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ABSTRACT: Cancer treatments are confounded by severe toxic effects toward
patients. To address these issues, activatable nanoprobes have been designed
for specific imaging and destruction of cancer cells under the stimulation of
specific cancer-associated biomarkers. Most activatable nanoprobes were
usually activated by some single-factor stimulation, but this restricts therapeutic
specificity between diseased and normal tissue; therefore, multi-factor activation
is highly desired. To this end, we herein develop a novel dual-stimuli responsive
theranostic nanoprobe for simultaneously activatable cancer imaging and

photothermal therapy under the coactivation of “dual-key” stimulation of “nitric
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oxide (NO)/acidity”, so as to further improve the therapeutic specificity.
Specifically, we have integrated a weak electron acceptor (benzo[c]-[1,2,5]
thiadiazole-5,6-diamine) into a donor-1r-acceptor-mr-donor (D-1r-A-11-D) type
chromophore. When the weak acceptor was oxidized by NO in acidic condition to
form stronger acceptor (5H-[1,2,3]Triazolo[4,5-f]-2,1,3-benzothiadiazole), the
molecule absorption was significantly increased in near-infrared region, based on
the intramolecular charge transfer (ICT) mechanism. Under the “dual-key”
stimulation of NO/acidity within the tumor associated with inflammation, the
nanoprobe can correspondingly output dual signals for ratiometric photoacoustic
and photothermal imaging of cancer in vivo and do so with enhanced accuracy
and specificity. Our novel nanoprobe exhibited higher photoacoustic signals
enhancement under dual-factor activation at 9.8 times that of NO and 132 times
that of acidity alone, respectively. Moreover, through such dual activation of
NO/acidity, the nanoprobe produces more differentiation of hyperthermia
between tumor and normal tissues, to afford satisfactory photothermal therapy
with minimizing toxicity side effect. Thus, our work presents a promising strategy
for significantly improving the precision and specificity of cancer imaging and

therapy.
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INTRODUCTION

Currently, most cancer treatments, including chemotherapy, radiotherapy or
phototherapy, can cause nonspecific chemotoxicity, radiotoxicity or phototoxicity
toward noncancerous tissues and thereby induce severe infection, nausea,
vomiting, constipation, diarrhea, neuropathic pain and kidney problems, among
others.'> Based on the characteristics of the tumor microenvironment (TME), the
last few years have seen the development of activatable nanomaterials designed
to provide real-time visualization of physiological conditions and effective cancer
treatment.5-'® Under the stimulation of cancer-specific biomarkers, for example,
low pH, hypoxia, or high levels of reactive species, ATP, proteases, H,S, and
glutathione (GSH), those nanomaterials were activated to allow for specific
destruction of cancer cells upon near-infrared laser or X-ray irradiation, with
reduced side-effect toxicity to normal tissues.®10. 1213, 15 17-19 However, most
activatable nanomaterials were only responsive to single stimulation.® 2 17 Such
single-factor activation was usually not robust enough to provide the solid signals
required to distinguish the site of cancer lesion from normal tissues, resulting in
potential false-positive or false-negative diagnostic and therapeutic outcomes.®
20-21 In order to further improve the precise capability of cancer treatments,

intelligent nanomaterials that can be activated by the coexistence of multiple
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cancer-associated biomarkers are highly desired to boost the specificity of
therapeutic treatments. However, there are rare reports about such multi-factor
activatable nanoprobe developed for efficient cancer therapy driven by near-

infrared laser in vivo.

Photoacoustic (PA) imaging, as a noninvasive imaging technique, relies on the
ultrasound signals produced by the photothermal expansion of light-absorbing
tissues or contrast agent using pulsed laser irradiation.??2> Compared with the
conventional fluorescence or bioluminescence imaging techniques, PA imaging
is able to significantly improve imaging depth and spatial resolution in vivo, which
is promising for clinical translation.?2 24 26-31 Currently, molecular imaging based
on the PA probe has been developed for cancer diagnosis and monitoring of
treatments.8-9. 18, 22-23, 26, 28-29, 32 However, most PA probes are compromised by
the single-factor activation or single-signal output.®-9 24 26. 33 Consequently, the
specificity of PA imaging may be depressed by such single-factor stimulation.
Moreover, based on the single-signal output, the accuracy of PA imaging may
also be influenced by the variability of imaging depth, probe loading or
heterogeneous distribution.?? 34 In order to overcome the imaging artifacts, it is
highly desirable to develop sensitive and biocompatible PA imaging nanoprobe
responsive to multi-factor stimulation and able to output ratiometric signals for

