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ABSTRACT: Infectious diseases caused by bacteria pose a serious threat to
public health, and more worryingly, the unregulated application of antibiotics
accelerates the emergence of bacterial resistance, presenting a major challenge to
the effective treatment of infectious diseases caused by bacteria. Therefore, there
is an urgent necessity to develop efficient and safe antimicrobial systems.
Photodynamic therapy (PDT) is an attractive therapeutic approach that does not
induce bacterial resistance. However, the clinical application of PDT has been
limited by several factors, including the lower tissue penetration depth of
photoactivation under visible light irradiation and the uncertain biosafety of
photosensitizers (PS). This work presents an near infrared (NIR)-triggered core−
shell upconversion nanoparticle-based PDT system composed of mesoporous
silica-coated lanthanide-doped upconversion nanoparticles loaded with the
photosensitizer erythrosine (UCSE). Upon NIR-triggering, erythrosine generates
highly efficient reactive oxygen species that disrupt the cell membranes of Staphylococcus aureus and Escherichia coli, exhibiting a
potent photodynamic antimicrobial effect. It is worth noting that the UCSE also exhibits excellent biosafety. In conclusion, we
present an efficient NIR-triggered nanoantimicrobial system with excellent antimicrobial capacity and biosafety, which is a new
therapeutic strategy for the control of bacterial infectious diseases.

■ INTRODUCTION
Bacterial infectious diseases, such as infected wounds,
periodontal disease, and even bacteremia, pose a serious threat
to human health, resulting in approximately 700,000 deaths
worldwide each year due to serious complications.1 Antibiotics
are widely used to treat bacterial infections. However, their
inappropriate application and overuse have led to the
development of bacterial resistance, and these resistant bacteria
are more difficult to treat.2−5 In recent years, many antibiotic-
independent antimicrobial methods have been developed, such
as biologically active substance-based antimicrobial therapy,
photothermal therapy (PTT), and photodynamic therapy
(PDT) modalities.6−9 PTT is a noninvasive therapeutic
method for antimicrobial treatment by converting absorbed
light energy into heat energy through photothermal materi-
als.10 However, the high temperatures (>50 °C) at which
photothermal effectively sterilizes bacteria inevitably cause
damage to the surrounding normal tissues.9 Photodynamic
antimicrobial therapy utilizes specific wavelengths of light to
excite photosensitizers (PS) from the ground state to the
excited state, causing the release of large amounts of reactive
oxygen species (ROS), such as superoxide anions (O2

•−),
hydroxyl radicals (•OH), and singlet oxygen (1O2), which
disrupt the bacterial cell membranes and DNA, and thus
induce bacterial death in a nonselective manner.11−13 The

nonspecific antimicrobial mechanism of action of PDT is less
likely to induce the development of bacterial drug
resistance,14,15 and therefore, PDT has received considerable
attention from researchers.

Although PDT is considered a noncontact and minimally
invasive effective treatment modality for localized microbial
infections,16 inherent challenges remain. Currently, the
excitation light of the major molecular PS is located in the
high-energy short-wave ultraviolet−visible region (400−700
nm), and the tissue penetration of such sources is insufficient,
limiting their application to deep lesions.17,18 While the
excitation light located in the low-energy near-infrared region
(750−2000 nm) could penetrate deeply into tissues,19,20 most
PS molecules are less sensitive to the near-infrared and could
not produce satisfactory antimicrobial effects, which greatly
limits the clinical application of PDT.21 To solve this issue, rare
earth ions (Tm3+, Yb3+, and Er3+) with unique step energy
layer structures were doped into upconverted nanoparticles,
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which can convert longer wavelengths of near-infrared light
into shorter wavelengths of the ultraviolet (UV) and visible
regions through a nonlinear process,22,23 thus providing the
possibility of a photoresponsive PDT antimicrobial system that
penetrates deeply into tissues.24,25

Erythrosine is a dye approved by the FDA for food products
and has been approved for dental use with excellent
biosafety.26 Erythrosine acts as a photosensitizer derived
from a xanthine moiety with an absorption range of 500−
550 nm.27 Recent studies have shown that erythrosine as a
photosensitizer displays inhibitory effects on cancer cells28 and
antimicrobial potential against Streptococcus pyogenes and
Candida albicans.29,30 However, the short excitation wave-
length limits its clinical application.

