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In this work, the spin-orbit charge transfer intersystem crossing (SOCT-ISC) mechanism is introduced into
the near-infrared and highly photon-capturing heptamethine cyanine (Cy7) class to construct photosensi-
tizer (PS) for photodynamic therapy (PDT) of tumor. The target PS AN-Cy7 shows an obviously improved
singlet oxygen (10,) quantum yield than the Food and Drug Administration (FDA)-approved indocyanine
green (ICG) under 750 nm low-power photoirradiation (30 mW/cm?) while retaining strong fluorescence
at ~805 nm. Importantly, the PS forms a 2:1 dye-human serum albumin (HSA) nanocomplex, ensuring
its strong accumulation and retention at tumor site (up to five days) post intravenous injection. After a
single PDT treatment, the nanocomplex almost completely ablates primary tumor while triggering an an-
titumor immune response to suppress the growth of distant tumors. Overall, the nanocomplex overcomes
many shortcomings of clinically used PSs, thus being promising for future clinical translation.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Photodynamic therapy (PDT) is a clinically approved,
photochemistry-regulating therapeutic modality for various dis-
eases, especially cancers, which utilizes photosensitizer (PS),
light, and molecular oxygen (30,) to induce phototoxicity by
generating cytotoxic reactive oxygen species (ROS), such as sin-
glet oxygen (10,), superoxide (0,°~), and hydroxyl radical (HO").
Compared with the traditional cancer treatment protocols, PDT
enjoys many advantages, including high spatiotemporal precision,
non-invasiveness, negligible drug resistance, and activation of
immunogenic cell death, and thus has attracted considerable
attention in the past decade [1-7]. Central to the therapeutic
modality is PS, whose ROS-generating ability in principle relies
on the population of a long-lived triplet excited state (T;) from
singlet excited state (S;) via intersystem crossing (ISC). Early PSs
are primarily focused on porphyrin derivatives, which, although
broadly used in clinic, suffer from several disadvantages, such as
short excitation wavelength (commonly <660nm), poor photon-
capturing ability, complicated synthesis, and insufficient tumor
targetability [8]. In addition to porphyrin derivatives, a popular ap-
proach in designing PS is introducing heavy atom to dye skeleton
that promotes S; — T ISC by importing strong spin-orbital cou-
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pling (SOC). However, heavy atom also simultaneously promotes
Ty — Sp (ground state) ISC, and thus this type of PSs commonly
has short T;-state lifetimes, which, coupled with the potential
cytotoxicity of heavy atom, hinders their widespread applica-
tions. Indeed, the concern has compelled considerable research
efforts into the heavy-atom-free PSs in recent years by exploiting
alternative ISC mechanisms, typically including reducing S;-T; en-
ergy gap, symmetrically allowed Sq{(n, mw*)—T;(, m*) transition,
radical-enhanced ISC (RE-ISC), twisted m-conjugation-induced ISC,
and spin-orbit charge transfer ISC (SOCT-ISC) [9-11]. Even so, the
excitation wavelengths of most of these heavy-atom-free PSs are
below the phototherapeutic window of 650-900nm [12], thus
unfavorable for treating the deep-seated tumor tissue. Considering
that the penetration depth of 800 nm light is twice that of 630 nm
[1] and that the irradiation light above 850 nm cannot commonly
provide enough energy to produce '0, [13], the development
of the heavy-atom-free PS with excitation wavelength in the
wavelength range of 750-850 nm is highly desirable [14].

The consideration turned our attention to heptamethine indo-
cyanine (Cy7) dyes, since the dye class enjoys not only the near-
infrared (NIR, 700-900nm) absorption and emission maxima of
750-850 nm, but also the exceptionally large molar extinction co-
efficients (>2.0 x 10° Lmol~! cm~1!) [15-20] when compared with
visible boron—dipyrromethenes (BODIPYs) or rhodamine dyes [21].
Moreover, some Cy7 dyes have been reported to be able to form

