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DNA single-base mismatches by
resistivity of poly(N-isopropylacrylamide)-block-
ssDNA copolymer brush films at dual
temperatures†

Yi-Zu Liu,a Karthikeyan Manivannan,a Ai-Wei Lee,b Yan-Jiun Huang,c Po-Li Weid

and Jem-Kun Chen *a

We grafted azido-terminated poly(N-isopropylacrylamide) (PNIPAAm) brushes onto thin gold films on

silicon as a bottom electrode. A probe of single-stranded DNA (ssDNA) presenting a 4-pentynoic acid

succinimidyl ester unit was grafted onto the azido-terminated PNIPAAm brushes through a click

reaction, resulting in block copolymer brushes. The PNIPAAm-b-ssDNA copolymer brushes formed

homogeneous complexes stabilized via bio-multiple hydrogen bonds (BMHBs), which enhanced proton

transfer and thereby decreased the resistivity of the structures. The homogeneous complex state of the

PNIPAAm-b-ssDNA copolymer brushes transformed into a phase-separated state after hybridization with

0.5 pg nL�1 of its target DNA, which resulted from competition between the BMHBs and complementary

HBs; this phase transformation of the PNIPAAm and probe segments inhibited proton transfer and

significantly increased the resistivity. Furthermore, hybridization with mismatched DNA sequences

generated sufficient “proton leakage” to decrease the resistivity at temperatures below the lower critical

solution temperature (LCST), especially for adenine and guanine units. Sequences with thymine and

cytosine mismatches could be distinguished from the target at temperatures above the LCST due to

disruption of the BMHBs at increased temperatures (80 �C). The ability to detect label-free DNA and

recognize sequence mismatches suggests the potential use of these novel materials in bioelectronics.
1. Introduction

In the past decade, sequence-specic detection of DNA has
garnered considerable interest due to its application in clinical
diagnosis, gene expression analysis, and biomedical studies.1–3

Identication and quantication of specic DNA sequences
related to disease is the purpose of DNA detection. Mostly,
detection of DNA has been from DNA sequencing4 and DNA
microarrays.5 Also, multiple new methods, such as uorescent,6
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electrochemical,7 and chemiluminescent8 methods, have been
developed to minimise the equipment cost and enable easier
operation. Along with biomedical studies, DNA can be used in
scaffolds, “nanomachines” (i.e., DNA nanotechnology), and
drug carriers, which has increased interest in its accurate
detection as well as the modeling and control of hybridization
processes.9

In recent years, DNA microarrays have been used on surface-
immobilized single-stranded DNA (ssDNA) probes, which has
aided their exibility and enabled considerable data genera-
tion.10 However, the uorescent emission of labelled target DNA
cannot be detected by conventional methods. Hence, label-free
methods are useful for supporting quantitative detection of
DNA binding, scalability, and multiplexing, as well as the
expense of the operation.11 Herein, for the rst time, we report
a label-free technique for DNA detection. DNA block copolymers
are a new emerging class of functional hybrid polymers
composed of an oligonucleotide strand covalently attached to
another polymer. Based on their amphiphilicity and molecular
recognition properties,12 DNA block copolymers can be assem-
bled into various types of nanostructures, which are useful for
several applications, ranging from DNA-templated syntheses13

to gene therapy14 and drug delivery.15 For example, Mirkin and
RSC Adv., 2017, 7, 22777–22787 | 22777
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coworkers showed that spherical micelles of DNA-block-poly-
styrene (DNA-b-PS) can be assembled into macroscopic polymer
networks showing cooperative sharp melting transitions.16 The
simultaneous self-assembly of DNA-b-PS and magnetic nano-
particles is used to fabricate nanoparticle-loaded DNA block
copolymer assemblies. This process can dramatically enhance
DNA-binding properties.17 Researchers have also shown that
DNA block copolymers can be assembled into various
morphologies by utilizing the molecular recognition property of
DNA.18,19 Gianneschi and co-workers synthesized a DNA brush
copolymer that undergoes a reversible sphere-to-cylinder
morphology change by DNA cleavage and hybridization.20

Herrmann et al. reported the formation of rodlike assemblies of
DNA-block-poly(propylene oxide) (DNA-b-PPO) using a long
repetitive complementary DNA strand as a template.21 The rod-
shaped aggregates showed signicantly higher cellular uptake
than spheres,22 demonstrating that the ability to control the
morphology of DNA assemblies is important for their biological
and medical applications.23–25

