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An ultra-high sensitivity sensor with the function of chiral signal
amplification has been proposed for the enantiomer discrimination
of various amino acid enantiomers based on charge transfer (CT)-
induced SERS spectroscopy. The introduced TiO, in this sensor
improves the CT behavior and discrimination efficiency distinctly
and enantiomeric discrimination is realized even at low concentration.

Chiral discrimination has attracted keen interest in various fields,
such as chemical and biological sciences and pharmaceutical
industries, since life processes are accompanied by chiral selection
with a preference for homochiral molecules.’ Amino acids, as one
of the molecular building blocks of life, are involved in a vast
majority of biological processes in living systems.*® Most amino
acids exist in chiral structures, and the two enantiomers exhibit
different biological, pharmacological and toxicological activities.
Considering the enantioselectivity for r-amino acids in organisms,
enantiomeric discrimination of amino acids has aroused consider-
able attention. The aromatic amino acids are particularly important
in many fields, such as metabolism of life, nutriology and
pharmacopedics.”® Various techniques have been developed for
chiral discrimination;>™* however, these methods always require
either a specialized chiral entity as a chiral selector or the use of
chiral light fields to acquire satisfactory recognition results. There
are very few reports on labelfree methods for enantiomeric dis-
crimination, like colorimetric methods,'® and they are vulnerable to
environmental interference, considering that the discrimination
mainly depends on the aggregation of nanoparticles (NPs).
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Moreover, high concentration, even for a pure liquid chiral sample,
and universality are normally required in some chiral discrimina-
tion methods. A simple, generic, and sensitive method for enantio-
meric discrimination remains challenging.

Generally, the identification of an amino acid enantiomer is
achieved based on the difference in the stereo-structure of a chiral
selector and each of the enantiomers, and the discrimination
capability mainly depends on the weak intermolecular interactions
between the selector molecules and the two enantiomers."® Macro-
cyclic molecules like cyclodextrins (CDs) have been found to be a
powerful selector for molecular recognition, since they provide
sufficient intermolecular interaction sites and an obvious steric
effect to distinguish the enantiomers."”"'® Considering their special
molecular structures composed of hydrophobic internal cavities and
hydrophilic external rings, CDs show an advantage of interaction
with chiral molecules, especially the ones with hydrophobic groups
and suitable molecular size.'®'® However, despite the introduction
of macrocyclic molecules in a discrimination system, a strategy for
efficient characterization of the difference of stereostructures caused
by two enantiomers of one amino acid with a satisfactory sensitivity
remains a key issue for chiral discrimination so far.

Owing to its ultra-high sensitivity and with provision of the
enriched structural information, surface-enhanced Raman scatter-
ing (SERS) spectroscopy has been developed to be a powerful surface
and interface analysis technique not only for exploring the structure,
orientation, and adsorption of a molecule but also for trace analysis
and detection.?>* Since SERS spectroscopy is extremely sensitive to
slight changes in molecular electronic structure caused by inter-
molecular interactions between a probe molecule and its surround-
ings, it allows for chiral discrimination on the basis of the
interaction between probe molecules and surrounding -chiral
molecules.*** Based on the chiral “label-free” discrimination
mechanism we proposed previously,”>*® we developed a sensor
for highly sensitive and efficient enantiomeric recognition in the
present work. TiO, NPs were introduced in the enantioselective
sensor to fabricate Ag-TiO,-Ag sandwich substrates to improve the
charge transfer (CT) behaviour and enlarge the discrimination
efficiency, due to their excellent contribution to SERS enhancement
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by the CT mechanism.”” Chiral difference magnification by
p-aminothiophenol (PATP), together with stereo selective capture
by mono (6-mercapto-6-deoxy)-beta-cyclodextrin (B-CD) in this
enantioselective sensor allows the discrimination of enantiomers
with low concentration. The excitation wavelength-dependent SERS
experiments verified that TiO, NPs enhanced photo-induced CT
behaviour involved in the discrimination process and enlarged the
chiral differences between the two enantiomers.