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



M. Liu, J. Liu, H. Zhang et al.

nanocomplexes with native serum albumins, thereby displaying
strong tumor targetability [22-27] due to the enhanced perme-
ability and retention (EPR) effect as well as the overexpressed al-
bumin receptors, including glycoproteins (Gp18, Gp30 and Gp60)
and secreted protein acidic rich in cysteine (SPARC), in various tu-
mor tissues [28-30]. As a typical representative, indocyanine green
(ICG) is a Food and Drug Administration (FDA)-approved NIR opti-
cal marker for clinical imaging uses, which exhibits some PDT ac-
tivity but with a low '0, quantum yield (&, = 0.008 in MeOH)
[31]. Indeed, to date, introducing heavy atoms is still a main tac-
tic to endow the dye class with photosensitivity [14,32-39]. Al-
though a heavy-atom-free Cy7 PS was recently exploited based
on the RE-ISC mechanism, the PS structurally belongs to meso-
amino Cy7 series, thus exhibiting a short absorption maximum of
<650nm [40]. In addition, several heavy-atom-free Cy7 dyes, al-
though bearing no obvious structural feature to favour ISC for pop-
ulating Ty state, were also reported to be capable of producing 10,
under the high-power laser irradiation [25,41-44]. Considering that
the high-power laser could make a fraction of fluorophores be-
ing trapped in triplet state [45], the observed 10, generation of
these Cy7 dyes under photoirradiation is understandable, and in-
deed their cancer cell-killing capabilities primarily result from the
photothermal effect under the high-power laser irradiation (com-
monly 0.5-1.5W/cm?). To avoid the high-power laser-caused pho-
todamage to healthy tissues and photobleaching to PSs, the devel-
opment of the heavy-atom-free Cy7 PSs, characterized by the high
photosensitivity under the low-power laser irradiation [37,39], is
urgently needed. And to do that, a well-defined ISC mechanism
should first be identified to augment their photosensitivity in pro-
ducing ROS.

Among various ISC mechanisms for constructing the heavy
atom-free PSs, the SOCT-ISC mechanism has caught much atten-
tions in recent years [46-59]. As shown in Scheme 1A, the type
of PSs is composed of the closely linked and orthogonal electron
donor (D) and acceptor (A, commonly a chromophore) dyad, and
the corresponding photophysics involves a light-driven charge sep-
aration (CS) and recombination (CR) cascade between D and A that
effectively populates T; state. Inspired by the mechanism, we en-
visioned that, by installing a bulky electron donor to the meso-
position of Cy7 skeleton, it is possible to achieve a SOCT-ISC-based
Cy7 PS. Recently, we presented a one-pot cyanine-ketone method
for accessing the robust meso-aryl Cy7 dyes [60], by which a meso-
anthranyl Cy7 dye, i.e., AN-Cy7, was also prepared (Scheme 1B).
Considering that anthranyl group, as an electron donor, has widely
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been used to construct the SOCT-ISC-based PSs [48,51,58], the Cy7
dye was greatly expected to be a PS operating via such mecha-
nism. In this work, we confirmed the role of AN-Cy7 as a SOCT-
ISC-based PS by theoretical calculations and experimental evi-
dences, and found that the PS displayed a 14-fold higher 10,-
generating efficacy than ICG under 750 nm low-power laser irradi-
ation while retaining strong fluorescence at ~805nm. Further, we
found that the PS formed a 2:1 nanocomplex with human serum
albumin, and showed strong accumulation and retention at tumor
site (Scheme 1C). In vivo PDT assays revealed that, under 750 nm
photoirradiation, the nanocomplex almost completely ablated pri-
mary tumors while triggering an antitumor immune response to
efficiently suppress the growth of distant tumors.

