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Surface modified nanoparticles and their
applications for enantioselective detection,
analysis, and separation of various chiral
compounds
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The development of efficient enantioselective detection, analysis, and separation relies significantly on
molecular interaction. In the scale of molecular interaction, nanomaterials have a significant influence on
the performance of enantioselective recognitions. The use of nanomaterials for enantioselective
recognition involved synthesizing new materials and immobilization techniques to produce various
surface-modified nanoparticles that are either encapsulated or attached to surfaces, as well as layers and
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analysis, and separation of numerous chiral compounds.

1 Introduction

Enantioselective detection, analysis, and separation are
important because of the different activities of each enan-
tiomer. For example, in the pharmaceutical fields, enantiomers
of chiral drug compounds have different pharmacodynamic,
pharmacokinetic, and toxicological properties.'* Identifying
the enantiomer of a chiral compound is essential when
assessing the quality of food, i.e., the existence of (p)-amino acid
in natural substances may suggest an indication that bacterial
contamination has occurred.® Besides, it is crucial for other
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fields like agrochemicals, flavor, fragrance, etc. Many chemical
pesticides exist as racemates (enantiomers mixtures of a chiral
compound), which poses a potential risk to aquatic life and
humans because it might be only one of two enantiomers that
has an active site in pest control.*” In flavor, (R)-asparagine
provides a sweet flavor, whereas (S)-asparagine gives a bitter
taste to humans.® Another instance in fragrance is the enan-
tiomeric pair of carvone, where (R)-carvone has a mint odor, and
(S)-carvone has a caraway smell.’

Enantiomerically pure compounds can be obtained through
asymmetric synthesis, racemic mixture separation, or natural
sources (chiral pool).*”** The synthesis of single enantiomers
through asymmetric synthesis is a well-established technique.
Nonetheless, it is not ideal for large-scale production and is
limited to specific enantioselective reactions.'*** Synthesizing
chiral compounds in their racemic form is relatively simple
than synthesizing pure enantiomers directly, so effective
enantiomeric separation (enantioseparation) is required.”***

Numerous methods have been reported for enantiosepara-
tion, including laboratory methods like chromatography and
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capillary electrophoresis.*****® Although needing significant
capital investments for scale-up,'®*® the enantioseparation of
small amounts of racemates is required in the initial develop-
ment stages. Examples of preparative chiral separation methods
are centrifugal partition chromatography,* simulated moving
bed chromatography,** crystallization, membrane-based
approaches,”?° and liquid-liquid extraction (LLE).**** Each
methods possesses distinctive capability in enantioseparation.
Crystallization is a commonly used method to obtain enantio-
pure compounds, but it is limited for the case of conglomerate
systems and requires significant handling of solid materials.*®

The development of enantioseparation through available
methods is being explored to get a good enantioseparation of
chiral compounds. Typically, a good enantioseparation is
marked by the high selectivity, sensitivity, stability, and effi-
ciency of enantioselective separation itself. The enantiosepara-
tion performance is often presented in terms resolution (Rs),
selectivity factor («) and or enantiomeric excess (ee). The ee can
be calculated following the equation below:

IR]—[S]|
R} +[S]

24-26

Enantiomeric excess (ee) = x 100%
where [R] and [S] are the concentrations of the (R)- and (S)-
enantiomer in the solution.

Achieving efficient separation of enantiomers remains
challenging due to the inherent obstacles associated with these
techniques. This difficulty primarily arises because enantiomer
pairs possess nearly identical physiochemical properties.*>**
Moreover, most of the available methods necessitate using
costly chiral selector and or chiral column.* Therefore, every
method of development usually involves either developing the
new chiral selector and or modifying of an available chiral
selector.

Enantioseparation occurs due to differences in complexation
between enantiomers and a chiral selector. According to the
principle of enantiomeric recognition, also known as the three-
point rule, a minimum of three intermolecular interactions
among enantiomers and a chiral selector are required for the
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Fig. 1 Schematic illustration of the three-point rule

proper configuration of the complex.***” One of these interac-
tions, relying on the stereochemical aspects, impacts the
different interactions for both enantiomers with a chiral
selector.”” Intermolecular interactions include hydrogen
bonding, dipole-dipole interactions, - interactions, ion pairs
interactions, hydrophobic interactions, as well as host-guest
inclusion interactions. The three-point rule is schematically
shown in Fig. 1.

Enhancing the selectivity, sensitivity, and stability of
molecular interaction between enantiomers and a chiral
selector will result in high efficiency of enantioselective sepa-
ration. Rather than using a bulk compound of chiral selector
and enantiomer, attaching each of them to the surface of
a nanoparticle could enhance the selectivity, stability, and effi-
ciency of enantioselective recognition, including enantiose-
lective detection, analysis, and separation, which are reported
in many publications.>**3*3%38

The use of nanomaterials such as nanoparticles and nano-
tubes offer a new approach to enantioselective recognition. The
combinations of nanomaterials and a chiral selector can be
adjusted to enhance their ability to detect and distinguish
between enantiomers, which makes them highly suitable for
enantiomeric recognition and separation."* This paper covers
a brief description of nanomaterials in general resumes the
benefits and remaining challenges of using nanoparticles
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through surface modification in enantioselective detection,
analysis, and separation.

