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Visible chiral discrimination via macroscopic
selective assembly
Yongtai Zheng 1,2, Yuichiro Kobayashi 1,2, Tomoko Sekine1,2, Yoshinori Takashima 3,

Akihito Hashidzume 3, Hiroyasu Yamaguchi3 & Akira Harada1,2

The transfer of chirality from individual molecules to macroscopic objects, and the recog-

nition of chirality on the macroscopic scale have potential for many practical applications, but

they are still key challenges for the chiral research community. Here we present a strategy for

visible chiral recognition by macroscopic assembly using polyacrylamide-based gels modified

with β-cyclodextrin (βCD-gel) and D- or L-tryptophan (homochiral D- or L-Trp-gel), which

differs from most methods reported, e.g., colorimetric or chromogenic methods, fluores-

cence, gel formation and collapse. The circular dichroism spectra demonstrate that the

chirality of Trp molecules is successfully transferred and amplified in the corresponding Trp-

gels. The chirality of the D- and L-Trp-gels is macroscopically recognized by the βCD-gel
selectivity in aqueous NaCl through the amplification of interfacial enantioselective

host–guest interactions.
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Chirality is widely regarded as a biosignature and vital to
living organisms at both the microscopic and macroscopic
levels1. For example, proteins are formed from L-amino

acids, whereas nucleic acids contain D-sugars such as D-deoxyr-
ibose or D-ribose. The biomacromolecules further organize to
form cells and tissues to generate asymmetric conformations and
physical properties on a macroscopic scale, e.g., the spiral struc-
ture of shells, cucumber tendrils, and asymmetric appendages of
organisms; differences in optical activities, tastes, and smells for a
pair of enantiomers2.

Although chirality transfer and chiral recognition from the
microscopic to the macroscopic scale have promise for many
practical applications, e.g., chiral separation3–5, optical memories
and switches6–9, and functional sensors and actuators10–13, they still
remain key challenges in artificial systems1,2,14. To scale up chirality,
a supramolecular strategy is generally employed to obtain various
chiral architectures via assemblies of chiral or achiral molecules
through non-covalent interactions15–17. Another strategy is a poly-
meric method, in which rigid main-chain or chiral units appear as
helical structures with exclusive handedness18–20. The local
chiral signals of monomeric molecules are primarily transformed
to conformational chiral information during chirality trans-
fer15,21,22, and this information could be switchable instead of
being permanent23–25, although preserving uniformity for local
and global chirality is desirable for better understanding chiral
amplification and recognition. Moreover, significant effort has
been put into achieving visible observation of chiral recognition
and discrimination on the macroscopic scale. Strategies include
colorimetric or chromogenic methods26–28, fluorescence29–31,
crystal morphology32,33, gel formation and collapse34–36, and
wettability switching37–39. By contrast, simultaneously observing
chiral discrimination via side-by-side comparison of a pair of
enantiomers, as clearly as we distinguish our left and right hands,
has rarely been reported.

Cyclodextrins, cyclic oligomers of D-glucopyranose units with a
conical chiral cavity, have chirality sensing ability through
host–guest interactions40–42. Consequently, cyclodextrins are
employed in various matrixes for applicable enantiomeric selectivity
and separation, e.g., microspheres, nanochannels, electrodes, and the
stationary phase of columns43–46. Additionally, L-tryptophan (L-Trp)
is an essential amino acid for the composition of proteins, whereas
D-Trp has probiotic properties that can stimulate the immune sys-
tem47. Trp molecules can be incorporated into β-cyclodextrins
(βCD) or complexed with metals such as Pt(II) and Cu(I) owing to
their high hydrophobicity and electron density48. βCD shows a slight
chiral preference toward L-Trp over D-Trp due to steric hydrogen
bonding during inclusion complex formation45,49,50.

On the basis of our previous studies of macroscopic molecular
recognition51–59, herein we show visible macroscopic chiral
recognition that relies on interfacial enantioselective host–guest
interactions. The chiral signals of the D- or L-Trp residues are
seeded into poly(acrylamide) (pAAm)-based hydrogels (D- or L-
Trp(x)-gels), in which the chirality is successfully transferred and
amplified to the macroscopic scale. The interactions between the
pAAm-gel bearing βCD moieties (βCD-gel) and the D-Trp(x)-gel
and L-Trp(x)-gel are investigated in aqueous solutions with dif-
ferent components. Under appropriate conditions, such as in
aqueous NaCl, the βCD-gel can successfully discriminate the D-
Trp(x)-gel from L-Trp(x)-gel on a macroscopic scale by ampli-
fying enantioselective host–guest recognition through interfacial
multisite interactions.