AN-Cy7 and Ph-Cy7 (a control dye) were synthesized ac-
cording to our previously reported procedures [60]. The absorp-
tion and emission spectra of the two Cy7 dyes were shown in
Fig. S1 (Supporting information), and the corresponding photo-
physical properties were summarised in Table S1 (Supporting in-
formation). As seen, in CH,Cl,, AN-Cy7 exhibited an intense ab-
sorption band peaked at 775nm with the molar extinction co-
efficient (&) even up to 3.48 x 10° Lmol~! cm~1, indicative of its
strong photon-capturing ability as well as the strong tissue pen-
etrability of its irradiation light. Moreover, AN-Cy7 also showed
a strong fluorescence emission at 804nm in the solvent with
the fluorescence quantum yield (P;) up to 0.32, almost iden-
tical to that of Ph-Cy7 (Py=0.33). As a result, the fluores-
cence brightness (¢ x @) of AN-Cy7 in CH,Cl, was calculated
to be as large as 111,000L mol~! c¢m~!. Although in more po-
lar CH3CN or phosphate buffer saline (PBS)/CH3CN, AN-Cy7 dis-
played decreased brightness (56,000Lmol~!cm~! in CH3CN and
37,000Lmol~! cm~! in PBS/CH3CN), it is still bright enough for the
in vitro or in vivo fluorescence imaging applications.

To figure out whether AN-Cy7 could serve as a SOCT-ISC-based
PS, we first conducted theoretical calculations using the time-
dependent density functional theory (TDDFT) method. As seen in
Fig. S2A (Supporting information), the calculation produced a S,
state with a large oscillator strength (f=2.0903), which could be
assigned as the locally excited (LE) state given that electron and
hole are both located on Cy7 unit. Importantly, the calculation also
gave rise to a low-lying S; state, which could be assigned to the
charge separation state (CSS) given that electron and hole are sepa-
rated completely (f=0) and located respectively on Cy7 and meso-
anthranyl units [61]. Further, we calculated the triplet states of
AN-Cy7 by setting the spin as triplet. It was found that energy gap

Scheme 1. (A) Orthogonal D-A construct for the SOCT-ISC-based PS and corresponding Jablonski diagram that illustrates the processes of T;-state population via CS and CR
and 10, generation via energy transfer. (B) Chemical structures of AN-Cy7 and control dye Ph-Cy7 reported in this work. (C) Schematic illustration of the tumor-targeted

PDT of the AN-Cy7-HSA nanocomplex.
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(AE) between CSS and T3 states is very small (AE: 0.2162eV), in-
dicative of the feasibility of CSS—Ts ISC. Subsequent internal con-
version (IC) would populate T; state. Notably, the calculation also
revealed an orthogonal geometry between meso-anthranyl and Cy7
units, thus structurally facilitating AN-Cy7 to populate T; state in
terms of the SOCT-ISC mechanism [46-59]. In stark contrast, the
TDDFT calculation on Ph-Cy7 only gave rise to locally excited S,
(LE) and S, (LE) states, and no energetically lower CSS state was
observed (Fig. S2B in Supporting information). Thus, it should be
difficult for Ph-Cy7 to populate T; state due to the absence of
an electron donor. Encouraged by the calculations, the electron
paramagnetic resonance spectrum of AN-Cy7 was measured un-
der continuous photoirradiation at 173 K, which gave rise to a clear
signal corresponding to an organic radical at ~3375G (Fig. S3A
in Supporting information), experimentally supporting the produc-
tion of the radical-featured CSS state. Also, we performed fem-
tosecond transient absorption spectra study of AN-Cy7. As seen
in Fig. S3B (Supporting information), following a laser pulse, a
negative ground state bleaching (GSB) band in the range of 560-
780nm and a positive excited-state absorption (ESA) band peaked
at ~550nm were generated. Although the ESA signal disappeared
at ca. 1000 ps, the GSB signal remained even at 6 ns (the maximum
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time range of the device), indicative of the production of a long-
lived excited state—most likely being the T; state due to its long
lifetime [39]. Indeed, this could further be validated by the obvi-
ous '0, generation under photoirradiation due to the T;-T; energy
exchange between O, and AN-Cy7 (Figs. 1A-C).

