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A B S T R A C T

The present work describes a new, simple, and easy method of generating acrylamide functionalised reduced
graphene oxide-fullerene layer-by-layer assembled dual imprinted polymers to quantify D- and L-Serine at ultra
trace level in aqueous and real samples. Herein, the pencil graphite electrode was initially spin coated with D-
Serine imprinted acrylamide functionalized reduced graphene oxide. After 10min thermal treatment (50 °C),
this electrode was again modified with L-Serine imprinted acrylamide functionalized fullerene molecules. This
bilayer assembly was finally made thermally stable by 60 °C exposure for 3 h. The proposed sensor showed better
electronic properties with an improved synergism. We have compared this modified electrode with other
modified pencil graphite electrodes like single layered acrylamide functionalised reduced graphene oxide or
fullerene, single layered acrylamide functionalised reduced graphene oxide-fullerene composite and double
layered acrylamide functionalised reduced graphene oxide or fullerene molecules, which yielded very inferior
sensitivity due to possible agglomeration and decreased synergism. The chosen system demonstrated a very good
analytical figures of merit with differential pulse anodic stripping voltammetry and cyclic voltammetry trans-
duction, showing lower limits of detection (0.24 ngmL−1, S/N=3) for both isomers. The proposed sensor as-
sures practical applications as disease biomarker, manifesting several diseases at very ultra-trace level.

1. Introduction

Analysis of biomarkers is a fascinating field in sensor development
(Bozkurt et al., 2017; Başkaya et al., 2017; Hu et al., 2018; Koskun
et al., 2018; Saraf et al., 2018). The deficiency and excess of biomarkers
in body are the major causes behind all diseases. This warrants an in-
creased demand to devise a fool-proof technology for better detection.
Implementation of electrochemical devices could be considered effec-
tive for rapid, specific, and inexpensive mean of biomarker analysis
(Labib et al., 2016)

In the present work, an electrochemical sensing platform is in-
tegrated with molecularly imprinting technology to detect D- & L- Serine
(D-Ser and L-Ser) in real samples utilizing a layer-by-layer (LbL) ap-
proach. LbL assembly is a rich, versatile, and powerful technique for
fabricating multilayer thin film with controlled architecture and func-
tions (Xu et al., 2012). Simply put, molecularly imprinted polymer
(MIP) is a system inherited with the memory of the shape, size, and the
functional groups of a target molecule. MIP is designed by imprinting
test analyte in polymer motif and creating void spaces through retrieval
of template, which later on found very elegant for specific recognition
of template analyte in the real world samples (Vasapollo et al., 2011). It

has been found that if two isomers are templated in two different MIP
layers, separated by acrylic moiety, the isomers selectivity is better,
showing absolutely no criss-cross diffusion, in comparison with the
single layer imprinted MIP motif or double layer imprinted MIPs of
identical structure (Prasad et al., 2017a, 2017b). Thus, the two MIP
layers ought to be made of two different motifs for better selectivity of
two isomers.

If the hybrid heterostructure are in same plane of modification, the
electrical and mechanical properties of the film may be hampered due
to some sort of agglomeration of hybrid structure (Kouloumpis et al.,
2015). Therefore, we have taken privilege to employ two different al-
lotropes of carbon, like graphene oxide and fullerene (C60), in LbL
synthesis. This facilitates to formulate a good conducting LbL polymer
with inherent properties like large surface area, better electrical con-
ductivity, and rich edge sites. Graphene oxide and fullerene have itself
possess unique electronic properties with strikingly strange chemistry
which together gets several times enhanced properties in various per-
spectives (Spyrou et al., 2013; Georgakilas et al., 2016a, 2016b;
Bourlinos et al., 2017; Chernozatonskii et al., 2016). It has already been
discovered that graphene coverage with C60 molecules improves sig-
nificant electron transport, since C60 (0D) is acceptor of electrons and
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graphene (2D) is a well known electron donor (Dickert et al., 2001).
More explicitly, the addended C60-molecules and reduced graphene
oxide (rGO) sheets possess much appealing uses in sensing field, by
enhancing electrochemical properties of films by decreasing their re-
sistivities. Presence of enormous π-orbitals in rGO permits higher het-
erogeneous electron transfer rates (Martín and Escarpa, 2014). We have
thus formulated highly conducting polymeric films comprising acryla-
mide functionalized rGO and acrylamide functionalized C60 molecules.
The acrylamide functions of both carbon allotropes were essentially
required to generate vinylic bonds for consumption in the surface
polymerization and formation of hybrid heterostructure via LbL pro-
cess. The polymerization was feasible by activator generated atom
transfer radical polymerization technique (ARGET-ATRP) (Tang et al.,
2006). The two MIP layers, imprinted with D- & L- Serine, respectively,
are stalked one over the other via vinylic bonds including π-π inter-
actions. Combination of two different target molecules (enantiomers) in
two MIP layers enabled the creation of hollows for analyte re-inclusion
via hydrogen bondings, with improved diffusion pathways, time saving
and cost-effective (Jing et al., 2010).

