
HAL Id: hal-04809238
https://hal.science/hal-04809238v1

Submitted on 28 Nov 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Electrospinning of Cellulose Benzyl Carbamates for
Enantioselective Membrane Filtration

Steve Nono-tagne, Thomas Heinze, Martin Gericke, Issei Otsuka

To cite this version:
Steve Nono-tagne, Thomas Heinze, Martin Gericke, Issei Otsuka. Electrospinning of Cellulose
Benzyl Carbamates for Enantioselective Membrane Filtration. Macromolecular Bioscience, 2024,
�10.1002/mabi.202400415�. �hal-04809238�

https://hal.science/hal-04809238v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


RESEARCH ARTICLE
www.mbs-journal.de

Electrospinning of Cellulose Benzyl Carbamates for
Enantioselective Membrane Filtration

Steve Nono-Tagne, Thomas Heinze, Martin Gericke,* and Issei Otsuka*

Electrospun nanofibrous membranes made of chiral selectors (CSs) have
shown their potential for efficient chiral resolutions via filtrations. It is thus of
great importance to expand the number of electrospun membranes made of
various CSs for the resolution of a wide range of chiral compounds. Here, the
electrospinning of two benzyl carbamate derivatives of cellulose, namely
cellulose benzyl carbamate (CBzC) and cellulose 4-chlorobenzyl carbamate
(CCBzC), to form a new type of enantioselective membranes for chiral
resolutions of racemic compounds, is reported. The morphology of the
electrospun membranes is studied by optical microscopy and scanning
electron microscopy in relation to the electrospinning process parameters.
Liquid-liquid permeation experiments of the racemic compounds,
(R,S)-1-(1-naphthyl)ethanol ((R,S)-NET), (R,S)-1,1′-bi-2-naphtol ((R,S)-BNP),
(R,S)-naproxen ((R,S)-NAP), and (R,S)-benzoin ((R,S)-BNZ) through the
membranes demonstrate preferable permeations of (R)- or (S)-enantiomers
depending on the combinations between the CSs and the racemates.
Molecular docking simulations indicate the differences in the binding type,
number, and free energies between the CSs and the enantiomers.

1. Introduction

Over the last decades, there has been significant progress in
enantioseparation technologies due to the increasing demand
for optically pure chemicals in pharmaceuticals, agrochemi-
cals, and other industries.[1,2] Conventional methods for obtain-
ing optically pure chiral substances include chromatographic
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separation,[3] kinetic resolution,[4] and
crystallization.[5] Chromatography, while
widely used, often suffers from high oper-
ational costs, energy demands, and limited
scalability.[6] Kinetic resolution, although
effective, usually requires specific catalysts
and generates substantial waste due to
incomplete conversion.[7] Crystallization
technique is characterized of long process-
ing times and limited to molecules that can
form conglomerates.[5] On the other hand,
membrane-based separation technologies
are emerging as a compelling alterna-
tive offering several advantages including
lower cost, reduced energy consumption,
simpler equipment, lower environmental
impact, and easier scalability to industrial
production, making it a highly promising
method for large-scale chiral separation.[8,9]

Currently, a wide variety of membranes
have been developed, utilizing materials
such as polymers, carbon nanomaterials,
metal–organic frameworks (MOFs), and
other inorganic compounds. Membranes

composed of biopolymers such as cellulose and amylose are at-
tractive for chiral separation as some of these materials pos-
sess inherent chiral recognition sites, allowing for direct use.
In many cases, to induce the chiral selectivity of achiral poly-
mer membranes, various chiral selectors such as cyclodextrins,
amino acids, and proteins are introduced through chemical mod-
ification, molecular imprinting, or surface grafting techniques.[6]

These selectors introduce a number of chiral recognition sites
on the membrane, significantly improving separation efficiency.
Fabrication methods for these chiral membranes include tech-
niques such as spin coating, dipping, surface grafting, interfacial
polymerization, and phase inversion. However, electrospinning
stands out for its unparalleled simplicity and scalability, making
it suitable for industrial membrane filtration systems.[10]

Electrospun nanofibrous filters have structural advantages for
membrane separations thanks to their high surface area to vol-
ume ratio due to small fiber diameters ranging from several
nanometers to a few micrometers as well as their porous non-
woven structures.[11] These characteristics allow large surface
interactions between the filters and the separating molecules
as well as good permeation flux.[12] Therefore, membrane sep-
arations of chiral molecules using electrospun nanofibrous fil-
ters have been explored since the 2000s by imprinting enan-
tiomerically pure amino acid derivatives as chiral selectors (CSs)
into achiral electrospun nanofibrous scaffolds[13–15] and by elec-
trospinning of chiral polysaccharides and their derivatives[16–18]
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to form enantioselective membranes. Recently, we reported a
new type of enantioselective membrane purely made of cellu-
lose 3,5-dimethylphenyl carbamate (CDMPC), one of the most
popular CSs used for chiral resolutions by high-performance
liquid chromatography (HPLC).[19,20] These studies focused on
the electrospinning of the CDMPCs synthesized from cellu-
lose of different origins having various degrees of polymer-
izations to form self-standing nanofibrous membranes. We
demonstrated enantioselective permeations of a model racemic
compound (R,S)-1-(1-naphthyl)ethanol ((R,S)-NET) through the
membranes and its simulations using a molecular docking
model as a proof of concept for efficient chiral resolutions. How-
ever, our findings are limited to the chiral resolution of one sin-
gle racemic compound and the CS. It is thus of great impor-
tance to expand the options for using electrospun membranes
made of various CSs for resolutions of a wide range of chiral
compounds.

