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Well-defined N,N’-(dimethylamino)ethyl acrylate (DMAEA) functionalized polymeric stars have been syn-
thesized via an arm-first approach. Utilizing reversible addition—fragmentation chain transfer polymeriz-
ation, linear homopolymers (PEGA, PHEA) were chain extended with DMAEA and a divinyl crosslinker to
produce a series of crosslinked polymeric stars. These stars were characterized using a range of tech-
niques including NMR, SEC, DLS and TEM analysis. The hydrolytic behavior of the DMAEA when tethered
within a micellar core was investigated by *H NMR spectroscopy and was found to be strongly dependent
on temperature. At elevated temperatures either a higher crosslinking density or a longer arm length was
found to offer greater protection to the amine resulting in slower hydrolysis, with hydrolysis found to level
off at a lower final percentage hydrolysis. In contrast, the composition and nature of the arm was found to
have little impact on the hydrolysis, with the same trends relating to the effect of temperature and cross-
linking density observed with a linear (HEA) and a brush (PEGA) arm. Additionally, the release of DMAE
from the polymeric stars was successfully confirmed through the use of an enzymatic assay, producing a
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Introduction

Recent developments in controlled radical polymerization
techniques have enabled the synthesis of polymers with well-
defined molecular architectures, ranging from combs and
brushes through to stars."”> Numerous studies report the for-
mation of well-defined polymeric stars through the use of
reversible addition-fragmentation chain transfer (RAFT)
polymerization.**® A structurally well-defined star polymer
has one defined branching point, or core, from which multiple
arms extend, and thus exhibits a globular shape and, com-
monly, a core-shell microstructure."*™** Due to the defined
nature of their structure and associated properties (for
example core density and arm length), there is a large number
of applications for polymeric stars that range from drug deliv-
ery to nanoelectronics."*?® Through varying the size, cross-
linking density and arm composition, the physical properties
of the stars can be tailored for various applications.*

The hydrolysis of ester linkages is widely exploited in the
synthesis of degradable polymers, with the majority of the
work focused on hydrolyzing the polymer backbone.”* > In
contrast, relatively little work has been reported on the hydro-

Department of Chemistry, University of Warwick, Gibbet Hill Road, Coventry,

CV4 7AL, UK. E-mail: r.k.o-reilly@warwick.ac.uk

tElectronic supplementary information (ESI) available: Characterization and
additional hydrolysis analysis of all polymers. See DOI: 10.1039/c7py00219j

5060 | Polym. Chem., 2017, 8, 5060-5070

Iytic behavior of pendent ester functionalities, especially for
either acrylate or methacrylate based materials. Despite the
relatively limited literature available, it is still widely accepted
that methacrylate-based polymers are significantly more stable
to hydrolysis than their acrylate-based equivalents.**>®
Recently, Monteiro and co-workers carried out an in-depth
study into the self-catalyzed hydrolysis of linear homopolymers
of the amino-functionalized monomer, N,N'-(dimethylamino)
ethyl acrylate (DMAEA).>° The self-catalyzed nature of the
hydrolysis, in which the rate of catalysis is further accelerated
by the carboxylic acid by-product, forms poly(acrylic acid) and
a small molecule of N,N-dimethylaminoethanol. The rate of
hydrolysis was found to be independent of both the pH of the
solution as well as the molecular weight of the polymer,
further confirming the self-catalyzed nature of the process.
More recently, our group reported the hydrolysis of DMAEA,
within a DMAEA-methyl acrylate copolymer, to be independent
of the amount of amino groups present.*® The lack of require-
ment for an internal or external stimulus in order to trigger
degradation, coupled with the resultant change in environ-
ment from basic to acidic (attributed to the acrylic acid moi-
eties), results in these materials having the potential to be
used in a vast range of applications, for example in the release
of siRNA complexes from cationic polymers as well as DNA
release.”

Despite the hydrolysis of DMAEA being widely acknowl-
edged in the literature, as well as the proposed multiple poten-
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tial applications for these materials, the self-catalyzed hydro-
lysis of DMAEA within complex molecular architectures has
not yet been extensively studied, with the majority of hydrolysis
studies reporting hydrolysis of homopolymers or block copoly-
mers. Indeed, based on related catalysis work,***® it would be
expected that the rate of hydrolysis would be affected by
localization within the confined core of a star copolymer. Sun
et al. recently reported the synthesis and self-catalyzed hydro-
lysis of PHEA-g-PDMAEA graft copolymers, concluding that
hydrolysis of the PDMAEA block was independent of both
polymer molecular weight and solution pH,*” similar to the
previously mentioned work on homopolymer hydrolysis by
Monteiro and co-workers. Furthermore, Whitfield et al
reported that hydrolysis of a PDMAEA armed star, whose arms
consisted of PDMAEA homopolymers, was found to undergo a
similar rate of hydrolysis compared to those reported for both
the linear homopolymers and graft copolymers,*® and Perrier
and co-workers reported the hydrolysis of P(dimethyl siloxane-
b-DMAEA) block copolymers, which exhibited the same effect
of quaternization on the prevention of PDMAEA hydrolysis as
noted by Monteiro and co-workers.>®> Whilst the aforemen-
tioned studies indicate little effect of polymer structure on the
hydrolysis behavior, hydrolysis of the PDMAEA occurs when the
polymers are in a fully hydrated environment. To the best of our
knowledge there are, so far, no studies reporting the impact on
hydrolysis when the DMAEA is confined within a non-hydrated
environment (e.g. the core of a micelle or a polymeric star).
Indeed the outcomes of such studies would potentially have a
significant impact on, for example, the self-assembly and func-
tionality of DMAEA-containing polymers amongst other appli-
cations.>® Hence, in this work the hydrolytic behavior of
DMAEA-containing polymeric stars is studied to determine the
effect of temperature, crosslinking density, arm length, and arm
type on the hydrolytic behavior of the DMAEA when confined
within a core environment. We also demonstrate the release of
a small molecule amine from the star copolymer upon hydro-
lysis, which highlights the potential utility of this hydrolysis
reaction for controlled release applications.

