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Signal-dependent reactivity
of host-guest complexes
controls supramolecular aggregate formation

Guotai Li,1 Yucheng Wan,1 Reece W. Lewis,1 Bowen Fan,1 and Rienk Eelkema1,2,3,*
SUMMARY

Living systems can respond to their environment through signal
transduction cascades. In these cascades, original stimuli are ampli-
fied and translated into reaction or assembly events. In an effort to
instill synthetic materials with biomimetic responsivity, we report
an aggregation process forming a supramolecular network held
together by host-guest interactions that is responsive to nucleo-
philic chemical signals through a chemical reaction-assembly
cascade. In particular, we developed a signal-induced switch be-
tween cucurbit[8]uril binary and ternary complexes with cationic
bipyridine derivatives where the charge on the bipyridine can be
changed through an allylic substitution reaction with the nucleo-
philic signal. When applied to a multitopic bipyridine guest, the re-
action with the nucleophile signals leads to supramolecular network
formation where the aggregation rates and final structure depend
on the nucleophilicity of the signal. This work opens the door to
new opportunities for signal-responsive synthetic materials and in-
teractions with biological systems.
1Department of Chemical Engineering, Delft
University of Technology, Van der Maasweg 9,
2629 HZ Delft, the Netherlands

2Twitter: @eelkemalab

3Lead contact

*Correspondence: r.eelkema@tudelft.nl
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INTRODUCTION

Processing specific signals leading to triggering of event cascades is a hallmark of

living systems. An example of such a cascade is platelet aggregation and fibrin for-

mation leading to blood coagulation, activated by agonists after vascular trauma.1

Importantly, such a cellular response is typically realized not by directly reacting

to the primary stimulus but by multiplexed signal transduction cascades transduced

by receptors and switchable enzymes, causing the cell to respond to the initial stim-

ulus.2 In efforts to instill artificial materials with biomimetic responsivity, supramolec-

ular materials have attracted much attention over the last two decades owing to the

dynamic and reversible nature of non-covalent bonding.3,4 These materials can have

the ability to adapt to environmental stimuli,3 including physical cues (tempera-

ture,5,6 light7–10) or chemical signals (pH,11–13 ions,14 redox agents,15,16 and non-co-

valent interactions17). However, supramolecular assemblies that are responsive to

biologically relevant small molecules via chemical reaction cascades remain

limited.18

Host-guest complexation is one of the most widely explored non-covalent interac-

tions in the area of supramolecular materials.19,20 A well-known host-guest pair is

the viologen moiety21 with cucurbit[8]uril (CB[8]). Viologen forms a stable, high-as-

sociation-constant, 1:1 complex with CB[8] in aqueous media through the ion-dipole

interactions of dipyridinium with the CB carbonyl rims. This complex converts to a

1:2 homoternary complex upon either direct reduction (by, e.g., sodium dithionite22)
Cell Reports Physical Science 4, 101309, March 15, 2023 ª 2023 The Author(s).
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Strong nucleophilic signals

Weak nucleophilic signals

transducer

A  Signal induced aggregate formation and signal transduction

B  Substitution reaction with β’-pyridinium acrylic ester Michael acceptor
R2NuH: Biological nucleophiles (thiols, amines, alcohols)

solution
aggregates

Scheme 1. Control of supramolecular systems through chemical signaling

Signal induced aggregate formation strategy (A), and substitution reaction of nucleophiles with

Michael acceptors with an allylic quaternary ammonium leaving group (B).

ll
OPEN ACCESS Article
or photoreduction10 of viologen from the dicationic form to the radical monoca-

tion.23,24 The reverse process can take place through chemical25 or electrochemi-

cal26 oxidation. Incorporation of this reversible switch in a supramolecular material

makes the material responsive to redox27,28 or photochemical stimuli.10,25,28,29

Moreover, a similar conversion between binary and homoternary complexes can

also be achieved through protonation/deprotonation of bipyridine.12,13,30,31 Never-

theless, reports of host-guest complexes that are responsive to biological signals

through chemical reaction cascades remain rare.

Our work builds on a recently reported reversible allylic substitution of Michael ac-

ceptors32 that has also been applied to design chemoresponsive materials such as

polymer hydrogels33 and block copolymer complex coacervate core micelles.34

When these Michael acceptors have an allylic quaternary ammonium leaving group,

the reaction of a nucleophile with the Michael acceptor leads to elimination of a ter-

tiary amine and the removal of positive charge (Scheme 1B). Crucially, cationic func-

tionalities on a guest molecule can contribute strongly to their binding affinity with

CB[8].35 Combining these concepts, we hypothesize that binding of guests to CB[8]

can be controlled using the nucleophile-triggered allylic substitution. Relevant

nucleophilic species such as amines and thiols are abundant in biological systems

(e.g., amino acids, dopamine, glutathione [GSH]) and also in many drugs. Devel-

oping host-guest interactions responsive to biological signals constitutes a route

to endow artificial materials with biomimetic functionality.

