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Figure 2. 'H NMR spectra of 3N* in D,O (bottom) and in the presence of a-cyclodextrin, f-cyclodextrin, or y-cyclodextrin (top).

NMR of pure CyD's, see Figure Sla, Supporting Information)
noted specifically for the anomeric protons (H1) at 5.07 ppm.
Near this signal, another peak was also observed at a slightly
more upfield chemical shift (5.00 ppm), which could be
reasonably assigned to the corresponding proton (H1') of y-
CyD complexing with 3N*. The integration ratio between H1’
and a’ (or b/, ¢/, or d’) was found to be 4:1. This value agrees
well with the 1:1 complex of 3N*/y-CyD in which y-CyD
contains eight H1" atoms and 3N™ contains two a’ protons.

The 1:1 complex was also confirmed by Job’s plot of the
fluorescence intensity, which peaked at a 0.5 mole ratio of 3N*
(Figure S2, Supporting Information). In summary, the NMR
data described here clearly support that the fluorescence
enhancement of 3N" is involved in the formation of a stable
inclusion complex with y-CyD but a fast-exchange complex
with -CyD. 2%

In the CD spectroscopy study, 3N¥, as an achiral compound,
did not give any CD peaks in the range of 200—500 nm (Figure
3). In the presence of - and -CyD's, the CD spectra of the
mixtures remained structureless. However, y-CyD gave a strong
induced CD signal of 3N* with at least four CD peaks. The CD
peaks in the range of 300—400 nm correspond to the z—z*
absorption of the phenyleneethynylene conjugated system

Figure 3. CD spectra of 3N" (10 M) in the presence of a-, -, and y-
cyclodextrins (10 #M) in sodium phosphate buffer (pH 7, 10 mM)
and NaCl (100 mM) at 20 °C.

(Figure 1b). The Cotton effect of the CD signal in this range is
strong evidence for the tight interaction between the
fluorophore and chiral y-CyD cavity.
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The binding constant (K,) between 3N* and CyD was
determined by using Benesi—Hilderbrand’s double reciprocal
plot for a 1:1 complex according to the following equation:

11 1 1
I-1 I-1 (11 - Io)Kb [CYD]

where I, I, and I; are the fluorescence intensities of the free
3N*, 3N*/CyD mixture, and 3N*/CyD complex, respectively.'®
The plot of 1/(I — I,) against the reciprocal molar
concentration of CyD provides the y-intercept as 1/(I; — I)
and the gradient as 1/(I; — I;)K,. Thus, K, was obtained from
the y-intercept/gradient ratio, which were 1.53 X 10* and 3.00
x 10* for p- and y-CyD, respectively (Figure S3, Supporting
Information). It is important to point out here that the binding
constant of 3N* is one of the highest for 1:1 complexation with
7-CyD."® To our surprise, the binding constant for 3N*/4-CyD
was also relatively high despite it showing only moderate
fluorescence enhancement and no clear CD signal change. This
relatively high K with little effect on fluorescence and CD
signals may result from several weak interaction sites with the
fast-exchange process as observed by '"H NMR. In fact, we even
believe that the 3N*/f-CyD complex may not be an inclusion
mode of interaction. The NOESY NMR spectra also did not
show any correlations between aromatic protons of 3N* and f-
CyD protons (Figure S1b, Supporting Information), but several
correlations were clearly observed in the case of y-CyD (Figure
Sic).

From the size of the ammonium headgroup of 3N* (4.4 A)
and the minimum internal diameter of CyD's (a, 4.4 A; §, 5.8
A;y, 74 A)* the headgroup should be able to insert into j-
and y-CyD's (Figure 4). However, all the spectroscopic results

Figure 4. Structural parameters of 3N* and CyD's.

described above gave only evidence for the inclusion complex
of 3N*/y-CyD. There thus remain intriguing questions of
whether other structural traits besides the hydrophobicity and
size of the cavity can contribute to the inclusion process.
Three more fluorophores (3C, N*, and 2N*) were
synthesized and studied for the fluorescence responses to
CyD's in aqueous solution. Tricarboxylate anion 3C~ did not
show a significant signal change upon the addition of each CyD
(Figure S4, Supporting Information), suggesting no interaction
between this fluorophore and CyD's. The results are not totally
surprising as the hydroxyl rims of CyD's possess a negative
potential." In the case of electrostatically positive fluorophores
(N* and 2N*), each CyD induced different fluorescence
changes (Figure S). The responses of 2N* were similar to those
of 3N*, the signals of which were strongly enhanced by y-CyD,
moderately enhanced by $-CyD, and not enhanced by a-CyD.

The results can again be rationalized as the formation of an
inclusion complex of 2N* with only y-CyD. Surprisingly, N¥,
which also contains a positively charged ammonium group, did
not show any fluorescence responses to y-CyD. It however still
gave a small fluorescence enhancement with the addition of -
CyD. Also, only 2N showed an induced CD signal in the
presence of y-CyD (Figure SS, Supporting Information). All the
results described above strongly suggested that the inclusion
complex was formed only in the case of the 2N*/y-CyD pair.
The observations also clearly revealed the role of the positive
potential on the guest molecule in stabilizing the complex
probably via favorable attraction with the negative potential on
the CyD rim.

'"H NMR spectra of 2N* and CyD mixtures in D,O were
acquired, and we found that only y-CyD induced significant
signal shifts (Figure 6; for a- and f-CyD's, see Figure S6,
Supporting Information). There was again a new peak at 5.00
ppm (H1’) corresponding to the anomeric H1 protons of the
complexing y-CyD. These results are quite similar to those
observed for 3N*, indicating the inclusion complex between
2N* and y-CyD. However, there was only one set of "H NMR
signals for protons a—f in the case of 2N*, while there were two
sets (a—d and a’—d’) observed in the case of 3N*. The single
set of 'H NMR indicates that two phenyleneethynylene
branches are in the same environment, which is only possible
with the inclusion of y-CyD at the iodophenyl branch. In
addition, there were significant downfield shifts of aromatic
protons on the iodobenzene ring (e and f) and upfield shifts
along with some broadening of inner aromatic protons on the
phenylacetylene branches (a and b). The spectral shifts
indicated that the inclusion restrained the C—N bond rotation,
causing opposite effects on the electron density of the
iodophenyl ring and that of the inner benzene rings of the
phenylacetylene branches. The signal broadening also sup-
ported the restriction of C—N bond rotation. This part of the
"H NMR observation suggested that the whole iodophenyl ring
of 2N* must be deeply inserted into the y-CyD cavity to affect
C—N bond rotation and the dipole—dipole interaction between
the two electropositive branches and the electronegative y-CyD
rim should be one of the main driving forces. The insertion of
the iodophenyl group of 2N7, instead of one of its two
ammonium branches, into the y-CyD cavity was initially quite
surprising. It however later served as an interesting finding in
this work that the two electropositive branches preferred the
interaction from the outside with the electronegative y-CyD
wider rim rather than penetrating through the y-CyD cavity to
interact with its narrower rim. The MM2 geometrical
optimization also revealed that the y-CyD cavity was capable
of engulfing the entire triphenylamine core, placing its
hydrophilic wider rim in close proximity with the strongly
polarized trimethylanilinium rings (Figure S7, Supporting
Information). At this point, we strongly believed that two
electropositive groups on the fluorophores provide strong
dipole—dipole interaction with the CyD wider rim in
collaboration with the hydrophobic interaction, inside the
cavity, for the formation of inclusion complexes with y-CyD.

To reassure that two ammonium groups are necessary for
inclusion complexation with y-CyD, a linear monocationic
pheneyleneethynylene fluorophore (N°N*) was tested as a
guest molecule. As expected, there was no fluorescence change
of this compound in the presence of y-CyD (or S-CyD),
confirming the absence of inclusion complex formation. To our
surprise, the fluorescence signal was however considerably
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Figure 5. Fluorescence spectra of 2N* (S uM) and N* (S M) in the presence of a-, -, and y-CyD's (20 uM) in sodium phosphate buffer (pH 7, 10

mM) and NaCl (100 mM), excited at 368 nm.

Figure 6. "H NMR spectra of 2N* in D,O only (bottom) and in the presence of y-cyclodextrin (top).

enhanced in the presence of a-CyD (Figure 7). The results
suggested that only a-CyD strongly interacted with N°N¥,
possibly via the inclusion complex. The '"H NMR spectrum of
the N°N*/ a-CyD mixture showed some shifts of the signals of
aromatic protons and only one peak of a-CyD anomeric
protons around 5.02 ppm (Figure S8, Supporting Information).
This '"H NMR observation did not support the formation of a
stable inclusion complex but was more consistent with the fast-
exchange complexation. The CD spectra of N°N* and its
mixture with @-CyD were essentially identical (Figure S10,
Supporting Information), which also did not support the
formation of an inclusion complex. We therefore believe that

the strong fluorescence enhancement and "H NMR signal shift
are caused by fast-exchange complexation rather than inclusion
complexation.

The ESI-MS spectra of a 1:4 mixture of each fluorophore/
CyD pair in water showed ion peaks at m/z corresponding to
both the fluorophore and its 1:1 CyD complex (Figures S11—
S14, Supporting Information) that confirmed the formation of
a 1:1 complex. The intensity ratios between the complex and
fluorophore peaks in the cases of N**/y-CyD and N**/y-CyD
pairs were considerably higher than those observed for other
fluorophore/CyD pairs (Table 1), which also indicated the
stronger host/guest binding within these two complexes.
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Figure 7. Fluorescence spectra of N°N* (5 uM) in the presence of a-,
f-, and y-CyD's (20 M) in sodium phosphate buffer (pH 7, 10 mM)
and NaCl (100 mM), excited at 328 nm.

Table 1. Abundance of Ions Corresponding to m/z of the
Fluorophore (Ig,"") and Its 1:1 CyD Complex (I¢,,"")
Obtained from ESI-MS Spectra of an Aqueous Solution of
Fluorophore/CyD (1:4) Mixtures

fluorophore  cyclodextrin Ig™* Iep™ Iy /g™ X 10°

3N* a-CyD LIS x 107 3.18 x 10* 2.8
p-CyD 9.04 X 10°  1.58 x 10* 1.8
y-CyD 200 X 10° 897 x 10* 450

2N* a-CyD 521 x 10°  2.68 x 10* 5.1
B-CyD 6.10 X 10° 791 x 10° 13
7-CyD 235 x 10° 873 x 10° 37

N°N* a-CyD 3.26 x 10° 442 14
p-CyD 1.57 x 10°  ND“ 0
r-CyD 3.08 x 10° 354 0.1

“ND = not detected.

The fluorescence responses of all fluorophores to CyD's are
summarized as a histogram plot in Figure 8a. The fluorescence
signals of 3N* and 2N* were enhanced strongly (F/F, > 4) by
7-CyD and moderately enhanced by -CyD (F/F, ~ 2), while
the signals of N* and N°N* were enhanced exclusively by f-
CyD and a-CyD, respectively. These differentiable fluorescence
responses should be useful for simple identification of CyD's.
As demonstrated in Figure 8b, the fluorescence responses of
three selected fluorophores (N°N*, N*, and 3N*) showed easily
distinguishable patterns for a-, -, and y-CyD's.

Bl CONCLUSIONS

The series of cationic phenyleneethynylene fluorophores are
useful as molecular probes for spectroscopic studies of the
interaction modes with CyD's. We found that the stable
inclusion complexes were formed only between y-CyD and the
tri- and dicationic fluorophores. The finding suggests that
cooperative bindings via hydrophobic and dipole—dipole forces
are important for inclusion complexation. No clear evidence of
an inclusion complex between A-CyD and the cationic
fluorophores was observed. The fluorescence signal of 4-((4-
(dimethylamino)phenyl)ethynyl)-N,N,N-trimethylanilinium
(N°N*) was strongly enhanced by a-CyD, with no other
evidence supporting the formation of an inclusion complex.
The spectroscopic data in this work are useful references for
host—guest chemistry study of CyD's. The structure of the tri-
and dicationic fluorophores should also be helpful in designing
guest molecules for sensor applications and CyD-based
controlled release systems.
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Figure 8. (a) Bar chart representing fluorescence responses of the fluorophores to CyD's (10 M) in sodium phosphate buffer (pH 7, 10 mM) and
NaCl (100 mM) using excitation wavelengths of 378, 328, 368, 368, and 370 nm, respectively, and (b) bar chart representing different fluorescence
response patterns, based on three selected fluorophores, created by a-, f-, and y-CyD's.
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Positively charged polymer brush-functionalized filter
paper for DNA sequence determination following Dot
blot hybridization employing a pyrrolidinyl peptide
nucleic acid probet

Praethong S. Laopa,®® Tirayut Vilaivan® and Voravee P. Hoven**

As inspired by the Dot blot analysis, a well known technique in molecular biology and genetics for
detecting biomolecules, a new paper-based platform for colorimetric detection of specific DNA
sequences employing peptide nucleic acid (PNA) as a probe has been developed. In this particular study,
a pyrrolidinyl PNA bearing a conformationally rigid b-prolyl-2-aminocyclopentanecarboxylic acid
backbone (acpcPNA) was used as a probe. The filter paper was modified to be positively charged with
grafted polymer brushes of quaternized poly(dimethylamino)ethyl methacrylate (QPDMAEMA) prepared
by surface-initiated polymerization of 2-(dimethylamino)ethyl methacrylate from the filter paper via
ARGET ATRP followed by quaternization with methyl iodide. Following the Dot blot format, a DNA
target was first immobilized via electrostatic interactions between the positive charges of the
QPDMAEMA brushes and negative charges of the phosphate backbone of DNA. Upon hybridization
with the biotinylated pyrrolidinyl peptide nucleic acid (b-PNA) probe, the immobilized DNA can be
detected by naked eye observation of the yellow product generated by the enzymatic reaction
employing HRP-labeled streptavidin. It has been demonstrated that this newly developed assay was
capable of discriminating between complementary and single base mismatch targets at a detection limit
of at least 10 fmol. In addition, the QPDMAEMA-grafted filter paper exhibited a superior performance
to the commercial membranes, namely Nylon 66 and nitrocellulose.

Introduction

DNA sequence determination plays an important role in many
biotechnology-related applications ranging from medical,"*
forensic,>* agriculture and food sciences.® Several methodolo-
gies have been continuously developed in order to attain prac-
tical and reliable techniques that should be simple, rapid,
inexpensive, highly specific and sensitive. In addition, the
ability to be implemented in a high-throughput fashion is a
highly desirable feature from the economical perspective.
Conventional detection mostly relies on the specific hybridiza-
tion between the designed nucleic acid probe and the
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complementary sequence which is a part of the DNA analyte.
The recognition event can then be transformed into a physically
measurable variable which can be determined either by the
techniques requiring labels/tags or by label-free techniques
based on electrochemical,®™ optical,”*** and piezoelectric
methods.>*

Since 1991, the Nielsen group has introduced a unique DNA
analogue called peptide nucleic acid (PNA).'*"” In PNA, the
negatively charged sugar-phosphate backbone of DNA is totally
replaced by an uncharged peptide-like backbone (Scheme 1b).
The reduced electrostatic repulsion between PNA and DNA

Scheme 1
acpcPNA.

