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ABSTRACT

A novel dual-stimuli cleavable linker containing adjacent UV light-sensitive o-

nitrobenzyl ester (ONB) and GSH-responsive disulfide bonds was first designed and

synthesized to increase the responsivity to external stimuli. The functionalized linker was

then utilized to prepare a dual-responsive amphiphilic block copolymer using ring

opening polymerization and atom transfer radical polymerization. The copolymer formed

a micelle in an aqueous solution and showed dual-stimuli responses including photo-

mediated cleavage under UV light irradiation at 365 nm as well as reduction-responsive

degradation in the presence of a reducing agent. The micelle was nontoxic against three

cell lines and majorly internalized via clathrin-mediated endocytosis. Doxorubicin (Dox)

was loaded in the hydrophobic core of the micelle. Enhancement of a cell-killing effect

against A549 cells was clearly observed in the Dox-encapsulated micelle when exposed

to UV light.

Keywords: micelle, dual-stimuli response, ring opening polymerization, atom transfer

radical polymerization, clathrin-mediated endocytosis, doxorubicin
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B  INTRODUCTION

Stimuli-responsive amphiphilic block copolymers have been extensively studied

with respect to biomedical applications because of their tremendous responsiveness to

external triggers such as light, pH, redox, ultrasound, and ionic forces.! Integration of

different kinds of the stimuli-reactive linkers into a block copolymer can be achieved by

designing dual or multi stimuli-responsive compartments either as pendent groups or in

the backbone chain of parent block copolymers.? The main goal of all designs is to induce

polymeric micelles to undergo efficient and controllable degradation upon external

stimuli and consequently, encapsulated agents in the hydrophobic domain of polymeric

micelles can be efficiently released at a target tissue on-demand.?

Among external physical stimuli, a photo-mediated therapy strategy is attractive

because light can direct active molecules into targeted site in highly spatiotemporal

precision under light irradiation at a specific wavelength. In addition, it is noninvasive

and shows minimal toxicity to normal tissue.* Light-cleavable moieties include organic

coumarin, 3', 5’-di(carboxymethoxy) benzoin acetate and o-nitrobenzyl (ONB)

derivatives and inorganic (Ru, Pt, and Mn complexes) compounds, undergoing an

irreversible reaction.’ Although an organic ONB family is widely developed for drug
3
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delivery applications,®? nevertheless, it has some drawbacks. For example, the release

rates of the ONB family are slower than those of coumarin derivatives.” After irradiation,

the produced fragment (i.e. nitrosoaldehyde) can react with amines to form imine bonds,

which can especially be a problem for abundance of surrounding proteins in living

tissues.10

Glutathione (GSH) is a thiol-containing tripeptide, showing different concentrations

in intracellular (1 - 10 mM) and extracellular areas (2 - 20 uM) in living cells.!! The

cytosolic GSH concentrations in cancer cells are several times higher than those in

normal cells.'? Thus, the use of GSH concentration gradient is a promising approach to

respond to the tumor microenvironment (TME) and to control therapeutics released at the

tumor site. The combination of a redox-cleavable disulfide linkage and a photo-cleavable

ONB linkage has been widely reported in several polymers'3>-!1> and hydrogel'¢ to

demonstrate the dual-responsive behavior; however, the disulfide and ONB linkages are

positioned at different places of the polymeric structures. We speculate such designs

might need a higher concentration of reducing agents or longer time exposed to light than

those placing two responsive linkages together.
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Herein, a novel dual-stimuli cleavable linker containing adjacent UV light-sensitive

oNOYTULT D WN =

ONB ester and GSH-responsive disulfide bonds, 2-(2-(2-bromo-2-methylpropanoyl) oxy
10 ethyl disulfanyl) ethyl 4-(hydroxymethyl)-3-nitrobenzoate (OH-ONB-SS-Br) is first

13 designed and synthesized to increase the responsivity to the external stimuli. This

16 functionalized linker is utilized to prepare a dual-responsive amphiphilic block

19 copolymer using ring opening polymerization (ROP) and atom transfer radical
polymerization (ATRP). The synthesized dual-stimuli cleavable linker is located between
25 the hydrophobic and hydrophilic junctions of the amphiphilic copolymer in which the

28 ONB ester moiety undergoes photolysis under UV light irradiation and the disulfide

31 linkage can be dissipated by reducing agents like dithiothreitol (DTT) or GSH.!3- 1719

34 Similar degradation fragments will be formed either with the presence of a reducing

37 agent or under light irradiation. The dual-stimuli responsive cleavage may decrease the
40 required amount of ONB and simultaneously solve the aforementioned disadvantage of
43 ONB; additionally, the GSH-responsible behavior has the merit of increasing the drug

46 release at the tumour site. Here, the artificially-made amphiphilic block copolymer will
49 be well-characterized and its responsiveness to the external stimuli will be thoroughly

