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All-in-One Heptamethine Cyanine Amphiphiles for Dual
Imaging-Guided Chemo-Photodynamic-Photothermal

Therapy of Breast Cancer

Yu Li, Jing Zhang, Lijun Zhu, Mou Jiang, Changsheng Ke, Hanxiong Long, Ruoyun Lin,
Chaohui Ye, Xin Zhou, Zhong-Xing Jiang,* and Shizhen Chen*

Developing a theranostic system that integrates multimodal imaging,
synergistic therapeutic, and formulation entities is a promising strategy for
efficient cancer treatment. However, the complexity and safety concerns of
multiple functional entities hinder their clinical translation. Herein, versatile
“all-in-one” heptamethine cyanine amphiphiles (PEG-Cy-Fs) with multiple
favorable capabilities, including fluorine-19 magnetic resonance imaging ('°F
MRI), near-infrared fluorescence imaging (NIR FLI), photodynamic therapy
(PDT), photothermal therapy (PTT), polyethylene glycolation (PEGylation) and
high biocompatibility, are developed for the convenient construction of
theranostic platforms. Amphiphiles PEG-Cy-Fs are synthesized on a
multi-hundred-milligram scale with high efficacy, which self-assembled with a
chemotherapy drug tamoxifen (TAM) into monodisperse and stable
nanoparticles (SoFoTm/PEG-Cy-F,5) with “turned on” FLI, sensitive °F MRI,
mitochondria-targeting ability, high PDT and PTT efficacy, and
PEGylation-optimized pharmacokinetics. The selective accumulation of
SoFoTm/PEG-Cy-F,; in xenograft MCF-7 tumor with a long retention time
(>10 days) enabled "*F MRI-NIR FLI-guided
chemo—photodynamic—photothermal therapy (chemo-PDT-PTT) of breast
cancer with high therapeutical index in mice. The “all-in-one” heptamethine
cyanine amphiphile may facilitate the convenient and standardized
preparation of high-performance theranostics systems for clinical translation.

1. Introduction

The complexity and heterogeneity of tu-
mors seriously undermine the efficacy of
conventional cancer therapy, which pro-
pelled the development of multifunctional
theranostics for multimodal imaging-
guided synergistic cancer therapy.l'! Com-
bination therapy has the potential to in-
crease antitumor efficacy and reduce drug
resistance compared to monotherapy.?!
In cancer therapy, phototherapy, which
includes photodynamic therapy (PDT) and
photothermal therapy (PTT), has become
a well-established combination partner
for chemotherapy due to its spatiotem-
poral selectivity and limited multi-drug
resistance.’] On the imaging side, multi-
modal imaging provides comprehensive
“drug-tumor-therapy” information, such as
drug targeting efficacy, pharmacokinetics,
tumor microenvironment, therapeutic
responses, etc., allowing for accurate and
efficient personalized cancer treatment.[*]
Among various imaging modalities, the
combination of near—infrared fluores-
cence imaging (NIR FLI) and fluorine-19
magnetic resonance imaging (F MRI)
is highly valuable.l’) NIR FLI can conve-
niently provide real-time images with high
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Scheme 1. Schematic illustration of versatile theranostic SoFoTm/PEG-Cy-F g nanoparticles, which were self-assembled from PEG-Cy-F g, soybean oil,
F-oil, and TAM for NIR FLI-'?F MRI dual-modal imaging-guided chem-PTT-PDT of breast cancer.

sensitivity and relatively deep detection depth, but it still has dif-
ficulty in monitoring deep organs. °F MRI complements FLI by
providing quantitative high-contrast “hot spot” images without
tissue depth limits and background signals, and it is free of ion-
izing radiation. Therefore, integrating phototherapy, chemother-
apy, NIR FLI, and YF MRI into one theranostic system holds
great potential to improve the precision and effectiveness of can-
cer treatment.

Despite all the merits mentioned above, constructing such
a theranostic platform usually demands complex ingredients
and tedious preparation processes. Typically, theranostics inte-
grate both imaging agents (e.g., fluorescence dyes and MRI con-
trast agents) and therapeutic agents (e.g., chemotherapy drugs
and photosensitizers) into a nanocarrier (e.g., polymers, Au
nanoparticles, graphenes, and quantum dots), which are subse-
quently coated with hydrophilic polymers (e.g., polyethylene gly-
cols (PEGs), hyaluronic acid) to increase water solubility, improve
biocompatibility and prolong blood circulation time.[®) However,
the complexity of functional integration and safety concerns as-
sociated with multiple ingredients can severely hinder the clini-
cal translation of multifunctional theranostics.l”! To address these
limitations, “all-in-one” self-assembled amphiphiles that could
simultaneously act as a multimodal imaging agent, photosensi-
tizer, and nanocarrier are highly desired.[®!

