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Abstract

A novel and unique chiral adsorbent and sensor for an ester of aminoacid, L-phenylalanine benzyl ester (L-PABE), has been
synthesised on vinyl group incorporated multiwalled carbon nanotube (MWCNT) using a molecular imprinting approach.
In this, molecular imprinted polymers (MIPs) were fabricated by L-PABE as a target molecule supported o MWCNT using
methacrylic acid (MAA) as functional monomer and ethylene glycol dimethacrylate (EGDMA) as a crosslinking agent using
a simple thermal bulk polymerisation method. Fourier transform infrared spectroscopy (FT-IR), "H-NMR titration study and
UV-Vis. spectroscopic analysis was carried out to investigate the interaction of template-functional monomer complexes
formed in the solution earlier to polymerisation. FT-IR, scanning electron microscopy (SEM), X-ray diffraction technique
(XRD), thermogravimetric analysis (TGA), and transmission electron microscopy (TEM) were used to determine the struc-
ture and morphology of the fabricated polymer-nano composites. The corresponding enantioselective sensor is fabricated
on the platinum electrode with imprinted and non-imprinted polymer composites, and their electrochemical parameters were
examined by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and differential pulse voltammetry
(DPV). The fabricated MWCNT-MIP established favourable specificity, better sensitivity, maximum stability and a good
adsorption capacity for L-PABE molecule compared with the conventional polymer.
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Introduction

Since chirality and enantiomer recognition possess a sig-
nificant role and tremendous applications in pharmacology
and biology, efficient enantiomer recognition and separa-
tion strategies are essential [1, 2]. Many works of literature
reveal the importance of enantiomer recognition and sepa-
ration of chiral compounds in drug designing, separation
science and biological systems [3—5]. Various techniques are
now available for chiral discrimination, but the selective and
specific detection of a single enantiomer is still an interesting
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analytical task because of the similar physical, chemical,
and molecular configurations of enantiomers [6-8]. So it
is essential to devise practical, simple, easy and, speedy,
accessible techniques for recognising chiral molecules and
their separation. In the present article, an ester of amino
acid, L-PABE, was selected as the target molecule which
prevents sickling of erythrocytes from sickle cell infected
patients [9-11].

Here we take advantage of molecular imprinting tech-
nology, an emerging method for creating synthetic receptor
cavities of the target molecule on a polymer matrix [12, 13].
These fabricated polymers exhibit better selectivity, affinity
and specificity toward the target molecule [14, 15]. MIPs
possess the remarkable capacity to precisely discriminate
one enantiomer and distinguish a single molecule from a
mixture of enantiomers [16, 17]. Hence, MIPs were appro-
priate in many areas of technology like catalysis, biosen-
sors, purification and separation of structurally similar
compounds, targeted drug delivery, and biotechnology
[18, 19]. The role of MIPs in enantiomer recognition and
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its separation is more significant because the conventional
processes are not operative for the current purpose. Because
of the easy extraction of template molecules and applicabil-
ity in a variety of compounds, a non-covalent imprinting
strategy is applied throughout the fabrication of MIP [14,
20, 21].

Some problems faced during MIP synthesis are its low
selectivity, significant template size limitations and inad-
equate response kinetic [22-24]. The synthesis of recogni-
tion sorbents at nanostructures has significantly improved
the elimination of target molecules and hence the binding
capacities compared with the classical imprinting techniques
[25, 26]. Among various nanoparticles, multiwalled carbon
nanotubes (MWCNTs) have received much interest due to
their high electrical, thermal and conductivity properties
[27-29]. MWCNTs, with exceptionally high surface area,
must be effective support material for the fabrication of
homogeneous binding sites on a polymer network [30-32].
MIPs wrapped on MWCNTSs improve the accessibility of the
target molecule and hence diminishes the binding time. To
overcome the poor dispersibility character and aggregation
properties of MWCNTs, it is necessary to modify MWC-
NTs via functionalisation [33]. Subsequently, functional-
ised MWCNTs were treated with appropriate functional
monomer, template molecule, initiator, and cross-linker to
form the corresponding polymer-nano composites. After the
extraction of the target molecule, uniform MIPs were formed
on the outer layer of MWCNTs.

In the present article, a novel polymer-nano composite
of MIPs with L-PABE as the target molecule was tailored
by selective polymerising MIPs onto the vinyl group incor-
porated MWCNTs. Vinyl-MWCNTs directed selective and
specific polymerisation of imprinted polymers by covalent
bonds on the exterior part of MWCNTSs [22]. For the fabrica-
tion of MIPs, compounds bearing functional groups opposite
the target molecules are chosen as functional monomers.
Here methacrylic acid (MAA) was used as the appropriate
functional monomer because of its fundamental nature and
ease of availability. MAA should form a pre-polymerised
complex with L-phenylalanine benzyl ester via non-covalent
interactions comprising electrostatic attraction, hydrogen
bonding, and n-n stacking. For the comparative analysis,
blank polymers (MWCNT-NIP) were synthesised by the
same method without adding the L-PABE molecule during
the polymerisation step. To analyse the effect of MWCNTSs
on chiral recognition and separation, L-PABE imprinted,
and non-imprinted polymer (NIPs) without MWCNTSs were
also synthesised. The corresponding enantioselective sensor
is fabricated on a platinum working electrode with both the
imprinted and non-imprinted polymers, and their respective
electrochemical measurements are determined using cyclic
voltammetry (CV), differential pulse voltammetry (DPV)
and electrochemical impedance spectroscopy (EIS).
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Experimental
Materials and methods

L-PABE and its enantiomer D-PABE (D- phenylalanine ben-
zyl ester) were purchased from Alfa Acer, India. MWCNT of
10-15 nm was obtained from Reinsto Nano ventures private
limited, New Delhi, India. The cross-linker, EGDMA, was
from Sigma Aldrich, Germany. MAA was from Alfa Acer,
India. The initiator, 2,2’-azo-bis-isobutyronitrile (AIBN)
and analytical grade methanol solvent are purchased from
Merck, India.

