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ABSTRACT: Novel cyclodextrin-prodrug supramolecular nanoparticles (NPs) with cooperative-enhancing cancer therapy were
constructed from a reduction-sensitive disubond-linked permethykyclodextrin-camptothecin prodrug, water-soluble
adamantane-porphyrin photosensitizer, and hyaluronic acid grafted by triphenylphosphigelodesitrin through an
orthogonal hostguest recognition strategy, displaying uniform nanoparticles with a diameter around 100 nm as revealed by
dynamic light scattering, transmission electron microscopy, scanning electron microscopy, and atomic force microscopy. Compa
with 293T normal cells, the supramolecular NPs could be easily taken up by mitochondria of A549 cancer cells, then release |
active anticancer drug camptothecin (CPT) in situ via the cleavage of thelzbsidl by the overexpressed glutathione, and could
initiate the eective singlet oxygedg) generation by porphyrin under light irradiation, ultimately resulting in severe mitochondrial
dysfunction and a rising cell death rate with increasing micromolar concentration of NPs. These multicomponent supramolecul
nanoassemblieseetively combined the two-step synergistic chemo-photodynamic therapy of retketioof CPT and light-
triggeredO, generation within cancer cells presenting the synergistiofesupramolecular nanoparticles on cancer therapy,
which provide a new approach focient step-by-step cancer therapy.

INTRODUCTION ent morphologies based on hgskest recognition between

Supramolecular nanotherapeutics has gradually evolved 4dl'g[>larene-based prodrug WP5-DOX and Arg-Gly-Asp
promising approach for current cancer treainieMore and ~ (RGD)-modied sulfonate guest for targeted drug delivery

more macrocyclic prodrugs including cyclodektraaixar- ~ accompanied with enhanced antitumaraey and reduced
enes?® piIIarareneg);ll and cucurbiturité’® have been side eects:” Among these various macrocyclic compounds

successfully designed and applied into anticancer treatmersted for fabricating kinds of supramolecular prodrug systems,
which opened up new approaches for cancer therapy. It l@glodextrins (CDs) as a class of cyclic oligosaccharides have
been proven that both the water solubility and biocompatibilitseceived growing attention and been extensively employed in
of the drug could be largely improved through speci the biological eld due to their low cost, convenience of
chemical modeation or encapsulation by macrocyclic modj cation, negligible toxicity, good biocompatibility, and

compounds? Meanwhile, only in the tumor microenviron- unique hostguest propertié§’® More recently, Chen et al.
ment could the prodrugs release the corresponding active

anticancer drug, which greatly reduces its adversis e _ —
toward normal tissuEsFor example, Isaacs et al. developed &&ceived: August 10, 2020 M
metal organic polyhedron assisting with cucurbit[8]uril as g%€vised: September 11, 2020 ;ﬁ@%}
prodrug delivery vehicle, thus achieving the enhanced celldfa/ished: September 18, 2020 & e
uptake and cytotoxicity derived from cleavage of the acid- o &
sensitive acylhydrazone linkdgBchmuck et al. reported =

controllable supramolecular prodrug nanocarriers véth di

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.biomac.0c01181

W ACS Publications 4998 Biomacromolecule2020, 21, 49985007


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xianyin+Dai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bing+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weilei+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.biomac.0c01181&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01181?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01181?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01181?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01181?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01181?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01181?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01181?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01181?fig=abs1&ref=pdf
https://pubs.acs.org/toc/bomaf6/21/12?ref=pdf
https://pubs.acs.org/toc/bomaf6/21/12?ref=pdf
https://pubs.acs.org/toc/bomaf6/21/12?ref=pdf
https://pubs.acs.org/toc/bomaf6/21/12?ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.biomac.0c01181?ref=pdf
https://pubs.acs.org/Biomac?ref=pdf
https://pubs.acs.org/Biomac?ref=pdf

Biomacromolecules pubs.acs.org/Biomac

fabricated a supramolecular theranostic nanomedicinparticles on cancer therapy, which provides a new therapeutic
through the polymerization of CPT-medi -CDs consisting  strategy for step-by-step combinational chemo-photodynamic
of cleavable disdle bonds, which exerted enhanced drugtherapy against cancer cells.

stability and anticancer activity with rather low systemic

toxicity and long-term immunotoxiéityThese ndings EXPERIMENTAL SECTION

apparently present the great potential of supramolecular _ _ : .
prodrugs in cancer treatment. Materials. All chemicals and solvents were commercially available

- . d used as received without further qatibn unless noted
(?omblnatlon therapy of prodrugs "’?”d other therapies h%]hemise.-Cyclodextrin (-CD) was recrystallized twice from water
thrived as an ecient strategy to increase therapeutic,,q yried in vacuo at 9 for 24 h prior to use. Anhydrous £

e ciency. Among them, photodynamic therapy (PDT).and dry DMF were dried over GaBir 24 h and then distilled prior
beneting from its inherent advantages such as noninvasig use. The reaction was monitored using analytical thin layer
characteristics, fewer sideats, and free of drug resistance, chromatography (TLC, GF254). Column chromatography was
has been thoroughly studied in clinic to treat manyperformed on a 20800 mesh silica gel.