In this study, PEGylated and fluorinated heptamethine am-
phiphiles denoted as PEG-Cy-Fs with FLI, F MRI, PDT, and
PTT theranostic functions were synthesized and applied to
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engineering NIR light-responsive nanosystems for F MR-FL
dual imaging-guided chemo-PDT-PTT of cancer in a precise
and tunable way (Scheme 1). The core of PEG-Cy-Fs is IR780,
the first NIR heptamethine cyanine dye with photodynamic
and photothermal capabilities under the same wavelength of
808 nm, and exhibits mitochondria-targeting ability in multiple
cancer cells.’) To construct PEG-Cy-Fs, we utilized fluorinated
amphiphilic building blocks to replace the chlorine atom on
the polyene of IR780, which not only addresses the poor water
solubility of IR780 but also endows it with F MRI and self-
assembly capabilities. Notably, we employed linear and branched
monodisperse PEG, respectively, to optimize the physicochem-
ical and imaging properties of PEG-Cy-Fs. Owing to its higher
YF MRI sensitivity and aggregation tendency, PEG-Cy-Fq,
with branched monodisperse PEG and fluorinated alkyl chains,
was then employed to load tamoxifen (TAM), a clinical breast
cancer drug that can target mitochondria, to achieve synergistic
chemo-photothermal-photodynamic therapy for breast cancer.!’!
Additionally, soybean oil, a hydrophobic oil widely used in phar-
maceutical formulation,!!l was employed to reduce PEG-Cy-F,4
self-quenching in water and thus “turns on” the fluorescence
(FL). To improve the F MRI sensitivity, we employed 1,11-di-
perfluoro-tert-butoxyundecane (F-oil), which gave an overlapped
9F signal to PEG-Cy-F g, to partially replace the soybean oil and
thus improve the °F MRI signal intensity without introducing
chemical shift artifacts.['?] Notably, fluorocarbons are well-known
for their high oxygen solubility,¥] which may deliver oxygen
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Figure 1. Structures of PEG-Cy-F4 and PEG-Cy-F,5 a). '°F MRI phantom images (concentrations as indicated) b) and the logarithm plot of °F signal
intensity (SI) versus '°F concentrations (R? = 0.9999) c) of PEG-Cy-F;5 Normalized absorbance (black) and fluorescence emitting (red) spectra of IR780
d) and PEG-Cy-F,5 ). CMC measurement f), solvent-dependent 'F NMR spectra g), and TEM image h) of PEG-Cy-F5. The corresponding Figure of

linear PEG-Cy-Fq can be found in Supporting Information.

to hypoxic tumors and promote PDT efficacy. In this manner,
the as-prepared nanoparticles, denoted as SoFoTm/PEG-Cy-Fq,
are expected to disassemble through the photothermal effect
and generate reactive oxygens (ROS) through the photody-
namic effect, facilitating controlled TAM release and effective
chemo-PTT-PDT of breast cancer under NIR laser irradiation.

2. Results and Discussion

2.1. Synthesis and Characterization of PEG-Cy-Fs Amphiphiles

As designed, two types of fluorinated heptamethine amphiphiles
were synthesized (Scheme S1, Supporting Information), includ-
ing PEG-Cy-F,g containing branched monodisperse PEG and
fluorinated alkyl chains and PEG-Cy-F, containing linear ones
(Figure 1a). The amphiphiles and their synthetic intermedi-
ates were fully characterized with 'H/C/!°F NMR and mass
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spectra (Supporting Information). A unified F NMR peak at
—71.81 ppm was generated from the 18 or 9 symmetrical fluo-
rine atoms in PEG-Cy-Fs, respectively (Figure S1a,b, Supporting
Information), facilitating their sensitive *F MRI detection. In the
19F MRI phantom experiments, PEG-Cy-Fs were imaged at a low
19F concentration of 5.0 mM, corresponding to 0.28 mM of PEG-
Cy-F ¢ and 0.56 mM of PEG-Cy-F,, with a short data collection
time of 256 seconds (Figure 1b, Figure S2a, Supporting Informa-
tion). Furthermore, the logarithm of !°F signal intensity (SI) was
proportional to the logarithm of the corresponding °F concen-
tration, which enables the accurate quantification of PEG-Cy-Fs
concentration with '*F MRI SI (Figure 1c, Figure S2b, Support-
ing Information).

Next, the optical properties of PEG-Cy-Fs were studied. The
replacement of the chlorine atom in IR780 with fluorinated am-
phiphilic building blocks caused a significant increase in fluo-
rescence intensity and a dramatic blue shift of the maximum
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Ultraviolet-Visible (UV-vis) absorbance from 780 nm (IR780)
to 696 nm (PEG-Cy-F4) and 694 nm (PEG-Cy-F,), which may
contribute to an intramolecular charge transfer between the
donor and acceptor in PEG-Cy-Fs, as a chlorine atom has a
stronger electron-withdrawing ability than a secondary amine
group (Figure S3a,b, Supporting Information).'¥ When switch-
ing the solvent from methanol to water, considerable reductions
in the maximum UV-vis absorbance were observed in PEG-Cy-Fs,
indicating their high aggregation tendency in water. Compared to
IR780, the PEG-Cy-Fs emitted considerably stronger and more
blue-shifted NIR FL emission in methanol (Figure S3b, Support-
ing Information). Although they have far higher water solubili-
ties than IR780, the FL emission of PEG-Cy-Fs was overwhelm-
ingly quenched in water, probably due to the severe aggregation-
caused quenching (ACQ). Notably, the Stokes shift of PEG-Cy-
Fy and PEG-Cy-F g reached 71 and 68 nm, respectively, which
were significantly larger than that of IR780 (36 nm) (Figure 1d,e,
Figure S3c, Supporting Information).

The observation of FL quenching in water promoted us to in-
vestigate the aggregation behavior of PEG-Cy-Fs. Using a UV-
metric method, octanol-water partition coefficients (LogP) of
PEG-Cy-Fs were measured as 1.05 and 1.72, respectively, indicat-
ing their relatively high hydrophobicity. Their aggregation behav-
iors were investigated with critical micelle concentration (CMC)
measurements using a pyrene fluorescence probe method, which
gave CMCs of 58.7 uM for PEG-Cy-F; and 77.8 uM for PEG-Cy-F,
(Figure 1f, Figure S4c, Supporting Information), showing their
high aggregation tendency. Additionally, a solvent-dependent
19F NMR study of PEG-Cy-Fs was carried out. When gradually
switching the solvent from methanol to water, a 0.42 ppm up-
field shift of the '°F peak was observed as a result of PEG-Cy-Fs
aggregates formation in water, showing the transition of fluoro-
carbon moieties from a hydrophilic environment to a hydropho-
bic environment. Furthermore, the 5-fold broadening of the '°F
NMR peak suggested that the mobility of fluorocarbon moiety
was significantly restricted as a result of the aggregation in wa-
ter (Figure 1g, Figure S5a, Supporting Information).[*! The com-
parison of LogP, CMC, and *F MRI detectable concentration of
PEG-Cy-Fs indicated that their water solubility, °F MRI sensitiv-
ity, lipophilicity, and aggregation tendency could be improved by
duplicating the M-OEG and hydrofluorocarbon sidechains, pro-
viding a valuable strategy for manipulating their physicochemical
properties.

