances the plasmon wavelength and leads to the red shift.20 

This result is consistent with previous report, in which the local 
refractive index of the surrounding medium for Au NBPs lead 
to the red shift of LSPR peak after replacing CTAB ligands 
with silica shell.21 The FT-IR spectra were generated to eval-
uate the chemical structure of Au NBPs@SiO2 (Figure 1E). 
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A broad peak from 3600 cm−1 to 3300 cm−1 is attributed to the 
hydroxyl groups from the silica surface. Additionally, three 
typical chemical wavenumbers belonging to Si-O bonds are 
located at 1080 cm−1. The removal of CTAB is also confirmed 
by FT-IR spectra. Both the intensities of asymmetrical and 
symmetrical vibrations at 2930 and 2850 cm−1 from 
C-H bond from CTAB reduce sharply. As mentioned above, 
the electrostatic force between the oligomeric silicate anions 
and cationic headgroups (CTA+) of the CTAB is broken by the 
introduction of NH4NO3 in methanol.19 And it indicates that 
most of CTAB has been successfully extracted and get a more 
open and hollower pore channel to increase its drug loading 
capacity. The successful loading of MINO is detected by UV- 
vis spectra (Figure 1F). The typical absorption of Au 
NBPs@SiO2 occurs at 345 nm. After loading MINO, 
a shoulder peak at 345 nm decreases, which is the same as 
that observed with pure MINO. The zeta potential of Au NBPs 
is +30.1 mV; after coating with silica shell, this decreases to 
−13.2 mV (Figure 1G). Figure 1H shows the diameter 

distribution of Au NBPs and Au NBPs@SiO2 as determined 
by DLS. The Au NBPs exhibited a mean diameter of 109 nm. 
After coating silica shell, the diameter increased to 122 nm. 
Compared with pure nanoparticles, the hybrid nanomaterial 
integrates various properties into a unique nanoparticle formu-
lation, representing a potential improvement on the previously 
established therapeutic agent. In this hybrid structure, Au 
NBPs exhibit excellent chemical stability, and tunable absorp-
tion wavelengths, which could potentially function as 
a hyperthermia agent for photothermal therapy. Moreover, 
mesoporous silica has versatile surface chemistry for further 
functionalization, which can be used as the ideal platform for 
constructing multifunctional materials.

Characterization of GelMA-Au  
NBPs@SiO2
Although many effective drug release systems have been 
developed to target bacterial infections, only a few can be 

Figure 1 The characterization of Au NBPs@SiO2. SEM image of Au NBPs (A) before and (B) after silica coating. Scale bar = 250 μm. (C) TEM image of Au NBPs@SiO2. 
Scale bar = 50 μm. (D) UV-vis spectra of Au NBPs (black) and Au NBPs@SiO2 (red). (E) FT-IR spectra of Au NBPs@SiO2 before (black) and after (red) template removal. 
(F) UV-vis spectra of the MINO solution before being loaded onto Au NBPs@SiO2 (black) and after being loaded onto the Au NBPs@SiO2 (red). (G) The zeta potential of 
Au NBPs and Au NBPs@SiO2. (H) The size distribution of Au NBPs (black) and Au NBPs@SiO2 (red).
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used for the clinical treatment of periodontitis. Specifically, 
the development of ideal drug release systems for periodontal 
pockets remains necessary.22 As semi-solid nanomaterials, 
hydrogels are much easier to prepare and administer than 
most typical solid nanomaterials, and exhibit good biocom-
patibility and bioadhesion,23 which enables them to easily 
attach to periodontal pockets. As shown in Figure 2A, the 
surface of GelMA-AuNBPs@SiO2 is rough, with varying 
pore sizes. Additional details of the internal structure are 
shown in Figure 2B, which indicates a broad pore size dis-
tribution from 40 to 72 nm. Compared with the pure GelMA 
hydrogel, the rheometer of GelMA-Au NBPs@SiO2 hydro-
gel reduces to 50% after adding Au NBPs@SiO2 