To address these limitations, a PDT antimicrobial platform
based on near infrared (NIR) excitation was designed and
synthesized in this work. As shown in Figure 1A, first, we
synthesized upconversion nanoparticles (UCNP) with a core−
shell structure, which possesses the ability to convert NIR light
to shorter wavelengths of UV and visible light. Next, the
UCNP were coated with mesoporous silica (mSiO2), and the
mesoporous structure of mSiO2 was used to load erythrosine as
a PDT photosensitizer. This novel platform UCSE was able to
provide an antibacterial effect through its inhibition of bacterial
metabolism by NIR excitation, where visible fluorescence from
the UCNP triggered the loaded erythrosine, which interacted
with the surrounding basal molecular oxygen to produce the
1O2 state of oxygen. The above results indicate that this NIR-
stimulated UCSE nanocomposite drug-carrying system pro-
vides a promising approach in addressing the therapeutic
problem of bacterial infectious diseases and has favorable
application prospects.

■ MATERIALS AND METHODS
Materials. Yttrium(III) chloride hexahydrate (YCl3·6H2O),

ytterbium(III) chloride hexahydrate (YbCl3·6H2O), erbium-
(III) chloride hexahydrate (ErCl3·6H2O), ammonium fluoride,
oleic acid, (3-aminopropyl) triethoxysilane (APTES), ammo-
nium fluoride(NH4F), and 1,3-diphenylisobenzofuran (DPBF)
were purchased from Aladdin. Calcein acetoxymethyl ester
(calcein AM) (solubilized in dimethyl sulfoxide (DMSO)),
propidium iodide (PI), ammonium nitrate (NH4NO3), and
hexadecyltrimethylammonium bromide (CTAB) were pro-
cured from Sigma-Aldrich. Dulbecco’s modified Eagle’s
medium (DMEM), penicillin/streptomycin, and fetal bovine
serum (FBS) were acquired from Gibco. Cell Counting Kit-8
(CCK-8) was purchased from BioMake.
Preparation of UCNP@ mSiO2@Erythrosine(UCSE).

UCNP. In a typical synthesis of NaYF4:Yb,Er,
31 YCl3·6H2O

(485.4 mg), YbCl3·6H2O (139.5 mg), and ErCl3·6 H2O (76.3
mg) were added to a flask containing oleic acid (15 mL) and 1-
octadecadienne (30 mL), and the mixture was stirred for 1 h at
room temperature. The mixture was then slowly heated to 120
°C under an inert gas atmosphere and kept at 156 °C for about
1 h until a homogeneous, clear yellow solution was obtained.
After cooling to room temperature, 10 mL of a methanol
solution containing NH4F (296.3 mg) and NaOH (200 mg)
was added and stirred for 2 h. After that, it was heated to 290
°C and kept for 1.5 h. After cooling to room temperature, 20
mL of ethanol was added, and the mixture was collected by
centrifugation at 10,000 r min−1 for 10 min. After the sample
was washed 4 times using cyclohexane with ethanol, the final
product was redispersed in cyclohexane (20 mL).

For the synthesis of NaYF4:Yb,Er@NaYF4 (UCNP),
NaYF4:Yb,Er (1.0 mmol) and YCl3·6H2O (800 μmol) were
added to a flask containing oleic acid (15 mL) and 1-
octadecadienne (30 mL), stirred for 1 h at room temperature,

Figure 1. Schematic illustrations of UCSE synthesis (A) and the therapeutic procedure of the NIR-mediated antibacterial photodynamic therapy
(B).
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and the mixture was heated slowly under a nitrogen
atmosphere to 156 °C. It was kept for about 1 h until a
homogeneous clear yellow solution was obtained. The system
was then cooled to room temperature under a stream of argon,
5 mL of NaYF4:Yb,Er was added, stirred at room temperature
for 30 min, and then heated to 80 °C to remove cyclohexane.
10 mL of methanol solution containing 1 mmol of NH4F and
1.685 mmol of NaOH was added and stirred at room
temperature for 2 h. After that, the solution was heated to 280
°C for 1.5 h, then cooled to room temperature and washed by
centrifugation to collect the nanoparticles.
UCNP@mSiO2. Mesoporous silica shells were synthesized

