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ABSTRACT: Phototherapy holds great promise in the treatment of a a B
bacterial infections, especially the multidrug resistant bacterial infections. et QW — §
However, most therapeutic agents are based on the integration of individual o o

610

generally lack bacterial specificity, resulting in uncertain pharmacokinetics
and serious nonspecific damage to normal tissues. Herein, we report a pH-
responsive nanoplatform with synergistic chemo-phototherapy function for
smart fluorescence imaging-guided precision sterilization. pH reversible
activated symmetric cyanine was designed and prepared as a bacterial-
specific imaging unit and PTT/PDT-in-one agent. Meanwhile, a
guanidinium-based covalent organic framework (COF) was employed as
a nanocarrier and chemotherapy agent to build the intelligent nanoplatform via electrostatic self-assembly. The self-assembly of the
PTT/PDT-in-one agent and the COF greatly improves the stability and blood circulation of the PTT/PDT-in-one agent and
provides charge-reversed intelligent targeting ability. The developed smart nanoplatform not only enables bacterial-targeted imaging
but also possesses chemo/PTT/PDT synergetic high-efficiency bactericidal effects with little side effects, showing great potential in
practical applications.

photothermal agents and photosensitizers, always in the activated state, and e “o\"“a\\)\“!

808 nm laser /
@

KEYWORDS: pH reversible activation, photothermal/photodynamic-in-one probe, NIR fluorescence imaging, charge reversal-targeting,
precision sterilization

B INTRODUCTION conventional therapeutic agents lack bacterial targeting and are
often in the "always on” activated state, causing nonspecific
damage to normal tissues.'®'” Therefore, it is of great
importance to develop single-wavelength activated PTT/
PDT integrated intelligent therapeutic agents.

Targeting strategies can enhance the bacterial uptake of
therapeutic agents and provide therapeutic efficiency to a
certain extent. Traditional targeting strategies are mostly based
on the functionalization of bacterial-specific ligands'®"" or
cations.”””" The lack of universality and safety of ligands
greatly impair active targeting eﬂiciency.22 Moreover, cation-
functionalized therapeutic agents are easily recognized and
metabolized by phagocytes, resulting in too low drug
concentration at the site of infection to achieve the desired
therapeutic effect.”>** Anaerobic fermentation caused by

Bacterial infections seriously threaten human health and social
development. Antibiotics are the most accepted treatment and
have been widely used for bacterial infections. However, the
overuse of antibiotics has led to the emergence of a large
number of drug-resistant bacteria, weakening the therapeutic
effect, leading to high mortality and seriously wasted medical
resources.' " Therefore, it is imperative to develop revolu-
tionary treatment strategies for bacterial infections.
Phototherapy, a promising therapeutic modality with the
advantages of noninvasiveness, nondrug resistance, and low
toxicity, shows great potential to revolutionize traditional
antimicrobial methods.”® Phototherapy including photother-
mal (PTT) and photodynamic (PDT) therapy is a method of
inducing bacterial damage by generating heat or reactive
oxygen species in the presence of therapeutic agents, an
appropriate light source, and oxygen.”” However, therapeutic Received: March 28, 2021
agents, the most core factor of phototherapy, are mostly based Accepted:  May 26, 2021
on the integration of individual PTT and PDT agents'*~"* and Published: June 8, 2021
even require two-wavelength excitation light irradiation,"*~"
resulting in asynchronous treatment, superimposed side effect,
and prolonged treatment time. In addition, most of the
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Figure 1. Design strategy and schematic of the COF@probe theranostic platform: (a) Synthetic route of the PTT/PDT-in-one agent. (b) Synthetic

route of the COF. (c) Schematic diagram for the preparation of the COF@probe platform. (d) Ilustration of the COF@probe theranostic platform
for precision imaging-guided chemo/PTT/PDT synergistic sterilization.

