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Herein, a thermoresponsive polymer, poly(N-isopropylacrylamide) (PNIPAAM) was grafted on a Ta,Os gate

surface by surface-initiated atom transfer radical polymerization. We found that the phase transition
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Functional soft interfaces modified with stimuli-responsive
polymers have attracted considerable attention in the fields of
biomaterials and biosensors. They can change their physico-
chemical properties in response to external environmental
changes (temperature, light, pH, chemicals),"* and have been
investigated for use in various applications including actuators,
wettability control, lubrication control, and controlled
release.”® Among the various functional polymers, poly(N-iso-
propylacrylamide) (PNIPAAm) is one of the most widely studied
thermoresponsive polymers. PNIPAAm exhibits hydrophilic and
hydrophobic properties on the opposite sides of the lower crit-
ical solution temperature (LCST), which is 32 °C in aqueous
media.® Thanks to the thermo-responsivity in the form of
swelling and deswelling, PNIPAAm-modified devices have been
studied for various applications including flow control, as the
stationary phase in chromatography, and cell culture
dishes.'***

In the past few decades, various PNIPAAm grafting tech-
niques have been investigated to design thermoresponsive
interfaces."”" Among them, surface-initiated atom transfer
radical polymerization (SI-ATRP) allows the formation of
a PNIPAAm interface with a well-defined densely packed
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behaviour from swelling state to deswelling state in response to temperature change was electrically
detected in real time by using the PNIPAAmM-grafted gate FET.

structure on a substrate. The densely packed PNIPAAm inter-
face strongly interacts with biomolecules, leading to high effi-
ciency in the separation of different biomolecules and cells by
changing the PNIPAAm chain length, which can be precisely
controlled by varying the monomer concentration in the
process of SI-ATRP.'“** Thus, the well-defined polymer film,
whose thickness is precisely controlled by SI-ATRP, contributes
to the detection of a quantitative signal by sensors and provides
valuable information for the creation of novel bioanalytical
devices.

Bioanalytical devices such as biosensors are being developed
for the in situ monitoring of biological phenomena such as
biomolecular recognition events and cellular activity. Recently,
semiconductor-based biosensors have enabled the detection of
biochemical functions in a real-time, label-free, and non-
invasive manner based on the detection of changes in ionic
charge density induced by biological phenomena. Field-effect
transistor (FET)-based biosensing systems have been proposed
for applications such as label-free DNA sequencing,'® immu-
nological assay,"” saccharide sensing,'® and cellular functional
analysis."”* Such ionic charges around a biological target/
sensor interface must be selectively detected depending on
the biological functions of interest. To analyze specific ionic
behaviours on the basis of biological functions, therefore, an
appropriate signal transduction material and structure should
be developed around the biological target/sensor interface. By
the grafting of functional groups on the surface of the gate,
a specific target molecule can be detected quantitatively without
labeling in real time.** Furthermore, the volume phase transi-
tion of a glucose-responsive gel containing phenylboronic acid
can be transduced into the electrical signal of a FET sensor,
because a change in the permittivity of the gel grafted on the
gate is induced by the dehydration of the gel.*»** Therefore, the
physicochemical phase transition of PNIPAAm by thermal
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stimulation should continuously be monitored as an electrical
signal using the FET device, resulting in a strategy for designing
and developing the signal transduction interface of biosensors.

In this study, we have clarified the dynamic electrical
behaviour of a thermoresponsive PNIPAAm film on a FET device
for the first time. As for the gate insulator of FET, Ta,0O5 thin
film was used as a passivation layer to prevent leakage currents
in the solution. In addition, the ISFET with Ta,O5 insulator
shows the high sensitivity for pH variation, approximately
60 mV pH ™' at 25 °C. In particular, the well-defined PNIPAAm,
which was grafted on the Ta,O;5 gate of a FET device by SI-ATRP,
was characterized by, X-ray photoelectron spectroscopy (XPS).
Using the PNIPAAm-grafted FET, we investigated whether the
phase transition behaviour can be electrically detected. The
temperature dependence of the electrical characteristics was
evaluated for the well-defined PNIPAAm film grafted on the
Ta,Os5 gate, focusing on the changes in the gate surface poten-
tial and the capacitance.

