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ABSTRACT: Improving the enrichment of drugs or theranostic agents
within tumors is very vital to achieve effective cancer diagnosis and
therapy while greatly reducing the dosage and damage to normal tissues.
Herein, as a proof of concept, we for the first time report a red light-
initiated probe-RNA cross-linking (RLIPRC) strategy that can not only
robustly promote the accumulation and retention of the probe in the
tumor for prolonged imaging but also significantly inhibits the tumor
growth. A near-infrared (NIR) fluorescent probe f-CR consisting of a NIR
dye (Cyanine 7) as a signal reporter, a cyclic-(arginine-glycine-aspartic
acid) (cRGD) peptide for tumor targeting, and a singlet oxygen (1O2)-
sensitive furan moiety for RNA cross-linking was rationally designed and
synthesized. This probe possessed both passive and active tumor targeting
abilities and emitted intense NIR/photoacoustic (PA) signals, allowing for
specific and sensitive dual-modality imaging of tumors in vivo. Notably, probe f-CR could be specifically and covalently cross-linked
to cytoplasmic RNAs via the cycloaddition reaction between furan and adenine, cytosine, or guanine under the oxidation of 1O2
generated in situ by irradiation of methylene blue (MB) with 660 nm laser light, which effectively blocks the exocytosis of the probes
resulting in enhanced tumor accumulation and retention. More excitingly, for the first time, we revealed that the covalent cross-
linking of probe f-CR to cytoplasmic RNAs could induce severe apoptosis of cancer cells leading to remarkable tumor suppression.
This study thus represents the first red light-initiated RNA cross-linking system with high potential to improve the diagnostic and
therapeutic outcomes of tumors in vivo.

■ INTRODUCTION

As an important part of molecular imaging techniques, the
molecular probe is becoming a fascinating tool for accurate
cancer diagnosis and effective treatment.1 To date, various
types of molecular probes including small molecules,2−5

macromolecules,6−8 inorganic nanomaterials,9,10 aptamers,11,12

etc.13−18 have been successfully developed for tumor imaging
and therapeutic applications in living subjects.19,20 Never-
theless, the limited accumulation of probes at targeted disease
regions always causes unsatisfactory diagnostic and therapeutic
outcomes.21−27 To address this issue, a high dose of
theranostic agents was usually administered28 or utilizing
bionanomaterials with long blood circulation, low renal
clearance, and capillary leakage to improve their enrichment
at the disease site,29−32 which inevitably causes severe side
effect to the body. Recently, stimuli-mediated self-assembly
approaches have been reported to maximize the accumulation
and retention of theranostic agents within tumors for
improving the tumor diagnostic and therapeutic efficacy.33−38

Many tumor microenvironment (TME)-responsive molecules
that can be induced by certain stimuli such as cancer-

associated enzymes,39,40 acidic pH,41 redox,42 hypoxia,43

etc.44−49 to locally form aggregates or nanoparticles within
tumors resulting in enhanced imaging signals and therapeutic
efficacy were developed.50−53 Despite the evident improve-
ment achieved, the complicated biological environment may
unavoidably pose unwanted particle aggregation and significant
entrapment by the reticuloendothelial system (RES) leading to
unsatisfactory theranostic outcomes.54,55

Light as a promising and controllable external stimulus has
been widely applied in various biomedical applications due to
its simplicity, low-cost, spatiotemporal addressability, and
minimal invasiveness.56 For example, the photo-cross-linking
technique as an effective tool for covalent attachment of
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molecules onto their targets has been well-established for
studying the intermolecular interaction of drug-targets,57−59

protein−protein,60 protein−DNA,61,62 etc.63 Unfortunately,
the broad biological applications of this photo-cross-linking
approach in living systems were impeded by the limited tissue
penetration and potential phototoxicity of ultraviolet (UV)
light.64 Madder and co-workers65 have recently developed a
versatile red light-controlled cross-linking chemistry based on
furan for studying a large variety of biomolecular interactions
with spatiotemporal resolution, including DNA−DNA66,67 and
protein−RNA.68,69 However, in vivo application of this cross-
linking strategy has not been exploited yet. Ribonucleic acid
(RNA) as a central conduit plays a pervasive and important
role in cell information transmission and gene regulation.70 A
large number of studies have demonstrated that the
modification of RNA structure can induce abnormal expression
of downstream proteins leading to obvious cell apoptosis,
which could potentially be used to treat cancer and other
diseases.71−75 Inspired by this, it is highly significant to employ
this red light-mediated cross-linking approach to spatiotempor-
ally manipulate the anchoring of theranostic agents onto RNAs
in cancer cells for prolonged imaging and effective tumor
therapy.
Herein, we for the first time report a novel red light-initiated

probe-RNA cross-linking (RLIPRC) strategy for enhanced
tumor imaging and effective tumor suppression. As depicted in
Scheme 1, we rationally designed and synthesized a small
molecule NIR probe f-CR that consists of a NIR dye (Cy7) as
a signal reporter, a cRGD peptide that can specifically bind to
αvβ3 integrin, a well-known tumor biomarker, for tumor
targeting, and a 1O2-labile furan module for RNA cross-linking.
Once probes f-CR were selectively internalized into cancer
cells through the specific binding of cRGD to αvβ3 integrin,
they could spontaneously and covalently cross-link to the
cytoplasmic RNAs via the cycloaddition reaction between
furan and adenine, cytosine or guanine nucleobases under the
oxidation of 1O2 produced on-demand upon the 660 nm light-
illumination of photosensitizer methylene blue (MB). Both in
vitro and in vivo studies demonstrated that this RLIPRC
strategy could efficiently block the exocytosis of probes
resulting in improved tumor accumulation and retention.
Moreover, it was surprisingly found that the modification of
cytoplasmic RNAs by f-CR could remarkably induce the
apoptosis of cancer cells leading to the effective suppression of
4T1 breast tumor. Hence, these unique features make the
probes very advantageous for long-term tumor imaging and

antitumor growth and provide new insight for tumor
theranostics.

