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Abstract

Serum background is a critical issue for biosensor development as it interferes with the detection
of target molecules and may give rise to false positive signal. We present here highly sensitive
and selective TNF-a biosensor which is able to detect TNF-oo from non-diluted human serum
using magnetic bead coupled antibody and electrochemical impedance spectroscopy (EIS)
techniques. The process is designed to detect TNF-a from human serum in three stages; (1)
abundant protein backgrounds are depleted from the serum using magnetic bead coupled albumin
and IgG antibodies, (2) after background depletion TNF-a is captured using magnetic bead
coupled TNF-a antibody, and (3) the captured TNF-a is eluted from the magnetic beads and
measured using EIS technique in which comb structured gold microelectrodes arrays (CSGM) is

utilized to enhance the detection sensitivity. The system is able to achieve the limit of detection



(LOD) at 1 pg/ml (57 fM) and a linear relationship between increasing TNF-a concentrations

and charge-transfer resistance at a dynamic range of 1pg/ml — 1000 pg/ml.
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1. Introduction

Tumor necrosis factor (TNF) or TNF-a is a type of cytokines known to induce several
signaling cascades leading to subsequence diverse cellular responses such as cell death, survival,
differentiation, proliferation and migration (Bradley, 2008; Idriss and Naismith, 2000). TNF-a is
also well known for its role as a key regulator in inflammation. Inflammation is a cellular
response of innate and adaptive immune system which is triggered by noxious stimuli and
conditions such as infections and tissue injuries (Medzhitov, 2008). The role of TNF-a in
inflammation is critical in many diseases including rheumatoid arthritis (Feldmann et al., 1996),
ankylosing spondylitis (Coates et al., 2010), inflammatory bowel disease (Van Deventer, 1997)
and psoriasis (Kyle et al., 2005). Blocking of TNF-a action could improve the diseases
prognosis. With its clinical importance, monitoring of plasma TNF-a could help in disease
diagnosis and disease progress inspection.

Common laboratory assays employed to detect TNF-a are enzyme-linked immunosorbent
assay (ELISA) (Bao et al., 2013; Zhang et al., 2014) and other immunoassays based on principle
similar to ELISA e.g. radioimmunoassay (Kenison et al., 1990), time resolve fluorescence assay
(Leister et al., 2011). These assays are time consuming processes, involve the use of match-pair

antibodies and require several washing steps. Real time detection of TNF-a can be performed



using surface plasma resonance (SPR) technique (Battaglia et al., 2005), in which the change in
refractive index of biomolecule bound surface is utilized as a mean of detection (Cottier et al.,
2007; Homola et al., 1999). This technique is based on optical method and requires complex
equipments that can only be run in central labs.

Numbers of TNF-a biosensor have been developed to simplify the detection procedure,
shorten the detection time, improve the detection sensitivity, and reduce the detection cost-per-
data point (Cesaro-tadic et al., 2004; Law et al., 2011; Li et al., 2005; Liu et al., 2013, 2012; Pui
et al., 2013). Optical detection such as bio-photonic methods gives high quality data therefore
has often been employed for the detection of TNF-a (Cesaro-tadic et al., 2004; Law et al., 2011;
Li et al., 2005). However, optical method requires complex equipments, thus the development of
alternative methods that give high quality data with simple procedure is desired.

Electrochemical immunosensor especially electrochemical impedance spectroscopy (EIS)
has recently gained much attention in the field of biosensor developments (Arya et al., 2013;
Dong et al., 2013; Hu et al., 2013; Kongsuphol et al., 2014; Li et al., 2010; Pui et al., 2013). EIS
is a technique used to study the system response to the application of periodic small amplitude ac
signal at different frequencies (Grieshaber et al., 2008; Lasia, 1999). In faradic impedance,
information obtained from the system response includes capacitance and interfacial charge-
transfer resistance (Grieshaber et al., 2008; Lasia, 1999). These signals can be used to sense
different reactions occur on electrode surface. EIS is a very attractive technique for biosensor
development as it is a non-destructive method that gives high quality data by directly converting
biological event into electrical signal. In addition, EIS system set up, as compare to optical

system set up, is small and portable; thus it is possible to perform EIS analysis outside of central

lab.



