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ABSTRACT:The construction of supramolecular assembly Targeted PDT “on” 450 om
whose singlet oxygeriOf) generation capability can be "’
controllably regulated in water still remains challenging. Herein, . , \ ‘[

a novel cyclodextrin secondary assembly was fabricated from-the . : a0
photochromic-switch moiety diarylethene-bridged dicyclodextrin’ Vs &+ . Jov 627 nm
the adamantane-polypyridyl ruthenium photosensitizer, and ;[he'-. . Self-assembly
cancer-cell-targeting ligandyclodextrin-grafted hyaluronic acid, ¢ > O

which not only possessed cancer-cell-targeting ability but also -~
served as cell imaging and photodynamic therapy agents with Targeted PDT “off” *x0

noninvasive controllability. In virtue of the multivalent interactions
between the three components, they could self-assemble in two stages to form uniform spherical nanoparticles (OF-NPs) wi
average diameters of about 80 nm, as indicated by scanning electron microscopy, high-resolution transmission electron microsc
atomic force microscopy, and dynamic light scatteringcaitp the prepared OF-NPs exhibited excellent photochromic
performance and can transform into their ring-closed form (CF-NPs), accompaniecigntieergy transfer from donor 2 to

CF-1 and gradual quenching'®$ generation. Cellular imaging experiments showed that OF-NPs cowlallggacijet the
mitochondria of A549 cancer cells, while CF-NPs displayed a negligieesagnce signal in A549 cells due to the energy-
transfer process. Furthermore, in vitro cytotoxicity tests revealed that upon irradiation with 450 nm light, OF-N®s with 10
concentration displayed a remarkable higher cytotoxicity with the cell death rate of up to 88% toward A549 cancer cells, which w
approximately 4.4 times higher than that of CF-NPs. Additionally, the apoptosis rate of A549 cells induced by OF-NPs under ligl
irradiation was 4.68 times higher than that of CF-NPs. These well-designed cyclodextrin secondary assemblies successfully acl
noninvasive control over the generatié@gboth in water and in cancer cells by irradiation at distinct wavelengths and are further
applied in targeted PDT, which avoid the inadvertent photosensitizer activation and provide a new approach for cancer therapy w
more safety and high @ency.

INTRODUCTION adenosine triphosphate, pH, and redox conditigris.

However, these regulation processes are irreversible, which
y lead to imprecise and uncontrolld®le generation.

mong these stimuli, light is ideati as a good option to

catalysi,® deleterious substance degradétfoand photo- realize _the reversible p_hotocontrol of_ the _smglet oxygen
generation because of its clean, noninvasive, and remote-

dynamic therapy (PDT).® Generally!O, is generated via controlling characteristids?’

the triplet triplet energy transfer betweerj.the groynd-state Recently, a number of .controllzfl@g generation systems

%ﬁzgfnst:rgdcrghsiirfnF\)/lvitéﬁaet)?éﬁpérggggr?tslItIZISEr)TdStriII\i/zeig frog]ased on the combination of porphyrin/dithienylethene have
Y gw . y, "L "9 peen successfully designed in bicomponent coordination

reactive oxygen species, esped@lyto cause irreversible mplexe€ metal organic framework® silica-coated up-

. - 0
damage to tumor cells has thrived as a promising approach ; . ; 1
the treatment of various cancfg.In addition, the E?)'ﬁversmn nanopartici@smicelles! and supramolecular

development of activataljpdotosensitizers whose, _
generation can be modulated on demand is of greateceived: October 27, 2020

signicance, which can largely avoid inadvertent photd3€vised: November 17, 2020
sensitizer activation to prevent unnecessary injury to tif@!Plished: November 30, 2020
human body over the duration of treatm&nkore &
specically, the photosensitizer can be activated within the =
cell when responsive to various intracellular stimuli such as

Supramolecular assemblies with singlet oxj@engen-
eration properties have attracted increasing attention owing
their extensive application prospects in ¢fds of organic
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metallacyclé$. For example, Yang et al. designed a noveind dried under vacuum at I for 24 h before the experiment.
metallacycle, which combines a photochromic switch andAgalytical thin layer chromatography (TLC, GF254) was used to real-
photosensitizer and is noncovalently encapsulated in tfge measure the reaction process. Column chromatography with
amphiphilic polymer mPEG-DSPE, achievingQhegen- 200 300 mesh silica gel was employed for the separation and
eration on/o in vitro and in vivd? Our group also previously pug cettﬂon_ of ]Eapr%ei prr(])duc_ts.s ch Moiety 1 DAE. (50
constructed a supramolecular assembly comprising a porphyi yninesis of Fnorochromic-switch oty = - (50 mg,

A . . o s mmol) and 231 mg 6-deoxy-6-azi@® (0.2 mmol) were
derivative and permethytyclodextrin-modiéd dithienyle- i aqin anhydrous DMF (5 mL), and 38 mg Cul (0.2 mmol) was

thene for controlletD, generation in aqueous solution with syhsequently added to the mixture. The solution was then heated to
1% ethanof’ To date, although supramolecular systems baseg ux in an N atmosphere for 24 h. TLC was used to monitor the

on diarylethene switches and porphyrin derivative to realiz€action. After cooling, any insoluble copper salt was removed from
noninvasive control ové®, generation have made great the mixture by Itration. Then, the residue was pediby MPLC
progress, such systems with favorable water solubilifygversed phase), with water/ethanol as an eluent to give 1 as a green
biocompatibility, biodegradability, and cancer-cell targetiriglid (146 mg, yield 629 NMR (400 MHz, DMSO- ppm)

ability for application in PDT are rarely reported and still havé-19 (s, 1H), 7.58 (dl= 8.7 Hz, 1H), 7.39 (s, 1H), 7.10 (% 8.4

great opportunities and challenges. Hz, 1H), 6.025.57 (m, 6H), 5.13 (s, 1H), 5.05 (s, 1H), 4.92)(,

