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ABSTRACT: The construction of supramolecular multivalent assemblies with unique
photoluminescence behaviors and biological functions has become a research hot spot
recently in the biomaterial field. Herein, we report an adaptive supramolecular assembly
via a multivalent co-assembly strategy prepared in two stages by using an adamantane-
connected pyrenyl pyridinium derivative (APA2), sulfonated aluminum phthalocyanine
(PcS), and folic acid-modified f-cyclodextrin (FA—CD) for efficient dual-organelle
targeted photodynamic cancer cell ablation. Benefiting from 77—z and electrostatic
interactions, APA2 and PcS could first assemble into non-fluorescent irregular
nanoaggregates because of the heterodimer aggregation-induced quenching and then
secondarily assemble with FA—CD to afford targeted spherical nanoparticles (NPs)
with an average diameter of around 50 nm, which could be specifically taken up by
HeLa cancer cells through endocytosis in comparison with 293T normal cells.
Intriguingly, such multivalent NPs could adaptively disaggregate in an intracellular
physiological environment of cancer cells and further respectively and selectively
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accumulate in mitochondria and lysosomes, which not only displayed near-infrared two-organelle localization in situ but also aroused
efficient singlet oxygen generation under light irradiation to effectively eliminate cancer cells up to 99%. This supramolecular
multivalent assembly with an adaptive feature in a specific cancer cell environment provides a feasible strategy for precise organelle-

targeted imaging and an efliciently synergetic photodynamic effect in situ for cancer cell ablation.

B INTRODUCTION

Supramolecular multivalent assemblies based on macrocycles-
mediated molecular aggregation or heterodimerization have
captured great attention in virtue of their diverse applications
such as targeted cell imaging,1_3 bio—sensing,z*’5 drug
delivery,”” and luminescent materials.*” Macrocyclic com-
pounds Play a vital role in regulating the molecular assembly
process. "' For example, multicharged macrocycles can
induce molecules to form assemblies with favorable fluo-
rescence emission and then build artificial light-harvesting or
catalytic systems.'”'’ Particularly, photodynamic therapy
(PDT) taking advantage of macrocycles-involved multivalent
systems has evolved as one of the increasingly striking topics in
biological research."*™'® The introduction of macrocyclic
compounds into an assembly can not only alleviate the
aggregation of photosensitizers to enhance the reactive oxygen
species (ROS) generation ability or modulate the ROS
generation on demand through the host—guest interaction'”"®
but also control the self-assembly behavior, which is conducive
to improving the efficiency of cell endocytosis.'”*’ Compared
with other macrocyclic compounds, cyclodextrin as a kind of
macrocyclic molecule with favorable water solubility, low
toxicity, and biocompatibility has been conveniently exploited
as a fundamental building block to construct multifunctional
and advanced supramolecular assemblies.”' ~** For example,
cyclodextrin can prompt the formation of highly ordered
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structures and prevent the accumulation of porphyrins, thus
leading to more singlet oxygen generation.”* Cyclodextrin-
based supramolecular systems have also been elaborately
applied in organelle dysfunction and cancer therapy.”~>’
The avoidance the undesired photosensitizer activation is of
great significance in the PDT process, which required the
photosensitizer to only be initiated in specific sites of cells
when meeting a variety of intracellular stimuli.”*~** Molecules
with intramolecular rotation properties such as tetraphenyle-
thene (TPE) derivatives will undergo a remarkable enhance-
ment of fluorescence or ROS generation after aggregation,
while most of the molecules are quenched.”*~** Phthalocya-
nine derivatives that hold an extended conjugated structure
have been widely exploited as photosensitizers and imaging
agents in virtue of their unique long absorption wavelengths
and near-infrared fluorescence emission.”®™>* Particularly,
multi-charged phthalocyanine derivatives possessing good
water solubility have been considered as excellent candidates
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Scheme 1. Schematic Illustration of the Formation of the Adaptive Supramolecular Multivalent NP and Its Application for
Targeted Dual-Organelle Imaging and an Enhanced Synergistic Photodynamic Effect
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to construct supramolecular dimerization aggregates because
they can assemble with themselves or other oppositely charged
molecules on account of multiple interactions.””*’ For
example, Yoon and co-workers constructed nucleic-acid-driven
activatable nanoassemblies composed of the phthalocyanine
photosensitizer and anticancer drug mitoxantrone via a
supramolecular strategy and achieved the significantly
improved therapeutic effect.*’ Tang and co-workers reported
theranostic nanoparticles (NPs) via the self-assembly of
sulfonated phthalocyanine and a mitochondria-targeting
probe to realize synergistic chemo-PDT."” Although the
research based on the aggregation process for PDT has
made great progress, in situ disassembly of the cyclodextrin-
mediated supramolecular multivalent assembly under physio-
logical conditions of cancer cells for targeted dual-organelle
imaging and an enhanced synergetic photodynamic effect has
rarely been reported.

