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ABSTRACT

In this study, a new series of zinc oxide (ZnO) with high specific surface area and narrow energy band gap are
prepared using a facile microwave-induced method. The corresponding formation mechanism is also discussed
for the first time. Due to the introduction of C, these ZnO can be excited by long wave temperature light without
harmful short wave radiation, and play an efficient photocatalytic activity. This valuable property fundamentally
improves the biological safety of its photocatalytic application. Herein, taking teeth whitening as an example, the
photocatalytic performance of ZnO is evaluated. The “pure” yellow light-emitting diode (PYLED) with high
biological safety is used as the excitation source. It is found that this method could effectively remove pigment on
the tooth surface through physical adsorption. In addition, these ZnO could generate active oxygen to degrade
the pigment on the tooth surface under the irradiation of yellow light. Some further optimization of these “warm
light” responsive ZnO is also discussed in this systematical study, which could open up new opportunities in

biomedical field.

1. Introduction

ZnO has attracted enormous attention for its unique chemical and
physical properties [1-3]. As an important semiconductor material, ZnO
exhibits excellent optical [4], magnetic [5,6], and piezoresistive prop-
erties [7], which has been widely used in catalysis [8,9], ceramics [10],
sensors [11,12], and optoelectronic devices [13-15]. It’s well known
that ZnO has been approved by the U.S. Food and Drug Administration
(FDA) as a material with good biocompatibility [16]. Therefore, ZnO
also has extensive application prospects in biomedical field, including
drug delivery [17], [[,18] imaging [19,20], implant materials [21,22]
and biosensors [23,24]. Photocatalytic performance, as one of the
research hotspots of ZnO, has laid a solid foundation for its application
in environment and energy fields, but its application potential in the
field of biomedicine has not been fully explored. What leads to this
dilemma is that the traditional ZnO with wide energy band gap can only
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respond to short-wavelength light spectral region, such as ultraviolet
light (UV light) [25-27]. In previous studies, some ZnO could be acti-
vated by visible light (purple light and blue light) through doping other
metal elements, but new toxic substances may be introduced accord-
ingly [28]. Besides, due to the hazards of short-wavelength light sources
[29, 30], its application in biomedical area photocatalysis is severely
restricted. Hence, it would be healthier if ZnO could be excited by some
mild and long-wavelength visible lights (such as green, yellow or even
red light). In other words, it’s of great significance to effectively narrow
the energy band gap of ZnO for improving the long-wavelength light
response. In addition, the surface of existing ZnO is generally smooth
and dense from the micron scale, which limited its adsorption capacity
[31], and thus restricted the effects on environmental remediation or
drug delivery [32] et al. Collectively, owing to the inherent poor visible
light utilization and low specific surface area, their practical applica-
tions were greatly restricted, especially in biomedical field [33].
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In this study, we developed a facile strategy assisted by a household
microwave oven to synthesize a series of porous ZnO with long-
wavelength warm light response and large surface area. The formation
mechanism of its porosity was also investigated for the first time. Af-
terward, a safe long-wavelength yellow light was selected as the exci-
tation light source, which has the characteristics of lower intensity and
less irritation to the eyes [34,35]. The subsequent studies implied that,
with the aid of yellow light, the synthesized ZnO could photocatalytic
degrade pigments effectively. More importantly, owing to the peculiar
healthier irradiation activated capability, its photocatalytic application
would be no longer limited to the environmental field. As a proof of
concept study, taking teeth whitening as an example, the expanded
applications of ZnO in biomedical field was demonstrated.

2. Materials and methods
2.1. Materials

Zn(NO3)2-6H20, hexamethylenetetramine (HMT), sodium citrate,
and hydroxypropyl methyl cellulose (HPMC) were purchased from
Macklin (Shanghai, China). Rhodamine B (RhB) for photocatalytic
degradation was purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Roswell Park Memorial Institute (RPMI) 1640 me-
dium, fetal bovine serum (FBS), and penicillin streptomycin were sup-
plied by Gibco Co. (USA). Cell counting assay kit-8 (CCK-8) was
purchased from Dojindo Co. (Japan).

