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ABSTRACT: This work examines the fabrication regime and
the properties of microgel and microgel/enzyme thin films
adsorbed onto conductive substrates (graphite or gold). The
films were formed via two sequential steps: the adsorption of a
temperature- and pH-sensitive microgel synthesized by
precipitation copolymerization of N-isopropylacrylamide
(NIPAM) and 3-(N,N-dimethylamino)propylmethacrylamide
(DMAPMA) (poly(NIPAM-co-DMAPMA) at the pH-con-
dition corresponding to its noncharged state (first step of
adsorption), followed by the enzyme, tyrosinase, adsorption at
the pH-condition when the microgel and the enzyme are
oppositely charged (second step of adsorption). The stimuli-
sensitive properties of poly(NIPAM-co-DMAPMA) microgel were characterized by potentiometric titration and dynamic light
scattering (DLS) in solution as well as by atomic force microscopy (AFM) and quartz crystal microbalance with dissipation
monitoring (QCM-D) at solid interface. Enhanced deposition of poly(NIPAM-co-DMAPMA) microgel particles was shown at
elevated temperatures exceeding the volume phase transition temperature (VPTT). The subsequent electrostatic interaction of
the poly(NIPAM-co-DMAPMA) microgel matrix with tyrosinase was examined at different adsorption regimes. A considerable
increase in the amount of the adsorbed enzyme was detected when the microgel film is first brought into a collapsed state but
then was allowed to interact with the enzyme at T < VPTT. Spongelike approach to enzyme adsorption was applied for
modification of screen-printed graphite electrodes by poly(NIPAM-co-DMAPMA)/tyrosinase films and the resultant biosensors
for phenol were tested amperometrically. By temperature-induced stimulating both (i) poly(NIPAM-co-DMAPMA) microgel
adsorption at T > VPTT and (ii) following spongelike tyrosinase loading at T < VPTT, we can achieve more than 3.5-fold
increase in biosensor sensitivity for phenol assay. Thus, a very simple, novel, and fast strategy for physical entrapment of
biomolecules by the polymeric matrix was proposed and tested. Being based on this unique stimuli-sensitive behavior of the
microgel, this stimulated spongelike adsorption provides polymer films comprising concentrated biomaterial.

■ INTRODUCTION

Among different ways of immobilization of biomolecules on a
solid support, a spontaneous adsorption/loading of biomole-
cules onto/into a host polymeric matrix represents an easy
method for surface modification. Loading of biological agent(s)
is usually achieved spontaneously through electrostatic, van der
Waals, and/or hydrophobic interactions between the agent and
the polymer matrix. Due to simplicity, this way of the
interaction of biomolecules with a surface is an increasingly
important challenge for a range of applications including
diagnostic microarrays, biomaterials for regenerative medicine,
biosensors, and drug delivery.1−5

Microgels like hydrogels can be considered as perfect host
matrix for biomolecules, providing excellent biocompatible
environment to preserve their active and functional structure.6

Microgels based on cross-linked polymers constitute an
interesting group of hydrogels since they combine properties
of macrogels with typical features of colloidal systems.

Typically, microgels are spherical particles with the size ranging
from 50 nm up to 5 μm.
The interesting and important feature of some (micro)gel

systems is stimuli-responsive behavior, which is induced by
changes in the environment, such as pH, temperature, or ionic
strength, leading to variations in the properties of (micro)gels,
such as dimensions, structure, and interactions.7 The numerous
applications of stimuli-sensitive systems based on (micro)gels
provide reversible switching between interacting and non-
interacting states of biomaterial for a number of cycles (cell
culture,8 drug delivery,9 etc.). Reversible temperature-induced
change in specific enzymatic activity has also been demon-
strated for (micro)gels comprising immobilized enzymes.10−13
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The most investigated among stimuli-responsive microgels is
poly(N-isopropylacrylamide) (PNIPAM) one. Heating such a
gel network leads to a decrease in size of the microgel over a
narrow temperature range, usually referred to as the volume
phase transition temperature (VPTT), which is about 32 °C in
water.14 The collapse of the PNIPAM gel is accompanied by
expelling water from its interior. In general, volume transitions
in polymer gels originate from competing attractive and
repulsive interactions, polymer rubber elasticity, osmotic
pressure, and other forces including H-bonding, hydrophobic
effects, and van der Waals forces.15

Usually, microgels are prepared through precipitation
polymerization, by which they can be synthesized on a large
scale, with good particle size control, mesh size control, and
relatively facile functionalization.16 It is possible to synthesize
charged microgel particles by adding a functional comonomer
during the synthesis (like DMAPMA: N,N-dimethylamino-
propyl methacrylamide).17 As soon as charged moieties are
present in the polymer, charged networks can absorb more
water compared to uncharged networks;18 thereby the
temperature induced collapse of PNIPAM-based microgels
can be suppressed.19

Several groups have dealt with microgel functionalized
surfaces and demonstrated that microgels retain their stimuli-
responsive properties at solid interfaces if adsorbed alone20−25

or as a component of a layer-by-layer assembly.26−30 The
volume phase transition is still fast and reversible for adsorbed
microgels, but the swelling capacity decreases compared to the
swelling ratio in bulk solution.21 The temperature-dependent
outer and inner structure of single microgel particles in the
adsorbed state was investigated by in situ liquid-cell atomic
force microscopy (AFM)23 and by grazing incidence small-
angle neutron scattering (GISANS).31

As a rule, the microgels studied were electrostatically
adsorbed or spin-coated onto a solid support (glass, silicon
wafer, gold, etc.) premodified by an anchoring polymer (like
poly(ethylenimine), polyallylamine, etc.).24,32 Densely packed
thermosensitive monolayers of negatively charged P(NIPAM-
co-acrylic acid) microgel particles were examined on poly-