Herein, we demonstrate the excellent discrimination response
to different r-amino acid enantiomers with high sensitivity in
comparison to p-amino acids by our enantioselective sensor,
especially for the amino acids with appropriate molecular size
matching the cavity of B-CD, such as tryptophan (Trp). Even for
the amino acids not matching the B-CD very well, including
phenylalanine (Phe) and tyrosine (Tyr), the enantioselective sensor
also shows satisfactory discrimination sensitivity.

The sandwich Ag-TiO,-Ag substrate was fabricated by a
step-by-step assembly route, and the morphologies are shown
in the SEM images in Fig. S1 (ESIT). The average diameters of
the Ag NPs and the TiO, NPs we used are 60-70 nm and 450 nm,
respectively. Considering the excellent CT enhancement of TiO,
NPs on SERS and the difference of crystal phase structures in
enhancement performance,””>° a SERS experiment was conducted
to investigate the enhancement of Raman scattering for the
Ag-TiO,-Ag substrate with TiO, NPs calcined at different tempera-
tures (Fig. S2, ESIt). The Ag-TiO,-Ag substrate with TiO, NPs
calcined at 450 °C was proved to possess the optimal SERS signal
arising from both electromagnetic (EM) and CT enhancement, and
thus was used in the subsequent SERS experiments. With
consecutive modification of B-CD and PATP to fabricate the
enantioselective sensor as illustrated in Scheme 1, the maximum
absorption peak of Ag-TiO,-Ag substrate redshifted and
broadened gradually (Fig. S3, ESIT), due to the changes in the
dielectric constant around the Ag NPs on the substrate after it
was coated with B-CD and the adjacent PATP molecules.

Upon exposure of the enantioselective sensor to - and p-Trp
solution, the enantioselective sensor demonstrates a pretty good
discrimination performance on a Trp solution with the concen-
tration of 10> M rather than the pure liquid, demonstrating the
key role of the CT contribution in the enantiodiscrimination by
SERS, aside from the universal EM enhancement resulting from
our previous methods (Fig. 1(A)). In consideration of the localized

°

3 QH'* u‘..“ “,, o
Pt
SoRaN ) oo ’
o4 9 o @ o%e —

et Ag ():TiO,

>,

:SH-B-CD () : PATP .: L-Trp

Scheme 1 An illustration of the fabrication processes of the enantio-
selective sensor, and the enantiodiscrimination of amino acids.
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Fig. 1 (A) SERS spectra of PATP modified on the enantioselective sensor
in the blank system (a), and the sensor for discriminating p-Trp (b) and
L-Trp (c) with the excitation of 785 nm. (B) SERS spectra of PATP in the
sensor for discriminating Trp enantiomers with the wavelengths of 532,
638, and 785 nm.

surface plasmons of the substrates,? all the SERS spectra acquired
were normalized by the PATP band at 1075 cm™ ' belonging to
totally symmetric (a;) modes, which are insensitive to CT. When
1-Trp was introduced in the sensor, the intensities of the non-
totally symmetric (b,) modes of PATP at 1141, 1398, 1435 and
1573 cm ! were obviously enhanced. The increased b, modes,
which are forbidden in non-resonance conventional Raman
spectra, are expected to explain the interactions between molecular
n-electrons and the Ag-TiO,-Ag substrate in the sensor. However,
no visible change was observed in the case of the p-Trp sensing
system with respect to the blank system without amino acid
(Fig. 1(A)b and a), which indicates that .-Trp was selectively
recognized by the sensor. Besides Trp, this enantioselective sensor
has certain generality and shows favourable discrimination beha-
viour of Phe and Tyr, which do not match exactly the B-CD (see the
SERS spectra in Fig. S4A and B, ESIY).

In addition, visible excitation wavelength-dependent phenom-
ena were obtained from the SERS spectra of PATP in the Trp
enantiomer sensing system with excitations at 532, 638, and
785 nm, as shown in Fig. 1(B). The discrepancy of the relative
intensities of the b, modes of PATP between r- and p-Trp systems
decreased with the increase of the laser energy, which manifests
that the enantioselective sensor possessed the best discrimination
response under the condition of 785 nm laser excitation with the
lowest energy. The enantioselective discrimination was closely
dependent on the excitation wavelength, indicating that a CT
process was involved in this chiral discrimination sensing system
and the CT process was influenced by enantioselectivity.**!

