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Versatile non-luminescent color palette based on
guest exchange dynamics in paramagnetic
cavitands
Elad Goren1, Liat Avram2 & Amnon Bar-Shir 1✉

Multicolor luminescent portrayal of complexed arrays is indispensable for many aspects of

science and technology. Nevertheless, challenges such as inaccessible readouts from opaque

objects, a limited visible-light spectrum and restricted spectral resolution call for alternative

approaches for multicolor representation. Here, we present a strategy for spatial COlor

Display by Exploiting Host-guest Dynamics (CODE-HD), comprising a paramagnetic cavitand

library and various guests. First, a set of lanthanide-cradled α-cyclodextrins (Ln-CDs) is

designed to induce pseudo-contact shifts in the 19F-NMR spectrum of Ln-CD-bound guest.

Then, capitalizing on reversible host-guest binding dynamics and using magnetization-

transfer 19F-MRI, pseudo-colored maps of complexed arrays are acquired and applied in

molecular-steganography scenarios, showing CODE-HD’s ability to generate versatile out-

puts for information encoding. By exploiting the widely shifted resonances induced by

Ln-CDs, the guest versatility and supramolecular systems' reversibility, CODE-HD provides a

switchable, polychromatic palette, as an advanced strategy for light-free, multicolor-mapping.
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The palette of spectrally resolved luminescent colors pro-
vides us the ability to distinguish between dyed objects, and
therefore, to observe and study complex milieus, where

multiple components are indistinguishable in their “monochro-
matic” appearance. Thus, numerous color signatures and multi-
plexed readout features stimulated the development of advanced
materials, used not only to tackle challenges in basic sciences, but
also for advanced applications1–4. Indeed, illuminating (small)
molecules5, polymers6, nanoparticles7, and proteins8 are all
channels for the design of a broad palette of orthogonal and
spectrally resolved colored materials, which are employed widely
—from a better understanding of complex systems9 to sensing10

and logic gates11, through molecular steganography12, imaging of
live organisms13, and up to electronic devices14. Nevertheless,
several challenges remain for luminescent materials, including
photobleaching, light penetration through nontransparent media,
a limited number of spectrally resolved colors, color palette
transformability (e.g., extendibility to additional colors and their
deletion), through-object tomography-based mapping cap-
abilities, and more. Therefore, nonluminescent strategies that can
capture the polychromatic capabilities of light could expand the
material-based designs for multiplexing detection and multi-
spectral display in scenarios beyond those that are applicable for
luminescence-based colors.

The introduction of supramolecular chemistry15–17 has
opened numerous possibilities for designing noncovalent
dynamic assemblies, resulting in the establishment of synthetic
supramolecular systems as accessible tools for both fundamental
research and advanced applications. Among the developed
supramolecular architectures, those that are composed of large
hosts and small molecular guests were developed and used in
many disciplines18–24. Taking advantage of the dynamic nature
of host–guest systems and exploiting the chemical shift differ-
ence in NMR spectra, a unique method for magnetization
transfer between a host-bound and free guest molecules was
proposed25. This method, based on chemical exchange saturation
transfer (CEST), which is frequently used for MRI mapping of
solutes through a proton exchange process26, was shown to be
applicable for host–guest systems that are composed of Xe gas
and a variety of large hosts through an advanced hyperpolarized
129Xe-NMR setup (i.e., hyperCEST)27–32. The extension of CEST
into 19F-NMR33, together with the diversity of potential fluori-
nated guests, to obtain the host–guest variant of CEST, termed
GEST34–36 (guest exchange saturation transfer), created the

opportunity to design large number of innovative supramole-
cular platforms.

Depending on the different chemical shift offsets of
exchangeable protons of different solutes and their fast exchange
with water protons, artificial colors were produced in 1H-CEST-
MRI maps for biomedical applications37,38. The ability to induce
pseudo-contact shifts (PCSs) to exchangeable protons and
introducing the paramagnetic CEST (paraCEST)39,40 approach,
has further expanded the spectrally resolved pseudo-colors for
MRI applications41. The multicolor features shown by
hyperCEST27 and paraCEST MRI39,40, together with the ability to
implement the PCS principles to 19F-NMR42 and 19F-MRI43

inspired us to develop a supramolecular palette for COlor Display
by Exploiting Host–guest Dynamics (CODE-HD).

Here, we show the design, development, characterization, and
implementation of a supramolecular system that generates mul-
tispectral pseudo-colors based on host–guest exchange kinetics,
paramagnetic-induced PCS, and CEST contrast in a 19F-MRI
framework. This method enables multiplexed information
encoding and multicolor displays of supramolecular systems
without the need for a light source. As a proof-of-concept, we
show the potential use of CODE-HD for molecular stegano-
graphy applications, demonstrating its high level of security,
versatility (switchable color palette), and eraseability. Finally,
based on the principles of tomography-based techniques, MRI
among them, CODE-HD is utilized to simultaneously encode
different layers of information from a single studied object.