2 Nanomaterials

According to The International Organization for Standardiza-
tion (ISO), “nanomaterial” is defined as a “material with any
external dimension in the nanoscale or having an internal
structure or surface structure in the nanoscale” (ISO, 2010),
where nanoscale is the size range from approximately 1-100 nm
(ISO, 2008).*° Based on the ISO definition, Krug and Wick*
described and classified nanomaterials as depicted in Fig. 2.
Fig. 2 shows that nanomaterials can be nanoobjects or nano-
structured materials. Nanoobjects are discrete pieces of mate-
rial with one or more outer dimensions in the nanoscale. In
comparison, nanostructured materials have their internal or
surface structure in the nanoscale dimension.

Based on dimensionality, there are three classes of nano-
objects, ie., nanoparticles, nanofibers, and nanoplates. Nano-
particles are substances with a size that measures in the
nanoscale in all three dimensions. Moreover, nanofibers and
nanoplates are materials with two and one dimensions in the
nanoscale, respectively. In addition, nanofibers include
different types, such as hollow nanofibers called nanotubes,
rigid nanofibers known as nanorods, and electrically conductive
nanofibers known as nanowires.

Nanomaterials classifications were also reported based on
their source, consecutive or composition materials, potential
toxicity, and other parameters.***' The detailed nanomaterials
classifications have been covered by Saleh et al** and Vassal
et al.** In recent years, the classifications of nanomaterials have
mostly been reported based on their applications.

The distinctive characteristics of nanomaterials, such as
their diverse sizes, shapes, functionalities, customizable
surfaces, and biocompatibility, make them highly versatile and
applicable in various fields.”»*** Nanotechnology can utilize
this at small scales to create the desired properties. For
example, they are making a material lighter, more durable,

( outer or inner dimensions nanoscale*)
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Fig. 2 Nanomaterials based on ISO definition. Adapted from ref. 40. (©
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more reactive, etc. Several fields have utilized the advantages of
the nanomaterials, such as in various branches of science,
biomedicine, cancer diagnosis, the food industry, and
others. 34

Besides these advantages of nanomaterials for many appli-
cations in modern technology, there are limitations to the use of
nanomaterials in terms of its hinder solubility, poor dispersion
in an aqueous system, low bonding availability, and so on, if the
nanomaterial is not treated before using.*® For this reason,
nanomaterial properties should be tuned as desired via appro-
priate functionalization or surface modification. Through this
process, in the past few decades, nanomaterials have been
actively used in enantioselective recognition and enantiose-
lective separation.®**

3 The utilization of nanomaterials in
enantioselective recognition

Enantioselective recognition is of utmost importance process
because of its significant role in numerous applications, such as
chiral sensors, chiral analysis, enantioseparation, and other
related fields.*” Various surface-modified nanomaterials,
including nanoparticles, nanotubes, and nanoporous, in
combination with a chiral selector, have improved enantiose-
lective recognition in enantioselective detection, enantiose-
lective analysis, and enantioseparation of different
racemic.5,12,34,35,38

3.1 Metallic nanoparticles

Metallic nanoparticles, typically gold and silver-based nano-
particles, are primarily used in sensing or detection of a chiral
compound through enantioselective colorimetry, enantiose-
lective analysis by capillary electrophoresis (CE), or HPLC. A
summary of the combination of either gold nanoparticles
(AuNPs) or silver nanoparticles (AgNPs) with the chiral selector
and their performance is provided in Table 1.

3.1.1 Gold-based nanomaterials. Many reasons for gold-
based nanomaterials are used widely in enantioselective
recognition, especially in detection and analysis. Gold-based
nanomaterials have unique optical characteristics with
various shapes and sizes, easy for surface modification, and
have high biocompatibility.**® Since their colorimetric assays
are very sensitive, that is easier to detect color change. In
addition, gold-based nanomaterials can be customized to the
desired specifications by carefully controlling the morpholog-
ical and reaction characteristics to the expected size and shape
of gold nanoparticles (AuNPs) such as nanosphere, nanorod,
nanocage, and nanoflower."**

The application of gold-based nanomaterials has been re-
ported in several publications. The application for enantiomeric
recognition, mostly AuNP modified with cysteine (Cys) and its
variant as a chiral selector due to the sulfur group in cysteine
being able to bind readily to the NP surface.** Cys-modified
AuNPs were successfully achieved for enantiomeric recogni-
tion of several compounds such as propylene oxide,>

© 2023 The Author(s). Published by the Royal Society of Chemistry
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naproxen,” 3,4-dihydroxyphenylalanine,*® propranolol,> and
tyrosine.>®

AuNPs modified with either (p)- or (1)-Cys, following two
different methods, i.e., exposing the AuNPs to Cys 24 h after
their synthesis and exposing the AuNPs to Cys during their
synthesis.>* Both methods give similar results. The performance
of Cys-modified AuNPs has been probed using polarimetry. (L)-
Cys-modified AuNPs preferred to adsorb the (R)-propylene
oxide, whereas (p)-Cys-modified AuNPs adsorbed (S)-propylene
oxide.** Cys-modified AuNPs selectively adhere to one enan-
tiomer, which causes the other enantiomer to be more
concentrated in the solution.

