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Photo- and pH-Responsive Polycarbonate Block
Copolymer Prodrug Nanomicelles for Controlled

Release of Doxorubicin
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In-Kyu Park, and Il Kim*

Photo/pH dual-responsive amphiphilic diblock copolymers with alkyne
functionalized pendant o-nitrobenzyl ester group are synthesized using
poly(ethylene glycol) as a macroinitiator. The pendant alkynes are function-
alized as aldehyde groups by the azide-alkyne Huisgen cycloaddition. The
anticancer drug doxorubicin (DOX) molecules are then covalently conjugated
through acid-sensitive Schiff-base linkage. The resultant prodrug copolymers
self-assemble into nanomicelles in aqueous solution. The prodrug nanomi-
celles have a well-defined morphology with an average size of 20-40 nm. The
dual-stimuli are applied individually or simultaneously to study the release
behavior of DOX. Under UV light irradiation, nanomicelles are disassem-

bled due to the ONB ester photocleavage. The light-controlled DOX release
behavior is demonstrated using fluorescence spectroscopy. Due to the
pH-sensitive imine linkage the DOX molecules are released rapidly from the
nanomicelles at the acidic pH of 5.0, whereas only minimal amount of DOX
molecules is released at the pH of 7.4. The DOX release rate is tunable by
applying the dual-stimuli simultaneously. In vitro studies against colon cancer
cells demonstrate that the nanomicelles show the efficient cellular uptake and
the intracellular DOX release, indicating that the newly designed copolymers
with dual-stimuli-response have significant potential applications as a smart

1. Introduction

Nanomedicine is one of the powerful
therapeutic strategy to treat cancer, which
can deliver the anticancer drugs precisely
to tumor site by enhanced permeation
and retention effect (EPR).2? In order to
improve therapeutic efficiency and reduce
the side effects of these drugs, several
drug delivery systems such as polymer
micelles,>™ inorganic nanoparticles,
liposomes,[>19 dendrimers,”~2% and pol-
ymer-prodrug conjugates?'-3% have been
developed as nanomedicines.

Particularly amphiphilic block polymer
nanocarriers have been developed to
improve the anticancer efficiency by uti-
lizing their prolonged circulation time,
improved solubility of the hydrophobic
drugs and reduced side effects.l332l How-
ever, their clinical use is hampered by the
premature drug release during the process
of blood circulation, leading to reduced
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drug accumulation at the target-site. The
polymer prodrugs are considered as a
candidate to overcome these obstacles,
where the anticancer drugs are covalently
attached to the polymer backbone and side chains through
stimuli-responsive linkers that can be cleaved in different
stimuli conditions. Polymer prodrug nanoparticles are featured
by their unique properties such as high stability over physiolog-
ical conditions and improved drug loading.3334
Stimuli-responsive polymer prodrugs have been widely
studied with physiological environmental changes such as pH,
temperature, redox environment, and specific enzymes. Among
this pH-responsive polymer prodrug scaffolds attracted a lot of
interest due to the presence of pH gradient between healthy and
tumor cells. For example, acidic pH microenvironment found
at the tumor cells such as extracellular matrix (pH 6.5-72) and
endosomes (pH 5.0-6.5). Many types of acid cleavable link-
ages are incorporated in the polymer prodrug conjugates such
as hydrazone, acetal, ketal, Schiff base, and S-thioester that are
cleaved under mild acidic conditions.?>26:2835] Many examples
have also been demonstrated the incorporation of photo-cleav-
able groups into the main or side chain of the polymers.[36-#
Among many photo-cleavable groups o-nitrobenzyl (ONB)
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alcohol derivatives gained considerable attention since light
provides remote and spatiotemporal control by tuning the wave-
length, energy, and irradiation site. ONB esters are efficiently
cleaved under UV light irradiation to yield carboxylic acids.*1#2

Polycarbonate (PC) presents excellent biocompatibility, bio-
degradability, and low toxicity. PC can be functionalized with
various functional groups for specific theranostic applica-
tions.[*~®] Organocatalytic ring-opening polymerization (ROP)
has been developed for the synthesis of various functional PCs
for drug and gene delivery applications.***! For example,
the photo-responsive PC diblock copolymers with spiropyran
chromophore in the side chain showed a reversible micelle
transition in aqueous solution due to the photoisomeriza-
tion between spiropyran (SP) and merocyanine (MC) form.(%
The pH/redox dual-responsive PC diblock copolymers func-
tionalized with disulfide bonds and pH-responsive carboxylic
acid groups®! and the photo-responsive PC diblock copoly-
mers functionalized with ONB ester®® were synthesized by
employing the ROP. The resultant photo-responsive micelles
were disassembled upon UV irradiation and released a model
hydrophobic dye Nile red. The triple-stimuli-responsive PCs
with temperature-, redox-, and light-responsive groups in the
backbone as well as side chain of the polymer were recently
reported.’?l Even though some different strategies have been
reported for the synthesis of photo-responsive polymers with
ONB esters, there have been few reports on the stimuli-respon-
sive nanomedicines fabricated by using PCs functionalized
with light-responsive ONB ester group.