around upconverted nanoparticles using the reported meth-
ods.32 4 mL of ethanol solution containing 20 mg of UCNP
was mixed with 200 mg of CTAB and 40 mL of water, which
was vigorously stirred at room temperature for 12 h. 20 mL of
the above solution was added to a mixture of 40 mL of water, 6
mL of ethanol, and 300 μL of NaOH (2 M) solution, heated to
70 °C, and 0.4 mL of tetraethyl orthosilicate (TEOS) was
added dropwise to allow the reaction to proceed for 10 min.
The mixture was centrifuged and washed 3 times with ethanol.
CTAB was removed by ion-exchange method, and 20 mg of
the synthesized UCNP@ mSiO2 was transferred into 50 mL of
ethanol containing 300 mg of NH4NO3 (3.75 mmol) and
maintained at 60 °C for 2 h. The product was collected by
centrifugal washing.
UCNP@mSiO2@Erythrosine (UCSE). 150 mg of UCNP@

mSiO2 nanoparticles was dissolved in a mixture of 20 mL of
toluene and 50 mL of APTES. Under the protection of
nitrogen, the mixture was stirred for 2 h, then centrifuged for
10 min, and the precipitate was collected. 50 mg of the above
product was placed in 25 mL of ethanol containing 20 mg of
erythrosine, and the reaction was stirred for 24 h at room
temperature protected from light and centrifuged three times
to obtain UCSE. When preparing UCSE, the unloaded
erythrosine supernatant was collected by centrifugation, and
the drug content in the solution was calculated by reading the
absorbance of the supernatant. The drug loading rate of
curcumin was calculated according to the following formula:
drug loading rate = (mass of loaded erythrosine/mass of
UCSE) × 100%.
Characterization. The morphology and structure of the

samples were observed using a transmission electron micro-
scope (TEM, Hitachi HT7800, Japan), and the solution
absorbance of the nanoparticles (NPs) was measured by a
UV−visible spectrometer (Shimadzu UV-2600, Japan). The
upconversion luminescence properties of UCNP were
measured by using a steady-state transient fluorescence
spectrometer (FLS1000). The PDT effect of UCSE was
irradiated by an NIR laser (808 nm laser, New Industries
Optoelectronics Tech, Changchun, China).
Detection of ROS Generation. Next, we further

investigated the ability of UCSE to generate ROS under NIR
excitation using DPBF as the 1O2 capture molecule.33,34 A
mixture of UCSE (0.5 mg/mL) and DPBF (1 mM) was
exposed to 808 nm 1 W/cm2 NIR light, and the generation of
1O2 was detected by recording the UV−visible absorption
spectra at different times of irradiation.
In Vitro Antimicrobial Effect. In order to investigate the

photodynamic bactericidal effect of UCSE nanoparticles on
Escherichia coli and Staphylococcus aureus, the experiments were
divided into the following four groups: (1) Phosphate-buffered
saline (PBS); (2) NIR; (3) UCSE; and (4) NIR + UCSE. The

final concentration of UCSE in the bacterial fluids of the final
groups (3) and (4) was 500 μg/mL. Groups (2) and (4) were
irradiated with an NIR-808 nm (W/cm2) for 10 min. After the
above treatments, they were incubated in an incubator for 20
min, protected from light. Plates were coated with equal
dilutions of the bacterial mixtures of the four groups
mentioned above followed by overnight incubation in the
incubator, and the colonies were recorded with a camera. The
number of colonies was counted, and the relative survival rate
was calculated. The formula for calculating the relative survival
rate of bacteria was as follows: relative survival rate of bacteria
(%) = Nt/Nc × 100%, where Nt is the number of colonies in
the experimental group and Nc indicates the number of
colonies in the PBS group.

In addition, scanning electron microscope (SEM) was
employed to observe the morphology of the bacteria. The
procedure was as follows: the differently treated bacteria were
collected by centrifugation at 4000 rpm for 5 min and
immobilized in 2.5% glutaraldehyde solution at 4 °C for 12 h.
The samples were dehydrated with different concentrations of
ethanol solution in gradients (10, 30, 50, 70, 90, and 100%) for
10 min each. Finally, the bacterial morphology was observed
by a scanning electron microscope (SEM).

Nanoparticles (final concentration of 500 μg/mL) were
added to the E. coli and S. aureus bacterial fluids for coculture
and treated with NIR-808 nm (1 W/cm2) for 10 min. Bacteria
treated with different treatments were collected, added with
calcein AM and PI, and incubated for 20 min protected from
light. After being washed by PBS, the dead and alive state of E.
coli and S. aureus was observed under a fluorescence
microscope and recorded to take state photographs.
Cytotoxicity Studies. Rat Schwann cell line (RSC96) was

obtained from a commercial company. RSC96 were main-
tained in DMEM, which were supplemented with 10% FBS
and 1% penicillin/streptomycin at 37 °C in 5% CO2
atmosphere.