At present, the trend in biosensor development is moving toward the Point-of-Care (POC)
application where medical applications are conducted at the patient bed site and the samples are
collected on the site (Kumar et al., 2013; Lee, 2008; Vasan et al., 2013), therefore use of blood or
serum as a sample is unavoidable. This is a critical issue for biosensor development because
blood and serum contain high background content of cells, proteins, electrolytes, lipid, etc
(Krebs, 1950) which may interferes with the detection signal and possibly gives rise to the false
positive signals. Example of very high serum protein backgrounds are albumin and IgG which
accounted for up to 50 mg/ml and 10 mg/ml respectively. Several methods attempting to reduce
the serum background interference have been reported (Baker et al., 2006; Du et al., 2010; Lao et
al., 2009; Luo et al., 2013; Piliarik et al., 2010; Qi et al., 2013; Rubin et al., 2014), among which
the simplest method is to dilute the serum sample before subjecting it to subsequence
interventions (Baker et al., 2006; Du et al., 2010; Lao et al., 2009; Piliarik et al., 2010; Rubin et
al., 2014). This method is an effective way of reducing the serum background however the target
molecule will also get diluted. The diluted serum sample lowers the chance of the target
molecule to be interacted with the sensing matrix therefore weak or absence of signal is
reflected. Another frequent utilize method to cope with the background interference is the
‘blocking’ method (Arya et al., 2013; Kar et al., 2012; Liu et al., 2013, 2012; Pui et al., 2013). In
principle, the sensing matrix is pre-exposed to the blocking agent in order for the blocking agent
to fill up the non-sensing space therefore blocking the nonspecific interaction of the background
to the non-sensing area. Although this could prevent background interference, it reduces the
sensitivity of the sensing matrix.

We have reported previously the high sensitivity EIS-based TNF-a biosensor which is able

to detect TNF-a released from cell culture. Nonetheless, it was observed that the fetal bovine



serum presented within the cell culture media interfered with the TNF-a signal (Pui et al., 2013).
Continuing from our previous study in solving the serum background interference, we present
here a technique for highly sensitive TNF-a sensor which is able to detect TNF-o from non-
diluted human serum using magnetic bead coupled antibody and EIS techniques. In this paper,
we present a proof-of-concept of 3-step process for the serum background removal, TNF-a
capture, and TNF-a detection, which can be implemented in automated microfluidic system. (1)
Serum background removal—the effect of background interference is minimized by removing
the abundance serum protein background using magnetic bead coupled albumin and IgG
antibodies. (2) TNF-a capture—following the background removal, TNF-a is captured using
magnetic bead coupled TNF-a antibody. (3) TNF-a detection—after being captured, the TNF-a
tagged beads are separated and TNF-a is eluted from the magnetic beads and measured using
EIS technique to record the impedance spectra. To enhance the detection sensitivity, comb
structured gold microelectrode array (CSGM) is used as a platform to adsorb TNF-a and record
impedance spectra. The system shows the limit of detection (LOD) at 1 pg/ml and a linear
relationship between increasing TNF-a concentrations and normalized charge transfer resistance
(Rct) at dynamic range of 1-1000 pg/ml. Altogether, this study represents a successful proof-of-
concept of a method to detect TNF-a from non-diluted serum which can be further developed
into an automated microfluidic system. In addition this study provides a basis for development of

biosensor which is able to detect the target molecule from non-diluted serum.



2. Materials and Methods
2.1. Chemicals and reagents
Chemicals and reagents were purchased from the following sources, anti human TNF-o
antibody and recombinant human TNF-o from Biolegend (USA); anti human albumin, anti
human IgG antibodies, N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC),
N-Hydroxysuccinimide (NHS), sodium dodecyl sulphate (SDS), and human serum from Sigma
Aldrich, (USA); carboxylated magnetic nanoparticles from Sphereotech Inc. (USA); phosphate
buffer saline (PBS) from Biowest (USA); other chemicals are with analytical grade from Sigma
Aldrich (USA).
2.2.Sample and magnetic-bead coupled antibody preparations
For sample preparation, prior to the experiments, different amount of recombinant human
TNF-a were spiked into PBS or pure human serum to obtain final concentrations of 1, 10, 100,
and 1000 pg/ml.
For magnetic-bead coupled antibody preparation, 200 ul of carboxylated magnetic beads
(0.31 um, 2.5% w/v) were pre-cleaned with PBS for 3 times followed by incubating with mixture
of 0.4 M EDC and 0.1 M NHS in PBS at room temperature for 30 min. The EDC/NHS mixture
was removed from the magnetic beads and the beads were incubated with 200 pl of either 250
pg/ml anti human albumin antibody, 250 pg/ml anti human IgG antibody, or 50 pg/ml anti
human TNF-a antibody for 1 hr at room temperature. Unbound antibodies were removed from

the beads and the beads were resuspended in PBS and store at 4°C until use.



