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ABSTRACT: The nanosensors’ platform made of a stimuli-
responsive polymer/noble metal nanoparticle composite thin
film exploits the combination of the swelling-shrinking tran-
sition in a poly(N,N0-dimethylaminoethyl methacrylate) brush
and the localized surface plasmon resonance in metal nano-
particles to enable the transduction of changes in the solution
pH in the near-physiological range into a pronounced optical
signal.
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This letter describes a chemical/biochemical sensors’ platform
that exploits the combination of two distinct phenomena;

(1) the swelling-shrinking transition in a stimuli-responsive poly-
mer thin film and (2) the localized surface plasmon resonance
(LSPR) in noble metal nanoparticles that reside in the film.
This combination enabled the transduction of changes in the
analyte concentration into an optical signal. Specifically in this
work, we report on the sensor platform that is sensitive to
changes in the solution’s pH in the near-physiological range
(between pH 5 and pH 9). This finding opens new opportunities
for the development of sensors for biochemical/biomedical
analytes.

The sensitivity of LSPR spectra to the particles’ environment
and the interparticle distance is attributed to evanescent waves
localized on the metal surface. Because the evanescent field strength
decays exponentially with the distance, the nanoparticles “sense”
only their immediate environment. The interparticle interactions
via the evanescent field are often referred to as plasmon coupling,
which leads to strong modification of the LSPR spectra. The
LSPR in metal nanoparticles have been broadly explored for
analytics.1-5 Recently, the LSPR phenomenon has been used in a
combination with stimuli-responsive polymers for miniaturized
sensors. Noble metal nanoparticles associated with responsive
polymeric materials6,7 were used to probe swelling-shrinking tran-
sitions in polymer chains triggered by a specific environmental
stimulus, such as temperature, pH, ionic strength, or solvent quality.
The volume phase transition in the polymer caused changes in
the refractive index in the vicinity of the particle surface and induced
changes in the characteristic interparticle distance. Examples
include polymer brushes8 tethered to the surface of an optically
transparent substrate9-15 or colloidal carriers,16-20 polymer/
nanoparticle hybrid microgels,21 multilayers assembled using metal
nanoparticles as building blocks,22,23 hydrogel/nanoparticle hybrid
films24,25 and membranes,26 and hybrid nanotubes composed of
a block copolymer and metal nanoparticles.27

In our previous studies, we explored the sensing platform
when a responsive polymer brush was tethered to the surface
of a glass substrate with a deposited monolayer of nanoislands
(gold or silver) and served as a matrix for the incorporation of
colloidal nanoparticles of the same metal.28,29 The brush thick-
ness was chosen so that the nanoparticles and nanoislands experi-
enced pronounced plasmon coupling and, at the same time,
polymer chains undergoing the swelling-shrinking transition
actuated the nanoparticles to ensure considerable variations in
the characteristic spacing between the brush-entrapped nano-
particles and the immobile nanoislands. The system composed of
gold nanoparticles and nanoislands coupled with an ultrathin
brush of poly(2-vinylpyridine) (P2VP, a weak cationic poly-
electrolyte) demonstrated a pronounced shift in the position
of the LSPR extinction band by 50 nm by varying the solution’s
pH within a relatively narrow range near the coil-to-globule tran-
sition of P2VP chains (the apparent pKa ∼3.8).28 On the down-
side, the rather acidic range of pH values that can be measured
with this device makes it of limited value for bioanalytical appli-
cations. The aforementioned drawback was partially addressed in the
system composed of a hydrogel thin film of an ionically cross-linked
alginate-gelatin complex.30 The films showed the volume phase
transition in the pH region near the pKa value of alginate (∼4.5).

Poly(N,N0-dimethylaminoethyl methacrylate) (PDMAEMA)
(Mw = 90.2 kg/mol,Mw/Mn 1.09, Polymer Source, Inc., Canada)
has been selected for the present study because its apparent
pKa value is very close to the neutral pH (the reported pKa values
are within the range of 6.2 to 7.5).31-33 A plasmonic device
(Figure 1) was assembled on a glass slide substrate coated with
gold nanoislands and modified with an anchoring layer of chem-
ically cross-linked poly(glycidyl methacrylate) (PGMA).
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The modification of the substrate has been described in detail
elsewhere.30 Briefly, gold nanoislands were evaporated on trans-
parent glass slides (nominal thickness of the gold islands was
4 nm) and annealed overnight in a vacuum oven at 140 �C. A thin
layer of PGMA (2.3 ( 0.5 nm thick) was deposited by spin-
coating from a 0.01% solution in methylethylketone (MEK) and
cross-linked overnight at room temperature to form a stable and
strongly adhered anchoring layer.34 Highly polished Si wafers
modified with a PGMA anchoring layer were used as model
substrates for ellipsometric measurements of the layer thickness.

