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Abstract

In this study, we grafted bromo-terminated poly(N-isopropylacrylamide) (PNIPAAmM) brushes onto thin gold films
deposited on silicon, and then reacted with NaN; to produce azido-terminated PNIPAAmM brushes. A probe sequence
of single-stranded DNA (ssDNA) with a 4-pentynoic acid succinimidyl ester unit was grafted onto the azido-
terminated PNIPAAm brushes through a click reaction, resulting in the formation of block copolymer brushes. The
PNIPAAM-b-ssDNA copolymer brushes formed supramolecular complexes stabilized by bio-multiple hydrogen bonds
(BMHBs), which enhanced the proton transfer and thereby decreased the resistivity of the structures. In addition, the
optimal operation window for DNA detection ranges from 0 to 0.2 M of NaCl concentration. Therefore, the speci-
mens were prepared in the PBS solution at 150 mM NaCl concentration for target hybridization. The supramolecular
complex state of the PNIPAAmM-b-ssDNA copolymer brushes transformed into the phase-separated state after the
hybridization with 0.5 ng/uL of its target DNA sequence owing to the competition between BMHBs and complemen-
tary hydrogen bonds. This phase transformation of the PNIPAAmM and probe segments inhibited the proton transfer
and significantly increased the resistivity at 25 °C. Moreover, there were no significant changes in the resistivity of

the copolymer brushes after hybridization with the target sequence at 45 °C. These results indicated that the phase-
separated state of the PNIPAAM-b-ssDNA copolymer brushes, which was generally occurred above the LCST, can be
substantially generated after hybridization with its target DNA sequence. By performing the controlled experiments,

in the same manner, using another sequence with lengths similar to that of the target sequence without comple-
mentarity. In addition, the sequences featuring various degrees of complementarity were exploited to verify the
phase separation behavior inside the PNIPAAmM-b-ssDNA copolymer thin film.
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Background

DNA is an interesting molecular material that shows a
long rod-like duplex structure with base-pair (bp) stack-
ing. The base separation and the diameter of the duplex
were 3.4 and 20 A respectively. It, therefore, appears to be
a good candidate for the one-dimensional energy transfer
and conduction along with m-electron clouds of stacked
bases. However, the quantity of DNA in the specimen
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is usually small, so a medium material to associate with
DNA is quite necessary. Macroscopic electric conductiv-
ity has been studied by using fibrous gels in which duplex
DNAs are randomly oriented [1]. Photoinduced electron
transfer between redox dye molecules intercalated in the
DNA molecules has been studied in homogeneous aque-
ous solution [2]. These reports encouraged us to prepare
a complex incorporating with DNA as a conductive film
of the supermolecular amphiphile, in which receptors
were interacted with targets to vary the conductivity
[3-5]. One of the most highly characterized thermosen-
sitive amphiphiles is poly(N-isopropylacrylamide) (PNI-
PAAm), which contains hydrophilic amido groups and
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hydrophobic isopropyl groups [6, 7]. PNIPAAm is solu-
ble in water up to its lower critical solution temperature
(LCST), which was approximately 31-32 °C [8], because
of amido groups forms hydrogen bonds (HB) with the
surrounding water molecules [9, 10]. Integration DNA
with polymers can modulate the properties of biologi-
cal entities, forming new hybrid materials well known
as self-assembled supramolecules under thermal or pH
stimulus [11, 12]. Hydrogen bonding (HB) has been used
as a general design element in many supramolecular
polymer assemblies [13—15]. The incorporation of nucle-
obases into the synthetic polymers enables their supra-
molecular assembly, which may be applied in molecular
electronic devices.

We have found that bio-multiple hydrogen bonds
(BMHBs) between PNIPAAm and adenine (A) can be
exploited to change the morphology, crystalline struc-
ture, and temperature-responsiveness of PNIPAAm
merely by varying the concentration of A [16]. The
presence of BMHBs can enhances the degree of elec-
tron transport in a PNIPAAm film, leading to remark-
able changes in the electrical conductivity. The initially
insulating PNIPAAm can be transformed into its semi-
conducting form through this simple process [11]. In
this study, we formed the novel DNA recognition layers
with PNIPAAm-b-ssDNA copolymer brushes as aptam-
ers, which changed conductivity upon complexation
and phase separation of the PNIPAAm and ssDNA seg-
ments. Our target sequence was the DNA strand com-
plementary to the ssDNA segment of the copolymer
brushes. When we added the target molecule, its binding
to the ssDNA component led to phase separation of the
PNIPAAm and ssDNA segments. Thus, the conductiv-
ity changed because of HB between the target sequence
and ssDNA was much stronger than the BMHBs between
the PNIPAAm and ssDNA segments. We characterized
the supramolecular complexation/decomplexation of the
PNIPAM-b-ssDNA copolymer brushes with resistivity.

Experimental section

Materials

Silicon wafers, Si(100), polished on one side (diam-
eter: 6 in.) were supplied by Hitachi (Japan) and cut
into 0.6 x 0.6 in. samples. N-Isopropyl acrylamide
(NIPAAm, Acros Organics) was recrystallized from
toluene/hexane (50%, v/v) and dried under a vacuum
prior to use. The other materials used for graft polym-
erization were purchased from Acros Organics such as
3-aminopropanethiol (AT), 2-bromo-2-methylpropionyl
bromide (BIBB), copper(I) bromide, copper(Il) bromide,
triethylamine (TA), 1,1,4,7,7-pentamethyldiethylenetri-
amin (PMDETA), and sodium azide (NaN;). PMDETA,
AT, and BIBB were purified through vacuum distillation
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prior to its use. All other chemicals and solvents were of
reagent grade and purchased from Aldrich Chemical.
The target sequence was 5-GACTT-GCCAT-CGTAG-
AACTG-3' and its complementary probe sequence was
NH,-(CH,)¢-5-CAGTT-CTACG-ATGGC-AAGTC-3'.
The control sequences were 5'-AGTCG-TGTAC-AGTTG-
TGACT-3' (CS0), 5'-AGTCG-TGTAC-AGTTG-AACTG-
3/(CS25), 5-AGTCG-TGTAC-CGTAG-AACTG-3/(CS50),
and 5-AGTCG-GCCAT-CGTAG-AACTG-3/(CS75) fea-
turing 0, 25, 50 and 75% of complementarities, respectively.
20 base pairs in the target could be considered as the com-
bination of four segments and each segment included the
five base pairs. The segments with underline represented
the matched segments with the probe sequence. The com-
plementarities were defined as the ratio of the amount of
matched segments to the total four of segments. The tar-
get, CS75, CS50 and CS25 oligomers were purchased from
TriLink Biotechnologies (HPLC-purified for highest purity;
San Diego, CA) [17-19]. 4-Pentynoic acid succinimidyl
ester was synthesized according to the literature [20].

