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Heptamethine cyanines (Cy7) are one of the most important dyes in bioimaging and phototherapy, but they
often suffer from poor photostability or limited photothermal conversion efficiency. Here, a facile molecular
engineering approach to regulating the photophysical properties of Cy7 by metal ions is demonstrated. By
innovatively modifying the nitrogen with functional groups, a novel terpyridine-grafted nitrogen-terminated
Cy7 scaffold (denoted as CydtPy) was synthesized and exhibited tunable photophysical properties when
chelating with various metal ions (Mn?*, Fe?*, etc.). In comparison with metal-ion-free PEGylated CydtPy
(LET-11), Mn?*-chelated LET-11 (namely, LET-11-Mn) exhibited the increased fluorescence emission
intensity, and Fe?*-chelated LET-11 (namely, LET-11-Fe) showed the enhanced photostability with ~2-fold
increase in photothermal conversion efficiency. By simply switching the chelated metal ion species,
LET-11-Mn or LET-11-Fe could be used for near-infrared fluorescence imaging, magnetic resonance imaging,
or photoacoustic imaging. Furthermore, LET-11-Fe displayed superior synergistic efficacy of photothermal
therapy and chemodynamic therapy both invitro and invivo. This work not only provides a new strategy
for regulating the photophysical properties of cyanine dyes but also establishes a versatile nanoplatform
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for cancer theranostics.

Introduction

The nanotheranostics that integrates diagnosis and treatment
allows for the imaging and treatment of cancer as well as real-
time monitoring of the treatment effect, which has become a
trend in precision medicine [1-3]. Compared with the more
or less deficiencies in sensitivity, spatial resolution, or penetra-
tion depth of a single imaging modality, multimodal imaging
strategies help to overcome these limitations and provide com-
plementary and accurate insights into tumor characteristics
[4-7]. However, because of the different imaging principles of
each imaging system, it is still a great challenge to achieve dual
or more modalities imaging based on a single molecular probe
[8-10]. In addition, research has demonstrated that monother-
apy lacks sufficient potential to completely eliminate tumors
and inhibit tumor cell metastasis [11,12]. To date, the explosive
growth of synergistic therapeutic strategies has demonstrated
“l+4 1> 2” therapeutic effects [13-15]. Among them, the inte-
grated photothermal therapy (PTT) and chemodynamic therapy
(CDT) strategy has recently emerged as a well-liked alternative
for antitumor therapy [16]. Kinetic studies elucidate that in-
creasing temperature can validly accelerate the metal-ion-mediated
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Fenton/Fenton-like reaction and improve the generation rate
of hydroxyl radical (¢OH) for a better CDT efficacy [17]. In-
terestingly, «OH produced by CDT fully complies with the re-
quirement of heat shock protein activity inhibition, thereby
enhancing the PTT efficacy [18,19]. Therefore, PTT/CDT is a
clearly promising synergistic bimodal therapeutic candidate
due to the complementarity of PTT and CDT, rather than a
simple combination of them [20-24].

Near-infrared (NIR) absorbing heptamethine cyanines (Cy?7),
such as clinical approval of indocyanine green, have been exten-
sively studied for PTT of cancer [25,26]. Unfortunately, such
Cy7 dyes suffer from photobleaching and poor photostability,
which seriously hinder their clinical applications because
of their short duration time staying within the effective tem-
perature of PTT [27,28]. In addition, their photothermal con-
version efficiency (PCE) needs to be further improved to meet
tumor ablation requirements under low and safe laser irradia-
tion. Therefore, new strategies have to be proposed to simulta-
neously improve the photostability and PCE of cyanine dyes.
The key factor of enhancing photostability is to impede the
photoinduced electron transfer (PET) between the excited
fluorophore and reactive oxygen species (ROS) [29]. This PET
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process results in a large quenching of fluorescence, which favors
nonradiative decay processes and promotes heat generation
after photon absorption [30]. In fact, the direct structural modi-
fication of fluorophores can lead to great change in photosta-
bility and PCE. One general approach is to replace the chlorine
group with the strong electron-withdrawing unit in meso-
position of Cy7 structure for enhancing photostability and PCE
[31-33]. So far, there is no report on nitrogen-terminal mod-
ification of Cy7 with metal-ion-regulated photostability and
PCE. In addition, the combination of Cy7 and metal ions shows
great potential for cancer theranostics, especially for multimod-
al-imaging-guided synergistic PTT/CDT of tumor [34].

Here, we designed a novel terpyridine-grafted nitrogen-
terminated Cy7 scaffold, named as CydtPy, with 2 metal-ion-
chelating handles (Fig. 1). When CydtPy was chelated with Mn**,
the fluorescence emission of the metal complex was enhanced.
However, it displa}zled fluorescence quenching when chelated with
Co™, Cu’*, or Fe’". Compared with metal-ion-free PEGylated
CydtPy (LET-11), the metal-ion-chelated LET-11 (e.g., LET-
11-Fe, LET-11-Co, or LET-11-Cu) demonstrated the higher
PCE and enhanced photostability, and LET-11-Mn exhibited
the increased fluorescence emission intensity. The as-prepared
LET-11-Mn or LET-11-Fe could be used for trimodal imaging,
such as NIR fluorescence imaging (NIRFI), magnetic resonance
imaging (MRI), and photoacoustic imaging (PAI). Taking
advantages of the enhanced photothermal effect of Fe’* and its
intrinsic Fenton activity, the LET-11-Fe could be used for syn-
ergistic PTT/CDT against tumors. Upon laser irradiation, the
photothermal effect of LET-11-Fe could prime the Fe’* release,
thus triggering the intracellular Fenton reaction with the abun-
dant generation of «OH. Briefly, the as-prepared nanoplatform
could be employed for multimodal-imaging-guided synergistic
PTT/CDT of tumors.