Alemdaroglu et al. observed the strength of the bio-multiple
hydrogen bonds (BMHBs) in poly(N-isopropylacrylamide) (PNI-
PAAm) and nucleobases to follow the sequence guanine (G) >
adenine (A) > thymine (T) > cytosine (C) > uracil (U). The presence
of BMHBs can enhance the degree of H+ transport in a PNIPAAm
lm, which is caused by a notable change in electronic conduc-
tivity. The insulator PNIPAAm can be altered into a semi-
conducting form via a simple method.13 In the present study, we
formed novel DNA recognition layers, with PNIPAAm-b-ssDNA
copolymer brushes acting as aptamers, that changed conduc-
tivity upon homogeneous complexation and phase separation of
the PNIPAAm and ssDNA segments. Copolymer brushes can
change structure in situ on the surface during hybridization.
PNIPAAm and ssDNA, which are regarded as an insulator and
Scheme 1 Homogeneous complexation, stabilized through BMHBs,
and phase separation of PNIPAAm and ssDNA segments after
hybridization with the target.

22778 | RSC Adv., 2017, 7, 22777–22787
conductor, respectively, are miscible due to BMHBs. Our target
was the DNA strand complementary to the ssDNA segment of the
copolymer brushes.26 Upon graing polymerization with ssDNA,
homogeneous complexes were generated to facilitate proton
transport in the lms, leading to a decline in resistance. Because
the HB between the target and probe (ssDNA) was much stronger
than the BMHBs between the PNIPAAm and ssDNA segments,
hybridization of the target with the PNIPAAm-b-ssDNA copol-
ymer brushes changed the morphology signicantly. The probe
segments preferred to release from the complex and bond to the
target. The isolated PNIPAAm segments blocked proton trans-
port from the bottom to the top electrodes, resulting in an
increase in resistance (Scheme 1). We examined the selectivity
and sensitivity of the complexation/decomplexation of PNIPAM-
b-ssDNA copolymer brushes by subjecting them to a target
featuring single-nucleic-acid mismatches at various tempera-
tures. The developed aptamers are potentially applicable for DNA
recognition sensors.
2. Experimental section
2.1. Materials

One-side polished single-crystal silicon wafers (Si(100), with
a diameter of 6 inches) were procured from Hitachi (Japan).
N-Isopropylacrylamide (NIPAAm; Acros Organics, Belgium) was
puried by hexane/toluene (50%, v/v) for use. 3-Amino-
propanethiol (AT), 2-bromo-2-methylpropionyl bromide
(BIBB), triethylamine (TA), CuBr, CuBr2, 1,1,4,7,7-pentam-
ethyldiethylenetriamin (PMDETA), and sodium azide (NaN3)
were obtained from Acros Organics. PMDETA, AT, and BIBB was
puried by vacuum distillation. All solvents and chemicals were
purchased from Sigma-Aldrich Chemicals (USA) and were of
reagent grade. The target sequence was 50-GACT TGCC ATCG
TAGA ACTG-30; its complementary probe sequence was NH2-
(CH2)6-50-CAGT TCTA CGAT GGCA AGTC-30. The mismatched
sequences were 50-GACAA GCCA A CGA AGAACA G-30 (AM)
featuring A units, 50-G T CTTGCCT TCGTT GTT CTG-30 (TM)
featuring T units, 50-GA G TTGGG ATG GTAGAAG TG-30 (GM)
featuring G units, and 50-CACTTCCCATCCTACAACTC-30 (CM)
featuring C units. These DNA oligomers (the target, AM, TM,
GM, and CM) were purchased from TriLink Biotechnologies
(HPLC-puried for highest purity; USA).27–29 4-Pentynoic acid
succinimidyl ester was prepared as described previously.30
2.2. PNIPAAm-b-ssDNA copolymer brushes