PNIPAAm-b-ssDNA copolymer brushes

The length of the polymer was varied to tune the BMHBs
between the PNIPAAm and ssDNA segments in the
PNIPAAm-b-ssDNA copolymer brushes. Figure 1 out-
lines the synthetic pathway for anchoring the initiators
on the sputtered gold thin film of a silicon substrate,
which acts as the bottom electrode. An NH,-terminated
self-assembled monolayer (SAM) was first fabricated
and then reacted with BIBB to obtain initiators for an
atom-transfer radical polymerization (ATRP). To immo-
bilize the ATRP initiator, the as-prepared substrate was
immersed in 0.5% (w/v) solution of AT in toluene for 2 h
at 50 °C. The AT units were assembled on the surface of
Au through their thiol groups. The sample was immersed
in 2% (v/v) solution of both BIBB and TA in toluene
for 8 h at 20 °C. As the next step, as-prepared samples
were placed in a Soxhlet apparatus to remove any non-
grafted material. The surface-initiated ATRP grafting of
NIPAAm was performed in a glass vessel purged with
N,. After that NIPAAm, PMDETA, Cu(I)Br, and CuBr,
were dissolved in dimethylformamide (DMF) [5, 21]. The
reaction solution was sonicated for 2 min and then added
to a glass vessel in which the AT/BIBB-functionalized
wafers had been placed. Polymerization was performed
at room temperature under N, purging for 4, 8, 12, 16,
or 20 h. After the desired period of time, the obtained
bromo-PNIPAAm—grafted samples were removed from
the solution, rinsed with the copious amounts of deion-
ized water to remove any unreacted monomer and non-
grafted PNIPAAm, and then dried under the flow of N,.
Azido-PNIPAAm brushes were obtained on the surfaces
after treating the bromo-PNIPAAm brushes with NaNs.
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Fig. 1 Schematic representation of the process used to graft the PNIPAAmM-b-DNA copolymer brushes

The substitution reaction was carried out for overnight
by exposing the bromo-terminated substrates to a satu-
rated solution of NaN; in DMF in a covered container.
The sample was then rinsed with DMF followed by
methanol and DI water before drying in the stream of N,.
After these reactions, the wafers were placed in a Soxhlet
apparatus to remove any non-grafted materials and then
dried under N, prior to use. A solution of the 4-penty-
noic acid succinimidyl ester-conjugated probe sequence
(100 nmol) in phosphate buffer (PB, pH 7.2; 20 mM,
2.5 mL) was added to purged glass vessel containing a
grafted azido-PNIPAAm sample and DMF (2.5 mL) to
perform the click reaction. In addition, ssDNA was also
grafted onto an azido-modified Au substrate without
PNIPAAm in a blank experiment to analyze the thickness.
A stock solution (0.1 mL) of catalyst/ligand (1.0 mmol of

CuSO,/1.1 mmol of tris[(1-benzyl-1H-1,2,3-triazol-4-yl)
methyl]amine) in dimethyl sulfoxide (DMSO)/water (1:1,
v/v) and sodium ascorbate (0.79 mg, 4.0 mmol) was then
added. The reaction mixture was kept at 15 °C for 20 h.
The as-prepared samples were incubated for overnight at
room temperature in the solution and then washed three
times with washing buffer [10 mM Tris—HCI (pH 7.5),
150 mM NaCl, 0.05% Tween20] and three times with
water. The samples were then dried under N, to ensure
that their surfaces were dry and free of dust particles.
Herein, the surfaces with PNIPAAm grafted for 4, 8, 12,
16 and 20 h and sequentially grafted with the ssDNA to
form the aptamers of the PNIPAAm-b-ssDNA copolymer
brushes were denoted as PN4D, PN8D, PN12D, PN16D,
and PN20D respectively. The target sequence was diluted
to the final concentration of 50 pM with a hybridization
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buffer comprising SSC (150 mM NaCl, 0.3 M sodium
citrate-2H,O, pH 7), Denhardt’s solution (1% bovine
serum albumin), 2% Ficoll400, 2% polyvinylpyrrolidone,
and 0.5% sodium dodecyl sulfate. The two small strips
of adhesive tape were affixed along the rim of the sub-
strate and then covered with a clean microscope slide
cover glass. The cavity that formed between the chip and
the microscope slide cover glass was filled by slow load-
ing of hybridization solution (ca. 30 pL) under capillary
force. After that the cover glass was removed, the chip
was washed three times with washing buffer and then
with the copious amounts of water and dried under N,.
Further, experiments were performed in the same con-
trolled manner using CS0, CS25, CS50 and CS75, which
had lengths similar to that of the target sequence with
various complementarities. The water contact angles of
the PNIPAAm-b-ssDNA copolymer brushes were meas-
ured after they had been dried under the flow of N,. The
samples were immersed in the water at 25 and 45 °C for
3 h to observe the phase separation behavior, respec-
tively. To remove the residual H,O molecules promptly,
the samples were lyophilized by a commercial freeze
dryer (EYELA FDU-1200) under 1.5 mTorr prior to fur-
ther analysis. The chemical compositions of the modified
silicon surfaces were determined through photoelectron
spectrometry (XPS, Scientific Theta Probe, UK) [22]. The
thicknesses of the copolymer grafts on the silicon sub-
strates were measured by using ellipsometry (SOPRA
SE-5, France). The thickness and surface chemical com-
position of the copolymer in water should be remain
nearly at 25 and 45 °C after lyophilization.