cancers! 2 Under the irradiation of light with a speci Measurements. All the photophysical experiments were per-
wavelength, the photosensitizer absorbs energy and reacts igffied at 298 K in deionized water (pH = Pr2NMR (400 MHz)

nearby oxygen to generate reactive oxygen species (RCﬁ'ﬂ %C NMR (100 MHz) spectra were recorded on Bruker Avance
which in turn directly causes cell damage and even resu|t§}?§ctrometers. The mass spectra of the compounds were recorded on

4 . o . . ian 7.0 T FTMS with the MALDI ion source and a Q-TOF LC
cell deatfi” Out of various photosensitizers, porphyrin and it S with an ESI mode. The white light irradiation experiment was

derivatives are W'dely_ studied and used in _phomdynaw&rried out by employing a CEL-HXUV300 xenon lamp with a >420
therapy because of their excellent photosensitive préﬁerﬂe%m cuto lter at a power density of 220 mW#chdV vis spectra
However, their'O, generation ability may be seriously were recorded on a Shimadzu UV-3600 spectrophotometer with a
suppressed due to the aggregation-induced quenching (Al@)C-348WI temperature controller in a quartz cell (light path 10
e ect, which greatly limits the PDTaiency”® ?® Therefore, ~ mm) at 25°C. Steady-stateiorescence spectra were measured in a
diminishing the aggregation between porphyrin units will bequartz cell (light path 10 mm) using a Varian Cary Eclipse
valid solution to improve the PDT therapeut'&pgg uorescence spectrometer at 025 With a constant-temperature
Although both prodrug assembly and photodynamic theragﬁter t_)ath. Induced circular d|(_:hr0|sn_1 spectra were c_ollected on a
perform a vital role in cancer treatment, the combination loLogic MOS500 spectropolarimeter in a quartz cell (light path 10

). For dynamic light scattering (DLS) measurements, the sample
therapy based on a supramolecular assembly strategy olution (3 mL) wasltered through a 0.45n Millipore Iter and

could Integrgte . macrocyclic prodrugs 'and PDT is rare en examined on a laser light-scattering spectrometer (BI-200SM)
reported, which is a new trencsj and provides new methods fgf,inped with a digital correlator (Turbo Corr) at 636 nm at a
synergistic cancer treatmént’ For instance, Zhao et al. scattering angle of 9@eta potential analysis was performed on a
recently developed a supramolecular system with an optimiz&dokhaven ZetaPALS (Brookhaven Instrument, USA) at 298 K in
loading ratio of the photosensitizer and prodrug for NIRH,O. The TEM images were recorded by a high-resolution
activated combination therapy and achieved excellent th&ansmission electron microscope (Philips Tecnai G2 20S-TWIN
apeutic eect> Herein, we fabricated cyclodextrin-prodrugmicroscope) operating at an accelerating voltage of 200 keV. The
nanoparticles (NPs) capable of cancer-mitochondria dugFM images were recorded on a JEOL JSM-7500F scanning
targeting and step-by-step chemo-photodynamic therapy qpi(/:tronlc microscope operating at an accele_ratlng voltage of 30
situ. This rationally designed hierarchical nanoassembli&&® 'I Forl_AFl\g measurergen.ts' dthedsam%'eﬂ?o'”“o%was g:o!op%d onto
Composed Of triphenylphosphine (TPP)'graﬁaD'mOdi' newly clipped mica ana air aried, an € resiaue obtaineda was

. : : . examined in the air under ambient conditions using a Veeco Nano
ed hyaluronic acid (TPP-HACD), dislé bond-linked ;3 Mmultimode AFM instrument. Theiorescent confocal images

permethyl--CD-camptothecin progy (PMCD-SS-CPT),  were carried out on a Leica TCS SiR@fescence microscope.

and water-soluble adamantpamphyrin photosensitizer ~ Preparation and Drug Loading Content (DLC)/Encapsula-
(aPs), had several inherent advantages: (1) the prodrdign E ciency (EE) of Nanoparticles (NPsCompound 3 (0.94
PMCD-SS-CPT, where the permeth@b and CPT were mg, 1 mmol) wasrst neutralized with NaOH to directlyoed the
bridged by a disudle bond, was endowed with cancer water-soluble aér;ionic porphyrin in deionized water (1 mL) according
microenvironment responsiveness for sitespeedemand  [©© the literaturé. Then PMCD-SS-CPT (4.41 mg, 2 mmol) was
drug release; (2) wateFr)-squbIe adamantanegggxdjrphyr- added to the solution and mixed well. After that, TPP-HACD (5.76
in (aPs) was utilized as a photosensitizer, which showénggd containing 1.5 mmoiCD o ensure scient binding) was

. . . ed into the abovementioned solution followed by ultrasound until
extraordinary anity with permethyl-CD (PMCD), thus  completely dissolved. The resulting solution was subsequently

eliminating self-quenching of aPs in an aqueous solution; (3kapjected to dialysis (MWCO 3500) against excess amount of
biocompatible polysaccharide hyaluronic acid (HA) wageionized water for 24 h at room temperature to remove any
decorated with triphenylphosphine (TPP) an@D for unbounded components and was further stored in the refrigerator at 4
cancer-mitochondria dual-targeting because of the overé&-for further use. The morphology and size of the nanoparticles were
pressed CD44 receptors on the cancer cell surface; and (4) ¢f@racterized by TEM, SEM, AFM, and DLS studies. The drug
nano-supramolecular assemblies could be simply construd@gling content (DLC) and encapsulationciency could be
through the orthogonal hosfuest interactions between calculated from the following formulags(land2):

