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Persistent luminescent nanoparticles (PLNPs) have promising applications in long-term autofluorescence-free
bioimaging due to the long and multiple activatable afterglow nature. Coating a mesoporous shell on the surface
of PLNPs is a usual way to give PLNPs additional drug loading capability, but often leads to the reduction of
afterglow luminescence. Herein, we report the fabrication of hyaluronic acid (HA) grafted near-infrared (NIR)
PLNP with hollow nanocage structure (PLNC) without the need for an additional mesoporous coating for
enhanced targeted autofluorescence-free afterglow imaging and nanocarrier mediated drug delivery to treat
bacterial infection. The PLNC was prepared by calcinating solid Cr-doped MgSn(OH)s in a reducing atmosphere.
The as-synthesized PLNC not only gave better persistence luminescence than solid Cr-doped zinc gallogermanate
PLNPs for autofluorescence-free bioimaging, but also possessed mesoporous structure as a nanocarrier for drug
delivery. As a proof of concept, antimicrobial drug rifampicin (RIF) loaded amino modified PLNC (PLNC-NH>)
was prepared for antimicrobial application. RIF loaded PLNC-NH; was further modified with hyaluronic acid
(HA) to make RIF loaded PLNC-HA selectively target to the site of bacterial infection. The developed RIF loaded
PLNC-HA not only exhibited efficient antimicrobial therapeutic effects, but also provided autofluorescence-free
targeted afterglow imaging of the infection site for guided therapy. This work provides a new simple way for the
synthesis of mesoporous PLNCs with additional drug delivery function for nanotheranostic application.

1. Introduction

Persistent luminescent nanoparticles (PLNPs) are special optical
nanomaterials that can store the energy of excitation light during exci-
tation and persistently emit phosphorescence after the stop of irradia-
tion [1,2]. This unique optical property enables PLNPs to avoid
autofluorescence interference and significantly improve sensitivity for
bioimaging [3,4]. Introducing therapeutic functions into PLNPs to pre-
pare composites with integrated diagnosis and treatment attracts
increasing attention in biomedical science [5,6]. Surface coating of
PLNPs with additional mesoporous layers (such as mesoporous SiO, and
MOFs) provides drug loading capability for PLNPs, but requires complex
shell layer coating manipulation [7-10]. The shell coating operation
often leads to the decrease in the afterglow luminescence of the PLNPs

[11-13]. In addition, mesoporous SiOs coated PLNPs (PLNPs@SiO3)
usually have irregular morphology [14-16] and large particle size (more
than 100 nm), which may make the drug delivery ability of the materials
uncontrollable. In situ growth of PLNPs inside the pores of mesoporous
SiO under calcination is an another approach to obtain composite
carriers with drug loading capacity (SiO2@PLNPs) [17]. However, the
drug loading function of the prepared composite carriers was unavoid-
ably inhibited due to the blockage of the pore channels of mesoporous
SiO5 by the generated tiny PLNPs. Therefore, it is crucial to prepare
PLNPs with uniform morphology, small particle size, strong afterglow
luminescence, and drug-carrying structure.

Cr-doped stannate PLNPs have good afterglow imaging capability
due to long NIR emission wavelengths for deep penetration imaging
[18,19]. Unlike the afterglow emission of Cr-doped zinc gallogermanate
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PLNP (ZGGO) (700 nm) close to the edge of the first tissue transparency
window (650-900 nm) [20], Cr-doped stannate PLNP have a wide
650-1000 nm emission for deep penetration imaging [21]. In addition,
compared with ZGGO, stannate PLNP is more suitable for mass pro-
duction because of lower costs. Current stannate PLNP is mainly syn-
thesized by solid-phase methods, but the particle size of the synthesized
material is too large for in vivo imaging [22-24]. Hydrothermal heating
of a mixture of metal ions and ammonia to synthesize Cr and Eu co-
doped ZnySnO4 PLNP (ca. 7 nm) shows great promising for in vivo im-
aging [25]. Even so, these Cr-doped stannate PLNPs themselves do not
provide additional drug delivery function.

