
Switching Transport through Nanopores with pH-Responsive
Polymer Brushes for Controlled Ion Permeability
G. Wilhelmina de Groot,† M. Gabriella Santonicola,†,∇ Kaori Sugihara,‡,# Tomaso Zambelli,‡
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ABSTRACT: Several nanoporous platforms were function-
alized with pH-responsive poly(methacrylic acid) (PMAA)
brushes using surface-initiated atom transfer radical polymer-
ization (SI-ATRP). The growth of the PMAA brush and its pH-
responsive behavior from the nanoporous platforms were
confirmed by scanning electron microscopy (SEM), Fourier
transform infrared (FTIR) spectroscopy, and atomic force
microscopy (AFM). The swelling behavior of the pH-responsive
PMAA brushes grafted only from the nanopore walls was
investigated by AFM in aqueous liquid environment with pH
values of 4 and 8. AFM images displayed open nanopores at pH 4 and closed ones at pH 8, which rationalizes their use as gating
platforms. Ion conductivity across the nanopores was investigated with current−voltage measurements at various pH values.
Enhanced higher resistance across the nanopores was observed in a neutral polymer brush state (lower pH values) and lower
resistance when the brush was charged (higher pH values). By adding a fluorescent dye in an environment of pH 4 or pH 8 at
one side of the PMAA-brush functionalized nanopore array chips, diffusion across the nanopores was followed. These
experiments displayed faster diffusion rates of the fluorescent molecules at pH 4 (PMAA neutral state, open pores) and slower
diffusion at pH 8 (PMAA charged state, closed pores) showing the potential of this technology toward nanoscale valve
applications.

KEYWORDS: pH-responsive polymer brushes, poly(methacrylic acid), grafting from surfaces, atomic force microscopy, nanopores,
ion gating

1. INTRODUCTION

Functionalization of porous platforms with stimulus-responsive
polymer brush structures allows reversible controlled switching
of surface properties inside microchannels and nanochannels,
and makes it possible to fabricate valves at these length scales.
These functionalized porous platforms can be applied in
biosensing, where they can provide stable devices to increase
mechanical stability and lifetime for membrane protein
screening.1

Stimulus-responsive polymer grafts have been used with
great success to engineer the surfaces of materials. The
switching can be triggered by an external stimulus in the
environment of the material, e.g., changes in pH, temperature,
mechanical force, or light.2 Surface-initiated controlled radical
polymerization techniques are mostly used to synthesize these
polymer brush structures, and the technique used most
frequently is surface-initiated atom transfer radical polymer-
ization (SI-ATRP).3 SI-ATRP provides an environment in

which polymer brush growth is reproducible and yields robust
polymer brush structures, well-defined in chain length and
architecture. Grafting density can, in principle, be controlled by
tuning the coverage of initiators attached to the substrates.4−7

Grafting stimulus-responsive polymer brushes via SI-ATRP
from porous platforms offers opportunities to different fields
including delivery systems, lab-on-a-chip, microfluidics and
nanofluidics, and (bio)molecular screening.8 Weak polyelec-
trolyte brushes are especially interesting, because they make it
possible to control ion permeation through porous platforms
by varying the pH of the surrounding solution,9−11 and they
can be useful in their swollen state as an alternative approach to
support and span lipid bilayers over pores.12−17 Both of these
functionalities open ways to incorporate membrane proteins in
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the supported lipid bilayer and measure their ion channel
activity for pharmaceutical relevance.18,19 This approach can
create functional sensor surfaces with immobilized membrane
proteins that are suitable for in-vitro-controlled electrochemical
recording of their structural−functional relationships and for
label-free high-throughput screening of low-molecular-weight
drug candidates. Another interesting possibility is the coupling
of nitrilotriacetate (NTA) to polymer brushes with carboxylic
acid groups via EDC/NHS activation for precise positioning of
membrane proteins above the pore openings of the plat-
forms.20,21

Control of transport through polymeric membranes
functionalized with smart polymer systems has already been
described for both responsive polymer brush structures and
(grafted) responsive hydrogels.22,23 It has been displayed that
permeation of water and polymer solution through polymer
brush functionalized polymeric membranes can be controlled
by changing the pH of the surrounding environment.24−26