Assessment of BMHBs through effective equilibrium
constant of layers (K,)

HB between the PNIPAAm and probe segments at
temperatures below and above the LCST led to respec-
tive complexation and decomplexation resulted in
changes to the thicknesses of the copolymer brushes
and thermoresponsive behavior of the surfaces. The
length of the probe segment was kept constant while
varying the length of the PNIPAAm. The samples
were subjected to complex/decomplex in a water bath
at a given temperature until an equilibrium state had
been established. The Variations in the BMHBs of
PNIPAAm-b-ssDNA copolymers were monitored by
using ellipsometry. As the thicknesses of the PNI-
PAAm and ssDNA segments within a copolymer were
related directly to their concentration, it was possi-
ble to obtain the values of effective equilibrium con-
stant of layers (K,) (1/nm) of the PNIPAAm-b-ssDNA
copolymers from a linearized Benesi—Hildebrand
equation, allowing quantitative characterization of the
interactions between the PNIPAAm and the ssDNA at
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temperatures below and above the LCST [16]. For the
binary PNIPAAm-b-ssDNA complexation, the follow-
ing equilibrium was considered:
PNIPAAm-b-ssDNA (complexation)
< PNIPAAm-b-ssDNA (separation) (1)

and the effective equilibrium constant was given by

[PNIPAAm-b-ssDNA segment]

Ke =
€ [PNIAAm segment][ssDNA segment]

(2)

The Benesi—Hildebrand equation was used to calcu-
late the values of K:

1 1 1
AH ~— Ko AHpax [PNIPAAM segment] A

3)
where AH is the change in the thickness of PNIPAAm-
N, after grafting to ssDNA; AH,,, is the thickness of
the ssDNA segment in the absence of the PNIPAAm
segment; and [PNIPAAm segment] represents the
thickness of PNIPAAm-Nj; at temperatures below and
above the LCST. The slope of the double-reciprocal
plot would be equal to 1/K,AH,,,, with an intercept
equal to 1/AH,,, from which values of K, can be
obtained.

Surface properties of the PNIPAAm-b-ssDNA copolymer
brushes

The static water contact angles (SWCAs) were meas-
ured by using a contact angle meter (Sindatek Instru-
ments). The temperature of the glass slides during the
SWCA measurements were controlled by placing the
slides on the top surface of an aluminum stage, the
temperature of which was controlled by a water bath
at either 25 °C (below the LCST) or 45 °C (above the
LCST) [23]. The surface morphologies of the mem-
branes were investigated through the scanning electron
microscopy (SEM) using JEOL JSM 6500F instrument
operated at 15 kV.

The electroactivities of the PNIPAAm-b-ssDNA copol-
ymer brushes were investigated through the measure-
ment of /-V characteristics. The PNIPAAm-b-ssDNA
was grafted to an Au thin film (bottom electrode).
Sequentially, the copolymer-grafted samples were hybrid-
ized with target and control sequences successively. After
cleaning and lyophilizing processes, Pt electrodes (thick-
ness: 200 nm) were deposited onto the copolymer films
as a top electrode by using a stainless-steel shadow mask
as the top electrode and the samples were measured for
I-V characteristics from the top to the bottom electrode
of the Au substrate. The resistivity of each copolymer film
was measured at 25 and 80 °C and the voltage sweeps
were recorded from — 0.2 to + 0.2 V [11, 24].
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Results and discussion