Herein, we show a simple strategy to synthesize mesoporous Cr-
doped tin-based persistent luminescence nanocage (PLNC) with both
excellent NIR persistent luminescence and drug loading capability for
targeted afterglow imaging and therapy of bacterial infection. The PLNC
is prepared by calcinating solid Cr-doped MgSn(OH)e in an oxygen-free
atmosphere without the need for additional coating of mesoporous
shells. The as-synthesized PLNC not only gives better persistence lumi-
nescence than solid Cr-doped zinc gallium germanate PLNP (ZGGO) for
autofluorescence-free bioimaging, but also possesses mesoporous
structure as nanocarrier for drug delivery. As a proof of concept, anti-
microbial drug rifampicin (RIF) loaded amino modified PLNC (PLNC-
NHy) is prepared for antimicrobial application. Further modification of
RIF loaded PLNC-NH; with hyaluronic acid (HA) makes RIF loaded
PLNC-HA selectively target to the site of bacterial infection. The
developed RIF loaded PLNC-HA not only exhibits efficient antimicrobial
therapeutic effects, but also provides autofluorescence-free targeted
afterglow imaging guided therapy of bacterial infection.

2. Materials and methods
2.1. Materials and chemicals

Mg(NO3)2-6H20 (99.99%), SnCls-5H20 (99.99%), Cr(NO3)3-9H0
(99.99%), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-
ride (EDCeHCI), N-hydroxysulfosuccinimide (NHS), RIF, and HA were
purchased from Sinopharm Chemical Reagent Co. (Shanghai, China).
Gay03 (99.99%), Yb(NO3)3-5Hs0 (99.9%), Er(NO3)3-5H,0 (99.9%),
and dimethyl sulfoxide were purchased from Aladdin (Shanghai, China).
Phosphate-buffer saline (PBS) (premixed powder), Luria Bertani (LB)
broth powder (FMB Grade), hyaluronidase (HAase), and LB agar powder
(FMB Grade) were purchased from Shanghai Sangon Biotech (Shanghai,
China). Methicillin-resistant Staphylococcus aureus was obtained from
the Collaborative Innovation Center of Radiological Medicine of Jiangsu
Higher Education Institutions (Suzhou, China). Ultrapure water was
acquired from Wahaha Group Co (Hangzhou, China).

2.2. Characterization

Transmission electron microscopy (TEM) images were taken on a
JEM-2100 transmission electron microscope (JEOL, Japan). High-
resolution TEM images, high angle annular dark field scanning
(HAADF-STEM), and elemental mapping images were obtained on a
JEM-F200 transmission electron microscope (JEOL, Japan). Lumines-
cence measurements were performed on an F-7000 spectrofluorometer
(Hitachi, Japan). UV-vis absorption spectra were obtained on a UV-
3600plus spectrophotometer (Shimadzu, Japan). Fourier transform
infrared (FT-IR) spectra were obtained on a Nicolet IS10 spectrometer
(Thermo Scientific, USA) with a KBr pellet. Zeta potential and hydro-
dynamic size distribution were obtained on the Nano-ZSE Zetasizer
(Malvern Panalytical, UK). A D2 PHASER diffractometer (Bruker, Ger-
many) was used to record X-ray diffraction (XRD) patterns. Autosorb-iQ
(Quantachrome, USA) was used for N» adsorption experiments at 77 K.
Afterglow luminescence imaging experiments were carried out on an
IVIS Lumina XRMS Series III Imaging System (Perkin Elmer, USA). An
Olympus FV3000 confocal laser scanning microscope (Japan) was used
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to collect fluorescent bacterial stains.
2.3. Synthesis of PLNC and ZGGO

Mg(NO3)2-:6HoO (2 mmol), SnCly-5H20 (1 mmol), and Cr
(NO3)3-9H,0 (0.01 mmol) were dissolved in ultrapure water (10 mL).
Then, aqueous ammonia (0.5 mL, 25%) was dropped into the above
solution and kept stirring for 30 min. Subsequently, the precursor so-
lution was transferred into a Teflon-lined autoclave and heated at 220 °C
for 24 h. The product Cr-doped MgSn(OH)¢ was centrifugated, washed
with ultrapure water three times, and dried at 60 °C. Then, the dried Cr-
doped MgSn(OH)g was calcined at 600 °C for 1 h with a heating rate of
5°C min~! in oxygen-free atmosphere provided by activated carbon to
obtain the PLNC.

Solid ZGGO was synthesized according to our previous work for
comparison [26].