accurate and specific cancer imaging in vivo.
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To further improve the cancer theranostic specificity, herein, we have
designed a dual-activatable theranostic nanoprobe (DATN) (Figure 1b) for
simultaneously activatable cancer imaging and photothermal therapy, under the
co-stimulation of “nitric oxide (NO)/acidity”. Elevated level of NO plays important
pathological roles in various inflammatory diseases.?> 3> Because inflammation
as a hallmark of tumorigenesis is involved in cancer initiation, invasion and
metastasis, and the TME is characteristic with acidity.36-38 Thus, developing
NO/acidity-activatable theranostic nanoprobe with photoacoustic feature is highly
promising for precise cancer imaging and therapy. In order to construct DATN,
we have synthesized a kind of NO/acidity-responsive donor-tr-acceptor-tmr-donor
(D-mr-A-11-D) type molecule as responsive moieties and another kind of
insensitive molecule as internal reference (Figure 1a). Under the coactivation of
NO and acidity, the absorbance of DATN at 680 nm increased, while the
absorbance at 950 nm remained constant. Because of the high level of NO and
low pH in the TME, DATN specifically turned on its photoacoustic signal for in
vivo tumor-specific PA imaging and could further achieve dual-activatable
photothermal therapy with high specificity in vivo, especially for those tumors
associated with inflammation. Importantly, such intelligent dual-factor-activated
theranostic nanoprobe promises to greatly improve the specificity of cancer

imaging and therapy.
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Figure 1. (a) Chemical structures of NRM and NIM used for synthesis of DATN
by one-step nanoprecipitation and the illustration of responsive mechanism for
NRM to NO and acidity. (b) Scheme showed that under co-activation of NO and
acidity within the TME, DATN achieved tumor-specific PA imaging and dual-

activatable photothermal therapy.

RESULTS AND DISCUSSION

The Synthetic and Responsive Mechanism of DATN.

First, as shown in Figure 2, we synthesized a NO-responsive molecule
(NRM), as responsive moiety and a NO-insensitive molecule (NIM), as internal
reference. NRM was designed by integrating benzoic]-[1,2,5] thiadiazole-5,6-

diamine into a D-m-A-m-D chromophore as the weak electron acceptor.39-40
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Based on the intramolecular charge transfer (ICT) mechanism, when benzolc]-
[1,2,5] thiadiazole-5,6-diamine was oxidized by NO in acidic condition to form a
stronger  acceptor  (5H-[1,2,3]Triazolo[4,5-f]-2,1,3-benzothiadiazole), the
absorption of NRM at 600 nm - 750 nm was significantly increased.3*4° The key
steps for assembling the basic structures included Vilsmeier reaction, Witting
reaction, Stille-coupling reaction, Suzuki cross-coupling reaction, iron reduction
and selenium dioxide (or nitric oxide)-induced ring-closure reaction. Those
compounds were characterized by 'H-NMR, 3C NMR, MS, and UV-visible
absorption spectra (Figure S1-S23). In order to construct ratiometric theranostic
nanoprobe (DATN), we incorporated NRM and NIM into nanoparticle through
one-step nanoprecipitation (Figure 1a). After self-assembly of NRM and NIM by
Pluronic F127, the resultant DATN showed spherical morphology under
transmission electron microscopy (TEM) image (Figure 3a). DATN exhibited
good dispersion in H,O, DPBS, and 1640 cell culture medium with diameters of
~75 nm during 5 days’ measurement, as measured by dynamic light scattering
(DLS), indicating good colloid stability (Figure 3b, Figure S24). Meanwhile, the
Zeta potential of DATN was about - 5.8 mV in water (Figure S25). Under the
concurrence of NO and acidity, DATN showed a ratiometric PA signal response.
Together with its confirmed photothermal effect, DATN was used for ratiometric
photoacoustic /photothermal imaging and dual-activatable cancer photothermal

