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for electrical tuning of nano-
textured zinc oxide surfaces for ultra-sensitive
troponin-T detection

Rujuta D. Munje,a Michael Jacobs,a Sriram Muthukumar,b Bilal Quadri,a

Nandhinee Radha Shanmugama and Shalini Prasad*a

We have developed a label-free, non-faradaic, electrochemical sensor for ultra-sensitive detection of a

cardiac biomarker, troponin-T by utilizing the stoichiometric surface compositions of nanotextured zinc

oxide (ZnO) thin films. In this study, we show how the performance of a nanotextured zinc oxide based

non-faradaic biosensor is modulated by differences in the fabrication parameters of the metal oxide thin

film as well as the choice of cross-linkers. Two cross-linking molecules, dithiobis succinimidyl

propionate and 3-aminopropyl triethoxysilane, demonstrate significantly different binding chemistries

with zinc oxide. The non-faradaic electrochemical behaviour of the sensor due to the two linkers is

compared by analyzing the troponin-T dose response using electrochemical impedance spectroscopy

(EIS). The sensor performance associated with both linkers is compared based on the dynamic range and

limit of detection. The sensor utilizing zinc surface terminations demonstrated a wider dynamic range

between the two linkers. This range extended from 26% to 54% in phosphate buffered saline and from

21% to 65% in human serum, for a concentration range from 10 fg mL�1 to 1 ng mL�1 of troponin-T. The

limit of detection was found to be at 10 fg mL�1 and has potential utility in the development of point-of-

care (POC) diagnostics for cardiovascular diseases. Fluorescence quantification analysis was also

performed to further validate the specificity of the linker binding to the ZnO films. An ultrasensitive

troponin-T biosensor can be designed by leveraging the zinc termination based surface chemistry for

selective protein immobilization.
1. Introduction

Approximately 1.5 million cases of acute myocardial infarction
(AMI) occur each year in the United States alone. Rapid and
suitable treatment for AMI is possible if patients are diagnosed
reliably in an early stage. Usually, this diagnosis is done using
electrocardiographs that reduce the delay in treatment.
However, coupling this technology with biomarker based diag-
nostics may enable robust diagnostics of AMI patients. It has
been proved that cardiac-specic contractile proteins such as
troponin have great potential for successful prediction of AMI.
Troponin-T has enhanced specicity and efficacy, has higher
diagnostic efficiency as compared to other cardiac biomarkers
and persists longer in circulation.1 Cardiac troponin-T is a
structural protein that is released into the bloodstream when
damage to cardiac muscle occurs and is proportional to the
intensity of damage. Its level remains elevated from 3.5 hours
upto 10 days aer the onset of stroke.2 The normal serum
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troponin-T level is <0.01 ng mL�1. Aer a stroke, the serum
troponin-T level can elevate upto 0.266 ngmL�1 or even higher.3

Quantitative point-of-care troponin-T assays are now available
but most of them use optical transduction mechanisms,
including electrochemiluminescence, which are not suitable for
point-of-care diagnostics. Also, these techniques typically use
labels or tags that modify the biomolecule conformation and
increase the noise in measurement.

Electrochemical sensors are being widely used in the eld of
industry, medicine, and agriculture for their robustness as a
sensitive, cost-effective, and rapid form of molecular detection.4

Electrochemical detection of troponin-T reported previously
had used carbon nanotubes supported by polyethyleneimine
lms and demonstrated a limit of detection (LOD) of 0.033 ng
mL�1.5 Another study had demonstrated use of a streptavidin
polystyrene microsphere modied screen-printed electrode
surface in order to achieve the LOD of 0.2 ng mL�1 of troponin
T.6 Additionally, another study had demonstrated templated
electropolymerization of aminophenol (AP) in the presence of
protein and achieved a LOD of 1.5 mg mL�1.7 While these fara-
daic strategies have shown the sensitivity for POC clinical
diagnostics, they present the challenge of modifying the mole-
cule under test, which is a signicant problem in designing
This journal is © The Royal Society of Chemistry 2015
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protein immunosensor assays.4 Hence, the use of non-faradaic
electrochemical transduction strategies for protein biomolecule
detection and quantication has been demonstrated in this
study. While non-faradaic techniques have been shown to be
highly sensitive, there have been challenges in achieving
selectivity. In this paper, we address the challenge of achieving
selectivity in non-faradaic ZnO thin lm biosensors for protein
detection by using cardiac troponin-T as the study protein
through the utilization of stoichiometric distribution of surface
terminations.