■ RESULTS AND DISCUSSION

The probes were rationally designed and synthesized through
the synthetic route shown in Scheme S1 in Supporting
Information (SI) according to our previously reported
protocol.76 In brief, the Boc group on the side chain of
Fmoc-Lys (Boc)-COOH was first removed by trifluoroacetic
acid (TFA) followed by acylation with N-hydroxysuccinimide
(NHS)-activated 3-(2-furyl) propanoic acid to afford com-
pound 1. Next, the carboxyl group of compound 1 was
activated by 1-(3-(dimethylamino)propyl)-3-ethylcarbodii-
mide hydrochloride (EDC·HCl) and NHS, and then reacted
with amine-functionalized cRGD through the amidation
reaction to yield compound 2. Subsequent Fmoc deprotection
yielded the corresponding amine 3 which was further reacted
with cyanine 7 NHS ester (Cy7-NHS) to afford the desired
probe f-CR with a total yield of 21%. For the purpose of
comparison, a control probe CR without a furan unit was also
synthesized according to the same synthetic method
mentioned above (Figure 1a). CR is theoretically not reactive
to adenine, cytosine, or guanine nucleobases of RNA under the

Scheme 1. Red Light-Initiated Crosslinking of f-CR to Cytoplasmic RNAs for Prolonged Imaging and Suppression of Tumors

Figure 1. Chemical characterization of probes. (a) The chemical
structure of probe CR and f-CR. (b) Absorption and fluorescence
spectra of f-CR (10 μM) in water. (c) TEM characteristic and size
distribution of f-CR (scale bar = 20 nm).
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oxidation of 1O2. All compounds were eventually purified by
preparative high-performance liquid chromatography (HPLC)
and characterized by high resolution mass spectrometry (HR-
MS; Figure S1−S5).
The optical property of probes in aqueous solution was first

characterized. As shown in Figures 1b and S6a, both f-CR and
CR show substantially uniform absorption and emission
profiles with the same maximal peaks at 747 and 778 nm,
respectively, which is attributed to Cy7 dye, indicating that the
probes have good potential for NIR fluorescence and PA
imaging (Figure S6c). Additionally, the amphiphilic probe f-
CR could self-assemble into small nanoparticles spontaneously
in aqueous buffer due to the hydrophobic furan and
hydrophilic units (such as cRGD and Cy7). The average size
of the resulting nanoparticles was 7.2 ± 0.9 nm, as shown in
Figure 1c, according to transmission electron microscopy
(TEM) measurement, while the hydrodynamic size deter-
mined by dynamic light scattering (DLS) was 8.0 ± 0.9 nm
(Figure S7). The formation of the f-CR particles was further
verified through absorption measurement. The absorption
spectra of f-CR in DMSO with different volume fractions of
PBS buffer were recorded. With the increasing fractions of
PBS, the maximum absorbance of f-CR gradually blue-shifted
from 795 to 750 nm, but the intensity remained unchanged
when PBS fraction was increased to 90% (Figure S8),
indicating that the solvent polarity has a strong impact on
the solubility of f-CR and PBS buffer can induce f-CR to form
H-type aggregates via an intermolecular π−π stacking
interaction.77 However, no obvious self-assembly was observed
from TEM images of control probe CR, which may be due to
its good water solubility (Figure S9). The chemical stability of
probe f-CR in serum solution was studied by monitoring their

absorption spectra and hydrodynamic size over time. The
results shown in Figure S10 indicate that probe f-CR has great
chemical stability in serum aqueous solution.
To evaluate the red light-initiated cross-linking capability of

probes toward RNA in aqueous solution, a model single-
stranded small RNA was synthesized (Table S1), and a
clinically used drug MB was chosen as a photosensitizer to
provide 1O2 under laser irradiation. The mixture of probe f-CR
and RNA was irradiated by 660 nm laser light in the presence
of MB (10 μM) for 2 min as experimental group, while probe
CR with RNA and MB upon 660 nm illumination, f-CR with
RNA and MB without irradiation were set as control groups.
After 3 min incubation, all the assays were directly analyzed by
nondenaturing agarose gel electrophoresis, and visualized by
EB staining (Ex = 510 nm) and in-gel fluorescence scanning
(Ex = 632 nm). As shown in Figure 2b, strong fluorescent
signals were solely determined from RNA band in the
experimental assay, whereas almost no fluorescent band was
observed from other control groups, implying that the
synthetic RNA can be efficiently labeled by f-CR through the
red light-initiated cross-linking reaction, which was further
confirmed by mass spectrometry analysis (Figure S11).
Moreover, the cross-linking efficiency of f-CR to RNA was
demonstrated to be 1O2-dependent, and it can be well
controlled by adjusting the concentration of MB (1 μM, 5
μM, and 10 μM) used in the assays (Figure S12). Collectively,
all above evidence firmly demonstrate that the 1O2-mediated
cross-linking reaction between furan and the NH2 group of
adenine, cytosine, or guanine in RNA took place upon 660 nm
laser irradiation.
To investigate the targeting ability of probes to cancer cells,

