Organic Electronics 13 (2012) 519-524

journal homepage: www.elsevier.com/locate/orgel

Contents lists available at SciVerse ScienceDirect

Organic Electronics

The effect of pH and DNA concentration on organic thin-film

transistor biosensors

Hadayat Ullah Khan®*!, Mark E. Roberts®2, Olasupo Johnson °, Wolfgang Knoll #>,

Zhenan Bao *

2 Material Science Group, Max-Planck-Institute for Polymer Research, Ackermannweg-10, D-55128 Mainz, Germany
b Department of Chemical Engineering, Stanford University, 381 North South Mall Stanford, CA 94305, USA

ARTICLE INFO

ABSTRACT

Article history:

Received 12 November 2011

Received in revised form 20 December 2011
Accepted 22 December 2011

Available online 5 January 2012

Keywords:

Organic transistor

OTFT biosensor

pH effects on DNA detection
PNA/DNA hybridization
Titration measurements
Bioelectronics

1. Introduction

Organic electronics are beginning to attract more interest for biosensor technology as they
provide an amenable interface between biology and electronics. Stable biosensor based on
electronic detection platform would represent a significant advancement in technology as
costs and analysis time would decrease immensely. Organic materials provide a route
toward that goal due to their compatibility with electronic applications and biological mol-
ecules. In this report, we detail the effects of experimental parameters, such as pH and con-
centration, toward the selective detection of DNA via surface-bound peptide nucleic acid
(PNA) sequences on organic transistor biosensors. The OTFT biosensors are fabricated with
thin-films of the organic semiconductor, 5,5'-bis-(7-dodecyl-9H-fluoren-2-yl)-2,2'-
bithiophene (DDFTTF), in which they exhibit a stable mobility of 0.2 cm? V~' s~ in buffer
solutions (phosphate-buffer saline, pH 7.4 or sodium acetate, pH 7). Device performance
were optimized to minimize the deleterious effects of pH on gate-bias stress such that
the sensitivity toward DNA detection can be improved. In titration experiments, the sur-
face-bound PNA probes were saturated with 50 nM of complementary target DNA, which
required a 10-fold increase in concentration of single-base mismatched target DNA to
achieve a similar surface saturation. The binding constant of DNA on the surface-bound
PNA probes was determined from the concentration-dependent response (titration mea-
surements) of our organic transistor biosensors.

© 2011 Elsevier B.V. All rights reserved.

electronic detection of biological species using organic
transistors are beginning to appear, analysis of biological

Improvements in biosensor technology have been real-
ized through an improved understanding of the interface
between biology and electronics. While opportunities for
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systems is dominated by more elaborate conventional
detection systems. Genetic disease diagnosis and personal-
ized medicine design would benefit tremendously from a
low-cost and fast detection tool for DNA hybridization.
Hybridization between a dissolved DNA sequence and a
surface-tethered complementary DNA (or PNA) sequence
is currently evaluated by surface plasmon resonance
(SPR) [1,2], surface plasmon fluorescence spectroscopy
(SPFS) [3,4], ellipsometry [5] and microgravimetric sen-
sors, including quartz crystal microbalances (QCM) [6]
and cantilever based biosensors [7].

Optical measurements provide the bench-mark standard
for biological detection applications; however, this method
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suffers from low throughput and relies on laborious labeling
process involving radiolabeled tags or fluorophores and
costly detectors [3]. The use of electronic systems for
detecting biological species has garnered wide interest
due to the simplicity in the detection signal [8,9]. Recent
advances in biomolecular detection using OTFTs have
shown great promise for a viable and low cost detection sys-
tems [10,11]. Despite the wide range of chemical sensing
technologies, an inexpensive handheld or easily transport-
able system for detecting volatile or aqueous analytes with
adequate sensitivity, selectivity and reliability still remains
elusive. The device stability and biocompatibility for
applications aimed at detecting low concentrations of
biomolecules in blood or tissue presents significant chal-
lenges. Unstable device performance is caused by counter-
ions from the electrolyte migrating into the organic film
resulting in leakage current, and redox reactions occurring
at the organic semiconductor-electrolyte interface, which
irreversibly degrade the organic semiconductor [12].

