View Qaline
Dynamic Article Links

Soft Matter

Cite this: Soft Matter, 2011, 7, 7441

PAPER

Reductively degradable polyester-based block copolymers prepared by facile
polycondensation and ATRP: synthesis, degradation, and aqueous
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Well-defined reductively degradable amphiphilic block copolymers having disulfide linkages positioned
repeatedly on hydrophobic chains, thus exhibiting fast degradation, were prepared by a combination of
polycondensation and ATRP. The new method consists of three synthetic steps including, (1)
polycondensation of commercially available diols and diacids through carbodiimide coupling or high
temperature processes to synthesize degradable polyesters with disulfides labeled on the main chain at
regular intervals (ssPES-OH), (2) bromination of ssPES-OH to ssPES-Br, and (3) ATRP for chain
extension of ssPES-Br with water-soluble polymethacrylate, yielding ssPES-b-polymethacrylate block
copolymers (ssABPs). The reductive cleavage of disulfide linkages in reducing conditions resulted in the
degradation of ssPES homopolymers; their degradation rate was significantly enhanced with the
increasing amounts of disulfide linkages in ssPES-OH and reducing agents. For ATRP, gel permeation
chromatography and '"H-NMR results confirmed the synthesis of well-defined ssABPs and revealed
that polymerizations were well controlled. Because of their amphiphilic nature, ssABPs self-assembled
in water toward the formation of core/shell micelles consisting of a hydrophobic ssPES core surrounded
with polymethacrylate coronas. The effects of the corona’s chain length on thermal properties and
micellization in water of well-defined ssABPs were examined. Moreover, reductive (or thiol-responsive)
degradation of ssABP-based micelles enabled fast release of encapsulated model drugs. Cell culture
experiments confirmed nontoxicity and biocompatibility of well-defined ssABPs as effect candidates for
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targeted delivery applications.

Introduction

Well-defined amphiphilic block copolymers (ABPs) have great
potential as building blocks to construct nanostructured mate-
rials in biomedicine, pharmaceutics, cosmetics, and bionano-
technology.! ABPs self-assemble in aqueous solutions to form
core/shell micelles consisting of a hydrophobic core, capable of
carrying a variety of bioactive molecules including therapeutics,
surrounded with hydrophilic coronas, to ensure water-solubility
and biocompatibility.? These micelles offer many advantages as
polymer-based drug delivery systems (DDS).® Their advanta-
geous properties include facile preparation, colloidal stability
with low critical micellar concentration (CMC), and tunable sizes
with narrow size distribution, as well as high physical loading
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efficiency of drugs without chemical modification and improved
pharmacokinetics. They can also protect drugs from possible
deactivation and preservation of their activities during circula-
tion, transportation to targeted organ or tissue, and intercellular
trafficking. However, the present and future design and devel-
opment still require a high degree of control over properties.**
Fast and controllable release of encapsulated drugs is greatly
desired in the development of ABP-based micellar DDS.%® In the
recent years, much effort has been directed toward the develop-
ment of stimuli-responsive degradable micelles. In general, these
micelles contain cleavable linkages that can degrade in response
to external stimuli, causing the micelles to dissociate. The typical
external triggers include low pH or light, as well as reductive,
oxidative, or enzymatic reactions.® Reductive reaction utilizes
reductively degradable disulfide linkages. Disulfides are cleaved
into their corresponding thiols in two ways: under reducing
environments in the presence of reducing agents such as tributyl
phosphine (Bu3P)'*'" and through a disulfide-thiol exchange in
the presence of water-soluble thiols such as dithioerythritol
(DTT)"*** and glutathione (GSH, a tripeptide containing
cysteine with a pendent thiol group).’® In biological environ-
ments, GSH is found in animal cells at millimolar
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concentrations, enabling biodegradation.'® Several approaches
to the disruption of micelles have been proposed. One approach
involves the introduction of cleavable crosslinkers functionalized
with disulfide'*'” or acid-labile acetal’®'® during micellization or
post-micellization to yield crosslinked micelles.*® Another
approach involves the incorporation of a cleavable group at the
junction of hydrophilic and hydrophobic blocks. Typical exam-
ples include the synthesis of sheddable micelles containing
mainly photo-cleavable,?* disulfide,** and recently hydrazone*
linkages. The main established approach is to incorporate
stimuli-responsive cleavable (or degradable) groups onto the
hydrophobic block of ABPs. The cleavable groups are positioned
as pendent groups of the hydrophobic main chain.?*3! However,
the method is limited in that it only works when specific mono-
mers are synthesized. The promising method is to develop
degradable block copolymers containing cleavable groups in the
hydrophobic block positioned repeatedly along the hydrophobic
main chain.??