mouse breast carcinoma 4T1 cell was chosen as αvβ3 integrin

Figure 2. Evaluation of red light-initiated cross-linking capability of probes toward RNA in vitro. (a) The possible mechanism of 660 nm light-
initiated cross-linking of f-CR to RNA. (b) RNA agarose gel electrophoresis images of different assays under the excitation of 546 nm (EB) and 632
nm (Cy7), respectively. [f-CR] = [CR] = [MB] = 10 μM, [RNA] = 20 μM, 660 nm laser: 50 mW/cm2, 2 min. (c) CLSM images of 4T1 cells
receiving different combination treatments and stained by SYTO RNASelect Green (scale bar = 10 μm). [f-CR] = [CR] = 5 μM, [MB] = 0.1 μM,
660 nm laser: 50 mW/cm2, 3 min. (d) Co-localization coefficient quantification of different groups of 4T1 cells. (e) Normalized fluorescence
intensity of the extracted cellular RNAs for previous different groups of cells. (f) RNA agarose gel electrophoresis images of different groups of
extracted cellular RNAs under the excitation of 546 nm (EB) and 632 nm (Cy7), respectively. The statistical significance level is ***p < 0.001.
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overexpressed cancer cells, while fibroblast cell line 3T3
expressing a low level of αvβ3 integrin was taken as a negative
control. The same amount of probe f-CR was first incubated
with 4T1 and 3T3 cells, respectively, for 3 h followed by
confocal laser scanning microscopy (CLSM) imaging. As
shown in Figure S13a,b, 4T1 cells exhibited almost 3.1-fold
higher red fluorescence than 3T3 cells, implying that f-CR has
great specificity and targeting capability to αvβ3 integrin
overexpressed cancer cells. Additionally, the same amount of f-
CR and CR was treated to 4T1 cells, respectively, at 37 °C for
different time (3, 6, 12, and 24 h) incubation, and then their
cellular uptake was evaluated by measuring the fluorescent
signals of the cellular lysates. The results given in Figure S14
show that intensive fluorescence was observed from both
groups of cells, and the fluorescence intensities were gradually
strengthened with the increase of incubation times, indicating
that probe f-CR and CR have similar uptake in 4T1 cells. Next,
we studied the phototoxicity of photosensitizer MB to 4T1
cells. Different concentrations of MB ranging from 0.05 to 100
μM were incubated with 4T1 cells for 6 h followed by 660 nm
laser irradiation (50 mW/cm2, 3 min). The cell viability was
measured by the methyl thiazolyl tetrazolium (MTT) assay.
The results in Figure S15 show that the phototoxicity of MB to
4T1 cells increases dramatically along with increased
concentrations of MB treated. The cell survival rate was
higher than 98% when MB concentration was below 0.1 μM,
suggesting that 0.1 μM of MB used is safe for living cells. To
assess the 1O2 production efficiency of MB under 660 nm light
irradiation, we then carried out the dihydroethidium (DHE)
staining assay to quantify the intracellular 1O2 level. As
expected, the production of 1O2 gradually increased as the
concentration of MB increases (Figure S16).
To further validate the RLIPRC capability of probe f-CR to

RNAs in living cells, 4T1 cells were incubated with f-CR (10
μM) and MB (0.1 μM) at 37 °C for 6 h followed by 660 nm
laser irradiation (denoted as f-CR+MB+660 nm) as the
experimental group, while the cells treated with f-CR and MB
without laser irradiation (denoted as f-CR+MB), the cells
treated with CR and MB followed by 660 nm laser irradiation
(denoted as CR+MB+660 nm), and the cells receiving CR and
MB without laser irradiation (denoted as CR+MB) were set as
control groups. As shown in Figure 2c, the strongest red
fluorescence was determined in the cells receiving f-CR+MB
+660 nm. However, only weak fluorescence was recorded for
the other three control groups of cells, implying that probe f-
CR has improved cellular uptake under the irradiation of 660
nm laser light. Besides, all four groups of 4T1 cells were
simultaneously treated to SYTO RNASelect green, a
commercial RNA stain, followed by CLSM. In comparison
to three control groups, the f-CR+MB+660 nm group clearly
showed great overlap between f-CR (red color) and RNA stain
(green color). By quantitatively analyzing the overlapping
degree of cell images, it was found that the colocalization
percentage was 63.4% and 18.9% for f-CR+MB+660 nm and f-
CR+MB, respectively, whereas groups CR+MB+660 nm and
CR+MB were only 10.1% and 3.6% (Figure 2d), which should
be mainly attributed to the RLIPRC effect of probes f-CR that
were immobilized onto the intracellular RNAs. Next, to
investigate the cellular location of probe f-CR, the cells
receiving f-CR+MB+660 nm were treated to lyso-tracker
green, mito-tracker green, and ER-tracker blue, respectively.
Since endoplasmic reticulum (ER) is the main organelle for
RNA translation and protein synthesis,78 it was found that the

