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Introduction

Cancer remains one of the most devastating diseaeds-
wide and has become the major cause of mortalitynamy
chemotherapy

treatmerit. Among

countriest At present,
approaches in clinical
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RSC

Hydrogen peroxide-responsive anticancer
hyperbranched polymer micelles for enhanced cell
apoptosis

Bing Liu," Dali Wang*® Yakun Liu? Qian Zhand; Lili Meng,” Huirong Chi? Jinna Shf,
Guolin Li,*? Jichen Li,** and Xinyuan Zhu?®

Chemotherapeutic drugs that induce apoptosis inotucells via regulating intracellular
reactive oxygen species (ROS) levels representomising strategy against cancer. Here we
reported an effective anticancer nanomicelle systeased on hydrogen peroxide »B})-
responsive hyperbranched polymer through enhanciel apoptosis for efficient cancer
therapy. Firstly, the hydrophobic anticancer drugtiyl-10-hydroxyl-camptothecin (SN38)
was conjugated onto a hydrophilic and biocompatiyeerbranched polyglycerol (HPG) via
H,O,-responsive thioether linkage, forming the SN38jagated HPG (HPG-2S-SN38). The
amphiphilic HPG-2S-SN38 self-assembled into staid@omicelles which could encapsulate
cinnamaldehyde (CA) that induces apoptotic celltdeaa ROS production in a large number
of cancer cells. The release of SN38 and CA from@#A-loaded HPG-2S-SN38 micelles was
dependent on ¥, concentration, whereas CA was released remarké&édyer than SN38
under an oxidative condition. Thie vitro study suggested the CA-loaded HPG-2S-SN3c¢
nanomicelles entered cancer cells rapidly and syesgtly were activated by the intracellular
oxidative environment to release CA and SN38. Thefgrentially released CA could
effectively induce intracellular ROS production, iafh in turn accelerated the degradation r*
micelles and the release of SN38. Compared to tR&42S-SN38 micelles and the mixture of
CA and SN38, the CA-encapsulated HPG-2S-SN38 n@seaksulted in more intracellular ROS
generation, which efficiently enhanced the probfiton inhibition of tumor cells via inducing
cell apoptosis, exerting a synergistic anticandéect of CA and SN38. The #D,-sensitive
CA-loaded HPG-2S-SN38 micelles that amplified thditamor effect by enhancing the cell
apoptosis have enormous potential as novel antaratherapeutics.

stability, undesirable side effects, relatively ghualf-life and
lack of specificity toward diseased tissues, whedwverely
reduce their efficiency of arriving at the tumortesi
Furthermore, the simple combination of these chaerajpeutic
is one of majatrugs could not provide a programmable release avfous
various components that may have a better synergistic tefifecancer
therapy. As we know, chemotherapy significantly efegs on

chemotherapeutic agents, drugs that are construotéuduce
tumor cell apoptosis through ROS generation arataactive
strategy against various malignanclis.ROS including
hydrogen peroxide, hydroxyl radicals and superoxahéon,
plays a critical role in cell apoptosisGenerally, high
concentration of ROS can damage intracellular comapts
such as lipids, DNA and proteins through inducimachemical
alterations, eventually leading to apoptotic cadhth!® Up to
now, numerous drugs have been developed againsercéry
causing apoptosis through ROS-mediated cellularaggit™®
Despite their potent anticancer activities, the afsthese small-
molecular-weight chemotherapeutic drugs or theimpde
combinations is hampered by their poor water stityband
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the induction of apoptosis in tumor cells. Therefdt is still a
great challenge to construct highly efficient aaticer
therapeutic agents that can improve the tumor peaizlivery,

release the drugs in a controlled manner and erehapaptosis
selectively in malignant cancer celfst’

As one kind of emerging materials, hyperbranchesgtimers
have received more and more attention as drugetglivarriers
in the past few years because of their unique tmpocél
architecture and specific physical/chemical prapeff’ They
have highly branched and three-dimensional
architectures, adequate spatial cavities, a largmber of
terminal functional groups for further conjugatiof drug or
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targeting/imaging agents and convenient synthaticedures, temperature to 50 °C, held at this temperature3fanin to
which provides an apparent advantage in encapsglatinall- eliminate the thermal history, and then cooled & -~C.
molecular-weight drug®>’" Moreover, they can self-assembl&hereafter, these samples were heated again ateaofalO
into nanomicelles with a relatively low critical oglle °C/min to 50 °C. Transmission electron microscofgNM,
concentratiori® These attractive features provide apparedEM-2010HT) studies were carried out to investighteshape
advantages in biological and biomedical systems dawdces, and size of micelles. Samples were prepared bycittire
particularly in drug delivery applications. Espdlgiastimuli- dropping the micelle solution (0.5 mg/mL) onto arbmm-
responsive hyperbranched polymers and their asgesnibvhve coated copper grid and then air-drying at room temrajure
been widely used as potent biomaterials to contstdiag overnight prior to observation. Dynamic light sesithig (DLS)
delivery systems because they can release the smratgd measurements were recorded using a Malvern Zetdsa®o S
components in a controlled programmable marnti#Among apparatus equipped with a 4.0 mW laser operatirig |at633
them, the HO,-sensitive hyperbranched polymerioim. All samples of 0.5 mg/mL were tested with attecang
nanomicelles have drawn increasing attention stheetumor angle of 173° at 25 °C. The UV-vis spectra of alinples were
cells have increased level of®, up to 0.5 nmol/1bcells/h in recorded on a Perkin-Elmer Lambda 20/2.0 UV-vic,
comparison with normal cells due to the overprouctof spectrophotometer.
ROS*"*° Therefore, it is conceivable that if the anticam(:?\/I )
drugs are loaded into the ,BL-sensitive hyperbranched aterials
polymer micelles in different binding forms, a ndetivery Glycerol (97%, Aldrich), acryloyl chloride (98%, Achas),
system with tumor-specific delivery and controliatielease 1 2-ethanedithiol (98%, Adamas), methacrylic anfdel{94%,
ability could be easily obtained. Thus, ascribedht® excellent Adamas), 7-ethyl-10-hydroxycamptothecin (98%, TGCind
combination of hyperbranched micelles and therapeagents cinnamaldehyde (99%, Adamas) were used as recelH.
related to cell apoptosis, an efficient anticancefimethylformamide (DMF), methylene dichloride (gEl),
chemotherapeutic system with enhanced cell apeptietath of BF;Et,0, dimethylsulfoxide (DMSO) and triethylamine {5}
tumor cells can be expected. were dried over calcium hydride and then distillefore use.
In this work, we constructed J@,-responsive anticancerpyridine (anhydrous, 99.5+%) was obtained from /lfal used
hyperbranched polymer micelles for co-delivery dfiet as received. Dulbecco’s modified eagle’s medium N
chemotherapeutic drug SN38 and CA for enhancind cghd fetal bovine serum (FBS) were purchased frogm&iand
apoptosis through ROS generation. The SN38 wasugatgéd ysed as received. The Annexin V-FITC/PI apoptosiedtion
onto HPG through bO,-sensitive thioether bonds to formkit was obtained from Invitrogen. 3-(4,5-Dimethyidzol-2-
amphiphilic hyperbranched polymer HPG-2S-SN38, Whig)|)-2 5-diphenyl tetrazolium bromide (MTT) was phesed
could further self-assemble into nanomicells. Thika other from Sigma. Dialysis tubes were purchased from §han
anticancer drug CA was loaded into the HPG-2S-SiiR®lles Lvniao Techn0|ogy Corp_ Clear p0|ystyrene tissudtuca
due to the physical interaction. The disruptionGA-loaded treated 6-well, 12-well and 96-well plates wereaiféed from
HPG-2S-SN38 nanomicelles under an exclusive oxidatisangonBiotech (Shanghai, China). Dialysis tube prashased
microenvironment within cancer cells would lead @daster from Shanghai Lvniao Technology Corp.
release of the CA due to the physical encapsulatasulting in )
improved ROS generation in tumor cells. The impobwROS Synthesisof HPG

