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Abstract Atom transfer radical polymerization was used to synthesize a well-defined
poly(ethylene glycol)-b-poly(mercapto ethylacrylamide) (PEG-b-PMEAAm) diblock
copolymer. Poly(ethylene glycol)-b-poly[N-(acryloxysuccinimide)](PEG-b-PNAS) was
synthesized at 80 °C using methoxy-poly(ethylene glycol)-2-bromo propanoate (PEG-
Br) and CuBr/2,2-bipyridine as a macroinitiator and catalyst, respectively. The
monomer conversion was determined by '"H nuclear magnetic resonance (NMR)
spectroscopy. The resulting PEG-b-PNAS diblock copolymer was characterized by gel
permeation chromatography, Fourier transform infrared (FT-IR), and '"H NMR spec-
troscopy. Disulfide groups were introduced by a simple reaction through the N-acryl-
oxysuccinimide (NAS) moieties of the PEG-b-PNAS diblock copolymer with cystamine
dihydrochloride in the presence of triethylamine. FT-IR spectroscopy was used to
confirm the introduction of disulfide moieties into the polymer repeating units. Subse-
quently, a thiol-functionalized block copolymer was prepared using DL-dithiothreitol
(DTT) as the reducing agent and the reduction step was monitored by "H NMR spec-
troscopy. This thiol group was transformed easily to a disulfide bond using FeCl; as an
oxidizing agent. The transformation into disulfide could be visualized easily as insoluble
polymeric particles formed from a clear solution of PEG-b-PMEA Am after oxidation.

Keywords Atom transfer radical polymerization (ATRP) - Block copolymer -
Poly(ethylene glycol)-b-poly(mercapto ethylacrylamide) - Thiol

Introduction

Thiol is one of the most distinctive functional groups that is used extensively in
many areas of chemistry. Thiol plays a crucial role in protein folding, signal
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transduction, cell proliferation, and various redox processes because of its unique
ability for reversible thiol-disulfide bond formation [1]. Moreover, the specific
interaction of the thiol group with metals, such as gold, silver, and cadmium has led
to many applications in materials science, including optical, electronic, magnetic,
catalytic, and biomedical fields [2—4]. Recent advances in the areas of biochemistry
and microelectronics have further increased the need for a straightforward synthetic
approach to thiol-functional materials [5-7].

In particular, thiol-containing polymers have been the subject of extensive
research and are used widely in the derivatization of interfaces with synthetic and
biological molecules in tissue engineering, protein arrays, molecular diagnostics,
and drug delivery [8—15]. For example, thiol-end functionalized poly(ethylene)gly-
col-block-poly(pL-lactic acid) (PEG-b-PDLLA) synthesized by modifying the
amine end group by N-succinimidyl 3-maleimidopropionate has been investigated
for the preparation of biomimetic surfaces [9]. Although, there are reports available
on thiol-containing polymers, only a few have reported the synthesis of thiol-
functionalized block copolymers [16, 17]. In this context, there has been particular
interest in determining a more efficient synthetic method for well-defined thiol-
containing copolymers.

To date, a wide variety of thiol-containing polymers have been prepared, in
which the thiol group is mostly present at the chain end. Reversible addition-
fragmentation chain transfer polymerization (RAFT) is one of the most widely used
methods for synthesizing thiol-end functionalized polymers. The introduction of
thiol-functionality into a polymer using a RAFT technique has been performed
mainly using protection—deprotection approach, which occurs via the reduction of
disulfide groups under basic conditions [18-22].

Atom transfer radical polymerization (ATRP) [23] is also used to prepare
thiol-containing polymers [24-26]. Thiol-functionalized polymers can be
prepared by ATRP in two ways. One is a reaction between the halogen end
groups and sulfur-containing nucleophilic precursor of the thiol group e.g.,
(hydrogen) sulfide salts, thiourea [27, 28], thiodimethylformamide [29, 30] etc.
Another way is employing the concept of mono or polyfunctional halide
initiators containing protected thiol group. For example, methyl methacrylate has
been polymerized by ATRP using a 2,4-dinitrophenyl-protected thiol-containing
initiator [31]. The use of such a thiol precursor in ATRP is limited due to the
significantly lower transfer constants of the thioethers compared to those of
thiols. However, there are no reports of polymers with pendant thiol-functionality
at each repeating unit by ATRP.