red fluorescence from f-CR have the best colocalization with
ER tracker (blue color) compared to other two trackers
(Figure S17), suggesting that f-CR mainly locates at
endoplasmic reticulum in cells. The correlation between
colocalization of f-CR with RNAs and the amount of MB
was further investigated. Figure S18 shows the colocalization
degree of f-CR with intracellular RNAs increases gradually with
the increasing amount of MB used. To confirm the specificity
of probe f-CR to intracellular RNAs, the aforementioned four
groups of 4T1 cells with different combination treatments were
treated to RNA total extraction kit TRNzol-A+ separately, and
the RNAs in the whole cells were extracted and collected
according to the traditional method shown in Scheme S2a. As
illustrated in Figure 2e, the RNA fraction of the cells with f-CR
+MB+660 nm apparently showed the highest fluorescence
than the ones from the other three control groups of cells.
Moreover, the RNAs in the cytoplasm and nucleus were
extracted by using cytoplasm and nucleus purification kits
(Scheme S2b), respectively, and separated by RNA non-
denaturing agarose gel electrophoresis followed by in-gel
fluorescence scanning as well as ethidium bromide (EB)
staining. As expected, intensive fluorescent bands were
observed for the cytoplasmic RNAs from the f-CR+MB+660
nm group (Figures 2f and S19). However, almost no
fluorescence was determined for the RNA fraction of the
nucleus and the samples from other groups (Figure S20),
firmly demonstrating that probes of f-CR are mainly reacted to
cytoplasmic RNAs rather than the ones in the nucleus. The
total proteins of the cells in each groups were also isolated by
using RIPA lysis buffer under the same condition, and
separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) followed by fluorescence scan-
ning. No fluorescence was observed for all of the samples
(Figure S21), indicative of no reactivity between f-CR and
intracellular proteins. Collectively, all of the above evidence
strongly demonstrates that red light in the presence of
photosensitizers can spatiotemporally induce the cross-linking
of f-CR to cytoplasmic RNAs in living cells.
To further evaluate the characteristics of f-CR with

enhanced cellular uptake and prolonged residence in cancer
cells, four groups of 4T1 cells were pretreated to MB (0.1 μM)
and then incubated with f-CR or control probe CR (5 μM) for
6 h at 37 °C followed by 660 nm laser irradiation (50 mW/
cm2, 3 min). CLSM images shown in Figure 3a indicate that
fluorescence intensities of four groups of cells were nearly
identical at the initial stage. By contrast, the fluorescence of the
cells receiving CR+MB, CR+MB+660 nm, and f-CR+MB
decayed rapidly over time, whereas the cells with f-CR+MB
+660 nm kept strong fluorescence even for 48 h (Figure 3a),
which was further confirmed by the quantitative results shown
in Figure 3b. The cells with f-CR+MB+660 nm remained ca.
51% of the initial fluorescent signals after 48 h of incubation. In
a sharp contrast, below 4% of the initial signal was preserved
for the other three control groups of cells. This could probably
be due to the red light-initiated cross-linking of probe f-CR to
cytoplasmic RNAs resulting in improved uptake and prolonged
residence time in cancer cells.
Inspired by the above exciting results, the RLIPRC effect of

f-CR was further assessed in vivo. The generation of 1O2 by
irradiation of MB with 660 nm laser light was first validated. In
brief, MB (50 μL, 0.1 μM) was intratumorally injected into the
subcutaneous 4T1 tumor-bearing BALB/c mice. The tumors
were exposed to 660 nm laser (50 mW/cm2) for 3 min at 1.5 h
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postinjection and then resected for 1O2 detection by DHE
staining. As shown in Figure S22, strong fluorescence was
determined only from the tumorous tissues with the treatment
of MB and 660 nm irradiation, indicative of a high-level
production of 1O2. Next, four groups of MB pretreated
subcutaneous 4T1 tumor-bearing BALB/c nude mice (n = 3)
were intravenously injected with probe f-CR or CR at a dosage
of 100 μM and 200 μL via tail vein. At 1 h postinjection, the
tumorous areas were exposed to 660 nm laser for 3 min
followed by NIR imaging using IVIS spectrum (Figure 3c).
Time-dependent fluorescent images of various tumors treated
with f-CR versus control groups are shown in Figures 3d and
S23. All groups of tumors exhibited almost identical and high
fluorescence at the initial 1 h. As time elapses, the fluorescent
signals in all groups of tumors gradually decayed. By contrast,
the fluorescence of the control tumors treated with CR+MB,
CR+MB+660 nm, and f-CR+MB decreased sharply due to the
quick clearance from tumors. However, the fluorescence of
tumors receiving f-CR+MB+660 nm was obviously higher than
that of the control groups at each recorded time (3, 6, 12, and
24 h), which is consistent with aforementioned cell imaging
results shown in Figure 3a. The quantitative analysis further
indicated that the tumors receiving f-CR+MB+660 nm at 24 h
still retained 26% fluorescent signals of that at 1 h, while the

fluorescence intensities of the other three control groups was
less than 1% (Figure 3e).
Similarly, the in vivo photoacoustic (PA) imaging in Figure