Herein, we report a novel supramolecular multivalent NP
composed of 4,4-pyrene-1,6-diylbis(ethene-2,1-diyl)bis(1-ada-
mantanylpyridin-1-ium) bromide (APA2), sulfonated alumi-
num phthalocyanine (PcS), and folic acid-modified S-cyclo-
dextrin (FA—CD) to realize targeted dual-organelle imaging
and a cooperative photodynamic effect for high-efliciency
cancer cell ablation (Scheme 1). First, a new D—A type
photosensitizer APA2 was synthesized via the Knoevenagel
condensation. Next, PcS could strongly associate with APA2 in
a 1:1 mode to form irregular nanoaggregates due to the
multivalent interaction, which was simultaneously accompa-
nied by significant fluorescence quenching and inhibited 'O,
generation. Moreover, FA—CD acting as a target unit was
introduced to further co-assemble with PcS/APA?2 by virtue of
the host—guest interaction between f-cyclodextrin and
adamantane to afford homogeneous supramolecular NPs
with uniform sizes. Compared with 293T normal cells, thus
obtained NPs could be selectively internalized by HeLa cancer
cells and could then release photosensitizers at intracellular
acidic lysosomes. Subsequently, APA2 and PcS could
specifically target mitochondria and lysosomes and then
efficiently activate 'O, generation in situ to cause almost
complete cancer cell death under light irradiation. Particularly,
it was observed that the released PcS could migrate from the
lysosome to the nucleus when cells underwent an apoptosis

process under light irradiation, which could be utilized to self-
monitor the therapeutic effect within cancer cells in real time.

B EXPERIMENTAL SECTION

Synthesis of Compound 2. 1-Adamantyl bromomethyl ketone
(515 mg, 2.03 mmol) and 4-methylpyridine (379 mg, 4.06 mmol)
were dissolved in anhydrous CH;CN, and the mixture was heated at
reflux for 4 h under a N, atmosphere. Then, the solution was
evaporated under a reduced pressure. After that, cold diethyl ether
was added, and the formed precipitation was filtered. After vacuum-
drying, compound 2 (604 mg, 85%) was obtained as a white solid. 'H
NMR (400 MHz, DMSO-dg, ppm): 6 8.72 (d, ] = 6.6 Hz, 2H), 8.04
(d, ] = 6.4 Hz, 2H), 5.95 (s, 2H), 2.64 (s, 3H), 2.05 (s, 3H), 1.91 (s,
6H), 1.72 (q, ] = 12.2 Hz, 6H); *C NMR (100 MHz, DMSO-d,,
ppm): & 206.58 (s), 159.98 (s), 145.4S (s), 128.49 (s), 64.64 (s),
45.52 (s), 37.55 (s), 36.32 (s), 27.63 (s), 22.04 (s).

Synthesis of Compound APA2. APA2 was obtained by the
Knoevenagel condensation.’ Pyrene-1,6-dicarbaldehyde 1 (100 mg,
0.39 mmol) and 2 (340 mg, 0.97 mmol) were dissolved in 30 mL of
CHCI; and 10 mL of methanol, and a few drops of piperidine were
added. The solution was heated under reflux overnight. After that, the
formed precipitate was filtered, washed by diethyl ether and CHCI;,
and dried in vacuo to yield APA2 (183 mg, S1%) as a dark red
powder. '"H NMR (400 MHz, DMSO-d,, ppm): & 9.18 (d, ] = 15.7
Hz, 1H), 9.07 (d, ] = 9.4 Hz, 1H), 8.80 (d, ] = 6.3 Hz, 1H), 8.74 (d, ]
= 8.2 Hz, 1H), 8.59 (d, ] = 6.2 Hz, 1H), 8.52 (d, ] = 8.3 Hz, 1H), 8.46
(d, J = 9.5 Hz, 1H), 7.93 (d, ] = 15.7 Hz, 1H), 5.92 (s, 1H), 2.09 (s,
1H), 1.96 (s, 2H), 1.75 (q, J = 12.3 Hz, 2H); *C NMR (100 MHz,
DMSO-dg, ppm): & 206.09 (s), 145.40 (s), 145.03 (s), 137.03 (s),
136.35 (s), 131.90 (s), 130.02 (s), 129.69 (s), 128.47 (s), 126.23 (s),
124.14 (s), 123.94 (s), 123.90 (s), 63.87 (s), 45.06 (s), 37.08 (s),
35.77 (s), 27.08 (s). HRMS (ESI): m/z caled for CgH,N,0,%,
381.2087 [M — 2Br ]%*; found, 381.2090.

Preparation of NPs. Al(III) phthalocyanine chloride tetrasodium
sulfonate (PcS) (4.92 mg, S pmol), APA2 (4.61 mg, S pmol), and
FA—CD (8.0 mg, S umol) were dissolved in deionized water (10
mL), and subsequently, the mixture was ultrasonicated for 30 min.
The resulting NP solution was stored at 4 °C for further use.