To date, the most reliable and widely used technique for chi-
ral resolutions of practically useful chiral compounds such as
pharmaceuticals and pesticides is chromatographic separation
by HPLC. Polysaccharides and their derivatives are either physi-
cally coated or chemically immobilized on silica gel and packed in
chromatography columns as chiral stationary phases (CSPs) for
HPLC. Hesse and Hagel first discovered the high chiral recog-
nition property of microcrystalline cellulose triacetate of some
racemic compounds in 1973.[21] Since 1984, Okamoto and co-
workers have reported a variety of polysaccharide derivatives as
CSPs.[22–24] Notably, phenyl carbamate derivatives of cellulose
and amylose such as CDMPC and amylose 3,5-dimethylphenyl
carbamate (ADMPC) exhibit high chiral recognition of a broad
range of racemic compounds. The recognition abilities of these
derivatives are significantly affected by the substituent on the
phenyl groups such as halogens and alkyl groups.[25,26] On the
contrary, the chiral recognition properties of benzyl carbamate
derivatives of cellulose and amylose that have one methylene
spacer between the phenyl groups and the carbamate bonds are
relatively less studied.[27] A reason for this might be the limited
availability of suitable isocyanate reagents. Thus, new synthesis
approaches are desired.

Polysaccharide carbamates are conventionally prepared by
conversion of the biopolymers with highly reactive isocyanates.
Recently, a new modular synthesis approach for obtaining
polysaccharide carbamates has been proposed in which activated
aryl carbonates are employed.[28–30] These compounds that can
be prepared with high yields react with aliphatic amines to yield
functional polysaccharide carbamates. The advantages of this
two-step synthesis over the use of isocyanates are i) less rigor-
ous reaction conditions, which allow for a better control over the
molecular structure, ii) a much broader structural diversity be-
cause a large variety of commercially available amines can be
used instead of a limited selection of isocyanates. A broad variety
of functional polysaccharide carbamates and even mixed carba-
mates has been synthesized by this approach.[28–30] Moreover, it
has also been used to prepare cellulose-based CSs for the use as
the CSPs in the columns for HPLC.[31,32] It is hypothesized that i)
tailored polysaccharide carbamates prepared through this modu-
lar approach can be shaped into nanofibers using electrospinning
and that ii) membranes formed from these fibers can be used for
the separation of chiral compounds.

The aims of this study are i) to synthesize two aromatic cellu-
lose derivatives, namely cellulose benzyl carbamate (CBzC) and
cellulose 4-chlorobenzyl carbamate (CCBzC), through a modular
approach, ii) to form self-standing nanofibrous membranes of
the compounds by electrospinning, iii) to study chiral separation
of several racemic compounds, and iv) to study the interaction of
the chiral compounds with the two cellulose derivatives by molec-
ular docking simulations.

2. Results and Discussion

2.1. Synthesis of the Benzyl Carbamate Derivatives of Cellulose
as the CSs

The first task of this work was the synthesis of aromatic cellulose
carbamate derivatives with benzyl moieties. Benzyl isocyanates
can potentially be used for the synthesis, but these compounds
are rather hazardous and expensive. Thus, a modular synthe-
sis approach was employed in which cellulose phenyl carbonate
(CPhC) was used as an activated starting compound (Figure 1).
This compound can be further converted with a broad variety of
aliphatic amines to obtain functional cellulose carbamates.[29,30]

In this work, two aromatic cellulose derivatives, namely CBzC
and CCBzC, were prepared. For this purpose, CPhC with a high
degree of substitution (DS) value of 2.88 was synthesized homo-
geneously in an ionic liquid with pyridine as co-solvent according
to a previously reported procedure.[30,33] Pyridine is used in this
reaction because i) it reduces the viscosity of the reaction mixture
and facilitates efficient stirring and ii) it acts as scavenger for HCl
that is formed in this reaction. The products were characterized
by 1D and 2D NMR experiments (Figures S1 and S2, Supporting
Information).

Characteristics peaks for the phenyl carbonate (PhC) moiety
disappeared in the spectra of CBzC and CCBzC. Most notably
the peaks attributed to the carbonyl group of the carbonate moiety
(153 ppm) and for the aromatic carbon atoms adjacent to the oxy-
gen atom (150 ppm) and in o-position (121 ppm) were not present
in the spectra of both reaction products. Thus, it can be concluded
that PhC moieties were replaced quantitatively and that residual
phenol that is formed as side product was fully removed. New
peaks were identified that clearly indicate the formation of CBzC
moieties, most notably the peaks ≈156 ppm (characteristic for
the carbonyl group of a carbamate moiety) and 44 ppm (charac-
teristic for the methylene group of a benzyl moiety). In addition,
a new set of peaks in the aromatic region was detected with a
peak ≈140 ppm, attributed to the carbon atom adjacent to the
aliphatic methylene group. The spectrum obtained for CCBzC
featured similar peaks indicating that the conversion of CPhC
with 4-chlorobenzyl amine proceeded in an analog manner. An
additional peak ≈131 ppm could be distinguished that was as-
signed to the aromatic carbon atom adjacent to the chlorin atom
in p-position. Furthermore, it was observed that three individ-
ual peaks occurred that were related to the newly introduced car-
bonyl group of the carbamate moieties. Thus, functionalization
occurred at positions C-2, C-3, and C-6. 2D-NMR experiments
were performed but did not yield additional information because
the spectra were mostly dominated by the peaks originating from
the aromatic groups (Figure S2, Supporting Information). How-
ever, it should be pointed out that the overall DS values were quite
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Figure 1. a) Reaction scheme for the synthesis of CPhC and the subsequent conversion into CBzC and CCBzC. b) Molecular structure of the racemic
compounds used in this study.