2.4. Preparation of RIF loaded PLNC-HA and PLNC-HA

RIF loaded PLNC-HA was prepared as follows: Amino-modified PLNC
was prepared as described in Supplementary Information. The prepared
amino-modified PLNC (50 mg) was added to the methanol solution of
RIF (50 mL, 2 mg mL 1) and stirred for 12 h to obtain RIF loaded PLNC-
NH,. HA (200 mg) was dissolved in ultrapure water (100 mL) and stirred
overnight, followed by adding NHS (800 mg) and EDCeHCI (400 mg).
The mixture was stirred for 1 h to activate the -COOH of HA. Subse-
quently, the prepared methanol solution of RIF loaded PLNC-NH, was
added to the above HA solution and stirred for 12 h. The resulting
product was washed with ultrapure water three times and then collected
by centrifugation to obtain RIF loaded PLNC-HA.

PLNC-HA was prepared as described for RIF loaded PLNC-HA but
without loading RIF to test the cytotoxicity.

2.5. Stability study

To test the stability of PLNC, the prepared PLNC was dispersed in PBS
(10 mmol/L, pH 7.4), then the afterglow images and the hydrodynamic
diameter of the solution of PLNC were collected on days 1, 2, 3, 5, 7, and
10, respectively. To further test the stability of RIF loaded PLNC-HA, the
FT-IR spectra and the hydrodynamic diameter of the RIF loaded PLNC-
HA were collected on days 1, 3, 5, 7, and 10, respectively.

2.6. RIF release experiments

RIF loaded PLNC-HA (20 mg as PLNC) was dispersed in simulated
infected tissue environment (PBS (10 mL, 10 mmol/L, pH 5.5), 150 U
mL ! HAase) and simulated normal tissue environment (PBS (10 mL, 10
mmol/L, pH 7.4), no HAase), respectively. The mixture was incubated at
37 °C and centrifuged (10,000 r min~!) at predetermined times (2, 4, 6,
12, 24, and 48 h), then 1 mL of the solution was taken out to measure the
absorbance for the characteristic absorption peak of RIF at 470 nm for
the determination of the amount of RIF released, meanwhile 1 mL of
fresh corresponding buffer was added for subsequent measurement.

2.7. In vivo afterglow imaging testing of PLNC

Balb/c mice (female, five weeks) were purchased from Changzhou
Cavens Laboratory Animal Co. Ltd (Changzhou, China). All animal
studies were approved by the Animal Ethics Committee of Jiangnan
University (JN.No. 20230515b0250622[1 7 3]), and conducted accord-
ing to the Guidelines for the Use and Care of Laboratory Animals of
Jiangnan University. Balb/c mice were intravenously injected with 200
uL of PBS (10 mmol/L, pH 7.4) containing PLNC (4 mg mL~1). The mice
were then illuminated with 650 nm LED light and the afterglow images
of the mice were acquired five times to determine the stability of PLNC
for in vivo imaging. To compare in vivo optical performance of ZGGO
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Scheme 1. Illustration for the synthesis of PLNC for the afterglow imaging and the treatment of bacterial infections.

and PLNC, Balb/c mice were subcutaneously injected with ZGGO (1 mg
mL~, 100 pL) and PLNC (1 mg mL~}, 100 pL), and then the afterglow
images were acquired. All the mice were irradiated with 650 nm LED
light for 2 min before acquiring afterglow images.

2.8. Bacterial culture and in vitro antibacterial test

Methicillin-resistant Staphylococcus aureus (MRSA) and LB broth
were at 37 °C for 12 h. The bacterial broth was centrifuged and resus-
pended in LB broth (pH 5.5) to obtain the concentration of 2 x 108 CFU
mL~L. 500 pL LB broth (pH 5.5) containing RIF loaded PLNC-HA and
500 pL LB broth (pH 5.5) containing 2 x 108 CFU MRSA cells were
mixed for 12 h incubation. 100 uL of each diluted sample was plated on
plates for 12 h incubation at 37 °C. The colonies produced on the plates
were counted to evaluate bacterial concentration.

