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ABSTRACT

The design of electrochemical immunosensors for the detection of measles-specific antibodies is
reported. The measles-antigen modified surface was used as an antibody capture surface. The detection
of measles-specific IgG antibodies was accomplished using the voltammetric method and horse-radish
peroxidase (HRP) labeled secondary antibody (anti-IgG) as a detecting antibody. The potential applica-
tions of the designed immunosensor were evaluated in buffer and serum solutions. The immunosensor
exhibited good linearity at concentrations less than 100 ng mL™! with R*=0.997 and the limit of
detection of 6.60 ng mL™! at 3¢. The potential application of the immunosensor was evaluated in the
deliberately infected human and newborn calf serum samples with measles-IgG antibody mimicking
real-life samples. The designed electrochemical immunosensor could differentiate between infected and
un-infected serum samples as higher catalytic currents were obtained for infected serum samples.

Labeled-detection
Immunosensors
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1. Introduction

Measles virus (MV) is a single-strand ribonucleic acid virus
belonging to Morbillivirus genus in the family of Paramyxoviridae.
MV is highly infectious and deadly to children with adult infection
rate relatively small compared to children. MV can be transmitted
through large droplets from coughing and sneezing or direct
contact with the nasal or throat secretions from an infected person
[1]. Secondary infections by MV do occur and this makes the
detection and monitoring of this virus very important. Eastern and
southern African countries have recently reported the resurgence
of measles outbreaks with 200,000 confirmed cases and 1400
recorded deaths according UNICEF/WHO [2,3] and Centers for
Disease Control and Prevention [4]. Confirmed measles cases have
also been reported in various countries and regions worldwide
making this a global problem [5-10]. South Africa has recently
experienced various disease outbreaks, such as rift-valley fever
(a zoonotic disease) with 13,902 confirmed animal cases
(8581 deaths) [11] and measles with > 17,000 confirmed human
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infected cases [11-13]. The complications of measles-HIV
co-infections were reported during the outbreak [13]. The treat-
ment of measles on HIV infected individuals is slower due to
compromised immune response and hence slow production of
measles-specific antibodies. The slow production of measles-
antibodies results in slowing measles treatment and the recuper-
ating process [14-16]. However there are no adverse effects to
measles vaccination or treatment in HIV-infected individuals
[17,18].

Serological testing methods for measles diagnosis monitor the
production of Immunoglobulin M (IgM) [19-23], Immunoglobulin
G (IgG) [19-21,24,25] and the presence of measles virus [23,26].
Commercially available systems widely used for measles serodiag-
nosis are based either on enzyme immunoassays (EIAs) or poly-
merase chain reactions (PCRs). Enzyme-linked immuno-sorbent
assays (ELISAs) are the preferred system. IgM antibodies are the
first antibodies produced in early stages of measles virus infection
and disappear after almost 5 weeks. Therefore, they have been
accepted as markers for recent or acute measles virus infections.
On the other hand, IgG antibodies are the secondary produced
antibodies and are known to persist long after the infection or
immunization [21]. When IgG is used for serodiagnosis of measles,
an increase in IgG antibody titer indicates an acute measles
infection whilst stable levels of IgG antibody indicates convales-
cent stage of measles infection [27,28]. To evaluate whether the
antibody titer are increasing, decreasing or remaining the same,
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quantitative measurements are required. Electrochemical systems
are useful in quantifying the level of analytes in the test samples.
For serodiagnosis of measles using IgG antibodies, the differentia-
tion can be obtained by measuring two samples obtained 2
weeks apart.

Several reports have demonstrated the efficiency of detecting
measles-specific antibodies [19-25] using ELISA techniques. The
limitations of ELISA methods are that they are laboratory centra-
lized, time consuming, require bulk equipment for analysis and
require skilled personnel for sample analysis and results inter-
pretation. These ELISA requirements make the technique not
applicable for remote applications at locations where outbreaks
sometimes occur. There is therefore a need to investigate systems
for serological diagnosis of measles on-site, i.e. outside the
laboratory confinements with ease of results interpretation.
Amongst the systems widely investigated are the dip-sticks or
point-of-care (POC) assay test Kkits, such as the immunochromato-
graphic or lateral flow test kits [29,30] which give qualitative
results. Other systems that are of considerable interest are the
electrochemical-based detection systems because they offer both
qualitative and quantitative results. Glucose biosensor systems are
the most widely used based on the electrochemical signal for
detection and monitoring glucose in diabetic patients [31].