Serine, a non-essential amino acid, plays central role in cellular
proliferation and is essential for the functioning of central nervous
system (Wu, 2009). L-Ser contributes to functioning of RNA and DNA,
muscles formation, fat/fatty acids metabolism, and maintenance of
immune system (Koning et al., 2003). D-Ser, an endogenous amino acid,
possesses unique neurotransmitter characteristics. D-Ser acts as ob-
ligatory coagonist at the glycine site associated with the N-methyl-D-
aspartate subtype of glutamate receptors (NMDAR) and has a cardinal
modulatory role in neurotransmission, neurotoxicity, synaptic plasti-
city, and cell migration (Singh and Singh, 2016). It is thus essential to
monitor D-Ser and L-Ser together for clinical therapy of patients suf-
fering psychiatric disorders. D & L- Ser levels in serum is 1.89 ngmL−1

and 159.74 ngmL−1. It is, however, lowered to 1.47 ngmL−1 for D- Ser
and raised to 167.09 ngmL−1 for L-Ser, respectively in a schizophrenic
patient (Hashimoto et al., 2003). Normal D-Ser and L-Ser cerebrospinal
fluid (CSF) levels are 189.16 ngmL−1 and 1909.54 ngmL−1 and in-
creased to 533.59 ngmL−1 and 1694.09 ngmL−1, respectively in a
hydrocephalus patient (Madeira et al., 2015).

Various electroanalytical methods are reported for serine estimation
namely, imprinted polycrystalline nickel-nickel oxide half nanotube-
modified boron-doped diamond electrode (Dai et al., 2015), ampero-
metric determination on NiO nanoparticle-modified glassy carbon
electrode (Roushani et al., 2012), and voltammetric determination
using bamboo charcoal derived carbon nanosphere electrode (Saha and
Das, 2014). Other reported methods involve piezoelectric estimation
using imprinted copolymer casted on gold surface of quartz crystal
(Jegal et al., 2007), imprinted sol-gel (Fernandez-Gonzalez et al.,
2011), chiral separation of D- and L-Serine racemate by a MIP mem-
brane (Son and Jegal, 2007), MIP sensor for serine on carbon nanotube
(Halim et al., 2013), and sensor based on graphene sheet Congo-red
MIP and organic thin film transistor (Halim et al., 2014). So far re-
ported techniques possess various shortcomings like cross interferences,
labour intrusive, time consuming, etc. These are, however, much more
surmounted through the present work.

It may be borne in mind that this work is being reported for the first
time as no work is, hitherto, reported in the literature for D- and L-
serine analysis present as mixture in real samples. Since both forms of D-
and L-Ser give overlapped electrochemical peaks, it was imperative to
apply one-by-one approach (Prasad et al., 2017a, 2017b) for en-
antioselective analysis. Accordingly, one has to saturate the imprinted
cavities of D-Ser while quantifying L-Ser, and vice-versa. Double im-
printing is seldom made due to its underlying apprehension of limited
success in molecular recognition owing to criss-cross diffusion of ana-
lytes. The situation is more worsened if chiral compounds are analysed
which gives overlapped voltammetric peaks due to their identical redox
behaviour. Although MIP-sensors are known for individual analysis of
optical isomers using two separate electrodes (Prasad et al., 2013,

2014), the proposed method is novel utilizing the sequential approach
of analyzing two enantioselective isomers at one electrode surface duly
modified with Lbl dual imprinted polymers of acrylamide functiona-
lized rGO and C60. The preparative protocols of the proposed sensor are
relatively very easy and repetitive. The modified PGE sensor so pro-
duced is more sensitive, accurate and time-saver avoiding any cross-
reactivity and diffusional constraint.

2. Experimental

2.1. Chemicals and reagents

Analytical grade reagents are utilized without further purification.
Demineralized triple distilled water (conducting range
0.06–0.07×10−6 S cm−1) was used in all experiments. Tert-butyl
bromoacetate, dimethyl sulphide, p-toulene sulfonic acid, carbon dis-
ulphide, hydrazine, acrylamide, D-Ser, and L-Ser were acquired from
Sigma-Aldrich (Steinheim, Germany). Potassium ferricyanide, thionyl
chloride (SOCl2) and KMnO4 were purchased from Loba chemie
(Mumbai, India). Copper chloride (CuCl2), graphite powder, bipyridyl,
acetic acid, sodium hydroxide (NaOH), nitric acid (HNO3), sulphuric
acid (H2SO4), and all interferents were purchased from Fluka
(Steinheim, Germany). All solvents, dimethyl sulphoxide (DMSO), tet-
rahydrofuran (THF), triethylamine (TEA), dimethyl formamide (DMF),
dioxane, carbon disulphide (CS2), toluene, acetone, chloroform, me-
thanol, and ethanol were procured from Spectrochem Pvt. Ltd.
(Mumbai, India). C60 (> 99.0%) was procured from the Tokyo
Chemicals Industries Co. Ltd. (Tokyo, Japan). The supporting electro-
lyte used was phosphate buffer solution (pH 13, ionic strength 0.01M).
Standard stock solutions of D-Ser and L-Ser (500 μgmL−1) and po-
tassium ferricyanide (30 ngmL−1) were prepared in water. All working
solutions were prepared by diluting stock solution with water.
Commercially available amino acid tablets were purchased from
Universal Medicare Pvt. Ltd. (Mumbai, India). Human blood serum and
CSF were obtained from the Institute of Medical Science, Banaras Hindu
University (Varanasi, India) and kept in refrigerator below ̴ 4 °C, before
use. Pencil rods (2B grade, 2mm diameter, 5.0 cm length) were pur-
chased from Hi Par, Camlin Ltd. (Mumbai, India). The details of in-
struments used in this work are provided in the Supporting Information
Section S.1.