therapy (Figure 1b).
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Figure 2. The synthetic route of NRM and NIM.
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35 Figure 3. (a) Representative TEM image of DATN. (b) DLS of DATN. (c) The
37 absorbance and photograph of DATN before and after treatment with NO under
39 pH 5.4. (d) Absorbance spectra of DATN (10 ug/mL) in the presence of NO (100
41 MM) under different pH condition. (€) Agg/Agso of DATN (20 pg/mL) in the
43 presence of NO (70 puM) under different pH condition. (f) Absorbance of DATN at
45 680 nm responsive to NO (100 pM) for different time under pH 5.4 and 7.4,

47 respectively. (g) Absorbance spectra of DATN (15 ug/mL) responsive to different
23 concentrations of NO. (h) Plot of Aggo/Agso ratio of DATN to NO concentration. (i)
50

51 Asgo/Agso responses of DATN (20 ug/mL) incubated with GSH (1 mM), H,O, (500
53 uM), H,S, (500 yM), CIO- (50 uM), Hey (500 pM), HSO3 (1 mM), SOz (10 mM),
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O, (100 pM), ONOO- (50 pM), t-BuOOH (100 pM), Cys (500 pM), Fe?* (500
uM), HuS (500 uM), -OH (100 uM), Fe®* (500 uM), NO (12 pM). (pH = 5.4).

Detection of NO with DATN.

To confirm the use of using NIM as internal reference for ratiometric PA
imaging for NO detection, we first studied the response of NIM toward pH and
NO, and we found that different pH values and NO concentrations produced
little, to no, effect on the absorbance of NIM (950 nm) at the tested condition
(Figure S26). Interestingly, we found that after incubation with buffer solution
containing NO (pH = 5.4), we found that the color of DATN solution gradually
changed from yellow to green and that the absorbance at 600 nm - 750 nm
increased, indicating the good response of DATN to NO in acidic condition
(Figure 3c). Next, we investigated the response of DATN toward NO (100 pM) at
different pH values. DATN showed remarkable response under pH 5.4, while
nearly no response under pH 7.4 (Figure 3d). Moreover, the absorbance ratio of
DATN at 680 nm/950 nm (abbreviated as Aggo/Agsg) Was linear to the pH value
with NO (70 uM) in solution (R? = 0.93) (Figure 3e). The reaction kinetics of
DATN toward NO showed that absorbance of 680 nm reached a plateau within
35 min (Figure 3f) at pH 5.4, but nearly no response at pH 7.4. Thus, we tested
the responsivity of DATN toward NO in acidic environment (pH = 5.4). The

absorbance of 680 nm gradually enhanced as the concentration of NO
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increased, while the absorbance of 950 nm showed no changes (Figure 3g),
indicating a dose-dependent responsivity toward NO. Moreover, the Aggy/Agsg Of
DATN showed a good linear correlation (R? = 0.99) toward NO concentration
between (0 - 10 yM) under pH = 5.4 (Figure 3h). When NO concentration
increased to 12 pM, Aggo/Agso reached a plateau (Figure S27). Importantly, the
responsive limit (3o/slope) of DATN for NO was calculated to be 0.326 uM. We
further tested the selectivity of DATN, and we found that the Agg/Agso Values
presented no obvious enhancement after incubation with a variety of indicated
species other than NO under pH = 5.4, indicating the high selectivity of DATN
toward NO under acidity (Figure 3i). Thus, the high sensitivity and specificity of
DATN could allow for accurate sensing of NO in acidic condition, which is
promising for imaging cancers associated with inflammations characterized by

an elevated level of NO and lower pH.

Photothermal Responsivity of DATN to NO and Acidity.