Besides pH-responsive polymer brush structures, thermo-
responsive polymer brushes were also grafted to and from
track-etched membranes. N-isopropylacrylamide (NIPAM) was
polymerized by controlled radical polymerization techniques,
and the functionalized membranes were characterized with
conductometric measurements below and above the lower
critical solution temperature of poly-NIPAM (PNIPAM),
resulting in different permeabilities.27,28 More recently, pH-
responsive polymer brush structures were grafted from single
polymeric nanopores. Functionalized nanopores displayed a
variation in transport of protons across the single-pore
membranes, in response to a change in pH. This pH-responsive
behavior originated from the protonation below pH 5 of the
pyridine groups in the poly(4-vinyl pyridine) (PVP) brush,
which resulted in a charged and swollen brush. In particular,
current−voltage measurements showed that, above pH 5
(neutral brush), the ionic conductance was constant and low,
compared to pH values below pH 5 (charged brush), where the
ionic conductance increased.29 The functionalization of macro-
porous silicon membranes with weak polyelectrolyte brushes
synthesized by SI-ATRP was reported by the same group.
These weak polyelectrolyte brush functionalized membranes
were mainly characterized with a focus on proton conductivity
for fuel cell applications.30,31

The examples mentioned above demonstrate that current−
voltage measurements are a convenient tool for investigating
the ionic conductance of membranes functionalized with weak
polyelectrolyte brushes in combination with pH variations. In
addition, it is also reported that resistance measurements can be
performed at polyelectrolyte multilayer filled nanopores,32

which is used for measuring the resistance of supported lipid
bilayers spanned over these functionalized pores.12 Atomic
force microscopy (AFM) is a well-known characterization
technique for polymer brush structures, and applying AFM in a
liquid environment makes it possible to monitor the responsive
behavior on the polymer brush.33−36 The influence of the force
applied by a AFM tip was investigated by force volume
spectroscopy for polyethylene glycol chains anchored to a
nanoring on a substrate. Applying less or more force changed
the AFM image, because of the indentation of the AFM tip in
the polymer brush structure.37 Yet another useful character-
ization method is fluorescence spectroscopy, which makes it
possible to follow the transport of fluorescent molecules from
one side to the other of the membrane.38

Previously, we reported fast and reversible switching between
polymer conformations at low and high pH values for pH-
responsive poly(methacrylic acid) (PMAA) brushes grafted
from planar silicon surfaces. In that study, the methanol content
of the aqueous ATRP reaction mixture was varied to investigate
further applications for controlled brush growth in confined
spaces.10

Here, we apply the brush growth from our previous study to
several nanoporous platforms and characterize the polymer-
ization using different techniques displaying the growth of
PMAA brushes inside the nanopores. Current−voltage
measurements, and diffusion experiments in combination with
fluorescence spectroscopy, demonstrate control of transport
through the functionalized pores by variations in the pH of the
surrounding environment.

2. EXPERIMENTAL SECTION
2.1. Materials. Allyl 2-bromo-2-methylpropionate (CAS

No. 40630-82-8, 98%), chlorodimethylhydrosilane (CAS No.
1066-35-9, 98%), chloroplatinic acid hexahydrate (CAS No.
18497-13-7, ≥ 37.50% Pt basis), sodium methacrylate (CAS
No. 5536-61-8, 99%), CuBr (CAS No. 7787-70-4, 99.999%),
CuBr2 (CAS No. 7789-45-9, 99.999%), 2,2′-bipyridine (CAS
No. 366-18-7, ≥99.0%), Rhodamine 6G (CAS No. 989-38-8,
dye content ∼95%) were purchased from Sigma−Aldrich and
used without further purification. All solvents were of high
purity, and deionized water from a Milli-Q purification system
(Millipore Advantage A10) was used throughout. Phosphate
solutions (50 mM phosphate) with various pH values were
prepared by titrating aliquots from the same stock (pH 7.4),
using HCl or KOH solutions.
Nanoporous silicon nitride films with pore diameters of 200

nm and a pore depth of 300 nm were prepared by colleagues of
the Laboratory for Surface Science and Technology at ETH
Zürich, using particle lithography.39,40 The nanopores were
etched in silicon nitride films supported on silicon or glass
substrates; these will be referenced hereafter as nanowells. Such
nanoporous films were used with or without a passivating
chrome layer on the top surface. Chips with a single pore or
with an array of pores accessible on both sides in a 5 mm × 5
mm and 300-nm-thick silicon nitride membrane were fabricated
by Leister Technologies AG.41 Chips with 4 pores 400 nm in
diameter, 1 pore 800 nm in diameter, and 512 pores 800 nm in
diameter were used. The pores of these chips will be indicated
as nanochannels in the rest of this work.