PMCD and water-soluble porphyrin and€€D and the

adamantane. The obtained NPs could spdlgi accumulate drug loading content (%) 180
in the mitochondria of A549 cancer cells, and chemo- Waanoparticles 1)
photodynamic combinational therapy was performed to induce

mitochondria-mediated apoptosis, thus realizing enhanced Wirug in nanooartic
anticancer ecacy. Consequently, these results displayed the encapsulation efficiency (%) — ¥00———oPolCes
high-e ciency synergistic ect of supramolecular nano- Wotal drug (2)

V\(irug in nanoparticles
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The concentration of loaded PMCD-SS-CPT was measured lwyas evaluated by CCK8 assay according to the kit instruction. The
UV vis spectra and a standard curve plotted by the absorbance at 36&e was then read by a microplate reader at a wavelength of 450 nm.
nm. All the data were presented as the mtestandard deviation. NPs

In Vitro Drug-Releasing Study.The drug-release performance without CPT were produced by using PMCD instead of PMCD-SS-
of the supramolecular nanoparticles (NPs) was investigated @PT for preparation and used as the control group. The NP
phosphate ber solution (PBS, pH 7.2). Bye 2 mL of NP concentrations were calculated based on the aPs concentration.
solution (3 mg/mL) was placed in a dialysis tube (MWCO 3500) at Live/Dead Cell AssayA commercial calcein-AM/P| assay kit was
37°C. Then, the dialysis tube immersed in 25 mL of PBS solutiodirectly used according to the kit instruction. The cells were treated in
containing 1 or 10 mM GSH at 3T. At predetermined time the same ways as above and co-stained with calcein-AM and
intervals, 3 mL of the release medium was sampled and replacedobypidium iodide (PI) for 30 min. Then, the cells were washed
another 3 mL of fresh PBS. The amount of released drug outside tigh PBS (0.01 M) three times to remove excess staining reagents.
dialysis bag from the NPs was determined by @is/Spectrometer.  The cells were then observed immediately via CLSM. For these two

Cell Culture. Human lung cancer A549 cell line and humanyeagents, they were all excited at 488 nm, and the collection
embryonic kidney 293T cell line were obtained from Institute of Basigavelength range was from 520 to 530 nm for calcein-AM and from
Medical Science, Chinese Academy of Medical Science. A549 cgilg to 640 nm for PI.
were cultured in a cell incubator with FaR12 nutrient medium JC-1 Staining AssayThe decrease in mitochondrial membrane
containing 10% fetal bovine serum and 1% penstiléptomycin  potential could be distinguished sensitively by theedce in red/
under 5% C@at 37°C. Additionally, 293T cells were cultured in @ green uorescence intensity. The probe tended to enter the
cell ‘incubator with-a DMEM high-glucose nutrient mediummjtochondrial matrix forming J-aggregates to produceiaess-
containing 10% fetal bovine serum and 1% pengtiliptomycin  cence when the mitochondrial membrane potential was high, whereas
in @ humidied standard under 5% & 37°C. it could only exist in the cytoplasm as a monomer producing green

Cell Uptake and Colocalization Imaging. A549 cells were 5 escence when the mitochondrial membrane potential was lost.
seeded onto a laser confocal Petri dish and cultivated for 24 h. Theie cells were treated in the same ways as above and stained with JC-
the NPs were added into the dish and incubated with the cells fGr¢,. 30 min. Then, the cells were washed with PBS (0.01 M) three
di erent dure_ltlons of 2 and 4 h. Fllnally, the cells were Washe[ es to remove excess staining reagents. The cells were then
thoroughly with PBS (0.01 M) three times and observed via CLSMpseryed immediately via CLSM. They were all excited at 488 nm,

gae);ﬂ?(;i%rr']tlée; Iiggrnégiq?ong;ioer;:r'6d2'r$10a2:jn)c' ?t'sﬁeiieu)srv;irﬁ T nd the collection wavelength range was from 520 to 530 nm for the
! dl v ; -1 monomer and from 610 to 640 nm for the JC-1 aggregate.

NPs were added into the dish and incubated for 12 h. Afterward, theApoptosis Study. A549 cells were seeded into a 6-well plate and

culture medium was removed and washed with PBS (0.01 M) three, ', o4 2t 37C for 24 h. Then, the cells were co-incubated with
times. Subsequently, MitoTracker Green was added to stain t

: : . - . s (5 M) in the dark for 24 h. Afterward, the cells were treated
mitochondria at 37C for 30 min. After repeated washing with PBS . o :
three times, the cells were observed directly via CLSM. F der dierent conditions. The adherent cells were harvested with

MitoTracker Green, the excitatiolier was 488 nm, and the rypsin rst, then washed with PBS, dispersed in [1@0 binding

emission was 51840 nm. For NPs, the excitatidter was 405 nm, t)u er, sttaineddwitht a{]nde;(in Y.FL-[C/P(; tLor .10 m(ijr_] ta} :jo?[mt d
and the emission was 6260 nm. emperature and protected from light, and then immediately detecte