Controlled radical polymerization3*** has proven to be useful
for the construction of well-controlled ABPs as effective delivery
carriers. In addition to reversible addition—fragmentation chain
transfer (RAFT) polymerization®7 and nitroxide-mediated
radical polymerization (NMP),**3% atom transfer radical poly-
merization (ATRP) has been extensively utilized for the prepa-
ration of well-controlled ABPs,**** particularly polyester-based
ABPs.#+¢

Herein we report the synthesis of reductively degradable (or
thiol-responsive) ABPs with disulfide linkages positioned
repeatedly on the main chain at regular intervals, allowing for
fast reductive degradation and thus rapid and controlled release
of encapsulated model drugs. These well-defined ABPs were
prepared by the combined polycondensation and ATRP. This
new method includes three synthetic steps (Scheme 1). The first
step is the polycondensation of commercially available diols
and diacids to prepare degradable polyesters labeled repeatedly
with disulfide linkages (ssPES-OH) on the main chain. A series

3,3'-dithiodipropionic acid (SS-Dacid) was synthesized by
polycondensation through carbodiimide coupling or high
temperature processes. The effect of the amounts of disulfide
linkages in ssPES-OH and reducing agents on degradation of
these ssSPES-OH homopolymers was examined. The second
step is the bromination of ssPES-OH to prepare ssPES-Br as
an ATRP macroinitiator. The third step involves ATRP for
chain extension of ssPES-Br with water-soluble poly-
methacrylate, allowing for the synthesis of disulfide-labeled
degradable ssABPs. Well-defined ssABPs having different chain
lengths of polymethacrylate block were further characterized
with thermal analysis and micellization in water. The applica-
bility for biological applications of these degradable ssABPs as
drug delivery vehicles was initially assessed with cell viability
measurements.

Experimental
Materials

2-Hydroxyethyl disulfide (SS-DOH), 1,12-dodecyl diol
(C12-DOH), 3,3’-dithiodipropionic acid (SS-Dacid), N,N'-dicy-
clohexyl carbodiimide (DCC), 4-dimethylaminopyridine
(DMAP), triethylamine (Et;N), o-bromoisobutyryl bromide
(Br-iBuBr), 1,1,4,7,10,10-hexamethyltriethylenetetramine
(HMTETA, 97%), 2,2-bipyridyl (bpy), N.N,N',N'',N"-pentam-
ethyldiethylenetriamine (PMDETA, >98.0%), copper(1) bromide
(CuBr, >99.99%), copper(i1) bromide (CuBr,, >99.99%), 0.102 N
KOH standard solution in methanol, tributyl phosphine (Bu;P,
97%), p-toluene sulfonic acid (p-TSA), Nile Red (NR), and ani-
sole from Aldrich were used as received. pr-Dithioerythritol
(DTT, 99%) was purchased from Acros Organics. Oligo(ethylene
glycol) monomethyl ether methacrylate (OEOMA) with M =
300 g mol~' and pendent EO units DP = 5 from Aldrich was
purified by passing it through a column filled with basic alumina
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Scheme 1 Synthetic route for reductively degradable ssABPs consisting of ssPES block labeled repeatedly with disulfide linkages along hydrophobic

main chains and a water-soluble POEOMA block.
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Polycondensation for synthesis of ssPES-OH

Carbodiimide coupling of SS-Dacid and different diols (SS-DOH
and C12-DOH) in the presence of DCC was examined to
synthesize a series of sSSPES—OH. The procedure for the synthesis
of ssPES-2 containing SS-DOH is as follows: SS-Dacid (26.8 g,
0.127 mol) dissolved in tetrahydrofuran (THF, 100 mL) was
drop-wise added to a solution of SS-DOH (20 g, 0.130 mol),
DCC (53.6 g, 0.260 mol), a catalytic amount of DMAP, and
THF (200 mL) at 0 °C over 30 min. The resulting solution was
stirred at room temperature overnight. Formed white solids were
removed by a vacuum filtration, and then the solvent was
removed by rotary evaporation. An aliquot of the product (5 g)
was precipitated from MeOH (50 mL) to remove MeOH-soluble,
low molecular weight species. The precipitated ssPES-2 was
dried in a vacuum oven at room temperature overnight. Yield =
30.4 g (65%).

Similar procedure was utilized for the synthesis of ssPES-4,
except for the use of SS-Dacid (6.0 g, 0.029 mol), C12-DOH
(6.2 g,0.031 mol), DCC (6.4 g, 0.031 mol), a catalytic amount of
DMAP, and THF (150 mL). The product was purified by
precipitation from MeOH. Yield = 6.5 g (53%).

High temperature polycondensation of SS-Dacid and C12-
DOH in the presence of p-TSA, a Lewis catalyst, was examined
to synthesize relatively high molecular weight ssPES-OH
homopolymers. The typical procedure for the synthesis of ssPES-
6 containing C12-DOH is as follows: SS-Dacid (1.04 g,
4.9 mmol), C12-DOH (1.0 g, 4.9 mmol), and p-TSA (0.08 g,
0.4 mmol) were charged and the mixture was magnetically stirred
at 180-185 °C for a given time. The dark brown melt was cooled
at room temperature, dissolved in THF, and then
precipitated from MeOH (200 mL). The precipitated ssPES-6
was dried in a vacuum oven at room temperature overnight.
Yield = 0.8 g (41%).

Bromination of ssSPES-OH to ssPES-Br

A solution of Br-iBuBr (9.43 g, 41.2 mmol) in THF (20 mL) was
added drop-wise to a solution of ssPES-2 (33.8 g, 19.3 mmol) in
a mixture of Et;N (5.8 mL, 41.1 mmol) and THF (280 mL). The
resulting dispersion was stirred overnight. Formed white solids
were removed by vacuum filtration and the solvent was removed
by rotary evaporation. Crude product was re-dissolved in MeCl,
and the mixture was washed with an aqueous NaHCOj solution
and an aqueous HCI solution (2 times each). The solvent was
removed by rotary evaporation. The residue was precipitated
from MeOH to isolate ssPES-Br. Yield = 18.7 g (55%).