Cell Culture. The human embryonic kidney normal cell line 293T
cells and human cervical carcinoma cancer cell line HeLa cells were all
purchased from the Cell Resource Center, Chinese Academy of
Medical Science Beijing. HeLa cancer cells and 293T normal cells
were cultured with Dulbecco’s modified Eagle medium (DMEM)
high glucose nutrient medium containing 10% fetal bovine serum
(FBS) and 1% penicillin/streptomycin in a humidified incubator with
a 5% CO, atmosphere at 37 °C. Before being used in experiments, all
cells were pre-cultured to achieve confluence.
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Figure 1. (a) Synthetic route to APA2. (b) 'O, quantum yield of APA2 with reference to the standard RB in aqueous solution. (c) Absorbance of
ABDA at 378 nm in different DMSO/water co-solvents at designated time intervals under the same light irradiation, where A; and A represent the
absorbances of ABDA before and after light irradiation, respectively. (d) Decomposition rate constants of ABDA by APA2 with the increasing
fraction of water. (e) Photostability of APA2 and RB after continuous exposure to light irradiation at different times.

Cellular Uptake Study. HeLa cells and 293T cells were seeded
into a confocal Petri dish and cultured for 24 h at 37 °C in a
humidified 5% CO, atmosphere. HeLa cells were divided into two
groups and then incubated with APA2 (S uM), PcS (5 uM), and NPs
([APA2] = [PcS] = [FA—CD] = 5 uM), and 293T cells were treated
with NPs under the same condition. After 24 h of co-incubation, the
culture medium was discarded, and the cells were washed with 0.01 M
phosphate-buffered saline (PBS) at least three times. Confocal laser
scanning microscopy (CLSM) was used to acquire the fluorescence
images.

Co-localization Imaging. The co-localization imaging experi-
ments were performed by using commercially available dyes.** HeLa
cells were first seeded into a confocal Petri dish and incubated for 24
h at 37 °C in a humidified 5% CO, atmosphere, then NPs ([APA2] =
[PcS] = [FA—CD] = S uM) were added into the dish in a culture
medium and cultured for another 24 h. After that, the culture medium
was discarded, and the cells were washed with 0.01 M PBS at least
three times. Next, MitoTracker Green was co-cultured with the cells
at 37 °C for 30 min in order to stain mitochondria. After the cells
were repeatedly washed with PBS at least three times, the localization
in cells was immediately observed by CLSM. The excitation
wavelength was set as 488 nm, and the emission was collected in
the wavelength range from 510 to 540 nm for MitoTracker Green.
The excitation wavelength was set as 488 nm, and the emission was
collected in the wavelength range from 650 to 700 nm for APA2. The
excitation wavelength was set as 635 nm, and the emission was
collected in the wavelength range from 700 to 750 nm for PcS.

Extracellular '0, Detection. Commercial 9,10-
anthracenediylbis(methylene)dimalonic acid (ABDA) was exploited
as a tracer agent to access the differences in 'O, production
efficiencies of different samples. Specifically, each sample and ABDA
were together dispersed in 3 mL of deionized water with final
concentrations of 0.01 and 0.05S mM, respectively. Then, the mixed
solution was irradiated by white light (>420 nm) with a power of 220
mW/cm? The 'O, generation efficiency was measured by monitoring
the UV—vis absorbance change of ABDA at 378 nm in different
irradiation time intervals.

'0, Generation Quantum Yields. Rose Bengal (RB) (@, = 0.75
in H,O) was utilized as the standard, and ABDA was used as an

indicator to assess the quantum yields for 'O, generation of different
samples under irradiation.** Typically, deionized water solutions with
different samples and ABDA (50 uM) were mixed well under dark
conditions and then exposed to white light. The absorbance of ABDA
at 378 nm were recorded every 20 s. The @, values of samples were
calculated according to the following formula

L

A

std x

Dp () = Baoray X

where subscripts std and x, respectively, represent the RB and sample.
K indicates the slope of absorbance of ABDA at 378 nm versus
irradiation time (s). K, and K4 represent the decomposition rate
constants of ABDA by APA2 and RB, respectively. Ay, and A, are the
integral areas of the absorption spectrum of RB and APA2,
respectively.

Intracellular '0, Detection. The intracellular 'O, generation of
NPs was studied using a common ROS indicator, 2’,7'-dichloro-
fluorescin diacetate (DCFH-DA).*® First, the HeLa cancer cells were
co-incubated with a S gM concentration of each sample for 24 h.
After 24 h of incubation, DCFH-DA was added into the culture
medium with incubation for 15 min. Then, the cells were washed with
0.01 M PBS at least three times to remove excess DCFH-DA, and the
new culture medium was added, followed by irradiation with white
light irradiation for S min. Finally, the intracellular 'O, level was
examined immediately by CLSM. The excitation wavelength was set
as 488 nm, and the emission wavelength was collected in the range
from 500 to 530 nm.

