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A B S T R A C T

Tuberculosis (TB) remains one of the leading causes of mortality worldwide. There is a great need for the
development of diagnostic tests, which are reliable, sensitive, stable, and low cost to enable early diagnosis of TB
in communities with scarce resources. This study reports the optimization and evaluation of a synthetic receptor,
an aptamer, for the detection of the secreted protein MPT64, which is a highly immunogenic polypeptide of
Mycobacterium tuberculosis, a causative agent of TB. The study investigates combinatorial effects of an aptamer
linker and a co-adsorbent onto a gold electrode for optimal binding efficiency and reduced non-specific inter-
actions for label-free detection of MPT64 using electrochemical impedance spectroscopy. Two types of co-ad-
sorbents and two types of aptamer linkers were studied and high specificity and sensitivity to MPT64 was
observed for a surface prepared with a thiol PEGylated aptamer HS-(CH2)6-OP(O)2O-(CH2CH2O)6-TTTTT-ap-
tamer and 6-mercaptohexanol in a ratio of 1:100. The developed aptamer-based sensor was successfully used
with spiked human serum sample with a limit of detection of 81 pM This work demonstrates the use of the
MPT64 aptamer as a lower cost, more sustainable and stable alternative of antibodies for the development of
point-of-care TB biosensors decreasing the detection time from several days or hours to thirty minutes.

1. Introduction

In 2015 alone, the worldwide tuberculosis (TB) epidemic accounted
for 10.4 million new TB cases, of which 480,000 were multidrug re-
sistant TB, with an estimated 1.4 million deaths (WHO, 2016). TB re-
mains one of the top 10 causes of death worldwide. Despite advances in
diagnostics, a considerable proportion of the TB cases reported are still
clinically diagnosed rather than bacteriologically confirmed (WHO,
2016). TB detection remains a significant healthcare issue in the de-
veloping world owing to a number of challenges. First of all, Myco-
bacterium tuberculosis (Mtb), a causative agent of TB, is a slow-growing
bacterium, which takes 4–8 weeks to grow on a traditional solid
medium and 10–14 days even with a rapid liquid culture (Andersen
et al., 2000). Secondly, pulmonary TB presents low clinical symptoms
early in the disease course, which leads to a delay in seeking profes-
sional care. Thirdly, active pulmonary TB may present a low bacillary

burden at the early stage, which often leads to low sensitivity for
sputum smear microscopy, commonly used in communities with scarce
resources. Therefore, there is a need to develop simple, easily scalable,
and accurate diagnostics based on a novel biomarker discovery and new
diagnostic assays with an emphasis on alternative non-sputum diag-
nostics targeting blood, urine or breath (Mehaffy et al., 2017).

The MPT64 protein is one of the biomarkers that is significantly
highly expressed in individuals with active TB compared to healthy
individuals. The protein is essential for mycobacterial survival and
persistence in the host cell. Mtb has the ability to inhibit the apoptosis
of infected macrophages by deactivating the expression of apoptotic
cytokines and hence promoting the survival and virulence of the my-
cobacteria (Kruh-Garcia et al., 2014). Studies showed that exosomes
released from infected macrophages contain mycobacterial proteins,
including MPT64. It has been predicted that the existence of MPT64
and other TB proteins could be associated with their function during the
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establishment and maintenance of an intracellular infection. It has also
been reported that these TB-protein enriched exosomes were found to
be released into the serum, which opens up the window for diagnostics
based on biomarker identification in serum exosomes to reveal active
TB in patients (Kruh-Garcia et al., 2014). According to the latest mul-
tiple reaction monitoring assays, the clinical diagnostic level of MPT64
protein in isolated exosomes from the serum was at a sub-nanomolar
(nM) range (Mehaffy et al., 2017).

Current TB diagnosis based on the detection of MPT64 has been
used in skin patch tests, immunochromatographic, im-
munohistochemical, and enzyme linked immunosorbent based assays
(ELISA) (Arora et al., 2015; Bekmurzayeva et al., 2013; Kohli et al.,
2014; Tadele et al., 2014). These methods are based on antigen/anti-
body interactions. Although routinely used, antibodies have certain
limitations in their use in diagnostic tests in low resource settings: ex-
pensive production, temperature sensitive, easily undergo functional
modifications, limited shelf life (less than 6 months), and often there
are batch to batch variations. Other detection studies based on reverse
transcription polymerase chain reaction (RT-PCR) targeting the MPT64
gene offer great sensitivity and specificity (Pinhata et al., 2015; Tadele
et al., 2014). However, they are cumbersome in resource limited set-
tings and require a relatively expensive set of reagents and trained
personnel. Hence, there is a need for the development of an alternative
detection methodology for TB.

It has been lately demonstrated that aptamers offer great ad-
vantages over antibodies in terms of synthesis scale, cost, and ease of
modification. In addition, aptamers have unlimited shelf life, uniform
activity regardless of batch synthesis, and are functional under a broad
range of conditions defined by the user. Hence, they have a potential to
find their application in developing aptasensors for TB detection, where
they can serve as bio-recognition elements (Jayasena, 1999; Kuwahara,
2014). The combination of aptamers and sensitive detection methods,
such as electrochemical impedance spectroscopy (EIS), would allow
increasing the accuracy of the detection. EIS has numerous advantages
over other detection techniques. The signal in EIS can be recorded
within a small change of an analyte binding event based not only on
molecular interaction level but also on electron/charge transfer levels.
There have only been a few reports on electrochemical detection of
MPT64 antigen using different aptamer sequences (Qin et al., 2009) and
various complex surface chemistries (Bai et al., 2017; Thakur et al.,
2017a, b), including electropolymerised poly(3,4-ethylenediox-
ythiophene) doped carbon nanotubes, gold nanoparticles decorated
with fullerene-doped polyaniline, and graphene modified iron-oxide
chitosan hybrid nanocomposite film deposited on fluorine tin oxide.
Table 1 summarizes currently available TB detection methods including
methods approved by WHO for routine use in anti-tuberculosis dis-
pensaries and hospitals.