In this study, we have synthesized two amphiphilic diblock
PCs with photo- and pH-cleavable linkers in the side chain.
Photo-cleavable alkyne-functionalized ONB ester was intro-
duced to the cyclic carbonate. PCs were then synthesized via an
organocatalytic ROP of 2,2,5-trimethyl-1,3-dioxane-5-carboxylate
bearing pendant propargyl-substituted ONB ester (TMDC—ONB)
using monomethylether poly(ethylene glycol) (mPEG) as a mac-
roinitiator. The pendant alkyne groups in ONB moieties were
transformed to aldehyde groups by azide—alkyne click reaction.
Anticancer drug doxorubicin (DOX) was then covalently conju-
gated to the polymers via a pH-sensitive Schiff base linkage. The
structures of the resulting polymer prodrugs were characterized
by spectroscopic analysis and gel permeation chromatography
(GPC). The resultant photo- and pH-dual-stimuli-responsive
prodrugs self-assembled into spherical NMs in aqueous solu-
tion. In vitro drug release behavior of the prodrug nanomicelles
(NMs) at different pH- and photo-stimuli was investigated. The
cellular uptake and in vitro antitumor activity of DOX-conju-
gated NMs were also investigated in colon cancer cells (CT26).

2. Experimental Section

2.1. Materials

2,2-bis-methylolpropionic acid (bis-MPA), anhydrous N,N-
dimethylformamide (DMF), 2,2-dimethoxypropane, 5-hydroxy-
2-nitrobenzaldehyde, poly(ethylene glycol) monomethyl ether
(mPEG; molecular weight (My) = 2000 and 5000), sodium
borohydride were purchased from Sigma-Aldrich Korea and
used without further purification. Propargyl bromide, 4-dimeth-

Macromol. Biosci. 2020, 2000118

2000118 (2 0f 12)

www.mbs-journal.de

ylaminopyridine (DMAP), pyridine, copper(l) iodide, p-toluene
sulfonyl chloride, triethyl amine, potassium carbonate, ethyl
chloroformate, 1-chlorohexanol, sodium azide, dicyclohexylcar-
bodiimide (DCC), 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU),
4-formyl benzoic acid, and triethylamine were purchased from
Acros Organics Company (New Jersey, USA). 5-Propargylether-
2-nitrobenzyl alcohol,3 bis-MPA anhydride,> tris[(1-benzyl-
1H-1,2,3-triazol-4-yl)methyljamine (TBTA),>*! and 6-azidohexyl
4-formylbenzoatel?3! were synthesized as per reported proce-
dures. Dichloromethane (DCM) was dried over CaH, distilled
and stored in Schlenk flask. Tetrahydrofuran (THF) was passed
through alumina, dried on sodium wire, and freshly distilled
when required. Common solvents like hexane, ethyl acetate,
dichloromethane, and methanol were purchased from Duksan
Chem. Co. (Daejeon, Korea) and distilled prior to use.

2.2. Instrumentation

'H NMR (400 MHz) and C NMR (100 MHz) spectra were
recorded using a Varian INOVA 400 NMR spectrometer with
tetramethylsilane (TMS) as the internal standard. GPC system
using THF an eluent at a flow rate of 1.0 mL min! and cali-
brated with monodisperse polystyrene used to measure the
average molecular weights (My) and polydispersity index (D).
UV-vis spectra were recorded using a Shimadzu UV-1650 PC.
A Shimadzu IR Prestige 21 spectrometer was used to record
the FTIR spectra using potassium bromide discs in the range
of 4000-600 cm™'. The dynamic light scattering (DLS) for the
particle size measurement was performed using a Nano ZS90
zeta potential analyzer (Malvern Instruments, UK) with a He—
Ne laser (633 nm), 90° collecting optics and a thermoelectric
Peltier temperature controller. The particle morphology was
analyzed using transmission electron microscopy (TEM) with a
JEOL-1299EX electron microscope at an accelerating voltage of
80 keV. The TEM samples were prepared in grids with formvar
film and treated with oxygen plasma (from a Harrick plasma
cleaner/sterilizer) for 15 s to render the surface hydrophilic.

2.3. Synthesis of 5-Hydroxy 2-nitrobenzyl Alcohol

In a round bottom flask, 5-hydroxy-2-nitrobenzaldehyde (3.5 g,
20.9 mmol) was dissolved in dry methanol and cooled the solu-
tion to 0 °C using an ice bath. Sodium borohydride (NaBH,)
(L76 g, 46.5 mmol) was slowly added to this solution under
nitrogen flow at 0 °C. The resulting solution allowed to room
temperature by removing an ice bath and stirred for additional
3 h. The mixture was quenched carefully using aqueous HCl
solution (10 vol%) and the solvent was removed under reduced
pressure using a rotary evaporator. The reaction mixture was
extracted with ethyl acetate and washed with brine solution. The
organic layer was dried with sodium sulfate and was concen-
trated under reduced pressure. The crude mixture was purified
using column chromatography by eluting with ethyl acetate and
petroleum ether (1:1 v/v) to obtain yellow solid (yield = 90%). 'H
NMR (CD;0D, 400 MHz) 4.81(s, 2H), 5.62(bs, 1H), 6.77(dd, 8 Hz,
1H), 723(s, 1H), 8.03(d, ] = 16 Hz, 1H) ppm. 13C NMR (CD;0D,
100 MHz): 163.07, 141.84, 138.63, 12744, 113.64, 60.94 ppm.
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2.4. Synthesis of 5-Propargylether-2-nitrobenzyl Alcohol 1

5-hydroxy 2-nitro benzyl alcohol (2.3 g, 13.6 mmol) and potas-
sium carbonate (5.63 g, 40.7 mmol) were dissolved in dry
dimethylformamide and stir for one hour at 60 °C. Propargyl
bromide (80% in toluene), was added drop by drop and the
mixture was stir for 24 h at 60 °C. After completion of the
reaction, DMF was removed under reduced pressure. The
reaction mixture was extracted into ethyl acetate and washed
with water. The organic phase dried with sodium sulfate and
the solvent was removed under reduced pressure. The crude
yellow solid purified by the column chromatography eluting
with 20% ethyl acetate and petroleum ether to get yellow fluffy
solid (yield = 85%). 'H NMR (CD;0D, 400 MHz): 3.06(d, ] =
12 Hz, 2H), 4.91(d, J = 4 Hz, 2H), 5.00(s, 2H), 706(dd, 8 Hz,
1H), 749(s, 1H), 8.17(d, ] = 8 Hz, 1H) ppm. 3C NMR (CD;0D,
100 MHz): 56.43, 61.69, 7748, 113.63, 113.95, 12775, 140.52,
142.08, 162.33 ppm.