In Vitro Cytotoxicity Tests. First, HeLa cells or 293T cells were
plated in 96-well plates and incubated for 24 h. After that, the cells
were treated with different concentrations of NPs from 0 to 4 yM for
another 24 h in the absence of light. Subsequently, the cells were
exposed to white light irradiation (CEL-HXUV300 xenon lamp with a
>420 nm cutoff filter at a power density of 220 mW/cm?) for 5 min.
Then, the cells were allowed to continue growing for another 1 h. The
culture medium was discarded, and the cells were washed with 0.01 M
PBS twice. Then, CCKS8 solution was added to each well, and the cells
were further incubated at 37 °C for 1 h. The absorbance value was
obtained using a microplate reader at 450 nm wavelength. The data
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Figure 2. (a) Normalized absorption and emission spectra of APA2 and PcS in aqueous solution. (b) UV—vis spectral changes of PcS (S M) upon
the addition of 0—3.0 equivalents of APA2 in aqueous solution. Inset: absorbance intensity changes of PcS at 609 and 676 nm. (c) Fluorescence
spectral changes of PcS (S M) upon the addition of 0—2.4 equivalents of APA2 in aqueous solution. Inset: emission intensity changes of PcS at
687 nm. (d) Photographs of PcS, PcS/APA2, and APA2 under UV light. (¢) "H NMR spectra of model molecule 2 (1 mM) with the addition of
0—8.0 mM S-CD (spectra from 1 to 12) in D,O at 25 °C. (f) Nonlinear least-squares fit of the chemical shift changes of the two peaks at d = 2.06

ppm as a function of the concentration of $-CD.

were all displayed as the mean + standard deviation. The NP
concentrations were determined on the basis of the photosensitizer.
The dark cytotoxicity in vitro was characterized similarly to the
phototoxicity characterization described above but without the

irradiation. Cell viability was calculated using the following equation

Cell viability (%) = [(A, — A,)/(A, — A,)] X 100%

where Ay, is the absorbance of the background and A; and A_ are the
absorbances of solutions with or without samples, respectively.

B RESULTS AND DISCUSSION

The synthetic route of APA2 is presented in Figure la, where
Knoevenagel condensation was conducted between pyrene-
1,6-dicarbaldehyde (1) and the adamantyl pyridinium
derivative (2) to acquire the target product APA2. APA2 was
composed of a pyrene segment as an electron-donating (D)
unit, a carbon—carbon double bond as a z-bridge, and
pyridinium as an electron-accepting (A) unit. The strong
electron donor—acceptor (D—A) interaction within this
molecule promoted intramolecular charge transfer, thus
leading to longer absorption and emission wavelengths,
which made it an excellent candidate for a photosensitizer.
First, the 'O, generation efficiency of APA2 in an aqueous
medium was examined by utilizing ABDA as an indicator.
Upon white light irradiation for 160 s, the absorption peak of
ABDA at 378 nm declined sharply along with irradiation time
in the presence of APA2 (Figure S7), and the photo-
decomposition rate constant was determined to be 5.03 X
107 S7', while that of a commercial photosensitizer RB was
3.44 X 1073 S™*, With reference to the standard RB (®, = 0.75
in water),"” the 'O, quantum yield (®,) of APA2 in water was
calculated to be 0.89 (Figure 1b), indicating its efficient 'O,

generation performance and great potential for photodynamic
application. However, ABDA displayed no apparent decrease
in absorption upon mixing with APA2 in a good solvent,
dimethyl sulfoxide (DMSO), indicating that APA2 could not
produce 'O, under this experimental condition (Figure S8).
Then, the 'O, generation efficiency of APA2 was studied by
tuning its aggregation degree in water/DMSO co-solvents with
different volume ratios. As depicted in Figure 1c,d, when water
fractions were increased from 1:9 to 99:1 in the mixture of
water/DMSO, the photo-decomposition rate constant of
ABDA gradually increased (Figure S9), indicating its improved
'0, generation efficiency, which could be ascribed to the
enhanced intersystem crossing effect after aggregation.%_SO
Since existing photosensitizers are susceptible to the photo-
bleaching problem, we also studied the photostability of APA2.
After 20 min of white light irradiation, the absorbance of APA2
at its maximum absorption wavelength still remained around
85%, while that of RB decreased to 35%, proving that APA2
had better light stability and photobleaching resistance
(Figures le and S10).

