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Abstract
Phototherapeutic nanoplatforms that combine photodynamic therapy (PDT) and
photothermal therapy (PTT) with the guidance of photoacoustic (PA) imaging are an
effective strategy for the treatment of tumors, but establishing a universal method for
this strategy has been challenging. In this study, we present a supramolecular assem-
bly strategy based on Förster resonance energy transfer to construct a supramolecular
nanostructured phototherapeutic agent (PcDA) via the anion and cation supramolec-
ular interaction between two water-soluble phthalocyanine ramifications, PcD and
PcA. This approach promotes the absorption of energy, thus enhancing the genera-
tion of reactive oxygen species (ROS) and heat by PcDA, improving its therapeutic
efficacy, and overcoming the low photon utilization efficiency of conventional PSs.
Notably, after the intravenous injection of PcDA, neoplastic sites could be clearly
visualized using PA imaging, with a PA signal-to-liver ratio as high as 11.9. Due
to these unique features, PcDA exhibits excellent antitumor efficacy in a preclinical
model at a low dose of light irradiation. This study thus offers a general approach
for the development of efficient phototherapeutic agents based on the simultaneous
effect of PDT and PTT against tumors with the assistance of PA imaging.

K E Y W O R D S
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1 INTRODUCTION

The spatial heterogeneity of tumors, including changes in pH,
enzyme expression, and oxygenation, is a universal patho-
logical characteristic of tumor microenvironments, leading
to tumor metastasis and recurrence.[1–4] In particular, hetero-
geneity in low oxygen (O2) levels is closely associated with
tumor proliferation and invasion, while also promoting drug
resistance and attenuating the therapeutic efficacy of other
treatment options.[5,6] Due to its minimal invasiveness and
spatiotemporal selectivity, photodynamic therapy (PDT) has
emerged as a promising strategy for the clinical treatment of
cancer and other diseases.[7–9] In PDT, photosensitizers (PSs)
together with light irradiation of a suitable wavelength are
employed to interact with O2 to generate cytotoxic reactive
oxygen species (ROS), which can induce apoptosis and/or
necrosis-induced cell death in tumor tissues.[7,9,10] Thus,
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PDT is an oxygen-reliant process, which limits its efficiency
due to the spatial heterogeneity of O2 tension in tumor.[11–14]

Therefore, the combination of PDT with other treatment
techniques is extensively considered an effective solution to
robust treatment actions.

Photothermal therapy (PTT), in which PSs utilize light
to generate localized heat without consuming O2 in order
to kill pathologic cells, has been developed.[9,15–18] There-
fore, the synergistic combination of PDT and PTT, which are
both based on the photoirradiation of PSs, has been recog-
nized as an ideal treatment to enhance treatment efficacy.[19]

In this system, PTT can conquer the hypoxia limitations of
PDT due to its oxygen-independent nature,[20] while the PSs
employed for PTT are also capable of ultrasound-based pho-
toacoustic (PA) imaging, a promising biomedical imaging
technology with deep tissue penetration.[21–23] Consequently,
designing a PS that combines PDT and PTT guided by PA
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F I G U R E 1 Schematic illustration of the fabrication of a nanostructured contrast agent based on the supramolecular interaction between PcD and PcA
and its enhanced photodynamic, photothermal, and photoacoustic properties.

imaging represents a potentially useful approach for boosting
the tumor treatment effect. To date, a number of near-infrared
(NIR) range optical agents, including single molecules (i.e.,
cyanine, porphyrin, and boron dipyrromethene) or multi-
ple components (i.e., chlorin e6 and gold nanorods),[24–31]

have been developed for synergistic PDT and PTT. However,
the majority of single-molecule optical agents employed in
clinical research or studied in preclinical trials to generate
ROS and heat are composed of a poor hydrophilic conju-
gated structure, which restricts their further range of potential
applications.[32,33] For multiple-component optical agents,
their complicated preparation process, undesirable metabolic
time (some are even prepared by non-biodegradable inorganic
materials), and high cost/benefit ratio have also restricted
their clinical translation.[34–36]