2.2. Nanopore Functionalization with PMAA Brushes.
All nanoporous platforms were functionalized combining
ATRP and the grafting from approach following a previously
published procedure.10 Briefly, nanoporous silicon nitride
surfaces were cleaned and activated in piranha solution
(H2SO4/H2O2 70:30 v/v) for 30 min, rinsed with water and
ethanol, and dried in a stream of nitrogen. [Warning: Piranha
solution reacts strongly with organic compounds and should be
handled with extreme caution.] Next, a monolayer of the ATRP
initiator (3-(2-bromoisobutyryl)propyl)dimethylchlorosilane
was deposited on the nanoporous surfaces by vapor phase
deposition, which was followed by ATRP of sodium
methacrylate at room temperature for 1 h under an argon
atmosphere. The surface-initiated ATRP was performed in a
water/methanol mixture 50:50 v/v to improve the wetting of
the pore walls and allow for polymer brush growth inside the
nanopores. Sodium methacrylate (50 mmol) was dissolved in
the ATRP medium (10 mL) and the solution degassed before
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addition to the Schlenk flask with CuBr (1 mmol), CuBr2 (0.1
mmol), and 2,2′-bipyridine (2.2 mmol) under inert atmos-
phere. After stirring for 15 min, the ATRP mixture was
transferred to the argon-filled vials with the initiator-coated
nanoporous samples. After polymerization, the nanoporous
chips were washed with water and with EDTA solution (0.1 M,
pH 7), and then immersed in water overnight to remove any
physisorbed polymer. Finally, chips were rinsed with ethanol
and dried under nitrogen gas.
2.3. Characterization Techniques. Scanning Electron

Microscopy (SEM). SEM images were taken with a HR-LEO
Model 1550 FEF SEM system under vacuum. Cross sections of
the nanoporous films were obtained by breaking the substrates
after cleaning, in case of a nonfunctionalized nanoporous film,
or after polymerization, in case of PMAA-brush functionalized
nanoporous films.
Fourier Transform Infrared (FTIR) Spectroscopy. FTIR

spectra were obtained with a Biorad Model FTS-575C
spectrometer equipped with a nitrogen-cooled cryogenic
mercury telluride detector (spectral resolution of 4 cm−1,
1024 scans). The background spectrum was obtained by
recording the spectrum of a cleaned silicon nitride nanoporous
film. The pH-responsive behavior of PMAA brushes grafted
from silicon nitride nanoporous films was investigated by
immersing the PMAA-brush functionalized nanoporous film in
a phosphate solution of pH 4 or pH 8 for 15 min, rinsing it with
ethanol, drying it under a nitrogen stream, and scanning via
FTIR spectroscopy.
Contact Angle Measurements. Static contact angle

measurements were performed with the sessile drop method,
using an optical contact angle device equipped with an
electronic syringe unit (OCA15, Dataphysics, Germany).
Degassed Milli-Q water was used as the probe liquid. For
each sample, three successive measurements were made.
X-ray Photoelectron Spectroscopy (XPS). XPS was used to

evaluate the immobilization of initiator molecules on silicon
surfaces and chrome surfaces. A 20-nm-thick layer of chrome
was evaporated on a silicon wafer to serve as a model surface.
XPS spectra were obtained on a Quantera XPS instrument
(Physical Electronics), using a monochromatized Al Kα
radiation (1486.6 eV) source with an X-ray beam diameter of
100 μm and an electron take-off angle of 45°, relative to the
sample surface. The spectrometer resolution was 0.2 eV for the
high-resolution element scans and 0.4 eV for the survey spectra.
An Ar+-ion beam neutralizer was not used, to avoid damage to
the labile Br atom of the initiator molecule.
Atomic Force Microscopy (AFM). AFM images of non-