4a shows that the PA intensities of all groups of tumors were

nearly identical at 1 h. In comparison with three control
groups, the tumors receiving f-CR+MB+660 nm obviously
maintained strong PA signal for 24 h. The quantitative analysis
of average PA signals in the tumor regions indicated that the
tumors with f-CR+MB+660 nm were 50-fold higher than that
of the other three groups at 24 h (Figure 4b), suggesting that
1O2-initiated cross-linking of probe f-CR to cytoplasmic RNAs
occurred under illumination of 660 nm light. Fluorescent signal
of the resected tumor tissues at 12 h postinjection was further
determined ex vivo. Figure 4c shows the tumor tissues of mice
receiving f-CR+MB+660 nm exhibited obviously the strongest
fluorescence among all groups, which is quite consistent with
the aforementioned in vivo NIR images. Additionally, an ex
vivo biodistribution study indicated that the experimental
group of tumors presented around 6-folds higher fluorescence
than the other control groups even after 12 h (Figure 4d).
Collectively, these results strongly demonstrate that this
RLIPRC approach can significantly improve the accumulation
and retention of probe f-CR in tumors for long-term tumor
imaging.
Next, the cytotoxicity of the probes was also assessed by the

widely used MTT assay and blood routine analysis. As shown
in Figure 5a and 5b, both probe f-CR and CR showed
negligible cytotoxicity to 4T1 cells in a concentration range of
0.1 to 100 μM as the overall cell viability remained above 85%
after 48 h incubation. The blood routine biochemical results
indicate that no significant difference for all parameters (WBC,
RBC, HGB, HCT, MCV, and PLT) associated with acute
toxicity was observed (Figure S24), suggesting probe f-CR has
good biocompatibility. However, if the above two groups of
4T1 cells were treated with MB (0.1 μM) and the same dose of
660 nm laser irradiation (50 mW/cm2, 3 min), followed by

Figure 3. CLSM imaging of 4T1 cells and 4T1 tumor-bearing nude
mice. (a) Real-time CLSM images of 4T1 cells with different
combination treatments over 48 h. Nuclei were stained with Hoechst
33342 (scale bar = 20 μm). [f-CR] = [CR] = 5 μM; [MB] = 0.1 μM;
660 nm laser: 50 mW/cm2, 3 min. (b) Quantification of fluorescence
intensity of 4T1 cells with different treatments over 48 h. (c)
Schematic illustration of in vivo PA/NIR dual-modal imaging of 4T1
tumors with different treatments. (d) In vivo real-time fluorescent
images of subcutaneous 4T1 tumor-bearing Balb/c female mice with
different combination treatments over 24 h. (e) Quantification of
fluorescence intensities of tumors with different treatments for 24 h.
The statistical significance level is ***p < 0.001. [f-CR] = [CR] = 100
μM, 200 μL; [MB] = 0.1 μM, 50 μL; 660 nm laser: 50 mW/cm2, 3
min.

Figure 4. In vivo photoacoustic (PA) imaging of 4T1 tumors and the
biodistribution of probes in mice. (a) In vivo PA imaging and (b)
quantitative PA intensities of 4T1 tumors with different treatments at
different time points. (c) Fluorescent imaging of the tumor tissues
receiving different treatments and stained by DAPI (scale bar = 100
μm). (d) The biodistribution of probes in four groups of mice. [f-CR]
= [CR] = 100 μM, 200 μL; [MB] = 0.1 μM, 50 μL; 660 nm laser: 50
mW/cm2, 3 min. The statistical significance level is ***p < 0.001.
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MTT characterization, a remarkable cell death was surprisingly
observed only for the cells receiving f-CR above 10 μM. In
contrast, no evident cytotoxicity was determined for the cells
with CR even in a concentration of 100 μM. The cytotoxic
effect of probe f-CR on 4T1 cells was further characterized
through live/dead staining. The results given in Figure 5c
showed that the cells were effectively killed on subjection to f-
CR+MB+660 nm accompanied by obvious morphological
change, otherwise no evident cell death was observed for the
other three control groups of cells (Figure S25). The apoptotic
rate was also examined by using flow cytometry. As expected,
the apoptotic level of the cells with f-CR+MB+660 nm was up
to 84%, while the other three control groups of cells were less
than 1.7% (Figure S26). We envisioned that the cross-linking
of f-CR to cytoplasmic RNAs could affect the cell proliferation
leading to severe cell apoptosis.
To validate our above hypothesis, we employed a

commercially available GFP-mRNA as a model RNA to
study the effect of probe f-CR on GFP expression in living
cells. The GFP-mRNA was separately treated with PBS alone
(denoted as the control), a mixture of probe CR and MB
(denoted as CR+MB), a mixture of CR and MB followed by
660 nm irradiation (denoted as CR+MB+660 nm), a mixture
of probe f-CR and MB (denoted as f-CR+MB), and a mixture
of probe f-CR and MB followed by 660 nm irradiation
(denoted as f-CR+MB+660 nm). These pretreated GFP-
mRNAs were then transfected into different groups of 4T1
cells using a Hieff Trans liposomal transfection reagent. The
cells were cultured for an additional 24 h and subsequently
analyzed by confocal microscopy and flow cytometry to assess
the expression efficiency of GFP. As shown in Figure 5d,e, as

compared with the other four control groups of cells, the cells
with f-CR+MB+660 nm showed remarkably lower green
fluorescence, indicative of low GFP expression. Hence, we
speculate that the biological function of the cytoplasmic RNAs
that were modified by probe f-CR may be interfered, which
causes the abnormal protein expression resulting in severe cell
apoptosis (Figure 5f).
In light of these exciting results, the in vivo tumor

