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ABSTRACT: Tight regulation of blood glucose levels of
diabetic patients requires durable and robust continuous
glucose sensing schemes. This manuscript reports the
fabrication of ultrathin, phenylboronic acid (PBA) function-
alized polymer brushes that swell upon glucose binding and
which were integrated as the sensing interface in a new
polypropylene hollow fiber (PPHF)-based hydraulic flow
glucose sensor prototype. The polymer brushes were prepared
via surface-initiated atom transfer radical polymerization of
sodium methacrylate followed by postpolymerization mod-
ification with 3-aminophenyl boronic acid. In a first series of
experiments, the glucose-response of PBA-functionalized
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poly(methacrylic acid) (PMAA) brushes grafted from planar silicon surfaces was investigated by quartz crystal microbalance
with dissipation (QCM-D) and atomic force microscopy (AFM) experiments. The QCM-D experiments revealed a more or less
linear change of the frequency shift for glucose concentrations up to ~10 mM and demonstrated that glucose binding was
completely reversible for up to seven switching cycles. The AFM experiments indicated that glucose binding was accompanied by
an increase in the film thickness of the PBA functionalized PMAA brushes. The PBA functionalized PMAA brushes were
subsequently grafted from the surface of PPHF membranes. The hydraulic permeability of these porous fibers depends on the
thickness and swelling of the PMAA brush coating. PBA functionalized brush-coated PPHFs showed a decrease in flux upon
exposure to glucose, which is consistent with swelling of the brush coating. Because they avoid the use of enzymes and do not
rely on an electrochemical transduction scheme, these PPHF-based hydraulic flow sensors could represent an interesting

alternative class of continuous glucose sensors.
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B INTRODUCTION

Diabetes mellitus is a chronic metabolic disease in which
patients suffer from high blood glucose levels because either
insulin production is inadequate or the body’s cells do not
respond properly to insulin, or both. Diabetes represents one of
the largest health concerns of the 21st century, and the World
Health Organization (WHO) has predicted a total of ~300
million diabetes patients worldwide in 2025." Everyday life of
diabetic patients involves frequent blood glucose monitoring
and multiple daily insulin injections. However, this treatment
does not provide the tight glycemic regulation afforded by a
healthy pancreas. As a consequence, there is an interest in
devices that allow continuous monitoring of blood glucose
levels.

The development of a glucose sensor requires strategies that
enable to selectively bind this target molecule and transduce
this molecular recognition event in a macroscopic and
measurable output. The molecular strategies that have been
developed for the recognition and binding of glucose can be
divided in three main categories.>> The first group is based on
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the enzyme glucose oxidase (GOx), which converts glucose to
gluconic acid.*”® A second important class of glucose sensors
use lectins, and in particular concanavalin A (Con A), to
selectively bind glucose.”® Although they have been widely
investigated, these protein-based glucose detection schemes
also have some drawbacks, which are primarily due to the
limited stability of the proteins and the associated limitations
with regards to sterilization, durability, and lifetime.” 2
Synthetic ligands that are able to selectively bind glucose
represent an attractive alternative and could provide the
enhanced stability that is needed for long-term operation and
sterilization. One such class of synthetic, glucose-binding
ligands are phenylboronic acid (PBA) derivatives, which have
been extensively investigated because of their stability,
resistance to moist heat and their ability to be sterilized.'>'*
Scheme 1 shows the structure of PBA and illustrates the
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Scheme 1. Schematic Hlustration of Glucose Binding by PBA
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glucose binding process. In aqueous solution, PBA is present in
two coexisting forms; an uncharged, hydrophobic form and a
charged, more hydrophilic form.”~"” Binding of glucose shifts
the equilibrium toward the charged form, which can be used to
trigger a variety of signal transduction schemes as will be
discussed below.

A wide variety of PBA incorporating synthetic polymer-based
systems has been developed that are able to selectively bind
glucose and transduce this event, for example, into a
colorimetric response or a change in conductivity or swelling
properties. Kataoka et al. have prepared glucose-responsive
hydrogels containing phenylboronic acid derivatives, which
showed changes in their equilibrium swelling degree upon
glucose binding.'®™* Conceptually related PBA containing
microgels that swell or shrink upon exposure. to glucose have
been reported by several other groups as well.* 2 Asher et al.
introduced the use of polymerized crystalline colloidal arrays
for the colorimetric detection of glucose.””** Arnold et al.
developed a conductometric sensor based on a phenylboronic
acid modified hydrogel, in which §lucose binding resulted in a
change in the ionic conductivity.” Liu et al. have developed
multifunctional ratiometric probes based on poly(N-isopropy-
lacrylamide-co-(N-acryloyl-3-aminophenylboronic acid)) micro-
gels, which were modified with FRET dyes that allowed to
monitor both glucose concentration and temperature.”® In
addition, several research groups have developed micellar
systems based on PBA-functionalized polymers, which
assemble or dissociate upon exposure to glucose.”’ > Highly
selective holographic glucose sensors with a very low lactate
dependence that operate at pH 7.4 have been developed by
Lowe et al.'*"® Other reports have used surface-initiated
polymerization techniques to modify surfaces with ultrathin
glucose-responsive layers (“polymer brushes”). Surface-initiated
polymerization results in chain-end tethered assemblies of
polymer chains that are colloquially referred to as polymer
brushes.’® Ivanov et al, for example, have reported the
synthesis of phenylboronic acid containing polymer brushes
by surface-initiated free radical copolymerization from glass
plates and capillary tubes.>”*® These polymer brush films were
investigated as substrates for carbohydrate-mediated cell
adhesion. Zauscher et al. have reported the postpolymerization
modification of poly(N-isopropylacrylamide)-co-poly(acrylic
acid) brushes, which had been grafted from Si;N, cantilevers
and gold substrates using surface-initiated atom transfer radical
polymerization (SI-ATRP), with 3-aminophenylboronic acid
(APBA).*’ Glucose binding resulted in cantilever deflection,
which was used as a read-out for glucose detection. PBA
containing polymer brushes have also been grown from silicon
surfaces using reversible addition—fragmentation chain transfer
(RAFT) polymerization to produce QCM-D-based glucose
sensors.*’