Electrochemical detection can also be incorporated into ELISA
systems to make detection easier. The ease with which the
electrochemical signal can be analyzed makes these the system
of choice for serodiagnosis and monitoring of disease and virus
outbreaks at remote locations. The electrochemical systems can be
miniaturized for ease of portability which allows for their use at
remote areas and for field-testing. The use of electrochemical
detection of immuno reactions using HRP and its substrates has
been widely studied and recently reviewed [32]. In this work, the
horse-radish peroxidase (HRP) labeled anti-IgG was used to
monitor (electrochemically) the specific interaction between
measles-antigen (MAg) and measles-specific antibody (IgG iso-
type) mimicking the ELISA method. To increase the knowledge in
this interesting field of scientific research, the design and applica-
tion of electrochemical ELISA for measles serodiagnosis using
measles-specific IgG antibodies will be reported. Serodiagnosis of
measles using electrochemical ELISA is therefore reported here for
the first time and the use of serum samples was included to mimic
the real-life samples.

2. Experimental
2.1. Materials and supplies

Measles antigen (Rubeola Edmonston strain, R9750, MAg) and
anti-Rubeola primary polyclonal antibody (R9750-10, IgG isotype,
1°PAb) were purchased from USBiologicals (USA) and required
dilutions were performed before use. Peroxidase (HRP) conjugated
anti-IgG secondary polyclonal antibody (611-703-127, 2°PAb) was
purchased from Rockland (USA) and serial dilutions prepared as
per experimental requirement. Acetonitrile (ACN), glutaraldehyde
(GA), absolute ethanol, 3,3',5,5'-tetramethylbenzidine (TMB, T0440)
solution for ELISA experiments were purchased from Sigma-Aldrich
(South Affrica) and used as received. Bovine serum albumin (BSA) was
purchased from Sigma-Aldrich and 2% BSA was prepared and used as
the blocking buffer. Phosphate buffer saline (PBS) containing 8.0 g
sodium chloride, 1.3 g dibasic sodium phosphate (Na,HPO,4), 0.2 g
monobasic sodium phosphate (NaH,PO,4) in 1.0 L of distilled water
(pH 7.4) was used. Solvents were distilled and dried before use. H,0,
(32%) was purchased from SAARChem (South Africa). Ultra-pure
water was obtained from a Milli-Q water system (Millipore Corp.
Bedford, MA, USA) and was used throughout the experiments.

2.2. Apparatus and methods

All electrochemical experiments were carried out using a
computer-controlled Autolab Potentiostat/Galvanostat PGSTAT
302N (Eco Chemie, Utrecht, The Netherlands) driven by the
General Purpose Electrochemical Systems (GPES) data processing
software. The electrochemical data was collected using a gold
electrodes (Au, r=0.8 mm) as working electrodes, platinum wire
as counter electrode and silverisilver chloride (AglAgCl) 3 M NaCl
solution as reference electrode. The 4-(2-aminoethyl) benzene
diazonium (AEBD) salt used for electrochemical grafting was
synthesized and purified as previously reported [33,34]. The
covalent attachment of the MAg as a sensing element or capture
protein was accomplished following a previously reported method
[35]. Briefly, the gold electrode (Au) modification was achieved by
first grafting the amine functionalized monolayer. Prior to mod-
ification, the electrode was cleaned thoroughly following the
reported method [36,37]. The electrode modification was achieved
by electrochemical grafting 1 mmol L™! AEBD salt in acetonitrile
solution containing 1 mmol L™! TBABF, as an electrolyte to form
phenylethylamino (PEA) monolayer. The PEA modified gold sur-
face was then activated by immersing it in 5% GA in absolute
ethanol solution for 1 h. The GA activated surface was represented
as Au-PEA-GA. The immobilization of MAg was accomplished by
immersing the GA activated electrode onto measles-antigen solu-
tion (20 pg mL™!) and incubated at 4 °C overnight. The non-specific
binding of amine reactive sites were blocked by incubating the
measles-antigen modified electrode in 2% BSA solution at 37 °C for
1 h, the electrode was represented as Au-PEA-GA-MAg/BSA. After
each incubation or immobilization step, washing with PBS-T was
conducted three times to remove the physically adsorbed species.
The modified surfaces were then stored in PBS-T containing 2%
BSA at 4 °C before use.