Results
Paramagnetic cavitands design. Introducing the paramagnetic
GEST (paraGEST) approach, in which the obtained chemical shift
(Δω) of the bound guest depends on the paramagnetic element in
the host (Fig. 1a), a library of paramagnetic cavitands (para-CDs)
was first constructed. To this, 6A,6D-diamino-6A,6D-dideoxy-α-
cyclodextrin (diamino-CD, Supplementary Figs. 1 and 2) was
conjugated to a lanthanide chelating cradle, diethylene-
triaminepentaacetic dianhydride (DTPAA), to obtain CD-DTPA
(α-CD-diethylenetriaminepentaacetic acid, Fig. 1b), through their
reaction in anhydrous dimethyl sulfoxide (16 h stirring) in the
presence of triethylamine. The resultant white powder was col-
lected after centrifugation and purified using preparative
reversed-phase high-pressure liquid chromatography (HPLC).
The purity of the obtained CD-DTPA product was evaluated by
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Fig. 1 COlor Display by Exploiting Host–guest Dynamics (CODE-HD) rationale and lanthanide-cyclodextrins (Ln-CDs) library fabrication. a The
dynamic exchange process that allows a paramagnetic guest exchange saturation transfer (paraGEST) observation and two schematic z-spectra showing
different chemical offsets (Δω1, green, and Δω2, pink) values, when using different Ln-CDs (green and pink diamonds). b The synthetic route used for the
synthesis of Ln-CD: (i) diethylenetriaminepentaacetic dianhydride and triethylamine, in anhydrous dimethyl sulfoxide (DMSO) at room temperature for 16 h;
(ii) reflux in aqueous Lanthanide chloride (LnCl3) solution for 1 h, -hydrochloric acid (HCl). c The constructed Ln-CD library with the different Ln used
represented as color diamonds.
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an analytical HPLC (Supplementary Fig. 3), followed by its full
characterization using a set of one-dimensional (1D; 1H-, 13C-)
and two-dimensional (2D; 1H–1H COSY, 1H–13C HSQC, and
1H–1H ROESY) NMR experiments (Supplementary Discussion,
Supplementary Figs. 4–19, and Supplementary Tables 1 and 2)
and high-resolution mass spectrometry (Supplementary Figs. 20
and 21). Then, based on the procedure applied to obtain
lanthanide-cradled β-cyclodextrins44,45, pure CD-DTPA was
refluxed in water in the presence of different lanthanide chloride
salts (LnCl3, composed of different Ln3+ cations) to obtain the
desired set of lanthanide-cyclodextrins (Ln-CDs, Fig. 1c and
Supplementary Figs. 22–40) as CODE-HD’s hosts. In addition to
the paramagnetic Ln-CDs that are expected to induce variable
PCS effects upon guest complexation, La-CD was synthesized as a
diamagnetic host for complementary NMR experiments. Note
here that the obtained aminopolycarboxylate CD-DTPA should
have a strong binding affinity toward lanthanides in the resultant
Ln-CDs, as those obtained for the clinically used Gd-DTPA-BMA
contrast agent46. Nevertheless, as the binding affinities may
slightly deviate for different Ln3+, as reported for different Ln-
DTPA-BMAs47,48, further stability studies and safety profiles
should be obtained prior to the use of Ln-CDs in any biological
application in the future.

ParaGEST characterization of host–guest complexes. Having
established an array of Ln-CDs, their potential use as the para-
magnetic hosts in CODE-HD was examined with four putative
guests (1–4), which share the same benzyl amine backbone
(Fig. 2a). The formation of an inclusion complex between the
guest and Ln-CD, essential for magnetization transfer, was con-
firmed by a 2D 1H–1H ROESY experiment performed on a
solution containing guest 1 and the diamagnetic host La-CD
(Fig. 2b)49. Then, a set of 19F-GEST NMR experiments was
acquired for samples containing the paramagnetic host Dy-CD
and each of guests 1–4, revealing a clear dependency of the Δω of
the obtained paraGEST effect on the structure of the guest. The
relatively large chemical shift of the GEST peaks clearly manifests
the PCS induction of the paramagnetic Dy on the 19F-NMR
resonance of a bound guest, as indicated by Δω values of −20.6
ppm (Fig. 2c), −18.2 ppm (Fig. 2d), −28.5 ppm (Fig. 2e), and
−61.9 ppm (Fig. 2f) for guests 1, 2, 3, and 4, respectively. Such
differences in the Δω values and the magnification (“dips”) of the
paraGEST effects can be attributed to the distance (and angle)
between the affected nucleus (fluorine) and the lanthanide
(Dy3+)50, but may also be the result of steric hindrances that
mediate exchange rate and guest inclusion. Importantly, an
analog of guest 1, which is substituted with a carboxylic acid
instead of a primary amine group, also yielded a pronounced
paraGEST effect (Supplementary Fig. 41a), while other analogs,
substituted with hydroxyl or amino-methyl functional groups,
did not generate any noted effect (Supplementary Fig. 41b–d).
These observations reflect the cruciality of a functional group
with Ln3+-coordination capabilities (primary amine or a car-
boxylic acid) for a successful magnetization transfer effect (Fig. 2
and Supplementary Fig. 41). Based on the PCS induced by the
paramagnetic element at the center of the cavitand, we expected
that CODE-HD would provide high spectral resolution with no
paraGEST profile overlaps upon the use of different lanthanides.
Thus, utilizing an array of several para-CDs (Fig. 1), a single
significant paraGEST effect in 19F-NMR (Fig. 2) could be further
extended into a frequency-encoded palette that has the potential
to be displayed in a multicolor manner (i.e., CODE-HD).