Finally, the aggregates of PEG-Cy-Fs were analyzed using
dynamic light scattering (DLS) and transmission electron mi-
croscope (TEM). Unfortunately, the aggregates were too poly-
dispersed to be measured by DLS, which TEM images showed
a “fingerprint-like” parallel fibers morphology (Figure 1h, Figure
S5b, Supporting Information). The ACQ of FL and TEM images
of PEG-Cy-Fs suggested that the heptamethine cyanine moieties
may self-assemble in a “face-to-face” fashion and form the so-
called nonfluorescent H-aggregates.['®] Therefore, the peculiar
molecular shape of PEG-Cy-Fs probably led to the dramatical blue
shift in UV-vis absorption and FL emission, large Stokes shift,
“fingerprint-like” aggregation, and ACQ of FL.
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Table 1. The ingredients, particle size, and PDI of PEG-Cy-F3 nanoparti-
cles.

Entry Ingredients Sizeb) PDI
1 PEG-Cy-Fy3, S-oil (1:4)9) -4 -4
2 PEG-Cy-F 4, S-oil (1:8, NP1) 185 0.15
3 PEG-Cy-F 5, S-oil (1:16, NP2) 203 0.22
4 PEG-Cy-F 3, S-oil (1:32, NP3) 250 0.21
5 PEG-Cy-Fg, S-oil, F-oil (1:7:4, NP4) 175 0.18
6 PEG-Cy-F,3, S-oil, F-oil (1:6:8, NP5) 177 0.17
7 PEG-Cy-F 4, S-oil, F-oil (1:4:16, NP6) 159 0.21
8 PEG-Cy-F 4, S-oil, F-oil (1:2:24, NP7) 160 0.21
9 PEG-Cy-F3, S-oil, F-oil (1:0:32) - -9
10 PEG-Cy-F 5, S-oil, F-oil, TAM (1:6:8:1.4, NP8) 162 0.16

112 PEG-Cy-F 4, S-oil, F-oil, TAM (1:6:8:2.7, NP9) 179 0.14
12 PEG-Cy-F 5, S-oil, F-oil, TAM (1:6:8:5.4, NP10) 167 0.19
13 PEG-Cy-F,3, S-oil, F-oil, TAM (1:6:8:10.8, NP11) 191 0.18

? Ingredients in 10 mL PBS for NP9: 28 mg of PEG-Cy-F,g, 55 mg of soybean oil (S-
oil), 50 mg of F-doil, and 10 mg of TAM; )Size is the diameter in nm; < Molar ratio
of ingredients; 'No apparent spherical nanoparticles were detected by DLS.

2.2. Formulation and Characterization of SoFoTm/PEG-Cy-F,,

With a higher F MRI sensitivity and aggregation tendency,
PEG-Cy-F 4 was utilized to construct theranostic nanoparticles.
Notably, branched M-OEG sidechains have been reported to be
more effective in PEGylating nanoparticles for higher stability,
longer in vivo half-time, and lower immunogenicity purposes.['’]
Since PEG-Cy-F 4 was self-assembled into “fingerprint-like” par-
allel fibers, soybean oil (S-oil, Figure S1, Supporting Information)
was then employed to promote the formation of monodisperse
spherical nanoparticles by providing a hydrophobic core. Mean-
while, the soybean oil core was able to dissolve the hydrophobic
moieties of PEG-Cy-F,,, break up the H-aggregation, and thus
“turned on” the FL. After optimization of the PEG-Cy-F 4 to soy-
bean oil molar ratio (Table 1, entries 1-4), monodispersed spher-
ical nanoparticles NP1 (So/PEG-Cy-F ) with an appropriate par-
ticle size of 185 nm and a polydispersity index (PDI) of 0.15 were
detected by DLS from a solution of 1:8 mixture (Figure 2a).

To improve the F MRI sensitivity, we employed 1,11-di-
perfluoro-tert-butoxyundecane (F-oil, Scheme S1, Supporting In-
formation) with a similar structure to the sidechain of PEG-Cy-
F4 to partially replace the soybean oil in So/PEG-Cy-F,,, which
may generate a unified intense F NMR peak without compro-
mising stability and monodispersity of the nanoparticles. No-
tably, fluorocarbons are well-known for their high oxygen solu-
bility and their nanoparticles have been approved by US FDA
as blood substitutes, which may deliver oxygen to hypoxic tu-
mors and enhance the efficacy of PDT. As expected, PEG-Cy-F,,
and F-oil gave very close singlet ’F NMR peaks at —73.59 and
—73.61 ppm, respectively, while their mixture showed a pseudo
singlet ’F NMR peak (Figure Slc, Supporting Information).
A series of stable and monodispersed nanoparticles NP4-NP7
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were prepared by replacing 1 equivalent of S-oil in nanoparticles
So/PEG-Cy-F ¢ with 4 equivalent of F-oil (Table 1, entries 5-8). Af-
ter evaluating the stability of the nanoparticles, NP5 (SoFo/PEG-
Cy-F,4) was identified as stable and monodispersed nanoparti-
cles (Figure 2a). It was found that S-oil was necessary to gen-
erate monodisperse nanoparticles. When all S-oil in nanoparti-
cles So/PEG-Cy-F,4 was replaced by F-oil, no apparent spherical
nanoparticle was detected by DLS (Table 1, entry 9).