Results
Synthesis and characterization of gels. Acrylamido D- or L-Trp
(AC-Trp(D or L)) monomer was prepared from BOC (tert-
butoxycarbonyl) protected BOC-Trp(D or L) in three steps

(Supplementary Fig. 1–3). Homochiral D- or L-Trp(x)-gel (x
denotes the mol% of AC-Trp(D or L) in the reaction mixture) was
then prepared from the radical terpolymerization of acrylamide
(AAm), N,N’-methylenebis(acrylamide) (MBA), and AC-Trp(D
or L) monomers in DMSO using Irgacure 184 as the initiator
under UV light at room temperature (Fig. 1). The resulting gels
were washed with DMSO and immersed in excess water or 0.9 wt
% aqueous NaCl (NaCl aq.). The βCD-gel was prepared
according to our previous report56. Predetermined amounts of
AAm, MBA, and mono(6-deoxyacrylamido)-β-cyclodextrin (5
mol%) were terpolymerized in water at room temperature using
APS (ammonium persulfate) and TMEDA (tetra-
methylethylenediamine) as the initiator. The obtained βCD-gel
was washed with water and immersed in excess of water or
NaCl aq.

The chemical compositions for the D-Trp(x)-gel, L-Trp(x)-gel,
and βCD-gel were determined by 1H FG-MAS-NMR, for which
the ratios for each residue were practically the same as those in
reaction mixture (Supplementary Fig. 4 and 5).

Gel swell-shrink properties in various aqueous solutions. The
swelling properties of the D-Trp(x)-gel, L-Trp(x)-gel, and βCD-gel
were observed and recorded after immersion in pure water, NaCl
aq., or 10 mM aqueous Na2PdCl4 (Pd(II) aq.) for 3 days. Their
swelling ratios (V/V0) and corresponding concentrations are
illustrated in Fig. 2 (Supplementary Table 1).

D-Trp(x)-gel and L-Trp(x)-gel were as-synthesized from DMSO
and expanded substantially after exchanging solvent molecules
for water molecules (~24 and 31 times for x = 3 and 5,
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Fig. 1 Chemical structures of homochiral tryptophan and β-cyclodextrin
gels. a Homochiral D- or L-Trp(x)-gel, where x denotes the mol% of Trp
monomers in the reaction mixture. b βCD-gel. The βCD monomer is fixed at
5 mol%
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respectively, Supplementary Fig. 6). Accordingly, both D- and L-
Trp(x)-gels become particularly fragile due to dramatic expan-
sion. This finding greatly differs from that of our previous study,
in which such hydrophobic aromatic residues were mostly
aggregated, resulting in obvious gel shrinkage59. Thus, the
remarkable swelling should be attributed to the strong ionic
repulsion of the protonated Trp residues. Conversely, when
immersed in NaCl aq., the swelling ratios were dramatically lower
(1.87 and 1.78 for x= 3 and 5, respectively), which is likely due to
the mitigation of the ionic repulsion between the protonated Trp
residues60,61. Interestingly, serious shrinking was observed for the
D- and L-Trp(x)-gels in Pd(II) aq. instead of expected swelling.
The resulting gels were black and solidified, implying the
formation of complexes between the Trp residues and Pd(II).
This possibility was further examined by 1H-NMR of AC-Trp(L)
in D2O, in which significant peak splits were detected after the
addition of Na2PdCl4 (Supplementary Fig. 7). Moreover, a large
amount of orange precipitate was observed in the clear D2O
solution of AC-Trp(L) when NaPdCl4 was added. These
phenomena demonstrated that the gel shrinkage was caused by
complexation of Trp residues with Pd(II).

By contrast, the βCD-gel prepared from water swelled slightly
in both pure water and aqueous NaCl. As the swelling ratios in
water and NaCl aq. were nearly identical, the effect of NaCl on
βCD-gel swelling is likely negligible. Conversely, the βCD-gel
gradually shrunk and finally became brown in Pd(II) aq.
(Supplementary Fig. 8). The shrinkage of the βCD-gel is likely
the result of osmotic dehydration with slight Pd(II) accumulation
because the gel was still soft and the process was relatively
slow, i.e., 1~2 days for the βCD-gel but 2~3 h for the D- or L-Trp
(x)-gel.