In our previous work, an aptamer against MPT64 with a dissociation
equilibrium constant KD of 8.92 nM was selected using the SELEX
(systematic evolution of ligands through exponential enrichment)
technique. The aptamer was also tested for its specificity on clinical
sputum samples (Sypabekova et al., 2017). Here, we report the devel-
opment of an electrochemical impedance aptasensor for the detection
of MPT64 in blood serum. We studied in detail the effect of surface
chemistry and aptamer linker molecule type on the sensor performance
since the binding performance of an aptamer to the target is highly
dependent on the type of linker between aptamer and the surface and
also on the co-adsorbent used (Balamurugan et al., 2006). The type of
co-adsorbent influences a considerable reduction of non-specific
binding while maintaining the integrity of the immobilized biomole-
cules (Nogues et al., 2012). In this work, surface chemistries using co-
adsorbents 6-mercaptohexanol (MCH) and triethylene glycol mono-11-
mercaptoundecyl ether (EG) were investigated for their antifouling
properties with combination of different aptamer linker types in the
form of HS-(CH2)6-OP(O)2O-(CH2CH2O)6-5′-TTTTT-aptamer-3′ and HS-
(CH2)6-5′-TTTTT-aptamer-3′ (Fig. 1). These linkers were termed as

‘long linker’ and ‘short linker’ due to the addition of the extra -OP(O)2O-
(CH2CH2O)6- to the former.

For the optimized EIS aptasensor in this work, the detection time
was significantly reduced compared to traditional detection times, such
as sputum microscopy and PCR, from several hours and/or days down
to 30min. The surface chemistry used in this study is comparatively
simple with minimal cost, and the detection limit lays well within the
current clinical detection range for MPT64, which is in the nM range
(Mehaffy et al., 2017). The optimized surface chemistry proposed in
this study can be further exploited in developing MPT64 aptasensors for
TB diagnosis based on biomarker detection.

2. Material and methods

2.1. Reagents

Thiolated MPT64 aptamers in the form of HS-(CH6)6-OP(O)2O-
(CH2CH2O)6-5′-TTTTT-aptamer-3′ (24.3 nmol) were synthesized by
Eurogentec (Belgium), and HS-(CH6)6-5′-TTTTT-aptamer-3′ (47.4
nmol) were synthesized by Sigma Aldrich (UK). Phosphate buffered
saline (PBS, 0.01M, pH 7.4) tablets, human serum albumin (HSA,
lyophilized powder, ≥97%), human serum (from human male AB
plasma), trizma base (≥99.0%), hydrochloric acid (HCl, 37%), mag-
nesium chloride (MgCl2, powder,< 200 µm), sodium chloride (NaCl,
≥99.5%), sulfuric acid (H2SO4, 1M), ethylenediaminetetraacetic acid
(EDTA, 0.5M in H2O, pH 8), triethylene glycol mono-11-mercaptoun-
decyl ether (EG), potassium hexacyanoferrate (III), potassium hex-
acyanoferrate (II) trihydrate, hexaammineruthenium (III) chloride (Ru
(NH3)63+, 98%) and 6-mercapto-1-hexanol (MCH) used in the sample
preparation were of analytical grade and purchased from Sigma-
Aldrich, UK. Isopropanol (propan-2-ol, HPLC grade), absolute ethanol
(HPLC grade) were purchased from Fisher Scientific (UK). Electrode
polishing kit was obtained from BASi Inc. (Japan). MPT64 protein
(E5–00061, 1mg) was purchased from EnoGene (China). Prostate
specific antigen (PSA, 100 μg) and carcinoembryonic antigen (CEA,
1mg) were purchased from Calbiochem (Canada) and USBiological
(USA), respectively. All aqueous solutions were prepared using 18.2 M
Ωcm ultra-pure water with a Pyrogard filter (Millipore, UK).

2.2. Apparatus

Measurements were recorded using a CompactStat potentiostat
(Ivium Technologies, the Netherlands) with Ivium soft Electrochemistry
software. A three-electrode cell with a Ag/AgCl reference electrode
(BASi, USA) connected via a salt bridge filled with buffer and platinum
counter electrode (ALS, Japan) were used for all measurements. The
electrochemical impedance spectrum was measured in a buffer con-
taining 2mM ferro/ferricyanide [Fe(CN)6]3-/4- redox couple (potassium
hexacyanoferrate II/III). The frequency range used for the measurement
was in the range of 10 kHz to 100 mHz, with a 10mV a.c. voltage su-
perimposed on a bias d.c. voltage of 0.2 V vs Ag/AgCl, corresponding to
the formal potential of the redox couple. All measurements were per-
formed at room temperature inside a Faraday cage. All measurements
were carried out in triplicate, and the mean value of replicates, stan-
dard deviations and standard errors from the mean were used to report
the results.

2.3. Electrode surface preparation

Gold disk working electrodes with 2mm diameter (CH Instruments,
TX, USA) were cleaned mechanically and electrochemically. Electrodes
were first cleaned by sonication in absolute ethanol for 10min, then,
mechanically polished for 2min with 1 µm diamond powder and then
with 0.05 µm alumina slurry on respective polishing pads. The elec-
trodes were sonicated for 2min in isopropanol and for 10min in Milli-Q
water after each step. Electrodes were then cleaned electrochemically
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in 0.5M H2SO4 by scanning the potential between oxidation and re-
duction of gold, −0.05 and 1.1 V vs. Ag/AgCl for 50 cycles. The elec-
trodes were then thoroughly rinsed with Milli-Q water and air dried.