(ethylene imine), poly(allylamine hydrochloride), and poly-
(diallyldimethylammonium chloride) (PDADMAC) premodi-
fied silicon wafers, depending on the pH of adsorption, silicon
substrate precoating, and preparation technique.33,34 As
reported, the pH-value significantly influences the adsorption
density, while the substrate surface charge is less important.
Hence, the electrostatic contribution of the particle−particle
interaction seems to play a more pronounced role for the
adsorption density than at least the electrostatic part of the
particle-surface interaction. Alternatively, loosely packed arrays
of positively charged P(NIPAM-co-acrylamide-co-vinylamine)
microgel particles were prepared on hydrophilic polyallylamine
brush substrate via casting of microgel water dispersion with
subsequent rapid evaporation of water by hot air flux.35

However, dual pH- and temperature-stimuli behavior would
provide more possibilities for tuning the direct microgel
interaction with nearly any substrate due to broad variation
of not only electrostatic but also hydrophilic−hydrophobic
balance. This would be a point of interest for the modification
of initially hydrophobic substrates (e.g., graphite-based
substrates frequently used in the field of electrochemistry and
(bio)sensors). Stimuli-controlled loading of the microgel with
biomaterial could also be attractive for biosensor surface design.
The idea of stimuli-induced surface modification can be

described in more detail by Scheme 1. Following this scheme, it
is expected that a microgel adsorbed under the appropriate
conditions (in nearly noncharged state and at T > VPTT)
results in effective modification of hydrophobic solid interface,
which, subsequently, upon changing pH in order to charge the
microgel, can bind a larger amount of oppositely charged
components (biomolecules) at the subsequent adsorption
stage. When biomolecules are allowed to interact with this
layer of preadsorbed microgel, the temperature, at which their
adsorption occurs, should preferably be ambient (25 °C) to
prevent thermo-inactivation of the biomaterial. One can
envisage two rather different cases of biomolecules adsorption.
In the first case, they interact with the film of microgel being in
its swollen state. Mainly “surface” distribution of biomolecules
on the microgel film is expected then. In the second case, when

Scheme 1. Principle of Adsorption Stimulated by pH- and Temperature-Sensitive Behavior of the Microgela

aThe scheme describes the case when a negatively charged enzyme interacts with a cationic microgel, although one can also apply this scheme to the
opposite case when a positively charged enzyme interacts with an anionic microgel.
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biomolecules interact with the film of microgel transforming
from its collapsed state to its swollen state, one can assume not
only “surface” but also “depth” distribution of adsorbed
biomolecules inside the microgel film. This will occur due to
both interaction of biomolecules with the microgel and swelling
of microgel particles at T < VPTT that take place
simultaneously. It is worth noting that the term “depth”
distribution means the distribution of biomolecules inside the
microgel film due to their entrapment upon its swelling,
accompanied by some penetration of biomolecules into
microgel particles (depending on the mesh size of the
microgel).36,37

Despite the numerous published data on the interaction of
proteins and enzymes with dispersed and adsorbed micro-
gels38−46 and on biosensors prepared with microgels,13,47−50

there were to the best of our knowledge no any data on such
stimulated adsorption of microgels onto hydrophobic interfaces
published so far. This would be highly required for modification
of initially hydrophobic substrates, particularly, for graphite-
based substrates/nanomaterials that are now in the forefront of
scientific interest. Excluding the cases of thermally regulated
uptake/release of small molecules like, e.g., doxorubicin,51

polypeptide insulin,52 or loading of siRNA via imbibing by
lyophilized PNIPAM nanogels at room temperature,53,54 there
were not, to the best of our knowledge, any data published on
thermally regulated stimulated interaction of enzymes with
microgel matrix at the interface.
This paper intends to check the aforementioned model

concept. We used a model cationic poly(NIPAM-co-DMAP-
MA) microgel directly interacting with graphite or gold
substrates. The subsequent electrostatic interaction of poly-
(NIPAM-co-DMAPMA) microgel matrix with a model enzyme,
tyrosinase, was examined as well. This system can be
comprehended as an electrochemically active polymeric system
due to the production of electrochemically active compounds
within the array.55 The special attention was paid to different
adsorption regimes of both components. A very simple, novel,
and fast strategy for immobilization of biomolecules was
proposed, based on unique stimuli-sensitive behavior of
microgels that provide thin polymer films comprising
concentrated biomaterial.

■ EXPERIMENTAL SECTION
Materials. Tyrosinase (from mushroom, E.C. 1.14.18.1, activity

3900 U/mg for L-tyrosine) from Sigma was used for the preparation of
biosensor surfaces. Phenol was purchased from Sigma-Aldrich. Highly
oriented pyrolytic graphite (HOPG) with area of about 50 mm2 was
from NT-MDT (Zelenograd, Russia). The poly(NIPAM-co-DMAP-
MA) microgel was synthesized by precipitation polymerization
according to the procedure described in detail in the Supporting
Information. The comonomer 3-(N ,N -dimethylamino)-
propylmethacrylamide (DMAPMA) and the initiator 2,2′-azobis(2-
methylpropioamidine) dihydrochloride (97% AAPH, V 50) were
purchased from Sigma-Aldrich. The cross-linker N,N′-methylenebis-
(acrylamide) (BIS) and the surfactant N-cetyl-N,N,N-trimethylammo-
nium bromide (CTAB) were purchased from AppliChem, and the
monomer N-isopropylamide (NIPAM) was received from Acros
Organics. Phosphate buffer solutions (50 mM PBS with 100 mM
NaCl) were prepared by mixing stock solutions of 50 mM NaH2PO4
with 100 mM NaCl and 50 mM Na2HPO4 with 100 mM NaCl to the
pH value of 7.0. Tris buffer solutions (10 mM Tris) in the pH range of
7−9.5 were prepared by mixing stock solutions of 10 mM Tris and 10
mM Tris-HCl. All other chemicals were of analytical grade and used
without further purification. All aqueous solutions were prepared using

deionized water (18.2 MΩ) from a Millipore Milli-Q purification
system that was distilled twice.