2.2. Synthesis of graphene oxide (GO)

Hummer's method was utilized for the preparation of graphene
oxide (GO) from graphite powder (Hummers and Offeman, 1958). In
short, graphite powder (0.5 g) was oxidized in HNO3 (10.0mL) and
H2SO4 (1:3, v/v) mixture and refluxed for 48 h. The pre-oxidized gra-
phite was centrifuged, washed with dry THF and vacuum dried. The
obtained material was oxidized with mixture of 96% H2SO4 (20mL)
and KMnO4 (2.0 g) by refluxing (3 h). At last GO was collected and
vacuum dried.

2.3. Reduction to rGO and its acylation

GO (0.1 g) dispersed in DMF was reduced by refluxing it with hy-
drazine (2.0 mL) for 24 h. The resultant rGO was centrifuged, washed
with dry THF and vacuum dried. This product (0.06 g) in DMF (2.0 mL)
was sonicated for 45min and treated with SOCl2 (6.0mL) at 80 °C for
48 h. The acyl group functionalized rGO (rGO-COCl) so obtained was
centrifuged, washed with anhydrous THF, and vacuum dried.

2.4. Preparation of C60-COCl (Acylation of fullerene)

For the synthesis of C60-COCl, the starting reagent, tert-Butyl (di-
methylsulfanylidene) acetate, was prepared from tert-butyl bromoace-
tate according to the method reported earlier (Tada et al., 2006). The
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prepared tert-Butyl (dimethylsulfanylidene) acetate (0.004 g, 0.5 mL
toluene) was added into C60 solution (0.020 g, 20.0mL toluene), stirred
at room temperature for 18 h, and concentrated under reduced pres-
sure. The resultant residue was collected to afford tert-butyl C60-acetate
as a brown solid. A toluene solution (10.0 mL) of tert-Butyl C60-acetate
(0.010 g) and p-toluene sulfonic acid (0.004 g) was refluxed for 8 h to
generate a suspension. The brown solid thus precipitated was collected
by filtration and washed successively with toluene: water (3:1 v/v). The
residual solid was dissolved in CH2Cl2/dioxane (1:1 (v/v), 5 mL) and
the insoluble mass was filtered off. The filtrate was concentrated to
dryness to afford C60-acetic acid as a brown solid. A solution of C60-
acetic acid (0.008 g) and SOCl2 (1.0mL) in CH2Cl2/ dioxane (1:1 v/v,
5.0 mL) was refluxed for 5 h to afford a black precipitate. The pre-
cipitate was collected by filtration and washed with CH2Cl2/dioxane
(1:1 v/v, 10.0mL). The residual solid was dissolved in CS2 (5.0mL),
and the insoluble mass was filtered off. The filtrate was concentrated to
dryness to give C60-COCl as a black solid (Tada et al., 2006).

2.5. Vinyl group modification of acylated rGO and C60

The freshly prepared rGO-COCl (0.10 g) and C60-COCl (0.10 g) are
separately treated with acrylamide (0.20 g) followed by dilution with
5.0 mL water. These mixtures were sonicated for 1 h. The so produced
products were refluxed with SOCl2 (2mL) at 80 °C for 72 h. The final
products (acrylamide functionalised rGO and acrylamide functionalised
C60) were subjected to centrifugation, washed with anhydrous THF, and
finally dried in vacuum (Xu et al., 2014).

2.6. Synthesis protocol for layer-by-layer assembled imprinted polymers on
the surface of pencil graphite electrode (PGE)