Inspired by the high sensitivity and selectivity of DATN, we further studied the
photothermal responsivity of DATN to NO at different pH values. In presence of
buffer solution (pH = 5.4, 25 uM of NO), DATN could be rapidly heated by 27.3
°C and showed dose-dependent temperature increase under the irradiation of
660 nm laser within 5 min (Figure 4a). To compare, with the treatment of

corresponding NO (25 pM of NO), the temperature of DATN showed a slight
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temperature increase (1.1 °C) at pH 7.4 under the irradiation of 660 nm laser, and
little temperature change (0.7 °C) at pH 5.4 under irradiation of 980 nm laser
(Figure 4b, S28). Thus, the photothermal effect of DATN showed good response
with the coactivation of NO and acidity under the irradiation of 660 nm laser.
Interestingly, from the photothermal images, temperature was found to rise
steeply under 660 nm laser excitation, while under 980 nm laser excitation for 4
min in the presence of various concentrations of NO, no obvious temperature
change was noted (Figure 4c). Calculated from Figure 4c, the temperature
change ratio of DATN at 660 nm/980 nm (abbreviated as Teeo/Togo) Was
increased as NO concentration increased. Moreover, we found that the activation
by dual factors (pH = 5.4, 25 yM of NO) could raise higher temperature
compared to that by the single-factor condition of only NO (pH = 7.4, 25 yM of
NO) or only acidity (pH = 5.4, 0 yuM of NO), which is promising for highly specific
photothermal imaging and photothermal therapy (Figure 4e). The reversible
temperature increases also indicated the excellent photothermal stability of
activated DATN, even after four times of heating-cooling cycles under irradiation
of 660 nm and 980 nm laser (Figure 4f, Figure S29). Besides, the photothermal
conversion efficiency of the activated DATN was calculated to be 35.0 %, under

irradiation of 660 nm of laser (0.8 W/cm?) (Figure S30).
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Figure 4. Photothermal response of DATN (25 pg/mL) toward different
concentrations of NO under (a) pH 5.4 and (b) pH 7.4, respectively under the
irradiation of 660 nm laser. (c) Photothermal images of DATN in the presence of
various concentrations of NO. (d) Plot of Tggo/Tggg against NO concentrations (pH
= 5.4). (e) Photothermal response of DATN toward different conditions,
(***p<0.001). (f) Reversible heating-cooling operation of DATN in the presence of
NO (25 pM) at pH 5.4, under 660 nm laser irradiation. (g) PA images of DATN
(25 pg/mL) toward different concentrations of NO. (h) Plot of PAggo/PAgsy Of
DATN against NO concentrations. (i) PAego/PAgsg of DATN responsive toward
different conditions, (***p<0.001).

Photoacoustic Responsivity of DATN to NO and Acidity.

We firstly measured the photoacoustic spectra for DATN before and after
activation of NO / acidity, and found that the changes of photoacoustic spectra
were consistent to that of absorption (Figure S31). We further tested the

photoacoustic responsivity of DATN to NO at different pH values. At pH 5.4, the
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photoacoustic images showed that the PA signals of DATN from 680 nm
excitation were significantly elevated, as the concentration of NO increased,
while the PA signals from 950 nm nearly remained constant, indicating the good
ratiometric response PA signals toward NO. In comparison, at pH 7.4, both PA
signals from 680 and 950 nm showed slight changes in response to NO (Figure
4g). Calculated from Figure 4g, the ratio of DATN’s PA signals ratio under
excitation of 680 nm/950 nm (abbreviated as PAggo/PAgsy) was linear to NO
concentration from 0 to 30 uM (R? = 0.986) and the slop at pH 5.4 was higher
than that of pH 7.4, indicating DATN possessed better ratiometric PA imaging
responsive to NO under acidic condition (Figure 4h). Furthermore, the
photoacoustic imaging further confirmed the high selectivity of DATN toward NO
in acidity (Figure S32). Moreover, the dual factors (pH = 5.4, 30 uM of NO) were
able to trigger higher PAggo/PAgs9, compared to that by the single factor of only
NO (pH = 7.4, 30 uM of NO) or only acidity (pH = 5.4, 0 yuM of NO), indicating, in
turn, that such dual-activatable ratiometric PA imaging may provide higher
specificity for cancer imaging (Figure 4i). Besides, the constant photoacoustic
signals and corresponding ratios indicated the high photoacoustic stability,

during 15 runs’ measurement (Figure S33).