In this work, multiple biological nucleophilic species are applied as signals to control

aggregation processes based on host-guest complexation. In addition, mimicking

biochemical signaling cascades, a signal transducer is introduced, by which unreac-

tive or weakly reactive signals can be applied as an effective trigger of aggregation

(Scheme 1A). This signal transduction strategy can further broaden the range of

possible signals.
2 Cell Reports Physical Science 4, 101309, March 15, 2023
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Figure 1. Nucleophilic signals induced charge removal and differential binding of bipyridinium

derivatives to CB[8]

(A) Structures of bipyridinium derivatives used in this work and their binding affinity to CB[8]

(determined by ITC, 50 mM sodium phosphate buffer [pH 7.4]).

(B) Conversion of 22+ upon reaction with different nucleophilic signals followed by 1H-NMR (50 mM

sodium phosphate buffer with 10% D2O), [22+] = 2 mM, [signals] = 3 mM.
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RESULTS AND DISCUSSION

Reactivity of nucleophilic species and host-guest binding properties

We first studied the host-guest binding properties of CB[8] with bipyridine

derivatives. Monocationic pyridinium (11+) was synthesized by alkylating 4,40-bipyr-
idine with propyl bromide at one nitrogen. Further reaction with methyl

2-(bromomethyl)acrylate results in dicationic guest molecule 22+ with one perma-

nent and one removable cation. Nuclear magnetic resonance (NMR) titration and

isothermal titration calorimetry (ITC) showed that these two guest molecules bind

with CB[8] in 2:1 and 1:1 ratios, respectively, which is in line with reported results.30

In 50 mM sodium phosphate buffer solution, the binding constant of 11+ with CB[8]

was determined by ITC as K1 = 8.00 3 104 M�1, K2 = 8.59 3 104 M�1, 22+ with CB[8]

as K = 1.05 3 105 M�1 (Figure 1A).

We then tested the reactivity of different nucleophiles as chemical signals to re-

move a charge from the dicationic guest molecule 22+. Considering differences

in structure and reactivity, we selected a thiol (Mesna,36 Nu1, a drug); a secondary

amine (L-proline, Nu2, an amino acid); a hydrazide derivative (Nu3, hydrazides

are metabolic intermediates37); primary amine (ethanolamine, Nu4, abundant in

biological membranes); NH3 (Nu5, metabolic waste); and H2O2 (Nu6, cellular

reactive oxygen species) as representative nucleophiles. It should be noted that

some hydrazide derivatives form as intermediates in metabolic processes,

but we do not apply these specific hydrazides in this work. Instead, we use

4-hydroxybutanohydrazide (Nu3), which is water soluble and has low affinity for

cucurbiturils.38
Cell Reports Physical Science 4, 101309, March 15, 2023 3
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Figure 2. Signal-induced aggregation of a tricationic guest with CB[8]

(A) Schematic overview of the signal-induced aggregation process; Br� counterions are omitted.

(B) Representative photographs of turbidity changes of samples ([46+] = 0.3 mM, [CB[8]] = 0.45 mM) without signals (left) and 24 h after adding proline

(right, Nu2, 0.9 mM).

(C) Turbidity measurement (transmittance at 500 nm, [46+] = 0.3 mM, [CB[8]] = 0.45 mM, [signals] = 0.9 mM).

(D and E) DLS measurements, [46+] = 0.1 mM, [CB[8]] = 0.15 mM, [signals] = 0.3 mM in 50 mM sodium phosphate buffer (pH 7.4). The inset in (D) shows

how the scattering count rate changes between t = 0.9 and 1.4 h.
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Using 1H-NMR spectroscopy, we followed the conversion of 22+ (2 mM) upon reac-

tion with 3 mM signal molecules (in 50 mM sodium phosphate buffer [pH 7.4]). For

Mesna, L-proline, and ethanolamine, the reaction rates agree very well with the re-

ported nucleophilicity39 as thiol > sec. amine > prim. amine (Figure 1B). Where

Mesna gave >90% conversion in a 1 h reaction, proline reached �70% and ethanol-

amine 35% in the same time. Interestingly, 4-hydroxybutanohydrazide has a reac-

tivity comparable to proline, reacting much faster than ethanolamine. Aqueous

ammonia and hydrogen peroxide (generally considered as weak nucleophilic spe-

cies) can also react with 22+, with aqueous ammonia reacting faster than hydrogen

peroxide. Both nucleophiles react faster than the non-zero background reaction.