Fourier Transform Infrared spectrometer 8400 s (DIN
206-72400), Shimadzu, Japan, was used to record FT-IR
spectra of samples. The critical analysis was done on a
Shimadzu-UV-vis Spectrophotometer model 2450. The
morphological characterisations of the polymer-nano com-
posites were done with transmission electron microscope
(TEM) Facility JEOL JEM-2100 and scanning electron
microscope (SEM) — JEOL-JSM-6390A. PAN alytical
X’PERT PRO was used for the X-ray diffraction analy-
sis of the polymer-nano composites. Thermogravimetric
analysis (TGA) was carried out on a NETZSCHSTA449C
instrument at room temperature to 500 °C in a nitrogen
atmosphere. The whole of the electrochemical measure-
ments, such as cyclic voltammetry (CV), differential pulse
voltammetry (DPV), and electrochemical impedance spec-
troscopy (EIS), were done by a Biologic SP-200 and CHI
instrument- CHIO8, USA electrochemical workstations.

Characterisation of the pre-polymerised complex
of L-PABE and MAA

The basic strategy of MIP fabrication is its conservancy of
the host—guest composite structure during the polymeri-
sation process [18]. Hence pre-polymerisation complex
formation is essential earlier than polymerisation because
the structure of the newly formed composites determines
the binding cavity formation, thus affecting the recogni-
tion properties of the materials [34, 35]. The higher the
stability of the complex, it generates high fidelity binding
sites, and MIPs exhibit good recognition ability. Molecular
level spectroscopic analyses such as '"H NMR, FT-IR and
UV-vis spectroscopic analysis were carried out to investi-
gate the interaction between MAA monomer and the tem-
plate L-PABE [36]. These spectroscopic techniques also
elucidate and rationalise the chiral recognition mechanism
during imprinting.

FTIR analysis was done for L-PABE (0.10mmolL™")
solution and a mixture of L-PABE (0.10 mmol/L) and MAA
(0.10 mmol/ L) with a resolution of 4 cm™!. For UV—Vis.
spectroscopic analysis, a series of test solutions were
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prepared with a definite concentration of L-phenylalanine
benzyl ester (0.05 mmol/L) and different concentrations of
methacrylic acid (0.30-0.90 mmol/L) with pure L-PABE
solution in CH;OH as reference. |H-NMR investigated the
various H-bond interactions between L-PABE and MAA.
All spectra were determined at 20 °C with TMS as an inter-
nal standard.

Synthesis of polymer-nano composites
on vinyl-MWCNTs

MIPs having L-PABE as selective polymerising MIPs
fabricated binding cavities onto the vinyl functionalised
MWCNT. A 250 ml RB flask with a magnetic stir bar was
added 0.02 g MWCNT-CH = CH, followed by 30 mL of
methanol under a nitrogen atmosphere. In order to form
a complex template and functional monomer, L-PABE
(0.05 mmol) and MAA (0.10 mmol) dissolved in 5 mL of
CH,OH were added to the RB flask and stirred for 30 min,
followed by the addition of initiator AIBN (10 mg) and
cross-linker (0.25 mmol) EGDMA. The temperature of
the solution was increased to 65 °C, and the reaction was
allowed to run for 8 h. The obtained compound was col-
lected by centrifugation and was washed with 70% ethanol
to remove the excess reagents. The template molecule was
eluted using acetonitrile until there was no absorption peak
of L-PABE detected by UV-vis. (at257 nm) in the eluent.
The resulting template was washed with ethanol to elimi-
nate the residual acetonitrile and then powdered, dried in
vacuum desiccators and filtered to obtain a particle size dis-
tribution smaller than 25 pm. The same procedure is used
to prepare blank polymers (MWCNT-NIP) to get a better
analysis. L-PABE imprinted and non-imprinted polymers
without adding MWCNTs were also synthesised and ana-
lysed. A schematic representation for the fabrication of MIP
and MWCNT-MIP depicted in Scheme 1.

Fabrication of platinum-modified L-PABE sensor
and its electrochemical analysis

After polishing the platinum electrode with a 10 pm alumina
slurry, it is ultrasonically treated using an ethanol-water
mixture for 15 min and then dried. For the modification as
a chiral sensor, initially, a mixture of MWCNT-MIP and
nafion (0.5%) is prepared and sonicated for 10 min to obtain
the composite of MWCNT-MIP/nafion and coated on the
polished Pt electrode and then allowed to dry at an aver-
age temperature [37, 38]. The modified Pt electrode was
designated as Pt/MWCNT-MIP, and the sensor fabrication
stages were represented in Scheme 2. The same modifica-
tion procedure was adopted to prepare PUMWCNT-NIP, Pt/
MIP and Pt/NIP.