Photoacoustic Sensing of NO In Vivo.
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As a result of the excellent photoacoustic responsivity of DATN to NO in
aqueous solution, we further investigated the photoacoustic imaging of NO in
vivo. Before turning to a lipopolysaccharide (LPS)-induced inflammation model,??
we assess the background signals from LPS induced inflammation model, and
found no obvious interference of photoacoustic signals from LPS (Figure S34).
Next, the left and right thighs of mice were pretreated with LPS (3 mg/kg,
intramuscular (i.m.) injection) and saline, respectively. The PA images were
recorded at 680 nm and 950 nm at different time points post i.m. injection of
DATN. As shown in Figure 5a, the left thigh treated with LPS showed stronger
PA intensity at 680 nm than the right thigh treated with saline. Notably,
calculated from Figure 5a, PAggo/PAgso ratios of the left thigh were higher than
those of the right thigh both at 30 min and 60 min post administration of DATN,
indicating that DATN could sensitively monitor the LPS-induced NO generation
under acidic condition in vivo, using ratiometric PA imaging (Figure 5b). We
further investigated the photoacoustic imaging ability of NO within tumor in vivo
by the DATN. Mice bearing subcutaneous (s.c.) 4T1 xenograft tumor model were
injected with DATN (intravenous (i.v.) injection, 10 mg/kg). The PA images were
recorded at 680 nm and 950 nm as indicated times (Figure 5c). We found that
the contrast of tumor areas was gradually enhanced at excitation of both 680 nm
and 950 nm over time, indicating that DATN could efficiently accumulate in the

tumor region. Calculated from Figure 5c, the PA signal of tumor areas at 680 nm
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showed quicker increase than the signal at 950 nm over time (Figure 5d), which
could be attributed to the good responsivity at 680 nm toward NO than that at
950 nm. Notably, PAgso/PAgso ratios exhibited a gradual increase from 1 h to 5 h,
indicating that the ratiometric imaging of DATN could achieve the detection of
endogenous NO within the TME in vivo (Figure 5e). Besides, strong PA signal
from DATN could be observed through 8 mm of tissue, indicating the tissue

penetration is suitable for in vivo imaging of mice (Figure S35).
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Figure 5. (a) PA images of LPS-stimulated NO. The left and right thighs of mice
were intramuscularly injected with LPS or saline, and then injected with PBS
buffer containing DATN. (b) The corresponding PAggo/PAgsg ratios, (***p<0.001).
(c) PA images of endogenous NO within tumor. Mice bearing s.c. 4T1 xenograft
tumor was i. v. injected with DATN. (d) PA signal of marked tumor areas. (e) The

corresponding PAggo/PAgsg ratios.

Photothermal Imaging of NO within Tumor In Vivo.
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Apart from the ratiometric PA imaging, DATN was further utilized for
photothermal imaging of endogenous NO within tumor in vivo. First, mice bearing
s.c. 4T1 xenograft tumor received DATN treatment (30 pL, 2 mg/mL) by
intratumoral (i.t.) injection into tumor and i.m. injection into left thigh, respectively,
and then irradiation of 660 nm laser (1 W/cm?) at 7 h post treatment. From the
thermal images, the tumor displayed quicker temperature increase than the left
thigh, suggesting the good photothermal response of DATN toward the TME in
vivo (Figure S36). Next, we tested the imaging ability of DATN by systematic
administration. Mice bearing s.c. 4T1 xenograft tumors received the following
treatments: PBS, DATN (i.v. injection, 15 mg/kg), and DATN (i.v. injection, 15
mg/kg) followed by LPS (i.t. injection at 4 h post DATN administration, 3 mg/kg).
Seven hours post treatment, thermal imaging was recorded by an IR thermal
camera during 660 nm (1 W/cm?) and 980 nm (0.8 W/cm?) laser irradiation,
respectively (Figure 6a). The tumors treated with DATN and DATN + LPS
displayed a rapid temperature increased by 21.3 °C and 26.5 °C within 4 min,
respectively, which was higher than increases noted with PBS treatment under
660 nm laser irradiation (Figure 6b). Thus, LPS could further increase NO levels
from TME and thereby enhance temperature responsivity of tumor to 660 nm
laser irradiation. We further calculated the temperature change ratio of tumor
areas at 660 nm/980 nm (abbreviated as Tggo/Togg) from photothermal images