functionalized and PMAA-brush functionalized nanoporous
films with a chrome top layer were obtained under ambient
conditions in tapping mode (TM-AFM) with a NanoScope III
Multimode setup (Digital Instruments/Veeco−Bruker, Santa
Barbara, CA, USA), using silicon cantilevers with resonance
frequencies of 200−500 kHz (type PPP-NCH-W, Nanosensors,
Wetzlar, Germany) and a EV-scanner (Digital Instruments/
Veeco−Bruker). The swelling behavior of the PMAA brush
upon pH variation was evaluated by in situ AFM in liquid
environment using a NanoScope III Multimode setup equipped
with a liquid cell. AFM measurements were carried out in
contact mode (CM-AFM) (with minimal loading force of ∼10
nN using optimized feedback parameters) using commercially
available V-shaped Si3N4 cantilevers (model NP, k = 0.58 N/m,
Digital Instruments/Veeco−Bruker).

Electrochemical Measurements. Current−voltage measure-
ments were performed with an Autolab PSTAT12 Instrument
(Ecochemie, Utrecht, The Netherlands). Current−voltage
curves were obtained between two Ag/AgCl electrodes
purchased from Lot-Oriel AG (WPI reference electrode for
EC-QCM Module QSP 020). Nanopore array chips were
placed in a two-chamber setup, and the chambers were filled
with phosphate solutions of various pH. During the measure-
ments, the two-chamber setup was placed in a Faraday cage.

Fluorescence Spectroscopy. Diffusion experiments with
nanopore array chips functionalized with PMAA brushes were
performed in a two-chamber setup filled with phosphate
solutions of pH 4 or pH 8. The fluorescent dye Rhodamine 6G
was added at one side of the chip, and after 19.5 h or 16 h, a
sample for fluorescence spectroscopy was taken. After rinsing
the setup, the phosphate solution was switched to the other pH
and Rhodamine 6G was again added to one side of the
polymer-brush functionalized nanopore chip. The calibration
was performed by measuring the fluorometer responses of
known concentrations of Rhodamine 6G dye molecules in
phosphate solutions of pH 4 or pH 8. Fluorescence
spectroscopy was performed with a Perkin−Elmer spectrom-
eter.

3. RESULTS AND DISCUSSION
3.1. Functionalization and Characterization of Nano-

porous Platforms with pH-Responsive Poly(methacrylic
acid) Brushes. Supported and free-standing nanoporous
silicon nitride films were functionalized with pH-responsive
PMAA brushes using SI-ATRP. First, the pre-activated chips
were treated by vapor-phase deposition with an initiator layer of
(3-(2-bromoisobutyryl)propyl)dimethylchlorosilane molecules.
Then, SI-ATRP of sodium methacrylate was conducted to
synthesize pH-responsive PMAA brushes. SI-ATRP was
performed in a water/methanol 50:50 v/v reaction mixture,
to improve the wetting of the pore walls for polymer-brush
growth inside the pores. The polymerization was performed for
1 h at room temperature, which resulted in PMAA brushes with
a dry thickness of ∼90 nm, as measured by ellipsometry on
planar silicon surfaces in air.10 After polymerization, a color
change at the surface of the substrates was observed, which was
an initial indication of the film modification with the PMAA
brush layer.
SEM was used to compare bare nanoporous films with

PMAA-brush functionalized nanoporous films, to confirm the
presence of the polymeric layer inside the nanowells (Figure 1).
SEM images were taken from the top surface and the cross
section, with the samples imaged in a tilted position. The
images of the top sides clearly display that there is a layer of
polymeric material on the functionalized nanoporous film. The
pore openings are smaller in diameter and the edges of the pore
openings are much smoother. The cross-sectional SEM images
confirm that (i) there is polymeric material inside the
nanowells, and (ii) the added layer on the functionalized
nanoporous film is ∼60 nm thick.
FTIR spectroscopy was used to confirm the pH-responsive

behavior of the PMAA brush grafted from the nanoporous film.
A functionalized nanoporous film was immersed in a phosphate
solution of pH 4 or pH 8, and a FTIR spectrum was taken.
Figure 2 displays the carbonyl absorption region of the PMAA
brush immediately after immersion in each solution. The
characteristic band peak of the protonated carboxylic acid
groups is found at 1705 cm−1, whereas the characteristic band