2.2. Preparation of PZCs

50 mM Zn(NOs3)2-6H50, 80 mM NH3-H;0 and 25 mM HMT were
dissolved in 400 mL deionized water by stirring for 10 min in a sealed
container. Then the reaction system was put into a water bath at 65 °C
for 15 min. After that, 0.14 g sodium citrate and 0.1 g HPMC were added
to the solution under magnetic stirring until a homogeneous solution
was formed. The mixed solution was incubated for 10 h in a water bath
at 85 °C. After the reaction, the product was collected by centrifugation
and washed twice with deionized water and ethyl alcohol, and finally
dried in the vacuum freezer dryer. After freeze drying, PZCs were ob-
tained with microwave treatment for 15 min.

2.3. Preparation of BC

Firstly, 100 g wheat-straws were washed with deionized water and
dried in an oven for 24 h. Then these wheat-straws were cut into small
segments (3.8 cm). Subsequently, calcination was carried out under a
nitrogen atmosphere in a tubular furnace at 800 °C for 1 h with a heating
rate of 5 °C/min. After that, the tubular furnace was cooled to 300 °C at
the rate of 5 °C/min, and then naturally cooled to room temperature.
Finally, the biomass carbon (BC) was obtained after washing with
deionized water and drying at 80 °C in the oven for 12 h.

2.4. Preparation of ZnO-BC 1

ZnNO3-6H50 (0.7437 g) was dissolved in deionized water (50 mL).
Under the constant stirring, 50 mL NaOH solution (0.05 mol/L) was
added to the ZnNO3-6H30 solution at room temperature to form Zn
(OH); colloid. The obtained colloidal solution was then centrifuged for
10 min at 8000 rpm, and the supernatants were discarded. Subse-
quently, the precipitate and BC (0.1 g) were dispersed in 50 mL Hy0,
solution (1 mol/L). Then, the solution was transferred into an oven and
dried at 75 °C for 24 h. The dried sample was put into the tube furnace
and calcined at 1000 °C for 2 h under a nitrogen atmosphere. Finally, the
Zn0O-BC 1 was obtained.
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2.5. Preparation of ZnO-BC 2 and ZnO-BC 3

50 mM Zn(NO3),-6H,0, 80 mM NHj3-H,O and 25 mM HMT were
dissolved in 400 mL deionized water by stirring for 10 min in sealed.
Then the reaction system was put into a water bath at 65 °C for 15 min.
After that, 0.14 g sodium citrate, 0.1 g HPMC and 0.1 g BC were added to
the solution under magnetic stirring until a homogeneous solution was
formed. The mixed solution was incubated for 10 h in a water bath at
85 °C. After the reaction, the product was collected by centrifugation
and washed twice with water and ethyl alcohol. Finally, the ZnO-BC 2
was obtained after freeze drying. ZnO-BC 3 was obtained by microwave
treatment of ZnO-BC 2 for 15 min.

2.6. Visible light photocatalysis

The photocatalytic activities of these samples were evaluated by the
degradation of RhB at room temperature. The reaction systems were
stirred under the visible light condition (blue, yellow, green and white
light). The visible light photocatalytic activity was tested by a wave-
length scan on a UV-vis spectrophotometer.

2.7. Absorption of Cu®*

CuCl,-2H50 was dissolved in deionized water. Then five kinds of
ZnO samples (0 min, 1 min, 3 min, 5 min, 15 min) were added to the
solution, respectively. After 2 h, the content of residual Cu in the solu-
tion was measured by inductively coupled plasma spectroscopy (ICP).

2.8. Teeth whitening

Teeth were obtained from the Affiliated Dental Hospital of Nanchang
University. The PYLED chip was installed in the head of the toothbrush.
The teeth were immersed in the solution of samples (5 mg/mL), and
brushed with the PYLED-toothbrush under the irradiation of PYLED for
0.5 h. Finally, the dental professional color card was used to evaluate the
whitening effect.

