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Chiral recognition of essential amino acids (EAAs) is a huge challenge that keeps plaguing analyti-
cal scientists due to their cryptochirality and limited steric interaction sites. Inspired by the superior
enantioselectivity of functional supramolecular cyclodextrins (CDs) and strong signal amplification abil-
ity of field effect transistors (FETs), this work firstly reports a cationic supramolecular charge switch
for facile enantiodiscrimination of EAAs based on extended-gate organic FET (EG-OFET). The cationic
phenylcarbamoylated-CD single isomer acts as a charge switch via interacting with different enantiomers
and the weak stereo-differentiation intermolecular interaction signals between the cationic perphenylcar-
bamoylated CDs and EAAs on the EG can be strongly and rapidly amplified through an OFET. Efficient
chiral differentiation of six EAAs, including phenylalanine, tryptophan, leucine, isoleucine, lysine and va-
line, are successfully achieved without any derivation process and the detection limit for b-phenylalanine
is down to 10~ mol/L. We believe that this study provides a new and facile sensing perspective for

natural amino acids and may afford deeper understanding of molecular chirality.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Chirality is one of the ubiquitous and hard-wired attributes of
nature [1]. As the basic unit of living organism, amino acids (AAs)
exhibit chiral properties and build the complex vivo chiral envi-
ronment. Given different biological and toxicological effects that
enantiomers may exhibit on living systems, enantiomers discrimi-
nation has attracted tremendous attention in the past few decades
[2-4]. The chirality distributions of AAs may exhibit a unique pat-
tern in living system [5,6], yet abiotic reactions generate a racemic
mixture of AAs [7,8], which makes chiral distribution an important
biosignatures to the emergence of biochemistry on planets.

Consequently, miscellaneous techniques have been established
for recognition and separation of AAs [9,10]. However, most of
those developed methods are not that efficient for AAs discrim-
ination due to their cryptochirality and limited steric interaction
sites [11]. For example, chiral AAs lack of chromophores can-
not be detected by the powerful circular dichroism spectrogram
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[12,13]. In chromatography, derivation is usually needful not only
for constructing compulsory differential interactions improving
recognition but also to surmount the detection limitation [14-16].
Although electrochemical chiral sensing approaches have been ap-
plied for AAs chiral detection [17-22], they still suffer from compli-
cated selector immobilization approaches and low sensitivity lim-
ited by concentration requirement of redox reactions. Thus, pur-
suing facile, effective and versatile sensing methods for AAs chiral
discrimination is still a huge challenge for analytical scientists by
far.

Organic field effect transistors (OFETs), as an ideal sens-
ing platform via amplification of subtle change charge signals,
have been increasingly investigated in various sensing fields ow-
ing to their fast response, compact integration and cost ef-
fectiveness [23,24]. Very recently, Sun et al constructed an
OFET chiral sensor with chemical-vapor-deposited (CVD) copper
hexadeca-fluorine-phthalocyanine semiconductive layer using as-
sembled fS-cyclodextrin (8-CD) as sensing units for Phe-chiral
detection [25]. Thereafter, Wu et al. used a similar quasi-gated
OFET framework with a cationic -CD sensing units to achieve
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enantiodiscrimination at extremely low concentrations [26,27].
These works reveal the great potential of OFETs in chiral recog-
nition and provide inspirations to develop reliable AAs enantiodis-
crimination methodologies.

Inspired by the superior enantioselectivity of supramolecular
CD and strong signal amplification ability of OFET, herein, we re-
port a versatile, rapid and facile chirality amplification method-
ology for efficient enantiodifferentiation of essential AAs (EAAs)
based on an extended-gate OFET (EG-OFET). Subtle difference of
weak chiral interactions between p-tolyl isocyanate functionalized
imidazolium B-CD (Im*-MePh-8-CD) and EAAs pure optical enan-
tiomers can be transferred to OFET. The cationic imidazolium moi-
ety anchored on CD primary rim acts as a charge “switch” to mod-
ulate the effective gate bias of the OFET via alteration of the charge
shielding effect. The switch is in an off-state when included in
the extended CD cavity, while generating CDs-chiral analytes in-
clusion complexes will turn the switch on in varying degrees. Six
EAAs enantiomers can be well differentiated without sample pre-
treatment with the detection limit down to 10~'3mol/L for b-
phenylalanine (p-Phe).