Surface-initiated polymerization techniques possess a number
of characteristics that make them attractive tools for the
fabrication of glucose-sensitive thin polymer films. First of all,
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being an example of a bottom-up fabrication strategy, the use of
surface-initiated polymerization methods is not limited to
planar two-dimensional substrates, but also provides a means to
uniformly and conformally coat complex three-dimensional
and/or porous substrates, which can be challenging using
conventional film forming techniques (e.g, spin coating) or
grafting-onto protocols. Grafting onto approaches, which also
result in polymer brush-type films, in contrast to surface-
initiated polymerization strategies, however, are more restricted
in the range of film thicknesses and the maximum film
thicknesses that can be generated. Surface-initiated polymer-
ization can generate densely grafted assemblies of chain-end
attached polymer chains that are tethered at distances that are
shorter than the radius of gyration of the corresponding
polymer in solution and thus enforce a stretched chain
conformation. Upon exposure to an appropriate external
stimulus, these surface-grafted polymer chains can transition
from an extended to a more collapsed state. These stimulus-
induced conformational transitions of surface-tethered polymer
chains provide attractive opportunities for the development of
innovative thin polymer sensory interfaces.

Glucose binding induced conformational transitions in PBA-
containing polymer brush films have been previously explored
for the development of cantilever® and QCM-D-based glucose
sensor formats.*® When films are grafted from a suitable porous
substrate, the changes in film thickness that accompany the
swelling/collapse of a PBA-functionalized polymer brush film
may also lead to changes in hydraulic permeability of the
substrate, which potentially provides another strategy to
capitalize upon the unique conformational properties of
surface-grafted polymers for the development of novel glucose
detection schemes. This study reports a first set of experiments
that explores the feasibility of PBA-functionalized polymer
brush films as the sensory interface for a prototypic hydraulic
flow based glucose sensor. The prototype that is investigated in
his study is based on a microporous polypropylene hollow fiber
(PPHF) membrane that is modified with an ultrathin PBA
containing polymer coating (Scheme 2). Glucose binding

Scheme 2. Schematic Illustration of the PBA Functionalized
Polymer Brush Coated PPHF Based Glucose Sensor
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results in swelling of the PBA modified polymer brush coating,
which induces a change in the hydraulic permeability of the
fiber that can be used as a readout to monitor variations in
glucose concentration. This new detection scheme could be
potentially interesting for the development of continuous in
vivo glucose detection systems and an alternative to, for
example, electrochemical glucose sensors as it avoids the use of
enzymes and does not rely on an electrochemical transduction
pathway.

This report consists of two parts. The first part will discuss
the preparation and glucose-responsiveness of PBA containing
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Scheme 3. Synthesis of PBA Functionalized PMAA Brushes on SiO,, Substrates
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polymer brushes grown from planar silicon oxide substrates.
These brushes were prepared via SI-FATRP and subsequent
postpolymerization modification with PBA. Producing these
brushes first on planar silicon oxide substrates allowed to use
quartz crystal microbalance with dissipation (QCM-D)
monitoring and atomic force microscopy (AFM) experiments
to study the glucose-responsiveness of these polymer coatings.
In the second part, the synthetic strategy developed for the
modification of the planar substrates is used to modify
microporous PPHF membranes. The glucose responsiveness
of the resulting fibers is subsequently investigated by hydraulic
permeability measurements.