2.9. Residual bacterial on teeth

We selected three groups of teeth possessed the same size to conduct
the experiment. After the teeth were washed, they were sterilized by
autoclave. Then, the three groups teeth and bacterial solutions
(S. aureus, E. coli) were placed in a biochemical constant temperature
incubator (37 °C, 120 rpm/min) for 24 h. The teeth of group 1 were
brushed with toothbrush as control, the teeth of group 2 were brushed
with sample, the teeth of group 3 were brushed with sample under
PYLED irradiation, and each group of teeth was brushed for 3 min. Then
three groups of teeth were washed twice with PBS. Finally, the SEM
images of naturally air-dried teeth were taken to observe the bacteria
remaining on the surface of the teeth.

2.10. Statistical analysis

Data were represented as means + standard deviation (SD). Statis-
tical analyses were performed using GraphPad Prism (GraphPad Soft-
ware, Inc., San Diego, CA). Data were analyzed using one-way analysis
of variance (ANOVA) and unpaired or paired Student’s t-test as appro-
priate. Significance was accepted at p < 0.05.

All experiments were performed in compliance with the relevant
laws and approved by the Institutional Animal Care and Use Committee
at Institute of Translational Medicine, Nanchang University.
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3. Results and discussion
3.1. Synthesis and characterization of PZCs

Firstly, we synthesized porous ZnO capsules (PZCs) through a simple
household microwave process, as shown in Fig. 1a. The precursor of
PZCs was synthesized by a water bath method. After freeze drying, a
facile microwave treatment was carried out. Through scanning electron
microscope (SEM) observation, the morphology of original ZnO was
nanosheet. During the process of microwave, these nanosheets gradually
agglomerated into microspheres, and finally formed PZCs after 15 min
(Fig. 1b—f). Transmission electron microscope (TEM) analysis further
confirmed the morphological changes of ZnO under different microwave
time treatments (Fig. 1g—i). High resolution TEM (HRTEM) images and
selected area electron diffraction (SAED) patterns also implied that,
when the microwave time reached 15 min, the crystal structure of the
ZnO was changed from single crystal to polycrystal (Fig. S1). The
polycrystalline structure was mainly due to the introduction of carbon
into ZnO after the carbonization of hydroxy propyl methyl cellulose
(HPMCQ), and eventually C-doped PZCs were synthesized.

Subsequently, the influence of microwave power on the morphology
of ZnO was studied. SEM images exhibited that the porous structure
could be formed only when the microwave power reached 100% (800
W) (Fig. 2a-d). The element analysis implied that the contents of two
elements (Zn and O) basically kept unchanged after microwave treat-
ment (Fig. 2e and f).

The X-ray diffraction (XRD) patterns (Fig. 2g) with prominent peaks
along (101) and (103) showed the polycrystalline nature of these ZnO.
Besides, characteristic peaks of Zn(OH); could also be observed from the
diagram, indicating the presence of Zn(OH); in the early stage of ZnO
synthesis. With the increase of microwave time, Zn(OH); was gradually
decomposed into ZnO. Through X-ray photoelectron spectroscopy (XPS)
spectrogram analysis, when the microwave time reached 15 min, there
were little Zn(OH), in sample (Fig. S2), which was consistent with
previous results. Furthermore, thermal stabilities of ZnO were studied
using the thermogravimetric analysis (TG). As a result, all kinds of ZnO
showed a similar degradation trend, and the degradation process was
governed by two stages (Fig. 2h). In the first stage, the weight loss
occurred in the range of 25 °C-175 °C, which was mainly due to the
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removal of weakly adsorbed water on the surface of ZnO. The second
weight loss step, which occurred above 250 °C, was mainly owing to the
decomposition of crystal water and Zn(OH); and the carbonization of
HPMC. Fourier transform infrared spectroscopy (FTIR) was subse-
quently utilized to analyze the structural changes of samples after
different microwave time treatments (Fig. 2i). The results confirmed the
presence of ~OH on the surface of all kinds of ZnO. The peak at 3328
em~! was attributed to the vibration of ~OH, which was obviously
decreased with prolong of microwave time. To sum up, the formation
mechanism of PZCs in the microwave process was simply summarized in
Fig. S3. As the microwave pyrolysis proceeded, the generated water
vapor and carbon dioxide (CO;) generated by the carbonization of
HPMC escape from the surface of the ZnO microspheres, forming
irregular pores on the surface of ZnO microspheres.