2.4. Co-adsorbent and DNA immobilization

For the development of the MPT64 aptasensor with a co-adsorbent
(either MCH or EG), gold disk working electrodes were incubated for
16 h at 4 °C with a 150 µl mixture of 100 µM of DNA aptamer (either
short linker or long linker) and 100 µM of co-adsorbent, mixed in dif-
ferent ratios. This step was important for the controlled aptamer im-
mobilization on the surface via thiol bonds. The combination of the
aptamer and a co-adsorbent used in this study is presented in Fig. 1.
Both MCH and EG were initially diluted in absolute ethanol at 100mM
to make stock solutions and stored at −20 °C. Further dilutions of both
MCH and EG were prepared prior to incubation in different measure-
ment buffers: SELEX buffer (50mM Tris-HCl; 25mM NaCl; 5 mM
MgCl2; pH 7.5), 10×diluted SELEX buffer, and PBS buffer (10mM
and/or 1mM, pH 7.4). All buffer solutions were filtered using a non-
pyrogenic sterile polystyrene 500ml bottle top filter (Corning In-
corporated, USA) and adjusted at room temperature before use. Prior to
mixing with co-adsorbents, the DNA aptamer was heated for 5min at
95 °C and slowly cooled down to room temperature. This step was
important to linearize the aptamer sequence and slowly allow it to
obtain its most favorable conformation. After incubation, the electrodes
were rinsed with the measurement buffer to remove any unattached
DNA aptamers. A 150 µl of 1mM of either MCH or EG was applied onto
the surface of the electrodes for another 1 h at room temperature to
ensure complete thiol coverage of the gold surface and to displace non-
specific interactions between the DNA and gold (Jolly et al., 2015;
Keighley et al., 2008). After rinsing the electrodes with the measure-
ment buffer, they were placed into the measurement buffer with 2mM
ferro/ferricyanide [Fe(CN)6]3-/4- redox couple for at least 1 h for surface
stabilization until a stable EIS signal was obtained. The stability mea-
surements were performed in the same time interval that were used for
incubation with protein to monitor the drift over time or any changes in
EIS due to external factors. Once stable Nyquist curves were recorded,
proteins were then incubated to monitor binding events. The stability of
the signal was an indicator of the fact that the aptamer had a stable
conformational change on the electrode surface with no further fluc-
tuations in EIS signal. The stable signal was used as a baseline for
subsequent protein concentration measurements.

2.5. Detection of MPT64

Detection of the target MPT64 with the electrochemical aptasensor
was achieved by incubating the MPT64 protein for 30min at room
temperature on the surface of the electrode that was pre-immobilized
with the co-adsorbent and DNA aptamer. For the detection studies, a
wide range of MPT64 concentrations were used from 24 pM up to
200 nM. MPT64 protein was diluted in different measurement buffers:
SELEX buffer; 10×diluted SELEX buffer; 10mM PBS; 1mM PBS; 1/10
and 1/100 diluted human serum samples in SELEX buffer.

For the specificity studies different concentrations (0.1, 1, and
10 nM) of the non-target proteins HSA, CEA, PSA, and target MPT64
protein diluted in SELEX buffer were incubated for 30min on the gold
electrode surfaces based on a long linker DNA aptamer/MCH surface
chemistry at a ratio of 1/100.

2.6. Preparation and measurement of spiked samples with MPT64

Serum samples were filtered using a 0.2 µm sterile syringe (Corning
Inc.) to remove large molecular formations. The serum dilutions (1/100
and 1/10) were made in SELEX buffer. Co-adsorbent and DNA im-
mobilized electrodes were first stabilized in diluted serum for at least
1 h until a stable signal was obtained from the EIS measurement. TheTa
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electrodes were then incubated in diluted serum with a wide range of
MPT64 protein concentrations (from 24 pM up to 100 nM) for 30min at
room temperature.

2.7. BioFET measurements

Biologically-sensitive field-effect transistors (BioFETs) were used to
confirm the EIS results. The BioFET measurements were carried out in
an extended gate mode by connecting the gold electrodes via a metal
wire to the gate of an n-type metal oxide semiconductor field-effect
transistor (MOSFET) (Formisano et al., 2016). The MOSFET readings
were recorded using an Agilent B1500A Semiconductor Device Ana-
lyzer with EasyEXPERT software. The sensor consisted of thin film gold
electrodes (Micrux Technologies, Spain) placed in a flow cell. The FET
structure was used to transduce the binding events on the gold elec-
trode into a shift in the threshold voltage of the transistor. An Ag wire
coated with silver chloride paste (ALS, Japan) served as a reference
electrode. Prior to co-adsorbent/aptamer complex immobilization,
electrodes were cleaned by sonication in absolute ethanol for 5min and
then in ultrapure water for additional 5min. The electrode preparation
was the same as described in Section 2.4. Different concentrations
(0.001, 0.01, 0.1, and 1 nM) of MPT64 were diluted in SELEX buffer and
measured using the same conditions as performed for EIS measure-
ments but without the use of redox markers.

2.8. Contact angle measurement

An in-house built optical angle setup was used for contact angle
measurement after each immobilization and detection steps (Miodek
et al., 2015). Due to the inability of the setup to accommodate the
measurement electrodes, thermally evaporated gold electrodes were
used instead. The electrodes were sonicated in absolute ethanol for
5min and then in ultrapure water for another 5min. Electrodes were
then exposed to UV/ozone (BioForce Nanosciences ProCleaner, USA)
for 30min. The MCH/aptamer complex was prepared and incubated
overnight as described previously. 50 nM of MPT64 was applied onto
the pre-treated surface of the electrode for 30min, and 50 nM HSA
served as a control. Electrodes were then rinsed with ultrapure water
and dried under a gentle air flux. Electrodes were then placed on the
stage and a 5 µl drop of ultrapure water was dispensed. The wetting of
surface was then captured using a Nikon p520 camera. Contact angle
was measured using an on-screen protractor GNU GPL v3 (http://
osprotractor.sourceforge.net/Protractor.html).

2.9. Chronocoulometry

The surface density of DNA aptamer immobilized on the electrode
was determined using chronocoulometry (Formisano et al., 2015;
Keighley et al., 2008; Steel et al., 1998). The method was used to de-
termine the optimal ratio for MPT64 detection on the electrode surface
at different ratios of long linker aptamer/MCH (1/50; 1/100; 1/200; 1/
500) required for MPT64 binding. The final thiol concentration was
adjusted to 100 µM. Electrodes functionalized with DNA aptamer and
MCH were first immersed into 10mM Tris-HCl (pH 7.4) for 1 h. A po-
tential step from −300 to −800mV versus Hg/Hg2SO4 was applied for
500ms, and the resulting charge flow was measured. The same elec-
trodes were then immersed into 100 µM hexaammineruthenium (III)
chloride (Ru(NH3)63+) in 10mM Tris-HCl (pH 7.4) buffer, and the re-
sulting charge was again measured. The number of aptamer molecules
per electrode area was calculated based on the integrated Cottrell
equation (Keighley et al., 2008). The DNA surface density was de-
termined from the surface excess of Ru(NH3)63+ as ΓDNA = Γ0(z/m)NA,
where ΓDNA is the probe surface density (molecules/cm2), m is the
number of negatively charged phosphate groups on the probe DNA, z is
the charge on the redox molecule, and NA is Avogadro's constant. The
number of DNA molecules for each long linker aptamer/MCH ratio was
calculated as the mean of three different electrodes based on the in-
tegrated Cottrell equation. For the protein binding studies, the Ru
(NH3)63+ molecules were removed from the previously used electrodes
by incubating and gently shaking the electrodes in 10mM Tris-HCl with
10mM EDTA pH 7.4 for 15min. The electrodes were then rinsed with
the measurement buffer and stabilized for at least 1 h in measurement
buffer with 2mM ferro/ferricyanide [Fe(CN)6]3-/4- redox couple fol-
lowed by the EIS measurements. The electrodes were then immersed in
different concentrations of MPT64 protein (0.1, 1, 10 nM) for 30min
followed by rinsing with measurement buffer, which was then ready for
a new EIS measurement recording.