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am302820y | ACS Appl. Mater. Interfaces 2013, 5, 1400−14071402



peak of the deprotonated carboxylic acid groups is located at
1558 cm−1. These FTIR spectra prove that (i) PMAA brushes
were grafted from nanoporous films and (ii) these grafts
respond to pH variations.
Atomic force microscopy (AFM) characterization in liquid

environment was used to follow the swell and the collapse of
the PMAA brushes inside the nanopores. As displayed in the
SEM images of Figure 1, the graft layers were both grown from
the wall of the nanowells, as well from the top surface of the
nanoporous films. The swelling of the polymer layer grafted
from the top surface blocked the view at the nanopore openings
by AFM. Therefore, nanoporous films with a chrome top layer
were used to grow the grafts only from the silicon nitride walls
of the nanowells. The chrome top layer served as a passivation
layer, since there is no formation of silanol groups at the
chrome surface during the activation step by piranha solution
prior to the deposition of the ATRP initiator layer. It is known

that chrome oxide surfaces can be functionalized by organo-
silanes such as trichloroalkylsilanes and triethoxyalkylsi-
lanes.42,43 On the other hand, there are also examples in the
literature where chrome is used to create patterns where silanes
do not attach, including monochlorosilanes.44 To clarify this
issue, water contact angle and XPS measurements were
performed at silicon and chrome surfaces before and after
vapor-phase deposition of the initiator molecules. For silicon
surfaces, contact angle values before immobilization of the
initiator (right after activation in piranha solution) were ∼23°
and increased to ∼77° after initiator immobilization, indicating
the presence of the hydrophobic initiator molecules on
surface.10 Chrome surfaces had a contact angle of ∼13° after
treatment in piranha solution, and ∼17° after the deposition of
the initiator molecules. These results gave a first indication that
no initiator molecules were covalently linked to the chrome
surface. The same silicon and chrome surfaces were
investigated by XPS, and the full element analysis showed
less C atoms and almost no Br atoms at the chrome surface
after treatment with the ATRP initiator, as compared to the
silicon surface (see Table S1 in the Supporting Information).
XPS survey spectra for a silicon and chrome surface after
initiator deposition are included (see Figure S1 in the
Supporting Information). From both contact angle and XPS
results, the conclusion was drawn that the ATRP initiator
monolayer does not form on chrome surfaces when vapor-
phase deposition is used. At the silicon nitride surface inside the
nanowells silanol groups are formed in contact with piranha
solution and therefore can be used for immobilization of
monochlorosilane initiator molecules. In this way, it was
possible to attach the initiator molecules only onto the silicon
nitride surface and to graft polymer chains only from the
nanopore walls. These PMAA-brush functionalized nanoporous
films were both characterized with SEM and AFM. Using SEM,
nonfunctionalized as well as functionalized nanoporous films
were compared, with both the top surface and the cross section
scanned in a tilted position (Figure 3). The SEM images show
that the functionalized nanoporous film has polymer layers
inside the nanowells. At the top surface, there is a rim of
polymeric material visible at the nanopore openings. This latter
observation was investigated by AFM under ambient
conditions. The top surface of nonfunctionalized and PMAA-
brush functionalized nanoporous films were both scanned. On
the AFM images of Figure 4, it can be seen that the polymer
graft protrudes out of the nanopore in the case of the
functionalized silicon nitride nanoporous film, whereas there is
no substance around the pore rim of the nonfunctionalized
nanoporous film. Note that, away from the pore rims, the AFM
images in Figure 4 show the same surface features for both the
nonfunctionalized nanoporous film and the functionalized
nanoporous film, and no polymer grafts attached to the
chrome surface are visible. Both SEM and AFM images indicate
that the passivating chrome layer method works as expected,
and that there is no polymer brush grafted from the top side of
the nanoporous films.