Effect of aqueous solution composition on gel interactions. Gel
interaction studies of the D-Trp(5)-gel, L-Trp(5)-gel, and βCD-gel
were sequentially performed in pure water, NaCl aq., and Pd(II)
aq. First, pieces of the βCD-gel and D- and L-Trp(5)-gels were
placed in a glass petri dish with pure water. After agitation, no gel
interaction was observed (Fig. 3a; Supplementary Movie 1). By
contrast, in NaCl aq., the βCD-gel immediately assembled with
both D- and L-Trp(5)-gels without selectivity (Fig. 3b; Supple-
mentary Movie 2). The formed checkered gel aggregate is suffi-
ciently stable to be lifted, indicating strong adhesion between the
βCD-gel and the D- and L-Trp(5)-gels. Finally, in Pd(II) aq., no gel
interactions were observed (Fig. 3c; Supplementary Movie 3).

These observations indicate that the gel interactions are
strongly dependent on the components of the aqueous solutions.
In pure water, the D- and L-Trp(5)-gels are largely swollen, which
results in extremely low concentrations of the Trp moiety (3.2
mM) (Fig. 2; Supplementary Table 1). Such low concentrations in
the D- and L-Trp(5)-gels are not high enough to form sufficient
host–guest complexes on the interface of the βCD-gel to bind
them together. By contrast, in NaCl aq., the expansion of the D-
and L-Trp(5)-gels is well controlled, and the concentrations of
Trp residues are appropriately high (55 and 57 mM) and close to
the concentration of the βCD residue in the βCD-gel (61 mM).
Hence, sufficient host–guest interactions can occur on the
interface of the βCD-gel and D- or L-Trp(5)-gels to make them
bind strongly. The concentrations of D- and L-Trp residues in the
D- and L-Trp(5)-gels and the concentration of βCD residues in the
βCD-gel are highest in Pd(II) aq. (170, 198, and 138 mM); thus,
the strongest affinities are expected for gel assemblies in that
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Fig. 2 Swelling ratios and corresponding concentrations for the gels in
different solutions. Swelling ratios and corresponding concentrations for the
D-Trp(3)-gel (solid and open squares), L-Trp(3)-gel (solid and open circles),
the D-Trp(5)-gel (solid and open triangles), the L-Trp(5)-gel (solid and open
inverted triangles), and the βCD-gel (solid and open stars). NaCl aq. and Pd
(II) aq. represent 0.9 wt% NaCl and 10mM Na2PdCl4 aqueous solution,
respectively. Both D- and L-Trp(x)-gels were extraordinarily swollen in pure
water, they slightly expanded in NaCl aq., and they shrank in Pd(II) aq. The
concentrations are inversely related to swelling. The βCD-gel was only
swollen a small amount in water and NaCl aq. but did shrink in Pd(II) aq.
See Supplementary Table 1 for specific numerical values. Error bars show
the standard deviation of measurements for three samples
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gels in NaCl aq. c No interaction between the D- and L-Trp(5)-gels with the
βCD-gel was observed in Pd(II) aq. Scale bars, 1.0 cm
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solution. However, no gel assemblies were formed. This lack of
assembly is likely attributed to the aggregation of Trp moieties
that formed complexes with Pd(II), which does not involve βCD.
Therefore, both the concentration and bound/unbound state of
the Trp moieties are fundamental for macroscopic gel assembly in
this study.

Visible chiral recognition on a macroscopic scale. To test the
possibility of macroscopic chiral recognition, the interactions of
the D-Trp(3)-gel and L-Trp(3)-gel with the βCD-gel were inves-
tigated in NaCl aq. Interestingly, the βCD-gel assembled with the
L-Trp(3)-gel to form an aggregate but did not interact with the D-
Trp(3)-gel (Fig. 4a; Supplementary Movie 4). This observation
demonstrates that the βCD-gel can enantioselectively differentiate
between the D- and L-Trp(3)-gels on a macroscopic scale.
Moreover, the binding ability out of NaCl aq. was also examined
that the βCD-gel adhered to L-Trp(3)-gel instead of D-Trp(3)-gel
after treating with water (Supplementary Fig. 9; Supplementary
Movie 5).

Subsequently, rupture stress-strain measurements were carried
out to evaluate the adhesion strengths of these gel assemblies. A
pair of assembled βCD-gel and D- or L-Trp(x)-gel was removed

from the NaCl solution and set on a tensile meter to measure the
stress values as strain was applied (Supplementary Fig. 10;
Supplementary Movie 6). From the results shown in Fig. 4b, the
adhesion strengths for the βCD-gel with the D- and L-Trp(5)-gels
show higher values (3070 and 4070 Pa, respectively) than those of
the D- and L-Trp(3)-gels (2150 and 1066 Pa, respectively),
suggesting that the adhesion strength for the gel assembly is
concentration dependent. In the case of the same x, the adhesion
of the βCD-gel with the L-Trp(x)-gel is always stronger than that
of the D-Trp(x)-gel. Consequently, the adhesion strength for the
βCD-gel and D-Trp(3)-gel is the weakest and is not sufficient for
forming an assembly in NaCl aq.