CODE-HD construction. Relying on the three equivalent fluor-
ine atoms of guest 2 that should result in a better signal-to-noise

ratio and given its large GEST effect, 2 was used as the putative
guest for the initial examination of CODE-HD performances. To
this end, nine CODE-HD pairs composed of guest 2 and different
para-CDs (Fig. 1c) were examined for their 19F-paraGEST NMR
characteristics. An array of single and well-defined paraGEST
effects was obtained for all examined Ln-CD:2 pairs with char-
acteristic Δω values, which depend on the identity of the Ln3+

center of the host (Fig. 3a). Performing the magnetization transfer
asymmetry (MTRasym) analysis (Supplementary Fig. 42) for each
host–guest pair, and further assigning the Δω values of each
paraGEST effect with color (Fig. 3b and Supplementary Table 3)
resulted in the establishment of the pseudo-color palette of
CODE-HD. Note here, as expected for lanthanides with poor PCS
capabilities (i.e., Ce-CD and Sm-CD), relatively small Δω values
were obtained in the paraGEST spectra (Supplementary Fig. 43f
and Supplementary Fig. 43g, respectively), and therefore, these
paramagnetic hosts were not included in the proposed CODE-
HD palette. Nevertheless, these hosts may offer further supra-
molecular colors in the future, when paired with a different guest
molecule or when using MRI scanners operating at stronger
magnetic fields.

To demonstrate CODE-HD in a 2D manner, each well of a 3 × 3
multiwell plate was loaded with an aqueous solution of guest 2, in
the presence of a different paramagnetic host (paraGEST library,
Fig. 3c and Supplementary Table 4), and the plate was placed in a
15.2 T MRI scanner. Both 1H-MRI (Fig. 3d) and 19F-MRI (Fig. 3e)
images of the scanned plate resulted in no significant difference
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Fig. 2 Paramagnetic guest exchange saturation transfer (paraGEST)
nuclear magnetic resonance (NMR) of variable guests. a Schematic
illustration of the diamagnetic lanthanum-cyclodextrin (La-CD, brown
diamond) and paramagnetic dysprosium-cyclodextrin (Dy-CD, peach
diamond) hosts and guests 1–4 (represented by a purple hexagon) used to
determine guest inclusion and paraGEST characteristics. b A section of the
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host Dy-CD and guests 1 (c), 2 (d), 3 (e), and 4 (f, inset shows
magnification of the paraGEST effect at −61.9 ppm).
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between the MRI appearance of the nine wells. However, acquiring
19F-GEST MRI data and performing an MTRasym analysis
(Supplementary Fig. 44) resulted in a colored CODE-HD map
(Fig. 3f). In this manner, the location of each Ln-CD:2 pair can be
spatially depicted and assigned a pseudo-color, according to the
Δω of the observed paraGEST effect (Fig. 3b, f and Supplementary
Table 3). Thus, applying CODE-HD in an MRI setup, we
demonstrated the ability to spatially map nine spectrally resolved
pseudo-colors through a 2D color display of their location. These
nine “markers” can be used in a variety of potential combinations
that could be arranged in numerous displayable patterns for
diverse applications in several fields, beyond biomedicine.

Molecular steganography applications. One potential applica-
tion of CODE-HD is demonstrated through molecular stegano-
graphy, where combinations of hideable, modifiable, and
erasable51–54 spectrally resolved colors may be used to secure
encoded information. For example, in a simple case where a
single host–guest pair is placed in each one of the given nine wells
(Supplementary Table 5), CODE-HD can be used to generate
color-based barcodes or patterns (Fig. 4a, b), in the same fashion
shown for fluorescent-based molecular systems53,55. For this
particular use, the order in which the 19F-paraGEST data are
acquired is not essential for revealing the hidden pattern, as each
well contains only a single host. Note here that to obtain these
color patterns, the paraGEST data can be acquired for all Ln-CDs
(all Δω’s) from which only the one included in the plate will
generate the related pseudo-color. Given nine artificial colors and
nine wells, CODE-HD can be used to encode nine factorial (9!=
362,880) different colored barcodes, like those shown in Fig. 4a, b.
Notice that future applications, including Ce-CD and Sm-CD,
which induced relatively small Δω values in 2 (Supplementary
Fig. 43), can add additional colors to CODE-HD, enabling even
more color combinations (although limited for strong-field MRI
scanners, as the one used here, Supplementary Fig. 45). By this,

CODE-HD is able to offer eleven factorial (11!= 39,916,800)
different combinations in dedicated setups.