To achieve the chirality signal amplification via EG-OFET, the
premise is to construct enantio-selective interactions between the
selector and chiral analytes. Synthesis of CD derivatives was re-
ferred to the published work [27,28]. CDs, as one of the most
commonly used chiral selectors, were chosen for differentiation
of EAAs in this work. Because of its poor enantioselectivity to-
wards the underived EAAs, 8-CD was decorated with twenty 4-
methylphenylcarbamoyl and one imidazolium functionality, con-
tributing strong electrostatic, 7-m, dipole-dipole, H-bonding inter-
actions and enhanced hydrophobic inclusion complexation (Figs.
S1-S3 in Supporting information). Four optically pure EAAs (D-Phe,
L-Phe, D-Lys and L-Lys) were chosen as model analytes to eval-
uate the intramolecular steric interactions with Im*-MePh-8-CD
by UV-vis, circular dichroism spectra, optical rotation analysis and
1 H NMR.

To get satisfied sensing layer on EG, the optimal Im*-MePh-8-
CD concentration was evaluated initially to be 10 mg/mL, according
to membranes morphology (Fig. S4 in Supporting information). EG
modification was proved by water contact angle measurement (Fig.
S5 in Supporting information), which showed the reduced surface
hydrophilicity after treatment with Im*™-MePh-8-CD. All the elec-
trical tests were performed at room temperature. The output cur-
rent of the OFET device was characterized under 50V gate volt-
age (Vi) and 0-50V drain-source (Vps) voltage. The influence of
matrix pH was also investigated (Fig. S6 in Supporting informa-
tion). We initially investigated the intermolecular interactions us-
ing UV-vis (Fig. S7 in Supporting information). Im*-MePh-g-CD
exhibited strong absorption at ca. 201 nm and ca. 235 nm associ-
ated with w-7r* transition of double bonds. The B bands, charac-
teristic absorption of aromatic rings, were observed at ca. 279 nm.
After CD derivatives combining chiral AAs, there were no obvious
bathochromic- or hypochromic-shift and the inclusion complexes
only showed slightly-different adsorption intensity.

Interestingly, circular dichroism provided us some confident in-
formation about the chiral differentiation. Compared to native 8-
CD (no circular dichroism signal), strong positive (195 and 225 nm)
and negative cotton peaks (207 and 240nm) were observed with
the well-defined Im™-MePh-8-CD structure, revealing its intensive
chiral conformation (Fig. 1a). Although the overall shape of circular
dichroism curves for CD-AAs complexes only differed slightly com-
pared to Im*-MePh-S-CD, there were still distinct changes found
between 190 and 200nm with the emergence of low-intensity
shoulder peaks (Figs. 1b and c) which might be attributed to the
tiny conformation alteration of Im*™-MePh-B-CD arising from the
weak interactions of AAs molecules with Cb-CONH- moieties [29-
31], since no circular dichroism signal was found with the optical
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pure EAAs at the same concentration (Fig. S8 in Supporting infor-
mation). Excitingly, it was found that the peak intensity ratio (main
peak/shoulder peak) for p- and L-Phe with CD was absolutely dif-
ferent (Fig. 1b), where the ratio for L-Phe (3.49) was much larger
than D-Phe (1.55). Those results directly indicate the enantiodiffer-
entiation ability of Im*-MePh-f-CD toward Phe-enantiomers even
if the steric interactions are not that strong. For Lys-enantiomers,
however, this peak intensity ratio exhibited an opposite outcome
(Fig. 1c), suggesting that Phe-and Lys-should experience different
binding modes with Im™-MePh-8-CD. The ratio value for p-Phe
(1.55) was smaller than that of D-Lys (4.18) also suggesting the
discrepant interaction types in each case. The phenyl group of
Phe-could afford strong m-7 stacking effect (lack in Lys) with the
phenylcarbamoyl moieties, which might account for its larger al-
teration of such peak intensity ratio [32,33].