Results

Metal-ion-regulated photophysical properties

The functional cyanine CydtPy was synthesized following the
procedure described in Fig. S1. The intermediates and the final
products were characterized by nuclear magnetic resonance
("H NMR and C NMR) and mass spectrometry (Figs. S2 to
S8). The ability of CydtPy to coordinate with different metal
ions (i.e., Mn**, Fe’*, Cu**, and Co™*) was evaluated in dimethyl
sulfoxide (DMSO) solution by observing the changes in the
absorption and fluorescence spectra. The absorption spectra
(Fig. 2A and Fig. S9A) of CydtPy showed no observable change,
but the fluorescence spectra of CydtPy obviously changed (Fig.
2B and Fig. S9B) with the addition of divalent metal ions (i.e.,
Mn’*, Fe’*, Cu™*, and Co’"), indicating the formation of metal
complexes. Among them, the fluorescence intensity of CydtPy
slightly enhanced with the concentration increase in chelating
Mn** (Fig.2C) and dramaticall)zr decreased as the concentration
increase in Fe’*, Cu’" and Co”* (Fig. 2D and Fig. S9B). This
phenomenon could be attributed to the chelation-enhanced
fluorescence PET mechanism between CydtPy and metal ions
[35-37]. To improve the biocompatibility of CydtPy for in vivo
biomedical application, the CydtPy was encapsulated with amphi-
philic 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethyleneglycol)2000] (DSPE-PEG2000) to form
LET-11 micellar nanoparticles. The metal-ion-chelated LET-11
was prepared by the same method after CydtPy was chelated
with different metal ions. All as-prepared nanoparticles exhibited
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uniform sphere-like morphology and narrow size distribution,
which were confirmed by dynamic light scattering (DLS) meas-
urement (hydrodynamic diameter of about 110 nm) and trans-
mission electron microscope (TEM) observation (Fig. 2E to G
and Fig. S10). Furthermore, all these nanoparticles displayed
good stability even after 1-week storage (Fig. S11). The fluores-
cence intensity of above nanoparticles was weakened after
DSPE-PEG2000 encapsulation, but their fluorescence spectrum
change trends caused by chelated metal ions were same as
before encapsulation (Fig. S12). According to Jablonski energy
diagram, the light energy absorbed by chromophores decay
through 3 transition pathways, namely, fluorescence emission
(radiative relaxation process), photochemical reactions (ROS
generation), and heat (nonradiative relaxation process) [38].
Therefore, the fluorescence change caused by chelated metal
ions may affect the PCE of CydtPy. We further investigated the
photothermal effect of this series of nanoparticles under 808-nm
laser irradiation. As shown in Fig. 2H, the temperature of LET-
11-Fe solution raised to 51.6 °C during 3-min irradiation at 0.3 W
cm? and was much higher than that of LET-11 solution (41.2 °C).
The PCE of LET-11-Fe was determined to be 21.9 %, which was
about 2-fold higher than that of LET-11 (11.7%) (Fig. S13). In
contrast, the temperature of LET-11-Mn solution (33.1 °C) was
much lower than that of LET-11 solution, and its PCE (6.9%)
was about 2-fold lower than that of LET-11. Notably, LET-11-Fe
exhibited good photothermal efficiency compared with the
almost zero photothermal efficiency of LET-11 in the 4th cycle,
indicating its potential for photothermal applications (Fig. 2H).
Antiphotobleaching experimental results showed that even
with high-power laser irradiation (808 nm, 1 W cm™?) for
5 min, LET-11-Fe was only degraded by about 40%, which is
much lower than 75% of LET-11 and 99% of LET-11-Mn (Fig.
21). In addition, other divalent metal ions, such as Co** and Cu*",
have similar regulating functions as Fe’* and can also improve
the photostability and PCE of CydtPy (Figs. S14 and S15). The
ROS generation during reactions between molecular oxygen
and fluorophore triplets are the main cause of the photobleach-
ing of most organic fluorophores [39]. Evidence is described
that Fe’*, Cu®", and Co’" allowed d-d transitions, leading to
the quenching of the singlet state of the cyanine dyes by an
electron-exchange mechanism, thus enhancing the photosta-
bility of CydtPy [40,41]. In contrast, Mn®", due to its paramag-
netic character, promotes intersystem crossing to the triplet
state of the cyanine dyes, leading to the accelerated photobleaching
[42]. Therefore, it can be concluded that the photostability and
PCE of CydtPy can be regulated by changing the type of che-
lated metal ions.

Metal-ion-regulated trimodality imaging invitro

It was well known that Mn**, Fe**, Co**, and Cu** have Fenton’s
catalytic activity [43]. Hence, methylene blue (MB) oxidation
assay was conducted in the presence of hydrogen dioxide (H,0,)
and metal-ion-chelated LET-11 to detect the formation of ¢« OH.
Notably, laser irradiation markedly increased the degradation of
MB (Fig. S16), indicating more «OH generation and achiev-
ing higher catalytic efficiency. Furthermore, taking LET-11-Fe
as an example, electron spin resonance spectroscopy (ESR) ex-
periments obtained the similar results as MB oxidation using
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as the «OH trapping
agent (Fig. 3A). The underlying mechanism of light-enhanced
Fenton reaction of LET-11-Fe can be explained from 2 aspects.
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Fig. 1. Schematic illustration of terpyridine-grafted nitrogen-terminal endowing cyanine with metal-ion-regulated photophysical properties for multimodal-imaging-guided

synergistic PTT/CDT of tumors.

On the one hand, the heat generated from LET-11-Fe with 808-nm
laser irradiation can effectively increase the speed of Fenton
reaction [17]. On the other hand, LET-11-Fe was disintegrated
under 808-nm laser irradiation, resulting in the exposure and
release of Fe**, which promoted the occurrence of the Fenton
reaction. The inductively coupled plasma mass spectrometry
analysis of iron element (Fig. 3B) and the changes of hydro-
dynamic diameter and morphology (Fig. S17) before and after
laser irradiation further confirmed this hypothesis. All the above
results suggested that LET-11-Fe has the potential for synergistic
PTT/CDT of tumors. Next, we investigated the multimodal im-
aging performances of metal-ion-chelated LET-11 in vitro. Mn**
not only enhanced the fluorescence emission of LET-11 but also
should be an ideal longitudinal (T,)-MRI contrast agent due to
its relatively high electronic spin and fast water exchange rates
[44]. The longitudinal relaxivity (r,) of LET-11-Mn was calcu-
lated to be 4.13mM~"'s™" by plotting the inverse relaxation time
against the Mn concentration (Fig. 3C). The NIRFI images of
LET-11 or LET-11-Mn were determined in the concentrations
range of 0.5 to 10 ug ml ™" and exhibited a good linear correlation
(Fig. 3D and E). Notably, the imaging sensitivity of LET-11 was
enhanced after chelating Mn**, which is consistent with the re-
sults of fluorescence spectra (Fig. 2B and Fig. S12). Meanwhile,
the PAI performance of LET-11 after Fe** chelating was investi-
gated. As presented in Fig. 3F and G, the PA signal at 835 nm
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(PAg;;) of LET-11-Fe exhibited a linear increase in the range
of 0.05 to 1 mg ml ™, and its amplitude was slightly higher than
that of LET-11 at each concentration, which was attributed to
enhanced photothermal transfer caused by Fe’*. These data
demonstrated that LET-11 has the great potential capability for
trimodality imaging (NIRFI/MRI/PAI)-guided synergistic PTT/
CDT by simply switching the chelated metal ion species.