The length of the polymer was varied to “tune” the BMHBs
between the PNIPAAm and ssDNA segments in PNIPAAm-b-
ssDNA copolymer brushes. Fig. 1 outlines the synthetic pathway
for anchoring initiators on the sputtered gold (Au) thin lm of
a silicon substrate, which acted as the bottom electrode. An
NH2-terminated self-assembled monolayer (SAM) was rst
generated and then reacted with BIBB to obtain initiators for
atom-transfer radical polymerization (ATRP). To immobilize the
ATRP initiator, the as-prepared substrate was dipped in AT
solution (0.5% wt%) and reuxed with toluene for 2 h at 50 �C.
The AT units gathered on the Au surface through their thiol
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic representation of the process used to graft PNIPAAm-b-DNA copolymer brushes.
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groups. The sample was mixed in a 2% (v/v) solution of BIBB
and TA in toluene at room temperature for 8 h. Then, the as-
prepared samples were placed in a Soxhlet apparatus to
remove non-graed material. Surface-initiated ATRP graing of
NIPAAm was performed in N2. NIPAAm, PMDETA, CuBr, and
CuBr2, were dissolved in dimethylformamide (DMF).31,32 The
solution was sonicated for 2 min, and added to AT/BIBB-
functionalized wafers. Polymerization was carried out at 25 �C
This journal is © The Royal Society of Chemistry 2017
under N2 for 4, 8, 12, 16, or 20 h. Then, the bromo-PNIPAAm-
graed samples were removed from the solution and rinsed
with copious amounts of deionized water to remove any
unreacted monomer, followed by drying under a ow of N2 at
25 �C. Azido-PNIPAAm brushes were obtained on the surfaces
aer treatment of bromo-PNIPAAm brushes with NaN3.

The substitution reaction was carried out overnight by
exposing the bromo-terminated substrates to a saturated
RSC Adv., 2017, 7, 22777–22787 | 22779
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Scheme 2 Schematic representation of the structured device used to
measure the resistivities of PNIPAAm-b-ssDNA copolymer brushes.
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solution of NaN3 in DMF in a covered container. Then, the
sample was rinsed with DMF followed by methanol and
deionized water before drying in a N2 stream. Aer these
reactions, the wafers were placed in a Soxhlet apparatus to
remove non-graed materials and then dried under N2 prior to
use. A solution of 4-pentynoic acid succinimidyl ester-
conjugated probe (100 nmol) in 2.5 mL phosphate buffer
(PB) (pH 7.2, 20 mM) and 1 � 1 cm2 graed azido-PNIPAAm
samples were added to a 10 mL plastic culture tube. A stock
solution (0.1 mL) of catalyst/ligand (1.0 mmol of CuSO4,
1.1 mmol of TBTA) in dimethyl sulfoxide (DMSO)/water (v/v, 1/
1) and 4.0 mmol (0.79 mg) of sodium ascorbate were then
added. The reaction mixture was agitated for 20 h at 15 �C. The
as-prepared samples were incubated overnight at room
temperature in the solution and then washed thrice with
washing buffer [10 mM Tris–HCl (pH 7.5), 150 mM NaCl,
0.05% Tween 20] and thrice with water. The samples were
blow-dried under N2 to ensure that their surfaces were dry and
free of dust particles. In addition, ssDNA was graed to an
azido-modied Au substrate without PNIPAAm in a blank
experiment to analyze the thickness.

Herein, the surfaces presenting PNIPAAm that had been
graed for 4, 8, 12, 16, and 20 h were denoted PN4, PN8, PN12,
PN16, and PN20, respectively, and sequentially graed with
ssDNA to form aptamers of PNIPAAm-b-ssDNA copolymer
brushes, which were denoted PN4D, PN8D, PN12D, PN16D, and
PN20D, respectively. The label-free target, AM, TM, GM, and CM
were diluted with a hybridization buffer [comprising SSC (3 M
NaCl, 0.3 M sodium citrate$2H2O, pH 7), Denhardt's solution
(1% bovine serum albumin), 2% Ficoll400, 2% poly-
vinylpyrollidone, and 0.5% sodium dodecyl sulfate] to a nal
concentration of 50 mM. Two small strips of adhesive tape were
affixed along the rim of the substrate and then covered with
a clean microscope slide cover glass. The cavity formed between
the chip and cover glass was lled by slowly loading the
hybridization solution (z30 mL) under capillary force. Aer
removal of the cover glass, the chip was washed thrice with
washing buffer and then with copious amounts of water and
blow-dried under N2. Control experiments were performed in
the same manner using AM, TM, GM, and CM, which had
lengths similar to that of the target but only partial comple-
mentarity. Water contact angles of PNIPAAm-b-ssDNA copol-
ymer brushes were measured aer they had been dried under
a ow of N2. The chemical compositions of the modied silicon
surfaces were determined through X-ray photoelectron spec-
trometry (XPS; Scientic Theta Probe, UK).33 The thicknesses of
the copolymer gras on the silicon substrates were measured
using ellipsometry (SE-5; Sopra, France). The tethered copol-
ymer brushes were stripped from the surface through immer-
sion in HF solution (5 wt%) for 5 min at room temperature. The
stripped copolymers were analyzed using gel permeation chro-
matography aer purication through extensive dialysis against
deionized water, which was performed using a VISCOTEK-
DM400 instrument equipped with a LR 40 refractive index
detector. Monodisperse polymer standards (Polymer Lab; Agi-
lent Technologies, USA) were used to generate a calibration
curve.
22780 | RSC Adv., 2017, 7, 22777–22787
2.3. Surface properties of PNIPAAm-b-ssDNA copolymer
brushes