high (≈2.5), i.e., the majority of the original hydroxy groups were
converted, which results in a rather uniform distribution pattern.
In a recent study on mixed polysaccharide carbamates that were
prepared by the same modular synthesis strategy, 2D-NMR exper-
iments could only provide limited qualitative information on the
distribution pattern due to the lack of coupling cross-peaks be-
tween carbon atoms of the carbamate substituents with carbon
atoms in the polysaccharide backbone.[34]

The DS values of 2.45 and 2.34 respectively determined for
CBzC and CCBzC are slightly lower compared to the starting
DS of CPhC. The DS values were derived from the nitrogen
content of the two carbamate derivatives. This experimental ap-
proach is feasible and accurated because neither cellulose nor
the CPhC starting materials contain nitrogen. Since no resid-
ual PhC groups were identified by NMR spectroscopy, it can be
assumed that minor hydrolysis occurred during the conversion.
Similar findings have been reported previously for the synthe-
sis of other cellulose carbamates with high overall DS values us-
ing this modular synthesis approach.[30] Overall, it can be stated
that the synthesis of aromatic cellulose carbamates was success-
ful. Both derivatives readily dissolved in organic solvents such as
acetone, N,N-dimethylformamide (DMF), tetrahydrofuran, N,N-
dimethylacetamide, and 1,4-dioxane, which is a fundamental re-
quirement for electrospinning. The polymeric nature of the com-
pounds was confirmed by size exclusion chromatography (SEC),
as shown in Figure S3 (Supporting Information) and the aver-
aged molecular weights and the molecular weight distributions
are listed in Table S1 (Supporting Information). The molecular
weight of CCBzC is slightly smaller compared to CBzC probably
because hydrolysis is slightly more pronounced during the syn-
thesis of this compound. The reason for this is not entirely clear
but it can be assumed that the impact on the electrospinning and

membrane properties is low because the absolute differences are
still quite small.

2.2. Electrospinning of the Cellulose Carbamates

For successful electrospinning, the volatility of the solvent to be
used for the electrospinning was first adjusted. Figure 2 shows
optical microscope images of the electrospun products from
CBzC solutions (16 wt%) in mixtures of DMF and acetone with
different volume fractions. The electrospinning of the CBzC so-
lution in pure DMF gave spherical bead-like products as shown in
Figure 2a, probably due to the low volatility of the solvent that re-
sulted in an unstable spray of the solution. Mixing higher volatile
acetone to DMF improved the stability of the electrospinning pro-
cess, forming a cone-like shaped structure of the solution on the
tip of a needle-electrode, to form fibers coexistent with beads. The
electrospinning from the mixture of acetone/DMF = 5/5 (v/v)
gave large beads with thin fibers as shown in Figure 2b, while
the one from acetone/DMF = 7/3 (v/v) gave smaller beads with
thicker fibers as shown in Figure 2c. The product from the so-
lution in acetone/DMF = 9/1 (v/v) gave the thickest fibers with
almost no beads, while the electrospinning process was not sta-
ble because the solution was too highly volatile and quickly stuck
within the needle-electrode by evaporation. Thus, we then stud-
ied the effect of concentration for the CBzC solution in the mix-
ture of acetone/DMF = 7/3 (v/v).

Figure 3 shows scanning electron microscope (SEM) images
of the electrospun products from the CBzC solutions in the mix-
ture of acetone/DMF = 7/3 with various concentrations, and the
histograms of the constituent fiber diameter distributions deter-
mined by statistical analysis of the SEM images. By increasing the

Macromol. Biosci. 2024, 2400415 2400415 (3 of 11) © 2024 The Author(s). Macromolecular Bioscience published by Wiley-VCH GmbH

 16165195, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

abi.202400415 by Issei O
tsuka - C

A
PE

S , W
iley O

nline L
ibrary on [28/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.mbs-journal.de


www.advancedsciencenews.com www.mbs-journal.de

Figure 2. Optical microscope images of the electrospun products obtained from the CBzC solutions (16 wt%) in acetone/DMF (v/v) = a) 0/10: beads,
b) 5/5: beads with thin fibers, c) 7/3: beads with thick fibers, and d) 9/1: thick fibers.

concentration from 16 to 22 wt% in steps of 2 wt%, obviously the
fibers became thicker and the number of beads became smaller.
This was confirmed by the increase of the mean fiber diameter
(MD), i.e., the MD of 128 nm for the 16 wt % solution increased to
163, 203, and 315 nm for the 18, 20, and 22 wt% solutions, respec-
tively. This type of phenomenon has been widely observed in the
literature.[35,36] It can be explained by an increase in the viscosity
with increase in the solution concentration due to the entangle-
ment of the polymer chains, which results in the polymer solu-
tion being more resistant to the elongation force of the electric
field. The electrospinning of the CCBzC solutions showed a sim-
ilar trend as that of the CBzC solutions. Therefore, we prepared
thick membranes of both CBzC and CCBzC from their solutions
in acetone/DMF = 7/3 with 22 wt% for the study of their chiral
resolution properties.

