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A novel surface plasmon resonance sensor based
on a functionalized graphene oxide/molecular-
imprinted polymer composite for chiral recognition
of L-tryptophan

Xiaoyan Xu, 22 Yi Zhang,? Bingfeng Wang,® Lin Luo,® Zhenlin Xu® and Xingguo Tian*®

Herein, a novel surface plasmon resonance (SPR) sensor based on a functionalized graphene oxide (GO)/
molecular-imprinted polymer composite was developed for the chiral recognition of L-tryptophan (L-
Trp). The composite's recognition element was prepared via a facile and green synthesis approach using
polydopamine as both a reducer of GO and a functional monomer as well as a cross-linker for
molecular imprinting. The composite was characterized via Fourier transform infrared spectroscopy,
scanning electron microscopy, X-ray diffraction, and Raman spectroscopy. After attaching the composite
onto the gold surface of an SPR chip, the sensor was characterized using contact-angle measurements.
The sensor exhibited excellent selectivity and chiral recognition for the template (ie., L-Trp). Density
functional theory computations showed that the difference in hydrogen bonding between the
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Introduction

Chiral recognition remains vitally important in the medical
science, biochemistry, and pharmaceutics fields because of the
dissimilar or opposite performances exhibited by enantiomers
of chiral molecules in biological systems." L-Tryptophan (r-Trp)
is an essential amino acid and precursor of the neurotrans-
mitter serotonin in humans and animals, and its imbalance or
deficiency can cause several chronic diseases.>* Hence, a prac-
tical, rapid and available method for the chiral recognition of
Trp enantiomers is important to ensure their safe and effective
use. Various methods for the chiral recognition of Trp enan-
tiomers have been reported, including high-performance liquid
chromatography (HPLC), electrochemical detection, colori-
metric analysis, and fluorescence detection.*” However, the
disadvantages of these approaches, which include expensive
instrumentation, laborious sample pretreatments, and
complicated derivatization procedures, impede their broad
application.*®

As powerful analytical tools, surface plasmon resonance
(SPR) sensors have enjoyed widespread attention over the past
two decades because of their high sensitivity, low cost, and
compact design.® SPR, a refractive index-based detection tech-
nique for real-time and label-free monitoring of ligand-receptor
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composite element and L-Trp and p-Trp played an important role in chiral recognition.

interactions on metal surfaces,'®™* has been extended to the
molecular imprinting field.** Molecular imprinting is an artifi-
cial molecular recognition technique based on the “molecular
lock and key” principle.”® This technique involves polymeriza-
tion around the target molecule, leading to the formation of
specific cavities in the cross-linked polymer matrices.
Molecular-imprinted polymers (MIPs) are good elements for
recognition and detection in SPR sensors because of their
substantial advantages, including desirable selectivity,
mechanical/chemical stability, and low cost, over other detec-
tion elements. In recent years, MIPs have been extensively re-
ported as surface modification materials for chips in the
fabrication of different kinds of SPR sensors.'**®* However, in
the analysis of small molecules, MIP-decorated sensor chips
suffer from insufficient sensitivity because small molecules can
only induce small changes in the refractive index. Thus, the
development of simple and versatile strategies for amplifying
SPR sensing has been proven as a challenging task.*
Graphene (Gr), a two-dimensional sp*hybridized carbon
material comprising a single sheet of hexagonally packed
carbon atoms, has a number of advantages, including large
specific surface area, good electrical conductivity, and superla-
tive mechanical strength, making Gr a promising candidate for
enhancing SPR signals.>**' These special characteristics impart
Gr/MIP composites with higher affinity and sensitivity toward
the target analytes and provide a more homogeneous distribu-
tion of recognition sites.*” Despite the strong application
potential of Gr/MIP composites, Gr tends to irreversibly
agglomerate via van der Waals forces during the drying
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process.”® Accordingly, effective and mild methods for func-
tionalizing Gr to improve its stability and dispersity are
required.*

Dopamine, commonly known as a hormone and neuro-
transmitter, has recently aroused considerable interest because
it is also a unique molecule that mimics mussel adhesive
proteins.*® Inspired by the high content of 3,4-dihydroxy-i-
phenylalanine and lysine found in mussel adhesive proteins,
which is predominantly located at the plaque-substrate inter-
face, researchers have developed a material-independent
surface functionalization strategy involving the self-
polymerization of dopamine to form chemically active
adherent films on virtually all types of inorganic and organic
surfaces.”®”” The adherent polydopamine (PDA) coating can
react with various functional groups, including thiols and
amines, via Michael addition or Schiff base reaction.?®**
Because of the aforementioned breakthrough, PDA can not only
be used as a natural barrier against the interaction of negatively
charged particles to prevent the aggregation of Gr but also serve
as a functional monomer and cross-linker for molecular
imprinting.