TAM, a hydrophobic breast cancer drug with a conjugated aro-
matic system (Scheme S1 in Supporting Information), was se-
lected to realize the chemotherapy and promote the PDT efhi-
cacy of the nanoparticles via inhibiting mitochondrial complex
I. Fortunately, a series of drug-loaded monodispersed nanopar-
ticles NP8-NP11 were obtained with high drug loadings of up to
23.1% after adding 1.3, 2.7, 5.4, and 10.8 equivalent TAM to the oil
phase, respectively (Table 1, entries 10-13). Among the nanopar-
ticles, NP9 (SoFoTm/PEG-Cy-F g) maintained highest monodis-
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Figure 2. DLS and TEM of nanoparticles NP1, NP5, and NP9, scale bar: 200 nm a). Average particle size and PDI of three NP9 samples in water and
DMEM medium at 4 °C for 15 days. Data were presented as mean =+ SD (n = 3) b). UV-vis absorbance spectra of NP1, NP5, NP9, and TAM c). FL emission
spectra of NP1,NP2, NP3, NP5, and NP9 d). TAM release curves of NP9 under the indicated conditions. Data were presented as mean + SD (n = 3) e).
Partial "F NMR spectra of NP1, NP5, and NP9 (Cpec. s = 1 mM) f). 19F MRI phantom images of NP9 at the indicated PEG-Cy-F;3 concentrations
(g, R? = 0.9999) and the logarithm plot of '°F signal intensity (SI) versus '°F concentrations h). NP1 (So/PEG-Cy-F;3), NP5 (SoFo/PEG-Cy-F;5), NP9
(SoFoTm/PEG-Cy-F1g).

2300941 (5 of 11)
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persity and stability at 4 °C in both water and cell culture medium
DMEM (Figure 2b) for over 15 days. A high TAM encapsulation
rate of 96% was determined for SoFoTm/PEG-Cy-F ¢ using an
HPLC method.

With the stable and monodispersed nanoparticles So/PEG-Cy-
Fi5, SoFo/PEG-Cy-F g, and SoFoTm/PEG-Cy-F ¢ in hand, their
physicochemical properties were investigated. First, the nanopar-
ticles exhibited a maximum UV-vis absorbance peak of around
695 nm (Figure 2c), which was the typical maximum UV-vis ab-
sorption of PEG-Cy-F 5. Notably, the typical UV-vis absorbance
between 200 and 320 nm of TAM and SoFoTm/PEG-Cy-F,, fur-
ther confirmed the successful drug encapsulation. Second, com-
pared to the ACQ FL of PEG-Cy-F5, the FL emission of the
nanoparticles was “turned on” with a maximum emission peak
of 774 nm (Figure 2d). When increasing the amount of S-oil
from 8 equivalent (NP1) to 32 equivalent (NP3), the FL emission
intensity of the corresponding nanoparticles increased by about
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3-fold. In contrast, partially replacing S-oil with F-oil slightly re-
duced the FL emission in SoFo/PEG-Cy-F,¢. Moreover, the encap-
sulation of TAM dramatically increased the FL emission inten-
sity by about 3-fold in SoFoTm/PEG-Cy-F,,. These phenomenons
indicated that the assembly of nanoparticles with an S-oil core
and PEG-Cy-F,4 surface successfully broke up the H-aggregates
of PEG-Cy-F4 and “turned on” the FL emission, in which the
dissolving of hydrophobic sidechains in S-oil reassembled the
aggregation of PEG-Cy-F4. Notably, TAM with hydrophilic 2-
(dimethylamino)ethoxy head may also reassemble the nanopar-
ticle surface and further “turn on” the FL emission. It should be
pointed out that the quenched FL of PEG-Cy-F ¢ and the high
FL emission of its nanoparticles facilitate the selective FL moni-
toring of the intact nanoparticles without the interference of de-
graded ones.

In vitro drug release profile of TAM encapsulated in
SoFoTm/PEG-Cy-F,; was then studied in phosphate-buffered
solutions (PBS) at pH 7.4 and 5.5, respectively. As shown in
Figure 2e, 94% of TAM was released from SoFoTm/PEG-Cy-F,q
within 72 h at pH 7.4, while over 95% of TAM was released
within 36 h at pH 5.5. After 4 h post the NIR laser exposure
(750 nm, 5 min), a significantly accelerated drug release rate with
over 93% of TAM release within 12 h at pH 5.5 was observed.
These results demonstrated the pH/laser-prompted TAM release
from SoFoTm/PEG-Cy-F,g, enabling controlled drug release and
reducing nonspecific organ toxicity.

As expected, nanoparticles So/PEG-Cy-F,q, SoFo/PEG-Cy-F g,
and SoFoTm/PEG-Cy-F,, gave a singlet °F NMR peak of around
—72.69 ppm, respectively (Figure 2f). Compared to So/PEG-
Cy-Fs, the unified YF NMR peak of PEG-Cy-F,4 and F-oil in
SoFo/PEG-Cy-F,; and SoFoTm/PEG-Cy-F,4 not only improved
9F signal intensity by 9-fold but also avoided °F chemical shift
imaging artifacts. Consequently, SoFoTm/PEG-Cy-F,; were im-
aged at a low F concentration of 5.0 mM with a short data
collection time of 256 s during the F MRI phantom experi-
ments (Figure 2g), in which the logarithm of F SI was propor-
tional to the logarithm of the corresponding F concentration
(Figure 2h). Regarding PEG-Cy-F 4 concentration, the YF MRI
detectable concentration was decreased from 280 uM in PEG-Cy-
F,¢ solution to 31 uM in SoFoTm/PEG-Cy-F,, a 9-fold improve-
ment. Therefore, the formulation of PEG-Cy-F,; with S-oil, F-
oil, and TAM can deliver stable and monodisperse nanoparticles,
which “turned on” FL emission and exhibited highly sensitive
and quantitative F MRI.