In addition and notably, the high spectral resolution of the
“colors” of CODE-HD, which is the result of the large PCS
induction by the paramagnetic elements of the Ln-CD cavitands,
can be exploited for more complex encoding strategies, in which
multiple host–guest pairs are located in a single well of the 3 × 3
plate. This mode of information encoding allows, in principle,
387,420,489 combinations of colors (99 when arranged in a 3 × 3
multiwell plate). To demonstrate this, we capitalized on the ability
to generate a 3 × 3 typeface of all Latin alphabet letters, 0–9 digits
and additional symbols (Supplementary Fig. 46) to encrypt either
words (Fig. 4c, d) or PIN codes (Fig. 4e, f). For that purpose,
multiple hosts should be loaded into each one of the wells to
allow the encoding and decoding of an entire word or PIN code
from a single 3 × 3 plate.

To this end, each well of the 3 × 3 multiwell plate was first
loaded with several Ln-CD hosts in such a way that a single plate
reflected either the hidden word or PIN code (Supplementary
Tables 6 and 7). Followed by the addition of guest 2 to all wells
and the acquisition of 19F-paraGEST data in a given order (i.e.,
Δω1→ Δω2→ Δω3→…), the encrypted information was
decrypted. Figure 4c depicts an example of the hidden word
“CEST”—while the identity of the loaded Ln-CD hosts in each
well cannot be revealed by either 1H-MRI or 19F-MRI, applying
CODE-HD at the Δω values of −18.8 ppm (Dy-CD:2), +7.3 ppm
(Tm-CD:2), −8.8 ppm (Ho-CD:2), and −2.3 ppm (Pr-CD:2), i.e.,
the code “Dy–Tm–Ho–Pr,” revealed the hidden word (CEST). In
the same manner, the word “color” was encoded by
“Tb–Yb–Er–Yb–Ho”, as shown in Fig. 4d. Figure 4e, f shows
two examples of secured PIN codes, i.e., “1934” and “*6075”
uncovered by the codes “Dy–Ho–Tm–Pr” and
“Tb–Pr–Tm–Er–Yb,” respectively. Importantly, in contrast to
the encrypted colored barcodes (Fig. 4a, b), decrypting hidden
words or PIN codes (Fig. 4c–f) without a specific given order (e.g.,
“Dy–Tm–Ho–Pr” in Fig. 4c and “Tb–Pr–Tm–Er–Yb” in Fig. 4f)
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will result in a scrambled, unrevealed message. Thus, this
demonstration of using CODE-HD for molecular steganography
reflects its versatility for encoding multiple information types
(barcodes, words, and PIN codes), based on different combina-
tions of colors and patterns, that could be revealed only by users
who are familiar with CODE-HD’s elements (Ln-CD library,
identity of the 19F-guest and 19F-paraGEST principles). Com-
pared to other MRI-based multicolor approaches, either CEST-
based or 19F-MRI based, where only a single component of the
encoding system (the used agent) can be controlled, in CODE-
HD, the higher level of security is reflected by the fact that the
hidden code is composed of two components (host and guest).

Multiplexed encoding capabilities. Following that, to manifest
CODE-HD flexibility and versatility, we demonstrated additional
advanced abilities, such as the ability to convert a given color-
code to another, code-deletion capabilities, and the ability to
simultaneously extract different patterns from a sealed, multi-
layered volumetric subject. One major advantage of CODE-HD
over other molecular systems used for color-encoding is its switch
ability. In principle, by replacing the used guest (2) with another
one, which generates significant 19F-paraGEST effects in different
Δω values in the presence of the same members of the Ln-CDs
library (see Fig. 2), an alternative color palette can be generated
for CODE-HD (Fig. 5a, b). Specifically, replacing 2 (Fig. 5a) with

3 (Fig. 5b) as the putative guest and using the same host, e.g., Tm-
CD, resulted in significantly shifted Δω values for the obtained
19F-paraGEST effects, from Δω= 7.3 ppm. (with guest 2, Fig. 5a)
to Δω= 17.0 ppm (with guest 3, Fig. 5b). Implementing this
principle for all Ln-CDs in the library, and using guest 3 rather
than guest 2, an additional CODE-HD color palette was gener-
ated (Fig. 5b, Supplementary Fig. 47a, and Supplementary
Tables 8 and 9). This change provided CODE-HD with a con-
vertible color-code capability—a property that is not achievable
for classical luminescence-based colors or for MRI-based artificial
colors. Such a feature, which extends the available “colors” of
CODE-HD and doubles the number of possibilities for multi-
plexed information encoding, reflects, again, the platform’s ver-
satility through a simple guest replacement.