Cyclodextrins are considered as star molecules becaus%‘?"%? Z'é’sla)hi'%(g’afﬂ_';'ﬁ Sg)(':lfﬁ)(dg'gsf{:l'zégizHF;Z'

their low toxicity, g_ood36biocompa_tibility, and characteristi@H), 3.29 3.21 (m, 1H), 3.11 (s, 1H), 2.89 (s, 1H), 1.95 (s, 1H);

host guest p_ropertléé. In particular, supramolecular 13 \yRr (100 MHz, DMSO ppm) 158.12, 158.12, 142.26,
nanoassemblies based on cyclodextrins have been extensivglyyy 14011, 126.70, 125.44, 124.94, 121.06, 115.34, 101.98,
applied in biomedical areas such as dynamic biothiol $ensingo1 22, 83.46, 82.06, 81.46, 80.94, 72.93, 72.31, 72.02, 71.72, 69.99,
drug/gene deliver}. ** and organelle dysfunction or 61.50, 61.08, 58.98, 14.02; HRMS (ESWz calcd for
aggregatioff. “* On the other hand, hyaluronic acid (HA) Cy;HeFsNO,SNa', 2971.639 [M + N&*; found: 2971.646.

as a polysaccharide with water solubility, biocompatibility, andSynthesis of Adamantane-Polypyridyl Ruthenium Photo-
biodegradablity has been proven to be a speaior-cell- sensitizer 2. Bipyridine imidazolium e (188 mg, 0.23 mmol, 3.1 eq)

targeting molecule since overexpressed HA receptors wafd 37 mg of Ru(dms@l, (0.075 mmol, 1.0 eq) were mixed in
tOH (10 mL). The reaction mixture was kept atx@vernight in

distributed on the cancer cell surface in contrast to normjjébe dark under an Natmosphere, Rotary evaporation was used to
42 - . .
cells.” For example, HA as a cancer-cell-targeting ligand Cc)r move the solvents, and the obtained crude red residue was

be integrated into a supramolecular polymer to realiz&i

issolved in a small amount of water; 100 mg of ammonium
ultralong room-temperature phosphorescence and targeigtayorophosphate was added and orange precipitate was obtained;

cancer cell mitochondria phosphorescent infaging. it was ltered to obtain an orange solid. Then, the solid was dissolved
In this work, we constructed a novel cyclodextrin secondaito 10 mL of CHCN, and 90 mg of tetrabutylammonium chloride
assembly containing the photochromic-switch moiety diaryas added, and red precipitate was obtained, whiclienes to
lethene-bridged cyclodextrin (1), the adamantane-polypyridghtain an orange solid, and the product was washed wiiN CH
ruthenium photosensitizer (2), anecyclodextrin-grafted three times, separately. A dark red power was obtained after vacuum
hyaluronic acid (HA-CD) through a hagtiest recognition ~ drying (vield: 50%}H NMR (400 MHz, DMSO+ ppm) 9.65 (s,
strategy in aqueous solution. The introduction of the 2H), 9.28 (s, 2H), 8.09 (s, 2H), 7.80 (U 5.9 Hz, 2H), 7.69 (s,
cyclodextrin moiety into the diarylethene skeleton not onl H), 7.49 (d.J= 5.8 Hz, 2H), 5.81 (s, 4H), 5.72 (s, 4H), 2.04 (s,

. - . oo BH), 1.87 (s, 12H), 1.71 (dds= 29.0, 12.0 Hz, 12HYC NMR (100
endowed 1 with decent water solubility and biocompatibilit Hz, DMSO-g, ppm) 206.94, 157.01, 152.53, 146.15, 138.85,

but also provided additional binding sites with 2 in virtue o 7.60, 124.81, 122.82, 54.73, 50.49, 45.27, 37.62. 36.31, 27.64:
the noncovalent association between cyclodextrin angkms (Esi):mz calcd for GHyudNORU 527.2671 [M
adamantane. Such supramolecular aggregates 2/OF-1 cadfl  4H*)%, found: 527.26941 z calcd for GodHy4N;0RF*

further assemble with HA-CD through hgeest interactions  702.6879 [M 8Cl  5H*3*, found: 702.6891.

