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A B S T R A C T   

Molecularly imprinted allyl trimethoxysilane –grafted- graphene oxide/gold nano particle co polymerised with 
-allyl amine (AA) /2-aminoethyl methacrylate hydrochloride (AEMA) polymer (GO/AuNP-g-ATMS-co-AEMA/ 
AA) was synthesised by bulk imprinting method. The synthesised product was tested for sensing and quantifying 
methylmalonic acid (MMA) in blood samples in selective manner. Electrochemical studies performed with the 
developed sensor. The effective pH for the response of the sensor material was found to be 7.4. The response 
time, limit of detection (LOD) and limit of quantification (LOQ) of the electrode was found to be ~2 min, 
0.2095 μM and 0.2935 μM respectively. The constructed sensor exhibits great selectivity and is useful for the 
rapid determination of MMA in human serum. The designed electrode is long lasting, reproducible and no pre- 
treatment of biological samples required during clinical analysis which makes it advantageous. The feasibility of 
the developed sensor was ensured by comparing it with the HP GC/MSD method practiced in diagnostic la
boratory (correlation coefficient of 0.967). These results clearly indicate that the sensor developed through 
molecularly imprinting technique is valid for real sample analysis.   

1. Introduction 

Methylmalonic acid (MMA), produced in living system in very small 
amounts; which is very decisive for metabolism and energy production. 
Normal levels of methylmalonic acid are between 0.00 and 0.40 μmol/ 
L. Higher levels of MMA in blood and urine serves as early indicator of 
VB-12 deficiency in living system [1]. VB-12 deficiency is responsible 
for lacks in maintenance of nerve sheaths, functions of nerves as well as 
brain and production of red blood cells. VB-12 acts as a cofactor for two 
important enzymatic reactions; methyl malonyl CoA (a form of MMA) 
converted to succinyl coenzyme A in mitochondria and conversion of 
homocysteine (HC) to methionine. Excess methyl malonyl CoA gets 
converted to MMA. Low levels of VB-12 increase the levels of MMA in 
blood and urine [2]. Deficiency of VB-12 leads to stomach lining 
thinned, which causes a condition called atrophic gastritis, which 
causes failure to absorb VB-12 leads to pernicious anaemia. Due to lack 
of intrinsic factor in the stomach enough healthy red blood cells cannot 
be produced in the living system. Another problem of deficiency of VB- 
12 is emotionlessness and tickling in the hands and feet. In advanced 
cases, psychological changes like cognitive damage, misperception and 
gloominess. This may arise due to nutritional factors, malabsorption 
and other gastrointestinal causes as well [3]. Cancer patients are also 
vulnerable to VB-12 deficiency because of poor oral consumption, 

malabsorption, GI surgeries, medications and enteritis. The risk of de
veloping chemotherapy induced peripheral neuropathy (CIPN) in 
cancer patients increased due to deficiency of vtaminB-12. Deficiency of 
VB-12 leads to the increased concentration of MMA through the non- 
formation of blood cells [4,5]. MMA and Homocysteine are valuable for 
early detection of mild cases of VB-12 deficiency. Hence the MMA 
concentration can be used as a maker for the VB-12 level for the ef
fective biological process. VB-12 concentration in blood serum could be 
analysed by radio immune assay. In addition, MMA is also a good 
maker for monitoring the success of the treatment [6]. Analysis of MMA 
is very effective in early diagnosis of possible shortages of VB-12 much 
sooner than the classical analysis [7]. The variation of amount of MMA 
in blood can easily confirm the availability of VB-12 for metabolic ac
tivity. Determination of the concentration of MMA in blood and urine 
serves as early indicator of VB-12 deficiency in living system, re
sponsible for lacks in maintenance of nerve sheaths as well as functions 
of nerves and brain and production of red blood cells . 

Electrochemical sensing of MMA concentration in blood serum is 
one of the reliable methods for determination of VB-12 level in the 
body. An acceptable method for human VB-12 in terms of accuracy, 
precision and rapidity is still unavailable [8]. Clinical determination of 
MMA concentration in blood serum is by the method of gas chroma
tography which is time consuming and not a cost effective technique. 
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Electrochemical method is having various practical advantages like 
low-cost in instrument, easy and quick operation, and desirable sensi
tivity and applicable for real-time analysis. This method could subdued 

the limitations of usual practices like low sensitivity and selectivity, 
costly set-up and time-consuming. Since the electrochemical sensing of 
MMA concentration in blood serum is possibly a reliable method for 