52 assayed to demonstrate the success of the design.
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B EXPERIMENTAL SECTION

Materials. 4-Bromomethyl-3-nitrobenzoic acid, sodium carbonate (Na,CO3), p-

toluenesulfonic acid (pTSA), 3,4-dihydro-2H-pyran (dihydropyran), 2-bromo-2-

methylpropionyl bromide, triethylamine (TEA), N,N’-dicyclohexylcarbodiimide

(DCC), 4-dimethylaminopyridine (DMAP), tin(Il) 2-ethylhexanoate (Sn(Oct),)

copper(l) bromide (CuBr), and trifluoroacetic acid (TFA) were purchased from

Alfa Aesar. 4-(Bromomethyl)-3-nitrobenzoic acid, g-caprolactone (CL), fertbutyl

methacrylate ((BMA), N,N,N’,N”,N”-pentamethyldiethylenetriamine (PMDETA),

(1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide hydrochloride) (EDC), and N-

hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich. 3-(4,5-

Dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) was from MP

Biomedicals. Phosphate buffer saline (PBS), Dulbecco's Modified Eagle Medium

(DMEM), Roswell Park Memorial Institute (RPMI) 1640 Medium, trypsin—EDTA

and fetal bovine serum (FBS) were purchased from Invitrogen. Doxorubicin (Dox)

was purchased from Combi-Blocks.

Synthesis of OH-ONB-SS-Br Macroinitiator (6)

Synthesis of 4-(Hydroxymethyl)-3-nitrobenzoic Acid (2). The reaction procedure of OH-
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ONB-SS-Br macroinitiator is shown in Scheme 1. To synthesize compound 2, the solution
containing 4-(bromomethyl)-3-nitrobenzoic acid (5.00 g, 19.23 mmol) and Na,CO; (7.13
g, 67.30 mmol) in water: acetone (1:1 v/v, 150 mL) was refluxed at room temperature (RT)
for 5 h and purified according to the literature.?> The compound 2 is a pale brown solid
(3.5 g, 94.6% yield). '"H-NMR (200 MHz, DMSO-dg, ppm) 8.58 (s, 1H, -CH-Phenyl.-),
8.37 (d, 1H, -CH—Phenyl.-), 8.03 (d, 1H, -CH-Phenyl.-), 5.75 (t, 1H, OH-CH,—Phenyl.—),
4.97 (d, 2H, OH—CH,—Phenyl.—). MS (ESI) m/z calcd for CgH;NOs: 197.0; found: 195.97

[M-1]*.

Synthesis of 2-(2-Hydroxyethyl-disulfanyl) ethyl-2-bromo-2-methylpropanoate (HO-SS-
Br) (3a). The HO-SS-Br was synthesized according to the literature.?® Briefly, the solution
consisting of bis(2-hydroxyethyl) disulfide (5.00 g, 32.4 mmol) and TEA (12.0 mL, 86.1
mmol) in THF was stirred at RT for 20 min under an argon atmosphere. The compound 3a
is a pale yellowish liquid (4.0 g, 40.8% yield). "TH-NMR (200 MHz, CDCls, ppm) 4.45 (t,
2H, -CH,0C (0)-), 3.90 (t, 2H, HO—CH,-), 3.00 (t, 2H, -SS—CH,—), 2.90 (t, 2H, (-CH»—
SS-), 1.95 (s, 6H, —C(CHj3),Br). MS (ESI) m/z caled for CgH;sBrO3S;: 302.0; found:

303.93 [M+1]*.

Synthesis of 3-Nitro-4-((tetrahydro-2H-pyran-2-yl) oxy methyl) Benzoic Acid (THP-

ONB-COOH) (4). 4-(Hydroxymethyl)-3-nitrobenzoic acid (5.00 g, 25.4 mmol) and pTSA

(0.021 g, 0.12 mmol) were dissolved in THF (50 mL) and the mixture was stirred at RT for

15 min. Under an argon condition, 4.05 mL of 3, 4-dihydro-2H-pyran was dropwise added

to the mixture and refluxed for 10 h. After the solvent was removed by rotary evaporator,

7
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the residue was purified by column chromatography (silica gel 75-200 mesh) using 10%

EA: petroleum ether mobile phase to yield a pale yellow solid of 4 (7.0 g, 98.6% yield).

'H-NMR (200 MHz, DMSO-ds, ppm) 8.80 (s, 1H, —-CH-Phenyl.-), 8.37 (d, 1H, —~CH-

Phenyl.—), 8.00 (d, 1H, —CH-Phenyl.—), 5.30 — 4.95 (m, 2H, -O—CH,—Phenyl.—), 4.80 (s,

1H, -O-CH-0-) 3.95 — 3.80 (m, 2H, -C-CH,-C-), 3.70 — 3.50 (m, 2H, -C-CH,~C-),

2.00 - 1.77 (m, 2H, -C-CH,—C-), 1.70 — 1.50 (m, 2H, -C—CH,—C-). MS (ESI) m/z calcd

for Cy3H;sNOg: 281.1; found: 279.90 [M-1]".