2.3.Electrode fabrication

Comb structured gold microelectrode arrays (CSGM) were fabricated on oxidized silicon
wafer using standard photolithography technique as described in an earlier report (Pui et al.,
2013). For CSGM electrodes 5 pm wide and 3200 pm long electrode bands with 15 pm spacing,
distributed over 5500 um length were fabricated and utilized. Ships were pre-cleaned by
sonicating for 10 min in acetone followed by rinsing with ethanol, copious amount of de-ionized
water, and finally cleaning for 20 min under UV-ozone.

2.4.TNF-a capture and EIS measurement

Before capture of TNF-a, abundance background proteins was removed from the serum
containing TNF-a sample (50 pl) using magnetic bead coupled albumin and IgG antibodies.
Different amount of magnetic beads were tested and best results were observed when 6 ul of anti
albumin and anti IgG magnetic beads were used. This condition was employed for the present
study in which the sample was incubated with magnetic-bead coupled albumin and IgG
antibodies for 1 hr at room temperature. After background removal, the magnetic beads were
separated using magnetic rack and the sample was transferred to a fresh new tube for capture of
TNF-a. Magnetic bead coupled TNF-a was used to capture TNF-a in which different amount of
the magnetic beads were tested and the best results were observed when 3 ul of the magnetic
beads were used, thus this condition was applied for the present study. The sample was incubated
for 1 hr with magnetic bead coupled TNF-o antibody at room temperature. TNF-o bound
magnetic beads were washed with copious amount of PBS and TNF-a was then eluted from the
magnetic beads. 250 mM glycine (pH 2) and 2% SDS were tested for TNF-a elution in which
elution with SDS was observed to be more efficient than glycine therefore SDS elution was

employed for the present study. TNF-a elution was done using 40 pl of 2% SDS in 0.5 M Tris



(pH 7.0) for 10 min at 63°C (Dry bath incubator, Major Science, USA). For TNF-a detection, 40
ul of the eluted sample was incubated on CSGM electrodes for 15 min followed by injection of
40 pl redox probe [5 mM [Fe (CN)]* (Ferrocyanide) and 5 mM of [Fe(CN)e]* (Ferricyanide)
ie., 5 mM [FC(CN)G]S_/ *in 10 mM PBS solution, pH 7.4] on to the electrode and finally
impedance spectra recording and analyzing using EIS technique. EIS measurements were carried
out in a three-electrode configuration with gold as the counter and pseudo reference electrodes at

the frequency range of 0.5Hz— 500 KHz with a 25 mV amplitude using Reference 600™

(Gamry
Instrument, USA). All EIS measurements were performed with consistent parameters at room
temperature. Prior to the experiments, blank chips are tested for the initial impedance recordings
to verify the baseline Ry (diameter of the Nyquist plots) values which will be further used as
reference points. Each experiment was conducted at least in triplicate.

3. Results and Discussions

3.1. Detection of TNF-a spiked in buffer solution

Fig. 1 represents the scheme of the overall system design for detection of TNF-a from

non-diluted serum. To reduce to the effect of background interference, albumin and IgG, the
serum most abundant proteins, were removed from the serum sample by incubating the serum
containing TNF-a with magnetic bead coupled albumin and IgG antibodies (Fig 1a). The
albumin and IgG removed sample was transferred to a new tube and TNF-a was then captured
by incubating the sample with magnetic-bead coupled TNF-a antibody (Fig 1b). After being
captured, TNF-o was eluted from the magnetic beads by incubating with 2% SDS at 63°C (Fig
Ic and d). The eluted sample was then underwent impedance spectra recording using EIS
technique in which the CSGM electrode was employed for EIS measurement to enhance the

detection sensitivity (Fig 1e).