In our previous study,® we combined the merits of the
molecular imprinting technology and SPR sensing to detect
Sudan dyes sensitively. Herein, we extend this sensing platform
to develop amplified SPR sensors based on functionalized Gr/
MIP composites for the chiral recognition of Trp enantiomers.
To the best of our knowledge, this research is the first attempt
toward employing PDA as a functional monomer, cross-linker,
and reducer of graphite oxide (GO) simultaneously. The fabri-
cation scheme of the Gr/MIPSPR sensor is illustrated in Scheme
1. First, the composite was synthesized via the self-
polymerization of dopamine using a one-pot approach in the
presence of template 1-Trp. Then, various characterization
techniques, including Fourier transform infrared (FTIR) spec-
troscopy, scanning electron microscopy (SEM), X-ray diffraction
(XRD), and Raman spectroscopy were used to verify the
successful synthesis of the composite. After characterization,
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Scheme 1 Schematic representation of preparation of Gr/MIPSPR
sensor chip via one-pot in situ polymerization.
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the Gr/MIP composite was immobilized onto the gold surface of
an SPR chip as a molecular recognition element for the enan-
tioseparation and recognition of t-Trp and p-Trp. Kinetic anal-
ysis was subsequently performed to examine the interaction
kinetics between the Gr/MIPSPR sensor and the Trp enantio-
mers. Additionally, the selectivity, reusability, and recognition
mechanism of the Gr/MIPSPR sensor were investigated.

Experimental
Chemicals and materials

Graphite was purchased from the Damao Chemical Reagent
Factory (Tianjin, China). Concentrated sulfuric acid (H,SO,)
and 30% hydrogen peroxide (H,O,) were purchased from the
Guangzhou Chemical Reagent Factory (Guangzhou, China). t-
Trp, o-Trp, dopamine hydrochloride, tris(hydroxymethyl)ami-
nomethane (Tris), ammonium persulfate (APS), and B-mercap-
toethylamine were obtained from Macklin Biochemical Co.,
Ltd. (Shanghai, China). All chemicals were of analytical grade
and were used directly without further treatment. Milli-Q
ultrapure water (resistivity = 18.2 MQ cm) was used
throughout the experiments. The gold-coated glass SPR sensor
chips (Au thickness of ~50 nm) were obtained from Reichert
Inc. (NY, USA).

Instrumentation

The SPR measurements were performed on a Biacore3000 SPR
system (Biacore, Uppsala, Sweden). SEM imaging was per-
formed using an XL30 TMP environmental scanning electron
microscope (Philips-FEI, the Netherlands). The FTIR spectra
(4000-500 cm ™) were recorded using a Vertex 70 spectrometer
(Bruker, Germany) with a resolution of 0.4 cm™'. Samples for
FTIR analysis were prepared as KBr pellets. Transmission
electron microscopy (TEM) images were acquired on a JEM-
2100F transmission electron microscope (JEOL, USA). The
Raman spectra were recorded by a LabRam HR 800 (Horiba,
France). The contact angle of the MIPSPR sensor was deter-
mined using a JC-2000C1 tensiometer (Shanghai Zhongchen,
China). The water used to prepare buffer and other aqueous
solutions was purified using a Milli-Q system (Millipore, USA).

Surface modification of the SPR chip

Prior to modification, the bare gold surface of the SPR chip was
first cleaned using 10 mL of fresh piranha solution [H,SO,
(98%) : Hy0, (30%) = 3 : 1 v/v] for 5 min, followed by thorough
rinsing with copious amounts of deionized water and ethanol.
The chip was subsequently placed into 20 mL of a 10 mM
solution of f-mercaptoethylamine in ethanol, allowed to form
a self-assembled monolayer (SAM) for 24 h, rinsed with ethanol,
and dried under a nitrogen atmosphere. The modified SAM chip
was immediately used for polymer preparation.

One-pot in situ preparation of Gr/MIP composites coated onto
the SPR chip

After being synthesized according to the method of Hummers
and Marcano,*" GO (6 mg) was added to 20 mL of 10 mM Tris
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(pH 8.5) buffer solution and sonicated in an ice-water bath for
30 min to ensure uniform dispersal. Next, 10 mg of r-Trp
(template), 7.6 mg of DA, and 20 mg of APS (initiator) were
added to the GO suspension. The sample was then mechan-
ically shaken and sonicated for 5 min to obtain a homogeneous
polymerization mixture. The modified SPR chip was transferred
to the polymerization mixture and baked in a vacuum oven at
60 °C for 12 h. Finally, the composite-coated SPR chip was
washed using 0.1 M HCl/methanol (1:1 v/v) for 48 h with
a Soxhlet extractor until no template was detected. For
comparison, Gr/non-imprinted polymer (Gr/NIP) composites
were also prepared using the same procedure but without
adding a template.