ATRP for synthesis of ssSPES-5>-POEOMA block copolymers
(ssABPs)

A series of ATRP of OEOMA was conducted in the presence of
the ssPES—-Br macroinitiator in anisole at 47 °C under different
conditions. The detailed procedure for ATRP-2 is as follows:
dried, purified ssPES-2-Br (0.5 g, 0.33 mmol), OEOMA (5.6 g,
18.7 mmol), HMTETA (45 pL, 0.167 mmol), and anisole (6 mL)
were added to a 25 mL Schlenk flask. The resulting mixture was
deoxygenated by three freeze—-pump-thaw cycles. The reaction
flask was filled with nitrogen and then CuBr (23.9 mg,
0.167 mmol) was added to the frozen solution. The flask was

closed, evacuated with vacuum and backfilled with nitrogen three
times. The mixture was thawed and an initial sample was taken
via a syringe. The flask was then immersed in an oil bath pre-
heated to 47 °C to start the polymerization. Aliquots were
withdrawn at different time intervals during the polymerization
to monitor conversion and molecular weight by GPC. The
polymerization was stopped by exposing the reaction mixture to
air.

The resulting ssABPs were purified by removal of residual
copper species and unreacted monomers. As-prepared green
polymer solutions (5 g) were drop-wise added into hexane
(150 mL) under stirring to precipitate green residues. The
precipitated polymers were passed through a column filled with
basic aluminium oxide with THF as an eluent to remove copper
species. The solvent was removed by rotary evaporation and
residual solvents were further removed in a vacuum oven at 50 °C
overnight, resulting in dried, purified ssABP.

Instrumentation and analyses

"H-NMR spectra were recorded using a 500 MHz Varian spec-
trometer with CDCl; singlet at 7.29 ppm and DMSO-dg at
2.5 ppm as reference standards. Molecular weight and molecular
weight distribution were determined by gel permeation chro-
matography (GPC) with a Viscotek VE1122 pump and a refrac-
tive index (RI) detector. Three PolyAnalytik columns (PAS-
103L, 105L, 106L, designed to determine molecular weight up to
2 000 000 g mol™') were used with THF as an eluent at 30 °C at
a flow rate of 1 mL min~'. Linear poly(methyl methacrylate)
(PMMA) standards were used for calibration. Aliquots of
polymer samples were dissolved in THF and the clear solutions
were filtered using a 0.25 um PTFE filter to remove any THF-
insoluble species. A drop of anisole was added as a flow rate
marker. Conversion was also determined using GPC by
following the decrease in the macromonomer (OEOMA) peak
area relative to the increase in the polymer peak area. The
particle size was measured by dynamic light scattering (DLS) on
a Particle Sizer, Model DynaPro Titan from Wyatt Technology.
The critical micellar concentration (CMC) of block copolymers
in water was determined on a DeltaPi Surface Tensiometer from
Kibron at room temperature. Thermal properties including glass
transition temperature (7,) and melting temperature (7},) of
polymers were measured with a TA Instruments DSC Q10
differential scanning calorimeter over a temperature range of
—70 to 150 °C at a heating rate of 10 °C min~".

Characterization

The concentration of terminal COOH groups in ssPES-OH was
determined using an acid-base titration. Typically, the dried,
purified ssPES-3 (503.6 mg, 2.74 mmol) was dissolved in
a mixture of 1/1 v/v THF/MeOH (150 mL) containing phenol-
phthalein as a pH indicator. 0.102 N KOH standard MeOH
solution was added until the color changed to pink. The volume
of KOH standard solution (2.1 mL) was recorded and [COOH]
in ssPES-OH was calculated. A similar procedure was repeated
for ssPES-4. From the molecular weight of ssPES-OH, the
fraction of ssPES terminated with OH groups at both chain ends
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and ssPES terminated with OH and COOH groups was
calculated.

Reductive degradation of ssPES under reducing conditions
was examined using GPC. ssPES-OH (60 mg) was dissolved in
THF (5 mL) under magnetic stirring. After an addition of
different amounts of Bu;P, aliquots of polymer solutions
were taken at given time intervals to analyze molecular weight
and molecular weight distribution of degraded products of
ssPES-OH.

CMC of ssABPs in water was determined as follows: an
aliquot of the purified, dried ssABP (20 mg) was dissolved in
THF (2.5 mL). The clear polymer solution was drop-wise added
into deionized water (20 mL). The resulting dispersion was kept
under stirring overnight to remove THF, allowing for colloidally
stable micellar dispersion at a concentration of 1.0 mg mL™".
Then, aliquots of the aqueous stock solution were diluted with
different amounts of deionized water, forming a series of ssABP
solutions at different concentrations from 10> to 1.0 mg mL~". A
tensiometer was used to measure the pressure (mN m™') of the
solutions as follows: an aliquot of each ssABP solution (600 pL)
was carefully placed on each well and equilibrated before
measurements. The tensiometer was calibrated using air and
water.

