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ABSTRACT

Multimodal imaging in the second near-infrared window (NIR-Il) guided cancer therapy is a highly precise and efficient cancer
theranostic strategy. However, it is still a challenge to develop activated NIR-Il optical imaging and therapy agents. In this study,
we develop a pH-responsive hybrid plasmonic-fluorescent vesicle by self-assembly of amphiphilic plasmonic nanogapped gold
nanorod (AuNNR) and fluorescent down-conversion nanoparticles (DCNP) (AuNNR-DCNP Ve), showing remarkable and activated
NIR-II fluorescence (FL)/NIR-II photoacoustic (PA) imaging performances. The hybrid vesicle also exhibited superior loading
capacity of doxorubicin as a superior drug carrier and efficient radiosensitizer for X-ray-induced radiotherapy. Interestingly, the
accumulated hybrid AUNNR-DCNP Ve in the tumor resulted in a recovery of NIR-Il FL imaging signal and a variation in NIR-II PA
imaging signal. Dual activated NIR-II PA and FL imaging of the hybrid vesicle could trace drug release and precisely guided cancer
radiotherapy to ultimately reduce the side effects to healthy tissue.
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1 Introduction

Cancer remains a significant global challenge to human
health [1-6]. Although a large number of potential new cancer
treatments have been explored, only limited success has been
achieved due to the heterogeneity and complexity of tumors
[7-10]. To fight cancer, innovative intelligent nanoplatforms
with therapeutic and diagnostic capabilities are highly warranted
[11-13]. Theranostics, a novel concept of simultaneous diagnosis
and treatment technology, provide a practicable strategy for
real-time monitoring and reflect the effects of treatment, and
optimize the efficiency and safety of treatment strategies [14-17].
The treatment technology simplifies the entire drug development
process and saves a significant amount of money for the entire
medical system [18-20]. Therefore, a diagnostic probe that
combines diagnostic imaging and therapeutic functions would
be an excellent alternative to contrast agents and cancer treatment
strategies rather than traditional single diagnostic functions
[21-23]. Nanoparticle-based diagnostic probes have high
encapsulation ability to achieve the goal of the cancer diagnosis
and treatment, and can cover various reagents and drugs with
different diagnostic and therapeutic functions [24-26].
Real-time and accurate imaging is of utmost importance for
the diagnosis and prognosis of various diseases [27-30]. Among
them, fluorescence (FL) imaging has shown superior per-
formance with high temporal resolution and high sensitivity,
however, its use in the clinic is limited due to low tissue

penetration depth [31, 32]. Compared to conventional FL
imaging in the visible and near-infrared spectrum window
of 400-900 nm, FL imaging probes have attracted increased
attention in the second near-infrared window (NIR-II, 900-
1,700 nm) due to excellent performance, including deep-tissue
penetration, negligible auto FL and high spatial resolution [25,
33]. Optical probes with excellent performance, including single-
walled carbon nanotubes (SWCNTs) [34-36], rare-earth doped
nanoparticles [37, 38], silver chalcogenide quantum dots (QDs)
[39, 40], and organic dyes [41-43], are promising candidates
for both preoperative diagnosis and intraoperative guidance.
Among the NIR-II FL probes, lanthanide (Ln**)-doped down-
conversion nanoparticles (DCNPs) have many excellent
characteristics, including low toxicity and high photo-stability
[15, 44]. Therefore, DCNP are widely applied for in vitro
bioassays and in vivo bioimaging.

Although NIR-II FL imaging for diagnostic purposes has
been successfully developed, different spatial resolutions and
scales information of the tumor cannot be completely studied
by a single imaging mode [45]. Photoacoustic (PA) imaging
is a hybrid imaging method that combines the advantages of
optical imaging and ultrasound imaging [46, 47], which has
demonstrated a deeper tissue penetration when compared to
NIR-II FL imaging [48, 49]. In addition, deep tumor features
can be obtained using PA imaging with microscopic spatial
resolution, which is difficult to achieve with FL imaging [43,
50, 51]. Considering the advantages of each imaging modality,

Address correspondence to Huanghao Yang, hhyang@fzu.edu.cn; Jibin Song, jibinsong@fzu.edu.cn

TSINGHUA
2 UNIVERSITY PRESS

@ Springer



Nano Res. 2020, 13(12): 3268-3277

the integration of NIR-II FL imaging and NIR-II PA imaging
could provide accurate and rich information by compensating
for inherent limitations, and each type of imaging would improve
the accuracy of cancer diagnosis. Therefore, the rational design
and manufacturing of integrated NIR-II FL/NIR-II PA bimodal
imaging-guided cancer multimodal therapy is well-suited for
the urgent need for accurate diagnosis and accurate and effective
cancer treatment.