Scheme 1. Scheme for the synthesis of GO/AuNP-co-ATMS-g-AEMA/AA.  
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determination of vitamin B12 as it provides an attractive and effective 
strategy to analyse the content in biological sample when the biological 
content directly gets converted to an electrical signal [9]. To the best of 
our knowledge, no electrochemical method has been reported for the 
determination of MMA with low detection limit to analyse the real 
blood sample limit. Among the electrochemical sensing, the most 
common traditional techniques include cyclic voltammetry (CV), dif
ferential pulse voltammetry (DPV). The major issues faced during the 
sensing of MMA, homo cysteine, cholesterol etc. is that they tend to 
undergo oxidation/reduction at the closed potentials of the conven
tional glassy carbon electrodes. Besides that analysis has to face lack of 
selectivity and reproducibility [9]. These limitations can overcome by 
modifying the electrodes with highly selective molecularly imprinted 
polymers which is having the capacity to produce notable potential 
difference when interacted with MMA. With the help of surface 
chemistry electrochemical sensing performance of an electrode can be 
modified. Electrode modification is the key to improve sensitivity and 
selectivity towards specific target molecules, which can give low de
tection limits of biomolecule sensing. Molecular imprinting is relatively 
a new and rapid evolving technique used to create synthetic receptors 
in polymer, recognition properties compatible to the biological system 
and it also possesses a great potential in several applications in life 
sciences [10]. This technique is used to create template shaped cavities 
in polymer matrices and is used for the selective and specific molecular 
recognition. Molecularly imprinted polymer are useful in a wide range 
of areas such as liquid chromatography sensing elements in sensors, 
artificial antibodies in immune assays, capturing matrices in solid phase 
extraction [11]. The polymer obtained from this technique can identify 
specific bioactive molecules and a sorption capacity depending on the 
properties and the template concentration of the surrounding medium. 
Thus, imprinted polymer has potential clinical, pharmaceutical and 
other sensing or protein adsorption applications [12]. The resulting 
imprinted material possesses many advantages including selectivity, 
sensitivity, stability, robustness, low cost. [13]. As functionalized 
polymers, MIPs are very suitable for fabricating electrochemical bio
sensors for specific recognition of targeted molecules [14,15]. 

GO can be easily mixed with different polymers and other materials 
and have attracted the interest because of its band gap and conductivity 
enhanced properties of composite materials such as tensile strength, 
elasticity, conductivity etc. GO has band gap of about 1.8 eV. Due to its 
unique electronic, chemical and mechanical properties, graphene oxide 
is used for the preparation of conducting MIP [16]. In order to enhance 
the conductivity of graphene oxide it is intercalated with gold nano
particles (AuNP). AuNPs selected for the composite formation due to 
their optical, electronic and molecular recognition, find applications in 
a wide range of areas including electron microscopy, electronics, na
notechnology and material science [17]. AuNPs are incorperated into 
biosensors to enhance its stability, sensitivity and selectivity. It can also 
act as signal amplifiers, by acting as electron wire for the transport of 
electrons. Major types of AuNPs are based on either optical or elec
trochemical biosensors [18]. 

For the development of electrochemical sensors, silica-based mate
rials are preferred; due to their large specific surface area, stability and 
three-dimensional structures made of highly open interconnected 
spaces. Hence, the GO/AuNP is silylated with allyl trimethoxylsilane 
(ATMS) resulting in a conducting polymer. This conducting polymer is 
used as sensitive layers in the electrochemical sensor for MMA. By in
troducing allylamine (AA) and 2-aminoethyl methacrylate hydro
chloride (AEMA) to these polymers, functional groups of monomers of 
MIP could interact with MMA. In the present study, synthesis and 
characterization of a bulk molecularly imprinted allyl tri methoxysilane 
–grafted graphene oxide/gold nano particle co polymerised with -ally
lamine (AA)/2-aminoethyl methacrylate hydrochloride (AEMA) 
polymer (GO/AuNP-g-ATMS-co-AEMA/AA) is reported. Further, de
tailed electrochemical studies were performed to assess the quantitative 
sensing of MMA from the blood samples in selective manner. 