B EXPERIMENTAL SECTION

Materials. PPHF membranes MICRODYN (MD 070 FP 1L; inner
diameter, ~ 600 ym; pore size, 100 nm) were kindly provided by
Microdyn Nadir. To remove additives, samples were Soxhlet extracted
with acetone for 24 h. Thereafter, the specimens were dried under
vacuum at room temperature for 24 h and subsequently stored under
nitrogen until use. Silicon wafers were cut in 80 X 50 mm pieces, and
silicon coated quartz crystal (QCM) chips were purchased from ICM
(Oklahoma City, OK). Sodium methacrylate (99%) (NaMA),
Cu(I)bromide (99.999%), Cu(II)bromide (99.999%), bromine
(99.5%), 1,1,4,7,10,10hexamethyltriethylenetetramine (HMTETA,
97%), 1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide hydrochlor-
ide (EDC, 98%), N-hydroxysuccinimide (NHS, 98%) and 3-
aminophenylboronic acid (APBA, 98%) were purchased from Aldrich
and used as received. The atom transfer radical polymerization
(ATRP) initiator, (6-(2-bromo-2-methyl)propionyloxy)-
hexyldimethylchlorosilane ((1), Scheme 3), was synthesized as
described previously.*" All solvents were purified and dried using a
PureSolv automated solvent purification system. Ultrahigh quality
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 ym filter.

Methods. Polymer brushes were grown from silicon wafers and
silicon coated QCM chips, which were cleaned using a microwave-
induced oxygen plasma system (Diener electronic GmbH, Germany).
Fourier transform infrared (FTIR) spectrophotometry analysis of
modified PPHFs was carried out on a nitrogen purged Nicolet Magna-
IR 560 spectrometer equipped with a Specac Golden Gate single
reflection diamond ATR system. Planar brush modified substrates
were analyzed with grazing angle attenuated total reflectance (ATR)
FTIR spectroscopy using a nitrogen purged Nicolet 6700 FT-IR
spectrometer equipped with a VariGATR grazing angle (ATR)
accessory (Harrick Scientific Products, Inc, New York) fixing the
incident angle at 65°. Each spectrum was acquired by collecting 64
scans at a resolution of 4 cm™. X-ray photoelectron spectroscopy
(XPS) measurements were performed on an Axis Ultra system from
Kratos Analytical with a conventional hemispheric analyzer and a
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monochromatic Al K (1486.6 V) source. The X-ray source was run
at 150 W and 107 mbar. The area analyzed was 700 X 350 ym at an
angle of 90° relative to the substrate surface. The software CasaXPS
was used to fit the XPS spectra peaks. Atomic force microscopy
(AFM) was performed in tapping mode on a Veeco Multimode
Nanoscope IIla SPM controller (Digital Instruments, Santa Barbara,
CA) using NSC36/AIBS cantilevers with a spring constant of 0.6 N/
m. QCM measurements were performed at 25 °C with a Q-Sense E4
system (Q-Sense, Sweden) recording the third overtone. The setup
used to characterize the hydraulic permeability of the PPHF
membranes is illustrated in Figure S1 (Supporting Information). A
piece of PPHF membrane (20 mm length) was glued to a 20 gauge
needle at one end, while the other end was blocked. A feed tank
containing the testing solution was connected to a compressed air line,
which was used as a pressure source. The pressure can be adjusted
between 1.010 and 1.500 bar and measured using a pressure sensor
interfaced with a computer. An electronic balance, which was linked to
a computer, was used to continuously weigh the permeate solution.
The PPHF modified needle was mounted in the luer lock support and
equilibrated for 30 min in the corresponding testing solution prior to
any measurements. Mass flux measurements were performed at room
temperature using a pressure of 1.300 bar. The applied pressure inside
the closed system induces an increase in the liquid weight (the
permeate solution) collected in the beaker. The mass flux is
determined from the linear regression (slope) of the signal recorded.
The hydraulic permeability of the PBA-modified PPHF membranes
was evaluated using a 100 mM phosphate buffer at pH 9 with and
without 100 mM glucose.

Procedures. Immobilization of the ATRP Initiator on Planar
Silicon Substrates. First, the silicon wafers were sonicated for S min in
acetone and then dried. The silicon substrates were then exposed to an
oxygen plasma (180 W, 10 min) and kept overnight in the dark in a 10
mM solution of 1 in anhydrous toluene. Afterward, the slides were
extensively rinsed with chloroform, dried under nitrogen and
transferred to the appropriate reactors for the polymerizations. Silicon
oxide coated QCM chips were modified in the same way but were not
sonicated.

Photobromination of the PPHF Membranes. A piece of PPHF
membrane (60 mm length) was introduced in 2 § X 150 mm
(diameter X length) Pyrex glass tube, which was subsequently placed
in a 250 mL Schlenk flask. The Schlenk flask with the PPHF
membranes was left overnight under vacuum at room temperature.
Thereafter, the Pyrex glass tube was sealed with a septum and purged
with nitrogen for S min, and a droplet (~20 yuL) of bromine was
introduced with a syringe. After S min, when the bromine had
vaporized, the tube was placed in front of a Hamamatsu LC6 high-
pressure vapor mercury lamp, which was equipped with a condenser
lens in order to obtain a uniform illumination of the fiber. The lamp
was operating at 100% intensity and placed at a distance of 33 cm from
the Pyrex tube to generate a spot with a diameter of 12 cm and light
intensity of 67 mW-cm™2 (£5%) between 230 and 400 nm (33 mW-
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Figure 1. (A) XPS survey and (B) high-resolution C 1s, (C) O 1s, (D) N 1s, and (E) B 1s scans of a 105 nm thick PMAA brush postmodified with
phenylboronic acid (the numbers and Greek letters refer to the different C and O atoms in the chemical structure of the PBA-functionalized PMAA

brush that is included as an insert).

cm™? between 320 and 400 nm). During irradiation, the Pyrex tube
was rotated through one-third of a turn each 7 min to allow a uniform
bromination of the substrate. After an irradiation time of 21 min, the
light source was switched off, and the tube was purged with nitrogen
for 60 min. After that, the samples were kept under vacuum for 24 h at
room temperature to remove residual bromine.