Subsequently, we evaluated the photosensitivity of AN-Cy7
and Ph-Cy7 in CH,Cl, with commercial 1,3-diphenylbenzoisofuran
(DPBF) as the 10, scavenger. As shown in Fig. 1A, upon continu-
ous photoirradiation of the AN-Cy7/DPBF solution under 750 nm
low-power laser irradiation (30 mW/cm?) for 450s, a substantial
amount of 10, was observed, as indicated by the almost complete
photobleaching of DPBF absorbance at 416 nm; by comparison, only
a small amount of 10, was produced for Ph-Cy7 in the otherwise
identical condition (Fig. S4 in Supporting information). The 10,
quantum yields (@) of AN-Cy7 in CH,Cl, was determined to be
0.114 using ICG (@A = 0.008) as a reference [31], which is 14-fold
greater than that of ICG, highlighting the importance of the meso-
anthranyl electron donor in endowing Cy7 dye with markedly im-
proved photosensitivity. The @, value of AN-Cy7 in CH,Cl, is sim-
ilar to those of the previously reported meso-anthranyl Cy5 PSs
that also operate via SOCT-ISC mechanism [58]. Notably, although
AN-Cy7 shows a strong ability in generating 10, under photoir-

Fig. 1. (A-C) Absorption spectral changes of DPBF in the presence of AN-Cy7 in CH,Cl, and PBS supplemented with 10% FBS or normal human serum under 750 nm
laser irradiation (30 mW/cm?). (D) Dose-dependent viability of the AN-Cy7-loaded A549 cells with and without 750 nm laser irradiation (30 mW/cm?, 30 min). Data are
presented as mean =+ standard deviation (SD) (n=4). (E) Confocal images of the AN-Cy7 (1.0 pmol/L)/DCFH-DA (10.0 umol/L)-loaded A549 cells treated without and with
750 nm photoirradiation. For DCFH-DA, emission was collected in 500-750nm (Aex =488 nm). Scale bar: 200um. (F) Confocal images of the AN-Cy7 (1.0 pmol/L)/MCR-
DMA (2.0 pumol/L)-loaded A549 cells treated without and with 750 nm photoirradiation. For MCR-DMA, emission was collected at 640-750nm (Aex =633 nm). Scale bar:
50um. (G) Confocal images of the AN-Cy7 (1.0pmol/L)/DHE (10.0 pmol/L)-loaded A549 cells treated without and with 750 nm photoirradiation. For DHE, emission was
collected at 500-730nm (Aex =488 nm). Scale bar: 50um. (H) Confocal images of the AN-Cy7 (1.0 umol/L)/HPF (10.0 umol/L)-loaded A549 cells treated without and with
750 nm photoirradiation. For HPF, emission was collected at 500-730 nm (Aex =488 nm). Scale bar: 50 um. (I) Confocal images of the AN-Cy7 (1.0 umol/L)/JC-1 (10.0 pumol/L)-
loaded A549 cells treated without and with 750 nm photoirradiation. For green channel (JC-1 monomer), emissions were collected at 490-560 nm (A.x =488 nm); for red
channel (JC-1 aggregate), at 570-750 nm (Aex =561 nm). Scale bar: 50 pm. (J) Confocal fluorescence images of the AN-Cy7 (1.0 umol/L)-loaded A549 cells treated with 750 nm
photoirradiation and then co-stained with calcein AM/PI (2.0 umol/L /4.5umol/L). For calcein AM, emission collected at 505-535nm (Aex =488 nm); for PI, at 590-700 nm
(Aex =561 nm). Scale bar: 200 um.
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radiation, its fluorescence property is not impacted by its meso-
anthranyl electron donor when compared with Ph-Cy7. Conversely,
for many heavy atom-based Cy7 PSs, their fluorescence is greatly
quenched due to heavy atom effect [31-36]. We hypothesized that
the bulky meso-anthranyl group, in addition to its role in pro-
moting ISC to populate T; state, also largely decreases the nonra-
diative thermal decay, thereby considerably retaining the fluores-
cence of AN-Cy7 [37,58]. The speculation was supported by the
obviously lower photothermal conversion efficiency (1) of AN-Cy7
(7.7%) than that of Ph-Cy7 (20.6 %) under 750 nm photoirradiation
(Fig. S5 in Supporting information).