Synergistic PTT/CDT on tumor cells

After confirming the photothermal effect and Fenton’s catalytic
activity of LET-11-Fe, its therapeutic efficiency was evaluated
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay on mouse breast (4T1) cancer cells. LET-11
and LET-11-Fe caused negligible toxicity to 4T1 cells even with
the concentration up to 40 pM (Fig. 4A and B), indicating the
good cytocompatibility. Note that LET-11 showed clear cyto-
toxicity only at high concentration with high laser irradiation
(40 pM, 0.5 W cm ), with a cell viability of 53.8 + 7.5%, indi-
cating its weak photothermal effect (Fig. 4A). In comparison,
LET-11-Fe exhibited more cgtotoxic than LET-11 even at low
laser irradiation (0.3 W cm™") (Fig. 4B) due to the synergistic
effect of PTT/CDT. Concretely, at the concentration of 40 pM,
the cell viability of LET-11-Fe was 28.6 + 8.3% with a laser
density of 0.3 W cm ™, which was 3.1-fold lower than that of
LET-11 (89.5 & 7.3%), showing its significant light-triggered
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antitumor efficacy. To gain insight into the CDT efficacy of
LET-11-Fe, mannitol was used as the «OH scavenger [45]. As
shown in Fig. 4C, under laser irradiation, the LET-11-Fe with
mannitol-treated group exhibited lower cellular destruction
than LET-11-Fe group because of the «OH scavenger. Such phe-
nomena were also confirmed by calcein-acetoxymethyl ester/
propidium iodide (PI) costaining images (Fig. S18). The gen-
eration of «OH was further confirmed by hydroxyphenyl fluo-
rescein (HPF). Compared to Fe**-free group, LET-11-Fe-treated
cells showed weak green fluorescence owing to weak CDT effect,
while the strong green fluorescence was observed in LET-11-Fe +

laser group, indicating that laser irradiation can obviously increase
the production efficiency of «OH (Fig. 4D) as result of more
light-induced release of Fe’* for Fenton reaction. Next, annexin
V-fluorescein isothiocyanate/PI assay was used to distinguish
viable cells and dead cells at different phases by flow cytometry,
which were identified as viable, early apoptotic, late apoptotic,
and necrotic cells, respectively (Fig. 4E). For the cells treated
with LET-11-Fe + laser, the cell mortality rate significantly
increased to 80.5% (54.5% for early apoptosis, 22.1% for later
apoptosis, and 3.0% for necrosis), which is much higher than
that of LET-11 + laser (19.4%) or LET-11-Fe (0.4%). These
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results further suggest that synergetic PTT/CDT induced more
cell apoptosis than single PTT or CDT alone.

Synergistic PTT/CDT effect on cell migration

The synergistic therapeutic effect of LET-11-Fe under laser irra-
diation was further examined on cancer cell migration using
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high-content analysis system [46]. As revealed in the images of
movement trajectory at 12 h (Fig. 5A and B), both LET-11 and
LET-11-Fe with laser-irradiation-treated groups showed the less
or almost no cell migrations as indicated by shorter cell tracks
than laser-free groups. Meanwhile, their movement speed of
laser-treated cells was decreased (Fig. 5C). Notably, LET-11-Fe
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after intravenous injection of LET-11 or LET-11-Fe. (G) Quantification of PA intensities of tumors as a function of postinjection time (n = 3).
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+ laser group got shorter cell tracks and lower movement speed
than LET-11 + laser group. It is worth noting that because of
the weak photothermal effect of LET-11, the movement speed
in LET-11 + laser-treated cells would gradually increase, while
movement speed of LET-11-Fe + laser-treated cells was almost
zero and remained unchanged, indicating good synergistic anti-
tumor effect of PTT/CDT after chelating Fe**. The migration
of cells is mainly driven by their actin cytoskeleton, and we
further stained F-actin with phalloidin to observe the distribu-
tion of cytoskeletal filaments [47,48]. As displayed in Fig. 5D,
F-actin filaments were dramatically decreased after LET-11 or
LET-11-Fe under laser irradiation, further indicating impaired
cytoskeletal reorganization and protrusion formation, as well
as weakened cell polarization. LET-11-Fe + laser group received
more serious destruction of F-actin filaments with the forma-
tion of a rounded morphology from a stretched shape compared
to LET-11 + laser group, which was consistent with cell migra-
tion results. All these experiments demonstrated that light-
induced LET-11-Fe interfered with the functional role of the
cytoskeleton in cell motility via synergetic PTT/CDT effect.