Normal physiological
environment

ity.>’~** The inherent adjustable porous channel of COFs is
also conducive to the storage of oxygen. COF-based

hypoxia and inflammation at the bacterial infected site often
results in a local decrease in pH.”> >* The acidic micro-
environment feature enables the development of intelligent
targeted and responsive therapeutic platforms to meet the

requirements of bacterial-targeted aggregation and specific . .. S .
thcelrapy 29,30 & 88¢8 P guanidine polymers are cationic antimicrobials that can

nanocarriers, therefore, also hold tremendous promise in
improving the efficiency of PDT therapy.” ** In addition,

interact with negatively charged bacteria and have a good

Covalent organic frameworks (COFs) have become
promising drug delivery carriers due to their unique advantages
such as low density, large specific surface area, adjustable pore
structure, easy functionalization, and good biocompatibil-

bactericidal effect.**™** Therefore, the combination of
guanidinium-based COFs with intelligent phototherapy agents
is expected to achieve precise and efficient synergetic therapy.
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Figure 2. Characterization of COF@probe: (a) Transmission electron microscopy (TEM) image of COF@probe. (b) XRD patterns of the COF
and COF@probe. (c) Zeta potentials of the probe, COF, and COF@probe. (d) FT-IR spectra of the probe, COF, and COF@probe. (e) UV—vis—
NIR absorption spectra of the probe (1 X 107 mol L™*), COF (0.25 mg mL™"), and COF@probe (0.25 mg mL™", 1 X 107> mol L™ as the probe)
at pH 7.4 and pH 6.0. (f) Fluorescence spectra of the probe, COF, and COF@probe at pH 7.4 and pH 6.0. (g) Temperature curves of the probe (2
x 107> mol L™"), COF (0.5 mg mL™"), and COF@probe (0.5 mg mL™") with irradiation time under 0.6 W cm™> of 808 nm laser irradiation at pH
7.4 and pH 6.0. (h) Time-dependent absorbance of DPBF at 417 nm (A/A,) irradiated with an 808 nm laser with and without the probe or COF@
probe at pH 6.0 and 7.4. A, and A are the initial absorbance of DPBF and the absorbance under definite irradiation time, respectively. (i) Time-
dependent absorbance of the probe and COF@probe at pH 7.4 within 10 min of 808 nm laser irradiation (0.6 W cm ™). A, is the initial absorbance
of the probe or COF@probe, while A is the absorbance of the probe or COF@probe at a certain irradiation time.

Herein, we report a rational strategy for design and
fabrication of a pH-reverse switchable chemo/PTT/PDT
synergistic therapy nanoplatform based on a PTT/PDT-in-
one near-infrared (NIR) agent integrated with an ionic
guanidinium-based COF for intelligent bacterial-targeting
imaging-guided precision therapy. A pH-responsive hydrox-
yethyl piperazine-functionalized cyanine is prepared as both
fluorescence imaging (FLI) unit and PTT/PDT-in-one
therapeutic agent (probe). Meanwhile, the ionic guanidi-
nium-based COF is designed as a nanocarrier and quenching
unit to further fabricate the theranostic platform via electro-
static self-assembly to prolong blood circulation, provide
charge-reversed smart target ability, and improve the
therapeutic effect. The as-prepared COF@probe theranostic
platform exhibits smart bacterial-targeted imaging with little
background and tissue autofluorescence interference and
shows strong chemo/PTT/PDT synergistic bactericidal effect
with little side effect, holding great potential for practical
application.

27897

B RESULTS AND DISCUSSION

Design, Preparation, and Characterization of COF@
probe. The design and fabrication of the COF@probe
theranostic platform for NIR FLI-guided precision chemo/
PTT/PDT synergistic sterilization is illustrated in Figure 1. We
design and synthesize a hydroxyethyl piperazine-functionalized
cyanine dye as the FLI/PTT/PDT-in-one agent for smart
bacterial-targeting FLI and PTT/PDT synergistic sterilization
(Figures la and S1—S4). The N atoms on the piperazine ring
serve as the specific recognition site of a bacterial acidic
microenvironment to realize smart charge-reversed targeting
and specific sterilization. The carboxyl group is introduced into
the PTT/PDT-in-one agent to increase hydrophilicity and
provide self-assembly sites. Meanwhile, the COF is prepared as
an auxiliary bactericidal agent, nanocarrier, and quenching unit
via the condensation reaction of aminoguanidine (TG,;) and
2,5-dihydroxy-1,4-benzenedicarboxaldehyde (Dha) in a teflon-
lined stainless steel autoclave (Figure 1b). A COF@probe
theranostic platform is subsequently fabricated via electrostatic