2.9. Afterglow imaging experiments of infected mice

MRSA in PBS (10 mmol/L, pH 7.4) (150 pL, ~10% CFU mL™!) was
injected subcutaneously into the back of each mouse to establish a
subcutaneous abscess mouse model. To test the targeting ability of RIF
loaded PLNC-HA, the infected mice were intravenously injected with
RIF loaded PLNC (4 mg mL ™! as PLNC, 200 pL) and RIF loaded PLNC-HA
(4 mg mL~! as PLNC, 200 L), respectively. Then, the afterglow images
of mice were acquired at different time points (12 h, day 1, day 2, and
day 3) after injection.

To show the ability of RIF loaded PLNC-HA for targeted imaging over
a longer period, the infected mice were intravenously injected with 200
pL RIF loaded PLNC-HA (4 mg mL™! as PLNC). Then, the afterglow
images of mice were acquired at different time points (5 min, 12 h, days
1,2,3,5,7,9, and, 11). All the mice were irradiated with 650 nm LED
light for 2 min before acquiring afterglow images.

2.10. In vivo antibacterial therapy

The infected mice were randomly divided into three groups (n = 5

per group): PBS (control, 200 pL), RIF (0.96 mg mL ™}, 200 pL), and RIF
loaded PLNC-HA (4 mg mL7! as PLNC, 200 pL), and intravenously
injected into the mice. Mouse weights were weighed and recorded daily
during treatment. Photographs of the infected site were recorded on
days 0,1, 3,5, 7, 9, and 11, and the infected area was evaluated using
Image J software. On day 11, all mice were sacrificed, and then the
infected skin, heart, liver, spleen, lung, and kidney of the mice were
collected and stored in 4% paraformaldehyde. Tissue sections and the
histology and immunohistochemistry assays of the sections were tech-
nically supported by Erwan Biological Co. (Suzhou, China).

2.11. Biodistribution of RIF loaded PLNC-HA

After the tail vein injection of the RIF loaded PLNC-HA (4 mg mL ™},
200 pL) for 24 h, the mice were sacrificed to acquire the main organs
(liver, heart, spleen, lung, and kidney). Then, the organs were irradiated
with 650 nm light for 2 min to collect the luminescence signal.

3. Results and discussion
3.1. Preparation and characterization of RIF loaded PLNC-HA

Scheme 1 shows the procedure and principle for the synthesis and
application of RIF loaded PLNC-HA for autofluorescence-free targeted
afterglow imaging guided therapy of bacterial infection. Highly
dispersed precursor material (Cr-doped MgSn(OH)g) was first prepared
by a hydrothermal method. Calcinating Cr-doped MgSn(OH)s gave
mesoporous PLNC under the calcination in a reducing atmosphere to
avoid the oxidation of Cr(IIl) to Cr(VI) (Fig. S1) [27]. The PLNC was
further aminated to give PLNC-NHj for subsequent HA grafting. RIF was
then loaded onto mesoporous PLNC-NH; to obtain RIF loaded PLNC-
NH,. Further HA grafting of RIF loaded PLNC-NHj, via the reaction be-
tween the -NH, in PLNC-NH5 and the —-COOH in HA to obtain RIF-
loaded PLNC-HA. The grafted HA enables specific binding to the clus-
ters of differentiation 44 (CD44) receptors overexpressed in macro-
phages at the site of infection for targeted imaging [28]. In addition, the
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Fig. 1. (A) TEM images of Cr-doped MgSn(OH)e. (B) TEM images of the PLNC. (C-G) Element mapping images and (H) EDS analysis for the PLNC. (I) Excitation and
emission spectra of the PLNC powder. (J) NIR afterglow decay curve of PLNC powder after 2-min of excitation by a 650 nm LED light three times and 10 min of
excitation at 254 nm UV light, respectively. (K) Afterglow images of the PLNC powder after 2-min excitation by a 650 nm LED light and 10-min excitation by a 254

nm UV light, respectively.

overexpressed hyaluronidase (HAase) at the site of infection can degrade
the surface-covered HA [29], resulting in the release of RIF for the
therapy of bacterial infection.

The synthesis conditions (calcination temperature, the content of
doped Cr, and calcination time) were optimized to prepare PLNC with
high afterglow luminescence intensity and good hollow structure
(Fig. S2-S9, Table S1 and S2). The optimal calcination temperature,
calcination time, and Cr-doped content were 600 °C, 1 h, and 0.01
mmol, respectively.