3. Results and discussions
3.1. Enzymatic activity of HRP bound onto the 2°PAb, i.e. HRP-2°PAb

The activity of the HRP bound to the secondary antibody (HRP-
2°PAb) was investigated for its activity to convert TMB to its
oxidation products. The conversion of TMB to its oxidation
products resulted in color changes from clear solution to blue
and this was monitored by the UV-vis spectroscopy. Fig. 1 shows
UV-vis spectral changes of HRP-2°PAb (0.10 ug mL™"), (a) in the
presence of H,O, and (b) after introducing TMB.

The HRP preferably binds to the activated oligosaccharides on
the Fc region of the antibody [38] leaving the Fab region for
further reactions with antigen. This binding even is however
uncontrollable but the studies have shown that the antibodies
conjugated following this method are still applicable, i.e. they
retain both the enzyme and the antibody activity [39-41]. During
this binding the reactive HRP site remains unperturbed and this
was observed by the unchanged spectrum of HRP (alone) when
compared to antibody bound HRP. Both spectra showed an intense
Soret B band (at 401 nm) and weak Q band around 630 nm typical
of HRP enzyme consisting of the redox active iron(Ill)pophyrin-
like molecule [42], Fig. 1(a)(i). After the addition of H,0,, the
11 nm bathochromic shift in the Soret B band absorption peak was
observed from 401 nm (red spectrum) to 412 nm (blue spectrum)
in Fig. 1(a). The shift in the B band absorption peak was attributed
to the change in HRP oxidation states from +3 to +5, Fig. 1(a). The
spectral changes confirm the oxidation of HRP by H,0, and the
reduction of H,0,. Fig. 1(b) shows the spectral changes before
(i, blue), during (dotted-dash) and (ii) after (ii, red) the introduc-
tion of TMB into an activated HRP (+5) solution. The spectral
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Fig. 1. UV-vis spectral changes of (a) 0.1 mg mL™' (HRP)-2°Ab (i) before and (ii)
after 10 min in the presence of 20 pmol L™ H,0, and (b) (i) before and (ii) after
addition of 20 pg mL™! TMB. The spectrum (i) is the same as (ii) in (a).

changes in Fig. 1(b) shows the shift of the Soret band absorption
band for the HRP (+5) from 412 nm (i) back to its original position
401 nm (ii) for HRP (+3) oxidation state. The hypsochromic shift of
the Soret absorption band to 401 nm was an indication of the
reduction of HRP (+5) back to its native oxidation state of +3. The
TMB was consequently oxidized and the absorption peaks at
389 nm and 650 nm (marked by asterisks) were an indication of
TMB oxidation products. The solution turned blue in color indicat-
ing the oxidation of TMB to TMB oxidation products.

When the TMB was introduced to the HRP enzyme solution in
the absence of H,0,, the spectrum observed was similar to that in
Fig. 1(a)(i) showing only the HRP absorption peak. TMB alone does
not show any absorption peak when in solution [43] and within
the studied UV-vis window, i.e. 300-900 nm as shown in Fig. 2(b,
solid black spectrum). Clearly this experimental investigation
confirms the activity of the HRP on the HRP-2°PAb and also the
oxidation of TMB. It also further confirms that the oxidation of
TMB only occurs in the presence of H,O0, which initializes the
enzymatic activity towards TMB. The monitoring of the presence
of measles-specific 1°PAb has been accomplished using reported
spectrophotometric detection via indirect immunoassays protocols
[19,20,44]. Spectrophotometric detection systems are laboratory
confined and therefore research is ongoing into electrochemical
detection systems which offer onsite monitoring. A few studies
have already shown that electrochemical methods can be
employed in the monitoring blue TMB oxidation products gener-
ated by HRP enzymatic catalysis [45-47].