Host-guest aggregation controlled by nucleophilic signals

After exploring the CB[8] binding properties of these bipyridine derivates and their

reactivity to small-molecule chemical signals, we hoped to control the formation of

larger supramolecular materials. 2D and 3D supramolecular organic frameworks

(SOFs) based on cucurbituril were recently developed,40–44 showing promising

application in drug43 and DNA44 delivery. For SOFs formed by CB[8]-dimerization

of hydrophobic aromatic segments, 4-aryl-pyridinium units are the earliest and

also most frequently reported binding motifs in multitopic guest molecules.45

As discussed above, themonocationic pyridinium (11+) can be generated by reaction

of 22+ with various signals, leading to the formation of the 2:1 complex with CB[8].

Based on this knowledge, we expected that a star-shaped tripodal guest with

Michael-acceptor-activated dicationic arms would form discrete monomeric com-

plexes with CB[8]. Conversion of the dicationic arms to monocations, triggered by

a reaction with the nucleophile signals, would then initiate the formation of a non-co-

valent network by cross-linking with CB[8] (Figure 2A).

To test this hypothesis, we synthesized the tricationic guest 33+ by alkylating 4,40-bi-
pyridine with 2,4,6-tribromomesitylene (supplemental experimental procedures

1.2). Further alkylation with methyl 2-(bromomethyl)acrylate gives the 46+ guest,

having 3 pyridinium arms and 6 charges. With these two multicationic guest mole-

cules in hand, we first tested their complexation with CB[8]. 33+ (0.1 mM) and CB

[8] (0.15 mM) in 50 mM phosphate sodium buffer (pH 7.4) remain a heterogeneous

mixture after sonicating and heating at 40�C for more than 0.5 h. After filtration with

a 200 nm syringe filter at room temperature, this sample was analyzed using dynamic

light scattering (DLS). Starting from a clear solution, the light scattering intensity

gradually increased to 1.4 Mcps (Figure S19A), with particle diameters growing to

3.5 mm over the course of 20 h (Figure S19B). In contrast, a solution of 46+ and CB

[8] under the same conditions remains transparent for over 24 h, confirming that

33+ and CB[8] will form a network but 46+ and CB[8] will not. We then wanted to con-

trol this aggregation process using the signal molecules described above. As an

initial estimate of aggregation, we quantified the turbidity by measuring the trans-

mittance at 500 nm of samples made by mixing 46+ (0.3 mM) and CB[8] (0.45 mM)

in phosphate buffer (50 mM, pH 7.4). The 46+/CB[8] samples are transparent, but

shortly after the addition of nucleophilic signals, the transmittance starts to decrease

sharply (Figures 2B and 2C). Notably, the addition of Mesna leads to a rapid increase

of turbidity (transmittance goes from 100% to <5%) within 10 min (Figure 2C). To

figure out what effect is at the root of this dramatic change, we further tested sodium

vinylsulfonate and 2-mercaptoethanol (Nu7) as signals. While we observed no vari-

ation of turbidity after adding sodium vinylsulfonate to 46+/CB[8] (Figure S14A;

monitored for 10 h), the addition of 2-mercaptoethanol (Nu7) leads to a very similar

change in turbidity as observed for Mesna. This indicates that the thiol-mediated
Cell Reports Physical Science 4, 101309, March 15, 2023 5
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removal of the Michael acceptor indeed controls aggregation, while there are only

limited effects of the electrostatic interactions of the sodium salt with the multica-

tionic guest molecule. For both L-proline (Nu2) and hydrazide (Nu3) as signals,

aggregation did not occur until much later (1.5 h after addition), which is in agree-

ment with their reactivity in the small-molecule study. The relation between signal

nucleophilicity and aggregation timescale was further confirmed when using etha-

nolamine (Nu4) and NH3 (Nu5), leading to aggregation timescales of 3 and 7 h,

respectively. When adding either H2O2 (Nu6) or no signal, no aggregation is

observed during themeasurement time (>10 h). We then further investigated the ag-

gregation of 46+ (0.1 mM) and CB[8] (0.15 mM) using DLS. DLS shows that, in agree-

ment with the turbidity test, aggregation immediately starts upon adding thiol sig-

nals (Mesna [Nu1] and 2-mercaptoethanol [Nu7]), with scattering counts increasing

to 22 and 18Mcps, respectively, and particle sizes increasing to 2.5 mm (Figure S20B).