Synthesis of 2-(2-(2-Bromo-2-methylpropanoyl) oxy ethyl disulfanyl ethyl-3-nitro-4-

(tetrahydro-2H-pyran-2-yl) oxy methyl) Benzoate (THP-ONB-SS-Br) (5). 3-Nitro-4-

((tetrahydro-2H-pyran-2-yl)oxy methyl) benzoic acid (5.00 g, 17.8 mmol) and 2-(2-

hydroxyethyl-disulfanyl) ethyl-2-bromo-2-methylpropanoate (6.40 g, 21.3 mmol) were

mixed in DCM (100 mL). Under an argon atmosphere, DMAP (0.43 g, 3.55 mmol) and

DCC (1.80 g, 8.88 mmol) were added, and the mixture was stirred at RT for 16 h. After

complete reaction, the residue was purified by column chromatography using 5% EA:

petroleum ether mobile phase to yield a yellowish green liquid of 5 (6.5 g, 65.0% yield).

'H-NMR (200 MHz, CDCls, ppm) 8.70 (s, 1H, ~CH-Phenyl.-), 8.30 (d, 1H, ~CH-Phenyl.-),

7.95 (d, 1H, ~CH-Phenyl.-), 5.30 —4.90 (m, 2H, ~O—CH,~Phenyl.-), 4.80 (s, |H, ~O—CH-

0-), 4.70 (t, 2H, ~-CH,0C (0)-), 4.50 (t, 2H, ~CH,OC (O)-), 3.97 — 3.80 (m, 2H, -C—
8
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CH,—C-), 3.65 —3.50 (m, 2H, ~-C—CH,-C-), 3.95 — 2.95 (m, 4H, ~SS—CH,~CH,0C (0)-),

2.00 (s, 6H, -O=C—(CH3),—Br-), 1.90 — 1.70 (m, 2H, -C—CH,—C-), 1.65 — 1.50 (m, 2H, —

C-CH,-C-).

Synthesis of 2-(2-(2-Bromo-2-methylpropanoyl) oxy ethyl disulfanyl) ethyl 4-

(hydroxymethyl)-3-nitrobenzoate (OH-ONB-SS-Br) (6). Compound 5 (5.00 g, 8.82 mmol)

was put into a clean round bottom flask and dissolved in THF (40 mL). Under an argon

atmosphere, pTSA (0.021 g, 0.12 mmol) was added to the mixture and stirred at RT for 18

h. The column chromatography was utilized to purify the residue with 10% EA: petroleum

ether mobile phase to yield a pale green liquid of 6 (2.5 g, 59.5% yield). 'H-NMR (200

MHz, CDCl;, ppm) 8.75 (s, 1H, -CH-Phenyl.—-), 8.35 (d, 1H, -CH-Phenyl.—), 7.95 (d, 1H,

_CH-Phenyl.-), 5.15  (d, 2H, HO-CH,—Phenyl.-), 4.65 (t, 2H, ~-CH,OC (0)-), 4.45 (t,

2H, ~CH,OC (0)-), 3.95 — 2.95 (m, 4H, —~SS—CH,~CH,OC (0)-), 2.00 (s, 6H, —~0=C—

(CH3),—Br-). MS (ESI) m/z calcd for CgH,5BrO;S,: 481.0; found: 481.80 [M]*.

Synthesis of PCL-ONB-SS-PMAA Diblock Copolymer

Synthesis of Poly(e-caprolactone)-ONB-b-bromide with a Disulfide Linkage (PCL-
ONB-SS-Br). The PCL-ONB-SS-Br was synthesized under an argon atmosphere using
HO-ONB-SS-Br (96 mg, 0.31 mmol), CL (2.19 mL, 19.5 mmol), Sn(Oct), (15.9 mg, 0.049

mmol) and toluene (2.1 mL). The ROP was carried out at 120 °C for 6 h in a glove box,

ACS Paragon Plus Environment
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and the PCL-ONB-SS-Br was purified according to previous publication.?!

Synthesis of PCL-ONB-SS-PMAA. The asymmetric diblock copolymer of PCL-ONB-

SS-PBMA was synthesized by ATRP using PCL-ONB-SS-Br (200 mg, 0.028 mmol),

CuBr (12.3 mg, 0.085 mmol), PMDETA (21.0 mg, 0.091 mmol), tBMA (617 mg, 4.34

mmol) and toluene (1.5 mL) in a round-bottom flask. The flask was degassed by

consecutive standard freeze—-pump—thaw cycles for three times. The ATRP was carried out

at 50 °C for 6 h in the glove box. The fert-butyl ester groups of PCL-ONB-SS-PrfBMA

were removed in an acid condition of TFA to yield PCL-ONB-SS-PMAA according to

previous publication.?!

