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ABSTRACT: Photodynamic sterilization is the most promising method to
combat bacterial infection, especially multidrug-resistant bacterial infection.
However, the absorption of conventional photosensitizers is mostly located in
the UV−vis region, leading to limited penetration depth and poor therapeutic
efficacy for deep-tissue bacterial infection. Besides, most of the photo-
sensitizers are always in the activated state and lack bacteria-targeting ability,
which inevitably causes severe nonspecific damage to normal tissues. Here,
we show the design of a pH reversibly switchable near-infrared photo-
sensitizer-based nanocapsule for precision bacteria-targeting fluorescence
imaging-guided photodynamic sterilization. pH reversibly activatable
asymmetric cyanine was synthesized as a bacteria-specific imaging unit and
smart photosensitizer to realize precision imaging-guided targeting sterilization without side effects. An allicin mimic was introduced
into the smart photosensitizer as the auxiliary bactericidal group to further enhance antibacterial efficiency. Meanwhile, amphipathic
functionalized polyethylene glycol was employed to fabricate the nanocapsule by self-assembly to endow the charge-reversed
intelligent targeting ability and prolong blood circulation. The developed switchable nanocapsule not only enables precision bacterial
infection-targeted imaging without background fluorescence interference but also gives an efficient bactericidal effect with excellent
specificity and negligible side effects, holding great potential for practical application.

KEYWORDS: pH reversible response, charge reversal targeting, smart nanocapsule, near-infrared fluorescence imaging,
precision photodynamic sterilization

■ INTRODUCTION

Bacterial infection, one of the most serious threats to human
health, causes a huge medical and financial burden to our
society.1,2 Antibiotics can effectively inhibit the growth of
bacteria and are the most accepted treatment for bacterial
infection.3 However, the inappropriate use or even the overuse
of antibiotics makes multidrug-resistant bacterial strains
constantly emerge, leading to severe antibiotic resistance and
high mortality.4−7 Therefore, revolutionary antibacterial
strategies with no side effects and impossibility to become
drug resistance are of great necessity.
Photodynamic therapy (PDT) is expected to become a new

antibacterial method because of its local and noninvasive
nature, low side effects, and no drug resistance.8−11 A
photosensitizer is a key factor for PDT to produce reactive
oxygen species to damage bacteria by lethal oxidative stress.12

However, the absorption of conventional photosensitizers is
mostly located in the UV−vis region, leading to limited
penetration depth and poor therapeutic efficacy for deep-tissue
bacterial infection.13−16 Some efforts have been devoted to
develop near-infrared (NIR) photosensitizers to overcome the
abovementioned shortcoming.17−19 However, previous NIR
photosensitizers are always in the activated state and lack

bacteria-targeting ability, inevitably causing severe nonspecific
damage to normal tissues. Besides, the hydrophobicity and the
short cycle metabolism time of micromolecular photo-
sensitizers often limit their therapeutic efficacy.20−23 Hence,
huge challenges remain in developing intelligent activatable
NIR photosensitizers with precision bacteria-targeting and
excellent antibacterial efficiency.
One of the traditional targeting strategies mainly relies on

the electrostatic interaction between the cationic targeting
ligands and the negatively charged surface of microbial
cells.24−26 However, positively charged nanoparticles are not
good for blood circulation.25−29 Low oxygen tension can
trigger the anaerobic fermentation in certain bacteria to
produce organic acids and make the infected site acidic (ca. pH
5.5).30 This feature enables the development of the charge-
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conversion “smart” targeting strategy to simultaneously meet
the requirements of both blood circulation and bacteria-
targeting ability.30−32