(1) The cytotoxicity of UCSE was determined by the CCK-
8 method: RSC96 was diluted to 5 × 104 cells/mL and
uniformly inoculated into 96-well plates with 100 μL per
well. After overnight incubation, the medium was
discarded, fresh complete medium was added to the
blank control, and DMEM complete medium containing
different concentrations (0, 0.0625, 0.125, 0.25, 0.5, 1, 2
mg/mL) of nanoparticles was added to the experimental
group. After 1 and 2 days of incubation, respectively, the
culture medium was discarded, the cells were washed
three times with PBS, and 100 μL of DMEM containing
10% CCK-8 was added to each well. The incubation was
continued for 2 h, and the absorbance at 450 nm was
detected.

(2) Staining of live and dead cells: RSC96 was added to 96-
well plates at 5 × 103 cells/well, and after cell walls
adhered, it was added to complete culture medium with
UCSE final concentrations of 0.25, 0.5, 1, and 2 mg/mL,
and incubated for 24 h. Staining was performed
according to the Calcein AM Cell Activity Assay Kit
operating instructions, and representative pictures were
obtained under a fluorescence microscope.

(3) Cytoskeleton staining: RSC96 was added to 24-well
plates at 5 × 104 cells/well, and after 12 h, complete
culture medium with UCSE final concentrations of 0.25,
0.5, 1, and 2 mg/mL was added and incubated for 24 h.
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Two milliliters of 4% paraformaldehyde was added and
fixed for 30 min at room temperature. Subsequently,
staining was performed according to the instructions of
the phalloidin kit, and the results were observed under a
fluorescence microscope.

Statistical Analysis. All results were expressed as means ±
standard deviations. All statistical significance was conducted
by one-way analysis of variance (ANOVA) for multiple
comparisons (*P < 0.05, **P < 0.01, ***P < 0.001, ****P
< 0.0001).

■ RESULTS AND DISCUSSION
Fabrication and Characterization of UCSE. The process

of synthesizing UCSE and the therapeutic procedure of NIR-
mediated PDT are shown in Figure 1A,B, respectively. The
morphology of the synthesized products at each stage of the
synthesis was first observed by TEM. Figure 2A shows the
TEM of UCNP, and it can be seen that all of the nanoparticles
are in monodisperse orthohexagonal morphology with a
relatively uniform distribution. A very distinct core−shell
structure can be seen in Figure 2B, where an mSiO2 layer with
a thickness of about 9.3 nm was uniformly generated on the
surface of the nanoparticles with a clear mesoporous structure.
Statistical analysis of the particle size showed that the average
diameters of UCNP and UCSE were 36.6 and 56.7 nm,
respectively (Figure 2C,D). A series of characterizations of the
nanoparticles’ properties were next performed; as shown in
Figure 2E, there was a good overlap between the fluorescence
emission of UCNP and the UV−vis absorption of erythrosine
(525 to 545 nm), which indicated that when exposed to the
NIR-808 nm, UCNP could activate erythrosine, resulting in
the production of ROS, which subsequently threatened the
survival of bacteria. Figure 2F demonstrates the fluorescence

emission profiles of the UCNP and UCSE under 808 nm
excitation. From the results, it can be seen that after
mesoporous silica modification and loading of erythrosine,
the fluorescence intensity of UCSE slightly decreased, which
may be caused by the scattering effect of the silica shell layer.
The silica inert shell layer blunts the surface of UCNP, which
prevents the energy transfer and leads to part of the
fluorescence quenching.35,36 Figure 2G demonstrates the
visible-ultraviolet absorption spectra of UCNP@ mSiO2 and
UCSE. In UCSE, the loading rate of erythrosine is 22.7%. The
release process of erythrosine is shown in Figure S1. The above
results indicate that erythrosine was successfully loaded into
the core−shell structure of UCNP@ mSiO2.

Next, we used the DPBF molecular probe to detect the
generation of 1O2 of UCSE. DPBF is highly specific for 1O2,
which can react with it and be consumed, so the generation of
1O2 can be reacted according to the absorption intensity of the
characteristic peak of DPBF. Figure 2H demonstrates that the
absorbance at 465 nm decreases with time after NIR
irradiation for different times, indicating that the 1O2 produced
by UCSE excited by NIR is increasing, which suggests that
UCSE retains the photodynamic properties of erythrosine and
has the potential for photodynamic therapy application.