LbL assembly of imprinted polymeric films were grafted on the
surface of PGE. The fabrication involved following steps. Firstly, a pre-
polymer mixture was made in DMSO constituting acrylamide functio-
nalised rGO (0.1 g, 1.0 mL DMSO), template (D-Ser, 0.05 g, 1.0 mL
DMSO), catalyst [Cu-II complex obtained by mixing CuCl2 (0.01mmol)
and bpy (0.01mmol) in 1.0mL DMSO], reducing agent (TEA,
200.0 µL), and initiator (chloroform, 100.0 µL). The pre-polymerization
mixture was purged with N2 (10min). This solution (15.0 µL) was spin
coated (2500 rpm, 30 s) at the surface of PGE and subjected to 50 °C for
10min to stabilize the layer. Secondly, for next layer architecture, a
pre-polymer mixture of acrylamide functionalised C60 (0.1 g, 1.0 mL
DMSO), template (L-Ser, 0.05 g 1.0mL DMSO), catalyst [Cu-II complex
obtained by mixing CuCl2 (0.01mmol) and bpy (0.01mmol) in 1.0 mL
DMSO], reducing agent (TEA, 200.0 µL), and initiator (chloroform,
100.0 µL) was purged with N2 gas for 10min. This solution (15.0 µL)
was spun on the first layer of acrylamide functionalised rGO at
2500 rpm for 30 s at the surface of PGE and air dried. After the LbL
deposition of polymer films, the electrode was thermally treated for an
additional 3 h at 60 °C to ensure complete polymerization, as depicted
in Scheme 1. Both template molecules were removed from their re-
spective MIP-adducts by plunging the modified electrode into acetic
acid–methanol (1:8, v/v) mixture for 30min. The complete template(s)
extraction was evinced until no voltammetric response of the template
(s) was found. A double layer of non-imprinted polymer (NIP) modified
electrode was also fabricated as mentioned above, but in the absence of
template(s).

2.7. Electroanalytical measurements

The electrochemical behaviour of acrylamide functionalised rGO-
C60/MIP (LbL)/PGE in 10.0mL of 0.01M phosphate buffer (pH 13) was
investigated. After the blank run, the L-Ser was added to the cell for
accumulation at 0.3 V vs Ag/AgCl for 120 s followed by 15 s equili-
bration time. This yielded DPASV runs for L-Ser in the potential range

varying from −0.4–0.6 V (vs Ag/AgCl) at a scan rate 10mV s−1, pulse
amplitude 25mV, and pulse width 50ms, till saturation until a constant
DPASV current (I′) was attained, without any further increase of L-Ser.
At this stage, cavities specific to D-Ser were set free to recapture D-Ser
and give DPASV currents (I). Thus, the oxidation current (ΔI = I − I′)
versus D-Ser concentration profile was obtained. The modified electrode
was regenerated by retrieving both templates for the next use for L-Ser
estimation following the similar steps as stated in the D-Ser estimation.
Accordingly, molecular cavities for D-Ser were saturated and L-Ser was
evaluated on the same electrode. CV experiments were performed
within the same potential window as DPASV in anodic stripping mode.

Since dissolved oxygen present in the cell did not affect the current
response, any deaeration of the cell content was not necessary. This was
evinced by taking DPASV/CV runs in the presence and absence of N2

purging, which responded similar results. The limit of detection (LOD)
was calculated as three times the standard deviation for the blank
measurement in the absence of target analyte divided by the slope of
the calibration plot.

3. Results and discussion

3.1. About polymeric films

Conducting properties of polymeric films developed in this work
were compared. For this, DPASV signals of K3[Fe(CN)6] probe mole-
cules (0.01mM) in phosphate buffer (pH 13) were obtained (Fig. 1).
Accordingly, of all duly modified working electrodes such as acryla-
mide functionalised rGO/MIP (single layer), acrylamide functionalised
C60/MIP (single layer), acrylamide functionalised rGO-C60/MIP (single
layer), acrylamide functionalised rGO /MIP(LbL), and acrylamide
functionalised C60/MIP (LbL), the acrylamide functionalised rGO-C60/
MIP(LbL) has been found to demonstrate a highest current. Thus, we
have selected acrylamide functionalised rGO-C60 imprinted PGE for this
work. It is reported that LbL polymers prepared from two monomers
show better binding capacity and recognition abilities compared to
polymers prepared by single monomer (Antwi-Boampong et al., 2014).
Furthermore, it is advantageous to take bilayer architecture as it in-
creases adsorption kinetics (Venkatesan et al., 2015). We have utilized
r-GO as the bottom layer since it effectively enhances the transduction
mechanism by making the sensor more selective (Hernández et al.,
2012).

By switching the design of film from single layer to LbL, a 2-fold
enhancement in DPASV signals was noticed (Fig. 1). Herein, acrylamide
functionalised rGO acts as a high performance support while acryla-
mide functionalised C60 showed an uniformly adherence as top layer. In
fact, this particular design showed the synergistic effect to induce en-
ormous porosity favouring conductivity. In this fashion, the two layers
actually held together via vinylic bond to stabilize the structure with
elegance electronic properties. Herein, the uses of hybrid graphene-
based thin multi-layers have advantages of the precise control and the
homogenous deposition over large area, through vinylic bonds, making
the LbL technique promising for preventing agglomeration, with mod-
ified tuned and enhanced electronic and mechanical properties
(Kouloumpis et al., 2015). Furthermore, the hybrid material can gen-
erate some synergistic and exciting performance than the individual
materials (Zaidi and Shin, 2014). Although several heterostructures
based on graphene-fullerene (Ma et al., 2013), graphene molybdenum
disulphide monolayer decorated C60 (Chang et al., 2014), and graphene
carbon nanotubes (Yáñez-Sedeño et al., 2010; Singh et al., 2011) have
been reported in same layer of modification exploiting weak vander-
waal physisorptions, these have reportedly some sort of agglomeration
between carbon-based nanostructure during the film synthesis
(Kouloumpis et al., 2015). This may cause somewhat inferior sy-
nergistic performance than acrylamide sandwiched hybrid hetero-
structure of graphene-C60, in two distinct layers of LbL films. It appears
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that C60 (0D) and graphene oxide (2D), sandwiched by acrylamide
functionalities, have lower agglomeration and a higher degree of sy-
nergism because of two layers deposited in two different planes
(Scheme 1, inserted as circle). Furthermore, the non-covalent hydrogen
bondings between the LbL film and templates(s) may induce a high
degree of dispersability, bio-compatibility, reactivity, binding capacity,
and sensing properties (Georgakilas et al., 2016a, 2016b). Virtually, the
‘pore geometry’ of C60 subdued the negative aspect of increased
thickness of bilayer film by granting an easier diffusional pathway to
analyte(s) and channelize electron transportation through r-GO to the
electrode surface (Bozdaganyan et al., 2014).