(1)-Cys-capped AuNPs have been investigated for colori-
metric enantioselective detection of naproxen (NAP)** and (p,L)-
3,4-dihydroxyphenylalanine (Dopa).*® In the presence of (R)-
NAP, the color of (L)-Cys-capped AuNPs changes from red to
blue, whereas the presence of (S)-NAP does not affect their color
(see Fig. 3).*> The changing color was observed, i.e., from red to
blue, when the (1)-DOPA was present in the (r)-Cys-capped
AuNPs solution, while the color remained the same with the
presence of (p)-DOPA.** The aggregation or disaggregation of
colloidal gold nanoparticles in solution caused the changes in
the surface plasmon absorption band.*® This can be conve-
niently utilized to convert the recognition of molecules at
a molecular level into a measurable signal, ie., the color
change.?® The color change from red to blue is characteristic of
using AuNPs for colorimetry, even in unmodified AgNPs.>”

Furthermore, (p)- and (1)-cys-modified AuNPs have been used
to measure the solutions containing (R,S)-propanolol (PLL).**
The study employed tetrahexahedral of AuNPs (THH AuNPs).
Using optical polarimetry was observed (p)- and (1)-cys-modified
THH-AuNPs preferred to bind (R)- and (S)-PLL, respectively. The
results show the equilibrium constant for adsorption of (R)-PLL
to (1)-cys-modified THH-AuNPs is 2.2 times that of (S)-PLL.**
Additionally, the binding of (S)-PLL to (r)-cys modified THH-
AuNPs is 2.2 times that of (R)-PLL.**

The cysteine variant, N-acetyl-(L)-cysteine (NALC), was cap-
ped with AuNPs for (i)-tyr detection.® NALC-AuNPs were
capable of visually enriching (r)-tyr. Meanwhile, (1)-tyr induced
the aggregation of AuNPs and separated from the solution
through centrifugation, thus leaving behind a clear liquid.*® In
a control experiment, i.e., with the (p)-tyr addition, most of the
gold nanoparticles remained in the solution even when centri-
fuged under identical conditions. It indicates NALC-AuNPs
could selectively separate racemic tyr solution because (p)-tyr
could not be extracted from the solution.>

For enantioselective separation, Liu et al.*® reported the use
of bovine serum albumin (BSA) modified AuNPs for enantiose-
paration of dansyl-norvaline. BSA was immobilized on gold
nanoparticles capped silica (AuNPs@SiO,) as a chiral stationary
phase (CSP) on the HPLC column. The CSP successfully sepa-
rated the racemic of Dansyl-norvaline with the best resolution
(Rs) of 1.3 in only 5 cm of column length. Furthermore, Huang
et al. demonstrated a quick preparative separation method for
enantiomers of tryptophan, (p,.)-tryptophan, using AuNP
modified with functional nucleic acids.*® Sequentially, a portion
of aptamer-functionalized AuNPs (apt-AuNPs) was added into
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Fig. 3 UV-vis absorption spectra of (1)-cys-capped AuNPs (a) and
(1)-cys-capped AuNPs in the existence of (S)-naproxen (b) and
(R)-naproxen (c).>2 (© The Royal Society of Chemistry 2015).

(p,L)-Trp solution (0.5 mM). After five rounds of adding apt-
AuNPs and centrifugation, (L)-Trp was entirely separated from
the original mixture of (p,L)-Trp.

Several studies reported AuNPs usage for enantioseparation
in capillary electrophoresis (CE) systems. AuNPs are favored to
improve the enantioseparation performance in CE due to their
distinctive chemical surface, which can produce a steady
suspension in the electrolyte background. As a chiral selector,
Streptomycin modified AuNPs (ST-AuNPs) was successfully used
for enantioseparation of adrenergic compounds using CE.*
Under ideal conditions, the separation achieved a baseline
separation of the analytes in just seven minutes with Rs up to
7.5, indicating a highly effective separation.®® Another study
used p-penicillamine functionalized AuNPs (p-Pen-AuNPs)
combined with hydroxypropyl-B-cyclodextrin (HP-B-CD) in the
enantioseparation of amlodipine, tropicamide, and ofloxacin in
CE system.®* Compared to the use of bare HP-B-CD, the addition
of p-Pen-AuNPs has improved the Rs. Rs of AML increased from
0.92 to 1.97, Rs TRO from 0.66 to 1.17, and Rs OFL from 0.74 to
1.58.°* Fig. 4 schematically represents the recognition mecha-
nism along the capillary channel. In this case, the presence of
AuNPs caused better interaction between one of the enantio-
mers with the chiral selector. The results of their interactions
increased the difference in their migrations in the electric field.