All electrochemical experiments were performed with a
three-electrode system comprising a platinum wire (auxiliary
electrode), modified Pt electrode (working electrode), and
SCE, saturated calomel electrode (reference electrode). For
every electrochemical analysis, the modified Pt electrode was
immersed into the solution of L-PABE in phosphate buffer
solution (PBS) with pH 7.5 for 240 s and then the electro-
chemical measurements were carried out in a probe solu-
tion containing 1:1 K;Fe(CN)4 [5.0 mmolL"'] and KCI [0.1
molL "] and over to the mark with PBS and carried out the
measurements at room temperature [39]. The CV scan was
carried at a potential range of -0.5 to -1.0 V in the scan rate
of 0.01 V s~!. EIS analysis was done in the presence of probe
solutions in the frequency range of 100 Hz to 10 kHz at a bias
voltage of 0.35 V versus SCE with an amplitude of 5 mV. DPV
was determined with a scan rate of 20 V s!, pulse amplitude
25 mV, pulse width 200 ms, step height 10 mV and step time
500 s.

Affinity, specificity and selectivity analysis of L-PABE
imprinted polymer

The amount of L-PABE adsorbed on each polymer-nano com-
posite was analysed using a UV-vis. spectrophotometer at
257 nm. 10 mg of each polymer composite was mixed with
7.0 mL of methanol solution with initial concentrations of
L-PABE extending from 0.05 to 0.35mmolL~". The binding
process was permitted to continue for 3 h at 28 °C. The obtained
mixture was centrifuged at 15000 rpm for 5 min, and the filtrate
was examined using a UV-vis. spectrophotometer. The quan-
tity of L-PABE adsorbed Q, (umolg~") onto the polymer-nano
composite was calculated per the equation below.

(C, - CHV
0,=—"— )

m

The binding capacity was measured using the equation [40],

Binding capacity = :

* 100 2)
where C; and C; represent the final and initial concentration
of the L-PABE solution.

In the present system, the Langmuir adsorption isotherm
model is fit for the adsorption of L-PABE on MWCNT-MIP,
which is used for the theoretical evaluation and identification
of thermodynamic features [41, 42]. The linear form of Lang-
muir adsorption isotherm is provided below,

C _C 1

Qe_Qm+@ (3)

where C, is the equilibrium concentration, Q, ;; the amount
of L-PABE adsorbed at equilibrium, and Q,, is the amount
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Scheme 2 Schematic represen-
tation for the fabrication of Pt/

-
MWCNT-MIP

Pt electrode

MWCNT-MIP

LAY Pt electrode

of L-PABE adsorbed for a complete monolayer. From the
graph of specific sorption, C/Q,, against the C,, the values
for Q,, (from the slope) and b (from intercept)are obtained.

For the adsorption dynamics studies, the time taken for
the equilibrium rebinding specificity was examined by mix-
ing an equal amount of polymer-nano composites in an
L-PABE solution of known concentration. A UV-vis spec-
trophotometer noticed the quantity of L-PABE adsorbed by
MWCNT-MIPs at 257 nm.

For the selectivity studies, to the template desorbed poly-
mer, equal volume of the solutions of template, the enan-
tiomeric analogue, D-PABE and structurally related chiral
compounds such as D-phenylalanine and L-phenylalanine
having equal concentration were added in different shak-
ing bottles and the difference in the extent of binding was
estimated spectrophotometrically. The imprinting factor
or separation factor (a), which represents the effect of the
imprinting process, is the ratio of the amount of substrate
bound by the MIP to that bound by the corresponding NIP.

Kyip

A emplate = K_ )
NIP

_ Amount of bound template )

Amount of free template

The selectivity of the imprinted polymer towards the tem-
plate was calculated in terms of selectivity factor (a).

(xTemplaze

a=— (®)

(xAnalogue

Results and discussion

Synthesis of polymer-nano composites
on vinyl-MWCNTs

Vinyl group incorporated MWCNTSs as an excellent sup-
port material for the fabrication of MIPs with L-PABE as
the target molecule. Vinyl-MWCNT was obtained via a
three-stage process: conversion of pure MWCNT into car-
boxyl functionalised MWCNTSs, conversion of MWCNT-
COOH to MWCNT-COCI and lastly, the transformation of

Pt electrode

" L-PABE

Probe solution

Pt/MWCNT- MIP = .-

acylchloride functionalised MWCNT to vinyl-MWCNT.
The value of carboxylic acid capacity is found to be
3.05mmolg‘1, which revealed the successful transformation
of the nanotube into MWCNT-COOH.

Characterisation of the pre-polymerised complex
of L-PABE and MAA

FT-IR, 1H-NMR and UV-vis examined the interactions
between the L-PABE and MAA. spectrometric measure-
ments. The FT-IR spectrum of 0.10mmolL "' L-PABE solu-
tion and that of L-PABE mixed with MAA is given in Fig. 1.
In spectrum a, stretching and in-plane bending of > N-H
group in L-PABE appeared at 3351 and 1249 cm™!, respec-
tively. Also, > C =0 stretching, > C-N stretching and > C-O
stretching vibration peaks appeared at 1744, 1019 and
1193 cm™!, respectively. After the mixing of L-PABE and
MAA, these characteristics' vibrational peaks changes to
2932 (broad O-H stretching), 1693 (> C =0 stretching),
1296 (> C-O stretching), 1021 (> C-N stretching) and 699
(> N-H out of plane bending) cm™~! in spectrum c. The for-
mation of a hydrogen bond between L-PABE and MAA
decreased the electron cloud density of NH, and the vibra-
tion frequency.