Two approaches have been described to overcome these
issues, which include incorporating thick encapsulation
layers of appropriate polymer and using salt-free analyte
solutions [13,14]. However, both of these issues directly
affect the sensor sensitivity by either blocking the signal
or decreasing the Debye screening length [14,15]. Two
key challenges facing organic transistor technology must
be overcome before these systems can be acceptable for
biological detection, which includes: (1) stability of tran-
sistor in harsh media (or with variable pH), and (2) selec-
tivity toward a particular analyte with high sensitivity. In
our previous work, we improved organic transistor opera-
tion stability in water by using low voltage device with ro-
bust organic semiconductors [10,16]. We demonstrated
the potential application of these transistors as label-free
selective DNA sensors [17].

In this report, we characterize the electronic response of
OTFT sensor to surface-bound PNA/DNA hybridization in
buffer solutions with varying pH, target DNA concentra-
tion, and number of base mismatches in the target se-
quence. Surface titration experiments are used to show
the surface saturation as a function of DNA target concen-
tration base mismatches. PNA/DNA titration measure-
ments are characterized by the Langmuir model [18] for
the various studied DNA concentrations. The rate constants
associated with DNA hybridization are comparable with
previously published data [17].

2. Experimental

All materials were purchased from Sigma-Aldrich and
used as received unless otherwise stated. The synthesis of
the organic semiconductor, 5,5'-bis-(7-dodecyl-9H-fluoren-
2-y1)-2,2'-bithiophene (DDFTTF), has previously been re-
ported [10] and is used here as the active organic semicon-
ductor. Thin-films of poly(4-vinylphenol) (PVP) (MW
20,000 g/mol) cross-linked with 4,4’-(hexafluoroisopropy-
lidene) diphthalic anhydride (HDA) were spin-coated
according to a previous method [16] and used here as the
gate dielectric layer for low-voltage operation. The base
sequence of the peptide nucleic acid (PNA) probe

(BIO-SYNTHESIS, USA) and target DNA sequences (Eurofins
MWG, Germany) are given in Fig. 1a. N-ethyl-N'-(3-dimeth-
ylaminopropyl)-carbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS) were purchased from Fluka used
to activate the carboxylic acid groups on the sensor surfaces.
To prepare phosphate buffer solution (10 mM, pH 7), one
phosphate buffered saline tablet was dissolved in 200 mL
of deionized water. Eventually one tablet composed of
8.01 g/L NaCl and 0.2 g/L KCl. (calibrated by sigma). Sodium
acetate buffer solution (ABS) (stock solution from sigma,
3 M, pH 7) composed of acetic acid and sodium acetate,
was diluted in deionized water to achieve 10 mM concen-
trated solution prior to biosensing experiments.

The fabrication of OTFTs and their use as selective DNA
sensors in aqueous media is schematically depicted in
Fig. 1b and is given in Supporting information (SI) method
[17]. Pulse plasma polymerization of maleic anhydride
(ppMA) was used to functionalize the OTFT surface to facil-
itate the attachment of the PNA molecular probes, more de-
tail can be seen in Supporting information [17]. The density
of functional groups, was evaluated using Fourier Trans-
form-Infrared Spectroscopy (FT-IR) (Nicolet 850 Spectrome-
ter) at different input powers, on-off time ratios and
depositions times. More detail on FT-IR results described
in Supporting information (Fig. S1). Electrical measure-
ments were performed with a Keithley 4200 Semiconductor
Characterization System. Electrical sensing measurements
were performed under constant bias conditions (Vps=
—0.5Vand Vg = —1 V). To ensure a constant analyte concen-
tration, a peristaltic pump (NovoChem) was used at a con-
stant flow rate of 300 pL min~' [17].