3.2. Adsorption and photocatalytic activities of PZCs

To further validate the porous structure, the adsorptive experiment
of cupric ion (Cu") was performed. The results showed that PZCs (15
min) exhibited the highest adsorptive capacity compared with others
(Fig. 2j). Subsequently, the porous property of the PZCs was also
investigated by nitrogen adsorption. According to the nitrogen
adsorption-desorption isotherms (Fig. 2k), PZCs (15 min) possessed a
specific surface area of 59.784 m?%/g, which was higher than that of ZnO
without microwave treatment (0 min). Meanwhile, PZCs had an average
pore size of 30.798 nm and a total pore volume of 0.153 cm®/g (Fig. S4).
In addition, the methanol adsorption results also proved that PZCs (15
min) had the stronger adsorptive capacity than ZnO without microwave
treatment (0 min) (Fig. S5).

Next, their photocatalytic performances were studied. Firstly, the
photocatalytic efficiencies of these ZnO were evaluated by degradation
experiments using Rhodamine B (RhB). As illustrated in Figure 21, the
photocatalytic activities of all kinds of ZnO were significantly enhanced
by treating with microwave. Furthermore, the degradation efficiency of
RhB showed a positive correlation with microwave time. According to
the degradation results of RhB, three kinds of ZnO (0 min, 5 min and 15
min) were selected for further research. Subsequently, through the
calculation of their ultraviolet-visible (UV-vis) spectra, the optical en-
ergy band gaps of these three kinds of ZnO were 3.25 eV for 0 min, 3.18

SEM TEM/EDS

HRTEM/SAED

-

0 min
C

1 min

d

3 min

Fig. 1. Schematic illustration of the synthetic route for preparing PZCs. (a) Schematic illustration for the synthesis of PZCs precursor. (b—f) SEM images of ZnO after
treatment with microwave at different time points. (g-i) TEM images and (j-1) HRTEM images of ZnO after treatment with microwave at different time points. Insets
in g-i are the corresponding images of EDS, and j-1 are the corresponding SAED patterns.
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Fig. 2. Characterization of PZCs. (a—d) SEM images of ZnO after treatment with different microwave power. ZnO without microwave treatment was used as the
control group. 100% power was 800 W, and 80% power was 640 W, 50% power was 400 W. (e, f) Corresponding EDS of ZnO without microwave treatment (e) and
PZCs (). (g) XRD patterns of ZnO after treatment with microwave at different time points. (h) TG curves of ZnO after treatment with microwave at different time
points. (i) FTIR spectra of ZnO after treatment with microwave at different time points. (j) Residual Cu concentrations after treatment with different ZnO. Date are
mean + SD. n = 3. *p < 0.05, **p < 0.01, ***p < 0.001. (k) Nitrogen adsorption-desorption isotherm curves of ZnO without microwave treatment (0 min) and PZCs
(15 min). (1) UV-vis absorption spectra of RhB at different time points under UV light. The inset is the optical photograph of RhB degradation efficiency. (m-o) («

Ep)l/Z

vs Ep plots of ZnO. (p) Photocatalytic effects of RhB after treatment with PZCs under different visible light sources irradiation. Natural light was used as the

control group. The insets are the optical photograph of RhB degradation efficiency and the optical photograph of RhB degradation process using different light
sources, respectively.
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eV for 5 min and 2.2 eV for 15 min (PZCs) (Fig. 2m-o0). The results
indicated that energy band gaps were decreased with the increase of
microwave time. The narrower energy band gap of PZCs meant that the
photocatalytic reaction could be triggered under a long-wavelength
visible light condition. The reason for this phenomenon may be that
there is an empty orbital on the 2p sublayer orbital of C. The hybridi-
zation of the empty orbital state with the 2p orbital electronic energy
state of O leads to the energy level structure between ZnO lattices, which
reduces the band gap and realizes the absorption of visible light.
Moreover, according to photoluminescence (PL) spectra (Fig. S6), with
the introduction of C, there are impurity energy levels, oxygen va-
cancies, interstitial zinc, zinc vacancies and interstitial oxygen energy
levels in ZnO lattice. These energy levels will form new recombination
centers and cause the change of band gap. With the introduction of C,
the near band edge emission peak of C-doped ZnO shifts to red, which
indicates that C-doping can effectively reduce the optical band gap of
ZnO.