However, distinct from the sharp monomer absorption in
CH,Cl,, AN-Cy7 in PBS displayed a broadened absorption band in
the wavelength range of 600-900 nm, accompanied by the greatly
quenched fluorescence, indicative of the formation of AN-Cy7
aggregate in the condition (Fig. S6 in Supporting information).
Moreover, the continuous 750nm laser irradiation (30 mW/cm?)
of the PBS solution of AN-Cy7/ABDA (9’,10’-anthracenediyl-bis-
(methylene)-dimalonic acid, a water soluble '0, probe) led to ob-
vious photobleaching of AN-Cy7 aggregate, accompanied by neg-
ligible 0, generation (Fig. S7A in Supporting information); sim-
ilar photobleaching was also observed in the absence of ABDA
(Fig. S7B in Supporting information), indicating that AN-Cy7 ag-
gregate is photo-unstable. Considering that some hydrophobic Cy7
dyes can form water-soluble and photostable dye-albumin com-
plexes [22-27], the photophysical properties and photosensitiv-
ity of AN-Cy7 were further evaluated in PBS supplemented with
10% fetal bovine serum (FBS) that is known to contain an ex-
tremely high concentration of bovine serum albumin (BSA, ca. 35-
50mg/mL) [24]. To our delight, upon adding 10% FBS to the PBS
solution of AN-Cy7, the broad aggregate absorption band disap-
peared, and instead a sharp monomer absorption band emerged,
accompanied by a marked fluorescence enhancement, strongly in-
dicative of the formation of AN-Cy7-BSA complex (Figs. S8A and B
in Supporting information); moreover, no obvious photobleaching
was observed under photoirradiation, indicative of the good pho-
tostability of AN-Cy7 in the PBS-serum system (Fig. S8C in Sup-
porting information). Importantly, using DPBF as a 10, indicator, it
was found that AN-Cy7 shows a strong ability in generating 10, in
the PBS-serum system under 750 nm photoirradiation, and the cor-
responding @, value was determined to be 0.211 (Fig. 1B), ~26-
fold higher than that of ICG. Considering that human serum albu-
min (HSA) is structurally similar to BSA with 80% sequence homol-
ogy [22], we also evaluated the 10,-generating ability of AN-Cy7
in PBS supplemented with 10% normal human serum (purchased
from Sigma-Aldrich (Shanghai, China)). Like that found in the PBS-
FBS system, the formation of AN-Cy7-HSA complex and its good
photostability (Fig. S8D in Supporting information) were also re-
vealed in the PBS-normal human serum system, and the corre-
sponding @, value was determined to be 0.124 (Fig. 1C), ~15-fold
higher than that of ICG. Note that, DPBF is soluble in the two PBS-
serum systems, thus suitable for evaluating the photosensitivity of
AN-Cy7. Although ABDA is a hydrophilic 10, indicator, it lost its
reactivity with 10, in the PBS-serum system (Fig. S9A in Support-
ing information), thus not suitable for evaluating the 10, genera-
tion. The case was supported by the photosensitivity assays of a
commercial type-II PS methylene blue (MB), where, although the
absorbance of ABDA decreased markedly in PBS under photoirradi-
ation (Fig. S9B in Supporting information), it remained almost un-
changed in the PBS-serum system under the otherwise identical
condition (Fig. S9C in Supporting information). Further, by absorp-
tion titration in PBS, the binding ratios of BSA and HSA to AN-Cy7
were determined to be ~2:1 and ~1:2, respectively (Figs. S10 and
S11 in Supporting information). Notably, AN-Cy7-BSA and AN-Cy7-
HSA complexes in PBS were both strong fluorescent with fluores-
cence quantum Yyields calculated to be 0.12 and 0.19, respectively.
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Also, using dihydrorhodamine 123 (DHR123, a fluorescent O,"~
probe) and hydroxyphenyl fluorescein (HPF, a commercial specific
fluorescent HO* probe), we demonstrated that the photoirradiation
of AN-Cy7 in the PBS-serum system does not produce O, and
HO" (Fig. S12 in Supporting information), meaning that AN-Cy7 is
a typical energy transfer-dependent Type-II PS [2].