Fig. 1 shows the schematic illustration for the modification
process of PNIPAAm by ATRP on the Ta,Os gate of FET device.
At first, the ATRP initiators were modified at the Ta,O5 surface
with hydroxyl groups by silane coupling method, then the
PNIPAAm chains were grafted on it by the ATRP procedure (see
experimental details in ESI}). Table 1 shows the elemental
composition of the prepared substrates was evaluated by XPS
(the spectra are shown in and Fig. S1, in ESIt). The composition
of carbon increased after immobilizing the ATRP initiator onto
the Ta,Os surface. After modifying PNIPAAm by SI-ATRP, hardly
any tantalum, which originates from the gate insulator, was
found, while the compositions of carbon and nitrogen
increased on the Ta,O5 surface. Thus, PNIPAAm was success-
fully grafted on the Ta,O5 gate insulator of FET devices by the SI-
ATRP procedure.

For the further characterization of PNIPAAm modified by
ATRP, number-averaged molecular weight (M,) polydispersity
index (PDI) for the obtained free PNIPAAm were estimated by
gel permeation chromatography (GPC) measurement (see
experimental details in ESIf). An unbonded sacrificial ATRP
initiator (a-chloro-p-xylene) was added to the reaction solution
to obtain the free polymer because the previous study indicated
that the molecular weight of the grafted polymer chain was
similar to that of the free polymer.>* In addition, unbounded

CHCl  CHCI
PN
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Table 1 Elemental analyses by XPS*
Atom (%)
Sample Ta Cl C N (o) C/Ta N/C
FET 20.8 n.d. 16.2 n.d. 63.0 0.78 —
Initiator 14.3 1.3 351 n.d. 49.3 2.5 —
PNIPAAmM 0.2 n.d. 76.1 11.8 11.9 380 0.16

“ n.d. means “not detected”.

sacrificial initiator generates Cu"/Me¢TREN during ATRP,
resulting in the control of polymerization. M,, and PDI were 2.6
x 10* and 1.6, respectively. The PDI value was slightly large,
which is because water markedly increased the polymerization
rate in ATRP,>>?¢ but the ATRP procedure was more satisfacto-
rily controlled than conventional free radical polymerization.
Thus, the surface modification of PNIPAAm was quantitatively
characterized. The additional characterization of the SI-ATRP
conducted in this study are shown as Fig. S2 and S3 in ESL{
The phase transition of PNIPAAm induced by temperature
changes was measured using the PNIPAAm-grafted FET device,
as shown in Fig. 2 (the In-Vg property of the FET device shown
as Fig. S4 in ESIY). Fig. 2(a) shows the shift in the output voltage
(AVou) of non-grafted and PNIPAAm-grafted FETs with the
change in the measurement temperature. AV, at 20 °C was
determined to be 0. Water was used as the measurement solu-
tion. AV, at the gate was measured at a constant I, (700 pA)
using the source follower circuit (Fig. S5 in ESIt). The detected
AV, is regarded as the change in the source-gate voltage (AVs),
which is equal to —AVy (AVy indicates the change in the
threshold voltage). As the measurement temperature increased,
AV, gradually became increasingly negative for both FETs.
This effect can be explained in terms of the isothermal point
(zero-temperature-coefficient (ZTC) point) of FET.*” Basically, I,
strongly depends on the mobility and threshold voltage, which
change with the temperature (see eqn (S6) in ESIt). The ZTC
point is the bias point at which there is a mutual compensation
between the temperature effects on the threshold voltage and
mobility. That is, AV, gradually shifted in the negative direc-
tion with increasing measurement temperature in Fig. 2
because of the temperature effect on the mobility at the
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Fig.1 Preparation of PNIPAAmM surface onto the gate insulator of FET sensor. (1) Immobilization of ATRP initiator by silane coupling reaction. (2)

SI-ATRP of PNIPAAmM.
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(a) Real time monitoring of AV, during the FET measurement for non-grafted FET (black line) and PNIPAAm grafted FET (red line).