Methods. Potentiometric Titration. The microgel (50.6 mg) was
dissolved in approximately 50 mL of Milli-Q water and transferred to a
thermostated titration cell. The pH was adjusted by a 0.1 M HCl
solution to approximately 3. After the solution was allowed to
equilibrate for 15 min, portions of 2 μL 0.1 M NaOH were added by a
Methrohm 665 autotitrator. The titration was performed at 25 °C.
Conductivity and pH were measured simultaneously. The amount of
incorporated amine and the degree of protonation of the microgel α
were calculated from the dependence of pH on the volume of the
added titrant (the inflection points on the dependence of conductivity
on the volume of the added titrant indicated the limiting values of α,
that is, α = 0 and α = 1). For the calculation of the corresponding pKa

value, the Henderson−Hasselbalch equation was used.
Dynamic Light Scattering (DLS). DLS measurements were carried

out using an ALV setup equipped with 633 nm HeNe laser (JDS
Uniphase, 35 mV), two avalanche photo diodes (PerkinElmer, SPCM-
CD2969), a goniometer (ALV, CGS-8F), a digital Hardware correlator
(ALV 5000), and light scattering electronics (ALV, LSE-5003).
Measurements were recorded in pseudocross correlation mode. An
external programmable thermostat (Julabo F32) and an index-match-
bath filled with toluene were used to control the temperature of the
sample. In all cases, the microgel solutions were diluted with 10 mM
Tris (pH 7−9). Prior to any solution preparation, the buffers were
filtered three times through regenerated cellulose filters (Sartorius)
with a pore size of 0.2 μm. The scattering angle was varied between
30° and 150° in steps of 10°. The samples were highly diluted to avoid
multiple scattering. Hydrodynamic radii were calculated applying the
Stokes−Einstein equation to the second-order cumulant-fit analysis.
PDI values were obtained from the second-order cumulant-fit analysis
and found to be less than 0.1 in all cases, thus characterizing the
poly(NIPAM-co-DMAPMA) microgel as a narrow-polydisperse
sample.

Atomic Force Microscopy (AFM). For AFM imaging of the
microgel films, the freshly cleaved HOPG was used (as slices of
about 5 mm × 10 mm). The microgel particles were adsorbed onto
the HOPG at a specified temperature by covering the HOPG slide by
a drop of the 1 g/L dispersion of poly(NIPAM-co-DMAPMA)
microgel in 10 mM Tris pH 9.5, followed by 30 min adsorption. After
that time, the substrate was rinsed with Milli-Q water and shortly
blown by a stream of air. All manipulations were carried out in a
climate-controlled chamber at constantly controlled temperature (25
or 50 °C) and relative humidity of 60%. Prior to any AFM
measurements, the samples were kept in a desiccator with silica gel
for at least 30 min. If needed, samples were stored in the desiccator as
well. AFM images were taken with a commercial atomic force
microscope NT-NDT N′Tegra Prima SPM (NT-MDT, Russia)
operating in semicontact mode in air using Si3N4 cantilevers (fpN
11S, F.V. Lukin State Research Institute for Problems in Physics,
Russia) with tip curvature radius 10−25 nm, tip cone angle <22°, and
resonance frequency 190−325 kHz. Each AFM result was presented as
a typical image chosen on the basis of at least three uniform-sized
images of 3 × 3 μm obtained from different places of each AFM
sample. Images were analyzed with “Image Analysis 3” software (NT-
MDT, Russia). Images substrate levels were flatten prior to analysis
using the flattening function of the software. Objects’ height and lateral
size were measured using central cross sections taken perpendicular to
the fast scan direction in order to minimize the effect of soft objects
stretching by the cantilever. The height was determined relative to the
substrate level and the lateral diameter of the adsorbed objects was
measured at substrate level. The number of objects in each image was
determined using the grain analysis function of the software. The
average surface roughness (Ra) is the mean value of the surface height
(zmean) relative to the center plane, which is determined by equating
the volumes enclosed by the image of the surface above and below the
plane and given by the equation
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where Nx and Ny are the numbers of points on the x and y axes,
respectively; z(i,j) is the current point z-coordinate. The polydispersity
of adsorbed objects was evaluated from lateral size distributions of
objects plotted as histograms for each AFM image. Polidispersity index
(PDI) was calculated as Dw/Dn, where Dw and Dn represent weight-
average and number-average lateral sizes (diameters) of the objects,
given by the formulas
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where Di is a diameter of ith object, and Ni is a the number of objects
with the size Di.
Quartz Crystal Microbalance with Dissipation Monitoring (QCM-