2.3. Enantioselective Permeations of Racemic Compounds
Through the Membranes

The enantioselective permeation properties of the electrospun
CBzC and CCBzC membranes were characterized by liquid–
liquid permeation (LLP) experiments of the racemic com-
pounds, (R,S)-NET, (R,S)-1,1′-bi-2-naphtol ((R,S)-BNP), (R,S)-
naproxen ((R,S)-NAP), and (R,S)-benzoin ((R,S)-BNZ) as shown
in Figure 4, through the membranes using a pair of “Side-Bi-
Side” glass cells.[19] The solution of the racemic mixture placed
in the left-side cell and the same volume of the pure eluent
placed in the right-side cell separated by the membrane were
gently stirred (Figure S4, Supporting Information), and a por-

tion of the solution in the right-side cell was regularly sampled
to determine e.e. (%) of a preferentially permeated enantiomer
by the HPLC analysis. The e.e. values of the preferentially per-
meated enantiomers in the right-side cell were plotted against
the time and shown in Figure 4a,b for the permeations using
the membranes made of CBzC and CCBzC, respectively. Pre-
viously, we reported the enantioselective permeation of (R,S)-
NET through the electrospun membranes made of CDMPC. In
that study, the CDMPC membranes showed preferential perme-
ation of (S)-NET, which was supported by higher binding energy
via hydrogen bonding and 𝜋–𝜋 interactions between the chiral
recognition cites of CDMPC and (R)-NET calculated by molecu-
lar docking simulation.[20] Herein, the CBzC membrane showed
a reverse selectivity, i.e., preferential permeation of (R)-NET as
shown in the blue plot in Figure 4a, while the CCBzC mem-
brane showed the same selectivity as the CDMPC membranes,
i.e., preferential permeation of (S)-NET as shown in the blue plot
in Figure 4b. This suggests the molecular structures of the pen-
dant groups of the cellulose-based CSs affect the enantioselectiv-
ity of the membranes as it is widely observed in the CSs used for
the CSPs that are packed in the columns for HPLC. One notes
that the e.e. values of the preferentially permeated (R)-NET and
(S)-NET respectively through the CBzC and CCBzC membranes
(≈1–2%) were smaller than those observed for (S)-NET perme-
ated through the CDMPC membranes (≈3–16%). For (R,S)-BNP,
both the CBzC and CCBzC membranes preferentially perme-
ated (S)-BNP as shown in the green plots in Figure 4a,b. The e.e.
values were slightly higher than those obtained for the separa-
tions of (R,S)-NET. For (R,S)-BNZ, the CBzC membrane did not
show clear enantioselectivity (data not shown), while the CCBzC
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Figure 3. SEM images (left) and the corresponding histograms of diameter distributions (right) of the electrospun fibers from the CBzC solutions
in the mixtures of acetone/DMF = 7/3 with 16 wt% (a and e), 18 wt% (b and f), 20 wt% (c and g), and 22 wt% (d and h). *MD: mean diameter.
**SD: standard deviation.

membranes preferentially permeated (S)-BNZ with very small
e.e. values (less than 1%) as shown in the red plot in Figure 4b.
In contrast, the CCBzC membrane showed high enantioselec-
tivity for the separation of (R,S)-NAP, i.e, (R)-NAP was prefer-
entially permeated through the membrane with higher e.e. val-
ues (≈9–13%) as shown in the black plot in Figure 4b, while
small e.e. values (≈1–2%) of (R)-NAP were observed using the

CBzC membrane as shown in the black plot in Figure 4a.
Such a drastic difference in enantioselectivity due to electron-
donating/withdrawing substituent groups at the 4-position on
the phenyl group were widely observed in cellulose carbamates-
based CSPs used for chiral HPLC.[23] The averaged e.e. values
obtained by the LLP experiments for each CS and racemic com-
pound are summarized in Table S2 (Supporting Information).
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Figure 4. Plots of e.e. (%) of the preferentially permeated enantiomers though the electrospun membranes made of a) CBzC and b) CCBzC versus time
of the permeation.

Most of the e.e. values were relatively small (e.e. < 2%) except for
the separation of (R,S)-NAP using the CCBzC membrane (e.e. ≈

10%). However, these small e.e. values were obtained by only a
single permeation of the racemic compounds via natural diffu-
sion through the membranes (i.e., the LLP method), and most
importantly, they are not 0%. As we previously reported,[19] even
though the e.e. values obtained by the LLP method are relatively
small (but not 0%), they can be increased by repeating the fil-
tration under pressure (for instance, by the vacuum filtration
method). One notes that the e.e. values in the range of 1–10% in
this study were generally observed in other membrane-based chi-
ral resolutions using carbohydrate-based CSs that were reported
recently (Table S3, Supporting Information).