2.3. Photothermal and Photodynamic Efficacy, Cytotoxicity, and
Cell Uptake of SoFoTm/PEG-Cy-F4

To assess the photothermal efficacy of the fluorinated nanoparti-
cles, we used IR780 and PEG-Cy-Fs amphiphiles as controls and
monitored temperature elevations with a thermal camera. After
a 750 nm laser irradiation for 5 minutes at a power density of
1 W cm™2, temperature elevations of about 15 °C, 21 °C, and
25 °C were observed from the 50 uM solutions of IR780, PEG-
Cy-F,, and PEG-Cy-F,;, respectively (Figure 3a). The photother-
mal conversion efficiency (PCE) was considerably improved af-
ter the modification of IR780 (PCE: 14.2%) to PEG-Cy-Fs am-
phiphiles (PCE: 22.0% for PEG-Cy-F,, 25.9% for PEG-Cy-F;).
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However, after formulating PEG-Cy-F,4 into nanoparticles, the
temperature elevations were reduced to less than 16 °C, in which
the “turned-on” FL compromised the photothermal conversion.
While SoFoTm/PEG-Cy-F,; still exhibited a high PCE of 19.4%,
which may elevate the temperature by 31 °C at a PEG-Cy-F 5 con-
centration of 75 uM (Red line in Figure 3a).

The photodynamic efficacy of the amphiphiles and their
nanoparticles was then measured with a fluorescent probe,
singlet oxygen sensor green (SOSG), to detect singlet oxygen
(*0,)."81 Compared with IR780, PEG-Cy-Fs amphiphiles pro-
duced significantly more 'O, after a 750 nm laser irradiation at
1 W cm™2, in which PEG-Cy-F,4 generated almost 2-fold more
10, than IR780 (Figure 3b). In contrast to the reduced pho-
tothermal efficacy after formulating with the oils, comparable
photodynamic efficacies were found for So/PEG-Cy-F,; and
SoFo/PEG-Cy-F,,, while SoFoTm/PEG-Cy-F; produced much
more '0, than PEG-Cy-F ;. Notably, 9-fold more 'O, was gener-
ated when increasing the concentration of SoFoTm/PEG-Cy-F,,
from 0.5 pM to 4 uM (Figure S6a, Supporting Information).
Furthermore, '0, generation capability of SoFoTm/PEG-Cy-F,g
was confirmed using electron spin resonance (Figure S6D,
Supporting Information).

With the high photothermal and photodynamic capabilities,
cytocompatibility and cytotoxicity of the nanoparticles were eval-
uated in normal human breast MCF-10A cells and human breast
cancer MCF-7 cells, respectively. In MCF-10A cells, nanopar-
ticles So/PEG-Cy-F,; and SoFo/PEG-Cy-F,; showed over 85%
cell viability at a high PEG-Cy-F,4 concentration of 32 uM, in-
dicating their good biocompatibility (Figure 3c). TAM-loaded
SoFoTm/PEG-Cy-F 4 exhibited much better biocompatibility to
MCF-10A cells than free TAM, benefiting from the slow TAM
release profile under a neutral environment. Significant cytotoxi-
city to MCF-7 cells was found for the nanoparticles, especially for
SoFoTm/PEG-Cy-F,4 (Figure 3d). The cytotoxicities were further
improved after 750 nm laser irradiation at 0.4 W cm~2 for 6 min,
showing the PDT and PTT efficacy of the nanoparticles. Notably,
because of its high TAM loading, SoFoTm/PEG-Cy-F,; showed
high cytotoxicity to MCF-7 cells even without a laser irradiation.

The cellular uptake and intracellular location of SoFoTm/PEG-
Cy-F,3 in MCF-7 cells were then investigated by using con-
focal laser scanning microscopy. The confocal microscope
images revealed the successful uptake of SoFoTm/PEG-Cy-
F;g by MCF-7 cells, which is crucial for optimal therapeu-
tic response.’’! During the 24-h incubation, the uptake of
SoFoTm/PEG-Cy-F,4 in MCF-7 increased gradually (Figure 3e).
Furthermore, the measurement of colocalized fluorescent sig-
nals (yellow) from SoFoTm/PEG-Cy-F,; and mitochondrial track-
ing dye MitoTracker Green (MTG) revealed high mitochondria-
targeting specificity (Figure 3f). The intrinsic mitochondria-
targeting ability of IR780 and the electrostatic interaction be-
tween SoFoTm/PEG-Cy-F,, ({-potential 36.7 + 0.8 mV) and neg-
atively charged mitochondrial membranes may account for the
mitochondrial accumulation. Because of the quenched FL of
PEG-Cy-F g and the high FL emission of its nanoparticles, the
confocal images confirmed the delivery of intact SoFoTm/PEG-
Cy-F ¢ to mitochondrial. Given the inhibitory effects of TAM
on mitochondrial respiratory rate by interacting with mitochon-
drial complex 1,121 the delivery of TAM to mitochondrial through
SoFoTm/PEG-Cy-F, is expected to achieve effective inhibition.
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Figure 3. The plots of temperature elevation a) and SOSG FL intensity at 525 nm b) of IR780, PEG-Cy-Fs amphiphiles and their nanoparticles versus
laser irradiation time. Biocompatibility assay toward MCF-10A cells c) and cytotoxicity assay toward MCF-7 cells d) of fluorinated nanoparticles with TAM
as control using CCK-8 assay. The confocal microscope images of NP9-treated MCF-7 cells at the indicated time points after incubation, scale bar: 20 um
e) and colocalization with MTG in MCF-7 cells, scale bar: 10 um f). DCFH-DA-stained MCF-7 cells treated with NP9 and PBS after laser irradiation, scale
bar: 50 um g). NP1 (So/PEG-Cy-Fg), NP5 (SoFo/PEG-Cy-F;3), NP9 (SoFoTm/PEG-Cy-F,3), MTG (MitoTracker Green). Data were presented as mean +
SD (n = 3). p values are calculated using one-way ANOVA, ““p < 0.01, “p < 0.001.