Experimental
Materials

Monomers were received from Sigma-Aldrich and stored at
4 ©°C. Inhibitor was removed by passing through basic
alumina. 2,2"-Azobis(isobutyronitrile) (AIBN) was received from
Molekula, recrystallized from methanol and stored at 4 °C. The
chain transfer agent cyanomethyl dodecyl trithiocarbonate was
obtained from Sigma-Aldrich and used as received. Deuterated
solvents were received from Apollo Scientific. All other chemi-
cals were obtained from Sigma Aldrich, Fisher Chemicals, and
Acros Chemicals and used as received.

Instrumentation

Nuclear magnetic resonance ("H NMR) spectra were recorded
on a Bruker DRX-400 spectrometer. Chemical shifts are

This journal is © The Royal Society of Chemistry 2017
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reported at § in parts per million and quoted downfield from
the internal standard tetramethylsilane (§ = 0 ppm). Monomer
conversion was calculated by comparing the resonances associ-
ated with the vinyl peaks to the resonances associated with
CH,N (for DMAEA) and OCH,CH, (for DEGDA). Size exclusion
chromatography (SEC) measurements were carried out using
an Agilent 390-MDS multi detector suite fitted with a visco-
meter, a refractive index (RI) and a light scattering (LS) detec-
tor, and equipped with a guard column (Varian PLGel) and
two PLGel 5 pm mixed-D columns. The mobile phase was DMF
with 5 mM NH,BF,. Data was analyzed using Cirrus v3.3 and
Agilent GPC/SEC software v1.1 with calibration curves pro-
duced using Varian Polymer Laboratories linear PMMA stan-
dards. Dynamic light scattering was conducted using a
Malvern Zetasizer NanoS instrument equipped with a 4 mW
He-Ne 633 nm laser module at 25 and 50 °C, with data ana-
lysis using Malvern DTS 6.20 software. Measurements were
carried out at a detection angle of 173° (backscattering). TEM
solutions were made up at 2 mg mL ™" in 18.2 MQ cm water.
TEM samples were prepared on graphene oxide (GO)-coated
carbon grids (Quantifoil R2/2).** Generally, a drop of sample
was pipetted onto a grid and left to dry overnight. Samples
were analyzed with a JEOL-2100 microscope, operating at 200
keV. UV measurements were carried out in triplicate using a
FLUO-star Optima plate reader, fitted with an excitation filter
at 1 = 405 nm, with data analyzed using MARS data analysis
software v3.01.

Synthetic methods and procedures

Typical procedure for PEGA macro-CTA synthesis (1, 3, 5):
PEGAyg (1). Cyanomethyl dodecyl trithiocarbonate (1.0 eq.)
and poly(ethylene glycol) monomethyl ether acrylate (PEGA,
M,, = 480, 100 eq.) were dissolved in 1,4-dioxane with radical
initiator AIBN (0.2 eq.). Following four freeze-pump-thaw
cycles the ampule was refilled with nitrogen and the mixture
heated to 70 °C for 3.5 hours (79% conversion). The reaction
was quenched by immersion in liquid nitrogen and dialyzed
extensively against deionized water. The solution was lyophi-
lized yielding a viscous yellow liquid (70%). "H NMR (CDCl,): &
(ppm) 4.14 (br s, OCH,CH,), 3.39-3.62 (m, O(CH,CH,)s and
SCH,(CH,)y), 3.32 (s, CH,OCHj3;), 1.20-2.33 (m, CH, backbone,
CH,(CH,);o CTA), 0.80 (t, 3H, (CH,)10CHs, *Jun = 6.1 Hz).
M, sgc = 44.7 kDa, Py = 1.51.

Typical procedure for the chain extension of PEGA with
DMAEA and DEGDA (2-20, 2-15, 2-10, 4, 6). PEGA macro-CTA
(1, 1.0 eq.), DMAEA (200 eq.) and di(ethylene glycol) diacrylate
(DEGDA) (40 eq.) were dissolved in 1,4-dioxane together with
radical initiator AIBN (0.2 eq.). Following four freeze-pump-
thaw cycles the ampule was refilled with nitrogen and the
mixture heated to 70 °C for 24 hours (58% DMAEA conversion,
64% DEGDA conversion). The reaction was quenched by
immersion in liquid nitrogen and purified by precipitation
into 5:1 hexane/diethyl ether, affording a viscous pale yellow
liquid (70%).