Recently, supramolecular chemistry has attracted signif-
icant attention because it provides a bottom-up strategy
for the construction of functional nanoscale materials for
biomedical applications.[18,37–40] An amount of noncovalent
interactions, including π−π stacking, van der Waals interac-
tions, hydrophobic effect, hydrogen bonding, and host−guest
interactions, have been extensively explored in supramolec-
ular chemistry.[41–44] Along this line, we propose in the
present study a facile strategy for the direct assembly of
two water-soluble phthalocyanine ramifications to construct
a nanostructured phototherapeutic agent for simultaneous
PDT and PTT guided by PA imaging. It is believed that a
new phototherapeutic agent of this type, developed using a
supramolecular self-assembly method based on the Förster
resonance energy transfer (FRET) mechanism, would address
the shortcomings of existing biomedical limitations.

In this contribution, two water-soluble phthalocyanines,
zinc(II) phthalocyanine tetra-substituted with quaternary
ammonium salt groups using “oxygen bridge” as the link-
ages (PcD) and zinc(II) phthalocyanine tetra-substituted with
sulphonate groups using “sulfur bridge” as the linkages
(PcA), are chosen as the host and guest for the supramolecular
assembly (Figure 1). The electrostatic adsorption interaction

between PcD (as the cation) and PcA (as the anion) permits
spontaneous assembly to constitute uniform nanoparticles in
water (PcDA). Encouragingly, the assembly of PcD and PcA
leads to efficient energy transfer from PcD to PcA to boost
ROS and heat generation upon light irradiation. PcDA also
demonstrates an amplified PA signal relative to the PA sig-
nal of pure PcD and pure PcA. Notably, PcDA can efficiently
visualize the tumor with high contrast in a preclinical model,
with a PA signal-to-liver ratio as high as 11.9. Based on these
merits, tumor inhibition is achieved in a preclinical model
when PcDA is employed in synergistic photodynamic and
photothermal tumor therapy, and 95% of the tumor growth
was suppressed at a PcDA dose of 0.8 nmol g−1 and a light
dose of 300 J cm−2.

2 RESULTS AND DISCUSSION

2.1 Design and electrostatic adsorption
interaction of two water-soluble phthalocyanine
molecules and their spectroscopic properties

Phthalocyanines are macrocyclic conjugated organic
molecules that have been extensively developed for use as
PSs in fluorescence imaging and PDT because their alterable
photochemical properties can be adjusted using facile chem-
ical modifications.[45–49] However, only a few investigations
to date have employed phthalocyanines in simultaneous PDT
and PTT guided by PA imaging. In addition, the major-
ity of previously reported phthalocyanine-based therapies
have relied on the fabrication of nanohybrid systems that
require hydrophobic phthalocyanines and other additional
complex materials,[50,51] and these systems generally suffer
from poor fabrication reproducibility, insufficient reagent
loads, and unpredictable toxicity. Similar concerns are also
associated with most other inorganic nanoparticle-based
or organic dye-based systems that have been employed as
PSs for PTT and PA imaging. We thus attempted to employ
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F I G U R E 2 (A) The images of ZnPc, PcD, and PcA (all at 8 mg) in water (1 mL). (B) Fluorescence spectra (excited at 610 nm) of PcD (3 µM) with
different concentrations of PcA in DMF with 10% water. (C) Fluorescence intensity at 695 and 725 nm of PcD (3 µM) with different concentrations of PcA in
DMF with 10% water. (D) Absorbance and (E) fluorescence spectra (excited at 610 nm) of a mixture of PcD and PcA at different ratios. The total concentration
of PcD and PcA was fixed at 3 µM. (F) Job plot for the binding of PcD with PcA. (G) Fluorescence (excited at 655 nm) spectra of a mixture of PcD and PcA
(v/v = 1:1, total concentration 3 µM), PcD, and PcA (all at 3 µM) in DMF with 10% water. F.I., fluorescence intensity. (H) Fluorescence decay curves of a
mixture of PcD and PcA (v/v = 1:1), PcD, and PcA.