For developing imprinted network, different template-monomer
weight ratios (1:1, 1:2, 1:3, 1:4) were attempted to explore an optimum
stoichiometry between the MIP and template (s) complex.. [For details
on template extraction, stoichiometry of MIP-adduct(s) and optimiza-
tion of polymerization conditions, vide Supporting Data Section S.2.
and Fig. S1]

3.2. Electrochemistry

Electrochemistry of bare PGE, acrylamide functionalised rGO-C60
MIP (single layer), and acrylamide functionalised rGO-C60/ MIP (LbL)
modified PGEs were studied with the help of [Fe(CN)6]3-/4- redox probe
in phosphate buffer (pH=13) (Fig. 2). The current gradually increased
from bare to acrylamide functionalised rGO-C60/MIP(single layer) and
further to acrylamide functionalised rGO-C60/MIP (LbL)/PGEs. The
peak separation (ΔEp) on the bare PGE, acrylamide functionalised rGO-
C60/MIP (single layer), and acrylamide functionalised rGO-C60/MIP
(LbL) modified PGEs are found to be 174, 105, and 78mV, respectively.
This indicated that not only the conductivity but the tendency for re-
versibility was also improved upon modification of PGE, when acryla-
mide functionalised rGO-C60/MIP (LbL) was used for modification.
Further details on electron transfer kinetics were studied in the
Supporting Information Section S.3.

Electron transfer properties were further characterized by EIS.

Scheme 1. Schematic development of acrylamide functionalised rGO-C60/MIP (LbL)/PGE.
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Accordingly, the charge transfer resistance (RCT),that is determined by
the diameter of the semicircle in the Nyquist plot (Fig. S2), showed
relatively low charge (electron) transfer resistance (Fig. S2) The in-
volved heterogeneous electron transfer rate constant (ket
=2.36× 10−3 cm s−1) for [Fe(CN)6]3−/4− redox couple on acryla-
mide functionalised rGO-C60/MIP (LbL)/PGE was found to be higher
than those realized with other electrodes (For details on Rct and Ket
values, vide Supporting information Section S.4). Furthermore, the
heterogenous electron transfer represented by peak-to-peak separation
(ΔEp =78mV) indicated faster electron transfer for the present sensor,
despite its larger Rct value = 350.2 Ώ, as compared to an earlier work
(ΔEp=207mV), Rct value=163.7 Ώ (Bourlinos et al., 2017). This may
be attributed to the synergistic effect on account of Lbl coatings on the
electrode, despite it registered some resistance to the redox probe
transportation at the bilayer junction of insulating acrylated moeties.
Nevertheless, the proposed combination of acrylamide functionalised

rGO and acrylamide functionalised fullerene on PGE showed better
overall performance, i.e., lower potential of detection and better re-
versibility of the system compared to other biosensors based on reduced
graphene oxide/ carbon dots composites (Hu et al., 2014), PMo11V@
Ndoped few layer graphene (Fernandes et al., 2015) or fullerene-hollow
microsphere modified gold electrodes (Wei et al., 2012).

All operating conditions of electrochemical analysis were optimized
in aqueous conditions with acrylamide functionalised rGO-C60/MIP
(LbL)/PGE. Accordingly, the accumulation potential (Eacc), the accu-
mulation time (tacc), and pH of the phosphate buffer, were obtained as
0.3 V (versus saturated Ag/AgCl), 120 s, and 13, respectively, for
maximum growth of DPASV signal (Fig. S3). Simultaneous analysis of D-
Ser and L-Ser is problematic owing to their overlapped oxidation peaks.
The mechanism for the detection of D- and L-Ser with the help of the
current sensor is discussed in the Supporting Information Section S.5. In
the present work, on account of the overlapping redox behaviour of D-
and L- Ser, one-by-one evaluation of D-Ser and L-Ser was adopted. For
this, L-specific cavities were presaturated with L-Ser molecules
(20.82 ngmL−1) till no increase of DPASV current occurred. It was then
subjected to the D-Ser measurement by exposing D-Ser solution of dif-
ferent concentrations containing phosphate buffer (pH 13), for 120 s
accumulation (Fig. 3A). At this stage, both D-specific and L-specific
cavities were completely saturated, which was refreshed by retrieving
both templates. Similar to above, D-Ser specific cavities were blocked by
saturating with D-Ser molecules (20.65 ngmL−1) and L-specific cavities
were utilized for L-Ser estimation (Fig. 3B).