Extracellular ROS Detection. 9,10-Anthracenediyl-bis- Y OW Cytometry.
(methylene)dimalonic acid (ABDA) as a chemical probe was
employed to comm the ROS production of NPs. In the experiments, RESULTS AND DISCUSSION
20 L of ABDA (0.01 M DMSO) stock solution was mixed with 3 mL . . .
of NPs in deionized water and then exposed to the white light (228YNthetic_routes to the target molecules are outlined in
mWi/cn?) at di erent intervals. THO, generation was detected by a Scheme SIS3 respectively. The obtained compounds were
UV vis spectrometer through monitoring the change in absorbané®@mprehensively characterizedHbynd *C NMR spectra,
of ABDA at around 378 nm at various irradiation times'Gthe  and ESI-MS spectroscopies were consistent with their devised
generation of NPs was also detected by using TEMB,asaaping structures Kigures S1S1Q. In brief, the water-soluble
agent for ESR measurement. riae NPs (0.1 mM) were exposed  gdamantine-modid anionic porphyrin  ADA-Porphyrin
to white light irradiation (220 mW/@rfor 10 min in the presence (aPs) was obtained from 5,10,15-tris(4-methoxycarbonylphen-

of TEMP (1 mM). Then, th&D, signal was then observed as soon as . . .
possible \Eia an )ESR Spectl’ozmegter. yI)-20-(4-hydroxyphenyl)porphyrin (2) by reacting with 1-

Intracellular ROS Detection.The intracellular generation'®f adamanyl bromomethyl ketone (1) in the presenc&£GhEK
was also detected by72dichloro uorescin diacetate (DCFH-DA), a then the intermediate was hydrolyzed and further neutralized
commercially available singlet oxygen indictor, which could beith equivalent NaOH to directly cad the desired
converted to DCF that exhibited brightly emissive gueesscence  compound?® The alkynyl-substituted CPT was synthesized
in the presence &D,. Typically, the cells were incubated with NPs according to the reported literature with a slight watitin.
(10 M) for 12 h. After that, the cells were washed with PBS (0.05psequently, the intermediate reacted with excess 6-deoxy-6-
M) three times and fresh culture medium containingv2@ ,7 - azido-permethykCD in the presence of Cul via the Huisgen

dichloro uorescin diacetate (DCFH-DA) was added followed by . o . . -
incubation for 30 min, one of which that was pretreated with vite1mi|]1’3'd'p0|"’lr cycloaddition to give PMCD-SS-CPT in 52% yield.

C (50 M) for 10 min was used as a control. Then, the cells weré\S Shown itfrigure Sa typical proton signal at 7.45 ppm was
washed with PBS (0.01 M) three times again and irradiated by whi@ssignable to the triazole ring, proving the successful
light (white light, 220 mwW/ct 10 min). The cells were then connection of CPT and PMCD. The triphenylphosphonium
observed as soon as possible via CLSM. The excitation wavelengaftions (TPP) and-CD-modied TPP-HACD were prepared
was 488 nm, and the collection wavelength range was from 510 to 349 means of one-step amide condensation between sodium
nm. ;

Cell Cytotoxicity. A549 cells were seeded into a 96-well plate an Z?)L?;?Grﬁttﬁy(lzr? gd\li\gtr?]ir(\z}'ég(ci:nH E))ﬁlc\)l:pzf)lg’:e %r;c: 210?33 0?1

then treated with derent concentrations of NPs. Theal o . .
concentration of NPs was 10, 8, 6, 4, arld, Xespectively. Then, (PBS). The substitution degrees of triphenylphonium-and

the cells were incubated with NPs in the dark for 24 h. After that, tfeD attached to HA were determined by comparing the
white light irradiation (220 mW/&nwas applied for 10 min. Then, integral area of the;hbroton of -CD at 5.04 ppm and the
the cells were continuously cultured for another 1 h. The cell viabilityp, proton of TPP at 7.577.94 ppm with that of tHé-acetyl
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Scheme 1. Schematic lllustration of the (a) Formation of NPs and (b) Their Application for Synergistic Chemo-photodynamic
Cancer Therapy

(@)

Host-guest
+ interaction: Self-assembly
m i. | T—
{ b {

[ [ AP
PMCD-SS-CPT/aPs Secondary | = ¥ =
a8 }4 assembling a | a O
Q) O _{/ v b C
o O s oo S y \
¥ eSS N P
\’, =8 ‘:g\\\ » P W v
Coome ~e 4 - ’
aPs PMCD-SS-CPT <1 " - c -
. @ V.
J 4 F a v
AN e e — AL v 4 . v
a S SN -
v > & oV 3 ‘ g
TPP-HACD Rrai NPs

protons of HA at 1.98 ppm, which were calculated as 17.0 aMiMR spectroscopy. For the PMCD-SS-CPT/aPs complex, as
17.1%, respectively. could be seen from the 2D NOESY spectrugue S15the