Structures of (a) DNA, (b) Nielsen’s aegPNA, and (c) Vilaivan's
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backbones resulted in superior hybridization characteristics,
e.g., higher thermal stability, stronger affinity with less depen-
dence on the salt concentration, greater sequence specificity,
and higher capability of strand invasion to double-stranded
DNA. The high specificity of PNA makes it an excellent probe for
DNA sequence determination. Despite these advantages, there
are many attempts to improve the original PNA further during
the past 20 years. Among several variants of PNA developed to
date, the conformationally rigid pyrrolidinyl PNA derived from
p-prolyl-2-aminocyclopentane carboxylic acid (acpc) backbones
(acpcPNA),*®* introduced by Vilaivan and co-workers (Scheme
1c), shows great promise because it can form a PNA-DNA duplex
with even higher affinity and specificity than the original
Nielsen’s aegPNA. The potential of acpcPNA as a probe to detect
the DNA base sequence has been recently demonstrated by
employing various techniques including quartz crystal micro-
balance (QCM),* surface plasmon resonance (SPR)**?* and
MALDI-TOF mass spectrometry.> However, these techniques
require advanced instruments that are suitable for only well-
equipped laboratories and hence cannot be used on-site in
remote or rural areas having limited clinical experts and
medical facilities.

Dot blot hybridization is a technique widely used in molecular
biology and genetics for detecting biomolecules. The sample
containing the biological target (mostly proteins or DNA) to be
detected is spotted directly on a membrane (such as nitrocellu-
lose, Nylon 66 and poly(vinylidene fluoride) (PVDF)) without prior
separation. The presence or absence of a specific target can be
detected by binding with a probe that can report the binding
event by radioactivity,” fluorescence,” chemiluminescence,” >
or enzyme-based colorimetric assays.****** Dot blot hybridization
can analyze multiple samples inexpensively with high accuracy
and in a high-throughput fashion.

In order to develop an assay based on the concept of Dot blot
hybridization, three major components must be considered
including the membrane, the probe and the detection method.
Commercial membranes designed for DNA blotting including
nitrocellulose,>*** PVDF,** and Nylon 66* are generally hydro-
phobic, which may cause undesirable non-specific adsorption
that complicates the analysis. This unwanted characteristic
becomes a serious problem particularly with hydrophobic probes
such as PNA. To suppress such non-specific interactions, a strong
buffer solution containing metal ion (MgCl,),** organic solvent
(acetonitrile, formamide),***>**” anionic detergent (sodium
dodecyl sulfate)*******” or combinations thereof must be
employed, which may negatively affect the PNA-DNA hybridiza-
tion. Previously, we have succeeded in using Q-sepharose as an
anion-exchanger for capturing the acpcPNA-DNA hybrid in
combination with mass spectrometry as a platform for multiplex
SNP detection in DNA samples.** Based on a similar principle,
this research aims to develop a hydrophilic and positively charged
membrane for DNA sequence analysis in Dot blot format using
acpcPNA probes. It is anticipated that the positive charges on the
membrane not only provide a platform for selective capturing of
PNA-DNA hybrids, but should also help preventing non-specific
adsorption of other non-DNA components in the samples as well
as the PNA probe itself.
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Due to its availability and inexpensiveness, filter paper-based
platforms for analytical applications have received considerable
attention in recent years.**** In this research, a hydrophilic and
positively charged membrane is developed from filter paper
functionalized with quaternized poly(2-(dimethylamino)ethyl
methacrylate) (QPDMAEMA) brushes.**** Although the forma-
tion of the surface-grafted polymer brushes of QPDMAEMA on a
cellulosic membrane has been previously described,* to the
best of our knowledge, their specific application in DNA
sequence determination has never been reported. In principle,
the QPDMAEMA-grafted filter paper should readily capture the
negatively charged DNA, but not the neutral acpcPNA, by elec-
trostatic interaction. Only when the sequences of the DNA and
the biotinylated acpcPNA probe (b-PNA) are complementary, the
probe will be immobilized through hybridization with the
surface-bound DNA. The non-complementary as well as the
excess PNA probes may be removed by simple washing. The
presence of the b-PNA-DNA hybrid on the membrane can then
be visualized by an enzyme-based colorimetric assay employing
horseradish peroxidase streptavidin (SA-HRP) conjugate and a
chromogenic  substrate such as o-phenylenediamine
(OPD)***** (Fig. 1).

Experimental section
Materials

Whatman no. 1 filter paper was used as the membrane. 2-
(Dimethylamino)ethyl methacrylate (DMAEMA) (Aldrich, 98%)
was passed through a column filled with basic alumina to
remove the inhibitor. The ligand, tris[2-(dimethylamino)ethyl]
amine (Me,TREN), was synthesized according to the published
procedure® from tris(2-aminoethyl)amine (98%, Aldrich). Ethyl
2-bromoisobutyrate (EBiB) (Fluka, >97%), 2-bromoisobutyryl
bromide (Aldrich, 98%), copper(i1) bromide (Fluka, 99%), tin(i)
2-ethylhexanoate (Sn(EH),) (Aldrich, 95%), vr-ascorbic acid
(Sigma-Aldrich, >99%), 4-N,N-dimethylaminopyridine (DMAP)

Fig. 1 Schematic representation of enzymatic amplified colorimetric detection
of DNA following Dot blot hybridization using filter paper functionalized with
positively charged polymer brushes and the peptide nucleic acid probe.
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(Fluka, 95%), methyl iodide (Aldrich, >99%), streptavidin-
horseradish peroxidase conjugate (SA-HRP) (Sigma-Aldrich,
=80% protein content, 80-150 units per mg protein), bovine
serum albumin (BSA) (Sigma-Aldrich, >96%), o-phenylenedi-
amine (OPD) (Aldrich, 98%), 3,3,5,5-tetramethylbenzidine
(TMB) (Sigma-Aldrich, =99%), urea-hydrogen peroxide (urea-
H,0,) substrate kit (Merck, for analysis 35%), blotting-Nylon 66
membranes, type B, positive (Fluka, 0.45 um pore size), Hybond
ECL nitrocellulose membrane or Amersham Hybond™ ECL™
(GE Healthcare Life Sciences, 0.45 um pore size) were used as
received. All solvents used were of reagent grade. Oligonucleo-
tides were purchased from Bioservice Unit, National Science
and Technology Development Agency (Thailand). Ultrapure
distilled water was obtained after purification using a Millipore
Milli-Q system (USA) that involves reverse osmosis, ion
exchange, and filtration steps.

Instrumentation

'H and '*C NMR spectra were recorded in a solution of CDCl,
or DMSO-d¢ on a Varian Mercury-400 nuclear magnetic reso-
nance spectrometer operating at 400 MHz. Chemical shifts
were reported in parts per million (ppm) relative to tetrame-
thylsilane (TMS). Infrared spectra of materials scraped from
the surface-modified filter paper and prepared as KBr pellets
were collected on a Nicolet Impact 6700 FT-IR spectrometer
with 32 scans at a resolution of 4 cm™" in a frequency range of
400-4000 cm ™', The molecular weight and polydispersity index
of the free poly(2-(dimethylamino)ethyl methacrylate
(PDMAEMA) formed in solution were measured using a Waters
GPC system (USA), performed at 35 °C using THF (1.0 mL
min~") as the mobile phase and a Waters E600 column con-
nected to the RI detector. Narrow polystyrene standards were
used for generating a calibration curve. The water contact
angles were measured in air at ambient temperature using a
contact angle goniometer, model 200-F1, equipped with a
Gilmont syringe and a 24-gauge flat-tipped needle (Ramé-Hart,
USA). The data for each sample were taken from five different
areas of the substrate and analyzed by DROPimage stan-
dard 2.0, after which they were expressed as the arithmetic
mean value =+ standard deviation (SD). The surface
morphology of the filter paper before and after stepwise
modification was observed by SEM on a JEOL (JSM-6480LV,
Japan) instrument. Surface composition of the surface-modi-
fied filter paper was characterized by X-ray photoelectron
spectroscopy (XPS) on a Physical Electronics Quantum 2000,
using monochromatic Al k-alpha X-rays, and standard dual
ion-electron neutralization.

The mass spectra of acpcPNA were recorded on a Microflex
MALDI-TOF mass spectrometer (Bruker Daltonics, Germany).
The sample (1 pL) was mixed with 10 pL of the matrix solution
consisting of a-cyano-4-hydroxycinnamic acid (CCA) in 0.1%
TFA in acetonitrile-water (1 : 1) solution. This mixture (1 pL)
was deposited onto the target, allowed to dry, and analyzed in
positive ion linear time-of-fight mode with an accelerating
voltage of +20 kV. All spectra were recorded by averaging
between 20 and 30 individual laser shots.
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The scanned images of the tested results on filter papers
were recorded on a XEROX Workcentre 3119 scanner in 24 bit
RGB mode. The brightness/contrast/resolution was set to 128/
128/300. The images were saved as TIFF-files. The intensity of
each spot was determined using Scion Image software by first
converting to gray scale at 300 dpi. Intensity measurements
were carried out using the Line tool to select an area for analysis
to obtain profile images.

Preparation of QPDMAEMA-grafted filter paper

The initiator immobilized filter paper was prepared according
to the published procedure by Lee and co-workers.* The filter
paper (3.5 x 8 cm?® was first cleaned by sonicating in
dichloromethane (CH,Cl,) for 2 min prior to immersion in a
solution of triethylamine (2.4 mL, 17 mmol) and a catalytic
amount of DMAP (39 mg, 0.3 mmol) in 25 mL of CH,Cl, under
stirring for 10 min. Then, 2-bromoisobutyryl bromide (0.6 mL,
1.9 mmol) was slowly added to this solution. After the reaction
proceeded for 16 h at ambient temperature (27-33 °C) with
gentle agitation, the filter paper was thoroughly rinsed with
CH,Cl, followed by methanol and then air-dried.

The initiator immobilized filter paper was placed in a 32 mL
scintillation vial containing DMAEMA (16.8 mL, 100 mmol),
CuBr, (1.2 mg, 0.005 mmol), MesTREN (57.0 mg (0.25 mmol),
and EBiB (74 pL, 0.5 mmol) dissolved in 4.5 mL acetone. After
stirring for 10 min, a solution of Sn(EH), (490 mg, 1.2 mmol) in
3 mL acetone was then added into the mixture. The vial was
then sealed with a rubber septum. The volume of free space
above the solution was 7.7 mL. The reaction was left stirring for
a specified reaction time (24 h) at ambient temperature (27-
33 °C). The filter paper was removed from the vial, successively
washed with THF and MeOH to remove the residual monomer
and catalysts, and was finally air-dried to yield PDMAEMA-
grafted filter paper.

The PDMAEMA-grafted filter paper was placed in 25 mL DMF
containing an excess amount of methyl iodide (100 pL). After
stirring for 20 h, the filter paper was removed from the solution
and washed three times with MeOH followed by THF under
sonication and then air-dried. The filter paper was immersed in
100 mL of 0.1 M NacCl solution for 24 h, soaked in 500 mL of
deionized water for 48 h and was finally air-dried to obtain
QPDMAEMA-grafted filter paper.

Preparation of the biotinylated acpcPNA probe

Three acpcPNA probes, two 13 mer sequences (SLE1 and SLE2)
corresponding to two different SNPs at the position —1082 of
human IL-10 promoter gene and one 12 mer random sequence
(TG), were used in the study (Table 1). We chose PNA probes
with length between 12 and 13 bases which should give a good
balance between sensitivity and specificity. The practicality of
such 13-base long probes for detection of real human DNA
samples has previously been demonstrated.** The biotinylated
acpcPNA probes (b-PNA) were synthesized according to litera-
ture procedures.'®* The biotin was attached at the N-termini of
acpcPNA while still on the solid support via two successive

aminoethoxyethoxyacetyl (egl) linkers employing biotin
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Table 1 Mass characteristic and T, of biotinylated acpcPNA probes

Name PNA sequence m/z (calculated) m/z (observed) Tm (°C)
b-PNA (SLE1) N-Biotin-(egl),-TTCCCCCTCCCAA-LysNH,-C 4880.36 4879.92 59.3

b-PNA (SLE2) N-Biotin-(egl),-TTCCCCTTCCCAA-LysNH,-C 4895.37 4898.64 65.4

b-PNA (TG) N-Biotin-(egl),-TGATGCTATGAC-LysNH,-C 4722.12 4724.46 not measured

pentafluorophenyl ester in the presence of HOAt/DIPEA. After
nucleobase side-chain deprotection and cleavage from the solid
support, the crude b-PNA was purified by reversed-phase HPLC
with UV detection at 260 nm. A Varian Polaris C18 analytical
HPLC column (3 pm particle size 4.6 x 50 mm) was used and
eluted with a gradient of 0.1% TFA in MeOH and 0.1% TFA in
water. After purification, the solution of PNA was lyophilized
and the identity of the acpcPNA oligomers was confirmed by
MALDI-TOF mass spectrometry and by thermal denaturation
experiments (after hybridization with complementary DNA
sequences) (Table 1).

General protocol for DNA sequence determination

The QPDMAEMA-grafted filter paper was cut into 1.0 x 7.0 cm®
pieces and the spot positions were marked with a pencil. The
designated DNA and b-PNA sequences from the list in Table S1
(ESIT) were spotted on the filter paper following a sequence
indicated in Table S2 (ESIT). Two microliters of the DNA sample
(1 uM in the solution of 0.4 M NaOH containing 10 mM EDTA)
was spotted on the filter paper using a micropipette. The filter
paper was air-dried and 2 pL of the b-PNA probe (1 uM solution
in 0.1 M sodium phosphate buffer (PBS) pH 7.4) was subse-
quently introduced. The filter paper was rinsed immediately
three times with phosphate buffer solution and Milli-Q water
followed by incubation in a blocking solution (1% BSA, w/v) at
ambient temperature for 30 min. Two microliters of SA-HRP (20
ug mL ') was then spotted onto the filter paper at the position
where the DNA sample was immobilized. The filter paper was
then rinsed three times with PBS, Milli-Q water, and citrate
buffer (CTB, 0.1 M, pH 5). Two concentrations of the PBS
solutions (0.1 M or 50 mM) with or without added 0.1 M NaCl
used in the step of washing and blocking were tested in order to
find the optimal condition that yields the most efficient detec-
tion. Without drying, the filter paper was immersed in a solu-
tion consisting of 250 uL of 1.6 mg mL~" OPD substrate (freshly
prepared prior to use) and 250 pL of 1.6 mg mL ™" urea-H,0, for
1 min and was finally washed with deionized water.