To further verify this phenomenon, PZCs were chosen as the pho-
tocatalysts to degrade RhB under different visible light conditions with
consistent intensity. Herein, four kinds of representative visible light
sources were selected, including blue, green, yellow and white light. The
results showed that yellow light exhibited the best degradation perfor-
mance (Figure 2p), except white light (because white light is a mixed
light composed of blue, red and green light in a certain proportion [36]).
Moreover, reusability studies were performed to check the recyclability
of PZCs. As Fig. S7 showed, although some porous structures of recov-
ered PZCs collapsed, the degradation efficiency was not significantly
affected, which proved the good reusability of PZCs.

3.3. Application in teeth whitening

According to above results, one of the important highlights of PZCs
was that they could be excited by long-wavelength visible light. Yellow
light is a low color temperature light source, namely warm light. In
previous studies, our research group have developed a high-efficiency
“pure” yellow light-emitting diode (PYLED, 1900 K, without blue light
spectrum, Fig. S8) and proved its good biocompatibility [37]. In recent
years, with the development of biomedical technology, people’s re-
quirements for teeth no longer stayed on the absence of dental disease.
Instead, healthy and white teeth have been regarded as one of the
criteria for beauty. Under the circumstances, teeth whitening has
become one of the focus items [38]. At present, “cold light whitening” is
the most commonly used method [39,40]. This method mainly uses
high-intensity blue light with a wavelength of 480 nm-520 nm to irra-
diate the reagent containing hydrogen peroxide (H03) as the main
component. Under the irradiation of blue light, the reagent would pro-
duce an oxidation-reduction reaction with the pigments attached to the
surface or deeper layer of teeth, finally achieved the whitening effect.
Although this method has shown good whitening effects, there are still
some inevitably side effects such as enamel demineralization, soft tissue
stimulation and tooth sensitivity [41]. Besides, the long-term strong
irritation of blue light to the eyes may cause damage to the lens of users
[42]. In this case, it would be expected to improve the safety of such
method if there was a whitening reagent which could be catalyzed by a
mild light source. Based on this requirement, PZCs, which possessed two
characteristics of adsorptive capability and visible light catalysis, were
used for teeth whitening as an example of their biomedical application.
Compared with “cold light whitening”, a long-wavelength warm light
with higher safety was selected here as the light source, and we named
this method “warm light whitening”.

With the aid of a customized mini PYLED chip, a yellow light-
emitting brush was designed and made (Fig. 3a). Then, the experi-
ments of “warm light whitening” were conducted using this self-made
brush and PZCs. The results showed that PZCs under PYLED irradia-
tion had a certain whitening effect on teeth (Fig. 3b—d). The mechanism
of this whitening method could be summed up as follows. The first one
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was that under PYLED irradiation, PZCs could produce reactive oxygen
species (ROS) to induce the oxidation-reduction reaction. Then the
pigments around the teeth were degraded, so as to achieve the goal of
teeth whitening. The other was the adsorptive action. We have previ-
ously demonstrated that the PZCs are porous, so they could also achieve
the effect of teeth whitening by adsorbing pigments. Moreover, the SEM
images exhibited that PZCs had no obvious damage to tooth enamel,
even after treatment for a long time (0.5 h). As a comparison, when
treated with the dental used HyO,, the tooth enamel was severely
damaged (Fig. 3e—j). These results demonstrated that PZCs combined
with PYLED was a safe and effective method for teeth whitening.

Then we further verified whether the PYLED irradiation could
improve the whitening effect of PZCs. The results were illustrated in
Fig. 3k-r. It could be observed that the whitening effect of PZCs com-
bined with PYLED irradiation was better than that of PZCs alone
(Fig. 3k-n). Commercial tooth-paste was used as the control. Because the
tooth-paste did not contain any components that could be excited by
visible light, the irradiation of PYLED had little effect on it (Fig. 30-1).
Meanwhile, according to the dental professional color card, the whit-
ening effect of PZCs was much better than that of tooth-paste under the
same condition (Fig. S9). On this basis, we investigated whether the
changes in output voltage and current would affect the whitening effect
of PYLED. Herein, different output voltages and currents were used to
test whether they would affect the whitening effect of PYLED. As shown
in Fig. S10, under the same condition, there was no significant influence
on the whitening effect by increasing the output voltage or current. In
other words, we just need a low-power portable light-emitting tooth-
brush and PZCs, the purpose of teeth whitening would be achieved
easily.