Another unique feature of CODE-HD is its eraseability.
Adding guest 5 (Fig. 5c), which has a high affinity to α-CD56

and thus prevents Ln-CD:3 inclusion (Supplementary Fig. 48),
leads to the elimination of all the paraGEST effects of Ln-CD:3
pairs, resulting in the deletion of the multicolor pattern. The
nullified 19F-paraGEST effect in each well is reflected by the
elimination of the characteristic peak at the z-spectrum obtained
for each well (shown for Er-CD:3 in Fig. 5c and for other pairs in
Supplementary Fig. 47b). These code manipulation capabilities of
CODE-HD (Fig. 5a–c) reflect again its flexibility for enhancing
both message complexity (i.e., more permutations) and security
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Hidden PIN codes (e, f). 1H-MRI and 19F-MRI (shown in grayscale) of the studied 3 × 3 multiwell plates and sequential CODE-HD maps obtained in a given
order (Dy–Ho–Tm–Pr and Tb–Pr–Tm–Er–Yb for e and f, respectively), revealing the hidden PIN codes (1934 and *6075 for e and f, respectively).
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level, by utilizing different types of modifiable and erasable
components. Moreover, it shows its potential to be further
extended with additional putative guests in the future.

Finally, to emphasize another advantage of CODE-HD over
other approaches, where luminescent colors play a pivotal role, we
capitalized on the tomographic capabilities of MRI, which enables
the spatial display of maps of different planes of a scanned (sealed
and opaque) object. For that purpose, we designed and
manufactured a sealed three-dimensional (3D) apparatus that is
composed of three layers of 3 × 3 multiwell plates, thereby gaining
27 different compartments, which were loaded with different Ln-
CD:2 (Fig. 5d and Supplementary Table 10) to create three distinct
3 × 3 patterns (Fig. 5d). Assembling and sealing the three plates
into a single multilayer object, and activating CODE-HD using an
MRI scanner (Fig. 5e), benefited us with the feature of virtual slice
selection, allowing to obtain three distinctive multicolored
patterns that were encoded by the layers of the scanned opaque
object (Fig. 5f). If used for molecular steganography, this ability
increases the number of possible permutations and thus authorizes
an increased complexity for encoding information, where each
layer is translated to a different component of the message.
Importantly, the abilities of MRI-based scans to spatially map an
object from three different planes (namely, sagittal, axial, and
coronal) and virtually section it to longitudinal, lateral, and
vertical planes, highlights another unique feature of CODE-HD to
encode and decode information in a multitude of modes in the
future. These modes will allow the simultaneous loading of single
or multiple paraGEST libraries in a given setup, and thus enabling
mapping of even more complex arrays.

In summary, we show here the design, development, principles,
and implementation of a nonluminescent supramolecular system,
CODE-HD, which enables 1D (NMR), 2D, and 3D displays of