The CV runs in anodic stripping mode explored results in similar
fashion as described above (Fig. S4A-B). CV investigation in aqueous
solution of D-Ser (or L-Ser) (15.24 ngmL−1) indicated that the oxidation
peak potential (Epa) of D-Ser (or L-Ser) was shifted anodically with scan
rates (10–200mV s−1) (Fig. S5). Accordingly, Epa vs log ν and Ipa vs ν1/2

profiles were represented as:

= ± + ± =E V log R( ) (0.050 0.001) (0.300 0.001)( 0.990)pa
2 (1)

= ± + ± =I µA R( ) (15.801 2.516) (0.925 2.145)( 0.978)pa
1/2 2 (2)

As analyte peak current (Ipa) increased linearly with the increase of
scan rate (ν), the analyte stripping in the present instance was basically
termed to be a diffusion process. Furthermore, the anodic peak poten-
tial shifted more positively while cathodic peak potential shifted more
negatively, with pH (3.0–13.0). This signifies larger peak separation, in
accordance to the following linear equation, with involvement of one
proton in electon transportation;

= ± + ± =E V pH R( ) (0.055 0.001) (0.408 0.001)( 0.99)pa
2 (3)

In this work, DPASV was preferred to CV for the quantitative ana-
lysis because of its relatively high sensitivity in sufficient time scale of
voltammetric measurement. Accordingly, the DPASV current measured
could be related to the concentration (C) of analyte in accordance with
the regression equations potrayed in Table 1. The current increased had
attained a constancy above 20.80 ngmL−1 for both the isomers, due to
binding sites saturation. The non-imprinted modified electrode re-
vealed insignificant current response upon analyte spiking (Fig. 3),
which indicated an excellent imprinting phenomenon.

3.3. Spectral and surface characterizations

The provisory interactions between monomer and template were
visualized by FT-IR (KBr) spectra (Fig. S6). Accordingly, the monomer
(acrylamide functionalised r-GO and acrylamide functionalised C60),
template (Ser), MIP-adduct(s), and MIP (template-free), were com-
paratively studied. The FT-IR study confirms the complexation between
the monomer and template(s) via hydrogen bondings which was in-
dicated by the downward shifts of their respective key bands partici-
pating in the adduct formation. [For details on IR characteristics, vide
Supporting Data Section S.6 and Fig S6]. Raman spectra of rGO and C60

Fig. 1. DPASV response of 0.01mM [Fe(CN)6]3− on PGEs modified with (a)
acrylamide functionalised r-GO/MIP (single layer), (b) acrylamide functiona-
lised C60/MIP (single layer), (c) acrylamide functionalised r-GO-C60/MIP
(single layer), (d) acrylamide functionalised r-GO/ MIP (LbL), (e) acrylamide
functionalised C60/MIP (LbL), and (f) acrylamide functionalised r-GO-C60/MIP
(LbL).

Fig. 2. Cyclic voltammograms at scan rate 100mV s−1: (a) bare PGE, (b) ac-
rylamide functionalised r-GO-C60/MIP (single layer), and (c) acrylamide func-
tionalised r-GO-C60/MIP (LbL) modified PGEs [phosphate buffer solution
(pH=13.0) containing 0.01mM Fe(CN)6]3-/4-].

S. Jaiswal et al. Biosensors and Bioelectronics 124–125 (2019) 176–183

180



along with their functionalisation are discussed in the Supporting Data
Section S.7, which supported the modification of the structure.

SEM images of MIPs-adduct did not clearly showed any rGO as it is
in bottom layer. However, one may visualize acrylamide functionalised
rGO MIP-adduct (D-Ser) initially coated on the surface of PGE (Fig. 4A)
as having sheet-like morphology with characteristically crumpled and
rough architecture. As this modified electrode was again coated with
acrylamide functionalised C60 MIP adduct (L-Ser), it showed spherically
compact polymer network (Fig. 4B). On template removal, the distinct
pores of different depths and apertures with spherical fullerene over
rGO sheets were obtained (Fig. 4C). Fig. 4D displays the side view of
acrylamide functionalised rGO-C60 MIP with clear boundary of rGO
sheet and spherical C60 double layered structure and film thickness was
noticed to be 130 nm. Surface morphologies were further supported
from AFM images, recorded under semi-contact mode, for acrylamide

functionalised rGO-C60/MIP (LbL) adduct (Fig. S7A) and acrylamide
functionalised rGO-C60/MIP (LbL) (Fig. S7B). This provided film
thickness of 131 nm ̶ a value very close to that obtained with SEM data
[For details on AFM morphology, vide Supporting Data Section S.8.]