Results and discussion

Preparation and characterization of QPDMAEMA-grafted filter
paper

The QPDMAEMA-grafted filter paper was prepared by surface-
initiated polymerization (SIP) of 2-(dimethylamino)ethyl
methacrylate (DMAEMA) on the filter paper followed by qua-
ternization with methyl iodide (Scheme 2). The initiator
immobilized filter paper was prepared by acylation of the
hydroxyl groups on the filter paper with 2-bromoisobutyryl
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bromide in the presence of triethylamine/DMAP. The surface of
the filter paper became hydrophobic with a water contact angle
of 125.5 &+ 1.0° (image of the water droplet is shown in Fig. S1a,
ESIt), as opposed to the completely wettable virgin filter paper
(water contact angle ~ 0°) suggesting that the immobilization of
the 2-bromoisobutyrate moieties on the filter paper was
successful. This water contact is much greater than that
observed on a gold-coated glass slide grafted onto a monolayer
of 2-bromoisobutyrate groups (72°).** It is suspected that the
additional hydrophobicity may come from the intrinsic rough-
ness of the filter paper causing the water drop to be pinned
while performing contact angle measurement. It should be
emphasized that this unexpected high contact angle was only
observed when at least 16 h of reaction time was used. In the
presence of a catalytic amount of DMAP, it is believed that
acylation should be more effective and thus yielded a greater
graft density of 2-bromoisobutyrate groups on the filter paper
than that of the work reported previously by Carlmark and
Malmstrom*® of which the acylation was conducted in the
absence of a catalyst. Intuitively, the wetting behavior of the
filter paper that may be less covered by 2-bromoisobutyrate
groups should be largely governed by the extremely hydrophilic
nature of the origin filter paper. This may be the reason why the
contact angle of their 2-bromoisobutyrate-modified filter paper
was not measurable.

The 2-bromoisobutyrate-functionalized filter paper was then
subjected to SIP of the DMAEMA monomer via a recently
developed living radical polymerization process, activators
regenerated by electron transfer for atom transfer radical

Scheme 2 A synthetic pathway for the preparation of QPDMAEMA-grafted
filter paper.
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polymerization (ARGET ATRP).***® This mode of polymerization
has been chosen as a method for fabricating the positively
charged membrane in this particular case due to the fact that
the polymerization is living so the molecular weight or graft
density of the attached polymer chains can be well controlled.
More importantly, the reaction can be performed in a limited
amount of air using a ppm level of a catalyst in the presence of a
reducing agent without a need for rigorous deoxygenation. This
simple handling strategy really opens up an opportunity to
produce this paper-based membrane at a larger scale for future
DNA sensor applications.

In this research, the ARGET ATRP of DMAEMA was con-
ducted using the CuBr,-MesTREN complex and Sn(EH), as a
catalytic system and reducing agent, respectively. To monitor
the molecular weight of the PDMAEMA formed in solution, the
sacrificial initiator, EBiB, was added. For the target degree of
polymerization (DP) at 200 ([DMAEMA],/[EBiB], = 200 : 1), it
was found that the [Sn(EH),]o/[CuBr,], of 400 was the optimal
ratio that gave the polymer with well-controlled characteristic
(M,, (exp) = 28 495 being close to a M, (theo) of 28 260 and
PDI = 1.28) (Table S3, ESIf entry 3). Increasing the ratio to 667
did not provide a positive impact on the polymerization process
(Table S3, ESIT entry 4). On the other hand, the PDI tended to be
high at a ratio of 200. It should be emphasized that acetone is a
better solvent for polymerization of DMAEMA using this cata-
lytic system than anisole (Table S3, ESIT entry 1), the solvent
used for the synthesis of PDMAEMA via ARGET ATRP using the
CuCl,-tris[(2-pyridyl)methyl]Jamine (TPMA) complex as the
catalyst, previously reported by others.*® This is quite desirable
given that acetone is a non-toxic organic solvent having a low
boiling point so it can be easily removed from the filter paper
after the SIP process by air drying without the need for heat
treatment.

The ability to control the molecular weight of PDMAEMA is
demonstrated in Table 2. Apparently, the molecular weight of
PDMAEMA correspondingly increases as a function of
[DMAEMA],/[EBiB], from 100:1 to 200:1 and 400:1 or a
target DP of 100, 200, and 400, respectively. The PDI values
approaching 1.0 suggest that the polymerization can be well
controlled and gave PDMAEMA with narrow molecular weight
distribution. GPC traces of the synthesized PDMAEMA having
different target DP are displayed in Fig. S2, ESLT

Quaternization of PDMAEMA-grafted filter paper was
accomplished by methylation of the amino groups of

Table 2 Characteristic of PDMAEMA synthesized by ARGET ATRP having varied
target DP

Entry  Target DP* % Conv® M, (theo)* M, (exp)? PDI
1 100 85 13 345 21 010 1.24
2 200 90 28 260 28 495 1.28
3 400 69 43 332 42 650 1.18

“ EBiB/CuBr,/Me,TREN = 1:0.006:0.25. The polymerization was
conducted in a scintillation vial with volume of free space = 7.7 mL.
b Determined by 'H NMR in CDCl;. ° M, (theo) = ([DMAEMA],/
[EBiB],) x conversion. ? Determined by GPC in THF, based on
polystyrene standards.
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PDMAEMA on filter paper with methyl iodide at ambient
temperature as shown in Scheme 2. The iodide counter ion
must be exchanged for chloride by treatment with 0.1 M NaCl.
This step is mandatory because it was found that iodide ion can
be oxidized into iodine which makes the paper turn slightly
yellowish upon storage. After it was air-dried, the QPDMAEMA-
grafted filter paper having chloride as the counter ion was
obtained. The filter paper became extremely hydrophilic after
being grafted with PDMAEMA. Although a contact angle of ~50°
can be roughly estimated from the drop image promptly
captured at the initial contact using the Adobe Photoshop CS2,
the water drop was rapidly absorbed into the PDMAEMA-grafted
filter paper and disappeared within a second after the contact.
This is much more hydrophilic than that has been observed for
PDMAEMA-grafted on relatively flat surfaces (~50°).*>* This
wetting behavior remained unaltered after quaternization.
Images of water droplets during water contact angle measure-
ments of both samples are shown in Fig. S1b and c (ESIT).

As examined by SEM (Fig. S3, ESIt), there was no visible
changes of surface morphology of the filter paper particularly
after being grafted with PDMAEMA having a target DP of 200
(both before and after quaternization) implying that the layer of
the coated polymer is relatively thin. This observation coincides
with the fact that the physical strength and resistance to
bending of the filter paper were not affected by polymer graft-
ing. On the other hand, the filter paper became tougher and
plastic-like upon grafting with PDMAEMA having a higher
target DP of 400 (SEM micrograph not shown) suggesting that a
thicker polymer layer was deposited on the filter paper.

The functional group identity of each surface-modified filter
paper was determined by FT-IR as shown in Fig. S4 (ESIT). The
FTIR spectra of the initiator immobilized filter paper (Fig. S4b,
ESIT) show a band at ~1728 cm™' (C=O0 stretching of 2-bro-
moisobutyrate ester) which is not present in the virgin filter
paper (Fig. S4a, ESIT). After being grafted with PDMAEMA, the
absorption peak for the carbonyl group appears at the same
position with greater intensity (Fig. S4c, ESIT), which is a char-
acteristic of the C=0 stretching of PDMAEMA.**** No signifi-
cant change in the IR bands was observed after quaternization
(Fig. S2d, ESI}).

The elemental compositions of all surface-modified filter
papers were evaluated by XPS and the corresponding spectra are
shown in Fig. S5-S9 (ESIt). From the XPS atomic composition
data illustrated in Table S4 (ESIt), the detection of 0.8%
bromine on the initiator immobilized filter paper suggests that
there are bromoester groups available for initiating polymeri-
zation from the surface of filter paper. A trace amount of
bromine (~0.2%) detected on the PDMAEMA- and QPDMAEMA-
grafted filter papers indicated that there were still living poly-
mer chain ends in the form of dormant bromoester species. The
presence of an atomic signal of nitrogen on the PDMAEMA- and
QPDMAEMA-grafted filter papers clearly confirms the success-
ful polymer attachment via the SIP process. The C/N ratio of 8.1
(Table S4, ESIT) corresponds quite well with the theoretical
value of PDMAEMA (8.0). An increase in C/N ratio to 11.9
together with the emergence of the N, peak at 402.0 eV on the
QPDMAEMA-grafted filter paper (Fig. 2) strongly indicates that
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Fig. 2 Ni XPS spectra of PDMAEMA- (right) and QPDMAEMA- (left) grafted
filter papers.

additional carbon atoms have been introduced upon quaterni-
zation and that most nitrogen atoms existed in the less elec-
tronegative form of quaternary ammonium groups.** The extent
of surface quaternization estimated from the relative ratio
between the area of the N4 from the quaternary ammonium
entities and that of the regular, non-quaternized one appearing
at 398.6 eV was about 80% (Fig. 2). This figure is relatively high
suggesting that the QPDMAEMA-grafted filter paper should be
positively charged irrespective of pH and readily available to
electrostatically adsorb DNA. To test such adsorption ability, a
synthetic 13 mer DNA corresponding to a partial sequence of
human IL-10 promoter gene (DNA SLE2) was used as a model. A
1 pL of 10 uM DNA in 0.4 M NaOH containing 10 mM EDTA was
spotted on the QPDMAEMA-grafted filter paper. XPS analysis of
the paper after extensive washing to remove the unbound DNA
(Table S4, ESIT) revealed a characteristic signal of the phosphate
group, with a phosphorus content of 1.2%, implying that the
DNA molecules were successfully adsorbed on the QPDMAEMA-
grafted filter paper.

DNA detection following Dot blot hybridization

It should be emphasized that most of the tests were performed
on the QPDMAEMA-grafted filter paper prepared using a target
DP of 200. The results are displayed in two formats: scanned
images (column A) and profile images as analyzed by Scion
Image (column B). The profile image should provide the semi-
quantitative intensity of the colorimetric readout and therefore
reflecting the testing efficiency and facilitating the background
and signal differentiation. A preliminary optimization was first
carried out with 1 pmol of b-DNA SLE2 as a positive control by
varying the enzyme, substrate, concentration and reaction time.
The results shown in Fig. S10 (ESIT) suggest that SA-HRP was
superior to avidin-HRP, and the optimal amount was 20 ng per
spot since this condition provided a high signal and a minimal
background due to non-specific adsorptions (Fig. S10d, ESIY).
According to Fig. S11 (ESIT), the optimum concentration of the
substrate mixture is 250 pL of 1.6 mg mL~" OPD and 250 pL of
1.6 mg mL~" urea-H,0, and the optimum activation time is 1
min because this condition gave a high signal to background
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ratio (Fig. S11c, ESIT). Increasing the concentration of substrate
mixtures and/or reaction time gave a stronger signal, but so as
the non-specific adsorption (background). When TMB**** was
used as a substrate in place of OPD, a stronger color was
obtained, but also with higher background (Fig. S11a, ESIT). In
addition, the blue color disappeared after storage at room
temperature suggesting that the complex formed was not stable
and that TMB was not the appropriate substrate. The use of a
blocking solution (especially 1% BSA) has been found to be
essential in preventing the non-specific interaction between the
SA-HRP and QPDMAEMA-grafted filter paper as demonstrated
in Fig. S12a (ESIY). As seen in Fig. S12b, ESI{ signals from both
expected specific hybridization and unwanted non-specific
adsorption were largely suppressed after blocking with 1% skim
milk, a common blocking reagent for various bioassays, sug-
gesting that it is not a suitable blocking reagent.

To test the ability of QPDMAEMA-grafted filter paper as a
membrane for DNA sequence determination by Dot blot
hybridization, two closely related synthetic 13 mer oligodeox-
ynucleotides (DNA SLE1 and DNA SLE2) differing by just one
base were spotted onto the membrane and the sequences were
detected by the b-PNA SLE2 probe. Details of DNA and PNA
sequences and the description of samples/probes applied in
each spot (1-6) are displayed in Tables S1 and S2 (ESIY),
respectively. A biotinylated DNA (b-DNA SLE2) was included as a
positive control to show the maximum signal that can be
generated by the enzymatic reaction. The effects of washing and
blocking solutions were examined using the optimal conditions
mentioned above (see results in Fig. S10d, S11c, and S12a, ESIT).
Only the positions with b-DNA SLE2 [(+)1)] and DNA SLE2/b-
PNA SLE2 [(+)4] (Table S1, ESIt) show yellow spots visible to the
naked eyes (Fig. 3). Lowering the PBS concentration down from
0.1 M to 50 mM in the absence of 0.1 M NaCl (Fig. 3d) gave
inferior detection efficiency, with slight yellowish tints observed

Fig. 3 Representative images (column A: scanned image and column B: profile
image) of the test results demonstrating the effect of PBS concentration and salt
addition in washing and blocking solutions: (a) 0.1 M PBS w/ 0.1 M Nadl, (b) 0.1 M
PBS w/0 0.1 M Nadl, (c) 50 mM PBS w/ 0.1 M Nacl, and (d) 50 mM PBS w/0 0.1 M
Nacl.

This journal is © The Royal Society of Chemistry 2013



Downloaded on 28 November 2012
Published on 19 October 2012 on http://pubs.rsc.org | doi:10.1039/C2AN36133G

Fig. 4 Representative images (column A: scanned image and column B: profile
image) of the test results demonstrating the specificity and efficiency of (a) b-PNA
SLE2, (b) b-PNA SLE1 to distinguish complementary and single mismatched DNA
(SLE2 and SLE1) targets or (c) complementary DNA (AC) and non-complementary
DNA (AG) using b-PNA (TG). The positive results are shown by the yellow spots at
position 4 for the tests in entries a and b, and 2 for entry b.

on the two negative controls [(—)5) and (—)6)]. Such non-specific
adsorption disappeared and a good detection result was
obtained (comparable to the result shown in Fig. 3b) upon
addition of 0.1 M NacCl (Fig. 3c). For this reason, 0.1 M PBS
without salt addition (Fig. 3b) was chosen as washing and
blocking buffers for all subsequent experiments.