20% crosslinked polymer (2-20). "H NMR (CDCl,): & (ppm)
4.16 (br s, OCH,CH,, OCH,CH,0(CH,CH,0), and CH,CH,N),
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3.46-3.80 (m, O(CH,CH,0); and OCH,CH,O), 3.38 (s,
CH,0CH; and SCH,(CH,)s), 2.62 (br s, CH,N), 2.23 (br s,
N(CHj;),), 1.24-2.06 (m, CH, backbone, CH,(CH,);, CTA), 0.88
(t, 3H, (CHy)10CHs, *Jun = 6.1 Hz). M, spc = 23.8 kDa, Py =
2.25. Dy, = 11 nm.

Typical procedure for HEA macro-CTA synthesis (7).
Cyanomethyl dodecyl trithiocarbonate (1.0 eq.), 2-hydroxyethyl
acrylate (HEA) (120 eq.) and radical initiator AIBN (0.25 eq.) were
dissolved in methanol. Following four freeze-pump-thaw cycles
the ampule was refilled with nitrogen and the mixture heated to
60 °C for 3 hours (86% conversion). The mixture was quenched
by immersion in liquid nitrogen and purified by precipitation
into cold diethyl ether, yielding a viscous yellow liquid (74%). 'H
NMR (DMSO-dg): 6 (ppm) 4.77 (br s, CH,0H) 4.12 (br s,
CO,CH,CH,), 3.56 (br s, CH,CH,OH and SCH,(CH,)y), 1.24-2.26
(m, CH, backbone, CH,(CH,);, CTA), 0.85 (t, 3H, (CH,);,CHs,
YJem = 7.0 Hz). My, sgc = 20.2 kDa, Dy = 1.10.

Typical procedure for the chain extension of HEA with
DMAEA and DEGDA (8-20, 8-15, 8-10). PHEA macro-CTA (3, 1.0
eq.), DMAEA (200 eq.) and DEGDA (40 eq.) were dissolved in
1,4-dioxane together with radical initiator AIBN (0.25 eq.).
Following four freeze-pump-thaw cycles the ampule was
refilled with nitrogen and the mixture heated to 65 °C for
24 hours (53% DMAEA conversion, 68% DEGDA conversion).
The reaction was quenched by immersion in liquid nitrogen,
and purified by precipitation into 5:1 hexane/diethyl ether,
affording a viscous pale yellow liquid (27%).

20% crosslinked polymer (8-20). "H NMR (DMSO-d,): 6 (ppm)
4.75 (br s, CH,OH), 4.02 (br s, OCH,CH,OH and OCH,CH,0),
3.33 (br s, OCH,CH,0H, SCH,(CH,), and OCH,CH,0), 2.50 (br
s, CH,N), 2.17 (br s, N(CH3),), 1.60-1.80 (m, CH, backbone,
CH,(CH,);o CTA), 0.88 (br s, 3H, (CH,);oCH3). M, sgc =
29.1 kDa, Py, = 1.56. D, = 23 nm.

Results and discussion

RAFT polymerization, with its compatibility towards amine
functionalized monomers, allows for the synthesis of DMAEA-
containing polymeric stars with defined arm lengths and
crosslinking densities. Star polymers were synthesized via an
arm-first approach,*" with initial synthesis of the polymeric
arms and subsequent extension with DMAEA and the difunc-
tionalized crosslinking monomer di(ethylene glycol) diacrylate
(DEGDA).

Synthesis and characterization of polymeric stars

The synthesis of poly(ethylene glycol) monomethyl ether acry-
late (PEGA, M,, = 480 g mol™") polymeric arms of varying arm
length was carried out using RAFT polymerization at 70 °C
with the radical initiator 2,2'-azobis(2-methylpropionitrile)
(AIBN) in 1,4-dioxane, and in the presence of the chain
transfer agent (CTA) cyanomethyl dodecyl trithiocarbonate
(Scheme 1).

