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ABSTRACT: Suitable photosensitizers (PSs) are the prerequisite
for effective imaging-guided phototherapy. However, traditional
PSs have significant limitations, accompanied by unsatisfied tumor
targeting ability, poor biocompatibility, and severe side effects.
Herein, we report the design of an acid-activated near-infrared
(NIR) probe and use it to construct an intelligent theranostic
nanoplatform triggered by the tumor microenvironment for tumor-
targeting image-guided photothermal and photodynamic therapy
(PTT/PDT). First, acid-reversibly responsive brominated asym-
metric cyanine 808 (BAC808) with a long-wavelength excitation
(808 nm) is designed and synthesized as the tumor-specific NIR
fluorescence/photothermal/photodynamic-in-one probe. It inte-
grates acid-activated NIR fluorescence emission, outstanding
photothermal conversion efficiency (42.68%), and high 1O2 generation ability (ΦΔ = 0.10), enabling effective PDT/PTT with
minimized side effects. After encapsulating BAC808 and modification with a charge reversal group and tumor-targeting ligand
simultaneously, the multifunctionalized tumor-triggered targeting theranostic nanoparticles (NPs) are fabricated with superior
biocompatibility, long circulation time, and tumor-triggered targeting ability. The developed intelligent nanoplatform combines
precise tumor targeting ability, specific imaging with a high signal-to-noise ratio, and excellent in vivo antitumor activity, making it a
potential candidate for anticancer nanodrugs in practical applications.
KEYWORDS: pH reversible activation, NIR fluorescence imaging, photothermal/photodynamic-in-one probe, intelligent targeting,
precision therapy

■ INTRODUCTION
As the primary cause of death worldwide, cancer has always
been a severe threat to human health and social development.1

Great efforts have been made to explore novel strategies for
cancer diagnosis and treatment in the past few decades.2−5

However, there remain various barriers in the existing clinical
treatments, such as unsatisfied therapeutic effectiveness and
severe side effects.6,7 Therefore, it is critical to explore a novel
generation of revolutionary theragnostic strategies to achieve
precision diagnosis and efficient treatment of cancer.

Photothermal therapy (PTT) and photodynamic therapy
(PDT) are commonly considered as promising treatments for
oncotherapy owing to their excellent characteristics of high
spatiotemporal precision, negligible invasiveness, and little side
effects.8−10 They generally rely on excited photoactive
fluorophores such as photosensitizers (PSs) triggered by the
light of a specific wavelength to produce local hyperthermia or
reactive oxygen species (ROS), which cause tumor cells to
apoptose or even necrose.11−13 However, single PTT or PDT
cannot eradicate tumors due to their inherent defects and
concurrent metastasis of tumors, so they are often integrated to

construct a multimodal therapy to enhance the therapeutic
efficacy.14−16 More importantly, it is of practical significance to
design a PS with fluorescence emission to realize imaging-
guided phototherapy, which can diagnose and treat simulta-
neously and monitor the treatment process in real time.17−19

Recently, activable PSs are especially attracting attention
compared to the traditional “always-on” probes, as they enable
precise imaging and more efficient therapeutic treatments for
tumors while minimizing side effects.20−22 Unfortunately, most
of the reported PSs are irreversibly activated or limited to
short-wavelength excitation, and their therapeutic specificity
and efficiency for deep tumors need to be improved.23,24

Therefore, it is imperative to pursue reversibly activated PSs
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relying on near-infrared (NIR) irradiation that can deeply
penetrate through tumors with negligible background interfer-
ence and minimal damage to the adjacent tissues.25,26

Biocompatibility and dispersity are other necessary charac-
teristics of clinically ideal PSs that also determine their
effectiveness of imaging and therapy in vivo.27 Although several
strategies such as attaching charged groups including sulfonate
or carboxyl groups to the organic PSs have been designed to
improve their solubility, the complicated interactions between
the charged PSs and biomolecules hamper their specific
accumulation in tumors.28 In contrast, encapsulation of PSs

into polymetric nanoparticles (NPs) can not only endow PSs
with good biocompatibility and dispersity29,30 but also facilitate
their accumulation at tumor sites because of the improved
permeability and retention (EPR) effect.31 In addition, many
strategies have been developed to construct a tumor-active
targeting nanoplatform for improved imaging and therapeutic
effects including specific ligands, charge reversal, pH/GSH
sensitivity, and so on.32−35 Among them, multitarget
combination or tumor microenvironment-triggered active
targeting strategies have shown great potential against the
extremely complicated tumor tissues. However, there are few