For self-assembled micellization of ssSABPs in water, a series of
clear solutions of different amounts of purified, dried ssABP-1
was dissolved in THF (2.5 mL) and drop-wise added into
deionized water (20 mL). The resulting dispersions were kept
under stirring overnight to remove THF, resulting in colloidally
stable micellar dispersions at different concentrations of ssABP-
1. Using the similar procedure, 10.5 mg mL~' of micellar
dispersion of ssABP-2 was prepared.

For release of Nile Red (NR) from thiol-responsive degradable
micelles in water, NR-loaded micelles were prepared as follows:
a stock solution of NR in THF (5 mg mL~!, 2 mL) and ssABP
(100 mg) was mixed with water (10 mL) under magnetic stirring
for 30 min. Non-dissolved NR was precipitated by centrifugation
(8000 rpm x 15 min x 4 °C). The supernatant of NR-loaded
micelles was divided into two aliquots of equivalent volume in
fluorescence cuvettes. To an aliquot was added DTT (17 mg,
DTT/SS = 1/1). Another aliquot was used as control without
DTT. Their fluorescence spectra (A.x = 480 nm) were measured at
different time intervals and the fluorescence intensity at Ao, =
641 nm was monitored to construct the release profile of NR over
degradation time. For GPC measurements of degraded products,
water was removed from the mixtures by rotary evaporation.
After polymeric residues were further dried in a vacuum oven at
50 °C overnight, they were then dissolved in THF to be analyzed
by the GPC.

For cell viability using MTS assay, HEK293T cells were plated
at 2 x 10° cells per well into a 96-well plate and incubated for
24 h in Dulbecco’s Modified Eagle Medium (DMEM, 100 uL)
containing 10% fetal bovine serum (FBS). They were then treated
with various concentrations of ssABP-1 for another 48 h. The cell
viability was measured using CellTiter 96 Aqueous Non-
Radioactive Cell Proliferation Assay kit (Promega) according to
the manufacturer’s instruction. Briefly, a mixture of MTS and
PMS solutions (20 pL) was added into each well and the
absorbance was recorded at A = 490 nm after 4 h using Flex-
Station I1*** (Molecular Devices).

Results and discussion

The new method employing a combination of polycondensation
with ATRP allows for the synthesis of well-defined disulfide-
labeled degradable ssABPs. The method includes three synthetic
steps: (1) polycondensation through carbodiimide coupling or
high temperature processes for synthesis of ssPES-OH, (2)
bromination of ssPES—OH to ssPES-Br, and (3) ATRP for chain
extension of ssPES-Br with water-soluble polymethacrylate.
Degradation of ssPES-OH in the presence of reducing agent,
thermal analysis, and micellization of ssABPs were systemati-
cally investigated. Release behavior and cell viability were also
examined.

Synthesis of ssPES-OH

Two polycondensation processes to synthesize a series of
reductively degradable ssPES-OH having disulfide linkages
positioned repeatedly on the main chains were examined. Table 1
summarizes the experimental conditions, molecular weight data,
and yield of final ssPES-OH homopolymers.

The utilization of carbodiimide coupling for the synthesis of
multiblock copolymers has been reported.*” In our experiments,
two different diols including SS-DOH or C12-DOH reacted with
SS-Dacid in the presence of DCC. White solids formed during
reactions were removed by vacuum filtration and solvents were
evaporated by rotary evaporation. For ssPES-OH containing
SS-DOH, the precipitation of crude product from different
solvents including hexane, Et,O, and MeOH was examined. As
presented in Table 1, molecular weights of precipitated ssPES-1,
2, and 3 were ~2000 g mol~!, while their yields were varied at 65—
75% with different solvents. ssPES-2 precipitated from MeOH
had a lower yield and thus MeOH was selected for purification of
ssPES-OH. Fig. 1 shows the '"H-NMR spectrum of ssPES-2,
compared with those of starting materials of SS-DOH and SS-
Dacid. A NMR signal at 3.9 ppm corresponds to methylene
protons (a) adjacent to terminal OH groups. The typical signal
appeared at 4.4 ppm that corresponds to methylene protons (a’)
adjacent to newly formed ester linkages.

For ssPES-OH containing C12-DOH, its crude product was
precipitated from MeOH, resulting in ssPES-4 with M, = 3500 g
mol™! at yield = 53%. The structure of ssPES-4 was also
confirmed by 'H-NMR (Fig. S17). Its molecular weight was
larger than that of ssPES containing SS-DOH, which is
presumably attributed to longer chain length of C12-DOH than
SS-DOH.