supramolecular self-assembly as a specific and green
approach for the development of optical agents for biomed-
ical applications. In addition, as one of the most effective
strategies to enhance the NIR absorbance capacity of organic
PSs, FRET has been widely used to enhance the efficacy of
cancer therapies.[52,53] For example, Peng et al. presented a
novel strategy employing the single-molecule FRET theory
to convert a proportion of fluorescence energy into heat
for enhanced photodynamic and photothermal synergistic
therapy.[54] Inspired by this, we speculated that a nanos-
tructured assembly of phthalocyanines based on the FRET
mechanism may be an effective and universal method for the
development of new contrast agents to achieve simultaneous
PDT and PTT guided by PA imaging. As a proof of concept,
PcD bearing cationic substituents using “oxygen bridge”
as the linkages and PcA bearing anionic substituents using
“sulfur bridge” as the linkages were selected for this effort.

In the development of our proposed treatment system, the
spectral properties of PcD and PcA were first studied in N,N-
dimethylformamide (DMF). As shown in Figures S1 and S2
and Table S1, not only a sharp Q band but also a shoul-
der peak was observed for PcD and PcA. In addition, the
intensity of the Q band increases linearly with increased con-
centrations following the Beer–Lambert,[55] implying that
PcD and PcA do not aggregate in DMF. Thereafter, the
water-solubility of PcD and PcA was evaluated first, with
non-substituted zinc(II) phthalocyanine (ZnPc) employed as
the control. As shown in Figure 1A, 8 mg of PcD and PcA
were completely dissolved in water (1 mL), while ZnPc was
insoluble in water in the same environment. Meanwhile, the
hydrophilic–hydrophobic properties of these zinc(II) phthalo-
cyanines were compared by measuring their phosphate buffer
saline (PBS)/octanol partition coefficient (Pw/o). As exhibited
in Table S2, the log Pw/o values for PcD and PcA were −2.37
and −1.96, respectively, which was much lower than that of
ZnPc (+2.35). These results indicate that both PcD and PcA
have good water-solubility. The binding affinity between PcD
and PcA was then analyzed using fluorescence titration. Inter-

estingly, when we increased the equivalent of PcA added to
PcD, the fluorescence intensity of PcD at 695 nm gradually
decreased (Figure 2B). After adding 1 equivalent of PcA to
PcD, the fluorescence intensity at 725 nm exhibited the great-
est change (Figure 2C), illustrating the obvious interaction
between PcD and PcA. Then, we also employed fluorescence
titration to verify their binding stoichiometry. The results pre-
sented in Figure 2D,E indicated that PcD bound strongly to
PcA, with a binding stoichiometry of 1:1 calculated using a
Job plot (Figure 2F).

A clear spectral overlap between the fluorescence emis-
sion of PcD and the absorption of PcA can be observed in
Figure S3, indicating the potential for FRET to occur between
the two as a donor-acceptor pair. In order to better understand
the FRET process involving PcD and PcA, we selected dif-
ferent excitation wavelengths (610 and 655 nm) to study the
fluorescence emissions of a PcD and PcA (v/v = 1:1) mix-
ture and PcD and PcA alone. As shown in Figure S4, with
excitation at 610 nm, energy donor PcD demonstrated intense
emission at 695 nm. However, the emissions of both the donor
unit PcD and acceptor unit PcA were almost fully quenched
in the mixture of PcD and PcA, suggesting that the energy
transferred between PcD and PcA was very weak under exci-
tation at 610 nm. In contrast, with excitation at 655 nm,
the emission of PcD was almost completely quenched in the
mixture of PcD and PcA due to the presence of an energy
acceptor, but that of PcA was not quenched at 725 nm,
suggesting that efficient energy transfer occurred between
PcD and PcA (Figure 2G). The mixture of PcD and PcA
(v/v = 1:1) also had a shorter fluorescence lifetime than PcD,
providing more evidence that efficient energy transfer took
place between PcD and PcA (Figure 2H).