3.2. Controlled Nanopore Gating Function by pH-
Responsive Poly(methacrylic acid) (PMAA) Brushes. In
our previous study, in situ ellipsometry and AFM in a liquid
environment were used to investigate the swell and collapse of
PMAA brushes grafted from planar surfaces upon changes in
the solution pH.10 This pH-responsive behavior originates from
the deprotonation of the carboxylic acids groups at higher pH
values. The polymer chains become charged and repel each

Figure 1. SEM images of nonfunctionalized (left) and PMAA-brush
functionalized (right) nanoporous silicon nitride films without a
chrome top layer. Top images display tilted top surface views and
bottom images display cross-sectional views of the samples. Images on
the right refer to samples after SI-ATRP and show a polymer layer
stratification on the top surface (smaller and smoother pore openings).
From the cross-sectional view a polymer layer of ∼60 nm on top
surface can be estimated (vertical black line). The cross-sectional view
also shows smooth polymeric material inside the nanowell, in contrast
with the cross-sectional view of the nonfunctionalized film (left),
where the rough surface of the pore wall caused by the reactive-ion-
etching step during film preparation is evident.39

Figure 2. Carbonyl absorption region in FTIR spectra of a PMAA
brush grafted from a nanoporous silicon nitride film after incubation in
phosphate solution of pH 4 or pH 8. FTIR spectra display protonated
PMAA chains at pH 4 and deprotonated PMAA chains at pH 8.
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other, which results in swelling of the brushes. Besides the
electrostatic interactions upon changes in pH, the osmotic
pressure of the counterions also plays a role in the polymer-
brush conformation. Large additions of salt result in the
collapse of weak polyelectrolyte brushes, because of a decrease
in the osmotic pressure of the counterions. Conversely, low
additions of salt cause an increase in brush height via an
exchange of protons for cations. This exchange produces an
increase in the degree of dissociation, and, therefore, swelling of
weak polyelectrolyte brushes occurs.45 In the case of function-
alized nanochannels, the pH-responsive behavior of the
polymer grafts can be used as a nanopore gating function. In
a previous work, we investigated brush thickness variations in
phosphate solutions with pH 4 and pH 8 for PMAA grafted
from planar silicon surfaces under the same conditions.
Measurements by in situ ellipsometry showed large swelling
in the phosphate solutions (up to ∼229 nm for pH 8) and
swelling factors in the range 1.1−1.3, depending on the brush
grafting density.10 In the present situation, because of the
different polymerization kinetics in the confined space of the
nanopores and the accessibility of the polymer layer

conformation, it is difficult to determine brush thickness
variations and corresponding swelling factors. From a
theoretical study, it is known that polymer chains attached
close to the entrance of pores with short aspect ratios tend to
protrude out of the pores in a good solvent. By protruding out
of the pore into the reservoir, polymer chains relieve
nanoconfinement and stretch away from the pore.46 To
observe the swelling of the PMAA grafts inside the nanowells
of the nanoporous silicon nitride films, AFM measurements
were performed on substrates with a passivating chrome top
layer (see Figure 5). Measurements were made in a phosphate

solution of pH 4 (brush collapsed state) or pH 8 (maximum
brush swelling in liquid). AFM characterization was also chosen
to analyze the response of the PMAA brushes grafted from the
nanowells in the actual environment of the application
considered in this work, that is, the mechanical gating for the
ion permeability control through nanopores. At both pH values,
the same area with five pores with a diameter of 200 nm was
scanned. A pore size of 200 nm was chosen to completely block
the pores at the maximum brush swelling conformation. In fact,
our previous study on PMAA brushes grafted from planar
silicon surfaces had displayed a maximum brush swelling of up
to ∼229 nm in phosphate solutions of pH 8.10 Compared to
the AFM image obtained under dry conditions in Figure 4, the
polymer grafts in Figure 5 were already swollen by the uptake
of phosphate solution. It can be seen from the corresponding
AFM image taken at pH 4 that the nanopores at this pH value
are not closed by the graft. After changing the liquid in the
AFM liquid cell to the pH 8 phosphate solution, the same area
was scanned again and a significant swelling of the PMAA
brushes out of the pores was observed. This result displays the
opening and closing of PMAA-brush functionalized nanopores
with the chosen polymerization conditions by changing the pH
of the surrounding environment from pH 4 to pH 8.
To investigate the pH-controlled gating properties of the

PMAA brushes, nanopore array chips with channels accessible
on both sides in a silicon nitride membrane were functionalized
with SI-ATRP and analyzed in current−voltage measurements.
Chips with arrays of four nanochannels with a diameter of 400
nm were used, and the ionic conductance was obtained at
different pH values of the phosphate solution. Here, nano-
channels 400 nm in diameter were used to limit the entrapment
of air bubbles, which would affect the conductivity measure-
ments. At each pH value, a current−voltage measurement was
applied where the voltage was cycled between −0.2 V and 0.2 V