To date, many composite materials with excellent optical
properties have been developed, which have been successfully
applied in chemotherapy. However, after chemotherapy treatment,
residual cancer may relapse due to the acquired drug resistance,
which may reduce the effects of subsequent tumor treatment
[1, 47]. Radiotherapy is another widely used method in the
clinic for cancer treatment, which destroys tumor cells by X-ray
radiation [52]. Radiotherapy can effectively prevent drug
resistance caused by chemotherapy [53, 54]. Fortunately, an
effective combination of chemotherapy and radiotherapy (chemo-
radiotherapy) can take advantage of both treatments to improve
anti-tumor effects [55-57]. Moreover, radiation therapy with
precise imaging guidance has been shown to have minimal side
effects to healthy tissues [58]. Therefore, establishing responsive
NIR-II bimodal imaging methods to accurately guide the
location of the tumor, and combine chemo-radiotherapy to reduce
damage to healthy tissue and increase the anti-tumor effects is
highly meaningful and clinically valuable.

Herein, we developed a new type of pH-activated vesicles
by self-assembly of nanogapped gold nanorod (AuNNR) and
DCNPs coated with PEG and pH responsive poly(methyl
methacrylate-co-4-vinylpyridine, 25% 4VP) (PMMMVP), which
were loaded with doxorubicin (DOX) and had high efficiency
for integrated chemo-radiotherapy (Fig. 1). The resulting hybrid
vesicle, DOX loaded pH responsive Ve, not only acted as a
NIR-II FL/PA dual-modal imaging contrast agent, but also served
as a chemo-radiotherapy agent. The AuNNR served as a com-
petition absorber to filtrate photons at 980 nm excitation energy,
thereby causing quenching of 1,550 nm emission of DCNP
[31]. Subsequently, dissociation of the hybrid vesicle under acidic
conditions caused the release of DCNP and recovery of its
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NIR-II FL signal, which allowed for a higher signal-to-noise
ratio of the imaging, and resulted in an excellent bimodal
NIR-II FL and NIR-II PA imaging effects. The accumulation
of the hybrid Ve in the tumor region resulted in a significant
increase of both NIR-II FL and NIR-II PA signals. Thus, the
tumor size and location could be accurately observed via
NIR-II FL/PA dual-modal imaging, which provided real-time
monitoring of the therapeutic treatment effect, and prevented
unwanted damage to healthy tissue. Furthermore, histological
examination showed little to no noticeable toxic side effects
of the Dox loaded Ve in healthy organs. Taken together, our
in vitro and in vivo experimental results showed that the hybrid
Ve demonstrated high anti-tumor efficacy due to the synergistic
effects of controlled release of chemotherapeutics and imaging
guided precise radiotherapy triggered by X-ray.

2 Experimental

2.1 Synthesis of Aunanorods (Au NRs)

The Au NRs were synthesized using a typical method. First, 5 mL
HAuCls (5 mM) and 5 mL cetyltrimethylammonium bromide
(CTAB) (5 mmol) were mixed in 100 mL flask. After adding
50 mL distilled (DI) water, 100 pL AgNOs (0.1 M) solution
was slowly added. After stirred for 10 min, 560 pL AA (0.1 M)
solution and 40 pL NaBHs (1.6 mM) solution were added,
and the mixture was stirred for 90 min. The resulting solution
was centrifuged at 15,000 rpm for 10 min. The precipitate
was repeatedly washed with DI water under sonication and
re-dispersed in DI water for next experiment.

2.2 Preparation of the AuNNR

Briefly, the as-prepared AuNRs were dispersed in a 50 mL
polyvinylpyrrolidone (PVP) (1%, MPVP/MDI water) solution.
Then, 5 mL CTAB (0.1 M) was added in the solution, followed
by adding 1.5 mL AgNOs (0.4 mM), 1.25 mL AA (0.1 M), and
0.25 mL NaOH (0.1 M) solutions, respectively. After stirred
for 30 min, the Ag shell coated AuNR (AuNR@Ag) was prepared.
The product was then centrifuged at 9,000 rpm for 15 min.