Thereafter, the optical rotation of Im*-MePh-8-CD and its AAs
complex were investigated (Fig. 1d). After binding with different
chiral guests, the optical rotation of Im*-MePh-S-CD was changed
in different degrees while the pure AAs isomer with the same
molar concentration could not cause obvious optical rotation, in-
dicating the diverse binding conformation of the supramolecular
complexes. As expected, D- and L-form AAs induced opposite opti-
cal rotation alteration of Im*-MePh-B-CD. Besides, chain AAs Lys-
caused the optical rotation of Im*-MePh-8-CD in a gentler way
than Phe-due to its lack of rigidity. It should be noted that L-P and
D-Lys turned the optical rotation of Im*-MePh-8-CD toward pos-
itive direction, which again verifies the different complex confor-
mation formed between CD and the enantiomers and this is con-
sistent with the conclusion drawn by the above circular dichroism
results.

To make further investigation of the weak steric interactions be-
tween the cationic functional CD and EAAs enantiomers, the for-
mation of the Cp-AAs complex with 1:1 stoichiometry (molar ra-
tio) was thereafter studied by 'H NMR. The proton signals of Im*-
MePh-B-CD have been assigned according to reported values (Ex-
periment section and Fig. S2) [34]. In the spectra range of CDs
benzene rings, the signal intensity at 6.47 ppm reduced or van-
ishes when CD captured chiral molecules, yet nothing difference
was found between enantiomers (Fig. S9 in Supporting informa-
tion). Those changes could be attributed to the intermolecular -7
stacking and hydrophobic interactions between analytes and aro-
matic nucleus of phenyl carbamoyl substituents. The new peak at
5.76 ppm might also be attributed to the same reason. Based on
the fact that the spectra change of Phe-CD complex was more ob-
vious than Lys-CD, it is presumed that w-m stacking is stronger
than hydrophobic force and plays a vital role in interacting with
benzene rings. The spectra change founded in 1.82-1.91 ppm was
exciting, which provides direct evidence that the intermolecular
interactions are different for various EAAs enantiomers (Fig. 1e).
The peak at 1.82 ppm showed different downfield shifts. Mean-
while, the peak area unchanged while the shape became sharper
with the existence of optical isomers because the intermolecular
interactions lengthened the relaxation time of the excited nuclei
causing uncertainty shrinking at varying degrees [35]. Although the
evidence of weak steric interactions between CDs derivatives and
EAAs enantiomers has been found in 'H NMR results, further in-
vestigation is still necessary to fully understand the enantioselec-
tivity of Im*™-MePh-8-CD.

More specific information about the interaction mode between
Im*-MePh-8-CD and Phe-could be obtained from ROSEY spectra.
Due to matched spatial configuration [36] and hydrophobic effect
[37], Phe-trends to embed in the extended CD cavity consisted of
phenyl carbamoyl substituents, which was also confirmed by the
facts that no 2D signals were observed between Phe-and CDs cy-
closkeleton. Interestingly, the peak assigned to -CH3 at 1.82 ppm
showed downfield shifts (Fig. 1e), while it has no cross-peaks in
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Fig. 1. Circular dichroism spectra of (a) Im*-MePh-B-CD, (b) the complex of Phe-and Im*-MePh-$-CD, and (c) the complex of Lys-and Im*-MePh-8-CD. (d) Specific rotation
of Im*-MePh-$-CD as well as the 1:1 complex of Im*-MePh-8-CD and AAs (Note: The specific rotation of pure AAs was not detectable at same concentrations). (e) '"H NMR

spectra of pure Im*-MePh-S-CD and AAs-CD complexes.

Fig. 2. ROSEY spectra of pure Im+-MePh-8-CD and Phe-CD complexes. (a) and (b) Im"-MePh-8-CD imidazolium protons and benzene proton of phenyl carbamoyl, (c) and

(d) Phe-CD imidazolium protons and benzene proton of phenyl carbamoyl.