2.10. Statistical analysis

All statistical analyses were performed using Graphpad Prism 6
(Graphpad Software, Inc), Origin Pro (OriginLab Corporation), and
Excel (Microsoft Office Professional Plus 2013).

3. Results and discussion

3.1. Surface chemistry optimization studies

The type and the length of the aptamer linker and co-adsorbent

Fig. 1. An aptasensor surface modification based on different chemistries applied onto the gold surface of an electrode; (a) short linker DNA aptamer/MCH; (b) long
linker DNA aptamer/EG; (c) long linker DNA aptamer/MCH. Not to scale.
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were shown to be important for the aptasensor development
(Balamurugan et al., 2006). Fig. 1 presents a schematic overview of the
sensor surface chemistries applied in this study, which includes three
different types based on either DNA aptamer with short or long linker
and MCH and EG as a co-adsorbent. Based on published work on an-
tifouling properties of aptamers with the linker and the EG-type co-
adsorbent (Nogues et al., 2012), the combination of short linker DNA
and EG as a co-adsorbent was not tested in the current study. This
combination is likely to hinder or diminish the availability of the short
linker aptamer to MPT64 and make the aptamer inaccessible and/or
unavailable to the MPT64 target.

We previously reported a study on selection, characterization and
application of DNA aptamers for detection of Mtb secreted protein
MPT64, where aptamers were selected using the SELEX method and
tested on clinical sputum samples using enzyme linked oligonucleotide
assay (ELONA) with sensitivity and specificity of 91.3% and 90%, re-
spectively (Sypabekova et al., 2017). The total length of the DNA ap-
tamer was 40 nucleotides, which was modified in this study by the
addition of the long linker in the form of HS-(CH2)6-OP(O)2O-
(CH2CH2O)6-TTTTT-aptamer and the shorter linker HS-(CH2)6-TTTTT-
aptamer. The linkers and five thymine residues were included to pro-
vide spacing between the aptamer and the surface so that it can easily
fold and capture the protein. The long linker was made of additional
ethylene oxide (CH2CH2O)6, a hydrophilic part of the linker. This group
is essential for protruding the aptamer from the monolayer surface and,
thereby, avoiding any steric hindrance associated with protein binding.
The ethylene oxide also reduces non-specific binding on the electrode
surface (Jolly et al., 2016a, 2016c). Both MCH and EG are simple and
common chemicals that have been used as co-adsorbents in surface
functionalization and in the detection of molecules.

To determine which surface chemistry would provide better binding
to our protein of interest, the BioFET was recorded after incubating the
electrode surface with target MPT64. The BioFET allows the im-
mobilization of an aptamer layer onto an extended gate of a MOSFET
and enables fast quantification of an electrical charge variation arising
from protein binding. With the BioFET technique, very low limits of
detection can be obtained and hence can be used for confirmation of the
results obtained from EIS. Fig. 2a illustrates a typical transfer char-
acteristic (drain current, ID, vs. gate-to-source voltage, VGS) curve for an
electrode before and after MPT64 binding event onto the surface of the
functionalized gold electrode. Depending on the surface charges of the
protein, the BioFET can produce a positive or negative shift in its
transfer characteristic. Any changes in VGS modulate the threshold
voltage of the transistor and thereby alter the drain current

(Aliakbarinodehi et al., 2017). Surface charge analysis for MPT64
previously showed that positively charged hydrophilic amino acids,
such as arginine and lysine, were found to be grouped on the surface of
the protein. Hence, the positive charge of MPT64 produced a negative
shift in the VGS of the BioFET as can be seen in Fig. 2a. Fig. 2b presents
the values of ΔVGS for different MPT64 concentrations (0.001, 0.01, 0.1,
1 nM) on different surface modifications onto the IDE gold electrode: i)
a short linker aptamer/MCH, ii) a long linker aptamer/EG, and iii) a
long linker aptamer/MCH. The ΔVGS for all three surface chemistries
was determined at ID= 22.5 µA. The ΔVGS for the long linker aptamer/
MCH complex increased from −17.35mV to −42.13mV when the
MPT64 concentration increased from 1 pM to 1 nM. The combination of
the two other surface chemistries (long linker DNA aptamer/EG and
short linker DNA aptamer/MCH) studies showed inconsistent changes
in ΔVGS (Fig. 2b) with large error bars. This inconsistency could be due
to non-specific binding of the target protein to the functionalized sur-
face and reduced reproducibility. The BioFET data suggests that the
surface chemistry based on the long linker DNA aptamer/MCH (Fig. 1c)
would provide better antifouling properties for MPT64 binding, better
reproducibility, as well as improved specificity towards the protein
detection.