S | m
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Synergistic chemo-radiotherapy

Figure 1 (a) Preparation of DOX-loaded hybrid plasmonic-fluorescent vesicles by the self-assembly of amphiphilic AUNNR@PEG/PMMVP and
DCNP@PEG/PMMYVP. In an acidic environment, the vesicles were disassembled into single AuNNR and DCNP, leading to localized DOX release
and responsive variation of NIR-II PA and FL signals. (b) Schematic illustration of the hybrid vesicle as a smart theranostic agent for accurate cancer

chemo-radiotherapy-guided by dual NIR-II PA and FL imaging.
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Then, the precipitate was washed with DI water under sonication
and re-dispersed in 50 mL CTAB (0.1 M) solution. Next, 2 mL
HAuCls (0.01 mM) was sequentially added in this solution and
stirred for 15 min. Finally, 1.25 mL AA (0.1 mM) was added in
the mixture and stirred for 20 min. The products were purified
by centrifugation at 9,000 rpm for 15 min and washed with DI
water under sonication for three times. The obtained AuNNR
was dispersed in DI water at 4 °C for following experiment.

2.3 Preparation of amphiphilic AuNNR@PEG/PMMVP

The pH responsive AuNNR was prepared by ligand exchange
based on our previously reported method. In a typical procedure,
10 mM of AuNNR in 0.5 mL of DI water was dropped into 10 mL
N,N-dimethylformamide (DMF) containing 5 mg PEG-SH and
5 mg PMMVP-SH solution under vigorous stirring. After reaction
for 12 h, the AuUNNR@PEG/PMMVP was obtained through
centrifugation and washed with chloroform for three times.

2.4 Synthesis of amphiphilic DCNP@PEG/PMMVP

The DCNPs (NaGdF.:Yb,Er) were firstly synthesized using a
literature reported method. In brief, 0.78 mmol Gd(CHs;COO)s,
0.20 mmol Yb(CH3COOQ)s;, and 0.02 mmol Er(CH;COO); were
added in a 100 mL flask with 15 mL 1-octadecene (ODE) and
6 mL cis-9-Octadecenylamine (OA). The mixture was slowly
heated up to 150 °C for 30 min. After cooling to 50 °C, 10 mL
methanol solution (contain with 2.5 mmol NaOH and 2.75 mmol
NH.F) was added to this solution and stirred violently for
30 min. Then, the solution was heated to 290 °C under argon
for 60 min. After precipitating the products with ethanol, the
NaGdF.:Yb,Er nanoparticles were centrifugated at 6,000 rpm
for 10 min, washed with ethanol under sonication for three times,
and finally re-dispersion in chloroform. Then, 5 mg PEG-COOH
and 5 mg PMMVP-COOH in 5 mL chloroform was added in the
solution and reacted for 12 h. After centrifugation and washed
by chloroform for three times, the amphiphilic DCNP@PEG/
PMMVP was obtained and redispersed in chloroform.

2.5 Drugloading and release

To prepare DOX loaded vesicle, DOX, AuNNR@PEG/PMMVP
and DCNP@PEG/PMMVP were mixed in 0.1 mL chloroform.
Then the mixture was dropped into 1 mL PVA solution
(0.5 mg/mL), and emulsified for 60 s by sonication. The mixed
solution was centrifuged at 4,000 rpm for 5 min and washed
with DI water for three times. To calculate the DOX release
profile, the DOX loaded pH responsive Ve was exposed in DI
water at pH 5.5. At predetermined time points, the DOX release
behavior was tested and calculated using its characteristic
absorption at 490 nm.

2.6 In vitro cytotoxicity of the pH-responsive nano-
particles

To study in vitro cytotoxicity of the pH-responsive vesicles.
MCEF-7 cells were seeded with a cell concentration of 1 x 10*
cells/well in 96-well plate. After 12 h incubation, DOX loaded
pH responsive Ve were added to each well in different concen-
trations (1 = 3) with or without X-ray irradiation. Cell cytotoxicity
was evaluated using Cell Counting Kit-8 (CCK-8) method with
different treatments (with or without 5 Gy and 10 Gy of X-ray
radiation) after incubation for 24 and 48 h.