2. Materials and methods 

2.1. Reagents 

Chemicals, used in the study were in the range of analytic grade. 
Methylmalonic acid and allyl trimethoxy silane were purchased from E. 
Merck India Ltd. Graphite, concentrated sulphuric acid (Con.H2SO4), 
concentrated nitric acid (Con.HNO3), KMnO4, allylamine (AA), 2-ami
noethyl methacrylate (AEMA) hydrochloride, gold chloride (AuCl4), 
dimethyl sulfoxide (DMSO) dimethyl formamide (DMF) were obtained 
from Alfa Aesar. Distilled water with the specific conductivity of 1µ 
ohm/cm was used throughout the experiments. All aqueous solutions 
were prepared in double distilled water. Blood samples were collected 
from the clinical laboratory located at Thiruvananthapuram, Kerala, 
India, and chilled at −4 °C before its analysis 

2.2. Instruments for characterization 

Cyclic voltammetry (CV) and Differential pulse voltammetry studies 
(DPV) were carried out by SP-200 (SN 0437), EC-Lab for windows 
v10.40 (software). The concentration of MMA was determined using a 
JASCO V-650, spectrophotometer at λmax, 263 nm. The Furrier 
Fourier-transform infrared spectroscopy (FTIR) spectra of the MIP were 
taken with Perkin Elmer 1800 model IR operating at 400–4000 cm−1 

frequency range in transmission mode. Raman spectra were recorded 
with a Micro-Raman spectrometer (Lab Ram UV HR, Jobin-Yvon). XRD 
patterns of material were examined using Siemens D5005 X- Ray unit. 
Cu K∞ (λ = 1.54064 Å) radiation generated a voltage of 40 kV and 
current of 40 mA was used as X-ray source. Scanning electron micro
scopy (SEM) analyses were done using FEI model Nova Nano SEM 450 
(USA) high resolution FE-scanning electron microscope. Elemental 
analysis was done with EDS detector, Bruker model X flash 6/10 
(Germany). Atomic force microscope (AFM) images were recorded on 
Bruker DIMENSION Edge with SCAN ASYST instrument by taping 
mode. All pH measurements were carried out on a Systronics pH meter 
(μ pH system 362, Systronics India Ltd). 

2.3. Synthesis of the electrochemical sensor (GO/AuNP-g -ATMS- co 
-AEMA/AA) 

The synthesis of electoro chemical sensor is detailed in Scheme 1. 
The process involves different steps. Gold nano particles (AuNP) were 
synthesized through Turkevich method [19,20]. The method includes 
stirring of 2 ml of 0.1 M Chloro auric acid H [AuCl4] s for 15 min at 
80 °C in 100 ml double distilled water followed by the addition of 10 ml 
of 0.01 M sodium citrate. The stirring continued for 30 min keeping 
temperature 80 °C. Clear solution turns to vine red indicated the for
mation of AuNP [21,22]. GO was synthesized by modified Hummer’s 
method [23,24]. The GO/AuNP composite was prepared by shaking 
0.1 g each of GO and AuNP in a beaker containing 100 ml of deionized 
water for 12 h. About 0.4051 g of previously intercalated GO/AuNP 
was weighed and added to four necked flask, filled with 4 ml dimethyl 
formamide (DMF). The mixture was dispersed thoroughly by ultra-so
nication for 1.5 h and about 0.4288 g of allyl trimethoxy silane (ATMS) 
in 40 ml DMF was added drop wise for 1 h and then stirred for 12 h at 
65 °C for silylation [25]. The excess of in maintenance of nerve shea 
DMF in the mixture was then decanted and the residue was then wa
shed with methanol for 2–3 times and dried in the oven. The resulting 
mixture is then finely powdered and stored in a storage bottle. The pre- 
polymerization mixture was prepared by weighing about 0.5 g of MMA 
taken in a beaker. About 25 ml of dimethyl sulfoxide (DMSO) is added 
and continuously stirred for 30 min. Addition of 1 ml each of allyl 
amine (AA) and 2-aminoethyl methacrylate hydrochloride (AEMA) into 
the mixture followed by continuously stirring for 1.5 h forms the pre- 
polymerization mixture. About 0.3240 g of SiGO/AuNP was dispersed 
in 25 ml of DMSO in a conical flask continue the stirring for 1.5 h. 
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About 0.9241 g potassium persulfate (KPS) added to the above mixture 
and temperature kept as at 75 °C. The pre-polymerization was then 
added to the above reaction mixture with continuous stirring followed 
by the addition of 5 ml of ethylene glycol di methacrylate (EGDMA). 
The resulting polymer was then washed for several times with distilled 
water to remove the excess DMSO and KPS. The polymer was also 
washed with methanol in soxhlet apparatus for 4 days and constantly 
till the solvent do not contain the peak of MMA at 269 nm. The polymer 
was dried, powdered and stored. Using the same method absolute non- 
imprinted polymer (GO/Au-g-ATMS-co-AEMA/AA-NIP) was prepared, 
without the template molecule. 