Static water contact angles (SWCAs) were estimated using
a contact angle meter (Sindatek Instruments, Taiwan) and,
during measurements, the temperature of the glass slide was
controlled by a water bath at 25 �C (below the lower critical
solution temperature (LCST)) or 45 �C (above the LCST).34 The
morphologies were studied by scanning electron microscopy
(SEM) using a JSM 6500F instrument (JEOL, Japan) operated at
15 kV and atomic force microscopy (AFM; Veeco Dimension
5000 scanning probe microscope).

The electroactivities of the PNIPAAm-b-ssDNA copolymer
brushes were studied by I–V curve measurements. That is,
platinum (Pt) electrodes (thickness: 200 nm) were coated onto
the sample surfaces via stainless-steel shadow masks as the top
electrode. Then, the samples were lyophilized 24 h prior to use
of I–V curves from the top to the bottom electrode of the Au
substrate (Scheme 2). All the measurements were performed at
room temperature with a relative humidity of 35–45%. Repeated
measurements were within 5% of the average value for each
sample. To prevent metal contamination, the interval between
the Pt electrodes was z6.5 mm. The resistivity of each copol-
ymer lm was measured at 25 and 80 �C; voltage sweeps were
recorded in the range from �0.2 to +0.2 V.
3. Results and discussion
3.1. Surface properties of PNIPAAm-b-ssDNA copolymer
brushes

We used XPS to determine the chemical compositions of the Au
surfaces at different stages throughout the surface modication
process as well as in the presence of graed PNIPAAm-b-ssDNA
copolymer brushes.35 The oxygen (O)/carbon (C), nitrogen (N)/C
and phosphorus (P)/C ratios of PNIPAAm and ssDNA segments
were different, which could be exploited to monitor the surface
compositions according to Fig. S1.† From the high-resolution C
1s spectra shown in Fig. 2a, we determined the O : N : C molar
ratio for PNIPAAm-N3 and ssDNA to be 12.1 : 12.9 : 75.5 and
7.4 : 6.2 : 14.1, respectively, consistent with the anticipated
ratio of 12.5 : 12.5 : 75.0 and 8 : 5 : 13 for PNIPAAm and the
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) O/C, (b) N/C and (c) P/C atomic ratios of the PNIPAAm-b-
DNA copolymer brushes at 25, 45 and 80 �C.
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probe, respectively. Fig. 2 summarizes the O/C, N/C and P/C
ratios of PN4D, PN8D, PN12D, PN16D and PN20D at 25, 45
and 80 �C, respectively. Compared with PNIPAAm segments,
ssDNA segments possessed higher O/C, N/C and P/C ratios:
0.62, 0.4 and 0.1, respectively. The O/C, N/C and P/C ratios were
close to the average of the molar ratios for PNIPAAm and ssDNA
segments at 25 �C, respectively, suggesting that the ssDNA
segments were “buried” within the PNIPAAm segments to
generate homogeneous complexes stabilized through BMHBs.
The O/C, N/C and P/C ratios increased abruptly upon
a temperature increase from 25 to 45 �C, indicating the ssDNA
segments were distributed predominately over the surface.
These results suggest that the hydrogen bonding among
This journal is © The Royal Society of Chemistry 2017
PNIPAAm segments strengthened at 45 �C to repel the ssDNA
segments from the matrix of PNIPAAm segments up to the
surface, thereby resulting in the increase of N/C and O/C. Upon
increasing the temperature from 45 to 80 �C, the O/C, N/C and
P/C ratios decreased signicantly, indicating that the thermal
effect enhanced the motion of polymer chains, resulting in the
rearrangement of PNIPAAm and ssDNA segments. The O/C, N/C
and P/C ratios did not change signicantly with the length of
PNIPAAm segments at 25 and 45 �C, whereas these ratios
decreased with the length of PNIPAAm segments at 80 �C.36

These results indicate that the length of the PNIPAAm segment
facilitates the rearrangement of the copolymer, verifying the
specic thermal effect for PNIPAAm-b-ssDNA brushes.