2.7 Inwvivo NIR-II PA and FL imaging study

For in vivo NIR-II FL imaging, MCF-7 tumor bearing mice were
tail vein injected with the hybrid vesicle (200 pL, 2 mg/mL), and
using In-Vivo Master Laser imaging system to scan the real-time
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NIR-II imaging at different time points with an emission
wavelength of 1,250 nm and excitation laser at 980 nm.

For in vivo NIR-II PA imaging, the mice were monitored by
a vevo 3100 small animal imaging system at indicated time
points after injection of the samples. And from the mean pixel
values, the PA intensity at each time point for different organs
(tumor and liver) were calculated.

2.8 In vivo cancer synergistic chemo-radiotherapy

All animal experiments were performed with the permission
of the Animal Care and Use Committee of Fuzhou University.
In order to evaluate the chemo-radiotherapy effect of DOX
loaded pH responsive Ve in vivo, we estabilished the tumor
model by subcutaneously injecting MCF-7 cells (8 x 10°) into
the right back flank of mice. And mice were randomly divided
into 6 groups, with different treatment before X-ray irradiation
(5 and 10 Gy) at 24 h postejection, including (1) PBS (control
group), (2) DOX, (3) DOX + X-ray irradiation, (4) DOX loaded
pH responsive Ve, (5) DOX loaded none pH responsive Ve +
X-ray irradiation, and (6) DOX loaded pH responsive Ve + X-ray
irradiation. The tumor volume and body weight were recorded
every two days until 18 days, and the tumor sizes were calculated
by the equation: V = Length x Width?/2.

3 Results and discussion

3.1 Preparation of pH-responsive hybrid plasmonic-
fluorescent vesicles

To prepare pH-responsive hybrid vesicles, DCNP of NaGdF4:Yb,
Er, were firstly synthesized via a facile high-temperature
co-precipitation method [57] (Fig. S1 in the Electronic Supple-
mentary Material (ESM)). To prepare nanogapped gold nanorod,
AuNRs with an approximate aspect ratio of 4 (approximate
length: ~ 32 nm, approximately width: ~ 8 nm) were firstly mixed
with an aqueous solution of PVP and CTAB (Fig. 2(a)). Following
the addition of AgNOs, an Ag layer was formed by ascorbic
acid reduction to yield AuNR@Ag (Figs. S2(b) and S2(c) in
the ESM). Then, AuNR@Ag was transformed to an AuNNR
structure by adding HAuCls to oxidize and substitute Ag through
galvanic corrosion [9]. The AuNNR was formed with a hollow
Au/Ag shell, which contained AuNR with a distinct gap (Fig. 2(b)).
Finally, AuNNR grafted with PEG-SH and PMMMVP-SH
through covalent Au-S bonds was prepared by a ligand exchange
method (Fig. S2(e) in the ESM). Similarly, amphiphilic
DCNP@PEG/PMMMVP was prepared by reaction between
PEG-COOH/PMMMVP-COOH and DCNP. The balance of
attractive force between hydrophilic PEG and hydrophobic
PMMVP interactions guides the assembly of amphiphilic
polymers with a bilayer structure mimicking the cell membrane
through self-aggregation of their hydrophobic tails in an aqueous
medium. Amphiphilicity-driven self-assembly of AuUNNR@PEG/
PMMVP and DCNP@PEG/PMMVP rose to hybrid vesicle
with tailored mechanical and structural properties. During the
self-assembly processes, the chemotherapy drug, DOX, was
introduced into the internal cavity of the vesicle through a
self-assembly method that was based on a previously reported
method [59]. In brief, a predetermined ratio of AuNNR and
DCNP was mixed in chloroform, following dropwise addition
to a polyvinyl alcohol (PVA) solution. Next, the solution was
emulsified by ultrasonic emulsification, followed by evaporation
of the chloroform phase at 25 °C for 24 h, leading to generation
of the hybrid vesicles. High resolution transmission electron
microscopy (HRTEM) and energy-dispersive X-ray analysis
(EDX) data clearly showed that hybrid vesicles consisted of
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Figure 2 TEM images of (a) AuNRs, (b) AuNNR, (c) the assembled hybrid vesicle, and HRTEM images of one hybrid vesicle (d) and (e), showing
AuNNR and DCNP were colocalized in the vesicular shell. (f) EDS elemental mapping image and (g) Scanning electron microscopy (SEM) images of the
hybrid vesicle. (h) Hydrodynamic distribution and (i) UV-vis spectra of AuNR, AuNR@Ag, AuNNR, and DOX loaded pH responsive Ve.