D). The adsorption of the microgel and tyrosinase was followed in situ
by QCM-D (Q-Sense, E1 system) equipped with a Q-Sense flow-
through cell. The sensor crystals (Q-Sense) were gold-coated AT-cut
quartz with gold-plated polished electrodes. The quartz crystals were
excited at their fundamental frequency ( f 0 ≈ 5 MHz) as well as at the
third, fifth, seventh, ninth, and eleventh overtones, corresponding to
15, 25, 35, 45, and 55 MHz, respectively. Before use, the crystals were
cleaned according to the Q-Sense cleaning protocol by sequential
ozone treatment for 10 min, then treatment by a mixture of Milli-Q/
NH4OH (25 wt % aq)/H2O2 (30 wt % aq) = 5:1:1 at 70 °C for 10
min, followed by rinsing with Milli-Q water, blowing by air flux, and
again ozone treatment for 10 min. Each QCM-D experiment was
carried out in a flow-through cell and was started from baseline
recording for the 10 mM Tris at pH 9.5 and 25 °C. If necessary, the
temperature was set at 50 °C, and the new baselines for frequency and
dissipation were recorded due to solution viscosity change induced by
a temperature shift. Then, the sample of the microgel was first
adsorbed at the specified temperature (25 or 50 °C) from 1 g/L
solution in 10 mM Tris at pH 9.5, followed by a washing step with the
same buffer to remove any loosely attached material. After that, one
temperature cycle (temperature shift between 25 and 50 °C and back)
was carried out with the film of the microgel adsorbed onto the quartz
crystal. Then, the temperature was set to 25 °C, and tyrosinase was
immediately allowed to interact with the film of the preadsorbed
microgel from a 1 × 10−5 M solution in 10 mM Tris at pH 7.0.
Thereafter, an enzyme-free 10 mM Tris solution of the same pH was
used to remove weakly adsorbed tyrosinase molecules. Finally, one
more temperature cycle (temperature shift between 25 and 50 °C and
back) was carried out with the microgel/tyrosinase film adsorbed onto
sensor crystal. During each adsorption stage or temperature cycle,
frequency and dissipation shifts were continuously recorded as a
function of time. Frequency shifts were calculated for seventh overtone
taking the difference in the values of f 7 before and after component
adsorption with regard to film state at 25 °C and used for the further
comparison. That is, Δf 7 value was calculated for the adsorbed
material in its swollen state regardless of temperature at which material

was deposited according to the simple formula Δf 7 = f 7(2)
25°C − f 7(1)

25°C,

where f 7(1)
25°C and f 7(2)

25°C are frequency values before and after adsorption,
respectively. Each experiment was performed at least twice.
Microgel-Enzyme Biosensor Film Assembly. For an electro-

chemical enzymatic activity assay of the polymer-enzyme films, the
screen-printed electrodes (SPEs) were fabricated on poly(vinyl
chloride) substrates of 0.2 mm thickness by means of conductive
graphite paste (Gwent, UK) screen-printed by a semiautomated
Winon machine (model WSC-160B, China) with a 200 mesh screen
stencil. Each SPE consisted of a round-shaped working area (2.5 mm
diameter), a conductive track (30 mm × 1.5 mm), and a square
extremity (3 mm × 7 mm) for electrical contact. The SPEs were stored
dry at ambient temperature until further use.
Microgel particles were adsorbed onto SPEs at a specified

temperature in the range of 20−60 °C via the dip coating method
by dipping the SPEs into preheated 10 g/L dispersion of poly-

(NIPAM-co-DMAPMA) microgel in 10 mM Tris of pH 9.5 for 60 min
adsorption. After that time, the substrate was rinsed with Milli-Q at the
same temperature at which adsorption was carried out and was very
shortly (for 1−2 s) blown by a stream of air. Directly after this,
tyrosinase was adsorbed in a similar way from 1 × 10−4 M solution in
10 mM Tris of pH 7.0 at 20 °C for 10 min, followed by rinsing with
Milli-Q water and shortly drying with a stream of air. To prevent a loss
of enzymatic activity, the SPE covered by microgel/tyrosinase films
were stored at +4 °C until further use.

Electrochemical Assay. Electrochemical experiments were per-
formed at ambient temperature in a one-compartment electrochemical
cell with stirring (volume of 1 mL), using a two electrode
configuration. An SPE covered by the microgel/tyrosinase film with
an active surface area of 0.049 cm2 served as the working electrode and
Ag/AgCl (with length of 1 cm, diameter of 3 mm, and surface area of
1.03 cm2) was used as a reference electrode. A micropotentiostat IPC-
Micro (Kronas Ltd., Russia) used for electrochemical measurements
was interfaced with PC and electrochemical parameters were
controlled by micropotentiostat software. An activity of microgel/
tyrosinase films was measured in 50 mM PBS with 100 mM NaCl (pH
7.0) by recording the current arising in response to the addition of
standard phenol concentration (10−6 M of phenol in the cell).
Reductive current is generated due to o-quinone reduction at an
applied potential (−150 mV vs Ag/AgCl), and is directly proportional
to the tyrosinase activity. The analytical signal of enzyme-based
electrodes was determined as a value of steady-state baseline current
change (the difference between an average value of steady-state
baseline current before and after analyte addition). Each electro-
chemical result was represented as mean ± SD calculated in each case
on the basis of at least three measurements obtained for at least three
electrodes. The design and the measurement principle of the SPE/
poly(NIPAM-co-DMAPMA)/tyrosinase biosensor is shown in Scheme
2.

■ RESULTS AND DISCUSSION
A sample of poly(NIPAM-co-DMAPMA) microgel was
synthesized in a one-step way by precipitation copolymerization
of NIPAM and DMAPMA as a comonomer in the presence of
cross-linking agent (BIS). The resultant microgel to be
dispersed in aqueous solutions represents a colloidally stable
sample of internally cross-linked polymer microparticles. These
microparticles have unique combination of both thermosensi-
tivity (imparted by NIPAM comonomer) and pH-sensitivity
(imparted by DMAPMA comonomer).
The presence of DMAPMA imparts the pH-sensitivity to

poly(NIPAM-co-DMAPMA) microgel and will provide the

Scheme 2. Design of SPE/Poly(NIPAM-co-DMAPMA)/
Tyrosinase Biosensor and Principle of Phenol Assay
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electrostatically driven interaction with enzyme molecules.
Indeed, the isoelectric point (IEP) of tyrosinase is reported to
be 4.7−5.0.56 Therefore, enzyme molecules carry a net negative
charge at pH > IEP, which makes the electrostatic interaction of
tyrosinase with DMAPMA groups of the microgel possible.
Potentiometric titration technique allows evaluating the pH-
sensitive behavior of poly(NIPAM-co-DMAPMA) microgel and
finding the best pH conditions for both the microgel and
tyrosinase adsorption. Considering α as the protonation degree
of poly(NIPAM-co-DMAPMA) microgel and determining α =
0 and α = 1 on the potentiometric titration curve as indicated in
the Experimental Section, one can plot the dependence of the
protonation degree α of poly(NIPAM-co-DMAPMA) microgel
on the pH (α vs pH) (Figure 1). According to this dependence,

the pH-sensitive poly(NIPAM-co-DMAPMA) microgel under-
goes a transition from the fully protonated (charged) state (α =
1) at pH of about 5.2 to the fully deprotonated (noncharged)
state (α = 0) at pH of about 8.7.
On the basis of this result, we can propose pH ≥ ca. 9 (α =