Herein, we report a rational design of the pH reversibly
switchable nanocapsule for smart bacteria-targeting NIR
fluorescence imaging-guided precision photodynamic steriliza-
tion. pH reversibly activated asymmetric cyanine (Acy) is
synthesized as both the activatable fluorescence imaging unit
and photosensitizer for precision bacteria-targeting fluores-
cence imaging-guided photodynamic sterilization. The pyr-
idinyldithio group (-S-S-Py), the mimic of allicin,33 is
introduced as an auxiliary bactericidal group to further enhance
the antibacterial effect (Acy-S-S-Py). Meanwhile, distearyl
phosphatidyl ethanolamine (DSPE)- and 2,3-dimethylmaleic
anhydride (DMMA)-functionalized polyethylene glycol (PEG)
(DSPE-PEG-DMMA) is designed to fabricate the DSPE-PEG-
DMMA@Acy-S-S-Py nanocapsule via self-assembly, endowing
charge-reversed smart targeting ability and long blood
circulation. The as-prepared DSPE-PEG-DMMA@Acy-S-S-Py
nanocapsule not only enables precision bacterial infection-
targeted imaging with a high signal-to-background ratio (S/B)
but also gives rapid and strong bactericidal effects with super
specificity and negligible side effects, holding great potential for
practical application.

■ RESULTS AND DISCUSSION

Design, Synthesis, and Characterization of DSPE-
PEG-DMMA@Acy-S-S-Py. The design and synthesis of the
DSPE-PEG-DMMA@Acy-S-S-Py nanocapsule for precision
bacteria-targeting fluorescence imaging-guided smart photo-
dynamic sterilization are illustrated in Figure 1. The synthesis
of the DSPE-PEG-DMMA@Acy-S-S-Py nanocapsule started
from Acy. Here, Acy, a non-N-alkylated asymmetric cyanine
molecule, was explored as the mother molecule owing to its
unique property of pH-reversible absorption and fluorescence
emission.34 Density functional theory (DFT) calculation shows
that Acy also has great potential to produce singlet oxygen
(1O2) under an acidic microenvironment (Figure 2a,b). Thus,
Acy was designed as both the pH-reversibly activatable imaging
unit and smart photosensitizer to realize precision bacteria-
targeting imaging and imaging guided smart photodynamic
sterilization. The -S-S-Py group was then introduced into Acy
as the auxiliary bactericidal group to inhibit the activity of thiol
protease for further enhancement of the antibacterial effect.33

For this purpose, Acy was hydrolyzed and became active
succinimide ester of Acy (Acy-NHS) via amide condensation
with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro-
chloride (EDC·HCl) and N-hydroxysuccinimide (NHS) as
the condensation reagent. Acy-NHS was then reacted with
mercaptoethylamine to form -SH-functionalized Acy (Acy-

Figure 1. (a) Schematic for the design and synthesis of the Acy-S-S-Py photosensitizer. (b) Schematic for the design and preparation of the DSPE-
PEG-DMMA@Acy-S-S-Py nanocapsule. (c) Illustration of DSPE-PEG-DMMA@Acy-S-S-Py as a pH reversibly switchable theranostic platform for
precision bacteria-targeting NIR fluorescence imaging-guided smart photodynamic sterilization.
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SH). Acy-SH provided -SH terminal to further react with 2,2′-
dithiodipyridine via a nucleophilic substitution to offer -S-S-Py-
modified Acy (Acy-S-S-Py) (Figures S1−S6). Finally,
amphiphilic polymer DSPE-PEG-DMMA was employed as
the smart targeting group and self-assemble unit to further
form the pH-switchable nanocapsule (DSPE-PEG-DMMA@
Acy-S-S-Py) to realize charge-conversion smart targeting
capability and prolong blood circulation.
The as-prepared DSPE-PEG-DMMA@Acy-S-S-Py nano-

capsule is presented as a well-dispersed and homogenous
sphere with a particle size of 40.0 ± 3.2 nm and an average
hydrate diameter of 110.3 ± 3.1 nm (Figure 2c). Change in pH
from 7.4 to 6.0 did not influence the morphological and

hydrate diameter of DSPE-PEG-DMMA@Acy-S-S-Py but
made the zeta potential change from negative (−12.7 ± 1.0
mV) into positive (6.0 ± 0.3 mV) (Figure 2d) because of the
detachment of DMMA from DSPE−PEG−MMMA and
protonation of exposed DSPE-PEG-NH2 residue. The results
indicate that the as-synthesized DSPE-PEG-DMMA@Acy-S-S-
Py has pH-mediated charge-conversion feature, laying a solid
foundation for smart bacteria-targeting ability and long blood
circulation. Besides, the prepared DSPE-PEG-DMMA@Acy-S-
S-Py offered excellent colloidal stability in a simulated complex
physiological medium (Figure S7), which is beneficial for
practical application.