AuNNR and DCNP (Figs. 2(d) and 2(f)). The average diameter
of the hybrid vesicle was about ~ 122 nm that was based on
TEM and dynamic light scattering (DLS) results (Fig. 2(h)).
Moreover, ultraviolet-visible (UV-vis) spectra were used to
characterize the as-prepared AuNNR and hybrid vesicles. A
broad absorption spectrum for hybrid vesicles was recorded
(Fig. 2(1)), and the absorption peak of hybrid vesicles showed a
significant red shift and displayed excellent NIR-II absorption
when compared to that of AuNNR, which was due to the plasma
coupling effect amount encapsulated AuNNR.

3.2 Activated NIR-II FL and PA properties of hybrid
vesicles

We next investigated the pH-responsive disassembly behavior
of the hybrid vesicles at acidic environments (Fig. 3(a)). After
incubation with a pH 5.5 solution, the vesicles decomposed
completely into AuNNR and DCNP (Fig. 3(b)). In addition,
DLS data indicated the reduction in size of the hybrid vesicles
during the disassembly process (Fig. S4 in the ESM). Sub-
sequently, responsive NIR-II PA imaging performance of hybrid
vesicles was further performed. Due to the strong plasmonic
coupling of AuNR in the vesicular shell, the enhanced NIR-II
light absorption of hybrid vesicles led to an enhanced PA
signal. As expected, the PA images of hybrid vesicles were brighter
compared to the images of AuNNR and DCNP, because of the
optical enhancement effect of the assembled AuNNR (Fig. 3(c)).
Moreover, the PA signals of hybrid vesicles were gradually
decreased after treated with acidic solutions, because the
disassembly of the vesicle and disappearance of the plasmonic
coupling effect (Fig. 3(d)).

Furthermore, responsive NIR-II FL imaging of the vesicle

was studied under excitation at 980 nm and emission at
1,550 nm. When excitation was performed in the absorption
overlapping region (980 nm), the NIR-II FL signals of DCNP
were quenched due to the energy filtration of excitation light
by strong absorption of AuNNR (Fig. S5 in the ESM). The
quenching process was reversed after the degradation of hybrid
vesicles in an acidic environment (Fig. 3(e)). As expected, the
NIR-II FL intensity of hybrid vesicles increased with increased
aqueous solution acidity (Fig. 3(f)). These findings indicated
that the hybrid vesicles had an excellent optical performance,
and had great potential for activated NIR-II FL/NIR-II PA
dual-modal imaging.

3.3 Intracellular drug release and radiotherapy

We next studied the DOX-loading and pH-triggered release
performances of hybrid vesicles. Importantly, DOX was
introduced into the internal space of the vesicles during the
self-assembly process, and the loading content was dependent
on the mass ratio between DOX and Ve. The DOX loading
content of hybrid vesicles increased with the increasing feed
ratio of AuNNR and DOX (Fig. 4(b)). Hybrid vesicles were
well dispersed in DI water and exhibited high stability when
the DOX loading content was 7%. Due to the disassembly
behaviour of the vesicle in the acidic environment, DOX was
slowly released and reached 60% at 48 h for the hybrid vesicle
at pH 5.5 (Fig. 4(c)). Moreover, negligible drug release was
observed from hybrid vesicles dispersed in a pH 7.4 phosphate-
buffered saline (PBS) solution (Fig. 4(d)). The green and purple
lines showed a very weak FL signal of DOX, due to the quenching
effect of the DOX in the hybrid vesicle. However, with the
pH-responsive disassembly and DOX release, the FL signals of
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EN?V%ELQY%&% @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2020, 13(12): 3268-3277

DOX in the hybrid vesicle were recovered at pH 5.5 (Fig. 4(d)).