In the recently published work, we have demonstrated that
impedance spectroscopy can be used for the detection of measles-
specific IgG antibodies using measles-antigen as capture protein
[35]. The challenge faced in that work was that the measles
antigen modified surface could not differentiate between the IgG
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Fig. 2. Electrochemical immunoassay detection of measles-specific antibodies
using HRP-labeled secondary antibodies (HRP-2°PADb).

and IgM antibodies. Both antibodies are produced during the acute
measles infection and IgG sometimes signify long immunity to
measles. Both these antibodies will be present in samples to be
analyzed. This work then was set-out to address this drawback of
the impedance study. The use of labeled secondary antibody
specific to either IgM or IgG antibodies addresses this drawback.
After the primary measles-specific IgG binds specifically to
measles antigen, the enzyme (HRP) labeled anti-IgG secondary
antibody (HRP-2°PAD) is introduced and the detection then take
place. This might compromise on the sensitivity of the designed
electrochemical immunosensor. The amount of IgG antibodies in
bodily fluids is higher (80%) than other antibodies with IgM (6%) as
third highest produced antibody.

The measles-specific 1°PAb (IgG) antibody detection was
accomplished by first immersing the MAg modified sensor elec-
trodes in the antibody infected solution or measles infected/
suspected sample followed by thorough rinsing with PBS-T. After
that the measles-specific IgG captured electrode was immersed in
the HRP-2°PAb solution for detection and rinsed further. The
detection was conducted in H,0,+TMB solution. Fig. 2 shows the
detection principle for the designed electrochemical immunoassay
with step labeled (iii) showing the electrochemical detection.

3.2. Electrochemical detection of measles-specific IgG antibodies
using HRP-2°PAb

The electrochemical detection on an electrode bearing HRP-
2°PAb was performed in solution containing 20 pmol L1 H,0, and
20 pg mL™' TMB as a substrate as illustrated in Fig. 2(iii). Electro-
chemically, the presence of the enhanced signal due to TMB
electrocatalysis indicates an infected or measles seropositive
sample. This means that the binding between MAg-1°PAb—(HRP)
2°PAb has occurred and the electrode is represented as Au-PEA-
GA-MAg/BSA-1°PAb—(HRP)2°PAb. The lack of detectable signal
signifies the negative sample; the electrode stays the same and
represented as Au-PEA-GA-MAg/BSA. Electrochemical analysis
using cyclic voltammetry was used in this study to monitor and
detect the amount of enzymatic products thus substituting the
spectrophotometric analysis. Different modified electrodes were
investigated for their electrochemical response toward H,0, and
TMB solutions. Since the enzymatic oxidation of TMB requires the
presence of H,05, the detection solution contained H,O, and TMB.
Fig. 3 shows the (a) cyclic voltammograms and corresponding
(b) bar chart (showing current responses) of 20 pmol L' H,0,+
20 pg mL™! TMB solution at various electrode surfaces, (i) bare Au,
(ii) Au-PEA, (iii) Au-PEA-GA-MAg/BSA, (iv) Au-PEA-GA-MAg-1°PAb
and (v) Au-PEA-GA-MAg/BSA-1°PAb—HRP)2°PAb.
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Fig. 3. (a) Cyclic voltammograms and (b) catalytic current (bar chart) of (i) Au, (ii)
Au-PEA, (iii) Au-PEA-GA-MAg/BSA, (iv) Au-PEA-GA-MAg/BSA-1°PAb and (v) Au-
PEA-GA-MAg/BSA-1°PAb—(HRP)2°PAb. All the electrodes were measured in PBS
(pH 7.4) containing 20 ug mL™! TMB+20 pmol L™! H,0,. The number of experiments
(n)=3, %RSD=<6.0% for all the electrodes studied.