The host guest properties between PMCD-SS-CPT andhenyl protons of aPs at 7900 ppm presented distinct
aPs wererst studied by UWis spectroscopy. The complex- multiple cross-peaks with the PMCD of the secondary, OCH
ation stoichiometry between PMCD and aPs was determin@alicating that the porphyrin moiety of aPs could be included
as 2:1 by Job analysis in which the maximum exhibited a peaimpletely into the cavity of PMCD. Combined with the
at a molar fraction around 0.33 when PMCD was employed above experimental results, we couldrmothe satisfactory
a reference hogtigure S1)1 Moreover, the binding constants complexation between aPs and PMCD-SS-CPT.
(Ks) between PMCD-SS-CPT and aPs were calcullted as Owing to the amphipathic structure of PMCD-SS-CPT and
1.1x 1 M ! andK, = 2.3x 10/ M ! from the UV vis the strong bonding ability between aPs and PMCD, the
spectral titration data through analyzing the sequential changassembly behavior of PMCD-SS-CPT in the presence or
in absorbance intensity A) at varying concentrations of absence of aPs was explored. As shdvguie S16a series
PMCD-SS-CPT by using a nonlinear least-squaresttingze- of spherical-shaped nanoparticles with an average diameter
method Figure S1R The obtainedKs were similarly ranging from 10 to 20 nm were observed in a typical TEM
consistent in the previous reported literdfuré The strong image. Meanwhile, PMCD-SS-CPT/aPs could self-assemble
binding made it particularly easy to construct supramoleculiato a bit larger nanoparticles whose diameters are distributed
assemblies PMCD-SS-CPT/aPs upon mixing PMCD-SS-CHRm 30 to 40 nm in agueous solution. To furtherraothe
and aPs in aqueous solution. Meanwhile, as shévwguria self-assembly process, the critical micelle concentration
S12a the broadened Soret band of aPs gradually becarf@MC) value of PMCD-SS-CPT/aPs was investigated by
sharper accompanied by a bathochromic shift from 412 to 4honitoring the change in optical transmittance aetedfit
nm upon stepwise addition of PMCD-SS-CPT. In additionconcentrations of the complex. As showkfigare S1,7the
aPs showed a relatively low intensity in aqueous solutiooptical transmittance of PMCD-SS-CPT/aPs at 514 nm
probably due to the amphiphilic structure of aPs, which madksplayed no obvious change when the concentration of the
it easy to form H-aggregates in aqueous solution. However, t@mplex increased from 0 to 1M, whereas the optical
uorescence intensity of aPs was greatly enhanced aftansmittance gradually decreased with increasing concen-
addition of PMCD-SS-CPT, indicating that PMCD-SS-CPTration of the complex from 1.68 indicative of the
prevented intermolecular aggregation between aPs by formfogmation of aggregates. The possible assembly modes are
a stable supramolecular PMCD-SS-CPT/aPs coriglese(  shown inScheme.1
S13. Moreover, the additional evidence coming from the After successful preparation and characterization of the
circular dichroism (CD) spectroscopy cored the non-  binary assembly, TPP-HACD was introduced for ternary
covalent association between aPs and PMCD-SS-CPT. #ssembly berting from the highly anitive interactions
exhibited inFigure Sil4relatively high circular dichroism between adamantane an€D>° ** Thus, a hierarchical
signals were observed in the Soret band of aPs from teapramolecular nanoparticle TPP-HACD@PMCD-SS-CPT/
circular dichroism spectrum upon the addition of PMCD-SSPs (NP) composed of TPP-HACD, PMCD-SS-CPT/aPs
CPT, whereas free aPs presented almost no appreciabteild be easily constructed by conveniently mixing these
circular dichroism signals at the same wavelength. PMCD-%8evementioned components in aqueous solution. The size
CPT also exhibited well-aeed circular dichroism signals and morphology of the obtained nanoparticles were fully
from 300 to 400 nm, resulting from the inherent chiralinvestigated by high-resolution transmission electron micros-
property in the camptothecin molecule. Therefore, theseopy (HR-TEM), scanning electron microscopy (SEM),
phenomena jointly suggested the formation of a PMCD-S&tomic force microscopy (AFM), dynamic light scattering
CPT/aPs complex in aqueous solution. The complexatiofDLS), and zeta potential experiments. As shoWwigime
between aPs and PMCD-SS-CPT was further characterized$iy8 the uorescence intensity of PMCD-SS-CPT/aPs
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displayed negligible change when TPP-HACD was addethnoparticles were slightly inclined to aggregatnaed by
implying that the TPP-HACD could not disturb the the hydrogen bonding interactions among the abundant
association between PMCD-SS-CPT and aPs because cafboxylic and hydroxyl groups on the backbone of HA. This
their highly extraordinary bindingnéty. For another, the phenomenon was also vedi by SEM image§ifure &),
free TPP-HACD was mainly observed as the loose arwhich displayed the similar morphological information with
amorphous structure that was easy to aggregabe(S19a TEM, showing many spherical nanoparticles whose diameter
However, the HR-TEM images revealed that a majority afas around 100 nm. Subsequently, a number of collapsed
these ternary nanoparticles almost existed as homogenegggoparticles with spherical shape were found in AFM images
spheres with an average diameter of 100Fmwnr¢ b), (Figure @) as well, whose height was measured as about 10
nm, and its diameter was determined from 80 to 100 nm,
which was inne accordance with the results above. Moreover,
DLS data showed that NPs possessed an average hydro-
dynamic diameter of 142.45 nivig(ire t), which were
appreciably larger than that observed in TEM images, due to
the shrinking of nanoparticles upon air drying in the sample
preparation for TEM. It was worth noting that DLS presented
a signal with a hydrodynamic diameter around 30 nm, which
was probably attributed to the dynamic reversible properties of
supramolecular interactions. In the control experiment, the
hydrodynamic diameter of TPP-HACD was determined up to
thousands of nanometers according to the DLS results on
account of its own aggregated featurigu(e S19b
Furthermore, the zeta potential of NPs was measured as
20 10.33 mV Figure S20kdue to the distribution of negatively

‘ -1.0nm charged hydrophilic TPP-HACD on the surface, indicating
° 00 S 740 — that TPP-HACD served as the shell of the nanoparticle. This