(Figure 2C). By adjusting the concentrations of pre- 
polymer and photoinitiator, elastic modulus and adhesive 
strength of GelMA hydrogel can be tuned.24 The 10% w/v 
GelMA pre-polymers have excellent adhesion properties, 
which makes the hydrogel effectively adhere to the surface 
of the substrate and conducive to long-term existence. As 
shown in Figure 2D, during NIR light irradiation, the surface 
temperatures of GelMA-AuNBPs@SiO2 hydrogel rose 
rapidly and reached a plateau after irradiation with 1.2 W/ 
cm2 laser power for 5 mins. Upon 5 mins of NIR laser 
irradiation (1.2 W/cm2), the maximal temperature of the 
hydrogels with different concentration of embedded Au 
NBPs@SiO2 was 42.1 °C, 48.7 °C, 52.1 °C, and 57.5 °C, 
respectively (Figure 2E). Obviously, larger amounts of Au 
NBPs@SiO2 in the hybrid hydrogels lead to a higher 

temperature during NIR irradiation as a result of higher 
absorption of NIR by Au NBPs@SiO2, indicating concentra-
tion-dependent features. The hyperthermia shown in Figure 
2F illustrates that after embedding with Au NBPs@SiO2, 
NIR light is absorbed and then converted into heat via the 
photothermal effects of Au NBPs@SiO2 in the hydrogels. In 
addition, Au NBPs have unique optical properties compared 
with other gold nanoparticles (such as gold nanorods, gold 
nanostars, and gold nanocages). Theoretical calculations 
show that the photothermal effect of Au NBPs is several 
times stronger than that of gold nanorods,25,26 and the sharp-
ness of the two ends of Au NBPs is directly proportional to 
the local plasmon resonance effect in the near-infrared 
range.27

Release of Minocycline in vitro
Figure 3A shows the cumulative amounts of MINO released 
from the hydrogels in PBS buffer (pH= 7.4) at 37 °C. A rapid- 
release behavior is observed in the first 2 days, with 
a relatively slow release in the subsequent 5 days. When the 
MINO released from the hydrogel in collagenase solution, 
the release rate is slightly accelerated in comparison with the 
hydrogels immersed in PBS buffer (Figure 3B). GelMA 
hydrogels exhibit enzymatic degradation properties. And 
they retain enzyme-sensitive sequences as the same as both 
gelatin and collagen. As the hydrogel is immersed in the 
collagenase solution, the degradation rate of GelMA hydro-
gels is faster than immersion in PBS buffer.24,28 After 

Figure 2 Characterization of GelMA-Au NBPs@SiO2. (A) SEM image of surface morphology and (B) the internal structure. Scale bar = 50 μm. (C) The loss modulus G״
and the storage modulus G׳. Photothermal properties under 808 nm laser irradiation at different concentrations (D) and powers (E). Real-time infrared thermal images of 
GelMA and GelMA-Au NBPs@SiO2 (F).
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activation by NIR light, increased release is observed, which is 
also dependent on the power of NIR irradiation (Figure 3C): 
the higher of the power, the greater the molecular release. The 
maximum release rate was reached when the NIR irradiation 
power was 1.2 W/cm2. The NIR-responsive drug release 
material, which serves as an intelligent drug delivery method, 
showed controlled drug release in response to stimulation by 
external factors. The possible reason for this is that as the Au 
NBPs@SiO2-embedded hydrogel absorbs NIR light and con-
verts it into heat, the reduction in volume results in burst 
release of soluble materials in the hydrogel carrier. It is well 
known that Au NBPs have prominent NIR-responsiveness. 
The NIR-responsiveness of Au NBPs@SiO2 nanoparticles 
can be attributed to the high photothermal conversion effi-
ciency and synergistically enhanced NIR responsiveness 
derived from Au NBPs.18,29 Furthermore, the increased tem-
perature upon laser irradiation is another reason for the high 
MINO release amount, since the high temperature will accel-
erate the diffusion and release of drug molecules.30 Hence, 
owing to the temperature response to NIR irradiation, the 
present hydrogel represents a promising carrier in drug deliv-
ery systems.