Subsequently, the binary supramolecular assembly could be
conveniently prepared by mixing PcS with APA2 in aqueous
solution due to the strong hydrophobic, electrostatic, and 7—x
interactions between them. The photophysical behavior
associated with the assembly process of PcS and APA2 was
examined by UV—vis spectroscopy and fluorescence spectros-
copy in detail. The normalized UV—vis absorption spectra and
fluorescence spectra of only APA2 and PcS in aqueous solution
are presented in Figure 2a. APA2 showed the maximum
absorption at 488 nm and an emission centered at 623 nm.
Although the emission spectrum of APA2 and the absorption
spectrum of PcS had a certain overlap and the florescence
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Figure 3. Typical (a) TEM, (b) SEM, and (c) AFM images of NPs and (d) the hydrodynamic diameter of NPs measured by DLS.

resonance energy transfer (FRET) process might occur from
APA2 to PcS, both of these two molecules suffered from
serious self-quenching after the formation of aggregates, which
ultimately resulted in fluorescence quenching of the formed
assemblies. As shown in Figure 2b, upon stepwise addition of
APA2 into the aqueous solution of PcS, the absorption band of
PcS at 676 nm became blunt and its intensity gradually
reduced, accompanied by an obvious bathochromic shift from
676 to 686 nm with a clear isosbestic point, implying a
transition from free PcS to the PcS/APA2 species. Moreover,
the absorbance changes of PcS reached the plateau in the
presence of 1.0 equivalent of APA2, indicative of the formation
of a stable 1:1 complex between PcS and APA2 (Figure 2b,
inset). Similarly, fluorescence intensity of PcS gradually
quenched with the stepwise addition of APA2, and a clear
inflection point was observed when 1.0 equivalent of APA2 was
added, also confirming the 1:1 binding stoichiometry (Figure
2¢). In addition, the { potential of APA2 alone was 19.0 mV,
while the { potential of PcS/APA2 was —17.5 mV, further
verifying the complexation between PcS and APA2 (Figure
S11). It could also be observed that the fluorescence intensity
of APA2 underwent a fluorescence quenching process after the
stepwise addition of PcS (Figure S12). The photographs taken
under UV light (365 nm) through a portable UV lamp
provided more intuitive evidence of self-assembly between PcS
and APA2. In comparison with free PcS and APA2, which
presented brightly fluorescent colors, respectively, a significant
fluorescence quenching was found for PcS/APA2 (Figure 2d).
In the control experiment, when model molecule 2 without a
pyrene core was used to titrate the solution of PcS, neither UV
absorption nor fluorescence intensity of PcS showed significant
changes, revealing that the pyrene core played an essential role
in the self-assembly of PcS and APA2 (Figure S13). The
possibly assembled pattern is presented in Scheme 1. These
results jointly revealed that PcS could associate with APA2 to

form a highly stable heterodimerization complex in aqueous
solution favored by the multivalent interactions.

Next, FA—CD was introduced to this binary PcS/APA2
system for further assembly by virtue of the host—guest
interaction between cyclodextrin and adamantane to endow
the ternary assembly with improved biocompatibility and
cancer cell-targeting ability. First, model molecule 2 was
utilized as a reference guest and native -CD was used as a
reference host for the 'H NMR titration experiment. As
displayed in Figure 2e, the shifted proton signals of
adamantane (1.0 mM) shifted downfield gradually from d =
2.06 ppm to d = 2.27 ppm accompanied by shape changes with
the increase in the concentration of #-CD from 0 to 8.0 mM,
implying the inclusion of adamantane into the cavity of -CD.
Besides, the binding constant (K;) between adamantane and
the S-CD cavity was calculated to be 6.768 x 10* M™! by
analyzing the nonlinear least-squares fit of the titration data
(Figure 2f). In order to determine the optimum proportion of
added FA—CD into this binary PcS/APA2 system, a UV—vis
titration experiment was carried out. An obvious inflection
point appeared after the addition of 1.0 equiv of FA—CD, and
the absorption peak of PcS did not change too much at the
same time, meaning that the previous binding model could not
be destructed (Figure S14). Therefore, the final ternary
assembly was obtained by simply adding 1.0 equiv of FA—
CD into PcS/APA2 in aqueous solution. Subsequently, high-
resolution transmission electron microscopy (HR-TEM),
scanning electron microscopy (SEM), atomic force microscopy
(AFM), and dynamic light scattering (DLS) experiments were
conducted to investigate the direct morphological information
of the resultant assemblies. The APA2 alone existed as a
discrete spherical morphology with a nanostructure of size
about 20 nm, while the binary PcS/APA2 displayed an
irregularly cross-linked nanoaggregated structure driven by the
strongly multivalent interactions between PcS and APA2
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Figure 4. (a) CLSM images of HeLa cells incubated with NPs and MitoTracker. (b) Fluorescence intensity profile of linear ROIs across HeLa cells
along the white lines. (c¢) CLSM images of HeLa cells incubated with NPs and LysoTracker. (d) Fluorescence intensity profile of linear ROIs across
HeLa cells along the white lines. For APA2 (yellow channel), 4., = 488 nm and A, = 650—700 nm. For PcS (red channel), 4., = 635 nm and 4,,,, =
700—750 nm. For MitoTracker green and LysoTracker green (Green channel), 4., = 488 nm and 4, = S10—540 nm. Scale bar = 25 um.