2.5. Synthesis of Compound 2

Compound 1 (1.5 g, 72 mmol), bis-MPA anhydride (3.5 g,
10.6 mmol), DMAP (0.14 g, 1.1 mmol), and pyridine (1.16 mL,
14.4 mmol) were added to dry CH,Cl, in a reaction flask under
argon flow and reaction mixture was stirred at room tempera-
ture for 15 h. After completion, the reaction excess anhydride
was quenched carefully with the addition of 2 mL of water
under vigorous stirring, followed of dilution with 300 mL of
CH,Cl, and the solution was washed with 10 % of NaHSO,
(3 x 500 mL), and 10 % of Na,COs (3 x 500 mL). The organic
phase dried over Na,SO,, concentrated and purified by column
chromatography on silica gel, eluting with hexane and gradu-
ally increasing the polarity to ethyl acetate and petroleum ether
(30:70) to give yellow solid (yield = 92%). 'H NMR (CDCl;,
400 MHz): 1.20(s, 3H), 1.40(s, 3H), 1.46(s, 3H), 2.56(t, ] = 4 Hz,
1H), 3.71(d, J = 12 Hz, 2H), 4.28(d, ] = 12 Hz, 2H), 479(d, ] =
4 Hz, 2H), 5.65(s, 2H), 6.98(dd, 8 Hz, 1H), 727(s, 1H), 8.19(d,
J =12 Hz, 1H) ppm. 3C NMR (CDCl;, 100 MHz): 18.57, 21.25,
26.37, 42.49, 56.39, 63.56, 66.35, 98.45, 113.90, 114.33, 12797,
135.94, 140.73, 161.90, 173.71 ppm.

2.6. Synthesis of Compound 3

Compound 2 (3.5 g, 9.6 mmol) was dissolved in 15 mL THF
and 15 mL of 1 ¥ HCI was added and stirred overnight at
room temperature. The reaction monitored by the TLC after
completion of the reaction, the reaction mixture was diluted
with 100 mL DCM and wash three times with 0.1 M sodium
carbonate solution and twice with brine solution. The crude
product was purified by eluting with ethyl acetate and petro-
leum ether (40:60) to obtain white solid (yield = 85%). 'H NMR
(CD;0D, 400 MHz): 1.23(s, 3H), 3.04(t, ] = 4 Hz, 1H), 3.67(d,
J =12 Hz, 2H), 3.78(d, ] = 12 Hz, 2H), 488 (d, ] = 4 Hz, 2H),
5.56(s, 2H), 706(dd, 8 Hz, 1H), 734(d, ] = 4 Hz, 1H), 8.17(d, ] =
8 Hz, 1H) ppm. BC NMR (CD;0D, 100 MHz): 16.04, 50.62,
55.63, 62.91, 64.63, 76.48, 7729, 113.37, 114.21, 127.20, 135.63,
140.41, 161.90, 174.65 ppm.
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2.7. Synthesis of 2,2,5-Trimethyl-1,3-dioxane-5-carboxylate with
TMDC-ONB

Compound 3 (1 g, 3.2 mmol) was dissolved in dry 20 mL THF
and ethyl chloroformate (1.23 mL, 12.8 mmol) was added drop
by drop and was stirred at room temperature. The reaction mix-
ture cool to 0 °C and stir for 30 min. Then add triethylamine
(1.81 mL, 12.8 mmol) drop by drop over 30 min and stir at
0 °C for another 2 h. The reaction mixture was allowed to the
room temperature and stir overnight. After completion of the
reaction filter triethylamine salts using a sintered funnel and
remove THF under reduced pressure. The reaction mixture
was dissolved in DCM and purified by column chromatography
eluting with ethyl acetate and dichloromethane (20:80) to yield
white solid (yield = 70%). 'H NMR (DMSO-Dj, 400 MHz): 1.26
(s, 3H), 3.78(t, ] = 4 Hz, 1H), 4.41(d, ] = 12 Hz, 2H), 463 (d, ] =
12 Hz, 2H), 5.01(d, ] = 4 Hz, 2H), 5.57(s, 2H), 718-723(m, 2H),
8.21(d, J = 12 Hz, 1H) ppm. 3C NMR (DMSO-Dg, 100 MHz):
16.61, 56.57, 64.28, 72.69, 78.44, 79.54, 114.75, 115.10, 128.16,
134.35, 140.67, 14742, 161.59, 171.47 ppm.