and electrostatic interactions, thus realizing the secondarysynthesis of -Cyclodextrin-Grafted Hyaluronic Acid HA-
assembly to obtain supramolecular nanoparticles (OF-NPSP.- Sodium hyaluronate (250 g, = 200,000, 1.25mol) was

with a uniform morphology and size. It was found that OF-#dded into 150 mL of 0.1 M PBS (pH 7.2), and the mixture was
still retained its excellent photochromic performance in th@ired vigorously for 30 min at 25 until completely dissolved.
resultant nanoparticles, consequently contributing to the hiﬁ{@cﬁgcﬁﬁi dn;g(20£ 1m r?]tg?)'lf&éség'gnrit&ﬂﬁ33:;”)(‘;2:]00‘?;2{;?520(2";n'de
\IlzvztEeI. elr?ean dcglit%nncf pohnou;(égggg,:l%fz %ﬁgeg%té?gx?)?gggég H §;:ol) were added successively. Then, 2942 mg of mono-6-deoxy-6-

hylenediamino-CD (2.5 mmol) in 50 mL of PBS was added to the
receptors on the cancer cell surface, the formed NPs could J&) e solution, and the mixture was stirred for 24 K@t gially,

exclusively ingested by A549 cells and mainly distributed in t}# resulting solution was dialyzed with excess pure water for 7 days,
mitochondria. More importantly, the NPs could achieve thend the water was changed every 12 h. After freeze-drying, the desired
switching on/o of the singlet-oxygen generation within cellsproduct HA-CD was obtained as a whitey powder. The grafted
by using dierent wavelength light irradiation to regulate theCD on the conjugate was measured byHH¢MR integral of the
open/closed form of diarylethene in OF-NPs/CF-NPs. corresponding characteristic pg&RMR (400 MHz, RO, ppm)
5.05 (s, 2.35H), 4.48 (d= 27.2 Hz, 2.03H), 4.03.14 (m, 5.54H),
1.98 (s, 2.8H).
EXPERIMENTAL SECTION Preparation of Nanoparticles (NPs).The stock solutions of

Materials. All chemicals and solvents were from commerciaNPs were prepared by dissolving 2.40 mg of compound 2 (1.0 mmol)
suppliers unless otherwise stated. Alkynyledodiiarylethene  and 8.85 mg of OF-1 (3.0 mmol) in 1 mL of deionized water. Next,
(DAE- ) was synthesized according to the reported proc&dures.2.32 mg HA-CD involving around 1.0 mm@D was mixed with
Hyaluronic acid was purchased from Shandong Freda Biopharm @we above solution. Finally, the mixed solution was homogenized by
HA-CD was synthesized by referring to the reported proééduresultrasound for 10 min and kept in a refrigerator°@t #r further
The recrystallization ofcyclodextrin was performed twice in water use.
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Figure 1.(a) Constitutional formula and color changes of 1 under alternant UV and visible light irradiationigispedfra changes of OF-1

(10 M) under UV light (254 nm) irradiation in aqueous solution. Inset: Absorbance intensity changes of 1 at 593 nin.qjogdiN of 1

under alternant UV light and visible-light (>490 nm) irradiation. Inset: Absorbance intensity changes at 593 nm after multiple irfidliation cycles.
NMR titration of e by using nativeCD. (d) *H NMR spectra of e (1 mM) with 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.4, 2.0, 2.6, 3.0, 3.4, 4.0, 4.6, 5.0, and 5.4
mM -CD (from 1 to 15) in RO at 25°C. (e) Chemical shift changes of e pealls=2.03 ppm vs the concentration D by using the

nonlinear least-squaréng method. (f) Job plot toward the binding of e (G) wittD (H) in D,O ([e] + [ -CD] = 1 mM) at 25°C.

Cellular Uptake Study. A549 cells and 293T cells were ABDA at 378 nm were recorded every 20 s. Thef the samples
subcultured into a confocal Petri dish and cultured for 24 h at 3Was calculated according to the following formula:
°C in a humidied 5% CQ atmosphere, separately. A549 cells were
divided into two groups and then incubated with OF-NPMY5 X _% R
and CF-NPs (5M), and 293T cells were treated with OF-NPs under (st S K
the same conditions. After 24 h coincubation, the culture medium was . .
discarded, and the cells were washed with 0.01 M PBS at least thfére subscripts std andespectively, represent the [Ru(§0¥)
times. The uorescence images were acquired by CLSM. and samplé_slnd!cates 'ghe slope of the_ ab_sorban_ce of ABDA at 378
Colocalization Imaging. A549 cells werest subcultured into a M Versus irradiation time (s); @Rdwhich is obtained y=1
confocal petri dish and incubated for 24 h 33/ a humidied 5% 10 ™7, represents the absorbance correction factor (ODesigms
CO, atmosphere, and then, OF-NPs were added into the dish fgPtical density of [Ru(bpyEl, and the sample at 450 nm).

: . : )
ensure that their concentration isNb in the culture medium and Intracellular 'O, Detection. The intracellulatO, generation of

cultured for another 24 h. After this, the culture medium waé‘f”‘”"pa”‘c'es was studied via a common ROS indicior, 2

discarded, and the cells were washed with 0.01 M PBS at least thgg Iorz:Jeo::?rc]:::n bcgflecc?ta.tﬁ] (III?D%ZEHD/:% 'lzg?;' tzzehA,i?tz c;znﬁer
times. Next, MitoTracker Green cocultured with the cellS@tf87 cetls w incu wi samp r ’ r

30 min to stain the mitochondria. After the cells were repeated
washed at least three times with PBS, the localization of t

N

ncubation, DCFH-DA was added into the culture medium with
|¥|cubation for 15 min. Then, the cells were washed with 0.01 M PBS