3.4. Antibacterial properties and cytocompatibility of PZCs in vitro

Bacteria on the surface of teeth would have a significant impact on
oral health. Dental plaque and periodontitis caused by incomplete teeth
brushing may increase the risk of cancer death [43]. It’s well known that
Zn is an essential trace element in the human body, and ZnO is an
inorganic material with good antibacterial property and biocompati-
bility [44,45]. In this study, we also researched the antibacterial ability
of PZCs. As shown in Fig. 3s-t, tooth-paste had almost no antibacterial
activity, while PZCs exhibited excellent antibacterial properties against
gram-positive (S. aureus, Fig. 3s) and gram-negative bacteria (E. coli,
Figure 3t) (Fig. S11). Meanwhile, the residual bacteria on the surface of
teeth after treatment with PZCs were decreased significantly (Fig. 3u-x).
To assess the biocompatibility of PZCs, mice were given PZCs by oral
gavage for 10 d and the hematoxylin and eosin (H&E) staining analysis
was conducted subsequently. During oral gavage with PZCs, these mice
did not suffer diarrhoea or weight loss (Fig. S12). Beyond that, the re-
sults of H&E staining revealed that there were no remarkable tissue
damages or any significant side effects on heart, liver, spleen, lung,
kidney (Figure 3y). Furthermore, the results of the cell viability in vitro
demonstrated the PZCs possessed good cell compatibility (Fig. S13).
Moreover, the morphology of human umbilical vein endothelial cells
(HUVECs) was observed by fluorescence microscope. As shown in
Fig. S14, there were no significant changes in the morphology of
HUVECs. Taken together, all above results suggested PZCs had good
biocompatibility. To sum up, “warm light whitening” had a great
application prospect in teeth whitening and oral hygiene in the future.

3.5. Synthesis and characterization of ZnO-BC

Considering that the limited increase of specific surface area of PZCs
over traditional ZnO, which meant the adsorptive capacity of PZCs for
pigment was restricted to some extent. Again, we hope to further
improve the warm light response characteristics of ZnO and make it
have narrower energy band gap. Therefore, it was of great significance
to further improve the adsorptive capacity of material for teeth
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Fig. 3. Teeth whitening. (a) The op-
tical image of the self-made PYLED-
toothbrush. The inset is the optical
photograph of the back of the tooth-
brush, and the location of the built-in
PYLED chip was marked with yellow
box. (b-d) Optical photographs of
teeth after whitening treatment with
different time. No treatment was done
in the control group. (e-j) SEM images
of tooth enamel without any treat-
ment (e), and after treatment with
PZCs (f), H2O, (g) for 3 h, respec-
tively. Green: normal tooth enamel,
red: damaged tooth enamel. (h-i)
Enlarged images of e-g. (k-r) Optical
images of teeth treated with different
whitening methods. In order to
compare the whitening effect of teeth,
the left teeth were used as the control.
No treatment was done in the control
group. (s, t) The antibacterial activity
against S. aureus (s) and E. coli (t). No
treatment was done in the control
group. (u-x) SEM images of E. coli (u,
v) and S. aureus (w, x) on the surface
of teeth after whitening treatment
with PZCs. (y) The H&E staining im-
ages of heart, liver, spleen, lung and
kidney after treatment with normal
saline (control) and PZCs on day 10.
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whitening. Owing to its excellent adsorption performance and chemical
stability, activated carbon (AC) has been widely used to remove organic
contaminants from waste water [46,47]. If the photocatalytic perfor-
mance of ZnO could be combined with the high specific surface area of
AC, the whitening effect of teeth might be considerably improved.
Therefore, further improvements were made in synthesis method to
obtain ZnO with these properties, so as to achieve the purpose of more
effective adsorption and degradation performance.