The three resulting macro-CTA arms had degrees of
polymerization (DP) of 98 (1), 148 (3) and 288 (5) (Table 1). The
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theoretical number-average molecular weight (M, ), deter-
mined by conversion from the 'H NMR spectrum, was found
to be in good agreement with the observed number-average
molecular weight (Mp ops.), as calculated by "H NMR analysis
through comparison of the integrals attributed to the CTA
methyl end group (6 = 0.80 ppm) to the methyl protons in the
PEGA repeat unit (§ = 3.30 ppm), indicating the controlled
nature of the polymerization. Analysis of 1 by size exclusion
chromatography (SEC, in DMF with PMMA standards) demon-
strated a monomodal peak of moderate dispersity (Dy = 1.51),
as well as a good overlap between the refractive index (RI) trace
and the UV trace at 4 = 309 nm, the wavelength attributed to
the trithiocarbonate of the CTA, indicative of the presence of
the trithiocarbonate functionality in the polymer, confirming
the ability of the PEGA arms to act as a macro-CTA for further
extension to produce polymeric stars (ESI, Fig. S1t). The short
PEGA arms (1) were chain extended with the amino-function-
alized monomer DMAEA and the divinyl crosslinking monomer
DEGDA. The monomer feed was altered to produce polymeric
stars with approximately 20, 15, and 10% crosslinking density
(2-20, 2-15, and 2-10 respectively, Table 1). "H NMR spectro-
scopic analysis indicated the incorporation of the amine, with
the characteristic peaks at 6§ = 2.15 and 2.50 ppm (N(CH3), and
CH,N respectively), and SEC demonstrated a shift in molecular
weight from the macro-CTA to the chain extended polymer,
confirming successful chain extension (Fig. 1a). Analysis of the
polymeric stars by SEC (with viscometry detection) enabled cal-
culation of the Mark-Houwink characteristic constant a,
derived from the linear fit of the Mark-Houwink curve gener-
ated by plotting log[#] vs. log]MW], where MW is the viscosity-
average molecular weight calculated by universal calibration
and 7 is the weight average intrinsic viscosity as measured by
the viscometer.**™*> For polymers, a = 0.5 for a polymer chain
in a theta solvent, a = 0.8 for a polymer in a good solvent, and
therefore for a flexible polymer (for example a linear polymer)
0.5 < a < 0.8; for crosslinked /branched polymers, a < 0.5.*
Measuring the gradient, it was found that all the short-armed
stars (2-20, 2-15, and 2-10) had « values ranging from
0.37-0.40, consistent with the crosslinked nature of the par-
ticles (Fig. S21). Moreover, a was found to be less than the
linear PEGA macro-CTA, where a = 0.52, confirming a struc-
tural change from a linear polymer to a branched architecture.
To confirm that the introduction of the DMAEA had not
caused the branched nature of the polymer, a linear analogue
[PEGAgg-b-(DMAEA4(-c0-MA;;)| was synthesized through chain
extension of the same PEGA macro-CTA with DMAEA and
methyl acrylate (MA) in the place of the crosslinker to produce
a polymer of approximately the same molecular weight.
Comparison of the star polymers 2-20, 2-15 and 2-10 to the
linear analogue indicated that all particles displayed lower
intrinsic viscosities than the linear analogue, hence further con-
firming the structural change from a linear to a branched/cross-
linked polymer (Fig. 1b). The similarity in the intrinsic viscos-
ities of the particles is likely an indication of a similar number
of arms per star. To further probe the structure of the polymers
and confirm this theory, the star functionality, f, was calculated

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Synthesis of DMAEA functionalized polymeric stars (2-20, 2-15, 2-10, 4, 6, 8-20, 8-15 and 8-10) via an arm-first approach using RAFT
polymerization, and hydrolysis of the amine functionality to acrylic acid moieties. Amine content determined by the polymer DPs calculated using
1H NMR spectroscopy.

Table 1 Characterization data for the homopolymer arms and PEGA-b-(DMAEA-co-DEGDA) and PHEA-b-(DMAEA-co-DEGDA) star copolymers

Entry  Polymer” Crosslinking density (%) M, spc” (kDa) Dy’  a© f4 My w°(kpa) D,/ (nm)
1 PEGAog — 44.7 151 051 — 53.1 —
220  PEGAgg-b-(DMAFA,6-co-DEGDA, () 18 23.8 225 037 12 63.6 11
215 PEGAog-b-(DMAEAg,-c0-DEGDA, ;) 14 39.9 2.88  0.40 13 65.1 12
210  PEGAgg-b-(DMAEA,;,-co-DEGDAg) 10 43.8 225 040 14 67.6 9
3 PEGA 45 — 46.2 1.64 — — 89.4 —
4 PEGA,45-b-(DMAEA, 44-c0-DEGDAo) 17 66.3 1.73 040 16 96.9 11
5 PEGA,55 — 47.0 152 — — 11441 —
6 PEGA,55-b-(DMAEAg;-c0-DEGDA,;) 17 43.6 1.81 046 —  165.8 11
7 PHEA; o4 — 20.2 1.10 0.50 — 7.8 —
820  PHEA,(4-b-(DMAEA,,-c0-DEGDA,,) 17 29.1 156 034 12 32.0 23
815 PHEA, o4-b-(DMAFAg-co-DEGDA,,) 13 27.8 125 032 11 31.8 14
810  PHEA,(4-b-(DMAEA,,-co-DEGDA,) 9 24.9 131 040 14 35.7 25

“DPs calculated by "H NMR spectroscopy in CDCl; (PEGA) and DMSO-dq (HEA). ” Measured by SEC, DMF with 5 mM NH,BF, and PMMA as stan-
dards. “Mark-Houwink parameter calculated using triple detection SEC (DMF with 5 mM NH,BF, and PMMA standards). ¢ Star functionality
calculated using Agilent GPC/SEC software v1, with the branching model set to “star branched-regular” and a branching frequency of 1.
°Theoretical molar mass calculated based on monomer conversion ("H NMR spectroscopy). / Hydrodynamic diameter, by number, determined
by dynamic light scattering analysis (detection angle = 173°) at 5 mg mL™" in chloroform at 25 °C.

(Table 1). Star functionality was calculated using the branching
function in the Agilent software,*® with the triple detection SEC
data for the linear macro-CTA used as the linear reference for
branching calculations. All particles were found to have a
similar number of arms, ranging from 12-14 arms per star.