ROSEY results (Fig. S10 in Supporting information). This indicates
there exist intermolecular interactions between Phe-enantiomers
and the CD phenyl carbamoyl moieties (actually the phenyl ring)
which induces deshielded effect upon methyl proton. Meanwhile,
the electron density reduction of benzenes resulted in a new sig-
nal at (1.9, 6.6) (Figs. S10b and c).

It was excited to find that the enantiomers combination could
change the spatial relationship between cationic imidazolium moi-
ety and extended cavity. Before Phe-is introduced, it is easy to
conclude that the imidazolium is included in the extended cav-
ity, based on cross-peaks between imidazolium protons and ben-
zene proton of phenyl carbamoyl (Figs. 2a and b). The imidazolium
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positive charge is partially shielded by the surrounding electron
cloud of phenyl carbamoyl substituents. However, after combin-
ing enantiomers, a new cross-peak could be detected (Figs. 2c and
d), which is corresponded to the correlation between the cationic
moiety and aromatic rings of Im™-MePh-$-CD, and the original
signal at (7.68, 7.39 ppm) disappeared in the spectra of CDs com-
plexes with D-Phe guest.

Such results indicate that the imidazolium could be pushed
out of the extended cavity ascribed to the combination with chi-
ral isomers. Moreover, it should be noted that different combin-
ing modes are taken by Im*-MePh-8-CD for Phe enantiomers. The
cross-peaks between imidazolium and benzene rings vanished in



J.-J. Zhang, S.-Y. Wang, P. Zhang et al.

Chinese Chemical Letters 33 (2022) 3873-3878

Fig. 3. (a) Schematic illustration of the EG-OFET architecture. (b) Output characteristic curves and (c) transfer characteristic curves of the fabricated sensing platform before
and after Im*-MePh-$-CD modification. (d) Chiral sensing responses and (e) concentration dependences of the EG-OFET upon detecting Phe. (f) Structures of the amino acids
enantiomers. (g) Sensing responses toward various enantiomers with the concentration of 10nmol/L in 1% PBS.

D-Phe complex but not L-form, indicating the higher degree of
deshielding effects of cationic charge by p-Phe.

The above circular dichroism, optical rotation, 'H NMR and
ROSEY investigation results convince us the different enantio-
selective interacting modes between the selector and AAs enan-
tiomers. Inspired by the subtle spatial variation of cationic imida-
zolium moiety, an EG-OFET chiral sensor was therefore developed
based on this possible charging switch effect.

For the EG-OFET platform fabrication, Im*-MePh-8-CD was em-
ployed as the sensing media to afford chiral resolution function. 4-
methylphenylcarbamoyl substituents could help facilitate the film-
forming ability via - stacking and hydrogen bonds formed be-
tween carbonyl and amino groups. According to the conclusion in
previous section, the imidazolium moiety is expected to mediate
gate voltage like a switch through altering electro positivity, trans-
ducing the host-guest distinct subtle interactions into the change
of source and drain current (Ips). The whole EG-OFET configuration
was depicted in Fig. 3a.

The fabricated EG-OFET displayed typical p-channel behaviors,
showing a field effect before and after Im*-MePh-8-CD modifica-
tion. The device could work normally and contain a stable elec-
trical performance with mobility keeping at 0.006 cm? V-1s1,
and only slight decreases in saturated drain current were observed.
The representative Ips-Vps output and Ips-V; transfer characteristic
curves were given in Fig. 3b and c. Upon detecting chiral AAs, out-
put curves of different heights were given (Fig. 3d) and the current
was decreased gradually with increasing solution concentration in
the range of 10 nmol/L to 100 pumol/L (Fig. 3e).