In Vitro PDT Antimicrobial Property. After the
production of ROS by UCSE under NIR excitation was
verified, its antibacterial ability was further tested in vitro. In
this experiment, the bacterial fluids containing or not
containing UCSE nanoparticles and whether or not they
were in the NIR illumination group were compared with each
other, and the PBS bacterial fluids were used as the blank
group. The standard plate count method was used to observe
the antibacterial activity of UCSE nanoparticles against E. coli
and S. aureus. According to Figure 3A,C, it can be seen that the

Figure 2. Characterization of NPs: (A, B) TEM images of UCNP and UCSE. Scale bar: 100 nm. (C, D) Graph of particle size distribution of
UCNP and UCSE nanoparticles. (E) Emission fluorescence spectrum of UCNP excited at NIR-808 nm (blue line) and UV−visible spectrum of the
photosensitizer of erythrosine (red line). (F) Fluorescence spectra of UCNP and UCSE under NIR-808 nm excitation. (G) UV−visible spectrum
of UCSE (blue line) and UCNP@ mSiO2 (red line). (H) UV−vis absorption spectra of DPBF after excitation with UCSE at NIR-808 nm.
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number of E. coli and the bacterial survival rate of the UCSE
group were not significantly lower than those of the PBS
group, indicating that the UCSE nanoparticles do not possess
antibacterial effects themselves in the absence of NIR-808
excitation. Similar experimental results were observed in the
experiments on S. aureus (Figure 3B,D). And the colony
counts of the UCSE + NIR group were significantly lower than
those of the other three groups in both S. aureus and E. coli
antimicrobial experiments. The results of colony counting
showed that the antibacterial rate of UCSE could reach 97.41
and 97.69% against E. coli and S. aureus under NIR-808 nm,
respectively (1 W/cm2 irradiation for 10 min) (Figure 3C,D).
In summary, the nanoparticles of UCSE in the UCSE + NIR
group showed excellent PDT performance in the bacterial fluid
and were able to kill most of the bacteria under NIR irradiation
by PDT effect. The other three groups (PBS, NIR, and UCSE
groups) did not inhibit the growth of bacteria significantly,
because they did not have the ability to generate effective ROS
around the bacteria.

Next, we used SEM to observe the bacterial morphology. As
shown in Figure 4A, the morphology and size of E. coli in the
control group could be observed. Under SEM, E. coli appeared

uniformly cylindrical, with a length of 2−3 μm and a width of
0.5−1 μm, and its shape was complete, with a smooth and
defect-free cytosolic wall. E. coli treated with UCSE + NIR for
10 min became wrinkled; the continuity of the bacterial cell
wall was disrupted, with the cytoplasmic content flowing out,
and the morphology of the bacteria became irregular. S. aureus
in the PBS group was arranged in the shape of grape bunches
under SEM, with smooth and intact cell walls and sizes ranging
from 0.5 to 1 μm (Figure 4B). However, the appearance of S.
aureus treated with UCSE + NIR was significantly deformed,
and the bacterial size became smaller. In contrast, the bacterial
volume sizes of S. aureus in the NIR and UCSE groups did not
show significant changes.

The antimicrobial ability of UCSE nanoparticles under NIR-
808 irradiation can be visualized from the percentage of dead/
live bacteria by the fluorescence staining of E. coli and S. aureus
(Figure 5). According to the staining principle, the live bacteria
showed green fluorescent dots under the fluorescence
microscope, and the PI could not pass through the live cell
membrane, only when the cell membrane was damaged, the PI
entered the cell, which showed red staining under the
fluorescence microscope. The results are shown in Figure

Figure 3. In vitro antimicrobial effect of nanoparticles after NIR irradiation. (A, C) Standard plate count images and survival curves of E. coli treated
with different methodologies. (B, D) Standard plate count images and survival curves of S. aureus treated with different methods (scale bar: 2 cm; n
= 3, ****P < 0.0001).

Figure 4. SEM images of (A) E. coli and (B) S. aureus treated with different methods (scale bar: 2 μm).
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5A,B, when the green fluorescence is almost not visible in the
NIR + UCSE group, while the red fluorescence fills the whole
picture, indicating that UCSE can destroy most E. coli and S.
aureus under the excitation of NIR-808 nm, which is consistent
with the results of the standard plate count method.