2.2 Supramolecular self-assembly in water

The self-assembly of PcD and PcA was measured using
dynamic light scattering (DLS) in water. As shown in
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F I G U R E 3 Preparation and characterization of the nanostructured supramolecular assemblies. (A) Schematic illustration of PcD and PcA co-assembly
to form PcDA. (B) Size distribution of PcDA (the total concentration of PcD and PcA was fixed at 10 µM, v/v = 1:1), PcD, and PcA (all at 10 µM) in water
detected by DLS. (C) Morphology of PcDA determined using TEM. (D) DLS particle size profiles for different concentrations of PcDA. (E) Mean particle size
of PcDA (10 µM) in water after aging for different times detected using DLS. (F) Absorption spectra of PcDA (the total concentration of PcD and PcA was
fixed at 3 µM, v/v = 1:1), PcD, and PcA (all at 3 µM) in water.

Figure 3A,B, although PcD and PcA have good water sol-
ubility, pure PcD and PcA (both at 10 µM) exhibited some
aggregation in water, with hydrodynamic diameters of more
than 500 nm. However, mixing PcD and PcA (v/v = 1:1,
total concentration 10 µM) in an aqueous solution generated
assemblies with hydrodynamic diameters of about 60 nm,
revealing that PcDA nanoassemblies had formed. Subse-
quent transmission electron microscopy (TEM) revealed that
PcDA was present primarily as oval-shaped nanoparticles
(Figure 3C). Collectively, these results indicated that PcD
and PcA could be used not only as a donor-acceptor pair for
energy transfer but also as a host–guest pair for the forma-
tion of nanostructures via supramolecular self-assembly. In
addition, the DLS results also indicated that PcD and PcA
(v/v = 1:1) could self-assemble to form a PcDA dispersion
at different concentrations (10, 20, and 100 µM) with similar
particle sizes (Figure 3D). Stability is an important element in
detecting the further biomedical application of PSs. Encour-
agingly, PcDA demonstrated remarkable dispersion stability
because the mean size and the electronic absorption and flu-
orescence emission intensity of PcDA exhibited no obvious
change while in aqueous solution after being placed in the
dark for 7 days (Figure 3E and Figure S5). Furthermore,
PcDA exhibited relative stability of electronic absorption and
fluorescence emission intensity in PBS after aging in the dark
for 7 days. Significantly, compared to pure PcD and pure
PcA in water, PcDA demonstrated a broader and stronger
absorption band ranging (500–800 nm) due to the spectral
overlap of PcD and PcA (Figure 3F). Moreover, as exhibited
in Figure S6 and Table S3, the extinction coefficient (ε) value
of PcDA (58,000 M−1 cm−1) was dramatically increased
compared to pure PcD (40,000 M−1 cm−1) and pure PcA
(31,000 M−1 cm−1). These results confirmed that the NIR
absorbance capability of PcDA was significantly enhanced
relative to pure PcD and pure PcA because of the FRET
effect, which is conducive to its further applications.