The surface and bulk properties of zinc oxide (ZnO) have for
years made it an appealing material for industrial purposes
such as gas-sensing, absorption8 and bio-sensing.9–12 ZnO
exhibits properties like wide bandgap, strong luminescence,
high piezoelectric constant and biocompatibility.13 The focus of
this paper is investigating the use of ZnO for designing diag-
nostic protein biosensors, which will enable clinical point-of-
care (POC) applications. One of the useful properties of ZnO is
the ability to tune its electrical characteristics and surface states
based on deposition.14 The lattice structure of ZnO exhibits a
tetrahedral arrangement through the alternate stacking of Zn2+

and O2� ions. Due to the nature of its growth mechanism, each
columnar ZnO structure terminates with either a polar zinc or
oxygen surface.15 These surface characteristics of ZnO lms can
therefore be leveraged for bio-sensing.16 Tailoring the termina-
tions on the polar ZnO surface would enhance the capacity of
the lm for performing the desired biochemical function,
improving the sensor selectivity.

In this paper, we analysed the ZnO sputter deposited lms
with and without oxygen ow. The linker with a thiol group,
dithiobis(succinimidyl-propionate) (DSP) that has specicity in
binding to the zinc terminated sites was functionalized on ZnO
thin lms deposited without oxygen ow, while the linker with
the presence of silane group, 3-aminopropyl triethoxysilane
(APTES) that has specicity in binding to the oxygen terminated
sites was functionalized on ZnO thin lms deposited with
oxygen ow. We have specically focused on analyzing the
methods of selective functionalization of surface terminations
and investigating the biosensor performance for troponin-T
detection from phosphate buffered saline (PBS). We have then
tested human serum (HS) samples containing variable doses of
antigen to demonstrate the potential of the sensor for clinical
POC diagnostics. Quantication of each linker molecule bound
to the ZnO surface and its utility in biosensor performance was
evaluated by using non-faradaic EIS. This is supported through
uorescence analysis using uorophores.

2. Materials and methods
2.1 ZnO deposition and substrate preparation

EIS studies were performed using a Gamry Reference 600
potentiostat on FR-4 printed circuit board (PCB) substrates with
electroplated gold electrodes shown in Fig. 1(a). The gold elec-
trodes measured 1 mm in width and are designed in an inter-
digitated, concentric circular fashion with 1 mm spacing
between each. The diameter of the outer concentric circle
measures 13 mm. The entire portion of gold electrodes was
This journal is © The Royal Society of Chemistry 2015
covered with ZnO deposition. Fig. 1(b) shows the assembled
sensor with polydimethylsiloxane (PDMS) manifold used for EIS
testing. Fig. 1(c) provides a visualization of the columnar nano-
texturing of the ZnO lm through SEM images taken using a
Zeiss SUPRA-40 scanning electron microscope. The substrates
used for uorescence experiments were 25 � 75 mm micro-
scope slides (Thermo Fisher Scientic Inc. – Waltham, MA).

ZnO thin lms were sputtered onto each substrate using an
AJA Orion RF magnetron with a 99.999% ZnO target (Kurt J.
Lesker) for 30 minutes at 140 watt power. For the deposition of
No–O2 lms 12 standard cubic centimeters per minute (sccm)
ow of argon was used and for the deposition of With-O2 lms a
2 sccm 100% O2 and 10 sccm argon ow rate was used in the
sputter chamber. The thickness of the lm deposited during
each run was measured with a Veeco Dektak 8 prolometer and
was �90–100 nm. The resistivity was measured using the Alessi
CPS-7089-17 4-point probe and was around 34.3–64.5 U.cm on
silicon substrates.