Temperature was changed from 20 °C to 40 °C. (b) Temperature dependence of AV, for non-grafted FET (black plot) and PNIPAAmM grafted FET
(red plot). (c) Illustration for the dynamic electrical behaviour of PNIPAAm-grafted FET.

constant I, of 700 pA (relatively high Ip,). In particular, AV, of
for the PNIPAAm-grafted FET became more negative than that
of for the non-grafted FET, as the temperature increased from
30 °C to 35 °C, which corresponded to the LCST of PNIPAAm in
water (Fig. 2(b)). For the PNIPAAm in water, phase transition
from hydrated state to dehydrated state occurs across the LCST
(32 °C).° Thus, it was indicated that a change in the physico-
chemical structure of PNIPAAm from swelling to deswelling was
converted into a change in the electrical characteristic of FET
device. The operation of a FET in the unsaturated region can
generally be described by

w
In = uCox —

1
7 | Vo= V1)V = EVDZ , (1)

where I, is the drain current, u is the electron mobility in the
channel, Cox is the gate oxide capacitance, W/L is the channel
width to channel length ratio, V and V; are the applied drain-
source and gate-source voltages, respectively, and Vi is the
threshold voltage, which can be expressed by**?*

¢ Qi+ Or+0Os

VT - Eref - tp() + XSO] q COX

+2¢. (2)

here, E. is the reference electrode potential relative to

a vacuum, (—y, + x**) describes the interfacial potential at the

electrolyte/silicon dioxide interface (the factor x*°' is the surface

dipole moment of the solution, which can be considered to be
¢si

constant), ? is the electron work function of silicon, Q. Qs,

and Qg are the charge of the interface traps, the fixed oxide
charge, and the bulk depletion charge per unit area, respec-
tively, and ¢¢ is the Fermi potential difference between the
doped bulk silicon and the intrinsic silicon.

Considering the capacitance of the PNIPAAm film grafted on
the Ta,O5 gate insulator, eqn (2) is modified to

Vi = Bt — o + X — s Qi+ Or + Op + Opnipaam + 2
q Clolal
(3)
with
Coonl = Cox CpnipaAm )

b
Cox + CpniPAAm

This journal is © The Royal Society of Chemistry 2017

where Qpnipaam 1S the charge in the PNIPAAm film and Cigy is
the combined capacitance of Cox and that of the PNIPAAm film
(Cenipaam)-

Here, Y, is the actual driving force of the ion-sensitive FET
(ISFET), which is related to the logarithm of the ion concen-
tration.”® In this study, the physicochemical change in PNI-
PAAm on the gate was thermally induced without a change in
ion concentrations; therefore, the capacitance of the polymer
film on the gate should have mainly been altered, resulting in
AVoue (—AVy) in accordance with eqn (3) and (4). Actually, this
means that the change in the capacitance of PNIPAAm-grafted
FET causes the change in I, (AIp) as well as AV according to
eqn (1), unless I, is constantly hold, as shown in Fig. 2(c).

To investigate the effect of a change in the capacitance of the
polymer film on AV,, for the PNIPAAm-grafted FET device,
Ta,0s-coated substrates were prepared with different surface
modifications. Fig. 3 shows the temperature dependence of the
capacitance for the non-grafted, ATRP initiator-immobilized,
and PNIPAAm-grafted Ta,Os substrates. As shown in Fig. 3(a)
and (b), the capacitance for the ATRP initiator-immobilized
Ta,0s substrate was smaller than that of the non-grafted one;
thus, a self-assembled monolayer (SAM) of the ATRP initiator
was densely packed on the Ta,Os5 substrate during the silane
coupling reaction. After the modification of the PNIPAAm
chain, moreover, the capacitance decreased owing to the
increase in the thickness of the insulating layer, resulting in
a change in its permittivity (Fig. 3(c)). Notably, the capacitances
for the non-grafted and ATRP initiator-immobilized Ta,Os
substrates changed linearly with the measurement temperature
(Fig. 3(a) and (b)), while the linearity was lost between 30 °C and
35 °C for the PNIPAAm-grafted Ta,Os substrate (Fig. 3(c)). This
is because although the capacitance generally increases with the
measurement temperature, the dehydration of the PNIPAAm
chain occurred around the LCST of 32 °C. That is, the PNIPAAm
chain film changed to the dehydrated state above the LCST,
resulting in a decrease in its permittivity (the relative permit-
tivity of water is approximately 80 at 20 °C). The dehydration
above the LCST was also confirmed by the impedance
measurement for the PNIPAAm-grafted Ta,Os substrate (Fig. S6
and S7 in ESIf). Thus, the phase transition of PNIPAAm
contributed to the loss of linearity across the LCST, causing the
change in the capacitance of the PNIPAAm-grafted Ta,Os