To discover the reason for the difference in the interaction of
the βCD-gel with the D- and L-Trp(x)-gels, the molecular
interactions between βCD and Trp(D) and Trp(L) moieties were
investigated using a model system consisting of water-soluble
polyacrylamide modified with 1 mol% Trp moiety (pAAm/Trp(D
or L), Supplementary Fig. 11). Using fluorescence, the association
constant (Ka) values for βCD with residues of Trp(D) and Trp(L)
were determined to be 896 and 1890 M−1, respectively
(Supplementary Fig. 12). These values are much higher than
the reported Ka values for βCD with native Trp(D) and Trp(L)
molecules, i.e., 13 and 214M−1 49. The higher Ka value for βCD
with the Trp(L) moiety suggests that βCD prefers to bind to Trp
(L) residues over Trp(D) residues. Thus, the macroscopic
enantioselectivity of the βCD-gel for the D- and L-Trp(3)-gels is
obviously due to the difference in host–guest molecular
association, which is further amplified on the interface of gel
assembly through multisite interactions.

Indeed, if the chiral signal has not been correctly transferred to
the gel objects, that is, achiral or same chirality for the gels, then
the above observation can more precisely be described as
macroscopic enantiomeric selectivity than macroscopic chiral
discrimination. Fortunately, the circular dichroism (CD) spectra
of the D- and L-Trp(3)-gels showed opposite signals both in water
and NaCl aq., suggesting that the gels had different homochir-
alities (Fig. 4c). Accordingly, the CD spectra for the monomers of
AC-Trp(D or L) in water and NaCl aq. were also measured, which
indicated the influence of NaCl component was almost negligible
on CD spectra (Supplementary Fig. 13). In contrast to the curves
for the Trp-gels matched well with AC-Trp monomers in water,
the spectra for the Trp-gels in NaCl aq. became flatter and reduced
gradually near shorter wavelength. This should be caused by the
relatively high UV absorbance of Trp-gels in NaCl aq. owing to
their higher Trp residue concentrations (Supplementary Figure 14
and 15). However, the signals for the indole group close to the
chiral center of the Trp moiety (~280 nm) show similar tendencies
for the D- and L-Trp-gels with relative AC-Trp(D) and AC-Trp(L)
monomers both in water and NaCl aq., implying the chirality is
successfully transferred and amplified in the corresponding gels
without conformational chiral interference. This result has two
main explanations, which are as follows: (1) the pAAm main-
chain is water soluble and flexible enough to avoid helical
structural transition, and (2) the ionic repulsion of protonated Trp
residues prevents aggregation formation. Therefore, macroscopic
chiral discrimination that relies on enantioselective host–guest
interactions has been achieved (Fig. 5).

Discussion
Assembly that depends on chiral recognition at various scales is
not only crucial for living organisms but also of great importance
in artificial systems. In this study, we reported visible chiral
recognition via the macroscopic assembly of D-Trp(x)-gel, L-Trp
(x)-gel, and βCD-gel. The gel interactions were strongly related to
the components of the aqueous solutions, and in aqueous NaCl,
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the βCD-gel successfully differentiated between the D- and L-Trp
(3)-gels, which possess opposite chirality through transter from
chiral Trp moieties. This achievement was realized due to the
amplification of enantioselective host–guest interactions on the
interface of the gel assemblies.

Chiral discrimination became visible in this experiment owing
to macroscopic selective gel assembly, a process as clear as dis-
tinguishing our left and right hands, which originally defined
chirality. This visible distinction would be beneficial for
improving the understanding of chirality not only for scientists
but also for the general public. We believe that the work pre-
sented here may contribute to the development of chiral recog-
nition and separation.