https://doi.org/10.1021/acsami.1c05705
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Figure 3. CLSM images of E. coli and S. aureus treated with the probe or COF@probe. Scale bar, 30 ym.

self-assembly of the above probe and COF to provide charge
reversal smart target ability, prolong blood circulation, and
improve the therapeutic effect (Figure lc,d). As such, the
designed COF@probe theranostic platform enables precision
bactericidal-targeting imaging-guided chemo/PTT/PDT syn-
ergistic sterilization.

The prepared COF@probe was exhibited a nanosheet
structure with two characteristic diffraction peaks at 5.2 and
27.3° (Figure 2ab), similar to the initial COF (Figure SSc).
Self-assembly of the COF and probe at pH 7.4 (simulated
normal physiological pH) turned the zeta potential from 18.5
+ 02 to —26.7 + 0.4 mV as the positive charge of the
guanidine group in the COF is neutralized with the negative
charge of the carboxyl group in the probe, while change of pH
from 7.4 to 6.0 (simulated bacterial acidic microenvironment)
made the zeta potential quickly reverse to 29.3 + 0.3 mV
(Figure 2c) because of the protonation and desorption of the
probe from the COF. The above results confirm that the as-
prepared COF@probe possesses pH-mediated charge-con-
version feature, ensuring the long blood circulation and smart
bacterial-targeting accumulation. The characteristic stretching
vibration peaks appeared in the Fourier transform infrared
(FT-IR) spectra at 1624 cm™' (—C=N- of the COF) and
1641 cm™' (—COOH of the probe) verified the successful
preparation of COF@probe (Figures 2d and SSab). In
addition, the color change of COF@probe from brown of
the original COF to dark green also confirmed the successful
assembly.

The prepared COF@probe gave a characteristic NIR
absorption peak at ca. 690 nm at pH 7.4 but showed an
obvious red-shifted peak at 770 nm when the pH was adjusted
to 6.0 (Figure 2e) and vice versa. Meanwhile, the intensity and
position of the two characteristic absorption peaks were not
significantly different from those of the probe with the same
concentration, indicating that the self-assembly of the COF
and probe did not change the intrinsic absorption property of
the probe (Figures 2e and S6). However, self-assembly of the
COF with the probe at pH 7.4 led to obvious fluorescence
quenching of the probe due to the intramolecular and
intermolecular fluorescence quenching originating from the
aggregation of the probe and the 7—n stacking between the
probe and COF, resulting in a low-background signal
nanoplatform, while almost all the adsorbed probe was
desorbed from the COF and well dispersed in the solvent in

the acidic environment, resulting in an activated fluorescence
with a characteristic NIR emission peak at 825 nm due to the
protonation of N atoms in the hydroxyethyl piperazine ring
accompanied with charge reversal and inhibiting the photo-
induced electron transfer process (Figures 2f and S7a). The
pKa and the pH sensitive range of the probe measured by
fluorescence titration were 6.3 and 5.5-7.5, respectively
(Figures S6 and S7), Wthh were consistent with the bacterial
acidic microenvironment.*® In addition, the prepared COF@
probe hold excellent stability at pH 7.4 due to the negligible
change in the absorption spectra (Figure S8a,b). The above
results confirm that the prepared COF@probe hold great
potential for bacterial-specific imaging and imaging-guided
PTT/PDT sterilization. The concentration of the probe
adsorbed onto the surface of COF@probe (0.5 mg mL™" as
the COF) was determined to be 2 X 10~ mol L™ via UV—
vis—NIR absorption spectrometry (Figure S8c,d).