The larger scatter count observed with Mesna may be caused by an additional salt

effect. Addition of L-proline (Nu2) and hydrazide (Nu3) give very similar aggregation

profiles, both starting �5 h after addition and continually increasing to 6 Mcps. With

ethanolamine (Nu4), aggregation is observed after 14 h. The addition of NH3 (Nu5)

or H2O2 (Nu6) caused much smaller increases in scatter count compared with the

stronger nucleophiles, barely higher than the background scattering rate.

Characterization of host-guest aggregates

Cryoelectron microscopy (Cryo-EM) images show that the aggregates made with

either 2-mercaptoethanol (Nu7) or L-proline (Nu2) as signals are made up from

much smaller structures. The aggregate formed usingNu7 shows periodic structures

of �1.8 nm in width (Figure 3A). In contrast, aggregates formed by a reaction with

Nu2 are spheroids with diameters of 9.40G 1.51 nm (Figure 3B). These small aggre-

gates may subsequently assemble into larger structures (as observed in the turbid

reaction mixtures), but these were not observed in cryo-EM. Avrami analysis46–49

(Figure S21) shows a significant difference in the Avrami coefficient n between these

two samples, with n = 2.81 (Nu7) and n = 1.85 (Nu2), which indicates a higher dimen-

sionality of the growth process in the sample triggered by 2-mercaptoethanol. This

result is in line with the higher dimensionality observed in the cryo-EM images. In

previously studied supramolecular gelation processes, we observed increased fiber

branching at higher rates of gelator formation.46 Analogously, the current results

suggest that stronger nucleophiles lead to faster complex formation and, with

that, more branching. Powder X-ray diffraction (XRD) shows that both samples

exhibit some crystallinity (Figure S22),50 while the aggregate induced by

2-mercaptoethanol shows more crystalline characteristics than that from L-proline.

The XRD profile of the aggregates formed by reaction with Nu7 exhibits peaks at

17.7, 8.80, and 5.85 Å, matching very well with the periodicity of 1.8 nm observed

in cryo-EM. Results from cryo-EM and XRD suggest that the morphology and crystal-

linity of the aggregate formed in this system can be controlled by signals with

different nucleophilicity. Continuous monitoring of the aggregation process (46+

[0.3 mM], CB[8] [0.45 mM], Nu7 [0.9 mM]) by confocal laser scanning microscopy

(CLSM) shows that in the beginning, the aggregates are very small, fast moving par-

ticles, which over time grow and connect together to become a larger aggregate

(Video S1; Figure S15). We analyzed the composition of these aggregates over

the course of the process using 1H-NMR spectroscopy (supplemental experimental

procedures 1.9, Figures S13 and S14, and Scheme S1). A transparent solution of 46+

(0.8 mM) and CB[8] (1.2 mM) in 50 mM phosphate buffer (pH 7.4, 10% D2O) shows

the 1H-NMR peaks of the 46+3CB[8] complex and of CB[8] itself. The addition of

2-mercaptoethanol results in immediate precipitation in the NMR tube, which leads

to the complete disappearance of the peaks of 46+ and CB[8], indicating that they
6 Cell Reports Physical Science 4, 101309, March 15, 2023
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Figure 3. Cryo-EM measurement of aggregates formed using thiol and amine signals ([46+] =

0.1 mM, [CB[8]] = 0.15 mM)

(A) Image taken 24 h after adding 2-mercaptoethanol (Nu7, 0.3 mM), scale bar: 20 nm.

(B) Image taken 3 days after adding L-proline (Nu2, 0.3 mM), the average diameter is (9.40 G 1.51)

nm; scale bar: 20 nm.
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are no longer in solution (Figure S17). The isolated precipitates were found to be

insoluble in D2O. We selected N,N,N-trimethyl-1-adamantylammonium chloride51

as a soluble guest molecule with very high affinity for CB[8]. This high-affinity guest

is expected to break the cross-links in the aggregate by replacing 33+ in the CB[8]

cavity. After mixing N,N,N-trimethyl-1-adamantylammonium chloride (24 mM)

with the 33+/CB[8] precipitate in D2O, we observed that part of the precipitate dis-

solved, and 1H-NMR peaks of unbound 33+ and CB[8] emerged (Figure S18). In this

way, we demonstrate that the aggregates are indeed held together by 33+/CB[8]

cross-links.
Signal transducer to trigger aggregation

These results demonstrate that aggregation can be triggered by various signals and

that the aggregation rate scales with the signal nucleophilicity. However, the weak

nucleophile hydrogen peroxide (Nu6) did not function as a signal in this cascade.