Figure 3. SEM images of non-functionalized (left) and PMAA-brush
functionalized (right) nanoporous silicon nitride films with a chrome
top layer. Top images display the tilted top surface and cross-sectional
view together, and bottom images display an enlarged image of the
cross-sectional view. Black boxes indicate polymer grafts protruding
out of the pore opening (top box; also see Figure 4) and polymer
layers inside the nanowell (bottom box). The insets on the right show
enlarged areas of the functionalized nanowells: the horizontal black
lines were added to indicate the extent of the polymer layer protruding
out of the pore (top inset) and along the nanopore wall (bottom
inset).

Figure 4. TM-AFM images (top view) in ambient environment of
nonfunctionalized (left) and PMAA-brush functionalized (right)
nanoporous silicon nitride film with a chrome top layer. In the right
AFM image, polymer chains grafted from the pore wall are protruding
out of the pore opening.

Figure 5. CM-AFM images (top view) of PMAA-brush functionalized
nanoporous silicon nitride film with a chrome top layer in phosphate
solution of pH 4 or pH 8. At pH 4 (left), the polymer chains
protruding out of the five pore openings are swollen; nevertheless, the
pore openings are not completely blocked. At pH 8 (right), there is
significant swelling of the polymer chains out of the five nanowells.
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at a sweep rate of 10 mV/s and the current across the
functionalized chip was measured (Figure 6). From 0 V to 0.2

V, the I−V curves for all pH values were linear and the
resistance was calculated from the slopes. The graph in Figure 7

shows the decrease of electrical resistance with increasing pH,
which implies that charging up the PMAA chains favors ion
transport across the nanopore array chip. This behavior is in
agreement with previous published work on nanochannels
functionalized with PVP brushes, if we consider the different
nature of the polymer brush and its opposite pH-dependent
gating properties.29 In that case, in fact, a significant decrease in
the transmembrane ionic current was measured with increasing
solution pH, that is when the PVP chains are in the neutral
state. The inset in Figure 7 displays the result of a control
experiment performed with a nonfunctionalized nanopore array
chip with one pore with a diameter of 800 nm. The same
phosphate solutions with varied pH values were used to
confirm that the change in electrical resistance over the
nanopore array chip is coming from the PMAA graft. The graph
in the inset shows no change in electrical resistance by variation
of pH. The reversibility of PMAA brushes between pH 4 and
pH 8 was investigated in depth in our previous study, where the
degree of dissociation by FTIR and the brush thickness by in
situ ellipsometry displayed reversibility over four pH cycles.10

In this study, the I−V measurements were repeated in solution
of various pH values between pH 4 and pH 8 in a cycle. Figure
7 displays the curve obtained from pH 8 to pH 4. In the
Supporting Information, the complete cycle starting from pH 4

to pH 8 and back is presented (see Figure S2), which shows, for
all pH values, a reproducible value in electrical resistance. These
results confirm that (i) PMAA brushes are grafted from
nanopore array chips and (ii) they respond to variations of pH
in their environment. The ionic conductance across PMAA-
brush functionalized nanochannels can be controlled by varying
the pH of the surrounding environment.
Results from the AFM measurements on PMAA-grafted

nanowells (Figure 5) clearly show that the pores are open at
pH 4 and closed at pH 8. To further assess the mechanical
gating properties of the polymer brush, in response to pH
variations, fluorescent dye diffusion experiments were per-
formed using functionalized chips with arrays having 512 pores
with diameters of 800 nm. Pore diameter sizes of 800 nm were
chosen to avoid bubble entrapment in the sieve, to have a
reproducible diffusion area under different solution conditions.
At the same time, in the permeability measurements, it was
necessary to maximize the throughput of the diffusing
fluorescent dye so that it could be measured by a fluorometer.
A two-chamber setup filled with phosphate solution of pH 4 or
pH 8 was used and the diffusion of the fluorescent dye
Rhodamine 6G across the chip was followed. Samples were
taken after fixed time intervals and analyzed by fluorescence
spectroscopy. The intensities given by fluorescence spectros-
copy were used to backcalculate the concentration of the
samples with use of the calibration curves for pH 4 and pH 8.
The relative concentrations of diffused Rhodamine 6G were
calculated with respect to the start concentration and are shown
in Table 1. From this table, it can be seen that the translocated