2.3 FRET-amplified ROS generation and
vibrational relaxation-induced photothermal
conversion

Generally, the photons absorbed by a PS can be liberated
via three different pathways, including fluorescence, under-
going intersystem crossing (ISC) to generate triplet state
formation that promotes ROS generation, and utilizing vibra-
tional relaxation to generate heat. As exhibited in Figure 4A,
the fluorescence emission of PcDA was almost completely
quenched in water only when compared with a mixed solution
of DMF and water (v/v= 9:1), indicating that PcDA has great
potential for use as an efficient PS for PDT and PTT. The ROS
generation capacity of PcDA was also evaluated employing
an ROS detector, 2′,7′-dichlorofluorescein diacetate (DCFH-
DA). Two different wavelengths of light (655 and 690 nm)
were employed in this analysis as excitation sources due
to the broad band of PcDA. In contrast to the rapid and
large increase in the fluorescence intensity of DCFH-DA with
PcDA after exposure to 655 nm light for 100 s, its fluores-
cence intensity in pure PcD and pure PcA was lowed and
increased relatively slowly (Figure 4B and Figure S7). Specif-
ically, the ROS generation ability of PcDA was 4- and 10-fold
higher than that of PcD and PcA, respectively. These results
indicated that PcDA was an effective ROS generator with the
potential to enhance PDT relative to PcD and PcA. PcDA
also exhibited a stronger capability to generate ROS than the
commercial PS methylene blue (MB) under 655 nm light irra-
diation. However, the ROS generation capacity of PcDA was
considerably lower under 690 nm light irradiation (Figure 4C
and Figure S8). In order to better understand this mecha-
nism, white light (400–700 nm) was selected as an irradiation
source. As expected, PcDA produced more ROS than pure
PcD and pure PcA did under white light irradiation, which
was similar to the results observed under 655 nm light irradi-
ation (Figure 4D and Figure S9). These results demonstrated
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F I G U R E 4 Photodynamic and photothermal properties of the nanostructured supramolecular assemblies. (A) Fluorescence (excited at 655 nm) spectra
of PcDA (3 µM) in water and in DMF with 10% water. ROS generation of PcA, PcD, PcDA, and MB (all at 4 µM) in water under (B) 655 nm, (C) 690 nm,
and (D) white light irradiation (all at 15 mW/cm2), detected using DCFH-DA as the fluorescent probe. A mixture containing only DCFH-DA was employed
as the control. (E) Time-dependent temperatures of PcA, PcD, and PcDA (all at 10 µM) in water upon 655 nm light irradiation for 10 min (0.5 W/cm2). (F)
Temperature elevation of PcDA solutions (10 µM) irradiated with 655 nm light at different power densities (0, 0.5, and 1.0 W/cm2) for 10 min. (G) Temperature
elevation of PcDA solutions at different concentrations (0, 5, 10, and 20 µM) irradiated with 655 nm light at a fixed power density of 0.5 W/cm2 for 10 min.
(H) Illustration of the mechanisms involved in ROS and heat generation due to the FRET effect for PcDA.

that the ROS generation capacity of PcDA was dramatically
higher than that of pure PcD and pure PcA after exposure to
655 nm light. We speculated that this was mainly because
the FRET effect between PcD and PcA facilitated the uti-
lization of NIR photons, thus enhancing the ROS generation
of PcDA, which is crucial to improving its photodynamic
effect.

The photothermal performance of PcDA was subsequently
evaluated. Pure water was employed as the control. Light
at 655 nm was used as the irradiation source because the
FRET process in PcDA can be induced at this wavelength.
As exhibited in Figure 4E, the temperature of PcDA in water
vigorously elevated from 25.5 to 50.6◦C (ΔT = 25.1◦C) after
exposure to 655 nm light (0.5 W/cm2) for 10 min. By com-
parison, the temperature of PcD and PcA only increased by
only 9 and 6◦C under identical environments, respectively.
This significant increase in temperature clearly suggests that
energy can be transferred from PcD to PcA to generate heat.
In addition, as displayed in Figure 4F,G, further investigation
demonstrated that the temperature elevation profile of PcDA
had a positive correlation with the power density as well as
the concentration of PcDA. For example, the temperature of
PcDA in an aqueous solution at 20 µM increased to 63.9◦C

after exposure to 655 nm light for 10 min at 0.5 W/cm2, indi-
cating the controllable photothermal behavior of PcDA. To
further demonstrate the photothermal performance of PcDA,
the photothermal conversion efficiency of PcDA was calcu-
lated at 15.7% according to the photothermal performance
and time constant described in Figure S10, which is much
higher than that of pure PcD (3.7%) and pure PcA (3.1%).
Furthermore, almost no degradation of PcDA in water was
observed after four irradiation-cooling circles, highlighting
the outstanding photostability of PcDA (Figure S11). Taken
together, these results confirm that the FRET effect between
PcD and PcA enhances the NIR absorbance ability and fur-
ther facilitates the utilization of NIR photons, thus greatly
boosting ROS and heat generation by PcDA, suggesting that
PcDA could be employed as an efficient PS for combined
PDT and PTT (Figure 4H).