Characterization of Block Copolymer. 'H-nuclear magnetic resonance ('H-NMR)

spectra were recorded on a Varian Gemini (200 MHz) NMR spectrometer using CDCl; or

DMSO-dg as a solvent to determine chemical structures. Gel permeation chromatography

(GPC) was acquired to determine molecular weights (MW) using an Agilent 1200 series

equipped with a Shodex-KF804L and KF-803 connected column. FT-IR spectrum was

acquired from Bruker ALPHA-T spectrometer. Mass data was acquired from

TRACEGC-POLARISQ (Thermo Finnigan) and Waters ZQ 4000 mass

spectrometer.

10
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Preparation and Characterization of Micelles

Micelle Formation. A dialysis method was acquired for preparation of PCL-ONB-SS-
PMAA micelle (POSP,,). The morphologies of POSP,, were observed by transmission
electron microscope (TEM HT7700, Hitachi), and the size distribution of POSP,, was
measured by dynamic light scattering (DLS) zeta-sizer (ELSZ-2000, Otsuka Electronics).
The critical aggregation concentrations (CAC) of POSP,, were determined using a Cary
Eclipse fluorescence spectrophotometer (Varian) with pyrene as a probe according to
previous publication.?!

Reductive- and Photo-triggered Cleavage of POSP,. Redox-driven cleavage of the
disulfide linkage of POSP,, was carried out with 10 mM GSH for 20 min. POSP,, was
dispersed in DD water containing GSH at 0.5 mg/mL. For photo-triggered cleavage of
POSP,,, two millimeters of POSP,, aqueous solution were placed into a cuvette (Hellma)
and stirred continuously. The cuvette was kept in the dark and irradiated by continuous
wave (CW) UV laser diode (365 nm, max. 430 mW/cm?, TANYU) horizontally under
continuous stirring for 20 min. Following reductive- and photo-triggered treatments, the

change in size and morphology of POSP,, was observed by DLS and TEM respectively.

Dox-encapsulated POSP,, (POSP,,@Dox) and Dox Release. The Dox-HCI powder was
dissolved in DMSO at a concentration of 2 mg/mL and an equimolar amount of TEA was
added for desalting. One mL of the Dox solution was added into the solution containing 20
mg of the PCL-ONB-SS-PMAA copolymer in 4 mL of DMSO.? A dried sample of

POSP,,@Dox was dissolved in DMSO at a concentration of 1 mg/mL, and the Dox content

11
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was calculated against a calibration curve using a UV-Vis spectrometer (Agilent 8453) at
the wavelength of 485 nm. The loading efficiency (LE) and encapsulation efficiency (EE)
were reported as follows.

LE (%) = (amount of drug in micelle / total amount of POSP,@Dox) x 100 (1)

EE (%) = (amount of drug in micelle / amount of drug in feed) x 100 2)

The redox- and photo-trigger-released behavior of Dox from POSP,@Dox was
determined in PBS at pH 7.4 and 37 °C for simulating a physiological condition. The 800

« L of POSP,,@Dox solution at 3 mg/mL was put in a DiaEasy™ Dialyzer (MWCO

3.5kDa, BioVision) and immersed in 10 mL of PBS (1) for whole time (control), (2) for 6
h, followed by treatment with 10 mM GSH, (3) for 6 h, followed by treatment with UV
irradiation for 20 min, (4) for 6 h, followed by treatment with 10 mM GSH and UV
irradiation for 20 min. At a certain time interval, one mL of PBS solution was carefully
removed from the tube and replaced with 1 mL of fresh PBS to maintain a sink condition.
Besides being irradiated at the time point of 6 h, groups 3 and 4 were also treated with light
irradiation for 20 min at another two time points of 12 and 24 h. The Dox concentration

was determined using an UV—vis spectrophotometer as aforementioned.

Cell Experiments

Cell Culture. Non-small cell lung carcinoma A549 cells were cultured in RPMI, and
human normal lung fibroblasts HEL-299 cells and non-small cell lung carcinoma CRL-
5802 cells were cultured in DMEM, respectively containing 10% fetal bovine serum (FBS)

and 100 pg/mL penicillin/streptomycin in a 37°C incubator with a humidified atmosphere
12
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containing 5% COs,.

Relative Cell Viability of POSP,, Micelle and POSP,,@Dox Micelle. The cell viability

of POSP,,, was determined with an MTT assay against A549 cells, CRL-5802 cells and

HEL-299 cells according to previous publication.?® The cytotoxic efficacy of POSP@Dox

was done in A549 cells alone. To test the photo-triggered cytotoxicity of POSP,@Dox,

A549 cells were seeded into 12 well plates (1 x 10° cells/well) for 24 h and added with an

equivalent concentration of free Dox or POSP,@Dox at 2 pg/mL. Following 4 h

incubation, the medium was replaced with 1 mL of fresh complete medium, and the cells

were exposed to UV light (365 nm, 430 mW/cm?) for 20 min and postincubated for another

48 h. The cytotoxic efficacy of POSP,@Dox and free Dox was determined with the MTT

assay.