Figure 1. Schematic illustrations of the DMMA@cRGD@BAC808 theranostic nanoplatform. (a) Design and activation mechanism of BAC808
and DMMA@cRGD@BAC808. (b) Illustration of DMMA@cRGD@BAC808 as an acid-reversibly activated PS-based tumor-triggered targeting
nanoplatform for precision imaging-guided phototherapy under 808 nm laser irradiation.
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reports on multitarget theragnostic platforms based on tumor
microenvironment triggering. Therefore, it is of practical
significance to develop a multitargeting reversibly activated
theranostic nanoplatform triggered by the tumor micro-
environment, which can prolong the blood circulation and
increase the accumulation of drugs in tumor sites.

Herein, we report the design and synthesis of novel pH-
reversibly responsive NIR fluorescent/PTT/PDT-in-one probe
BAC808 and develop a BAC808-loaded tumor-triggered multi-
intelligent targeting theranostic nanoplatform for precise
tumor-targeted imaging-guided synchronous phototherapy.
Brominated asymmetric cyanine (BAC808) with a long-
wavelength excitation (808 nm) is designed as a pH-activated
NIR fluorescent/PTT/PDT-in-one agent for specific tumor
imaging and high-efficient PTT/PDT therapy. Furthermore,
DSPE-PEG2000-S−S-PEG2000-DMMA and DSPE-PEG2000-
cRGD are introduced to encapsulate BAC808 into NPs,
endowing the obtained NPs with dual targeting of charge
reversal and stealth intelligence triggered by the tumor
microenvironment as well as good biocompatibility and
dispersity. The designed DMMA@cRGD@BAC808 theranos-
tic nanoplatform presents tumor-targeted imaging and superior
anticancer capabilities with outstanding tumor specificity and
negligible side effects, which is regarded as a potential
candidate in future practical applications.

■ RESULTS AND DISCUSSION
Design of the DMMA@cRGD@BAC808 Theranostic

Nanoplatform. The design strategy and fabrication of the
DMMA@cRGD@BAC808 theranostic platform for precision
tumor-targeting imaging-guided PTT/PDT synergistic therapy

are shown in Figure 1. A fluorescent/PTT/PDT-in-one
molecule BAC808 is first designed and synthesized as the
pH-reversibly activated NIR PSs for precise tumor imaging-
guided synchronous PTT/PDT. To enable tumor-specific
activation in the acidic environment, the unsubstituted N atom
was retained in the indole ring of BAC808 and served as the
specific recognition site. At the same time, the introduction of
the aromatic ring red-shifts the fluorescence excitation of
BAC808 due to the enlarged π-conjugated system to better
match with the 808 nm laser light source, which contributes to
the enhanced effectiveness of NIR fluorescence imaging and
phototherapy under the irradiation of an 808 nm laser.36 In
addition, to endow BAC808 with good hydrophilicity and
biocompatibility in vivo, the corresponding DMMA@cRGD@
BAC808 NPs were prepared using DSPE-PEG2000-S−S-
PEG2000-DMMA and DSPE-PEG2000-cRGD as the polymer
matrix by a coprecipitation method.37 The as-prepared
DMMA@cRGD@BAC808 NPs represent a negative charge
under normal physiological conditions, which are favorable to
prolong the blood circulation until its charge reversion when
arriving at the tumor acidic microenvironment via leaky blood
vessels.38 Because of their opposite charge attraction, these
nanoparticles accumulate in tumors and the disulfide bond
(S−S) of DSPE-PEG2000-S−S-PEG2000-DMMA is subsequently
cleaved by overexpressed GSH in the tumor microenviron-
ment. Then, the exposed cRGD on the surface of DMMA@
cRGD@BAC808 can interact with the plasma membrane of
cancer cells via specific recognition with ανβ3 integrin,
endowing DMMA@cRGD@BAC808 with tumor active
targeting capability.39 Meanwhile, BAC808 is changed from
the base form to the acid form with the activation of

Figure 2. Characterization of BAC808. (a) Fluorescence (solid lines) spectra and UV−vis−NIR absorption (dotted lines) of BAC808 (1 × 10−5