levels accelerated the disassembly of the HPG-238SN pG \vas prepared by the cationic polymerizatiorglgtidol
micelles and improved the release of CA and SN3Bichv 55 previously describéd.Polymerization was carried out in a
efficiently enhanced the cytotoxicity of anticancgmrugs by 5og mL three-necked round-bottomed flask equippéith &
activation of apoptotic pathways. Heie vitro anticancer magnetic stirrer, a thermometer and a tap funneeurrgon
evaluation demonstrated that CA-loaded HPG‘ZS‘SNﬁﬁ‘nosphere. Initially, a solution of BELO (5.35 g, 37.7
micelles exhibited a superior apticancer efficacyhew. mmol) in CHCl, (250 mL) was added into the flask. Then, 25
compared with HPG-2S-SN38 micelles and the physiqal of glycidol (372 mmol) was added dropwise ovepeaiod
mixture of CA and SN38. of 2 h using the tap funnel at a temperature of+&PC. After

i i completed, the mixture was stirred for an additid¥ah. The
Experimental Section polymerization was quenched with deionized wated #me
resulting solution was evaporated under reducedspre to
remove the CbLLCl,. After that, the crude product was dissolve!
Nuclear magnetic resonance (NMR) spectroscopy (iMgrcin 80 mL of deionized water and precipitated in TfF three
plus 400 spectrometer 400 MHz, Varian, U.S.A.) wasd with times to afford 15.86 g of transparent and highggous liquid
dimethyl sulfoxideds (DMSO-ds) or deuterated chloroform with a yield of 70%.
(CDCly) as solvents. The number-average molecular weight .
(Mn) and weight-average molecular weight (Mw) ofe thoyNnthesisof HPG-2S-SN38

synthesized polymers were determined by gel peioreatsn3g (1.0 g, 2.55 mmol) and methacrylic anhydridentL,
chromatography (GPC) measurement which was perbrone 6 50 mmol) were simultaneously dissolved in a misetvent

a Perkin-Elmer series 200 system (@0 PL gel 300 x 7.5 mm of pyridine (20 mL) and DMF (30 mL) and then stire
mixed-B and mixed-C column, linear polystyrene l@dtion) oyernight at 40C. After evaporating under reduced pressure *2
equipped with refractive index (RI) detector an®ediDMF  remove the solvents, the residue was redissolvethloroform
containing 0.01 M lithium bromide as the mobile pbaat a and then precipitated in hexane. The precipitats igalated
flow rate of 1.0 mL/min at 70 °C. Differential sa@ing and washed with hexane for three times. After driguler
calorimeter (DSC) was carried out on a Perkin-Elfgris 1 yacyum, compound 1 (1.1 g, yield 94%) was obtairtet.
under a pure nitrogen atmosphere using indium lbrede NMR (400 MHz, CDC}, §): 8.24-8.27 (d, 1H), 7.85 (s, 1H),
temperature and enthalpy. Samples were first hdedeniroom 7 gg (s, 1H), 7.56-7.59 (d, 1H), 6.45 (s, 1H), X851H), 5.71-

Apparatus
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5.75 (d, 1H), 5.26-5.31 (t, 3H), 3.85 (s, br, 18)11-3.18 (q,
2H), 2.12 (s, 3H), 1.84-1.95 (m, 2H), 1.38-1.42 (t, 3H)O-
1.04 (t, 3H).

Polymer Chemistry

by measuring their UV absorbances by UV-vis
spectrophotometer (Perkin-Elmer Lambda 20/2.0 UY/-vi
spectrometer) and then comparing them with thelibicdion

1.3 g (17 mmol of -OH groups) of HPG in 20 mL ofydrcurves in DMSO. Finally, DLC and DLE of CA-loaded®8-

DMF containing 0.23 mL (1.7 mmol) of & was cooled in an
ice-water bath with stirring. After stirring for 3@in, acryloyl
chloride (0.124 mL, 1.7 mmol) in 10 mL of anhydrdDMF was
added dropwise to the reaction mixture and stirfed an
additional 24 h at ambient temperature. After diiton, DMF
was removed by vacuum and the residual
redissolved in DMSO. The resulting mixture was yliad
(MWCO = 1 kDa) against DMSO for 12 h and deionizeater
for another 24 h (Note: exchanged deionized water
appropriate intervals) and followed by freeze-dgyiio obtain
the pure product 2.