Methods
Measurements. 1H NMR spectra were measured using a JEOL JNM-ECA500
spectrometer. Solid–state 1H FG-MAS NMR spectra were recorded on a JEOL
ECA-400 spectrometer with a sample spinning rate of 7 kHz. Chemical shifts were
referenced to the solvent signals (2.49, 4.79, and 7.26 p.p.m. for DMSO-d6, D2O,
and CDCl3, respectively). Electrospray ionization mass spectrometry (ESI-MS)
were collected on a Thermo Fisher LTQ Orbitrap XL. Fluorescence spectra for
solutions of the model systems were obtained on a HITACHI F-2500 spectro-
photometer using a 1 cm quartz cuvette (λex = 290 nm). The absorption spectra
were measured with a JASCO V-650 spectrometer. Circular dichroism spectra were
determined by a JASCO J820 spectrometer. Gel assembly tests were carried out
using an EYELA CM-1000 cute mixer. The agitation speed was fixed at ~450 rpm
unless otherwise indicated. Stress-strain curves for gel assemblies were recorded
using a Yamaden RE-33005 Rheoner creep meter. Each sample was prepared in a
quartz mold with a 5 × 3 mm2 cross sectional area and measured at a rate of 0.1
mm s-1 at room temperature. The swelling ratios were obtained as follow: as-
synthesized Trp-gels from DMSO was cut into several samples (V0), and every
three of them were immersed in each solution, i.e., pure water, NaCl aq., and Pd(II)
aq., respectively. After 3 days, the volumes of gels in each aqueous solution were
determined (V) to give swelling ratios as V/V0. The βCD-gels were synthesized
from water and their swelling ratios were obtained by following the same steps as
mentioned above (Fig. 2 and Supplementary Table 1).

Materials. N-(Tert-butoxycarbonyl)-D-tryptophan (BOC-D-Trp) and N-(tert-
butoxycarbonyl)-L-tryptophan (BOC-L-Trp) were purchased from Tokyo Chemical
Industries Co. Ltd., and β-cyclodextrin (βCD) was obtained from Junsei Chemical.
All other reagents and solvents were purchased from Nacalai Tesque Inc., Tokyo
Chemical Industries Cod. Ltd., Wako Pure Chemical Industries Ltd. or Sigma-
Aldrich Co. and used without further purification.

2-Aminoethyl-BOC-D-(or L-)Trp (1D or 1L)) was prepared from BOC-D-(or L-
)Trp following the procedures of Tammler et al.62 (Supplementary Fig. 1).

Synthesis of 2D and 2L. Acryloyl chloride (0.72 g, 8 mmol) in THF (5 mL) was
added dropwise to a solution of 1D (or 1L) (1.4 g, 4 mmol) and triethylamine
(TEA) (0.81 g, 8 mmol) in THF (35 mL) at 0 °C. The mixture was allowed to react
for 1 h at 0 °C and then overnight at room temperature. The solution was

concentrated and purified by silica gel chromatography to give the product 2D (or
2L) in 54 % yield (Supplementary Figure 1). See Supplementary Fig. 2 and 3 for 1H
NMR spectra.

Synthesis of acrylamido D- or L-Trp (AC-Trp(D or L)). Trifluoroacetic acid
(TFA) (1 mL, 13 mmol) was added dropwise to a solution of 2D (or 2L) (200 mg,
0.5 mmol) in DCM (1 mL) at 0 °C. The mixture was stirred for 1 h at 0 °C and an
additional 1 h at room temperature. The reaction solution was poured into diethyl
ether (50 mL) to generate a precipitate and then vacuum dried to give the final
product (Supplementary Fig. 1). Yield 87%. ESI-MS: calcd. for (C16H20N4O2)+ =
301.17 ([M +H]+); m/z = 301.17, [M + Na]+ 323.15 for AC-Trp(D); [M +Na]+

323.17, [M + K]+ 339.17 for AC-Trp(L). See Supplementary Figure 2 and 3 for 1H
NMR spectra.

Preparation of the D- or L-Trp(x)-gel. A predetermined amount of acrylamide
(AAm), N,N’-methylenebis(acrylamide) (MBA), and AC-TAm(D or L) were dis-
solved in DMSO (3.0 mL, total monomer concentration: 6.0 M). After purging with
dry argon for 30 min, Irgacure 184 (1.0 mol%) was added to the monomer solution.
The reaction mixture was placed in a 1 cm quartz cuvette and sealed. The cuvette
was irradiated with UV light at room temperature for 3 h. The newly formed gel
was washed with DMSO and excess water to remove traces of initiator and
unreacted monomers.

Preparation of the model polymer of pAAm/Trp(D or L). Predetermined
amounts of AAm and AC-Trp(D or L) were dissolved in DMSO. After dry argon
was used to purge the solution for 30 min, APS (1.0 mol%) was added to the
monomer solution. The reaction mixture was placed in a cuvette equipped with a
stirrer, and the cuvette was sealed. The cuvette was then warmed in an oil bath
thermostated at 65 °C overnight. The reaction mixture was poured into excess
methanol to give a precipitate. The newly formed polymer was recovered by fil-
tration and dried under vacuum. See Supplementary Figure 11.

Data availability. All data are available from the authors upon reasonable request.
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