Surface properties of the PNIPAAm-b-ssDNA copolymer
brushes

XPS was employed to determine the chemical composi-
tions of the Au surfaces at various stages during the sur-
face modification process as well as the presence of the
grafted PNIPAAm-b-ssDNA copolymer brushes [8].
After polymerization for 20 h, the chemical composi-
tions determined of 427 nm thick layer of PNIPAAm-
N; and of PNIPAAm-b-ssDNA brushes at temperatures
below and above the LCST was shown (Fig. 2). The
high-resolution C 1s spectra in Fig. 2a show the value
of 12.1:12.9:75.5, for the oxygen: nitrogen: carbon molar
ratio for PNIPAAm-N; was consistent with the expected
ratio of 12.5:12.5:75.0 for PNIPAAm. The obtained value
after curve-fitting using the signals with binding energies
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(BEs) of 284.6, 286.2, and 288.2 eV, was attributed to the
C-C/H, C-N, and C=0 chemical bonding environments
respectively. The BE for the C=0O groups was slightly
higher than the previously reported value of Yu et.al [25].
It was also noted that the BE for the C=0 groups of PNI-
PAAm increased slightly after azido-terminating the sur-
face. In addition, the peak area ratios of C-N and C=0 to
C-C/H were both significantly greater for the PNIPAAm-
b-ssDNA brush surface, which was consistent with
ssDNA grafting [26]. Moreover, the PNIPAAm-b-ssDNA
surface was heated above the LCST temperature to inves-
tigate the HB between its PNIPAAm and ssDNA units. A
peak with a BE of 287.1 eV appeared for the PNIPAAm-
b-ssDNA brush surface above its LCST, presumably rep-
resenting the BE of the C=0 groups of the ssDNA. These
results suggested that the BMHBs between PNIPAAm
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Fig. 2 High-resolutiona C 1s,b O 1s,and ¢ N 1s core level XPS spectra of PNIPAAmM-N; and PNIPAAmM-b-ssDNA polymer brushes grafted onto Au
surfaces for 20 h and d P 2p core level XPS spectra of PNIPAAmM-b-ssDNA polymer brushes, all recorded at temperatures below and above the LCST
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and ssDNA weakened as a result of the increased intra-
molecular HB of PNIPAAm at temperatures above the
LCST. This phenomenon also led to the ssDNA seg-
ments being driven up to the surface. The corresponding
high-resolution O 1s spectra for PNIPAAm-N; in Fig. 2b
shows one peak centered at 532.5 eV in the O 1s region,
which is attributable to C=0 bonding. At a temperature
below the LCST, this peak was shifted to 532.9 eV after
grafting of the ssDNA onto the PNIPAAm-N; in the case
of above the LCST of the PNIPAAm-b-ssDNA copoly-
mer brushes, the peak shifted further to 533.9 eV. The
survey spectrum of the bromo-PNIPAAm brushes fea-
tured Br 3d peak and Br 3p peak at 70 and 188 €V respec-
tively along with the other peaks [21]. The bromine atoms
were converted into azido groups through substitution
with NaNj; in DME. This transformation was clearly evi-
dent in the high-resolution N 1s XPS scan (Fig. 2c), with
a curve fitted using the peaks with BEs of 400.2, 403.8,
and 401.6 eV. The major peak at 401.6 eV was attributed
to the CNH units of PNIPAAm. The spectrum features a
minor characteristic double peak structure for the azido
groups at 400.2 and 403.8 eV, with a BE split of 3.6 eV
[27]. The peak areas were in a ratio of 2.6:1, for an azide
structure (an internal nitrogen atom surrounded by two
nitrogen atoms) as expected. The less-intense peak at
404.2 eV represented the electron-deficient nitrogen
atom of the azido groups [28, 29]. The corresponding
high-resolution P 2p spectra in Fig. 2d represents the P
2p peak at 133.8 eV was also shifted to 135.2 eV upon
heating the PNIPAAm-b-ssDNA copolymer to a temper-
ature above its LCST. Whereas the BE shifts for the O 1s
peaks were small (1.0 eV), those of the P 2p peaks were
relatively large (1.4 eV). The larger BE shifts have also
been observed in the P 2p spectra of pure DNA monolay-
ers, suggesting that the ssDNA segments interacted with
the PNIPAAm units through the phosphate atoms in the
nucleic acid bases.

In general, real specimens are prepared in buffer solu-
tions including cations and anions of salt with concen-
tration ranged from 0.1 to 0.2 M. The salt effect in this
system was investigated for further application with real
samples. PNIPAAm bears both hydrophilic (amide) and
hydrophobic (isopropyl) groups and has been described
as a model system for the cold denaturation of peptides
and proteins [29]. The salt effects on the LCST of PNI-
PAAm have been reported and related to the Hofmeister
series [30]. All the effects of Hofmeister anions on PNI-
PAM solvation can be explained by three interactions of
the ions with the polymer and its hydration waters. First,
the anions can polarize an adjacent water molecule that
is in turn involved in hydrogen bonding with the amide.
Secondly, these species can interfere with the hydropho-
bic hydration of the macromolecule by increasing the
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surface tension of the cavity surrounding the backbone
and the isopropyl side chains. Thirdly, the anions may
bind directly to the polyamide. The first and second of
these effects should lead to the salting-out of the poly-
mers thereby lowering the LCST. The third effect should
lead to the salting-in of the polymer [31]. From Fig. 3a
shows the initial onset values of the LCST for PNIPAM-
N; (PN8) and PNIPAAm-b-ssDNA (PN8D) solutions
plotted as a function of NaCl concentration, the linear
decrease of LCST from 32 to 25.7 °C was observed upon
increasing the NaCl concentration to 1 M for homopol-
ymer (PN8). The increasing of NaCl concentrations
affect both PNIPAAm and PNIPAAm-b-ssDNA solubil-
ity in a complex fashion. A higher LCST indicating the
coil—globule transition of the PNIPAAm-b-ssDNA.
Because of the hydrophilic nature of DNA, the LCST of
the block copolymer was 2-3 °C higher than those of the
homopolymers. (Additional file 1: Figure S1) Therefore,
the salt concentration within the copolymers predomi-
nately determined the LCST. These results suggested
that block copolymer chains with adequate amphiphilic-
ity assemble at the LCST. Figure 3b displays the thick-
nesses of PNIPAM-N; (PN8) and PNIPAAm-b-ssDNA
(PN8D) measured for NaCl at concentrations from 0 to
1.0 M. The anions of salt induced the salting-out of the
homopolymer resulting the slight increase in the thick-
nesses of the PN8 layers at both of 25 and 45 °C upon
increasing the NaCl concentration. For PN8D, more dis-
tinct increase in thickness at 25 °C was attributed to the
salt-out of the DNA segment copolymer. The results sug-
gest that the ions within the copolymer facilitate the pro-
tonation results in the copolymer layer extension below
the LCST. With switching the temperature from 25 to
45 °C, anions binding to the polyamide was accelerated
and the collapse of PNIPAAm above the LCST restrict-
ing the layer extension. There was significant a differ-
ence from the case of the complexed copolymer. This
suggests that both decomplexed and complexed copoly-
mer chains are isolated stably without the association
between DNA strands at the salt concentration. From
Fig. 3c displays the thicknesses of the PNIPAAm-N; lay-
ers, which were grown from the Au surfaces via ATRP,
after various polymerization times at 25 and 45 °C, there
was an approximately linear increases in the thicknesses
of the grafted PNIPAAm layers on the Au-AT-BIBB
surfaces occurred upon increasing the polymerization
time to 20 h, at temperatures both below and above the
LCST. The greater thickness of the PNIPAAm brushes
grafted onto the Au substrate at temperatures below the
LCST provided a so-called brush-like regime of polymer
brushes [32, 33]. In contrast, thinner layers were also
obtained when the temperature was above the LCST,
which was indicative of the formation of globule regimes
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of the polymer brushes due to chain collapse. Thus, the
PNIPAAm brushes formed globule and brush regimes
at temperatures above and below the LCST respectively.
In addition, the ratio of the thickness in the globule
regime to the brush regime was ranged from 61 to 65%.
Figure 3d displays the thicknesses of the PNIPAAm-
b-ssDNA layers at 25 and 45 °C. The thicknesses of the
PNIPAAm-b-ssDNA layers formed after grafting ssDNA
onto PNIPAAm layers of various thicknesses did not vary
significantly at 25 °C. This observation suggests that the
ssDNA segments were buried within the PNIPAAm seg-
ments to form complexes that were stabilized through
BMHBs at 25 °C. After grafting ssDNA onto PNIPAAm
layers of various thicknesses, significant changes in thick-
ness were evident at 45 °C, which is consistent with phase
separation of the two segments. At 45 °C, the intramolec-
ular HB among the PNIPAAm groups was stronger than
the BMHBs between the PNIPAAm and ssDNA seg-
ments, which caused the ssDNA segments to be driven
to the surface. The K, values were calculated to quantify
the strength of the BMHBs between the PNIPAAm and
ssDNA units according to the changes in thicknesses.
The plots of Eq. (3) were approximately linear with
respect to the increase in the thickness of PNIPAAm seg-
ment at both temperatures, indicating that the data fitted
the equation well with statistical correlation coefficients
(R?) of greater than 0.99 (Fig. 3e). The calculated values
of K, for the PNIPAAm-b-ssDNA copolymer brushes at
25 and 45 °C were 5.21 and 0.12 1/nm, respectively. The
larger value of K, for the PNIPAAm-b-ssDNA copolymer
brushes at 25 °C suggests an extremely high concentra-
tion of complexed PNIPAAm and ssDNA segments with
a stronger degree of protonation for their BMHBs. The
protonation of the BMHBs weakened significantly at
45 °C, suggesting that the BMHBs between the ssDNA
and the PNIPAAm segments was thermodynamically
tunable. The ssDNA sequences in the PNIPAAm-b-ss-
DNA copolymer brushes functioned as rich proton
donors within the PNIPAAm matrix, suggesting that var-
iable electron transport might be a means of varying the
conductivity of such surfaces at temperatures below and
above the LCST. Furthermore, the K| values for the PNI-
PAAm-b-ssDNA copolymer brushes at 25 and 45 °C, did
not change significantly after immersion in NaCl solu-
tion below 0.2 M of concentration (Fig. 3f). The values
of K, decreased and increased initially upon increasing
the NaCl concentration from 0.2 to 1 M at 25 and 45 °C,
respectively. The results indicate that residual salts over
0.2 M affect the PNIPAAm solubility in a complex fash-
ion at 25 °C, retarded the complexation of the PNIPAAm
segments and ssDNA due to the effect of salting-out of
the polymers. However, the anions over 0.2 M binding to
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the polyamide at 45 °C facilitated the complexation due
to the effect of salting-in of the polymers.