—— L-PABE
S ——MAA

S —— L-PABE + MAA
£

£

€

(7]

g

(S b

T ™MW

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm ™)

Fig.1 FT-IR spectra of a L-PABE b MAA and ¢ L-PABE/MAA
complex
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To examine the stability of the pre-polymerised com-
plexes formed between L-PABE and MAA, UV-vis spec-
trum analysis was carried out. In this system, the difference
spectra of L-PABE (0.05mmolL™") in methanol is sensitive
to the existence of slight amounts of MAA, as shown in
Fig. 2.

The results showed that the extreme absorption wave-
length of L-PABE shifted remarkably to a longer wave-
length, and the maximum absorbance of L-PABE increased
with the addition of MAA. The red-shift of the absorption
band is characteristic of the hydrogen bonding influence on
the n-n* absorption band of a molecule whose chromophore
serves as a proton donor [36].

According to the literature [18], for MAA concentration
(by) more significant than that of L-PABE (a,), the difference
UV absorbance equation of the MAA- L-PABE complex is
represented as below:

AA

by

= —KAA + KAe_ la,

where AA and Ag,. are the difference absorbency and molar
absorptivity of the complex and L-PABE, respectively and
K refers to the association constant. The value of K and n
are obtained by plotting % versus AA.

0

In the present system, the plot of % versus AA is a straight
0

line, as shown in Fig. 3. K is measured as 1.1821x10° L%/
mol? from its slope. It designates that a 1:2 complex domi-
nates in the pre-polymerised complex.

In order to examine the H-bond interaction between
L-PABE and MAA, 'H-NMR titration analysis was performed
in CD;0D due to the solubility of L-PABE in methanol. In
this system, the amine and carbonyl groups of L-PABE interact
with the hydroxyl group of MAA. The addition of MAA to the

15

———0.3 mmolL"

0.4 mmolL™
—— 0.5 mmolL

0.6 mmolL"
—— 0.7 mmolL"
——0.8 mmolL”
——0.9 mmolL"

1.0

Absorbance

o.o-[\

T ' T ! 1 T
250 300 350 400

Wavelength (nm)

Fig.2 Difference absorption spectra of L-PABE in the presence of
MAA in methanol, a,=0.05mmolL~", b,=0.30-0.90 mmolL !
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L-PABE solution resulted in a changing chemical shift of the
amine proton of L-PABE towards low-field, as shown in Fig. 4.

If the concentration of MAA is less than that of 0.05
mmolL~!, the chemical shift values are enhanced due to the
addition of MAA to the L-PABE solution.

Characterisation of MIPs and NIPs

The synthesis of MWCNT-MIP was chiefly characterised by
FT-IR spectroscopy evaluation. The FT-IR spectra of vinyl-
MWCNT, MIP and MWCNT-MIP are shown in Fig. 5.

The vibrational peaks corresponding to each spectrum
of vinyl-MWCNT (a), MWCNT-MIP (b) and MIP(c) are
depicted in Table 1.

37

3.6 [ ]

35+

3.1+

- 77
0.01 0.02 0.03 0.04 0.05 0.06 0.07

Concentration of MAA (mmol L")

Fig.4 Chemical shift of amine proton of L-PABE versus the concen-
tration of MAA in the presence of 0.05mmolL~! L-PABE in CD;0D



Journal of Polymer Research (2022) 29:509

Page70of 17 509

2924

S |~ J—

]

: b
£

5

a 957
o

[

—— MWCNT-CH=CH,
—— MWCNT-MIP

MIP 1005

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig.5 FT-IR spectra of a viny-MWCNT, b MWCNT-MIP, and ¢ MIP

From the table, it is revealed that spectrum (a) consists
of all the characteristics of vibrational peaks of vinyl incor-
porated MWCNT, which indicate the successful fabrication
of vinyl-MWCNT. Characteristic vibrational peaks of con-
ventional MIPs were also present in MWCNT-MIP, again
indicating the wrapping of the MIP layer on MWCNT-MIP.

Figure 6 depicts the X-ray diffraction patterns of MWCNT,
MWCNT-MIP, and conventional MIP. XRD pattern of pure
MWCNTs comprises of four characteristic peaks at 25.3°,

Table 1 FT-IR data of vinyl-MWCNT, MWCNT-MIP and MIP

Sample Wavenumber Molecular vibrations of functional
(em™) group
viny-MWCNT 2924 > C-H stretching
1701 > C=0 stretching
1653 > C=C <stretching
1262 > C-0O symmetric stretching (ester
1005 out of plane > C-H bending
vibration
MWCNT-MIP 1730 > C=0 stretching
1021 > C-N stretching
1296 > C-O symmetric stretching
(ester)
1193 > C-0 asymmetric stretching
(ester)
957 > O-H bending
MIP 2952 > C-H stretching
1730 > C=0 stretching
1021 > C-N stretching
1296 > C-O symmetric stretching
(ester)
1193 > C-O asymmetric stretching
(ester)
959 > O-H bending

2000
(002)
——— MWCNT
—— MWCNT-MIP
1600 - MIP
& 1200 (110)
Q.
L
2
2 3800
]
£
400
o
T v T T T T
20 40 60 80
2 theta (deg)

Fig.6 X-ray diffraction pattern of MWCNT-MIP, MWCNT and MIP

43.7°,51.0° and 72.7° [JCPDS 41-1487] represented the (0 0
2),(101),(004), and (1 1 0) planes respectively. The (002)
reflection peak was detected at the same 26 values in both the
MWCNT and MWCNT-MIP patterns. The classical MIP con-
tribute an extensive peak range (20 =5-20°), proving its amor-
phous characteristics. From the XRD data, it can be concluded
that the MWCNT still had the same cylinder wall. The value of
L obtained using Scherrer’s formula, L=0.9 A/B cos6, is found
to be 24.5 nm, which is in good agreement with TEM data.