SPR measurements

The Gr/MIP composites were immobilized via an amine-
coupling reaction on a sensor chip (Biacore, Piscataway, NJ,
USA) inserted into the flow chamber of a Biacore 3000 SPR
system (Biacore, Uppsala, Sweden). SPR measurements were
conducted at 25 °C at a flow rate of 20 pL min ' using
phosphate-buffered saline with Tween (PBST; pH 8.0) as the
running buffer. The data [expressed in response units (RU),
which are directly related to the shift in the SPR angle] were
acquired using the Biacore version 3.2 evaluation software
package. A 0.1 M HCI solution was used for the regeneration
step after the analytes were adsorbed onto the Gr/MIP-coated
gold chip. The analysis sequence included four processes, and
the time of each was controlled as follows: baseline (300 s),
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association (200 s), dissociation (100 s), and regeneration (60 s).
Before the analysis procedure, PBST (pH 8.0) was used to
stabilize the surface of the gold chip until a stable base line was
obtained.

Computational simulations

All theoretical computations in this research were performed
using the density functional theory (DFT) method at the B3LYP/
6-31G*level, as implemented in the Gaussian 09 software
package running under a Linux operating system. The confor-
mations of each isolated compound (v-Trp, p-Trp, and PDA) and
their complexes in the prepolymerization process were opti-
mized. The interaction energies AE were obtained using the
following equation:

AE = Ecomplex - ETrp - EPDA (1)
where Ecompiex i the total energy of the simulated Trp-PDA
complex, Ery, is the minimum energy of v-Trp or p-Trp, and
Eppa is the minimum energy of PDA.

Results and discussion

Characterization

Fig. 1A shows the FTIR spectra of the Gr/MIP and Gr/NIP
composites. The spectra of the Gr/MIP and Gr/NIP composites
were approximately the same, indicating that the L-Trp template
was completely removed from the Gr/MIP composite and that
the two composites exhibited similar chemical constitutions.
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Fig. 1

(A) FTIR spectra of Gr/MIP and Gr/NIP, (B) XRD patterns of GO and Gr/MIP, SEM images of (C) GO and (D) Gr/MIP, (E) Raman spectrum of

GO and Gr/MIP, contact angle measurements of (F) bare and (G) Gr/MIP-coated SPR chip.
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The two adsorption peaks in the range 3200-3400 cm ™' of both
spectra, which correspond to N-H stretching vibrations,
confirm that PDA was involved in the polymerization of the
molecular imprinting. In addition, minor decrease in the
intensity and red shift of the two peaks (from 3349 cm™" to
3347 cm™ " and from 3238 cm ™" to 3201 cm ', respectively) were
observed, which may be ascribed to the hydrogen bond inter-
actions between PDA and template molecules.

Fig. 1B shows the XRD patterns of GO and the Gr/MIP
composite. In the XRD pattern of GO, a characteristic peak
appeared at 20 = 10°, revealing that oxygen functional groups
had been introduced onto the graphite sheets and that the
formation of GO from graphite powder was successful.**** After
polymerization, this characteristic graphite peak disappeared
and was replaced by a well-defined peak at 26 = 25°, which is
ascribed to the reduction of GO to Gr via PDA modification.*

The morphology and microstructure of GO and the Gr/MIP
composites were investigated. GO (Fig. 1C) presents a typical
layer-like structure with some wrinkles. However, the SEM
image of the Gr/MIP composites (Fig. 1D) revealed that the
wrinkles disappeared and that the surface of the Gr sheets was
covered with a spherical structure comprising MIP nano-
particles. These results clearly illustrated that GO was reduced
by PDA and that the Gr/MIP composites were successfully
synthesized.

The Raman spectra in Fig. 1E further confirmed the
successful grafting of Gr/MIP composites onto the GO sheets.
The Raman spectrum of GO exhibited two strong peaks at 1350
and 1590 cm™ ' corresponding to the D- and G-bands, respec-
tively. In general, the G-band is associated with the vibration of
sp” carbon atoms in the two-dimensional hexagonal lattice,
whereas the intensity of the D-band indicates the degree of
disorder or the number of structural defects in graphene
oxide.* In addition, the intensity ratio (Ip/Is) is commonly used
to reflect the extent of graphitization of carbonaceous materials
and their defect density. The Ip/I; ratios of GO and Gr/MIP
composites were 0.712 and 1.203, respectively, indicating an
increase in disorder. This change can be attributed to the
formation of covalent bonds between grand PDA.