Endocytosis Pathway of Micelle. Rhodamine 123 (R123) was conjugated with POSP,,

by EDC/NHS coupling reaction to examine the internalization pathway of POSP,, into

A549 cells.?! A549 cells (2 x 103 cells/well) were seeded in 6-well plates and incubated

for 24 h. The cells were pretreated with inhibitors: chlorpromazine (10 pg/mL),

wortamannin (50 nM), genistein (200 uM), separately for 30 min and analyzed by flow

cytometry.?

The intracellular uptake of POSP,,@Dox was also observed with a confocal laser

13
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scanning microscope (CLSM, LSM 700 Zeiss Confocal Microscopy). A549 cells (1.0 x

105 cells/well) were seeded in 12-well plates with one sterilized glass coverslip/well for 24

h, and the cells were treated as same as aforementioned in the MTT assay. The fluorescence

intensity was analyzed by MetaVue software. The Annexin-V/PI (propidium iodide) dual

staining assay was performed to estimate apoptosis-inducing efficacy of free Dox,

POSP,@Dox before and after UV light irradiation as well.?

Statistical Analysis. Experiments were repeated at least three times, and data are expressed

as the mean + standard deviation. Student’s t-test was performed to determine the statistical

significance of the respective group. *p < 0.05 or **p < 0.01 indicated a significant

difference.

B RESULTS AND DISCUSSION

Copolymer Synthesis and Characterization. The synthetic approach of PCL-ONB-

SS-PMAA was associated with eight steps (Scheme 1). Initially, compound 2 with

the ONB moiety was synthesized according to the procedure reported??> and the 'H-

NMR and LC/MS spectra of compound 2 are in good consistency (Supporting

Information Figs. 1Sa & 1Sb). Secondly, the benzyl hydroxyl group was protected

14
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with 3,6-dihydro-2H-pyran to yield compound 4 (Supporting Information Figs. Slc

& S1d) and proceeded for further esterification process with compound 3a

(Supporting Information Figs. Sle & S1f) to yield compound 5. The 'H-NMR

spectrum of compound 5 is shown in Figure 1a. Compound 5 was de-protected with

p-TSA to obtain compound 6 (macroinitiator) containing hydroxyl (-OH) group on

one end and tertiary bromide on the other end. Compound 6 was applicable for ROP

and ATRP respectively. The 'H-NMR and LC/MS spectra of the compound 6 are

shown in Figures 1b & 1c. Thirdly, the e-caprolactone monomer was used to

synthesize compound 8 using Sn(Oct), as a catalyst through ROP. The 'H-NMR

spectrum of PCL-ONB-SS-Br (compound 8) is shown in Figure 2a. In the further

step, compound 10 was synthesized using the compound 8, CuBr and PMDETA via

ATRP. Following the reaction, the polymer solution was dissolved in THF and

passed through the neutral alumina to remove the residual Cu* ion. The 'H-NMR

spectrum of PCL-ONB-SS-P/BMA (compound 10) is shown in Figure 2b and the

increase in MW before and after ATRP was measured by GPC as shown in Figure

2c. The tert-butyl moieties of the ester groups were removed into carboxylic acid

groups upon treating the copolymer solution with TFA to obtain compound 11,

where the carboxylic acid proton peak appears ~12.4 ppm in 'H-NMR spectrum

15
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(Figure 2d).

In light of the literature review,?3-26 the ONB ether linkage is commonly used to make

the copolymers containing ONB moiety instead of ONB ester linkage. Thus, we initially

designed and synthesized an ONB ether linkage between the junction of PMAA and PCL

(Supporting Information Scheme S1). However, a shoulder peak was observed at ~15

min elution time in a GPC profile (Supporting Information Fig. S2a). This shoulder peak

always existed in GPC profiles even though the reaction time was prolonged to 12 h

(Supporting Information Fig. S2b). We speculated that the ONB ether linkage was

unstable as the ROP reaction was carried out at a high temperature of 90 °C. The ONB

ether linkage degraded and formed a fragmented PCL-ONB-OH structure as indicated in

Fig. S2a. The positive inductive effect of methyl groups on aromatic ether position of the

polymer containing ONB ether linkage accelerated the disintegration of the ether linkage?’

and thus converted it into hydrophobic polymer fragments bearing phenolic -OH group

(PCL-ONB-OH), which was not applicable for further ATRP reaction. Hence, we utilized

the ONB ester as the macroinitiator for further diblock copolymer synthesis and intended

to make the copolymer more stable towards temperature and mild acidic conditions.