The brush parameters of the dry PNIPAAm-b-ssDNA brushes
were estimated by the ellipsometric dry layer thickness (h),37

PNIPAAm and ssDNA bulk density of 1.1 and 1.7 g cm�3,
respectively. These calculations were made with their rough-
nesses (Ra), graing densities (s), distance between graing
sites (dg), molecular weight, and surface coverage (Sc).
Furthermore, we examined the temperature-sensitive activities
of these PNIPAAm-b-ssDNA lms in contact with aqueous
solutions using the SWCA measurements. Table 1 presents the
calculated data of layer parameters for ssDNA, PNIPAAm, and
PNIPSSm-b-ssDNA lms. The layer parameters (molecular
weights (Mn andMw), Sc, dg, and s) increased gradually with low
polydispersity index (PDI) values upon increasing the polymer-
ization times for tethered PNIPAAm lms. Slight increases in
these layer parameter were obtained aer ssDNA immobiliza-
tion at the chain end. The thicknesses of the PNIPAAm-b-ssDNA
layers decreased slightly with increasing temperature from 25 to
45 �C because the intramolecular HBs among PNIPAAm groups
was stronger than the BMHBs between the PNIPAAm and
ssDNA segments. In addition, the SWCAs of PN4D, PN8D,
PN12D, PN16D, and PN20D brushes exhibited thermally
responsive switching between hydrophilic and hydrophobic
states at temperatures below and above the LCST, respectively.
The SWCAs of the PN4D brushes were 78.5 and 46.9� at 25 and
45 �C, respectively. This thermal responsivity of PN4D was
completely opposite to that of pure PNIPAAm (Table 1), which
can be explained by considering the miscibility of the PNIPAAm
and ssDNA segments at 25 �C. The HB interactions between the
PNIPAAm and ssDNA segments resulted in the hydrophilic
groups residing within these molecules, thereby exposing the
hydrophobic groups on the surface at 25 �C. The HB interac-
tions between the PNIPAAm and ssDNA segments weakened
signicantly at 45 �C. This was due to the predominance of
intramolecular HBs of the PNIPAAm segments,38 which drove
the ssDNA segments to the surface, leading to a hydrophilic
surface state. Upon increasing the thickness of the PNIPAAm
segment, the SWCA at 25 �C decreased from 78.5� for PN4D to
64.5� for PN8D, whereas the SWCA at 45 �C increased from 46.9
to 51.7�. The SWCAs of PN12D at 25 and 45 �C were 49.8 and
56.3�, respectively. These observations showed that PNIPAAm-b-
ssDNA exhibited minimal thermoresponsive behavior. Notably,
the thermoresponsive behavior of the copolymer brushes
became similar to that of tethered PNIPAAm lms when gra-
ing of the PNIPAAm segment had been performed for >12 h
RSC Adv., 2017, 7, 22777–22787 | 22781
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Table 1 Dry layer parameters (molecular weights (Mn and Mw), surface coverage (Sc), grafting distance (dg), grafting density (s) and roughness),
and static water contact angles (SWCAs) of ssDNA, PNIPAAm polymer, and PNIPAAm-b-ssDNA copolymers films at 25 and 45 �C

Samples
Mn/1000
(g mol�1)

Mw/1000
(g mol�1)

PDI
(Mw/Mn)

Tg
a

(�C)
Scb

(mg m�2)
dg

c

(nm)
sd

(nm�2)

he (nm) Raf (nm) SWCA (degree)

25 �C 45 �C 25 �C 45 �C 25 �C 45 �C

ssDNA 6.2 6.7 1.08 — 8.3 0.35 8.03 75.4 75.4 2.6 2.5 23.5 � 3 22.1 � 4
PN4 11.1 14.9 1.34 133.6 14.5 0.36 7.84 131.9 86 9.3 7.5 34.6 � 4 79.7 � 4
PN8 32.3 40.1 1.24 134.2 22.4 0.49 4.16 203.6 135 8.4 6.7 35.9 � 4 84.3 � 4
PN12 57.4 67.3 1.17 134.3 32.9 0.54 3.44 299.1 202 7.8 6.1 32.5 � 3 85.8 � 4
PN16 75.6 87.7 1.16 134.8 38.8 0.57 3.08 352.4 241 7.2 5.8 33.6 � 3 86.4 � 3
PN20 100.7 116.2 1.15 134.9 46.9 0.60 2.80 426.6 298 6.9 5.3 31.1 � 3 86.5 � 3
PN4D 17.3 21.1 1.22 103.3 14.5 0.45 5.04 132.1 97.3 5.2 3.6 78.5 � 4 46.9 � 4
PN8D 38.5 46.3 1.20 110.1 22.4 0.54 3.49 203.8 145.8 4.8 3.5 64.5 � 4 51.7 � 4
PN12D 63.6 73.5 1.16 116.5 32.9 0.57 3.11 299.3 212.5 4.2 3.4 49.8 � 3 64.3 � 4
PN16D 81.8 93.9 1.15 121.4 38.8 0.59 2.84 352.6 251.4 3.9 3.2 34.2 � 3 77.1 � 3
PN20D 106.9 122.4 1.14 124.8 46.9 0.62 2.64 426.8 308.3 3.6 3.2 32.2 � 3 83.3 � 3