Next, we explored the effect of different irradiation times of
NIR-808 nm on the survival states of the two bacteria (Figure
5C,D). When the irradiation time of NIR-808 was 0 min, the
vast majority of the green fluorescent dots were visible, and a

small portion of them were red fluorescent dots. When
irradiated for 2 min, some red fluorescent staining was visible
at this time, indicating that some bacteria had died under NIR
irradiation. After 4 min of irradiation, the red fluorescent spots
further increased. When the light irradiation time reached 8
min, the bacteria were red-stained under the fluorescence
microscope, suggesting that almost all of the bacteria died. The
above results indicated that the proportion of red fluorescent

Figure 5. Live/dead staining of E. coli and S. aureus treated with different methods (A, B) and (C, D) irradiated with NIR-808 nm at different
times.

Figure 6. Biosafety analysis in vitro of different concentrations of NPs. Viability of RSC96 cells incubated with UCSE NPs for 1 day (A) and 2 days
(B). (C) Live- and dead-stained fluorescence images and (D) cytoskeletal staining of RSC96 cells incubated with UCSE at different concentrations.
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dots in E. coli and S. aureus increased with time and the
number of deaths of the two bacteria also increased.

In summary, both E. coli and S. aureus in the UCSE + NIR
group showed different degrees of morphological changes,
which suggests that the UCSE + NIR group exerted its
antimicrobial effect on E. coli and S. aureus mainly by
destroying the cell membrane and cell wall, which may be
related to the large amount of singlet oxygen produced by the
UCSE present around the bacteria, which resulted in the
bacterial biological activities to be stopping the biological
activities of the bacteria, eventually leading to the death of the
bacteria.37,38

In Vitro Cytotoxicity. Biosafety is the first consideration
that needs to be taken into account in solving clinical
problems. In this study, the effect of different concentrations of
nanoparticles on the viability of RSC96 cells was examined by
CCK-8 assay, and the variation of nanoparticles on the
morphology of RSC96 was observed by using live−dead cell
staining and cytoskeleton. Figure 6A,B shows the cytotoxicity
of different concentrations of UCSE (0, 0.0625, 0.125, 0.25,
0.5, 1, and 2 mg/mL) when co-incubated with RSC96 for 1
and 2 days. The results showed that at 1 day of coculture, cell
viability was not statistically different from the control even
when the nanoparticle concentration was 2 mg/mL. When the
coculture time reached 2 days, cell viability increased
significantly in the groups with concentrations of 0.5, 1, and
2 mg/mL, and reached 122% when the nanoparticle
concentration was 2 mg/mL.

To visualize the changes in cell status, UCSE was cocultured
with RSC96 for 1 day and then stained for live and dead cells.
Under fluorescence microscopy, green fluorescence repre-
sented live cells, and red fluorescence indicated dead cells. As
shown in Figure 6C, all groups with different concentrations of
UCSE were characterized by predominantly live cells, with no
obvious dead cells, which coincided with the CCK-8 results.
Next, to observe the effect of nanoparticles on cell
morphology, we performed cytoskeletal staining of cells treated
with different concentrations. Figure 6D shows that even in the
high-concentration state, there was no significant change in cell
morphology compared with the control. The above results
indicate that UCSE has excellent cell safety for RSC96.

In addition, as shown in Figure S2, under NIR irradiation,
the viability of RSC96 cells significantly decreased, indicating
that the ROS produced by UCSE poses a threat to cell
viability. In fact, current photothermal therapy and photo-
dynamic therapy inevitably have an effect on normal tissues or
cells. Therefore, on-demand and responsive treatment methods
should become a suitable breakthrough for PDT and PTT: in
the case of bacterial infection, photodynamic or photothermal
therapy should be used to kill bacteria. After the antibacterial
treatment, other active substances loaded could promote the
regeneration of surrounding tissues. This treatment approach
could minimize the effects of PTT and PDT on normal tissues.

■ CONCLUSIONS
Overall, we designed and developed UCSE, an efficient
antimicrobial PDT platform based on NIR excitation. Under
NIR stimulation, UCNP could convert near-infrared light into
UV−visible light that could stimulate erythrosine to produce
highly efficient ROS, and this noninvasive NIR-triggered
strategy realizes more efficient PDT and improves therapeutic
efficacy. In vitro results showed that UCSE exhibited excellent
PDT antimicrobial effects and induced death in E. coli and S.

aureus by disrupting cell membranes. More importantly, UCSE
nanoparticles represent promising biosafety materials for
clinical applications. Therefore, UCSE is probably an effective
alternative to conventional antibiotics and a potential
therapeutic strategy for infected skin wounds, periodontitis,
and other bacterial infection-like diseases.
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