Three acpcPNA probes, b-PNA SLE2 and b-PNA SLE1, which
differ by only one base, and an unrelated b-PNA (TG) were
chosen for specificity determination. Details of DNA and PNA
sequences and the description of samples/probes applied in
each spot (1-6) are illustrated in Tables S1 and S5 (ESIY),
respectively. The data presented in Fig. 4a and b reveal that the
Dot blot hybridization using the QPDMAEMA-grafted filter
paper and acpcPNA probes offers an excellent specificity to
distinguish single base mismatches in the DNA target

Fig. 5 Representative images (column A: scanned image and column B: profile
image) of the test results demonstrating the performance of the QPDMAEMA-
grafted filter paper in comparison with commercial membranes: (a) nitrocellulose,
(b) Nylon 66, (c) PDMAEMA-, and (d) QPDMAEMA-grafted filter paper.

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 Representative images (column A: scanned image and column B: profile
image) of the test results demonstrating sequence determination of the DNA
SLE2 sample using the b-PNA SLE2 probe on the QPDMAEMA-grafted filter paper:
(a) freshly prepared and (b) stored at room temperature (27-33 °C) for 1 month.

consisting a partial sequence of human IL-10 promoter gene
(SLE1 and SLE2) by showing only the signal of b-PNA that was
hybridized with the complementary DNA target. In addition to
these two sequences, the same technique employing b-PNA (TG)
as a probe can also successfully distinguish between the
complementary and non-complementary DNA targets since the
yellow spot was only observed at the position of the comple-
mentary DNA target (AC) (Fig. 4c). This illustrates the general
applicability of the membrane for detection of various DNA
sequences.

For the results shown in Fig. 5-7, details of DNA and PNA
sequences and the description of samples/probes applied in
each spot (1-6) are displayed in Tables S1 and S2 (ESIY),
respectively. To compare the performance of the modified filter
paper described in this work with commercial membranes, the
detection of DNA SLE2 with b-PNA SLE2 was selected for the

Fig. 7 Representative images (column A: scanned image and column B: profile
image) of the test results demonstrating the detection limit of complementary
DNA SLE2 and single mismatched DNA SLE1 using 2 pL of 1 uM b-PNA SLE2 as the
probe: (a) 2 pmol (2 pL of 1 uM), (b) 1 pmol (1 uL of 1 M), (c) 100 fmol (1 pL of
100 nM), (d) 50 fmol (0.5 pL of 100 nM), and (e) 10 fmol (1 uL of 10 nM).

Analyst, 2013, 138, 269-277 | 275
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investigation. The results presented in Fig. 5 showed that only
the QPDMAEMA-grafted filter paper (Fig. 5d) provided a clear-
cut discrimination between the complementary [(+)4] and
single mismatched DNA [(—)2]. On the other hand, the unqua-
ternized PDMAEMA-grafted filter paper (Fig. 5c) gave low
signals even with the positive control [(+)1], indicating that the
quaternary ammonium groups of QPDMAEMA are essential for
the efficient capture of DNA. The commercial nitrocellulose
(Fig. 5a) and Nylon 66 (Fig. 5b) membranes showed substantial
non-specific interactions as shown by the presence of dark spots
in places where negative results should be observed. In the case
of nitrocellulose (Fig. 5a), the appearance of signals whenever
the b-PNA was applied, even in the absence of the correct DNA
target [(—)2 and (—)5], suggested that there were non-specific
interactions between the surface of the membrane and the b-
PNA probe. With Nylon 66 (Fig. 5b), the colored spots were
observed in all six positions implying that there were non-
specific interactions between the membrane surface and SA-
HRP as well.

To test the stability of the QPDMAEMA-functionalized filter
paper upon storage, the Dot blot experiments were carried out
using a membrane that has been stored at room temperature
(27-33 °C) for 1 month in comparison with the freshly prepared
membranes. The results shown in Fig. 6 demonstrate that both
membranes provided comparable results in distinguishing
complementary and mismatched DNA targets suggesting that
the modified filter paper is stable and the detection efficiency is
not affected upon storage for at least one month. This outcome
is quite desirable from the practical perspective.

The lowest amount of DNA that can still allow a clear
discrimination between fully complementary (DNA SLE2) and
single-mismatched DNA (DNA SLE1) was evaluated by spotting
different quantities of the DNA targets (2 pmol to 10 fmol) fol-
lowed by the detection using 2 pmol of the b-PNA SLE2 probe.
The results in Fig. 7 show that unambiguous discrimination,
which can be quoted as the detection limit of this colorimetric
method, is at least down to 10 fmol (equivalent to 1 uL of 10 nM
DNA). Although this detection limit is somewhat higher than
some other reports,**** our main objective to develop a posi-
tively charged filter paper-based membrane for simple naked
eye detection of DNA using a PNA probe and rapid analysis of
multiple DNA samples with a short reaction time (less than 1
hour from DNA spotting to color readout) has been fulfilled. We
have previously demonstrated that this level of sensitivity is
more than sufficient to detect DNA samples from standard PCR
products®* and, if necessary, it should be possible to improve
the detection limit further using polybiotin tags®>**** or poly-
meric enzymes.*

The limitation of this present technique is similar to all
blotting techniques that use non-specific interaction to
immobilize DNA. If the DNA target to be detected is contami-
nated by other DNA sequences, there will be a competition
between different DNA targets in binding to the membrane
and the desired sequence may not be detectable. In such a
scenario, a sandwich assay in which two acpcPNA probes that
bind to different regions of the DNA target - one probe is
immobilized on the surface for capturing the DNA target and

276 | Analyst, 2013, 138, 269-277
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the other is labeled with enzyme for detection - should solve
the problem.*

Conclusions

QPDMAEMA was successfully grafted onto the filter paper by
surface-initiated polymerization of DMAEMA via ARGET ATRP
followed by quaternization with methyl iodide. The molecular
weight and polydispersity index of the polymer can be
controlled by adjusting the ratio of the Sn(EH),/initiator and
reaction time. The QPDMAEMA-grafted filter paper showed
better performance than Nylon 66 and nitrocellulose to be used
as a membrane for DNA sequence detection following a Dot blot
format employing a biotinylated acpcPNA probe and an
enzyme-mediated colorimetric assay. The low non-specific
interaction of the modified filter paper, together with the high
specificity of the PNA probe, allows single mismatch discrimi-
nation down to 10 fmol of DNA targets under non-stringent
conditions.
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Four calix[4]arene derivatives containing various donor atoms and different topology (L1—L4) have
been synthesized and used as neutral ionophores to fabricate silver ion selective electrodes (Ag-ISEs)
which were characterized in terms of their potentiometric selectivities and complex formation
constants. The ionophore L2 having two nitrogen and two sulfur donors showed stronger interactions
with Ag™ and the highest selectivity coefficient towards Ag*. The best membrane electrode was
prepared from L2 and used to fabricate silver ion selective microelectrodes (Ag-ISpEs) which could
detect silver ions in 1000 pL samples with detection limit around 1 pM using sodium ion microelec-
trodes as a pseudo reference electrode. Such potentiometric measurement was then applied to detect
DNA hybridization on a gold substrate, employing immobilized lipoic acid-modified pyrrolidinyl PNA
(Lip-acpcPNA) as a probe. The hybridization between the neutral Lip-acpcPNA probe and DNA target led
to a negatively charged surface that could bind positively charged silver nanoparticles (AgNPs*) via
electrostatic interactions. The hybridization signal was observed by dissolution of the electrostatically
adsorbed AgNPs™ with hydrogen peroxide. Excellent discrimination of complementary from single
mismatched and non-complementary DNA targets was achieved under non-stringent conditions. The
detection limit of DNA was 0.2 pM in 1000 pL samples.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Potentiometry based on ion selective electrodes (ISEs)
has been widely used for determining the activity of metal
ions for several decades [1]. Since ISEs offer several advantages,
especially low cost, simplicity and obvious compatibility with
miniaturization, they are an excellent tool in analytical appli-
cations such as clinical measurements, industrial process con-
trol and environmental monitoring. Recently, there has been an
increasing interest in using miniaturized ISEs for monitoring
protein immunoassays [2] or DNA hybridization [3-5] using Ag,
CdS-nanocrystal labels, enzyme tags or liposomes.

Peptide nucleic acid (PNA) is a DNA analog containing nucleobase-
modified N-(2-aminoethyl)glycine subunits linked together by amide
bonds. PNA can form duplexes with complementary DNA with high

* Corresponding author. Tel.: +66 2 2187643; fax: +66 2 2187598.
E-mail address: tthawatc@chula.ac.th (T. Tuntulani).

0039-9140/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.talanta.2012.11.046

thermal stability owing to the absence of electrostatic repulsion
between PNA and DNA strands. PNA also discriminates single-base
mismatched DNA with high specificity [6]. Employing the unique
uncharged properties of PNA backbone, two research groups [7,8]
reported the use of PNA as a probe to detect non-labeled oligonucleo-
tides specifically through electrostatic interactions between positively
charged metallic nanoparticles and negatively charged backbone of
DNA hybridized with the neutral PNA probe.

We aim to fabricate a polymer membrane silver ion selective
microelectrode (Ag-ISHE) that can detect DNA hybridization with
the neutral PNA probe using positively charged silver nanoparti-
cles (AgNPs ™) as a potentiometric marker. A variety of ionophores
containing n-electrons [9-11] or heteroatoms [12-17] as coordi-
nate sites have been successfully used to construct Ag-ISEs for
monitoring and determining silver ions. Nevertheless, Szigeti and
co-workers showed that selectivity coefficients of membranes
containing m-coordinating calix[4]arene ionophores were worse
than those containing calix[4]arene incorporating sulfur donors,
resulting in less discrimination of Ag™ from other cations [18].
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Therefore, we designed and synthesized four calix[4]arene deriva-
tives L1 — L4 containing various donor atoms and different topology,
which were used as neutral ionophores to fabricate Ag-ISEs. The
characteristics such as selectivity, lower detection limit and forma-
tion constant of the four ionophores synthesized towards Ag™ in
polymeric membranes were compared in order to choose the best
ionophore from which to fabricate a microelectrode to be used in
combination with PNA for monitoring DNA hybridization.

The principle of our potentiometric sensors for detection of DNA
hybridization is illustrated in Fig. 1. Pyrrolidinyl PNA with a D-
propyl-2-aminocyclopentanecarboxylic acid backbone (acpcPNA)
[19-21] which shows excellent specificity for DNA recognition is
used as a probe in this work. The acpcPNA is modified at the
N-terminus with lipoic acid and the so-obtained Lip-acpcPNA is
covalently immobilized on the surface of a gold substrate. The target
DNA is hybridized with the electrostatically neutral Lip-acpcPNA
resulting in a negatively charged surface due to the phosphate
backbone of the target DNA. Addition of AgNPs™ [22,23] results in
adsorption of the AgNPs* on the gold substrate through electro-
static interactions. The adsorbed AgNPs™* on the gold surface is then
oxidized by H,0, to release silver ions, which can be detected with
our fabricated Ag-ISHLE.

2. Experimental
2.1. Materials

p-tert-Butylcalix[4]arene-tetraacetic acid tetraethyl ester
(Na(X)), potassium tetrakis[4-chlorophenyl]borate (KTpCIPB),
bis(2-ethylhexyl)sebacate (DOS), o-nitrophenyl octyl ether
(0-NPOE), high molecular weight poly(vinyl chloride) (PVC), and
tetrahydrofuran (THF) were purchased in selectophore® or puriss
quality from Fluka. Nitrate salts of cations were of analytical
grade obtained from Merck, Fluka, Sigma-Aldrich, Reidel and
Carlo Erba. 30% (v/v) Hydrogen peroxide (H,0,) was purchased
from Fisher Scientific. All solutions were prepared with deionized
water with the specific resistivity of 18.2 MQ cm (Milli-Q water
purification system; Bedford, MA, USA).

Chemicals for synthesis of AgNPs™, i.e., silver nitrate (AgNO3),
cetyltrimethylammonium bromide (CTAB) and sodium borohydride
(NaBH,4) were purchased from Merck.

All oligonucleotides were purchased from Biogenomed Co.,
Ltd. The sequences of complementary, single base mismatched
and non-complementary DNA targets were 5'-GTCATAGCATCA-3’,
5'-GTCATCGCATCA-3’ and 5'-AAGGCCTATGTC-3, respectively.

2.2. Preparation of membrane electrodes

The membrane contained 1 wt% ionophore, KTpCIPB (75 mol%
relative to ionophore), 33 wt% PVC and 66 wt% o-NPOE. All
components (220 mg in total) were dissolved in 2.5 mL of THF
or MeOH/CHCI3/THF (1:2:10v/v) and poured into a glass ring
(30 mm i.d.) fixed on a glass plate. Then, the solvent was allowed
to evaporate at room temperature overnight. A transparent
membrane of about 200 um in thickness was obtained. The
membrane was punched into circular films (7.5 mm i.d.) and
glued with a PVC/THF slurry on the top of a PVC tube and
connected to a micropipette tip as an electrode body. An internal
filling solution containing 10 mM AgNO; was put into this PVC
tube which connected to a micropipette tip and a AgCl-coated
silver wire was placed into it. The prepared membrane electrode
was conditioned in 10 mM AgNO; solution for overnight prior
to use.

2.3. Selectivity measurements

The potentiometric selectivity coefficients were determined by
the separate solution method (SSM) [24]. The membranes were
conditioned overnight in the solution of interfering metal ions
(nitrate salt). The response of the electrode was first measured
against the interfering metal ions (10~7-10~2 M) by using 10 mM
of the same interfering cations (chloride salt) as an inner filling
solution. The electrode was then used to measure the response of
silver nitrate solutions. Selectivity coefficients of each metal were
performed in triplicate (using a new membrane for each repli-
cate). The interfering ions in this study were Na*t, K*, Ca%*,
Mg?+, Ni?*+, Cu?*, Zn?*, Cd®*, Pb2+ and Hg?*. To determine the
selectivity coefficients of HgZ* and Pb?™*, the pH of solution was

Fig. 1. Representation of AgNPs " -based label-free potentiometric DNA detection.
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adjusted to 2 and 4, respectively with HNOs. The selectivity
coefficients were calculated from the mean value of triplicate
experiments with the standard deviation.

2.4. Preparation of sandwich membranes

In order to determine ion-ionophore complex formation con-
stants in the solvent polymeric membrane, it requires membrane
potential measurements on two-layer sandwich membranes
[25-27], where only one side contains the ionophore. The mem-
brane compositions and the formation constant are shown in
Table 1.