2.4. Electrochemical analysis 

Electrochemical work station, SP-200(SN 0437) was used for the 
electrochemical measurements of CV and DPV analysis. Capacity of the 
sensor was set at 30  ±  7 °C to keep the temperature steady during the 
course of measurements. Voltage window was set between −0.5 and 
+0.5, voltage was maintained with the range at 20 mV/s for improved 
operation assessment of sensor in the experimental work. Combination 
of 50 mM NaClO4 and 5 mM [K3Fe (CN) 6] was used as the supporting 
electrolyte. Potential for the analysis of DPV was adjusted between 
−0.5 and +0.5 V, pulse period 0.2 s and pulse width 0.05 s. All ex
periments were conducted by potential cycling in room temperature. 
An electrolyte solution of 50.0 mM NaClO4 and 5.0 mM [K3Fe(CN)6] 
was used for testing [23]. The stock solution (100 μM) was diluted and 
added to supporting electrolyte (0.01–3.5 μM) to final concentration 
which is in comparable range with MMA level in human body. Analysis 
of low concentrations of MMA was conducted with MMA solution to 
check the low detection limit of the fabricated sensor. 

2.5. Fabrication of imprinted sensor electrode 

Molecular imprinted recognition site of glassy carbon electrode 
(GCE) was modified by drop cast method after polishing with abrasive 
paper and alumina slurry [26]. Chitosan is used as adhesive agent for 
stabilizing imprinted polymer on the surface of the electrode. MIP was 
dispersed in 0.1 M acetic acid solution containing 0.5% chitosan (CS) 
with ultra-sonication for 20 min. The resulting suspension (3 µL), was 
dropped on the cleaned GCE with MIP (GO/AuNP-co-ATMS-g-AEMA/ 
AA) was immersed in varying concentrations of MMA solution with 
25 ml supporting electrolyte at pH 7.4 for the electrochemical analysis. 

2.6. Real sample analysis 

The synthesized sensor was used for checking feasibility of the 
sensor in the real life process. Serum was separated from the blood 
samples. About 50 µL of aliquots of the serum were added for each 
analysis to the electrochemical cell of the sensor. Parameters such as 
linearity, analytical recovery, detection limit, sensitivity, precision and 
correlation were calculated using standard methods. The potential 
displayed by the test solutions before and after the addition of MMA 
were underwent the correlation study with the results obtained from a 
well-established diagnostic lab testing method for seventeen blood 
samples. 

3. Results and discussion 

3.1. Characterization techniques 

3.1.1. FTIR analysis 
The FTIR spectra of GO, AuCl4, AuNP, GO/AuNP, GO/AuNP sily

lated, MIP polymer with MMA, MIP without MMA, Non imprinted 
polymer [NIP] are shown in Fig. 1. The spectrum of GO showed a broad 
band at 3387 cm−1 for –OH stretching of hydroxyl group. Band at1697 
cm−1 indicates carbonyl stretching of –COOH group while that at 

1199 cm−1 specific for epoxy group onto the surface of GO. Existence of 
these peaks, confirms the conversion of graphite powder to GO as re
ported in literature [18,19]. The peak appeared at 3300 cm−1 of AuCl4 

attributes to the stretching vibration of aliphatic C–H bonds. A broad 
peak of AuNP around 3410 cm−1 indicates –OH stretching of hydroxyl 
group of hydrated AuCl4. In the spectrum of GO/AuNP, several bands 
shifted and appeared at 3649, 2040, 1642, 1481 and 1180 cm−1. The 
shifting of these bands confirm the formation of the composite GO/ 
AuNP and the modification has been done in GO structure through the 
incorporation of AuNP [27]. On silylation, band intensity at 3639 cm−1 

of hydroxyl group got reduced, indicates silyl group interacted on to the 
surface through oxygen containing groups from graphene surface. The 
peak at 2046 cm−1 was assigned to the stretching vibrations of methyl 
(–CH3) and methylene (–CH2) groups. The peak around 1725 cm−1 of 
MIP indicates the appearance of –COOH in the polymeric surface along 
with the characteristic peaks of MIP, which is the combination of Si- 
GO/AuNP and MMA. No characteristics bands of MMA observed in the 
FTIR spectrum of MIP without MMA due to the complete removal of 
MMA after soxhlet washing with water. This can attribute the fact that 
MMA is imprinted on the polymer cavity. In NIP spectrum, character
istic peaks of MIP are present which indicates chemical similarity of 
MIP and NIP. 