artificial colors. By synthesizing a library of paramagnetic
cavitands that are based on a lanthanide-cradled α-CD, identify-
ing putative fluorinated guests, and combining host–guest-
binding kinetics with paraCEST and 19F-MRI, the principles by
which CODE-HD is operated are established. By inducing PCSs
to the chemical shift of dynamically exchanging fluorinated guests
in a 19F-NMR framework, which is controlled by the lanthanide
element of the paramagnetic host, spectrally resolved artificial
colors are obtained. Following its implementation in 19F-MRI to
allow the spatial display of the artificial colors, the potential use of
CODE-HD is demonstrated in several setups. The number of
color display permutations resulting from one library of nine
pseudo-colors is 387,420,489 (99), when arranged in a 3 × 3 well
plate. However, it can be readily extended by adapting an
alternative guest, generating different spectrally resolved pseudo-
colors, or by using compartmentalized arrays that generate
additional color combinations. While adopting the principles of
paraCEST provides CODE-HD with a high spectral resolution
and well-resolved colors, its host–guest landscape affords
versatility (using a variety of hosts and multiple guests) for
color-code switch ability and eraseability. Relying on MRI basics
for data acquisition and spatial display of the artificial colors,
CODE-HD is exemplified for molecular steganography applica-
tions, demonstrating its 3D potential by virtually decoding a
multilayered object. While colors that are based on luminescence
(fluorescence, chemiluminescence, phosphorescence, etc.) are still
the obvious choice for distinguishing between objects, spectrally
resolved, light-alternative “colors” can extend the available
“multicolor” toolbox for scenarios that are not amenable to the
use of light (i.e., opaque objects, media with strong light-
scattering or absorbance, photobleaching, limited number of
colors, limited spectral resolution, etc.). Thus, we envision that
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Fig. 5 Color Display by Exploiting Host–guest Dynamics (CODE-HD) code manipulation. The obtained z-spectra of a solution of thulium-cyclodextrin
(Tm-CD, red and orange diamonds) in the presence of either 2 (a, purple hexagon) or 3 (b, green triangle), and plots showing the obtained chemical shift
offset (Δω) values from paramagnetic guest exchange saturation transfer (paraGEST) experiments with different lanthanide-cyclodextrins (Ln-CDs) as the
hosts and either 2 (a) or 3 (b) as the guest, and the assigned colors for each host–guest pair (assigned at Supplementary Tables 3 and 8); c CODE-HD
color map obtained from different pairs of Ln-CD and 3, which is deleted upon anthranilic acid (5, red star) addition to each one of the wells in the plate.
The z-spectra obtained from the well containing erbium-cyclodextrin (Er-CD, gray diamond) before and after the addition of 5 is shown in the insets;
CODE-HD of a sealed three-dimensional (3D) multilayer object. d Scanned object scheme, composing of three 3 × 3 multiwell plates, and different Ln-CD:2
pairs loading patterns (diamonds), e complete object and MRI schemes, reflecting the inability to discover the content of each layer and f generated CODE-
HD maps (rectangles) of each layer.
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CODE-HD will be utilized towards multiplexed displays in
various fields in basic and applicative sciences.

Data availability
The data that supports the findings of this study are available upon a reasonable request
from the corresponding author.

Received: 2 October 2020; Accepted: 19 April 2021;

References
1. Sagara, Y. & Kato, T. Mechanically induced luminescence changes in

molecular assemblies. Nat. Chem. 1, 605–610 (2009).
2. Wang, Z. et al. Towards full-colour tunability of inorganic electrochromic

devices using ultracompact fabry-perot nanocavities. Nat. Commun. 11, 302
(2020).

3. Chen, Y. et al. Mechanically induced chemiluminescence from polymers
incorporating a 1,2-dioxetane unit in the main chain. Nat. Chem. 4, 559–562
(2012).

4. Han, M., Gao, X., Su, J. Z. & Nie, S. Quantum-dot-tagged microbeads for
multiplexed optical coding of biomolecules. Nat. Biotechnol. 19, 631–635 (2001).

5. Rosania, G. R., Lee, J. W., Ding, L., Yoon, H. S. & Chang, Y. T. Combinatorial
approach to organelle-targeted fluorescent library based on the styryl scaffold.
J. Am. Chem. Soc. 125, 1130–1131 (2003).

6. Greenham, N. C., Moratti, S. C., Bradley, D. D. C., Friend, R. H. & Holmes, A.
B. Efficient light-emitting diodes based on polymers with high electron
affinities. Nature 365, 628–630 (1993).

7. Li, Z., Zhang, Y. & Jiang, S. Multicolor core/shell-structured upconversion
fluorescent nanoparticles. Adv. Mater. 20, 4765–4769 (2008).

8. Shaner, N. C. et al. Improved monomeric red, orange and yellow fluorescent
proteins derived from Discosoma sp. red fluorescent protein. Nat. Biotechnol.
22, 1567–1572 (2004).

9. Tauk, L., Schroder, A. P., Decher, G. & Giuseppone, N. Hierarchical functional
gradients of pH-responsive self-assembled monolayers using dynamic
covalent chemistry on surfaces. Nat. Chem. 1, 649–656 (2009).

10. Lim, S. H., Feng, L., Kemling, J. W., Musto, C. J. & Suslick, K. S. An
optoelectronic nose for the detection of toxic gases. Nat. Chem. 1, 562–567
(2009).

11. Liu, X., Aizen, R., Freeman, R., Yehezkeli, O. & Willner, I. Multiplexed
aptasensors and amplified DNA sensors using functionalized graphene oxide:
application for logic gate operations. ACS Nano 6, 3553–3563 (2012).

12. Sarkar, T., Selvakumar, K., Motiei, L. & Margulies, D. Message in a molecule.
Nat. Commun. 7, 11374 (2016).

13. Gao, X., Cui, Y., Levenson, R. M., Chung, L. W. & Nie, S. In vivo cancer
targeting and imaging with semiconductor quantum dots. Nat. Biotechnol. 22,
969–976 (2004).

14. Han, D. et al. Flexible blade-coated multicolor polymer light-emitting diodes
for optoelectronic sensors. Adv. Mater. 29, 1606206 (2017).