M) in acidic (red lines) and alkaline solutions (black lines). (b) Frontier molecular orbital (HOMO and LUMO) energies of the optimized
structures of BAC808 in their ground state (S0) according to DFT calculations. (c) Temperature changes of BAC808 (1 × 10−5 M) and 50%
ethanol as a control for 10 min 808 nm laser irradiation under different power densities (W cm−2). (d) IR thermal images of BAC808 (1 × 10−5 M)
and 50% ethanol as a control under different power densities of 808 nm laser irradiation (W cm−2). (e) Effect of irradiation time on the absorbance
of BAC808 and ICG (1 × 10−5 M) under different power densities of 808 nm laser irradiation. (f) Time-dependent absorbance of DPBF (A/A0) at
410 nm with and without BAC808 or ICG (1 × 10−5 M) under different power densities of 808 nm laser irradiation. A0 represents the original
absorbance of DPBF, while A represents the absorbance of DPBF after irradiation for a certain time.
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fluorescence, photothermal, and photodynamic properties. As
such, the as-designed DMMA@cRGD@BAC808 nanoplat-
form enables intelligent tumor-targeting imaging-guided
precision phototherapy under the 808 nm laser irradiation.

Preparation and Characterization of BAC808. BAC808
was successfully prepared via the synthetic routes outlined in
Figure 1a, and the detailed procedures could be obtained in the
SI. The structures of BAC808 and the significant intermediates
during the synthesis were confirmed by the nuclear magnetic
resonance, high-resolution mass spectra, and Fourier transform
infrared (FT-IR) spectra (Figures S1−S10). BAC808 holds a
characteristic absorption peak at ca. 518 nm in alkaline
medium (ethanol/water, 5/5 v/v), while it shows a new
shoulder band at ca. 808 nm in acidic medium with the
disappearance of its absorption band at 518 nm (Figure 2a).
According to density functional theory (DFT) calculations, the
gap (Eg) between the lowest occupied molecular orbital
(LUMO) and the highest unoccupied molecular orbital
(HOMO) of BAC808 is narrowed owing to the protonation
of unsubstituted N atoms in the indole ring, resulting in the
difference of its optical properties in acidic and alkaline
solutions (Figure 2b). Owing to the intramolecular charge
transfer during the protonation of N atoms of the indole ring,
the activated BAC808 under acidic conditions exhibits a NIR
absorption and emission, with the maximum wavelength at 808
and 850 nm, respectively. Fluorescence titration experiments
were used to determine that the pKa and pH-sensitive intervals
of BAC808 are, respectively, 5.75 and 4.0−7.5 (Figures S11
and S12).

In addition, common ionic biocomponents such as K+, Na+,
Mg2+, and Ca2+ exhibited no interference to the pH reversible

response properties of BAC808 even at the concentration of
0.1 M (Figure S13). These results all conclude that the as-
synthesized BAC808 possesses pH-reversibly responsive
properties and pH-sensitive intervals consistent with the
tumor acidic microenvironment, which can serve as a specific
activated PS for precise imaging-guided phototherapy of
tumors.40

Photothermal and photodynamic properties of BAC808
were further studied. After being excited to the S1 state under
acidic conditions, the activated BAC808 would consume its
energy through a nonradiative decay pathway, leading to the
released heat (Figure 2b). Meanwhile, the BAC808 at the
excited state would also cause an enhanced singlet-to-triplet
intersystem crossing (ISC) due to the charge transfer and
heavy atom effect, further producing singlet oxygen (1O2)
through energy transfer for inducing efficient PDT. These
results indicate that BAC808 is promising for effective PTT
and PDT in the acidic tumor microenvironment. Thus, the
acid-activated photothermal properties of BAC808 were first
investigated using various power densities of an 808 nm laser
as the excitation source (Figure 2c). The temperatures of
BAC808 in acidic solutions upon 0.4, 0.6, and 0.8 W cm−2 of
laser irradiation (808 nm, 10 min) increased 13.0, 22.5, and
27.4 °C, respectively. The BAC808 in acidic solutions also
exhibited exposure time- and concentration-dependent hyper-
thermia (Figures 2c,d and S14). In contrast, the solution alone
and BAC808 in the alkaline environment as the control groups
did not exhibit any temperature change during the 10 min
irradiation even when the power density was up to 0.8 W cm−2

(Figure 2c,d). The superior photothermal activity of BAC808
was also demonstrated by its photothermal conversion