A higher increase in catalytic current response was observed on
the electrode modified with (HRP)2°PAb, in Fig. 3(v). The bare gold
electrode showed a broad split redox peaks due to TMB at the
investigated concentrations. The observed redox peaks due to TMB
was suppressed at (ii) Au-PEA, (iii) Au-PEA-GA-MAg/BSA and (iv)
Au-PEA-GA-MAg/BSA-1°PAb electrodes. This suppression of the
TMB peak was a confirmation of electrode modification and the
immobilization of various layers onto an electrode surface. It was
interesting to note that the TMB redox couple did not disappear
completely and this signifies the permeability of the immobilized
layers to TMB. The cyclic voltammograms due to Au-PEA-GA-MAg/
BSA-1°PAb—(HRP)2°PAb modified electrode gave enhanced TMB
reduction catalytic currents. The enhanced electro-reductive currents
have also been reported in literature [48]. This increase in catalytic
reductive currents confirms HRP electrocatalysis towards TMB in the
presence of H,O, which initializes the enzymatic process as shown in
Fig. 2. The TMB electro-reductive currents due to TMB were much
higher and this was attributed to higher molar concentrations of
oxidized TMB products from the enzymatic reactions. The results
were studied in triplicate for each modified surface. The percentage
relative standard deviation (%RSD) was <6.0% for all the electrodes
signifying good variation of each surface modification.

The effect of the detection solution on an Au-PEA-GA-MAg/
BSA-1°PAb—(HRP) 2°PAb electrode was investigated. Higher reduc-
tive catalytic currents in Fig. 3(v) were observed. Therefore, at this
electrode we studied the contribution from each component
of the detection solution. Fig. 4 shows (a) cyclic voltammograms
and (b) their corresponding bar chart showing the comparative
current response during the electrochemical measurement of
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Fig. 4. Cyclic voltammograms of (a) Au-PEA-GA-MAg/BSA-1°PAb—(HRP)2°PAb in
(i) pH 7.4 (black dotted), (ii) 20 pmol L' H,0, (black solid), (iii) 20 pg mL™! TMB

(blue) and (iv) 20 pg mL™" TMB+20 pmol L™! H,0, (red) and (b) bar chart showing
the comparative current response at various detecting solutions. The number of
experiments (n)=3, %¥RSD<5.0% for all the electrodes studied. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

Au-PEA-GA-MAg/BSA-1°PAb—(HRP)2°PAb in different solutions
(i) PBS (pH 7.4), (ii) PBS (20 pmol L™! H,0,), (iii) PBS (20 pg mL"!
TMB) and (iv) PBS (20 pmol L' H,0,+20 pg mL™! TMB).

Fig. 4(a)(i) in buffer alone and (ii) in 20 pmol L™! H,0,, showed
just background currents with no electroactive redox peak
observed within the studied potential window. We only observed
an increase in currents at —0.2 V and above. When the electrode
was introduced to PBS containing 20 pg mL™! TMB in Fig. 4(a)(iii), a
broad redox peak was observed at E;;;=+0.20 V. The use of PBS
solution containing 20 pg mL™' TMB and 20 pmol L™! H,0, in Fig. 4
(a)(iv) resulted in enhanced catalytic reduction currents. The
enhancement in the catalytic reduction peak currents has been
shown before when HRP-labeled detection was utilized [46]. The
respective catalytic current responses are shown in Fig. 4(b) in a
bar chart. Clearly from the bar chart, enhanced catalytic reduction
currents were observed for the mixed H,0, and TMB detecting
solution. The importance of H,0, for the initial enzymatic step is
clearly demonstrated, as the catalytic current in the presence of
TMB alone was very small when compared to when both H,0, and
TMB were used. For real sample analysis, the enhancement in
catalytic reductive current will only be observed if the sample has
measles-specific IgG antibodies and hence the binding of the HRP-
2°PAb. When the measles-specific IgG antibodies are not present,
the electrode cyclic voltammograms remain the same as those in
Fig. 3(iii). The effect of the detection solution on the analytical
signal showed that the presence of both HO, and TMB results in
an enhancement of the catalytic reduction peak at HRP(2°PAb)
surfaces. The solution study results were conducted in triplicate
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Fig. 5. (a) Cyclic voltammograms (forward scan only for clarity) showing the
variation of antibody (1°PAb) concentrations ranging from (i) 10 ngmL™' to
(x) 10 pg mL™! and (b) plot of currents I (nA) vs. [1°PAb] (ug mL™!) from the data
obtained in (a). The electrode used is Au-PEA-GA-MAg/BSA. The detecting anti-
body [HRP-2°PAb]=50 pg mL™' and the detecting solution was pH 7.4+20 pg mL™!
TMB+20 pmol L™! H,0,.

for each solution at Au-PEA-GA-MAg/BSA-1°PAb—(HRP) 2°PAb.
The percentage relative standard deviation (%RSD) for all the
solutions was <5.0% signifying very good variation of each surface
modification and solution. The performance of the electrochemical
immunosensor at varied measles-specific IgG (1°PAb) concentra-
tions was evaluated.