This journal is © The Royal Society of Chemistry 2017

Particle size was analyzed by dynamic light scattering (DLS)
in chloroform at 25 °C, at 5 mg mL™". All the particles were
found to have similar hydrodynamic diameters (Dy,), ranging
in size from 9-11 nm (Table 1, Fig. 2, 3 and S3, and Table S17).
Light scattering analysis indicated the presence of larger enti-
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Fig. 1 (a) Rl traces of the linear PEGAgg macro CTA (1, red) and PEGAgg-

b-(DMAEA;,-co-DEGDAg) (2-10, blue) obtained by SEC analysis. (b)
Triple detection SEC Mark—Houwink curves for PEGAgg armed particles
with varying crosslinking densities compared to the linear analogue
PEGAgg-b-(DMAEAgp-co-MA;3), in DMF with 5 mM NH4BF,; and PMMA
as standards.

ties alongside the small particles, potentially caused by aggre-
gation. Examination of the particles by transmission electron
microscopy (TEM) analysis using graphene oxide (GO) sup-
ported TEM grids, found to produce higher contrast images
without staining,’® confirmed that these larger species were
aggregated particles. The particle diameter produced by TEM
analysis was significantly smaller than that obtained by DLS
analysis, with a particle size of approximately 3 nm (Fig. 3).
The smaller size produced by TEM analysis can be attributed
to the dry-state of the TEM samples in which the PEGA shell is
not hydrated, resulting in poor contrast between the shell of
the polymer and the GO grid, and therefore only imaging the
particle core.***”

In order to investigate the effect of arm type, the same
approach was utilized to synthesize hydroxyethyl acrylate
(HEA) arms (7), with subsequent chain extension with DMAEA
and DEGDA, using the same conditions, to produce a series of
PHEA armed polymeric stars with varying crosslinking den-
sities (8-20, 8-15 and 8-10) and with similar arm lengths to the
smallest PEGA homopolymer arm. Both the PHEA arms and
resultant stars were characterized by the same techniques used
for the PEGA armed particles ("H NMR spectroscopy and SEC,
Table 1 and Fig. S47). Similar to the PEGAqg armed particles,

——2-20
——2-15
210

1 10 160 10‘00
Hydrodynamic Diameter (nm)

Fig. 2 Size distributions, by number, for PEGA armed particles 2-20,
2-15, 2-10, obtained by DLS (detection angle = 173°) at 5 mg mL™*
carried out in chloroform at 25 °C.
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Fig. 3 Representative TEM images and size distributions, as determined
by DLS (5 mg mL™! in chloroform), of PEGAgg-b-(DMAEAss-co-
DEGDAy¢), 2-20 (a and c), and PEGAgg-b-(DMAEA;,-co-DEGDAg), 2-10
(b and d) prepared by arm-first RAFT polymerization.

the PHEA,,, polymeric stars were found to be crosslinked in
nature (with Mark-Houwink a values ranging from 0.25-0.41,
Fig. S5), and displayed a similar number of arms, with a star
functionality ranging from 11 to 14 (Table 1), determined
using the macro CTA PHEA,,, as the linear analogue. Particle
size analysis by DLS yielded slightly larger particle sizes than
the PEGA analogues (23-25 nm, Table 1 and Fig. S67).

Evaluation of hydrolytic behavior

The hydrolysis of the DMAEA containing polymeric stars was
investigated via "H NMR spectroscopic analysis of the particles
in D,O (50 mg mL™"). The resulting spectrum of the particles
(Fig. 4, representative of the PEGA armed polymers (2-20, 2-15,
2-10, 4, 6)), clearly displays the protons associated with the
incorporated amine monomer, observed at § = 2.65 ppm for
the methyl groups bound to the nitrogen and at § = 3.08 ppm
for the methylene protons bound to the amine (Fig. 4, protons

c
a |
” HO/\/N\
b

Fig. 4 'H NMR spectra (D,O, 400 MHz) of PEGAgg-b-(DMAEA;¢-co-
DEGDA;¢) for (A) 1 h., (B) 2 h., (C) 4 h., (D) 6 h and (E) 24 h at 50 mg mL™%.
Spectra normalized to the peak at § = 3.72 ppm (protons 7).

This journal is © The Royal Society of Chemistry 2017
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3 and 2 respectively), with the intensity of two new signals at
& =2.90 and 3.20 ppm, corresponding to the equivalent protons
in the hydrolytically released small molecule N,N'-dimethyl-
aminoethanol (Fig. 4, protons ¢ and b respectively), increasing
over time. From these signals, which confirm hydrolysis
through the ester linkage within the amine-functionalized
monomer in the polymer, the percentage hydrolysis can be cal-
culated based on the ratio between hydrolyzed and non-hydro-
lyzed amine integrals. It should be noted that hydrolysis calcu-
lated using the ratio of polymer proton 3 (at § = 2.65 ppm) to
the small molecule proton ¢ (at § = 2.90 ppm) was found to
produce the same percentage hydrolysis.

Influence of temperature on the rate of hydrolysis for different
crosslinking densities