PTT and PDT Performance of COF@probe. The PTT
property of the probe under 808 nm laser irradiation with
different powers was first explored. The temperature of the
probe solution increased significantly and displayed power
density and concentration-dependent hyperthermia at pH 6.0
(Figures 2g and S9). In contrast, both phosphate buffer (PBS)
and the highest test concentration of the probe at pH 7.4 did
not give any increase in temperature during the whole
irradiation process (10 min, 0.6 W cm™) (Figures 2g and
S9). The PDT efficiency was then evaluated with 1,3-
diphenylisobenzofuran (DPBF) as the singlet oxygen ('O,)
indicator. The decrease in the absorbance of DPBF at 417 nm
was used as the basis for judgment.'” Probe generated
significant 'O, at pH 6.0 upon 808 nm laser irradiation for
10 min (0.6 W cm™2), which was confirmed by the rapid
decline in the absorbance of DPBF. However, the probe at pH
7.4 only presented a weak ability to produce 'O, with slightly
decreased absorbance of DPBF (Figures 2h and S10). These
results clearly indicate that the probe has great potential for
intelligent bacterial-specific phototherapy.

Acid-activated PTT and PDT properties of COF@probe
were then investigated under exposure (808 nm laser, 0.6 W
cm™2). COF@probe at pH 6.0 exhibited a significant increase
of temperature within 10 min 808 nm laser irradiation and
displayed a faster heating rate than the probe with the same
concentration (Figures 2g and S9b), due to the enhanced
photostability of the probe by self-assembly (Figure 2i). In

https://doi.org/10.1021/acsami.1c05705
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Figure 4. Dark toxicity and chemo/PTT/PDT synergetic antimicrobial effect: (a) and (b) Dark toxicity and chemo/PTT/PDT synergetic
antimicrobial effect of the COF (0.5 mg mL™"), probe (2 X 107° mol L™!), and COF@probe (0.5 mg mL™, 2 X 1075 mol L™" as the probe) to (a)
E. coli and (b) S. aureus (statistical significance: *, P < 0.0S and **, p < 0.01). (c) Flat colony photographs of bacterial colonies after different
treatments. (d) CLSM imaging of bacteria incubated with or without the probe, COF, or COF@probe exposed to an 808 nm laser (0.6 W cm™2, 10
min). Live and dead bacteria were stained with Calcein-AM or PI in green and red, respectively. (e) CLSM images of bacterial colonies after

different treatments for the detection of 'O,. Scale bar, 30 um.

comparison, neither the COF nor COF@probe trigger any
obvious temperature increase at pH 7.4 (Figure 2g). Moreover,
COF@probe had a strong 'O, production ability at pH 6.0
with a similar generation efficiency of the probe as proved by
the obviously decreased absorbance of DPBF (Figures 2h and
S10). However, COF@probe weakened the original weak 'O,
production ability of the probe at pH 7.4 due to the
aggregation quenching, which is conducive to practical
applications. The above results fully confirm that the PTT/
PDT properties of COF@probe could be activated only in the
acidic microenvironment, ensuring precision bacterial-specific
sterilization without obvious side effects.

In Vitro Imaging and Antibacterial Properties of
COF@probe. The potential bacterial-targeting imaging and
chemo/PTT/PDT antibacterial effect of COF@probe were
investigated with two common foodborne pathogens, E. coli