Figure 3. Characterization of DMMA@cRGD@BAC808. (a) TEM images of DMMA@cRGD@BAC808. (b) Hydrodynamic diameter
distribution of cRGD@BAC808, DMMA@BAC808, DMMA@cRGD@BAC808, and DMMA@cRGD@BAC808 treated with 10 mM GSH. (c) ζ
potentials of cRGD@BAC808, DMMA@BAC808, and DMMA@cRGD@BAC808 treated with 10 mM GSH or not. (d) UV−vis−NIR absorption
(dotted lines) and fluorescence (solid lines) spectra of DMMA@cRGD@BAC808 (1 × 10−5 M) in acidic (red lines) and alkaline solutions (black
lines). (e) Photothermal performance of DMMA@cRGD@BAC808 at various concentrations of acidic solutions and its alkaline solution (1 × 10−5

M) as a control during a 10 min exposure to the 808 nm laser (0.6 W cm−2). (f) Time-dependent absorbance of DPBF (A/A0) at 410 nm with
various concentrations of acidic DMMA@cRGD@BAC808 and its alkaline solution (1 × 10−5 M) as a control under 0.6 W cm−2 of 808 nm laser
irradiation. A0 represents the original absorbance of DPBF, while A represents the absorbance of DPBF after irradiation for a certain time.
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efficiency under 0.6 W cm−2 of 808 nm irradiation, which was
determined to be 42.68% (Figure S15). These results indicate
that BAC808 could exhibit desirable photothermal capabilities
only when activated by the acidic environment, making it
competent for tumor-specific PTT. Furthermore, BAC808
shows more excellent photostability than that of indocyanine
green (ICG) as the typical NIR dye, especially at pH 7.4
(Figure 2e), guaranteeing its stability in in vivo blood
circulation. Together with the photothermal efficiency and
photostability capabilities of BAC808, 0.6 W cm−2 was chosen
as the optimal laser power in the following experiments.

The photodynamic property of BAC808 was investigated
subsequently with 1,3-diphenylisobenzofuran (DPBF) as the
indicator of singlet oxygen (1O2). Almost no change in the
absorption spectra of DPBF was observed with and without
BAC808 in alkaline solutions after 5 min of 808 nm laser
irradiation (0.6 W cm−2) (Figures 2f and S16). In contrast,
when irradiating the acidic BAC808 solutions with different
power densities of the 808 nm laser, a 100% decrease of the
initial absorbance of DPBF at 410 nm was observed only in 3
min, confirming the efficient generation of 1O2 (Figures 2f and
S17). Besides, the 1O2 generation efficiency of BAC808
appeared to be concentration-, power density-, and exposure
time-dependent (Figures 2f and S18). The 1O2 generation
ability of ICG was also measured under 0.6 W cm−2 of 808 nm
irradiation for comparison (Figures 2f, S19 and S20). The
singlet oxygen quantum yield (ΦΔ) of activated BAC808 was
then calculated to be 0.10 when using DPBF and 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA) as the 1O2
indicator, revealing a comparable capacity for 1O2 generation
to ICG (ΦΔ = 0.14).41 The efficient generation of 1O2 for
BAC808 only in the acidic environment provides BAC808 with
great potential for tumor-specific PDT. In conclusion, the
outstanding PTT/PDT properties of acid-reversibly activated
BAC808 make it qualify as an intelligent PTT/PDT-in-one
agent for tumor-targeting precision phototherapy.

Preparation and Characterization of the DMMA@
cRGD@BAC808 Theranostic Nanoplatform. Considering
the excellent acid-reversibly activated properties of BAC808, a
microenvironment-triggered tumor-active targeting theranostic
nanoplatform was proposed for NIR fluorescence imaging-
guided precision PTT/PDT in this study. To this end, the
BAC808-based NPs were fabricated by encapsulating BAC808
in the hydrophobic cavity of DSPE-PEG2000-S−S-PEG2000-
DMMA and DSPE-PEG2000-cRGD to prolong their blood
circulation, improve their tumor targeting ability, and enhance
their biocompatibility. The appearance of the characteristic
bands at 1704 cm−1 (−C�C− stretching vibration of
DMMA) and 1643 cm−1 (−CONH− vibration of cRGD) in
the FT-IR spectrum confirmed the successful preparation of
DMMA@cRGD@BAC808 (Figure S21). The prepared
DMMA@cRGD@BAC808 has a spherical shape with an
average diameter and hydrodynamic diameter of around 131.0
± 8.9 and 164.3 ± 7.4 nm, respectively (Figure 3a,b), which
are beneficial for avoiding the clearance of the reticuloendo-
thelial system (RES) during the blood circulation to
accumulate tumor sites through the EPR effect. The ζ
potential is also essential to trace the successful fabrication
of DMMA@cRGD@BAC808. Meaningfully, the DMMA@
cRGD@BAC808 showed negative potential at −10.47 ± 0.89
mV under the neutral conditions, suggesting the potential
capacity for prolonging the circulation time in blood (Figure
3c). As the environmental pH reduced, the ζ potential of