2.8. General Procedure for the Synthesis of Diblock Copolymers
P1 and P2

The commercially available mPEG was used as a macroinitiator
for the ring-opening polymerization. The polymerization was
conducted under N, inert atmosphere and using Schlenk line
technique. For example, mPEG (My = 5000) (0.4 g, 0.08 mmol)
and TMDC-ONB (0.558 g, 3.6 mmol) were placed in a dried
Schlenk tube and were dissolved in dry DCM. The mixture was
purged 30 min to remove the trace moisture and oxygen. The
DBU catalyst (0.01 g, 0.065 mmol) was then added to start the
polymerization at 30 °C. After stirring at room temperature
for 6 h, the resulting reaction mixture was precipitated in cold
ether and purified by using a small plug of silica column by
eluting with 5% methanol and dichloromethane to obtain white
solid P1 (0.65 g; yield = 88%). P2 was prepared in the same pro-
cedure using mPEG (My = 2000).

P1: 'TH NMR (CDCls, 400 MHz): 1.26 (s —CCH3), 2.62 (t, ] =
4 Hz, 1H), 3.37 (s, 3H, —OCH3) 3.63 (s, —OCH,CH,—), 4.33
(dd, J = 12 Hz, —CCH,—0—), 479 (s, —OCH,—), 5.51 (s,
—ArCH,—, 2H), 6.97-707 (m, aromatic), 8.21(d, J = 12 Hz, aro-
matic) ppm. M, =10.2 kDa and = 1.10.

P2: TH NMR (CDCl;, 400 MHz): 1.27 (s —CCHj), 2.63 (t, ] =
4Hgz, 1H), 3.37 (s, 3H, —OCH3) 3.63 (s, ~OCH,CH,—), 4.35 (dd,
J=12 Hz, —CCH,—0—), 4.80 (s, ~OCH,—), 5.58 (s, —ArCH,—,
2H), 700-716 (m, aromatic), 8.17(d, | = 12 Hz, aromatic) ppm.
M, =5.1kDa and b =1.13.

2.9. Synthesis of Aldehyde Functionalized PI-CHO
and P2-CHO by Click Reaction

P1 (0.4 g, 0.038 mmol) and 6-azidohexyl 4-formylbenzoate
(0.169 g, 0.6 mmol) were dissolved in THF and purged
with nitrogen gas for 30 min. In another vial TBTA (0.024 g,
0.047 mmol) was dissolved in THF and purged with N, gas for
10 min. To this solution Cu(1)I (0.008 g, 0.042 mmol) was added

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. 'TH NMR spectra of P1 (top), PI-CHO (middle) and P1I-DOX (bottom) in CDCl;.

and purged for an additional 15 min. This catalytic solution was
then added to the above reaction mixture and stirred for 24 h at
room temperature. The resultant reaction mixture was precipi-
tated in diethyl ether to obtain pure white solid P1-CHO (yield
=85%). P2—CHO was prepared in the same way using P2.

P1-CHO (Figure 1): 'H NMR (CDCl;, 400 MHz): 1.24 (s
—CCHj), 1.41-147 (m —CH,CH,—), 176 (s, —OCH,CH,—),
1.95 (s, =NCH,—), 3.37 (s, 3H, —OCH3) 3.63 (s, —OCH,CH,—
for PEG), 4.31-4.37 (m, —CCH,—0O— and —COO—CH,—), 5.29
(s, —=OCH,—), 5.42 (s, —ArCH,—, 2H), 701-708 (m, aromatic),
774 (s, triazole proton), 792 (s, aromatic), 8.06—8.14(m, aromatic),
10.06 (s, 1H proton from —ArCHO) ppm.

P2-CHO (Figure S14, Supporting Information): 'H NMR
(CDCl;, 400 MHz): 1.25 (s —CCHj3), 1.40-1.48 (m —CH,CH,—),
1.78 (s, —OCH,CH;—), 1.96 (s, —NCH,—), 3.37 (s, 3H, —OCHj;)
3.63 (s, —OCH,CH,— for PEG), 4.26—4.38 (m, —CCH,—O— and
—COO—CH,—), 5.30 (s, —OCH,~), 5.54 (s, —ArCH,—, 2H),
700711 (m, aromatic), 770 (s, triazole proton), 793 (s, aromatic),
8.10-8.16 (m, aromatic), 10.08 (s, 1H proton from —ArCHO) ppm.

2.10. Synthesis of Prodrug Polymers P1-DOX and P2-DOX
DOX-HCI (50 mg) was dissolved in 1 mL of DMSO and added

two equivalents of TEA (24 uL) to neutralize HCL. The mixture
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was stirred in dark for 2 h and then added to the solution of P1-
CHO (50 mg) or P2-CHO (50 mg) in 1 mL of DMSO. After stir-
ring reaction mixture for 48 h, the product was dialyzed against
deionized water using dialysis membrane with molecular
weight cut-off (MWCO) of 3.5 kDa for 4 d to remove DMSO
and unreacted DOX. The resultant solution was freeze-dried to
obtain magenta red DOX-conjugated polymers. The DOX con-
tent was determined by measuring fluorescence in DMSO at
480 nm. A standard curve was constructed to measure DOX
concentration in the solution.

P1-DOX (Figure 1): 'H NMR (CDCl;, 400 MHz): 0.87-1.95( br
m, all —CHj; protons from 4 and 8H from 5 (—NCH,(CH,),—
CH,—); 5H from DOX (—CHCH, and —CHj), 2.0-2.41 (br m,
2H from DOX), 2.94-3.0 (br m, 2H from DOX ArCH,C—),
3.37 (s, 3H, —OCHs) 3.63 (s, —OCH,CH,— for PEG), 3.90-4.60
(brm, —CCH,—0— and —COO—CH,—, and 2H from DOX
—~COCH,0H), 4.76(s, 2H from DOX), 5.29 (s, —~OCH,—), 5.42
(s, —ArCH,—, 2H), 7.01-7.08 (m, aromatic), 7.30-8.37(br m, ArH
from 5 and DOX, and 1H, from triazole), 10.06 (s, 1H proton
from —ArCHO) ppm. M,, = 18.0 kDa and D =1.13.