A PDMAEMA brush was grafted onto the modified substrate
in the next step. A thin film of PDMAEMA was deposited by
spin-coating at 2000 rpm from a 0.15 wt % solution in MEK,
annealed at 135 �C for 6 h in a vacuum oven (at ∼1 Torr), and
then washed three times in MEK and once in water for 10 min to
remove the ungrafted polymer. PDMAEMA chains were grafted
to the surface of the anchoring layer via the reaction of side
tertiary amino groups of PDMAEMA and epoxy groups of
PGMA occurring at the elevated temperature.35 The resulting
brush had a thickness of 7.6 ( 0.8 nm as determined indepen-
dently by the scratch analysis (the brush was scratched by a sharp
needle, and the scratch edge was scanned using atomic force
microscopy (AFM) in order to determine the step height) and
ellipsometry (PGMA-coated silicon wafers without gold nanois-
lands were used as model substrates in this case).

In the final step, 11.7 ( 0.9 nm citrate capped gold nano-
particles were adsorbed onto the PDMAEMA brush from an
aqueous dispersion for 4 h. The synthesis of the gold nano-
particles is described elsewhere.36

A series of UV-vis spectra of the PDMAEMA-brush plas-
monic platform in an unbuffered aqueous medium was obtained
by titration with a base from pH 4 to pH 9. The individual spectra
presented in Figure 2A exhibit a distinct extinction band that is, in
fact, the superposition of the characteristic LSPR peaks of the
gold nanoparticles and nanoislands. The position of the extinc-
tion bandmaximum showed a pronounced red shift with increase
in the solution pH. Themagnitude of the shift was comparable to
the values reported in the literature for other platforms relying on
the polymer-mediated plasmon coupling.10,13,14,23 In Figure 2B,
we plotted the shift in the band position (Δλmax) versus the
solution pH. The experimental points (black squares) were fitted
with a sigmoid curve (solid line) that had the inflection point at
pH 7.0; this value can be attributed to the apparent pKa value of
PDMAEMA. It is important to emphasize that no spectral shift
was observed in the casewhenno gold nanoparticleswere present on
the brush surface; this result implies that the plasmon coupling
between the particles and islands plays an important role.

The obtained results can be rationalized as follows. PDMAE-
MA is a weak polycation with tertiary amine pendant groups.
At pH < 6 (i.e., below the pKa where the amino groups are
protonated), the PDMAEMA brush is highly swollen due to the
osmotic effect of counterions entrapped in the brush. At this
swelling degree, the Au nanoparticles and the nanoislands appear
to be effectively decoupled as concluded from the fact that the
LSPR band position is insensitive to the solution’s pH. A rise in
the solution’s pH leads to the deprotonation of the amino groups
and the gradual shrinking of the brush. The shrinking, in turn,
results in a decrease in the effective distance between the Au
nanoparticles and the nanoislands to the point where plasmon
modes of the Au nanoparticles and the nanoislands begin to
overlap. The transition region observed on the Δλmax curve
between pH 6 and pH 9 indicates an increase in the strength of
the interparticle plasmon coupling upon the brush’s shrinking.
The brush ceases shrinking when nearly all amino groups are
deprotonated. This state is reached at pH > 9, where no further
shift in the LSPR band position is observed (see Figure 2B). The
proposed mechanism is in accordance with the previously reported
systems based on gold nanoparticles and nanoislands.26,28,29

We carried out in situ ellipsometric measurements under
water to measure the degree of swelling of the PDMAEMA
brush in the protonated (pH 4) and deprotonated (pH 9) states.
The measured values were 3.3 and 2.3, respectively, which are
comparable to the results obtained by Tran and et al. who studied
the swelling of PDMAEMA brushes prepared by the “grafting
from” method with ellipsometry and neutron reflectivity.37 The
same group reported that the deprotonated PDMAEMA brush
behaved as a neutral brush in a good solvent. The hydrophilic
nature of deprotonated PDMAEMA has been also demonstrated
in the studies of the phase behavior of the polymer in aqueous
solutions.27 The fact that the PDMAEMA brush remains largely
swollen at basic pH values explains the smaller spectral sensitivity
of the present plasmonic device compared with the P2VP-brush-
based system.

We found that at the ionic strength of 0.1 M (representing
the physiological level) theΔλmax curve shifted toward the lower
pH values (the experimental data are shown with asterisks in
Figure 2B). This result is rationalized by the fact that an increase
in the ionic strength and the associated electrostatic screening of
the charges along the polymeric chains caused the chains to
adopt a more compact conformation. Such a conformational
change, in turn, translated into the stronger interparticle plasmon

Figure 2. (A) Representative LSPR spectra of the plasmonic sensing
device acquired in an unbuffered aqueous medium that was titrated with
a base to the following pH values: 5 (1), 6 (2), 7 (3), 8 (4), and 9 (5).
Shifts inΔλmax as a function of the solution pH calculated on the basis of
the experimental spectral data. The spectra were acquired in an un-
buffered aqueous media that were titrated with base (black squares) and
acid (hollow circles). The asterisks show Δλmax-values acquired for
the sensor immersed successively in 0.1 M phosphate buffers with the
pH values: 5.7, 5.9, 6.4, and 7.8.