An initial set of hydrolysis experiments was carried out to
investigate the influence of temperature on the rate of hydro-
lysis for different crosslinking densities (Fig. 5a). Reactions
performed at 50 °C resulted in a significantly faster rate of
hydrolysis, with 20% of the amino-functionalized repeat units
in star copolymer 2-10 hydrolyzed after 21 minutes compared
to 230 minutes at 25 °C to achieve the same degree of hydro-
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lysis. Subsequent heating of the particles already hydrolyzed at
25 °C to the increased temperature of 50 °C resulted in an
increase in the rate of hydrolysis, with the overall hydrolysis
tailing off at the same level as those initially hydrolyzed at
50 °C (Fig. 5b). Through comparison of the hydrolysis at both
25 °C and 50 °C it is evident that at the lower temperature
crosslinking density has little effect on the observed hydro-
lysis, with all crosslinking densities exhibiting approximately
the same degradation rate and hydrolysis of all polymers
falling within error regardless of the crosslinking density
(Fig. 5¢). In contrast, at the raised temperature there appears
to be an influence of crosslinking density, with the most
highly crosslinked particle (2-20) displaying the slowest rate of
hydrolysis, followed by 2-15, and with the lowest crosslinking
density (2-10) demonstrating the greatest hydrolysis over the
period of 4 hours (Fig. 5d). The decrease in the rate of hydro-
lysis over time is likely a consequence of one of two effects.
The first effect is that the decrease in the rate of hydrolysis
over time is a result of the build-up of electrostatic repulsion
throughout the reaction. At the beginning of the hydrolysis,
the DMAEA units begin with no adjacent units hydrolyzed to
form acrylic acid groups. As the reaction proceeds, the adjacent
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Fig. 5 Hydrolysis kinetics of PEGA-b-(DMAEA-co-DEGDA) in D,O as determined by *H NMR spectroscopy: (a) hydrolysis of 2-10 carried out at
25 °C and 50 °C; (b) 2-10 initially heated at 25 °C with an increase in temperature to 50 °C at 320 minutes; (c) hydrolysis at 25 °C with different cross-
linking densities, and (d) hydrolysis at 50 °C with different crosslinking densities. Error bars produced from the standard deviation of 3 repeats.
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units begin to hydrolyze and the DMAEA repeat unit pro-
gresses from having no adjacent units hydrolyzed, to one adja-
cent unit hydrolyzed and then both hydrolyzed. The formation
of polyacrylic acid groups within the core increases the electro-
static repulsion between the non-hydrolyzed ester linkages, the
acrylic acid moieties, and the hydrolyzing water molecule,
slowing the rate of hydrolysis. Moreover, as demonstrated by
Higuchi and Senju,® this electrostatic repulsion between the
hydrolyzed groups and the water results in an increase in the
activation free energy required to hydrolyze the ester bond,
thus rendering further hydrolysis energetically unfavorable,
with Higuchi et al. mathematically demonstrating a maximum
hydrolysis of approximately 60% achievable.*® 1t is hypoth-
esized that an increase in crosslinking density results in a less
mobile core and subsequently less mobile pendent functional-
ity on the polymer chain. Upon hydrolysis, the polyacrylic acid
product is therefore in a more fixed position in the core giving
rise to a build-up of localized negative charge, attributed to the
carboxylic acid moieties. Therefore, in a more crosslinked par-
ticle, the build-up of a localized charge is greater owing to
lower core mobility, resulting in both a slower rate of hydro-
lysis as well as a lower overall percentage hydrolysis.

An alternative to the electrostatic argument is that at raised
temperatures the particles swell resulting in a greater ingress
of water thus producing a faster rate of hydrolysis. An increase
in crosslinking density is thought to result in less swelling of
the particle and as such less hydrolysis. To exclude the possi-
bility of particle swelling having an impact on the rate of
hydrolysis, DLS analysis of the particles (2-20) was carried out
both before and after hydrolysis at 25 °C, and additionally
measured at 50 °C (Fig. S77). Particle size was found to remain
approximately the same at both 25 °C and 50 °C regardless of
the crosslinking density (Table S1). Moreover, hydrolysis had
no effect on the particle size, with no size change following
60% hydrolysis (Fig. S71). Additionally, the integrals in the 'H
NMR spectrum assigned to the crosslinker (Fig. 4, protons 4)
remained unchanged throughout the hydrolysis confirming
that only the amine is hydrolyzed and hence the observed
effect is not due to crosslinker hydrolysis.

Influence of particle arm length

To further probe the effect of star composition on the protec-
tion afforded to the amine, hydrolysis kinetics at the raised
temperature of 50 °C were measured for short, medium, and
long armed PEGA particles all with approximately 20% cross-
linking density. As an increase in arm length would result in
lower core mobility, it was expected that an increase in arm
length would result in lower hydrolysis. Polymeric stars with a
crosslinking density of 20% and a similar DP for DMAEA were
synthesized according to the previously described procedure:
PEGA homopolymers with a medium arm length (3, DP = 148)
and a long arm length (5, DP = 288) were first synthesized and
subsequently chain extended with DMAEA and DEGDA. Both
the medium and long arm homopolymers (3 and 5 respect-
ively) and their corresponding star polymers (4 and 6 for
medium and long arms respectively) were analyzed using 'H
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NMR spectroscopy and SEC analysis (Table 1 and Fig. S87).
Both 4 and 6 were found to be similar in size by DLS analysis
(11 and 10 nm respectively, Table 1 and Fig. S9t). It was
hypothesized that approximately the same particle size was
produced regardless of the increase in arm length as a conse-
quence of increased chain entanglement as the length of the
arms increase, which has the effect of producing approxi-
mately the same star polymer size even as the arm length
increases. It should also be noted, however, that the particle
size may also be relatively similar for all arms’ lengths owing
to the relatively small size of the stars rendering them difficult
to obtain accurate size information from the DLS instrument,
and hence resulting in it being more difficult to observe small
increases in size as a consequence of increasing arm length.
Whilst an increase in arm length did result in a decrease in
hydrolysis (Fig. 6), the initial rates of hydrolysis for all arm
lengths are similar suggesting that arm length does not have
such a great impact on hydrolysis compared to crosslinking
density. This may be attributed to the properties of the star
polymer: as the arm length increases, the density of the shell
decreases which allows for greater influx of water into the
core.'? Therefore, there is little difference between the initial
rates of hydrolysis. However, longer arms result in a less
mobile core, therefore there is a greater buildup of electrostatic
repulsion in the polymers with larger PEGA DPs, thus resulting
in a lower final percentage hydrolysis.