The as-prepared Cr-doped MgSn(OH)s and PLNC were characterized
by TEM, XRD, dynamic light scattering, and Ny adsorption experiments.
Both Cr-doped MgSn(OH)e and PLNC exhibited cubic shape, similar
solid size (26.0 + 3.6 nm and 26.9 + 4.6 nm, respectively), hydrody-
namic diameter (ca. 100 nm) (Fig. S10), and BET surface area (90.5 and
92.4 m? g’1 respectively) (Table S1), but different pore volumes (0.335
and 0.539 cm® g’l, respectively) and pore size (ca. 3.7 and 4.2 nm,
respectively) (Fig. S11). The characteristic diffraction peaks at 19.8°
(111), 22.9° (200), and 32.6° (220) of as-prepared Cr-doped MgSn
(OH)¢ indicate pure spinel phase MgSn(OH)¢ (PDF-number 09-0027,

Fig. S12). The characteristic diffraction peaks at 17.8° (111), 29.2°
(220), and 34.4° (311) of PLNC were consistent with the standard data
of MgsSnO4 (PDF-number 24-0723), while the peaks at 26.6° (110),
33.8° (101), and 37.9° (200) were consistent with the standard data
SnO, (PDF-number 41-1445). Those results indicate that the as-
prepared PLNC contained the phase of Mg,SnO4 and SnO (Fig. S12).
Those results indicate that calcination made the small cavities inside the
Cr-doped MgSn(OH)g change into obvious hollow structure of PLNC
(Fig. 1A and B). In addition, calcination changed Cr-doped MgSn(OH)g
from no luminescence to obvious afterglow luminescence of PLNC under
both 254 nm and 650 nm light irradiation (Fig. S13). Compared to
PLNPs@SiOy [30], the prepared PLNC showed more homogeneous
morphology as well as smaller particle size. In addition, the BET surface
area of the prepared PLNC (92.4 m? g™!) is larger than that of the
SiO>@PLNPs (ca. 20 m? g™ 1) [31,32].

The as-synthesized PLNC gave clear lattice fingerprints of (111)
plane of MgySnO4 and lattice fingerprints of (101) plane of SnO,
(Fig. S14). The HAADF STEM and elemental mapping images, and en-
ergy dispersive spectroscopy analysis verified the presence of Mg (14.64
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%), Sn (47.48 %), O (37.17 %), and Cr (0.7 %) elements uniform
distributed in the PLNC (Fig. 1D-H). In addition, XPS spectra showed the
peaks of Mg 1 sat 1301 eV [33], Ols at 527.5 eV, Sn 3d3/2 at 483.7 eV,
and Sn 3d5/2 at 492.1 eV [34] (Fig. S15). These results further indicate
that PLNC are composed of SnO3 and Mg2SnOj4.

The excitation spectra of the PLNC showed three peaks at 357 nm,
407 nm, and 565 nm from the doped crit (Fig. 2A) [35]. Under 254 nm
UV light excitation, the PLNC exhibited a broad emission from 600 nm to
870 nm due to the contribution from both the broadband NIR emission
of the spin-allowed transition from the cr3t 4T2(4F) - 4A2 (ca. 830 nm)
as well as the narrow peak (ca. 720 nm) from the spin-forbidden tran-
sition of Cr** %E — 4A2 [36]. The wide emission of the PLNC gives PLNC
more deep penetration imaging ability compared to ZGGO [18,19]. The
PLNC emitted afterglow luminescence after the irradiation of both 254
nm and 650 nm light and the afterglow luminescence was reactivatable
by a 650 nm LED light (Fig. 2B and C). The excellent 650 nm reactivation
capability allows the PLNC to be repeatedly activated by NIR light for in
vivo afterglow luminescence imaging application.

Amino-modification of the PLNC increased the zeta potential from
—5.2mV to + 5.2 mV (Fig. 2A), and gave additional FT-IR peaks such as
stretching vibration of -Si-O at 1129 cm™!, stretching bands of N-H at
1490 and 1640 cm ™!, and —CH stretching vibrations at 1334 and 2930
cm™? (Fig. 2B) [37]. Compared to PLNC-NHj,, RIF loaded PLNC-NH, and
RIF loaded PLNC-HA showed negative zeta potential (-11.4 and —30.9
mV, respectively) again, and typical FT-IR characteristic peaks such as
two bands of CO-NH and -COO at 1632 cm ™ [38], RIF characteristic
absorption band in UV-vis absorption spectra (Fig. 2C), indicating the
successful load of RIF and grafting of HA. While the hydrodynamic
diameter of RIF loaded PLNC-HA significantly increased after the
grafting of HA compared to PLNC (Fig. 2D). All these results further

confirmed the success of surface modification.