Surface-Initiated Atom Transfer Radical Polymerization. SI-
ATRP of NaMA was carried out following a procedure adapted
from a protocol that was published earlier.” A reaction system
consisting of NaMA, CuBr, CuBr,, and HMTETA in the following
molar ratios: 148:1:0.6:3.5 was used. First, two solutions containing
the catalyst, respectively, monomer solution were prepared in two
different Schlenk tubes. To prepare the catalyst solution, 141.45 mg
(0.63 mmol) of CuBr,, 1035 uL (3.8 mmol) of HMTETA, and 15.5
mL of Milli-Q water were added in a Schlenk tube, and the mixture
was subsequently subjected to three freeze—pump—thaw cycles. Once
the solution was degassed, 155.25 mg (1.1 mmol) of CuBr was added
under nitrogen and allowed to dissolve. In a separate Schlenk tube, a
solution of 16.05 g (162 mmol) NaMA and 34.5 mL of Milli-Q water
was prepared. The mixtures were stirred until a homogeneous solution
was obtained and then degassed by two freeze—pump—thaw cycles.
After that, the catalyst solution was cannula transferred into the
Schlenk tube containing the monomer solution. After 10 min, when
the system had become homogeneous, the polymerization mixture was
transferred under nitrogen, using a cannula, into a polymerization
reactor containing the appropriate ATRP initiator modified substrates,
and the reaction was allowed to proceed for the desired time at room
temperature under nitrogen atmosphere. After polymerization, the
substrates were thoroughly rinsed with deionized water and ethanol
and then left for 1 h in a 10 mmol MES buffer solution at pH S.
Micropatterned polymer brushes for AFM studies were prepared from
patterned ATRP initiator modified silicon wafers, which were obtained
as previously described.*®

Postpolymerization Modlification Reactions. First, the carboxylic
acid groups of the poly(methacrylic acid) (PMAA) brush modified
substrates were activated by placing the samples in a solution of EDC
(0.1 M) and NHS (0.2 M) in deionized water for 4 h and rinsing with
ethanol. To introduce APBA, the NHS-activated PMAA brushes were
immersed overnight in a 16.0 mg/mL solution of APBA in 10 mM
phosphate buffer (pH 7.2). After that, the substrates were rinsed three
times with water for 20 min each and finally dried under nitrogen.

B RESULTS AND DISCUSSION

Synthesis and Characterization of PMAA—-PBA
Brushes on Planar Silicon Substrates. Prior to embarking
on the modification of the PPHFs with the proposed glucose-
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sensitive brushes, the synthetic strategy toward these PBA
modified PMAA brushes was first elaborated on planar silicon
substrates as outlined in Scheme 3. PBA functionalized PMAA
brushes were prepared both on planar silicon wafers and on
silicon oxide coated QCM-D crystals. The former samples were
used to study the kinetics (more precisely, the growth profiles)
of the SI-ATRP process and for the chemical analysis of the
postpolymerization modification reaction, whereas the QCM-D
substrates were used to investigate the glucose responsiveness
of the PBA functionalized polymer brushes.