The conventional standard size membranes, with and without
ionophore, were conditioned in 5 mM AgNO; overnight. The
sandwich membrane was prepared by attaching two individual
membranes together and visibly checked for air bubbles before
placing in the electrode body. The membrane with the ionophore
was contacted with sample solution (5 mM AgNOs) that is the
same solution as the conditioning and inner filling solutions. All
potentiometric measurements were carried out at ambient tem-
perature in unstirred salt solution versus a Ag/AgCl reference
electrode with 1 M LiOAc as a salt bridge electrolyte. The range of
time required from attaching the membrane until the membrane
potential measurement was less than 1 min. The potential value
was continuously recorded for several hours.

Membrane potential values, Ey;, were determined by subtract-
ing the cell potential for membrane without ionophore from that
of the sandwich membrane. The formation constants were calcu-
lated using Eq. (1).

_ EMZIF _ _ TlRT
logBy, = <m) nlog(LT T[) 1)
Lt is the total concentration of the ionophore. Ry is
the concentration of lipophilic ion exchanger. R, T, F, n and z
are the gas constant, the absolute temperature, the Faraday

constant, the complex stoichiometry and the charge of the tested
ion, respectively.

2.5. Preparation of Lip-acpcPNA

The 12-mer acpcPNA probe with a sequence of TGATGCTATGAC-
Lys (Mtt) was synthesized from the respective N-Fmoc-protected
monomers on a solid support (Tentagel, Rink amide linker) accord-
ing to a previously published protocol [19-21]. After N-Fmoc and
nucleobase side-chain deprotections, it was further modified at the
N-terminus with an aminoethoxyethoxyacetyl (O) linker followed
by DL-lipoic acid (HATU/DIEA activation). The Lip-acpcPNA was then
cleaved from the solid support using trifluoroacetic acid (TFA) and

Table 1

purified by reverse phase HPLC. The sequence was confirmed by
MALDI-TOF mass spectrometry (Lip-O-TGATGCTATGAC-LysNH,,
Calcd.: m/z=4540.0, Found: m/z=4539.7) and by hybridization with
its complementary DNA (d 5-GTCATAGCATCA-3') (T,=76.7 °C at
1.0 uM PNA, 1.0 uM DNA in 10 mM sodium phosphate buffer pH
7.0 containing 100 mM NaCl).

2.6. Preparation of fabricated Ag-ISUE and EMF measurements
for DNA biosensor

The membrane for the Ag-ISUE was prepared as reported
previously [28]. The cocktail membrane containing L2 (0.74 wt%,
10.31 mmol kg~'), KTpCIPB (0.25 wt%, 5.03 mmol kg~1), PVC
(32.99 wt%) and o-NOPE (66.02 wt%) was prepared in an appro-
priate volume of THF after stirring 1 h. The Ag-ISpE was fabricated
from the tip of 1000 uL micropipette (0.5 mm i.d.) dipped into
membrane cocktail for 3 s. It was left to stand in vertical position
to allow the solvent to evaporate. The membrane thickness is
around 0.5 mm. The resulting microelectrodes were conditioned
in 10 mM AgNOs solution for overnight prior to use. An internal
filling solution containing 10 mM AgNOs was put into a micro-
pipette tip and a AgCl-coated silver wire was placed into the
solution.

Sodium ion selective microelectrode (Na-ISUE) prepared
from Na(X) (0.99 wt%, 10.00 mmol kg—1), KTpCIPB (0.25 wt%,
5.03 mmol kg~ 1), PVC (32.85 wt%) and DOS (65.91 wt%) was used
as a reference electrode. The components were dissolved in THF.
The inner filling solution was 10 mM NacCl, and the conditioning
solution was 10 mM NaNOs.

Potentiometric measurements were performed in 1000 pL
samples with a Na-ISUE as pseudo reference electrode in unstirred
solutions with a 16-channel electrode monitor (Lawson Labs Inc.,
Malvern, PA 19355, USA) at room temperature. The activity
coefficients of silver ions in sample solutions were calculated
according to the Debye-Hiickel approximation [29].

2.7. Preparation of AgNPs™

The preparation of CTAB-coated silver nanoparticles was carried
out using the previous published procedure with modifications
[22,23]. The solution of CTAB (2 mL, 1 mM) in ethanol was added in
aqueous solution of AgNOs (25 mL, 5 mM) and stirred for 10 min.
Then, 1% v/v freshly prepared aqueous NaBH, was added under
vigorous stirring. The mixture immediately turned yellow-green
and left stirring for 1 h.

Fig. 2 shows the UV-vis spectrum of the synthesized CTAB-
coated AgNPs with a strong surface plasmon band at 397 nm.

Membrane compositions, response properties based on ionophores L1-L4 and experimental membranes potentials and corresponding ionophore complex formation
constants determined with segmented sandwich membranes for ionophores L1-L4 in PVC membrane assuming 1:1 stoichiometry of their complexes with Ag™.

Ionophore Membrane composition (wt%) Slope (mV/ Linear range Detection Membrane Formation
decade) (M) limit (M) potential Ey constant log
(mV) Pitn

Ionophore, Ly KTpCIPB, Ry PVC Plasticizer
(mmol kg~ 1) (mmol kg~ 1)

L1 0.59 0.37 32.91 o-NPOE, 43.14+0.6 10°°t01072 3.9x10°% 126+6 4.66 +0.10
(10.27) (7.47) 66.13

L2 0.73 0.37 32.93 0-NPOE, 58.8+ 0.6 1075t0 1072 4.8x1077 162+3 5.25+0.05
(10.10) (7.49) 65.97

L3 0.88 0.37 33.00 o-NPOE, 56.3+0.8 10 %t010°2 1.0x10°% 162+5 5.31+0.08
(9.96) (7.40) 65.75

L4 1.15 0.37 32.78 0-NPOE, 51.0+ 0.9 1075t0 1072 50x107° 134+9 4.80+0.16
(10.24) (7.40) 65.70

0-NPOE - 0.37 33.11 o-NPOE, 443+15 107°t0 1072 49x10°% - -

(7.46) 66.52
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Transmission electron microscopy (TEM) has been used to char-
acterize shape and size of the AgNPs*. A TEM image in Fig. 3
clearly indicates that AgNPs™* are spherical and have an average
particle size of 20 nm. The particles have been found to be
colloidally stable for at least two months.

2.8. Preparation of immobilized Lip-acpcPNA on gold substrate
and DNA hybridization

The gold substrates obtained from Sigma-Aldrich were cut to
10 x 5 mm? pieces with uniform thickness (0.25 mm) by a shear-
ing machine. They were cleaned with piranha solution (3:1
H,SO4: 30% (v/v) Hy0,), thoroughly rinsed with Milli-Q water,
absolute ethanol and dried under pure nitrogen gas. The Lip-
acpcPNA solution (10 pM in 10 mM NaNOs, 100 pL) was dropped
on the gold substrate and the substrate was incubated at 4 °C for
40 h, followed by washing with Milli-Q water.

The immobilized Lip-acpcPNA on the gold substrate was
treated with a target DNA solution in 10 mM NaNOs (0, 2, 5, 10,
15, 20, 40 and 80 uM, 100 pL) at room temperature for 3 h. The
washing procedure was performed in three times to remove any
unbound DNA. Then, a solution of AgNPs* (250 ppm, 50 pL) was

Fig. 2. The plasmon absorption band of diluted AgNPs™ (Amax=397 nm).

Fig. 3. TEM image of the synthesized AgNPs .

deposited onto the gold substrate. After 2 h at room temperature,
the gold substrate was washed three times with Milli-Q water.

Hydrogen peroxide was used for dissolution of the AgNPs* to
silver ions. A 0.2 M solution of H,0, (100 pL) was added on the
gold substrate and left for 45 min. The solution on the gold
substrate was then transferred to an eppendorf tube and the
volume adjusted to 1000 puL with 10 mM NaNOs. The solution was
stirred to decompose the remaining H,0,. The detection of silver
ions in the sample was performed in the 1000 pL eppendorf tube
by using a Na-ISpE as a reference electrode.

3. Results and discussion
3.1. Design and synthesis of ionophores

Calix[4]arene derivatives were designed and synthesized by
attaching different functional groups to obtain different topology
with various donor atoms for binding Ag*. Each compound was
modified at one or two opposite phenolic groups of calix[4]arene
by benzothiazole and dipicolylamine derivatives yielding calix[4]-
arene derivatives, L1 —-L4 (Fig. 4). L1 and L2 [28] contained soft
nitrogen and sulfur as donor atoms and L3 and L4 [30] contained
soft nitrogen and hard oxygen donor atoms. In preliminary
studies, all synthesized ionophores incorporated in polymeric
membranes response to Ag*. lonophore L4 showed high selec-
tivity towards Ag* as investigated by fluorescence, absorption,
and 'H NMR spectroscopy [30]. Generally, Hg?* was a major
interference for Ag-ISEs because soft metal ions, Ag*, Hg?* and
Pb2* preferred to coordinate to soft donor atoms such as sulfur
and nitrogen according to Pearson [31].

3.2. Complex formation constants of L1—L4 with Ag™

The complex formation constants between Ag™ and iono-
phores L1-L4 were determined with segmented sandwich mem-
branes, assuming a 1:1 ion-ionophore stoichiometry, and the
results are shown in Table 1. The results showed that L2 and L3
possessed higher complex formation constants than L1 and L4.

Fig. 4. Structures of four synthesized ionophores L1-L4.
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Ionophores L2 and L3 formed strong and stable complexes with
Ag* in the same order with logarithmic complex formation
constants of 5.25+0.05 and 5.31 +0.08 for L2 and L3, respec-
tively. The higher formation constant could result in a better
selectivity towards the analyte ions due to the superior ability
of the ionophore to discriminate between primary ions and
interfering ions.

3.3. Effect of functional groups and the number of substituents
on the selectivity

The ion selectivity of electrodes based on calix[4]arene singly
modified with benzothiazole (L1) and dipicolylamine (L3) were
investigated (Fig. 5). These ionophores possessed soft nitrogen
donors capable of forming complexes with Ag*. The ionophore L3
containing three nitrogen and one oxygen donors from dipicoly-
lamine and carbonyl, respectively exhibited more interference
from Hg?*. The introduction of heteroatoms of one sulfur and one
nitrogen donors from benzothiazole L1 resulted in better selec-
tivity towards Ag™* than L3 as well as decreased interference from
Hg?+.

Two substituents on the opposite phenolic groups of calix
[4]arene with two benzothiazole L2 and two dipicolylamine L4
were synthesized in order to investigate the effect of increasing
number of donor groups on ion selectivity compared to the
singly-substituted calix[4]arene ionophores L1 and L3. The iono-
phores having two substituted phenolic groups consistently gave
higher selectivity coefficients to Ag*/Hg?*: L2 > L1 and L4 > L3.
This suggested that more donor atoms of the disubstituted
calix[4]arene could coordinate with Ag®™ more effectively.
Furthermore, the increased lipophilicity of two substituted phe-
nolic groups can prevent leaching of the ionophore from the
membranes. Therefore, L2 gave the best ion selectivity towards
Ag™ compared to other ionophores and exhibited a good dis-
crimination with > 10* times higher than all tested cations except
Hg?*. The best selectivity towards Ag* of L2 corresponded to its
high complex formation value. This characteristic may be attrib-
uted to the two symmetrical benzothiazole groups on the calix
[4]arene bearing two nitrogen and two sulfur donors which could
rearrange in a suitable geometry for complexing Ag* better than
other interfering ions. The results from complex formation and
selectivity studies suggested that L2 was the most appropriate
ionophore to fabricate Ag-ISuEs.

3.4. Fabrication of Ag-ISUE

Our fabricated Ag-ISE has been successfully employed in
speciation analysis of the AgNPs solution [28] and in glucose
biosensor by using AgNPs as cation maker [32]. In addition, the
fabricated Ag-ISE can be used in a wide range of solution pH from
pH 2 to 8 with no significant change in the EMF value [28]. In this
work, a Ag-ISUE is developed for monitoring of DNA hybridiza-
tion. The calibration curve of Ag™*-microelectrode was performed
in 1000 pL and used 10 mM NaNOs; (pH 6.0) as background by
using a Na*-microelectrode as pseudo reference electrode as
shown in Fig. 6. Na*-microelectrode was chosen as a reference
electrode and Na* was selected as the background electrolyte
since this Ag*-microelectrode showed a distinctive discrimina-
tion of the logarithmic selectivity coefficient as compared to Na™
with log I(K‘;Na= —6.70 [28]. The Ag-ISUE showed a low detection
limit of 9.12x 1077 M (~ 1 uM) in 1000 pL solution with near
the theoretical Nernstian slope of 58.7 mV per decade (inset,
Fig. 6).

3.5. Detection of DNA hybridization

Molecules carrying a thiol or a disulfide group can be immo-
bilized by chemisorption onto a gold surface to form self-
assembled monolayer (SAM). Covalent immobilization of lipoic

Fig. 6. Time trace line response of the Ag-ISUE to increasing level of Ag*:
(a) 107%; (b) 10~7; (c) 10-%; (d) 10~>; (e) 104 (f) 1073 (g) 10°2M in
1000 pL of solution with 10 mM NaNOs as background with Na-ISHE as the
pseudo reference electrode. Inset displays the corresponding calibration plot.

Fig. 5. Comparison of selectivity coefficients (log Kf\‘g"j) of electrodes based on L1-L4 and the blank membrane (without ionophores). The membrane compositions are

10 mmol kg~' ionophore and 7.5 mmol kg ™! KTpClPB in PVC plasticized with o-NPOE.
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acid derivatives on gold surface provided a more stable SAM than
that of the simple thiol via two S-Au bonds [33]. The disulfide
group of Lip-acpcPNA was attached on the gold substrate by
immersing in PNA solutions of various concentrations (1, 5 and
10 uM) to investigate the suitable concentration of the PNA probe
that allows efficient detection of DNA and discrimination of
complementary and mismatched DNA. The potentials of solutions
containing Ag* obtained from a bare gold substrate, the substrate
after Lip-acpcPNA immobilization, and after hybridization with
the target DNA on gold substrate were compared after treatment
with AgNPs* followed by H,0, oxidation (Fig. 7). The hybridiza-
tion signals with complementary DNA were obtained when the
gold surface was treated with 10 pM of Lip-acpcPNA. Initially,
non-specific adsorption between AgNPs*™ and the bare gold
substrate was observed as shown by the non-zero AEMF values.
The signals were lowered after immobilization with Lip-acpcPNA
(at 10 uM), indicating that the probe can self-assemble onto gold
substrate and that AgNPs* could not effectively bind to the
electrostatically neutral PNA. After hybridization with DNA, the
signal was increased compared to without DNA, suggesting that
the electrostatic interactions between the negatively charged of
DNA backbone and AgNPs™* had taken place. At lower concentra-
tions of Lip-acpcPNA, i.e. 1 and 5 puM, no difference in EMF values
were observed before and after hybridization with target DNA.
This suggests that there was not enough immobilized PNA to
hybridize effectively with the target DNA. Therefore, 10 uM of
Lip-acpcPNA was selected for further experiments.