3.2. Comparison of the afterglow imaging abilities of PLNC and ZGGO

Compared with our previously synthesized ZGGO [26], the synthe-
sized PLNC shows better afterglow luminescence under 650 nm LED
light activation. The synthesized PLNC exhibited about 5.0 times higher
afterglow luminescence intensity than ZGGO after 650 nm light exci-
tation for 2 min (Fig. 3A and B). The afterglow luminescence intensity of
PLNC was also consistently higher than that of ZGGO for the next 30
min. In vivo imaging also revealed the stronger afterglow luminescence
signal of the PLNC than ZGGO (ca. 5.0 times) after 650 nm light irra-
diation for 2 min (Fig. 3C and D).

To further demonstrate the advantages of PLNC in long-term after-
glow imaging, long-term afterglow imaging experiments were per-
formed. Under the irradiation of 254 nm UV light, PLNC exhibited lower
afterglow luminescence intensity than ZGGO, but showed stronger
reactivated afterglow luminescence intensity by a 650 nm LED light at
24 h and 48 h (Fig. S16 and S17). As shell coating usually leads to the
decrease in the afterglow luminescence of the PLNPs [11-13], the pre-
pared PLNC gave stronger afterglow signals than the reported drug-
loading composites constructed based on ZGGO and SiO; for imaging.

3.3. Stability and biocompatibility of PLNC and RIF loaded PLNC-HA

To demonstrate the suitability of PLNC for in vivo bioimaging, the
stability and biocompatibility of the PLNC and RIF loaded PLNC-HA
were investigated. PLNC was incubated in PBS (pH 7.4, 10 mmol/L)
for 10 d, and then the changes in hydrodynamic diameter and the
afterglow intensity of the PLNC were investigated to test the stability
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Fig. 5. (A) Afterglow images of the infected mice at different times (before irradiation, 5 min, 12 h, and days 1, 2, 3, 5, 7, 9, and 11) with the injection of RIF loaded
PLNC-HA. (B) Afterglow images of major organs of the mice after being injected with RIF loaded PLNC-HA for 24 h. (C) Afterglow intensity of major organs of the

mice after injection of RIF loaded PLNC-HA for 24 h.

(Fig. S18A and B). No significant changes in the phosphorescence
spectra, hydrodynamic diameter of the PLNC were observed after 10
d incubation, showing the good stability of the PLNC. The hydrodynamic
diameter and FT-IR spectra of RIF loaded PLNC-HA also did not show
obvious changes after 10 d incubation, indicating that the synthesized
nanocarrier had good stability for in vivo bioimaging applications
(Fig. S18C and D).

The toxicity of the PLNC and PLNC-HA nanocarrier was evaluated by
the MTT method. The survival rate of the 3T3 cells remained over 90%
when the concentration of the PLNC and PLNGC-HA reached 1 mg mL ™},
indicating that both PLNC and PLNC-HA did not have significant cyto-
toxicity (Fig. S19A and B). Next, a hemolysis test was used to further
assess the biocompatibility of PLNC and PLNC-HA. The results indicate
that the hemolysis of PLNC and PLNC-HA was below 10% even when the
concentration of PLNC and PLNC-HA reached 1 mg mL™?, indicating the
low risk of hemolysis (Fig. S19C and D). These results suggest the good
biocompatibility of the PLNC and the PLNC-HA for biomedical imaging
in vivo.

3.4. Drug loading and release study

The RIF loading and release capacities of the PLNC were studied by
UV-vis spectrometry. The loading capacity increased in the first 12 h,
then became unchanged. The maximum loading capacity of PLNC for
RIF was measured to be 241 pg mg ™! (Fig. 4A). Cumulative drug release
of RIF loaded PLNC-HA was comparatively investigated in the simulated
infected tissue environment (PBS (10 mL, 10 mmol/L, pH 5.5), 150 U
ml ! HAase) and simulated normal tissue environment (PBS (10 mL, 10
mmol/L, pH 7.4), no HAase) (Fig. 4B). After incubation for 48 h, 24% of

the loaded RIF was released in the simulated infected tissue environ-
ment, whereas only 13% the loaded RIF was released in the simulated
normal tissue environment.