1,2-Ethanedithiol (2 g, 21 mmol) and 0.2 mLs;NEtwere
dissolved in 10 mL of dry DMF. Then 1.0 g of abmaterified
HPG in 20 mL of dry DMF was added dropwise using tap
funnel. After that, the mixture was stirred ovelrticgat room
temperature and purified by dialyzing (MWCO
against DMSO for 24 h (Note: exchanged DMSO at ajppate
intervals). DMF was removed by vacuum to obtain thee
product 3.

Compound 1 (0.17 g), compound 3 (0.56 g) and 0.050Mm
Et;N were dissolved in 10 mL of DMSO, and stirred aowght
at room temperature. The crude product was purifissd
dialyzing (MWCO = 1 kDa) against DMSO for 24 h atin
reduced under vacuum to evaporate the DMF to oliteirpure
HPG-2S-SN38 (0.25 g, yield 34%).

Preparation of HPG-2S-SN38 micelles

Briefly, 8 mg HPG-2S-SN38 was added into 2 mL of BOI
and the mixture was kept stirring at room tempegmafor 2 h.
Then, the solution was added dropwise into 8 mideibnized
water and kept stirring for 1 h. Then, the resgltaolution was
transferred into a dialysis bag (MWCO = 3.5 kDajl dimlyzed
in deionized water for 24 h, during which the détea water
was replaced with fresh one every 4 h. The appearai
turbidity in the aqueous solution suggested them&iion of
aggregation.

Determination of critical micelle concentration (CMC)

A known amount of 1,6-diphenyl-1,3,5-hexatriene P
solution was added to a series of vials with HPGSAE8

solution to give a final concentration of 5.0%L0M. The

solutions were stirred overnight in dark. The abaorce spectra
of all solutions were recorded using Perkin-EImeamnibda

20/2.0 UV-vis spectrometer. The CMC value was otgdias
the intersection of the tangents to the two lingations of the
graph of the absorbance intensity at 313 nm asnatifin of

HPG-2S-SN38 concentration.

Preparation of CA-loaded HPG-2S-SN38 micelles

HPG-2S-SN38 (8.0 mg) and a predetermined amour®/Af
were simultaneously dissolved in DMSO and stirrédoam
temperature until completely dissolved. After ttéat volumes
of deionized water were slowly added into the abswkition
while stirring and the resulting mixture was keptrgg for 12
h at room temperature. Finally, the mixture wasifftd by
dialysis (MWCO = 3.5 kDa) for 24 h.

To determine the drug loading content (DLC) andgdr
loading efficiency (DLE),

the CA-loaded HPG-2S-SN3

2S-SN38 micelles were calculated by using the Yaihg
equations:

DLC (wt%) = (weight of loaded drug/weight of polymex
100%

DLE (%) = (weight of loaded drug/weight of drugfeed) x

mixture wi80%

Release kinetics of SN38 and CA from HPG-2S-SN38
n&icelles

A total of 3 mL of CA-loaded HPG-2S-SN38 micellesaswv
transferred to a dialysis bag (MWCO = 3.5 KD). law
immersed in 40 mL of phosphate buffer (pH 7.4) bogphate
buffer (pH 7.4) with different concentrations of®} solutions
in a shaking water bath at 3. 2 mL of the solution was
withdrawn and replaced with an equal volume ofHresedia at

1 RDapredetermined time intervals. The amount of SN38 &

released from micelles was determined with UV mezasent.
Cell culture

MCF-7 cells (breast adenocarcinoma), HN-4 cellsal(o
squamous carcinoma) and HelLa cells (human uterameixc
carcinoma) were all cultivated in DMEM supplied wil0%
FBS and antibiotics (50 units/mL penicillin and &aits/mL
streptomycin) at 37 °C in a humidified atmospheoataining
5% CO..

Ceéllular uptake of CA-loaded HPG-2S-SN38 micelles

The experiments of cellular uptake were carried a@utflow
cytometry and fluorescence microscopy. In orderevaluate
the internalization efficacy of CA-loaded HPG-2S3&N
micelles by tumor cells, nile red (NR) was encaptad into the
micelles instead of CA as a fluoresence probe.

For flow cytometry, MCF-7 cells were seeded in wigh
plates at a density of 5 x 38ells per well with 2 mL DMEM
containing 10% FBS and allowed to attach at 37 6C24 h.
Then, the NR-loaded HPG-2S-SN38 micelles dissolwed
DMEM culture medium were added into different wellsd the
cells after treatment were further incubated at’G7for 0.25,
0.5, 1, 2 and 4 h, respectively. After incubatithre cells were
rinsed with PBS, treated with trypsin and prepafed flow
cytometry analysis. Data for 1.0 x “l@ated events were
collected and analyzed using a BD FACSCalibur flow
cytometer and Cell Quest software.

For the fluorescence microscopy studies, MCF-7scelkre
seeded in twelve-well plates at a density of 2 % délls per
well in 1 mL of complete DMEM and cultured for 24 then,
the medium was carefully replaced with fresh DMEMtare
medium containing NR-loaded HPG-2S-SN38 micelles|, the
cells were further incubated at 37 °C for 0.25, 0,52 and 4 h,
respectively. After that, the cells were washechvabld PBS
for three times and fixed with 4% paraformaldehfae30 min
at room temperature. Thereafter, the cells wersedrwith cold
PBS for another three times and stained with Ha8&3gl2 for
10 min. Finally, the slides were mounted and diyeabserved
under a fluorescence microscope (Leica DMI6000 BY a
confocal laser scanning microscopy (Nikon A1Si).

n vitro cytotoxicity studies

micelle solution after dialysis was lyophilized aretlissolved The cytotoxic effects of different drug formulat®rnwere
in DMSO. The concentration of SN38 and CA were aeiteed evaluated by the MTT assay. MCF-7, HN-4 cells ot &leells