Metal-ion-regulated trimodality imaging invivo

Next, we conducted a comparative study of the trimodality
imaging (NIRFI, MRI, and PAI) capabilities of LET-11 after
chelating Mn** and Fe** in vivo using 4T1-tumor-bearing mice
(Balb/c) model, respectively (Fig. 6A). After tail vein injection
of LET-11 or LET-11-Mn, the NIRF signal of tumor region was
visible at 4 h, reached a plateau at 8 h, and maintained for more
than 24 h (Fig. 6B). Noteworthily, the NIRF intensity of LET-
11-Mn-treated mice was 1.2-fold higher than that of LET-11-
treated mice (Fig. 6C). This should be attributed to the
fluorescence signal enhancement by Mn** chelation as shown
in Fig. 2B and Fig. S12. For a more accurate comparison of their
fluorescence intensities, mice were sacrificed, and ex vivo NIRFI
was performed on isolated organs (heart, liver, spleen, lung,
kidney, and tumor) at 48-h postinjection of LET-11 or LET-
11-Mn (Fig. S19). Notably, the fluorescence intensity of LET-
11-Mn-treated tumor was stronger than that of LET-11.
Depending on the MRI function of Mn**, we further performed
invivo T)-weighted MRI of LET-11-Mn. The MR signal of
tumor area increased over time, and a remarkable T, contrast
between the tumor area and surrounding normal tissue was
observed at 8-h postinjection (Fig. 6D and E). Finally, we com-
pared the PAI capability of LET-11 and LET-11-Fe. As presented
in Fig. 6F, the PA images of the tumor area were recorded over
time. Quantitative analysis showed that the PA intensity reached
a maximum at 8 h (Fig. 6G). The PA intensity of LET-11-Fe
group is 1.6 times higher than that of LET-11 group, due to the
better PCE of LET-11-Fe. The above trimodality imaging results
provide a meaningful guidance for in vivo therapy.

Antitumor efficacy of LET-11-Fe invivo

Inspired by the outstanding antitumor efficacy of LET-11-Fe
in vitro, the in vivo therapeutic effect was investigated on
4T1-tumor-bearing mice. On the basis of the trimodality imag-
ing results, 808-nm laser irradiation for 10 min was carried out
at 8-h postinjection of LET-11 or LET-11-Fe. As shown in Fig.
7A, the tumor temperature of all groups reached a plateau at
4 min and remained constant during the irradiation. The maxima
tumor temperature of LET-11-Fe-treated mice was 53.8 and
45.2°C with laser power density at 0.8 and 0.4 W cm ™, respectively.
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Notably, the maximal tumor temperature of LET-11-Fe group
was 12 and 14.6 °C higher than that of LET-11 and saline groups
at 0.8 Wcm™, respectively (Fig. 7B), as a result of higher PCE
of LET-11 after chelating Fe**. To quantitatively evaluate the
therapeutic efficacy of different treatments, the tumor volumes
were recorded and plotted every 2 d for 15 d after laser irradia-
tion (Fig. 7C). Without laser irradiation, the tumor growth rate
of LET-11-Fe-treated mice was slightly reduced compared with
the mice treated with saline and LET-11, which should be attrib-
uted to CDT effect. Limited by low photothermal effect, LET-11
only slightly slowed tumor growth even at a high laser power
density of 0.8 W cm ™. It should be noted that the tumor growth
was significantly inhibited by LET-11-Fe at a laser power density
of 0.4 Wcm™ in the first 9 d, indicating that even mild hypo-
thermia can effectively enhance the CDT effect. Excitingly,
under the laser irradiation (0.8 W cm %), mice treated with LET-
11-Fe completely eradicated tumors without recurrence after a
single treatment throughout the experimental period (Fig. 7D
to F). These results demonstrated the antitumor efficacy of syn-
ergetic PTT and CDT. In addition, no significant body weight
changes were found in each group during the treatment process
(Fig. $20). Furthermore, hematoxylin and eosin (H&E) staining
demonstrated that extensive nuclear shrinkage and disappear-
ance were observed in the tumor slices from LET-11-Fe-treated
mice with laser irradiation, which was more severe than that of
LET-11 + L1- and LET-11-Fe-treated mice, evidencing its suc-
cessful destruction of tumor (Fig. 7G). Meanwhile, terminal-
deoxynucleotidyl-transferase-mediated deoxyuridine triphosphate
nick end labeling (TUNEL) and Ki67-positive immunobhis-
tochemical staining also revealed the highest apoptotic levels
(green spots) and the lowest proliferation (brown spots) from
the synergetic PTT/CDT group (Fig. 7H and I). More impor-
tantly, hematology analysis and H&E staining images of main
organs (heart, liver, spleen, lung, and kidneys) in LET-11-Fe +
laser group showed no physiological abnormalities (Figs. S21 and
S§22). Collectively, these results verified that LET-11-Fe has good
biocompatibility and remarkable capacity for cancer theranostics.

Discussion

In summary, we successfully synthesized a CydtPy whose photo-
physical properties can be regulated by intramolecular chela-
tion of metal ions. The LET-11-Mn exhibited the increased
fluorescence emission intensity, and LET-11-Fe showed sub-
stantially enhanced photostability with ~2-fold increase in PCE.
The LET-11-Mn and LET-11-Fe were used as imaging contrast
agents, allowing real-time monitoring of delivery process. The
“all-in-one” theranostic system based on LET-11-Fe displayed
superior synergistic efficacy of PTT and CDT both in vitro and
in vivo. Especially, after a single-dose injection, the orthotopic
4T1 tumors can be completely ablated without recurrence. This
work not only provides a new strategy for regulating the pho-
tophysical properties of cyanine dyes but also establishes a
versatile nanoplatform for cancer theranostics, while poten-
tially providing new insights into the synthesis and reconstruc-
tion of other NIR dyes for different biomedical applications.

Materials and Methods

Materials
2,3,3-Trimethylbenzoindolenine and methyl 3-bromopro-
pionate were purchased from Heowns (Tianjing, China).
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Fig. 7. Synergistic PTT/CDT antitumor effect of LET-11-Fe in vivo. (A) Thermal images of 4T1-tumor-bearing mice under 808-nm laser irradiation for 10 min (L1 indicates
0.8 Wem ™2 and L2 indicates 0.4 Wem™). (B) Mean temperatures of tumors as a function of irradiation time. (C) Tumor growth curves, (D) representative photographs of
dissected tumors, and (E) tumor weights after various treatments (n = 5). (F) Tumor growth curves of 4T1-tumor-bearing mice after different treatments. (G) H&E, (H) Ki67,
and (1) TUNEL staining of tumor tissues. Scale bars, 50 pm. The data are presented as means + SD, ****P < 0.0001, analyzed by 2-sided Student’s t test.
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2,2":6',2"-Terpyridine-4'-methanol was purchased from
Bidepharm (Shanghai, China). DSPE-PEG2000 was purchased
from Ponsure (Shanghai, China). Other reagents used for the
synthesis of small molecules were purchased from Energy-
Chemical (Shanghai, China). MB was purchased from J&K
Scientific (Shanghai, China). The «OH detection probe HPF
(97%) was purchased from Dalian Meilun Biotechnology Co.
Ltd. (Liaoning, China). All chemicals were directly used with-
out any further purification. Solution of Mn**, Fe**, Cu®*, and
Co’* ions was prepared from their chlorides.