Diameter / nm 00  HeightSensor  1.8um was in sharp contrast with PMCD-SS-CPT whose zeta
) . . potential was measured af.62 mV Figure S20a
E'gg_re(c%{%ﬁsﬁ ;E'L\/IP,S(.b) HR-TEM, and (d) AFM images of demonstrating its uncharged surface. The possible assembly
mode of NPs is illustrated $theme .IPMCD-SS-CPT/aPs

and TPP-HACD coassembled to small mice¢sand a
which were a much larger assembly than PMCD-SS-CPT/aRgdrophilic TPP-HACD backbone was considered as the outer
and more uniform than free TPP-HACD, indicating theshell of these small micelles. Subsequently, these small micelles
formation of the ternary nanoparticles. Additionally, theskirther aggregated to form larger nanoparticles through

Ef. Diam. : 142.45 nm
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Figure 2.(a) HPLC analysis of PMCD-SS-CPT upon treatment with DTT at varying time durations. The absorption channel was set at 254 nm
([PMCD-SS-CPT] = 0.1 mM). (b) Proposed mechanism of CPT drug release from reduction-responsive prodrug PMCD-SS-CPT. (c) Electron
spin resonance (ESR) spectra of NPs ([NPs] = 0.1 mM) with serving TEMP as the spin trap. Irradiation time is 10 min. (d) Decomposition rate of
ABDA at 378 nm versus dient irradiation time#éy, is the original absorption of ABDA, arid the absorption with dirent irradiation times.
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Figure 3.(a) Confocal laser scanning microscopy images of time-dependent cellular uptake of A549 cells when incubatetMyvitr NPs (5
di erentincubation times (2 and 4 h). (b) Flow cytometric analysis of A549 cells in panel (a), and the black lines represented the untreated contrc
cells. (c) Mitochondria-specisubcellular colocalization experiments in living A549 cells.

supramolecular interactions such as hydrogen bondif@PT release was detected in the absence of DTT. However, in
interactions of carboxylic and hydroxyl groups in TPPeontrast, after incubating PMCD-SS-CPT with 10.0 mM DTT
HACD via the small micelle aggregation mechanism dor 1 h, a new peak corresponding to CPT at 3.5 min appeared
multi-compartment midel formation mechanisfif? In obviously. As expected, the peak intensity of CPT increased
addition, the NP zeta potential value was slightly smallgradually accompanied by diminishing the peak of PMCD-SS-
than the HA-based assembly, previously reported in thHePT with the prolonging of incubation time. PMCD-SS-CPT
literature’>** probably due to the modation of the TPP  was almost completely converted into CPT after 2 h of
moiety that neutralized some negative charge of the Hifkcubation, indicating its favorable GSH responsiveness. The
backbone. The negatively charged surface endowed tm®posed mechanism of CPT from reduction-responsive
obtained ternary NPs with more favorable characteristitMCD-SS-CPT is shown iRigure B. These results
such as improved targeting property, good biocompatibilitgon rmed that the synthesized prodrug could indeed release
and stability in biological environments. the active CPT through a GSH-responsive release mode. The
Furthermore, the successful preparation of nanoparticleEM images Kigure S23also demonstrated that the NPs
could also be idenéid by the naked eyes. As showrigare would dissociate into shapeless aggregates after treating the
S21 the NPs appeared as clear and transparent solutidiPs with DTT for 4 h, manifesting that the NPs exhibited a
accompanied by an obvious pink color coming from aPs high response toward reducing agents. Moreover, the drug-
daylight. Meanwhile, the solution of NPs showed a moneleasing behavior of NPs was further studied by the dialysis
apparent Tyndall ect than that of TPP-HACD alone, further method. As shown Figure S24the amount of released drug
conrming the formation and existence of nanoparticlesncreased when increasing the concentration of the reducing
Moreover, the solution of NPs was still steady withouagent GSH. No apparent drug release was observed when
precipitation and exhibited a clear Tyndatteeven after incubating without GSH. However, treatment with 1 mM GSH
being allowed to stand for 1 month, implying the favorablieed to 45% drug release from the NPs after 24 h. In
stability of nanoparticles. In addition, the drug loading contembmparison, higher concentration of GSH at 10 mM
(DLC) and the encapsulation@ency (EE) were determined accelerated drug release with 80% during the same period.
to be 36.2 and 97.5% according to the standard curve ©hese experimental results consistently indicated the good
PMCD-SS-CPT, respectivelffigure S2R which was  drug-releasing characteristics of supramolecular nanoparticles
comparable to the previous reports of supramoleculam a mimetic tumor microenvironment.
assemblies based on a prodify. Next, to assess the ability of the assembly generating singlet
To investigate the CPT release ability of PMCD-SS-CP®xygen 0,), TEMP, a commercially available spin-trapping
responding to reductivity, high-performance liquid chromatoggent ofO, was employed for electron spin resonance (ESR)
raphy (HPLC) was utilized to detect the cleavage of thexperiments to characterize their adduct TEMP- As
disul de bond at dierent intervals by co-incubation with presented ifigure 2, a unique three-line signal, accompanied
model thiol that triggers dithiothreitol (DTT)As shown in  with a hypeme coupling constant of 16.0 G and an intensity
Figure 2, for PMCD-SS-CPT, a peak whose retention time attio of 1:1:1 from the adduct'af, and TEMP, was observed
5.7 min in the HPLC chromatogram was monitored, while nin the ESR spectrum upon irradiation with white light. To