P2-DOX (Figure S15, Supporting Information): 'H NMR
(CDCl;, 400 MHz): 0.83-1.95( br m, all —CHj protons from
4 and 8H from 5 (—NCH,(CH,),—CH,—); 5H from DOX
(—CHCH,; and —CHsj), 2.0-2.41 (br m, 2H from DOX),
2.94-3.0 (br m, 2H from DOX ArCH,C—), 3.37 (s, 3H, —OCHj)

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Macromolecular
Bioscience

www.advancedsciencenews.com

3.63 (s, —OCH,CH,— for PEG), 3.96-4.66 (m, —CCH,—O—
and —COO—CH,— and 2H from DOX —COCH,0H), 4.77(s,
2H from DOX), 5.29 (s, —OCH,~), 542 (s, —ArCH,—, 2H),
701-708 (m, aromatic), 7.35-8.39 (br m, ArH from 5 and DOX,
and 1H from triazole), 10.08 (s, 1H proton from —ArCHO)
ppm. M, =10.0 kDa and D = 1.15.

2.11. Preparation of Aqueous Solution of Prodrug NMs and
Characterization

The NMs of P1-DOX or P2-DOX prodrugs were fabricated by
solvent exchange method. 10 mg of the amphiphilic prodrug
polymers were dissolved in 2 mL of THF at room temperature.
Deionized water was then added drop by drop with vigorous
stirring to get the final concentration of 1 mg mL™. After stir-
ring the solution at room temperature for 2 h, placed the solu-
tion into a dialysis bag (MWCO 3.5 kDa) and dialyzed against
water for 2 days to remove THF.

2.12. CMC Measurements

Nile Red stock solution (5 x 10° m) was prepared and added
to the empty vials to make nile red film on the glass walls.
The aqueous solution of the polymer (1 mg mL™) was added
to the above vial and diluted by the addition of water to get
series of concentrations and allowed to encapsulate Nile Red in
the micelle core at room temperature. Fluorescence emission
spectra of Nile Red in aqueous solutions were recorded and
constructed a plot of intensity versus log(concentration). CMC
was determined to be the point where the two tangents to the
curve crossed.

2.13. In Vitro DOX Release

The in vitro DOX release from the P1-DOX and P2-DOX
prodrug NMs were investigated at a concentration of 2 mg
mL-! in the presence of three types of phosphate buffer solu-
tions with different pHs, pH 74, pH 6.0, and pH 5.0, respec-
tively. 2 mL aqueous solutions of the NMs were placed in a
dialysis membrane (MWCO 3.5 kDa) and then all the dialysis
tubes were immersed in 15 mL of phosphate buffer solution.
All the tubes were placed in a water bath at 37 °C under gentle
shaking in a dark environment. One milliliter of the external
solution was taken out and replenished with 1.0 mL of fresh
PBS solution. The concentration of the DOX was determined
by fluorescence spectrophotometer under excitation at 480 nm
and emission at 550 nm with a slit width set as 5 nm. All the
results were measured in triplicate.

2.14. Cellular Viability
In order to investigate the cellular viability of P1I-DOX and P2-
DOX on cancer cell line, the water-soluble tetrazolium (WST-1)

assay was performed. Briefly, 1 x 10* cells per well were seeded
and cultured overnight in 96-well plate in optimum culturing
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conditions (37 °C and 5% CO,). After overnight culturing, the
media was aspirated and fresh media containing various con-
centrations of P1-DOX and P2-DOX were supplemented and
cells were further incubated for 24 h. The media was then
removed and cells were washed with 1 x dulbecco’s phosphate-
buffered saline (DPBS) and 0.1 mL of fresh media was added.
After which WST-1 assay was performed as per the manufac-
ture’s protocol.

2.15. Cellular Uptake and Fluorescence-Activated Cell Sorting
Analysis

In order to understand the intercellular uptake potential of
P1-DOX, confocal microscopy and fluorescence-activated cell
sorting (FACS) analysis were performed. Briefly, for confocal
microscopy, CI26 cells were cultured overnight in Lab-Tek
Chamber Slide with a seeding density of 1 x 10* cells per well.
After overnight incubation, media was removed, P1-DOX and
DOX in cell culture media (DOX concentration = 10 mg mL™)
were added to the cells and further incubated for 6 h. The
media was then removed and washed with 1 x PBS for three
times. The cells were fixed by the addition of 4% paraformal-
dehyde and the nucleus was stained with 4,6-diamidino-2-phe-
nylindole (DAPI). Confocal microscopy was used for visualizing
the DOX fluorescence. For FACS analysis 1 x 10° cells per well
were seeded in six-well plate and cultured overnight. The media
was then aspirated and samples were added at a DOX concen-
tration of 10 mg mL™! and incubated for 6 h. After incubation,
media was removed and cells were washed with 1 x PBS for
three times. The cells were then suspended in FACS buffer and
subjected to FACS analysis.