Eight EAAs enantiomer pairs were used to evaluate the chi-
ral amplification response of the established sensor (Fig. 3f). For-
tunately, the output current of the device was found to be de-
creased upon AAs detection and different chiral configurations
led to discrepant signal change (Fig. 3g), which revealed that
enantiomers discrimination could be achieved successfully using
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the constructed EG-OFET. Interestingly and specifically, the sig-
nal caused by p-form was more obvious than L-form for Phe and
Trp, while the opposite phenomenon happened to Lys, Leu-and Ile,
which could be ascribed to different interaction models between
EAAs and chiral selectors. For achieving good chiral sensing capac-
ity of the fabricated system, the well-defined Im*-MePh-3-CD was
the key building block. Without Im*-MePh-$-CD, EG-OFET hardly
showed saturated drain current changes of AAs enantiomers. Both
D- and L-AAs exhibited weak and similar current responses below
the 30 (o: the standard deviation evaluated according to the re-
sponse to blank for ten times) on bare gate resulting from their
similar structures (Fig. S11 in Supporting information). Meanwhile,
the capability of EG-OFET to amplify small interaction changes into
electrical signals was also essential to realize chiral recognition. To
guarantee the superior chiral recognition ability of the new sens-
ing platform, Im*-MePh-$-CD was immobilized onto thiol-silica
with a 0.11 pmol/m? surface loading and employed as chiral sta-
tionary phase for enantioseparation of Phe and Trp enantiomers
[34]. However, as shown in Fig. S12 (Supporting information), only
single peak was obtained under various separation conditions in-
dicating that the weak chiral interactions were not applicable for
chromatography chiral separation and again affirmed the powerful
amplification ability of such EG-OFET platform.

As shown in Fig. 4, concentration dependence was found with
the sensing response, revealing the potentiality of the as-prepared
EG-OFET for quantitative chiral analysis. The saturated drain cur-
rent changes Al = (I-1Iy) at Vg 50V for each pair of enan-
tiomers were used to represent the sensing responses of the EG-
OFET, where Iy and I were the saturated drain currents before
and after the addition of analytes, respectively. It should be noted
that the as-prepared sensor afforded sensitive discrimination to
the EAAs enantiomers with the limit of detection (LOD) as low
as 1013, 10~ and 10~2 mol/L for p-Phe, L-Lys and D-Trp, re-
spectively, according to the line fitted results listed in Table S1
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Fig. 4. The linear fitted chiral sensing responses of the EG-OFET upon detecting (a) Phe, (b) Trp, (c) Leu, (d) lle, (e) Lys, (f) Val, (g) Met, and (h) Thr-enantiomers in 1% PBS

solution.

(Supporting information). To further verify the excellent sensing
ability, those EAAs with single form were analyzed with concen-
trations from 10 fmol/L to 100 pmol/L. As expected, the experimen-
tal results basically agreed with the LOD inferred from the linear
equation (Fig. S13 in Supporting information).

The sensing repeatability of EG-OFET was subsequently exam-
ined by successively monitoring for ten times with the same EG.
The current of 1% PBS solution kept at stable stage during ten cy-
cles. Meanwhile, the reliability of chiral recognizing capacity was
also guaranteed by multiple testing 10 nmol/L p-Phe and 10 nmol/L
L-Phe in 1% PBS solution (Fig. S14 in Supporting information).
The saturation current changes were reproducible to a certain ex-
tent, which illustrated that the CD modified EG for Pisomer re-
solving was stable. Furthermore, the established EG-OFET sensor
was proven to be capable of sensing enantiomer pairs with dif-
ferent enantiomeric excesses using Phe and Lys as model analytes
(Fig. S15 in Supporting information). A clear ascendant of the mea-
sured current change was clearly observed as the percentage of
D-Phe, D-Trp, D-Thr (or L-Lys, L-Leu, L-Met) increased, which in-
dicated a differential selective binding affinity of L-form and p-
form on the Im*-MePh-B8-CD layer. An excellent linear relation-
ship between the current response and the composition of Phe
(or Lys) was achieved. Then, a quantitation analysis of EAAs enan-
tiomers mixtures was performed. The composition of p-Phe was
determined as 0.59 (actual value 0.60) for three repeated experi-
ments. Satisfied result was also obtained for Lys (observed value
0.39; actual value 0.40).