The morphological characteristics of MWCNTs,
MWCNT-MIP and MIP were inspected by SEM technique.
In Fig. 7, agglomerated nanotube moieties were present in
MWCNTs, and MWCNT-MIP showed a nanosized tubu-
lar structure with an average size of 22-31 nm. Due to the
removal of template molecules from the polymer compos-
ites, MIPs had a rough surface and an agglomerated mor-
phology. The agglomerated feature of MIP is converted into
nano tubular forms by adding MWCNT in MWCNT-MIP.

To describe the surface characteristics in detail, TEM
images were taken for crude MWCNT, vinyl-MWCNT and
MWCNT-MIP and depicted in Fig. 8. Because of minute
impurities, TEM images of crude MWCNT showed an
aggregated, entangled and crosslinked morphology. The
agglomeration disappeared in the vinyl functionalised
MWCNT, and their average size became 15 nm. Compared
with vinyl-MWCNT, the outer layer thickness of MWCNT
enhanced MWCNT-MIP and conserved its nanofibrillar
structure, and its average size was improved to 25 nm. These
parameters indicated that a 5—-10 nm thickened MIP layer
was effectively covered around the vinyl- MWCNT.

In order to examine the thermal stability of MWCNT,
vinyl-MWCNT, MWCNT-MIP and MIP, thermogravi-
metric analysis was done, and the obtained thermogram is
depicted in Fig. 9. The thermogram of purified MWCNT
was in the linear form without any degradation up to 500 °C.
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Fig.7 SEM images of A MWC-
NTs, B MIP, and C MWCNT-
MIP

X5,000

15kV 5um

Vinyl-MWCNT displayed a constant weight loss but not a
vast amount (8%) because of the removal of carbonyl groups
from MWCNT. The degradation pattern of both the imprinted
polymer showed a similar nature. Compared to MWCNT-
MIP, bulk MIP showed an enormous weight loss. Bulk MIP
began its degradation at 291 °C, though MWCNT-MIP began
its decomposition at 297 °C. These thermal parameters indi-
cated better thermal stability possessed by MWCNT-MIP due
to the presence of a nano counterpart compared with MIP.

The Raman spectra of purified, vinyl, imprinted, and non-
imprinted MWCNT excited with a 514.5 nm laser line are
shown in Fig. 10. The most important features seen in purified
MWCNT and vinyl functionalized MWCNT are the disorder-
induced D band at 1320-1370 cm™", the tangential G band at
1530-1610 cm™" which is associated with the graphite tangen-
tial E,, Raman active mode where the two atoms in graphene
unit cell are vibrating tangentially against the other and sec-
ond order weak bands occur at 2650-2692 cm™!. The radial
breathing modes (RBM) observed in the low frequency region
100-200 cm™"! is broadened and their intensity is weak. This is
related to the large diameter of the MWCNT under investiga-
tion. [43].

The BET method analysed the specific surface area analy-
sis of imprinted polymers. Compared to MIP (11.25 m%g™"),
MWCNT-MIP exhibited a higher specific surface area
(281.39 m*g™!). Compared with conventional MIP, nanolayer
imprinted polymer possesses a high specific surface area
because of the incorporation of MIP on vinyl-MWCNT.

The polarimetric measurement revealed the optical
purity of MIPs. MWCNT-MIP displayed an optical purity

@ Springer
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5um

of 92.8571%, and that of conventional MIP is 79.8642%.
The observed specific rotation (a3’) of L-PABE is -14°.

Voltammetric behaviour of the imprinted
and non-imprinted modified electrodes

In order to investigate the electrochemical behaviour of the
sensor, Cyclic voltammetry (CV) analysis was carried out [44,
45]. Figure 11 showed the CVs of modified electrodes such as
PYMWCNT-MIP, PUMWCNT-NIP, Pt/MIP and Pt/NIP from
-0.5 to -1.0 V at the scan rate of 0.01 V s~ in 10 mM PBS
buffer solution (pH 7.5). No measurable redox peak signals
were present at the bare Pt electrode because of the absence
of a redox probe. An observable redox peak was obtained for
Pt/MWCNT-MIP, which revealed that L-PABE possesses an
unusual redox reaction as an electroactive redox-probe indi-
cator [46]. The nano counterpart in PYMWCNT-MIP offered
good electrical conductivity because of their high surface-to-
volume ratio and better electrocatalytic activity [47].

NIPs possess a small redox peak current because of the
low specificity toward the L-PABE molecule. NIPs do not
have any L-PABE recognition sites, its porous sites have
some adsorption for the L-PABE molecule and may adsorb
the [Fe (CN)6]>~ or [Fe(CN)6]*~ [47].