3.1.2. XRD and Raman spectra analysis 
The XRD patterns of graphite, GO, GO/AuNP, silylated GO/AuNP, 

MIP of Si-GO/AuNP without MMA, NIP of Si-GO/AuNP and MIP with 
MMA are shown inFig. 2. Graphite shows characteristic peak at 2θ 
value 23.64°. A broad peak was observed in the range of 10–11° which 
is reported as characteristic peak of GO [21] and this peak confirmed 

Fig. 1. FTIR spectra of Graphite, GO, AuCl4, AuNP, GO/AuNP, Si- GO/AuNP, 
MIP-MMA, MIP, NIP. 
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the conversion of graphite to GO. Appearance of two prominent peaks 
at 2θ, value 26.20 and 38.08° and disappearance of characteristic GO 
peak in the XRD pattern of GO/AuNP indicates that the AuNP are 
embed inside the GO sheets. After silylation a peak of silylated GO/ 
AuNP appeared at 2θ value 26°, the peak shift confirms the increase in 
the interlayer distance. Grafting of silane functionalities on the gra
phene sheets intercalated with AuNP gave broad peak which indicates 
modification has been successfully done onto the GO/AuNP surface  
[27]. The XRD pattern of MIP without MMA showed more amorphous 
spectrum which confirms the incorporation of MMA inside polymer 
thereby increasing polished nature of the surface. On comparing the 
peaks of MIP with and without MMA, a decrease in peak height ob
served former at 2θ values 17.9 and 17.3°. This may be due to the in
teraction of MMA, with the imprinting cavity of MIP surface, which 
make it smoother in appearance. NIP’s XRD pattern is observed ex
tremely different from that of the MIP, indicates its non-specific MMA 
binding site on the surface of the polymer surface. 

The results of the Raman spectral analysis of graphite and GO are 
given in Fig. 3Fig. 3, employed to investigate micro structures of gra
phite and GO for confirming the conversion of graphite to GO. The 
prominent peaks of GO at 1360 (D band) and 1590 cm−1 (G band) 
clearly depicts the formation of GO sheets instead of multi-layer gra
phite. G band shows the vibration of sp2-bonded carbon atoms while D 
band gives the vibration of carbon with the dangling bonds in the plane 
termination of graphite. The peak appeared to be symmetrical and 
broader which confirmed the formation of bilayer [28]. 

3.1.3. TEM analysis 
TEM images of GO, AuNP and GO-AuNP are shown in Fig. 4. A 

represents the TEM image of GO showing the sheet like structure. Due 
to the presence of abundant functional groups and electrostatic repul
sion, GO sheets are separated from each other. TEM image of AuNP 
clearly gave sphere like structure which substantiates the formation of 
AuNP from AuCl4. Figure C represents the TEM image of GO/AuNP 

which confirms the interaction of spherical AuNP in the GO sheet after 
intercalating the AuNP on to the GO sheets. The TEM morphology of 
each stage indicates the desired modification effectively done on to the 
GO matrix for the MIP synthesis with effective functional groups which 
can make remarkable H- bonding template molecule. 

3.1.4. SEM analysis 
SEM Images of Si GO/AuNP (A), MIP (B), MIP-MMA (C), NIP (D) are 

given in Fig. 5. Surface morphology of GO/AuNP confirmed the com
posite formation of GO with AuNP, through the appearance of spherical 
morphology entrapped in the GO sheets. While comparing the SEM 
image of MIP and MIP-MMA, the SEM image of MIP without MMA 
seems to be more porous than MIP-MMA, this indicates that MIP’s 
imprinted form was successfully loaded with MMA molecules, thereby 
increasing the amorphous appearance on its surface. The image of MIP 
appears to be more porous when compared to NIP. The uniform mor
phology of MIP implies increased surface area through the mass transfer 
of templates binding on to the polymer moiety. In the SEM image of 
NIP, the surface was regular, more ordered and uniform as the com
plementary site for the recognition of MMA was not present, since 
specific binding sites for the recognition of MMA is absent on the sur
face. 

3.1.5. AFM analysis 
The surface morphologies of GO, AuNP, GO/AuNP, MMA-MIP and 

MIP are clearly depicted in AFM images given in Fig. 6. GO showed a 
height of around 353.2 nm in 20 μm, suggesting a single layer structure 
of GO [18]. The image of AuNP shows a height of about 17.7 nm. The 
AFM image of Si-GO/AuNP showed an increase in height of the sensor 
by 368.3 nm, suggesting an appreciable exfoliation has been done in 
GO sheets on introduction of AuNP followed by the silylation. AFM 
image of MIP-MMA has a peak height of only 1.1 nm, in 20 μm while 
the value shown by height sensor is9.6 nm for AFM image of MIP 
without MMA with in the same magnitude of analysis. On comparing 
with MIP, a decrease in height of MMA-MIP and increase in broadness 
could explain the successful interaction of MIP and MMA. 