2.2 Linker functionalization

DSP is a homobifunctional cross-linking molecule consisting of
two N-hydroxysuccinimide (NHS) groups attached to a spacer
arm held together by a disulde bond as shown in Fig. 1(d).
NHS esters react with primary amines in proteins to form stable
amide bonds. A 50 mmol DSP (Thermo Fisher Scientic Inc. –
Waltham, MA) was diluted in dimethylsulfoxide (DMSO)
(Thermo Fisher Scientic Inc. – Waltham, MA) and incubated
for 30 minutes. Thiol groups have an affinity for positively
charged zinc ions based on formation of stable zinc–sulphur
bonds. Hence, this type of thiol linker molecule preferentially
binds to the zinc terminated surfaces on the ZnO lm.16 Three
washes with 1� DMSO were then performed to remove any
unbound DSP.

APTES (3-aminopropyl triethoxysilane), as shown in Fig. 1(e),
is an aminosilane molecule that silanizes by reacting with the
hydroxyl groups on the oxide surfaces. The oxygen terminated
ends of ZnO aer forming hydroxyl groups allow for conden-
sation reactions to occur between the APTES molecules and the
ZnO surface.17 Firstly, the substrates were sonicated in a solu-
tion containing APTES (Thermo Fisher Scientic Inc. – Wal-
tham, MA) in ethanol 2% volume/volume for 1.5 minutes. These
substrates were then dip coated in solution for 15minutes. Aer
sonication in ethanol for 2 minutes, 10 minute baking at 100 �C
in an enclosed nitrogen gas chamber was carried out. The
substrates are baked in an inert environment to avoid silani-
zation of APTES due to environmental oxygen.

2.3 Immunoassay for non-faradaic EIS study and troponin-T
detection

Aer 50 mmol DSP linker was incubated on PCB substrates,
they were incubated with a monoclonal antibody to troponin-T
(Abcam – Cambridge, MA) at 1 mg mL�1 in PBS (Thermo Fisher
Scientic Inc. – Waltham, MA). It was incubated for 30 minutes
at room temperature followed by three PBS washes. The anti-
body concentration used and its incubation time were opti-
mized for the current sensor conguration in our previous
Anal. Methods, 2015, 7, 10136–10144 | 10137
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Fig. 1 (a) Sensor with sputtered ZnO over a gold electrode pattern; (b) assembled sensor for bio-sensing using EIS; (c) SEM of a nano-textured
ZnO thin film; (d) immunoassay setup on the ZnO surface using DSP bound with troponin-T antibody; and (e) immunoassay setup on the ZnO
surface using APTES bound with a troponin-T antibody.
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study.18 Next, 200 mL of Superblock (Thermo Fisher Scientic
Inc. – Waltham, MA) was dispensed onto the sensor for 15
minutes to block any unbound linker sites. This was followed by
three PBS washes and the measurement was obtained for the
last wash. This reading corresponds to the baseline or zero-
concentration value for the experiment with which antigen-
containing samples were compared. For experiments with HS,
this wash was carried out with HS in order to determine the
baseline. Troponin-T (US Biological – Salem, MA) was diluted in
PBS and in HS (Thermo Fisher Scientic Inc. – Waltham, MA)
from 10 fg mL�1 to 1 ng mL�1. Each solution was added from
lower to higher concentration to the sensor and allowed to
incubate for 20 minutes before the impedance measurement
was taken.