Figure 4 displays the SWCAs of PN4D, PN8D, PN12D,
PN16D, and PN20D. Each surface exhibited thermally
responsive switching between its hydrophilic and hydro-
phobic states at temperatures below and above its LCST,
respectively. The SWCAs of the PN4D brushes were 78.5
and 46.9° at 25 and 45 °C, respectively (Fig. 4a). This ther-
mal responsivity of PN4D is completely opposite from
that of pure PNIPAAm, but can be explained by con-
sidering the miscibility of the PNIPAAm and ssDNA
segments at 25 °C. The HB interactions between the PNI-
PAAm and ssDNA segments resulted in the hydrophilic
groups residing within these molecules, thereby expos-
ing the hydrophobic groups on the surface at 25 °C. This
HB interactions also between the PNIPAAm and ssDNA
segments weakened significantly at 45 °C due to the pre-
dominance of intramolecular HB between the PNIPAAm
segments [34], driving the ssDNA segments to the sur-
face and leading to a hydrophilic surface state. While
increasing the thickness of the PNIPAAm segment, the
SWCA at 25 °C decreased from 78.5° for PN4D to 64.5°
for PN8D, while the SWCA at 45 °C increased from 46.9°
to 51.7° (Fig. 4b). The SWCAs of PN12D at 25 and 45 °C
were 49.8° and 56.3°, respectively. From the SWCAs
results, PN12D exhibited minimal thermoresponsive
behavior (Fig. 4c). Notably, the thermoresponsive behav-
ior of the copolymer brushes became similar to that of
PNIPAAm when grafting of the PNIPAAm segment
have been carried out for a longer time than 12 h. The
difference in the SWCAs between the hydrophilic (34°)
and hydrophobic (62.1°) states reached 28.1° for PN16D
(Fig. 4d). For PN20D, the thermally responsive behav-
ior was close to pure PNIPAAm brushes (Fig. 4€). These
results indicate that when the thickness was greater than
300 nm, the PNIPAAm segment dominated the surface
properties.

Resistivity change of PNIPAAm-b-ssDNA copolymer
brushes for complementary

As BMHBs can enhance the electron transport in PNI-
PAAm-b-ssDNA copolymer brushes, the determination
of the temperature-responsive behavior of the resistivity
of the functionalized surface was particularly interested
in this study. The obtained linear /-V curves, which dis-
played the ohmic behavior, and the slopes of these I-V
curves represents the resistivities of the surfaces at 25
and 45 °C temperatures. Because the salt may affect the
resistivities, the thermoresponsiveness of resistivity
of the functionalized surfaces of PNIPAAm-b-ssDNA
copolymer brushes at various salt concentrations of NaCl
was investigated. Figure 5 represents the logarithms of
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the average resistivities of the blank PNIPAAm-b-ssDNA
copolymer brushes plotted with respect to the NaCl con-
centrations at 25 and 45 °C, respectively. The resistivities
did not change significantly after immersion in the NaCl