Figure 2. Characterization of the prepared DSPE-PEG-DMMA@Acy-S-S-Py nanocapsule: (a) optimized structures and frontier molecular orbital
(HOMO and LUMO) energies based on DFT calculations (Gaussian 09/6-31G(d)) of Acy in its ground state (S0). (b) Schematic for 1O2
generation with Acy (S1: lowest excited singlet state and T1: lowest excited triplet state.). (c) Hydrodynamic diameter distribution of the DSPE-
PEG-DMMA@Acy-S-S-Py nanocapsule. The inset shows the transmission electron microscopy images of the DSPE-PEG-DMMA@Acy-S-S-Py
nanocapsule. (d) Zeta potentials of the DSPE-PEG-DMMA@Acy-S-S-Py nanocapsule at pH 6.0 and 7.4. (e) pH-reversible UV−vis−NIR
absorption and fluorescence spectra of Acy-S-S-Py (1 × 10−5 M) at pH 7.4 and 6.0. (f) Time-dependent absorbance of DPBF (A/A0) at 410 nm
with and without Acy-S-S-Py or DSPE-PEG-DMMA@Acy-S-S-Py (5 × 10−6 M as Acy-S-S-Py) at pH 6.0 and 7.4 under continuous 808 nm laser
irradiation. A and A0 are the absorbance of DPBF at a certain irradiation time and before irradiation, respectively.

Figure 3. CLSM images of E. coli and S. aureus incubated with DSPE-PEG-DMMA@Acy-S-S-Py or Acy-S-S-Py (5 × 10−6 M as Acy-S-S-Py). The
scale bar is 30 μm.
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Acy-S-S-Py gave a characteristic absorption peak at ca. 515
nm at simulated normal physiological pH (pH 7.4) but showed
a new characteristic peak at ca. 785 nm in conjunction with an
obvious decreased original peak at 515 nm in simulated
bacterial acidic microenvironment (pH 6.0) and vice versa
(Figure 2e). Besides, simulated bacterial acidic microenviron-
ment also enabled the NIR fluorescence of Acy-S-S-Py with a
characteristic emission peak at 820 nm to be activated (Figure
2e) because of the intramolecular charge transfer process

originating from the protonation of the indole ring N atoms.
The pka and the pH sensitive range of Acy-S-S-Py were
determined to be 5.8 and 4.5−7.5, respectively, by fluorescence
titration (Figure S8), matching well with the bacterial acidic
microenvironment. Self-assembly of DSPE-PEG-DMMA and
Acy-S-S-Py did not affect the intrinsic pH reversibly activated
absorption and fluorescence features of Acy-S-S-Py (Figure S9)
but enhanced the photostability of Acy-S-S-Py, especially
under an acidic microenvironment (Figure S10). The content

Figure 4. Dark toxicity and photodynamic sterilization effect: (a) dark toxicity of Acy, Acy-S-S-Py, and DSPE-PEG-DMMA@Acy-S-S-Py to E. coli.
(b) Dark toxicity of Acy, Acy-S-S-Py, and DSPE-PEG-DMMA@Acy-S-S-Py to S. aureus. (c) Representative flat colony photographs and CLSM
images (Calcein-AM/PI live-dead bacterial staining) of bacterial colonies treated in different ways (Calcein-AM: green fluorescence, live bacteria
and PI: red fluorescence, dead bacteria). (d) CLSM images of bacterial colonies treated in different ways for the detection of cytosolic 1O2 (λex =
488 nm, λem = 500−600 nm, blue fluorescence of DCF represents 1O2 production).
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of Acy-S-S-Py loaded into the DSPE-PEG-DMMA@Acy-S-S-
Py nanocapsule was measured to be 2.93 × 10−4 mol g−1 by
UV−vis−NIR absorption spectrometry. The pH reversible
response feature and good photostability of the as-prepared
DSPE-PEG-DMMA@Acy-S-S-Py nanocapsule provide the
possibility for bacterial acidic microenvironment-specific
activated imaging and photodynamic sterilization.
Acid-Activated Photodynamic Performance of DSPE-