Yang et al.®> used AuNPs for enantioseparations of various
compounds in another mode of CE, ie., pseudo stationary
phase-capillary electrochromatography (PSP-CEC), with thio-
lated-B-cyclodextrin as a chiral selector (CS). In the paper, it was
nice to compare the use of CS with and without the presence of
AuNPs. The separation resolutions (Rs) of studied analytes in
the optimum concentration of thiolated-B-CD-modified AuNPs
(0.30-0.53 mM in BGE) were 2.9 (chlorpheniramine), 4.7 (zopi-
clone), and 2.0 (carvedilol), while no separation by using the
same amount of pure B-CD. Accordingly, the Rs improved with
the presence of AuNPs. The Rs at the optimum concentration of
thiolated-B-CD-modified AuNPs were comparable with the
results using the optimum concentration of pure B-CD (15
mM).®* Thus, the use of CS with the presence of AuNPs was
much lower than without the presence of AuNPs.

The mentioned studies show that nanoparticles improved
enantioselective analysis and enantioseparation even with
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Fig. 4 Schematic illustration of recognition mechanism in CE system with and without the presence of metal nanoparticles. AML electro-
pherogram was obtained with permission from ref. 61 (© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

reducing chiral selector concentration. The use of AuNPs
improved colorimetric detection mainly due to their optical
sensitivity. Accordingly, chiral recognition can be observed
easily without specialized equipment. Furthermore, the enan-
tioseparation is enhanced because chiral selector-modified
nanoparticles present a large surface area, allowing better
contact and interaction with the analytes.

3.1.2 Silver-based nanomaterials. The utilization of silver
nanoparticles (AgNPs) for chiral identification and enantiose-
paration is not as much as AuNPs. AgNPs have exceptional
photochemical and photophysical characteristics, and their
ability to excite plasmons efficiently has led to their growing use
as colorimetric sensors to identify chiral molecules.®® However,
functionalizing them caused chemical deterioration, resulting
in lower stability of AgNPs than AuNPs.**

Several synthesis methods of Ag-NPs have been reported,
including chemical, physical, photochemical, and biological
procedures. However, considering factors such as the expenses,
scalability, particle size, and size distribution, chemical
methods offer a convenient approach for producing nano-
particles in solution.”* The next paragraph resume some pub-
lished study regarding the use of AgNPs for chiral identification
and enantioseparation of a chiral compound.

Choi et al. in 2005 used AgNPs for enantioseparation of
Arylalcohol compounds in the CE systems.** AgNPs were added
to the background electrolyte consisting of a chiral selector, i.e.,
sulfonated-B-CD. The presence of AgNPs improved the separa-
tion (Rs) of 1-phenyl-1-propanol, 1-phenyl-2-propanol, and 2-
phenyl-1-propanol from 0.18 to 2.18, from 0.16 to 1.00, and
from 0.17 to 8.7, respectively.**

AgNP in colorimetric discrimination of cysteine (Cys) enan-
tiomers was reported by Zhang and co-workers.® The surface of
AgNPs is modified with nucleotide uridine 50-triphosphate
(UTP). A transparent 384-well microtiter plate was used for the
investigation. UTP-modified AgNPs aliquot in supporting solu-
tions and buffer were placed in the wells of the microtiter plate.
The absorption reading was started immediately after the
addition of the (1)-Cys or (p)-Cys to the corresponding wells.*
Moreover, the enantioselective induction of AgNP aggregation is

18076 | RSC Adv, 2023, 13, 18070-18089

achieved through an enantiomer of Cys. The other enantiomer
remains in excess in the solution, leading to enantioseparation
and a quick colorimetric enantiodiscrimination of Cys without
specialized instruments. Accordingly, the UTP-modified AgNPs
prefer (p)-cys compared to (1)-Cys.*

Another study reported the use of AgNPs to modify the chiral
stationary phase (CSP) for the enantioseparation of fifteen
chiral drugs.®® SiO,@Ag particles were produced from func-
tionalized porous silica core and AgNPs as the shell via the seed
growth technique. The surfaces of SiO,@Ag particles were
modified with cellulose derivatives (as chiral selectors, CS)
through the coating and intermolecular polycondensation to
create CSPs.*® The study compared the performance of CSPs
prepared with and without AgNP modification. The use of
SiO,@Ag particles for separation resulted in increased interac-
tion with the analytes and better enantioseparation.®

Likewise, using AuNPs, the use of AgNPs improved the
selectivity in chiral discrimination and enantioseparation. In
some cases, the presence of nanoparticles also improved the
separation performance faster than the one without their
presence. The main reason is due to the high surface area
provided by the nanoparticles.