solution below 0.2 M of concentration at both of 25 and
45 °C. A significant decrease in resistivities for the copol-
ymer was observed upon increasing the NaCl concentra-
tion from 0.2 to 1 M at 25 and 45 °C, respectively. The
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anions and cations of residual salt over 0.2 M within the
layers significantly enhance the conductivity, consistent
with the results of complexation degree between PNI-
PAAm segments and DNA. In addition, higher tempera-
ture (45 °C) accelerate the motion of the ions over 0.2 M
enhanced the conductivity as well. The results suggest
that the anions and cations of residual salt predominately
determine the resistivity of these layers above 0.2 M
NaCl concentration. There was no distinct changes in
the logarithms of average resistivities below 0.2 M NaCl
concentration exhibited the reliability of the PNIPAAm-
b-ssDNA copolymer brushes for further DNA detection.
The optimal operation window for DNA detection ranges
from 0 to 0.2 M. Therefore, the specimens were prepared
in the PBS solution at 150 mM NaCl concentration for
further experiments. Figure 6 represents the logarithms
of the average resistivities of the blank PNIPAAm-b-ss-
DNA copolymer brushes and those upon hybridization
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at 25 and 45 °C, with the target and CSO at a concentra-
tion of 0.5 ng/uL, as determined from their /-V curves.
Notably, the corresponding I-V curves for the neat PNI-
PAAm film was not able to obtain due to non-occurrence
of electron transport. Therefore, the resistivity was not to
obtain for neat PNIPAAm brushes, which could be con-
sidered as an insulator. Upon grafting polymerization
with the ssDNA sequence, the electron transport in the
films increased significantly as a result of the complexes
that formed, which led to a decrease in resistivity. Thus,
the neat PNIPAAm film could be changed significantly
from an insulator to a semiconductor merely through
the grafting polymerization of nucleobases. The resis-
tivities of the PNIPAAm-b-ssDNA copolymer brushes
increased upon increasing the length of the PNIPAAm
segment. The length ratio of the ssDNA to the PNIPAAm
segments determined the resistivity of the copolymer
brushes, confirming that the increased conductivity
of the samples at 25 °C arose from electron transport
induced by BMHBs (Fig. 6a). The significant increase
in the resistivity of the grafted copolymer layer upon
hybridization was observed with the target at 25 °C. The
strong complementary HB resulted in phase separation
of the PNIPAAm and ssDNA segments, leading to an
increase in resistivity. As such, the target sequence could
be exploited to eliminate the proton transfer of complex-
ation at 25 °C. Notably, the resistivity could be influenced
readily by the humidity or roughness of the surface. The
inaccuracy ranges were marked as the indices for rec-
ognition of hybridization with the target. A change in
resistivity without overlapping the inaccuracy range is
defined herein as a distinguishable value. In this work, it
was found that the distinguishable resistivities of PN4D,
PN8D, and PNI12D for hybridization with the target
sequence were greater than those of the other samples.
Thus, the higher ratio of probe to PNIPAAm segments
enhanced the distinguishable resistivity significantly at
25 °C. Furthermore, the usage of sequences CS0 to inves-
tigate the distinguishable degrees of complementarity
of our surfaces. As compared with hybridization of the
target, the resistivities after hybridization with CSO did
not result in a significant decrease of resistivity at 25 °C
[35]. The non-hybridization of CSO0 at 0.5 ng/puL could be
distinguished from the target when using the PNIPAAm-
b-ssDNA copolymer brushes. At 45 °C, the resistivities of
the blank PNIPAAm-b-ssDNA copolymer brushes and
those upon hybridization with the target and CSO were
similar (Fig. 6b). The results verify that the phase sepa-
ration of the PNIPAAm and ssDNA segments was not
only induced by increasing temperature above the LCST,
but also by hybridizing with the target. The PN8D was
exploited to investigate the distinguishable resistivity and
degrees of complementarity using four kinds of control
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sequences featuring 0, 25, 50 and 75% of complementa-
rity at 25 and 45 °C, respectively. Figure 7 represents the
logarithms of the average resistivities of PN8D plotted
with respect to the hybridization concentration of the
target, CS75, CS50, CS25 and CSO sequence (0.5-16 ng/
pL) at 25 and 45 °C, respectively. At 25°C, The resistivities
of PN8D increased upon increasing the concentrations
ng/puL of the sequences to 8. The resistivities reached the
plateau, indicating the hybridization saturation of the
probe segment, at the concentration more than 8 ng/
uL (Fig. 7a). The resistivities did not change significantly
upon hybridization with CSO for various concentra-
tions because of non-hybridization. The DNA segments
partially hybridized with the control sequences, CS25,
CS50 and CS75, leading to the residual sequences within
the copolymer. The mismatched segments of residual
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Fig. 7 Resistivities of PNIPAAmM-b-ssDNA copolymer brushes (loga-
rithmic scale) plotted with respect to the hybridization concentration
of the target, CS75, CS50, CS25 and CSO sequences (0.5-16 ng/uL) at
a25°Cand b 45°C

sequences facilitated the electron transport (complexa-
tion), but matched segments suppressed the electron
transport (decomplexation). Even though the resistivities
increased with the degree of complementarities of the
control sequence for all concentrations. The hybridiza-
tion of CS25, CS50 and CS75 at 0.5 ng/uL could be dis-
tinguished from the target by the resistivities indicating
the high distinguishable degrees of complementarity
at 25 °C. At 45 °C, the phase separation of copolymer
resulted in the similar resistivities upon hybridization
with the target and CSO (Fig. 7b). In addition, hybridiza-
tion CS25, CS50 and CS75 with the probe segments of
the copolymer at various concentrations resulted in the
decrease of resistivities. The CS25, CS50 and CS75 did
not hybridize completely with the probe of the copolymer
mismatched segments facilitated “leakage” of electron
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transport resulting in the decrease in resistivities. The
quantity of residual sequencing within the copolymer
decreased with the increase of mismatched segments
after cleaning and lyophilizing processes. The resistivi-
ties upon hybridization with CS25, CS50 and CS75 fol-
lowed the order CS75 > CS25 > CS50 at 45 °C. The results
suggest that these sequences possessing various degrees
of complementarities could be distinguished with PN8D
from the target by the resistivities at both of 25 and 45 °C.
Figure 8 displays the logarithms of the average resistivi-
ties of PN8D with target hybridization and denatura-
tion for five cycles at 25 °C. For the PN8D, this behavior
was reversible for at least five cycles, which indicates the
excellent recyclability of the PNIPAAm-b-ssDNA copoly-
mer brushes. The application of the electrical properties
of such copolymers could lead to smart materials capable
of detecting specific DNA sequences without labeling.