Interestingly, the negligible release of DOX and little change in
hydrodynamic sizes after 24 h of incubation in plasma showed
that DOX loaded Ve had excellent physiological stability
(Fig. S7 in the ESM). Both AuNNR and DOX loaded Ve showed
concentration-dependent elevation of cytotoxicity due to the
irradiation sensitizers of AuNNR (Fig. 4(e)). Moreover, the
effective pH-responsive DOX release performance and active
targeting to the nucleus led to improved cytotoxicity of the
hybrid vesicles, due to possible additive effects of both the
released DOX and X-ray irradiation-generated -OH.

Next, we evaluated the in vitro cytotoxicity of the DOX loaded
vesicles. Except free DOX group, DOX loaded pH responsive
Ve showed the higher cytotoxicity compared to none pH
responsive DOX loaded Ve and free DOX irradiated with X-ray
at 24 h post-irradiation(Fig. 4(f)). The hybrid vesicles also
exhibited significant cytotoxicity at 48 h post-irradiation (5 and
10 Gy) (Fig. S8 in the ESM).

In addition, 2',7'-dichlorodihydrofluorescein diacetate
(H.DCFDA) was used to evaluate the sensitization ability of
the hybrid vesicle with X-ray irradiation. In the presence of
reactive oxygen species (ROS), the H-DCFDA probe showed a
green FL signal. Therefore, we further applied X-ray radiation
to the hybrid vesicle, and observed that the green FL intensity
of HDCFDA increased with increasing irradiation time (Fig. S10
in the ESM). The hybrid vesicles were subjected to X-ray
irradiation on cells, and bright green FL of DCF was clearly
observed, however no significant FL signal was observed in the
control group (Fig. 4(g)). These results indicated that compared
with X-ray alone, the ROS level was greatly elevated in the
presence of the hybrid vesicles under X-ray irradiation. It is
worth noting that cells treated with hybrid vesicles showed
significant DOX-accumulation because of the release of free
DOX triggered by acidic solution (Fig. S11(a) in the ESM).
Conversely, the FL signal of DOX remained in the cytosol of
cells treated with DOX-loaded Ve. DOX-loaded pH responsive
Ve resulted in an average of 3.4-fold the FL intensity in the nucleus
over DOX-loaded non-responsive Ve through semi-quantitative
analysis, thereby illustrating the key role of the pH-response
released DOX in vitro (Fig. S11(b) in the ESM). Taken together,
the results showed that DOX-loaded Ve could be used as an
effective pH-response drug carrier, and was an ideal material
for initiating drug release and radiotherapy in the tumor
microenvironment.

3.4 In vivo activated dual NIR-II FL and PA cancer
imaging

The in vivo dual-mode NIR-II PA and FL imaging performances
of the hybrid vesicle were further studied in MCF-7 tumor-
bearing mice (Fig. 5(a)). The hybrid vesicle dissolved in a PBS
solution (200 uL, 1 mg/mL) were injected into the tumor
bearing mice via the tail vein. In brief, hybrid vesicles were
intravenously injected into mice, and decay-related NIR-II PA
and FL images were obtained after injection. At 1,250 nm, a
significant PA signal was clearly observed in the tumor region
at 4 h after injection of the Ve (Fig. 5(b)). The NIR-II PA signal
increased until 16 h after injection and then slowly reduced.
Because of the electron paramagnetic resonance (EPR) effect,
the time course showed that hybrid vesicles continuously
accumulated at the tumor site at 16 h post-injection. With pH-
responses in the tumor microenvironment, the NIR-II FL signal
was obvious at 8 h after injection (Ex 980 nm/Em 1,550 nm),
which allowed for the evaluation of the delivery of the hybrid
vesicles, and monitoring of the drug-release process in real-time.
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Moreover, the time-point of NIR-II FL imaging showed strong
signal detection at the tumor region, while a low signal was
observed at other sites over the course of time. Due to the high
NIR-II FL signal of DCNP, the low tissue light absorption,
and low background signal, the tumor region can clearly be
visualized by NIR-II FL images with a high signal-to-noise ratio
(Fig. S12 in the ESM).

