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Phototheranostics have attracted tremendous attention in cancer diagnosis and treatment because of the
noninvasiveness and promising effectiveness. Developing advanced phototheranostic agents with long
emission wavelength, excellent biocompatibility, great tumor-targeting capability, and efficient therapeu-
tic effect is highly desirable. However, the mutual constraint between imaging and therapeutic functions
usually hinders their wide applications in biomedical field. To balance this contradiction, we herein ratio-
nally designed and synthesized three novel tumor-targeted NIR-II probes (QR-2PEG3;;, QR-2PEG1gqg, and
QR-2PEGsg00) by conjugating three different chain lengths of PEG onto an integrin o, f3-targeted NIR-II
heptamethine cyanine fluorophore, respectively. In virtue of the essential amphiphilic characteristics of
PEG polymers, these probes display various degree of aggregation in aqueous buffer accompanying with
differential NIR-II imaging and photothermal (PTT) therapeutic performance. Both in vitro and in vivo re-
sults have demonstrated that probe QR-2PEGsq00 has the best NIR-II imaging performance with prominent
renal clearance, whereas QR-2PEGs3,; possesses excellent photoacoustic signal as well as PTT effect, which
undoubtedly provides a promising toolbox for tumor diagnosis and therapy. We thus envision that these
synthesized probes have great potential to be explored as a toolkit for precise diagnosis and treatment of

malignant tumors.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cancer is one of the major diseases with high morbidity and
mortality. Sensitive detection and efficient treatment of malignant
tumors still remain a huge challenge in clinics, and have attracted
wide attention from researchers [1]. Although great progress and
improvement have been made in the diagnosis and treatment of
tumors in past decades, there is still a long distance from the
achievement of very early diagnosis and effective treatment [2-5].
Therefore, great efforts are urgently made to exploit advanced ther-
anostic agents for battling cancers.

In contrast to traditional imaging modalities, such as magnetic
resonance imaging, computed tomography, and positron emission
tomography [6-11], optical imaging technology has drawn huge
attention in clinical and preclinical research due to noninvasive-
ness, low cost, high resolution and sensitivity [12-14]. The near-
infrared I (NIR-II, 900-1700nm) fluorescence imaging especially
shows great potential for in vivo bioimaging due to the deep tis-
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sue penetration, low fluorescence background, and superior reso-
lution. Currently, many NIR-II fluorescent probes, such as organic
small molecules [15-19], rare earth nanomaterials [20,21] conju-
gated polymers [22-24], carbon nanotubes [25], have been de-
veloped for visualiztion of biological events in living system. By
contrast, organic small-molecule NIR-II probes essentially show a
great potential for extensive applications in biomedical field ow-
ing to the excellent biocompatibility, ease of synthesis, and poten-
tial biodegradability [26-29]. Nevertheless, most of the reported
NIR-II probes still encounter these dilemmas, e.g., low quantum
yield [30-32], poor water solubility [33-36], weak targeting capa-
bility [37,38], which severely impedes their clinical application and
translation. Thus, developing novel NIR-II fluorescent probes with
high stability, great biocompatibility, and good targeting capability
is highly desirable for sensitive detection and efficient treatment of
tumors in vivo.

In our previously reported work, we have successfully devel-
oped a tumor-targeting NIR-II probe QT-RGD for NIR-II/PA/SPECT
multimodal imaging and photothermal therapy of tumors in vivo.
However, its fluorescence quantum yield and water solubility need
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Scheme 1. Construction and applications of three novel NIR-II probes.