DMMA@cRGD@BAC808 turned into a positive charge at
2.17 ± 0.44, revealing its charge reversal target ability owing to
the hydrolysis of DMMA and protonation of the exposed
amino terminal under acidic conditions, which contributes to
its accumulation at the sites of tumors. The encapsulation
efficiency (EE) was also calculated to be 88.4% according to
the standard curve of BAC808 (Figure S22). Furthermore, the
as-prepared DMMA@cRGD@BAC808 has satisfactory stabil-
ity as confirmed by the negligible changes of the hydrodynamic
diameter after storage in water and phosphate-buffered saline
(PBS) with 10% fetal bovine serum (FBS) for two weeks
(Figure S23).

To verify the microenvironment-triggered tumor targeting
ability of DMMA@cRGD@BAC808, DMMA@BAC808 and
cRGD@BAC808 were also prepared for comparison in a
similar procedure using DSPE-PEG2000-S−S-PEG2000-DMMA
and DSPE-PEG2000-cRGD, respectively. In FT-IR spectra, the
typical stretching vibration peaks of DMMA@BAC808 and
cRGD@BAC808 appeared at 1704 cm−1 (−C�C− group of
DMMA) and 1643 cm−1 (−CONH− unit of cRGD) with the
hydrodynamic size were 189.7 ± 9.1 nm and 122.2 ± 10.9 nm
(Figures 3b and S24). Furthermore, the ζ potentials of
DMMA@BAC808 and cRGD@BAC808 were −8.57 ± 0.56
and −12.70 ± 0.78, respectively, which evidenced the
successful modification with DSPE-PEG2000-S−S-PEG2000-
DMMA and DSPE-PEG2000-cRGD (Figure 3c).

To confirm the exposure of cRGD after the disulfide bond of
DMMA@cRGD@BAC808 being cleaved by GSH under the
tumor microenvironment, the hydrodynamic diameter, ζ
potential, and FT-IR spectra of DMMA@cRGD@BAC808
after treated with 10 mM GSH were also measured. The
average hydrodynamic diameter of DMMA@cRGD@BAC808
NPs treated after 10 mM GSH was about 21.8 nm lower than
that of DMMA@cRGD@BAC808 NPs untreated, confirming
that GSH could indeed cleave the disulfide bond of DSPE-
PEG2000-S−S-PEG2000-DMMA (Figure 3b). Meanwhile, the ζ
potential changed to −6.24 ± 0.57 mV, while the typical
infrared stretching vibration band of DMMA at 1704 cm−1

disappeared, which also indicates that cRGD is exposed with
the disappearance of DMMA. (Figure 3c and S24).

The optical properties of DMMA@cRGD@BAC808 were
further evaluated (Figure 3d). In comparison with bare
BAC808, the DMMA@cRGD@BAC808 in the alkaline
solution showed a slightly blue-shifted absorption peak due
to the aggregation of PSs when they were encapsulated into
NPs. However, no noticeable change was observed in its
absorption and fluorescence spectra when dispersed in acidic
solutions, proving that the DMMA@cRGD@BAC808 still
holds outstanding acid-reversibly responsive optical properties
for tumor-specific imaging-guided phototherapy.

In Vitro PTT/PDT Performance of DMMA@cRGD@
BAC808. Acid-responsive photothermal activity of DMMA@
cRGD@BAC808 was first evaluated by exposing to 10 min of
808 nm laser irradiation (0.6 W cm−2). The temperatures of
DMMA@cRGD@BAC808 in acidic solutions increased
obviously with its concentration as well as the irradiation
time (Figures 3e and S25). In contrast, the alkaline solution of
DMMA@cRGD@BAC808 did not induce any temperature
increase under the same laser irradiation, demonstrating that
the DMMA@cRGD@BAC808 holds prominent acid-activated
photothermal effects.