and S. aureus. The optimal incubation time and the bacterial-
targeting ability of COF@probe were first studied via confocal
laser scanning microscopy (CLSM). The fluorescence signal
rapidly appeared in E. coli co-cultured with COF@probe with
the crest value at ca. 2—4 h and kept clear up at least 11 h
(Figure 3), while the fluorescence-imaging signal of the probe
group reached the maximum at ca. 2 h and then weakened
rapidly with metabolism. In addition, the fluorescence intensity
of E. coli treated with the COF@probe group was always
stronger than that of the probe at the corresponding time
point. The S. aureus experiment group reached a consistent
conclusion, except that the maximum endocytosis appeared at
ca. 6 h (Figure 3). The above results indicate that COF@probe
has excellent bacterial target ability and blood circulation. In
addition, 6 h was chosen as the optimal co-incubation time for
subsequent studies.
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Figure S. In vivo imaging of COF@probe: (a) Time-dependent NIR fluorescence images of S. aureus infection-bearing mice after intravenous
injection with the probe or COF@probe. (b) Ex vivo FLI of main organs and abscesses dissected from the mice after injection with COF@probe
for 6 h. (c) Fluorescence intensity of abscess and main organs in the mice at 6 h after injection with the probe and COF@probe.

The dark toxicity and chemo/PTT/PDT effect of COF@
probe were then investigated through the flat colony counting
and live/dead bacterial staining method with calcein
acetoxymethyl ester and propidium iodide (Calcein-AM/PI).
The bacterial viability of E. coli and S. aureus treated with
COF@probe remained more than 90% even with the test dose
of up to 0.5 mg mL™" (Figure 4a,b), which is slightly higher
than that of the probe group (Figures 4ab and Slla) but
obviously superior to that of the COF group (70% of S. aureus
and 80% of E. coli) at the same concentration (Figures 4a,b
and S11b). This phenomenon is ascribed to the positive charge
of the guanidine group in the COF, which can combine with
the carboxylate and phosphate on the surface of the bacterial
membrane, breaking the charge balance of the membrane and
causing the membrane rupture. In contrast, COF@probe
showed an excellent bactericidal effect under 808 nm laser
irradiation at the acidic microenvironment of bacteria, which is
significantly stronger than the same concentration of the COF
and slightly better than the same concentration of the probe
(Figure 4a—c). The same conclusion was obtained by Calcein-
AM/PI staining (Figure 4d). All the above results clearly show
that COF@probe not only enhances the biocompatibility but
also achieves efficient and rapid sterilization at the acidic
environment of bacteria.

To further verify the sterilization effect of COF@probe by
PTT/PDT synergistic effect, the variation in temperature and
the generation of 'O, were monitored by NIR thermal imaging
and CLSM imaging with 2’,7/-dichlorodih;rdroﬂuorescein
diacetate (DCFH-DA) as an 'O, indicator.”” The bacterial
suspension co-incubated with COF@probe showed a strong
temperature fluctuation (ca. 8 °C) and a significant
fluorescence signal after 10 min 808 nm laser exposure,
whereas other control groups had no obvious temperature
variation and fluorescence signal (Figure 4e and Figure S12),
indicating that the sterilization effect of COF@probe is indeed
related to the increase in temperature and the production of
10,

In Vivo Bacterial-Targeting Imaging and Precision
Chemo/PTT/PDT Synergetic Sterilization. In vitro bacte-
rial-targeting imaging and high antibacterial efficiency of
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COF@probe encouraged us to assess whether it was qualified
to in vivo precision imaging-guided chemo/PTT/PDT
sterilization. For this purpose, the biocompatibility of COF@
probe was primarily investigated by the MTT assay with 3T3
cells as model cells. The cell viability of 3T3 treated with
COF@probe retained more than 95% after 24 h co-culture
even at a test concentration of 0.5 mg mL™! (Figure S13),
slightly higher than that incubated with the same concentration
of the probe (ca. 92%) and COF (ca. 84%), proving that the
prepared COF@probe had good biocompatibility, which was
improved by the electrostatic self-assembly strategy.