PEG-DMMA@Acy-S-S-Py. We then evaluated the acid-
activated photodynamic performance of DSPE-PEG-
DMMA@Acy-S-S-Py by evaluating its capability for 1O2
generation. 1,4-Diphenyl-2,3-benzofuran (DPBF) was chosen
to probe 1O2 because

1O2 oxidation leads to the decrease in
the absorbance of DPBF.35 DSPE-PEG-DMMA@Acy-S-S-Py
(pH 6.0) under 808 nm laser irradiation (0.6 W cm−2)
generated obvious 1O2 as confirmed by the significant decrease
in the absorbance of DPBF (Figures 2f and S11e). The
generation efficiency of DSPE-PEG-DMMA@Acy-S-S-Py was
similar to that of Acy-S-S-Py with the same concentration (as
Acy-S-S-Py) at pH 6.0 (Figures 2f and S11e cf. Figure S11c). In
contrast, neither DSPE-PEG-DMMA@Acy-S-S-Py or Acy-S-S-
Py (pH 7.4) nor DBPF alone (pH 7.4 and 6.0) produced any
1O2 as confirmed by the constant absorbance of DPBF during
10 min 808 nm laser irradiation with the same power density
(Figures 2f and S11a,b,d,f). The abovementioned results show
that DSPE-PEG-DMMA@Acy-S-S-Py enables efficient gen-
eration of 1O2 only in the acidic environment. The distinct pH
reversible response and weak acidity specifically activated PDT
effect make DSPE-PEG-DMMA@Acy-S-S-Py have great
potential for precision photodynamic sterilization with
excellent bacterial specificity.
In Vitro Imaging and Antimicrobial Performance of

DSPE-PEG-DMMA@Acy-S-S-Py. The abovementioned re-
sults encouraged us to explore DSPE-PEG-DMMA@Acy-S-S-

Py as a photodynamic antibacterial agent against Escherichia
coli (E. coli, representatives of Gram-negative) and Staph-
ylococcus aureus (S. aureus, representatives of Gram-positive
bacteria). The optimal incubation time was investigated using
confocal laser scanning microscopy (CLSM) (Figure 3).
CLSM imaging results show that DSPE-PEG-DMMA@Acy-
S-S-Py rapidly aggregated on the E. coli, and the fluorescence
signal was lightened up with the maximum at ca. 1−2 h and
kept constant up to at least 12 h. However, the fluorescence
signal of E. coli in the Acy-S-S-Py group reached the maximum
at ca. 2 h and then rapidly decreased with metabolism. Similar
phenomena were also found for S. aureus. These results
indicate that the bacteria-targeting ability and the metabolic
rate were significantly improved by DSPE-PEG-DMMA, and 2
h is the most appropriate incubation time for the follow-up
photodynamic sterilization.
Dark toxicity and photodynamic sterilization effect of DSPE-

PEG-DMMA@Acy-S-S-Py was evaluated using the flat colony
counting method and calcein acetoxymethyl ester (Calcein-
AM)/propidium iodide (PI) live-dead bacterial staining
method. DSPE-PEG-DMMA@Acy-S-S-Py had good bacterial
compatibility against E. coli and S. aureus because more than
80% of E. coli and S. aureus still survived even in the presence
of DSPE-PEG-DMMA@Acy-S-S-Py with 1 × 10−5 M (as Acy-
S-S-Py), obviously superior to Acy-S-S-Py at the same
concentration. Besides, compared with Acy, Acy-S-S-Py
showed certain bactericidal activity on both E. coli and S.
aureus in a dose-dependent manner (Figure 4a,b). These
results confirm that the introduction of DSPE-PEG-DMMA
enhanced the biocompatibility of Acy-S-S-Py, and the S-S-Py
group did have auxiliary antibacterial activity.
An extremely low bacterial viability (ca. 0%) was observed

for both E. coli and S. aureus treated with lower concentration
of DSPE-PEG-DMMA@Acy-S-S-Py (5 × 10−6 M as Acy-S-S-