We also recorded the EIS signal for the three surface chemistries:
short linker DNA aptamer/MCH, long linker DNA aptamer/MCH, and
long linker DNA aptamer/EG. The surface chemistry based on a short
linker-DNA aptamer/MCH (Fig. 1a) showed a concentration dependent
increase in charge transfer resistance Rct change (3.9%, 7.5%, and
13.3% at 0.1, 1, and 10 nM of MPT64, respectively) (see Supplementary
Information, Fig. S1). The same surface chemistry showed a non-spe-
cific interaction with HSA (with a Rct change between 2.3% at 0.1 nM
and 12.3% at 10 nM). The results for this specific surface chemistry
showed that the short linker aptamer/MCH approach, although sensi-
tive to MPT64, it does not prevent the binding of interferent molecules,
hence making it an unreliable surface for use with complex samples. In
addition, the large error bars in Fig. S1 (Supplementary Information)
are indicative of electrode to electrode variability. The surface chem-
istry based on the long linker DNA aptamer/MCH (Fig. 1c), measured
with redox markers in solution, showed a Rct signal change that in-
creases with MPT64 concentration (5.8%, 12.0%, and 21.2% for 0.1, 1,
and 10 nM of MPT64, respectively), whereas it remained almost un-
changed (less than 4%) when incubated with HSA up to a concentration
of 10 nM (Supplementary Information, Fig. S1). These measurements
were recorded upon a 1/100 ratio of long linker DNA aptamer/MCH.
This significant increase in Rct signal from 5.8% up to 21.2% for MPT64
compared to other surface chemistries studies could be due to the

Fig. 2. Target MPT64 detection using BioFET. (a) A typical ID/VGS characteristic curve for an electrode before (solid line) and after (dashed line) MPT64 binding
event based on long linker aptamer/MCH complex. (b) VGS changes on the surface of the electrode upon incubation with different MPT64 concentrations in SELEX
buffer based on short linker aptamer/MCH (1/100 ratio), long linker aptamer/EG (1/100 ratio) and long linker aptamer/MCH (1/100 ratio). All measurements were
repeated on three different electrodes.
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blocking effect to electron transfer after attachment of protein onto the
surface of the modified electrode. Another reason could be due to the
extended nature of the aptamer that forms a brush like conformation,
which protrudes from the short MCH monolayer (Nogues et al., 2012).
Thereby, the freely moving extended nature of the aptamer with the
long linker enabled MPT64 to bind more efficiently compared to other
surface chemistry studies and reduced a non-specific binding. The long
linker-DNA aptamer/EG based surface chemistry (Fig. 1b) promotes the
formation of an insulating surface, not suitable for Faradaic measure-
ments. Therefore, measurements were conducted without the use of the
redox probes (i.e. in a non-Faradaic mode) to evaluate the capacitive
processes on the surface. A complex capacitance was calculated and
used in order to evaluate the capacitance from the impedance data
(Keighley et al., 2008). The signal at the beginning of the recording was
quite unstable and no significant changes were observed in the capa-
citance upon MPT64 binding (Supplementary Information, Fig. S2).
Aptamers with longer linker type previously exhibited a 4-fold increase
in binding capacity compared to those with shorter linkers
(Balamurugan et al., 2006). Therefore, the surface chemistry based on
the long linker DNA aptamer/EG did not show any sensitivity towards
MPT64 nor specificity (data not shown); hence, it was concluded not to
use this surface chemistry for further MPT64 detection. As the result of
both BioFET and EIS measurements, the surface chemistry based on the
long linker DNA aptamer/MCH was chosen for further analysis.

3.2. Contact angle measurement

The contact angle measurement was used to validate each functio-
nalization step in the aptasensor development and to demonstrate the
binding between the target and modified surface. The contact angle was
determined at different stages of the aptasensor development. Fig. S5
presents the obtained results (see Supplementary Information; the
contact angle images are shown in Fig. S6). The surface of the electrode
was hydrophilic for all measurements because of UV/ozone exposure
during electrode surface preparation and cleaning steps. The contact
angle of the bare gold electrode was 16.3° and an increase to 21.2° was
observed after the MCH functionalization step. The contact angle value
for the aptamer/MCH at 1/100 ratio was lower (20.5°) compared to
MCH alone indicating on a successful immobilization of aptamers on
the surface. The subsequent interaction with 50 nM MPT64 target sig-
nificantly lowered the value of the contact angle down to 16.5°, de-
monstrating a specific binding to immobilized aptamers compared to
control protein, HSA (19.7°). A small non-specific binding of HSA to the
MCH treated surface was also shown in previous studies (Balamurugan

et al., 2006; Jolly et al., 2015, 2016b). However, the change for non-
specific binding was much lower than for specific binding and could be
attributed to noise.

3.3. Long linker DNA aptamer/MCH ratio optimization

The aptamer surface density on the gold electrode and aptamer
geometry/positioning is extremely important for consequent target
binding. Therefore, finding the best ratio of an aptamer and a co-ad-
sorbent is essential for the aptasensor functionalization and develop-
ment. Since the long linker aptamer/MCH complex based surface
chemistry showed the highest signals in BioFET and EIS measurements,
it was used further in the optimization analysis. A chronocoulometric
method was used to determine the surface density of DNA aptamer
(Keighley et al., 2008) so that the optimal aptamer/MCH ratio is ob-
tained for maximum signal upon MPT64 binding. The method was
based on the electrostatic interaction or intercalation of specific redox
cations (Ru(NH3)63+) with the DNA's sugar-phosphate backbone. The
amount of trapped redox marker at the DNA-modified electrode then
determined using chronocoulometry. The surface density of the probe
was calculated assuming complete charge compensation of the DNA
phosphate residues by redox cations (Steel et al., 1998). The long linker
DNA aptamer was co-immobilized with MCH onto the gold electrode,
where the probe surface density was controlled by varying ratios of
DNA aptamer and MCH in solution. A typical charge flow graph
(Supplementary Information, Fig. S3a) and chronocoulometric response
curve (Supplementary Information, Fig. S3b) with and without Ru
(NH3)63+ for the long linker DNA aptamer/MCH at 1/100 ratio showed
the difference in charge flow. The data from the graphs was used to
determine the DNA aptamer density using the integrated Cottrell's
equation (Keighley et al., 2008).