Micellar Formulation and Drug Encapsulation. A dialysis method was adopted to

16
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prepare a PCL-ONB-SS-PMAA micelle (POSP,,). The CAC values of POSP,, were

determined using a fluorescence pyrene as the probe, i.e. 1.18 x 102 mg/mL at pH 5.5 and

8.25 x 10 mg/mL at pH 7.4 respectively (Supporting Information Fig. S3). The low

CAC value implied good stability in the physiological condition of pH 7.4.

Scheme 2 depicts photo- and redox-stimuli responsive segments of POSP,,. The

nitro group present on the benzene ring at ortho position undergoes homolysis, and

causes the degradation of the ester bond when it absorbs the UV light as a proposed

mechanism shown in Scheme 2. In this process, two fragments were formed after UV

irradiation, leading to the formation of an o-nitrosobenzaldehyde group attached on

PMAA segment and a carboxylic acid group attached on the end of PCL segment. An

aldehyde signal peak clearly appeared at ~10.2 ppm in the NMR spectrum of the PCL-

ONB-SS-PMAA block copolymer in dg-DMSO after UV irradiation at 365 nm (430

mW/cm?) for 20 min (Supporting Information Fig. S4). Additional evidence for photo-

and redox-responsive characteristics of the block copolymer was confirmed by GPC

(Figure 3). PCL-ONB-SS-PfBMA was utilized for testing because of the insolubility of

PCL-ONB-SS-PMAA in THF. A mono MW distribution of the block copolymer was

observed at initiation; nevertheless, a bimodal distribution profile appeared when the

copolymer was treated with DTT (50 mM in THF) at a regular time interval. An increase
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in MW distribution appearing at longer elution time went hand-in-hand with a decrease in

MW distribution appearing at a shorter elution time, indicating the gradual cleavage of

the disulfide linkage of the block copolymer (Figure 3a). A similar trend of the MW

change of PCL-ONB-SS-PrBMA was observed in GPC profiles under UV light

irradiation (Figure 3b). These results reconfirmed that the block copolymer underwent a

characteristic o-nitrobenzyl cleavage when the polymer was irradiated by UV light.

The morphological change of POSP,,, was acquired by TEM. The particle size of

POSP,, is ~ 80 nm estimated from the TEM image (Figure 4a). Irregular shapes were

observed when the micelle was treated with 10 mM GSH for 20 min, UV light irradiation

for 20 min, and both combined (Supporting Information Fig. S5a-c), indicating the

micelle disintegrated because of the cleavage of the disulfide linkage as well as the ONB

moiety.

In parallel, the hydrodynamic size of the micelle was determined to be ~120 nm and

the size distribution became broader and broader with time when POSP,, was treated with

GSH (Figure 4b). A bimodal size distribution appeared under UV light irradiation and

shifted to the large size distribution when the micelle was treated with both stimuli. From

GPC, TEM and DLS results, it seemed that the response of POSP,,, degradation under UV

light irradiation was superior to GSH stimulus. A similar finding has been reported in a

18
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dual-stimuli-responsive ABA-type triblock copolymer micelle, where o-nitrobenzyl and

disulfide groups were positioned separately in the hydrophobic middle block.!> A burst

release of a hydrophobic drug from disintegrated micelles was traced by UV light but a

slow release was followed in the presence of a reducing agent.

In Vitro Cytotoxicity and Cellular Uptake Pathway. The human lung carcinoma

cell lines CRL-5802, HEL-299 and A549 cells were cultured in a DMEM or RPMI

medium. The cells containing different micellar concentrations within 0-200 pg/mL

were added to each well and further incubated for another 24 h under 5% CO, at 37

°C.28 No obvious cytotoxicity of the cells exposed to the micelle was found at the

test concentrations, and their viabilities were still >95% at the highest concentration

of 200 pg/mL. The cytotoxicity of the micelle was independent on the cell lines used

(Figure 5a).

The cellular uptake of the micelle was tested in CRL-5802 and A549 cells using a

flow cytometer, where the internalization of the micelle was higher in A549 cells than

in CRL-5802 cells because of the larger right shift in fluorescence intensity (Figure

5b). Three commonly-used chemical inhibitors were adopted for testing the

internalization pathway of the micelle into the cells using wortmannin for
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micropinocytosis, chlorpromazine for clathrin-mediated endocytosis (CME) and genistein

for caveolae-mediated endocytosis.?” Flow cytometric histograms showed a left shift when

A549 cells and CRL-5802 cells were pretreated with chlorpromazine, indicating an

inhibition effect and no shifts when the cells were pretreated with genistein and

wortmannin. This fact implied that CME is the major internalization pathway. The

endocytic pathway highly determined the intracellular destination of nanoparticles (NPs).