3.5. In vitro antibacterial

MRSA, a pathogen of public health significance, was selected to
explore the antimicrobial ability of RIF loaded PLNC-HA by the plate
count method and the living/dead bacteria staining method. The effect
of PLNC and PLNC-HA on the viability of MRSA was first tested. The
results show that both PLNC and PLNC-HA exhibited no obvious anti-
bacterial effect (Fig. S20). The effect of the concentration of RIF loaded
PLNC-HA on the antibacterial activity was further examined in the range
of 0-100 pg mL~!. When MRSA bacteria were incubated with PLNC-RIF-
HA, the HA attached to the surface of PLNC was broken down due to the
HAase secreted by MRSA to release the RIF from the pore for killing the
bacteria. Thus, the number of bacterial colonies significantly decreased
as the concentration of RIF loaded PLNC-HA increased (Fig. 4C-D). The
bacterial kill rate reached 91.9 % in the presence of 25 pg mL™}, and the
growth of the bacteria was entirely prevented in the presence of 75 ug
mL~! RIF loaded PLNC-HA. The antibacterial ability of RIF loaded
PLNC-HA was further demonstrated by the living/dead bacteria staining
method. Calcein-AM is a kind of fluorescence probe that can pass
through cell membrane and remove the AM group by esterases in living
cells, resulting in calcein that emits a strong green fluorescence, thus
living cells can be detected under a fluorescence microscope as green
fluorescence. Propidium iodide (PI) can pass through damaged cell
membrane and enter dead cells and embed itself in the cell’s DNA
double helix, emitting red fluorescence, thus dead cells can be detected
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as red fluorescence. As shown in Fig. 4E, the bacteria in the control
group (without RIF loaded PLNC-HA) showed significant green fluo-
rescence but very little red fluorescence, indicating live bacteria. How-
ever, after treating with RIF loaded PLNC-HA for 12 h, the bacteria
showed significant red fluorescence, indicating that the bacteria were
killed. The results of live/dead staining showed that RIF loaded PLNC-
HA could kill MRSA. Thus, the bactericidal properties of RIF loaded
PLNC-HA derived from the release of antibiotic RIF.

3.6. In vivo afterglow imaging and distribution of RIF loaded PLNC-HA

The long-time targeted in vivo afterglow imaging ability of the RIF
loaded PLNC-HA was further investigated. To this end, the RIF loaded
PLNC and the RIF loaded PLNC-HA were injected into the infected mice
via the tail vein, and afterglow luminescence signals were collected over
several days for comparison. The mice injected with RIF loaded PLNC-
HA showed a gradually enhanced afterglow luminescence from 12 h
to 2 d in the abscess area, suggesting the accumulation of RIF loaded
PLNC-HA in the infected region (Fig. 5A). In contrast, the mice injected
with RIF loaded PLNC showed a much weaker afterglow luminescence
signal in the abscess area, indicating that PLNC-HA has a good ability to

specifically target to the site of infection (Fig. S21). In vivo afterglow
images also showed that PLNC-HA can track wounds for 9 days. As the
infected area gradually healed, the afterglow signal at the infected site
gradually decreased and disappeared after the scabs fell off (Fig. 5A).
The afterglow signal of RIF loaded PLNC-HA in the liver gradually
decreased, while the afterglow signal in the feces of mice could be
observed, indicating that RIF loaded PLNC-HA can be metabolized by
the liver and excreted (Fig. S22). The afterglow signal observed from the
fallen scab of mice shows that RIF loaded PLNC-HA at the wound can be
excreted through this pathway. These results show that RIF loaded
PLNC-HA not only enabled effective targeting to the infected site, but
also provided imaging information for treatment. It could also be
effectively excreted through feces and scabs. Compared to our previous
system based on ZGGO and SiOy for the diagnosis and treatment of
bacterial infections [39,40], the prepared PLNC-RIF-HA is more likely to
accumulate at the site of bacterial infection, achieving stronger targeted
afterglow imaging capability for bacterial infection. Next, the main or-
gans (liver, heart, spleen, kidneys, and lung) of the mice were collected
after intravenous injection of RIF loaded PLNC-HA for 24 h to study the
biodistribution of RIF loaded PLNC-HA. The ex vivo afterglow image
shows that the afterglow luminescence signal mainly occurred in the
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liver, indicating that RIF loaded PLNC-HA could be captured by the liver
(Fig. 5B and C). A weaker afterglow luminescence signal was found in
the spleen, lung, and kidney compared to the liver region, which agrees
well with the published results [41].