a Tg was obtained from DSC data (Fig. S2). b Sc ¼ rh. c dg ¼
ffiffiffiffiffiffiffiffiffiffiffi
Mn

NArh

r
: d s ¼ dg

�2. e Thickness (h) was obtained from ellipsometry. f Roughness (Ra)

was obtained from AFM.
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(Table 1). The difference in the SWCAs between the hydrophilic
(34�) and hydrophobic (62.1�) states reached 28.1� for PN16D.
For PN20D, the thermal responsive behavior was close to that of
pure PNIPAAm brushes. Our results indicate that when its
thickness was >300 nm, the PNIPAAm segment predominated
the surface properties.
Fig. 3 Surface SEM images of PN8D copolymer brushes (a) before and
(b) after hybridization with the target.
3.2. PNIPAAm-b-ssDNA copolymer brushes for label-free
target DNA sensing

Pure PNIPAAm showed uneven microsphere- and “wicker”-like
“globule” structures, with sizes of 200 nm to 1 mm,19 consistent
with tough intramolecular HBs in the dry state. When DNA
units complexed with PNIPAAm, the wicker-like globule struc-
tures vanished, suggesting that the intramolecular HB of PNI-
PAAm was damaged slightly as a result of the BMHBs
formation. Fig. 3 shows eld emission-SEM images of the
surface of PN8D before and aer hybridization with the target
DNA. Obviously stacked globules appeared for PN8D, without
aggregated particles, prior to hybridization (Fig. 3a); a particle
structure appeared on the surface aer hybridization with the
target. This observation suggests that strong HB between the
ssDNA unit and the target led to phase separation on the
surface. In other words, hybridizing the target with the PNI-
PAAm-b-ssDNA copolymer brushes signicantly changed the
morphology as a result of competitive HB. The ssDNA segments
preferred to be released from the homogeneous complex and
bond to the target, resulting in a globule structure on the
surface. The surface morphology change from homogeneous
complex to phase separation was more obvious with
a decreasing PNIPAAm chain length. Except PN4D, PNIPAAm-b-
ssDNA copolymer brushes exhibited a regular morphology
change. These subtle changes in surface morphology that
change the BMHBs nature suggest the potential for relating
such systems to preparation of DNA recognition and biocom-
patible materials.
22782 | RSC Adv., 2017, 7, 22777–22787 This journal is © The Royal Society of Chemistry 2017
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BMHBs can improve H+ transport in PNIPAAm-b-ssDNA
copolymer brushes,18,19 so we focused mainly on determining
the temperature-responsive resistance of our functionalized
surfaces. The linear I–V curves exhibited ohmic behavior at 25
and 80 �C during device use (Scheme 2). The slopes of I–V curves
corresponded to the resistivities of the surfaces at particular
temperatures. Fig. 4 shows the logarithms of the average
resistivities for PN4D, PN8D, PN12D, PN16D, and PN20D
brushes at different temperatures from 20 to 90 �C. In partic-
ular, there were no I–V curves for the neat PNIPAAm lm
because proton transport did not occur. Therefore, we could not
measure the resistivity of the neat PNIPAAm brushes, which
could be regarded as an insulator. Upon graing polymeriza-
tion with ssDNA, proton transport in the lms increased
signicantly, a result of the homogeneous complexes that were
generated, leading to a decline in resistance. The resistivity of
the PNIPAAm-b-ssDNA copolymer brushes increased upon
increasing the thickness of the PNIPAAm segment, which is
associated with the strength of BMHBs, conrming that the
increases in conductivity of PNIPAAm arose from proton
transport induced by BMHBs. The length ratio of ssDNA to
PNIPAAm segments revealed that the improved conductivity at
<30 �C occurred due to proton transport induced through
BMHBs. The resistivities of the PNIPAAm-b-ssDNA copolymer
brushes increased upon increasing the temperature at 70 �C,
demonstrating that proton transport from the bottom to the top
electrode was blocked as a result of phase separation of the
PNIPAAm and ssDNA segments. The resistivities decreased
abruptly from 70 to 90 �C, suggesting that increased vibrations
of the PNIPAAm chains was facilitated by proton transport in
the PNIPAAm-b-ssDNA copolymer brushes at >70 �C. For PN4D,
PN8D and PN12D, the resistivity increased suddenly upon
increasing the temperature from 30 to 40 �C due to phase
separation of the PNIPAAm and ssDNA segments. The depen-
dence of resistivity on temperature increased slowly for PN16D
and PN20D, symptomatic of the fact that the effects of the
Fig. 4 Resistivities of the PNIPAAm-b-DNA copolymer brushes
(logarithm scale) recorded with respect to temperature at 25 to 90 �C.