This journal is © The Royal Society of Chemistry 2015 J. Name., 2015, 00, 1-3 | 3
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were plated in 96-well plates at a density of 1.00kcells per Data are presented as the mean * standard dev{&@nfrom
well in 200uL of medium. The culture medium was carefullghree independent experiments. Statistical sigmifie was
removed after incubation for 24 h and replaced ®#@0uL of examined using Student's t-test for comparing mhisample
medium containing serial dilutions of SN38, CA, HBE38 sets. A p value of < 0.05 was considered statibtisggnificant.
micelles, CA-loaded HPG-SN38 micelles or mixtureSi38

and CA. After incubation for predetermined timeemvials at 37

°C, 20puL of MTT assays stock solution (5 mg/mL) was added
into each well. After incubating for another 4 hetmedium

containing unreacted dye was removed carefully 20@uL of °
DMSO was then added per well to dissolve the obthiblue Sy

formazan crystals. The absorbance was determineda in o o J* W g Y
BioTek® Synergy H4 at a wavelength of 490 nm. W § T o . o RV HO“EOH on

. o BFyELO  HO Oi“ %_’ o 3 g\on vl\m HO, o—cH é_/ O /—20 O}Oh’%
Apoptosis analyses Ao a5 }o" o e T G alle tond :5
MCF-7 cells were incubated with SN38, CA, HPG-SN38 S e $ e
micelles, CA-loaded HPG-SN38 micelles or mixtureSM38 HPG 2 Sy
and CA at the same doses of SN38 or (and) CA forh24 n| T e
Thereafter, both floating and attached cells weo#ected, ol Hs o s
washed three times with PBS, and incubated at room s S ol
temperature for 15 min with Annexin V-FITC and poodiium B "O;Voﬁ«(":f . "o 0«[:])
iodide (PI). All the samples were analyzed with B BSR /¢ % R Vadk 1+ L ({’: e
Fortessa flow cytometer. o :o°f :(li vj,{) o °‘QO o o -3 (f;’ :
Determination of intracellular ROSlevels ' Sy 1o Ho)\x:; e
The levels of ROS generated in MCF-7 cells treat@td CA, HPG-2S-SN38 3 OLJMS-\_SH

SN38, HPG-2S-SN38 micelles, physical mixture of 8N#d
CA, or CA-loaded HPG-2S-SN38 micelles were detesdiby Scheme 1. Synthesis route of®4-responsive hyperbranched
a fluorometric assay using 2’,7'-dichlorfluorescéiiacetate polymer HPG-2S-SN38.
(DCFH-DA) as a fluorescence probe. Once DCFH-DAemd . .
the cells, it would react with intracellular ROS pooduce a Resultsand discussion
fluorescent compound dighlorofluresceiq (DCF). Synthesis and Characterization of HPG-2S-SN38

For the fluorescent microscopy studies, MCF-7 celere
plated in six-well plates at a density of 2 *t@lls per wellin 2 The hyperbranched and functional HPG-2S-SN38 wes
mL of complete DMEM and cultured for 24 h, followdry synthesized in several steps starting from glygidsldisplayed
removing culture medium and adding the above fivagd in Scheme 1. Firstly the transparent, highly viscoand
formulations in 2 mL of medium at equivalent dosé€A (20 yellowish HPG was synthesized by the cationic p@yization
pg/mL) or (and) SN38 (10 pg/mL). After incubatioor 24 h, of glycidol. The'H NMR spectrum of HPG has been given in
the cells were washed with PBS twice and then dckatith the Supplementary Information (Figure S1). The itkeda
DCFH-DA for 30 min. After that, cells were washeithwPBS characterization data of HPG can also refer to mnavious
again and fixed with 4% paraformaldehyde for 30 mtimoom publication®® Subsequently, the HPG was reacted with acrylo!
temperature. Finally, the slides were rinsed wiBSHor three chloride to introduce the terminal acryloyl grouws HPG. The
times, mounted and directly observed under a femeece sStructure of acryloyl-terminated HPG was confirmiayl H
microscope. NMR in the Supplementary Information (Figure S2px the

For the relative quantification of intracellular BO acryloyl-terminated HPG was reacted with an exaafsg,2-
generation, MCF-7 cells were plated in 96-well etatat a ethanedithiol in the presence of;Btto afford the thiol-
density of 1 x 16cells per well in 20QL of complete DMEM. terminated HPG. Finally, the thiol-terminated HP@sweacted
After cultivation for 24 h, the cells were exposeddifferent with SN38 derivative in DMSO to give HPG-2S-SN3&eT
drug formulations at the same SN38 (10 pug/mL) edfaCA obtained HPG-2S-SN38 was firstly characterized'yNMR.
(20 pg/mL) concentrations for 24 h, washed with P&®1 then Typical IH NMR spectrum of HPG-2S-SN38 is displayed I.:
incubated with 30 UM DCFH-DA at 37 °C for 30 mirin&lly, Figure 1. Then the molecular weights and polydisities of
all the cells were washed with PBS again and flsceace data HPG and HPG-2S-SN38 were determined by GPC. Figure
was measured in a BioT&kSynergy H4 using an excitationgives the GPC curves of HPG and HPG-2S-SN38. Th-
wavelength at 488 nm and an emission wavelendgd2anm. corresponding GPC data have been summarized ineThbl
Additionally, one thermal transition at -68.3 °Cfiaind in the
DSC curve of HPG, which can be ascribed to itsgteansition

MCE-7 cells were treated by the same procedurehaee in (Figu.re S3). However, there is no thermal transitfor the
the ROS level analysis. Caspase-3 activity wasraeted by functional HPG-2S-SN38. .
using the caspase colorimetric protease assay Kéygen HPG is one important type of hyperbranched polystieth
Biotech, Nanjing, China) following the manufactuser 900d biocompatibility’”*"“2It combines high stability, good
instructions. The optical density was measure & #®. The Solubility and low/absent immunogenicity. Up to notPG
obtained value of the cells without any treatmemtsveet as and its derivatives have shown great potential vegety of

Caspase-3 activity analysis

100%. biomedical applications such as diagnostics andaphy&® In
o ) particular, HPG is very suitable as an ideal carioe various
Statistical analysis hydrophobic drugs because of their highly hydrdphilature