Electrochemical impedance spectroscopic
measurements of Pt/MWCNT-MIP

To examine the probing mechanism of modified electrodes,
an ELS analysis was done. The spectra of EIS consist of
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Fig.8 TEM images of
A MWCNT, B vinyl- MWCNT,
and C MWCNT-MIP

two major parts, one is a semicircle part at high frequen-  the electron transfer limiting process and diffusion limiting
cies, and the other is a linear part in the low-frequency  stages of electrochemical reaction [48]. R, electron transfer
range [39]. The semicircle region and linear part indicated  resistance at the surface of the electrode is equivalent to the
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Fig.9 Thermograms of MWCNT, viny-MWCNT, MWCNT-MIP Fig. 10 Raman spectra of a MWCNT, b viny-MWCNT, ¢ MWCNT-
and MIP MIP, and d MWCNT-NIP
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Fig. 11 CVs of bare Pt electrodes and polymer-nano composite modi-
fied Pt electrodes. Condition: potential range, -0.5 to -1.0 V; scan
rate, 0.01 V s™; PBS buffer solution (pH 7.5)

diameter of the semicircle region. The obtained EIS data are
plotted in Fig. 12.

Figure 12 depicts the Nyquist diagrams of a) bare Pt, b)
Pt/MWCNT-MIP, and c) the same electrode Pt/MWCNT-
MIP after 240 s incubating in L-PABE (3 umol L") solu-
tion. R, for Pt/ MWCNT-MIP (Fig. 12b) is much lesser than
R, for bare Pt (Fig. 12a). When the surface of the elec-
trode was modified with MWCNT-MIP, R was dramati-
cally raised, revealing the very high electron transfer resist-
ance to the redox. In the adsorption process of L-PABE on

MWCNT-MIP (Fig. 12¢), R improved as L-PABE embed-
ded in binding cavities and blocked some arrival channels to
the electrode surface. The corresponding impedance param-
eters are depicted in Table 2.

Optimisation of electrochemical parameters
affecting the performance of the sensor

Effect of concentration of L-PABE solution

Figure 13 revealed that the redox peak current increases
linearly with the concentration of the L-PABE molecule.
This is because of the availability and ease of contact of
the electroactive molecules present in the template solution
[49]. The saturation of binding cavities at higher template
concentrations resulted in a lower peak current. These data
again indicated the formation of complementary binding
cavities of L-PABE molecules on polymer-nano compos-
ites. The fabricated complementary sites with similar size
and conformation are available for better adsorption during
the process [48].

Impact of pH

The electrochemical performance of the modified sensor
is mainly affected by the pH of the solution. Influence of
pH of phosphate buffer solution (PBS) was investigated
over the pH range 6.5 to 8.5 and depicted in Fig. 14. It was
found that the maximum current response was obtained at
a pH of 7.5 whereas all the other pH values didn’t show

Fig. 12 Electrochemical imped-
ance spectra of K;Fe(CN), and -4500 -
KClI at a bare Pt, b PUMWCNT- °
MIP and c the same electrode, -4000 o—®
Pt/MWCNT-MIP after 240 s - —e ° /
incubating in L-PABE solution. 3500 - ./ b &)
Inset represents the correspond- .\ /
ing equivalent circuit of EIS it /. .\. /. i
/. a \ ® ‘
a— —H—u_ [l 4
E -2500 = &) 7 .,,—-~. | - ® .i
G / T _A—A—A_, = sl
= -2000 - ,. - }/A/ ~A_ A"
N o wa Al
/ 4
1500 @ WA
' .
-1000 — i
/J #— Bare Pt & Jo
500 - @k —&— L-PABE adsorbed
—&— L-PABE undsorbed Ret
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0 1000 2000 3000 4000 5000 6000 7000
Z' (ohm)
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Table 2 Impedance parameters
of bare Pt electrode, L-PABE
desorbed, and L-PABE

Impedance parameters

Platinum electrode

adsorbed electrodes

Bare (a) L-PABE desorbed (b) L-PABE adsorbed (c)
Solution resistance, R () 155.1 117.5 234.8
Capacitance, C; (F) 1.29x1078 1.519%x 107 7.729%107°
Charge transfer resistance, R, (Q) 4233 3556 6564
Admittance, Y, (S) 1203x107°  1.225x107 9.123x 107

any electrochemical current response. Hence pH 7.5 was
selected for electrochemical detection of L-PABE.

Influence of the template on the functional monomer mole
ratio

To get a better recognition of binding sites of MIP layered
on MWCNT with the template, varying ratios of functional
monomer (MAA) and L-PABE were investigated on the
response of P/MWCNT-MIP in probe solution. For this
purpose, the electrochemical response of the modified elec-
trode was examined by changing monomer-to-template ratio
as 1:1, 1:2, 1:3, 1:4, and 1:5 and the determined data were
plotted in Fig. 15. When the ratio was increased, the current
response increased steeply which ascribed to the fact that
the rise in the amount of functional monomer imparted more
approachable cavities in the MIP layer. Consequently, fer-
ricyanide could reach to the surface of the electrode result-
ing in an enhancement in peak current. Further increase of
monomer concentration diminishes the peak current caused
the MIP layer to grow thick, and many binding sites were
buried in the polymeric network and turned into ineffective
binding sites for L-PABE sorption [48]. In the ratio of 1:2
MAA to L-PABE, optimum numbers of MIP cavities were
covered by the template molecule. Hence the largest current

40
——0.5 ymol L
——1.0 ymol L

1.5 pmol L
——2.0 ymol L

2.5 ymol L
——3.0 ymol L

304

20+

Current (p A)

104

T T T
-0.5 -0.6 -0.7 -0.8 -0.9 -1.0
Potential (V)

Fig. 13 CVs of PUMWCNT-MIP in the presence of L-PABE solution
at varying concentrations

response of probe solution to the modified electrode was
obtained in 1:2 ratio.