Next, we evaluated the in vitro PDT efficacy of AN-Cy7 in can-
cerous A549 cells using cell counting kit-8 (CCK8) assays. Before
light irradiation, the cells were incubated with AN-Cy7 in the cell
culture medium DMEM supplemented with 10% FBS at 37°C for
60min, and after light irradiation, the AN-Cy7-loaded A549 cells
were further incubated in the cell culture medium for 24 h at 37°C
before CCK8 assay. As shown in Fig. 1D, AN-Cy7 showed low dark
toxicity in the concentration range of 0-2pmol/L; however, upon
exposure to 750nm low-power laser (30 mW/cm?, 30 min), it ef-
ficiently inhibited cell proliferation in a dose-dependent manner
with half maximal inhibitory concentration (ICsqg) value as low as
0.8 umol/L. Of note, the laser intensity used in the assays is much
lower than the maximum permissible exposure (MPE) (0.33 W/cm?
for 808 nm and 0.25W/cm?2 for 750 nm) as well as those of most
of the reported Cy7 PSs (0.5-1.5W/cm?) [25,41-44], meaning that
the PDT activity of AN-Cy7 could efficiently be triggered by the
safe laser intensity. Further, we performed the in vitro imaging as-
says to probe the AN-Cy7-mediated PDT mechanism. Using 2/,7’-
dichlorodihydrofluorescein diacetate (DCFH-DA, a commercial flu-
orescent probe for total ROS), we confirmed that the PDT pro-
cess induces a substantial amount of intracellular ROS, as indi-
cated by the strong green fluorescence of AN-Cy7/DCFH-DA-loaded
A549 cells after continuous irradiation by 750 nm laser (Fig. 1E);
using a NIR fluorescent 10, probe MCR-DMA developed by us pre-
viously [62], we confirmed that the PDT process markedly induces
the generation of intracellular 10, (Fig. 1F); using dihydroethid-
ium (DHE, a commercial specific fluorescent O,°~ probe) and HPF,
we also confirmed that the PDT process does not produce intra-
cellular 0,"~ and HO’, respectively (Figs. 1G and H), further con-
firming that AN-Cy7 is an energy transfer-dependent Type II PS. In
addition, we performed the CCK8 assay after the AN-Cy7-loaded
A549 cells were irradiated by 750 nm laser under ice incubation
(for probing the photothermal effect), or after the cells were pre-
treated with N-acetylcysteine (NAC, an effective ROS scavenger)
and then irradiated by 750nm laser (for probing the PDT effect).
It was found that the former results in an almost consistent cell
death rate to that performed at 37°C, and the latter obviously in-
hibits cell death (Fig. S13 in Supporting information), strongly in-
dicating that PDT, rather than photothermal effect, plays a crucial
role for AN-Cy7 to kill cancer cells. The PDT-induced mitochon-
drial depolarization, a characteristic of early apoptotic cells, was
also verified by a commercial mitochondrial membrane potential
probe JC-1 (red fluorescence: high membrane potential; green flu-
orescence: low membrane potentials) (Fig. 1I). Moreover, the PDT-
induced cell death could intuitively be observed in the calcein-AM
(green fluorescence: live cells)/propidium iodine (PI) (red fluores-
cence: dead cells) double staining assay (Fig. 1]). In addition, it was
found that compared to normal LO2 cells, AN-Cy7 could preferen-
tially be taken up by cancerous A549 cells in DMEM supplemented
with 10% FBS (Fig. S14 in Supporting information), and displays a
stronger Killing efficacy to A549 cells than to normal LO2 cells un-
der photoirradiation (Fig. S15 in Supporting information), meaning
that AN-Cy7 could selectively kill cancer cells over normal cells
with the help of serum albumin.