0) as the optimum condition for adsorption of the microgel
onto hydrophobic substrate like graphite. Alternatively, one
considers the range of pHs 6.5−7 as the pH-optimum for
tyrosinase adsorption that is close to the pH-optimum of its
activity49 and apparently provides sufficient amount of charges
of microgel particles (0.75 ≤ α ≤ 0.85) available for the
interaction with enzyme molecules as well.
The amount of DMAPMA incorporated into microgel found

from the data of potentiometric titration is ca. 9.3 mol %. This
is close to the amount that was taken for the polymerization
(DMAPMA monomer feed was 10 mol %) and is in a good
agreement with the obtained 1H NMR data (see Figure SI-1).
In addition, the pKa

app. (α = 0.5) for DMAPMA in
poly(NIPAM-co-DMAPMA) microgel was found to be 7.8
(determined according to the Henderson−Hasselbalch equa-
tion) that is close to the pKa values for amino groups of similar
structure.26,57

To demonstrate thermoresponsive behavior of the microgel
in solution, DLS experiments were performed. Hydrodynamic
radii Rh of poly(NIPAM-co-DMAPMA) microgel particles show
a pronounced decrease with increasing temperature (Figure 2).
Obviously, there is some shift of VPTT for poly(NIPAM-co-

DMAPMA) microgel to the temperature range of 40−50 °C in
a comparison with pure poly(N-isopropylacrylamide) (PNI-
PAM) one characterized by VPTT of about 32 °C in water.14

The observed thermoresponsive behavior is quite reversible as
can be seen from the coincidence of the corresponding Rh
values in heating and cooling temperature cycles. A less
pronounced decrease of Rh with temperature was found for pH
7 than for pH 9 (Figure 2). Comparing the amount of charges
in poly(NIPAM-co-DMAPMA) microgel at pH 7 (α = 0.85)
and pH 9 (α = 0), one can conclude that the electrostatic
repulsion among charged groups in the microgel interior and
the osmotic pressure of the counterions suppress full microgel
collapse at higher levels of protonated DMAPMA groups.
The demonstrated dual-stimuli pH- and thermosensitive

behavior of poly(NIPAM-co-DMAPMA) microgel particles in
solution allows us to predict their interactions with a
hydrophobic solid interface. Enhanced adsorption of microgel
particles would be reasonably expected at both increased pHs
and elevated temperatures. Indeed, increased adsorption of
polyelectrolytes (homopolyelectrolytes and/or ionic amphi-
philic (micelle-forming) diblock copolymers) onto hydro-
phobic interface (graphite) was achieved if their deposition
was carried out in the presence of strong screening counterions
for strong polyelectrolytes (charge-suppressed state)58 or at the
respective pH-value in case of weak polyelectrolytes.59,60

Expanding this principle to microgels, we expect the highest
microgel adsorption at pH in the optimum range of 9−9.5,
where all DMAPMA groups are deprotonated while no notable
aggregation of microgel particles still takes place. Taking into
account ca. 90 mol % content of NIPAM in poly(NIPAM-co-
DMAPMA) microgel, one could expect that even being
completely deprotonated the microgel still remains very
hydrophilic at temperatures below VPTT. To facilitate the
adsorption of microgel particles onto hydrophobic interface, it
is therefore reasonable to carry out their adsorption at T >
VPTT, at which microgel particles are in their deswollen and
rather hydrophobic state.
This was first examined by AFM study of the dried films

formed upon the adsorption of poly(NIPAM-co-DMAPMA)
microgel particles on a hydrophobic solid surface of HOPG at
different temperature conditions (20 or 50 °C). As can be seen
from the AFM images (Figure 3), the microgel film appears as
uniformly distributed individual objects of spherical shape with
relatively narrow size distribution characterized by PDI of 1.04,
1.02, and 1.03 for images in Figure 3A−C, respectively. Some

Figure 1. Dependence of the protonation degree α of poly(NIPAM-
co-DMAPMA) microgel on the pH. The titration was started from pH
of about 2.8 (preliminary adjusted by 0.1 M HCl) and was performed
at 25 °C by automated stepwise addition of 2 μL of 0.1 M NaOH.

Figure 2. Temperature-dependent measurement of the hydrodynamic
radius of poly(NIPAM-co-DMAPMA) microgel particles in 10 mM
Tris of pH 7 (α = 0.85) (A) and pH 9 (α = 0) (B).
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topographic features of AFM images of poly(NIPAM-co-
DMAPMA) microgel particles and their swelling behavior are

summarized in Table 1. Apparently, one can attribute these
objects to individual microgel particles deformed to a certain
extent, which is similar to other reports.21,22,31 When these
microgel particles were adsorbed at 20 °C, they appear as
strongly deformed soft spheres with mean lateral diameter of
292 ± 16 nm (no tip convolution was taken into account) and
mean height of 36 ± 7 nm (Figure 3A, Table 1). When
microgel particles were adsorbed at 50 °C, they appeared as less
deformed rigid spherical objects with mean lateral diameter of
224 ± 10 nm and mean height of 48 ± 3 nm (Figure 3B and
Table 1). This corresponds well to the behavior of microgel
particles in solution below and above VPPT. The most
interesting conclusion drawn from the comparison of Figure
3A,B is the number of microgel particles adsorbed at different
temperatures. It is clearly seen that microgel adsorption at T >
VPTT (Figure 3A) results in nearly 1.5-fold more material
adsorbed in a comparison with the same procedure at 20 °C
(cf. with Figure 3B). It is worth noting here that this kind of
microgel adsorption is mostly driven by hydrophobic forces
alternatively to adsorption driven by electrostatic forces
described, e.g., in refs 22, 32, and 34, although both cases
allow one to control the amount of the adsorbed microgel
particles.
Another important feature of adsorbed poly(NIPAM-co-