to be further improved so as to realize more broad application
[39]. To this end, we herein rationally designed and constructed
three novel theranostic probes for NIR-II/PA imaging or PTT ap-
plications of gastric tumor. As illuminated in Scheme 1, the probe
consists of three components including a NIR-II heptamethine cya-
nine fluorophore, one «y B3 integrin-targeted cyclic cRGD peptide
for tumor targeting, and three different PEG chains with various
lengths (n=5, 20 and 122) attempting to improve the water solu-
bility, biocompatibility as well as tumor delivery efficience as PEG
polymer has been demonstrated to be able to effectively reduce
platelet aggregation [40,41]. Due to their different amphiphilicity,
these probes can self-assemble into different size of nanoparticles
in aqueous buffer, showing a variety of different performance on
in vivo tumor imaging and PTT. In vivo experimental results have
demonstrated probe QR-2PEGspgp has the best NIR-II imaging ca-
pability for in vivo gastric tumor, while QR-2PEG3,; possesses the
strongest photoacoustic signal as well as PTT effect, highly indi-
cating that these probes can potentially be used for in vivo tumor
imaging and PTT applications.

The study started with the synthesis of the Cl-substituted hep-
tamethine cyanine fluorophore Q3 according to our previously re-
ported method [39]. As illustrated in Scheme S1 (Supporting in-
formation), compound Q3 first reacted with SH-bearing cyclic RGD
peptide in DMF for 24 h to afford intermediate QR. The probe QR-
2PEG351, QR-2PEGqggg, and QR-2PEGsggq Were subsequently syn-
thesized by “click” reaction between QR and 2 equiv. of azido-
bearing PEG with different length chains (n=5, 20 and 122) in
DMSO and water mixture for 2 h incubation. All the intermediates
and desired probes were characterized by MALDI-TOF mass spec-
trometry (Figs. S1-S5 in Supporting information).

The absorption spectra of three probes in organic solvents (such
as DMSO, methanol) or water were first measured. As shown in
Fig. 1a and Fig. S6a (Supporting information), three probes show
similar absorption profile in the range of 700-1100nm with one
major absorption peak at 1045 nm. However, the probes dispersed
in aqueous solution presented the maximal absorbance at 864 nm,
while the peak at 1045 nm become small shoulder (Figs. S6b and ¢
in Supporting information), which may be due to the formation of
oligomers and monomers of the probes. Additionally, the absorp-
tion spectra of the probes in different proportion of DMSO and
water (fw) were measured in order to investigate the water sol-
ubility of three probes. When the water fraction increases to 100%,
the absorption peak of 1045 nm dramatically increases to a maxi-
mum at 40% (fw), and then gradually decreases to a minimum ac-
companying with progressive absorbance increase at 864 nm (Fig.
S7 in Supporting information), implying that the probes are am-
phiphilic. By contrast, QR-2PEGsggg aqueous solution exhibits the
highest absorption intensity at 1045 nm, while the absorbance of
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QR-2PEGs3;; is the lowest, suggesting that the water solubility of
the probes is improved with the increase of PEG chain lengths
from 321 to 5000. This can be further validated by the correspond-
ing fluorescence spectra of three probes in organic solvent or aque-
ous solutions under 808 nm excitation. Fig. 1b and Fig. S8a (Sup-
porting information) show that all three probes have very similar
fluorescence spectra profile with a maximum fluorescence peak at
1065 nm in DMSO or methanol. However, QR-2PEGsqq9 exhibited
the strongest NIR-II fluorescence at 1065nm compared to other
two probes (Figs. S8b and c in Supporting information). More-
over, IR-26 dye was chosen as a reference (QY=0.05%, Table S1
in Supporting information), the fluorescence quantum yields (@)
of QR-2PEG331, QR-2PEGggp and QR-2PEGsgo9 were determined to
be 0.03%, 0.08% and 0.17%, respectively [42]. Regarding to the blue-
shift of the maximal peak position in aqueous solution, we spec-
ulate that it may be due to the water solubility difference of the
probes that can be induced to form various degree of nanoaggre-
gates. To this end, the aggregating behavior of these three probes
in aqueous solution was further characterized by dynamic light
scattering (DLS) analysis. The hydrodynamic diameters were de-
termined to be 106.8nm, 74.3nm and 32.7nm for QR-2PEGsyy,
QR-2PEG1ggg, and QR-2PEGsqqgg (Fig. 1c). In addition, the transmis-
sion electron microscopy (TEM) results further indicated that all
three probes dispersed in aqueous solution very well as spherical
nanoparticles with the sizes of 101.4 £0.12 nm, 66.4+ 1.3 nm, and
27.34+0.8 nm, respectively (Figs. 1d-f), which is quite close to the
results of DLS analysis. Besides, no obvious size change was ob-
served for all probes over 7 days (Figs. S9-S11 in Supporting infor-
mation), suggesting that these probes have great stability in aque-
ous solution.