3. Results and Discussion

3.1. Synthesis and Characterization of Monomer and Polymers

The TMDC-ONB monomer bearing pendant propargyl-substi-
tuted ONB ester was synthesized via three steps as illustrated
in Scheme 1. The structure was confirmed by using 'H NMR
and 3C NMR spectroscopy (Figures S1-S10, Supporting Infor-
mation (SI)). The diblock polycarbonates P1 and P2 were syn-
thesized via an organocatalytic ring-opening polymerization
(ROP) of cyclic carbonate monomer TMDC-ONB in dichlo-
romethane (DCM) at 30 °C using DBU as a catalyst and mPEG
(My = 2000 or 5000) as a macroinitiator. As shown in Table 1,
the polycarbonate diblock copolymers P1 and P2 initiated by
mPEGs of their Mys of 5000 and 2000, respectively, show M,
values of 10.2 kDa and 5.1 kDa, respectively. All polymers are
featured by narrow polydispersity (D = 1.10-1.13). The esti-
mated degrees of polymerization show good agreements with
calculated values using feed ratio and monomer conversion,
indicating the ROPs undergo in living characteristics. The
degree of polymerizations was calculated as 12 and 7, resulting
from the comparison of the integral intensity of alkyne protons
(6 = 2.62 ppm) with that of PEG protons (d = 3.63 ppm) from
'H NMR (Figure 1). The 'H NMR and GPC analyses show that
the targeted diblock polycarbonate polymers were successfully
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Scheme 1. Synthesis of TMDC-ONB monomer and polycarbonate prodrug polymers P1I-DOX and P2—DOX.

Table 1. Properties of amphiphilic polycarbonate block copolymers and DOX contents of prodrug NMs.

Samples M,, NMR? M,, GPCP pb) Diameter®) Diameterd) Theoretical DOX content Experimental DOX
[g mol™] [g mol™] [nm] [nm] [wt%] content® [wt%]

P1 9200 10 200 1.10

P2 4500 5100 113

P1-DOX 15900 18 000 113 28 20+£25 16.2 14.0

P2-DOX 8700 10 000 1.15 35 23+34 13.3 8.5

ANumber average My, estimated by 'H NMR spectra; P)Estimated by GPC with THF as eluent and polystyrene as standard; 9Average diameter of NMs determined by DLS;
YAverage diameter of NMs determined by TEM; ©)Determined by UV-vis spectrometer.
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Figure 2. a) Overlay of GPC chromatograms of P1 and P2, P1-CHO and P2-CHO, and P1-DOX and P2-DOX and b) FTIR spectra of P1, P1-CHO,

P1-DOX, and P2-DOX.

synthesized (Figure 1 and Figures S13 and S14, Supporting
Information). The GPC chromatograms (Figure 2a) of P1 and
P2 produced by the ROPs of TMDC-ONB using mPEG initia-
tors of their My of 5000 and 2000, respectively, are character-
ized by unimodal and narrow polydispersity. P1 and P2 bearing
pendant alkyne groups were modified to have aldehyde func-
tionalities by using Cu(I)I/TBTA catalyzed azide—alkyne click
reaction.’® Small molecule 6-azidohexyl 4-formylbenzoate
functionalized with azide and benzyl aldehyde was synthe-
sized by the reported procedurel?’ (see Figures S11 and S12,
Supporting Information). The conversion of the click reactions
was observed as indicated by the disappearance of alkyne pro-
tons peak at 2.62 ppm and presence of triazole protons peak
at 774 ppm and aldehyde protons peak at 10.06 ppm in the 'H
NMR spectrum (Figure 1). As shown in Figure 2a, GPC curves
of polymers P1-CHO and P2-CHO are similar to those of P1
and P2, respectively, with shifts to higher molecular weights
from the corresponding precursor polymers, confirming the
successful click functionalization. As illustrated in Scheme 1,
the resultant aldehyde-functionalized polymers were further
conjugated with DOX by the acid-sensitive Schiff base linkage
in DMSO. In this reaction, 2 equiv of TEA was added to neu-
tralize DOX-HCI and the amine groups in DOX were acti-
vated for the reaction. The chemical structures of the DOX
conjugated polymers P1-DOX and P2-DOX were verified by
!H NMR spectra (Figure 1 and Figure S15, Supporting Infor-
mation). DOX conjugations to P1-CHO and P2-CHO were
also characterized by GPC. After the conjugation of the DOX
to the polymer, the peak intensities of aldehyde groups were
decreased significantly in 'H NMR and there are six and three
aldehyde groups were free in P1I-CHO and P2-CHO, respec-
tively, corresponding to graft ratio of 50% and 43%, respec-
tively. The partial conjugations of DOX to the two polymers
might be due to the reversible Schiff-base formation, steric
hindrance rendered by adjacent DOX and aldehyde benzene
ring, and hydrogen bonding between aldehyde groups.P’!
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A UV-Vis spectroscopy was used to confirm the successful
preparation of the prodrug polymers. UV-vis absorption spec-
trum (Figure S16, Supporting Information) of P1-DOX shows
10 nm red shift compared with free DOX-HCI in water due to
the fact that the conjugation of the DOX to the polymer back-
bone with Schiff base linkage results in change of the original
structure of DOX-HCI. The resultant DOX contents of P1-DOX
and P2-DOX was determined as 14.0% and 8.5%, respectively,
as summarized in Table 1, from which we can conclude that the
DOX content for P1-DOX is higher than P2-DOX. The theo-
retical DOX content is somewhat higher because the M, values
measured by GPC higher than those by 'H NMR. IR spectra of
P1-DOX and P2-DOX (Figure 2b) clearly show absorption peak
assigned to imine (—C=N—) stretching frequency at 1645 cm™
confirmed the successful conjugation of the DOX to the polymer.