4. Electrochemical characterization 

4.1. Cyclic voltammetry 

4.1.1. Characterization of different electrodes 
Electrochemical studies were conducted using the electrolytes, with 

the combination of electrolytes 50 mM NaClO4 and 5 mM [K3Fe (CN)6]. 

Fig. 2. XRD Patterns of Graphite, GO, GO/AuNP, Si- GO/AuNP, MIP, NIP, MIP- 
MMA. 

Fig. 3. Raman spectra of Graphite and GO.  
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The maximum potential for bare GCE was observed to be around 
0.21075 V. While the redox peak current increased to 0.1186 µA when 
the electrode was coated with MIP obtained for 50 mM NaClO4 and 
5 mM [K3Fe (CN)6]. Hence the combination concentration of chemicals 
in the supporting electrolyte is kept constant as 50 mM NaClO4 and 
5 mM [K3Fe(CN)6]. Individual experiments were carried out with 25 ml 
of the testing medium mixed with predominant quantity of MMA stock 
solution for sensor evaluation. The CV of MIP, BARE, NIP in supporting 
electrolyte (Fig. 7) which consists of 50 mM NaClO4 and 5 mM K3Fe 
(CN)6, CV of [Fe(CN)6]3−/4− showed a redox potential difference of 
0.1109 V on the BARE GCE, whereas when the electrode is coated with 
MIP the redox peak current is increased to 0.1186 µA, which clearly 
indicates that the conductivity of MIP has increased due to the increase 
in the number of cavities available and thereby enhancing the con
ducting nature. A vacant recognition site is generated as a result of the 

removal of MMA from MIP allows the permeation of [Fe(CN)6]3−/4− 

through the cavity [29,30]. Comparison of the redox current of MIP and 
NIP in MMA solution with supporting electrolyte is given in (Fig. 8). 
The peak current of MIP modified GCE is greater when compared with 
NIP modified GCE. Because of fewer cavity of NIP compared to MIP, the 
redox peak current due to NIP diminishes considerably and leads to 
electro insulating character over the electrode surface. The significant 
increase in the redox peak current indicates the excellent electrical 
conductivity and larger surface area of the MIP sensor electrode 
[31,32]. For NIP sensor, the redox peak current is greatly decreased. 
This might be due to the absence of electro active cavities (MIP cavities) 
on NIP sensor compared to MIP. A shift in potential was observed for 
MIP and NIP compared to bare glassy carbon is because of the con
ductive polymeric network. From this it could be seen that GCE with 
MIP modification remarkably increases the oxidation signal of MMA. 

Fig. 4. TEM images of (A) GO (B) AuNP (c) GO/AuNP.  
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More oxidative product of MMA gets absorbed on the sensor surface, 
having specific site to increase the oxidation peak. MMA oxidizes 
through the transference of electrons towards the electrode as the 
concentration increases, the large oxidation wave ascribes. 

4.1.2. Cyclic voltammetry analysis of different concentrations 
Fig. 9 shows the electrochemical response of Si-GO/AuNP-AA- 

AEMA as a function of Methylmalonic acid (MMA) concentration 
(0.01–3.5 μM) under identical experimental conditions. Current re
sponse value increases hastily on to the addition of MMA. As the con
centration of MMA increases, the redox peak current increases and may 
be due to the oxidation of MMA by the transference of electrons to
wards the electrode [27]. The CV plots indicate high sensitivity of 
electrode, the redox current of modified MIP- GCE in MMA is recorded 
as higher. This is due to the increased adsorption ability and catalytic 
activity for the oxidation of MMA. There could be large number of 
hydrogen bonding between MMA and Si-GO/AuNP-AA-AEMA, which 
may be the reason for improved electrochemical response for modified 
MMA sensor [15–17]. A graph was plotted with concentration of MMA 
(μM) against current (µA) indicates the linearity of the biomolecule 
sensing electrode with MMA concentration (0.01 – 3.5 μM). The re
gression coefficient (R2) was calculated to be 0.9689 in the linear curve 
fit. Slope 1.643 and intercept value 33.367. 