The 1O2 generation activity of DMMA@cRGD@BAC808
was tested subsequently. Upon laser irradiation (808 nm, 0.6
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W cm−2, 5 min), the 1O2 generation of DMMA@cRGD@
BAC808 was monitored using DPBF as an indicator. As
expected, a rapid and considerable decline of the absorbance of
DPBF was observed with acidic solutions of DMMA@cRGD@
BAC808, confirming the efficient 1O2 generation (Figures 3f
and S26). In comparison, the absorption spectra of DPBF
remained unchanged with time for the alkaline solution of
DMMA@cRGD@BAC808, confirming that no 1O2 was
produced under the same treatment. The above-mentioned
results indicate that the DMMA@cRGD@BAC808 holds a
great potential for tumor-specific phototherapy.

Cell Targeting NIR Imaging and PTT/PDT of DMMA@
cRGD@BAC808. The in vitro tumor-targeted NIR fluores-
cence imaging and PTT/PDT effect of DMMA@cRGD@

BAC808 were confirmed with SCC-7 cells as model tumor
cells and 3T3 normal cells as the negative control. The MTT
assay was carried out first to assess the dark cytotoxicity of
both DMMA@cRGD@BAC808 and bare BAC808 toward
3T3 cells. Compared to BAC808, the DMMA@cRGD@
BAC808 appeared to have no obvious cytotoxicity to 3T3 cells,
and the cell viabilities were all kept over 90%, even though the
concentration was up to 50 μM (Figure S27). These results
indicate that encapsulation of BAC808 into NPs effectively
improves its biocompatibility and is more conducive to
subsequent biological applications.

In order to investigate the cellular uptake and specific
imaging of tumor cells, 10 μM DMMA@cRGD@BAC808 was
incubated with 3T3 and SCC-7 cells and monitored by

Figure 4. Cell internalization and in vitro PTT/PDT effect of DMMA@cRGD@BAC808. (a) Cell internalization and cell imaging of BAC808,
DMMA@cRGD@BAC808, and DMMA@cRGD@BAC808 with 5 μM GSH toward 3T3 and SCC-7 cells (scale bar, 50 μm). (b) Fluorescence
intensity of cells incubated with BAC808, DMMA@cRGD@BAC808, and DMMA@cRGD@BAC808 with 5 μM GSH for different times. (c) Cell
viability of DMMA@cRGD@BAC808 under different irradiation times of an 808 nm laser (0.6 W cm−2) against 3T3 and SCC-7 cells. The control
refers to 808 nm laser irradiation alone for 10 min. Data were presented as the mean ± SD (n = 5). *P < 0.05, **P < 0.01, and ***P < 0.001. (d)
ROS production mediated by DMMA@cRGD@BAC808 (1.0 × 10−5 M) upon irradiation (808 nm, 0.6 W cm−2, 5 min) as indicated by the
fluorescence of DCFH (scale bar, 30 μm).

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.3c01473
ACS Appl. Nano Mater. 2023, 6, 10501−10510

10506

https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c01473/suppl_file/an3c01473_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c01473/suppl_file/an3c01473_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c01473?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c01473?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c01473?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c01473?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c01473?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


confocal laser scanning microscopy (CLSM). As depicted in
Figure 4a, after incubation for different times, red signals
denoting the fluorescent probe in SCC-7 cells were observed
to gradually increase and reached the maximum at 10 h,
indicating that the probe was internalized and gradually
accumulated in SCC-7 cells. In comparison, no fluorescence
signal was detected in 3T3 cells because their neutral
conditions could not activate BAC808, further validating the
excellent tumor-specific imaging capability of BAC808. Be-
sides, the fluorescence signal of SCC-7 cells treated with
DMMA@cRGD@BAC808 was slightly higher than that of
bare BAC808 with the same concentration, suggesting that the
strategy of encapsulating BAC808 into NPs does not change its
optical properties and is favorable for its endocytosis. It was
noteworthy that much stronger fluorescence of 5 μM GSH-
pretreated SCC-7 cells coincubated with DMMA@cRGD@
BAC808 was also observed compared to the SCC-7 cell group
with about a 1.3-fold increase of the mean fluorescence
intensity (MFI) (Figure 4b). This was attributed to the
increased internalization of DMMA@cRGD@BAC808 in
GSH-pretreated SCC-7 cells since the exposed cRGD peptide
in the presence of GSH could specifically bind to the ανβ3
integrin receptor highly expressed on SCC-7 cell membranes.42

These results confirmed that the as-prepared DMMA@
cRGD@BAC808 could obviously promote its specific targeting
ability and cellular uptake toward SCC-7 cells under the tumor
microenvironment for further specific tumor-targeted NIR
imaging in vivo.