. : . . it least three times to remove excess DCFH-DA, and the new culture
nanoparticles in the cells was immediately observed by CLSM. The, 41 "\ oo added, followed by irradiation with 450 nm light

excitation wavelength was set as 488 nm, and the emission ot P ; ;
collected from 513540 nm for MitoTracker Green. The excitation mgg;gﬂery rb?/ TZIITSI'\:/IInE'?'ILye tg)((ecli?;:%%el\llv?;g%rlggte Iavg/a;nggmln:gd the
wavelength was set as 458 nm and the emission was collected f(’—,qmssion wavelength was collected from 500 to 530 nm. '
600 650 nm forl OF-NPs. ) _ In Vitro Cytotoxicity Tests. First, A549 cells or 293T cells were
Extracellular “O, Detection. Commercial ABDA was exploited pjated into 96-well plates and incubated for 24 h. After this, the cells
as a tracer agent to access therelices in théO, production  were treated with OF-NPs or CF-NPs at a serial of concentrations
e ciencies of derent samples. In particular, each sample and ABDAom 0 to 10 M for another 24 h in the absence of light.
were together dispersed in 3 mL of deionized water withla  gypsequently, the cells were exposed to 450 nm light irradiation for
concentration at 0.01 mM and 0.05 mM, respectively. Then, thgg min. Then, the cells were allowed to continue growing for another
mixed solution was irradiated with 450 nm light with a power of 22Q h, The culture medium was discarded, and the cells were washed
mW/cn?. The'O, generation eciency was measured by monitoring with 0.01 M PBS twice. Then, CCK8 solution was added to each well,
the UV vis absorbance change of ABDA at 378 nm éredt and the cells were further incubated 4C3r 1 h. The absorbance
iradiation time intervals. value was obtained using a microplate reader at 450 nm wavelength.
!0, Generation Quantum Yields.[Ru(bpy)]Cl,(  =0.181in The data were all displayed as the mestandard deviation. The
H,0) was utilized as a standard, and ABDA was used as an indical{f concentrations were on the basis of photosensitizers.
to assess the quantum yields for@g generation of derent Cell Apoptosis Assay.A549 cells were plated into six-well plates
samples under irradiatitiTypically, deionized water solutions with and divided into three groups: control, treatment with CF-NPs, and
di erent samples and ABDA (5d) were mixed well under dark treatment with OF-NPs. Then, the cells were incubated in the dark at
conditions and then exposed to 450 nm light. The absorbance 8% °C for 24 h. The cells were irradiated with 450 nm light for 30 min.
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Figure 2(a) Absorption spectra of 2, OF-1, 2/OF-1, and OF-NPs. (byld\¢pectra changes of OF-NPs ([2] =MIQ[OF-1] =30 M, [HA-

CD] =10 M) under UV light irradiation in aqueous solution. Inset: Absorbance intensity changes of OF-NPs at 593 nis s®difd of

OF-NPs under alternant UV light and visible-light irradiation. Inset: Absorbance intensity changes at 593 nm upon repeated alternating UV/vi
irradiation. (d) Normalized absorption spectra of OF-1 and CF-1 and emission spectra of 2. (e) Emission spectra of OF-NPs upon irradiation wit
UV light ( = 450 nm) in aqueous solution. Inset: Emission intensity changes at 627 nm. (f) Emission spectra changes at 627 nm for OF-NPs ir
aqueous solution under alternant UV light and visible-light irradiation. Inset: Fluorescent reversibility for OF-NPs detected by the emissiol
intensity change at 627 nm witke cycles.

Finally, the cells were digested by using trypsin and resuspendedgnersible conversion from CF-1 to OF-1. Importantly, such
100 L of binding buer, and annexin VFITC/PI was used to stain g reversible photochromic switch displayed favorable reversi-
the cells for 10 min away from light before detectionolly ity and excellent fatigue resistance under alternant UV and

cytometry. visible light irradiation at least six tintégi(re t). 'H NMR
was also used to monitor this reversible photocyclization/
RESULTS AND DISCUSSION reversion process. As showigure S14the protons on the
The brief synthesis routes of symmetrical host OF-1 and guélgrylethene skeleton of OF-1 showeereint degrees of
2 are shown iBchemes SB4and fully characterized 1y chemical shifts with the prolongation of the UV irradiation

NMR, ®C NMR, and HR-MS Higures S1S1). The time until they reached the photostable state, and the ring-
diarylethene-bridged dicyclodextrin 1 was prepared in 620/Sing conversion rate for the transformation from OF-1 to
yield via the click reaction between alkynyl-eddiiary-  CF-1 was approximately determined as 95% Hy tikIR

lethene and 6-deoxy-6-aziddb by using Cul as the catalyst integral of the nal product after UV illumination. More

in anhydrous DMF. Guest 2 was obtained in 50% yielinterestingly, a complete recovery oftthMR spectra OF-
through the complexation between adamantaneech@q- 1 was observed when CF-1 was irradiated with visible light
bipyridine imidazolium e and Ru(dm€d) in anhydrous  (>490 nm), indicating that CF-1 could be quantitatively
ethanol. Subsequently, the reversible photochromic perforgenverted back to OF-Eifure S16

ance of 1 was investigated detailedly in aqueous solution. ABeneting from the introduction of-cyclodextrin (-CD)