To evaluate the NIR-II imaging ability of three probes, the flu-
orescence images in aqueous solution were acquired with var-
ious long pass filters from 880nm to 1250nm. Fig. 1g shows
that QR-2PEGsggg has the significantly highest fluorescence signals
than that of QR-2PEGpgp and QR-2PEGs,; under 880, 1000, and
1150 nm, again confirming that QR-2PEGsggy possesses a high QY
yield and good water solubility. To evaluate the photostability of
the probes, we carried out the standard photon-bleaching exper-
iments for them with ICG, a clinically used NIR dye, as a refer-
ence. As shown in Fig. 1h and Fig. S12 (Supporting information),
the 20min of continuous 808 nm laser excitation only caused a
little decrease of the absorption for three probes solution, while
the absorption of ICG dramatically dropped within 5 min by ~95%
under the same condition, implying that these three probes have
outstanding photostability. Collectively, all these evidences suggest
probe QR-2PEGsg0 has a high potential for in vivo bioimaging ap-
plication.

Since the probes have strong absorption in the near-infrared
regions according to the afore-mentioned results, we next deter-
mined the PA signals of three probes under 808 nm excitation.
Fig. 1i clearly indicates that the PA signals of all three probes in
aqueous solution gradually enhanced with the increasing concen-
trations. In contrast, QR-2PEG3,; has the strongest PA intensity in
comparison with QR-2PEG g9 and QR-2PEGsqqg at the same con-
centration, which is just the opposite of the NIR-II signals shown
in Fig. 1g and Fig. S13 (Supporting information). This should be
attributed to the fact that the fluorescence emitted by NIR dyes
is mainly produced through the radiative transition while the PA
production is mainly from non-radiative transition. Hence, fluo-
rescence and PA are essentially a pair of competitors. Next, we
evaluated the PA behavior of them. As expected, the aqueous so-
lutions of all probes exhibited a gradually enhanced PA signal at
808 nm. The PA intensities of QR-2PEG3y; enhanced most signifi-
cantly with the increase of the concentrations of the probes from
0 to 10umol/L, and showed a good linear relationship, indicating
that QR-2PEGs35; is a promising PA imaging contrast agent.
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Fig. 1. Characterization and optical property of the probes. (a) Absorption and (b) fluorescence spectra of three probes QR-2PEGs31, QR-2PEG1g00, QR-2PEGs000 (5 1tmol/L) in
DMSO. (c) DLS results of three probes. Size distribution profiles of QR-2PEG3,; (d), QR-2PEG1ggp (e), and QR-2PEGsgqg (f) in HO. The inset shows the TEM image. Scale bar:
200 nm. (g) Fluorescence images of three probes under different long-pass filters. (h) Photostabilities of the probes in aqueous solution under continuous 808 nm irradiation
for 20 min. ICG was subjected to the same treatment as reference. (i) Linearity curve of APA versus concentrations of three probes ranging from 0 to 10 pmol/L.