The discrimination mechanism closely related with the CT
process was proposed by taking Trp as a model with the excitation
wavelength of 785 nm. The b, modes increased in the presence of
L-Trp, but little variation was observed with p-Trp existing in the
system (Fig. 1(A)), indicating that the 1. enantiomer rather than the o
enantiomer promoted the CT from the Ag NPs in the Ag-TiO,-Ag
substrate to the PATP. As is known, different intermolecular inter-
actions between the enantiomers result in the stereoselectivity of CD
to each enantiomer with a different geometry and stabilization
energy. In this enantioselective sensor, the hydrophobic aromatic
ring of Trp was drawn in the hydrophobic cavity of f-CD with
hydrophobic interactions, while the polar part was excluded outside
the mouth of $-CD by forming H-bonds with the hydroxyl group of
the CD and the amino group of the PATP, as illustrated in Fig. 2A.

This journal is © The Royal Society of Chemistry 2019
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The difference in forming hydrogen bonds led to the enantioselec-
tivity for t-Trp, and thus, influenced the molecular electronic
structure of the PATP molecules in the two chiral sensing systems,
which caused the difference in the CT process and the evident
distinction in the SERS spectra between the two systems. Our
previous work demonstrated that the intermolecular H-bond chan-
ged the molecular electronic structure, increased the molecular
conjugation, and promoted the CT process from metal NPs to the
adsorbed molecule in the system.>® Consequently, a chiral discri-
mination method based on the intermolecular H-bond of the
assembled system by the SERS involving CT mechanism was
proposed to identify the chirality of some pure chiral alcohol
enantiomers around achiral probe molecules. In the enantiomeric
discrimination system, the CT contribution is beneficial to distin-
guish the discrepancy of the SERS spectra between the two enantio-
meric systems, and the key for the enantioselectivity is the subtle
difference of the intermolecular interaction in stereostructures
between the enantiomers and the sensor. As a result, .-Trp was
selectively discriminated by virtue of the promotion of » enantio-
mers to the CT between the Ag-TiO,-Ag substrate and the PATP.
The PATP in the sensor acted as a magnifier, while the B-CD
captured the amino acid enantiomer into its cavity and provided
highly sensitive enantioselectivity. If the f-CD was not contained in
the enantioselective sensor, poorer discrimination performance was
observed from the SERS spectra (Fig. S5, ESIt).

As for the reason why the enantioselective sensor exhibited a
superior discrimination response with the 785 nm excitation
compared with the other two, an energy level schematic diagram
with regards to the corresponding energy levels of Ag, TiO,, and
PATP is illustrated for a better understanding (Fig. 2B).*> The
introduction of TiO, promotes electrons congregated at the surface
of the TiO, to inject into the Fermi level (Ef) of the Ag NPs to
balance charges at the junction of the Ag and the TiO,, which
augments the CT from the Ag NPs to the PATP molecules in the
enantioselective discrimination sensor.*® The energy of the three
laser excitations is sufficient to excite the electrons from the
elevated Fermi level of the Ag NPs to the lowest unoccupied
molecular orbital (LUMO) level of the PATP. However, the energy
of 785 nm excitation was the lowest and less matched the CT states
of PATP compared with the other two excitations. Considering that
the CT enhancement for 785 nm is the smallest, it was the most
suitable to investigate the promotion of the r-amino acid to the CT
in the system at 785 nm excitation. The introduction of the TiO,
NPs to the enantioselective sensor enhances the CT contribution
in the system greatly and results in a superior discrimination
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Fig. 2 (A) A schematic illustration of the interactions of SH-B-CD and
PATP on the sensor with L-Trp enantiomers in the discrimination process.
(B) An energy level diagram of the Ag NP, TiO, NP and PATP.
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performance than the discrimination system without TiO, NPs
(Fig. S6, ESIt). In the case of the sensor consisting of Ag NPs
without TiO, NPs, the discrepancy in the relative intensities of
the b, modes between the 1- and p-Trp enantiomeric systems
was smaller than the enantioselective sensor containing the
TiO, NPs (Fig. 1(A)).