Figure 1. Plasmonic sensing platform consists of a responsive composite
ultrathin film (1) prepared on a transparent glass substrate (2). The
film is assembled from the following ingredients: gold nanoislands
(3) immobilized on the glass substrate, an ∼2 nm anchoring PGMA
layer (4) deposited on the gold nanoislands, an ∼7.6 nm PDMAEMA
brush (5) “grafted to” the surface of the PGMA layer, and 12 nm
colloidal gold nanoparticles (6) adsorbed on the brush surface.
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coupling at a given pH value compared with the solutions at low
ionic strength.

An interesting finding was that the response of the plasmonic
sensing device depended on the titration direction. In particular,
Figure 2B shows that there is a pronounced shift between the
Δλmax-curves obtained in the cases when the solution pH was
varied from pH 4 to pH 9 and when the pH decreased from pH 9
to pH 4 (themeasurements were carried out in the solutions with
no added salt). This behavior is a manifestation of the swelling
hysteresis; it has been observed in many polyelectrolyte materials
and usually originates from the hydrophobic interactions of
aliphatic backbones as well as nonpolar moieties in pendant
groups of some polyelectrolytes.6 Such interactions hinder the
protonation of amino groups of PDMAEMA chains. Thus, the
swelling transition of the PDMAEMA brush shifts toward the
lower pH values. The spectral shifts were completely reversible,
as confirmed by repeating the titration procedure four times.
This result implies that the plasmonic device is stable and can be
used multiple times without significant deterioration in the
optical response.

In our previous study, we demonstrated a biochemical-to-
optical signal transduction scheme based on the combination of
the plasmonic device from the pH-sensitive alginate-gelatin
hydrogel with silver nanoparticles and a biocatalytic reaction of
glucose oxidase (GOx) with glucose.30 Because this enzymatic
process yielded gluconic acid, the reactionmedium becamemore
acidic. The changes in the solution pH were detected with the
plasmonic device. Because this plasmonic device was sensitive
only to pH values below 5, the enzymatic process had to produce
a sufficient amount of gluconic acid to lower the initially neutral
solution pH (such as in blood) to the detectable levels. In con-
trast to our previous work, the present system shows the optical
response in a pH range from pH 5 to pH 9 (Figure 2B), i.e., below
and above physiological pH 7.4. Thus, the PDMAEMA-based plas-
monic platform is more versatile in terms of potential analytes.

To demonstrate the feasibility of the PDMAEMA-based plas-
monic device for enzymatic sensors, we conducted the following
experiment. The device was immersed in a cuvette with a 10 mM
glucose aqueous solution (the concentration found in blood)
at pH 7. Afterward, GOx (United States Biochemical Co.) was
injected into the cuvette; the enzyme concentration was a variable.
We followed a fixed-time procedure in which visual spectra were
acquired at a certain period of time after the addition of the
enzyme in the solution. The reaction of GOx with glucose
proceeds in two stages: (1) GOx catalyzes the oxidation of
glucose to gluconolactone and hydrogen peroxide, using molec-
ular oxygen as the electron acceptor, and (2) gluconolactone
hydrolyzes spontaneously to gluconic acid. The hydrolysis reac-
tion is a time-limiting stage, and its half-time at room temperature
at pH 7 is ca. 10 min.38 The response of the plasmonic device as
measured 10 min after the injection of GOx into the cuvette was
found to depend on the amount of the enzyme added to the
solution. In Figure 3A, Δλmax values are plotted as a function of
the enzyme concentration. Alternatively, changes in the absor-
bance determined at the fixed wavelength can be used as a
measured parameter (Figure 3B). The chosen wavelength of 633
nm is accessible with commercial He-Ne lasers and solid-state
laser diodes. The plots show that for the specified glucose
concentration and reaction time at least 40 units of GOx are
required to approach the maximum spectral shift by 10 nm.

In summary, we developed a plasmonic sensing platform that
enables the transduction of changes in the solution pH into a

pronounced optical signal in the visible spectral range. The plat-
form is based on ultrathin pH-responsive polymer brush/gold
nanoparticle composite films. The main advantage of the present
system is that the solution pH can be measured within near-
physiological range (between pH 5 and pH 9) which opens
possibilities for the coupling to many enzymatic reactions that
yield or consume protons.
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