15. Lehn, J. M. Supramolecular chemistry. Science 260, 1762–1763 (1993).
16. Pedersen, C. J. The discovery of crown ethers. Science 241, 536–540 (1988).
17. Cram, D. J. The design of molecular hosts, guests, and their complexes. Science

240, 760–767 (1988).
18. Leigh, D. A., Wong, J. K., Dehez, F. & Zerbetto, F. Unidirectional rotation in a

mechanically interlocked molecular rotor. Nature 424, 174–179 (2003).
19. Otto, S. Dynamic molecular networks: from synthetic receptors to self-

replicators. Acc. Chem. Res 45, 2200–2210 (2012).
20. Samanta, D. et al. Reversible photoswitching of encapsulated azobenzenes in

water. Proc. Natl Acad. Sci. USA 115, 9379–9384 (2018).
21. Bolliger, J. L., Belenguer, A. M. & Nitschke, J. R. Enantiopure water-soluble

[Fe4L6] cages: host-guest chemistry and catalytic activity. Angew. Chem. Int.
Ed. Engl. 52, 7958–7962 (2013).

22. Pluth, M. D., Bergman, R. G. & Raymond, K. N. Supramolecular catalysis of
orthoformate hydrolysis in basic solution: an enzyme-like mechanism. J. Am.
Chem. Soc. 130, 11423–11429 (2008).

23. Hennig, A., Bakirci, H. & Nau, W. M. Label-free continuous enzyme assays
with macrocycle-fluorescent dye complexes. Nat. Methods 4, 629–632 (2007).

24. Duan, Q. et al. pH-responsive supramolecular vesicles based on water-soluble
pillar[6]arene and ferrocene derivative for drug delivery. J. Am. Chem. Soc.
135, 10542–10549 (2013).

25. Schroder, L., Lowery, T. J., Hilty, C., Wemmer, D. E. & Pines, A. Molecular
imaging using a targeted magnetic resonance hyperpolarized biosensor.
Science 314, 446–449 (2006).

26. Ward, K. M., Aletras, A. H. & Balaban, R. S. A new class of contrast agents for
MRI based on proton chemical exchange dependent saturation transfer
(CEST). J. Magn. Reson. 143, 79–87 (2000).

27. Klippel, S., Freund, C. & Schroder, L. Multichannel MRI labeling of
mammalian cells by switchable nanocarriers for hyperpolarized xenon. Nano
Lett. 14, 5721–5726 (2014).

28. Rose, H. M. et al. Development of an antibody-based, modular biosensor for
129Xe NMR molecular imaging of cells at nanomolar concentrations. Proc.
Natl Acad. Sci. USA 111, 11697–11702 (2014).

29. Schnurr, M., Sloniec-Myszk, J., Dopfert, J., Schroder, L. & Hennig, A.
Supramolecular Assays for mapping enzyme activity by displacement-
triggered change in hyperpolarized 129Xe magnetization transfer NMR
spectroscopy. Angew. Chem. Int. Ed. Engl. 54, 13444–13447 (2015).

30. Riggle, B. A., Wang, Y. & Dmochowski, I. J. A “Smart” 129Xe NMR biosensor
for pH-dependent cell labeling. J. Am. Chem. Soc. 137, 5542–5548 (2015).

31. Bai, Y., Hill, P. A. & Dmochowski, I. J. Utilizing a water-soluble cryptophane
with fast xenon exchange rates for picomolar sensitivity NMR measurements.
Anal. Chem. 84, 9935–9941 (2012).

32. Du, K., Zemerov, S. D., Hurtado Parra, S., Kikkawa, J. M. & Dmochowski, I. J.
Paramagnetic organocobalt capsule revealing xenon host-guest chemistry.
Inorg. Chem. 59, 13831–13844 (2020).

33. Bar-Shir, A. et al. Single 19F probe for simultaneous detection of multiple
metal ions using miCEST MRI. J. Am. Chem. Soc. 137, 78–81 (2015).

34. Avram, L. et al. Dynamic interactions in synthetic receptors: a guest exchange
saturation transfer study. Chem. Eur. J. 25, 1687–1690 (2019).

35. Avram, L., Iron, M. A. & Bar-Shir, A. Amplifying undetectable NMR signals
to study host-guest interactions and exchange. Chem. Sci. 7, 6905–6909
(2016).

36. Avram, L., Wishard, A. D., Gibb, B. C. & Bar-Shir, A. Quantifying guest
exchange in supramolecular systems. Angew. Chem. Int. Ed. Engl. 56,
15314–15318 (2017).

37. McMahon, M. T. et al. New “multicolor” polypeptide diamagnetic chemical
exchange saturation transfer (DIACEST) contrast agents for MRI. Magn.
Reson. Med. 60, 803–812 (2008).

38. Liu, G. et al. In vivo multicolor molecular MR imaging using diamagnetic
chemical exchange saturation transfer liposomes. Magn. Reson. Med. 67,
1106–1113 (2012).