When using the APTES linker, a 100 mL solution of 20 mmol
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
(Thermo Fisher Scientic Inc. – Waltham, MA) and 50 mmol N-
10138 | Anal. Methods, 2015, 7, 10136–10144
hydroxysuccinimide (NHS) (Thermo Fisher Scientic Inc. –

Waltham, MA) solution in PBS was prepared. Following the 15
minute incubation of the APTES coating on a ZnO sputtered
PCB substrate, the EDC–NHS mixture was dispensed on the
chips and incubated for 30 minutes. This was followed by a 1 h
incubation of a 1 mg mL�1 antibody to a troponin-T solution in
PBS on the substrate. The EDC–NHS will rst bind to carboxylic
groups of the antibody and the NHS-ester of EDC–NHS would
bind to amine of APTES on the substrate. The EDC–NHS solu-
tionmodulates the carboxyl groups of the antibody with an NHS
group at the base of the heavy chain in the Fc region. This then
allows for conjugation with the available amine group on the
APTES molecules. This similar functionalization has been used
by various other studies for the purpose of building a bio-
immunoassay.19–21 From this point, the remainder of the
immunoassay preparation and troponin-T detection steps was
identical to those performed with the DSP linker.
This journal is © The Royal Society of Chemistry 2015
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2.4 Fluorophore study

The qualitative analysis of binding of two types of linkers to the
ZnO surface was done by attaching a Rhodamine 123 (Sigma-
Aldrich – St. Louis, MO) molecule to the cross-linkers. This
uorophore molecule binds to the NHS end. 75 mL of 50 mmol
DSP linker was incubated on ZnO sputtered glass substrates for
30 minutes. For the APTES linker, glass substrates were func-
tionalized for 15minutes as stated in Section 2.2. The EDC–NHS
solution was incubated for 30 minutes. Aerwards, for both
linkers, 75 mL of 2 mmol Rhodamine 123 solution was injected
onto the substrates and incubated for 1 hour. Fluorescence was
characterized by capturing images using a Zeiss Axio Observer
microscope with excitation at 480 nm and emission at 536 nm,
specic to Rhodamine 123 molecules. The substrates were
exposed to excitation for around 50 ms. In total 15 images were
captured for each sample and 3 such samples were studied for
each linker. Every image was further processed using the
MATLAB image processing toolbox (Mathworks – Natick, MA) to
Fig. 2 Non-faradaic impedance spectra (Nyquist plots) for baseline and
diluted in PBS and binding to an antibody functionalized using a DSP l
tionalized using an APTES linker; (c) troponin-T diluted in HS and binding t
in HS and binding to an antibody functionalized using an APTES linker.

This journal is © The Royal Society of Chemistry 2015
nd out the quantity of uorescent pixels corresponding to the
binding of Rhodamine 123 to the linker.
3. Results and discussion
3.1 Troponin-T detection using EIS

As summarized in the review by Randviir and Banks,4 EIS can be
used towards the development of biocompatible surface
chemistries for impedimetric immunosensing of biological
samples. This work utilizes EIS for electrical quantication and
analysis of linker driven biosensor performance over a range of
frequencies from 0.1 Hz to 10 KHz. Nyquist plots of the
troponin-T antigen aliquoted in PBS and immobilized at the
electrode surface functionalized using DSP on No–O2 ZnO thin
lms are depicted in Fig. 2(a). On similar lines, Fig. 2(b)
represents Nyquist plots of the APTES linker on With-O2 ZnO
thin lms. Sensor measurements for both linkers were con-
ducted with n ¼ 3 replicates. It is to be noted that troponin-T
concentrations ranging from 10 fg mL�1 to 1 ng mL�1 were
10 fg mL�1 to 1 ng mL�1 troponin-T concentrations: (a) troponin-T
inker; (b) troponin-T diluted in PBS and binding to an antibody func-
o antibody functionalized using a DSP linker; and (d) troponin-T diluted

Anal. Methods, 2015, 7, 10136–10144 | 10139
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tested for both linkers. The entire analysis is repeated for the
troponin-T antigen diluted in HS with n ¼ 2 replicates with the
rest of the experimental parameters remaining the same.
Nyquist plots for these experiments using DSP and APTES
linkers are demonstrated in Fig. 2(c) and (d) respectively.