3. Results and discussion

Electronic sensors based on OTFTs are evaluated in aque-
ous media for their performance as selective DNA sensors.
Our previously reported aqueous-stable OTFT is used as
the sensor platform with a 15 nm film of DDFTTF as the
organic semiconductor on a thin polymer dielectric film
(20 nm) in PVP-HDA [10,17]. Top-contact OTFTs are fabri-
cated with gold electrodes in a geometry comprising a chan-
nel width (W)=4mm and length (L)=50 pm (Fig. 1b).
These OTFTs exhibited p-type transistor characteristics at
low operating voltages (—1 V) in ambient air and showed
an average mobility of 0.45cm?V~'s ! at Vps=—1V, on/
off ratio of 1.5 x 10 and threshold voltage (Vi) of 0.045 V
(Fig. 2). Moreover, these devices exhibit mobility of
0.2cm?V~'s !at Vps=—0.5V in aqueous media (Fig. S2).

PNA/DNA hybridization was carried out between the
surface-bound PNA strand and target DNA sequences with
varying base mismatches. The designation of the target
strands are as follows: fully complementary (T2-MMO),
one-base mismatch (T1-MM1), and two-base mismatch
(T3-MM2). The use of a PNA probe instead of DNA is an
advantageous due to neutral backbone, it can be immobi-
lize on both p-, n-type semiconductor based transistor sur-
face [4,19]. Upon hybridization with the surface-bound
PNA, the negative charge in the DNA backbone can there-
fore influence the current through the p-channel organic
semiconductor film during OTFT operation providing a
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Fig. 1. (a) PNA-DNA 15-mer sequences and the chemical structure of DDFTTF organic semiconductor. Label-free DNA sequences were used for electrical
detection with the OTFT sensors. (b) Illustrative schematic of an OTFT DNA sensor. The OTFT consists of a PVP-HDA (20 nm) dielectric layer, DDFTTF organic
semiconductor (15 nm), and source-drain (S-D) electrodes with a W/L of 80. The interdigitated regions of the S-D electrodes were covered with silicon
monoxide (thermally-evaporated) and the entire substrate was modified with 5 nm ppMA and PNA probes.

method of sensor response [19]. In an OTFT-based detec-
tion system, the occurrence of a chemical or physical
absorption (e.g. hybrization of a DNA strand from solution)
is converted to a current response (Alps) within the Debye
length (/p), which ultimately depends on the analyte com-
position, concentration and pH of the buffer solution
[20,21]. Stronger binding, or more efficient hybridization
between the DNA and PNA would result in a higher num-
ber of negatively-charged DNAs bound to surface, and
therefore a larger current change (Alps). The interaction
strength can also be determined from the dissociation time
[17].

3.1. pH Effect on DNA detection and gate-bias stress

The source of improved sensitivity shown in our previ-
ous work was corroborated by conducting the PNA/DNA
hybridization diluted in various pH solutions [17]. The
influence of gate-bias stress, i.e. the gradual shift observed
in baseline-current for constant potential measurements,
on the OTFTs was initially evaluated by measuring Ips Vvs.
time for constant source-drain and gate potentials in buf-
fer solutions (10 mM) at either pH 7.4 or pH 7. The base-
line-current was recorded for 180s (Fig. 3a), reveals a
less significant change in current at pH 7 compared to pH
7.4 [10].

Further, the influence of gate-bias stress was high-
lighted by injecting solutions of T1-MM1 on the OTFT
sensor surface with constant and drifting baselines

characteristics. TI-MM1 were used in place of T2-MMO
due to the weaker hybridization tendency with surface-
bound PNA, which allows for partial restoration of the ini-
tial baseline-current through rinsing with buffer solution
[17]. In this case, multiple association-dissociation se-
quences could be recorded to examine how these pro-
cesses vary with time relative to the gate-bias stress effect.
After recording the baseline-current for 60 s, a solution
of T1I-MM1 was sequentially injected with intermittent
buffer rinses and the change in Ips vs. time was measured.
The OTFT current was allowed to equilibrate after each
solution exchange. Fig. 3b shows the change in Ips vs. time
measurements on a system where the baseline-current
was unstable. Reproducible DNA association—-dissociation
characteristics were obtained when the OTFT response
(change in Ips vs. time) to an analyte solution were re-
corded with improved baseline stability (Fig. 3¢c). Although
the baseline continues to migrate slightly toward a higher
current, this dramatic improvement in the sensor evalua-
tion of PNA/DNA hybridization highlights the remarkable
sensitivity that can be achieved when the appropriate tran-
sistor sensor measurement conditions are implemented.