39. Woods, M., Woessner, D. E. & Sherry, A. D. Paramagnetic lanthanide
complexes as PARACEST agents for medical imaging. Chem. Soc. Rev. 35,
500–511 (2006).

40. Terreno, E., Castelli, D. D. & Aime, S. Encoding the frequency dependence in
MRI contrast media: the emerging class of CEST agents. Contrast Media Mol.
Imaging 5, 78–98 (2010).

41. Ferrauto, G., Delli Castelli, D., Terreno, E. & Aime, S. In vivo MRI
visualization of different cell populations labeled with PARACEST agents.
Magn. Reson. Med. 69, 1703–1711 (2013).

42. Chalmers, K. H., Botta, M. & Parker, D. Strategies to enhance signal intensity
with paramagnetic fluorine-labelled lanthanide complexes as probes for 19F
magnetic resonance. Dalton Trans. 40, 904–913 (2011).

43. Yu, M., Bouley, B. S., Xie, D., Enriquez, J. S. & Que, E. L. 19F PARASHIFT
probes for magnetic resonance detection of H2O2 and peroxidase activity. J.
Am. Chem. Soc. 140, 10546–10552 (2018).

44. Mortellaro, M. A. & Nocera, D. G. A Supramolecular chemosensor for
aromatic hydrocarbons. J. Am. Chem. Soc. 118, 7414–7415 (1996).

45. Rudzinski, C. M., Young, A. M. & Nocera, D. G. A supramolecular
microfluidic optical chemosensor. J. Am. Chem. Soc. 124, 1723–1727 (2002).

46. Fossheim, R., Dugstad, H. & Dahl, S. G. Structure-stability relationships of Gd
(III) ion complexes for magnetic resonance imaging. J. Med. Chem. 34,
819–826 (1991).

47. Pietsch, H. et al. Efficacy and safety of lanthanoids as X-ray contrast agents.
Eur. J. Radio. 80, 349–356 (2011).

48. Rizkalla, E. N., Choppin, G. R. & Cacheris, W. Thermodynamics, proton
NMR, and fluorescence studies for the complexation of trivalent lanthanides,
calcium2+, copper2+, and zinc2+ by diethylenetriaminepentaacetic acid bis
(methylamide). Inorg. Chem. 32, 582–586 (1993).

49. Rüdiger, V. et al. Conformational, calorimetric and NMR spectroscopic
studies on inclusion complexes of cyclodextrins with substituted phenyl
and adamantane derivatives. J. Chem. Soc. Perkin Trans. 2, 2119–2123
(1996).

50. Chalmers, K. H. et al. Design principles and theory of paramagnetic fluorine-
labelled lanthanide complexes as probes for 19F magnetic resonance: a proof-
of-concept study. Chem. Eur. J. 16, 134–148 (2010).

51. Andreasson, J. & Pischel, U. Molecules for security measures: from keypad
locks to advanced communication protocols. Chem. Soc. Rev. 47, 2266–2279
(2018).

52. Hou, X. et al. Tunable solid-state fluorescent materials for supramolecular
encryption. Nat. Commun. 6, 6884 (2015).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-23179-9 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:3072 | https://doi.org/10.1038/s41467-021-23179-9 | www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


53. Ji, X. et al. Encoding, reading, and transforming information using
multifluorescent supramolecular polymeric hydrogels. Adv. Mater. 30,
1705480 (2018).

54. Sun, H. et al. Smart responsive phosphorescent materials for data recording
and security protection. Nat. Commun. 5, 3601 (2014).

55. Chandrasekaran, A. R. Processing DNA-based molecular signals into
graphical displays. ACS Synth. Biol. 9, 1490–1498 (2020).

56. Rekharsky, M. V. & Inoue, Y. Complexation thermodynamics of
cyclodextrins. Chem. Rev. 98, 1875–1918 (1998).

Acknowledgements
This project has received funding from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation program (grant agreement No.
677715). The authors thank Dr. Alla Falkovich for her help with the analysis of the
MS data.

Author contributions
E.G. and A.B.-S. designed the study. E.G. synthesized and purified all Ln-CDs. E.G. and
L.A. designed and performed all NMR experiments, and analyzed the NMR spectra. E.G.
performed all GEST experiments and analyzed the data shown. E.G. and A.B.-S. wrote
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-23179-9.

Correspondence and requests for materials should be addressed to A.B-S.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-23179-9

8 NATURE COMMUNICATIONS |         (2021) 12:3072 | https://doi.org/10.1038/s41467-021-23179-9 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-021-23179-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Versatile non-luminescent color palette based on guest exchange dynamics in paramagnetic cavitands
	Results
	Paramagnetic cavitands design
	ParaGEST characterization of host–nobreakguest complexes
	CODE-HD construction
	Molecular steganography applications
	Multiplexed encoding capabilities

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