Encouraged by above excellent PA behavior of the probes in so-
lution, their PTT effects were further investigated in aqueous solu-
tion. Different concentrations of QR-2PEG3;;, QR-2PEGggg and QR-
2PEGs009 were continuously exposed to 808 nm laser (1.0 W/cm?,
10 min). Meanwhile, the pure water was chosen as control. Their
temperature change was monitored with an infrared camera. No
significant temperature increase was observed for pure water,
whereas various degrees of temperature increase was obviously
determined for three probes with the increase of concentrations
(Figs. 2a, Figs. S14a and b in Supporting information). Among them,
the solution containing QR-2PEG3;; had the highest temperature
raise that is up to 30.4°C at the concentration of 16 pmol/L. How-
ever, the temperature increases of QR-2PEGqggp and QR-2PEGsqggg
is 27.2 and 22.4°C (Fig. 2b), respectively, under the same condi-
tion, which can be also validated by the corresponding infrared
(IR) thermal images (Fig. S15 in Supporting information). The pho-
tothermal conversion efficiency (n [%]) was further determined to
be 43.8%, 40.3%, and 38.9% for QR-2PEG3,;, QR-2PEGggg and QR-
2PEGsggo (Fig. 2c). In addition, the temperature increase of all
three probes solution was proportional to laser power density (Fig.
S16 in Supporting information). Moreover, the photothermal sta-
bility of three probes were also assessed. No significant temper-
ature decay was monitored in 5 cycles of heating/cooling (Fig.
S17 in Supporting information), suggesting that all three probes
have excellent photothermal stability. Collectively, these results
highly demonstrate that probe QR-2PEGsp; may be an excellent
photothermal agent for PTT application, which prompts us to in-
vestigate its therapeutic efficacy against MGC-803 cells with the
live/dead staining and MTT assay. Fig. 2d and Fig. S18 (Support-
ing information) show serious cell death was clearly detected from
the cells with the treatment of QR-2PEGs3,; (8 or 16 umol/L) and
808 laser irradiation (10 min, 0.75W/cm?) in comparison with the
ones treated with QR-2PEGsgg9 and 808 laser irradiation. The MTT
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results further demonstrate that probe QR-2PEG3,; have obviously
higher cytotoxicity to cells than QR-2PEGsggg under the irradiation
of 808 nm (Figs. 2e and f), again revealing that QR-2PEGs;; pos-
sesses prominent photothermal efficacy.

Inspired by above exciting findings, we further evaluated the
performance of the probes on NIR-I[/PA imaging and PTT in vivo.
The cytotoxicity of the probes on human gastric adenocarcinoma
cells MGC-803 and mouse embryonic fibroblast cells NIH/3T3 was
first investigated through the standard MTT assays. All three probes
showed negligible cytotoxicity towards both two types of cells be-
low 32pumol/L of concentration, and the overall cell viability re-
mains above 85% after 24 h incubation, indicating they have supe-
rior biocompatibility (Fig. S19 in Supporting information), which is
further supported by the red blood cell hemolysis test and blood
biochemical analysis (Figs. S20 and S21 in Supporting information).
Since the in vitro experimental results have already demonstrated
that these three probes are highly NIR-II emissive, we then ex-
plored their potential for in vivo bioimaging. The fluorescence im-
ages of the hind limb blood vessels were first acquired in the mice
with intravenous injection of probes QR-2PEGs;;, QR-2PEGggp Or
QR-2PEGs50gp at 2min. As shown in Fig. S22 (Supporting informa-
tion), the deep vasculature could be clearly visualized with a high
signal-to-noise contrast and super resolution under 808 nm excita-
tion at different wavelength from 880nm to 1150 nm for the mice
receiving QR-2PEGs5qog, While blurry vessels and tissues were ob-
served for the mice with QR-2PEG3,; or QR-2PEGsqqg, suggesting
that QR-2PEGsqgp is more suitable for bioimaging in living sys-
tem. Furthermore, the whole-body real-time fluorescence imaging
of the mice with intravenous injection of probes indicates that the
bladder region of the mice receiving QR-2PEGsqgo presented re-
markably stronger fluorescence within 5min than that of the mice
with other two probes (Fig. 3a and Fig. S23 in Supporting informa-
tion). The fluorescence signals in the bladder were gradually en-
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Fig. 2. Photothermal effect study of the probes. (a) Temperature variation curves of
different concentrations of QR-2PEGsy; upon the irradiation of 808 nm (1W/cm?).
(b) Heating of three probes (16umol/L) in aqueous solution under 808 nm ir-
radiation. (c) Heating and cooling profiles of three probes (16 pmol/L) in aque-
ous solution. (d) Live/dead staining of MGC-803 cells incubated with different
concentrations of QR-2PEG3;; and QR-2PEGsgge for 24h with the power density
0.75W/cm?. (e) Cytotoxicity assays of MGC-803 cells with different concentrations
of QR-2PEG3; and QR-2PEGsggo (f) with and without 808 nm irradiation.