The synthesis of the PMAA brushes starts with the
immobilization of the ATRP initiator functionalized chlor-
osilane derivative (1) on the SiO, substrate, followed by SI-
ATRP of sodium methacrylate (NaMA) in water at room
temperature and a final acidification step. Figure S2
(Supporting Information) illustrates the evolution of the dry
film thickness of the PMAA brushes as a function of
polymerization time as determined by AFM analysis on
micropatterned substrates. The CuBr/CuBr,/HMTETA cata-
Iytic system allows for a fast brush growth and PMAA brushes
with thicknesses >200 nm are obtained in less than 30 min.*
Postpolymerization modification of the PMAA brushes with 3-
aminophenylboronic acid (APBA) was performed in aqueous
solution at pH 7.2 and started with EDC/NHS activation of the
carboxylic groups.** After that, the resulting NHS-activated
polymer brushes were reacted with APBA. The introduction of
the PBA groups was monitored with XPS. Figure 1 presents
survey XPS scans as well as high resolution C 1s, N 1s and B 1s
spectra of a 105 nm thick PBA postmodified PMAA brush. The
corresponding spectra of a 100 nm thick, unmodified PMAA
brush are shown in Figure S3 (Supporting Information). The
elemental compositions of the different brush samples that can
be obtained from the XPS analyses are summarized in Table S1
in the Supporting Information. The survey spectra reveal the
presence of C 1s and O 1Is signals for the PMAA brush whereas
the survey spectrum of the PBA modified brush reveals C 1s, O
Is, N 1s and B 1s signals. For the PMAA brush, the high-
resolution C 1s signal can be fitted with the expected peak area
ratios using three model Gaussian/Lorentzian curves, which
correspond to the aliphatic carbon atoms of the polymer
backbone (C—C/C—H, 285.0 V), the secondary carbons of
the carboxylic groups (C—C=0, 285.9 V) and the carbon
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atoms of the carboxylic groups (O—C=0, 289.2 eV). The C
1s high resolution scan of the PBA modified PMAA brush is
more complicated (Figure 1B). This is partly due to the
presence of additional signals resulting from the PBA moiety
and partly due to the fact that not every PMAA repeat unit in
the brush is modified with a PBA group. The survey XPS scans
of the PBA modified PMAA brushes, however, reveals two
additional signals at ~400 and ~191 eV, which correspond to
the N 1s and B 1s signals and reflect the successful introduction
of the PBA groups. From the [B 1s]/[C 1s] XPS ratio it was
estimated that 36% of the PMAA repeat units in the polymer
brush were modified with a PBA moiety. The PBA modified
PMAA grafted QCM-D crystals that were used for the
experiments discussed in the next section were prepared
using identical reaction conditions and thus are assumed to
present the same amount of PBA moieties.
Glucose-Responsiveness of PBA Functionalized
Brushes Grafted from Planar Silicon Substrates. The
glucose-responsiveness of the PBA functionalized brushes was
studied using the quartz crystal microbalance with dissipation
monitoring (QCM-D) technique. As an example, Figure 2
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Figure 2. (Top) Changes in Af and (bottom) AD upon exposure of a
QCM-D chip coated with (A) a nonmodified PMAA brush (d = 100
nm) and (B) a PBA postmodified PMAA brush (d = 105 nm) to
different glucose concentrations.

compares changes in the third overtone of the resonance
frequency (Af) and the dissipation (AD) of a QCM-D crystal
coated with an unmodified PMAA brush (d = 100 nm) with
that of a QCM-D crystal coated with a PBA modified PMAA
brush (d = 105 nm) upon exposure to glucose concentrations
varying between 0.1 and 25 mmol/L at pH 9. The experiments
were carried out by exposing polymer brush coated samples to
pH 9 buffer and injecting glucose solutions of defined
concentrations at specific times. The experiments were
performed at pH 9, since the pK, of PBA is 8.8 and the
boronate form of PBA (Scheme 1) is favored to facilitate
glucose binding.16 To investigate the reversibility of glucose
binding, after a certain time, the glucose solution was replaced
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again by pH 9 buffer. As illustrated in Figure 2A, the PMAA
brush coated crystal only revealed a very minor drift in the
resonance frequency shift (~40 Hz) and the dissipation (~ —6
X 107°) upon exposure to aqueous glucose solutions. Similar
drifts have been observed in other QCM-D experiments with
PMAA brushes™ upon exposure to aqueous buffer solutions
and are tentatively attributed to the slow stabilization of these
polyelectrolyte polymer films in the different media. The PBA
modified PMAA brush coated crystal, in contrast, shows a
decrease in frequency and an increase in dissipation upon
exposure to glucose. The intensities of the frequency and
dissipation shifts decrease with deceasing glucose concentration
to be almost undetectable at a glucose concentration of 0.1
mM. Note that the small drift that was observed for the
unmodified PMAA brush is (almost) not visible for the PBA-
functionalized brush as the putative polyelectrolyte effect is
dominated by the PBA-mediated glucose binding. The changes
in both the resonance frequency and dissipation indicate that
the observed response is a combination of a mass loading effect
on the polymer brush and a change in viscoelastic properties.
The observed frequency shifts reflect glucose binding to the
PBA functionalized brushes, whereas the increase in dissipation
indicates a change from a rigid-collapsed polymer film to a
more soft-swollen structure.

The QCM-D experiments summarized in Figure 2 also
provide a first insight into the response kinetics of the PBA-
functionalized polymer brush films. From the results in Figure
2, Figure S4 (Supporting Information) can be obtained, which
plots the evolution of the normalized frequency shift (defined
as (F — Fy)/(Fq — Fo)) as a function of time for a 105 nm
thick PBA-functionalized PMAA brush film upon exposure to
1-50 mM glucose solutions. Taking the time it takes for the
QCM-D sensor to reach equilibrium as a measure for the
response time, Figure S4 (Supporting Information) indicates
response times that vary from ~3 min for 50 mM to ~6 min for
1 mM glucose solutions. It is interesting to compare the
response times of these thin PBA-modified thin polymer films
with those of macroscopic PBA-functionalized hydrogels. The
response times of the thin PBA-containing films reported here
compare very favorably with those of macroscopic hydrogels,
which typically require more than 1 h to reach swelling
equilibrium upon changing glucose concentration.”’ > The
much faster response kinetics of the polymer brush films is
attributed to the shorter diffusion pathway for the glucose
molecules through these films, as compared to bulk hydrogels.
Along the same lines, Figure 2 also provides information on the
response kinetics upon exposing a glucose-loaded PBA-
functionalized PMAA brush to a pH 9 buffer solution that
does not contains glucose (Supporting Information, Figure SS).
Interestingly, the release kinetics are much slower (~9 min)
and independent of the glucose concentration that was used
during the glucose binding cycle.