This journal is © The Royal Society of Chemistry 2017
increased vibration of the polymer chains at 30 to 40 �C were
more evident as a result of weaker BMHBs. The resistivity
transition temperature of PNIPAAm-b-ssDNA copolymer
brushes were superior than the LCST because the BMHBs were
improved slightly in the dry state exclusive of the association of
water molecules.36 Graing ssDNA on the PNIPAAm chains can
offer increased proton transport and considerably enhanced
conductivity. The ssDNA segment could be regarded as
a “minority” carrier in the complexed layer, predominantly
determining the resistivities of the lms.39 Moreover, the vari-
ation in resistivity with temperature can be reversible for ve
cycles between 20 and 90 �C for all PNIPAAm-b-ssDNA copol-
ymer brushes, indicating stable resistivity against temperature.

Fig. 5a and b display the logarithms of the average resistiv-
ities of the PNIPAAm-b-ssDNA copolymer brushes upon
hybridization with the label-free target at various concentra-
tions at 25 and 80 �C, respectively. Notably, the resistivity might
be inuenced readily by the humidity or roughness of the
surface. The inaccuracy ranges were marked as indices for
recognition of hybridization with the target. A change in resis-
tivity without overlapping the inaccuracy range is dened
herein as a “distinguishable” value. We observed approximately
linear increases in the resistivity of the graed copolymer layer
upon increasing the concentration of the target to 8 pg nL�1 at
25 �C. The resistivity reached a plateau for all samples, indi-
cating saturation of the hybridization between the probe
segment (ssDNA) and the target; the strong complementary HB
resulted in phase separation of the PNIPAAm and ssDNA
segments, leading to an increase in resistivity. In other words,
the target could be exploited to eliminate the proton transfer of
complexation at 25 �C. Interestingly, the resistivity of the
copolymer brushes aer hybridization with the target at 80 �C
decreased linearly upon increasing the concentration, indi-
cating that the high temperature accelerated proton transfer to
overcome the barrier of phase separation. A low concentration
of the minor carriers (ssDNA segments) could generate
a signicant change in resistivity at 80 �C. The lowest concen-
trations for target recognition for PN4D, PN8D, PN12D, PN16D,
and PN20D brushes at 25 �C were 0.5, 0.5, 1, 2, and 4 pg nL�1,
respectively; these values at 80 �C were 4, 1, 1, 0.5, and 0.5 pg
nL�1, respectively. We found that the sensitivities of PN4D and
PN8D for hybridization with the target were greater than those
of the other samples; thus, a higher ratio of probe : PNIPAAm
segments enhanced the sensitivity signicantly at 25 �C. In
contrast, the sensitivities of PN16D and PN20D for target
detection were higher than those of the other samples at 80 �C;
thus, thermal effects facilitated proton transfer of the minor
carriers (ssDNA segments) within longer polymer chains at
80 �C. Furthermore, we used AM, TM, GM, and CM to investi-
gate the ability of our surfaces to distinguish mismatched
hybridization from that of the target. Fig. 6a displays the loga-
rithms of the average resistivities of PN4D before and upon
hybridization at 25 �C with the target, AM, TM, GM, and CM at
a concentration of 0.5 pg nL�1. The resistivity of blank PN4D
ranged from 5.69 to 6.05 U cm and shied to a range from 6.09
to 6.47 U cm upon hybridization at 25 �C with the target. A
mismatched hybridization could be regarded as resulting in
RSC Adv., 2017, 7, 22777–22787 | 22783
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Fig. 6 Resistivities (logarithm scale) of (a) PN4D at 25 �C and (b)
PN20D at 80 �C before and after hybridization with the target, AM, TM,
GM, and CM at 0.5 pg nL�1.