Influence of scan rate

To investigate the electrochemical mechanism, peak current
versus scan rate analysis is depicted in Fig. 16. Figure 16a, b
reveal a better linear relationship between peak current and
scan rate and a good correlation coefficient between anodic
or cathodic peak current and scan rate, respectively. All these
results suggested that the electrochemical mechanism is simi-
lar to a surface-controlled quasi-reversible process [50].

Evaluation of the effect of incubation time

The impact of incubation time on the peak current was investi-
gated by CV analysis to find out the optimum time for maximum
L-PABE adsorption on the fabricated electrochemical sensor.
After the extraction of L-PABE from the MWCNT-MIP layer,
the Pt electrode was incubated in 1.0 pmolL~! template solu-
tion at pH="7.5 at different times, and then the electrode was
immersed into the probe solution to determine the current signal.
Figure 17 narrates the redox peak current response concerning
incubation time. Initially, more binding cavities were available,

——PBS pH =6.5
404 | =——PBS pH =7.0
PBS pH =7.5
—— PBS pH =8.0
30 PBS pH =8.5
<
=
£ 204
£
=
o
10 g
0_
T T T T T T T T T T T
-05 -0.6 -0.7 -0.8 -0.9 -1.0
Potential (V)

Fig. 14 CVs of PUMWCNT-MIP in the presence of L-PABE solution
at varying pH
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Fig. 15 Redox peak current response of PUMWCNT-MIP electrode
with varying L-PABE/MAA

hence a significant peak current signal up to 4 min. Most of the
binding cavities were filled with L-PABE molecules, which then
turned into the state of saturated condition at a higher incubation
time. Hence 4 min was chosen as the optimum incubation time
for further electrochemical studies.

Selectivity analysis of the modified sensor
towards the template molecule

To determine the selectivity of the P/MWCNT-MIP, the
peak current response of the sensor towards L-PABE
(3 umol L") and its enantiomer D-PABE (3 umol L™})
were determined, and the corresponding CVs are plotted

60+ a
50+
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_ 301
<
=
~ 204
e
c
£
5 101
(8]

Potential (V)

B e b B ey ——

Current (n A)

|/

0
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0 60 120 180 240 300 360 420 480 540 600

Time (s)

Fig. 17 Plot of current versus incubation time

in Fig. 18. The redox peak current of Pt/MWCNT-MIP
towards L-PABE was more significant than that of D-PABE.
This is because of the fabrication of complementary chiral
recognition sites of L-PABE on the polymer matrix. The
fabricated sites were unavailable to bind its enantiomer
D-PABE tightly, therefore, obtaining the lower peak cur-
rent. The modified electrode exhibited higher selectivity and
specificity towards the L-PABE than the D-PABE molecule.

Determination of LOD and LOQ of the modified sensor

DPV technique was used to evaluate the limit of detection
(LOD) and limit of quantification (LOQ) of the modified
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0] RE=09951

15+

_ ®  Anodic peak current (I pA)
< ¥4 ® Cathodic peak current (I,,.)
€
g 54
™
-
o
[ =
" y =-49.115x - 1.026
Rz =0.9965
1 1 L] 1 L]
0.00 0.02 0.04 0.06 0.08 0.10
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Fig. 16 a CVs of PYMWCNT-MIP containing L-PABE molecule at different scan rates (10 to 100 mVs™') and b relationship between anodic

and cathodic peak current with a scan rate
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Fig. 18 Selectivity of the Pt /MWCNT-MIP towards L-PABE and
D-PABE

sensor for L-PABE under optimised conditions [51, 52].
Under optimised conditions, DPV measurement was done
and plotted in Fig. 19. As the concentration increases, the
peak current also increases. The DPV curve found the LOD
and LOQ to be 0.3388 umol L™" and 1.1295 pymol L7,
respectively.

Adsorption analysis of MIPs and NIPs
An equilibrium binding analysis was done to find the

imprinted polymer- nanocomposites- binding performance
against the control non-imprinted polymer. The obtained

3umol L

0.5umol L

Current ( pA)
<

) 1 1
09 -0.8 -0.7 -06 -0.5 -04
Potential (V)

data is depicted in Fig. 20, indicating that a finite number of
binding cavities are formed in the imprinted polymer during
the imprinting process. Also, due to the incorporation of
a nano counterpart, the adsorption capacity of MWCNT-
MIP was greater than that of bulk MIP. Because of the com-
plementary cavity formation, MWCNT-MIP exhibited a
higher binding capacity than non-imprinted MWCNT-NIP.
In MWCNT-NIP, non-specific interaction happened and
hence weak adsorption towards L-PABE.