The shape of the Nyquist plots in all cases consists of a large
semicircle region that is not accompanied by a straight line. The
absence of a redox label produces only non-faradaic imped-
ances. Thus the parameters quantifying the electron transfer in
the equivalent circuit representation of the sensor system, such
as Rct and Warburg impedance, become innite.22 This explains
the shape of the Nyquist plots obtained across all experiments.

Furthermore, as the parameters Rct and Warburg impedance
are innite, they can be ignored in the sensor equivalent circuit
representation. With these parameters ignored, the imaginary
part of the equivalent circuit impedance i.e. Zimag is inversely
proportional to the capacitance of the electrical double layer
(EDL), at a particular frequency. This EDL can be perturbed due
to binding of antibodies and troponin-T antigen at the electrode
Fig. 3 Dose–response curves in terms of percent change in total impeda
ng mL�1: (a) troponin-T diluted in PBS and binding to an antibody functio
an antibody functionalized using an APTES linker; (c) troponin-T diluted in
troponin-T diluted in HS and binding to an antibody functionalized usin

10140 | Anal. Methods, 2015, 7, 10136–10144
surface. It can be observed from the graphs that in all the cases,
the range of Zimag decreases as the concentration of troponin-T
is increased. This can be attributed to the changes in capaci-
tance of the EDL. The electrically charged troponin-T molecules
alter the dielectric permittivity of the EDL thereby affecting the
capacitance.22 Thus in this case, the impedance decrease might
have originated from the increase in the amount of hydrated
proteins.22

In addition to its impact on Zimag, the presence of higher
surface concentration of troponin-T is also observed to lead to
reduction in the value of Zreal. This observation can be poten-
tially related to changes in the conductivity of solution gradient
within the EDL due to accumulation of biomolecules. The
observations associated with Zimag and Zreal are applicable to
both PBS and HS. Additionally, in the case of dilutions in HS, an
extremely slow electron transfer is observed.22 This might be
due to some species present in human serum undergoing
electrochemical conversion, contributing to the slight charge
transfer.
nce Zmod upon sensing troponin-T concentrations from 10 fgmL�1 to 1
nalized using a DSP linker; (b) troponin-T diluted in PBS and binding to
HS and binding to an antibody functionalized using a DSP linker; and (d)
g an APTES linker.

This journal is © The Royal Society of Chemistry 2015
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The difference in the surface chemistries of DSP based
immunoassay and APTES based immunoassay can be inter-
preted from the shape of Nyquist plots. The Nyquist plots
shown in Fig. 2(a) and 3(a) of the DSP based linker demonstrate
a higher capacitive effect than resistive effect as the semicircle
curve is not dropping at lower frequencies, indicating the phase
angle to be higher than 50�. Whereas, under similar analysis for
the APTES based immunoassay, it can be noticed from Nyquist
plots that the semicircle has dropped at lower frequencies
below 0.5 Hz with the phase angle approaching 30�, indicating
more resistive behaviour than capacitive behaviour. This
performance is hypothesized due to the formation of a mono-
layer on the ZnO surface in the case of an APTES linker, but not
present in the case of a DSP linker.

In the next part of analysis, baseline impedance measure-
ment was used as a reference for comparison of change in
impedance values for a range of antigen concentrations binding
to the immobilized troponin-T antibody. The dose–response
curves are demonstrated in Fig. 3, where the impedance change
is plotted as a function of troponin-T concentration over a 10 fg
mL�1 to 1 ng mL�1 range by using the following eqn (1),

% Change in total impedance ¼ �
ZbaselineðmodÞ � Zmod

�
ZbaselineðmodÞ

!
� 100 (1)

It is to be noted that the quantitative analysis presented in
Fig. 3 is performed using impedance at the frequency for which
maximum signal-to-noise ratio is obtained (�100 Hz).
Furthermore, Zmod (i.e. total impedance) values were used for
representing the dose–response curves as these also include
resistive noise due to a complex uid medium such as human
serum.