Molecular docking simulations between the CSs and the enan-
tiomers were performed in order to theoretically investigate the
differences in the binding type, binding number, and binding
free energies between the (R)-/(S)-enantiomers and the CSs
through the enantioselective permeations at the molecular level.
The energy and geometry of the interactions of CBzC and CCBzC
with the enantiomers were studied by using AutoDock molecu-
lar modeling simulation software. The binding free energy (ΔG)
which evaluates the thermodynamic stability of the complex of
the CSs and the (R)-/(S)-enantiomers was calculated by a semi-
empirical binding free energy function in the software. It should
be noted that the docking simulations were done between the
oligomers (degree of polymerization = 5) of the CSs and one sin-
gle molecule of the enantiomers without the presence of the sol-
vent in order to simplify the simulations. The 3D docking poses
of CBzC and CCBzC with the enantiomers are shown in Figures 5
and 6, respectively. In addition, the type and number of the inter-
actions between the CSs and the (R)- and (S)-enantiomers and the
calculated ΔG values are listed in Table 1. As shown in Figure 5,
CBzC interacts with (R)- and (S)-NET via different types and
number of bindings, i.e., (R)-NET shows one hydrogen bonding
interaction (green dotted line in Figure 5a) and three nonpolar
(one 𝜋-alkyl and two 𝜋-sigma) interactions (purple dotted lines in
Figure 5a), while (S)-NET shows two hydrogen bonding interac-
tions (green dotted line in Figure 5b) without any nonpolar inter-
action as listed in Table 1 entries 1 and 2. As for the interactions

of CBzC with (R)-/(S)-BNP, (R)-BNP shows two hydrogen bond-
ing interactions (green dotted line in Figure 5c) and one nonpolar
(𝜋–𝜋) interaction (purple dotted line in Figure 5c), while (S)-BNP
shows only one hydrogen bonding interaction (green dotted line
in Figure 5d) and one nonpolar (𝜋–𝜋) interaction (purple dotted
line in Figure 5d) as listed in Table 1 entries 3 and 4. In case of
the interactions with (R)-/(S)-NAP, (R)-NAP shows two hydrogen
bonding interactions (green dotted lines in Figure 5e), while (S)-
NAP shows one hydrogen bonding interaction (green dotted line
in Figure 5f) and one nonpolar (𝜋-alkyl) interaction (purple dotted
line in Figure 5f) as listed in Table 1 entries 5 and 6. These differ-
ences in type and number of interactions should be the driving
force of the preferential permeations of the enantiomers through
the CBzC membrane observed in Figure 4a.

As shown in Figure 6, CCBzC interacts with (R)- and (S)-
NET via different types and number of bindings, i.e., (R)-NET
shows one hydrogen bonding interaction (green dotted line in
Figure 6a), while (S)-NET shows two hydrogen bonding inter-
actions (green dotted lines in Figure 6b) and two nonpolar (𝜋-
alkyl and 𝜋-sigma) interactions (purple dotted line in Figure 6b)
as listed in Table 1 entries 7 and 8. Both (R)- and (S)-BNP inter-
act with CCBzC via two hydrogen bonding interactions (green
dotted lines in Figure 6c,d) and two nonpolar (𝜋–𝜋) interactions
(purple dotted line in Figure 6c,d) as listed in Table 1 entries 9
and 10. Additionally, there is another noncovalent (𝜋–Cl) inter-
action (pale purple dotted line in Figure 6d) between (S)-BNP
and CCBzC (Table 1 entry 10). As for the interactions between
CCBzC and (R)-/(S)-NAP, (R)-NAP shows one hydrogen bonding
interaction (green dotted line in Figure 6e), two nonpolar (𝜋-alkyl
and 𝜋-sigma) interactions (purple dotted lines in Figure 6e), and
one unfavorable interaction (red dotted line in Figure 6e) between
oxygen atoms at the ─CH2─O─ group of CCBzC and CH3─O─

group of (R)-NAP, while (S)-NAP shows two hydrogen bonding
interactions (green dotted lines in Figure 6f), two nonpolar (𝜋-
alkyl and 𝜋-sigma) interactions (purple dotted lines in Figure 6f),
and one unfavorable interaction (red dotted line in Figure 6f)
between oxygen atoms at the ─CH2─O─ group of CCBzC and
CH3─O─ group of (S)-NAP as listed in Table 1 entries 11 and
12. Both (R)- and (S)-BNZ interact with CCBzC via one hydrogen

Macromol. Biosci. 2024, 2400415 2400415 (6 of 11) © 2024 The Author(s). Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 5. The 3D docking poses between CBzC and a) (R)-NET, b) (S)-NET, c) (R)-BNP, d) (S)-BNP, e) (R)-NAP, and f) (S)-NAP.

bonding interaction (green dotted lines in Figure 6g,h) and one
nonpolar (𝜋–𝜋) interaction (purple dotted lines in Figure 6g,h),
while two unfavorable interactions (red dotted lines in Figure 6h)
between the oxygen atoms at the carbonyl oxygen of (S)-BNZ
and the ─CH2─O─ group of CCBzC as well as the carbamate
group of CCBzC are observed as listed in Table 1 entries 13 and
14. These differences in type and number of interactions should
be the driving force of the preferential permeations of the enan-
tiomers through the CCBzC membrane observed in Figure 4b.