3.2. Self-Assembly of the Polymer Prodrugs P1-DOX
and P2-DOX

P1-DOX and P2-DOX polymers are expected to show amphi-
philic nature because they are consisting of PEG and polycar-
bonate blocks. Thus, they can form NMs by the self-assembly
in water by forming hydrophilic PEG corona and hydrophobic
DOX-conjugated polycarbonate core. For the self-assembly
aqueous solutions of the polymers were prepared by organic
co-solvent method. Water was slowly added to the polymers
dissolved in THF to induce the formation of aggregates, and
the mixture was dialyzed against water to remove THF. The
resultant aqueous solutions of polymers were analyzed by
using DLS. The average size of NMs fabricated by P1-DOX
and P2-DOX was 28 and 35 nm, respectively (Figure 3a,b
inset). The TEM images of the NMs demonstrate that they
are spherical aggregates (Figure 3ab). The average diam-
eter of 40 particles as measured from TEM images fabricated
by P1-DOX and P2-DOX is about 20 * 2.5 and 23 £ 3.4 nm,
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Figure 3. TEM images of NMs fabricated by a) P1I-DOX and b) P2-DOX before UV irradiation and c) P1-DOX and d) P2-DOX after 60 min UV irradia-
tion. Insets are the corresponding DLS histograms recorded with 0.1 wt% aqueous solutions of polymers using DLS.

respectively. The average sizes of the NMs measured by the
TEM were about 10 nm smaller than that measured by DLS in
the hydrated state of NMs. The critical micelle concentration
(CMC) for P1 and P2 were determined by using Nile Red as a
fluorescent probe. The CMC values for P1 and P2 were found
to be 5.0 x 107 and 3.1 x 107> mol L™, respectively, from plots
of fluorescence intensity versus log(concentration) (Figure S17,
Supporting Information). The morphology of the NMs was
investigated after the photocleavage of ONB ester using TEM.
As showed in Figure 3c,d, upon 60 min UV light irradiation,
most of the spherical micellar nanoparticles are disrupted to
form irregular-shaped aggregates. This observation is mainly
due to the fact that nitrobenzyl ester cleavage from the polymer
form the hydrophilic carboxylic acid that leads to the change in
the hydrophilic-hydrophobic balance. The size change of NMs
after the UV light irradiation was monitored using DLS. As
shown in in Figure 3c,d (inset), the average size of the NMs
was increased to 500 nm. This could be attributed to the sus-
pension of hydrophobic insoluble particles in the solution after
the degradation of the polymer.

3.3. Photo-Cleavage Experiments

P1 and P2 were subjected to the photo-cleavage tests, since
the ONB groups in the polymers are photo-cleaved to the
corresponding o-nitrasobenzaldehyde to release free carboxylic
acid upon irradiation with UV light (Figure S20, Supporting
Information). The aqueous solutions of P1, P2, P1-DOX,
and P2-DOX (0.2 mg mL7}) were irradiated at 365 nm and
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absorption spectra were monitored at different time intervals
(Figure 4). The absorbance band assigned to the ONB group
at 305 nm decreases and the peak at 350 nm increases accord-
ingly. No further change is observed after 1 h UV irradiation.
In addition, there were clear visible color changes of the solu-
tion, from colorless to pale brown, confirming the formation of
o-nitroso compound.

The photo-cleavage of ONB groups was further verified by
using 'H NMR spectra. Figure 5a shows 'H NMR spectra of
polymer P1 recorded after irradiation at different intervals.
The area of the peak corresponding the benzylic protons at
6= 5.51 ppm corresponding to ONB group decreases from 12
to 734 by 1 h of irradiation, confirming the photo-cleavage of
ONB ester photon transfer radical mechanism. In addition, the
photo-cleavage of ONB groups was further supported by GPC
analysis. The irradiated polymer P1 for 1 h show a bimodal
distribution in GPC chromatogram due to the cleavage of ONB
ester (Figure 5b).

3.4. Photo-Controlled DOX-Release

The release of DOX from the NMs fabricated by the prodrug
polymers, P1-DOX and P2-DOX, were investigated under the
UV light irradiation. Micellar solutions of the polymer P1-DOX
and P2-DOX prepared by the solvent exchange method were
subjected to irradiate and the controlled release of DOX was
monitored using fluorescence emission spectra at different irra-
diation intervals. Figure 6 shows that the fluorescence emission
intensity decrease gradually with increasing irradiation time,

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. UV-vis spectral variations of 0.02 wt% aqueous solutions of a) P1, b) P2, c) P1-DOX, and d) P2-DOX recorded after irradiation at 365 nm

at various intervals.

suggesting the cleavage of ONB ester groups and the release of
DOX from the NMs into the aqueous environment. The DOX-
release from P1-DOX and P2-DOX NMs was estimated as 72%
and 83%, respectively, during 60 min of irradiation (Figure S18,
Supporting Information). This observation mainly comes from
the cleavage of the ONB groups, which results in hydrophobic-
hydrophilic imbalance due to the formation of side chains of
carboxylic acid. Aqueous P1-DOX and P2-DOX samples pre-
pared without exposing to UV light show negligible changes
in the emission intensity of DOX (Figure 6). Furthermore,
the released DOX in pure water shows negligible change in
emission intensity after 1 h UV irradiation, suggesting that the
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release of DOX from NMs was not due to the photo-bleaching
of DOX (Figure S19, Supporting Information).