3.2 Metal oxide-based nanoparticles

Nanoparticles made of metal oxides, including magnetite
(Fe;0,), titania (TiO,), and zirconia (ZrO,), are also beneficial
for enantioseparation purposes.*® The ease of handling and
manipulation of metal oxide nanoparticles surface with
a desired chiral selector become favorable for chiral discrimi-
nation and enantioseparation. Additionally, the use of magnetic
nanoparticles offers other benefits, including high capacity for
adsorption, rapid adsorption rate, minimal adsorbent quantity,
quick equilibrium time to adsorb analytes, and easy collection
of complexes from the solution.'****% Accordingly, compared
with the conventional separation methods, employing magnetic
nanoparticles enables the enantioseparation to become faster,
easier, and cost-effective.**

Among metallic oxide-based materials, iron oxide magnetite
(Fe30,) is the most applied magnetics material in separation

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02399k

Open Access Article. Published on 15 June 2023. Downloaded on 12/9/2025 2:00:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

&)

1. Add Magnetic

particle z

magnet

Racemates

Selective
adsorption

>

£ D

Follow step 3

—

Enriched with
(S) or (R)
form

2. Introduced
with strong

View Article Online

RSC Advances

3. decantated

:‘

4. Add eluent

A

Enriched with
(R) or (S)
form

Fig. 5 The use of magnetic nanoparticles in solid phase extraction of racemate solution.

science, including enantioseparation. The reason for this is
primarily because of their simple procedures of fabrication.*>*”
Their small size offers a vast surface area leading to high
extraction capacity and relatively short extraction time.**” The
other important character is their superparamagnetic charac-
teristics which makes them easy to be separated directly with
the help of an external magnet, as illustrated in Fig. 5. Fig. 5
represents the use of magnetic particles in solid phase extrac-
tion of racemates solution.

The formation of agglomerates from magnetic nanoparticles
(m-NPs) easily oxidizable in the air becomes a drawback of the
use of m-NPs.** To prevent the formation of agglomerates and to
improve the stability of m-NPs, one of the most prevalent tactics
employed is to shield them with a coating, such as a core-shell
configuration.* According to Deng and co-workers, the
production process for m-NPs consisted of three distinct stages:
creating a magnetic core, coating or protecting the core, and
modifying the surface of the resulting core-shell structure (see
Fig. 6).%°

Several materials have been used for coating the magnetic
core, including silica, alumina, carbon (including graphene and
carbon nanotubes [CNTs]), zirconia, and polymers such as
polystyrene, polydopamine, polynoerpineprine, etc. Silica is one
of the most widely used for coatings or modifying m-NPs
surface. The reasons are likely because of the low cost, chem-
ical stability, mechanical and chemical robustness, thermal
stability, and ease of surface modification.*® When silica is

Fe Synthesis Protection Functionalization
Zor | n— —) —)
“

Fe
3+ Core

¥
Shell Chiral selector/

chiral ligand/
molecule template

Fig. 6 Synthesis of magnetic-based nanomaterials adapted from ref.
35 (Copyright © Taylor & Francis Group, LL).

© 2023 The Author(s). Published by the Royal Society of Chemistry

applied as a coating to an m-NP, the abundance of silanol
groups on its surface enables simple surface customization
using other organic or inorganic functional groups or materials,
including a chiral selector that is utilized for
enantioseparation.*

The functionalization of mNPs depends on the analytes
being separated. Several chiral selectors have been employed,
including cyclodextrin,*®”* polymers,”*®® proteins,** amino
acids,**® and cellulose.?**' Cyclodextrin-functionalized mNPs
are mostly used for the separation of amino acid enantiomers.
All cited papers used B-CD and its derivatives, which may be
caused by the inner cavity of B-CD providing the most
compatible size for target amino acids compared to o-CD and vy-
CD. Considering that the CD cavity possesses chirality, it is
reasonable to anticipate the occurrence of enantioselectivity
when chiral substrates form complexes within the cyclodextrin
cavity.*® Based on the theory of guest-host inclusion complex,
the enantiomers (guests) that occupy the chiral cavity to the
fullest extent demonstrate the highest level of chiral recognition
by the host (chiral selector).*® In addition, It is also possible to
have combinations of binding forces and chiral cavities.
Therefore, the use of CD derivatives is an option to provide
better selectivity in separating enantiomers. Ghosh et al. suc-
ceeded in the use of magnetic nanoparticles (mNPs) for the
separation of (p,L)-tryptophan enantiomers with obtained ee
more than 90%. The mNPs were explored by functionalizing

o H
N
OH oH N oH 5
@/ i
o1
~ - @-
. >ccx-x,ocx, = 0‘ — S cen0cH;
7 ¢ o?