In vitro Antibacterial Effects
The NIR light-irradiated samples showed enhanced antibac-
terial efficacy against P. gingivalis. The antibacterial efficacy 
of the hydrogels rose to 8.7%, 51.2%, and 66.7% against 
P. gingivalis, as the power of NIR light irradiation increased 
(Figure 4A). In addition, the results in Figure 4B showed the 
number of viable bacteria were significantly decreased after 
NIR laser irradiation (1.2 W/cm2). In comparison, no effect 
on the bacterial colonies in the control group were observed 
by Live/Dead staining, regardless of irradiation, indicating 
that the control group had no antibacterial effect (Figure 4C). 

The LIVE/DEAD BacLight Bacterial Viability Kits utilize 
mixtures of SYTO® 9 green-fluorescent nucleic acid stain 
and the red-fluorescent nucleic acid stain, propidium iodide. 
These stains differ both in their spectral characteristics and in 
their ability to penetrate healthy bacterial cells. With an 
appropriate mixture of the SYTO 9 and propidium iodide 
stains, bacteria with intact cell membranes stain fluorescent 
green, whereas bacteria with damaged membranes stain 
fluorescent red.31 The modification of Au NBPs could 
improve bactericidal efficacy in PTT and avoid the minimal 
cytotoxicity to normal tissues.32 Exposure to high tempera-
tures (between 57 and 82 °C for just 30 mins) is used as an 
effective sterilization strategy against bacteria, e.g. during 
pasteurization.33 Due to the relatively low thermal conduc-
tivity of the cell membrane, the heat generated by Au NBPs 
@ SiO2 is directed to the surface of P. gingivalis to effec-
tively destroy the P. gingivalis cell wall.34 The advantages of 
photothermal therapy include the absence of cytotoxic com-
ponent production, bacterial resistance, external controllabil-
ity, and broad-spectrum sterilization.35,36 Compared with 
traditional antibiotic treatments, photothermal antibacterial 
treatment do not elicit bacterial resistance. Secondly, the light 
source wavelengths used in photothermal antibacterial treat-
ments have deeper tissue penetration than other light-induced 
treatments.37 Finally, by controlling the specific area and 
intensity of light exposure, the side effects of photothermal 
antibacterial treatment against normal tissues can be 
reduced.38–40

In comparison, without NIR irradiation, the GelMA-Au 
NBPs@SiO2 had no inhibitory effect on bacteria compared 
with the control group. However, MINO-GelMA-Au 
NBPs@SiO2 showed significant antibacterial effect at the 
3rd and 5th days, which was as high as 90% and 67.5%, and 
maintained for 5 days (Figure 4D). However, the antibacterial 

Figure 3 Release curves of minocycline in vitro. (A) Cumulative amounts of MINO released from GelMA-Au NBPs@SiO2 after immersion in PBS at 37 °C for 6 days. (B) 
Cumulative amounts of MINO released from GelMA-Au NBPs@SiO2 after immersion in collagenase solution at 37 °C for 6 days. (C) Cumulative amounts of MINO 
released from hydrogel with different powers of NIR light. The data is presented as Mean/SD.
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efficacy on the 7th day was only 10%. Subsequently, photo-
thermal treatment improved the antibacterial efficacy to up to 
50% (Figure 4E). Live/Dead staining of bacteria indicated 
many viable bacteria in the control group and the GelMA- 
Au NBPs@SiO2 group, while dead bacteria were observed in 
the MINO-GelMA-Au NBPs@SiO2 group (Figure 4F). 
Therefore, the antibacterial effect of MINO-GelMA-Au 
NBPs@SiO2 may be supplemented by photothermal antibac-
terial treatment. After SRP to clear the subgingival pathogens, 
the residual bacteria present in deep pockets owing to the 
complex tooth anatomy may not be completely removed, 
thus reducing the efficacy of periodontal treatment and hinder-
ing regeneration of periodontal tissue. We propose the use of 
MINO-GelMA-Au NBPs@SiO2 to rapidly clear periodontal 
pathogens in the periodontal pocket at an early stage with 
antibiotics, followed by photothermal antibacterial therapy, 
maintaining low bacterial retention at the maintenance period 
via physical sterilization. Collectively, the present hydrogels 
offer a sustained and efficacious antibacterial treatment 
strategy.