Fig. 3. The visualization of the metabolism of the probes. (a) Real-time NIR-II imag-
ing of the mice with the intravenous injection of the probes. (b) The bladder-to-
liver ratios of the fluorescence intensity from (a). (c) Blood clearance curves of three
probes after intravenous injection. Error bar indicates SD (n=3).
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Fig. 4. NIR-II/PA imaging of MGC-803 tumors with QR-2PEGs3y; and QR-2PEGsggo.
(a) NIR-II images of the tumor-bearing mice at various time points post-injection
of the probes (8 mg/kg). (b) The quantitative results of (a). (c) PA images of the
tumor-bearing mice at different time intervals post-injection. Scale bar: 2 mm. (d)
The quantitative intensity of (c). (e) The biodistribution of both probes in the tumor-
bearing mice 6 h post-injection. (f) Pixel intensity of main organs and tumors (n=3,
**P <0.01, ***P < 0.001, t-test).

hanced over time, which should be because of the excellent water
solubility of QR-2PEGsggg (Fig. 3b). Next, the blood circulation dy-
namics of all probes was studied by monitoring their concentration
in blood at different time intervals post-injection. The blood circu-
lation half-life (tl/Z) of QR-2PEG351, QR-2PEGqggg and QR-2PEGs50g9
is calculated to be 0.75+0.12h, 2.6+0.20h, and 8.2+044h
(Fig. 3c), indicating that the high molecular weight of PEG chain
can endow the probe with a prolonged blood circulation time. Col-
lectively, these exciting results strongly reveal that QR-2PEGsqgqq
has rapid renal excretion and can be potentially applied for in vivo
bioimaging.

To evaluate the fluorescence imaging capability of QR-2PEGsqgg
for MGC-803 tumors in living mice, we performed real-time NIR-II
fluorescence imaging for the tumor-bearing mice after intravenous
injection of the probes (8 mg/kg). QR-2PEG3,; was chosen as a con-
trol for the same treatment. As shown in Fig. 4a, the MGC-803 tu-
mors receiving QR-2PEGsqgg could be clearly imaged, and the flu-
orescence intensity of the tumor region reached a maximum 6h
post-injection with a signal-to-background ratio (SBR) of 7.4, while
weak fluorescence was detected from the tumors receiving QR-
2PEG3;; (SBR ~ 1.0) (Fig. 4b). Meanwhile, the real-time PA imaging
of tumors was also performed. As shown in Figs. 4c and d, the PA
signals at tumor site were enhanced significantly with the time in-
creasing, and reached the maximum at 6h after injection, while
the tumors receiving QR-2PEGsqgo exhibited much low PA signals.
The SBR of PA (PAtumor/PAmuscie) Was quantified to be 5.25 and
3.28 for them. These results again demonstrate that QR-2PEGsqgg
has excellent NIR-II fluorescence capability but QR-2PEG3,; emits
intensive PA signals. To investigate the in vivo biodistribution of
these two probes, the tumor and main organs including heart,
liver, spleen, lung and kidneys were resected at 6h post-injection
of probes and collected for ex vivo fluorescence imaging. Figs. 4e
and f indicate that the probes mainly distributed in liver, kidneys,
and tumor of the mice. As expected, the fluorescence of the tu-
mor with QR-2PEGsqq is significantly stronger than that of the tu-
mor receiving QR-2PEG3,;. Together, these evidences well demon-
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Fig. 5. In vivo PTT of gastric tumors. (a) Real-time infrared thermal images of MGC-803 tumor-bearing mice under 808 nm irradiation (1 W/cm?) after intravenous injection
of PBS, QR-2PEG3y; and QR-2PEGsgg (8 mg/kg). (b) Temperature increase of (a). (c) Images of gastric tumors resected from different treatment groups (n=5). (d) Relative
tumor volumes in different treatment groups. (e) Images, H&E and tunnel test staining of the tumor sections of representative mice on the 3rd day post-treatment (n=>5,