(Figure 6a) and found that the tumor treated with DATN + LPS showed higher
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Teeo/ Teso, compared with that of tumor treated with DATN, indicating the effective

1

2

i ratiometric detection of inflammation induced NO in vivo using photothermal
5

6 imaging (Figure 6¢). Importantly, we found that the tumor (marked areas) treated
7

g with DATN + LPS showed the greater temperature difference from normal tissue
10

1 (marked areas) than that treated with DATN only (Figure 6d), demonstrating that
14 the tumor associated with inflammation could produce more differentiation of

1? hyperthermia of DATN.

(a) PBS DATN DATN+LPS
Omin 1min 2min 3 min 4 min 0min 1 min_2min 3 min 4 min 0Omin 1min 2min 3min 4 min

37 S TS == DATN 28

kkk
1
38 -+ -DATN romee N 1.05{ mm DATN+LPS -
241 4 .DATN+LPS u--""" £ 26-
39 w7 ST Lhbn 2
40 16] S e = o4l
g - © &
42 E , ',"l"— '_ 0_75_ g 22-
43 :"::" I——'
44 0 . , ’ 604 20

45 0 12 3 4 2 3 4 DATN DATN+LPS
46 Time (min) Time (min)

5
T-T, (C)
<o

L)

‘\

,

L}

:

:

:

P

60" ~980

49 Figure 6. (a) Photothermal images of mice under irradiation of 660 nm and 980
nm laser at 7 h post injection. (b) The representative temperature changes of
tumor areas under excitation of 660 nm laser. (c) Tggo/ Togo ratio of tumor areas

calculated from photothermal images (a). (d) The temperature difference

60 ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society Page 20 of 34

between marked tumor and normal tissue at 4 min under irradiation of 660 nm

laser, calculated from (a), (***p<0.001).

NO/Acidity Activatable Photothermal Cancer Treatment.

As a photothermal and photoacoustic nanoprobe applied for in vivo imaging,
DATN should possess low cytotoxicity. We investigated the cytotoxicity of DATN
by a standard MTS assay toward various cell lines: mouse breast carcinoma
(4T1) cells, human cervical carcinoma (HelLa) cells, and human embryonic
kidney (HEK293) cells. We found that DATN produced nearly no effect on the
cell viability of both malignant cancer cell lines and normal cell lines, even under
the incubation of high concentration (80 ug/mL) for 24 h, indicating its minimal
cytotoxicity (Figure S37). Considering the excellent photothermal/photoacoustic
response and high biocompability, we further promoted DATN as a NO/acidity-
activated photothermal agent for cancer treatment. In order to present the
therapeutic effect of DATN, mice bearing s.c. 4T1 xenograft tumor were divided
into five groups: (I) PBS; (lI) only DATN; (Ill) only laser irradiation; (IV) DATN +
laser; (V) DATN + LPS (3 mg/kg, i.t. injection at 4 h after DATN administration) +
laser. These mice were i.v. injected with DATN (15 mg/kg) and received 660 nm
laser irradiation (1 W/cm?, 15 min) at 7 h post injection. From the tumor growth
curves and tumor weights at the fifteen days post treatment, we found that the
tumor treated with DATN + laser showed considerable suppression compared

with that treated with only DATN or only laser, indicating the good photothermal
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therapeutic effect of DATN activated by endogenous NO (Figure 7a, b). In order
to further enhance the treatment efficacy, LPS was used to elevate NO level
within tumor to, in turn, enhance the photothermal effect of DATN. The
immunohistochemical staining image of tumor slice confirmed the real existing
severe inflammation within tumor induced by LPS (Figure S38). As expected,
after LPS treatment, the tumor exhibited higher tumor inhibition, compared with
that treated with group IV. Furthermore, the histological hematoxylin and eosin
(H&E) staining results clearly revealed that the tumors treated with DATN + LPS
+ laser had much more necrotic areas than that of other groups under the same
laser irradiation (Figure 7d). These results suggested that NO/acidity activatable
photothermal effect of DATN could significantly inhibit the tumor growth,
especially for those tumors with severe inflammation. Moreover, those mice
showed no obvious loss of body weight for all groups during 15 days after
photothermal therapy (Figure 7c). In addition, H&E staining of major organs from
each group also exhibited no noticeable pathological changes after treatment
(Figure 7e), suggesting the low side effects of DATN for such photothermal
therapy. These results clearly indicated that DATN could be effectively triggered
for photothermal ablation of tumor under the activation of inflammation-induced