4| J. Name., 2015, 00, 1-3 This journal is © The Royal Society of Chemistry 2015
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and numerous functional groups. The anticancer &MN88 has
been reported to be an inhibitor of DNA topoisonserg which
can induce ROS generation in céfi$? It exhibits 100- to
1000-fold higher cytotoxicity against many cancellsin vitro
in comparison with  clinical cancer chemotherapyugdr
irinotecan hydrochloride which is a hydrosolubleognug of
SN-3852 However, the therapeutic efficacy of SN38 is lidit
by its low solubility and pharmaceutically accepeab
excipients’® In this work, SN38 was chemically conjugate
with terminals of HPG via thioether linkages to rfotH,0,-
responsive drug-conjugated hyperbranched polymdise
thioether bond is very sensitive tg® and easily hydrolyzes
under oxidative conditions, thus releasing free &k3* The
content of SN38 moiety in HPG-2S-SN38 is about Wwtéo,
which is determined by UV-vis spectrophotometer.

OHS

Mo

f o
Ho’\) “ S o \I n
m H() 0
~a
.0, s0 "V
HO
0 o 0
N I,n, o
HO)\,O-Q,\S o d e Ostu g1
S o VWX psq,r

85 80 75 7.0 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05

Chemical shift (ppm)

Figure 1.*H NMR spectrum of HPG-2S-SN38 (400 MHz,
DMSO-dg).

——HPG

—— HPG-2S-SN38
r T T T T T T T
6 7 8 9 10

Elution time (min)
Figure 2. GPC curves of hyperbranched polymer HRecaug
conjugated HPG-2S-SN38.

Table 1. The molecular weights and polydispersibéeHPG and
HPG-2S-SN38.

Polymers M, My Mw/Mp
(g/mol; x 1)  (g/mol; x 16)

HPG 4.1 9.5 2.3

HPG-2S-SN38 5.4 10.0 1.8

This journal is © The Royal Society of Chemistry 2015

Polymer Chemistry

Determined by gel permeation chromatography (GPSMguDMF
as the eluent.

Fabrication of HPG-2S-SN38 micelles and CA-loaded HPG-2S-
SN38 micelles

Benefiting from its amphiphilic nature, the hypeched polymer
HPG-2S-SN38 could self-assemble into nanoscale lledce

8ossessmg hydrophobic SN38 core and hydrophilicG HRell in

aqueous solution. Firstly, the formation of hypartmhed polymer
nanomicelles was confirmed by UV-vis technique. RH was
used as a prob@>® Figure 3 shows the relationship of the intensity
of DPH absorbance versus the polymer HPG-2S-SNB8etdration.
The absorbance intensity keeps almost constanbvat polymer
concentration whereas increases sharply when thimpo
concentration reaches a value, indicating thathgrdrophobic DPH
molecules are transferred from the water envirorimin the
hydrophobic micellar core. It confirms the formatio of
hyperbranched polymer micelles. This hyperbrangiegmer has a
relatively low CMC (0.00641 mg/mL), suggesting thigh stability
of HPG-2S-SN38 micelles. The relatively low CMC wal can
mainly be ascribed to the strong hydrophobic SN3@ the linkers
between SN38 and HPG.

0.8 -

0.7 1

N
1

&
h

CMC=0.00641 mg/mL

Absorbance (a.u.)

1EI-4
Concentration (mg/mL)

Figure 3. CMC of drug conjugated hyperbranched mpelyHPG-2S-
SN38.

Moreover, the size of HPG-2S-SN38 micelles was uated
by DLS. The DLS plot reveals an average hydrodysam’
diameter of 54 nm (Figure 4A). TEM measurement fuather
taken to assess the size and morphology of HPGNEBS
micelles. As displayed in Figure 4B, approximatspherical
micelles with an average diameter of 41 nm are viese

Cinnamaldehyde (CA), an active compound isolatexnfr
cinnamomum cassia, is known to possess markeduaruit
effects in treating different kinds of solid malart tumors’ A
number of studies have demonstrated that CA indapeptotic
cell death via ROS generation, ROS-mediated mitodhal
permeability transition and caspase activation, rethg
inhibiting tumor cell proliferation® Despite its potent
anticancer activities, the usage of CA in cliniegplication is
hampered by its limited water solubility, relatiyethort half-
life and lack of specificity toward tumor sités®® Here the
hydrophobic anticancer drug CA was loaded intocthre of the
HPG-2S-SN38 micelles in order to overcome
aforementioned limitations and improve the antiesrefficacy
of CA (Scheme 2). The DLE and DLC of the CA-load#dG-
2S-SN38 micelles are 11.25% and 22.5%, respectiwvehen
the feed ratio of HPG-2S-SN38 to CA is chosen ta2be It
should be noted that after loading of CA, HPG-2S38N

th.z
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micelles have larger sizes of ca. 60 nm, which dkwdated
according to the TEM photograph in Figures 4D add Ehe
increase of CA-loaded HPG-2S-SN38 micelle size lso a
revealed by DLS technique. The DLS result showstthasize
of the CA-loaded HPG-2S-SN38 micelles is 75 nm thedsize
distribution is 0.18 (Figure 4C).

a
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10 1000
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Figure 4. (A) The DLS result of HPG-2S-SN38 micell¢B) The
TEM photograph of HPG-2S-SN38 micelles. (C) The DESult of
the CA-loaded HPG-2S-SN38 micelles. (D) The TEMtphoaph of
the CA-loaded HPG-2S-SN38 micelles.
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\
\
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CA-loaded
HPG-2S-SN38 micelles

Scheme 2. Construction of the CA-loaded HPG-2S-SNigelles.