In an attempt to synthesize relatively high molecular weight
ssPES, the high temperature polycondensation in the presence of
p-TSA*® as a Lewis acid catalyst was examined.*” The 1 : 1 mole
ratio of C12-DOH and SS-Dacid was mixed with p-TSA in bulk
at 185 °C. The amount of p-TSA defined as the ratio of
[C12-DOH]o/[p-TSA]y was varied with 50/1 and 25/1. Table 1
summarizes the results. For both polycondensation reactions
with 50/1 (ssPES-5) and 25/1 ratio (ssPES-6), their molecular
weights were ~10 000 g mol~'. When the polymerization time
increased from 5 to 20 h with [C12-DOH]y/[p-TSA]y = 25/1, the
molecular weight of ssPES-7 increased to 19 600 g mol~!, which
is twice larger than that (10 000 g mol™') of ssPES-6 (5 h). These
results indicate that the high temperature process enabled the
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Table 1 Polycondensation for synthesis of reductively degradable ssPES-OH homopolymers

Degradable PES Diol [OHY/[p-TSA] Solvent for precipitation M,/g mol™! MM, Yield (%) Polymerization time
Carbodiimide coupling polycondensation
ssPES-1 SS-DOH Et,O 1750 2.3 75 12 h*
ssPES-2 SS-DOH MeOH 2000 2.1 65 12 h*
ssPES-3 SS-DOH Hexane 1700 2.3 70 12 h*
ssPES-4 C12-DOH MeOH 3200 1.9 53 12 h*
High temperature polycondensation (185 °C)
ssPES-5 C12-DOH 50/1 MeOH 9800 1.8 45 5h
ssPES-6 C12-DOH 25/1 MeOH 10 300 1.7 41 Sh
ssPES-7 C12-DOH 25/1 MeOH 19 600 1.3 61 20h
“ Reaction mixtures were stirred overnight.

S8-DOH 2
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Fig. 1 'H-NMR spectra of SS-DOH, ssPES-2, and ssPES-2-Br in CDCl; and SS-Dacid in DMSO-dg.

Table 2 Acid-base titration results of ssPES-OH homopolymers

ssPES Diol Sample/mg Vol‘/mL [COOH]y/mmol [COOH],g/mmol Vi
ssPES-1 SS-DOH 503.6 2.1 2.74 0.22 0.92
ssPES-4 C12-DOH 4458 2.1 2.08 0.22 0.90

“ Volume of 0.102 N KOH standard solution in MeOH at change in color.

b Extent of reaction = [COOH],cactea/[COOH]o.

synthesis of relatively high molecular weight ssPES-OH. In
addition, polymerization time is an important parameter that
significantly increases the molecular weight of ssPES. However,
when SS-DOH was mixed with SS-Dacid at the temperature of
185 °C, no significant amounts of ssPES were obtained.

Table 2 presents the availability of terminal hydroxyl (-OH)
group of ssPES-OH determined by acid-base titration in
a mixture of 1/2 v/v MeOH/THF. The titration results, with the
M, values determined by GPC (Table 1), allowed for estimating
the fraction of ssPES having terminal OH and COOH groups. It
was 84% for ssPES-3 and 76% for ssPES-4.

Reductive degradation of ssPES—-OH in reducing environments

The reductive cleavage of disulfide linkages of ssPES-OH
homopolymers was investigated with BusP, an organic reducing

agent. Aliquots of ssSPES-OH dissolved in THF were magneti-
cally stirred with different amounts of Bu;P defined as the mole
ratio of BusP/disulfide (SS). GPC was used to measure the
molecular weight of ssPES-OH with degradation time.

Fig. S2+ shows overlaid GPC traces of ssSPES-2 and ssPES-4 in
the absence and presence of different amounts of BusP. In the
presence of BuzP, GPC traces evolved to low molecular weight
region over time, suggesting the decrease in molecular weight of
ssPES-OH due to the cleavage of SS linkages upon degradation

o] o o]
HS )k/\ /\)l\ 2 )J\/\
~ o SH HS O’mo SH

SH-PES-2-deg SH-PES-4-deg

Scheme 2 Chemical structures of corresponding thiols degraded from
ssPES-2 and ssPES-4 in the presence of Bu;P.
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of ssPES-OH. It can be assumed that when SS linkages are
completely cleaved to their corresponding thiols, the degraded
product could be SH-PES-2-deg with M, = 182 g mol™! for
ssPES-2 containing SS-DOH and SH-PES-4-deg with M, =
412 g mol ™! for ssPES-4 containing C12-DOH (Scheme 2). With
the molecular weights of the degraded thiols, the molecular
weights of degraded ssPES at different times were normalized,
resulting in “%Remaining ssPES” as the extent of degradation of
ssPES.

Fig. 2a shows the %Remaining ssPES-2 (containing SS-DOH)
in the absence and presence of different amounts of BusP
(different ratios of BusP/SS) over time. In the absence of BusP,
the %Remaining ssPES-2 did not change, suggesting no signifi-
cant degradation of ssPES-2. When BusP was added, %
Remaining ssPES-2 decreased with degradation time. With an
increasing amount of BusP, the decrease in % Remaining ssPES-2
over time was enhanced. Similar results were observed for ssPES-
4 containing C12-DOH with slower decrease in %Remaining
ssPES-4 (Fig. 2b). Fig. 2c compares degradation behavior of
ssPES-2 with ssPES-4 as a function of different ratios of BusP/SS
at given degradation times. First of all, faster degradation was
observed with an increasing amount of BuzP. For ssPES-2, %
Remaining ssPES decreased from 100% for 0/1 ratio (no BusP) to
60% for 0.2/1, 40% for 0.5/1, and further to <10% for 1/1 after
30 min. For ssPES-4 containing C12-DOH, %Remaining ssPES
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decreased to 60% for 1/1 and 40% for 2/1 after 2 h and 30% for
1/1 and 20% for 2/1 after 6 h. Secondly, the degradation of
ssPES-2 containing SS-DOH was much faster than that of
ssPES-4 containing C12-DOH. For example, with Bu;P/SS =
1/1, the %Remaining ssPES was <10% for ssPES-2 after 30 min,
while it was 60% after 2 h and 30% after 6 h for ssPES-4. The
faster degradation of ssPES-2 could be attributed to more SS
linkages in ssPES-2 chains from SS-DOH.