shown irFigure b, host 1 gave a strong maximum absorptiorunits, OF-1 was allowed to hold remarkable water solubility,
at 285 nm when it was in the open form (OF-1). Whenand the binary supramolecular assemblies could be facilely
irradiated with UV light (254 nm) for 18 s, OF-1 graduallyfabricated by directly mixing OF-1 and 2 due to the
underwent the photoisomerization process with the appedxtraordinary recognition capability between-@@& cavity

ance of a new peak centered at 593 nm and the simultane@uil the adamantane moiety in aqueous solution. A synthetic
decrease of the peak centered at 285 nm ivit'épectra.  intermediate adamantane-medi 2,2-bipyridine imidazo-
Meanwhile, an isoabsorption point appeared at 320 nm, whithm e was employed as a reference guest and n@five
further proved that the OF-1 transformed into the closed forwas used as a reference hostbrNMR titration to
(CF-1). This process could also be observed with the nakdavestigate the supramolecular interactions between OF-1 and
eye that the aqueous solution of OF-1 changed from colorleasAs displayed Figure @, the proton signals of adamantane

to blue after UV illuminatiorfrigure &, inset). The blue color  shifted dowreld fromd = 2.03 ppm tal = 2.25 ppm gradually

of CF-1 not only reverted to its original colorless state, but alsdong with the shape changes when the concentrati@Dof

its UV absorption generally restored to the initial level upowas increased from 0 to 5.4 mM. This observation suggested
irradiation with visible light (>490 nm), suggesting thethat the adamantane was included into-BB cavity. Other
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than that, the binding constaki) was calculated as X3  the distance between them was shortened within réterFo

10* M through analyzing the titration data via the nonlinearadius, thus promoting the FRET process.

least-squarestting method Figure &). In addition, Job Next, the FRET process in the formed cyclodextrin
analysis showed a maximum value at a molar fraction of 0.88¢condary assemblies OF-NPs was also investigated. To our
con rming that the binding stoichiometry between e-&@1d delight, the OF-NPs still showed the excellent photochromic
was 1:2. In addition, the 2D ROESY speEtraie S16in performance and reversibility. As showsigare B, a new

D,O clearly showed the visible ROE signals between thabsorption peak centered at 593 nm emerged after UV light
adamantanyl protons aneCD, which demonstrated that that irradiation for 38 s and the absorption peak at 285 nm

the adamantanyl part of e was located in-@E cavity. decreased simultaneously with the change in the OF-NP
The UV vis absorption spectra of 2 presented two typicasolution color from light yellow to blu&iqure S21
peaks of [Ru(bpy)?*, corresponding to the ligarigand indicating that the photoisomerization process of OF-1 was