3.2. Titration experiment and determination of affinity-
constant

For DNA detection and mismatch discrimination, we
performed titration measurements using three different
DNA sequences with equivalent concentrations. Surface
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Fig. 2. Electrical characteristics in ambient air with 15 nm DDFTTF on
20 nm PVP-HDA, and source-drain (S-D) electrodes with a W/L of 80. (a)
Transfer characteristics (Ips vs. Vg) at Vps of —1V and (b) output
characteristics (Ips vs. Vps) at variable V.

titration measurements provide a method for the quantita-
tive evaluation of the hybridization process. According to
the Langmuir model, the amount of analyte adsorbed is
determined by the equilibrium between free and bound
analyte molecules, i.e. the surface coverage (@), which cor-
responds to the maximum change in Ips. This process is re-
peated with target solutions of higher concentrations until
the surface is fully saturated with the target analyte.

The baseline-current was recorded for 100s, after
which a 1 nM solution of T2-MMO, diluted in 10 mM buffer

-0.28

H.U. Khan et al./Organic Electronics 13 (2012) 519-524

solution of pH 7, was injected and the change in Ips was
measured with time until the equilibrium was achieved
(Fig. 4a). Next, DNA solutions with concentrations of 5,
10, 20, and 50 nM (indicated by arrows in Fig. 4a) were
sequentially injected into the flow channel, which resulted
in larger changes in Ips owing to higher equilibrium surface
coverages. Between sequential target solution additions, a
buffer rinsing step was carried out to remove the non-spe-
cific DNA from the sensor surface (indicated by thick ar-
rows in Fig. 4a). At equilibrium (i.e. when the current
stabilized), the surface was again rinsed with buffer solu-
tion. Surface titration with T1-MM1 was performed in a
similar manner and the resulting curve is shown in
Fig. 4b. With T1-MM1, the equilibrium was achieved at
10-fold higher concentration relative to T1-MMO0. How-
ever, in the titration experiment with T3-MM2, the ob-
served signals (change in Ips vs. time) were unstable.
Additional titration experiments were performed to vali-
date the titration measurements (Fig. S3).

The changes in drain current (Alps) measured as a func-
tion of time during the hybridization reaction can be used
to determine the association (k,,) and dissociation (ko)
rates using Eqs. (1) and (2), based on the Langmuir
assumption [4,18]. More detail can be seen in Supporting
information:

Ici(t) = (Imax — Io)(1 — exp(—(konCo + Kot )t)) (1)

ICi(t) = (Imax - 10) exp(*Kofft) (2)

Fitting each curve in the titration measurement at
respective concentration using Egs. (1) and (2) (red solid
curves in Fig. 4a and b), allows for the calculation of the
affinity-constants (Ka) = kon/Kofr i.€. 5.0 2.6 x 108 M~! for
T2-MMO and 1.1 +3.0 x 10°M~! for T1-MM1. The affin-
ity-constant, decreases by two orders of magnitude upon
inserting a single base mismatch in the target sequence rel-
ative to the complementary sequence, T2-MMO. Further
support for these data (and for the assumed simple model)
comes from the plot of surface coverage (©®) at specific
concentration (C,) (Fig. 5). A nonlinear steady-state fit
using equation ©(C,) = (Ka x Co)/(1 +Ka x C,)[4,18] allows
for the determination of the Ky’s, i.e. 4.0+ 2 x 108 M~! for
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Fig. 3. Baseline and kinetic measurements (current change with time) at constant bias (V¢ = —1V, Vps = —0.5 V) with a solution flow rate of 300 uL min~".