(Figure S15). The irregular nanoaggregates gradually evolved
into a uniform morphology after the addition of 1.0 equiv of
FA—CD, which exclusively displayed a number of spherical
NPs, and the average diameters of these NPs were around 50
nm on the basis of the TEM analysis (Figures 3a and S16).
Moreover, the SEM and AFM images (Figure 3b,c) also gave
similar morphological information, which presented many
homogeneous spherical NPs with a uniform size. The possible
reason for this morphological transformation is that when the
adamantane part of such irregular nanoaggregates was
encapsulated into the cavity of f-cyclodextrin, the large steric
hindrance from the adjacent f-cyclodextrin moieties would
result in the twisting of the original nanoaggregates and
consequently contribute to the conversion into spherical NPs.
In addition, the hydrodynamic diameter of NPs was also
measured by DLS to be ca. 99.45 nm with a relatively narrow
particle size distribution (Figure 3d). No significant size
change was observed when the size distribution of NPs was
monitored over the course of 48 h, indicative of the storage
stability of NPs (Figure S17). Also, the ¢ potential of NPs was
measured to be —15.1 mv (Figure S18). In addition, the
stability of NPs in neutral and acidic environments was also
tested by monitoring the change of the characteristic
absorption peak in the UV spectrum. As shown in Figure
S19, the absorption band of PcS partially returned to its
original sharp state with an intensity increase at the pH = 5.0
condition, indicative of the disassembly of NPs releasing free
PcS due to the disruption of the electrostatic interactions.*”
The original spherical NP disintegrated into a shapeless and
scattered structure in acidic conditions (Figure S20). The 'O,
generation efficiency was also investigated in these two
conditions. Compared with APA2, NPs displayed a reduced
efficiency of ABDA decomposition in the neutral condition,
signifying the inhibited 'O, generation, which was probably

attributed to the FRET effect from APA2 to PcS. However, the
'0, generation could be activated in a mildly acidic
environment because of the dissociation of PcS/APA2, as
indicated by the enhanced ABDA decomposition rate (Figure
S21). These results implied that NPs with good sizes would be
more conducive to be endocytosed by cancer cells via a
receptor-mediated pathway and release free photosensitizers in
an intracellular acid environment, which might ensure the
highly efficient 'O, generation.

After fully characterizing these multivalent assemblies NPs,
we further investigated their cellular uptake and subcellular
localization by using CLSM. Human cervical carcinoma cells
(HeLa cancer cells) and human normal embryonic kidney cells
(293T normal cells) were chosen as folate receptor-positive
cells and folate receptor-negative cells, respectively. As shown
in Figure S22, APA2 itself could be specifically distributed in
the mitochondria of HeLa cells by co-incubation with
commercial MitoTracker Green and exhibit brightly red
fluorescence, which overlapped perfectly with that of
MitoTracker Green with a high Pearson’s correlation
coefficient of 0.84, implying the specific mitochondrial
targeting ability for APA2 (Figure S23). However, nearly no
intracellular fluorescence signal was detected for PcS on
account of its strongly negative charges, leading to the poor cell
penetrating ability. The absorption spectra of APA2 and PcS
hardly overlap according to Figure 2a; therefore, APA2 (A, =
488 nm) or PCs (4., = 635 nm) can be selectively excited by a
specific excitation wavelength. NPs showed different fluo-
rescence distributions under different laser excitations, where
the fluorescence signals of both APA2 and PcS could be
observed from the CLSM images, indicative of the dissociation
of APA2 and PcS (Figure 4a). Moreover, the orange
fluorescence signal indicated that APA2 was still strongly
colocalized in mitochondria, and the Pearson’s correlation
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(b)

Mitochondria

Figure S. (a) Real-time confocal images of HeLa Cells under continuous 488 nm laser irradiation after incubation with NPs. 4., = 488 nm and A,
= 650—700 nm. Scale bar = 20 ym. (b) Possible schematics of the translocation process for APA2. (c) Real-time confocal images of HeLa Cells
under continuous 635 nm laser irradiation after incubation with NPs. 4., = 635 nm and A, = 700—750 nm. (d) Possible schematics of the

translocation process for PcS.