Figure 5. Cell cytotoxicity and in vivo imaging performance of DSPE-PEG-DMMA@Acy-S-S-Py: (a) viability of NIH-3T3 cells incubated with
DSPE-PEG-DMMA@Acy-S-S-Py. (b) Signal-to-background ratio (S/B) of infected site of S. aureus-infected mice after intravenous injection of
DSPE-PEG-DMMA@Acy-S-S-Py or Acy-S-S-Py (n = 3) as a function of time (statistical significance: **, P < 0.001; #, not significant). (C) NIR
fluorescence imaging of S. aureus-infected mice intravenously injected with DSPE-PEG-DMMA@Acy-S-S-Py or Acy-S-S-Py at different time points
post injection.
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Py) at pH 6.0 under 808 nm laser irradiation (0.6 W cm−2) for
10 min (Figure 4c). In contrast, higher concentration of DSPE-
PEG-DMMA@Acy-S-S-Py (1 × 10−5 M) at pH 7.4 did not
induce discernible influence on both E. coli and S. aureus,
whether with 808 nm laser irradiation or not. Besides, only 808
nm laser irradiation at pH 6.0 exhibited a negligible
antibacterial effect. These results clearly show that the
photodynamic sterilization effect of DSPE-PEG-DMMA@
Acy-S-S-Py could merely be activated at the acidic micro-
environment, ensuring specific and efficient antibacterial effects
with no side effect to adjacent normal tissues.
To further confirm the photodynamic sterilization effect of

DSPE-PEG-DMMA@Acy-S-S-Py, 2′,7′-dichlorodihydrofluor-
escein diacetate (DCFH-DA) was employed as the cytosolic
1O2 probe in bacterial imaging as it can be oxidized by
cytosolic 1O2 to 2′,7′-dichlorofluorescein (DCF) with strong
green fluorescence.36 No fluorescent signal was observed in the
bacteria of control groups (without any treatments, treated

with DSPE-PEG-DMMA@Acy-S-S-Py whether 808 nm laser
irradiation or not at pH 7.4 and 808 nm laser irradiation at pH
6.0). However, obvious green fluorescence was lightened up in
the bacteria treated with DSPE-PEG-DMMA@Acy-S-S-Py
upon 808 nm laser irradiation at pH 6.0 (Figure 4d),
indicating that antibacterial activity of DSPE-PEG-DMMA@
Acy-S-S-Py was related to the formation of 1O2 and exhibited a
pH-dependent manner.

In Vivo Bacterial Infection-Targeting NIR Imaging
and Precision Photodynamic Sterilization. We then
explore the potential of DSPE-PEG-DMMA@Acy-S-S-Py for
in vivo precision imaging and imaging-guided smart photo-
dynamic sterilization. To this end, the biocompatibility of
DSPE-PEG-DMMA@Acy-S-S-Py was first evaluated using
mouse embryonic fibroblast (NIH-3T3) cells as model cells.
The cell viability of NIH-3T3 remained over 92% even in the
presence of DSPE-PEG-DMMA@Acy-S-S-Py up to 1 × 10−5

M, significantly higher than that (ca. 79%) in the presence of

Figure 6. DSPE-PEG-DMMA@Acy-S-S-Py-mediated in vivo photodynamic sterilization in S. aureus infection-bearing mice models: (a)
representative photographs for different groups of mice. (b) Time-dependent relative area of infected wound for different groups of mice. S0 is the
initial area of infected wound, while S is the area of infected wound at a certain therapy point (statistical significance: *, P < 0.01). (c) Body weight
change of different groups of mice with time. (d) H&E staining of main organs of control and treatment groups of mice after treatment. The scale
bar is 50 μm.
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Acy-S-S-Py at the same concentration (Figure 5a), demon-
strating that the as-prepared DSPE-PEG-DMMA@Acy-S-S-Py
has good biocompatibility and the self-assembly strategy is
helpful to improve biocompatibility.
In vivo precision bacterial infection-targeting imaging