NO and acidic TME.
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Figure 7. In vivo cancer treatment of DATN. (a) Tumor growth curves,

(***p<0.001). (b) Tumor weights of each group at the fifteen days post irradiation,

(***p<0.001). (c) Body weights of each group. (d) Representative H&E-stained

tumor slices of each group on the second day post irradiation. (e) Representative

H&E-stained major organs from groups (I) and (V) group at the fifteen days post

irradiation.

In TME, single-factor activatable probes were typically compromised by the

poor signal to noise ratio and "false positive" results for specific cancer imaging.

In this study, we have developed a “two-key-one-lock” ratiometric imaging

nanoprobe with the good sensitivity and selectivity toward NO at acidic condition.
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Because the acidity and NO are characteristics of tumors associated with
inflammation, the nanoprobes could be activated through the coexistence of
these two factors for the photothermal/photoacoustic imaging of tumors, which
was superior to single-factor activation. Specifically, DATN exhibited higher
photoacoustic signals enhancement under dual-factor activation, specifically, 9.8
times that of NO and 132 times that of acidity alone, respectively. Moreover,
those PA signal from 680 nm and 950 nm could be used for ratiometric imaging
in order to overcome the interference from the probe’s concentration, depth and
heterogeneous distribution. Importantly, the combination of photoacoustic and
photothermal imaging allowed for more accurate imaging diagnosis. In this
theranostic nanoprobe, DATN could be heated by 27.3 ° C through dual-factor
activation, but only heated by about 6 ° C by single factor such as NO or acidity.
Thus, the photothermal efficacy of DATN could be greatly enhanced, but only
under the coexisting NO and acidity, making the nanoprobe suitable for highly
specific cancer therapy. Furthermore, a better therapeutic outcome would be
achieved for the tumors associated with severe inflammation, as a consequence
of high level of NO. Such dual-factor activation could largely reduce the

phototoxicity to normal tissues in comparison with the single-factor activation.

CONCLUSIONS
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We have elaborately developed a novel dual-factor activatable theranostic
nanoprobe for ratiometric photoacoustic/photothermal imaging and activatable
cancer therapy. With the coactivation of NO/acidity within TME, DATN could turn
on its ratiometric photoacoustic signals for tumor-specific photoacoustic imaging
in vivo. Moreover, DATN achieved dual-activatable photothermal therapy with
higher tumor-specificity and good biocompatibility in vivo, especially for cancers
associated with inflammation. Such multi-factor activatable strategy is promising
for greatly reducing the severe toxic effects of cancer treatments. Our continuing
experiments include the development of a longer-wavelength photothermal agent
to achieve deeper tumor treatment by changing the molecular skeleton and the
employment of more specific cancer biomarkers, e.g., matrix metalloproteinases,

to further improve the specificity of cancer imaging and therapy.

EXPERIMENTAL SECTION

Materials and Characterization. All reagents and chemicals were obtained
from commercial suppliers. Ultrapure water was utilized from a Milli-Q reference
system (Millipore). Reactive oxygen/nitrogen species were prepared according to
the previously reported literature.3® 4! Reagents for cell culture were supplied by
Gibco (Tulsa, OK, U.S.A.). Transmission electron microscope images were
accomplished using JEM-2100F (JEOL). Dynamic light scattering (DLS)

measurements were made on a Malvern Zetasizer Nano ZS90 (Malvern). The
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absorbance was recorded by ultraviolet-visible absorption spectrometry (UV-
1800, Shimadzu) or microplate reader (SpectraMax iD3). Mass spectra were
recorded in an LCQ advantage ion trap mass spectrometer (Thermo Finnigan).
NMR spectra were measured with a Bruker-400 spectrometer. All photoacoustic
images were analyzed and collected at various time points by InVision 256-TF
imaging system (iTheraMedical, Germany). Photothermal images were recorded
by an IR thermal camera (FLIR Systems, Inc.). All animal experiments were
performed in compliance with the relevant laws and approved by the Institutional

Animal Care and Use Committee of Hunan University.

