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ABSTRACT: Hydrolytically degradable polymer brushes would represent an interesting platform for the
development of functional coatings for various biomaterials applications. In this manuscript, the surface-
initiated atom transfer radical copolymerization of 5,6-benzo-2-methylene-1,3-dioxepane (BMDO) and
poly(ethylene glycol) methacrylate (PEGMA) has been investigated to prepare degradable polymer brushes.
The copolymerization of BMDO and PEGMA results in brushes that contain hydrolytically labile ester
linkages in the polymer backbone. The thickness of these polymer brushes can be controlled via the
polymerization time and the BMDO content by adjusting the monomer feed composition. The degradation
of the brushes was investigated by ellipsometry and atomic force microscopy (AFM) experiments. While the
brushes were relatively stable under neutral and mild-basic conditions (pH 9), degradation was significantly
enhanced under acidic conditions. Degradation was found to be accelerated at low pH values (pH 3—5) and

with increasing BMDO content.

Introduction

Polymer brushes are ultrathin surface grafted polymer layers in
which all polymer chains are tethered with one of their chain ends
to a substrate.'® At sufficiently high grafting densities steric
repulsions force the chains to stretch out resulting in a densely
packed arrangement of surface grafted polymer chains. The use
of controlled/“living” surface-initiated radical polymerization
techniques allows to precisely control the thickness, composition
and architecture of polymer brushes,*® which makes them very
attractive coatings to control the surface properties of a broad
range of materials.

Among the different controlled/“living” surface-initiated radi-
cal polymerization techniques that are available, surface-initiated
atom transfer radical polymerization (SI-ATRP) has been parti-
cularly extensively employed due to its robustness and synthetic
flexibility. SI-ATRP is frequently used to produce poly(2-hydro-
xyethyl methacrylate) (PHEMA) and poly(poly(ethylene glycol)
methacrylate? gPPEGMA) brushes for a variety of biorelevant
applications.””'* PHEMA and PPEGMA brushes have poly-
(ethylene glycol) like pro]i)erties and have been used to prepare
nonbiofouling surfaces,”"'* which can be postmodified to allow
protein immobilization” or mediate cell-adhesion.®!' '3 In spite
of a broad range of very attractive properties, PHEMA and
PPEGMA brushes, being composed of an all carbon backbone,
are intrinsically nonbiodegradable, which potentially limits an
even wider application of these coatings, e.g., in in vivo applica-
tions as bioactive coatings on degradable tissue engineering
scaffolds. All degradable polymer brushes that have been pre-
pared so far have been obtained via surface-initiated ring-opening
polymerization of various cyclic ester monomers.'> ' While this
is a very attractive approach to prepare thin, degradable surface
coatings, functional cyclic ester monomers are not readily avail-
able and require special syntheses, which largely restricts further
functionalization of polyester brushes to the modification of the
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end group of the surface-tethered polymer chains. The possibility
to synthesize hydrolytically degradable polymer brushes via
SI-ATRP would greatly facilitate the access to functional degrad-
able polymer brushes, which would be of interest for a range of
biomaterials applications.

In this manuscript, we explore the surface-initiated atom trans-
fer radical copolymerization of a cyclic ketene acetal monomer,
5,6-benzo-2-methylene-1,3-dioxepane (BMDO),” with PEGMA
for the preparation of hydrolytically degradable polymer brushes.
While BMDO has been homo- and copolymerized via ATRP in
homogeneous solution,” this monomer, to the best of our
knowledge, has not yet been explored to graft hydrolytically
degradable brushes from solid substrates. This manuscript will
describe the synthesis and characterization of poly(PEGMA ,-co-
BMDO,) brushes prepared via SI-ATRP and will also report on
the hydrolytic degradation of these brushes upon exposure to
aqueous media of different pH.

Experimental Section

Materials. All chemicals used were purchased from Aldrich
unless otherwise stated. Toluene was dried by passage through
two columns of molecular sieves using a Pure Solv 400 solvent
purification system. Ultrahigh quality Milli-Q water with a
resistance of 18.2 MQ-cm (at 25 °C) was obtained from a
Millipore Milli-Q gradient machine fitted with a 0.22 um filter.
The inhibitor in poly(ethylene glycol) methacrylate (PEGMA ~
360 g-mol ™' containing on average six ethylene glycol units) was
removed by passing the monomer through a column of activated
basic aluminum oxide. The ATRP initiator, (11-(2-bromo-2-
methyl)propionyloxy)undecyldimethylchlorosilane, was syn-
thesized as previously described.*® 5,6-Benzo-2-methylene-1,3-
dioxepane (BMDO) was synthesized according to previously
reported methods using chloroacetaldehyde dimethyl acetal
instead of bromoacetaldehyde diethyl acetal for the acetaliza-
tion of benzenedimethanol. >