This article reports an easy method to synthesize a poly [(ethylene glycol)-b-
poly (mercapto ethylacrylamide)] diblock copolymer with pendant thiol groups by
ATRP. The synthesized block copolymers have potential in many biological
applications owing to its hydrophilic and biocompatible poly(ethylene)glycol
block and poly(ethylacrylamide) block, which has a thiol group in each repeating
unit. In addition, using the reversible formation of thiol/disulfide bond in the
pendant group, crosslink of block copolymers can be controlled by the redox
reactions.
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Experimental
Materials

N-hydroxysuccinimide (NHS, 98%), poly(ethylene glycol)methyl ether (PEG-OH,
M,, = 2000 g/mol), 2-bromopropionyl bromide (BPB, 97%), 2,2'-bipyridine (bpy,
99%), cystamine dihydrochloride (98%), DL-dithiothreitol (DTT, 99%), and
iron(IIl) chloride (FeCls, 97%) were purchased from Aldrich and used as received.
Copper (I) bromide (Aldrich, 98%) was purified according to the literature
procedure [32]. Triethylamine (Junsei, 99%) and acryloyl chloride (TCI, stabilized
with MEHQ) were used as received. All other solvents were of reagent grade and
used directly without further purification.

Characterization

The molecular weights (M,,) and molecular weight distributions (M,/M,) were
determined by gel permeation chromatography (GPC) in 0.1% LiBr-containing
DMF as the eluent. GPC was calibrated with a poly(methyl methacrylate) standard
and equipped with a Waters 515 pump, Waters 2414 RID detector, and HSPgel HR
MB-L (6.0 x 150 mm) column. The 'H nuclear magnetic resonance (NMR) spectra
were obtained on a Varian Unity Plus 300 spectrometer. The Fourier transform
infrared (FT-IR) spectra were recorded on a Thermo Scientific Nicolet 6700 FT-IR
spectrometer. Dynamic laser scatterings (DLS) measurement was performed using a
Brookhaven 90Plus Nanoparticle Size Analyzer.

Synthesis of NAS

NAS was synthesized using a modification of the procedure reported elsewhere
[33]. Acryloyl chloride (8.50 mL, 1.2 eq.) was added dropwise to a stirred solution
of N-hydroxysuccimide (10.0 g, 86.9 mmol) and TEA (14.6 mL, 1.2 eq.) in
chloroform (150 mL) at 0 °C. After 4 h, the solution was extracted with deionized
water and the organic phase was dried over MgSO,. The solution was concentrated
and the crude product was recrystallized from hexane/ethyl acetate (8:1). The
crystals were filtered and washed successively with 60 mL of hexane/ethyl acetate
(4:1), 60 mL of hexane/ethyl acetate (9:1), and 60 mL of hexane, and then dried to
give a white solid in 77% yield. '"H NMR (300 MHz, DMSO-dg), 6 = 6.32-6.70
(m, 3H, CH,=CH), 2.84 (s, 4H, CH,CH,).

Synthesis of PEG-Br

PEG-Br was synthesized using a modification of the procedure reported elsewhere
[34]. 2-bromopropionyl bromide (0.80 mL, 7.50 mmol) was added dropwise to a
solution of PEG (3.00 g, 1.50 mmol) and TEA (1.05 mL, 7.50 mmol) in THF
(75 mL) at 0 °C. The solution was then stirred for 12 h at room temperature. The
solvent was evaporated, and the residue was dissolved in chloroform (30 mL) and
extracted with deionized water. After the evaporation of chloroform, the
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concentrated solution was precipitated into cold diethyl ether. The product was
dried under vacuum. (71% yield) "HNMR (300 MHz, CDCly), 6 = 1.76 (d, 3H,
BrCH;CHCOO-), 3.31 (s, 3H, CH30-), 3.40-3.73 (m, 178H, [-CH,CH,0-]-),
4.25 (m, 1H, -CH-COO-), 4.34 (m, 2H, -BrCH;CHCOOCH,-).

Synthesis of PEG-b-PNAS block copolymer

NAS (1.50 g, 8.87 mmol), PEG-Br (381 mg, 0.180 mmol), CuBr (25.4 mg,
0.180 mmol), and bpy (55.4 mg, 0.36 mmol) were added to a N, purged Schlenk
flask and sealed immediately with a rubber septum. The Schlenk flask was degassed
with three freeze—pump—thaw cycles and filled with nitrogen. The Schlenk flask was
then immersed in an oil bath at a preset temperature of 80 °C. After 3 h, a small
amount of sample was taken and dissolved in deuteriated DMSO for 'H NMR
analysis to determine the monomer conversion. The remaining reaction mixture was
dissolved in DMSO and precipitated in a large volume of methanol. The solid
product obtained was washed several times with methanol, dried under vacuum, and
analyzed by "H NMR, GPC, and FT-IR.