Conclusions

In the present study, specific BMHBs between PNIPAAm
and nucleobases can generate noncovalently interacting
colloidal supramolecular systems within a single chain of
a copolymer brush. Such interactions between the PNI-
PAAm and nucleobase segments results in the changes
of the thermoresponsive hydrophobicity and resistivity of
the surface. The mode of HB of the PNIPAAm-b-ssDNA
copolymer brushes can be switched simply by hybridiz-
ing with a target DNA sequence with significant changes
in the electrical resistivity occurring for the complexed
and decomplexed (phase-separated) states. Accordingly,
PNIPAAm-b-nucleobase brushes in the present study are
promising for future theoretical and practical applications.
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rithmic scale) with target hybridization and denaturation for five
cyclesat 25 °C
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Additional file 1: Figure S1. Thickness of (a) PN4, PN8, PN12, PN16 and
PN20, and (b) PN4D, PN8D, PN12D, PN16D and PN20D plotted as a func-
tion of temperature.

Abbreviations
PNIPAAM: poly(N-isopropylacrylamide); ssDNA: single-stranded DNA; BMHBs:
bio-multiple hydrogen bonds; LCST: lower critical solution temperature.

Authors’ contributions

YZ carried out the grafting polymerization of the copolymer and synthesis of
the probe. CC participated in the measurement of resistivities and statistical
analysis. JK conceived of the study, and participated in its design and coordi-
nation and drafted the manuscript and participated in the design of the study.
All authors read and approved the final manuscript.

Author details

! Department of Materials Science and Engineering, National Taiwan Univer-
sity of Science and Technology, 43, Sec 4, Keelung Rd, 106 Taipei, Taiwan, ROC.
2 School of Oral Hygiene, College of Oral Medicine, Taipei Medical University,
Taipei 11031, Taiwan, ROC. ® Department of Dentistry, Taipei Medical University
Hospital, Taipei 11031, Taiwan, ROC. * Graduate Institute of Applied Science
and Technology, National Taiwan University of Science and Technology,

10607 Taipei, Taiwan, ROC. 5 Department of Mechanical Engineering, National
Taiwan University of Science and Technology, 43, Sec 4, Keelung Rd, 106 Taipei,
Taiwan, ROC.

Acknowledgements
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
Data sharing not applicable to this article as no datasets were generated or
analysed during the current study.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding

Ministry of Science and Technology of the Republic of China and Taipei Medi-
cal University — National Taiwan University of Science and Technology Joint
Research Program (TMU-NTUST-105-04).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 28 March 2017 Accepted: 23 September 2017
Published online: 05 October 2017

References

1. Bakhshi AK. Investigation of electronic conduction in proteins and DNA.
Prog Biophys Mol Biol. 1994;61:187-253.

2. Murphy CJ, Arkin MR, Jenkins Y, Ghatlia ND, Bossmann SH, Turro NJ, Bar-
ton JK. Long-range photoinduced electron transfer through a DNA helix.
Science. 1993;262:1025-9.

3. Chen J-K, Li J-Y. Detection of specific DNA using a microfluidic device
featuring tethered poly(N-isopropylacrylamide) on a silicon substrate.
Appl Phys Lett. 2010,97:063701.


http://dx.doi.org/10.1186/s12951-017-0303-4

Liu et al.  Nanobiotechnol (2017) 15:68

20.

Borner HG. Strategies exploiting functions and self-assembly properties
of bioconjugates for polymer and materials sciences. Prog Polym Sci.
2009;34:811-51.

Chen J-K, Li J-Y. Fabrication of DNA extraction device with tethered
poly(N-isopropylacrylamide) brushes on silicon surface for a specific DNA
detection. Sens Actuators B. 2010;150:314-20.

Yoshida R, Uchida K, Kaneko Y, Sakai K, Kikuchi A, Sakurai Y, Okano T.
Comb-type grafted hydrogels with rapid deswelling response to tem-
perature changes. Nature. 1995;374:240-2.

Chen J,Wang J, Fan S, Chang J. Reversible hydrophobic/hydrophilic adhe-
sive of PS-b-PNIPAAM copolymer brush nanopillar arrays for mimicking
the climbing aptitude of geckos. J Phys Chem C. 2012;116:6980-92.
Chen J, Li J. Synthesis of tethered poly-(N-isopropyl-acrylamide) for
detection of breast cancer recurrence DNA. J Colloid Interface Sci.
2011,358:454-61.

Fernandez VWA, Tepale N, Sdnchez-Diaz JC, Mendizabal E, Puig JE, Soltero
JFA. Thermoresponsive nanostructured poly(N-isopropylacrylamide)
hydrogels made via inverse microemulsion polymerization. Colloid Polym
Sci. 2006;284:387-95.

Chen T, Chen J. Ferritin immobilization on patterned poly(2-hydroxyethy!
methacrylate) brushes on silicon surfaces from colloid system. Colloid
Polym Sci. 2011,289:433-45.

Yang H, Lee A, Huang C, Chen J. Characterization of poly(N-isopropy-
lacrylamide)-nucleobase supramolecular complexes featuring bio-
multiple hydrogen bonds. Soft Matter. 2014;10:8330-40.

Chen J, Bai B. Diagnosis of breast cancer recurrence after surgery by
using poly(2-dimethylaminoethyl methacrylate) brushes as a medium on
silicon surface. Sens Actuators B. 2011;160:1011-9.