In vitro Cytotoxicity Studies
For clinical application, biomaterials should possess both 
antimicrobial capability and biocompatibility. The cytotoxi-
city of the present hydrogels was investigated by the MTT 
assay, and biocompatibility was evaluated by co-culture with 

L929 cells. As shown in Figure 5A, the hydrogels with 
different concentrations of embedded Au NBPs@SiO2 

were co-cultured with L929 cells for 24 h and compared 
with the control group, which all slightly inhibited the cells. 
Among them, the 100 μg/mL Au NBPs@SiO2 group was the 
most obvious, but the inhibition rate was only 5%. 
Biocompatibility was further tested using a Live/Dead stain-
ing kit. The results are shown in Figure 5A and B: After 
LIVE/DEAD™ Viability/Cytotoxicity cell staining, the 
green fluorescence and red fluorescence indicate live and 
dead cells, respectively. The control group mainly contains 
about 99% viable cells stained green, and about 1% dead 
cells are stained red. Each GelMA-Au NBPs@SiO2 hydrogel 
group is shown as comprising nearly 98% viable cells and 
about 2% dead cells, indicating a good biocompatibility. 
GelMA is an attractive photocurable material generated 
from chemically modified gelatin with methacrylic anhy-
dride (MAA).41 In addition, GelMA retains its intrinsic bio-
logical properties such as enzymatic degradability and 
promotion of cell adhesion.42 When examining the photo-
thermal antibacterial effect of the hydrogel, it is necessary to 
consider whether it exerts effects against normal cells under 
the same conditions. As shown in Figure 5C and D, L929 
cells were co-culture with GelMA-Au NBPs@SiO2 hydrogel 
and treated by 5 min of irradiation under 1.2 W/cm2 power 
NIR light, and the cell viability was over 80%. It shows that 

Figure 4 The antibacterial effects of antibiotic and photothermal treatment. (A) The antibacterial effects of photothermal treatment under different power of NIR 
irradiation. (B) The number of viable bacteria after NIR laser irradiation (1.2 W/cm2). (C) The live/dead fluorescence images of P. gingivalis treated by NIR irradiation. (D) 
The antibacterial effects of antibiotic at 1, 3, 5, 7 and 8 d. (E) The synergistic antibacterial effects of antibiotic and photothermal treatment. (F) The live/dead fluorescence 
images of P. gingivalis treated by different strategies. Scale bar = 10 μm. The data is presented as Mean/SD: *Compared with control, p < 0.05.
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short periods of NIR can affect cell growth, but not 
completely.

Conclusion
In summary, we constructed a NIR-activated GelMA-Au 
NBPs@SiO2 hybrid hydrogel that enables both antibiotic 
drug release and physical photothermal treatment under 
NIR irradiation. The biomaterials possess antibacterial 
efficacy of 90% and 66.7% against P. gingivalis by anti-
biotic and photothermal treatment, respectively. And the 
rate of MINO release can be controlled by the NIR light. 
Compared with UV light, NIR has relatively small absorp-
tion and scattering coefficients in biological tissues and is 
therefore preferred in clinical applications. Moreover, the 
present GelMA-Au NBPs@SiO2 hydrogels, with syner-
getic effects due to antibiotics and physical sterilization, 
show significant promise for the long-term treatment of 
periodontal disease, with high efficacy.
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