Instrumentation. Brush thicknesses were determined using a
computer-controlled null-ellipsometer (Phillips Plasmon SD
2300) operating with a He—Ne laser at A = 632.8 nm and an
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angle of incidence of 70°. Film thicknesses were calculated using
a double layer silicon/polymer brush model. The refractive
indices used for the calculations were n = 3.7 for the silicon
substrate and n = 1.45 for the polymer. X-ray photoelectron
spectroscopy (XPS) was carried out using an Axis Ultra instru-
ment from Kratos Analytical equipped with a conventional
hemispheric analyzer. The X-ray source employed was a mono-
chromatic A1 Ko (1486.6 eV) source operated at 100 W and 107
mbar. Water contact angle measurements were performed using
a DataPhysics OCA 35 contact angle measuring instrument.
Atomic force microscopy (AFM) was performed in Tapping-
mode on a Veeco Multimode Nanoscope II1la SPM controller
(Digital instruments, Santa Barbara, CA) using NSC14/no Al
Mikromasch (Tallinn, Estonia) cantilever.

Immobilization of the ATRP Initiator. First, the silicon wafers
were sonicated for 5 min in acetone and dried. Subsequently, the
slides were immersed in piranha solution (H,SO4/H>0, (7:3, v:v)
for 30 min at 150 °C in order to remove any organic residues
from the silicon oxide surface and to promote the formation of
silanol groups (CAUTION! piranha solution reacts violently with
organic materials). The slides were then thoroughly washed with
water, methanol and chloroform and subsequently dried under
nitrogen. Next, the clean wafers were kept overnight and in the
dark in a 10 mM solution of the ATRP initiator in anhydrous
toluene. Afterward, the slides were extensively rinsed with
chloroform, dried under nitrogen, and transferred to the appro-
priate reactors for the polymerizations.

Synthesis of Poly(PEGMA ,-co-BMDO,) Brushes. Surface-
initiated atom transfer radical copolymerization of PEGMA
and BMDO was performed in bulk at 90 °C, using a reaction
system consisting of the monomer(s) (PEGMA and BMDO),
Cu'Cl and 2,2-bipyridyl (bipy) in the following molar ratio:
100:1:2. First, PEGMA, BMDO and bipy were introduced into
a Schlenk tube sealed with a septum, and mixed until complete
homogenization. Then, the mixture was degassed by three free-
ze—pump—thaw cycles and Cu'Cl was added under nitrogen.
After being stirred for 10 min at room temperature, the resulting
solution was transferred with a cannula to the nitrogen-purged
reaction vessel containing the ATRP initiator modified slides.
The reactor was placed in a thermostated bath at 90 °C and the
reaction was allowed to proceed with stirring for the desired
time. The polymerization was quenched by exposing the sub-
strates to air and then the slides were rinsed thoroughly with
water and methanol and finally dried under a flow of nitrogen.
Using the protocol outlined above a series of copolymer brushes
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was prepared by varying the relative amounts of the two monomers
in the feed. Throughout the manuscript, these brushes are referred
to as PPEGMA, P(PEGMAyj-co-BMDOy,), P(PEGMA5-co-
BMDO,s) and P(PEGMA 55-co-BMDOs). In these abbreviations,
the subscripts indicate the mole fraction of the respective monomer
in the feed. Patterned polymer brushes for AFM studies were
prepared from patterned ATRP initiator modified substrates,
which were obtained as previously described.*

Hydrolytic Degradation of Poly(PEGMA ,-co-BMDO,)
Brushes. Degradation studies were carried out with copolymer
brushes of different composition, which were obtained after a
polymerization time of 30 min. Polymer brush coated substrates
were immersed in aqueous solutions of different pH, which were
prepared by dilution of concentrated HCI or NaOH solutions.
At different time intervals, the substrates were taken out of the
solutions, washed thoroughly with water and methanol and
dried under a flow of nitrogen. The thicknesses of the polymer
brushes were subsequently measured by ellipsometry or AFM.

Results and Discussion

Brush Synthesis. The preparation of the P(PEGMA ,-co-
BMDO,) brushes was carried out as shown in Scheme 1,
starting with the grafting of the ATRP initiator on the silicon
wafer. The successful grafting of the ATRP initiator on the
surface was evidenced by an increase in the static water
contact angle from 4° for the clean wafers (after piranha
treatment) to 77° for the ATRP initiator modified slides.
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Figure 1. Evolution of the ellipsometric film thickness as a function of

polymerization time for surface-initiated copolymerizations performed
with different monomer feed compositions.
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Figure 2. XPS survey spectra (left) and high-resolution elemental scans (right) of (A) a silicon substrate modified with the ATRP initiator, (B) a
PPEGMA brush, (C) a P(PEGMA;5-co-BMDO,s) brush, and (D) a P(PEGMA 55-co-BMDOs) brush. All experiments were performed with polymer

brushes obtained after a polymerization time of 30 min.