In order to obtain the maximum discrimination efficiency
and sensitivity, the concentration of adsorbed PATP was
optimized. The PATP solutions with different concentrations
were investigated by concentration-dependent SERS, and the
concentration of 10* M was chosen for the optimal enantio-
selective discrimination of the sensor with the 785 nm laser
excitation (Fig. S7, ESIt). The sensitivity of the enantiodiscri-
mination method was investigated subsequently by measuring
the SERS spectra of the discrimination sensing system with
different concentrations of 1- and p-Trp enantiomers (Fig. 3)
under the optimized conditions. A positive correlation was
observed between the SERS intensity of the b, modes of PATP
and the amount of t-Trp enantiomer; however, no obvious
relevance was obtained when the p-Trp enantiomer was
involved in the system. The higher the concentration of L-Trp
the greater the enhancement of the b, modes of PATP, which
led to a larger intensity difference between the 1- and p-Trp
sensing systems and a much easier identification of the two
enantiomers.

We calculated the degree of CT (pcr), an expression to
estimate the contribution of CT to the Raman enhancement
in a SERS system proposed by Lombardi etc.,>**" to evaluate the
discrimination capacity of the sensor between p and L enantio-
mers of Trp (see ESIT for the details). Fig. 4 reveals that the
magnitude of the difference of the pcr between p- and r-Trp
increases with the concentration of Trp molecules, which was
consistent with the obtained SERS spectra in Fig. 3. The
minimum enantiomeric discrimination concentration for
L-Trp is 0.1 pmol L™, which is much lower than the minimum
level of L-Trp in the human serum. Even for Phe, which does not
match with B-CD well, the minimum discrimination concen-
tration for 1-Phe is 1 pmol L™" (Fig. S8, ESIf), which is also
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Fig. 3 SERS spectra of PATP in the enantioselective sensor for discrimi-
nating b- and L-Trp enantiomers with different concentrations with the
excitation of 785 nm; spectrum a is the blank one without Trp, and spectra
b to m represent p- and L-Trp enantiomers with concentrations of
10781077, 107%, 107>, 107% and 1073 mol L%, respectively.
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Fig. 4 Degree of CT (pct) for PATP versus the concentration of Trp in the

enantiodiscrimination sensing system, including the bands at 1141 (A), 1389 (B),
and 1435 (C), and 1573 (D) cm™t in Fig. 3.

much lower than the minimum level in human serum. The
enantiomeric discrimination approach proposed by us exhibits
a high sensitivity and discrimination efficiency.

In conclusion, we have developed an enantioselective sensor
for the discrimination of various amino acid enantiomers. Due
to the intermolecular interaction, mainly the hydrogen-bond,
between the amino acid enantiomers and the sensing unit
consisting of B-CD and PATP, the sensor can distinguish and
magnify the subtle changes of weak interactions caused by the
stereoselectivity in the SERS spectra with the contribution of
the CT mechanism. PATP acted as a magnifier to amplify the
difference in the intermolecular interactions between the two
enantiomers and the sensor, while B-CD captured the amino
acid enantiomer into its cavity and provided quite sensitive
enantioselectivity in the enantioselective sensor. The suggested
mechanism is that differentiable CT processes are involved
in the two enantioselective sensing systems, leading to the
difference in molecular electronic structure of the PATP
and the selectively enhanced b, modes of the PATP with
L-enantiomer introduced in the sensor based on the excitation
wavelength dependent SERS results. The enantioselective sen-
sor shows a pretty good discrimination performance for trace
amino acid aqueous solutions with ultrahigh-sensitivity,
simplicity and universality. We have provided a distinctive
way to implement enantiomeric discrimination of amino acid
aqueous solutions with simplicity and high enantioselectivity,
which has great potential for wide application to various chiral
samples in the fields of biochemistry, asymmetric synthesis,
and the pharmaceutical industry.
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