3.4. Enantioselectivity and cross-selectivity

Imprinted layers for their enantioselectivity and cross reactivity
with respect to functionally and structurally similar interfering agents,
viz., aspartic acid (Asp), tryptophan (Trp), proline (Pro), uric acid (Uri),
Dopamine (Dopa), Alanine (Ala), tyrosine (Tyr), cysteine (Cys), glycine
(Gly), asparagine (Asn), glutamine (Gln), phenylalanine (Phe), histidine
(His), and methionine (Met), were investigated. The proposed sensor
was slightly responsive (Fig. S10), prior to water washing treatment, for
some of the interferents. These responses could be termed as non-spe-
cific and false-positives. In fact, such non-specific contributions were
first noticed on the corresponding acrylamide functionalised rGO-C60/
NIP (LbL)/PGE for some of interferents (Fig. S10). Such contributions
were easily be vanished by water washings (n=2, 0.5 mL) (Fig. S10).
Therefore, the working electrode should be given similar washings to
protect any false-positive. In a parallel work with binary mixtures of the
template(s) and interferent(s), concomitantly present in 1:10 con-
centration ratio, the acrylamide functionalised rGO-C60/MIP (LbL)PGE
showed only response for the template(s) in question (Fig. S10). Vir-
tually no cross reactivity like template-template and template-inter-
ferent(s) was observed. In other words, D-specific acrylamide functio-
nalised rGO-C60/MIP (LbL) PGE could not respond L-Ser and vice-versa
and stereochemical selectivity is fully preserved in the presence of
template(s). Any molecule that is smaller (Gly, Pro, Ala), larger (Uri,
dopa, Asn, Glu, His, Phe, Trp, Met, Tyr) and similar (Cys, Asp) in size
than D-and L-Ser could not be detected on the proposed sensor. Im-
printing factors (α=Δi MIP@PGE /Δi NIP@PGE) for both the templates (D-
and L-Ser) were found as high as 25.68 and 25.19, respectively, using
acrylamide functionalised rGO-C60/ MIP (LbL)/PGE, when no washing
treatment was given (Tables S2 and S3). The selectivity coefficient (k)
and the relative selectivity coefficient (k′) of both the enantiomers with
respect to interferents were also calculated (Tables S2 and S3). The
results for k′ for both the analytes showed the selectivity gained by the
imprinting process. Accordingly, all interferents have small selectivity
(k′< 5.3%) on the proposed sensor and that too washable with water.

3.5. Stability and reproducibility

The imprinted electrochemical sensor exhibited satisfactory stabi-
lity. The experimental results showed that the modified electrode was
able to maintain its original behaviour without showing any deviation
in current. The modified electrode was found to be rugged in aqueous
sample for the period of three weeks. However, after three weeks, the
current response was decreased only about 2.1% to its initial response.
The reproducibility of the imprinted sensor was investigated by as-
saying 15.15 ngmL−1, D-Ser and L-Ser each, in 0.01M phosphate buffer
solution. Accordingly, DPASV runs using five MIP sensors prepared
under the same procedure were identical. In fact the recovery standard
deviation (RSD) of 0.43% was noticed, which indicated a good sensor-
to-sensor reproducibility and excellent recognition ability.
Unfortunately, the earlier serine sensors reported in the literature
(Table S4) did not specify their reusability and endurance, except
nickel-nickel oxide half- nanotubes/boron dipped diamond electrode
(Dai et al., 2015) which explored sensor-to-sensor stability with RSD
less than 5.0%. In view of this, the proposed sensor could be termed to
be highly stable in terms of durability and repetitiveness for D- and L-
Ser measurements.

3.6. Analytical validation

The analytical performance of the proposed method was statistically

Fig. 3. (A) DPASV response of D-Ser on acrylamide functionalised r-GO-C60/
MIP(LbL)/PGE in aqueous solution with L-Ser saturated (20.82 ngmL−1) cav-
ities: (c-k) spiking with different D-Ser concentrations 0.83, 6.19, 8.72, 10.64,
13.38, 15.72, 16.99, 19.18, 20.63 ngmL−1; curve ‘b′ represents DPASV re-
sponse at saturation point with L-Ser cavities; and curve ‘a′ represents DPASV
current on acrylamide functionalised r-GO-C60/NIP(LbL)/PGE [operating con-
ditions: Eacc 0.3 V, tacc 120 s, pH 13.0, and scan rate 10mV s−1]. B) (A) DPASV
response of L-Ser on acrylamide functionalised r-GO-C60/MIP (LbL)/PGE in
aqueous solution with D-Ser saturated (20.65 ngmL−1) cavities: (c-k) spiking
with different L-Ser concentrations 0.87, 2.53, 6.63, 9.09, 11.42, 13.38, 15.72,
17.78, 20.56 ngmL−1; curve ‘b′ represents DPASV response at saturation point
with D-Ser cavities; and curve ‘a′ represents DPASV current on acrylamide
functionalised r-GO-C60/NIP(LbL)/PGE. [operating conditions same as
Fig. 3(A)].
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compared to a validated electrochemical nickel−nickel oxide half-na-
notube-modified boron-doped diamond electrode (Dai et al., 2015),
using Student's t-test [(tcal 2.13 < ttab 2.77)], at the confidence level of
95%. Although both electrodes are adjudged reproducible, the present
sensor can detect both enantiomers in the wide concentration range,
with quantitation limit as low as 0.87 ngmL−1, requisite to diagnose
schizophrenia and epilepsy. In order to validate the analytical applic-
ability of proposed sensor, the quantitative determinations of D-Ser and
L-Ser were successfully made in real samples (blood serum, CSF, and
pharmaceutics) (Table 1). For demonstrating the feasibility of analysis
of both the templates, we have diluted the real samples with water so as
to mitigate the matrix effect and to move the analysis in the detection