The clean surfaces are hydrophilic since they are rich in
silanol groups, while the functionalized wafers are more
hydrophobic due to the grafting of the ATRP initiator.
XPS analysis of the ATRP initiator modified substrate
revealed a characteristic peak at around 70 eV corresponding
to the bromine atom of the ATRP initiator (Figure 2). The
ATRP initiator modified wafers were then used to initiate the
atom transfer radical copolymerization of BMDO and
PEGMA using a Cu(I)Cl/bipyridyl catalyst system at
90 °C. The catalyst system used in this work is similar to
the one previously reported by Lutz and co-workers for the
terpolymerization of BMDO with methacrylate monomers

in solution.®® It is important to note that not all of the
BMDO incorporated into the copolymer brush necessarily
leads to the formation of ester bonds in the backbone of the
polymer chains. Atom transfer radical copolymerization of
BMDO may also lead to the introduction of a small fraction
of nonopened cyclic acetals, which are incorporated via a
vinyl addition reaction.?>2¢%%

Figure 1 shows the evolution of the ellipsometric film
thickness as a function of polymerization time for different
copolymerizations. For all copolymerizations, a linear in-
crease in brush thickness with polymerization time was
observed, which reflects the controlled nature of the ATRP
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Table 1. Static Water Contact Angles of Different Polymer Brushes
before and after Degradation in pH 3 Solution at 25 °C for 30 days”

water contact angle (deg)

polymer brush before degradation  after degradation

PPEGMA 52403 46+ 0.2
P(PEGMAg-co-BMDO),) SI+1.1 44409
P(PEGMA 5-co-BMDOs) 51409 48 +0.7
P(PEGMA 50-co-BMDOs) 5440.6 54409

“All experiments were performed with polymer brushes obtained
after a polymerization time of 30 min.

process. At any polymerization time, the thickness of the
copolymer brushes decreased with increasing amount of
BMDO in the feed, except for the P(PEGMAy,-co-
BMDO) brushes. The decrease in brush thickness with
increasing BMDO content reflects the lower reactivity of
BMDO compared to PEGMA and is consistent with earlier
reports, which described a decrease in the molecular weight
of BMDO/methyl methacrylate copolymers prepared via
ATRP with increasing BMDO content.?® The origin of the
unexpected but reproducible higher thicknesses of the
P(PEGMAgy-co-BMDO () copolymer brushes is not clear
at this moment and is the subject of ongoing investigations;
we hypothesize that it may be due to a different viscosity of
the polymerization mixture as it was observed that viscosity
influences surface-initiated polymerizations.*

XPS analysis of the different polymer brushes (Figure 2)
indicated the presence of carbon and oxygen in ratios that are
in good agreement with the elemental composition of the
monomers in the feed. As expected, the carbon to oxygen
atomic concentration ratio increased with increasing amount
of BMDO in the feed (data not shown). For the PPEGMA
polymer brushes, the Cs signal can be fitted with three
different Gaussian peaks corresponding to three different
types of carbon atoms which, in order of decreasing energy,
can be assigned to the ester groups, the ethylene glycol
units and the aliphatic carbon atoms of the polymer brush.
These assignments are in good agreement with Previously
reported XPS analyses of PPEGMA brushes.”'® For the
P(PEGMA -co-BMDO,) brushes, a fourth Gaussian peak
can be fitted in the Cy signal, which appears at a lower
energy than the aliphatic carbon unit and corresponds to the
aromatic carbons of BMDO. The relative intensity of the C
signal due to the aromatic carbons was found to increase
with increasing amounts of BMDO in the monomer feed,
reflecting the increased incorporation of this monomer in the
polymer brushes. In addition to confirming the chemical
composition of the copolymer brushes, the XPS spectra also
show that the brushes are free of any residual catalyst, as no
copper and nitrogen signals could be observed.

The polymer brushes were further characterized by water
contact angle measurements, the results of which are sum-
marized in Table 1. As Table 1 indicates the different
copolymer brushes have water contact angles that are similar
to that of PPEGMA and do not drastically change upon
variation in the copolymer composition.