The average NIR-II PA/FL intensity in the tumor area was
consistent with the change in PA/FL signals of the tumor area
(Fig. 5(d)). The changes in PA/FL signals could be explained
through the competition between the metabolism and
accumulation of hybrid vesicles in the tumor. Firstly, the
intensity of the PA imaging reached its maximum value at
about 16 h post-injection. Subsequently, the FL signal gradually
increased until 48 h. Because the pH-responsive hybrid vesicles
disassembled into single DCNP and AuNNR, the hybrid vesicle
accumulation effect seemed to dominate. Decomposition of
accumulated hybrid vesicles and metabolism may exceed
accumulation of the hybrid vesicles, and after that, the
disassembly of the hybrid vesicles involved dissociation into
single AuNNR and DCNP. Importantly, the NIR-II PA signal
was reduced due to the pH-responsive dissociation of hybrid
vesicles in the tumor microenvironment, however, the signal
at 970 nm was still strong, thereby indicating that the material
was not completely metabolized out of the tumor and still had
excellent imaging effects.

Compared with the PA spectrum of the hybrid Ve at 16 h
post-injection, there was a significant blue-shift at 24 h post-
injection, which further confirmed the disassembly of the
hybrid Ve in vivo (Fig. 5(e)). However, an obvious PA signal
and negligible FL signals were observed in the tumor area in the
non-responsive Ve group (Fig. 5(c)). The NIR-II PA amplitude
and FL intensity are presented in Fig. S13 in the ESM, which
illustrated the enrichment of Ve in the tumor region, however,
negligible NIR-II FL signal was observed in the tumor
microenvironment, because of the non-responsive ability of
the Ve. Moreover, the NIR-II FL intensity in the tumor was higher
when compared to that of the liver region, indicating that
pH-responsive hybrid vesicles showed specific tumor imaging
ability (Fig. 5(f)). Ex vivo NIR-II FL images of the dissected
tumors and major organs at 48 h post-injection also showed
the specific tumor imaging performance of the DOX loaded
pH responsive Ve (Figs. 5(g) and 5(h)).

Importantly, NIR-II PA and FL signals in the tumor area
can be maintained for up to 40 h, which was consistent with ex
vivo organ imaging results at 40 h post-injection (Fig. S13 in
the ESM). In addition, it was noted that hybrid vesicles can be
responsively dis-assembled into single AuNNR in the tumor
microenvironment to deeply penetrate the tumor region.
Under this dynamic process, the NIR-II PA signal could clearly
be observed within the tumor region, and the location of tumor
could accurately be imaged and guided radiotherapy reduced
the damage to normal tissues. Importantly, after the disassembly
of hybrid vesicles into single AuNNR and DCNP in the tumor
microenvironment, the relatively smaller-sized nanoparticles
could continue to deeply penetrate the tumor region and
overcome the barriers of the tumor microenvironment, and
can serve as a promising deep-tissue dual NIR-II PA and FL
imaging agent for real-time in vivo investigation of the core of
the tumor. Compared with non-pH responsive hybrid vesicles,
pH responsive hybrid vesicles had a higher signal-to-noise ratio
for pH-responsive NIR-II FL imaging, which can further aid
subsequent NIR-II PA/FL imaging-guided cancer synergistic
chemo-radiotherapy.
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Figure 5 (a) Schematic illustration of the hybrid vesicle used for cancer dual NIR-II PA and FL imaging. (b) NIR-II FL images and PA images of tumor
bearing mice treated with the pH responsive Ve, (c) NIR-II FL images and PA images of MCF-7 cell bearing mice model after tail vein injection of none
pH responsive hybrid Ve. (d) The FL intensity and PA amplitude of tumor treated with pH responsive Ve. (e) The PA spectra of tumors treated with none
pH responsive hybrid Ve at post-injection 16 and 24 h, respectively. (f) The PA amplitude at 970 and 1,250 nm of tumor treated with the DOX loaded pH
responsive hybrid Ve, DOX loaded non-pH responsive hybrid Ve, respectively. Ex vivo NIR-II fluorescence images of dissected tumors and major organs at
48 h post-injection of (g) DOX loaded pH responsive Ve and (h) DOX loaded non-pH responsive Ve, respectively.