To provide guidance for future work, the transduction mecha-
nism of this EG-OFET was discussed in details. The EG-OFET is op-
erated by applying Vps and V; biases to three electrode contacts
(Fig. S16a in Supporting information). Upon application of nega-
tive potential (V) by a calomel electrode, the ions in electrolytes
redistribute so that cations (H*, Na*, K*) face the negatively bi-
ased calomel electrode while anions (Cl-, HPO4%~, H,P0%-, OH™)
align near to the gate surface. Accordingly, Vy could be applied to
semiconductor layer (V¢ = V) and introduce positive holes in ini-
tial situation. This conclusion could also be confirmed by replac-
ing PBS buffer by pure water, where no normal output curve was
obtained. When Au gate is functionalized by Im*-MePh-8-CD, the
negative potential (V) could not efficiently transfer to the channel,
as CDs layer needs to be passed. The cationic imidazolium group,
whose electropositivity is partially shielded as included in the ex-
tended CD cavity [27], just like a “switch” in off-state, would cause
a potential dropping (V- < Vj) accompanied by positive holes re-
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duction (Fig. S16b in Supporting information). After combination
of chiral analytes, the imidazolium moiety is “squeezed” out of CD
cavity and “turned on” more electropositivity, contributing to the
further obvious current decrease of EG-OFET platform.

As known from ROSEY spectra (Fig. 2), EAAs do not inter-
act with the cycloskeleton of Im*-MePh-$-CD but prefer bind-
ing with the phenlycarbamoyl moieties. The complexation of
AAs occurs in the extended hydrophobic cavity formed by 4-
methylphenlycarbamoyl substituents that modified on CD rims
(Fig. S16c in Supporting information). Cationic imidazolium plays
as a switch to modulate the voltage at EG.

In the initial situation, cationic moiety shows an off-state by
shielding in the extended cavity. When captured by selectors, D-
Phe, for example, would deeply embed in extended cavity, push
imidazolium group out of CD cavity and turn on electropositivity
switch. Therefore, the sensing layer shows more positive charge,
contributing to the reduction of effective bias voltage introduced
at EG terminal. For L-Phe, the degree of “switch on” is smaller
in amplitude owning to different complexing modes from D-Phe.
Thus, the weaker deshielding effect of L-Phe leads to the rela-
tively smaller current response (Fig. 3d). At the microscopic level
of molecular interaction, cationic imidazolium is farther away from
the extended cavity in the complex of Im*-MePh-S-CD and p-Phe
compared to L-form inclusion, revealed in ROSEY results (Fig. 2).
Consequentially, D-Phe shows more ability to turn electropositivity
up by manipulating the imidazolium switch than L-Phe. Compared
with Phe enantiomers, Lys shows inversed sensing results (Figs. 4a
and e), where the L-form demonstrates stronger interaction than
D-form to turn on the cationic imidazolium switch due to the dif-
ferent branching chains. This “contrary interaction phenomenon”
is also perfectly verified by the previous circular dichroism spec-
tra, optical rotation analysis and 'H NMR data. The above results
indicated that the as-fabricated CD sensitized EG-OFET not only
provides a versatile chiral sensing platform, but also demonstrates
great potential for the investigation of steric interactions between
chiral molecules.

In this study, a facile and versatile chirality amplification plat-
form based on a cationic supramolecular charge switch extended-
gate field effect transistor was successfully fabricated for essential
amino acids enantiodiscrimination. Circular dichroism and NMR re-
sults reveal the subtle binding difference between Im*-MePh-S-
CD and AAs as well as the different states of imidazole switch.
The weak steric intermolecular interactions can be facilely ampli-
fied to more significant signal changes based on the modulation
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of gate bias by charge switch. The novel sensing platform affords
good chiral resolution of six essential amino acids with good con-
centration dependence, low detection limitation and enantiomeric
excesses determination potential. The results convince us that the
as-fabricated sensing tool provides a robust sensing perspective for
cryptochiral and difficult-to-separate enantiomers and may afford
deeper understanding of molecular chirality.
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