The PTT/PDT efficiency of DMMA@cRGD@BAC808 was
then evaluated toward tumor cells (SCC-7, pH 6.5) and
normal cells (3T3, pH 7.4). As illustrated in Figure 4c, less
than 10% cell viability was observed for SCC-7 cells treated
with DMMA@cRGD@BAC808 under 808 nm laser irradi-
ation (0.6 W cm−2) for only 5 min, confirming the apparent
cytotoxicity of DMMA@cRGD@BAC808 against the tumor
cells. In contrast, a negligible cell cytotoxicity (ca. 90% cell
viability) was observed for 3T3 cells when exposing to 0.6 W
cm−2 808 nm irradiation even for 10 min. Similar results were
likewise acquired from the calcein-AM/PI staining experiments

(Figure S28). The intracellular ROS generation was also
detected using DCFH-DA as the indicator (Figure 4d).
Obvious green fluorescence was monitored from the SCC-7
cells only in the group conducted with 808 nm irradiation (0.6
W cm−2, 5 min) after being cultured with DMMA@cRGD@
BAC808 for 10 h, indicating significant ROS generation only
under this condition. All of these data convincingly verify that
the DMMA@cRGD@BAC808 could merely be activated
under the tumor acidic microenvironment and achieved
outstanding PTT/PDT without toxicity to normal cells.

In Vivo Tumor Targeting NIR Imaging and Precision
Therapy. Inspired by its prominent performance in vitro, the
DMMA@cRGD@BAC808 was subsequently applied for in
vivo tumor targeting NIR imaging and image-guided precision
PTT/PDT with SCC-7 tumor-bearing mice. All animal
experiments were conducted strictly in compliance with the
Guidelines for Care and Use of Laboratory Animals of
Jiangnan University and approved by the Animal Ethics
Committee of Jiangnan University, People’s Republic of China
(JN. No 20220930b0241210[406]). To guarantee its safety for
in vivo application, the compatibility of DMMA@cRGD@
BAC808 with blood was first estimated via hemolysis assay.
The hemolysis rates of red blood cells were all less than 1%
among these groups incubated with DMMA@cRGD@
BAC808 at different concentrations, indicating its favorable
hemocompatibility (Figure S29). The in vivo imaging perform-
ance was then investigated via the following four groups: (1)
untreatment and (2−4) intravenous injection with BAC808,
DMMA@BAC808, and DMMA@cRGD@BAC808. As de-
picted in Figure 5, no fluorescence signal could be detected at
the tumor site after injecting BAC808 because the BAC808
alone lacks the targeting ability and was quickly metabolized
out of the body via blood circulation. In comparison,
significant fluorescence occurred at the tumor site after
intravenous injection with DMMA@BAC808 or DMMA@
cRGD@BAC808, gradually increased within 10 h, and
maintained detectability for at least 24 h. The reason is that
compared with organic small-molecule fluorophores, the
nanoplatform constructed using DSPE-PEG2000-S−S-PEG2000-

Figure 5. In vivo fluorescence images of SCC-7 tumor-bearing mice throughout time after intravenous injection with BAC808, DMMA@BAC808,
and DMMA@cRGD@BAC808.
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DMMA could simultaneously prolong its blood circulation and
improve its ability to target tumors due to the EPR effect of
nanoparticles and the charge reversal ability of DMMA.
Therefore, 10 h after injection was chosen as the optimal time
for 808 nm irradiation in the follow-up therapy. Furthermore,
the fluorescence intensity in the tumor sites of SCC-7 tumor-
bearing mice treated with DMMA@cRGD@BAC808 ex-
hibited a 1.3-fold increase compared with that treated with
DMMA@BAC808 because the exposed cRGD only in the
tumor microenvironment increased the ability of DMMA@
cRGD@BAC808 to bind with cancer cells, resulting in the
enhanced cellular uptake (Figure S30). Noteworthily, no
fluorescence signal was observed in all other tissues and organs
of mice in the experimental groups, verifying the precision in

vivo tumor targeting imaging ability of the prepared nanoplat-
form.