To determine the specificity of the DNA detection, the Lip-
acpcPNA immobilized on gold substrate was hybridized with fully
complementary, single base mismatched and non-complementary
DNA under the same hybridization condition (10 mM NaNOs, pH
6.0). The results illustrated in Fig. 8 showed that the hybridization
with fully complementary DNA produced the highest signal,
144 + 3 mV. Hybridization with single base mismatched and non-
complementary DNA gave very low signals which were indistin-
guishable from the control signal, indicating that there were
no hybridization between single base mismatched and non-
complementary DNA to Lip-acpcPNA immobilized on the gold
substrate. The time trace lines in Fig. 8 clearly showed that this
Lip-acpcPNA probe could discriminate fully complementary DNA
from non-complementary DNA and single base mismatched DNA
under non-stringent conditions.

The Lip-acpcPNA immobilized on gold substrate (at 10 uM
concentration) was next hybridized with complementary DNA at
different concentrations (2, 5, 10, 15, 20, 40 and 80 uM). Fig. 9
showed that EMF values of hybridization depended on the
increasing in concentration of the target DNA. Higher concentra-
tions of the target DNA resulted in more negative charges from
phosphate backbone of DNA and gave larger detectable signals of
Ag™. The lower detection limit was 0.2 uM of the target DNA in

Fig. 7. Effect of concentration of probe Lip-acpcPNA on the response (AEMF values
obtained from the subtraction from the background solution).

1000 pL sample with a linear range from 0.2 to 2.0 pM target DNA
correlating with concentration of Ag™ in micromolars (LM) was
obtained as shown in Fig. 9.

The results indicate that the proposed system can detect DNA
hybridization by following signals of Ag* which obtained from
dissolution of positively charged CTAB-coated AgNPs interacting
with negatively charged DNA. In addition, this detection system is
inexpensive and requires fewer steps for detecting the hybridiza-
tion between Lip-acpcPNA probe and the DNA target as compared
to other systems using electrostatic interactions between posi-
tively charged nanoparticles and negatively charged backbone of
DNA hybridized with the neutral PNA probe [7,8].

4. Conclusion

The potentiometric studies of electrodes from compounds
L1-1L4 showed that they could be used as ionophores in Ag-ISEs.
The ionophore L2 containing two nitrogen and two sulfur donor
atoms showed optimum selectivity towards Ag™ compared to
other ionophores. The complex formation constant of L2 was
relatively high corresponding to its best selectivity towards Ag™.
Furthermore, we have demonstrated that the simple potentio-
metric method based on Ag-ISUE using L2 as an ionophore in
combination with pyrrolidinyl peptide nucleic acid probe could be
used to detect DNA hybridization from the signal of silver ions,
which derived from the electrostatic interactions between the

Fig. 8. Potentiometric hybridization response: (a) control solution (10 mM NaNOs,
zero target), (b) 40 uM non-complementary DNA, (c) 40 pM single base mis-
matched DNA, (d) 20 uM target DNA, and (e) 40 pM target DNA (as complemen-
tary targets) after DNA hybridization. Potentiometric measurements were
performed in 1000 pL samples with Na-ISUE as the pseudo reference electrode
and 10 mM NaNOs as a background solution.

Fig. 9. Calibration plot for the potentiometric monitoring of AgNPs*-based label-
free DNA hybridization in 1000 pL eppendorf tube (error bars: SD, N=3). The
dashed line corresponds to control signal (no target DNA).
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AgNPs* and the negatively charged target DNA hybridized to the
neutral Lip-acpcPNA probe immobilized on the gold substrate.
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ABSTRACT

This work has, for the first time, reported a comparative study on the performances of a label-
free capacitive DNA sensor based on an immobilized pyrrolidinyl peptide nucleic acid with a
D-prolyl-2-aminocyclopentanecarboxylic acid backbone (acpcPNA) attached to three easy to prepare
non-conducting polymers. Two phenylenediamine (PD) isomers (ortho- and para-) and one tyramine
monomer were electropolymerized to form polymer films. The hybridization between the acpcPNA
probes, immobilized on the polymer layer, and the target DNA was detected directly by measuring
the capacitance change. Using the optimal electropolymerized conditions, the highest sensitivity of
20.9+0.6-nFcm~2 (logM)~! was obtained from poly-para-PD (PpPD) with a lowest detection limit of
0.2 pM. Awide linear range, 1.0 x 10~'2 to 1.0 x 10-8 M, was obtained for both the PpPD and polytyramine
(Pty). A narrower linear range of 1.0 x 10~!" to 1.0 x 10~8 M was obtained from the poly-ortho-PD (PoPD).
The surface morphology was observed using scanning electron microscopy and atomic force microscopy.
The polymer with the better surface morphology, i.e., smoother, denser and more homogeneous was the
one with more immobilized probes and a better overall performance. All modified polymers gave a high
% signal suppression (%SS) for both the single and double mismatched target DNAs, and indicated its high
specificity. The electrodes can be reused for at least 68 analytical cycles. The effects of the target length
and probe concentrations were also investigated. Under the operating conditions of this work the system
would be very useful for the cost-effective analysis of ultra-trace levels of DNA in samples.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

One of the systems that has attracted recent interest due to its high
sensitivity, simplicity of operation and is relatively inexpensive is

Label-free DNA sensors are now being widely investigated due
to their low cost, simplicity of operation and fast response times.
In recent years, there has been an increase in the use of synthetic
peptide nucleic acid (PNA) probes instead of DNA probes because of
their higher stability [1]. They also provide a higher specificity with
faster hybridization kinetics [2,3]. Many transducers have been
successfully employed for label-free DNA detection such as mass
sensitive [4,5], optical [6,7] and electrochemical transducers [8,9].

* Corresponding author at: Department of Physics, Faculty of Science, Prince of
Songkla University, Hat Yai, Songkhla 90112, Thailand. Tel.: +66 74 288753;
fax: +66 74 558849.
E-mail address: panote.t@psu.ac.th (P. Thavarungkul).

0925-4005/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.snb.2012.11.077

the potential step capacitive technique [10-13].

The principle of the potential step capacitive system is based
on measuring changes in dielectric properties when a target
binds with the sensing element on the electrode surface. One of
the important factors to facilitate detection of the change is the
insulating property of the immobilized surface. This is to prevent
possible interference from electroactive species in the electrolyte
solution and reduces the Faradaic current [14,15]. The insulating
layer is generally based on the use of a self-assembled monolayer
(SAM) of thiol compounds [9,10,12,14-16] for the immobilization
of the sensing elements. However, the self-assembly process
requires a relatively long preparation time (12-24h) and a very
smooth surface of the gold electrode is a necessity [16,17]. To over-
come these problems electropolymerization of a non-conducting
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polymer on the working electrode is an attractive alternative. It
can be produced much more quickly (8 min) and the roughness
of the gold electrode is not such a critical factor for the formation
of the polymer [18]. Furthermore, these insulator layers [19,20]
can be prepared as an ultra-thin film (10-100nm) [21-24] and
provides a large number of surface amine group reactive sites
for the immobilization of sensing molecules [19]. Poly-ortho-
phenylenediamine (PoPD) [17,25], poly-para-phenylenediamine
(PpPD) [24], and polytyramine (Pty) [16,26] are non-conducting
polymers that have been successfully employed as immobilization
films for various recognition elements. However, there has not
been any report on a DNA sensor based on an immobilized PNA
probe prepared on such polymers.

The objective of this work was to compare the performances
of a label-free capacitive DNA sensor using an acpcPNA probe
immobilized on each of three electropolymerized non-conducting
polymers of PoPD, PpPD and Pty. Thisis the first time such a compar-
ative study has been attempted. The optimal electropolymerized
conditions, i.e., the monomer concentration and number of scans,
were first investigated together for each polymer. This is also the
first time the performances were compared under optimal con-
ditions for each polymer. The sensing element was acpcPNA, a
conformationally constrained peptide nucleic acid derived from
a p-prolyl-2-aminocyclopentanecarboxylic acid (ACPC) backbone.
This is a relatively new PNA system developed by our group
[27,28]. This PNA provides a stronger binding affinity and better
sequence specificity toward DNA compared to DNA itself [29,30]
and aminoethylglycyl PNA (aegPNA) [4,28,31]. The surface mor-
phology of the polymer films was observed using scanning electron
microscopy and images obtained from an atomic force micro-
scope. These together with the amount of the immobilized acpcPNA
probes were correlated to the performances.

2. Experimental
2.1. Materials

The 9-mer lysine-modified acpcPNA (Ac-TTTTTTTTT-LysNH,)
denoted as ‘acpcPNA-T9 probe’ and the 12-mer mixed base
lysine-modified acpcPNA (Bz-TGTCAACTGACT-LysNH, ) denoted as
‘acpcPNA-M12 probe’, were synthesized by Mrs. Chotima Vilaivan
at Chulalongkorn University, Thailand according to the published
protocol [27,28]. The acpcPNA probes were purified by reverse
phase HPLC (to >90% purity) and their identities were veri-
fied by MALDI-TOF mass spectrometry (acpcPNA-T9: m/z calcd.
3179.4 found 3179.4; acpcPNA-M12: m/z calcd. 4270.6 found
4271.6).

Oligonucleotides (DNAs), complementary, single mismatched,
double mismatched and non-complementary target DNAs were
from Bioservice Unit, National Science and Technology Develop-
ment Agency and BioDesign Co., Ltd., Thailand. The DNA sequences
are shown as follows (non-complementary regions are indicated
by italicized letters):

For the acpcPNA-T9 probe
Complementary DNA
D6comp: 5'-AAAAAA-3'
D9comp: 5'-AAAAAAAAA-3’
D12comp: 5'-AAAAAAAAAAAA-3’
D27comp: 5'-AAAAAAAAAAAAAAAAAAAAAAAAAAA-3
D27compM18a: 5'-TTTTTTTITAAAAAAAAATTTTTTTTT-3’
D27compM18b: 5-TGCTCAGCTAAAAAAAAATGCTCAGCT-3'
Single mismatched DNA
DIM1G: 5'-AAAAGAAAA-3'
DIM1C: 5'-AAAACAAAA-3’
DIM1T: 5-AAAATAAAA-3'
Double mismatched DNA
DIM2G: 5'-AAAGAGAAA-3'

DIM2C: 5'-AAACACAAA-3'
D9M2T: 5'-AAATATAAA-3’
Non-complementary DNA
D9non-compa: 5'-TTTTTTTIT-3'
D9non-compb: 5'-TATTATTAT-3’
For the acpcPNA-M12 probe
Complementary DNA
D9comp: 5'-CAGTTGACA-3'
D12comp: 5-AGTCAGTTGACA-3’
D15compM3: 5'-GCTAGTCAGTTGACA-3'
D30compM18: 5'-GACTGCACCAGTCAGTTGACATGTTGCGAC-3'
Single mismatched DNA
D12M1T: 5-AGTCATTTGACA-3'
D12M1C: 5'-AGTCACTTGACA-3'
D12M1A: 5'-AGTCAATTGACA-3/
Double mismatched DNA
D12M2T: 5'-AGTTATTTGACA-3
D12M2CG: 5'-AGTCAGTTGACA-3'
D12M2A: 5'-AGTAAATTGACA-3/
Non-complementary DNA
D12non-comp: 5'-TCAGTCAACTGT-3'

The three non-conducting monomers, ortho-phenylenediamine
(0-PD), para-phenylenediamine (p-PD) and tyramine were
obtained from BDH (Poole, England), laboratory UNILAB reagent
(Sydney-Melbourne, Australia) and Aldrich (Steinheim, Germany),
respectively. Glutaraldehyde and 11-mercapto-1-undecanol (11-
MUL) were obtained from Sigma-Aldrich® (Steinheim, Germany).
All buffers were prepared with deionized water treated with a
reverse osmosis-deionizing system (Pentair, Inc., USA). Before use,
buffers were filtered through a nylon membrane filter (Vertical®,
Albet, Spain, pore size 0.2 wm) with subsequent degassing. Other
chemicals were of analytical grade and were used as received.

2.2. Gold electrode preparation

Gold rod electrodes (99.99% purity) with a diameter of 3.0 mm
were polished by hand using alumina slurries with particle diam-
eters of 5, 1 and 0.3 pwm, respectively and subsequently cleaned
by rinsing with distilled water. The electrodes were then placed
in a plasma cleaner (Model PDC-32G, Harrick, New York, USA) for
15 min to remove any organic materials adsorbed onto the surface
electrode.

2.3. acpcPNA probe immobilization

The acpcPNA-T9 probe possessing a T9 sequence was chosen for
the initial optimization of the model because it is the simplest probe
that can form a sufficiently stable hybrid with a complementary
DNA target at room temperature (T, ~ 73 °C) and this probe forms
only a duplex (not a triplex) with its complementary DNA (dAg)
[28]. Because of its short length and simple composition, this PNA
can be synthesized with high efficiency. Furthermore the homo-T
sequence contains no exocyclic amino groups that could complicate
the immobilization and it also has no electroactive G base that may
complicate the interpretation of the results [27,28].

Monomers of 0-PD and p-PD were prepared in 10 mM sodium
acetate buffer pH 5.18 [17] and the tyramine monomer was pre-
pared in a solution containing 2.0 mM phosphate buffer pH 7.00
and ethanol (volume ratio of 3:1) [16]. For the immobilization of
acpcPNA-T9, the monomer concentration and the number of scans
for electropolymerization were optimized at the same time. From
the literature 5mM of 0-PD [21,32,33], 5mM of p-PD [21,32], and
50 mM of tyramine [16,26] have been used. Therefore, monomer
concentrations close to these values were used. For 0-PD and p-
PD, 1, 5, 10 and 20 mM of monomer was electropolymerized by
cyclic voltammetry at 5, 10, 15 and 20 scans using the potential
range from 0.0 to 0.8V vs. Ag/AgCl with a scan rate of 50mVs-1.
Electropolymerization of tyramine was performed using the same
conditions but at concentrations of 5, 15, 35, 50 and 60 mM. The
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polymer-coated electrodes were cleaned by rinsing with distilled
water and treated with 5% (v/v) glutaraldehyde in 10 mM sodium
phosphate buffer pH 7.00 at room temperature for 20 min to acti-
vate the aldehyde group. Next, 20 wL of a 5.0 wM aqueous solution
of acpcPNA-T9 was placed on the polymer coated electrode and the
coupling reaction was allowed to proceed overnight at 4°C[9]. The
electrodes were then treated with 1.0 mM ethanolamine pH 8.00
for 7 min to deactivate all the remaining aldehyde groups not cou-
pled to the immobilized acpcPNA-T9 probe. Finally the modified
electrodes were immersed in 1.0 mM of 11-MUL blocking solution
for 1 h at room temperature to block any remaining pinholes on the
electrode surface.