Meanwhile, benefiting from the slowed cellular O, consump-
tion rate and favored ROS generation via TAM-inhibition of mi-
tochondrial complex I, the hypoxia burden of tumors would be
relieved, thereby synergistically improving the PDT efficacy of
SoFoTm/PEG-Cy-F,5.21]

With fluorescence probe DCFH-DA, the generation of ROS
in MCF-7 cells was studied, showing high green FL of DCFH-
DA in cells treated with SoFoTm/PEG-Cy-F,, (Figure 3g). Quan-
titative analysis indicated that, compared to PBS-treated cells
and SoFoTm/PEG-Cy-F ¢-treated cells, about 4-fold higher ROSs
were generated in SoFoTm/PEG-Cy-F,4-treated cells after 750 nm
laser irradiation at 0.4 W cm™2 for 6 min.

2.4. In Vivo FLI, °F MRI, and Photothermal Efficacy of
SoFoTm/PEG-Cy-F,

Taking the advantages of “turned-on” FL with large Stokes shift
and high °F MRI sensitivity, FLI, and '°F MRI were applied to
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track the in vivo biodistribution of SoFoTm/PEG-Cy-F,, in mice
with xenograft MCF-7 tumors at different time points (Figure
4a). A strong FL of PEG-Cy-F,; was observed in the tumor re-
gion 12 h after intravenous (i.v.) injection, which gradually in-
creased and reached the peak 36 h post-injection (p.i.). The
strong FL of PEG-Cy-F5 in the tumor region was maintained
for 10 days (Figure 4b), suggesting its high tumor retention
and stable bioimaging ability. The remarkable tumor-targeted
retention performance may be attributed to the proper parti-
cle size of SoFoTm/PEG-Cy-F,; (179 nm), the “stealth effect” of
branched PEG, and the tumor-targeted delivery potential of PEG-
Cy-F,; mediated by organic anion transporting polypeptides in
tumor sites.l?”] The high accumulation of SoFoTm/PEG-Cy-F 4
in the tumor was further confirmed by the fluorescence images
(Figure 4c) and intensity analysis (Figure 4d) of the internal or-
gans and tumor collected 36 h p.i..

The in vivo photothermal effect of SoFoTm/PEG-Cy-F,4 was
evaluated by monitoring temperature variation in the tumor
region under laser irradiation. We established 36 h p.i. as the

© 2023 Wiley-VCH GmbH
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Figure 4. Whole-mice NIR FL images a), the plot of NIR FL intensities in tumor regions versus time b). NIR FL images c) and intensities d) of organs
collected at the 36™-hour post-injection of SoFoTm/PEG-Cy-F 5. Photothermal images e) and the plot of tumor region temperature versus time f) under
750 nm laser irradiation at 1 W cm~2 of mice 36 h after SoFoTm/PEG-Cy-F5 and PBS injection. '*F MRI of mice after i.v. injection of SoFoTm/PEG-Cy-F g
scanning in the transverse plane g) and coronal plane h). SoFoTm/PEG-Cy-F,3 was intravenously injected at 14 mgkg™" of PEG-Cy-F;4 to BALB/c nude

mice with xenograft MCF-7 tumors. Data were presented as mean = SD (n = 3).

optimum treatment time according to the time-dependent
biodistribution of SoFoTm/PEG-Cy-F,. After 4 min of 750 nm
laser irradiation (1.0 W cm™2), the temperature of the tumor site
rapidly increased to 63 °C. While the temperature increased to
41 °C under the same irradiation condition in the PBS-injected
mice (Figure 4e). A thermal imaging camera recorded the treat-
ing process every 30 s, indicating that SoFoTm/PEG-Cy-F,4 could
efficiently induce a temperature increase for PTT (Figure 4f).
The excellent photothermal effect of SoFoTm/PEG-Cy-F 4 can
not only facilitate effective PTT of cancer but also promote the
selective in vivo TAM release in the tumor region.

Meanwhile, a time-dependent in vivo '°F MRI was conducted.
Combined with the anatomic information offered by 'H MRI, °F
MRI provided “hot-spot” images to visualize the in vivo biodis-
tribution of SoFoTm/PEG-Cy-F,4 at the therapeutic dose (TAM
concentration: 5 mg kg™!). Consistent with the results obtained
by FLI, the distribution of SoFoTm/PEG-Cy-F,; was mainly ob-
served in the tumor and reached the maximum accumulation in
the tumor region at 36 h p.i. (Figure 4g,h). The tumor-target and
retention properties would greatly benefit accurate tumor imag-
ing and guide the subsequent therapy.
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2.5. Chemo—PTT—PDT of Xenograft MCF-7 Breast Cancer with
SoFoTm/PEG-Cy-F,g

Chem-PTT-PDT of xenograft MCF-7 human breast cancer with
SoFoTm/PEG-Cy-F,; was then carried out in BALB/c nude mice.
When the tumor sizes reached ~#100 mm?, 5 groups of mice (n
= 5) were iv. injected with PBS (G1 and G2), TAM (G3), and
SoFoTm/PEG-Cy-F,4 (G4 and G5) every 7 days, respectively. The
treatment efficiency was assessed by measuring the tumor vol-
ume every two days after the treatment in each group. As pre-
sented in Figure 5a, the tumor growth rate is similar between
the PBS group (G1) and the PBS+laser group (G2), suggest-
ing that laser irradiation did not affect tumor growth. Compared
to the PBS groups, a significant chemotherapy efficacy was ob-
served in the TAM (G3) and SoFoTm/PEG-Cy-F,; (G4) groups.
SoFoTm/PEG-Cy-F,; group exhibited higher tumor growth in-
hibition compared to the TAM group, probably due to the high
tumor accumulation, mitochondria-targeting ability, and tumor
retention properties. The therapeutic efficacy of SoFoTm/PEG-
Cy-F,g was further improved by 4 min of 750 nm laser irradi-
ation (1 W cm™2) at 36 h p.i. (Figure 5a, G5). On the 21st day