suppression performance of probe f-CR was further validated.
As shown in Scheme S3, BALB/c mice bearing two 4T1
tumors (∼90 mm3) on both the left and right back were
randomly divided into three groups (n = 5), and were
intratumorally administrated with 50 μL of aqueous solution of
MB (0.1 μM) first. At 0.5 h postinjection, the tumors in each
group of mice were subjected to different combinations of
treatments in which tumor receiving PBS (denoted as control,
group 1), tumor receiving PBS followed by 660 nm irradiation
(denoted as control+660 nm, group 2), tumor receiving CR
and MB (denoted as CR+MB, group 3), tumor receiving CR
and MB followed by 660 nm irradiation (denoted as CR+MB
+660 nm, group 4), and tumor receiving f-CR and MB
(denoted as f-CR+MB, group 5) were set as control groups, for
showing the tumor suppression efficacy of the experimental
group f-CR plus MB and 660 nm irradiation (denoted as f-CR
+MB+660 nm, group 6). The tumor suppression was evaluated
by monitoring the average tumor size of different groups over a
period of 13 days. The tumors grew rapidly in a similar way for
control groups 1 to 5 with a rather weak inhibition of tumor
growth (Figures 6a,b and S27). In huge contrast, the tumors
receiving f-CR+MB+660 nm were significantly reduced in size
with around 70% tumor suppression on day 13. The tumor

Figure 5. In vitro and in vivo evaluation of the cytotoxic effect of probes to 4T1 cancer cells. (a) Cell viability of 4T1 cells pretreated MB (0.1 μM)
and receiving f-CR or CR without (a) and with (b) 660 nm laser light irradiation. (c) Fluorescent images of different groups of 4T1 cells with
staining of live (green)/dead (red) kit (scale bar = 10 and 100 μm). [f-CR] = [CR] = 30 μM; [MB] = 0.1 μM; 660 nm laser: 50 mW/cm2, 3 min,
scale bar = 100 μm. (d) Confocal images of the GFP expression for different groups of 4T1 cells (scale bar = 100 μm). (e) Flow cytometry results
of the aforementioned groups of cells. (f) The possible mechanism of the RLIPRC-based cancer cell suppression.
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volume and body weight of each mouse in the control groups
were 2-fold bigger than the ones in the experimental group
(Figures 6c and S28). Moreover, the tumorous tissues were
extracted at 48 h postirradiation of 660 nm laser and subjected
to hematoxylin and eosin (H&E) staining. Qualitative
histological examination of the tumor slices showed that no
obvious malignant necrosis was observed for three control
groups of tumors, while the f-CR+MB+660 nm group clearly
had the highest necrotic rate among all test groups. The
TUNEL assay and immuno-histochemical staining of activated
caspase-3 were also performed for above tumorous tissues to
assess the extent of tumor apoptosis. Compared with three
control groups, significant DNA damage and a high level of
activated caspase-3 expression were determined from the
tumor tissues receiving f-CR+MB+660 nm (Figure 6d),
suggesting an effective suppression of tumor cell proliferation.
Collectively, all of this evidence firmly demonstrates that the
unexpected therapeutic effect endowed by red light-initiated
cross-linking of probe f-CR to cytoplasmic RNA makes it
promising for efficient cancer therapy.

■ CONCLUSION
In summary, a red light-initiated site-specific cross-linking
strategy was for the first time exploited here to robustly
enhance the tumor imaging and achieve unexpected tumor
suppression. Both in vitro and in vivo studies have
demonstrated that probe f-CR has great tumor targeting
capability and emits intensive NIR/PA dual-modal signals,
allowing for specific and sensitive visualization of tumors in
vivo. Notably, this probe could be specifically cross-linked to
cytoplasmic RNAs under the oxidation of 1O2 generated in situ
by irradiation of MB with 660 nm laser, which can dramatically
improve the accumulation and retention of probes in tumors
for prolonged tumor imaging. More surprisingly, the covalent
cross-linking of probe f-CR to cytoplasmic RNAs was

demonstrated to remarkably induce cell apoptosis leading to
significant tumor suppression. This study represents the first
red light-mediated RNA cross-linking system with high
potential for cancer imaging and therapy. Therefore, we
envision that the current approach may offer an attractive tool
for long-term cancer imaging and highly efficient tumor
therapy.

■ EXPERIMENTAL SECTION
General Information. The peptide cRGD and amino acid Boc-

Lys(Fmoc)−OH were purchased from GL Biochem (Shanghai,
China). Single-stranded small RNA and GFP-mRNA was synthesized
by GenePharma (Suzhou, China) as requested. Cy7-SE was
purchased from Click Chemistry Tools (Scottsdale, AZ). 3-(2-
Furyl) propanoic acid, methylene blue, TRNzol-A+ reagent, and MTT
kit were purchased from Sigma-Aldrich (St. Louis, MO). SYTO
RNASelect green fluorescent cell stain and LIVE/DEAD viability/
cytotoxicity kit were purchased from Thermo Fisher (Eugene, OR).
The cytoplasmic and Nuclear RNA Purification Kit was purchased
from NORGEN Biotek (ON, Canada). Annexin V-FITC/PI Kit was
bought from Beyotime (Shanghai, China). Caspase-3 antibody was
purchased from Cell Signaling (Danvers, MA). All Western blot
reagents were purchased from Beyotime (Shanghai, China). All
chemical reagents used in the synthesis of the probes were obtained
from Sigma-Aldrich (St. Louis, MO) and used without any further
purification. Milli-Q water with a resistivity above 18 MΩ cm was
used in the experiments.