As listed in Table 1, the ΔG values between the two CSs and
all the enantiomers investigated here were negative, indicating
that the retentions of the enantiomers by the chiral recognition
sites of the CSs are spontaneous processes.[37,38] For each enan-
tiomer, the ΔG values of the interactions with the (R)- and (S)-

enantiomers were different as listed in the column of |ΔΔG|,
that is, the absolute value of the difference of ΔG between the
(R)- and (S)-enantiomer. On the one hand, the difference in ΔG
supports the experimental results of the enantioselective perme-
ations of (R)-/(S)-BNP through the membranes made of CBzC
and CCBzC. In the case of CBzC, the higher negative ΔG value
for (R)-BNP (ΔG = −5.24 kcal mol−1 shown in entry 3) than
that for (S)-BNP (ΔG = −5.01 kcal mol−1 shown in entry 4) in-
dicates stronger retention of (R)-BNP than (S)-BNP, which is in
good agreement with the preferential permeation of (S)-BNP as
shown in Figure 4a. In the same way, the preferential permeation
of (S)-BNP through the CCBzC membrane shown in Figure 4b
was supported by the higher negative ΔG value for (R)-BNP
(ΔG = −5.86 kcal mol−1 shown in entry 9) than that for (S)-BNP

Macromol. Biosci. 2024, 2400415 2400415 (7 of 11) © 2024 The Author(s). Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 6. The 3D docking poses between CCBzC and a) (R)-NET, b) (S)-NET, c) (R)-BNP, d) (S)-BNP, e) (R)-NAP, f) (S)-NAP, g) (R)-BNZ, and
h) (S)-BNZ.

(ΔG = −5.82 kcal mol−1 shown in entry 10). The preferential
permeation of (R)-NAP through the CBzC membrane was also
supported by the higher negative ΔG value for (S)-NAP (ΔG =
−4.29 kcal mol−1 shown in entry 6) than that for (R)-NAP (ΔG =
−4.26 kcal mol−1 shown in entry 5). On the other hand, the ex-
perimental results were not supported by the calculated ΔG val-
ues for the other enantiomers. For example, the higher negative
ΔG value for (R)-NET (ΔG = −4.62 kcal mol−1 shown in entry 1)
than that for (S)-NET (ΔG = −4.52 kcal mol−1 shown in entry 2)

indicates stronger retention of (R)-NET than (S)-NET, which does
not support the preferential permeation of (R)-NET through the
CBzC membrane as shown in Figure 4a, while the preferential
permeation of (S)-NET through the CCBzC membrane shown in
Figure 4b are in good agreement with the higher negative ΔG
value for (R)-NET (ΔG = −5.49 kcal mol−1 shown in entry 7)
than that for (S)-NET (ΔG = −5.45 kcal mol−1 shown in entry
8). One can assume that such contradictory results of the calcu-
lations represent the very low enantioselectivities (e.e. = ≈1–2%)

Macromol. Biosci. 2024, 2400415 2400415 (8 of 11) © 2024 The Author(s). Macromolecular Bioscience published by Wiley-VCH GmbH
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of both CBzC and CCBzC to (R)-/(S)-NET. The calculated ΔG val-
ues for the interactions of CCBzC with (R)-/(S)-NAP shown in
entries 11/12 and (R)-/(S)-BNZ shown in entries 13/14 did not
support the experimental results. Unlike other cases, unfavorable
interactions between the oxygen atoms at the CSs and the enan-
tiomers were observed for these docking simulations, which can
be one of the reasons for the unsubstantiated calculations. It is
worth noting that the molecular docking simulations provide in-
sight into static molecular interactions between the CSs whose
3D structures were kept rigid after energy minimization and the
enantiomers without solvents but not into the actual diffusion be-
haviors of the enantiomers within the membranes. This means
that the dynamic nature of the interaction between the CSs in
the membranes and the enantiomers such as swelling of both
the CSs and the enantiomers in solvents[39] should be taken into
consideration for more reliable theoretical investigations toward
a mechanism elucidation of chiral resolutions.

3. Conclusion

Two cellulose derivatives, namely CBzC and CCBzC were syn-
thesized using a modular approach. Self-standing nanofibrous
membranes of CBzC and CCBzC could be prepared by elec-
trospinning as the new type of enantioselective membranes.
The enantioselectivity of these membranes was characterized
by the LLP experiments using four racemic compounds, (R,S)-
NET, (R,S)-BNP, (R,S)-NAP, and (R,S)-BNZ. Both the CBzC and
CCBzC membranes showed enantioselective permeations of (R)-
/(S)-NET ((R)-NET through the CBzC membrane and (S)-NET
through the CCBzC membrane), (S)-BNP, and (R)-NAP. Notably,
the membrane made of CCBzC, whose enantiorecognition has
never been reported, showed enantioselective permeation of (R)-
NAP with high e.e. values (≈9–13%). The molecular docking sim-
ulations of CBzC and CCBzC with the enantiomers indicated dif-
ferent types of interactions such as hydrogen bonding, 𝜋–𝜋, 𝜋–
alkyl, 𝜋–sigma, 𝜋–Cl interactions, as well as some unfavorable
interactions between the oxygen atoms, which can be the driving
force of the enantioselective permeations although the calculated
ΔG did not fully support the experimental results probably due
to the limitation of the docking for static molecular interactions
without solvents.

4. Experimental Section
Materials: Avicel PH-101 microcrystalline cellulose (≈50 μm parti-

cle size) was purchased from Sigma–Aldrich Co. and dried overnight
under vacuum at 60 °C prior to use. ((R,S)-NAP) (>98.0%) was pur-
chased from Tokyo Chemical Industry Co. ((R,S)-BNZ) (≥99%) was
purchased from Thermo Scientific Chemicals. Acetone (≥99.8%) and
DMF (≥99.9%) were purchased from Carlo Erba Co. ((R,S)-BNP) (99%),
(R,S)-NET (≥99%), n-hexane for HPLC (≥95%), 2-propanol for liquid
chromatography (≥99.9%), trifluoroacetic acid (≥99.0%), and 1-butyl-
3-methylimidazolim chloride (BMIMCl) (≥98.0%) were purchased from
Sigma–Aldrich Co. Unless specified otherwise, all chemicals were used as
received by the supplier.