Due to fast degradation of ssPES containing SS-DOH, further
experiments for chain extension, thermal analysis, micellization,
release, and cell viability were performed with only ssPES con-
taining SS-DOH, particularly ssPES-2.

Synthesis of ssABP using ATRP

ATRP was utilized for the chain extension of ssPES-2 with
water-soluble polymethacrylate, allowing for the synthesis of
well-defined degradable ssABPs. First, bromination of ssPES—
OH was completed by its reaction with Br-iBuBr in the presence
of Et;N, yielding ssPES-2-Br as an ATRP macroinitiator. The
crude product was washed with both aqueous acidic and alkali
solutions to remove water-soluble species as well as to hydrolyze
anhydrides possibly formed by the reaction of terminal carbox-
ylic acid with Br-iBuBr. After precipitation from MeOH, the
molecular weight of ssPES-Br increased to M,, = 2400 g mol™'
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c) 1004
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Fig.2 Degradation of ssPES-2 containing SS-DOH (a) and ssPES-4 containing C12-DOH (b) with different amounts of Bu;P defined as the mole ratio

of Bu;3P/SS over degradation time (a and b), and over BusP/SS (c).
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with M /M, = 1.5. Such increase is probably due to the removal
of low molecular weight species. '"H-NMR confirmed successful
bromination. As seen in Fig. 1, the signal at 3.9 ppm (a) for
methylene protons adjacent to terminal OH group of ssPES-2
disappeared; a new peak at 4.5 ppm (a'’) corresponding to
methylene protons to bromoester group appeared.

Next, a series of ATRP of a water-soluble oligo(ethylene
glycol) monomethyl ether methacrylate (OEOMA) in the pres-
ence of ssPES-2-Br in anisole at 47 °C was examined. Ligands for
CuBr such as HMTETA and bpy and a ratio of [OEOMA],/
[ssPES-2-Br]y = 50/1 and 100/1 were varied. As summarized in
Table 3, all three polymerizations were relatively fast, reaching
>80% conversion within 2-3 h. However, ATRP-1 with 50/1 and
HMTETA was lightly faster than ATRP-2 with 50/1 and bpy,
but slower than ATRP-3 with 100/1 and HMTETA. As shown in
Fig. 3, the three polymerizations were first order, indicating
a constant concentration of active centers during the polymeri-
zations. The molecular weight increased with conversion and the
polydispersity remained low, M/M, < 1.4 up to 60% monomer
conversion.

In another set of experiment, the effect of the presence of
a small amount of CuBr, deactivator on the course of the ATRP
of OEOMA was examined. A 10% CuBr, to CuBr activator was
introduced to slow down polymerization. As seen in Fig. 4a, the
polymerization is first order with an induction period of 1 h. The
molecular weight increased with conversion and its values were
somewhat smaller than theoretically predicted (Fig. 4b). The
polydispersity remained low, M /M, < 1.4 up to 60% monomer
conversion. GPC traces show bimodal distributions (Fig. 4c).
The high molecular weight species had peak molecular weights
twice higher than those of the lower molecular weight species.
The higher molecular weight species could be formed from
difunctional macroinitiators (Br-ssABP-Br).

Well-defined ssABPs with different chain lengths of water-
soluble POEOMA block were purified as described in the
Experimental section. Table 4 summarizes their properties
including molecular weight, CMC, and particle size data as well
as the amount of ssPES-2 in block copolymers. Thermal analysis,
micellization, release behavior, and cell viability of these block
copolymers were examined.

Thermal analysis of ssPES and ssABP

Thermal properties of ssPES and block copolymers (ssABPs)
were characterized by utilizing DSC. As seen in Fig. 5a, the DSC
diagram of ssPES-2 shows a strong endothermic melting peak at
T = ~34 °C. ssABPs consist of hydrophobic ssPES block and
hydrophilic POEOMA block, both of which are immiscible.
Fig. 5b shows the DSC diagrams of ssABPs with different
molecular weights of POEOMA block. For ssABP-1 with M, =
11 000 g mol™' containing 17% ssPES, the diagram shows the

2.5 . . . ; . .
]a
ATRP-1
2,04 po—— (5011, HMDETA),_.~
(1001, HMTETA) - 4
."‘
= 1.5 4 .
= L[]
= ATRP-2
= 1.0+ (5011, bpy) -
£
0.5+ ]
O'D - T T T T T T
00 05 10 15 20 25 30 35
Time (hrs)
35000 : ’ ; ’ 3.0
b)
30000 -
® ATRP-1 (5011, HMTETA) 25
25000 & ATRP-2 (50/1, bpy)
B ATRP-3 (100/1, HMTETA)
© 20000 -
E 20s
-‘-’—; 15000 E;
=
10000 -| i
5000 -]
0 T T - . 1.0
0.0 0.2 0.4 0.6 0.8 1.0