charge transfer and metajand charge transfer at 292 and not disturbed after incorporation into these nanoparticles.
463 nm Figure ), respectively. Upon being excited at 450When irradiated with visible light (>490 nm) for 60 s, the UV
nm, 2 emitted bright orange-remrescence whose maximum absorption of CF-NPs generally restored to the initial level and
emission was at 627 nfiqure SI)7 It is well known that a  the solution color of CF-NPs turned light yellow again,
good spectral overlap between the emission of the donor asdggesting the reversible conversion from CF-NPs to OF-NPs
the absorption of the acceptor was hmaleto promote the  (Figure S22 Signi cantly, these supramolecular nanoparticles
occurrence of the eient FRET process. As mentioned, OF-1exhibited good reversibility at leas times upon alternant
had an intense absorption peak centered at 285 nm ahé/ and visible light irradiation without apparent fatigue
showed no absorption over 400 nm, which mismatched tH{&igure 2). Upon being irradiated with the UV light for 38 s,
spectra with 2 whoseiorescence emission band is in thethe uorescence intensity of OF-NPs was gradually quenched
range of 550850 nm; hence, the FRET process was forbidde(Figure 2) and E was determined to be 93.7% with the
from OF-1 to 2. However, the absorption spectra of CF-luorescence quenching ratio as 15.7. In addition, when the
showed broad absorption ranging from 450 to 750 nm and han uorescent solution of CF-NPs was exposed to visible light
a good spectral overlap with therescence emission band of for 1 min, the quenchedorescence could be restored to the
2 (Figure ®). Therefore, we reasonably speculated that thprevious uorescence intensity because of the reversible
FRET process might occur from 2 to CF-1. Westudied photoisomerization from CF-1 to OF-1. Therescence
the FRET behavior of the binary assemblies 2/OF-1 in wateguenching induced by the process could also be easily
As shown irigure S1,2he 2/OF-1 gave an emission peak at perceived with the naked eye, in which the dazzling orange-
627 nm when excited at 450 nm. Compared with 2 alone, thhed uorescence of OF-NPs gradually weakened to darkness
uorescence intensity of the resultant OF-NPs was reduceddoyder UV irradiation Higure 2, inset). Moreover, when
3.8%, which probably resulted from the photoinduced electr@xposed to visible light, the aqueous solution returned to its
transfer between the diarylethene group in OF-1 and 2 afteriginal orange-reduorescence, insinuating that CF-NPs
their associationF{gure S1)7 Upon exposing the 2/OF-1 reconverted into OF-NPs. Crucially, such a photochromic
solution to UV light for 50 s, theorescence intensity of the switching process was able to repeat for several times without
2/0F-1 was gradually quenchEd(re S18aand the energy  signicant fatigue Rigure §. These phenomena jointly
transfer eciency E) was determined to be 94.8%. Through indicated the occurrence of the FRET process from 2
comparison of the maximunuorescence intensity values (donor) to CF-1 (acceptor) in these formed supramolecular
before and after UV light irradiation, thlerescence on/o nanoparticles. In particular, the open-ring form OF-1 within
guenching ratioR,,,.s) was determined to be 19Bidure the nanoparticles underwent photoisomerization and trans-
S18h. Moreover, the quencheduorescence could be formed into the close-ring form CF-1 upon UV irradiation,
recovered when subsequently irradiated with visible lightsulting in the continuousorescence quenching of 2 by the
because of the reverse photoisomerization from CF-2 to OFgeadually generated CF-1 originating from the good spectral
(Figure S1§c Importantly, no apparent fatigue could be overlap between the emission of 2 and the absorption of CF-1.
found after repeatede cyclesHigure S18d The structure information of supramolecular nanoparticles
In the control experiment, when using diarylethylen@ssembled from OF-1, 2, and HA-CD in two stages was fully
without -cyclodextrin modtation as the acceptor, even if characterized by HR-TEM, AFM, SEM, DLS, and zeta
UV irradiation reached 242 s, threscence intensity of 2 potential experiments. First, the morphology of 1 before and
only dropped by 23.8% and g, was calculated as 1.3 after UV irradiation was investigated. As depicted)tne
(Figure S1P A similar phenomenon was also observed whef823 OF-1 itself presented a scattered structure without a
the commercially available tris(Bjpyridine) ruthenium  uniform morphology. Even after UV irradiation, the morphol-
dichloride ([Ru(bpy]Cl,) was selected as the donor, and ogy of CF-1 showed negligibleedénce in comparison with
its uorescence intensity was reduced by 33.6% after UYF-1. Then, the supramolecular nanoparticles mediated in two
irradiation for 146 s and the calcul®ggd; was 1.5Kigure stages were carefully prepared and fully characterized. In the
S20. These ndings consistently illustrated that the host rst stage, 2 could initiate the aggregation of OF-1 to form a
guest interaction existed in adamantine,-apdodextrin was number of tightly irregular nanoparticles with a diameter of
extremely beneial for the ecient energy transfer process. about 36 nm on account of strong hgsest interactions, as
Besides the good spectral overlap, the center-to-center distareealed by the TEM images. Furthermore, these nanoparticles
between the donor and the acceptor was also critical. The lathtl maintained their original morphology with a slightly
of the corresponding hosgjuest interactions in the two increased diameter of about 45 nm when converted into 2/CF-
control experiments resulted in the poor energy transfer add after UV irradiation Higure S24 Such binary supra-
uorescence quenching. However, when 1 and 2 setfiolecular complexes could further interact with HA-CD to
assembled into supramolecular assemblies in aqueous solufnm the nal supramolecular nanoparticles as the second
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Figure 3.Characterization of the obtained cyclodextrin secondary assembly NPs. Typical (a) HR-TEM image, (b) SEM image, (c) AFM image,
and (d) height histogram of OF-NPs from (c). () HR-TEM image, (f) SEM image, (g) AFM image, and (h) height histogram of CF-NPs from
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Figure 4.(a) DLS result and (b) zeta potential of OF-NPs. (c) DLS result and (d) zeta potential of CF-NPs.

stage. OF-NPs were observed as a series of uniform sphe@@NPs was measured as 139.32 nm with a narrow
nanoparticles with average diameters of ca. 80 nm in HR-THEdktribution, corrming the good dispersion of nanoparticles
imagesKigure @ andrigure S25 which were more uniform in water Figure 4). Notably, the diameter of OF-NPs was
and much larger spheres than these binary supramolecd&ger than that found in TEM, SEM, and AFM images, which
assemblies. The SEM imagegire B) also provided probably resulted from the shrinking of nanoparticles when
consistent morphological information, which showed a numbpreparing these samples by the air-drying method. Further-
of homogeneous spherical nanoparticles with a uniform sineore, OF-NPs had a zeta potential as 37.4Rm\uré b),

Such evolution of self-assembled morphologies distinguish@dsenting a sigeant decline compared with the binary
from the binary supramolecular assemblies was primardgsemblies 2/OF-FEigure S2%6 indicative of the formation of
derived from the extra multivalent interactions with HA-CDternary supramolecular nanoparticles after coassembly with
including hostguest and electrostatic interactions. MoreoverHA-CD. Meanwhile, an enhanced Tyndaitiewas observed

the ne structure and dimension of OF-NPs was alsedveri in contrast to 2/OF-1 and free OFiqure S27 further

by AFM images. Numerous spherical nanoparticles wesaggesting the formation of larger nanoparticles in solution.
observed, and the height of these nanoparticles wase schematic illustration for the possible formation mode of
determined to be 77.22 niigure 8,d), which were fairly supramolecular nanoparticles is present&thieme .1In
consistent with the results of HR-TEM and SEM. Moreoverddition, when OF-NPs were transformed into CF-NPs after
dynamic light scattering (DLS) experiments were performeadadiation with UV light, there was no sicgmt di erence in