To investigate the in vivo metabolism and biodistribution of
DMMA@cRGD@BAC808, tumors and major organs of mice
after intravenous injection for different times were harvested
for ex vivo imaging. The tumor, liver, spleen, and kidney
samples exhibited notable NIR fluorescence signals, and little
appreciable signal was monitored in other organs (Figure S31).
Furthermore, the fluorescence intensity in the tumor and
organs gradually decreased over time and completely
disappeared after 10 days, indicating that DMMA@cRGD@
BAC808 could be metabolized completely within 10 days in
vivo.

The in vivo antitumor effect of DMMA@cRGD@BAC808
was then evaluated (Figure 6). After 10 h of intravenous

Figure 6. In vivo PTT/PDT of DMMA@cRGD@BAC808 in SCC-7 tumor-bearing mice models. (a) Representative images of the tumor-bearing
mice of various groups during the PTT/PDT treatment. (b) Relative tumor volume changes in mice after the PTT/PDT compared to original
tumor volumes. V and V0 are the volumes of the tumor at a certain day after treatment and before treatment, respectively. Data were presented as
the mean ± SD (n = 3). **P < 0.01 and ***P < 0.001. (c) Body weight changes of mice during the PTT/PDT treatment process. G0 is the initial
weight of mice, while G is the weight at a certain day after the PTT/PDT treatment of different groups. (d) H&E staining of the major organs and
tumor tissues of mice after the therapy (scale bar, 200 μm). Center values and error bars are defined as mean and s.d., respectively (n = 3).
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injection of DMMA@cRGD@BAC808 or DMMA@BAC808,
the experimental groups of SCC-7 tumor-bearing mice were
exposed to 808 nm laser irradiation (0.6 W cm−2, 5 min).
Meanwhile, tumor-bearing mice in other groups untreated or
injected with DMMA@cRGD@BAC808 alone or treated with
PBS combined with the same laser irradiation were set as the
control.

During two weeks of the therapeutic period, the tumor
volume in the DMMA@cRGD@BAC808 group without laser
irradiation increased exponentially, same as that in the
untreated and PBS with laser irradiation treatment groups,
indicating that neither laser irradiation alone nor DMMA@
cRGD@BAC808 alone could suppress tumor growth. In stark
contrast, markedly reduced tumor volume was observed in
DMMA@BAC808- and DMMA@cRGD@BAC808-treated
groups with 808 nm irradiation. Especially, the tumors for
DMMA@cRGD@BAC808 with 808 nm irradiation were
utterly eliminated even in the late stage, while the tumors for
DMMA@BAC808 under the same treatment appeared to
recur during two weeks (Figure 6b). The superior therapeutic
effect of DMMA@cRGD@BAC808 compared with that of
DMMA@BAC808 was attributed to that the tumor micro-
environment-triggered exposure of cRGD increased its
accumulation in tumors. Furthermore, there were no abnormal
body weight loss and noticeable damage of the main organs in
both experimental and control groups, validating the negligible
toxicity of DMMA@cRGD@BAC808 (Figure 6c,d). All these
results convincingly demonstrate that the synthesized
DMMA@cRGD@BAC808 was suitable for microenviron-
ment-triggered tumor-targeting therapy by a single intravenous
injection under short-time laser irradiation with ideal
therapeutic effects without noticeable adverse effects.

■ CONCLUSIONS
In conclusion, we have successfully designed a novel NIR
fluorophore, BAC808, and encapsulated it into NPs to develop
an intelligent theranostic nanoplatform (DMMA@cRGD@
BAC808) for precision tumor-targeting imaging-guided
synergistic PDT and PTT. The synthesized acid-reversibly
activated probe BAC808 exhibited high absorption at a long
wavelength (808 nm), which is beneficial to improve its 1O2
production capacity and photothermal activity under 808 nm
laser irradiation when activated by the tumor acidic environ-
ment. Functionalization with DSPE-PEG2000-S−S-PEG2000-
DMMA and DSPE-PEG2000-cRGD not only endows the
corresponding DMMA@cRGD@BAC808 with tumor-trig-
gered charge reversal and incognito active targeting capacity
but also makes it qualify as an intelligent theranostic
nanoplatform with favorable hydrophilicity, stability, and
biocompatibility. This study provides new insights into the
design of intelligent theranostic nanoplatforms based on small-
molecule fluorophores, overcomes the nonspecific damage in
the traditional “always-on” therapeutic platforms, and provides
new candidate probes for clinical therapeutic applications.
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