To ensure that the proposed system is feasible, several sets of optical measurement were
performed (supp. Fig. S1 and S2). Data obtained from optical measurements suggest that TNF-a
could be captured and eluted from magnetic beads (Fig. S1) and serum proteins could be, in a
large extent, depleted using magnetic beads coupled with albumin and IgG antibodies (Fig. S2).
The system was further tested to detect TNF-a spiked in a non complex solution, in this case
PBS. Fig. 2a represents Nyquist plots of eluted samples from 1-1,000 pg/ml TNF-a spiked in
PBS. The plots show increase in R (diameter of the semicircle) values upon increasing TNF-a
concentrations. Ry values obtained from TNF-o are normalized with Ry from blank chips
(Retmormy=Ret(rnFay/Retbiank))  and  plotted against different TNF-a  concentrations. Fig. 2b
represents a linear relationship between increasing TNF-a concentrations ranging from 1-1,000
pg/ml and normalized R, values with coefficient of determination (R”) value equal to 0.91.
These results suggest that the proposed sensor system is feasible and able to detect TNF-a spiked
in PBS solution, in which an increase in TNF-a concentrations causes increasing amount of
TNF-a adsorption thus obstructing the interfacial charge transfer process therefore increasing the
R values.

3.2. Detection of TNF-a from non-diluted human serum

Next, the ability of the sensor system in detecting TNF-a from non-diluted serum was
determined. Fig. 3 represents Nyquist plots (a) and normalized R values (b) of different TNF-a
concentrations spiked in human serum. The Nyquist plots show increase in Ry values upon
increasing TNF-a concentrations (Fig. 3a), and the normalized R values shows proportional
linear relation to an increase in TNF-o concentrations of up to 1000 pg/ml with LOD value at 1

pg/ml (Fig. 3b). Data obtained from serum samples (Fig. 3) are comparable with PBS samples



(Fig. 2), thus suggesting that the sensor is capable of detecting TNF-a from non-diluted human
serum with the same efficiency achieved in non complex solution i.e. PBS, in which the effect of
background interference did not affect the detection sensitivity.

It has been reported previously that TNF-o released from cell culture can be detected
(Pui et al., 2013). In that study, the inverse relationship between TNF-a and normalized Ry
values was observed and was attributed to the interference effect of serum background present
within the cell culture media. The mechanism was explained as followed: At low TNF-a
concentrations, TNF-o in combination with the non-specific large size and abundant
biomolecules are bound to the biosensor matrix, obstructing charge transfer process thus
elevating R values, whereas at high TNF-o concentrations, TNF-a are specifically and
preferably bound to the biosensor matrix, due to its small size (17 kDa), promoting charge
transfer process thus lowering R values (Pui et al., 2013). The results obtained from the present
work, however, oppose these findings in which proportional relationship between increasing
TNF-a concentrations and R values has been observed. This is largely due to the background
depletion process which plays a crucial role in lowering the effect of serum background
interference thus recovering the specific detection of TNF-a signal. Altogether, the results
obtained from the present study represent an improved TNF-a biosensor platform which can be
used to detect TNF-a from non-diluted serum.

Comparison of the present TNF-a sensor and other electrochemical sensors is
demonstrated in table 1. For most of the sensors, PBS or culture media without serum are utilized
as diluents thus the effect of serum background interference are not being encountered. Liu et al.
(2013) have demonstrated electrochemical-based apta-sensor for detection of TNF-a from blood
sample however the effect of background interference has not been discussed. In their study, the

10



LOD was reported to be 10 ng/ml which is 10,000 time higher than the present study. TNF-a
ELISA assay has been conducted as a benchmarking study in which the result obtained from
ELISA shows LOD value of approximately 15 pg/ml and dynamic detection range at 15-1000
pg/ml (Supp. Fig. S3). The TNF-a sensitivity obtained from ELISA is 15 times less sensitive as
compare to the present biosensor.

3.3. Selectivity study of TNF-a biosensor

To determine the system specificity to TNF-a, serum containing interleukin-2 (IL-2) were
used as control samples. Fig. 4a represents Nyquist plots of different IL-2 concentrations ranged
from 1-1,000 pg/ml spiked in human serum in which only slight shift of the impedance spectra
curves within a narrow range of around 3 kQ were observed from different IL-2 concentrations.
Fig. 4b represents a relationship between normalized R values and different IL-2 concentrations
in which no significant change in relative Ry values at all IL-2 concentrations was observed.
These results indicate that this system is preferentially interact to TNF-a over IL-2 and therefore
suggesting the system specificity toward TNF-o.