3.3. Performance of the immunosensor at varied antibody (1°PAb)
concentrations

The performance of the immunosensor at varied antibody
(1°PAb) concentrations ranging from 10ng mL™! to 10 pg mL™!
was studied. The MAg/BSA modified electrode surface was incu-
bated in different concentrations of 1°PAb. The electrodes were
then washed with PBS-T and then incubated in the solution
containing HRP-2°PAb (50 pg mL™!). The cyclic voltammograms
were then recorded in PBS solution containing H,O, and TMB.
Fig. 5 shows (a) the cyclic voltammograms (forward scan only
for clarity) recorded during the variation of antibody (1°PAb)
concentrations ranging from (i) 10ngmL™' to (x) 10 pg mL™';
(b) shows the plot of catalytic current (I/nA) vs. [1°PAb] pg mL™".

The increase in catalytic reduction peak currents occurred at
increasing antibody concentrations as shown in Fig. 5(a). The
dependence of the catalytic peak currents on antibody concentra-
tions gave a dose response curve shown in Fig. 5(b). The linear
dynamic concentration range was observed between 10 and
100 ng mL™', the linear regression equation was ip (pA)=-0.141

to 1.026 [1°PAb]. The correlation coefficient (R?) of 0.997 was
obtained. The catalytic peak currents dependence showed a dose
response curve with a plateau at concentrations higher than
100 ng mL™!. The plateau of the dose response curve indicates
saturation of an antigen (MAg) modified surfaces as the concen-
trations for 1°PAb increased above 100 ng mL™". The dose response
curve was similar to that obtained for the ELISA experiments [35].
In that study, an increase in optical density (OD) due to the
increasing 1°PAb concentrations was observed and formed a
plateau at much higher 1°PAb concentrations. The limit of detec-
tion (LoD) for the electrochemical measles immunosensor was
found to be 6.60 ng mL™! calculated using the 3¢ method. The
obtained LoD was comparable to the reported values for other
human IgG detection [48]. Electrochemical detection gives both
qualitative and quantitative results. Both results are useful in the
measles serodiagnosis, especially when using measles-IgG anti-
bodies. Fig. 5 shows, without a doubt, the linear dependence of
catalytic reduction peak currents on the antibody (1°PAb) con-
centrations at concentrations ranging from 10 to 100 ng mL™'.
Serodiagnosis of acute and convalescent measles infections require
monitoring the increase in IgG antibody concentrations and that
the samples must be obtained 2 weeks apart [27,28]. The increase
in measles-specific IgG (1°PAb) antibody titers indicates the acute
or recent measles infections. The decrease or stable measles-
specific IgG antibody titers therefore indicates convalescent stages
of the measles infections.

3.4. Human and newborn calf sera studies

The newborn calf serum (NCS) and human serum (HS) were used
to investigate the applicability of the designed measles electroche-
mical immunosensor towards detecting measles-specific IgG anti-
bodies. The measles-antigen modified gold electrodes were
incubated into either 0.1% HS or 0.1% NCS solutions followed by
thorough rinsing with PBS-T (pH 7.4). The electrodes were further
incubated into the HRP-2°PAb solution followed by thorough rinsing
again. Scheme 1 shows the detection of antibodies (1°PAb) in
seropositive or negative 0.1% HS and 0.1% NCS solution. After the
incubation steps, the electrochemical measurements (cyclic voltam-
mograms) were carried out in PBS (pH 7.4) solution containing
20 pmol L! H,0, and 20 pg mL™! TMB.

After the immunoassay steps in Scheme 1, the electrochemical
measurement was carried out. Fig. 6 shows the (a) cyclic voltam-
mograms and (b) bar chart (catalytic peak currents) of Au-PEA-
GA-MAg/BSA electrodes (i) before and after (ii) incubating in the
0.1% HS pH 7.4 buffer solution, (iii) 0.1% HS infected with 1°PAb
(5.0 pg mL™!) and (iv) blocked/inhibited 0.1% HS with 5.0 pg mL™!
MAg. All the electrodes were incubated in the (HRP)2°PAb solution
before electrochemical measurements.