In the following study, as shown in Fig. 4a, biochar (BC) was first
fabricated using wheat-straw (a common natural AC source), and
accordingly synthesized three kinds of composites of ZnO and BC (ZnO-
BC). The SEM images of three kinds of ZnO-BC indicated that ZnO was
successfully loaded on the surface of BC (Fig. 4b). The XRD patterns
confirmed that there were characteristic peaks of C and ZnO in three
kinds of ZnO-BC (Fig. 4c). Their element distribution maps, TEM and
SAED images proved the distribution of ZnO on the surface of BC
(Fig. S15, Fig. S16). The XPS spectra of three kinds of ZnO-BC revealed
the presence of C, O and Zn (Fig. S17). In the FTIR spectra, because both
ZnO-BC 1 and ZnO-BC 3 were subjected to a high-temperature treat-
ment, the intensity of ~OH at 3328 cm ™! was lower than that of ZnO-BC
2 (Fig. 4d). In the TG diagram, ZnO-BC 1 and ZnO-BC 3 also exhibited
similar pyrolysis processes (Fig. S18). Moreover, during the research, we
found that three kinds of ZnO-BC had near-infrared photothermal effects
(Fig. $19).

3.6. Adsorption and photocatalytic activities of ZnO-BC

It can be seen from previous studies that adsorption and photo-
catalysis were two major factors affecting the whitening effect of teeth.
Focusing on these two characteristics, three kinds of ZnO-BC were
further studied. According to the nitrogen adsorption-desorption iso-
therms, ZnO-BC 3 possessed the highest specific surface area, which was
about 313.47 m?/g (Fig. 4e). Then their photocatalytic performances
were characterized by UV-vis absorption spectroscopy. As can be seen
from Fig. 4f, the energy band gap of ZnO-BC 3 was the narrowest, only
1.9 eV. Compared with PZCs, ZnO-BC 3 could respond to a wider range
of visible light. Subsequently, we also investigated their photocatalytic
performances under PYLED condition. According to the results of pho-
tocatalytic degradation of RhB (Fig. 4g), ZnO-BC 3 had the best degra-
dation performance, and the degradation rate could reach 87.78% after
10 min (Fig. S20a). It’s worth noting that ZnO-BC 2 could only be excited
by UV light in theory due to the wide energy band gap (3.2 eV), and
theoretically they should have little degradation effect under PYLED
irradiation. However, from the results, ZnO-BC 2 still reduced the UV
absorption peak of RhB under PYLED irradiation (Fig. 4g). This phe-
nomenon was mainly attributed to the adsorption of ZnO-BC 2. Mean-
while, although ZnO-BC 1 could also be excited by PYLED, their
degradation effects were obviously lower than that of ZnO-BC 3
(Fig. S20b). The reason was that compared with ZnO-BC 3, ZnO-BC 1
possessed a lower specific surface area and a wider energy band gap.

3.7. Application in “warm light whitening”

Based on the above results, these three kinds of ZnO-BC were applied
to the “warm light whitening” experiments, as shown in Fig. 5a. Ac-
cording to the dental professional color card (Fig. 5b), it could be seen
that teeth were only whiter for 1 color gradation after brushing with
tooth-paste (Fig. 5¢). Surprisingly, it was found that teeth were whiter
for 13 color gradation after brushing with ZnO-BC 3 for 0.5 h under the
irradiation of PYLED. Although the other two ZnO-BC also improved the
color gradation to a certain extent, their whitening effects were obvi-
ously lower than that of ZnO-BC 3. Subsequently, the surfaces of teeth
were clearly observed by SEM. As displayed in Fig. 5d, HyOy caused
serious damage to tooth enamel, while there were no obvious damages
after treating with three kinds of ZnO-BC. Furthermore, the antibacterial
properties of these three kinds of ZnO-BC were evaluated by calculating
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the bacterial survival rate. It was found that the antibacterial activity of
ZnO-BC 3 was the best (Fig. S21). Afterward, the reduction of bacteria
adhering to the teeth surface was clearly observed by SEM images
(Fig. 5e and f).