2.4 In vitro phototherapeutic efficacy
of PcDA

The synergistic treatment efficacy of PcDA was estimated in
vitro. DCFH-DA was used to evaluate the intracellular ROS
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F I G U R E 5 In vitro phototherapeutic efficacy of PcDA. (A) Confocal laser scanning microscope (CLSM) images of intracellular ROS generation and (B)
quantification of corresponding intracellular ROS generation induced by PcD, PcA, PcDA, and MB (all at 1 µM) in 4T1 cells with or without light irradiation
(0.1 W/cm2, 30 s). DCFH-DA: λex = 488 nm, λem = 510–550 nm. A.F.I., average fluorescence intensity. (C) Cytotoxic effect of PcDA on 4T1 cells in the
absence and presence of light irradiation. (D) IC50 and IC90 values of PcDA and MB. (E) Calcein-AM/PI costaining detected using fluorescence microscopy
(scale bar = 250 µm). The cells were divided into two groups: (i) control (PcDA, no light), (ii) PcDA + 655 nm light (0.5 W/cm2, 10 min). Calcein-AM staining
is shown in the green channel, while PI staining is shown in the red channel. (F) Effect of PDT (ice + light) and PTT (DMTU + light) when using PcDA on
4T1 cells. Data were expressed as mean ± SD.

generation of PcDA in mouse breast cancer (4T1) cells. PcD,
PcA, and the commercial PS MB were employed as con-
trols. As exhibited in Figure 5A, bright green fluorescence
was observed in the PcDA-treated cells under light irradia-
tion, indicating efficient ROS generation. In contrast, PcD,
PcA, and MB demonstrated poor intracellular ROS genera-
tion, with the intracellular ROS generation of PcDA found

to be 4.1-, 5.6-, and 3.5-fold higher than that of PcD, PcA,
and MB, respectively (Figure 5B). Furthermore, as shown
in Figure S12, the temperature of the PcDA-treated cells
reached 52.6◦C with light irradiation, much higher than PcD
(35.8◦C) and PcA (34.6◦C).

Motivated by the efficient intracellular ROS and heat
generation of PcDA, we assessed its in vitro phototherapeutic
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F I G U R E 6 In vivo biodistribution of PcDA. (A) In vitro PA amplitude of PcDA at a concentration of 40 µM at various wavelengths. (B) Relationship
between the PA signal intensity at 730 nm and the PcDA concentration. The inset shows PA images at different concentrations of PcDA. (C) Representative PA
images of H22 tumor-bearing mice before and after the intravenous injection of PcDA (excited at 690 nm) or ICG (excited at 800 nm) at different time points.
The red and yellow ellipses denote tumor and liver regions, respectively. (D) Corresponding quantitative analysis of the PA signal intensity at the mice tumor
site and in the liver after intravenous injection with PcDA or ICG (dose: 200 µM, 100 µL) at different time points. PA intensity, photoacoustic intensity.

effect via colorimetric 3-(4,5-dimethyl-2-thiazolyl)−2,5-
diphenyl-2H-tetrazolium bromide (MTT) assays. As
expected, the viability of PcDA-treated cells demonstrated
no obvious variation within the measured concentration
range without irradiation, indicating that PcDA has good
biocompatibility. However, after exposure to light irradia-
tion for 10 min, a dramatic reduction in cell viability was
evaluated with a half maximal inhibitory concentration
(IC50) of 0.42 ± 0.10 µM, which was 22-fold lower than
that of MB (9.31 ± 1.00 µM) (Figure 5D and Figure S13).
In addition, the 90% inhibitory concentration (IC90) of
MB (19.52 ± 1.80 µM) was 5-fold higher than that of
PcDA (3.75 ± 0.50 µM) under identical conditions. The
live/dead staining experiment was also conducted to further
evaluate the therapeutic efficacy of PcDA. As shown in
Figure 5E, almost no green fluorescence was observed in
PcDA-treated cells after illumination, providing more evi-
dence that PcDA can effectively kill cells. To further explore
the in vitro phototherapeutic mechanisms of PcDA, the cells
were treated with the ROS scavenger N,N′-dimethylthiourea
(DMTU). As exhibited in Figure 5F, compared to the PcDA
+ light group, the therapeutic efficiency of the PcDA +