The electrode (Au-PEA-GA-MAg/BSA) in Fig. 6(a)(i) showed
very small redox couple with small currents due to TMB. After the
electrode was introduced into 0.1% HS, in Fig. 6(a)(ii) an increase in
the reduction currents was observed. This increase in reduction
currents was attributed to the binding of antibodies available in HS
solution onto the MAg/BSA on the electrode. The control study
with only BSA immobilized onto the electrode surface exhibited
current response similar to those of the MAg/BSA electrodes, in
Fig. 6(i), clearly indicating that the binding was on the MAg.
Furthermore, the presence of the electrochemical signal at MAg/
BSA modified electrode surfaces confirmed that the binding
occurred with anti-IgG HRP secondary antibodies, i.e. (HRP)
2°PAb. Therefore the binding molecule to the antigen (MAg) could
possibly be an IgG type biomolecule and it further binds anti-IgG
HRP, selectively. Additional experiments where 0.1% HS was
deliberately infected with 1°PAb (5.0 pgmL™!), in Fig. 6(a)(iii)
resulted in even higher reduction currents. This was attributed
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Scheme 1. Schematic representation of the detection principle for 1°PAb in 0.1% HS and 0.1% NCS sample matrix.
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Fig. 6. (a) Cyclic voltammograms and (b) bar chart (current response) of Au-PEA-
GA-MAg/BSA electrode (i) as prepared and after immersing in (ii) 0.1% HS pH
7.4 buffer, (iii) 0.1% HS deliberately infected with 1°PAb (5ugmL™") and (iv)
inhibited 0.1% HS with 5pg mL™! antigen. All in the presence of [HRP-2°PAb]
(50 pgmL™') and measured in pH 7.4 solution containing 20 pgmL™' TMB
+20 pmol L' Hy0,. +ve 0.1% HS=0.1% HS+5pgmL™' 1°PAb. The number of
experiments (n)=3, ¥RSD<5.7% for all the HS serum samples.

to the presence of 1°PADb in addition to the already present species
(possibly IgG) that bind to MAg and (HRP)2°PAb.

To confirm that the observed increase in current at 0.1% HS was
due to species in HS binding onto the MAg, the blocking or
inhibition was conducted. The MAg (5.0 pg mL™!) was injected
into 0.1% HS solution and the reaction was allowed to stand for
20 min at room temperature. Afterwards the electrode (Au-PEA-
GA-MAg/BSA) was incubated in the inhibited solution for an hour,
transferred into HRP-2°PAb and transferred to detection solution.
The recorded cyclic voltammogram, Fig. 6(a)(iv), shows the drastic
decrease in catalytic currents (almost similar to the electrode with
the MAg/BSA, i.e. Au-PEA-GA-MAg/BSA) for the inhibited solution.

This clearly indicates that in HS solution there are IgG proteins
capable of binding both antigen (MAg) and anti-IgG HRP (2°PAb-
HRP). The presence of IgG antibody in HS solution is attributed to
long lasting humoral immunity to measles. This was not surprising
as measles infections are targeted for global eradication by World
Health Organization (WHO) through Expanded Program on Immu-
nization (EPI). Such initiatives by WHO makes the presence of
vaccines to measles widely available. A study conducted in 2001
confirmed that IgG antibodies specific to measles persists long
after the infection or immunization [21]. Therefore, this explains
the presence of measles-specific IgG antibodies and anti-IgG
secondary antibodies in human serum. Even after such extensive
WHO-EPI program for measles eradication, these programs never
reach 100% of the population and this leads to the disease
resurgence. In the recent past, there was a resurgence of measles
with confirmed cases reported in various countries and regions
worldwide making this a global problem [5-10]. In the southern
Africa, the resurgence of measles virus infection accompanied with
high HIV prevalence makes measles diagnosis and treatment of
high importance [4,13,49,50]. This investigation further high-
lighted the importance of patient information prior to sample
diagnosis so as to avoid misdiagnosis. Fig. 6(b) shows the relative
catalytic peak currents obtained from the cyclic voltammograms in
Fig. 6(a) for various electrodes after detection. The samples were
measured in triplicate and %RSD for all the samples was <5.8% and
showing good reproducibility and less variation from sample-to-
sample.