CME seemed the most promising pathway for cellular entry in drug delivery systems

because the drug could be released rapidly from drug-encapsulated NPs.30-34

Encapsulation of DOX into POSP,, (POSP,,@Dox) and its Cytotoxicity. A micelle

has the capability to encapsulate lipophilic agents inside the hydrophobic core for

smart drug delivery. The desalt form of doxorubicin (Dox) was used as a hydrophobic

drug model, and the Dox calibration curve was established to calculate LE and EE of the

drug, i.e. ~7.0% and 75.6% respectively. The in vitro Dox released from the micelle was

performed in PBS of pH 7.4 to simulate the physiological condition. Initially, four groups

of the test samples were immersed in PBS of pH 7.4 for 6 h. About 17% of Dox was

gradually released as shown in Figure 6a. After that, the samples in DiaEasy™ Dialyzer

containing POSP,,@Dox were continually dialyzed against 10 mL of PBS at pH 7.4 and

20
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separately treated with (1) nothing (control), (2) 10 mM GSH, (3) UV irradiation for 20

min, and (4) both 10 mM GSH and UV irradiation for 20 min. After the time point of 6 h,

the drug release rate was in the order of Group (4) > Group (3) = Group (2) > Group (1).

Because the difference of drug release profiles among groups was insignificant, another

light irradiation was applied at 12 h and 24 h. In Group 4, the drug release percentage

clearly increased at 12 h and was larger than those in Groups 2 and 3, and then significantly

increased at 24 h, ~20% increase in Dox release. Groups 2 and 3 showed similar release

profiles. As depicted in Scheme 2, the micelle might preserve the hydrophobic core and

the encapsulated drug gradually becomes released with a single stimulus. In contrast, the

micelle disintegrated upon two stimuli and the drug was rapidly released. The

combination of redox-responsive disulfide along with the UV-sensitive linkage in

the copolymer clearly enhanced disintegration of the micelle in the physiological

condition, where the concentration of GSH (3 - 10 mM) was found to be higher than

extracellular areas (- 2.8 pM) in living cells.?> 3¢ This fact benefits an effective

cellular-triggered drug release because of the cleavage of disulfide linkages in the

micelle via disulfide-thiol exchange reactions.??

The cytotoxicity of POSP,,@Dox was tested against A549 cells (Figure 6b). For 24 h

postincubation, the relative cell viability was still > 70% at a high Dox concentration of
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20 ng/mL. For 48 h postincubation, the ICs, values (the concentration of Dox to

inhibit 50% of cell viability) were 1.65 pg/mL for POSP,,@Dox and 1.50 pg/mL for

free Dox. The potency of POSP,@Dox in induced apoptosis was similar to that of

free Dox against A549 cells. Dox is an anthracycline antibiotic, and its anticancer

activity is widely known towards solid tumors like lung, breast, ovarian, thyroid

and gastric cancers.?’

For inhibition of cell growth testing, we first checked whether A549 cells alone or

exposed to POSP,, could be damaged under UV light irradiation at 365 nm with 430

mW/cm? for 20 min. Indeed, no significant difference in cell viability was found under

UV light irradiation, and the cells maintained an intact morphology as compared with the

control group (Supporting Information Figs. S6a & S6b). Subsequently, the cells were

exposed to POSP,@Dox at a relevant Dox concentration of 2 pg/mL, slightly larger than

its ICs value. Figure 7a shows 63.40 + 7.36% and 47.33 + 4.95% cell viabilities for the

cells treated with free Dox and POSP,,@Dox respectively. The cells died significantly as

exposed to POSP,,@Dox under UV light irradiation (p < 0.05, compared with free Dox

or POSP,,@Dox). The relative cell viability was 16.75 + 1.61%. The cellular uptake of

Dox into the cells was traced by CLSM as well. Figure 7b shows the highest fluorescence

intensity of Dox was observed in POSP,@Dox with UV light irradiation, indicating that
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the cleavage of ONB linkage indeed enhanced the drug release. The higher concentration

of Dox released from POSP,@Dox+UV also resulted in more serious damage of the

cells. A distorted morphology of the cells is clearly seen in the DIC image.

Annexin-V/PI dual-staining assay was acquired for apoptosis testing. Consistent

results were found as those observed by MTT assay (Figure 8a). The percentages of

Annexin-V/PI staining positive cells (except lower left quadrant) are summed and plotted

in Figure 8b, being 36.01 + 4.66% for the cells treated with DOX, 43.90 + 4.14% for the

cells under UV irradiation, and 62.56 + 3.18% for the cells with the combined treatment.

Compared with free Dox and POSP,@Dox, the significant increase in amount of death

cells was found for POSP,,@Dox+UV.