The variation of the surface density of the long linker DNA aptamer
at different ratios of MCH is shown in Fig. 3a, where four DNA ap-
tamer/MCH ratios were tested: 1/50, 1/100, 1/200, and 1/500. The
DNA aptamer density increased as the fraction of DNA to MCH in-
creased from 6.50× 1011 molecules/cm2 at 0.002% (1/50 aptamer/
MCH) fraction of DNA up to 7.91×1011 molecules/cm2 at 0.02% (1/
500 aptamer/MCH) DNA (Table 2). The aptasensor was further tested
on target binding at three different MPT64 concentrations (0.1, 1, and
10 nM) by impedance measurements and the results were compared for
different aptamer/MCH ratios (Fig. 3b). By analyzing the Rct change
responses from the EIS signal, the four aptamer/MCH ratios showed
different levels of Rct change after incubating with MPT64. A significant
increase in MPT64 binding was recorded at an aptamer/MCH ratio of

Fig. 3. (a) Aptamer molecule density distribution on the electrode surface vs. aptamer/MCH molar fraction in solution. The measurements were based on the
resulting charge change in the absence and presence of 100 µM hexaamimmeruthenium (III) chloride (Ru(NH3)63+) in 10mM Tris-HCl pH 7.4. (b) Change in charge
transfer resistance (Rct) of an electrode measured in 30min intervals at different MPT64 concentrations binding at different aptamer/MCH ratios. The measurements
were recorded in SELEX buffer containing 2mM ferro/ferricyanide [Fe(CN)6]3-/4- redox couple. Error bars show the mean and spread for at least three measurements
from different electrodes.
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1/100 by the EIS compared to other ratios studied; the ΔRct signal in-
creased in the ratio sequence 1/500 < 1/50 < 1/200 < 1/100. A
similar trend was also reported for aptasensors against prostate specific
antigen (Formisano et al., 2015). The 1/100 ratio with aptamer
7.66×1011 molecules/cm2 showed the highest Rct shift: 3.0%, 10.4%,
and 24.7% upon MPT64 binding at concentrations 0.1, 1, and 10 nM,
respectively. However, the 1/50 ratio showed lower Rct change (0.01%,
1.6% and 11.6% at 0.1, 1 and 10 nM, respectively) compared to the 1/
100 ratio, and it didn’t follow the same trend as with the other ratios
studied. This might indicate that the surface was too densely packed,
which lowered the sensitivity towards the MPT64 at 1/50 ratio due to
steric hindrance effects. Taking into consideration the long linker that
was attached to the aptamer and the size of the aptamer itself, which
was comparatively long (40 nucleotides), the densely packed surface
disabled the aptamer from specific binding to the MPT64. This could be
due to the fact that aptamer configuration did not have a freely moving
brush-like confirmation or it was due to the charge effects from the
DNA at 1/50 ratio. Since it is extremely important to find the balance
which gives an optimal signal, a ratio of 1/100 was chosen for further
sensor development.

3.4. Concentration dependent analysis and specificity studies

A schematic overview that represents a binding event of the target
MPT64 over the pretreated gold surface of the electrode with the long
linker DNA aptamer/MCH is depicted in Fig. 4a. The typical Nyquist
plot in the measurement buffer for an electrode with a bare surface,
immobilized with the long linker DNA aptamer/MCH before and after
interaction with 50 nM MPT64 for 30min is presented in Fig. 4b. The
EIS signal for the aptamer modified electrode was recorded repetitively
in 30min intervals until a stable signal was obtained. This stable signal
as used as a baseline and all the protein incubation signals are reported
with respect to this baseline. Any signal arising from a possible con-
formational change of the aptamer in the presence of the measurement
solution itself is therefore already included in the baseline.

A concentration dependent curve for different MPT64 concentra-
tions using a long linker DNA aptamer/MCH in a ratio of 1/100 relative
to blank measurements from the EIS signal measured in SELEX buffer is
presented in Fig. 4c. A concentration dependent analysis was performed
for MPT64 concentrations ranging from 49 pM to 200 nM and showed
an increase in charge transfer resistance (Rct) change upon increasing
the target concentration. A plateau was reached at 50 nM concentration
of the target MPT64 indicating that the surface was saturated above this
concentration. A linear correlation was found between Rct change value
and target protein in the range of 1–50 nM. The regression equation for
Rct change versus MPT64 concentration was y=0.3395×+11.735
with R2 = 0.97, where x is the concentration of MPT64 in nM (Fig. 4c
inset). Fig. 4d presents an experimental and fitted Nyquist plot for
binding of MPT64 at concentrations ranging from 49 pM to 50 nM using
the long linker DNA aptamer/MCH in a ratio of 1/100. A Randles fitting
circuit was used in this study to quantify the target analyte (Liang et al.,
2013). Fig. 4d inset shows the Randles equivalent circuit model selected
to fit the experimental data, in which Rs is the solution resistance
connected in series with a constant phase element CPE and in parallel
with the charge transfer resistance Rct of the surface and Warburg

element W to model diffusion.
The aptasensor based on the long linker DNA aptamer/MCH surface

chemistry (Fig. 1c), measured in solution with redox markers, showed a
Rct signal change that increased by 5.82% at 0.1 nM, 12% at 1 nM, and
21.2% when it was incubated with 10 nM MPT64, whereas it remained
less than 4% at the same concentrations (0.1, 1, and 10 nM) for the
control proteins HSA, CEA, and PSA showing specificity towards
MPT64 (Fig. 5). A non-target protein such as CEA (180 kDa) was se-
lected in this study because it is a member of a family of cell surface
glycoproteins that are produced in excess in human colon carcinomas
(Benchimol et al., 1989) with normal level in healthy individuals being
at< 5 ng/ml (Asad-Ur-Rahman and Saif, 2016), which is equivalent to
0.02 nM. PSA (30 kDa) is serine protease produced at high concentra-
tions by normal and malignant prostatic epithelium (Stenman et al.,
1999) with normal levels in healthy individuals being at 4 ng/ml
(Thompson et al., 2004), which is equivalent to 0.13 nM. The maximum
concentration used for the specificity study in this work was 10 nM,
which is 500 times higher for CEA and 77 times higher for PSA than the
normal clinical range. Therefore, the use of higher concentrations for
CEA and PSA could account for combinatorial interference effects of
these proteins on MPT64 detection as opposed to normal level stan-
dards. HSA is the most abundant protein in plasma compromising about
half of serum proteins with a molecular weight of 66.5 kDa (He and
Carter, 1992) with average concentration being at 35mg/ml (Doumas
et al., 1971). All control proteins were used as a control at the same
concentration to confirm that selected aptamers are indeed specific to
MPT64. Upon exposing the aptasensor to 10 nM HSA in measurement
buffer, an increase in the Rct value of around 4–5% was recorded (Fig
S1, Fig. 5.). Such an effect could be a blocking effect due to occupancy
of free MCH spaces on the sensor surface. The experiments with human
serum samples presented in Section 3.6 show that the change upon
MPT64 binding is consistent with that found in measurement buffer
despite of serum being rich on other proteins, including HSA.