4.2. Differential pulse voltammogram (DPV) analysis 

4.2.1. DPV analysis of different concentration 
To investigate the response of MMA, a highly sensitive and low 

detection limit electrochemical method DPV was used under optimum 
experimental conditions. Fig. 10A depicts the typical DPV profile of 
MMA over difference concentration range (0.01 – 3.5 μM) using mod
ified GCE. It was found that a well-defined and sharp oxidation peak for 
MMA concentration of 3.5 μM at 0.2134 V. It demonstrates the unique 
electrical performance and MIP promotes the electron transfer of MMA 
while the selective recognition site of the MIP can recognize and ac
cumulate the MMA molecules. MIP helps to promote electron transfer 
to MMA which may be due to the conversion of MMA to hydro
xymethoxy and pyruvic acid and oxidized through the transference of 
electrons towards the electrode molecule and the resultant current re
sponse was expressed [33]. A calibration graph (Fig. 10B) was also 
plotted with concentration against current and R2 was found to be 
0.9683. Limit of detection (LOD) was obtained from slope (K) and 
standard deviation (σ) by the equation: 

=LOD 3( )/K

Limit of detection obtained as 0.027 μM from the slope and the 
standard deviation by the above equation. 

Limit of quantification (LOQ) obtained as 0.92 μM using the equa
tion: 

Fig. 5. SEM Images of Si GO/AuNP (A), MIP (B), MIP-MMA (C), NIP (D).  
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Fig. 6. AFM images of GO (A), AuNP (B), Si-GO/AuNP (C), MIP (D), and MMA-MIP (E).  
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Fig. 7. A. CV response of BGC, NIP and MIP in electrolytic solution of 50 mM NaClO4 and 5 mM K3Fe(CN)6;. B. Cyclic Voltammogram of Bare GCE, MIP modified GCE 
in MMA, NIP modified GCE. 

Fig. 8. Cyclic voltammogram of different MMA concentration (µM /L) solutions (A) and its concentration plot against current (µA) (B).  

Fig. 9. DPV analysis of different MMA concentration solutions (A) and its concentration plot against current (µA) (B).  
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=LOQ 10( )/K

4.2.2. DPV analysis of real samples 
The real samples had no pre-treatment, as the MIP based sensor 

interacts with specific sites for MMA, which resides on the surface of 
MIP. The blood serum samples were analysed using Si-GO-MMA-AA- 
AEMA coated GCE and the current responses for the samples were 
noted, using the calibration plot and the corresponding concentrations 
were obtained. To check the performance of the sensor for routine 
analysis, the sensor was applied to determine MMA in blood serum 
samples [34]. No pre-treatment on the sample, since the MIP based 
sensor could bind some non-specific molecules from the real samples. 
DPV diagrams for different concentrations of MMA solution with which 
MIP modified GCE and current versus MMA concentration calibration 
plots are shown in Fig. 10A. Linearity check of the analysis is carried 
out and good linearity with the observed reading with regression 
coefficient 0.963 is obtained and is given in Fig. 10.B. The unknown 
concentration of MMA in the collected blood samples was checked with 
DPV analysis and from the plot of current against concentration 
(Fig. 11.A & .B). The MMA content corresponds to 55.501 µA and 
67.2 µA in unknown sample 1 and unknown sample 2 are 0.6 and 

Fig. 10. DPV response of different MMA concentration solutions (A) and of unknown sample 1 and 2 and its calibration plot (B).  

Fig. 11. Plot for the correlation of the concentration of paired clinical samples 
with the values of electrochemical sensor and from the traditional metho
dology. 

Fig. 12. Plot of Current Vs pH variation of 3.5 μM/LMMA solution (A), Current (%) Vs time plot of 3.5 μM/LMMA solution (B).  
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2.5 μM/L, respectively. These observed values show good agreement 
with the results collected from the measured in Das Medical Diagnostic 
Centre, Medical College Road, Thiruvananthapuram, Kerala, India 
using HP GC/MSD method; thereby indicating that the Si-GO-MMAAA- 
AEMA (MIP) sensor is feasible in the routine analysis of MMA from the 
blood samples. Several clinical samples were checked for MMA con
centration by both methods. A comprehensive comparison was also 
made between the MIP sensor and clinical examination results. In order 
to check the reliability and proximity of the values by the current 
method 15 clinical samples were cross-checked with a diagnostic la
boratory methodology. A linear correlation plot (Fig. 12) gave a better 
regression coefficient 0.9678 indicates the synthesized sensor posses
sing a comparable sensitivity with the practicing MMA checking 
method in the diagnostic lab. Electro chemical sensor required only 
20 µL of blood sample. The MIP based sensor had very comparable 
results with the results obtained from clinical examination. With the 
help the slope of the line and standard deviation using the above 
equation (1) Limit of detection obtained as 0.2095 µM/L. Limit of 
quantification (LOQ) was obtained as 0.2935 Μm using the Eq. (2) 

4.3. Comparison of the MMA sensor with HPLC method. 

The different techniques feasible for the analysis employed to check 
the concentration of MMA. Values obtained on the HPLC technique and 
present methods compared and are listed in the Table 1. Found more 
accurate with low RSD values in the present method compared to other 
values indicates the effectiveness of fabricated sensor[35]. 