Synthesis of PEG-b-PAAm(-S-S-)

The PEG-b-PNAS diblock copolymer (0.50 g, 2.30 mmol) was dissolved in 10 mL
of distilled DMF. An aqueous solution of cystamine dihydrochloride (0.86 g in
2.0 mL water, 4.60 mmol) and TEA (2.50 mL, 18.40 mmol) were added to the
solution at room temperature, and stirred constantly for 12 h. After this period, the
solvent was evaporated and the residue was dialyzed against deionized water for
3 days. A fine powder was obtained by freeze-drying. The structure of the obtained
polymer was characterized by FT-IR spectroscopy.

Reduction of PEG-b-PAAm (-S-S) to PEG-b-PMEAAmM

The PEG-b-PAAm cross-linked polymer (5.0 mg, 0.09 mmol) was dispersed in
2 mL of degassed DMF-d,, followed by the addition of dithiothreitol (27.76 mg,
0.90 mmol). After heating at 50 °C for 17 h, the opaque suspension turned into a
transparent solution. The transformation was monitored at different time intervals
by '"H NMR spectroscopy.

A half-portion of the solution was removed from the same reduction reaction and
diluted with DMF. FeCl; (0.60 mmol, 0.096 mg) was then added as an oxidized
agent and heated to 60 °C with constant stirring. Insoluble particles were observed
at the bottom of the vial due to oxidation after 12 h.

Results and discussion
Scheme 1 shows the synthesis of the thiol-functionalized poly(ethylene glycol)-b-

poly(mercapto ethylacrylamide diblock copolymer. Direct polymerization of a
thiol-containing monomer is a not feasible pendant unit to the polymeric backbone
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due to spontaneous crosslinking of the thiol group to a disulfide group. Therefore, a
preactivated ester monomer, NAS, was used to ensure pendant thiol groups at each
repeating unit through cross-linking with cystamine in the presence of triethylamine
followed by reduction of the disulfide bond in the cross-linked polymer.

The PEG-b-PNAS block copolymer was synthesized by ATRP using PEG-Br and
CuBr/bpy as the macroinitiator and catalyst, respectively. Polymerization proceeded
well in the bulk at 80 °C, which is higher than the melting point of NAS (69 °C)
[35]. The monomer conversion was determined by comparing the integration values
of the methylene protons (/) in the PNAS unit and vinyl protons from monomer (/)
PNAS in 'H NMR spectrum (data not shown). The calculated conversion was 68%.

The resulting crude polymer was then dissolved in DMSO and purified by
precipitation in a large amount of MeOH. The molecular weight of the PEG-b-
PNAS block copolymer was determined by GPC analysis (Fig. 1). The GPC
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Fig. 1 GPC chromatograms of ¢ PEG-Br macroinitiator and » PEG-b-PNAS diblock copolymer
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Fig. 2 "H NMR spectrum of PEG-b-PNAS in DMSO-dj solvent

molecular weight was in good agreement with the theoretical value based on
monomer conversion and the value obtained from 'H NMR spectroscopy (see
Table 1).

The molecular weight was determined from the 'H NMR data using the
following equation, and by taking the ratio of the integrated values corresponding to
the methine protons (I.) of PNAS repeating unit and methylene protons (I,)
from the PEG moiety (Fig. 2). FT-IR spectroscopy was used to characterize the
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Table 1 Characterization of poly(ethylene glycol)-b-poly (N-acryloxy succinimide) block copolymer
prepared by ATRP at 80 °C

Entry  Polymer Conversion ~ M.W. (g/mol)® M.W. (g/mol)® M.W. (g/mol)° M,/M,
no. (%) theoretical NMR GPC
1 PEG-b-PNAS  68.05 7890 9750 9650 1.33

1 [NAS]o:[1]o:[CuBrlp:[Bipyly = 50:1:1:2
2 (IM1o/[I]p x conversion x M.W. of monomer) + M.W. of initiator
® Determined by 'H NMR using the equation (180 x I/, x 169 + 2150) g/mol

¢ Determined by GPC using 0.01 M LiBr containing DMF as eluant calibrated with poly(methyl
methacrylate) standards

PEG-b-PNAS block copolymer. The characteristic peaks for succinimide appeared
at 1781 and 1736 cm™', which were assigned to the asymmetric and symmetric
carbonyl stretching, respectively. The weak absorption peak at 1812 cm™' was
assigned to the carbonyl stretching vibration in the NHS-activated ester [36]
(Fig. 3a).