Preparation of LET-11, LET-11-Mn, LET-11-Fe,

LET-11-Cu, and LET-11-Co

CydtPy (1 mg) was dissolved in CH,Cl, (1 ml) under ultrasoni-
cation, followed by adding DSPE-PEG2000 (20 mg). The mixture
was slowly injected into deionized water (5 ml) under stirring.
The CH,Cl, was then evaporated. The remaining aqueous solu-
tion was filtered through a polyethersulfone-syringe-driven filter
(0.22 pm) (Millipore) and washed 3 times using a 30-kDa cen-
trifugal filter under centrifugation at 3,500 rpm for 15 min at 4 °C.
For LET-11-Mn, LET-11-Fe, LET-11-Cu, and LET-11-Co prepa-
ration, the method was same as the above, but an aqueous solu-
tion of MnCl,, FeCl,, CuCl,, or CoCl, (10 pl, 4 eq) needs to be
added as the initial. The concentration of LET-11, LET-11-Mn,
LET-11-Fe,and LET-11-Cu solution was determined by ultraviolet-
visible (UV-vis)-NIR absorption spectra according to its absorp-
tion coefficient. The resulting solutions were stored in the dark
at 4 °C for further use.

Evaluation of Fenton reaction of LET-11-Fe

LET-11-Fe solution (25 pM) was added to MB aqueous solution
(2 ml, 20 pM), and then hydrogen peroxide was added. The
mixture solution was irradiated under 808-nm laser (0.3 W
cm™?) for 10 min. The absorption of MB at 665 nm was mon-
itored using a UV-vis spectrophotometer. For ESR analysis,
LET-11-Fe solution (100 pM) was added to deionized water
(0.5 ml), and then hydrogen peroxide (10 pl, 30%) was added
The mixture was irradiated under 808-nm laser (0.3 W cm™2)
for 10 min. The «OH trapping agent, DMPO, was added 30 min
before the test in ice water.

In vitro assays of cytotoxicity and therapy

4T1 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% (v/v) fetal bovine serum and 1%
penicillin-streptomycin at 37°C in 5% CO,. 4T1 cells (7 x 10
cells per well) were seeded in 96-well plates and incubated over-
night at 37 °C in a humidified 5% CO, atmosphere. Then, the
cells were incubated with various concentrations of LET-11 or
LET-11-Fe (0, 5, 10, 20, and 40 pM) for 4 h. For the in vitro
cytotoxicity study, DMEM was removed from the 96-well plates
following incubation for 24 h. The cells viability was measured
using MTT assay. For the in vitro therapy assay, the cells were
exposed to 808-nm NIR laser irradiation (0.3 or 0.5 W cm™>
for 10 min) after being incubated with LET-11 or LET-11-Fe
for 4 h. The cells were then incubated for further 24 h. The cells
viability was measured by MTT assay.

Intracellular <OH detection

4T1 cells were seeded into confocal cell culture dishes (5 x 10*
cells per dish). After 24-h incubation, cells were treated with LET-11
(30 pM) or LET-11-Fe (30 pM) for 4 h. For “+ mannitol” group,
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cells were cocultured with mannitol (50 mM). For “+ laser” group,
cells were irradiated with 808-nm laser irradiation (0.3 W cm™2)
for 10 min at 4-h postincubation of LET-11 or LET-11-Fe. After
that, the cells were incubated with HPF at 37 °C for 30 min. The
cells were washed 3 times with phosphate-buffered saline, followed
by fixed with 4% formaldehyde for 20 min. Finally, the 4T1 cells
were observed by confocal microscopy (LSM880, Carl Zeiss,
Germany).

Flow cytometry for synergistic PTT/CDT-induced

4T1 cell death

LET-11 (30 pM) or LET-11-Fe (30 pM) solution was dispersed
in DMEM cell culture. These solutions were incubated with 4T1
cells at 37 °C for 4 h. Then, trypsin treatment of cells can obtain
suspension cells. The cells are divided into 4 parts (200 pl per
part). Suspension cells at a density of 5 X 10° cells ml™" 1n
DMEM cell culture were irradiated with 808 nm (0.3 W cm™)
for 10 min. The 4T1 cells were centrifuged at 1,500 rpm for 5 min.
Then, the solution stained with the annexin V-fluorescein
isothiocyanate (250 ng ml™") and PI (250 ng ml™") at 25 °C for
15 min before flow cytometry analysis (CytoFLEX, Beckman
Coulter).

Cell migration assays

4T1 cells were cultured in 96-well Cell Carrier microplate
(PerkinElmer) (4 x 10 cells per well) overnight at 37 °Cin a
humidified 5% CO, atmosphere. LET-11 (30 uM) or LET-11-Fe
(30 pM) was incubated with 4T1 cells for 4 h. After laser irra-
diation (808 nm, 0.3 W cm ™ for 10 min), the cell migration,
speed, displacement, and roundness were recorded under dig-
ital phase contrast model using an Operetta CLS High-Content
Imaging System (Operetta, PerkinElmer, USA), which quipped
with a temperature and CO, control option set to 37 °C and
5% CO,. Images were acquired for up to 12 h and recorded every
1 h. All data were processed through Harmony 4.8 Software.

Tumor model on mice establishment

Female BALB/C nude mice aged 4 to 5 weeks were purchased
from Guangdong Medicinal Laboratory Animal Center
(Guangzhou, China), and All animal experiments were carried
out in strict accordance with the regulations of the Animal
Ethical and Welfare Commlttee of Shenzhen University (max-
imal tumor size, <2,000mm®). All of the experimental mice
were housed under standard conditions (temperature, ~22 °C;
humidity, 40% to 70%; 12-h dark-light cycles) with free access
to sterile food and water. For the estabhshment of xenografted
tumor models, the 4T1 cells (1.5 x 10° per well) were subcuta-
neous inoculated at the right back of mice.