range. Quantitative DPASV measurements are being shown with real
sample, CSF (Fig. S8 A–B), blood serum (Fig. S9 A–B), and pharma-
ceutics (Fig. S10 A–B). The almost equivalent slopes of the respective
linear calibration equations (Table 1) indicate negligible matrix com-
plications. Compared with many previously reported electrochemical
sensors for D-Ser and L-Ser (Table S4)., the proposed sensor exhibits a
wider linear range ((0.83–20.63 ngmL−1 for D-Ser) and
0.87–20.45 ngmL−1 for L-Ser) and a lower detection limit (0.24 ng
mL−1 for D-Ser and 0.25 ngmL−1 for L-Ser). Insofar as the cost of fab-
rication of the proposed sensor is concerned, the Lbl immobilised of
imprinted material on a single electrode is apparently cost-effective
involving less time and labour. In addition, other techniques reported

Table 1
Sample behaviour.

Sample Analyte/s Dilution
factor

Regression equation Linear range
(ngmL−1)

Recoverya (%) LODb (ng
mL−1)

Endogenous
concentrationc

(ngmL−1)

Aqueous D-Ser – ΔI (μA)= (0.502 ± 0.002)+ (0.004 ± 0.034) C 0.83– 20.63 98–101 0.24 –
L-Ser – ΔI (μA)= (0.490 ± 0.002)+ (0.008 ± 0.029) C 0.87– 20.45 98–101 0.25 –

CSF D-Ser 230 ΔI (μA)= (0.530 ± 0.002)+ (0.005 ± 0.036) C 0.86 – 20.78 99–101 0.25 1.95× 102

L-Ser 2240 ΔI (μA)= (0.510 ± 0.003)+ (0.004 ± 0.030) C 0.88–20.87 99–102 0.27 19.50×102

Blood serum D-Ser 3 ΔI (μA)= (0.515 ± 0.003)+ (0.009 ± 0.012) C 0.88– 20.55 99–101 0.26 0.02× 102

L-Ser 188 ΔI (μA)= (0.531 ± 0.002)+ (0.006 ± 0.004) C 0.87– 20.45 99–101 0.25 1.60× 102

Pharmaceutical D-Ser 3110 ΔI (μA)= (0.510 ± 0.002)+ (0.007 ± 0.010) C 0.85– 20.65 98–101 0.24 2.76× 103

L-Ser 3110 ΔI (μA)= (0.108 ± 0.002)+ (0.006 ± 0.020) C 0.89– 20.50 99–102 0.28 2.76× 103

a % Recovery= (amount of analyte determined / amount of analyte taken) x 100.
b LOD based on the minimum distinguishable signal for lower concentrations of analyte (S/N=3, 95% confidence level).
c Original concentration obtained by multiplying lower quantitation limit with the dilution factor.

Fig. 4. SEM images: (A) acrylamide functionalised r-GO/PGE, (B) acrylamide functionalised rGO-C60MIP-adduct(LbL)/PGE and (C) acrylamide functionalised rGO-
C60 MIP(LbL)/PGE, and (D) side view of acrylamide functionalised rGO-C60 MIP (LbL)/PGE.
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earlier were not validated with real samples (Table S4).

4. Conclusion

This work reports for the first time a novel MIP-based electro-
chemical sensor to quantitatively discriminate D- and L- Ser utilizing
LbL approach. Since both isomers have identical redox behaviour, two
distinct imprinted layers of different moieties was found to be appro-
priate to resolve diffusional constraint in comparison to the single layer
imprinted MIP motif or double layered imprinted MIP of identical
structure. In comparison to the previous work (Table S4), the proposed
sensor is highly sensitive (LOD=0.24 ngmL−1 for D-Ser and 0.25 ng
mL−1 for L-Ser) in the wide potential range (0.83–20.63 ngmL−1 for D-
Ser) and (0.87–20.45 ngmL−1 for L-Ser), with imprinting factors as
high as 25.61, without limitations of regeneration, cross-reactivity, and
false-positives. Thus, the high sensitivity of the measurement can be
exploited for sequential analysis of D- & L-Ser using a single electrode,
for the diagnosis of schizophrenia, manifested at ultra-trace level in
clinical patients.
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