For samples spiked in PBS from 10 fg mL�1 to 1 ng mL�1 and
dispensed over a DSP functionalized linker, the change in
impedance varies with the dynamic range of 26% to 54% as
shown in Fig. 3(a). For the APTES linker, it changes from 20% to
32% as shown in Fig. 3(b). This indicates higher changes in
electrical double layer impedance due to DSP and zinc termi-
nation interaction. We observed a linear correlation between
percent change in impedance and logarithmically increasing
surface concentration. Furthermore, the linear t of the dose–
response curves in the case of DSP based immunoassay had R2

values of 0.9958 and 0.992 for the APTES based immunoassay.
This linear correlation is hypothesized to be due to rise of
Donnan potential, which depends logarithmically on the
concentration of immobilized biomolecules.23

For samples spiked in HS, as demonstrated in Fig. 3(c), the
DSP linker based immunoassay shows impedance changes in
the dynamic range of 21% to 65% for varying antigen concen-
trations. For the APTES linker based immunoassay, as shown in
Fig. 3(d), the range reduced to 11% to 52%. The linearity coef-
cient of the dose–response curve decreases for both DSP
(0.923) and for APTES (0.883) in the case of human serum as
compared to the PBS buffer medium. It is hypothesized to be
due to the complex nature of the human serum medium, where
This journal is © The Royal Society of Chemistry 2015
the resistive contribution due to interferents affected the total
measured impedance.

Limit of detection (LOD) is identied as the lowest troponin-
T concentration likely to be reliably distinguished from the
limit of blank and at which detection is feasible.24 The limit of
blank is estimated by measuring replicates of a blank buffer
sample and calculating the mean result and standard devia-
tion.24 A signal to noise ratio of 3 was identied as the robust
indicator of sensor performance and the specic signal
threshold (SST) impedance as three times the noise signal is
calculated. The noise level is dened as the difference in the
reading between average antibody measurement and average
baseline (zero dose) measurement.25 The limits of detection in a
PBS medium for DSP and APTES linkers were found to be 10 fg
mL�1 and 100 fg mL�1 respectively. Comparing both the
dynamic range and limit of detection in PBS, DSP functional-
ized surfaces perform better than APTES functionalized
surfaces. However, in the case of HS, the limit of detection was
observed to be 1 pg mL�1 for both DSP and APTES linkers. The
dynamic range in HS was higher for DSP linker functionalized
surfaces. Also, while using an APTES linker in a HSmedium, the
sensor saturates at 1 ng mL�1. The wider dynamic range with
the DSP linker is advantageous when the sensor can be cali-
brated to obtain distinguishable higher percent change for the
small changes in the concentrations of troponin-T to be detec-
ted. But at the same time lower limit of detection (LOD) needs to
be achieved for ultra-sensitivity. Overall, it is evident that in
both PBS and HS, the DSP linker binding to the ZnO surface is
capable of achieving enhanced performance with greater
precision as compared to APTES.

The LODs of 10 fg mL�1 and 1 pgmL�1 obtained using a DSP
linker in PBS and HS respectively are lower than the commercial
standards available currently in the market. Also the total
diagnosis time for our biosensor was 15 minutes for a particular
antigen concentration. A Cobas h 232 POC system available
commercially has an LOD of 50 ng mL�1 and takes 8–12
minutes for detection. Also, Elecsys TnT-hs, a laboratory based
test by Roche, has a LOD of 5 ng mL�1 and takes 18 minutes. A
Cobas e 411 analyzer for troponin-T has a LOD of 10 ng mL�1

and species 3–10 minutes as test duration time. All these
products are based on the electrochemiluminescence assay.
Thus the developed biosensor shows improved sensitivity and
comparable time of detection over the commercially available
market standards.
3.2 Fluorescence analysis