© 2023 Wiley-VCH GmbH
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Figure 5. Tumor growth curves a), tumor photos b), tumor mass c), and body weight curves d) of five groups of mice treated with PBS (G1), PBS+laser
(G2), TAM (G3), NP9 (G4), and NP9 +laser (G5). H&E staining of internal organs from G1, G3, and G5 (e, the rest groups can be found in Supporting
Information). Data were presented as mean + standard deviation (n = 5, the asterisks indicate the statistical significance between G5 and G2, G3, ***
p < 0.007). Irradiation of 750 nm laser at 1 W cm~2 for 4 min at tumor region 36 h after NP9 and PBS injection. Tumors and organs were collected on
the 21st day. Scale bar: 100 um. NP9 (SoFoTm/PEG-Cy-F,3). Data were presented as mean + SD (n = 5). P values are calculated using one-way ANOVA,

p < 0.001.

of therapy, the mice were sacrificed and the tumors were col-
lected (Figure 5b). Notably, complete tumor ablation was achieved
in the five mice treated with SoFoTm/PEG-Cy-F ¢ and laser ir-
radiation. Both the tumor volume and tumor mass analysis
showed significant therapeutic efficacy in G5 with p < 0.001
compared to PBS, TAM, and SoFoTm/PEG-Cy-F,4 groups, re-
spectively (Figure 5a,c), demonstrating the effectiveness of the
Chem-PTT-PDT combination therapy. No abnormal body weight
changes were observed in all groups (Figure 5d). Furthermore, no
noticeable tissue damage was observed from the H&E staining
of internal organs collected after the treatment (Figure 5Se, Figure
S7, Supporting Information). These results suggested that highly
efficient chem-PTT-PDT combination therapy of xenograft MCF-
7 human breast cancer was achieved by SoFoTm/PEG-Cy-F,,
without apparent toxicity.

3. Conclusion

In summary, we have developed a monodisperse PEGylated and
fluorinated heptamethine cyanine amphiphile PEG-Cy-F,; with
“all-in-one” theranostic functions to conveniently construct NIR
light-responsive nanoparticles SoFoTm/PEG-Cy-F,, for highly ef-
ficient dual-modal imaging-guided chemo-PDT-PTT of breast
cancer. The delicate integration of photosensitizer, fluorescence
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agent, F MRI agent, PEGylation agent, and surfactant into
“all-in-one” amphiphile PEG-Cy-F,, significantly simplifies the
preparation of multifunctional theranostics with high conve-
nience and precision, while avoiding the complexity, heterogene-
ity, and safety concerns of multiple functional entities. The larger
Stokes shift (68 nm), proper LogP (1.05), improved photody-
namic and photothermal efficiency, and '*F MRI capability ren-
dered PEG-Cy-F,4 an excellent theranostic drug carrier. Through
tuning the self-assembly of PEG-Cy-F,g, multifunctional ther-
anostics SoFoTm/PEG-Cy-F,; was conveniently prepared with
high drug loading, “turned on” fluorescence, and 9-fold im-
proved F MRI sensitivity, during which the rule of “like dis-
solves like” was employed to reassemble the “fingerprint-like”
H-aggregates into stable monodisperse spherical nanoparticles
and the rule was extended to “like emits like” to unify all the
9F signal in the nanoparticles into an ultrastrong one. Under
the guidance of F MR-NIR FL dual-modal imaging, the treat-
ment of SoFoTm/PEG-Cy-F,; and NIR laser irradiation led to the
complete ablation of the breast tumors, showing high therapeutic
effectiveness of the multifunctional theranostics. These results
demonstrated the great potential of “all-in-one” amphiphile PEG-
Cy-Fs in the convenient, accurate, and standardized preparation
of high-performance theranostics for imaging-guided drug deliv-
ery and cancer treatment, presenting a promising alternative to

© 2023 Wiley-VCH GmbH
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complex ingredients in nanomedicine. It is noteworthy that the
“all-in-one” amphiphiles PEG-Cy-Fs are also novel functionalized
lipids, which could be employed as an “add-on” module to vari-
ous nanoparticles, such as liposomes, nanoemulsions, polymer-
somes, etc., and conveniently provide them with F MR-NIR FL
dual-modal imaging, photothermal therapy and photodynamic
therapy, and PEGylation capabilities in an “on-call” manner.

4. Experimental Section

Preparation of Nanoparticles: Take the preparation of
SoFoTm/PEG-Cy-F;; as an example. 28 mg of PEG-Cy-Fq,
55 mg of soybean oil, 50 mg of F-oil, and 10 mg of TAM were
dissolved in 1 mL of DCM, and 10 mL of deionized H,O was
added to the mixture. The dispersion was ultrasonicated at 400 W
for 10 min, and the organic solvents were removed by rotary
evaporation. SoFoTm/PEG-Cy-F,; was obtained after filtering
through a 450-nm PES membrane filter.

In Vitro F MRI Experiments: 1°F MRI experiments were per-
formed on a 400 MHz Bruker BioSpec MRI system. The tem-
perature was maintained at 25 °C during the MRI experiment.
The F in vitro images were acquired using a spin-echo pulse
sequence, method = RARE, matrix size = 32 x 32, SI = 20 mm,
FOV = 3.0 cm, TR = 4000 ms, TE = 3.0 ms, scan time = 256 s.