DMAPMA) microgel particles is a possibility of their
postadsorption swelling. Typically, both lateral and vertical
temperature-sensitive swelling/shrinkage of charged microgels
on oppositely charged substrates was reported for AFM
imaging taken under liquid.23,34 In our case, the treatment of
the microgel sample being initially adsorbed on HOPG at 50
°C (Figure 3B) with 10 mM Tris of pH 9.5 at 20 °C for 30 min
also induces notable changes (Figure 3C). As can be seen from
the AFM images taken in a dry state (Figure 3B,C), the
postadsorption treatment with the same media but at reduced
temperature leads to an increase of the objects diameter (that is
similar to other described systems) while to a decrease of the
objects height (that is probably due to AFM imaging under the
air conditions) without any change in the number of adsorbed
objects. Statistically treated comparison of the AFM images
points out that microgel particles, when adsorbed at T > VPTT
and further treated with the buffer at T < VPTT, come to the
same state (except a higher total surface coverage) that was
observed for microgel particles initially adsorbed at 20 °C (see
Table 1). This allows us to conclude that poly(NIPAM-co-
DMAPMA) microgel being strongly bound to graphite
possesses thermoresponsive behavior in the adsorbed state as
well. Desorption of microgel into bulk solution is not observed
probably because of multipoint interaction of polymer material
with solid support. It is very unlikely that it might be desorbed
at least within reasonable time as polymer adsorption is
typically irreversible process, even if it is not under the
thermodynamically optimal state.
Thus, we can demonstrate that (i) increased adsorption of

poly(NIPAM-co-DMAPMA) microgel can take place at
elevated temperatures of microgel adsorption and (ii) microgel
particles in their adsorbed state can retain their thermores-
ponsive behavior. Next, we examined how these features can
influence the interaction of the enzyme with the film of the
preadsorbed microgel. To check this, we apply a technique of
QCM-D that allows simultaneous in situ measurements of a
layer resonance frequency, f, and dissipation, D, at several
overtones of the fundamental frequency at which both are
sensitive to the mass of adsorbed material as well as its

Figure 3. A series of 3 × 3 μm AFM height images of poly(NIPAM-co-
DMAPMA) microgel particles adsorbed on HOPG at pH 9.5 from 1
g/L solutions in 10 mM Tris buffer for 30 min. Microgel particles were
adsorbed at 20 °C then washed with water at 20 °C (A); microgel
particles were adsorbed at 50 °C then washed with water at 50 °C (B);
sample B was treated for 30 min in 10 mM Tris of pH 9.5 at 20 °C
then washed with water at 20 °C (C). Images were taken in the dry
state.
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viscoelastic properties. During each adsorption stage or
temperature cycle, frequency and dissipation shifts were
continuously recorded as a function of time.
Figure 4 illustrates a typical QCM-D experiment. Each

QCM-D experiment was carried out in flow-through cell and

was started from baseline recording for the 10 mM Tris at pH
9.5 and 25 °C. If necessary, temperature was set at 50 °C, and
the new baselines for frequency and dissipation were recorded
because of solution viscosity change induced by a temperature
shift (Figure 4, I). Then, the sample of the microgel was first

adsorbed at the specified temperature (25 °C in this
experiment) from 1 g/L solution 10 mM Tris of pH 9.5,
followed by a washing step with the same buffer to remove any
loosely attached material (Figure 4, II). The frequency ( f) and
dissipation (D) changes during microgel adsorption obtained at
overtone numbers of n = 3, 5, 7, 11, and 13 were recorded as a
function of time. As found, microgel adsorption corresponds to
a decrease of f and an increase of D with the spreading of
overtones, which denotes that the mass deposited onto the
quartz crystal surface exhibits viscoelastic properties. Obviously,
this is because the microgel film is highly swollen and
viscoelastic at T < VPTT. After that, one temperature cycle
(temperature shift from 25 to 50 °C and back) was carried out
with the film of the microgel adsorbed onto quartz crystal
(Figure 4, III). One can see from QCM-D data that an increase
of the temperature above VPTT (up to 50 °C) results in an
increase in the f values. This indicates a decrease in the mass of
adsorbed material due to water release (although temperature-
induced changes of solution viscosity also make a contribution
to these f and D shifts, cf. with Figure 4, I). Simultaneously with
the decrease in f, the spreading between overtones disappeared
while dissipation, D, tends to zero. All these findings point to
temperature-induced change in the microgel film properties
from viscoelastic to rigid, which is in agreement with the
thermoresponsive feature of the microgel. Decrease of the
temperature to 25 °C results in nearly complete restoring of the
film water content and viscoelasticity, thereby demonstrating
reversible thermoresponsive behavior of the systems and
indicating absence of any desorption of the adsorbed microgel
particles during temperature rearrangement of the film (Figure
4, III). As for this specific QCM-D experiment, we examined
the enzyme interaction with the film of the collapsed microgel,
by this reason the microgel film was equilibrated at 50 °C prior
tyrosinase adsorption. Then, the temperature was set to 25 °C
and the enzyme was immediately allowed to interact with the
microgel film from its solution in 10 mM Tris of pH 7.0. The
interaction happens together with the microgel swelling due to
the simultaneous temperature decrease (Figure 4, IV).
Thereafter, an enzyme-free 10 mM Tris solution of the same
pH was used to remove weakly adsorbed tyrosinase molecules.
Therefore, the observed shifts in f and D values are complex
superpositions of (i) mass increase because of enzyme
adsorption onto the microgel film; (ii) mass increase because
of water uptake due to the microgel swelling; (iii) some minor
changes in a water content of the microgel and viscoelastic
properties of the microgel film due to change of the buffers
from one with pH 9.5 to one with pH 7.0; and finally (iv)
change in solution viscosity because of temperature shift. The
first two among these factors provide the most considerable