Effect of polymer architecture

The hydrolysis rate observed for the polymeric particles uti-
lized in this study were found to be higher than that previously
reported, with Monteiro and co-workers reporting only 13%
hydrolysis in a linear PDMAEA homopolymer (with a similar
DP with respect to the amine) after 7 hours at 25 °C,** and
Whitfield et al. reporting 36% hydrolysis after 1 day for a four-
armed star with homopolymer PDMAEA arms.*® To ascertain
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Fig. 6 Hydrolysis kinetics of short, medium and long armed PEGA stars
(2-20, 4, and 6 respectively), at 50 °C in D,O as determined by *H NMR
spectroscopy. Error bars produced from the standard deviation of 3
repeats.

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7py00219j

Open Access Article. Published on 17 March 2017. Downloaded on 1/24/2026 2:32:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

whether tethering the amine functionality in a confined
environment within a polymeric particle had changed the
hydrolysis rate, a linear analogue was synthesized, in which
the 20% crosslinking monomer was replaced with non-cross-
linking methyl acrylate (MA). Hydrolysis at room temperature
showed little difference in the rate of hydrolysis between the
linear and star hydrolysis kinetics, with the star polymer reach-
ing 26% hydrolysis over 300 minutes compared to 34% hydro-
lysis of the linear polymer (Fig. 7a). At 50 °C, however, the rate
of hydrolysis for the linear polymer begins to deviate from the
star polymer, with a much faster hydrolysis rate observed for
the linear copolymer (Fig. 7b). It was hypothesized that the
rigid core of the stars gives rise to a more confined build-up of
acrylic acid moieties as hydrolysis proceeds, resulting in
increased electrostatic repulsion thus generating both a lower
overall hydrolysis and a slower rate of hydrolysis for the star
polymer in comparison to the linear analogue. Nonetheless,
whilst the star appears to afford protection, the linear MA
based analogue was still found to have higher hydrolysis than
the DMAEA homopolymers and the DMAEA-armed stars pre-
viously reported. This can be attributed to the MA group acting
as a spacer: in the copolymer there is less electrostatic repul-
sion between the hydrolyzed and non-hydrolyzed groups as the
MA lies between them on the polymer backbone, disrupting
the build-up of electrostatic repulsion along the backbone
thus increasing the hydrolysis rate. In contrast, both the homo-
polymer and the four-armed star (reported previously) do not
have this spacer to disrupt the electrostatic charge, resulting in
the build-up of electrostatic repulsion along the backbone and
a slower hydrolysis rate. Indeed, previous work by our group
which investigated the hydrolysis rate of a series of P(MA-co-
DMAEA) copolymers with different amine contents indicated
15% hydrolysis over a period of 50 minutes (with the tempera-
ture ramping at 1 °C per minute) regardless of spacer (MA)
content. This is in good agreement with the 22% hydrolysis
observed in this study, with the slightly higher percentage
hydrolysis in this study to be expected as a consequence of the
constant heating vs. ramped heating in our earlier study.
Furthermore, both of these studies had noticeably faster
hydrolysis rates than the previous homopolymer hydrolysis
studies, consistent with both the MA in the linear analogue,
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Fig. 7 Hydrolysis kinetics of 2-20 and the linear analogue PEGAgg-b-
(DMAEAgo-co-MA;3) at (a) 25 °C and (b) 50 °C, in D,O as determined by
*H NMR spectroscopy. Error bars produced from the standard deviation
of 3 repeats.
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and the DEGDA in the crosslinked stars, disrupting the build-
up of electrostatic repulsion allowing for faster hydrolysis
rates.

Influence of the polymer arm type at different crosslinking
densities

We hypothesized that the brush-like character of the PEGA
arms may influence the hydrolysis rate, for example by
affecting diffusion of water into the particle. To this end, a
series of analogous particles using PHEA,,, (that did not have
brush-like character) with varying crosslinking densities of
approximately 20, 15 and 10% were synthesized (8-20, 8-15 and
8-10, Table 1). Whilst investigating the effect of temperature, at
25 °C it was observed that crosslinking density has little effect
on the hydrolysis rate (Fig. S107), similar to the PEGA armed
counterparts. At raised temperatures (50 °C) the same trend as
for the PEGA armed particles was observed: increasing the
crosslinking density lowered the hydrolysis rate (Fig. 8). Direct
comparison to the PEGA analogues at different crosslinking
densities confirmed that the chemical nature of the polymer
arm had little effect on the hydrolysis rate (Fig. 9). At 25 °C
both PEGA and HEA arms produced similar profiles for the
hydrolysis kinetics. Further analysis suggests that at 50 °C,
whilst both arms produced similar profiles, the PEGA armed
particles achieved a slightly higher overall hydrolysis in
300 minutes. Whilst there is almost no difference for the 10%
crosslinked particle (Fig. 9¢c), there is a small difference at 15%
crosslinking density (2-15 and 8-15, Fig. 9b), and a more sig-
nificant difference (ca. 6%) at 20% crosslinking density (2-20
and 8-20, Fig. 9a). Whilst the difference for the 15% cross-
linked particle could be within error, the error associated with
the PEGA armed particles at 50 °C is +1.3%, and for the HEA
particles it is +0.6%, suggesting that the difference between
the HEA and PEGA particle hydrolysis is significant in the
high crosslinking density polymer stars. This could be attribu-
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Fig. 8 Hydrolysis kinetics of PHEA-b-(DMAEA-co-DEGDA) of varying
crosslinking densities, in D,O at 50 °C as determined by *H NMR spec-
troscopy. Error bars produced from the standard deviation of 3 repeats.
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Fig. 9 Hydrolysis kinetics of both HEA (8-x) and PEGA (2-x) armed particles as (a) 20% crosslinking density (2-20, 8-20), (b) 15% crosslinking density
(2-15, 8-15) and (c) 10% crosslinking density (2-10, 8-10), in D,O as determined by *H NMR spectroscopy.