H2O2 is generated in numerous biological systems and plays an important role in

cellular processes,52 including the role of signaling molecule to regulate a wide va-

riety of biological responses53 and indicating the development of various dis-

eases.54 In an attempt to adapt hydrogen peroxide as a signal in our signaling

cascade and inspired by our previous work on H2O2-activited organocatalysts55,56

we designed a relayed transduction system to amend the nucleophilicity of H2O2.

We used a blocked proline nucleophile, protected with a boronic acid-responsive

self-immolative group that can be oxidatively cleaved by hydrogen peroxide. This

pre-proline functions as a signal relay (Figure 4A) where proline released by H2O2

will trigger aggregation. Based on this design, we first tested the reactivity on small

molecules. Pre-proline (5) is stable in the buffer solution, but adding H2O2 (3 mM,

1 equiv) leads to >95% release of proline within 30 min (Figure 4B). Moreover,

pre-proline shows no significant reactivity with 22+, with a 22+ conversion rate close

to the background reaction (Figure 4C). As discussed above, the reactivity of H2O2 to

22+ is low (Figure 1B), but in the solution of 22+ (2 mM) and pre-proline (3 mM), a high

conversion rate of 22+ was observed upon adding H2O2. Meanwhile pre-proline 5 it-

self shows no affinity with CB[8], as indicated by ITC (Table S1). We subsequently

moved on to applying this signaling cascade to the signal-induced aggregation pro-

cess. In the turbidimetry assay, H2O2 or pre-proline alone added into the solution of
Cell Reports Physical Science 4, 101309, March 15, 2023 7
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Figure 4. Pre-proline as a signal transducer to relay hydrogen peroxide to a nucleophilic signal

(A) Schematic description of the design.

(B) Conversion of pre-proline ([5] = 3 mM, H2O2 = 3 mM).

(C) Conversion of 22+ through signaling cascade by H2O2 ([2
2+] = 2 mM, [5] = 3 mM, [H2O2] = 3 mM).

(D) Turbidity measurement by UV-visible (UV-vis) transmittance at 500 nm, [46+] = 0.3 mM, [CB[8]] = 0.45 mM, [5] = 0.9 mM, [H2O2] = 0.9 mM.

(E) DLS measurement of aggregate formation, [46+] = 0.1 mM, [CB[8]] = 0.15 mM, [5] = 0.3 mM, [H2O2] = 0.3 mM in 50 mM sodium phosphate buffer

(pH 7.4).
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46+ (0.3 mM) and CB[8] (0.45 mM) did not cause any changes of transmittance.

Instead, H2O2 (0.9 mM) added to a solution of pre-proline (0.9 mM), 46+ (0.3 mM),

and CB[8] (0.45 mM) instantly caused a slight decrease in transmittance, with a sharp

decrease observed after �5 h. The slower aggregation observed in this signaling

cascade compared with using proline itself as a signal can be attributed to the
8 Cell Reports Physical Science 4, 101309, March 15, 2023
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time it takes to release proline by H2O2. In the DLS measurement, at a lower concen-

tration of 46+ (0.1 mM) and CB[8] (0.15 mM), the aggregation process triggered by

the cascade of H2O2 (0.3 mM) and pre-proline (0.3 mM) starts at a similar time as

when using proline and hydrazide signals. Scattering counts reach 7 Mcps after

50 h, which is slightly higher than observed for proline-triggered aggregation

(Figure 2E). This difference may be caused by additional species created in the

signal-relay process.

In conclusion, we developed an artificial supramolecular aggregation process

capable of responding to chemical signals. We demonstrate a switch between CB

[8] binary and ternary host-guest complexes by adjusting the positive charges on bi-

pyridine through a nucleophilic signal-induced reaction with an allylic Michael

acceptor. This switch is responsive to a range of biologically relevant nucleophiles

such as thiols and amines. We expanded this concept to weak nucleophiles by devel-

oping a signal transduction strategy, enabling response to weakly nucleophilic

hydrogen peroxide. Using a tripodal bipyridine derivative, we could demonstrate

signal-induced supramolecular aggregate formation of CB[8]-cross-linked networks.

In this process, the rate of aggregation as well as aggregate structure can be

controlled with nucleophile strength. This work offers new opportunities for building

more complicated signaling networks and can be expected to pave the way for con-

struction of artificial materials that can interact with living systems through signal

transduction and can realize controlled release by reacting to biomarkers.
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