for further illustration. The average hydrodynamic diameter tie HR-TEM, SEM, AFM, DLS, and zeta poteritigli(e 8-
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Scheme 1. (a) Schematic Diagram of the Formation of Cyclodextrin Secondary Assemblies (Designated as NPs) with
Controllable'O, Generation Ability and (b) Their Application for Targeted PDT and (c) Chemical Structures of Diarylethene
Bridged Cyclodextrin 1 in Its Ring-Opened form (OF-1) and Ring-Closed form (CF-1), Adamantane Polypyridyl Ruthenium
Photosensitizer (2) and-Cyclodextrin-Grafted Hyaluronic Acid (HA-CD)

h, Figure 4,d), illustrating the similar morphological structure
in water between CF-NPs and OF-NPs. These wedede
supramolecular nanoparticles with a suitable size and a uniform
morphology not only provided conditions for the occurrence
of the e cient FRET process but also could be easily taken up
by the cells, thus making them great candidates for subsequent
cellular applications.
To evaluate the ability of these supramolecular nanoparticles
for photocontrolled cell imaging, confocal laser scanning
microscopy (CLSM) was performed to visualize theedices
in imaging. First, a commercial mitochondrial dye, Mito-
Tracker Green, was utilized to clarify the subcellular
localization of these supramolecular nanoparticles. The A549
cells wererst cocultured with OF-NPs and then stained with
MitoTracker Green for 5 min. As seeffrigure &, the red
uorescence inside the cells was attributed to the OF-NP
emission from 600 nm to 650 nm when excited by 458 nm
laser, which showed a high Pe&rsmmrelation coecient of
0.78 with the greenuorescence from Mitotrackefigure Figure 5.(a) Mitochondria colocalization images of OF-NPs in living
S29, implying the selective accumulation of OF-NPs in thé\549 cancer cells. (b) CLSM images of A549 cancer cells treated with
mitochondria. However, 293T normal cells hardly exhibite@F-NPs (i) and CF-NPs (ii), respectively. The scale bar in.20
any red uorescence~(gure S2Q indicating the poor cellular
uptake of OF-NPs under the same experimental conditions.
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Figure 6.(a) Decomposition rate of ABDA at 378 nm in water by mixiegedt samples, respectively, under 450 nm light irradiation for 160 s.

(b) IntracellulatO, detection using the DCFH-DA enzyme as an indicator in A549 cancer cells after incubation with OF-NPs (i) or CF-NPs (ii)
followed by 450 nm light irradiation for 5 min. The scale barnis. 26) Quantitativeuorescence values of DCFH-DA in A549 cancer cells from

(b). (d) Cell viability of A549 cancer cells after 24 h incubation with OF-NPs or CF-NPs followed by treatment with 450 nm light irradiation for 30
min or not at dierent concentrations. (e) Apoptosis assay of A549 cancer cells by using the Annexin V-FITC/PI dual staining method after
treatment with OF-NPs or CF-NPs under 450 nm light irradiation for 30 min ([NPsM3.10 Cell viability of 293T normal cells after 24 h
incubation with OF-NPs or CF-NPs followed by treatment with 450 nm light irradiation for 30 min orerenatcdncentrations.

These experimental investigations showed that the as-prepasedld be observed when free ABDA was treated with 450 nm
supramolecular nanoparticles preferentially targeted cantight illumination for 160 s. In addition, ABDA displayed
cells over normal cells beimg from the over-expressed negligible decomposition under the same treatment as above,
CD44 receptor on cancer cells and accumulated in th&uggesting that neither OF-1 nor CF-1 were able to generate
mitochondria of cancer cells with high spigi The any obviousO, (Figure S31 However, 2 gave rise to the
mitochondria-targeting ability of the nanoparticles was duemarkable decomposition of ABDA under the same
mainly to the relatively positive characteristic on their surfagperimental conditions-igure S32b Importantly, after
which contributed to their accumulation in the mitochondrieassembling with OF-1 into supramolecular nanoparticles, 2/
with an intrinsic high negative membrane potéh@a.the =~ OF-1 induced a sigmiantly faster decline in ABDA
other hand, as depictedFigure B, bright red uorescence  absorption, explaining 2/OF-1 held a béetBar generation
could be clearly observed when A549 cells were co-culturedciency than free 2. However, when 2/OF-1 was converted
with OF-NPs for 24 h, whereas almostumescence signal into 2/CF-1 after irradiation with UV light, 2/CF-1 almost
was displayed after incubation with the ring-closed form CEompletely inhibited théO, production under the same
NPs under the same experimental conditions. These intreenditions. Similar experimental phenomena could also be
cellular imaging results were consistent with the extracellufaund in the OF-NP and CF-NP groupsig(ire S3R2
experiments, proving that the energy transfer from 2 to CF-1 Moreover, [Ru(bpy)Cl, was chosen as a reference to assess
CF-NPs did occur under the excitation of the 458 nm lasethe O, production quantum yields of these samples under
which resulted in the rediorescence quenching of 2. irradiation. As illustrated filgure &, the decomposition rate
The excellent photoswitchable performance of these supranstants of [Ru(bpyl, and 2 were determined as 0.829
molecular nanoparticles motivated us to explore theit0*S*and 2.2% 103S by tting the curve of In&y/ A)
controllability ofO, generation in water. Commercial 9,10- versus irradiation tim&igure S33 whereas those of 2/0OF-1
anthracenediyl-bis-(methylene)-dimalonic acid (ABDA) waand 2/CF-1 were 5.08 103 S* and 0.532 103 S,
utilized as atO, capture agent to evaluate ¥degeneration  respectively. By comparison with [Ru(@fy) whose’O,
ability of supermolecular nanoparticles in aqueous solutiGuantum yield was 0.18 in®f*° this value of 2 was obtained
under xenon lamp irradiation with a 450 her. We adopted ~ as 0.42. It was worth mentioning that 2/OF-1 presented an
450 nm as the excitation wavelength'@grgeneration to O, quantum yield as high as 0.93 among these samples, which
avoid the potential interference for the photoswitch. ABDAvas about 7.2 times larger than that of 2/CF-1 wiipse
would show a sigmiant decrease in absorption when quantum yield was measured as 0.13 under the same
capturing'O, due to the destruction of the probe core experimental conditions. Additionally, after secondary assem-
structure. ABDA was mixed with the corresponding solutiooly with HA-CD to form OF-NPs, they also caused a notable
and then irradiated with 450 nm light; subsequently, thdecomposition of ABDA under the same experimental
changes in the absorption of ABDA were recorded accordiognditions, indicating their higd, generation eciency.
to the time. As shown ifigure S3o apparent deterioration The O, generation quantum yield decreased slightly from
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0.93 to 0.61 compared with 2/OF-1, while this value wa98%. However, compared with A549 cancer cells, 293T normal
around 8.7 times higher than that of CF-NPs widse cells still hold a cell viability as 82% after light irradiation,
guantum yield was determined as 0.07 after the transformatiahich was dramatically higher than A549 cells. In combination
via 254 nm UV irradiation, verifying the photocontrolledwith the CLSM images lrigure S2@nd cytotoxicity tests,
singlet oxygen generation ability of these supramolecuthese phenomena jointly suggested that OF-NPs could be
nanoparticles in water. selectively internalized by cancer cells fompérom CD44-