ted to the more dense PEGA shell slowing diffusion of the
N,N'-dimethylaminoethanol out of the core in comparison to
the HEA shell. Moreover, an increase in crosslinking density
will create a more densely packed core which would further
prevent the release of the small molecule N,N'-dimethyl-
aminoethanol, which may be able to buffer the hydrolysis in
the core which would further slow down hydrolysis.

Enzymatic confirmation of DMAE release

Whilst "H NMR spectroscopy confirms the successful hydro-
lysis of PDMAEA it does not, however confirm release of the
small molecule DMAE from within the polymeric star. Indeed,
the changing integrals attributed to the PDMAE (at § =
3.08 ppm) observed by '"H NMR spectroscopy may not accu-
rately reflect the degree of hydrolysis, as the resonances may
be distorted through shielding of the protons as a conse-
quence of their location within the core of the polymeric star.
To this end, a release study was undertaken for comparison to
the hydrolysis study to enable calculation of the concentration
of DMAE, and comparison to the theoretical concentration
based on the conversion values obtained by 'H NMR spec-

5068 | Polym. Chem., 2017, 8, 5060-5070

troscopy, both confirming release of the small molecule and
validating the "H NMR spectroscopy results.

Choline oxidase catalyzes the oxidation of choline to
produce betaine aldehyde and hydrogen peroxide.**°
Additionally, it has been previously reported that the enzyme
also catalyzes the oxidation of DMAE, with the Michaelis-
Menten constant (K,,) reported to be approximately 10 times
greater for choline oxidase (K, = 1.3 mM) than DMAE (K, =
14 mM).”" The production of hydrogen peroxide from the
process can then be monitored using a widely accepted colori-
metric test,”® in which p-nitrophenyl boronic acid (p-NPBA) is
reacted with hydrogen peroxide resulting in the production of
p-nitrophenol, which has an intense UV absorption at 1 =
405 nm. To enable calculation of the concentration of released
DMAE, a calibration curve was first generated, relating the
absorbance at 4 = 405 nm to the concentration of DMAE.
Plotting the initial rate of rise for the absorbance vs. concen-
tration of DMAE resulted in a calibration curve which was
fitted using an exponential equation (Fig. S11, eqn (S2)7).

Following establishment of the calibration, analysis was
carried out on the 20% crosslinked PEGA armed star copoly-
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Fig. 10 Comparison between the theoretical concentration of DMAE
released based on *H NMR spectroscopic analysis (green) and enzymati-
cally determined (red) at 25 and 50 °C. Error bars produced from the
standard deviation of three repeats.

mer (2-20). The star copolymer was dissolved in 18.2 MQ cm
water (50 mg mL™") and stirred slowly at room temperature.
Aliquots were removed at regular time intervals, the polymer
removed from solution using a spin concentrator (5 kDa
MWCO) and the resultant supernatant was stored in the
freezer until analysis (see ESIt for details). Using the cali-
bration curve, it can be seen that the concentration of DMAE
released is in relatively good agreement with the theoretical
concentration based on 'H NMR spectroscopy (Fig. 10). This
confirms the release of the small molecule from the core of
the star copolymer. Moreover, the similarity between the
theoretical and enzymatically determined values ratifies the
hydrolysis results produced by "H NMR spectroscopic analysis.

Conclusions

RAFT polymerization has been successfully applied to the syn-
thesis of amino-functionalized polymeric stars with differing
arm lengths, arm types and varying crosslinking densities in
the core of the particles. To understand the hydrolytic behavior
of the amine tethered within the core of the particle, the poly-
mers were studied in situ by "H NMR spectroscopy through
monitoring of the signals attributed to both the polymer and
the released N,N'’-dimethylaminoethanol. Results indicated
that at 25 °C there is little effect of crosslinking density but at
the raised temperature of 50 °C an increase in crosslinking
density results in lower overall hydrolysis. Moreover, increasing
the length of arm was found to demonstrate the same
effect, though not as significantly as increasing the crosslinking
density. It was also indicated that the type of arm had little effect
on hydrolysis, suggesting therefore that amines tethered within
other architectures would be expected to exhibit similar hydro-
lytic behavior. We have also demonstrated that the small mole-
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cule released upon hydrolysis is available to undergo further
reaction, which highlights the potential application of this
monomer system in controlled release applications.
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