To study the effect of glucose binding on the swelling
properties of the brushes, AFM experiments were carried out
on micropatterned PBA-modified PMAA brushes that were
grafted from planar silicon wafer substrates. Figure 3A plots the
thicknesses determined from cross-sectional analysis of micro-
patterned brushes, both in the “dry” state and in contact with
pH 9 buffer with and without 25 mM glucose. These results
were compared with the variation of frequency and dissipation
observed under similar conditions on a PBA modified QCM
chip (Figure 3B). The QCM-D results shown in Figure 3B
differ from those in Figure 2 in that Figure 3B shows the
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Figure 3. Variation of (A) film thickness and (B) Afand AD of a 10§
nm thick PBA postmodified PMAA brush upon exposure to pH 9
solutions with and without 25 mM glucose.

changes in Af and AD starting with a dry brush. After 30 min,
the dry brush is exposed to pH 9 PBS buffer and left to
equilibrate for 30 min before starting the experiment. The dry
PBA modified PMAA brush has a thickness of about 105 + 1.7
nm. When placed in pH 9 bufer, in the absence of glucose, the
polymer brush swells significantly to a thickness of 560 + 16
nm. At these high pH values, the PBA modified PMAA chains
transition from a collapsed and protonated state to a hydrated
and deprotonated one, which results in swelling of the polymer
film. Swelling of the PMAA-based brush film is accompanied by
a large decrease of Af of ~9.7 kHz, which reflects adsorption of
water in the polymer brush, as well as an increase in AD of
~1075 % 107% which is indicative for a change from a more
rigid to a softer (swollen) polymer film. Introduction of 25 mM
glucose at pH 9 inside the QCM chamber results in a decrease
of frequency of about 44 Hz and an increase of the dissipation
of 26 X 107% AFM cross-sectional analysis reveals that
exposure to glucose results in a ~ 10% (~58 nm) increase in
brush thickness. This observation is consistent with results by
Zauscher et al., who recorded a 25% increase of thickness for a
140 nm thick PBA-functionalized poly((N-isopropylacryla-
mide)-co-(acrylic acid)) brush upon exposure to a SO mM
glucose solution.®” The AFM thickness analysis in Figure 3A
indicates that glucose binding by the PBA modified PMAA
brushes is not just a mass-loading effect, but also results in
swelling of the brush film, which is consistent with the observed
changes in AD.

From the QCM-D results illustrated in Figure 2 and Figure 3,
a response curve, which plots the change in Af as a function of
glucose concentration, can be obtained. Figure 4 shows that Af
increases in a relatively linear fashion up to a glucose
concentration of ~10 mM and then gradually levels off at a
glucose concentration of ~20 mM. This is a practically useful
response range for a glucose sensor considering the fact that
blood glucose levels can vary from ~5 mM for a healthy adult
up to 11.1 mM for diabetic patients in case of hyperglycemia.*®
To assess the reversibility of glucose binding to the PBA
functionalized PMAA brush coatings, we exposed a QCM chip
modified with a 105 nm thick PBA functionalized PMAA brush
alternatingly to a pH 9 buffer solution without or with 25 mM
glucose at 25 °C. As illustrated by the data in Figure S, the
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Figure 4. Shift in Af for a 105 nm thick PBA-modified PMAA brush as
a function of glucose concentration (dotted line serves as a guide to
the eye).

response of the PBA functionalized brush was completely
reversible for up to seven switching cycles.
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Figure S. (Af; M) Frequency shift and frequency shift difference
(Afo mMglucose — Af25 mMglucoses O) observed upon exposing a QCM
chip modified with a PBA functionalized PMAA brush (d = 105 nm)
alternatingly to pH 9 solutions without or with 25 mM glucose over
seven switching cycles.

All the experiments discussed so far were carried out with pH
9 glucose solutions. This pH was selected because the pK, of
PBA is 8.8, and the boronate form of PBA (Scheme 1) is
favored to facilitate glucose binding.'® Ideally, the PBA
functionalized polymer brushes should allow glucose monitor-
ing at pH 7.4 so that they could be operated, for example, with
fresh blood samples without the need for further sample
preparation. The glucose response of the PBA functionalized
PMAA brushes at pH 7.4 and pH 8 was evaluated in additional
QCM-D experiments. Figure 6 compares the shift in Af for a
105 nm thick PBA functionalized PMAA brush upon exposure
to 25 mM glucose at pH 9, 8, and 7.4. As illustrated by the data
in Figure 6, glucose binding at pH 8 and pH 7.4 still results in a
shift in Af, albeit almost 4 times smaller as compared to pH 9.
This reflects the equilibrium between the neutral, trigonal form
of PBA at low pH and the tetrahedral, ionized boronate form at

Af (Hz)