The newborn calf serum (NCS) was also investigated for
comparison with the human serum studies. Fig. 7 shows the
(a) cyclic voltammograms and (b) bar chart (comparative catalytic
peak currents) of Au-PEA-GA-MAg/BSA electrode (i) before and
after incubation in (ii) 0.1% NCS and (iii) 0.1% NCS deliberately
infected with 1°PADb (5.0 pg mL™!). All the electrodes were incu-
bated in HRP-2°PAb (50 ug mL™!) prior to being transported into
the detection solution. The negative serum (-ve NCS) refers to 0.1%
NCS solution alone and positive serum (+ve NCS) refers to 0.1%
NCS infected deliberately with 5.0 pg mL™! antibody (1°PAb) solu-
tion to mimic an infected sample.

The electrodes with the MAg/BSA and 0.1% NCS alone, in Fig. 7
(a)(i and ii) gave almost similar cyclic voltammograms with no
noticeable catalytic peak currents. The lack of observable increase
reduction currents clearly shows that there is no interfering
species with the measles-antigen in the negative serum (-ve
NCS). However, when the serum 0.1% NCS was deliberately
infected with the 5.0 pyg mL™! 1°PAb (+ve NCS), the increase in
current was observed as shown in Fig. 7(a)(iii). The increase in
catalytic currents is a confirmation that the electrodes can selec-
tively detect the antibodies in the complex NCS sample matrix.
The studies were conducted in triplicate and the %RSD for all the
NCS samples was <8.5% showing good reproducibility and less
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Fig. 7. (a) Cyclic voltammograms and (b) bar chart (comparative current response)
of Au-PEA-GA-MAg/BSA electrode (i) before and after immersing in (ii) 0.1% NCS
pH 7.4 buffer (-ve 0.1% NCS) and (iii) 0.1% NCS deliberately infected with 1°PAb
5.0 pgmL™! (+ve 0.1% NCS). Analysis was conducted after binding of [HRP-2°PAb]
(50 pgmL™") and measurement in pH 7.4 solution containing 20 pg mL™' TMB
+20 pmol L™ H,0,. The number of experiments (n)=3, ¥RSD<8.5% for all the NCS
samples studied.

variation. The studies conducted in this present work clearly show
the potential use of these electrochemical immunosensor systems
for the detection of measles-specific IgG antibodies. Furthermore,
these immunosensor systems can also be used for surveillance of
disease and virus outbreaks at remote locations due to the fact
that electrochemical systems can be miniaturized for ease of
portability. It would have been interesting to study the infected
blood samples but these are not readily availability. Furthermore,
there are strict regulatory protocols for obtaining the blood
infected samples. However, we had used human serum and new
born-calf serum to demonstrate the applicability of the electro-
chemical immunosensor. The results were convincing in that we
managed to detect measles-specific IgG antibodies in very com-
plex serum samples.

4. Conclusions

In conclusion, this work demonstrated the design of an elec-
trochemical ELISA immunosensor using the intimate and covalent
immobilization of measles-virus antigen (MAg) onto gold elec-
trode surface. The detection of measles-specific IgG antibodies
(1°PAb) was shown to be possible using HRP labeled anti-IgG
(2°PADb) following an indirect electrochemical immunoassay. The
designed immunosensor for measles diagnosis was applicable in
human and newborn calf sera. The detection in human serum
showed the need for the knowledge or history of the patient so as

to avoid misdiagnosis. Good limit of detection (6.60 ng mL™!) was
obtained and this was equivalent to electrochemical immunoas-
says for the detection of human-IgG antibodies. Monitoring both
qualitative and quantitative antibody concentration was possible
and the use of enzyme labeled secondary antibodies may assist in
cases of discriminating which antibody isotype is detected, i.e. IgG
(using anti-IgG-HRP) or IgM (using anti-IgM-HRP). This study will
constitute the main thrust of our future investigation.
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