Water contact-angle measurements were performed to
characterize the sensor after the Gr/MIP composite was
attached to the chip surface. As shown in Fig. 1F and G, the
contact angle of a water droplet on the chip surface decreased
from 56.50° to 44.25° upon the introduction of the Gr/MIP
composite. These results indicate that polymerization was
accomplished on the SPR chip and resulted in an increase in the
surface hydrophilicity.

Effect of pH

The pH of a medium strongly affects sensor-analyte affinity.
The sensor responses to 2.5 mM L-Trp in PBST buffer solutions
with various pH values are shown in Fig. 2. The best response
signal was observed at pH 8.0, which indicates that the binding
of L-Trp to the SPR chip surface progressively increased as the
pH was increased to 8.0. Hence, pH 8.0 was selected as the
optimum pH value.

This journal is © The Royal Society of Chemistry 2018
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Fig.2 Effect of pH on SPR signal (in the presence of 2.5 mmol L~ .-Trp).

Binding performance

To test the chiral recognition of the SPR sensor for Trp enan-
tiomers, we performed experiments for rebinding different
concentrations of 1, o-Trp to the sensor chip using the same
procedures and the SPR sensor. The relations between the
concentrations of 1-Trp and p-Trp and the senor signal are
shown in Fig. 3A and B, respectively. With the increasing
concentrations of L-Trp and p-Trp, the SPR signal increased. The
SPR signal of .-Trp was clearly much stronger than that of o-Trp
at the same concentration. These results demonstrated that the
enantioselective recognition of the resultant Gr/MIPSPR sensor
toward r-Trp can be achieved through imprinting template
molecules.

Fig. 3C shows the linear rang for the detection of .-Trp with
Gr/MIPSPR sensor. The calibration graph depicts that correla-
tion is high (R* = 0.9939). The limit of detection (LOD) and limit
of quantitation (LOQ) values of the Gr/MIPSPR sensor were
determined as 0.105 mmol L™ and 0.350 respectively, accord-
ing to the linear part of calibration curve with the 35/b formula
where S is standard deviation of response and b is the slope of
calibration curve (0.150-2.50 mmol L™1).

It can be seen in Fig. 3D, the SPR signal is almost two-fold
higher in the case of Gr/MIP sensor in comparison to the
single MIP sensor at the same L-Trp concentration. The reasons
could be attributed to two aspects: first, the Gr/MIP composites
gave more recognition sites for .-Trp on account of the high
surface area of the spherical structure. Second, the high
molecular weight and the high refractive index of the Gr/MIP
composites might play an important role in the amplification
of SPR signal.

For a better comparison, binding kinetic analysis was per-
formed to determine the host-guest interaction between Trp
enantiomers and the Gr/MIPSPR sensors during SPR measure-
ments. The association rate constant (k,), dissociation rate
constant (kq), association constant (K, = k./kq), and dissociation
constant (Kp = 1/K,) were calculated using a simple one-to-one
Langmuir binding model. Ky, is usually used to evaluate and
rank order strengths of the intermolecular interactions, where
a smaller value of K, indicates a higher binding affinity.*® The
results summarized in Table 1 indicated that the chiral

RSC Adv., 2018, 8, 32538-32544 | 32541
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Fig. 3 SPR signals to different concentrations of (A) L-Trp and (B) b-Trp (a—e): 2.50, 1.25, 0.625, 0.325 and 0.150 mmol L™%; (C) the calibration
curve for L-Trp on Gr/MIPSPR sensor; (D) SPR signals to 2.5 mmol L™ -Trp on Gr/MIP-coated sensor and MIP-coated sensor. All SPR

measurements were performed in phosphate-buffered saline with Tween (pH 8.0) at a flow rate of 20 uL min™".

recognition ability of the Gr/MIPSPR sensors toward r-Trp was
substantially greater than that toward p-Trp.