We further investigated the atiences in intracellular ROS receptor-mediated endocytosis, which not only csigtly
levels caused by OF-NPs or CF-NPs via a commerciallyevented NPs from entering normal cells but also avoided
available ROS indicator DCFH-DA whose greerescence side eects and improved the safety of photodynamic therapy.
could be turned on in the presence of ROS in living cells. ASonsidering the above results, this new controllable singlet
shown irFigure ®, A549 cells treated with OF-NPs exhibitedoxygen generation nanosystem has exerted excellent light
obviously strong greenorescence in 50830 nm, while the  responsive killing ects towards cancer cells. This not only
A549 cells treated with CF-NPs according to the samprovides a new approach for the design and construction of the
procedure showed an inappreciable gremescence signal. water-soluble, biocompatible, responsively switchable photo-
The strong greenuorescence originated from the reactiondynamic system but also siently hints that these cyclo-
between the indicator and the singlet oxygen produced by O#fextrin secondary assemblies can be further developed into an
NPs. The quantitative analysis of therescent intensity in  anticancer nonosystem and applied into in vivo tumor therapy.
Figure 6 is shown ifrigure 6. The intracellulamuorescence
intensity arising from OF-NPs under 450 nm light irradiation CONCLUSIONS

was approximately 7.5 times stronger than that of CF-NPg, symmary, we have successfully constructed a cyclodextrin
implying that the; intracellular singlet oxygen levels cquld Q"econdary assembly in two stages by taking advantage of the
successfully switched on/through the photoconversion yitivalent interactions among diarylethene-bridged dicyclo-
from OF-NPs to CF-NPs. _ - dextrin, adamantane-polypyridyl ruthenium photosensitizers,
These above results suggested theDsfyeneration ability  ang  -cyclodextrin-grafted hyaluronic acid. The resultant
of supramolecular nanoparticles could be regulated by thgnoparticles not only possessed favorable water solubility
diarylethene photoswitch in water. Therefore, we conducteg,q piocompatibility but also possessed cancer cell-targeting
experiments in living cells to investigate the controllablgnjity. Crucially, the excellent photoisomerization perform-
photodynamic therapy toward A549 cancer cells. Cell countiggce of diarylethene enabled these nanoparticles to serve as a
kit-8 (CCK-8) assay was used to determine the cytotoxicity @pramolecular switch for the reversible controllability of
each sample. As expected, as sholiigure @ andFigure  |yminescence and noninvasive regulatid®,ofeneration
S34 both OF-NPs and CF-NPs displayed a relatively 10w ciency both in water and in cancer cells via alternative
cellular toxicity in the dark and the viability of A549 cells coulgadiation of UV or visible light. In vitro investigations
still reach more than 91%. HOWeVer, the V|ab|l|ty rate of A5%m0nstrated that these nanopartic'es COL”dcaj@darget
cells incubated with OF-NPs decreased sharply to 12% affg549 cancer cells rather than 293T normal cells by virtue of
treatment with 30 min light irradiation, demonstrating thene cD44-mediated endocytosis. Upon light activation, the
apparent cytotoxicity of OF-NPs under 450 nm light. In shar[qng_open form OF-NPs displayed notable phototoxicity
contrast with OF-NPs, the viability rate of cells treated witkpward cancer cells, whereas the ring-closed form CF-NPs
CF-NPs could still exceed 80% under the same experimerdflbwed nearly negligible toxicity. Therefore, this supra-
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