Nair KP, Breedveld V, Weck M. Modulating mechanical properties of
self-assembled polymer networks by multi-functional complementary
hydrogen bonding. Soft Matter. 2011,7:553-9.

Zhou Z, Bong D. Small-molecule/polymer recognition triggers aqueous-
phase assembly and encapsulation. Langmuir. 2013;29:144-50.

Hao Z, Li G, Yang K, Cai Y. Thermoresponsive synergistic hydrogen bond-
ing switched by several guest units in a water-soluble polymer. Macromol
Rapid Commun. 2013;34:411-6.

Yang H-W, Chen J, Cheng C, Kuo S. Association of poly(N-isopropylacryla-
mide) containing nucleobase multiple hydrogen bonding of adenine for
DNA recognition. Appl Surf Sci. 2013;271:60-9.

Chen J, Zhou G, Chang C, Lee A, Chang F. Label-free DNA detection
using two-dimensional periodic relief grating as a visualized platform for
diagnosis of breast cancer recurrence after surgery. Biosens Bioelectron.
2014;54:35-41.

Lee CY, Canavan HE, Gamble LJ, Castner DG. Evidence of impurities in
thiolated single-stranded DNA oligomers and their effect on DNA self-
assembly on gold. Langmuir. 2005;21:5134-41.

Chen J, Bai B, Chang F. Diagnosis of breast cancer recurrence using a
microfluidic device featuring tethered cationic polymers. Appl Phys Lett.
2011;99:013701.

Slater M, Snauko M, Svec F, Frechet JMJ.“Click chemistry”in the prepara-
tion of porous polymer-based particulate stationary phases for p-HPLC
separation of peptides and proteins. Anal Chem. 2006,78:4969-75.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33

34.

35.

Page 13 of 13

. Chen J,Wang J, Cheng C, Chang J. Reversibly thermoswitchable

two-dimensional periodic gratings prepared from tethered poly(N-
isopropylacrylamide) on silicon surfaces. ACS Appl Mater Interfaces.
2013;5:2959-66.

Chen J, Chen Z, Lin H, Hong P, Chang F. Patterned poly(2-hydroxyethy!
methacrylate) brushes on silicon surfaces behave as “tentacles”to
capture ferritin from aqueous solution. ACS Appl Mater Interfaces.
2009;1:1525-32.

Burdukova E, Li H, Ishida N, O’Shea JP, Franks GV. Temperature controlled
surface hydrophobicity and interaction forces induced by poly(N-isopro-
pylacrylamide). J Colloid Interface Sci. 2010;342:586-92.

Chen Z, Hu L, Serpe MJ. Liquid-liquid interface assisted synthesis of
multifunctional and multicomponent hydrogel particles. J Mater Chem.
2012;22:20998-1002.

Yu Q, Zhang Y, Chen H, Zhou F, Wu Z, Huang H, Brash JL. Protein adsorp-
tion and cell adhesion/detachment behavior on dual-responsive silicon
surfaces modified with poly(N-isopropylacrylamide)-block-polystyrene
copolymer. Langmuir. 2010;26:8582-8.

Lee C, Gong P, Harbers GM, Grainger DW, Castner DG, Gamble LJ. Surface
coverage and structure of mixed DNA/alkylthiol monolayers on gold:
characterization by XPS, NEXAFS, and fluorescence intensity measure-
ments. Anal Chem. 2006;78:3316-25.

Balamurugan SS, Soto-Cantu E, Cueto R, Russo PS. Preparation of organo-
soluble silica-polypeptide particles by “click” chemistry. Macromolecules.
2010;43:62-70.

Prakash S, Long TM, Selby JC, Moore JS, Shannon MA. “Click” modifica-
tion of silica surfaces and glass microfluidic channels. Anal Chem.
2007;79:1661-7.

Tiktopulo El, Uversky VN, Lushchik VB, Klenin SI, Bychkova VE, Ptitsyn OB.
“Domain’ coil-globule transition in homopolymers. Macromolecules.
1995;28:7519-24.

Freitag R, Garret-Flaudy F. Salt effects on the thermoprecipitation of poly-
(N-isopropylacrylamide) oligomers from aqueous solution. Langmuir.
2002;18:3434-40.

. Zhang, Furyk S, Bergbreiter DE, Cremer PS. Specific ion effects on the

water solubility of macromolecules: PNIPAM and the hofmeister series. J
Am Chem Soc. 2005;127:14505-10.

Chen J, Hsieh C, Huang C, Li P. Characterization of patterned poly(methyl
methacrylate) brushes under various structures upon solvent immersion.
J Colloid Interface Sci. 2009;338:428-34.

Chen J, Zhuang A. Patterning nanocluster polystyrene brushes grafted
from initiator cores on silicon surfaces by lithography processing. Colloid
Polym Sci. 2011;289:1283-94.

Chen L, Liu M, Bai H, Chen P, Xia F, Han D, Jiang L. Antiplatelet and
thermally responsive poly(N-isopropylacrylamide) surface with nanoscale
topography. J Am Chem Soc. 2009;131:10467-72.

Davis JT, Spada GP. Supramolecular architectures generated by self-
assembly of guanosine derivatives. Chem Soc Rev. 2007;36:296-313.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	Fabrication of device with poly(N-isopropylacrylamide)-b-ssDNA copolymer brush for resistivity study
	Abstract 
	Background
	Experimental section
	Materials
	PNIPAAm-b-ssDNA copolymer brushes
	Assessment of BMHBs through effective equilibrium constant of layers (Ke)
	Surface properties of the PNIPAAm-b-ssDNA copolymer brushes

	Results and discussion
	Surface properties of the PNIPAAm-b-ssDNA copolymer brushes
	Resistivity change of PNIPAAm-b-ssDNA copolymer brushes for complementary

	Conclusions
	Authors’ contributions
	References