HPLC profiles were acquired by using 1260 high performance
liquid chromatography (Agilent). HR-MS was obtained on a 6230
time-offlight mass spectrometer and a 6540 UHD accurate-mass
quadrupole time-of-flight mass spectrometer (Agilent). UV−vis
absorption spectra were measured on PerkinElmer LAMBDA 750.
The fluorescence spectra were measured on an Edinburgh FLS980
spectrophotometer. Dynamic light scattering (DLS) measurements
were performed on a particle size analyzer (Nano ZS90, Malvern) at
25 °C. TEM images were acquired by electron microscope (Tecnai
G2 Spirit, FEI) spectrophotometer. Gel electrophoresis was
conducted through BIO-RAD 1645050 and images were obtained
by Gel Doc EZ Imager (BIO-RAD). The in vivo fluorescence images
were acquired using an IVIS spectrum imaging system (PerkinElmer).
The confocal images were captured on a fluorescence microscope
(FV1200, Olympus). PA imaging was obtained through a multi-
spectral optoacoustic tomography (MSOT).

Preparation and Characterization of Probe f-CR in Aqueous
Solution. A total of 1 mg of f-CR dissolved in 1 mL of DMSO was
dispersed into distilled water under ultrasoniccation followed by
dialysis for 24 h to remove DMSO. The hydrodynamic diameter was
measured on Zetasizer ZS90 (Malvern, UK). The morphology was
characterized by TEM measurement (Tecnai G20).

Absorption and Fluorescence Spectra Measurements. The
absorption and fluorescence spectra of f-CR and CR (10 μM) were
recorded by UV−vis and fluorescence spectrophotometers, respec-
tively.

In Vitro Study of Red Light-Initiated Cross-Linking of
Probes to RNA. f-CR and CR (10 μM, 10 μL) were first mixed with
10 μL of methylene blue (10 μM), respectively, and then incubated
with 5 μL of RNA (10 μM) for 0.5 h at 4 °C. Subsequently, the
mixtures were exposed to 660 nm laser light irradiation (50 mW/m2)
for 2 min with 1000 rpm shaking at 4 °C. The control assays were
treated with the same condition except for light irradiation. All the
solutions were loaded onto analytical nondenaturing agarose gel
electrophoresis and ran in 1× MOPS buffer at 200 V for 40 min.
Finally, the gels were dried and the data was recorded on a UVP
BioSpectrum Imaging System and IVIS spectrum.

Cellular Uptake. 4T1 cells were seeded in the six-well plates (7 ×
105 cell/well) and incubated in RPMI 1640 containing 10% FBS for
12 h. Then, 100 μM f-CR and CR were added into the wells,
respectively. After 3, 6, 12, and 24 h incubation, the cells were washed
with PBS for three times and then incubated with trypsin (0.5 mL/

Figure 6. In vivo evaluation of the tumor suppression. (a) Tumor
growth profiles of the mice treated to PBS (control), CR or f-CR in
the presence of MB (0.1 μM, 50 μL) with or without 660 nm light
irradiation (50 mW/cm2, 3 min), the mice photos at day 13 (b), and
tumor photos (c). (e) Tunnel staining, H&E and caspase 3 staining
images of tumorous tissues treated with CR or f-CR (500 μM, 200
μL) in the presence MB (0.1 μM, 50 mL) with or without 660 nm
light irradiation (50 mW/cm2, 3 min; scale bar = 50 μm). The
statistical significance level is **p < 0.01.
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well) for 3 min followed by cell counting. The collected cells were
lysed under ultrasonication and put in a −80 °C refrigerator for 12 h.
After lyophilizing, the cells were dissolved into DMSO and
centrifugated. The supernatant was used for fluorescence spectropho-
tometer analysis.
Intracellular Distribution. 4T1 cells (2 × 105 cells/well) were

seeded in a glass dish for 12 h. CLSM was then employed to study the
intracellular distribution of f-CR and CR. Briefly, the cells were first
treated with MB (0.1 μM) and then incubated with f-CR or CR at a
dose of 5 μM. After 6 h of incubation at 37 °C, the cells were washed
by PBS buffer for three times. Afterward, the cells were treated with or
without 660 nm irradiation (50 mW/cm2) for 3 min followed by
Hoechst 33342 (500 μL, 10 μg/mL) or SYTO RNaselect Green (500
μL, 500 nM) staining for 15 min at 37 °C. CLSM was finally carried
out to visualize the intracellular distribution of f-CR and CR.
Extraction of Intracellular RNAs from the Whole Cells. MB-

pretreated 4T1 cells were incubated with f-CR or CR (5 μM) for 6 h
at 37 °C. After changing to the fresh medium, the cells were irradiated
by 660 nm laser (50 mW/cm2) for 3 min and then treated to Trizol
kit or cytoplasmic and nuclear RNA purification kit to extract the
cytoplasimic RNAs and RNAs in nucleu. The RNA fractions were
eventually ran RNA gel electrophoresis.
Assessment of 1O2 Generation Using Dihydroethidium