Figure 6. Frequency shift (Af) measured for a 10S nm thick PBA-
modified PMAA brush upon exposure to 25 mM glucose at three
different pH values.
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Scheme 4. Synthesis of PBA Functionalized PMAA Brushes on PPHF Substrates
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Figure 7. (A) XPS survey and (B) high-resolution C 1s, (C) O 1s, (D) N 1Is, and (E) B 1s scans of a PBA functionalized PMAA brush modified
PPHF. (Inset) Chemical structure of the PBA-functionalized PMAA brush; numbers and Greek letters refer to the different C and O atoms.

pH values higher than the pK,. At pH 9, glucose has a high
affinity with the tetrahedral boronate species to generate a 1:1
PBA—glucose complex. With decreasing pH, however, this
equilibrium progressively shifts toward the hydrophobic,
uncharged form with a concomitant decrease of the potential
active sites available for the binding with the glucose.'® While
the results in Figure 6 indicate that the PBA-functionalized
PMAA brushes in principle can be used to detect glucose at
physiological pH, it is also obvious that (the pK, of) PBA is not
the ideal choice to analyze blood glucose because the observed
frequency shifts at pH 7.4 are significantly smaller as compared
to those at pH 9. The optimal pH operation window of the
polymer brush films, however, may be shifted to pH 7.4 by
incorporation of tertiary amine moieties in the brush or by
using substituted PBA derivatives.*’~>°

The experiments discussed above were carried out with
solutions that contained exclusively glucose. An important
aspect that has not been mentioned so far is the potential
interference of other component present in blood, since
boronic acids are well-known to bind a variety of diols. While
glucose dominates, blood also contains various other sugars,
including e.g. fructose. Fructose has a much higher binding
constant toward PBA as compared to glucose (560 M™" versus
11 M™! at pH 8.5),16 yet is present at much lower
concentrations in blood (typically around 10 pM).*' In
previous QCM-D experiments with PBA-containing polymer
brush films that were prepared via surface RAFT polymer-
ization, we demonstrated that the frequency shifts observed for
these polymer brush films upon exposure to S mM glucose
were not affected by the presence of 10 uM fructose as a
competing diol.*’
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PBA Functionalized PMAA Brush Coated PPHF Based
Glucose Sensors. Having developed a protocol for the
preparation of PBA modified PMAA brushes and assessed the
feasibility of these coatings to reversibly bind (and respond to)
physiologically relevant glucose concentrations, the second part
of this manuscript discusses the integration of this polymer
brush platform into PPHFs with the aim to develop a prototype
of the glucose sensor that was outlined in Scheme 2. The
modification of the PPHF with the PBA functionalized PMAA
brush coating is outlined in Scheme 4. The synthetic protocols
are identical to those used for the modification of the planar
silicon substrates, except for the first reaction step. Instead of
using chlorosilane chemistry, we subjected the PPHFs to a
photobromination treatment to introduce ATRP active
groups.”

Photobromination of the PPHFs was monitored using XPS.
Survey, C 1s, and Br 3d high-resolution scans are included in
Figure S6 in the Supporting Information. Analysis of the
elemental composition revealed a bromine content of 12.1%.
The subsequent growth of the PMAA brushes from the PPHF
substrate via SI-ATRP can be monitored by ATR-FTIR
spectroscopy (Figure S7, Supporting Information). The gradual
increase in intensity of the carboxylic acid carbonyl band at
1710 cm™ reflects the increase in brush thickness as a function
of polymerization time. The relatively linear increase in
intensity of this FTIR band (after normalization with respect
to the polypropylene C—C/C—H vibrations at 2917 cm™")
reflects the ability of the SI-ATRP process to tune the film
thickness of the PMAA brushes.

NHS activation of the PMAA brush modified PPHFs and the
subsequent postpolymerization modification with PBA was
performed using the same protocols that were discussed earlier
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polymerization time that was used to grow the PMAA brush coating.

for the preparation of the planar silicon oxide supported
brushes. Each of the reaction steps on the PPHF was followed
using FTIR and XPS analysis. Figure S8 (Supporting
Information) compares the ATR-FTIR spectra of an
unmodified PPHF, a PMAA brush modified PPHF, an NHS
activated PMAA brush modified PPHF, and a PBA function-
alized PMAA brush coated PPHF (all obtained after a
polymerization time of 10 min). Upon reaction of the PMAA
brushes with NHS, the broad band at ~3100—3500 cm™), as
well as the bands at ~1699 and ~1189 cm™ in the FTIR
spectrum of the unmodified PMAA brush, which correspond,
respectively, to the O—H stretching, the C=O vibration, and
the C—OH stretching, vanish (Figure S8, Supporting
Information). At the same time, two characteristic bands at
~1801 and ~1757 cm™' appear, which can be assigned,
respectively, to the ester carbonyl stretching and the vibration
of the succinimidyl carbonyls.**>® After the NHS activated
PMAA brushes react with 3-aminophenylboronic acid for 24 h,
the broad FTIR band above ~3300 cm™ corresponding to the
O—H stretch appears again, the two characteristic bands of the
NHS groups (at ~1806 and ~1756 cm™') disappear, and
various new bands between ~1629—1702 cm™, which are due
to the monosubstituted amide groups appear, all indicating the
successful introduction of the PBA moieties.