Conversion

Fig.3 First-order kinetic plot (a) and evolution of molecular weight and
molecular weight distribution with conversion (b) for ATRP of OEOMA
in the presence of ssPES-2-Br in anisole at 47 °C. Conditions: [OEOMA]y/
[ssPES-2-Br]y/[ligand]y = x/1/y where x = 50 and 100 and y = 0.5 for
HMTEMA and 1 for bpy and OEOMA/anisole = 54 wt%. The dotted
lines in (a) are linear fits, and the straight lines in (b) are the theoretically
predicted molecular weight over conversion.

melting peak at T, = ~34 °C contributed from crystalline ssPES
block and a glass transition at 7y = ~—33 °C from amorphous
POEOMA block. For ssABP-2 with larger POEOMA block
(M,, = 17000 g mol™' and 11% ssPES), both T}, and T, were
observed. However, weak endothermic Ty, peak appeared due to
the less amount of crystalline ssPES in the block copolymer.

Aqueous micellization of ssABP

ssABP block copolymers are amphiphilic and can form micelles
consisting of a hydrophobic ssPES core surrounded with rela-
tively long hydrophilic POEOMA coronas. CMC values of
ssABPs were determined by tensiometry. A stock solution of
each ssABP in water at the concentration of 1.0 mg mL~' was

Table 3 A series of ATRP of OEOMA in the presence of ssPES-2-Br macroinitiator

ssABP [OEOMA]y/[ssPES-2-Br], Ligand Time/h Conversion/% M,/g mol™! MM,
ATRP-1 50/1 HMTETA 3 86 20 300 1.53
ATRP-2 50/1 bpy 3 82 22 600 1.35
ATRP-3 100/1 HMTETA 2 81 27 500 1.62
ATRP-4 50/1 PMDETA 3 85 20416 1.51
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conversion.

Table 4 Properties of well-defined ssABPs and their micelles

Diameter/nm”
Block copolymer M,/g mol™! MM, ssPES (%) CMC“pg mL™! Population 1 Population 2
ssPES-2 2000 2.10 100 Precipitated
ssABP-1 11 000 1.27 16.6 12 22.1 138.0
ssABP-2 17 000 1.47 10.6 8 12.2 61.1

“ Measured using tensiometry. ° Measured using DLS at 10 mg mL~" micellar concentration.

prepared by mixing ssABP in THF with water, followed by
evaporation of THF. Aliquots of each stock solution were
diluted with various amounts of water. Fig. 6a shows the plots of
surface pressure values measured using a tensiometer vs. various
concentrations of ssABPs in water. For ssABP-1, pressure does
not change at its lower concentration; however it increased with
an increasing concentration of ssABP-1, and then slowly
increased with further increase in the amount of ssABP-1. From
two equations obtained by fitting each dataset to linear rela-
tionships, the CMC of ssABP-1 with M, = 11 000 g mol' was
determined to be 12 pg mL~'. Using a similar procedure, the
CMC of ssABP-2 with M, = 17 000 g mol~' was 8 ug mL~..
These results indicate that the CMC decreased as the corona
chain length increased.

The particle size and size distribution of micelles of ssABPs
were determined using dynamic light scattering (DLS) at the
concentrations above the CMC. The solvent evaporation method

was utilized for micellization.**® As expected, the hydrophobic
ssPES-2 homopolymer itself did not form micelles, but aggre-
gated (Table 4). ssPES-b-POEOMA block copolymers formed
stable micelles. First, the effect of corona size (chain length of
POEOMA block) on particle size and size distribution was
examined at a 10 mg mL~' micellar concentration. Fig. 6b shows
CONTIN plots for micelles of ssABP-1 with M, =
11 000 g mol™"' and ssABP-2 with M,, = 17 000 g mol~'. The
micelles contained two populations with small and large particle
sizes, as reported for micelles of poly(lactide-co-glycolic acid)-b-
POEMA in water.*® As compared in Table 4, the average particle
size of large population was calculated to be 138.0 nm for ssABP-
1 and 61.1 nm for ssABP-2. The small particles with diameter =
12-22 nm are probably attributed to the presence of unimers.
Note that the concentration of 10 mg mL~" is significantly higher
than the CMC (0.012 mg mL~"). When a micellar dispersion of
ssABP-1 at the concentration of 1.0 mg mL~' was diluted by
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Fig. 5 DSC diagrams of ssPES homopolymer (ssPES-2) (a) and
ssABP-1 and ssABP-2 (b).

100 folds (eventually, reaching 0.01 mg mL ", close to the CMC),
the DLS indicates one population with an average diameter of
71.2 nm (Fig. S47).

Next, the effect of the amount of ssABP-1 (having M, =
11000 g mol™") on the formation of micelles in water was
examined. A series of micellar dispersions with different amounts
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Fig. 7 Adjustment of the diameter of micelles with varying concentra-
tions of ssABP-1 in water. The line was added for better visualization on
an increase in the size of small particles.

of ssABP-1 ranging from 0.05 to 50 mg mL~"' in water were
prepared. Note that the amount of THF to dissolve the different
amounts of ssABP-1 was kept constant. Their CONTIN plots
based on %intensity in water also show two populations
(Fig. S3t). As seen in Fig. 7, the diameters of both populations
increased with an increasing amount of ssABP-1 in water: 50 to
200 nm for large population and 5 to 22 nm for small population.
Such increase in particle sizes could be attributed to higher
concentration of ssABP-1 in THF solution, thus leading to
higher viscosity and slower diffusion of the organic phase into
aqueous phase.*5! These results suggest that the particle size of
ssABP-based micelles could be adjusted by varying the size of
POEOMA corona and concentration of ssABP in water.