HPG-2S-SN38

H,0,-trigger ed destabilization of HPG-2S-SN38 micelles

Thioether groups between SN38 and HPG are hydraphab
physical conditions but can easily become hydroplsllfone or
sulfoxide after oxidation, subsequently triggeranguick hydrolysis
of the phenol ester and release of SRB8o demonstrate JO,-

triggered destabilization of micelles, DLS measwrrtwas taken to
monitor the size change of HPG-2S-SN38 micelleatdet with 1

mM H,O, in PBS buffer (pH 7.4, 50 mM). Remarkably, HPG-2S

SN38 micelles show fast aggregation, in which nhecesize
increases from 75 nm to 675 nm after 4 h, and e=saokier 1000 nm
in 24 h (Figure 5A). The increase of the micelleesinay be due to
the aggregation of partly dissociated fragmentsl®6G-2S-SN38. In
contrast, the micelle size remains unchanged &fterh in the

absence of kO, under otherwise the same conditions. These rest

demonstrated that HPG-2S-SN38 micelles are seaditivH,0O, and
could be destroyed under the oxidative conditionorder to further
confirm whether the HPG-2S-SN38 is converted inée SN38 after
oxidization, the molecular weight of the componeadfter oxidation
was determined by ultra performance liquid chrometphy & triple
quadrupole mass spectrometer (UPLC-3QMS). Figuteaur®l S6
give the retention time and the molecular weighhisTresult
indicates that the oxidation of the thioether baralises a quick
hydrolysis of the phenol ester and then leadsgbdeug release. As
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analyzed by UPLC-3QMS, the released drug was faonbde the
parent SN38.

!

— I H2020 M
——t=1h —CA 112020 mM,
——t=4h

——t=24h

— SN38 1202-0.1 mM,
—CA H02-0.L mM,

o

| —SN38H20251 mM,
—CA H20271 mM,
—-SN38.1202=5 mM,
—CA 112025 mM,

Intensity (%)
g

Cumulative release (%)

100 1000 10000 0 0
Size (nm)
Figure 5. (A) The size change of HPG-2S-SN38 naseith response
to 1 mM HO, in PBS buffer (pH = 7.4) measured by DLS. (B)
Oxidation-triggered release of CA and SN38 from @w-loaded

HPG-2S-SN38 micelles (pH 7.4, 50 mM) at 37 °C.

In vitro CA and SN38 release from CA-loaded HPG-2S-SN38
micelles

The in vitro release behavior of the CA-loaded HPG-2S-SN3&
micelles was evaluated in pH 7.4 PBS buffer at 87 i the
presence or absence of®). The drug release curves of SN38 anc
CA from the CA-loaded HPG-2S-SN38 micelles at vasidO,
concentrations have been presented in Figure SBiaRably, the
results show that CA-loaded HPG-2S-SN38 micellé=ase CA and
SN38 rapidly in the presence of,8), an oxidative environment
similar to that of the intracellular compartmentgls as cytoplasm
and nucleus. For instance, ca. 70% CA and 60% Si&8eleased
in 12 h in the present of 1 mM,8,. As a contrast, minimal drug
release (SN38<20%, CA<30%) is observed even afi@gr h4
incubation under the same conditions in the absehtégO,. These
results indicate that the CA-loaded HPG-2S-SN38eli@s are
stable in physiological condition but easily clelaleaunder the
oxidative conditions because of the redox-triggecdehvage of
thioether linkages. It should be noted that theléobCA is released
faster than the conjugated SN38 under the oxidatmmditions. It
can be expected that the cleavage of SN38 covdilgkages is
slower than the physical release of CA.
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Figure 6. (A) The representative flow cytometriofiies of MCF-7 A 100 A 100

cells treated with NR-loaded HPG-2S-SN38 micelles different A' 90 : 90

time intervals. (B) The relative geometrical mednofescence MCF-7§ jg S 33

intensities of NR-loaded HPG-2S-SN38 micelles jpatd cells. £ o £ o

Cell internalization Cells '§ jg T NS "é j‘; A {

To confirm whether the CA-loaded HPG-2S-SN38 métiould be & T e HpGas-5N38 SRR BEP

effectively transported into tumor cells, both thew cytometry 2 o 1 Wb T ™

analysis and fluorescence microscopy were perfortnetheasure Concentration (ug/mL) Concentration (ng/mL)

the cellular uptake of the CA-loaded HPG-2S-SN3®IDF-7 cells. B, B,

The hydrophobic NR was used as a fluorescent pgroptace of CA I % S w

and encapsulated into the core of HPG-2S-SN38 hegcsince CA HELAT; 70 g 7

shows no obvious fluorescence. The stability of N&ded HPG-2S-  cepis £ 6 £ 6

SN38 micelles was evaluated in PBS buffer (pH @t437 °C in the S S0{esna g 5

presence or absence 0f®3. As shown in Figure S7, NR-loaded e e o A eCA mixture :

HPG-2S-SN38 micelles release NR rapidly in the gmes of HO, S 3" ——CA-loaded HPG-2S-SN38 S 3" ——CA-loaded HPG-25-SN38 :

while minimal NR is released even after 48 h intigmain the - Congfémmﬁoni . T K 10

absence of bD,, suggesting the relatively high stability of NR- cm (g'mL . Concentration (ug/mL)

loaded HPG-2S-SN38 micelles under physiologicaldd@mn. As 90 2 g

displayed in Figure 6A, the flow cytometric histagrs of the HN-4 g 80 Sw

pretreated cells incubating with NR-loaded HPG-288 micelles g™ E, 70

shift obviously to the direction of high fluorescenintensity in  Cells = z o

comparison with that of the control cells. The tigla geometrical S SN N

mean fluorescence intensities of NR-loaded micgilesreated cells = |~-SN38/CA mixture 5 :g —SN38/CA mixture

increase from 40- to 80-fold of non-pretreated scelith the O A tonded HPG2S-5N38 O o l—caimacampcas vy T
10

incubation time from 0.25 h to 4 h while remain@gost constant

0.01 0.1 1
Concentration (ng/mL)

0.1 1
Concentration (ng/mL)

after 4 h, as shown in Figure 6B. The apparent medraent of
fluorescence intensity demonstrates the effectitermalization of
HPG-2S-SN38 micelles.