coefficient was measured to be 0.85, while the red fluorescence
signal derived from PcS indicated poor colocalization in
mitochondria with the Pearson’s correlation coefficient as low
as 0.13 (Figure S24). ROI (linear regions of interest) analysis
was also adopted to illustrate the intensity profiles of the co-
staining images in Figure 4a, which illustrated that the intensity
profiles of MitoTracker green and APA2 tended toward
synchronization compared with that of PcS, indicating that
APA2 could be site-specifically internalized by the mitochon-
dria (Figure 4b). For further clarifying the targeted organelle of
PcS in NPs, a commercial lysosomal dye, LysoTracker green,
was also applied to co-stain with NPs (Figure 4c). The
intensity profiles of LysoTracker green and PcS tended toward
synchronization (Figure 4d). Furthermore, the red fluores-
cence signal of PcS gave a Pearson’s correlation coeflicient of
0.78 with LysoTracker green, indicating that PcS derived from
NPs could be specifically accumulated in lysosomes (Figure
S25). PcS is negatively charged at a neutral pH, which could
interact with positively charged APA2, which then further
formed NPs after the addition of FA—CD; however, such a
process would be reversed in the acidic pH condition. It is
well-documented that the lysosome is an acidic organelle (pH
5.0 or lower),”' ~* which may contribute to the disassembly of
NPs in such a condition. These phenomena jointly
demonstrated that the NPs disaggregated in the acid lysosomes
and released free APA2, and this APA2 further escaped from
the lysosomes and translocated to the mitochondria, thus
together turning on the NIR fluorescence emission. In the
control experiment, although PcS/APA2 (no cyclodextrin) can
also enter the cells, the degree of their cellular uptake was
lower than that of cyclodextrin-stabilized PcS/APA2 and
APA2, and NPs showed the most effective cellular uptake
capacity by virtue of the folic acid-induced endocytosis, as
indicated by the confocal images and flow cytometric analysis
(Figures S26 and S27).

More intriguingly, when HeLa cells were incubated with
NPs for 12 h and then subjected to confocal laser imaging
under 635 nm laser irradiation, it was found that PcS was

mainly distributed in the cytoplasm of HeLa cells at the
beginning. However, with the extension of laser irradiation
time to 1.5 min, the distribution of PcS changed significantly,
where the red fluorescence in the cytoplasm weakened while
the red fluorescence in the nucleus turned on. Moreover, after
4.5 min of laser irradiation, the nucleus of HeLa cells showed
the strongest red fluorescence, and the punctate red
fluorescence in the cytoplasm almost disappeared (Figure
Sc,d). At the same time, the morphological structure of HeLa
cells, including nuclear pyknosis and cell membrane blistering
and shrinkage, also changed dramatically in the bright field, all
of which were signs of cell apoptosis. In addition, when HeLa
cells were irradiated using a continuous 488 nm laser, the
phenomenon of cell membrane bubbling could still be
observed in the bright field, but the red fluorescence assigned
to APA2 displayed a negligible change and was still distributed
evenly in the mitochondria under the same experimental
conditions (Figure Sa,b). Additionally, compared to that of
three other control groups, the apoptosis rate of HeLa cells can
reach up to 92.35% when the cells were treated with both NPs
and light irradiation, indicative of the most effective cell
apoptosis under light (Figure S28). These results illustrated
that PcS underwent the process of autonomous translocation
from the lysosome to the nucleus during cell apoptosis under
635 nm laser irradiation, but for APA2, similar processes could
not occur even under 488 nm laser irradiation, which may be
ascribed to the large steric groups in APA2. PcS could not only
serve as an excellent photosensitizer under light conditions but
also timely monitor the process of apoptosis in situ through the
translocation process from the lysosome to the nucleus. The
delivery of photosensitizers to the mitochondria and the nuclei
of the cancer cells by the translocation process demonstrated
the high penetration depth of photosensitizers and contributed
to the highly enhanced photosensitization and effective
elimination of cancer cells.'”***°

To evaluate the intracellular 'O, generation of APA2, PcS,
and NPs, the commercially available DCFH-DA was utilized as
an intracellular ROS indicator. After co-cultivation with these
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samples and DCFH-DA followed by subsequent exposure to
light, as illustrated in Figure 6a, nearly no green fluorescence
was observed in cells treated with PcS. However, intense green
fluorescence was detected for cells cultured with APA2, and
the NP groups presented the brightest green fluorescence
signal, verifying the most efficient intracellular 'O, generation
(Figure 6b,c). Moreover, quantitative analysis of the
fluorescence intensity also showed that the intracellular
fluorescence intensity arising from NPs under light irradiation
was around 2.6 times and 30.3 stronger than that of APA2 and
PcS, respectively, implying that the highest intracellular singlet
oxygen 'O, level was produced from decomposed NPs (Figure
6d). In addition, the cells after treatments with PcS/APA2 (no
cyclodextrin) or cyclodextrin-stabilized PcS/APA2 can also
generate ROS upon irradiation, but their cellular ROS levels
were lower that of NPs (Figure S29).