Release of encapsulated model drug upon degradation of micelles

The release of a fluorescent dye as a model encapsulated drug
upon degradation of ssABP-based micelles in response to DTT,
a water-soluble thiol, in aqueous solutions was examined. Nile
Red (NR) is hydrophobic and has been utilized as a hydrophobic

b)

O

Population (%)
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ssABP-2

Hm
1 10
Diameter (nm)

100

Fig. 6 Determination of CMC by tensiometry (a) and CONTIN plots based on %intensity for micelles (b) of ssABP-1 with M, = 11 000 g mol~' and

ssABP-2 with M, = 17 000 g mol~' in water.
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traces before and after degradation (d).

model encapsulate.®5®* ssABP-1 and NR were dissolved in
a mixture of water/THF (82/18 w/w). After the removal of non-
dissolved NR using centrifugation, the supernatant was divided
into two equivalent aliquots in fluorescence cuvettes: one aliquot
without DTT as a control and the other aliquot mixed with DTT
whose amount is defined as the mole ratio of DTT/SS = 1/1. Their
fluorescence spectra were measured at given time intervals to
monitor the fluorescence intensity at A.,, = 641 nm (Fig. 8a and b).
No significant weight loss possibly caused by the evaporation of
THF during measurements was observed during experiments.
Fig. 8c shows the release profile of NR from NR-loaded micelles
over degradation time. In the absence of DTT, NR can be either
confined in small micellar cores or dissolved in water/THF
mixture. No significant change in the fluorescence intensity was
observed over 6 h, suggesting no release as well as no photo-
bleaching of significant amount of NR. When DTT is added, NR-
loaded micelles degrade to the corresponding water-soluble HS—
POEOMA, as confirmed by GPC traces in Fig. 8d. Upon micellar
degradation, NR was released to the mixture of water/THF and its
fluorescence intensity decreased over time, which is attributed to
quenching by water molecules, not by photobleaching.>® The
results suggest faster release of NR in the presence of DTT; >85%
NR was released within 3 h. These results confirm that thiol-
responsive degradation enabled fast and controlled release of
encapsulated molecules.
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Fig. 9 Viability of HEK cells cultured with various amounts of ssABP-1
for 48 h.

Cell viability

The MTS assay (a calorimetric method to measure cell viability)
was used to examine the cytotoxicity of ssABPs. Aliquots of
different concentrations of ssABP-1 were cultured with human
embryonic kidney HEK?293T cells. After 48 h incubation, the
absorbance was measured using absorbance-based plate reader.
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As seen in Fig. 9, the absorbance values in the presence of
different amounts of ssABP-1 up to 100 pg mL~" were similar to
that without ssABP-1 as a control. This result suggests that
ssABP block copolymers are nontoxic to HEK293 cells.

Conclusion

Well-defined reductively degradable ssABPs were synthesized by
the new method employing a combination of polycondensation
and ATRP. These well-defined block copolymers consist of
a reductively degradable ssPES block labeled repeatedly with
disulfide linkages on the main chain at regular intervals, thus
exhibiting fast degradation in reducing environments, and
a water-soluble POEOMA block, ensuring water-solubility and
biocompatibility.

Polycondensation through both carbodiimide coupling and
high temperature processes allowed for the synthesis of disulfide-
labeled ssPES-OH containing SS-DOH and C12-DOH; the high
temperature process resulted in relative high molecular weight
ssPES. The cleavage of disulfide linkages in reducing conditions
led to the degradation of ssPES homopolymers. GPC results
monitoring the decrease in molecular weight of their degraded
products suggest that faster degradation was obtained with
increasing amounts of disulfides in ssPES and reducing agents.
ATRP of OEOMA in the presence of brominated ssPES-Br
containing SS-DOH was controlled, allowing for the synthesis of
sSPES-b-POEOMA copolymers (ssABPs). All polymerizations
were first-order; molecular weight increased with conversion; and
molecular weight distribution remained <1.4 up to 60%
conversion.

Well-defined ssABPs were amphiphilic to form stable core/
shell micelles. Their CMC values were in range of 8-12 ng mL™;
such low CMC values could be advantageous for drug delivery
applications in vivo, because such micelles can offer great
colloidal stability upon dilution under physiological conditions.
The particle size increased with an increasing amount of ssABP
in water and hydrophilic POEOMA block length. The results of
release behavior and cell viability suggest that thiol-responsive
degradation of ssABP-micelles enabled fast release of encapsu-
lated model drugs and the ssABP copolymers are nontoxic to
cells and biocompatible.

These results are promising in that ssABP micelles hold
potential for fast and controlled drug delivery. The ability to
control micelle size could be advantageous for varying loading
levels of therapeutics as well as cellular uptake and clearance.
Moreover, tunable degradation of drug-loaded ssABP micelles in
response to thiols should enable the controlled release of
encapsulated therapeutics in targeted diseased cells.
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