3.5. In Vitro Release of DOX

The in vitro DOX-releases from P1-DOX and P2-DOX NMs
were investigated under different pH buffer media conditions:,
that is, pH 74, pH 6.0, and pH 5.0 at 37 °C. The release study
was performed for 72 h and the release profiles were constructed
by measuring the released DOX fluorescence under excitation
at 480 nm and emission at 550 nm. As shown in Figure 7, the

b)
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— P1after1th UV

20

14 16 18
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12

Figure 5. a) 'H NMR spectra of P1 irradiated at 365 nm at different irradiation intervals and b) GPC chromatograms of P1 before and after 1 h of

irradiation.
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Figure 6. Photo-controlled DOX-release profiles of the P1-DOX and
P2-DOX with and without UV light irradiation at different time intervals.
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Figure 7. In vitro DOX-release profiles from P1-DOX and P2-DOX NMs
at pH 7.4, pH 6. 0, pH 5.0, and pH 5.0 with 10 min UV light irradiation.

DOX-release from P1-DOX and P2-DOX NMs at pH 5.0 was
much faster than at pH 6.0. For example, the DOX-release for
P1-DOX and P2-DOX NMs at pH 5.0 is 81.2% and 78.5%,
respectively, while the DOX-release is 71.2% and 69.2%, respec-
tively, at pH 6.0. The DOX-release is only 27.5% and 25.6%,
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respectively, at pH 74. These results clearly indicate that the
NMs are stable at physiological conditions, but release DOX at
tumorous microenvironment (say, pH 5.0). This interesting pH-
responsive DOX-release behavior is attributed to the cleavage of
acid-sensitive imine linkages holding DOX molecules.

Inspired by the photo- and pH-responsive capability of P1-
DOX and P2-DOX NMs, attempts were made to explore the
simultaneous effect of both stimuli. The micellar solutions of
P1-DOX and P2-DOX were agitated at pH 5 for 3 h at room
temperature and then irradiated for 10 min so that both stimuli
were in force. As shown in Figure 7, the DOX-release further
increases to 70% and 68.5%, respectively, within 5 h, com-
pared to 56% and 59.5%, respectively, obtained in the absence
of irradiation. The release rate of DOX from nanoparticles
increases significantly under the combined force of both pH-
and photo-stimulus.

3.6. Cellular Viability

In order to evaluate the effect of P1-DOX and P2-DOX on
cellular viability, Hisense WST-1 cell proliferation assays were
performed. As shown in Figure 8a, the viability of CT-26 cells
decreases with increasing of the concentration of nanoparticles.
The cellular viability of the sample treated with P1-DOX show
lower than that treated with P2-DOX at the same concentra-
tion, possibly due to the differences of the DOX content in
P1-DOX and P2-DOX. The half-maximal inhibitory concentra-
tion (ICsq) for PI-DOX and P2-DOX was 0.034 + 1.11 mg mL™
and 0.28 + 1.11 mg mL™}, respectively (Figure 8b). These results
suggest that the faster release of DOX from both P1-DOX and
P2-DOX triggered by the endosomal pH causes the decrease in
the cell viability.

3.7. Cellular Uptake

In order to confirm the intracellular uptake and the DOX-
release from P1-DOX NMs, confocal microscopy was used. As
illustrated in Figure 9a, following 6 h of incubation, the free
DOX-incubated cells show strong red-fluorescence at nuclei of
the cells while the cells incubated with P1-DOX NMs show red
fluorescence in the cytoplasm due to the rapid internalization
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Figure 8. a) Cellular viability and b) ICsq curve of micellar solutions of PI-DOX and P2—-DOX in varying NMs concentration. P.C = positive control

(Cells only) and N.C = negative control (0.1% Triton X-100). n = 3.
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Figure 9. Cellular uptake profiles of P1-DOX: a) confocal microscopy images, b) FACS analysis, and c) intracellular mean fluorescence intensity after
incubating with free DOX and P1-DOX NMs for 6 h. n = 3 and scale bar = 20 um.

followed by the release of DOX that triggered by the endosomal
pH. Since DOX is a small molecule, it can be easily diffused
into cells and transported into nucleus. On the other hand, the
P1-DOX NMs are internalized through endocytic pathway and
then they release DOX at pH-triggered conditions.”® These
results demonstrate that the P1-DOX NMs are efficiently inter-
nalized into cancer cells via endocytosis and the pH-responsive
capability the P1-DOX NMs enables the effective cytosolic
release of DOX due to breakage of acid-sensitive Schiff’'s base
linkage between the PEG and DOX.

4. Conclusions

Combining the ROP of newly designed carbonate monomer,
PEGylation, azide-alkyne Huisgen cycloaddition and Schiff base
reaction, two amphiphilic diblock polycarbonates covalently con-
jugated with DOX molecules on the side chains were prepared.
Since the resultant polymers bear photo-sensitive ONB groups
and acid-cleavable Schiff base linkages, they show photo- and
pH-dual-stimuli-responsive feature. The polymer prodrugs,
P1-DOX and P2-DOX, were self-assembled into spherical NMs
of about 30 nm in size in aqueous solution. Stimuli-responsive
DOX-release tests from the NMs were studied by applying
photo/pH dual-stimuli individually to establish their effective-
ness and drug release rates. Both stimuli were also applied
simultaneously for the tenability of the drug release rates. In
vitro studies demonstrated that the DOX-conjugated polymer
NMs were efficiently internalized via endocytosis and the acid-
labile Schiff’s base linkages connecting DOX molecules with
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polymer enabled the cytosolic delivery of DOX. The DOX-conju-
gated polymer with photo- and pH- dual-stimuli responses can
be a promising nanovehicle for the controlled release of drugs.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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