Recognition mechanism

The elucidation of chiral recognition mechanisms is essential for
chiral recognition and chiral separation.”” The recognition
properties of the Gr/MIPSPR sensors are highly dependent on the
quality of the binding sites contained in the matrix. In this study,
DFT at the B3LYP/6-31G*(d,p) level was used to perform energy
calculations for the final optimized conformations and evaluate
the total AE value. The results are summarized in Table 2.
Hydrogen bonding is the dominant driving force for inter-
molecular interactions between the template and the functional
monomer. The DFT approach was also used to investigate the

Table 1 Binding kinetic parameters
Analyte &, ka Ky Kp R?
L-Trp 7x10° 9.4 x10°° 7 x 10" 1.3 x107"  0.99
p-Trp 2.1 x10° 08x10° 26x10"° 38x10 " 0.58
Table 2 Interaction energy of Trp enantiomers with PDA

E AE

a.u. a.u. keal mol™*
p-Trp —686.1691323 — —
L-Trp —686.1681162
PDA —2052.8655456
p-Trp-PDA —2739.85995182 —0.82527392 —517.8672249
L-Trp-PDA —2739.86050274 —0.82684094 —518.8505448

32542 | RSC Adv., 2018, 8, 32538-32544

1

hydrogen bonding between Trp and PDA in implicit solvents
(water); the results are shown in Fig. 4. We observed that the
oxygen atoms of the carbonyl groups of the Trp enantiomer and
the hydrogen atoms of the amino groups in the indole units of
PDA could form two strong hydrogen bonds. The lengths of
these two hydrogen bonds were 1.8 and 2.2 A for p-Trp and 1.8
and 2.0 A for L-Trp, respectively. In addition to the two hydrogen
bonds formed by the carbonyl group as electron donors, the
hydrogen atoms of the amino group in t-Trp accept an electron
pair and interact with the oxygen atom of phenol hydroxyl via
a hydrogen bond, the length of which was 1.8 A. Our experi-
mental findings confirmed that the binding affinity between r-
Trp and PDA was stronger than that between p-Trp and PDA.
In this strategy, when DA was mixed with 1-Trp and GO in
a weak alkaline solution, GO was reduced to Gr for enhancing
SPR signals due to the oxide self-polymerization of DA. Mean-
while, the template molecules can be trapped in the cross-
linked polymeric network owing to the hydrogen bond inter-
action of -Trp with DA. Chain branching and cross-linking in
the PDA generated a three dimensional matrix toward the
template molecules.®® After removal of the embedded template
molecules, the created imprinted cavities in the polymer can

e
LI

Fig. 4 Complex formed between (A) L-Trp and (B) b-Trp and poly-
dopamine in implicit solvents (water).

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Gr/MIPSPR and Gr/NIPSPR signals towards L- and p-Trp, L- and
p-Tyr, and - and p-Phe (each of 2.5 mmol LY.

recognize the template molecules based on shape selection and
complementarity of the functional groups.*

Selectivity

The selectivity of the Gr/MIPSPR sensor was examined by
comparing the SPR response toward Trp enantiomers with that
of other chiral amino acids [tyrosine (Tyr) and phenylalanine
(Phe)] in their mixture solution under the same conditions. As
shown in Fig. 5, for the Gr/MIPSPR sensor, the signal values for
L-Trp were significantly higher than those for p-Trp, 1- and p-Tyr,
and - and p-Phe. In contrast, the NIPSPR sensor exhibited little
selectivity for all analytes. Thus, the Gr/MIPSPR sensor chip had
specific recognition sites that were complementary to template
molecules in terms of the shape and positioning of functional
groups. Although the Gr/NIPSPR sensor chip contains a suffi-
cient number of functional groups, it lacks defined cavities to
provide the selective binding of r-Trp.

Reusability

The reusability of an SPR sensor is likely to be a key factor in
improving process economics.* To demonstrate the reproduc-
ibility of the Gr/MIPSPR sensor, we repeated three equilibra-
tion-adsorption-regeneration cycles with 2.5 mmol L™" .-Trp
solution. As shown in Fig. 6, no substantial change in the SPR
response was observed during the three cycles. Thus, the
synthesized Gr/MIPSPR sensor can be reused at least three
times with stable results.

Response (RU)

0 T T T T T

T
150 200 250 300 350 400 450 500
Time (s)

Fig. 6 Reusability of Gr/MIPSPR sensor: (a) adsorption; (b) desorption;
and (c) regeneration/equilibrium.
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Conclusions

We successfully constructed a novel SPR sensor for the chiral
recognition of L-Trp using a functionalized graphene oxide-MIP
composite as a recognition element. The composite was facilely
prepared with a new mussel-inspired surface chemistry based
on the oxidative polymerization of dopamine. The experimental
results indicated that the proposed Gr/MIPSPR sensor exhibited
good performance in terms of selectivity and reusability and
higher chiral affinity toward r-Trp than toward p-Trp. Our smart
chiral sensor would be promising as a novel separator for the
direct enantioselective adsorption of amino acids and other
chiral compounds.
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