_— Hoechest33342

Nile Red Merged

Figure 8. Cell viability of (A1, A2) MCF-7 cellsB{, B2) HeLa
cells, and (C1, C2) HN-4 cells after 48 h treatathw\CA, SN38,
HPG-2S-SN38 micelles, the physical mixture of SMB8 CA, and
the CA-loaded HPG-2S-SN38 micelles at various SKM38 B1, C1)
and CA (A2, B2, C2) concentrations. IC50 valuessan@marized in
Table 2. Data are presented as average * standarde = 4), and
the statistical significance level is *P < 0.05.

Table 2.In vitro growth inhibitory activity of CA-loaded HPG-2S-
SN38, SN38/CA mixture, HPG-2S-SN38, SN38 and CAuman
cancer cell lines (MTT assay) (48 h treatment).

Figure 7. Fluorescence images of MCF-7 cells tceatith NR-
loaded HPG-2S-SN38 micelles for 0.25 h, 0.5 h, 2 I, and 4 h,
respectively.

Moreover, the cellular uptake of NR-loaded HPG-288%
micelles was further investigated by fluorescenderascopy and
confocal laser scanning microscopy. MCF-7 cellsenteeated with
NR-loaded HPG-2S-SN38 micelles at 37 °C for 0.26.5,h, 1 h, 2
h and 4 h, respectively. The cell nucleus was sthirby

Cell ICs0(ng/mL)
line
CA-loaded SN38/CA HPG- SN38 CA
HPG-2S- Mixture 2S-
SN38 SN38
SN38 CA SN38 CA SN38
MCE-7 0.68 1.40 158 3.34 261435 7.94
HELA 1.14 4.25 217 4.25 3.314.87 198
HN-4 55 1.10 0.85 1.71 1.33220 5.04

Hoechst33342. Figure 7 shows that the MCF-7 celtsibated for
0.25 h, 0.5 h, 1 h exhibit the red fluorescenceN& mainly in

cytoplasm. The fluorescence intensity becomes gé&onwith

increasing time. Subsequently, the MCF-7 cells skaWwanced red
fluorescence mainly in cytoplasm with the incubatione increases
to 2 h and 4 h (Figure S8 and the video in Supphtang

Information). It is further confirmed that the effive internalization
of HPG-2S-SN38 micelles by cancer cells.

This journal is © The Royal Society of Chemistry 2015

In vitro anticancer effect of CA-loaded HPG-2S-SN38 micelles

The smart redox responsiveness and excellent aelluptake
capacity of CA-loaded HPG-2S-SN38 micelles madsgificant to
investigate their potential for anticancer drugivaely. Firstly, the
cytotoxicity of pure HPG was evaluated by MTT assaing MCF-7
cells. Figure S9 displays the cell viability inctiba with the HPG
at different concentrations. No obvious cytotoxicitgainst tumor

J. Name., 2015, 00, 1-3 | 7
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cells is observed after 48 h even when the conagor of
copolymer micelles is up to 2 mg/mL. Apparentlye tHPG has low
cytotoxicity to tumor cells. Then the anticancetiaty of the CA-
loaded HPG-2S-SN38 nanomicelles was investigatathagMCF-7
cells, HN-4 cells and HelLa cells. As the contraie free CA, free
SN38, HPG-2S-SN38 micelles, and the physical méxtof SN38
and CA were also investigated under identical diors. Thein
vitro cytotoxicity of all the five formulations to humarancer cell
lines is shown in Figure 8 and thes}@alues have been summarize
in Table 2. It is found that after 48 h incubatitime cytotoxicity of
these formulations is concentration-dependent. Bo¢hCA-loaded
HPG-2S-SN38 nanomicelles and the physical mixtdréN38 and
CA show higher anticancer activity than free SN88g CA and
HPG-2S-SN38 micelles in MCF-7 cells, HelLa cells &tid-4 cells.
It is indicated that CA and SN38 have the additivesynergistic
anticancer activity. Furthermore, the CA-loaded HP$5SN38
nanomicelles show higher activity than the physiadture of SN38
and CA. The reason that the CA-loaded HPG-2S-SNB3®micelles
enhance the cytotoxicity may be attributed to thiicient
intracellular uptake and endosomal escape of na®dies. On the
other hand, the CA-loaded HPG-2S-SN38 nanomicelidgnce the
solubility of hydrophobic CA and SN38 and releabent in a

controlled way. HO,-mediated intracellular cleavage of HPG-2S

SN38 in the cancer cells results in the disassemblpe micelles
and promotes the release of encapsulated CA. Théerpntial
release of CA from CA-loaded HPG-2S-SN38 micelleadk to
intracellular generation of ROS, which in turns elecates the
degradation rate of HPG-2S-SN38. Therefore, thdalivery of CA
and SN38 in nanomicelles triggers a significantlyoren ROS
generation in the cancer cells and induced morkedsgth. As a
control, the cytotoxicity of the CA-loaded HPG-2838
nanomicelles against normal cells (L929 cells) wk® evaluated
under identical conditions to make sure thaDkis the main trigger
to degrade HPG-2S-SN38 to cause cell death. Indedéds been
demonstrated that CA-loaded HPG-2S-SN38 nanomielaibit a
much lower cytotoxicity against normal cells thammbr cells
(Figure S10).
Cont A
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Figure 9. (A) Representative flow cytometric anay®sults of cell
apoptosis of MCF-7 cells treated with the CA, SNGBG-2S-SN38
micelles, the physical mixture of SN38 and CA, aimel CA-loaded
HPG-2S-SN38 micelles at the same SN38 concentsafith pug/mL)
and CA concentrations (20 ug/mL) for 24 h. Insentachbers in the
profiles represent the percentage of the cellsemtes this area.
Lower left, living cells; Upper left, necrotic csjlLower right, early
apoptotic cells; Upper right, late apoptotic cells.
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Apoptosis-inducing effect of CA-loaded HPG-2S-SN38 micelles