B CONCLUSION

A novel PCL-ONB-SS-PMAA diblock copolymer with photo- and redox-dual

stimuli responsive sites adjacently located within the hydrophobic-hydrophilic

core-shell junctions was successfully and firstly synthesized by —OH protection,

de-protection method, ROP, and ATRP reactions. The stimuli-responsive

degradable ability of the micelle was confirmed from TEM images, GPC profiles

and UV-visible spectra. In in vitro studies, the micelle showed low cytotoxicity
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against CRL-5802, A549 and HEL-299 cells. The intracellular uptake of the

micelle was higher in A549 cells than in CRL5802 cells, and the internalization

mechanism was mainly mediated by CME. The model drug Dox was efficiently

encapsulated inside the core compartment of the micelle, and a synergistic Dox-

released profile was found in the group with the treatment of GSH and UV light

irradiation. This combination of redox- and photo-responsive cleavage behavior

could enhance disintegration of the micelle in the tumor microenvironment. The

highest released amount of Dox from POSP,,,@Dox+UV showed the highest cell

killing effect. Thus, this artificially-made micelle is promising for smart drug

delivery.
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Figure 1. Characterization of HO-ONB-SS-Br macroinitiator. (a) NMR spectrum
of THP-ONB-SS-Br. (b) NMR spectrum and (c) LC/MS spectrum of HO-ONB-SS-
Br.
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Figure 2. Characterization of PCL-ONB-SS-PMAA. (a) NMR spectrum of PCL-ONB-SS-Br; (b) NMR spectrum of PCL-ONB-SS-PtBMA,;
(c) GPC diagram of PCL-ONB-SS-Br and PCL-ONB-SS-PtBMA; (d) NMR spectrum of PCL-ONB-SS-PMAA.
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Figure 3. Dual response of PCL-ONB-SS-PtBMA. (a) GPC profiles of PCL-ONB-
SS-PtBMA in THF treated with 50 mM DTT (Dithiothreitol) for various time periods.

(b) GPC profiles of PCL-ONB-SS-PtBMA in THF under UV light irradiation (365 nm,
430 mW/cm?) for 0, 5 and 10 min.
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changes of size distribution of POSPm with different stimuli. (a) A TEM image of
POSPm. (b) Change of size distribution profiles of POSPy, treated with 10 mM GSH for
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Figure 5. Cytotoxicity and internalization pathway of the micelle. (a) Relative cell
viability of CRL-5802, A549, and HEL-299 cells exposed to various concentrations of
POSPm. (b) Flow cytometry diagrams of CRL-5802 cells and A549 cells exposed to
rhodamine-123 (R123)-conjugated POSPm at a concentration of 100 pg/mL for 4 h
incubation. Cells were pretreated with different chemical inhibitors: 10 pg-mL™
chlorpromazine, 200 uM genistein and 50 nM wortmannin for 30 min.
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Figure 6. Drug release and cytotoxicity of POSPm@Dox. (a) In vitro Dox release
profiles of POSPm@Dox with different treatments. Control means the POSPm@Dox
solution was dialyzed against 10 mL of PBS at pH 7.4; POSPn@Dox+UV means the
dialyzed solution was irradiated by UV light at the time points of 6 h, 12 h and 24 h;
POSPm@Dox+GSH means the solution was dialyzed against PBS at pH 7.4 containing
10 mM GSH after 6 h; POSPm@Dox+GSH+UV means the solution was dual treated
with GSH and UV light at 6, 12 and 24 h, respectively (n = 4). (b) Relative cell viability
of POSPm@Dox and free Dox against A549 cells for 24 and 48 h postincubation. (n =

8)
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40
44 Figure 7. Cytotoxicity and CLSM images of test samples. (a) Relative cell viability
jg of A549 cells exposed to an equivalent Dox concentration of POSPm@Dox at 2 pg/mL
47 for 48 h postincubation with or without UV irradiation (365 nm, 430 mW/cm?) for 20
jg min (n = 8, *p < 0.05, **p < 0.01). (b) Confocal images of A549 cells exposed to free
50 Dox and POSPn@Dox for 4 h with or without UV irradiation for 20 min. Red:
g; fluorescence of Dox, Blue: nuclei stained by DAPI. Scale bar is 20 um. (¢) Mean
53 fluorescence intensity analyzed by MetaVue software (n = 10, *p < 0.05).
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Figure 8. Cell apoptosis of test samples. (a) Annexin-V/PI (propidium iodide) dual-
staining assay for apoptosis by flow cytometry analysis. A549 cells exposed to free Dox
or POSPm@Dox (the equivalent Dox concentration was fixed at 2 pg/mL) with or
without UV irradiation. Following 4 h incubation, all samples were replaced with fresh
media. The UV light was applied at 365 nm and 430 mW/cm? for 20 min. (b) Percentage
of Annexin-V/PI staining positive cells (except lower left quadrant) was plotted based
on the results obtained from (a). (n = 3, *p < 0.05, **p < 0.01)
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