Instruments: The NMR spectra were recorded with a Bruker Avance
250 MHz or a Bruker Avance 400 MHz spectrometer at concentrations
of 50 mg mL−1. A VARIO EL III CHNS analyzer (Elementaranalysensys-
teme GmbH) was used to determine the elemental composition. The DS
with phenyl carbonate groups was determined by 1H-NMR spectroscopy.

Macromol. Biosci. 2024, 2400415 2400415 (9 of 11) © 2024 The Author(s). Macromolecular Bioscience published by Wiley-VCH GmbH
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Thereby, trifluoroacetic acid (≈15 drops) was added to the polymer so-
lution to shift the water peak. The DS values of the carbamate deriva-
tives were determined by elemental analysis (see the supporting infor-
mation). SEC was performed with an Agilent Technologies 1260 Infinity
Multi Detector Suite GPC/SEC System equipped with a refractive index
(RI) detector, an ultraviolet (UV) detector, a dual-angle (90° and 15°) light
scattering (LS) detector, and a set of columns (Shodex Asahipak GF-1G
7B, GF-7 M HQ, and GF-310 HQ) operating at 40 °C using DMF con-
taining 0.01 m LiCl as an eluent at a flow rate of 0.6 mL min−1. A Wy-
att Optilab rEx differential RI detector was used to determine dn/dc val-
ues. The number-average molecular weight (Mn), weight-average molecu-
lar weight (Mw), and molecular weight dispersity (ÐM = Mw/Mn) of CBzC
and CCBzC were determined by absolute molecular weight analysis using
the LS detector. Electrospinning was performed with a Fuence Esprayer
ES-2000S2A. The optical microscope images were observed by a ZEISS
Axiophot II microscope and recorded with an Olympus SC50 digital cam-
era operated by Olympus Stream software. The SEM images of the spec-
imens coated with a ≈4 nm-thick layer of gold/palladium (Au/Pd) were
observed by a FEI QUANTA FEG 250 microscope operating at an accel-
erating voltage of 2.5 kV. HPLC was performed with a Thermo Fisher Sci-
entific UltiMate 3000 HPLC system equipped with a VWD-3100 UV (𝜆 =
270 and 230 nm) detector and a Daicel CHIRALPAK IB N-3 (length × in-
ner diameter: 100 × 4.6 mm, particle size: 3 μm) analytical column op-
erating at 30 °C using a mixed solvent of n-hexane and 2-propanol (n-
hexane/2-propanol = 9/1 (v/v)) for (R,S)-NET, (R,S)-BNP, and (R,S)-BNZ,
and a mixed solvent of n-hexane, 2-propanol, and trifluoroacetic acid (n-
hexane/2-propanol/trifluoroacetic acid = 95/5/0.1 (v/v/v)) for (R,S)-NAP
as eluents at a flow rate of 1.0 mL min−1. and data were processed using
Chromeleon software (Ver. 7.2.10).

Synthesis of CPhC: The synthesis was performed under homoge-
neous reaction conditions as previously described.[30] Cellulose (75 g,
462.68 mmol) was mixed with BMIMCl (675 g) and stirred at 80 °C for
≈2 h upon which melting of the ionic liquid occurred. Pyridine (350 mL)
was added dropwise over a timeframe of 1 h and the mixture was stirred
at 80 °C for 20 h, which yielded an optically clear viscous solution. The
solution was cooled to 25 °C and pyridine (350 mL) was added dropwise
over a timeframe of 1 h during the cooling. Phenyl chloroformate (290 g,
1852.20 mmol) was added dropwise within 1 h and the mixture was stirred
for another 3 h keeping the reaction temperature at 25 °C using a ther-
mostat. Afterward, the reaction mixture was poured into water (15 L) and
the precipitate formed was removed by filtration, washed four times with
ethanol (4 L each), and dried at 50 °C under vacuum to obtain the final
product.

DS: 2.88. 13C-NMR (63 MHz, DMSO-d6, 𝛿): 152.6 (C-7), 150.6 (C-8),
129.7 (C-10), 126.2 (C-2), 121.0 (C-9), 99.6 (C-1), 76.8-67.2 (C-2 to C-6)
ppm.

Synthesis of CBzC and CCBzC: For the preparation of CCBzC, CPhC
(12.0 g; mmol) was dissolved in DMF (150 mL) at 60 °C. 4-Chlorobenzyl
amine (39.40 g, 278.25 mmol, 4 mol/mol phenyl carbonate (PhC) groups)
was added and the mixture was stirred for 20 h at 60 °C. Afterward, the
product was isolated by precipitation in ethanol (1 L), washed with ethanol
(three times with 300 mL) and dried at 50 °C under vacuum. CBzC was
prepared in an analogue manner but using benzyl amine instead of 4-
chlorobenzyl amine.

CBzC:
DS: 2.45. Elemental composition: found: C% 62.39, H% 5.63, N% 7.03,

calculated: C% 62.99, H% 5.56, N% 7.03. 13C-NMR (63 MHz, DMSO-d6,
𝛿): 156.9–155.4 (C-12), 139.5 (C-14), 128.2 (C-17), 127.0–126.7 (C-15 and
C-16), 100.5 (C-1), 78.0–65.0 (C-2 to C-6), 44.1 (C-13) ppm.