1

(a) Baseline measurements in buffer solutions with pH of 7 and 7.4. (b) Kinetic sensor measurement on an OTFT with an unstable baseline (modified with
PNA probes) targeting the T1-MM1 DNA sequence. Open down head arrows show the injection of target DNA and solid arrows indicate the switch to buffer
solution. (c) Kinetic sensor measurement using an OTFT with improved baseline stability and targeting one-base mismatch DNA (T1-MM1).
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Fig. 4. Titration curves for PNA/DNA hybridization using the DDFTTF
OTFT sensor at constant bias (Vg = -1V, Vps = —0.5 V) with a flow rate of
300 pL min~". Solid arrows indicate the additions of target DNA solutions
and open arrows indicate the exchange to buffer solutions. The solid red
lines show the Langmuir fits. (a) OTFT sensor titration with the T2-MMO
DNA-15mer and (b) T1-MM1 DNA-15mer. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)

T2-MMO and 0.9 + 1 x 10° M~! for T1-MM1, which are con-
sistent to those determined from the average association
and dissociation rate constant (Fig. 4a and b).

The decrease in Ips is associated with DNA hybridization
and indicates that, in our experiment, DNA is negatively
charged at pH 7. The counterions from DNA affect the
DDFTTF active layer [17,22] when the negatively charged
DNA hybridizes with PNA probe, establishing a longitudi-
nal electrical field streaming potential within ip [23]. We
assume that this streaming potential is constant because
it is a function of flow velocity, which was kept constant
300 uL m~! in all experiments. The Ap also effects the sen-
sitivity of sensors by competing with the capacitance effect
at the surface of the functional layer [24]. Since the /p of
the 10 mM buffer solution is ~7 nm [15,20], and PNA/
DNA hybrid has a thickness of ~2 nm [17], a fraction of
the total sensor response, change in Ips signal, will result
from the non-hybridized DNA.

Typically in titration experiments, due to variable mis-
matches in target DNA, high concentration is required to

100 4 T2-MMO

. ¢ TI-MMI
9..\% 80 |——Isotherm fit
9]
o
& 60
9]
>
o
© 40 A
Q
3
‘g 20 -
(%3]
0_ [ ]

al T ] vy

10 10" 10° 107 10°  10°
Concentration (M)

Fig. 5. The Langmuir adsorption isotherm plot between the surface
coverage (saturation responses at each concentration) taken from Fig. 4a
(T2-MMO) and Fig. 4b (T1-MM1) vs. target concentration (C,). The solid S-
shaped curves correspond to the fit by the Langmuir isotherm.

achieve equilibrium. It is well known that the sensitivity
is limited by Coulombic repulsion between the nearly sat-
urated surface and DNA from solution. Therefore, addi-
tional hybridization was not obtainable without adding a
rinsing step between each target concentration addition
(Fig. 4a and b). Moreover, we speculate that the Coulombic
repulsion limits the detection with two-base mismatched
target DNA because as the coverage increases the surface
charge density generates an increasingly repulsive Cou-
lombic barrier against further target binding. Operating
in high ionic strength buffer solutions or diluting the probe
density of the sensor matrix could limit the influence of
Coulombic repulsion on the hybridization kinetics [4];
however, both of these conditions would adversely affect
the sensor sensitivity. Nonetheless, a control kinetic exper-
iment was performed at higher concentrations where a
single injection was used to influence a change in current
with each mismatched target DNA sequence (Fig. S4).
Although, the signals from the two-base mismatch DNA
target revealed a more stable response, the intensity was
very weak due to non-specific accumulated DNA [4,25].

4. Conclusion

Label-free electronic biological detection has attracted
interest as a means to reduced sample preparation (e.g.
target reporter labeling) and detection time and potentially
reduce the overall cost and complexity of the analysis sys-
tems. In this report, we characterized the affect of DNA
hybridization on the electronic response of a PNA-modified
OTFTs for sensor applications. A high affinity-constant was
extracted from PNA/DNA titration measurements on
DDFTTF transistor sensors in the optimized pH solution,
which showed excellent discrimination between the com-
plementary DNA target and sequences with single/double
base mismatches over a range of concentrations. Surface
titration experiments revealed that the equilibrium surface
saturation required a 10-fold increase in solution concen-
tration for the single-mismatch DNA target relative to the
complementary target. Coulombic repulsion between the
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sensor surface and highly concentrated DNA solution
became the dominant factor to limit the detection of more
than one-base mismatch target. We also showed that the
gate-bias stress could be reduced by adjusting the pH to-
ward physiological conditions, which further improved
sensitivity for DNA detection. These results indicate that
OTFTs are promising for in-situ biosensing.
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