light + DMTU group was markedly lower, presumably
due to the inhibition of PDT. In addition, an ice pack
was applied to adjust the temperature of the cells. As
expected, the cell suppression efficacy of the PcDA + light
+ ice group was also lower than the PcDA + light group.
These results indicated that PDT and PTT both play a cru-
cial role in the photocytotoxicity of PcDA against cancer
cells.

2.5 In vivo photoacoustic imaging of PcDA

PA imaging and PTT are commonly applied in association
for coinstantaneous imaging and treatment applications due
to the homology between PA imaging and PTT. Thus, the PA
performance of PcDA was investigated. PcD, PcA, and water
were used as controls. As exhibited in Figure 6A, consistent
with its excellent photothermal effect, PcDA triggered a much
stronger PA amplitude than either PcD or PcA. In particu-
lar, PcD induced only approximately half the PA amplitude
of PcDA, whereas PcA can only produce a weaker PA ampli-
tude than PcD. PA images of PcDA at different concentrations
(0–40 µM) become increasingly brighter as the concentra-
tion increases, with the PA intensity exhibiting a liner positive
correlation with the PcDA concentration (Figure 6B). These
results illustrate the feasibility of conducting quantitative
analysis based on the PA signal intensity. Then we conducted
in vivo PA imaging assays of PcDA (200 µM, 100 µL) in hep-
atocarcinoma (H22) tumor-bearing mice using intravenous
injection. Indocyanine green (ICG) was employed as the con-
trol. H22 tumor was selected because the preclinical model
is relatively straightforward to construct. Encouragingly, the
PA brightness of the tumor region increased progressively
after the intravenous injection of PcDA, implying that PcDA
can selectively enrich at the tumor site due to the enhanced
permeability and retention (EPR) effect (Figure 6C). The PA
brightness of the tumor site reached its maximum levels after
8 h of injection, which was approximately 11.9-fold higher
than that in the liver (Figure 6D), suggesting that 8 h post-
injection was the optimal time for tumor treatment. After this
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F I G U R E 7 In vivo phototherapeutic efficacy of PcDA (200 µM, 100 µL) on H22-bearing mice after intravenous injection. (A) Schematic chart demon-
strating the treatment of PcDA on H22 tumor-bearing mice. The orange dot represents the tumor. (B) Infrared thermal imaging of H22 tumor-bearing mice with
the indicated treatment. (C) Temperature change curves of H22 tumors in mice with the indicated treatment. (D) Tumor growth curve of H22 tumor-bearing
mice after various treatments. R.T.V., relative tumor volume. (E) Average tumor weight and (F) representative tumor images after 14 days of the indicated
treatment. (i) PBS, (ii) L2, (iii) PcDA, (iv) PcDA + L1, and (v) PcDA + L2. A.T.W., average tumor weights. (G) Average body weight changes of mice with the
indicated treatment. B.W.C., body weight change. Data were expressed as the mean± SD, n= 5. **p< 0.01, ***p< 0.001 determined using the Student’s t test.

peak, the PA signal in the tumor region gradually decreased.
In contrast, the PA signal intensity of ICG exhibited a neg-
ligible increase in the tumor region during the experimental
period. As a result, the PA intensity ratio of ICG in the tumor
and liver was 0.12 after 8 h following injection, which was
99-fold lower than that of PcDA. These results demonstrated
that PcDA had considerable tumor enrichment ability.