Degradation Studies. The P(PEGMA ,-co-BMDO,)
brushes contain four potential cleavage sites; three ester
linkages, which are located in the ATRP initiator, the
PEGMA side chain as well as in the copolymer backbone,
respectively, together with the Si—O—Si bond that connects
the ATRP initiator with the silicon substrate. To evaluate
their hydrolytic stability, the copolymer brushes were expo-
sed to aqueous solutions of different pH and the film
thickness was measured as a function of time and compared
with that of a PPEGMA homopolymer brush reference
sample. The results of these experiments are summarized in
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Figure 3. Degradation kinetics of (A) a PPEGMA brush, (B) a P-
(PEGMA75-C(]-BMD025) brush, and (C) a P(PEGMASO-CO-BMDOSO)
brush at 25 °C and different pH conditions.

Figure 3 and Figure 4. To facilitate comparison, Figure 3 and
Figure 4 plot the relative thickness /2/h, (measured thickness
after x days/initial thickness) as a function of the degradation
time. The data in these figures show that the different
polymer brushes are quite stable for up to 1 month upon
incubation in Milli-Q water or pH 9 conditions. At lower pH
(pH 3 and 5), however, degradation is more significant and
increases with decreasing pH and increasing BMDO content.
The decrease in film thickness of the PPEGMA brush
(especially at pH 3 and pH 5) can be due to both hydrolysis
of the PEGMA side chains, as well as to cleavage of the
Si—O—Si or ester linkage at the initiator. The rate of
degradation of the BMDO containing brushes, however, is
significantly higher than that of the PPEGMA reference
sample and also gradually increases with increasing amounts
of BMDO in the feed, which is consistent with the incorpora-
tion of hydrolytically cleavable ester bonds in the main
chain of the copolymer brushes. With exception of the
P(PEGMA 5p-co-BMDOs,) brush degradation at ~ pH 7
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Figure 4. Degradation kinetics of P(PEGMA ,-co-BMDO,) brushes of

different compositions in (A) Milli-Q water and (B) pH 3 solution at 25 °C.
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Figure 5. 3D AFM images and 2D cross-sectional profiles of different P(PEGMA ,-co-BMDO,) brushes taken at different time intervals upon
exposure to a pH 3 solution at 25 °C. Cross-sectional profiles: black lines, before degradation; red lines, after 10 days; blue lines, after 20 days; green

lines, after 30 days.

(Milli-Q water) was negligible on the time scale of the experi-
ment (one month), which may be undesirable for real bioma-
terials applications. The degradation kinetics of the brushes
may be enhanced, however, by the use of other cyclic ketene
acetal or cyclic acrylate monomers or via copolymerization of
suitable monomers with nucleophilic side chain functional
groups that can facilitate hydrolysis by means of neighboring
group participation.>* Analysis of the water contact angles of
samples that were exposed to a pH 3 solution revealed a small
decrease in the water contact angle (Table 1).

To complement the results of the ellipsometry experiments
summarized in Figure 3 and Figure 4, the degradation

behavior of a series of micropatterned polymer brushes
was studied by atomic force microscopy (AFM). Figure 5
shows 3D images and 2D cross-sectional profiles of four
different brushes that were incubated in a pH 3 solution as a
function of exposure time. The AFM images qualitatively
confirm the results discussed earlier and indicate only a
minor variation in film thickness for the PPEGMA brush.
For the BMDO containing copolymer brushes, in contrast,
significant decreases in film thickness were observed, which
became more pronounced at higher BMDO contents, re-
flecting the incorporation of this hydrolytically degradable
monomer in the polymer brush main chain.
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Conclusions

In this report, we have described the synthesis of polymer
brushes containing hydrolytically labile ester linkages in the poly-
mer backbone via surface-initiated atom transfer radical copolym-
erization of 5,6-benzo-2-methylene-1,3-dioxepane (BMDO) and
poly(ethylene glycol) methacrylate (PEGMA). Analysis of the
growth kinetics revealed a linear increase in the thickness of these
copolymer brushes with increasing polymerization time, which is in
agreement with the controlled nature of the ATRP process. XPS
experiments further indicated that the degree of incorporation of
BMDO can be adapted by varying the feed composition of the
polymerization reaction mixture. While these copolymer brushes
are relatively stable upon exposure to neutral and mild-basic (pH 9)
aqueous media, considerable decreases in film thickness were
observed when samples were immersed in acidic aqueous solutions.
The decrease in film thickness, i.e. the extent of degradation, was
found to increase with decreasing pH and increasing BMDO
content. These degradable P(PEGMA -co-BMDO,) brushes may
represent an interesting platform for the development of degradable
coatings, e.g. for controlled drug release or tissue engineering
applications.
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