Preparation of Nanoprobe (DATN). A tetrahydrofuran (THF) solution (2 mL)
containing NRM (0.5 mg), NIM (0.5 mg) and Pluronic F127 (4 mg) was rapidly
injected into distilled-deionized water (5 mL) under sonication. After sonication
for another 4 min, the solution was evaporated at 45 °C by rotary evaporation to
remove excess THF. Finally, the DATN solution was purified by ultrafiltration (50
K, 4,000 r.p.m) for several times. The final concentration of DATN was

determined by the concentration of NRM.

Cell Cytotoxicity. Mouse breast carcinoma (4T1) cells, human cervical
carcinoma (HelLa) cells, and human embryonic kidney (HEK293) cells were

cultured in Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with
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10% fetal bovine serum (FBS) and 1 % antibiotics (penicillin-streptomycin) at 37
°C with 5 % CO.,. Cells were seeded at a density of 1 x 10 cells per well in 96-
well plates and cultured for 12 h under the above conditions. Then, the culture
medium was replaced, and the cells were exposed to different concentrations of
DATN (0-80 pg/mL) for another 24 h. Finally, cell viabilities were detected by a

standard MTS assay.

Tumor Imaging In Vivo. To develop the s.c. tumor model, 4T1 cells (1 x 105)
suspended in 25 pL of PBS were s.c. injected into the back of each mouse (5-6
weeks, female). For in vivo PA imaging, the left and right thighs of mice were
pretreated with lipopolysaccharide (LPS) (3 mg/kg, i.m. injection) and saline,
respectively. The PA images were recorded at 680 nm and 950 nm at indicated
time points post-i.m. injection of PBS solution containing DATN (50 uL, 300
Mg/mL, pH = 5.4) (excitation wavelengths at 680 and 950 nm). Mice were then
anesthetized by isoflurane in oxygen during PA imaging. For in vivo PA imaging
of tumor, mice bearing s.c. 4T1 xenograft tumor were i.v. injected with DATN
(100 uL, 10 mg/kg) and anesthetized for PA imaging (excitation wavelengths at
680 and 950 nm). For in vivo photothermal imaging, mice bearing 4T1 tumors
were divided into three groups: (i) PBS (i.v. injection, 150 pL), (ii) DATN (i.v.
injection, 150 uL, 15 mg/kg) and laser irradiation, and (iii) DATN (i.v. injection,

150 pL, 15 mg/kg) + LPS (3 mg/kg, i.t. injection at 4 h after DATN
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administration) + laser irradiation. 7 h after injection, the mice received 660 nm (1
W/cm?) or 980 nm (0.8 W/cm?) laser irradiation. The irradiation area was 0.8 cm?.
An IR thermal camera was used to monitor the temperature changes of the

tumors using an IR thermal camera during laser irradiation.

In Vivo Photothermal Therapy. For in vivo photothermal therapy, mice
bearing 4T1 tumors were divided into five groups (n = 4 per group): (1) PBS; (II)
only DATN; (Ill) only laser irradiation; (IV) DATN + laser irradiation; and (V)
DATN + LPS (3 mg/kg, i.t. injection at 4 h post DATN administration) + laser
irradiation. Mice from Group I, IV, V were i.v. injected DATN (150 uL, 15 mg/kg).
7 h after injection, mice from Group lll, IV, and V received 660 nm laser
irradiation (1 W/cm?, 15 min). After treatments, the tumor volumes and mouse
body weights were measured every other day during 15-day study duration.
Tumors were collected at second day and major organs collected at the fifteen
days post treatment for H&E staining. The tumor volumes were calculated

according to the following formula: width? x length/2.
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