To introduce a disulfide bond into the pendant group of PEG-b-PNAS block
copolymer, cystamine was reacted with NHS-activated ester to yield PEG-b-PAAm
(Scheme 1). The formation of an insoluble product was observed as the reaction
proceeded. After isolation, the product was insoluble in all organic solvents. The
disulfide containing PEG-b-PAAm polymer was purified by dialysis in water. After
freeze-drying, the purified polymer was collected as a fine powder, which was
insoluble in common organic solvents. This insolubility was attributed to the
intermolecular amidation of the free amine group in cystamine with a NAS moiety.
FT-IR spectroscopy was used to identify the disulfide moieties in the cross-linked
PEG-b-PAAm polymer. The loss of a succinimide group was confirmed by the
disappearance of the three characteristic peaks at 1812, 1781, and 1736 cm™' and

T T T T !
3000 2000 1000
Wavenumber [em’]
Fig. 3 FT-IR spectra of a PEG-b-PNAS diblock copolymer and » PEG-b-AAm diblock copolymer after

introducing the disulfide groups
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appearance of the two characteristic peaks for an amide group at 1646 and
1540 cm™" for the C=O stretching and N-H bending vibrations, respectively
(Fig. 3a, b). These results confirmed the successful introduction of disulfide
moieties to the NHS-activated ester group in a PEG-b-PNAS block copolymer.

A thiol-containing block copolymer was easily prepared by the reductive
cleavage of the disulfide bond in a PEG-b-PAAm cross-linked polymer. Many
reagents for the chemical reduction of disulfides to thiol have been described,
mostly for applications in the field of biochemistry [37, 38]. Dithiothreitol (2,3-
dihydroxy-1,4-butanethiol, DTT) was used as the reducing agent to cleave the cross-
linked disulfide bond in PEG-b-PAAm polymer. In this report, DTT was selected
owing to its high efficiency and solubility in a range of solvents [22]. DTT was
added to a dispersion of PEG-b-PAAm cross-linked polymer in deuterated DMF-d;
at 50 °C under the nitrogen to avoid air oxidation of both polymeric thiol and DTT.
The chemical transformation from disulfide to thiol was achieved after 17 h due to
cleavage of the cross-linked polymers. This can be visualized easily by its physical
appearance: there was an opaque solution containing PEG-b-PAAm particles. After
adding the reducing agent, the solution became transparent and no detectable
particles were observed, as confirmed by DLS measurement (data not shown). 'H
NMR spectroscopy was used to monitor the reduction of disulfide to thiol. Figure 4
shows the characteristic '"H NMR peaks of PEG-b-PMEAAm diblock copolymer at
3.13 ppm (-NH-CH,-CH,-SH), 2.84 ppm (-NH-CH,—CH,—SH).

The thiol group of the PEG-b-PMEAAm block copolymer can be oxidized easily
under mild conditions and then back to an opaque solution containing particles with
disulfide bonds [39]. Reagents, such as iodine, FeCls, and oxygen from air, can be
used [40]. Strong oxidizing agents should be avoided because they can oxidize the
thiol group by air to the corresponding disulfide group and another oxidizing agent
FeCls, which is known to convert thiol to disulfides efficiently. FeCl; was chosen as
a mild oxidizing agent to avoid oxidation from the thiol group to sulfinate
or sulfonate groups. After adding FeCl; to the solution containing the

B |

I S TN .

ppm

Fig. 4 "H NMR spectra during reduction from disulfide to thiol group
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Oxidation
FeCl,,60°C

(A) (C)

Fig. 5 Digital photographs of a dispersion of PEG-6-PAAm in DMF, b clear solution after reduction of
disulfide groups, and ¢ insoluble particle after oxidation

PEG-b-PNMEAAm block copolymer in DMF at 60 °C, precipitates formed at the
bottom of the vial (Fig. 5c). This clearly indicates the formation of a disulfide bond.

Conclusions

A well-defined poly(ethylene glycol)-b-poly[(2-mercaptoethyl)acrylamide] diblock
copolymer was synthesized by ATRP and subsequent post polymerization
modification. Poly(ethylene glycol)-b-poly[N-(acryloxysuccinimide) was synthe-
sized using PEG-Br and CuBr1/2,2-bipyridine as the macroinitiator and catalyst,
respectively. Disulfide groups were introduced by a reaction with the NAS moieties
of PEG-b-PNAS diblock copolymer and cystamine. The thiol-functionalized block
copolymer was obtained by the reductive cleavage using DTT. The particle was
formed reversibly by the oxidation of thiol using FeCl; through the formation of a
disulfide bond. This can be visualized easily by its physical appearance: an opaque
solution containing PEG-b-PAAm particles. After adding a reducing agent, the
solution became transparent and no detectable particles were observed. This
interesting feature of this polymer will allow tuning of these materials for specific
applications, including protein conjugation or gene delivery.
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