To determine whether the inhibition of cancer gelliferation by
these drug-loaded micelles was a consequence ofa@A SN38
induced apoptosis, we conducted the FITC-AnnexiRI\double-
staining assay in MCF-7 cells. Firstly, MCF-7 cellgre treated
with the CA, SN38, HPG-2S-SN38 micelles, the phaisiixture of
SN38 and CA, and the CA-loaded HPG-2S-SN38 miceallethe
game SN38 concentrations (10 pg/mL) and CA conagomis (20
pag/mL) for 24 h, and then subjected to FITC-AnnexiR| staining.
The MCF-7 cells without any treatment were set asrarol. Flow
cytometry data show that after treated with the SN38, HPG-2S-
SN38 micelles, the physical mixture of SN38 and @Ad the CA-
loaded HPG-2S-SN38 micelles, the ratio of apoptmtits in MCF-7
cells are 30.2%, 36.5%, 42.3%, 47.4% and 71.5%perwely
(Figure 9). Obviously, the CA-loaded HPG-2S-SN38caties
induce a much higher level of apoptosis in caneéls avith the same
dose, which is consistent with MTT results.
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Figure 10. Generation of ROS in MCF-7 cells. (A)pResentative
fluorescence images of MCF-7 cells treated with GN38, HPG-
2S-SN38 micelles, the physical mixture of SN38 &l and the
CA-loaded HPG-2S-SN38 nanomicelles at the same S[B88
ng/mL) and CA (20 pg/mL) concentrations for 24 B) Relative
quantification of intracellular ROS generation meas by the
DCFH-DA assay after 24 h exposure to five diffefemmulations at
the same dose of CA (20 pug/mL) and SN38 (10 ug/ron}reated
MFC-7 cells were set as a control.

cs‘\“°\

Deter mination of intracellular ROS levels

The anticancer drugs CA and SN38 are known to iedtie
production of intracellular ROS that mediates eglbptosis. Firstly,
the ability of CA-loaded HPG-2S-SN38 micelles tongmtion of
ROS was assessed by fluorescence microscopy usikgjeative
fluorescence marker 2’,7’-dichlorfluorescein-diatet (DCFH-DA).
DCFH-DA has no fluorescence, but could be activagdROS
including HO, and become fluorescent 2’,7’-dichlorfluorescein
(DCF)®° Figure 10A shows the representative fluorescenyés
of MCF-7 treated with five different drug formulatis. The cells

This journal is © The Royal Society of Chemistry 2015
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without any treatment were set as a control, angosi no shown in Figure 11, when compared to control, meat with CA,
fluorescence is observed. Cells exposed to freeSIN88 and HPG- SN38, the physical mixture of SN38 and CA, or thA&-IGaded
2S-SN38 micelles for 24 h exhibit green fluoreseemsuggesting HPG-2S-SN38 micelles for 24 h activates caspasindifisantly
that both CA and SN38 can induce the generatiomtofcellular with about 1.2-fold, 1.4-fold, 1.6-fold, 2.0-folahd 2.7-fold increase
ROS, which converts non-fluorescent DCFH-DA to fesxent DCF. of caspase-3 activity, respectively. Obviously, teeadministration
The combination of CA and SN38 shows enhanced Ré&®rgtion, of CA and SN38 is more effective to improve theivation of
while treatment with CA-loaded HPG-2S-SN38 micelleduces caspase-3 in comparison with the single agent,thedCA-loaded
higher ROS level in MCF-7 cells. It is suggestedttEA-loaded HPG-2S-SN38 micelles statistically surpass othegdormulations
HPG-2S-SN38 micelles can effectively deliver botA &hd SN38 in activating apoptosis. These data indicate thaiQA-loaded HPG-
into cells and increase the ROS level, which isefieral for 2S-SN38 micelles can significantly enhance the =i of MCF-7
enhanced apoptosis of tumor cells. cells.
Furthermore, the intracellular ROS level in MCFellg incubated 3.0
with all these five formulations was determined dyluorometric
assay using DCF fluorescence inten§ttpfter exposed to different
drug formulations for 24 h, the tumor cells wereubated with 30
UM DCFH-DA at 37 °C for 30 min. As displayed in Big 10B,
CA-loaded HPG-2S-SN38 micelles trigger a remarkabbre ROS
generation in the tumor cells compared to othegdoumulation at
the equivalent dose, which is in accordance with résults of cell
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Relative caspase 3 activity
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0.0 -
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CA-loaded
HPG-2S-SN38 R
micelles o

Figure 11. Activation analysis of apoptotic proteaspase-3 in
MCF-7 cells. Values represent Mean + SD.

Conclusions

A new kind of HO,responsive HPG-based nanomicelles
loaded with chemotherapy drugs SN38 and CA, wasldped
for effective cancer therapy through enhanced agimptell
death. The hyperbranched polymeric nanomicellesargthe
solubility and stability of hydrophobic SN38 and Ca#nd show
H,O, concentration-dependent drug releabe.vitro studies
demonstrate that CA-loaded HPG-2S-SN38 micellesibéxh
improved cell apoptosis in cancer cells through dbaeration
of intracellular ROS and their anticancer actiatee markedly
enhanced when compared with CA, SN38, HPG-2S-SN22
Apoptosis cells micelles and the mixture of CA and SN38. We antitépthat
H,O,-responsive hyperbranched polymer micelles for roéd
cell apoptosis through ROS generation hold gre&m@l as
applicable anticancer therapeutics.

Tumor cell

Scheme 3. Schematic representation for proposetdanitn of cell
apoptosis induced by CA-loaded HPG-2S-SN38 nandieiceThe
anticancer CA-loaded HPG-2S-SN38 nanomicelles cefikttively
cause apoptotic cell death in tumor cells througiBRyeneration.  This work was financially supported by the NatiorBasic

Based on the aforementioned results, we put forwdrel Research Program (2015CB931801), National NatucaEn8e
mechanism of the anticancer agent SN38 and CA iato Foundation of China (81272466), Provincial YouthieBce
hyperbranched polymer nano-delivery system for doatton Fund of Heilongjiang (QC2011C037), Yu Weihan funfl o
cancer treatment (Scheme 3). Harbin Medical University, Province Internationab@peration
Project (WB13C101), Returned Overseas Scholars Hand
Heilongjiang (LC2009C04).
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Hydrogen peroxide-responsive nanomicelles from hymeched polymer were developed for effective eanc
therapy through enhanced apoptotic cell death.
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