The acpcPNA-M12 probe was also immobilized under the
optimal electropolymerized conditions obtained from the above
experiments. This is to demonstrate the applicability in a more
realistic situation, i.e., to show that the presence of G bases and
exocyclic amino groups do not negatively affect the fabrication and
performance of the sensor. Different sequences and lengths of DNA
targets were also tested to demonstrate the applicability in a more
realistic scenario for analyses of real DNA samples where the length
of the DNA target is unlikely to be the same as that of the probe.

The electrochemical behavior of each immobilization step was
studied by cyclic voltammetry. Electrochemical measurements
were carried out using a potentiostat (Methrohm Autolab B.V.,
The Netherlands) coupled to an electrochemical cell containing
the modified working electrode, an Ag/AgCl reference electrode as
reference and a platinum wire as an auxiliary electrode.

2.4. Amount of the immobilized acpcPNA probe on the modified
electrode surface

The absorbance of the acpcPNA-T9 probe in water was measured
at 260nm using a spectrophotometer (AvaSpec-2048-USB2-UA,
Avantes Technical Support, The Netherlands) combined with a
SpectroPipetter (Spectropipetter-SPT-2, World Precision Instru-
ments, USA). The Aygp was used to calculate the concentration
from the equation A=e&bc, where A is the absorbance, ¢ is the
molar extinction coefficient (79.2 mL wmol~! cm~1) of acpcPNA-T9
at 260 nm [34], b is the path length of the SpectroPipetter (1.0 mm)
and cis the concentration (mol mL~1). The amount of the acpcPNA
probe was then calculated from the concentration of the probe
and the volume (20 L) used for the immobilization. The amount
of the immobilized acpcPNA-T9 probe on the modified electrode
prepared under the optimal electropolymerized conditions was
determined as the difference between the amount of the probe in

Fig.1. Schematic diagram showing the flow injection capacitive DNA sensor system.

the solution prepared before the immobilization and the solution
collected from the electrode surface after the immobilization.

2.5. Surface morphology characterization

The surface morphology of the polymer coated electrodes was
observed by scanning electron microscopy (SEM) and atomic force
microscopy (AFM). Polymer surfaces were imaged with a JSM 5800
SEM from JEOL, Japan, operated at an accelerating voltage of 20 kV.
AFM imaging was performed in a tapping mode with a Nanosurf
easyScan 2 from NANOSURF AG, Switzerland.

2.6. Capacitance measurement

The experimental set-up of the flow injection capacitive DNA
sensor system is shown in Fig. 1. The modified gold electrode
(working electrode), a stainless steel tube (auxiliary electrode) and
a custom made Ag/AgCl (reference electrode) were placed in a
custom-made measuring flow cell (10 pL) and they were connected
toapotentiostat(Model EA161, EDAQ, New South Wales, Australia).

The capacitance was determined from the obtained current
response when a potential step of 50 mV (pulse width 6.4 ms) was
applied to the working electrode. The system can be represented
by a simple RC circuit model and the current-time response can be
expressed by Eq. (1) [14]

(1)

. u —t
i(t)= —ex —_—
( ) Rs P (Rsctotal)

Fig. 2. Capacitance response of the immobilized acpcPNA-T9 modified electrode. The baseline signal of the carrier buffer was first recorded. After the injection of DNA, the
hybridization between the DNA and the immobilized acpcPNA-T9 probe caused the capacitance to decrease (AC). The regeneration solution was then injected to remove the
DNA from the immobilized acpcPNA-T9. When the signal baseline was recovered a new analysis cycle was applied.
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where i(t) is the current in the circuit as a function of time, u is the
applied pulse potential, Rs is the dynamic resistance of the recog-
nition layer, t is the time elapsed after the potential step is applied,
and Gy is the total capacitance measured at the working elec-
trode/solution interface. Eq. (2) is obtained by taking the logarithm
of Eq. (1)

u t

- 2
Rs RSCmtal ( )

Ini(t) =1In

From the linear least-square fitting of Ini(t) versus t, the Rs and
Crotal Were calculated from the intercept and slope of the linear
regression equation, respectively. During the continuous flow of
the running buffer, a baseline capacitance was obtained. When
the target DNA was injected into the flow system it hybridized to
the immobilized acpcPNA on the working electrode and the Gyyq
decreased (Fig. 2) as described by Eq. (3)

1 1 1 1
CacpcPNA CDNA

(3)

Ctotal Cpolymer

where Gy is the total double layer capacitance measured at the
working electrode/solution interface, Cyopymer iS the capacitance
of the polymer modified layer, Cyepepna is the capacitance of the
acpcPNA layer, and Cppy is the capacitance of the DNA layer. Giorq
was measured every minute and the results were later plotted as a
function of time. The capacitance change (AC) could be determined
(Fig. 2) as

AC = Cpefore hybridizing with DNA — Cafter hybridizing with DNA (4)

The regeneration solution, 300 wL of 50 mM NaOH [6], was then
applied to break the binding between the acpcPNA probe and the
target DNA after hybridization. The capacitance then returned to
its original baseline, ready for a new analytical cycle (Fig. 2).

2.7. Specificity determination

The specificity of the proposed DNA sensor was studied by com-
paring the signal of the complementary DNA and the single base
and double base mismatched DNA, the % signal suppression (%SS)
was calculated according to Eq. (5). A higher %SS reflexes a better
specificity.

%SS — Accomplementry pNA — ACmismatched DNA

x 100 (5)
Accomplementry DNA

3. Results and discussion
3.1. Characterization of the immobilization steps

Fig. 3 shows the cyclic voltammograms of the three monomers at
the concentration that provided the highest capacitance response
(see Section 3.2), i.e. 5 mM for o-PD (Fig. 3(a)) and p-PD (Fig. 3(b)),
and 50mM for tyramine (Fig. 3(c)). After the first scan the peak
current continuously decreased with each further scan indicating
that more and more of the non-conducting polymer was formed
and covered the electrode surface.

The degree of insulation of the modified gold electrode after
each immobilization step was examined by cyclic voltammetry
(Eco Chemie p-autolab B.V., Utrecht, Netherlands) with 10 mM
K3[FeCNg] in 0.1 M KCI between —0.3 and 0.7V at a scan rate of
0.1V/s vs. a Ag/AgCl electrode. An example of a cyclic voltam-
mogram recorded from a PoPD modified electrode with the
immobilized acpcPNA-T9 probe is shown in Fig. 4. The cleaned
gold surface showed a voltammogram with large oxidation and
reduction peaks (Fig. 4(a) inset). Both peaks decreased substantially
when the polymer was coated onto the gold surface (Fig. 4(b)).
The insulating property of the electrode surface was further

Fig. 3. Cyclic voltammograms of the electropolymerization of the three polymers
(a) PoPD, (b) PpPD and (c) Pty in their monomer solution.

increased when the acpcPNA-T9 was immobilized (Fig. 4(c)). This
indicated that the acpcPNA-T9 had been successfully immobilized
onto the modified gold electrode. The modified surface was then
reacted with ethanolamine pH 8.50; this step was to occupy all
the remaining aldehyde groups that had not been coupled to
the immobilized acpcPNA-T9. After the treatment with 11-MUL
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Fig. 4. An example of a cyclic voltammograms obtained from a PoPD immobilized
acpcPNA-T9 probe (a) bare gold, (b) PoPD, (c) acpcPNA-T9 probe, (d) 11-MUL before
use and (e) after repeated use.

the electrode surface was completely insulated as shown by
the disappearance of the redox peaks (Fig. 4(d)). This insulation
property is a necessary condition for the non-Faradaic detection
of the employed capacitive system [35].

3.2. Effect of monomer concentration and number of scans

The monomer concentration and the number of scans for the
electropolymerization that may affect the immobilization, and
hence the system performance, were optimized together. The opti-
mal conditions were chosen from the conditions that provided the
highest capacitance change using the same concentration of the
DNA target at 1.0 x 10~19 M. The measurements were carried out
using the following operating conditions: regeneration solution
300 p.L of 50 mM NaOH [6], 10 mM phosphate buffer pH 7.00 as the
running buffer, sample volume 300 wL and flow rate 50 L min~1.
Fig. 5 shows the capacitance change vs. the concentration of the
monomers. At every monomer concentration both PoPD (Fig. 5(a))
and PpPD (Fig. 5(b)) showed an increase of the capacitance change
with the number of electropolymerization scan up to 15 scans
and then decreased. The optimal concentration was 5 mM and the
number of scans was 15 for both PoPD and PpPD. For the Pty mod-
ified electrode (Fig. 5(c)) for an increase between 5 and 35 mM,
the capacitance change increased with the number of electropoly-
merization scans whereby the capacitance change decreased with
the number of scans at 60 mM. For 50 mM, the capacitance change
increased with the number of scans up to 10 scans before the sig-
nal decreased. Hence the optimal concentration of Pty was 50 mM
and the number of scans was 10. This could be explained from the
surface morphology of the polymer coated film and the amount
of immobilized acpcPNA which will be discussed in the following
sections.

3.3. Surface morphology

3.3.1. Scanning electron microscopy

Fig. 6 shows the SEM images of the three polymer coated sur-
faces. They are distinctly different from the bare gold electrode
surface (Fig. 6a inset). At the optimal concentration and number of
scans, 5mM and 15 scans for PoPD and PpPD, 50 mM and 10 scans
for Pty, the surfaces were relatively smooth and the polymer film
fully covered the gold electrode surface (Fig. 6(c), (g) and (j)). Some
free spaces (dark areas) were observed for the surfaces with a lower
number of scans (Fig. 6(a), (b), (e), (f) and (i)). The higher number
of scans showed a closely packed lumpy morphology caused by the
overlay of the polymer layer (Fig. 6(d), (h), (k) and (I)).

Fig.5. Effect of monomer concentrations (1,5, 10 and 20 mM for o-PD and p-PD, and
5,15, 35, 50 and 60 mM for tyramine) and number of scans (5, 10, 15 and 20 scans)
on the electropolymerization of the three non-conducting polymers, (a) PoPD, (b)
PpPD and (c) Pty.

3.3.2. Atomic force microscope

Additional information on the film morphology was obtained
from the AFM, employed in a tapping mode. An example of the
AFM images of the bare gold electrode, the PpPD modified electrode
with the lowest number of scans (5 scans), the optimal number of
scans (15 scans) and the highest number of scans (20 scans) are pre-
sented in Fig. 7. Topographic AFM images of the bare gold electrode
showed a relatively rough surface (Fig. 7al and a2). The average
peak height from several line scans (n=10 lines, 256 points per
line) is shown in Fig. 7(a3). The AFM-tip deflections were larger
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Fig. 6. SEM images of bare gold electrode surfaces electropolymerized with 5 mM of 0-PD at different numbers of scans (a)-(d), with 5 mM p-PD at different numbers of scans
(e)-(h), and with 50 mM tyramine monomer concentration at different numbers of scans (i)-(l) from 5 to 20 scans. The images at the optimal number of scan are indicated

by the solid frame. Inset (a) is the SEM image of a bare gold electrode.

than 5 nm with a root mean square roughness (RMS) of 104+ 1 nm.
For the PpPD surface with 5 scans, there were some dark spots of an
uncoated surface (Fig. 7(b1)) with a lot of jagged peaks (Fig. 7(b2))
observed. This is possibly due to the different height of the coated
and uncoated areas. The RMS value was 7.6+ 0.1 nm, lower than
the bare gold surface to indicate that the polymer coated surface
was smoother. A lower RMS value of 4.44 0.3 nm, was obtained
from the 15 scans, that indicated a more uniform, smoother sur-
face (Fig. 7(c1) and (c2)) with more deposited polymer than for the
5 scans. For 20 scans, the RMS value was 7.9 + 0.2 nm that is higher
than for the 15 scans. This is possibly because of its inhomoge-
nous surface (Fig. 7(d1) and (d2)). A larger peak height difference
was clearly evident in the profile (Fig. 7(d3)). The results from the
AFM images corresponded well with those obtained from the SEM
images.

Fig. 8 shows the AFM images of the surfaces coated with the
three polymers at their optimal concentration and number of scans.
For the PoPD modified electrode, the RMS value was 6.8+ 0.8 nm
and the AFM images presented a relatively rough surface (Fig. 8(a1)
and (a2)). Thisis clearly evident in the profile (Fig. 8(a3)). The topog-
raphy of the PpPD modified electrode (Fig. 8(b1) and (b2)) provided
a smoother, denser and more homogeneous surface than the PoPD
modified electrode. It also provided a better profile (Fig. 8(b3)) and
alower RMS of 4.4 + 0.3 nm. For the Pty modified electrode, the RMS
value of 5.9 4+ 0.5 nm was higher than the PpPD modified electrode,
to indicate that it had a rougher surface (Fig. 8(c1) and (c2)). Com-
pared to the PpPD modified electrode, the profile was also more
rugged (Fig. 8(c3)).

From the surface morphologies obtained from both the SEM and
AFM images it is reasonable to say that there exists an optimal

concentration and number of scans of the polymer that provides
a smooth coated electrode surface. For a particular concentration
when the number of scans was too few the surfaces were not fully
coated. However, too many scans made the coated layer too thick
and lumpy. This is part of the reasons behind the different responses
shown in Fig. 5. At a lower number of scans (5 and 10 scans for PoPD
and PpPD, 5 scans for Pty) a lower signal was obtained because
less polymer was coated onto the electrode surface hence a lower
amount of the acpcPNA-T9 probe could be immobilized (see Sec-
tion 3.4). At a higher number of scans (20 scans for PoPD and PpPD
or 15 and 20 scans for Pty) the layer of the polymer was too thick
and this reduced the total capacitance of the modified layer after
the final blocking steps (Cpoq) (Cox 1/thickness) and resulted in a
lower signal. This can be explained as follows.