In order to investigate the PDT effects of APA2, PcS, and
NPs, the cytotoxicity experiments were carried out in HeLa
cancer cells and 293T normal cells. A standard cell counting
kit-8 (CCK-8) assay was used to evaluate the cytotoxicity of
different samples. As shown in Figure 6e, no obvious
cytotoxicity was observed in HeLa cells after incubation with
these samples for 24 h at 4 yM, and the cell viability was more
than 90%, implying its low cytotoxicity in the dark. Conversely,
all of them exhibited malignant cell inhibition effects toward
HeLa cells after light irradiation for S min (Figure 6f).
However, the viability of HeLa cells treated with PcS and light
irradiation only decreased to 73% owing to its poor cellular
uptake capacity, while APA2 induced higher cytotoxicity under
the same conditions with 68% inhibition of tumor cell
proliferation. Importantly, the treatment with NPs followed
by light irradiation displayed the most dramatically substantial
suppression on cell viability. Almost complete cell death was
initiated, and the viability of HeLa cells dropped sharply to
0.46% when the concentration of NPs reached 4 uM,
suggesting the significant synergistic anticancer effect of NPs.
However, the cancer cell inhibition effect of NPs was
significantly reduced and the cellular viability was determined
to be 45.5% when the receptors on the surface of HeLa cells
were blocked by an excess amount of folic acid (Figure S30a).
Meanwhile, the binary assemblies PcS/APA2, which had a lack
of the targeting agent folic acid, also displayed a remarkably
decreased cell inhibition effect with the cellular viability being
46.8% (Figure S30b). Moreover, the corresponding half-
maximal inhibitory concentration (IC,) values of NPs, APA2,
the FA-treated group, PcS/APA2, and free PcS were measured
to be 0.32, 1.81, 1.94, 3.05, and 7.30 uM, respectively (Figure
6g). Notably, APA2 is more potent than PcS/APA2, which
could be due to the relatively high cell uptake capacity of APA2
than that of PcS/APA2, which existed as large irregular
aggregates not conducive to cell uptake. These results further
confirmed the uniform morphology with a suitable size
mediated by FA—CD, and the interaction between folic acid
and folate receptors played critical roles in the internalization
of NPs into cancer cells. Significantly, the killing efficiency of
cancer cells could be substantially improved through the
synergistic effect of these three components in NPs by targeted
PDT.

On the other hand, only HeLa cancer cells exhibited a bright
orange fluorescence after treatment with NPs. In contrast,
293T normal cells exhibited ignorable fluorescence, resulting
from the poor folic receptors expressed on the cellular surface
(Figure 7a,b). The targeting ability of NPs was further verified

by fluorescence quantitative analysis of the cells. The 293T
normal cells showed fairly low fluorescence intensity, while the
HeLa cancer cells exhibited approximately fluorescence 7-fold
higher than that of normal cells (Figure 7c), which
demonstrated that the resulting ternary assemblies NPs could
be selectively internalized by HeLa cells owing to the specific
recognition between folic acid and folate receptors, while this
receptor-mediated endocytosis was impeded in 293T cells due
to the lack of folic acid receptors. NPs also exhibited
neglectable toxicity toward 293T cells after incubation for 24
h, implying the good biocompatibility of the supramolecular
assemblies in the dark. Moreover, the NPs exhibited a
relatively low cytotoxicity toward 293T normal cells than
toward HeLa cancer cells upon exposure to white light. The
viability of 293T cells still remained at 65% at 4 uM after the
light treatment (Figure 7d). These results jointly indicated that
the folic acid moiety in NPs could facilitate the cellular uptake
of NPs on account of the strong affinity between folic acid and
the folate receptor on cancer cells, which not only enhanced
the photodynamic therapeutic efficiency toward cancer cells
but also reduced the uptake by normal cells and achieved lower
side effects.

B CONCLUSIONS

In conclusion, a supramolecular multivalent NP has been
successfully constructed by combining APA2, PcS, and FA—
CD, which existed as homogeneous spherical NPs. Targeted
cellular imaging revealed that the obtained well-defined NPs
could be specifically taken up by HeLa cancer cells in contrast
with 293T normal cells and then decomposed to release free
photosensitizers at intracellular acidic lysosomes. Subse-
quently, APA2 and PcS selectively targeted mitochondria and
lysosomes with light-up of near-infrared imaging, which further
promoted the efficient singlet oxygen generation and showed a
highly effective synergistic photodynamic effect. In vitro
cytotoxicity tests demonstrated that NPs caused almost
complete HeLa cell death upon light irradiation with the
ICy, value being as low as 0.32 uM, which was only about one-
sixth that of APA2 alone. More strikingly, PcS underwent
migration from lysosomes to nuclei under light irradiation, and
the nuclei were lit up synchronously, which could be utilized to
monitor the death of cancer cells in real time. This study not
only expands the application of multivalent assembly mediated
by macrocyclic compounds but also offers a new method for
specific light-up dual-organelle imaging and highly effective
photodynamic cancer cell ablation and holds great promise for
the future development of cancer treatment.
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