3.5 Dual NIR-II PA/FL imaging-guided cancer synergistic
chemotherapy and radiotherapy

To evaluate the chemo-radiotherapy effect of the DOX
loaded hybrid Ve in vivo, we established a tumor model by
subcutaneously injecting MCEF-7 cells into the right rear flank
of mice. Mice were randomly divided into 6 groups, and were
administered different treatments before X-ray irradiation (5
and 10 Gy) at 24 h post-injection, including (1) PBS (control
group), (2) DOX, (3) DOX + X-ray irradiation, (4) DOX loaded
pH responsive Ve, (5) DOX loaded none pH responsive Ve +
X-ray irradiation, and (6) DOX loaded pH responsive Ve +
X-ray irradiation. The injected doses of the DOX, DOX loaded
pH responsive Ve and DOX loaded none pH responsive Ve were
200 pL (40 pg/mL), 200 pL (1 mg/mL), and 200 pL (1 mg/mL),
respectively. X-ray irradiation was applied at 24 h after iv.
injection of different formulations, and the tumor volume and
survival rate were recorded until 18 and 32 days post-irradiation,
respectively (Fig. 6(a)). The data showed that tumor growth
was slightly delayed after X-ray irradiation in group (2) and (3).
In group (4), the tumor growth was uncontrolled after irradiation,
but slowed down in the first few days after irradiation. These

data indicated that DOX release from the pH responsive Ve only
had a limited treatment effect. The DOX loaded pH responsive
Ve treated with X-ray irradiation in group 6 showed better cancer
therapy effect compared with group 4 and group 5. It was
because the DOX loaded pH responsive Ve received combined
chemo-radiotherapy signifycantly and reduced tumor growth.
Thus, these results showed that DOX loaded pH responsive Ve
irradiated with X-ray had considerable radio-sensitization
which overtly enhanced tumor growth inhibition, and realized
simultaneous radiotherapy and chemotherapy to enhance the
anti-cancer effect (Fig. 6(b)).

During treatment, no significant changes were observed in
body weight, thereby indicating that the vesicles did not have
a significant secondary action (Fig. 6(c)). The quantitative
percentage of tumor volume inhibition of the group of
mice that underwent DOX loaded pH responsive Ve + X-ray
irradiation showed a conspicuous effective response over the
other treatments at 18 days after treatment. In this group,
three out of five mice were cured (only sacrificed for tissue
examination) and survived for at least 32 days after treatment
(Fig. 6(d)). More importantly, in the acidic tumor microen-
vironment, most of the hybrid vesicles injected were cleared
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Figure 6 Synergistic chemo-radiotherapy therapy of cancer in vivo. (a) Schematic diagram of the treating process of tumor bearing tumor, (b) tumor
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organs at day 1 and day 10 post-injection. (f) Photographs of dissected cancer tumors and images of hematoxylin and eosin (H&E) staining of tumor

sections in different treatment groups.

from the body because most hybrid vesicles were dissociated
into single AUNNR and DCNP at post-injection, and could
easily be removed from the body (Fig. 6(e)). Hematoxylin and
eosin (H&E) staining demonstrated that it has little toxicity
to major organs after 18 days. H&E staining of tumor tissue
showed significant necrosis (Fig. 6(f)). Therefore, the combination
of radiotherapy and chemotherapy with DOX loaded pH
responsive Ve induced massive apoptosis of tumor cells. In
contrast, in the control group, histological staining of tumor
tissue revealed many cells that underwent mitosis, which
indicated the low treatment effect using either X-ray irradiation
alone or DOX alone. Importantly, other organs of the treated
mice did not show significant inflammation or tissue damage
(Fig. S14 in the ESM), indicating that DOX loaded pH responsive
Ve had great potential as bimodal NIR-II PA/FL theranostic
agents for the diagnosis and treatment of tumors with excellent
biocompatibility and safety profile.

4 Conclusion

In summary, we reported a novel plasmonic-fluorescent
hybrid AuNNR-DCNP vesicle with pH responsive bimodal
NIR-II PA/FL imaging performances for guiding cancer chemo-
radiotherapy. Importantly, the encapsulated DOX in the hybrid
vesicle resulted in an acid-responsive DOX release pattern,
which was useful for bimodal NIR-II PA/FL imaging guided
drug release. In addition, the tumor region showed an intense
NIR-IT PA/FL signal, because of the high accumulation and
acid-responsiveness of hybrid vesicles in the tumor region.

These properties allowed for thorough visualization of the shape
and size of the tumor, and the radiation maximized radiotherapy
and minimized the side effects of therapy to normal tissue. The
pH responsive hybrid AuNNR-DCNP vesicle showed bimodal
responsive NIR-II PA/FL imaging performances and had a
synergistic cancer chemo-radiotherapy effect.
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