RSC Adv., 2017, 7, 34517-34521 | 34519
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Fig. 3 Temperature dependence of the capacitances for (a) non-modified Ta,Os substrate, (b) ATRP initiator-modified Ta,Os substrate and (c)

PNIPAAM-modified Ta,Os5 substrate.

substrate, which shifted in the negative direction owing to
a change from swelling to deswelling.

According to eqn (3) and (4), the FET biosensor responds to
changes in the ionic concentrations and capacitances of inter-
facial materials around a solution/gate interface resulting from
biological phenomena. In fact, an ISFET sensor is based on the
potentiometric detection of changes in the concentration of
ions such as hydrogen ions (pH), which are detected by the
interaction with hydroxyl groups at the oxide gate surface on the
basis of the equilibrium reaction.*® The electrical signal gener-
ated by pH variation is evaluated as AVr, which depends on the
change in y, (Ay,) in eqn (3), resulting in Nernstian response
(59.1 mV pH ™" at 25 °C). On the other hand, the FET biosensor
can recognize changes in the capacitance of functional mate-
rials on the gate surface such as the thermoresponsive polymer
in this study. As shown in Fig. 2(b), the difference in AVyy,
between the PNIPAAm-grafted FET and the non-grafted FET
(thermally responsive signal) was larger than Nernstian
response based on the change in the ion concentrations, which
was approximately 75 mV above 35 °C owing to the dehydration
of PNIPAAm across the LCST. This means that the output signal
of the FET biosensor can be amplified by functionalization with
interface materials that exhibit a phase transition upon strongly
and selectively interacting with ions and biomolecules or upon
thermal stimulation. Moreover, the well-defined polymer film
with controlled thickness obtained by ATRP should provide
significant information for quantitative analyses with biosen-
sors. The target molecule can be detected by copolymerizing
molecular recognition site to the polymer brush. For the
application of the polymer brush-grafted FET, reversibility of
this system and the relationship between the structure of the
polymer brush and the electrical behaviour in FET are impor-
tant. These attempts are currently being investigated. Thus, our
findings on the signal transduction of physicochemical behav-
iour of polymer to electrical property in this study will be helpful
for the design, control, and development of novel biosensing
devices.

Conclusions

In summary, we have investigated how the physicochemical
behaviour of the thermoresponsive polymer PNIPAAm, such as

34520 | RSC Adv., 2017, 7, 34517-34521

swelling and deswelling, is transduced into an electronic signal
by a FET sensor. In particular, a well-defined polymer film with
controlled thickness was grafted on the Ta,Os gate of a FET
device by SI-ATRP to quantitatively analyze the electrical char-
acteristics of the polymer film. As the measurement tempera-
ture increased, AV,, for the PNIPAAm-grafted FET clearly
shifted in the negative direction as a result of the physico-
chemical change from swelling to deswelling across the LCST,
compared with the non-grafted FET. The signal shift was mainly
caused by the change in the capacitance of the thermores-
ponsive polymer grafted on the gate. Basically, AVr (—AV,y,) for
the FET sensor strongly depends on the change in the ion
concentration around a solution/gate interface and the capaci-
tance of the functional interface materials on the gate; there-
fore, the output signal of the FET biosensor can be amplified by
functionalization with interface materials that exhibit a phase
transition upon strongly and selectively interacting with ions
and biomolecules or upon thermal stimulations. We believe
that this work will significantly contribute to the design,
control, and development of signal transduction interfaces for
novel biosensing devices.
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