Before in vivo PDT assays, we prepared the PBS solutions of
AN-Cy7-BSA and AN-Cy7-HSA complexes, termed AN-Cy7@BSA
and AN-Cy7@HSA thereafter, by respectively adding BSA (3.0
equiv.) and HSA (0.75 equiv.) to the PBS solution of AN-Cy7
(50pmol/L), followed by filtration through a 200-nm filter. The
concentrations of BSA and HSA used here are ~1.5-fold higher
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than the values derived from the binding ratios of BSA and HSA
to AN-Cy7 (i.e., 2:1 and 1:2, respectively) for ensuring sufficient
encapsulation. With AN-Cy7 regarded as solute, the final concen-
trations of the two dye-albumin complexes were determined both
to be around 48pmol/L by absorption spectra. The formation of
AN-Cy7@BSA and AN-Cy7@HSA nanocomplexes were confirmed
by dynamic light scattering (DLS) assays with average hydrody-
namic diameters determined to be 12 and 153 nm (zeta poten-
tials: —4.6 and —11.1 mV, respectively), which could further be vi-
sualized by transmission electron microscope (TEM), where their
average particle sizes were found to be 11nm and 113nm, re-
spectively (Fig. S16 in Supporting information). The smaller par-
ticle sizes observed in TEM than those observed in DLS is due
to the shrinkage of the hydration layer in the dried TEM sam-
ples. Given that nanoparticle within a size range of 20-200 nm is
beneficial for accumulation at tumor site due to EPR effect [63],
AN-Cy7@HSA was expected to have stronger tumor-targeting abil-
ity than AN-Cy7@BSA.

The tumor-targeting abilities of the two nanocomplexes were
evaluated in the subcutaneous HepG2 tumor-bearing BALB/c mice.
Animal experiment was carried out in accordance with the rel-
evant laws and guidelines issued by the Ethical Committee of
Shanxi University (No. SXULL2024010). After a single-dose admin-
istration of AN-Cy7@BSA or AN-Cy7@HSA (48 umol/L, 175uL) via
tail vein, the real-time imaging was carried out under a Bruker In
Vivo FX Pro Imaging System. As shown in Figs. 2A and B, thanks
to its high fluorescence brightness, AN-Cy7@HSA was found to ex-
hibit obvious tumor accumulation on day 4, essentially reaching
up to a maximum on day 5 with the tumor-to-normal tissue ratio
(T/N ratio) calculated to be ~3.3 in the time point. In comparison,
although AN-Cy7@BSA also showed certain tumor accumulation,
its maximum mean fluorescence intensity at tumor site and maxi-
mum T/N ratio (~2.1 on day 4) were obviously lower than those of
AN-Cy7@HSA (Fig. S17 in Supporting information). The strong flu-
orescence signal of AN-Cy7@HSA persisted at tumor site until day
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8, which then gradually disappeared until day 16, meaning that the
nanocomplex has a super-strong tumor accumulation and retention
ability. Based on the observation, the time interval of day 4 to day
8 (five days) post intravenous injection (i.v.) of AN-Cy7@HSA was
proposed as the time window for carrying out PDT. In addition, the
in vivo imaging assays also revealed that AN-Cy7@HSA was metab-
olized mainly via liver, which was essentially completed on day 4.
In view of the better tumor-targeting capability of AN-Cy7@HSA,
the nanocomplex was selected for subsequent in vivo PDT studies.

The in vivo PDT assays of AN-Cy7@HSA were performed in
the HepG2 tumor-bearing mouse models. These mice were di-
vided into four groups, i.e., PBS group (G1), PBS/light group (G2),
AN-Cy7@HSA group (G3), and AN-Cy7@HSA/light group (G4), with
three mice in each group. For AN-Cy7@HSA/light group, a single
dose of AN-Cy7@HSA (48pumol/L, 175uL) was administrated via
tail vein on day 0, and the tumors were irradiated by 750 nm
laser (50 mW/cm2, 60 min) on day 4 (Fig. 2C). After a single PDT
treatment, the tumors in AN-Cy7@HSA/light group showed obvi-
ous shrinkage and scabbing over time (Fig. 2D), which were al-
most completely ablated on day 10, whereas tumors in control
groups grew rapidly. After sacrifice of these mice, all tumors were
excised. As seen in Fig. 2E, tumors in AN-Cy7@HSA/light group
were almost undetectable, whereas tumors in other groups were
obviously larger than their initial volumes. The high PDT efficacy
was also confirmed by hematoxylin and eosin (HE) staining assays,
where obvious tissue necrosis was observed in AN-Cy7@HSA/light
group, whereas no extensive cell damage was found in control
groups (Fig. 2F). After PDT treatment, the weights of the mice in
AN-Cy7@HSA/light group almost unchanged, and no HE stain ab-
normality was observed in other major organs (Fig. S18 in Support-
ing information), indicative of the good biosafety of AN-Cy7@HSA
nanocomplex. For more details, please refer to Fig. S19 in Sup-
porting information. Further, we tested the photothermal effect of
AN-Cy7@HSA by an infrared thermal imaging camera, and found
that during a 30 min photoirradiation treatment, the temperature