In vivo NIRFI of tumor

4T1-tumor-bearing nude mice were 1ntravenously adminis-
trated with the LET-11 or LET-11-Mn (2 mg kg™ Y (n=3).The
tumors were imaged at different time points using the InGaAs
array detector (Princeton Instruments, NIRvana 640, USA)
(excitation, 808 nm; 1,000-nm long-pass emission filter).

In vivo MRI of tumor

4T1-tumor-bearing nude mice (n=3) were intravenously ad-

ministrated with the LET-11-Mn (2 mg kg™ 1. The T,-weighted
MR images were obtained by MRI system (UMR 770 3.0T,
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United-Imaging, China) using the following parameters: repeti-
tion time/echo time = 550/14.8 ms, field of view = 50 X 48,
and acquisition time = 25 min.

In vivo PAI of tumor

4T1-tumor-bearing mice (n=3) were intravenously adminis-
trated with LET-11-Fe (2 mgkg™"). PA signals at 835 nm of the
tumor sites were recorded at different time points by Vevo
LAZR-X system (VisualSonics Inc. NY, USA).

In vivo antitumor efficacy

When the tumor volume reached ~100 mm?, antitumor efficacy
of the LET-11-Fe was studied. The mice were randomly divided
into 6 groups (n = 5) and treated with (a) saline, (b) LET-11,
(c) LET-11-Fe, (d) LET-11 + L1 (0.8 W cm™), (e) LET-11-
Fe+12 (0.4 W cm™2), and (f) LET-11-Fe + L1 (0.8 W cm™?) via
intravenous administrations (2 mg kg™"). The temperature of
laser groups was collected by thermal imaging camera FLIR
SC300, Arlington. The body weight and tumor volume of the
mice were measured every 2 d. After 15 d of treatments, all the
mice were sacrificed and the weight of excised tumors was
measured. The tumors and major organs were histopatholog-
ically analyzed by H&E, Ki67, and TUNEL staining.

Statistical analysis

The data were expressed as means + SD. Statistical calculations
of experimental data were conducted using the 2-sided Student’s
t test. The data were classified with P values and denoted by
*P < 0.05, ¥*P < 0.01, ***P <0.001, and ****P <0.0001.
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Fig. S1. Synthesis routes of CydtPy.

Fig. $2. "H NMR spectrum of Z-2 (500 MHz, DMSO-d,).
Fig. S3. MS spectrum of Z-2.

Fig. S4. "H NMR spectrum of Z-3 (500 MHz, CDCL,).
Fig. S5. MS spectrum of Z-3.
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Fig. S6. '"H NMR spectrum of the CydtPy (500 MHz,
CDCl,).

Fig. $7. >C NMR spectrum of the CydtPy (100 MHz, CDCl,/
DMSO-dy).

Fig. S8. MS spectrum of the CydtPy.

Fig. §9. UV-vis-NIR absorption spectra (A) and fluorescence
spectra (B) of CydtPy, CydtPy:Co’*, and CydtPy:Cu** in
DMSO, respectively (excitation, 835 nm).

Fig. S10. DLS and TEM images of (A) LET-11-Co and (B)
LET-11-Cu.

Fig. S11. The size stability of LET-11, LET-11-Fe, and LET-
11-Mn in deionized water at 4 °C for 1 week (n = 3).

Fig. S12. Fluorescence spectra of LET-11 and various metal-
ion-chelated LET-11 solutions.

Fig. S13. The PCE of (A) LET-11, (B) LET-11-Fe, (C) LET-
11-Mn, (D) LET-11-Co, and (E) LET-11-Cu, respectively.

Fig. S14. Cyclic photothermal heating and cooling of LET-
11-Co and LET-11-Cu solution (808 nm, 0.3 W cm ™).

Fig. S15. Photostability of LET-11-Co and LET-11-Cu under
laser irradiation (808 nm, 1 W cm ™).

Fig. $16. MB degradation by Fenton-like reaction from different
metal-ion-chelated LET-11 with or without laser irradiation.
Fig. S17. DLS (A) and TEM (B) of LET-11-Fe solution before
and after laser irradiation (scale bar, 200 nm).

Fig. §18. Confocal laser scanning microscopy (CLSM) images
0f 4T1 cells stained with calcein-acetoxymethyl ester (green)/PI
(red). GroupsIto V represent LET-11, LET-11-Fe, LET-11 +
laser, and LET-11-Fe 4+ mannitol + laser, respectively (scale bar,
50 pm).

Fig. S19. Fluorescence images of ex vivo organs and tumors at
48-h postinjection of (A) LET-11 and (B) LET-11-Mn. (C) The
corresponding fluorescence intensities of (A) and (B) (excita-
tion: 808 nm; 1,000-nm long-pass emission filter).

Fig. $20. Body weight of mice after different treatments.

Fig. S21. Blood biochemistry analysis of mice after intravenous
injection of saline or LET-11-Fe for 15 d.

Fig. $22. H&E-stained images of dissected major organs (heart,
liver, spleen, lung, and kidney) of 4T1-tumor-bearing mice after
various treatments. Scale bar, 50 pm. These representative
images showed no noticeable sign of organ damage. (L1 indi-
cates 0.8 W cm > and L2 indicates 0.4 W cm ™ scale bar, 50 pm).

References

1. Blau R, Krivitsky A, Epshtein Y, Satchi-Fainaro R. Are
nanotheranostics and nanodiagnostics-guided drug delivery
stepping stones towards precision medicine? Drug Resistance
Updates. 2016;27:39-58.

2. van der Meel R, Sulheim E, Shi Y, Kiessling E, Mulder WJM,
Lammers T. Smart cancer nanomedicine. Nat Nanotechnol.
2019;14(11):1007-1017.

3. de Lazaro I, Mooney D]J. Obstacles and opportunities in
a forward vision for cancer nanomedicine. Nat Mater.
2021;20(11):1469-1479.

4. Heinzmann K, Carter LM, Lewis JS, Aboagye EO. Multiplexed
imaging for diagnosis and therapy. Nat Biomed Eng.
2017;1(9):697-713.

5. YuG, YuS, Saha ML, Zhou J, Cook TR, Yung BC, Chen J,
Mao Z, Zhang F, Zhou Z, et al. A discrete organoplatinum(II)
metallacage as a multimodality theranostic platform for cancer
photochemotherapy. Nat Commun. 2018;9(1):4335.