performance of DSPE-PEG-DMMA@Acy-S-S-Py was sub-
sequently investigated through intravenously injecting DSPE-
PEG-DMMA@Acy-S-S-Py (experiment group) or Acy-S-S-Py
(control group) into the S. aureus infection-bearing mice
(Figure 5b,c). The NIR fluorescence signal appeared only in
the infected sites of the experimental group at ca. 2 h after
injection and gradually increased to the maximum at ca. 8 h
and then almost kept constant up to at least 24 h, indicating
that DSPE-PEG-DMMA@Acy-S-S-Py has precision bacterial
infection targetability and the maximum accumulation in the
infected sites at 8 h post-injection. Therefore, 8 h was taken as
the most appropriate time for the follow-up therapy. In
contrast, no fluorescence signal was observed in the control
group and other sites except for infected sites of the
experimental group during the whole process. For comparison,
another experiment group was in situ-injected NaHCO3 into
the right infection site 30 min before the intravenous injection
of DSPE-PEG-DMMA@Acy-S-S-Py to break the acidic
microenvironment. The fluorescence signal in left infection
was lightened up as usual and still kept clear up to at least 24 h,
while no fluorescence signal appeared in the NaHCO3-treated
right infection and other normal tissues. These results clearly
show that the fluorescence activation of DSPE-PEG-DMMA@
Acy-S-S-Py was specifically governed by the bacterial infection
acidic microenvironment and the bacteria-targeting ability was
significantly improved by DSPE-PEG-DMMA and the self-
assembly strategy. The abovementioned results also indicate
that DSPE-PEG-DMMA@Acy-S-S-Py is competent for pre-
cision bacterial infection-targeting imaging without back-
ground interference.
To evaluate in vivo photodynamic sterilization effect of

DSPE-PEG-DMMA@Acy-S-S-Py, we established a subcuta-
neous infection model in mice by injecting S. aureus. The S.
aureus-infected mice were randomly divided into four groups
(three mice/group). The infected mice which were intra-
venously injected with DSPE-PEG-DMMA@Acy-S-S-Py (100
μL, 2.5 × 10−5 mol L−1 as Acy-S-S-Py) and subjected to 10
min 808 nm laser irradiation (0.6 W cm−2) at 8 h postinjection
were assigned as the treatment group, while the other infected
mice treated with PBS with 808 nm laser exposure and injected
with DSPE-PEG-DMMA@Acy-S-S-Py without laser irradia-
tion and without any treatment acted as three control groups.
The treatment group showed alleviated infection and faster
healing compared to the control groups, and the infected
wounds were completely re-epithelialized at ca. 8 d (Figure
6a,b). No significant difference was observed in the infection
healing rate among the control groups. Neither significant
body weight change nor behavior disorder was observed in all
experimental mice during the whole observation process
(Figure 6c). Besides, no noticeable organ necrosis or
inflammation was observed in both treatment and control
groups (Figure 6d). These results reveal that the developed
DSPE-PEG-DMMA@Acy-S-S-Py nanocapsule is competent
for precision photodynamic sterilization with an excellent
therapeutic effect and negligible side effect merely by a single
intravenous injection and one-time laser irradiation.

■ CONCLUSIONS
In conclusion, we have reported the pH reversibly switchable
DSPE-PEG-DMMA@Acy-S-S-Py nanocapsule for precision
bacteria-targeting NIR fluorescence imaging-guided photo-
dynamic sterilization. The developed nanocapsule integrated
the merits of the pH reversibly activatable NIR fluorescence
imaging and photodynamic sterilization of Acy, the auxiliary
enhanced sterilization of -S-S-Py, and the charge reversal
targeting capability and enhanced blood circulation from
DSPE-PEG-DMMA. These integrated merits make DSPE-
PEG-DMMA@Acy-S-S-Py overcome the shortcomings of the
limited therapeutic efficiency in deep tissue infection and
nonspecific damage in the previous “always on” PDT
sterilization platforms. We believe that the integration of the
reversibly activated imaging and photodynamic sterilization
with the charge reversal targeting strategy furnishes a
prospective strategy to design smart sterilization nanoplatforms
for skin infection and deep tissue inflammation.
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