4. Conclusions

A method to produce highly sensitive and specific biosensor for the detection of TNF-a from
non-diluted serum has been described. The depletion of serum background reduces the effect of
background interference therefore enables the sensor matrix to specifically capture the target
molecule, in this case, TNF-a. The highly sensitive signal of TNF-o. was successfully detected
using EIS technique in which the CSGM electrodes were employed for impedance spectra
recordings. This method is able to achieve 1 pg/ml LOD and able to detect TNF-a at a dynamic
range of 1-1000 pg/ml from non-diluted serum samples. The successful outcomes of this study

indicate the proof of system feasibility which can be employed for further development of
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microfluidic implementation and automation system for TNF-a biosensor POC application. In
addition, the concept built by the present work also provides a guideline for biosensors

development that is able to detect biomolecules directly from non-diluted serum.
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Table 1 comparison of the EIS-based TNF-a biosensors

Sensing matrix Media LOD Detection range | Ref.
Antibody immobilized on | un-diluted 1 pg/ml 1-1000 pg/ml present work
magnetic beads to deplete | serum

serum background and

capture TNF-a

Aptamer blood 10 ng/ml 10-100 ng/ml (Liu et al.,

2013)

Aptamer culture media 10 ng/ml 10-100 ng/ml (Liu et al.,
without serum 2012)

Antibody (K;3[Fe(CN)g] PBS 20 pg/ml 0.02-34 ng/ml (Weng et al.,

was utilized for signal 2013)

detection)

Antibody immobilized on 10 pg/ml 0.02-200 ng/ml | Yin et al.,

gold nano-particles 2011 BB

(alkaline phosphate was

utilized for signal

detection)

Antibody (poly(guanine) PBS 50 pg/ml 0.1-100 ng/ml Wang et al.,

immobilized on silica nano 2006

particles were utilized for Anal.Chem

signal detection)

Antibody culture media 1 pg/ml 1-100 pg/ml (Pui et al.,
(with 10% 2013)
serum)

Antibody PBS 25 pg/ml 0.025-25ng/ml | (Qureshi et

al., 2010)
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Figure legends

Fig 1. Scheme of the TNF-a system sensor. (a) Serum background was removed using magnetic
beads coupled albumin and IgG antibodies. (b) The background removed sample was transferred
to a new tube and TNF-a was then captured using magnetic bead coupled TNF-a antibody. (c)
The captured TNF-a was eluted from the magnetic beads using 2% SDS at 63°C and (d) the
magnetic beads was separated out of the eluted sample. (¢) Impedance spectra of the eluted
sample were then analyzed using EIS technique in which CSGM electrode was employed as a
platform for TNF-a adsorption and for EIS analysis. R, W, and C labeled on CSGM electrodes
denote reference, working, and counter electrodes respectively. Nyquist plots represent
impedance spectra recorded from (i) blank chip and (ii) eluted sample of 1 pg/ml TNF-a spiked
in human serum.

Fig 2. Nyquist plots (a) and R values (b) of elute samples of 1-1000 pg/ml TNF-a spiked in
PBS. (a) Nyquist curves show increase in Ry values (semicircle diameter) upon increasing in
TNF-a concentrations. (b) Relationship between normalized R values and different TNF-a
concentrations shows a proportional linear relationship of increasing R values upon increasing
TNF-a concentrations.

Fig 3. Nyquist plots (a) and R values (b) of elute samples of 1-1000 pg/ml TNF-a spiked in
human serum. (a) Nyquist curves show increase in Ry values (semicircle diameter) upon
increasing in TNF-o concentrations. (b) Relationship between normalized R values and
different TNF-a concentrations shows a proportional linear relationship of increasing R values
upon increasing TNF-a concentrations.

Fig. 4. Nyquist plots (a) and Ry values (b) of elute samples of 1-1000 pg/ml IL-2 spiked in
human serum. (a) Nyquist curves show only slight shift in Ry values (semicircle diameter) upon
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increasing in IL-2 concentrations. (b) Relationship between normalized R values and different
TNF-o concentrations shows no significant change in R values upon increasing IL-2
concentrations.

Highlights

e A technique to detect TNF-a from non-diluted serum is described

e Background interference effect is reduced by removing serum abundance proteins

e TNF-a is captured using magnetic bead coupled antibody and detected using EIS

e (CSGM electrode is used to enhance TNF-a detection sensitivity

e The technique provides a 3 step procedures for microfluidic system implementation

18
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