5003 https://dx.doi.org/10.1021/acs.biomac.0c01181
Biomacromolecule2020, 21, 49985007


http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c01181/suppl_file/bm0c01181_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c01181/suppl_file/bm0c01181_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c01181/suppl_file/bm0c01181_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c01181/suppl_file/bm0c01181_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.0c01181/suppl_file/bm0c01181_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01181?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01181?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01181?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c01181?fig=fig3&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://dx.doi.org/10.1021/acs.biomac.0c01181?ref=pdf

Biomacromolecules pubs.acs.org/Biomac

further verify the formation'a,, the common singlet oxygen
detecting agent 9,10-anthracenediylbis(methylene)dimalonic
acid (ABDA) was chosen to detect the ROS generation of
NPs in solution under white light irradiation or not. ABDA was
usually adopted as an indicator of the generati@y sihce
!0, was a sensitive destructor of the conjugated unit of
anthracene in ABDA. As illustrated Figure S25 the
absorbance of ABDA had almost no decrease with the
extension of illumination time, which proved the stability of
this compound under this light intensity. However, in the
presence of NPs, something dramaticadlyedit was that the
absorbance of ABDA gradually decreased with the lighting
time increased, caming that NPs could indeed prodt@g
upon the exposure to light, and the decomposition rate of
ABDA was measured as 1557102 St (Figure #). In
addition, the NPs exhibited good photostability in aqueous
solution, which was bew&l for further biological applica- Figure 4.(a) Real-time confocal imaging of A549 cells under
tions. These experiments all demonstrated that the NPs co&&ﬂﬁ“‘éous 405 ”mt|332%r 'Hj;dl'att'on tlrlef‘tgg V‘:j'tht OrtW'thPU'tA';fg- The
be utilized as an excellent singlet oxygen generator in aquedtfs® P& represents 4b. (b) Intraceliulart); aetection in
solution under light irradiation, which was bsakfor PDT, ~ C&'s using a DCFH-DA enzyme undeerént treatments. NaVC
i g : .was utilized as®, scavenger.
After fully characterizing NPs and verifying their responsive
drug-release capacity @@} generation ability, the intra-
cellular accumulation of NPs was observed by confocal la®s produced by NPs rather than local overheating caused by
scanning microscopy (CLSM). The results showed that thigser irradiation. The intracelldi@s level was also visualized
uptake of NPs into the cell exhibited a time-dependent mannpy using a commercial available singlet oxygen indi¢tor 2
(Figure &). After 2 h of co-cultivation, there was an exhibitedlichloro uorescin diacetate (DCFH-DA). As illustrated in
weak red uorescence in the cancer cells, indicating a littlgigure %, strong greenuorescence was observed in cells
uptake of the NPs. As the co-cultivation time increased to 4 tultured with NPs followed by light irradiation, woing the
the NPs were almost distributed in the cytoplasm monitoregroduction of a large amount ¥, while weak green
by the bright reduorescence originated from aPs, suggestinguorescence was detected when cells were treated with NPs
the accumulation of NPs in cells. Tow cytometric analysis only. Moreover, almost no greerescence was observed in
further conrmed this resultjgure B). In addition, the blue  other groups for both in dark and under light without NP
uorescence arising from CPT was also found in the cytoplasfeatment. In addition, after being treated with vitamin C, a
(revealed bFigure S26 Thus, these phenomena consistentlycommon reactive oxygen scavéfigee, cells exhibited weak
indicated that the assembly NPs could lméeatly taken up  green uorescence, further demonstrating the intracellular
by A549 cells. Subsequently, the cellular uptake mediated dsneration ofO,.
HA toward dierent cell lines of NPs was evaluated. As shown Subsequently, the cytotoxicity experiment was evaluated by
in Figure S2the A549 cells exhibited bright redrescence  using a standard cell counting kit-8 (CCK-8) assay in order to
after the incubation with NPs, while negligiblescence investigate the combinational anticancer activities of NPs. As
was observed in 293T cells due to the lack of a CD44 recepisiiown inFigure 3, cell viability of A549 cells hardly declined
on the cell surface. These phenomena indicated that the CD4#ter the cells were treated with the control samples for 24 h,
receptor-mediated endocytosisceplayed an important part implying its low cytotoxicity in the dark. However, the NPs
in the internalization of the NPs, and the introduction of HAdisplayed higher cytotoxicity under the same conditions, which
could distinctly bring down the cellular uptake of NPs intawas attributed to the CPT release activated under GSH, thus
normal cells. Additionally, given that the mitochondrialnducing cell death and showing the 41% inhibition of tumor
targeting unit triphenylphosphonium cation was attached fcell proliferation at the concentration of NPs as MO
nanoassembly surfaces, it was supposed to promote the N&tably, the treatment with NPs followed by light irradiation
accumulation in the mitochondria. The intracellular coexhibited the most remarkably substantial suppression on cell
localization analysis of NPs and MitoTracker Green wasability owing to the photosensitization of aPs prod@ing
exhibited in A549 cells. As shownFigure 8, the red The viability of tumor cells decreased rapidly about 80% when
uorescence of NPs was overlapped well withdhescence  the concentration of NPs reached 1, implying the
of MitoTracker Green, and the Pedsaorrelation was conspicuous synergistic anticaneamt@f NPs. Moreover, the
determined as high as 0.70, demonstrating the cspecisynergistic @ct of NPs was quantitatively evaluated by the
mitochondria-targeting ability of NPs. combination index (Cl) valugsAs described iRigure S28
To further monitor the intracellular generatiotOgf the the Cl values of NPs toward A549 cells were all determined to
real-time confocal microscopy was performed to observe the less than 1 in the range from, 0 1C,, demonstrating
cell injury under continuous laser irradiation. As shown ithe PMCD-SS-CPT prodrug and aPS within NPs exhibited a
Figure 4, signicant characteristics of cell apoptosis such asynergistic @ct during the therapy process. Additionally,
membrane blebbing and morphology change of the nucleA$49 cells still maintained a high cell survival rate (more than
could be visualized when the cells treated with NPs weB5%) after being co-cultured withFRRIACD for 24 and 48
irradiated. In the controlled experiment, the cell under onlz, demonstrating the low toxicity and good biocompatibility of
laser irradiation still maintained its structural integrity anthe HA backboneFgure S20 Furthermore, ow cytometry
stability, proving that the bubbles were indeed caused by thealysis was performed to quantitatively discern the apoptotic
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Figure 5.In vitro cell viability of (a) A549 cells and (b) 293T cells