2.6 In vivo phototherapeutic efficacy
of PcDA

In vivo phototherapeutic efficacy of PcDA was then assessed
in H22 tumor-bearing mice as well (Figure 7A). Tumor-
bearing mice were randomly classified into five groups (five

mice per group): (1) treated with PBS only (as the control;
denoted as PBS); (2) treated with light 2 only (655 nm,
0.5 W/cm2; denoted as L2); (3) treated with PcDA (200 µM,
100 µL; denoted as PcDA); (4) treated with PcDA (200 µM,
100 µL) followed by light 1 (655 nm, 0.1 W/cm2) irradiation
(denoted as PcDA + L1); (5) treated with PcDA (200 µM,
100 µL) followed by light 2 (655 nm, 0.5 W/cm2) irradiation
(denoted as PcDA+ L2). In the L2, PcDA+ L1, and PcDA+

L2 groups, after corresponding injections for 8 h, each mouse
was exposed to light for 5 min. During the irradiation process,
infrared images of the living mice were collected at particular
time intervals. As exhibited in Figure 7B,C, the rapid ele-
vation in the tumor temperature was clearly observed in the
PcDA + L2 group after light irradiation for 5 min, and the
eventual tumor temperature of PcDA-injected mice reached
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55◦C (ΔT = 30◦C). In comparison, the mice treated with L1
and L2, and the mice treated with PcDA + L1, exhibited little
change in temperature, implying that only the mice treated
with PcDA followed by light 2 irradiation can induce heat
generation at the tumor site. Subsequently, the body weight
and the tumor volume of the mice in each group were contin-
uously collected for 14 days after the prescribed treatments.
As depicted in Figure 7D, the tumor volumes for the mice
treated with L2 or PcDA alone were similar to those of the
PBS group, confirming that light and PcDA by themselves
had a negligible therapeutic effect. On the other hand, the
mice treated with PcDA followed by either light 1 or light
2 irradiation demonstrated an obvious antitumor effect for
the first 8 days because the tumor growth was significantly
suppressed. However, only the mice treated with PcDA fol-
lowed by light 2 irradiation exhibited consistently inhibited
tumor growth all the time, which should benefit from the
combined effect of PDT and PTT. Meanwhile, the PcDA +

L1 group failed to inhibit tumor growth in the last stages,
which should be derived from the effect of PDT alone. The
average tumor weights (Figure 7E) and images of tumors
(Figure 7F) also confirmed the significant antitumor efficacy
of the combination of PDT and PTT.

Body weight is one of the crucial elements for evaluating
the side effects of medical treatments because side effects in
the post-treatment period may induce a decrease in appetite
and discomfort in mice and impact their body weight. As
depicted in Figure 7G, the mice treated with PBS and L2
lost some body weight during the course of treatment. How-
ever, the mice treated with PcDA did not experience this
loss of weight; specifically, the body weight of mice treated
with PcDA followed by either light 1 or light 2 irradiation
experienced a constant increase during the course of treat-
ments, implying the biocompatibility and applicability of
PcDA during the period of therapeutics.

3 CONCLUSION

In summary, we developed a general strategy for the
use of the FRET mechanism in the development of a
nanostructured supramolecular phototherapeutic agent for
tumor photodynamic and photothermal synergistic therapy.
The nanostructured supramolecular phototherapeutic agent
(PcDA) was assembled from the quaternary ammonium salt
group-tetra-substituted zinc(II) phthalocyanine (PcD) and the
sulphonate group-tetra-substituted zinc(II) phthalocyanine
(PcA) via anion and cation supramolecular interaction. This
approach facilitates more absorbed energy to be employed
for amplifying the ROS and heat generation of PcDA, which
greatly enhanced the therapeutic efficacy of the treatment and
resolved the low photon utilization efficiency of conventional
PSs. Furthermore, the nanoassembled PcDA demonstrated an
enhanced PA signal compared with pure PcD and pure PcA.
Notably, the use of PcDA allowed the tumor to be visualized,
with a PA signal-to-liver ratio as high as 11.9, and exhibited
remarkable antitumor efficacy through the combined effect of
PDT and PTT.
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