Fig. 2. (A) Time-dependent in vivo fluorescence imaging of HepG2 tumor-bearing BALB/c mice after i.v. of AN-Cy7@HSA nanocomplexes (48 umol/L, 175puL), and (B) the
mean fluorescence intensity changes in tumor (red circle) and normal tissue (black circle) regions. Excitation filter: 760 nm; emission filter: 790 nm. Letters T, N, and L refer
to tumor, normal tissue, and liver, respectively. Data are presented as mean + SD (n=3). (C) Schematic illustration of the schedule for tumor inoculation and AN-Cy7@HSA-
mediated PDT of tumors. (D) Representative mouse image on day 10 showing the tumor morphology after PDT. (E) Ex vivo images of the tumors harvested from different
groups on day 10 post i.v. of AN-Cy7@HSA. G1-G4 refer to PBS group, PBS/light group, AN-Cy7@HSA group, and AN-Cy7@HSA/light group, respectively. (F) HE staining of
tumor tissues from different groups on day 6 post i.v. (G) Schematic illustration of the schedule for AN-Cy7@HSA-mediated in vivo PDT of primary tumor (PT) and antitumor
immune response on distant tumor (DT). (H) Representative mouse images on day 4 and day 10 respectively showing the morphologies of primary tumor and distant tumor
before and after PDT. (I) Ex vivo images of primary and distant tumors harvested from AN-Cy7@HSA/light and AN-Cy7@HSA groups on day 10, respectively, post i.v. of

AN-Cy7@HSA on day 0 and PDT on day 4.
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in tumor region was almost unchanged (Fig. S20 in Supporting
information), meaning that AN-Cy7@HSA has a negligible pho-
tothermal effect for tumor. Finally, we evaluated the PDT-triggered
immunotherapeutic effect of AN-Cy7@HSA [64-66]. The bilateral
HepG2 tumor models were established by the subcutaneous inoc-
ulation of HepG2 cells on day —10 and day —4, respectively, before
a single dose administration of AN-Cy7@HSA via tail vein on day
0 (Fig. 2G). On day 4, primary tumors (PT) in AN-Cy7@HSA/light
group were irradiated by 750 nm laser, and no any treatment was
performed for AN-Cy7@HSA group. At day 10, these mice were
sacrificed and all tumors were excised. As shown in Figs. 2H and
I, for AN-Cy7@HSA/light group, primary tumors were found to
be ablated completely, and simultaneously the growth of distant
tumors were effectively suppressed; in stark contrast, both pri-
mary and distant tumors grew obviously for AN-Cy7@HSA group.
Also, we evaluated the PDT-triggered immunotherapeutic effect
of AN-Cy7@HSA toward lung metastatic tumor (Fig. S21 in Sup-
porting information). It was found that the anatomic lungs in
AN-Cy7@HSA group show obvious pathological features, including
lung enlargement, metastatic nodules, and lung consolidation; by
comparison, the lungs in AN-Cy7@HSA/light group were all nor-
mal. Overall, after a single PDT treatment, AN-Cy7@HSA could not
only ablate primary tumor but also trigger an antitumor immune
response to suppress the growth of distant tumor.

In summary, a meso-anthranyl Cy7 PS is presented based on the
SOCT-ISC mechanism, which exhibits a strong ability in generating
10, under 750 nm photoirradiation while retaining strong emission
at ca. 805 nm. The PS could form a 2:1 nanocomplex with HSA, and
thus displays a strong accumulation ability at tumor site. In vivo
PDT assays in mouse models reveal that, the nanocomplex almost
completely ablates primary tumors, while triggering an antitumor
immune response to suppress the growth of distant tumors.
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