In our previous study on selection, characterization, and application
of DNA aptamers for detection of Mtb secreted protein MPT64, bioin-
formatics surface charge analysis (PDB code 2hhi) showed that posi-
tively charged hydrophilic amino acids, such as arginine (ARG85 and
ARG117) and lysine (LYS118) were grouped on the target MPT64
model, allowing a potential binding site for the negatively charged DNA
backbone with common TCCAGT located within the biggest potential
stem loop (hairpin), formed by four Watson-Crick base pairs in stem
parts and having six bases in loop part (Sypabekova et al., 2017). A
computed GC/AT ratio (G + C)/(A + T) of the selected MPT64 ap-
tamer had about 1.11 that provided basic sequence characteristics in
terms of nucleotide composition. This work could provide an under-
standing of how the target MPT64 and aptamer bind and a study, such
as analysis of crystal structure of the protein/aptamer complex needs to
be done to understand the exact mechanism of binding.

3.5. Buffer optimization studies

Electrodes functionalized with the long linker-aptamer/MCH at
optimized ratio of 1/100 were further used for buffer optimization
studies using the EIS technique. These buffers include the measurement
buffer (SELEX buffer; pH 7.5) in which the aptamer was initially syn-
thesized (Sypabekova et al., 2017), 10 times diluted SELEX buffer (pH
7.5), 10mM PBS (pH 7.4), and 1mM PBS (pH 7.4). The reason for di-
luting buffers was to reduce the amount of charge screening during the
detection and examine whether dilution influenced the binding effi-
ciency. Upon dilution, the pH of buffers was adjusted back to the ori-
ginal value. Preparation of 1/100 aptamer/MCH, stabilization of the
electrode surface in the measurement buffer and EIS measurements and
rinsing in between steps were carried out as described in Section 2.4
and were all performed in each type of buffer. These buffers were used
in rinsing steps, in recording the EIS signal, as well as in diluting the
target MPT64. A concentration dependent curve of Rct change with

Table 2
Aptamer molecule density distribution on the electrode surface vs. aptamer/
MCH molar fraction in solution.

Aptamer/MCH ratio Mean of measurements from three electrodes
(molecules/cm2)

1/50 (0.002%) 6.50×1011

1/100 (0.005%) 7.34×1011

1/200 (0.01%) 7.66×1011

1/500 (0.02%) 7.91×1011
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different concentrations of MPT64 measured in SELEX buffer is pre-
sented in Supplementary Information, Fig. S4a. The increase in Rct

signal and relatively small error bars for the SELEX buffer was

consistent with the increase of protein concentration. When the SELEX
buffer was diluted 10 times, the recorded signal change was below zero
at lower MPT64 concentrations (from 100 pM to 1 nM) (Supplementary
Information, Fig. S4b). The reason for such a drop in the recorded signal
value could be the result of combination of different processes including
the change in aptamer conformation upon binding to MPT64. The
magnesium ions within the SELEX buffer are essential for DNA to form a
stable structure (Serec et al., 2016); therefore, the decrease in magne-
sium might have hindered the proper aptamer folding and eventually
resulted in screening of negative charges of DNA aptamers resulting in
reduced Rct change. An increase in Rct was observed with higher MPT64
concentrations (< 1 nM) due to the binding event of the protein onto
the electrode surface, which disabled the access of the redox probe from
the close proximity of the electrode surface. In addition, batch-to-batch
variations were observed, which led to having a high standard devia-
tion at each sample point; this could be a result of differences in the
initial Rct values from each electrode at the same protein concentra-
tions. These variations are due to the destabilization of the aptamer/
protein complex formation. Consequently, there were significant dif-
ferential values in overall Rct change. Next, measurements were per-
formed in PBS buffer, a widely used buffer in the development of ap-
tasensors. A seemingly random change in Rct at 10mM PBS
(Supplementary Information, Fig. S4c) could be explained by the un-
stable interaction of MPT64 molecules with the electrode surface. We
presume that there was the promotion of non-specific and unstable
protein-protein interactions. The same scenario was observed with

Fig. 4. (a) A schematic overview of the gold electrode surface modification with a long linker DNA aptamer/MCH followed by the target MPT64 capturing event on
the functionalized surface of the gold electrode; (b) A representative Nyquist plot (-Z" vs. Z′) for an electrode with a bare surface, immobilized with the long linker
DNA aptamer/MCH before and after interaction with MPT64 for 30min. Calculated fitted values to the equivalent circuit are presented as dashed lines. (c) A
concentration dependent curve for different MPT64 concentrations using a long linker DNA aptamer/MCH at a ratio of 1/100 relative to blank measurements from
the EIS signal measured in SELEX buffer; (d) a Nyquist plot for different MPT64 concentrations (in nM) using a long linker DNA aptamer/MCH in a ratio of 1/100
(experimentally obtained values are shown as dots; fitted values are shown as dashed lines); Inset (for b and d): Randles equivalent circuit, where Rs is the solution
resistance, Rct is the charge transfer resistance, CPE is the constant phase element, and W is the Warburg element. Error bars show the mean and spread for at least
three measurements from different electrodes.

Fig. 5. Specificity study of the electrochemical aptasensor for the target MPT64
detection along with HSA, CEA, and PSA detection at different concentrations
based on a long linker DNA aptamer/MCH surface chemistry at an optimized
ratio of 1/100. Change in charge transfer resistance (Rct) of an electrode
measured in 30min intervals in SELEX buffer containing 2mM ferro/ferricya-
nide [Fe(CN)6]3-/4- redox couple. Error bars show the mean and spread for at
least three measurements from different electrodes.

M. Sypabekova et al. Biosensors and Bioelectronics 123 (2019) 141–151

149



1mM PBS; although with decreased Rct change (< 15%)
(Supplementary Information, Fig. S4d). Clearly, results of this study
indicated the importance of the buffer in the development of sensitive
and specific aptasensor for the detection of Mtb secreted protein MPT64
and showed that the buffer, where aptamers have been previously
raised, could give a better and consistent signal response.