3.7. In vivo antibacterial therapy

To study the in vivo antibacterial therapy efficacy of RIF loaded
PLNC-HA, infected mice were treated with PBS, RIF, and RIF loaded
PLNC-HA, respectively. Then, the infected areas were photographed,
and the area changes in the infected areas were calculated. Of the three
groups studied, the mice in the PBS group exhibited the slowest skin
recovery from the infected area (the area of the abscess was about 31%
of the original abscess area on day 11). The mice in the RIF-treated
group showed a faster recovery of their skin (the area of the abscess
was about 14% of the original abscess area on day 11). In contrast, the
ulcers of MRSA-infected mice in the RIF-loaded PLNC-HA treatment
group almost disappeared as the area of the abscess decreased to 2%.
The above results showed that RIF-loaded PLNC-HA had good antimi-
crobial therapeutic ability (Fig. 6A and Fig. S23). After treatment, the
skin in the infected area of mice was collected and evaluated by H&E,
Masson, and immune staining (TNF-a, IL-6) ((Fig. 6B and Fig. 524). The
results of H&E staining showed that the infection was not effectively
treated after PBS injection, while the skin was repaired in the RIF loaded
PLNC-HA and RIF groups. In addition, a large number of inflammatory
cells appeared in the RIF group and the epidermis in the RIF loaded
PLNC-HA group exhibited a cleaner structure and more noticeable
cellular stratification, suggesting RIF loaded PLNC-HA had a more
effective therapeutic effect than RIF. The results of Masson staining
showed that the fibroblasts at the wound in the PBS group only secreted
a small amount of collagen, while more ordered fibers were observed in
the RIF group and RIF loaded PLNC-HA group and the collagen fibers
were denser and richer after RIF loaded PLNC-HA treatment. In addi-
tion, in contrast to the RIF group, the RIF loaded PLNC-HA group’s
epidermal structure was more pronounced, with visible cell stratifica-
tion and the development of capillaries, indicating active healing. The
staining results of IL-6 showed a large range of positive signals in the PBS
group, a strong local positive signal in the RIF group, but only a weak
positive signal of IL-6 in the RIF loaded PLNC-HA group. The results of
TNF-a staining showed a weak positive signal at the infection sites in the
PBS group, while no significant signal in the RIF and RIF loaded PLNC-
HA groups. These results also indicate that RIF loaded PLNC-HA had a
good therapeutic effect.

The H&E analysis of major organs showed that RIF loaded PLNC-HA
has no obvious damage to organs (Fig. S25). No significant weight loss
was seen using RIF loaded PLNC-HA for treatment (Fig. S26). These
results indicate that the RIF loaded PLNC-HA have acceptable biosafety
for drug delivery and antibacterial therapy.

4. Conclusion

In conclusion, we have shown a simple strategy for the preparation of
a novel mesoporous PLNC with excellent NIR afterglow luminescence
and drug-carrying capability. The prepared PLNC can carry antibacterial
drugs without the need for an additional coating of mesoporous shells.
Based on the mesoporous PLNC, a RIF loaded PLNC-HA nanoplatform
has been further developed for target afterglow imaging guided infec-
tion therapy. The excellent NIR-emitting afterglow and targeting ability
of the RIF loaded PLNC-HA nanoplatform allow autofluorescence-free
target bioimaging. The HA modified on the PLNC surface can be
degraded by HAase at the site of infection, allowing the nanoplatform to
release drug at the site of infection. This work provides a promising way
for the synthesis of functionalized long afterglow nanoplatform without
the need for an additional mesoporous coating for enhanced targeted
autofluorescence-free afterglow imaging and nanocarrier mediated drug
delivery to treat bacterial infection. Further efforts should focus on the
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studies on the exceptional pore structure of PLNC with new therapeutic
approaches in clinical applications.
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