**P <0.01, ***P <0.001, t-test).

strate that probe QR-2PEGsgqg has a great potential for in vivo NIR-
Il imaging of tumors.

The prominent PTT effect of probe QR-2PEGs3,; in vitro
prompted us to explore its feasibility in photothermal therapy of
tumors. The MGC-803-bearing mice were intravenously injected
with QR-2PEG3y; and QR-2PEGsgqg (8 mg/kg), respectively, through
the tail vein, and the tumors were subsequently irradiated by
808 nm laser (1W/cm?, 10min) at 6h post injection. The tumors
receiving QR-2PEGs;,; showed obvious temperature increase up to
22.9°C, while the QR-2PEGsggg or PBS treated groups have only
14.6 and 5.68 °C of temperature increase under the same condition
(Figs. 5a and b). To further assess the in vivo photothermal ablation
effect of the probes, the MGC-803 tumor-bearing mice (~20 mm?)
were divided into six groups (n=5) for different combination
treatments. The PTT efficacy of each group was validated by mon-
itoring the sizes of tumors over 21 days. Fig. 5c shows the size of
tumors in PBS, PBS+808 nm, QR-2PEG3,1, and QR-2PEGs5qgg groups
increases in a rather similar manner, whereas the tumor growth
was inhibited in a certain degree for the QR-2PEGsg00+808 nm
group. In sharp contrast, the tumors in the QR-2PEG3;;+808 nm
group showed a significant reduction in size upon the irradia-
tion of 808 nm laser. Eventually, all tumors in five groups were
eliminated completely (Fig. 5d and Fig. S24 in Supporting infor-
mation). The survival rate curve indicates that the mice of QR-
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2PEG37;+808 nm have a great survival rate without even single
death after 36 days (Fig. S25 in Supporting information). Moreover,
we resected, sliced the tumors on day 3 post-treatment, and the
tissues were then subjected to hematoxylin and eosin (H&E) stain-
ing as well as tunnel test. As show in Fig. 5e, severe necrosis and
karyopyknosis were detected in QR-2PEG33;+808 nm group. How-
ever, almost no necrosis was determined in other control groups.
Furthermore, the H&E staining images of the main organs col-
lected from the mice in experimental group indicated that no ob-
vious damage and liver metastasis were detected in comparison
with the control groups (Fig. S26 in Supporting information). Be-
sides, all groups of mice did not loss body weight during 21 days
of treatment (Fig. S27 in Supporting information). Collectively, all
these evidences highly demonstrate probe QR-2PEG3,; would be a
promising agent for effective PTT of malignant human gastric ade-
nocarcinoma.

In summary, we has successfully developed three novel NIR-II
probes by conjugating three different chain lengths of PEG onto
an integrin oy B3-targeted NIR-II fluorophore for tumor imaging
and therapy. Due to various amphipathic nature, these probes
could form uniform nanoparticles with various sizes in aque-
ous solution showing differential NIR-II imaging and PA/PTT per-
formance. A lot of results have demonstrated that probe QR-
2PEGsgo9 has outstanding capability for NIR-II imaging applica-
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tion with quick renal clearance. However, QR-2PEG3,; possesses
effective photoacoustic and PTT effect, which undoubtedly pro-
vides a useful toolbox for tumor theranostics. We thus envision
that these synthesized probes could be exploited as a universal
toolkit for achieving precise diagnosis and treatment of malignant
tumors.
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