12


https://doi.org/10.34133/research.0061

Research

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Wang C, Fan W, Zhang Z, Wen Y, Xiong L, Chen X.
Advanced nanotechnology leading the way to multimodal
imaging-guided precision surgical therapy. Adv Mater.
2019;31(49):Article €1904329.

Li P, Wang D, Hu ], Yang X. The role of imaging in targeted
delivery of nanomedicine for cancer therapy. Adv Drug Deliv
Rev. 2022;189:114447.

QiJ, LiJ, Liu R, Li Q Zhang H, Lam JWY, Kwok RTK, Liu D,
Ding D, Tang BZ. Boosting fluorescence-photoacoustic-Raman
properties in one fluorophore for precise cancer surgery.
Chem. 2019;5(10):2657-2677.

Ouyang J, Xie A, Zhou J, Liu R, Wang L, Liu H, Kong N,

Tao W. Minimally invasive nanomedicine: Nanotechnology in
photo-/ultrasound-/radiation-/magnetism-mediated therapy
and imaging. Chem Soc Rev. 2022;51(12):4996-5041.

Wang Q, Dai Y, Xu J, Cai J, Niu X, Zhang L, Chen R, Shen Q,
Huang W, Fan Q. All-in-one phototheranostics: Single laser
triggers NIR-II fluorescence/photoacoustic imaging guided
photothermal/photodynamic/chemo combination therapy.
Adv Funct Mater. 2019;29(31):Article 1901480.

LiJ, Zhen X, Lyu Y, Jiang Y, Huang J, Pu K. Cell membrane
coated semiconducting polymer nanoparticles for

enhanced multimodal cancer phototheranostics. ACS Nano.
2018;12(8):8520-8530.

Zhou Y, Fan S, Feng L, Huang X, Chen X. Manipulating
intratumoral Fenton chemistry for enhanced chemodynamic
and chemodynamic-synergized multimodal therapy. Adv
Mater. 2021;33(48):Article 2104223.

FuLH, Qi C, Hu YR, Lin ], Huang P. Glucose oxidase-
instructed multimodal synergistic cancer therapy. Adv Mater.
2019;31(21):Article 1808325.

Sun H, Zhang Q, Li ], Peng S, Wang X, Cai R. Near-infrared
photoactivated nanomedicines for photothermal synergistic
cancer therapy. Nano Today. 2021;37:Article 101073.

Xie Z, Fan T, An J, Choi W, Duo Y, Ge Y, Zhang B, Nie G,

Xie N, Zheng T, et al. Emerging combination strategies

with phototherapy in cancer nanomedicine. Chem Soc Rev.
2020;49(22):8065-8087.

Yao J, Zheng F, Yao C, Xu X, Akakuru OU, Chen T, Yang F,
Wu A. Rational design of nanomedicine for photothermal-
chemodynamic bimodal cancer therapy. Wiley Interdiscip Rev
Nanomed Nanobiotechnol. 2021;13(3):Article e1682.

Sun S-P, Li C-J, Sun J-H, Shi SH, Fan MH, Zhou Q.
Decolorization of an azo dye Orange G in aqueous solution
by Fenton oxidation process: Effect of system parameters and
kinetic study. ] Hazard Mater. 2009;161(2):1052-1057.

Wu H, Liu L, Song L, Ma M, Gu N, Zhang Y. Enhanced tumor
synergistic therapy by injectable magnetic hydrogel mediated
generation of hyperthermia and highly toxic reactive oxygen
species. ACS Nano. 2019;13(12):14013-14023.

Zeng F, Tang L, Zhang Q, Shi C, Huang Z, Nijiati S, Chen X,
Zhou Z. Coordinating the mechanisms of action of ferroptosis
and the photothermal effect for cancer theranostics. Angew
Chem Int Ed. 2022;61(13):Article €202112925.

LiuY, Zhen W, Wang Y, Liu ], Jin L, Zhang T, Zhang S,
Zhao'Y, Song S, Li C, et al. One-dimensional Fe,P acts as a
Fenton agent in response to NIR II light and ultrasound for
deep tumor synergetic theranostics. Angew Chem Int Ed.
2019;58(8):2407-2412.

He S, Jiang Y, Li ], Pu K. Semiconducting polycomplex
nanoparticles for photothermal ferrotherapy of cancer. Angew
Chem Int Ed. 2020;59(26):10633-10638.

Zhu et al. 2023 | https://doi.org/10.34133/research.0061

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Zhang Q, Guo Q, Chen Q, Zhao X, Pennycook SJ, Chen H.
Highly efficient 2D NIR-II photothermal agent with Fenton
catalytic activity for cancer synergistic photothermal-
chemodynamic therapy. Adv Sci. 2020;7(7):Article 1902576.
He T, Jiang C, He J, Zhang Y, He G, Wu ], Lin J, Zhou X,
Huang P. Manganese-dioxide-coating-instructed plasmonic
modulation of gold nanorods for activatable duplex-imaging-
guided NIR-II photothermal-chemodynamic therapy.

Adv Mater. 2021;33(13):Article 2008540.

Hu K, Xie L, Zhang Y, Hanyu M, Yang Z, Nagatsu K, Suzuki H,
Ouyang J, Ji X, Wei J, et al. Marriage of black phosphorus and Cu**
as effective photothermal agents for PET-guided combination
cancer therapy. Nat Commun. 2020;11(1):Article 2778.

LiL, Han X, Wang M, Li C, Jia T, Zhao X. Recent advances
in the development of near-infrared organic photothermal
agents. Chem Eng J. 2021;417:Article 128844.

Lei S, Zhao F, Zhang J, Blum NT, He T, Qu J, Huang P, Lin J.
Metallo-dye-based supramolecular nanoassembly for NIR-II
cancer theranostics. Anal Chem. 2022;94(23):8399-8408.
Chen Y, Li L, Chen W, Chen H, Yin J. Near-infrared small
molecular fluorescent dyes for photothermal therapy.

Chin Chem Lett. 2019;30(7):1353-1360.

Leitao MM, de Melo-Diogo D, Alves CG, Lima-Sousa R,
Correia IJ. Prototypic heptamethine cyanine incorporating
nanomaterials for cancer phototheragnostic. Adv Healthcare
Mater. 2020;9(6):Article 1901665.