o

Fig. 7 Simplified schematic diagram showing adsorption mechanism
of Trp onto Fez04/SiO,/CMCD MNPs.”* (© 2013 Elsevier B.V. All rights
reserved).
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MGO@PNG-CD reached equilibrium with ee up to 100%

glycidyl methacrylate)
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their surfaces with silica and carboxymethyl-B-cyclodextrin
(CMCD).”* A chromatographic method was employed to quan-
tify the separation of enantiomers from a racemic mixture,
measuring the enantiomeric excess. The MNPs exhibited
selective adsorption of (L)-enantiomers of (p,L)-tryptophan, (p,L)-
phenylalanine, and (p,.)-tyrosin from the racemic mixture,
resulting in ee of 94%, 73%, and 58%, respectively.” Simplified
adsorption mechanism of Trp onto Fe;0,/SiO,/CMCD MNPs
schematically illustrated at Fig. 7.

The use of mNPs functionalized with a helical polymer give
high ee up to 90% in the enantioseparation of threonine
enantiomers. The core of the microspheres comprises magnetic
Fe;0, nanoparticles (NPs) coated with a shell made of helical
polyacetylene, resulting in magnetic Fe;O,@PA core/shell
microspheres. The presence of the microspheres led to the
preferential formation of rectangular-shaped crystals of ()
threonine. Beside give a good ee, it was reported that the
microspheres demonstrated convenient recyclability using an
external magnetic field.** Highlighting their promising poten-
tial in various chiral-related applications.

Studies of the use of metal oxide nanoparticles for enantio-
separation, including the shell (coating materials), employed
chiral selector, analytes, detection, and remarks on the perfor-
mance of the reported NPs for enantioselective separations are
provided in Table 2. Several combinations of metal oxide-based
nanoparticles and chiral selectors have been studied. However,
there are still difficulties that need to be addressed to get full
enantioseparation in a single step.

3.3 Carbon-based nanoparticles

The study of carbon-based nanomaterials has increased quickly
over the past decade. Carbon-based nanomaterials are being
employed as absorbents®* and essential components in pre-
concentration,” extractions, or separation process,® primarily
because of their exceptional durability, robust chemical
stability, remarkable flexibility, and excellent thermal conduc-
tivity. The variant of carbon-based nanomaterials like CNTs,
graphenes, and graphene oxides (GOs) have been introduced to
the field of enantiomeric separation.*>** Some applications and
fabrication concerning CNTs, graphenes, and graphene oxide
nanomaterials in this field are presented in the following
section.

3.3.1 Carbon nanotube-based nanomaterials. Carbon
nanotubes (CNTs) are carbon allotropes that have a cylindrical
shape and possess unique characteristics, which offer signifi-
cant potential for their use in a broad range of industrial
applications.”> Based on the number of tubes present within
their structures, CNTs are classified into two, e.g., single-walled
CNTs (SWCNTs) and multi-walled CNTs (MWCNTSs).”* Several
methods for producing CNTs in significant quantities include
the carbon arc-discharge technique, laser ablation, sonochem-
ical or hydrothermal methods, electrolysis, and chemical vapor
deposition. Carbon arc discharge and laser ablation were the
initial techniques employed to synthesize SWCNTs in large
quantities, while they are also suitable for MWCNT synthesis.**
CNTs are gaining increasing attention as potential candidates

© 2023 The Author(s). Published by the Royal Society of Chemistry
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for application in separating various compounds, primarily
because of their remarkable physicochemical characteristics
and significant chemically reactive surface region.**” CNTs
have the potential to improve the pace, selectivity, durability,
and efficacy of chiral chromatography, thereby facilitating
enantiomeric separation.'®

The application of CNT in thin-layer chromatography (TLC)
for enantioseparation has been reported.” The surface of
MWCNT is modified with a chiral selector HP-B-CD for the
separation of clenbuterol enantiomers.”” The use of MWCNT-
HP-B-CD impregnated TLC in the separation of clenbuterol
enantiomers reached a retention factor of up to 5.27, while the
obtained RF using HP-B-CD impregnated TLC is 3.35.% It is
clear that the use of CNT improved the separation of clenbuterol
enantiomers.

In chiral HPLC, the use of CNT has been successfully
investigated for the enantiomeric separation of several chiral
compounds. Ahmed et al. developed a chiral stationary phase
(CSP) by incorporating a small quantity of SWCNTs into poly-
mer monolithic backbones.’® The produced CSP showed
effective enantioselectivity for the separation of twelve types of
pharmaceutical racemates with an Rs value ranging from 1.34
to 2.87. The enantiomeric separations of ten amino acids
racemates have been successfully achieved by using SWCNTs
combined with pyrenyl derivative as chiral stationary phases
(CSPs) with Rs value ranging from 0.94-1.58."