Cytocompatibility and Cytotoxicity Assay: The cell cytotoxicity
was evaluated using the CCK-8 kit. MCF-10A cells (1 x 10* cells
per well) and MCF-7 cells (1 x 10* cells per well) were seeded in
96-well plates and incubated in 0.1 mL of DMEM containing 10%
fetal bovine serum and 1% penicillin-streptomycin solution at
37 °Cin a humidified 5% CO, atmosphere for 24 h. After remov-
ing the culture medium, 0.1 mL of the sample in fresh culture
medium was added to each well and incubated for 24 h. Then,
the medium was removed and the cells were washed with PBS
(pH 7.4) three times, 0.1 mL of fresh medium was added. For the
laser groups, the cells were illuminated using a 750 nm laser with
an energy density of 0.4 W cm~2 for 6 min. 0.1 mL of CCK-8 was
added to each well. After incubation for 3 h, the optical density
(OD) was measured at 450 nm using a microplate reader (BIO-
RAD 550).

In Vitro Singlet Oxygen Detection: Singlet oxygen sensor
green (SOSG) was employed to evaluate the singlet oxygen (10,)
generation. Take the detection of 'O, generated by SoFoTm/PEG-
Cy-F,5 as an example. 0.5 mL of SOSG (4 uM) was added to
SoFoTm/PEG-Cy-F4 (0.5 mL, PEG-Cy-F,4 concentration: 4 uM),
and the resulting solution was irradiated at 750 nm (1 W cm~2)
for 0, 20, 60, and 120 s, respectively. The fluorescence intensity
was measured immediately at an excitation wavelength of 504 nm
and an emission wavelength of 525 nm using a FluoroMax spec-
trofluorometer (HORIBA, Japan).

MitoTracker Green Assay: MCE-7 cells seeded on a Petri dish
were cultured at 37 °C with 5% CO, for 24 h. Then, the cells were
coincubated with SoFoTm/PEG-Cy-F,; (PEG-Cy-F,; concentra-
tion: 4 uM) at 37°C in the dark for 6 h. The medium was removed,
and the cells were washed with cold PBS (pH 7.4) three times and
stained with MitoTracker Green (MTG) at 37 °C in the dark for
40 min. Cell images were acquired using confocal laser scanning
microscopy (A1R/A1, Nikon).

Cellular ROS Detection: MCEF-7 cells were coincubated with
SoFoTm/PEG-Cy-F,4 (PEG-Cy-F 4 concentration: 4 uM) for 24 h.
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The medium was removed and the cells were washed with
PBS (pH 7.4) three times. 1 mL of DCFH-DA was added at
a concentration of 107> M. After incubation for 30 min, the
cells were irradiated by NIR laser irradiation (750 nm, 0.4 W
cm™2, 6 min), and the intracellular singlet oxygen generation was
observed using confocal laser scanning microscopy (A1R/A1l,
Nikon).

Animals and Tumor Model: BALB/c female nude mice at 4—
5 weeks old were purchased from Beijing Vital River Labora-
tory Animal Technology Co., Ltd. (Beijing, China). All animal ex-
periments strictly followed the Guideline for Animal Care and
Use, Innovation Academy for Precision Measurement Science
and Technology, Chinese Academy of Sciences (APM23025T).
The MCF-7 xenograft tumor model was established by subcuta-
neously injecting MCF-7 cells (1 X 107) suspended in 0.1 mL of
PBS into the flank of the BALB/c nude mouse.

In Vivo FI Experiments: When the tumor volume reached
about 200 mm?, the in vivo distribution and tumor accumula-
tion in mice were studied at different time points after tail-vein
injection of 0.1 mL of SoFoTm/PEG-Cy-F,; (PEG-Cy-F,4 concen-
tration: 14 mg kg~!, TAM concentration: 5 mg kg™!) by using an
IVIS imaging system (PerkinElmer) (excitation/emission wave-
length, 710/780 nm). The mice were sacrificed 36 h p.i., and the
major organs and tumors were dissected for ex vivo NIR fluores-
cent imaging. The length (L) and width (W) of each tumor were
measured, and the tumor volume (V) was calculated using the
following formula: V = L x W2 x 0.5.

In Vivo F MRI Experiments: 0.1 mL of SoFoTm/PEG-Cy-
F,3 (PEG-Cy-F ¢ concentration: 14 mg kg™!, 19F concentration:
0.81 mmol kg~!) was injected into the tail vein of MCF-7 tumor-
bearing mice, and F MRI was performed in vivo at different
time points. 'H/F magnetic resonance imaging experiments
were performed on a 400 MHz Bruker BioSpec MRI system. 'H
MRI: method = RARE, TR = 2500 ms, TE = 33 ms, FOV =3
X 3 c¢m, scan time = 160 s. '°F MRI: method = RARE, TR =
3000 ms, TE = 3.0 ms, FOV = 3 X 3 cm, scan time = 32 min.

In Vivo Therapy: When the tumor volume reached ~100
mm?, the mice bearing MCF-7 tumors were randomly divided
into five groups (G1, G2, G3, G4, and G5), with five mice in each
group. The mice in the G1 and G2 groups were intravenously
injected with 0.1 mL of PBS, and the mice in the G3 group
were intravenously injected with 0.1 mL of TAM solution (in 5%
DMSO/40% PEG,,/55% 2-hydroxypropyl-f-cyclodextrin; TAM
dose: 5 mg kg™!), and the mice in the G4 and G5 groups were
intravenously injected with 0.1 mL of SoFoTm/PEG-Cy-F,; (TAM
dose: 5 mgkg™!). The mice in G2 and G5 were irradiated by a NIR
laser (750 nm, 1.0 W cm 2, 4 min) 36 h p.i., and the second laser
treatment was performed on the 4th day after injection. The body
weights and the tumor volumes were measured every 2 days. Af-
ter 20 days of treatment, the mice were sacrificed, and the major
organs and tumors were dissected to detect histological changes
by H&E staining.

Statistical Analysis: The analyzed data are presented as mean
+ standard deviation of n > 3 replicates. Statistical analysis was
performed by one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparisons using OriginPro 2023. Asterisks
indicate significant differences: p < 0.05 was considered as the
probability threshold for statistical significance, **p < 0.01, ***p
< 0.001.

© 2023 Wiley-VCH GmbH
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