Let Ci,0q be the total capacitance of all the modified layers and
Cpna the capacitance of the bound target DNA, the total capacitance
Ciorar according to Eq. (3) is

11 1
Ctotal Cmod

(6)

Cpna

If the Cpoq is low it will dominate the total capacitance and the
capacitance change caused by the target DNA was less detectable.
Therefore, it is important to have a surface with the highest
possible capacitance [14]. For all the modified surfaces at the
optimal number of scans the Cp,,q values after the final blocking
steps were found to be the highest. That is, the Cp,,4 for the PoPD
modified electrode at 15 scans was (7.03 + 0.02) x 103 compared to
(4.230+0.004) x 103 nFcm~2 at 20 scans and (12.38+0.01) x 103
compared to (11.88+0.02)x 103nFcm=2 for PpPD. For the
Pty modified electrode the GCpog was (9.52+0.02)x 103,
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Fig. 7. AFM images of a bare gold electrode from 5 um x 5 uwm (a), with a 5mM PpPD modified electrode surfaces and different numbers of scans (b) 5 scans, (c) 15 scans and
(d) 20 scans. (1) and (2) are the 2D and 3D topographic images, (3) the AFM image profile showing tip deflections along the line (n=10 lines, 256 points per line).

(5.38+0.01)x 103 and (5.084+0.01)x 103nFcm=2 for 10, 15
and 20 scans, respectively. From the results it is clear that the opti-
mal number of scans for each polymer produced the highest Cp,oq
value, hence the highest capacitance change (AC) was obtained.
Another reason for a lower signal at a higher number of scans
was probably because the surface was lumpy due to the overlying
layers of polymer. This may reduce the active sites, resulting in a
lower amount of the acpcPNA-T9 probes being immobilized (see
Section 3.4).

Comparing the three polymers under the optimal electropoly-
merization conditions, the PpPD modified electrode provided a
slightly higher capacitance change than the Pty modified electrode,
but it was much higher than the PoPD modified electrode. This is
because it provided the best surface morphology - smooth, dense
and homogenous - that resulted in the higher C,,4 value. The sur-
face with the best morphology also provided the highest amount
of immobilized acpcPNA probe and this generally leads to a large
signal (see Section 3.4).

Table 1

3.4. Effect of the probe concentration and the amount of the
immobilized acpcPNA probe

The amount of the immobilized acpcPNA-T9 probe on the elec-
trodes coated with the three non-conducting polymers was tested
by 3 replications per electrode. The electrode electropolymerized
under the optimal conditions (5mM oPD and pPD with 15 scans,
and 50 mM tyramine with 10 scans) provided the highest amount
of the immobilized acpcPNA-T9 probe (Table 1). This agreed well
with the capacitance change as presented in Section 3.2.

To further test whether the best sensitivity was due to the dif-
ferent modified polymers, the probe concentration or both, three
concentrations of the acpcPNA-T9 probe (3.0, 5.0 and 7.0 M), were
prepared and tested for immobilization. Fig. 9 shows the obtained
sensitivity, i.e., the slope of the calibration plot of the capacitance
change against the logarithm of the DNA target concentration of
between 1.0 x 10~'! and 1.0 x 10~8 M. A low probe concentration
(3.0 nM) showed a low sensitivity because of the lower amount of

Effect of the number of scans used for electropolymerization with an optimal concentration of each monomer on the amount of the immobilized acpcPNA-T9 probe (5.0 uM)

on the modified electrode surface (n=3 per electrode).

The number of scans (scans)
concentration of each polymer

Amount of the immobilized 5.0 wM acpcPNA-T9 probe on the modified electrode surface under the optimal monomer

PoPD (5 mM) (x10% pmol cm~2)

PpPD (5mM) (x102 pmolcm~2) Pty (50mM) (x 102 pmol cm~2)

5 2.8 +0.2
10 46+0.2
15 54 +0.1
20 2.8 +0.2

3.7+£02 39 +0.1
49+ 0.2 7.77 + 0.04
79 +£0.2 5.8 +£0.2
53402 50+ 0.2
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Fig. 8. AFM images of each polymer under optimal conditions obtained from 5 pm x 5 pm (a) (PoPD), (b) PpPD and (c) a Pty modified electrode surface. (1) and (2) are the
2D and 3D topographic images, (3) the AFM image profile showing large tip deflections along the line (n=10 lines, 256 points per line).

the immobilized acpcPNA-T9 probe. For the probe concentrations
of 5.0and 7.0 wM the sensitivities were about the same. This is prob-
ably because the surfaces had the same amount of the immobilized
acpcPNA-T9 probe.

The amount of the immobilized acpcPNA-T9 probe using three
different concentrations of acpcPNA-T9 (3.0, 5.0 and 7.0 uM) are

Fig. 9. Effect of the probe concentration (3.0, 5.0 and 7.0 M) of acpcPNA-T9 probe
on the sensitivity under the optimal concentration and the number of electropoly-
merization scans for each polymer, PoPD, PpPD and Pty.

shown in Table 2. The amount of the immobilized acpcPNA probes
reflects the results of Fig. 9. That is, the maximal immobilized probe
was achieved at 5.0 wM. It is clear that the different capacitance
signals also depended on the probe concentration. But at the same
probe concentration the response depended on the modified poly-
mer surface.

3.5. Linear range and detection limit

The capacitive responses of various concentrations of the tar-
get DNA was studied from 1.0 x 10~ to 1.0 x 10~7 M under the
conditions; a sample volume of 300 L, carrier buffer 10 mM phos-
phate, pH 7.00, and a flow rate of 50 p.Lmin~! with a regeneration
step using 300 wL of 50 mM NaOH [6]. The relationship between
the capacitance change and the logarithm of the target DNA con-
centration using the three polymers is shown in Fig. 10. Since the
calibration curve has an s-shape, the limit of detection (LOD) was
determined by following IUPAC recommendation 1994 where it is
taken as the concentration of an analyte at the point of intersection
of the extrapolated linear range and the final lowest concentration
level segment of the calibration plot [36]. As expected, the best
performances were from PpPD. It provided the highest sensitiv-
ity (20.940.6-nFcm~2 (logM)~1), lowest LOD (0.2 pM) and had a
very wide linear range between 1.0 x 10~12 and 1.0 x 10-8 M. The
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Table 2

Effect of the probe concentration (3.0, 5.0 and 7.0 wM) of the acpcPNA-T9 probe using the optimal conditions for electropolymerization on the amount of the immobilized

acpcPNA-T9 probe on the modified electrode (n=3 per electrode).

Modification polymer types
acpcPNA-T9 probe

Amount of the immobilized acpcPNA-T9 probe of each polymer on the different concentrations of the

3.0 M (x10% pmol cm~2)

5.0 M (x10? pmolcm~2) 7.0 .M (x10? pmol cm~2)

PoPD (5mM, 15 scans) 4.6+ 0.1
PpPD (5mM, 15 scans) 5.6 + 0.1
Pty (50 mM, 10 scans) 50+ 0.1

57+0.2 5.6+ 0.1
79 +0.2 7.8 £0.2
7.8 £0.1 7.7 £0.1

Fig. 10. The relationship between capacitance change and the logarithm of the DNA concentration with the immobilized acpcPNA probe under optimal electropolymerized
conditions for each polymer (A) PoPD, (O) PpPD and () Pty showing the linear equation and the limit of detection (LOD).

Pty modified electrode performances were slightly inferior to the
PpPD that provided the same linear range but with a lower sen-
sitivity (19.1+1.1-nFcm~2 (logM)~!) and LOD (0.8 pM). The one
with the PoPD coated polymer had the worst performance with the
lowest sensitivity (14.5+ 1.2-nFcm~2 (logM)~1), the most narrow
linear range (1.0 x 101! to 1.0 x 10-8 M) and the largest value of
LOD (10 pM).

The maximum concentration of the linear range of all poly-
mers was 1.0 x 10~8 M, the question is whether the amount of the
probe is the limiting factor. The amount of the DNA target was then
calculated for this concentration, to be 3.0 pmol using the sample
volume of 300 wL. Considering the results from Table 2 where the
amount of the immobilized acpcPNA-T9 probe was (7.9 + 0.2) x 102
and (7.8 +0.1) x 102 pmol cm~2 for the PpPD and Pty modified elec-
trode, respectively thus the acpcPNA probe was more than enough
to bind with the analyte. However, the highest amount of the tar-
get DNA, at the highest concentration, was only 3.0 pmol which is
20 times lower than the amount of the immobilized probe. This
is because the detection was operated in a flow system where the
binding of the target DNA and the immobilized acpcPNA probe also
depended on the flow rate and sample volume. A longer residence
time for the sample in the flow cell would allow more target DNA
to be transported to the sensor surface. Therefore, decreasing the
flow rate or increasing the sample volume could help improve the
analytical performances.

Under the operating conditions used in this work the system is
sufficient for the analysis of ultra-trace levels of DNA in samples.
The proposed capacitive DNA sensor based on an electrode cov-
ered with a non-conducting polymer film provided a much better
detection limit than other methods such as QCM (detection limit of
5 wM) and SPR (detection limit of 0.2 wM) studied by Ananthanawat
et al. [4,6], using similar acpcPNA-T9 probes. Comparing the per-
formance of the best polymer modified surface, PpPD to the best of

a SAM modified electrode - 3-mercaptopropionic acid (MPA) - in
our previous work using the same acpcPNA-T9 probe [9], the PpPD
modified electrode provided a wider linear range — 1.0 x 1012 to
1.0 x 10~8 M compared to 1.0 x 10~1! to 1.0 x 10~8 M of the MPA
modified electrode. The PpPD also gave a lower detection limit,
0.2 pM compared to 6 pM for the MPA. This is possibly because the
polymer has a three-dimensional structure, enabling more active
groups to interact with the acpcPNA probes and resulting in more
acpcPNA probes being immobilized, (7.9 +0.2) x 102 pmol cm—2
compared to (5.0 +0.2) x 102 pmol cm~2 on the MPA modified elec-
trode (unpublished data). Hence, this allows for more target DNA
to be hybridized.

3.6. Reusability

The reusability of the immobilized acpcPNA electrode was
investigated by repeating the injections of the complementary
DNA at the same concentration 1.0 x 1010 M following a regener-
ation step after each measurement. The reusability was evaluated
in terms of the percentage of residual activity determined from
the capacitance change when the immobilized acpcPNA probe
hybridized to the target DNA for the first time (AC;) and after each
regeneration (AGy) (Fig. 2) using Eq. (7).

AG,
AC

The electrodes modified with the three polymers, PoPD, PpPD
and Pty could be reused 68, 74 and 77 times, respectively with an
average residual activity of >98%. After that the residual activity
decreased rapidly. The electrode was then tested by cyclic voltam-
metry. An example of the voltammogram of the PoPD modified
electrode surface after repeated use is shown in Fig. 4(e). As can
be seen the redox peaks after use are higher than the redox peaks

Residual activity (%) = x 100 (7)
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Fig. 11. The measured capacitance change (n=3) of the complementary and mismatched DNAs using immobilized acpcPNA probes on the three types of non-conducting
polymer modified electrode (a) PoPD, (b) Pty and (c) PpPD with the immobilized acpcPNA-T9 probes, and (d) PpPD with the immobilized acpcPNA-M12 probes, tested at

1.0 x 10~ M DNAs showing the % signal suppression (%SS).

when the surface was modified with the acpcPNA (Fig. 4(c)). That
is, the decrease of responses is most likely caused by the loss
of the attached acpcPNA-T9 from the polymer layer on the gold
electrode.

3.7. Reproducibility

The reproducibility of the responses of the acpcPNA-T9 elec-
trodes from two different preparations of the three polymers were
tested by comparing their sensitivities. The sensitivities of the
two electrodes were 14.5 + 1.2 and 14.6 + 1.3-nFcm—2 (log M)~ ! for
PoPD, 20.9+0.6 and 21.1+1.1-nF cm~2 (logM)-! for PpPD, and
19.1+1.1 and 19.0+1.2-nFcm~2 (logM)~! for Pty. The sensitivi-
ties did not differ between each preparation. This means that good
reproducibility was obtained from the different preparations.

3.8. Specificity

To investigate the specificity, the hybridization of the immo-
bilized acpcPNA-T9 probes with the complementary target DNA,
single, double mismatched DNAs and non-complementary tar-
get DNAs (see Section 2.1) at 1.0x 10~19M were monitored
(Fig. 11(a)-(c)). A much higher capacitance change was obtained
from the complementary DNA (D9comp) compared to the sin-
gle and double mismatched DNA target. As expected, the %SS for
the double mismatched target was higher than for the single mis-
matched. Two different non-complementary DNAs were also tested
(Fig. 11(c)) and gave the highest %SS.

An acpcPNA-M12 immobilized under optimal conditions for
electropolymerization obtained for the acpcPNA-T9 probe on PpPD
was also investigated (Fig. 11(d)). In agreement with the results
obtained with the acpcPNA-T9 probe, it had good specificity, and
a very high %SS for the single and double mismatched DNA and a
complete signal suppression for the non-complementary DNA.

3.9. Effect of target length

Different target lengths of the complementary DNAs were
tested, a shorter target length (D6comp for acpcPNA-T9 and
D9comp for acpcPNA-M12) gave a lower capacitance response
than the fully complementary DNAs (D9comp for acpcPNA-T9 and
D12comp for acpcPNA-M12) (Fig. 11(c) cf. 11(d)). This is most likely
because a longer duplex can push water and electrolyte molecules
further away from the electrode surface. This behavior gives rise
to a greater capacitance change [14]. Comparing the capacitance
response between a longer target DNA and the DNA with the same
range as the probe a similar capacitance response was obtained. It
is possible that the overhanging unhybridized part of the DNA tar-
get is more flexible than the duplex, thus, does not directly affect
the measured capacitance change as explained above. The results
are in line with the study made by Thipmanee et al. on a SAM mod-
ified electrode [9]. Further investigations on this aspect would be
useful.

4. Conclusions

In this research, a comparative study of three electropolymer-
ized non-conducting polymers was used to immobilize a target
acpcPNA probe for detecting DNA. The performance of the label-
free DNA sensor was studied using the highly sensitive capacitive
system. The modified electrode under optimal concentrations
and numbers of electropolymerization scans provided the highest
capacitance signal and this was related to the best surface morphol-
ogy and the highest amount of the immobilized acpcPNA probe. The
response was also related to the concentration of the immobilized
probe. The electrode modified with PpPD provided a slightly higher
sensitivity than the Pty modified electrode with the same linear
range, and it had a much better sensitivity than obtained with a
PoPD modified electrode. The detection limit of the three polymers
was in the picomolar range. All modified polymers gave a high %SS
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for both the single and double mismatched target DNAs, and indi-
cated a high specificity. The electrodes can be reused for at least 68
cycles. The system could easily determine the target DNA analyte at
ultra trace levels. The capacitance response also depended on the
length of the formed duplex where a longer target length gave a
larger signal. It was a surprise to show that the overhanging unhy-
bridized part of the target DNA did not seem to affect the response.
This effect should be further studied with a longer target length.
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