Fig. 5 Resistivities of PNIPAAm-b-ssDNA copolymer brushes (loga-
rithm scale) plotted with respect to the hybridization concentration of
the target (0.5–16 pg nL�1) at (a) 25 and (b) 80 �C.
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“proton leakage,” leading to a decrease in resistivity. Compared
with blank PN4D, the resistivity of PN4D aer hybridization
with AM and GM at 0.5 pg nL�1 did not change signicantly at
25 �C because of proton leakage, implying that it was distin-
guishable from the target (Fig. 6a).40 The proton leakage
increased with respect to the strength of the BMHBs, but
weakened with respect to the length of the PNIPAAm segment
(Fig. S3†). The mismatches of AM and GM at 0.5 pg nL�1 could
be distinguished from the target when using PN4D at 25 �C due
to its high ratio of ssDNA : PNIPAAm segments. However, the
resistivities of PN4D aer hybridization with TM and CM at 0.5
pg nL�1 shied to overlap the range of that with the target at
22784 | RSC Adv., 2017, 7, 22777–22787
25 �C; therefore, TM and CM cannot be distinguished from that
of the target due to their weaker BMHBs. These results indicate
that the copolymer can distinguish the target from G and A
mismatch, but not T and C mismatch at 25 �C. To identify the T
and C mismatch, the temperature was increased to 80 �C to
observe the changes in resistivities. The resistivity of blank
PN20D ranged from 7.87 to 8.36 U cm, and decreased to the
range from 7.34 to 7.79 U cm upon hybridization with the target
at 80 �C. Because of proton leakage at 80 �C, the resistivities of
PN20D aer hybridization with AM and GM at 0.5 pg nL�1

decreased to the similar range as well, implying them to be
undistinguishable from the target. In contrast, the resistivities
of PN20D aer hybridization with CM and TM at 0.5 pg nL�1 did
not change signicantly at 80 �C because the weak BMHBs were
disrupted completely at 80 �C, implying them to be distin-
guishable from the target (Fig. 6b). These results suggest that
selectivity for target detection was achieved by resistivity
measurement at 25 and 80 �C to eliminate a false-positive
mismatch. We increased the concentrations of AM, TM, GM,
and CM for hybridization with the copolymer brushes until the
This journal is © The Royal Society of Chemistry 2017
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resistivity could be distinguished from that of the target. Fig. 7
displays the lowest concentrations of distinguishable mismatch
(LCDMs) from the target for all of the copolymer brushes at 25
and 80 �C. The LCDMs of AM, TM, GM, and CM from the target
increased gradually upon increasing the length of PNIPAAm
segment at 25 �C, verifying that the degree of proton leakage
had a predominant effect on the LCDM. In contrast, the LCDMs
of AM, TM, GM, and CM from the target decreased upon an
increasing length of the PNIPAAm segments, indicating that
thermal effects on the minor carriers determined the LCDM at
80 �C. These ndings suggest that the mismatches of AM and
GM could be distinguished efficiently from the target at
temperatures below the LCST of PNIPAAm, whereas the
mismatches of CM and TM could be distinguished predomi-
nantly at 80 �C, especially if the copolymer had a longer PNI-
PAAm segment. Notably, the thermal effect of theminor carriers
was obvious at >80 �C. Furthermore, the variation in resistivity
with respect to temperature was reversible for ve cycles
between 25 and 80 �C for all copolymer brushes, suggesting the
stability of their resistivities to temperature. The electrical
Fig. 7 LCDMs of AM, TM, GM, and CM from the target for hybridization
with PNIPAAm-b-ssDNA copolymer brushes at (a) 25 and (b) 80 �C.

This journal is © The Royal Society of Chemistry 2017
properties of the as-prepared copolymers may could be used to
detect specic DNA sequences without the need to label them
“smart materials”.

4. Conclusions

Specic BMHBs between PNIPAAm and nucleobases can
generate non-covalently interacted colloidal supramolecular
systems within a single chain of a copolymer brush. These
interactions between the PNIPAAm and nucleobase segments
result in differences in the thermoresponsive hydrophobicity and
resistivity of the surface. The mode of HB of PNIPAAm-b-ssDNA
copolymer brushes can be “switched” by hybridization with
a target DNA, with signicant changes in electrical resistivity
occurring for the complexed and phase-separated states. The
presence of A and G mismatches from the target could be
determined efficiently through measurements of resistivity at
temperatures below the LCST due to proton leakage; in contrast,
T and C mismatches could be differentiated efficiently from the
target at 80 �C. Accordingly, PNIPAAm/nucleobase copolymer
brushes could be used in the label-free detection of DNA.
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