4.4. Reproducibility stability and repeatability of modified GCE with GO/ 
AuNP-g-ATMS-co-AEMA/AA 

The reproducibility and repeatability of values in the electro
chemical sensing of MMA with modified GCE by GO/AuNP-g-ATMS-co- 
AEMA/AA monolayers were performed with three different con
centrations 1, 5 and 10 μM of solution in triplicate manner. 
Reproducibility of values on different set of experiments were done 
after an interval, of time in the same experimental conditions and the 
results are tabulated in S.1. After each analysis dipping the modified 
GCE in ethanol and washing it thoroughly with water for 12 h and dried 
in vacuum after each electrochemical measurement. The sensor could 
be reused after cleaning process without loss in performance in the 
sensing of MMA even after different sets of experiments and the lower 
value of RSD in different sets of experiment clarified the stability of 
fabricated sensor is relatively good. The repeatability of the sensor 
fabricated also checked using same concentrations 1, 5 and 10 µmol/L 
solutions of MMA with three different sensors. GCE polished with 
abrasive paper and alumina slurry after each analysis and further 
analysis was done with new MIP drop casted the GCE to fabricate 
sensing membrane. Values of the current obtained for each experiment 
is closely related with low RSD value [36,37]. The testing results and 
relative standard deviations are shown in S.2. From these experimental 
results and appreciable RSD values confirm the repeatability of the 
sensor could be acceptable for practical purposes. 

4.5. Effect of solution incubation time and solution pH 

Fig. 12.A represents effect of incubation on the redox potential of 

Table 1 
Comparison of the MMA sensor with HPLC method.       

Concentration (μmol/L) HPLC R.S.D (%) DPV R.S.D (%)   

5.00  4.60 0.462  4.860  0.356  
10.0  9.10 0. 634  9.343  0.515  
15.0  14.10 0.623  14.63  0.234 
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K3[Fe(CN)6] with MMA solution studied with in time range 1–15 min. 
The optimum response time was found to be 8 min with a standard 
deviation not exceeding 3.0%. The effect of solution pH was optimized 
(Fig. 12.B.) by a series of phosphate buffer in the range 2.0–8.0 and the 
optimum response obtained was at pH 7.4 which is compared to pH of 
blood, this could substantiate suitability in analysis of MMA con
centration in blood with fabricated sensor. 

4.6. Comparison of efficiency of GO/AuNP-g-ATMS-co-AEMA/AA, electro 
chemical sensor 

A comprehensive comparison was made between the GO/AuNP-g- 
ATMS-co-AEMA/AA sensor and the recently reported various methods 
and technique [37–40] for determination of MMA (Table 2). The results 
indicated that the MIP based GO/AuNP-g-ATMS-co-AEMA/AA pro
vided wide linear range and low detection limit for the electrochemical 
sensing of MMA. It should be noted that there voltammetry sensor 
utilizes a work voltage is maintained within the range at 50 mV/s for 
analysis. Linear range of 0.5–3.0 mg/dL is satisfactory for detection of 
high MMA levels, with in the range of MMA level in the blood serum. 

5. Conclusions 

An electrochemical sensor for the determination of MMA in human 
blood has been developed as there is lack of direct method for the de
termination of VB-12 imbalance, in the blood. The profits the inherent 
properties of GO, AuNP, AEMA and AA constitute a matrix suitable for 
the arrest of MMA though the H- bonding stabilization with the mole
cularly imprinted site. When MMA captured by the membrane, it de
velops a closer proximity between the MMA and the sensor and could 
results faster and accurate response. The constructed sensor exhibits 
great selectivity and its usefulness for the rapid determination of MMA 
in human serum. The advantages of the designed electrode are its re
producibility, long lasting and no pre-treatment of biological samples 
required during clinical analysis. These results could support reliability 
of the sensing system based on MIP for real life analysis. Furthermore a 
comprehensive comparison was made between the MIP sensor and the 
clinical examination results. Concentration of MMA obtained from the 
present method was paired with15 clinical samples using HP GC/MSD 
method both the values gave good linear correlation with regression 
coefficient value 0.967. The values obtained in all the electrochemical 
studies could confirm the strong candidature of fabricated sensor in the 
field of analysis of MMA. 
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