Figure 7 presents the XPS survey spectra as well as C 1s, O
Is, N 1s, and B 1s high-resolution scans of a PMAA brush
prepared with a polymerization time of 10 min after NHS
activation and postpolymerization modification with PBA. In
agreement with the elemental composition of the PBA
modified PMAA brushes, the survey spectrum shows the
appearance of C 1s, O 1s, N 1s, and B 1s, as well as Br 3p and
Br 3d signals. As illustrated in the high-resolution scan in Figure
7E, the B 1s signal, which reflects the PBA that is introduced in
the PMAA brush film, partly overlaps with the Br 3p1/2 signal,
which is due to residual bromine that has not been used to
initiate the ATRP process. Due to the partial overlap of the Br
3pl/2 signal, the XPS [N 1s]/[C 1s] ratio was used to estimate
the PBA content in the PMAA brush coatings. From the
spectra that are shown in Figure 7 this resulted in a degree of
modification of 12.5%. A series of experiments was performed
in which the SI-ATRP reaction time was varied from 2 to 15
min, while the conditions of the PBA postpolymerization
modification reaction were unchanged. These variations in the
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thickness of the PMAA brush, however, were not found to lead
to significant changes in the PBA content of the brushes (Table
S1, Supporting Information).

In a final series of experiments, we investigated the feasibility
of the PBA functionalized PMAA brushes to transduce
variations in glucose concentration in changes of hydraulic
permeability across the coated PPHFs, as illustrated in Scheme
2. The setup that was used in these experiments is illustrated in
Figure S1 in the Supporting Information. Figure 8A shows the
results of these hydraulic permeability measurements, which
were carried out using pH 9 buffer solutions with and without
100 mM glucose for an unmodified PPHF, a PPHF modified
with a PMAA brush obtained after a polymerization time of S
min and four PBA functionalized PMAA brush coated PPHFs
that differ in the polymerization time (i.e., thickness) that was
used to graft the PMAA brush (2, S, 10, and 15 min). Figure S9
in the Supporting Information summarizes the results of similar
experiments that were carried out using 25 mM glucose
solutions. The results in Figure 8A illustrate that the water
permeability across the unmodified PPHF is relatively small
compared to the brush modified fibers, which reflects the
hydrophobic character of the PPHF. Whereas the flux through
PPHFs coated with the unmodified PMAA brush is not
influenced by the addition of glucose, the PPHFs that are
coated with the PBA functionalized PMAA brush layers show a
decrease in flux upon addition of glucose. This decrease in flux
is consistent with the observed swelling of the brush upon
binding of glucose (vide supra), which leads to a decrease in the
effective pore diameter of the PPHFs. As illustrated in Figure
8B, the extent to which the flux decreases upon binding of
glucose depends on the polymerization time that was used to
grow the brush (i.e., the brush thickness). This effect of brush
thickness on the permeability may be due to the fact that the
swelling of thin brushes only causes a minor reduction in
effective pore diameter, which becomes more pronounced as
the thickness of the brush increases. As some point, however,
when the brush thickness is roughly equal to the pore diameter
of the PPHF, the pores are effectively filled, and glucose-
induced swelling has little effect on the flux across the
membrane. This is illustrated in Figure 8B, which shows that
F/F, first decreases with increasing polymerization time (ie.,
brush thickness), but that for thicker brushes (at polymer-

ization times of ~15 min) glucose binding only results in a very
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minor reduction of the flux compared to an unmodified PMAA
coated PPHF. The gradual “filling” of the nanosized pores of
the PPHF substrate is also illustrated by the gradual decrease in
flux with increasing polymerization time that is observed for pH
9 solutions that do not contain glucose. Similar results were
obtained when a 25 mM instead of a 100 mM glucose solution
was used, albeit with a smaller decrease in F/F,, which reflects
the smaller glucose concentration (Figure S9, Supporting
Information) and indicates that the proposed sensor config-
uration in principle allows to correlate variations in hydraulic
permeability with changes in glucose concentration.

B CONCLUSIONS

Glucose-sensitive polymer brushes have been prepared via
surface-initiated atom transfer radical polymerization (SI-
ATRP) of sodium methacrylate followed by postpolymerization
modification with 3-aminophenylboronic acid. These polymer
brushes have been grown both from planar silicon substrates
modified with an organosilane-functionalized ATRP initiator
and from PPHF membranes that were subjected to photo-
bromination prior to SIIATRP. QCM-D and AFM experiments
on samples grown from planar silicon substrates indicated that
the PBA functionalized brushes are able to bind glucose over a
range of physiologically relevant concentrations in a reversible
manner and revealed that glucose binding was accompanied by
an increase in film thickness (swelling) of the brush.
Application of the PBA-functionalized PMAA films on the
surface of a hollow PPHF enabled the preparation of a first
prototype of a hydraulic flow sensor. Binding of glucose results
in the swelling of the PBA-functionalized brush coating and
concomitantly a decrease in the hydraulic permeability of the
PPHF. Because the detection scheme presented here avoids the
use of enzymes and does not rely on an electrochemical
transduction pathway, it could be potentially interesting for the
development of continuous in vivo glucose detection systems.
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