CNTs have been applied for enantiomeric separation in
electrokinetic chromatography (EKC) and capillary electropho-
resis (CE) systems as pseudostationary phases. In combination
with dextrin, CNTs have been used for the enantioseparation of
several chiral compounds, namely sulconazole, ketoconazole,
citalopram, and neofam hydrochloric.'® The addition of CNTs
to the buffer resulted in an enhancement in the resolution of
sulconazole and ketoconazole, with the values increasing from
2.78 to 3.20 and 3.47 to 4.52, respectively, as compared to the
buffer without CNTs.'*> Combined with a surfactant (as a chiral
selector), SWCNTs and MWCNTs have been used for the
enantioseparation of ephedrine, norephedrine, and N-methyl-
ephederine.”® The wuse of MWCNTs-modified-B-CD for

GO-Polymer
coating

J

In Buffer
f EOF

Me-fCD - =
g O Coning
Ohieal Drags. 2 L 0 7
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enantioseparation of Clenbuterol reported by Na et al.'** Zhang
et al. investigated the use of CNTs for enantioseparation of
several chiral drugs. Interestingly, in their study CNTs are
coated with ionic liquid before being applied to the background
electrolyte consisting of chondroitin sulfate E as chiral
selector.'® From all mentioned studies about the use of CNTs,
all enantioseparation of the analytes shows much better than
the separation without CNTs.'®"* Reported studies of the use
of SWCNTs and MWCNTSs for enantioseparation are summa-
rized in Table 3.

In general, the use of nanoparticles improved the separation.
According to Hua et al.*** and Zhang et al.,'” the use of CNTs
improved the resolutions compared to bare or pure chiral
selectors because of the improved shapes of the peaks. That can
be clarified by the fact that the attachment of the analytes to the
capillary wall was prevented.'* In addition, nanoparticles offer
a significant surface area for the adsorption of chiral selectors,
leading to improved contact and interaction between chiral
selectors and analytes.

3.3.2 Graphene and graphene oxide-based nanomaterials.
Graphene is one of the attractive nanomaterials for a wide field
of applications. Graphene often requires chemical modification
as graphene oxide (GO) in getting its exceptional physical and
chemical properties before being used to create composites and
subsequently reduced.'® Graphene and graphene oxide (GO)
nanomaterials are highly potential candidates for making
innovative stationary phases in various separations.'>**'%”

In the enantiomeric separation of chiral compounds, Gra-
phene and GO have been reported in several publications. For
instance, incorporating graphene as an adjustable additive in
the stationary phase enhanced the chiral separation perfor-
mance of racemic propranolol in the chiral selector (CS)
impregnated TLC."® The Rs of propranolol from 3.5 with pure
CS-impregnated TLC' improved to 6.8 with the addition of
graphene in the stationary phase.'® Another study reported
a novel CSP class based on graphene that is chemically resis-
tant, adaptable, and affordable for separating enantiomers
using liquid chromatography."® The enantiomeric separation
of ibuprofen and thalidomide racemates was achieved using

mAU
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Fig. 8 The scheme of separation in a bare and coated capillary and typical electropherograms of the chiral separation of Warfarin in bare (A) and
coated capillary (B). Modified with permission from ref. 111 (© Springer-Verlag Wien 2016).
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graphene nanosheets that were modified with tetracyano-
ethylene oxide (TCNEO) and (S)-(+)-2-pyrrolidinemethanol. The
modified graphene gave high enantioselectivity for ibuprofen
and thalidomide, i.e., up to 12.5 and 17.5, respectively.

The utilization of GO in enantiomeric separations is used as
a coating material for capillary in CE (and CE derivatized)
systems. The GO-coated capillary column has been used for the
enantioseparation of naproxen, warfarin, and pranoprofen.'*
In combination with methyl--CD as a chiral selector, the
coated capillary column gave the Rs of naproxen, warfarin, and
pranoprofen are 1.56, 1.89, and 1.51, respectively."** While in
the bare capillary column (without GO coating), no separation
was achieved, although using a similar chiral selector (methyl-B-
CD)."* The scheme of separation in a bare and coated capillary
and typical electropherograms of the chiral separation of
Warfarin in bare and coated capillary are shown in Fig. 8. The
presence of graphene oxide (GO) can potentially impede the
entry of analytes into the cavity of Me-B-CD from the wider rim.
This alteration in the chiral recognition process of Me-B-CD
could wultimately lead to enhanced enantioseparation
performances.