Table 1. Topographic Features of AFM Images Taken in the Air for Poly(NIPAM-co-DMAPMA) Microgel Adsorbed on HOPG
under Different Temperature Conditions

temperature conditions

topographic features
sample (1) microgel
adsorbed at 20 °C

sample (2) microgel
adsorbed at 50 °C

postadsorption treatment of sample (2)
at 20 °C by 10 mM Tris
of pH 9.0 for 30 min

number of objects per scan (mean ± SD for at least 5 scans) 101 ± 13 148 ± 23 157 ± 23
object height, nm (mean ± SD, calculated for n > 50 objects) 36 ± 7 48 ± 3 34 ± 3
object diameter, nm (mean ± SD, calculated for n > 50 objects)a 292 ± 16 224 ± 10 300 ± 21
surface roughness (Ra), nm (mean ± SD for at least 5 scans) 10.9 ± 2.6 17.1 ± 2.0 10.2 ± 1.4

Conditions: poly(NIPAM-co-DMAPMA) microgel was adsorbed onto HOPG from 1 g/L solution in 10 mM Tris of pH 9.5 at specified temperature
conditions for 30 min, then washed with water at the same temperature as adsorption was carried out. aNo tip convolution was taken into account.

Figure 4. Frequency, f (A), dissipation, D (B), and temperature, T (C)
shifts for gold-coated quartz crystal upon the consequent interaction
with poly(NIPAM-co-DMAPMA) microgel and tyrosinase. I −
temperature-induced f and D shifts for crystal in 10 mM Tris of pH
9.5 due to temperature-induced solution viscosity changes; II −
microgel adsorption, 1 g/L poly(NIPAM-co-DMAPMA) solution in
10 mM Tris of pH 9.5; III − temperature induced swelling−deswelling
behavior of the microgel film in 10 mM Tris of pH 9.5; IV − enzyme
adsorption, 1.25 g/L tyrosinase solution in 10 mM Tris of pH 7.0; V −
temperature induced swelling−deswelling behavior of poly(NIPAM-
co-DMAPMA)/tyrosinase film in 10 mM Tris of pH 7.0.
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contribution to a remarkable decrease in frequency and increase
in dissipation observed (Figure 4, IV) with large spreading
between overtones. Again, this argues for strong viscoelasticity
of the resultant poly(NIPAM-co-DMAPMA)/tyrosinase film.
Finally, one more temperature cycle (temperature shift from 25
to 50 °C and back) was carried out for poly(NIPAM-co-
DMAPMA)/tyrosinase film (Figure 4, V) just only to show that
the reversible thermoresponsive behavior of the systems is kept
and no any material desorption upon temperature rearrange-
ment of poly(NIPAM-co-DMAPMA)/tyrosinase film takes
place.
By this way, we examined poly(NIPAM-co-DMAPMA)

microgel adsorption onto gold-coated quartz crystals at two
different temperatures: one was 25 °C < VPTT, where the
microgel is adsorbed in the hydrophilic swollen state, the other
was 50 °C > VPTT, when the microgel was adsorbed in its
hydrophobic collapsed state. Then, we compared the tyrosinase
interaction with both microgel films, provided that the microgel
films were preliminarily in swollen or collapsed state depending
on the temperature condition. Therefore, we examine both
simple enzyme adsorption and enzyme adsorption with
simultaneous microgel swelling. To be able to make some
quantitative comparisons, frequency shifts were calculated for
the seventh overtone taking the difference in the values of f 7
before and after component adsorption with regards to film
state at 25 °C (that is, Δf 7 value was calculated for the
adsorbed material in its swollen state independently of the
temperature at which material was deposited). Table 2
summarizes the results for the various setups of the
poly(NIPAM-co-DMAPMA)/tyrosinase film, the components
of which were adsorbed under different temperature conditions.

Comparing the data of Table 2 on Δf 7 (that to a first
approximation can be interpreted as values proportional to
masses of hydrated films adsorbed onto quartz crystal), one can
see greater adsorption of the microgel induced by elevated
temperature (111 ± 22 Hz for the microgel film adsorbed at 25
°C versus 320 ± 23 Hz for the microgel film adsorbed at 50
°C). This tendency is similar to the AFM imaging of

poly(NIPAM-co-DMAPMA) microgel interacted with HOPG
(Figure 3).
When both these microgel films were brought into a swollen

state and then allowed to interact with tyrosinase, we see that
an increased amount of the enzyme interacts with the microgel
film deposited at 50 °C (cf. systems 1 and 3 in Table 2 with Δf 7
of 44 ± 9 Hz and 69 ± 14 Hz, respectively). One can explain
this difference by more effective surface modification, which
takes place when the microgel is deposited at T > VPTT.
However, we can considerably increase the amount of

enzyme adsorbed by changing the adsorption strategy. If both
microgel films were first brought into a collapsed state but then
were allowed to interact with enzyme solution at T < VPTT, a
considerable increase in the amount of the enzyme adsorbed
can be detected (cf. systems 2 and 4 in Table 2 with Δf 7 of 135
± 28 Hz and 229 ± 10 Hz, respectively). The most reasonable
explanation of the observed effects is a simultaneous interaction
of the enzyme with the microgel and swelling of microgel
particles at T < VPTT that results in not only “surface” but also
“depth distribution” of the adsorbed enzyme molecules inside
the microgel film. Although a tyrosinase molecule has a
diameter of about 10−12 nm59 and the mean mesh size of the
microgel is in a similar range,36 one can still expect some
penetration of the enzyme into them (at least into outer parts
of microgel particles due to considerably larger mesh sizes
caused by an inhomogeneous distribution of cross-linker
moieties).16