3.8. Biocompatibility of ZnO-BC

To estimate the biocompatibility of these three kinds of ZnO-BC, in
vitro experiments were carried out by co-culturing with HUVECs. Then
the Cell Counting Kit-8 (CCK-8) was used to determine cell viability and
a concentration-dependent decrease in cell survival was observed
(Fig. S22). After 7 d, all three kinds of ZnO-BC had certain promotion
effects on cells. Moreover, there were no significant changes in cell
morphology (Fig. S23). In order to further verify their biosafety in vivo,
mice were respectively given three kinds of ZnO-BC by oral gavage for 7
d and their body weight changes were recorded every day. The results
showed there were no obvious impacts on mice weight (Fig. S24). After
this experiment, these mice were sacrificed, and their hearts, livers,
spleens, lungs, and kidneys were taken for H&E staining, and the toxic
side effects of ZnO-BC on them were analyzed. From the results of H&E
staining, no significant inflammations and injuries were found in the
tissues of the experimental group (Fig. S25). In sum, all the evaluations
demonstrated that ZnO-BC had good biocompatibility. In the course of
this study, we accidently found that ZnO-BC 3 could be slowly dissolved
in saliva (Fig. S26), and the hemolytic rate was less than 2% after
pigment degradation (Fig. S27). This phenomenon indicated that even if
there were residual ZnO-BC 3 in the oral cavity, they would be gradually
dissolved in saliva and would cause limited impact on health. Based on
all above results, it can be concluded that “warm light” assisted ZnO-BC
was a safe and effective method for teeth whitening.

4. Conclusion

In summary, a new series of ZnO with high specific surface area and
narrow energy band gap were obtained by microwave-induced method.
Although the specific surface area of PZCs was improved compared with
traditional ZnO, there were some limitations in adsorption. In order to
obtain those ZnO with the high specific surface area characteristic of AC
and the narrow energy band gap characteristic of PZCs, our experi-
mental scheme was further improved, and finally ZnO-BC composites
with these characteristics were synthesized. These valuable character-
istics, we believe that these capabilities make the photocatalytic appli-
cation of ZnO no longer restricted to the environment and energy fields,
and they also have wider potential in the biomedical field. In this study,
we chose teeth whitening as an attempt. Combined with the irradiation
of PYLED, the prepared ZnO-BC 3 had the best whitening effect through
adsorbing and degrading pigments attached on the surface of teeth.
Furthermore, owing to the good antibacterial property, they can effec-
tively kill oral pathogens. Based on these characteristics, the concept of
“warm light whitening” was first demonstrated. Compared with “cold
light whitening”, this method had the advantages of reducing the irri-
tation to the teeth from both the light source and oxidizing material
while ensuing the whitening effect. The emergence of “warm light
whitening” means that teeth whitening technology would bid farewell to
sensitivity and irritation, and enter the era of “warm and comfortable”
enjoyment. It is worth noting that during the optimization process, we
found that with the amount of BC increasing, the long-wavelength warm
light response ability and the adsorption effect of ZnO-BC were
improved. Furthermore, the incorporation of BC endowed them with
stronger near-infrared photothermal effects, which was expected to be
used to regulate drug release and target thermotherapy. However, we
also found that excessive amounts of BC may cause some cytotoxicity.
Therefore, we hope to further improve their biosafety through surface
modification technology, and extend the concept of “warm light” pho-
tocatalysis to more biomedical applications in the future.
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treatment was done in the control group.
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Fig. 5. Teeth whitening. (a) Schematic illustration of whitening teeth with ZnO-BC under PYLED irradiation. (b) The dental professional color card which could be
used to evaluate the whitening effect. (¢) Whitening effect of three kinds of ZnO-BC under PYLED irradiation. The control group was treated with tooth-paste under
the same condition. (d) SEM images of tooth enamel after treatment with H,O (I), ZnO-BC 1 (II), ZnO-BC 2 (III), ZnO-BC 3 (IV). Green: normal tooth enamel, red:
damaged tooth enamel. (e-f) SEM images of S. aureus and E. coli on the surface of teeth before whitening treatment (I), and after whitening treatment with ZnO-BC 1
(I, ZnO-BC 2 (III), ZnO-BC 3 (IV).
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