We performed uorescence studies to validate the binding
specicity of DSP and APTES linkers to the ZnO surface through
qualitative conrmation. These experiments provide visual
conrmation of biomolecule binding. The linker molecules
were modied with the uorescent marker Rhodamine 123 for
this study, which has the capability to bind to the same func-
tional groups as the antibody in the immunoassay experiments.
Fig. 4(a) displays the relative effectiveness of the binding of DSP
and APTES linkers in terms of percentage of uorescent pixel
intensity. Higher uorescent pixel intensity due to higher
Anal. Methods, 2015, 7, 10136–10144 | 10141
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Fig. 4 (a) Fluorescent pixel comparison of DSP and APTES; (b)
Rhodamine 123 functionalized using a DSP linker on a ZnO nano-
textured surface sputtered without O2; and (c) Rhodamine 123 func-
tionalized using an APTES linker on a ZnO nano-textured surface
sputtered with O2.
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binding of Rhodamine 123 can be interpreted as the better
coverage of the linker on the ZnO surface. Fig. 4(b) represents
the image of the No–O2 ZnO surface binding to DSP and Fig. 4(c)
displays APTES molecule binding to ZnO on With-O2 thin lms.
The uorescence intensity was quantied based on a
percentage, using eqn (2),

% Fluorescent pixels ¼
�

Flo

Fltotal

�
� 100 (2)

DSP shows approximately three times more binding on the
ZnO surface than the APTES linker. This reiterates the utility of
the zinc–thiol binding chemistry. Quantitative comparison of
the two images conrms better uorescent coverage in the case
of a DSP linker.

3.3 Theoretical circuit analysis

The equivalent circuit representation of the ZnO biosensor was
accomplished through a specic arrangement of the system's
passive elements and their interactions with each other. The
insets of Fig. 5(a) and (b) show the equivalent circuit model
representation of the system for DSP and APTES linkers
respectively. The resistance offered to the current ow due to
molecular assembly is Rct. The resistance offered by bulk ionic
components in the buffer solution is Rs while RZnO denotes the
resistance of the ZnO lm. The contribution of double layer
capacitance at the solution–electrode interface is Cdl. In the case
of the DSP linker, Cdl is referred to as CDSP. Note that CDSP is the
capacitance of the double layer formed by the binding of
biomolecules to the DSP linker. On similar lines, in the case of
APTES molecules, Cdl is referred to as CAPTES which is the
double layer capacitance formed from the binding of
10142 | Anal. Methods, 2015, 7, 10136–10144
biomolecules to APTES. CZnO is the inherent capacitance of ZnO
resulting from its wurtzite crystal structure and polar surfaces.

The equivalent circuit diagrams for DSP and APTES linker
functionalized sensor systems are shown in Fig. 5(a) and (b)
respectively. The Zn–thiol interaction based sensor is imagined to
be consisting of inner layer and outer layer, where the inner layer is
formed due to the binding of thiol in DSP to individual zinc
terminations and the outer layer is formed due to the binding of
biomolecules. The APTES–oxygen interaction based sensor is
imagined to be consisting of only one RC component, assuming
that APTES will form a continuous monolayer on the surface,
establishing a connected platform for antibody–antigen interac-
tions. These equivalent circuit models were further analyzed using
the Zview soware (Scribner Associates Inc. – Southern Pines, NC).
A comparison of simulated and experimental data using the DSP
and APTES linkers for the 10 fg mL�1 and 1 ng mL�1 troponin-T
concentrations is shown in Fig. 5(a) and (b) respectively. All
simulations were performed using a constant phase element (CPE)
instead of simple capacitance as it reects non-homogeneity of the
layer and is consideredmore appropriate for modelling of primary
protein layers on the electrode surface.4,22 The impedance values
obtained experimentally were compared with the values obtained
through model simulations using circuit diagrams. The difference
between the simulated and experimental values was termed as an
error and found to be less than 5%, which indicates relatively
accurate tting of the circuit model to the experimental data. EIS
also allows for the identication of capacitance changes caused by
the bio-recognition events at a metal oxide–liquid interface. These
capacitance values were extracted for the 10 fg mL�1 and 1 ng
mL�1 troponin-T concentrations by tting the experimental data
using the equivalent circuit diagrams. In the case of theDSP linker,
the double layer capacitance varied from 1.1 mF to 1.8 mF over the
range of 10 fg mL�1 to 1 ng mL�1 troponin-T concentrations as
shown in the inset table in Fig. 5(a). Similarly, the inset table in
Fig. 5(b) shows variation in double layer capacitance from 2.75 mF
to 3 mF, when functionalized with an APTES linker. The data tting
to the equivalent circuit indicates the increase in capacitance of the
double layer that is formed due to the antibody–antigen binding.
The increasing capacitance values are hypothesized to be due to
variation in dielectric permittivity as discussed earlier in the
Results section.