3.6. Analytical evaluation of the aptasensor using serum samples

The developed aptasensor with optimized surface chemistry was
tested on human serum samples using EIS. For the determination of the
MPT64 in serum, the established standard curve of the aptamer sensor
in buffer solution was not used; rather the standard curve of the ap-
tamer sensor in serum was used. The standard curve for the aptamer
sensor in serum was established by stabilizing the electrode surface in
serum to have a good calibration signal. The electrode surface was
primarily stabilized with 1/100 diluted serum until obtaining a stable
signal. There are other molecules such as albumins within the serum
that could be absorbed on MCH, hence, the stabilization step is im-
portant to have a good calibration signal. The electrochemical im-
pedance signal increased when the aptamer-modified electrode was
immersed in serum when compared to the results obtained with the
buffer (Fig. 6a). In serum, which contains high concentrations of HSA as
in the normal clinical range, the optimized surface chemistry showed a
non-specific binding with Rct change of around 5–6% without going
beyond during repetitive measurement in serum alone (Fig. 6b, dashed
line). This suggests a possible resilience to the non-specific binding of
serum proteins.

After a signal stabilization, the electrode was incubated in human
serum with a wide range of MPT64 concentrations (from 12 pM to
100 nM) (Fig. 6b). There was an increase in Rct with an addition of the
target MPT64 at different concentrations in 1/100 diluted serum sam-
ples (Fig. 6). The sensor demonstrated a clear distinction between
specific binding of MPT64 and non-specific binding of HSA not ex-
ceeding 6% Rct change. The signal after stabilization was used as a
reference to calculate the Rct change during MPT64 detection. A con-
centration dependent response was obtained with a gradual increase in
Rct signal up to 50 nM MPT64 demonstrating a good response down to
concentrations of 49 pM with the limit of detection (LOD) of 81 pM for
MPT64 detection (Fig. 6). The smallest protein concentration tested was
12 pM Hence, at concentrations of 12 pM and 24 pM the signal change
was negligible. The LOD was calculated using the formula LOD
=meanblank + 1.645(SDblank) + 1.645(SDlow concentration sample), where
SD is standard deviation (Armbruster and Pry, 2008; Armbruster et al.,
1994). The signal for diluted serum alone remained unchanged
throughout the experiment. The surface of the sensor started to saturate

at around 50 nM of MPT64, similarly to what was observed with the
measurements after incubation in SELEX buffer. The Rct change gives
slightly higher response after incubation with respective concentrations
of MPT64 in diluted serum compared to those diluted in SELEX buffer
(Supplementary Information, Fig. S8). We assume that the composition
of serum could promote the formation of MPT64 multimers. MPT64 can
form multimeric structures, tetrameric structures to be exact, in isolates
with subunits being covalently connected via disulphide bonds (Chu
and Yuann, 2011). Therefore, instead of having one MPT64 on the
electrode surface it was estimated that tetrameric MPT64 could be at-
tached onto the aptamer modified electrode. A slight increase in Rct in
serum measurements could be as the result of an attachment of MPT64
tetramers to the aptasensor surface. MPT64 forms tetrameric structures
and not agglomerates, hence, the attachment of MPT64 tetramers to the
aptasensor surface could not form a non-specific adsorption. The strong
covalent bond of MPT64 tetramers cannot be removed by sufficient
rinsing, unless by adding a detergent (urea or DTT) to an electrode
surface. Since the aptamer was attached onto the electrode surface via
such S-S bond, the addition of detergent to an electrode surface could
detach the aptamer from the electrode surface. The rinsing of the
electrode was done sufficiently, and hence, we believe that the inter-
action between the aptamer and the MPT64 tetramers are specific.

We also performed measurements in less diluted serum (1/10 di-
lution), which gave a much higher LOD (12.73 nM) (Supplementary
Information, Fig. S7). Since there was a pool of other proteins and
molecular agglomerates present in less diluted serum, the chances for
MPT64 multimer to move freely and reach the aptasensor surface was
limited thereby giving a lower signal change in the charge transfer
resistance. During cellular infection with Mtb, mycobacterial products
including the MPT64 biomarker incorporates into host cell exosomes,
100 nm vesicles which are then released into the biological fluid (Giri
et al., 2010; Mehaffy et al., 2017). The current clinical diagnostic level
of MPT64 protein in isolated exosomes from the serum is at a sub-na-
nomolar range (Mehaffy et al., 2017). Hence, the detection limit of the
current aptasensor is in the range of detecting MPT64 in clinical sam-
ples and therefore, it could be further adopted as one of the rapid
MPT64 detection methods.

4. Conclusion

In this study, strategies for the optimization of an EIS aptamer based
sensor for the detection of Mtb secreted antigen MPT64 was in-
vestigated. It was concluded that the combination of the long linker
aptamer/MCH was optimal for the sensitive detection of MPT64. The
aptamer was specific to MPT64 as shown by EIS and contact angle
measurement experiments. BioFET results confirmed the importance of

Fig. 6. (a) A representative Nyquist plot (-Z" vs. Z′) for an electrode immobilized with a long linker DNA aptamer/MCH in a buffer and in the serum. (b) Change in the
charge transfer resistance (Rct) of an electrode measured in 30min intervals at different MPT64 concentrations 1/100 diluted serum samples using EIS. Measurements
were recorded in SELEX measurement buffer containing 2mM ferro/ferricyanide [Fe(CN)6]3-/4- redox couple. Black squares represent values obtained from in-
cubation with different MPT64 concentrations diluted in serum. Dashed tread line represents repetitive measurements of serum sample without MPT64. Error bars
show the mean and spread for at least three measurements from different electrodes.
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the combination of the long linker aptamer/MCH. The aptamer surface
density of 1/100 ratio provided the maximum impedimetric signal
compared to other ratios studied. The importance of the buffer was also
established for MPT64 binding and the SELEX buffer, in which apta-
mers were synthesized, was found to be the optimal buffer to conduct
the measurements. The aptasensor was tested with spiked human serum
and evaluated in dose response analysis. The measurements were re-
producible with a LOD of 81 pM, which is in the range of detecting
MPT64 in clinical samples. The current study showed a significant re-
duction in detection time compared to traditional detection methods by
reducing time from several hours and/or days to 30min. Moreover, the
aptasensor in this study used a relatively simple surface chemistry
based on co-immobilization of both aptamer and co-adsorbent at the
same. The proposed surface chemistry can be further studied and uti-
lized for the development of a sensitive aptamer-based detection of
MPT64 antigen.
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