Considering system 4 in Table 2 as the most effective from
the point of view of enzyme loading, we now apply this method
for biosensor coatings. To do this, we consequently adsorb
poly(NIPAM-co-DMAPMA) microgel at a given temperature in
a temperature range of 20−60 °C and then tyrosinase at 20 °C
on the surface of screen-printed electrodes (SPEs). This allow
us to assess the enzymatic activities of the resultant SPE/
poly(NIPAM-co-DMAPMA)/tyrosinase films via amperometric
assay (Figure 5). It is worth noting that poly(NIPAM-co-
DMAPMA) microgel alone regardless of adsorption temper-
ature has anchorage capacity with respect to tyrosinase due to
electrostatic interaction (while tyrosinase, as was found, loosely
adsorbs onto naked SPE and quickly washed out from it (data
not shown)). However, by temperature-induced stimulating
both (i) the poly(NIPAM-co-DMAPMA) microgel adsorption
at T > VPTT and (ii) the following spongelike tyrosinase
loading at T < VPTT, we can considerably increase the
biosensor sensitivity for phenol assay (Figure 5A). Moreover,
Figure 5B clearly demonstrates contributions of (i) and (ii) to
the overall enzymatic activities of the SPE/poly(NIPAM-co-
DMAPMA)/tyrosinase films prepared at different temperature
regimes (similarly to ones described in Table 2). Thus, more
than 3.5-fold effect in biosensor sensitivity increase was
achieved only due to fast stimuli-induced changes of the
microgel/surface and microgel/enzyme binding by tuning the
hydrophobic−hydrophilic and electrostatic interactions. This
demonstrates an obvious advantage of such microgel/enzyme
coatings in comparison with more simple systems based on,
e.g., well-known and frequently used linear PDADMAC. The
latter was fabricated with limited possibility in the control of
interacting forces and required a lot of optimization
instead.61,62

■ CONCLUSION
We can demonstrate here that poly(NIPAM-co-DMAPMA)
microgel adsorbed under the appropriate conditions (in

Table 2. Frequency Shifts (Δf 7, Hz) Calculated for Seventh
Overtone for Various Procedures of the Poly(NIPAM-co-
DMAPMA)/Tyrosinase Film Setup

# microgel film setup

microgel
film (Δf 7,
Hz)a enzyme film setup

enzyme
film (Δf 7,
Hz)a

1 adsorption at 25 °C 111 ± 22 simple adsorption at 25 °C 44 ± 9

2 adsorption at 25 °C
then preheating
to 50 °C

adsorption at 50 °C→25 °C
with simultaneous
microgel swelling

135 ± 28

3 adsorption at 50 °C
then precooling
to 25 °C

320 ± 23 simple adsorption at 25 °C 69 ± 14

4 adsorption at 50 °C adsorption at 50 °C→25 °C
with simultaneous
microgel swelling

229 ± 10

aFrequency shifts were calculated for seventh overtone taking the
difference in the values of f 7 before and after adsorption of the
components with regards to the film state at 25 °C (that is, Δf 7 value
was calculated for the adsorbed material in its swollen state regardless
of the temperature at which the material was deposited). Conditions:
microgel adsorption, 1 g/L poly(NIPAM-co-DMAPMA) solution in
10 mM Tris of pH 9.5; enzyme adsorption, 10−5 M tyrosinase solution
in 10 mM Tris of pH 7.0.
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noncharged state and at T > VPTT) can result in a high
amount of the adsorbed polymeric material. This itself results
to binding a larger amount of tyrosinase molecules at the
subsequent adsorption stage performed under the pH-
condition when the microgel and the enzyme are oppositely
charged. Indeed, a simple change in pH for tyrosinase
adsorption leads to restoring positive charges of the microgel
and makes its electrostatic interaction with the enzyme
possible. Due to thermoresponsive properties of the NIPAM-
containing microgel, we can additionally enhance the amount
of the adsorbed enzyme due to the simultaneous interaction of
tyrosinase with the adsorbed collapsed microgel and its swelling
at T < VPTT. This results in not only “surface” but also “depth”
distribution of enzyme molecules inside the microgel film (like
a sponge soaks up liquid). Owing to fast response of
poly(NIPAM-co-DMAPMA) microgel upon changes of exter-
nal parameters, the stimulated adsorption is also fast and takes
minutes. This simple playing with adsorption conditions can
result in considerable concentration of both the polymeric
material and biomolecules on the solid substrate. Moreover, the
biomolecules fall into a favorable, highly hydrated micro-
environment provided by the swollen microgel that is desirable
from the point of view of stability and activity of immobilized
biomaterial.
Therefore, we offer an effective way for the noncovalent and

nondestructive immobilization of biomaterials. Another ad-
vantageous feature of NIPAM-containing microgels is the ease
of synthesis with broad possibilities to control the mesh size,
particle size, charge, and functionalization. Thus, perfectly
matched pairs of microgel/biomolecules can easily be found
on-demand.
This finding can have a specific practical value among the

surface modification techniques applicable among biosensors
for the design of, e.g., surface enhanced Raman spectroscopy
(SERS) substrates, surface modification with nanomaterials,
nanoparticles, quantum dots, etc.
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