When a system is perturbed due to addition of higher
troponin-T concentration, it relaxes to a new steady state. The
time taken for this relaxation is known as time constant t ¼
RctCdl. The analysis of this time constant gives an idea about the
detection time. In the case of the DSP linker, the relaxation time
was found to be 3.9 and 4.6 s respectively for 10 fg mL�1 and 1
ng mL�1 troponin-T concentrations. In the case of the APTES
linker, it was found to be at 1.1 s for both 10 fg mL�1 and 1 ng
mL�1 concentrations. Hence, it can be hypothesized that the
detection time for lower and higher concentrations does not
vary substantially.

These simulations were performed to understand the
changes in the dynamic range of capacitance values due to the
use of different linker chemistries. It can be observed that the
dynamic range in terms of capacitance is wider for the DSP
linker than that for the APTES linker.
This journal is © The Royal Society of Chemistry 2015
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Fig. 5 (a) Simulated and experimental Nyquist plots using a DSP linker for 10 fg mL�1 and 1 ng mL�1 troponin-T concentrations diluted in PBS
along with equivalent circuit diagram and extracted capacitance values; and (b) simulated and experimental Nyquist plots using an APTES linker
for 10 fg mL�1 and 1 ng mL�1 troponin-T concentrations diluted in PBS along with equivalent circuit diagram and extracted capacitance values.
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4. Conclusions

Numerous studies have been done to build biomonitoring
diagnostic devices that will enable AMI patients to track their
own condition, empowering them to take responsibility for
their own health. The aim of this study is to demonstrate the
potential utility of ZnO based affinity biosensors for point-of-
care diagnostics. In this study, we investigated the role of zinc
and oxygen surface terminations by utilizing two types of
surface chemistries to design an ultra-sensitive ZnO based
biosensor for troponin-T detection in human serum. The sensor
performance was measured using non-faradaic electrochemical
impedance measurements. Utilization of both DSP and APTES
linkers resulted in the development of a biosensor that
demonstrated linear dynamic range calibration for troponin-T
within the clinically relevant concentration of troponin-T from
�10 pg mL�1 to 300 pg mL�1 in human serum. However, the
enhanced performance of the sensor was achieved through
leveraging the zinc–thiol interactions using DSP towards
designing a robust immunoassay with the limit of detection as
low as 10 fg mL�1. EIS studies based on capturing the response
of modulation of an electrical double layer proved effective in
quantifying the relative affinities of different linkers and
This journal is © The Royal Society of Chemistry 2015
evaluating the ability of each linker to exploit the ZnO surface
terminations. Fluorescence studies were also useful in gaining
the conrmation of binding of two linkers on the ZnO surface.
This study has contributed towards identifying successful
functionalization of a ZnO semiconductor surface for building a
bio-immunoassay, leading to ultra-sensitive detection of anti-
gens. Hence, the results of this study are also very useful from
the point of view of designing non-faradaic electronic detection
systems using ZnO. Compared to current analysis techniques,
this sensor demonstrates increased sensitivity as well as low-
ered complexity related to optical based detection. This work
has demonstrated the potential for developing ultra-sensitive,
novel diagnostic biosensors for rapidly detecting protein
biomarkers for clinical point-of-care diagnostics. Future work
includes testing this technology for multiplexed detection in
order to build versatile POC devices.
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