(DHE) Staining. 4T1 cells (2 × 106 cells/well) were seeded into
the 12-well plates and grew in RPMI 1640 containing 10% FBS.
Different concentrations of MB (50 μL, 0.01, 0.05, and 0.1 μM) was
added into the wells, and incubated for 6 h at 37 °C. The cells were
then washed using PBS for three times, and further treated to 660 nm
irradiation (50 mW/cm2) for 3 min. Afterward, the cells were
incubated with DHE (10 μM) for 5 min at 37 °C, and washed by PBS
for three times. The cells were finally visualized by fluorescence
microscope to assess the amount of 1O2 generated.
Intracellular Retention Study of Probes. 4T1 cells (2 × 106

cells/well) were cultured in glass dishes for 12 h and then treated with
MB (0.1 μM) first. Probe f-CR or CR at a dose of 5 μM were added
into the cells and incubated for 6 h at 37 °C. After PBS washing, the
cells were subsequently exposed to 660 nm irradiation (50 mW/cm2)
for 3 min or not. Real-time imaging of the cells was eventually
performed by CLSM at 3, 6, 12, 24, and 48 h.
In Vitro Photocytotoxicity Study. 4T1 cells (1.0 × 104 cells/

well) were seeded in 96-well plates and cultured in 1640 rpmI
medium containing 10% FBS for 12 h at 37 °C. Different
concentrations of MB (0, 0.05, 0.1, 1, 10, 20, 50, and 100 μM)
were then added into the cells followed by 660 nm irradiation (50
mW/cm2) for 3 min. After 24 h of growing, the cell viability was
evaluated using MTT assay. To evaluate the cytotoxicity of f-CR and
CR on 4T1 cells, MB (0.1 μM) pretreated 4T1 cells were incubated
with different concentrations (0.05, 0.1, 1, 10, 20, 50, and 100 μM) of
f-CR or CR. After 12 h incubation at 37 °C, the cells were exposed to
660 nm laser irradiation (50 mW/cm2) for 3 min and then cultured
for a further 48 h. The cell viability was evaluated using MTT assay.
In Vitro Cytotoxicity Study. Probe f-CR or CR (30 μM) was

incubated with MB-pretreated 4T1 cells for 12 h at 37 °C. After
changing to fresh medium, the cells were irradiated by 660 nm laser
(50 mW/cm2) for 3 min. After incubation for further 48 h, the cell
morphology and live/dead cells were visualized by fluorescence
microscope using a live−dead kit. The cell apoptosis was also
analyzed by flow cytometry using Annexin V-FITC/PI kit.
Evaluation of RISCL Effect on GFP Expression. f-CR or CR

(10 μM) was mixed with GFP-mRNA (2 μM) and MB (10 μM) at 4
°C. The mixture was then treated with or without 660 nm irradiation
(50 mW/m2) accompanied by shaking at 4 °C. The reaction mixture
was subsequently transfected into 4T1 cells using Hieff TransTM
liposomal transfection reagent and cultured for 24 h. The GFP
expression was analyzed by confocal microscopy and flow cytometry.
In Vivo NIR Imaging of 4T1 Tumors. 4T1 cells (2 × 106/mice)

were implanted into the right side back of female balb/c mice. When
the tumors reached to 80−100 mm3, MB (50 μL, 0.1 μM) was
intratumorally injected into the mice. After 30 min, probes f-CR and
CR (200 μL, 100 μM) were intravenously injected into two groups of

4T1 tumor-bearing mice via tail vain, respectively. At 1 h
postinjection, the tumors were exposed to 660 nm laser light (50
mW/cm2) for 3 min. The mice were then imaged by IVIS at several
time points (1, 3, 6, 12, and 24 h). The tumors at 2 h were extracted
and frozen at −80 °C and sliced into 10 mm thick slices using freezing
microtome for CLSM. The mice were sacrificed after 12 h. The tissues
of major organs including heart, liver, spleen, lung, kidney, and tumor
were collected and homogenated in tube. Next, 2 mL of DMSO was
added into the tube, and the solutions were centrifuged at 10 000 rpm
for 15 min. The supernatant was lyophilized and further dissolved in
0.3 mL of DMSO solvent. Afterward, all samples were measured by
fluorescence spectrophotometer.

In Vivo Photoacoustic Imaging of 4T1 Tumors. When tumors
reached 80−100 mm3, MB was first intratumorally injected into
bearing 4T1 tumor mice. After 30 min, probe f-CR and CR (200 μL,
100 μM) were intravenously injected into the 4T1 tumor-bearing
mice via tail vain. At 1 h postinjection, the tumors were exposed to
660 nm laser light (50 mW/cm2) for 3 min. The tumors were then
imaged by MSOT (multispectral optoacoustic tomography).

In Vivo Evaluation of 1O2 Production Using DHE Staining.
MB (50 μL, 0.1 μM) was in intratumorally injected into 4T1 tumor-
bearing mice. After 1.5 h, the tumors were irradiated by a 660 nm
laser (50 mW/cm2) for 3 min followed by extraction and freezing in
−80 °C. The tumors were sliced into 10 mm thick slices by using
freezing microtome. The slices were finally imaged by a fluorescence
microscope.

In Vivo Antitumor Study. MB (0.1 μM, 50 μL) was first
intratumorally injected into the tumors in BALB/c mice bearing two
4T1 tumors (∼90 mm3) on both left and right back. After 30 min,
probe f-CR and CR (500 μM, 200 μL) were intravenously injected
into two groups of mice via the tail vain, respectively. At 1 h
postinjection, the right side of tumors was irradiated by 660 nm laser
(50 mW/cm2) for 3 min. The tumor size was then measured every
day, and the mice were sacrificed on the 13th day.
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