Wu X, Zhu W. Stability enhancement of fluorophores for
lighting up practical application in bioimaging. Chem Soc Rev.
2015;44(13):4179-4184.

Feng G, Zhang GQ, Ding D. Design of superior
phototheranostic agents guided by Jablonski diagrams. Chem
Soc Rev. 2020;49(22):8179-8234.

Mellanby RJ, Scott JI, Mair I, Fernandez A, Saul L, Arlt J,
Moral M, Vendrell M. Tricarbocyanine N-triazoles: The
scaffold-of-choice for long-term near-infrared imaging of
immune cells in vivo. Chem Sci. 2018;9(36):7261-7270.
Wang Y, Weng J, Lin J, Ye D, Zhang Y. NIR scaffold bearing three
handles for biocompatible sequential click installation of multiple
functional arms. ] Am Chem Soc. 2020;142(6):2787-2794.

Feng E, Jiao L, Tang S, Chen M, Lv S, Liu D, Song J,

Zheng D, Peng X, Song F. Anti-photobleaching cyanine-
based nanoparticles with simultaneous PET and ACQ effects
for improved tumor photothermal therapy. Chem Eng J.
2022;432:Article 134355.

He T, Yuan Y, Jiang C, Blum NT, He ], Huang P, Lin J. Light-
triggered transformable ferrous ion delivery system for
photothermal primed chemodynamic therapy. Angew Chem
Int Ed. 2021;60(11):6047-6054.

Akkaya EU, Huston ME, Czarnik AW. Chelation-enhanced
fluorescence of anthrylazamacrocycle conjugate probes in
aqueous solution. ] Am Chem Soc. 1990;112(9):3590-3593.
Qi X, Jun EJ, Xu L, Kim §J, Joong Hong JS, Yoon Y], Yoon J.
New BODIPY derivatives as OFF—ON fluorescent
chemosensor and fluorescent chemodosimeter for Cu’*:
Cooperative selectivity enhancement toward Cu®*. J Org
Chem. 2006;71(7):2881-2884.

Sutariya PG, Soni H, Gandhi SA, Pandya A. Novel luminescent
paper based calix[4]arene chelation enhanced fluorescence-
photoinduced electron transfer probe for Mn**, Cr’* and F~.
J Lumin. 2019;208:6-17.

Chen C, Ou H, Liu R, Ding D. Regulating the photophysical
property of organic/polymer optical agents for promoted

13


https://doi.org/10.34133/research.0061

Research

39.

40.

41.

42,

43.

44,

cancer phototheranostics. Adv Mater. 2020;32(3):

Article 1806331.

Zheng Q, Jockusch S, Zhou Z, Altman RB, Warren JD, Turro NJ,
Blanchard SC. On the mechanisms of cyanine fluorophore
photostabilization. J Phys Chem Lett. 2012;3(16):2200-2203.
Varnes AW, Dodson RB, Wehry EL. Interactions of transition-
metal ions with photoexcited states of flavines. Fluorescence
quenching studies. ] Am Chem Soc. 1972;94(3):946-950.
Kemlo JA, Shepherd TM. Quenching of excited singlet states
by metal ions. Chem Phys Lett. 1977;47(1):158-162.

Ciuba MA, Levitus M. Manganese-induced triplet blinking
and photobleaching of single molecule cyanine dyes.
ChemPhysChem. 2013;14(15):3495-3502.

Tang Z, Zhao P, Wang H, Liu Y, Bu W. Biomedicine

meets Fenton chemistry. Chem Rev. 2021;121(4):1981-2019.
Gale EM, Atanasova IP, Blasi F, Ay I, Caravan P. A manganese
alternative to gadolinium for MRI contrast. ] Am Chem Soc.
2015;137(49):15548-15557.

Zhu et al. 2023 | https://doi.org/10.34133/research.0061

45.

46.

47.

48.

Wang X, Li P, Ding Q, Wu C, Zhang W, Tang B. Illuminating
the function of the hydroxyl radical in the brains of mice with
depression phenotypes by two-photon fluorescence imaging.
Angew Chem Int Ed. 2019;58(14):4674-4678.

Li C, Wan Y, Zhang Y, Fu L-H, Blum NT, Cui R, Wu B,

Zheng R, Lin J, Li Z, et al. In situ sprayed starvation/
chemodynamic therapeutic gel for post-surgical treatment

of IDH1 (R132H) glioma. Adv Mater. 2022;34(5):Article
2103980.

Liu J, Kang L, Smith S, Wang C. Transmembrane MUC18
targeted polydopamine nanoparticles and a mild photothermal
effect synergistically disrupt actin cytoskeleton and migration
of cancer cells. Nano Lett. 2021;21(22):9609-9618.

Wang H, Zhou J, Fu Y, Zheng Y, Shen W, Zhou J, Yin T. Deeply
infiltrating iRGD-graphene oxide for the intensive treatment of
metastatic tumors through PTT-mediated chemosensitization
and strengthened integrin targeting-based antimigration.

Adv Healthcare Mater. 2021;10(16):Article 2100536.

14


https://doi.org/10.34133/research.0061

	Terpyridine-Grafted Nitrogen-Terminal Endowing Cyanine with Metal-Ion-Regulated Photophysical Properties for Cancer Theranostics
	Introduction
	Results
	Metal-ion-regulated photophysical properties
	Metal-ion-regulated trimodality imaging in vitro
	Synergistic PTT/CDT on tumor cells
	Synergistic PTT/CDT effect on cell migration
	Metal-ion-regulated trimodality imaging in vivo
	Antitumor efficacy of LET-11-Fe in vivo

	Discussion
	Materials and Methods
	Materials
	Preparation of LET-11, LET-11-Mn, LET-11-Fe, LET-11-Cu, and LET-11-Co
	Evaluation of Fenton reaction of LET-11-Fe
	In vitro assays of cytotoxicity and therapy
	Intracellular •OH detection
	Flow cytometry for synergistic PTT/CDT-induced 4T1 cell death
	Cell migration assays
	Tumor model on mice establishment
	In vivo NIRFI of tumor
	In vivo MRI of tumor
	In vivo PAI of tumor
	In vivo antitumor efficacy
	Statistical analysis

	Acknowledgments
	Data Availability
	Supplementary Materials
	References