after 24 h of treatment with NPs in the absence or presence of light

irradiation at dierent concentrations. The concentrations wererigure 6.Confocal laser scanning microscopy images of calcein AM
calculated based on aPs concentration. (c) Cell apoptosis agdq propidium iodide co-staining on A549 cells upcredt

necrosis of A549 cells analyzed bynacytometer with annexin V- yreatments. Live/dead cells were stained green/red with calcein AM/

FITC/PI dual staining after treatment with (a) control, (b) light pj respectively.

irradiation alone, (c) NPs, and (d) NPs + light irradiation ([NPs] =5
M).

conditions. In contrast, a sigriaint number of the cells were
and necrotic cells at drent stages by the annexin V-FITC/PI killed in the presence of NPs as revealed by the red
dual-staining method. As illustrateignire §, no signicant uorescence from nuclei stained by Pl and the relatively
cell necrosis was observed in all groups accompanied with #xeak green uorescence compared with the former two
cell necrosis rate less than 0.4%. The cells only treated wiffbups, which was caused by the release of CPT from the NPs
light irradiation displayed the relatively low apoptosis raten account of the excess GSH in cancer cells.c&idlyi
2.83%, proving that the light irradiation did little discerniblenly intense reduorescence and negligible gremmescence
damage to the cells. Nevertheless, after being treated with NiRsre observed for NPs in the presence of the light, indicating
at a concentration of 5V, the apoptosis rate of A549 cells their higher cellular toxicity andeetive two-step synergistic
was determined as 17.19%. Moreover, after the treatment witlerapy eect to A549 cells. These results suggested that NPs
NPs and light irradiation, the population of apoptosis cellsxhibited the most cytotoxic toward A549 cells after the two-
reached 53.10%, which was much higher than that of othstep treatment, which were consistent with the toxicity tests.
treatment groups and in accordance with the CCK-8 results.Since NPs could accumulate in the mitochondria, we
Additionally, the cell apoptosis was induced by both early as@eculated that the released drugs and the proticed
late apoptosis, while the late apoptosis rate was slightly higfrein NPs could destroy the integrity of the mitochondrial
than the early apoptosis. These results strongly indicated tim@mbrane and further induce cell apoptosis. To investigate the
applicability of NPs as a promisingient reagent in the damage caused to mitochondria during synergistic treatment,
presence of light for step-by-step synergistic cancer therapyC-1, a commercial mitochondrial membrane potential kit, was
In addition, the cytotoxicity of NPs toward 293T normalemployed as auorescent probe to detect the mitochondrial
cells was also investigated. As showigime B, compared  changes in cells. As depicte#igure 7 the light irradiation
with A549 cancer cells, NPs all exhibited relatively high@é&ad almost no ect on the mitochondrial membrane potential
cellular viability in the presence or absence of light. The cell
viability of 293T cells was measured as 57% after being treated
with NPs (10 M) and light irradiation, which was sigantly
higher than the corresponding value for cancer cells.
Combining the confocaliorescence imagesFHhigure S25
and cytotoxicity experiments, these results jointly indicated
that the obtained NP assembly exhibited spacgeting and
selective accumulation ability in cancer cells and released the
active drug because of the overexpressed GSH in cancer cells.
Therefore, the NPs could serve as aonieat and safe
therapeutic reagent to kill cancer cells while exhibiting less
damage toward normal cells, thus reducing séats eof
classical chemotherapy and PDT.
The combinational therapy @acy of NPs was also vedii
by live/dead cell co-staining experiment. As shdviguire 6
a completely strong greamorescence together with no red
uorescence was found in A549 cells without any treatment,
and the same result was observed in cells treated with lighgure 7.Mitochondrial membrane potential of A549 cells stained
alone, proving that the cells stayed alive entirely under thesigh JC-1 for visualizing the damage of mitochondria.
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indicated by the strong redorescence. In contrast, severe https://pubs.acs.org/10.1021/acs.biomac.0c01181
mitochondrial depolarization was observed when incubated
with NPs for 24 h as rected by the enhanced green/red Notes

uorescence intensity. Sigantly, only greenuorescence The authors declare no competingncial interest.
was found in the presence of NPs followed by light irradiation,
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