In vivo imaging performance was then explored via
intravenous injection with COF@probe or the probe into
the S. aureus-infected mice. The fluorescence signal in the
infection site of the COF@probe treatment group was
lightened up at about 4 h and gradually increased to the
crest value at ca. 6 h. Meanwhile, the fluorescence signal kept
clear up to ca. 24 h, obviously superior to that of the probe
group (Figure Sa), indicating that COF@probe holds great
promise in in vivo bacterial-targeting imaging and the self-
assembled COF@probe does help to prolong blood circu-
lation. In addition, 6 h post-injection with the maximum
accumulated amount was determined as the most suitable time
point for subsequent treatment. Main organs and abscesses
were dissected and collected at 6 h after intravenous injection
for ex vivo FLI to more intuitively observe the targeted
accumulation and distribution of COF@probe. The fluo-
rescence signals were unavoidable in the reticuloendothelial
system organs (such as the lung, liver, and kidney), but only
obvious fluorescence signal existed in abscess of the mice
injected with COF@probe, which further shows that COF@
probe is capable of precision bacterial infection-targeting
imaging (Figures Sb,c and S14).

In vivo chemo/PTT/PDT synergetic therapy effect of
COF@probe was then studied. For this purpose, S. aureus
infection-bearing mice were established and divided into four
groups randomly. The experimental group refers to the mice
intravenously injected with COF@probe and subjected to 808
nm laser exposure. Other three control groups include the
mice without treatment, the mice injected with PBS with 808
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Figure 6. COF@probe-mediated in vivo chemo/PTT/PDT synergetic therapy effect in the S. aureus infection-bearing mice model: (a) Time-
dependent relative area of the infected wound of mice under various treatments. Sy and S are the areas of infected wound before treatment and at a
certain therapy point, respectively. (b) Time-dependent relative body weight of mice under various treatments. G, is the initial weight of mice of
different groups, while G is the weight at a certain therapy point. (c) H&E staining of abscesses of mice after different treatments for 8 days. Scale

bar, 100 ym.

nm laser irradiation, and the mice treated with COF@probe
only. The temperature of abscesses rose rapidly within 10 min
irradiation in the treatment group, while the temperature of the
control group hardly changed, indicating that the COF@probe
has effective PTT effect and 0.6 W cm™ of 808 nm laser itself
is biosafe without heat damage (Figure S15). The abscesses of
mice in the experimental group gradually alleviated and healed
completely after 8 days; the healing rate was observably faster
than that of the control groups (Figures 6a and S16). In
addition, the control group treated with COF@probe showed
a weak healing effect compared to the other two control
groups, indicating that the PTT/PDT effect of COF@probe
was specifically regulated by the bacterial acidic microenviron-
ment and COF@probe itself has a certain antibacterial effect.

Hematoxylin and eosin (H&E) staining of the abscesses and
organs was performed after 8 days. A large number of necrotic
cells and neutrophils were present in the infected site of the
control mice, whereas the skin of the experimental group
produced new blood vessels and fibroblasts (Figure 6c),
demonstrating the highly effective antibacterial activity of
COF@probe against S. aureus under 808 nm laser irradiation.
In addition, significant reduction of the blood neutrophilic
granulocyte percentage in the COF@probe group was also
confirmed by the blood cell analysis (Figure S17). Moreover,
no obvious organ necrosis and inflammation and body weight
change was observed in both experimental and control groups,
showing that COF@probe had no obvious side effects (Figures
6b and S18). The above results consistently confirm that the
developed COF@probe is qualified to precision bacterial-
targeting guided excellent sterilization without obvious side
effects.

B CONCLUSIONS

In conclusion, we have reported a COF@probe platform for
precision FLI-guided chemo/PTT/PDT synergistic steriliza-
tion. The COF@probe nanoplatform combines the merits of
good biocompatibility, enhanced blood circulation, charge
reversal smart targeting capability, pH reversibly activated NIR

27901

FLI, and chemo/PTT/PDT synergistic enhanced sterilization,
ensuring the precision imaging and excellent sterilization with
little damage to normal tissues. We believe that the smart self-
assembly strategy with integration of the charge reversal
targeting and reversibly activated imaging and PTT/PDT-in-
one therapeutic effect provides a forward-looking strategy to
design more intelligent platforms for bacterial infections.
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