In Langmuir isotherm, the plots of specific sorption, C/
Q,, against the equilibrium concentration, C,, for MWCNT-
MIP polymer and MIP were plotted, as depicted in Fig. 21.
The correlation coefficient (r) of MWCNT-MIP is deter-
mined as 0.9988, indicating that the adsorption process was
mainly monolayer on a homogeneous adsorbent surface.
The Langmuir constants of MWCNT-MIP, Q,, and b, were
150.04 umolg~! and 0.0366 Lmmol~!, respectively.

Figure 22 shows the time dependence of the adsorption
capacities of L-PABE towards imprinted and non-imprinted
polymer as a function of time. As shown, L-PABE adsorp-
tion initially increased and then increased slowly with the
time extension. The adsorption process became saturated at
40 min in MWCNT-MIP. A large number of binding cavities
are available initially and become saturated finally.

The sorption kinetics data of L-PABE were analysed
using the Langergen pseudo-second-order equation based
on adsorption equilibrium capacity may be expressed in the
form:

t 1

0 k0S’+ é

16

y=0.7198x + 11.62

15 R? =0.9958

14 4

Current ( pA)

13 <
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Fig. 19 a Cyclic voltammogram for PYMWCNT-MIP containing L-PABE molecule at various scan rates ranging from 10 to 100 mVs~™' and b

linear relationship of anodic and cathodic peak current versus scan rate
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Fig.20 Binding isotherm of MWCNT-MIP, MWCNT-NIP, MIP, and
NIP

where k, is the rate constant of pseudo-second-order
sorption.

The plot of #/Q, against ¢, which is given in Fig. 23,
has a high correlation coefficient (0.9992), indicating
that the L-PABE adsorption using MWCNT-MIP obeys
the second order kinetics reaction with rate constant
k,=0.2413 mol~' min~".

The chiral recognition capacity of synthesised MWCNT-
MIP was evaluated using its chiral analogue D-LABE and
depicted in Fig. 24. The non-imprinted polymer prepared
without adding the template molecule could not recognise
the chirality. Due to the formation of non-specific binding
cavities in the polymer network, non-imprinted composites
cannot recognise L-PABE. The Qe value of MWCNT-MIP
towards L-PABE and D-LABE is 149.7 and 25.8 pmolg™",
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Fig.21 Langmuir isotherms of MWCNT-MIP and MIP

@ Springer

160
1 /.7.7.7.7.7.7.7.7.7.7.,.7.7.7.7.7.7.
"o 1404 _/
g 1 % MWCNT-MIP
509 /|-~ MWCNT-NIP
T / MIP
g 1004 v— NIP
o 4
S s |
- |
< /
w1
< 60 /
a )
|
w404
o
-
gzo_ '.7.070000000.00.00
] 0 VY YV VNV VY VY VY
£ 1 oo g vV
< 0 . _y -V
I . 1 ! T . I J 1 I . I . T ! I ' I . T
20 40 60 80 100 120 140 160 180 200 220

Time (min)

Fig.22 The adsorption kinetics on imprinted and non-imprinted pol-
ymer

respectively. This result revealed that the interaction between
the MAA and L-PABE should be crucial in fabricating the
adsorption cavities. The shape or sites constructed on the poly-
mer surface were complementary to the imprinted L-PABE
and should have a vital role in recognising the molecular
chirality.

Table 3 showed that MWCNT-MIP possessed high selectiv-
ity than conventional MIP. This indicated that the nano coun-
terpart helps form the homogenous binding sites in MWCNT-
MIP. Consequently, a higher number of template recognition
sorbents was formed in the surface of MWCNT-MIP and
exhibited high affinity towards the L-PABE molecule. The
high specificity is mainly attributed to the unique binding of
the imprinted sites to the template molecule, so they cannot
bind the other analogues tightly.
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1.0 $=0.00875
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o
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Fig. 23 Second order kinetics curve of MWCNT-MIP
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Fig. 24 Selectivity analysis of the L-PABE imprinted and non-
imprinted polymers

Table 3 Selectivity factor of the polymer

Separation factor ~ Separation Selectivity
of L-PABE factor of factor
D-PABE
MWCNT-MIP  14.2345 2.7032 5.2658
MIP 8.2949 3.2717 2.5353
Conclusions

A novel chiral sorbent and sensor for enantioselective rec-
ognition for L-PABE are successfully tailored on vinyl-
MWCNT via molecular imprinting technique. The com-
plementary nature of the template and functional monomer
were obtained in the pre-polymerised complex studies.
The complex formed between MAA and L-PABE is pre-
served within a matrix to form a chemically and sterically
complementary imprint to the template. The fabricated
MWCNT-MIP showed favourable selectivity, good stabil-
ity and a higher adsorption capacity for the template mol-
ecule than conventional MIP. Electrochemical measure-
ments revealed that the platinum-modified electrode with
MWCNTs as supporting material is a promising sensor
for analysing the L-PABE chiral compound. The LOD and
LOQ values of the PYMWCNT-MIP were 0.3388 pumol L™
and 1.1295 umol L', respectively. The results of the high
adsorption amount of MWCNT-MIP particles for L-PABE
adsorption suggest that the nanolayer MIP preparation on
the surface of the MWCNTSs could enhance the porous
site availability compared to conventional polymerisation.
FT-IR spectroscopy, TEM, SEM and XRD confirmed the
homogeneous formation of MWCNT-MIP binding sites.

The Langmuir adsorption isotherm again confirmed the
homogeneity. The adsorption kinetics of L-PABE on
MWCNT-MIP agreed with the second-order rate equation.
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