Notably, a capillary coated with graphene oxide (GO) was
capable of separating ephedrine-pseudoephedrine (E-PE)
isomers and B-methylphenethylamine (B-Me-PEA) isomers
into their respective enantiomers even in the absence of
a known chiral selector.'> Although the obtained resolution for
E-PE is still low, i.e., max 0.98, the enantioseparation of -Me-
PEA reached a baseline resolution.**

Studies regarding the use of graphene dan GO for the
enantioseparation of various compounds are shown in Table 3.
Generally, the presence of graphene and GO improved the
interaction and contact between analytes and chiral selectors,
resulting in enhanced resolution. However, the studies reported
by Ye et al.**> show that GO can also act as a chiral selector so
that even though there is no chiral selector, the presence of GO
chiral separation gave resolution for the separation of E-PE and
B-Me-PEA enantiomer. That can be explained by the unique
characteristic of GO under an electric field (CE system) may
offer chiral recognition sites, with electrostatic attraction and
hydrogen bonding as the driving forces to interact better with
one of the enantiomers.'"

3.4 Other nanomaterials

Other nanomaterials in combination with a chiral selector have
been used for the enantioseparation without the presence of
metallic-, metal oxide-, and carbon-based nanomaterial. Some of
the published reports regarding the use of other nanomaterials or
nanoparticles for enantioselective separation are shown in Table
4. Several studies mostly used mesoporous silica nanoparticles
(NPs) as core or shell to be modified with a chiral selector for
enantioseparation of a chiral compound. Besides, polymer
nanoparticles such as derivatized poly-ethylene NP, polystyrene
NP, poly(glycidilmetacrylate), and zeolite have successfully ach-
ieved for enantioseparation of several chiral compounds.

Chiral mesoporous silica (CMS) nanoparticles have a broad
application in separating chiral compounds with high
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selectivity and adsorption capability due to their unique chiral-
structural features."® The reported studies of the use of CMS
mostly used for enantioseparation of amino acids compounds
such as alanine,"**™* proline,"'*'"” valine,"">"*'* and phenyl-
alanine.” In general, CMS is synthesized by combining tet-
raethyl orthosilicate and other silica sources with the presence
of template molecule, ie., enantiopure (p- or r-form) of the
analyte. From several reports here, the obtained selectivity of
absorption also represents the chiral selectivity factor, ranging
from 3 to 7.5 (summarized in Table 4).

Another exciting work has been reported by Li and co-
workers.”** This group separated propranolol and tryptophan
enantiomers by utilizing silica nanoparticles functionalized
with bovine serum albumin as adsorbents.’* It has been re-
ported that multistep adsorption is needed to enhance the ee. At
multistep, adsorption starts from a high initial ee (75.55%) after
adsorption, and then the ee of the resulting solution is up to
almost 100%."*" Besides silica nanoparticles, polystyrene (PS)
nanoparticles have been successfully employed to manipulate
chiral selectivity."* PS nanoparticles have been used for chiral
propranolol analysis by capillary electrophoresis. PS was
dispersed into the background solutions containing HP-B-CD as
a chiral selector." PS nanoparticles play a role in the enantio-
separation, e.g., improving the peak shape of the separation.**

In general, nanoparticles offer the ability to manipulate
aggregation, colloidal assembly, and molecular adsorption by
providing a significant surface area, leading to improved
contact and interaction between chiral selectors and analytes.
These enabling a valuable approach to comprehending enan-
tioselective processes by describing chemical dynamics on
particle surfaces.

4 Summary and future works

The use of surface-modified nanomaterials, including nano-
particles, nanotubes, and nanoporous, holds great potential in
the enantioselective recognition and separation of various
chiral compounds. From reviewed papers, the use of nano-
materials modified with chiral selectors has increased the
selectivity, sensitivity, and efficiency of enantioselective recog-
nition and separation. Commonly techniques like HPLC, GC,
and CE, which are employed for detection and analysis chiral
compound concentration, tend to be expensive, time-
consuming, and labor-intensive. Additionally, these methods
generate significant amounts of solvent waste. Surface-modified
nanomaterials, specifically from metal-based nanomaterials
group, offer an entirely detection methods that rapidly and
accurately distinguish enantiomers. Several reports of the use of
nanomaterials in the enantioselective separation show that the
enantiomeric excess (ee) still needs to be increased in terms of
getting a complete separation or purification of the racemic
solution. The use of multistage separation and investigation of
the other combination of nanomaterials with a chiral selector to
get a high ee is recommended. As demonstrated by Li et al.,**
Fu et al.,* and Zhang et al.,” the use of multistep separation has
improved the ee. Furthermore, the use of nanoparticles in
detection and or separation is as a modifier and supporting
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material to the chiral selector in existing methods. It is
reasonable that enantiomer detection and separation still have
challenges in the broad range of applications, the cost associ-
ated with the selector, and the productivity of the separation.
Therefore, a more adaptable, efficient, and cost-effective tech-
nique for enantioseparation still needs to be explored. Accord-
ing to the principle of sustainable and green chemistry,
recycling valuable functional nanoparticles is highly recom-
mended, besides the need for efficient and effective separation.
The investigation of the other combination of nanomaterials
with a chiral selector for efficient and effective enantioselective
separation will be further studied in the near future, especially
for the enantioselective separation of chiral drugs.
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