CCBzC:
DS: 2.34. Elemental composition: found: C% 52.19, H% 4.16, N% 5.92,

calculated: C% 53.38, H% 4.34, N% 5.92. 13C-NMR (63 MHz, DMSO-d6,
𝛿): 156.8–155.6 (C-12), 138.4.5 (C-14), 131.2 (C-17), 128.2 (C-15 and C-16),
100.5 (C-1), 78.0–65.0 (C-2 to C-6), 43.0 (C-13) ppm.

Electrospinning: A typical electrospinning procedure is as follows:
CBzC (500 mg) was dissolved in 1.9 g of a mixed solvent of acetone
and DMF (acetone/DMF = 7/3 (v/v)) for 24 h by stirring using a mag-
netic stirrer. The obtained solution was inserted into two 5 mL syringes

equipped with needles (Nordson stainless steel tips 18 gauge; inner di-
ameter = 0.84 mm, outer diameter = 1.27 mm) that were placed 15 cm
away from a metallic electrode plate (20 cm × 20 cm square) covered with
aluminum foil. A high voltage of 25 kV was applied between the needles
and the electrode plate while the solution was delivered at a feed rate of
30 μL min−1 at room temperature (≈25 °C) and humidity (≈30%). To en-
sure that the fibers are electrospun evenly over the whole surface of the
aluminum foil, the electrode plate was continually moved while its center
drew a 5 cm × 5 cm square, which was controlled by a computer program.

Chiral Separation: Chiral separations of the racemic compounds were
performed by LLP experiments.[19] A typical LLP experiment is as follows:
An electrospun CBzC membrane collected on an aluminum foil was cut
into a small piece (≈3 cm × 3 cm square) and the membrane was carefully
peeled off from the aluminum foil using tweezers. The peeled membrane
was sandwiched between two Whatman polytetrafluoroethylene (PTFE)
membrane filters (pore size: 1 μm, diameter: 47 mm) as a support of the
membrane. The membrane was arranged between a pair of 15 mm unjack-
eted “Side-Bi-Side” glass cells (PermeGear Inc.) equipped with magnetic
stirring bars in each cell. A 5 mL solution of (R,S)-NET in a mixed solvent
of n-hexane and 2-propanol (n-hexane/2-propanol = 9/1 (v/v)) (2 g L−1)
was placed in the left-side cell and 5 mL of the eluent was placed in the
right-side cell. The solutions in both cells were stirred at room tempera-
ture (≈25 °C) and 150 μL of the solution in the right-side cell was sampled
every minute. The sample solutions containing permeated (R)- and (S)-
NET from the right-side cell were analyzed by the HPLC equipped with a
CDMPC packed column (Daicel CHIRALPAK IB N-3). The enantiomeric
excess (e.e.) values (%) of the samples (e.g., in the cases of preferential
permeations of the (S)-enantiomers) were determined by comparing the
two independent peak areas of the (S)-enantiomer and the (R)-enantiomer
from the HPLC chromatograms according to the following equation[40]:

e.e. (%) =
AS − AR

AS + AR
× 100 (1)

where AS and AR are the peak areas of the (S)-enantiomer and the (R)-
enantiomer in the chromatogram, respectively. The chiral separations of
the other racemic compounds were performed by the same procedure.
For the LLP of (R,S)-NAP, a mixed solvent of n-hexane, 2-propanol, and
trifluoroacetic acid (n-hexane/2-propanol/trifluoroacetic acid = 95/5/0.1
(v/v/v)) was used as the eluent.

Molecular Construction and Docking Simulations: Molecular docking
simulations were done on an Intel Celeron CPU (2.80 GHz) and a Mi-
crosoft Windows 10 Pro operating system. The 2D structures of the lig-
ands and receptors were sketched on ChemBioDraw Ultra (12.0 version)
and transformed to 3D using ChemBio3D Ultra (12.0 version). The 3D
structures were then energy minimized using the MM2 energy minimiza-
tion algorithm of ChemBio3D. The ligands used in this study were the
(R)- and (S)-enantiomers of NET, BNP, NAP, and BNZ while the recep-
tors were CBzC and CCBzC. Autodock Tools (ADT) 1.5.7. was used for the
processing of the receptors and the ligands before docking. The Kollman
and Gasteiger charges were computed for the receptors, while for the lig-
ands Gasteiger charges and rotatable bonds were assigned before saving
them in PDBQT format. A grid box of 126 × 64 × 62 Å with a spacing
of 0.375 Å was used. The ligands were treated as flexible while the recep-
tors were kept rigid in the docking protocol. Docking was executed with
Autodock 4.2 with 100 docking runs using the Lamarckain genetic algo-
rithm (LGA). The default setting was used for all other docking parame-
ters. The ligands–receptors interactions and scoring functions were used
to choose the docked structures and for further analysis. Results differing
by less than 2 Å in a positional all atom-based root mean square deviation
(RMSD) were clustered together. The average binding free energy was cal-
culated according to the following equation[41,42]:

E =
n∑

i=1

(Ei × Xi) (2)
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where E is the average binding free energy, n is the number of conforma-
tional clusters, Ei is the binding free energy of this cluster conformation,
Xi is the percentage frequency of this cluster conformation. The greater
negative values of the binding energy reflect the greater stability of the
enantiomer–CSs binding.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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