fluorophore concentrations obtained at pH 4 are higher than
those obtained at pH 8 after 19.5 h or 16 h. Changing the order
in which the two phosphate solutions were applied yielded the
same result. The pKa of Rhodamine 6G must be taken into
account; this value is ∼7.5, which means that Rhodamine 6G is
positively charged at pH 8. At pH 8, the negatively charged
PMAA chains and the positively charged Rhodamine 6G
molecules form ion pairs, resulting in hindered diffusion across
the chips. From this, it is clear that the diffusion of Rhodamine
6G in the pore with a charged environment and more closed
state at pH 8 is slower due to both brush hindrance effect and
Rhodamine 6G binding to the polymer layer. These results
show that mechanical gating by pH-controlled PMAA brushes
grafted from nanochannels is possible. Further analysis of the
permeability data, in terms of diffusion coefficients, was difficult

Figure 6. Current−voltage measurements of a PMAA-brush function-
alized nanopore array (4 pores 400 nm in diameter) at varied pH
values.

Figure 7. Change in electrical resistance of a PMAA-brush
functionalized nanopore array at varied pH values. By increasing the
solution pH, the electrical resistance decreases. Inset (same axes)
displays control experiment with a nonfunctionalized nanopore array,
which displays no response to variations of pH solution.

Table 1. Relative Concentrations of Rhodamine 6G from
Diffusion Experiments with PMAA-Functionalized
Nanopore Chips (Pore Diameter = 800 nm) at pH 4 and pH
8a

relative concentration of diffused Rhodamine 6G [% ×
102]

Chip 1
pH 4 after
19.5 h

12.8

pH 8 after
19.5 h

0.73

Chip 2
pH 8 after 16 h 1.82
pH 4 after 16 h 6.3

aRegardless of the order of the solution applied first, slower diffusion
of Rhodamine 6G across the functionalized nanochannels is measured
with solutions of pH 8.
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to perform for this system, because of the complicated
geometry of the interface of the functionalized nanochannels
and the confinement effect that plays an important role on the
acid−base equilibrium of the pH-responsive brush.11 A
concentration gradient was used as the driving force for dye
diffusion. At pH 8, the swollen brush blocks the pores more
than at pH 4, resulting in hindered diffusion. In addition, the
previous mentioned electrostatic interaction between Rhod-
amine 6G and the charged polymer chains at pH 8 further
decreases the dye diffusion. As a result of both effects,
nanochannels functionalized with PMAA brushes can be
effectively used for stimuli-gated nanofiltration.

4. CONCLUSIONS
Nanoporous platforms were functionalized with pH-responsive
poly(methacrylic acid) (PMAA) brushes using surface-initiated
atom transfer radical polymerization (SI-ATRP). Polymer
grafting from silicon nitride films with etched nanowells was
confirmed by scanning electron microscopy (SEM) and Fourier
transform infrared (FTIR) characterization. The same nano-
porous films with a passivating chrome top layer were used to
synthesize PMAA grafts only on the walls of the nanowells. The
swell and collapse of the pH-responsive polymer chains on the
pore walls was investigated by atomic force microscopy (AFM)
in a liquid environment of pH 4 or pH 8. The AFM images
displayed open pores at pH 4 and closed pores at pH 8.
Several nanopore gating functions of PMAA-brush function-

alized nanopore array chips were explored. The gating of ions
could be controlled by varying the pH of the surrounding
environment of the functionalized nanochannels. Increasing the
pH of the surrounding environment resulted in a decrease of
electrical resistance across the nanochannels. Mechanically
gating was investigated by following the diffusion of a
fluorescent dye across the functionalized nanochannels.
Diffusion of the dye molecule was slower at pH 8 when the
PMAA chains are in a charged and swollen state, thereby
hindering the diffusion through the nanochannels.
The properties of the pH-responsive PMAA-brush function-

alized nanoporous platforms illustrate the potential applications
in electrochemical (bio)sensors for the controlled gating of ions
and in nanofluidics as valves for low-molecular-weight
molecules.
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