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Harnessing the Hofmeister Effect for Dynamic Self-Assembly of

Supramolecular Hydrogels

Hongwang Tang, Yuliang Gao, Jiahao Zhang, Zhongqi Li, Qi Gao, Peiwen Cai, Xinyu Chen,
Xuhong Guo, Jan H. van Esch, Yiming Wang,* and Fu-Zhen Xuan*

-

-

Abstract: Dynamic regulation of intermolecular interactions is essential for the creation of dynamic supramolecular
materials with lifelike self-regulating functions. Yet specific ion effect, which is known to possess potent effect on
intermolecular interactions, has remained unexplored for such a purpose. Here, we demonstrate our access to dynamic
self-assembly of supramolecular hydrogels by orchestrating the Hofmeister effect through a simple enzymatic reaction.
The involved gelators containing carboxylate moieties self-assemble into hydrogel (Gell) at acidic pH and dissolve at
basic pH. We surprisingly find that the dissolved gelators at basic pH can be driven to self-assemble into hydrogel (Gel2)
by kosmotropic ions through the disruption of gelator—water interactions. By coupling to the enzymatic hydrolysis of
urea, Gell gradually disintegrates over time because of the production of basic NH;. However, interestingly, with the
accumulation of kosmotropic ions, NH,* and CO3?", the dissolved gelators are driven to self-assemble into Gel2, realizing
a self-regulating gel-sol-gel transition process. The transition rate and stiffness of Gel2 are tunable by adjusting the
concentrations of urea or urease. This work may shed light on the creation of lifelike self-regulating supramolecular
materials using Hofmeister effect for many enticing applications such as ion-programmed biosensing and drug delivery.

Introduction

Hofmeister effect, first recognized by Franz Hofmeister in
1888, describes the effect of specific ions on the solubility of
biomacromolecules in aqueous solution that follows a recur-
ring trend known as the Hofmeister series.*] According to
the solubility effect, the ions are categorized into kosmotropes
and chaotropes. Typically, kosmotropic ions, such as CO3~
and SO,2, closer to the left of the Hofmeister series lead to
lower solubility of the solutes, while chaotropic ions, such as
I~ and SCN-, closer to the right lead to higher solubility.[>]
This behavior is more significant for anions than cations and is
thought to be caused by ion-reorganized hydration in bulk or
direction interactions between the ions and solutes.[*1] Over
the past two decades, Hofmeister effect has been exploited as
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a powerful approach to control supramolecular self-assembly
by tuning intermolecular interactions, leading to various
impressive self-assembling outcomes such as hydrogels,['!:!?]
micelles,[’*] nanorods,['*!5] and MOFs.['®] However, so far,
the vast majority of the resultant supramolecular products are
usually static without the ability to dynamically evolve their
structures and functions against time.[!”]

Inspired by the non-equilibrium self-assembly
phenomenon in biology, chemists have coupled molecular
self-assembly with nonequilibrium chemical reaction
networks,['822] giving rise to highly dynamic supramolecular
architectures such as fibrils,>?! vesicles,[>>2%] gels,[*-¥]
and droplets.’*3°] The main mechanism involves the use of
high-energy chemicals, such as methylation reagents,[38]
carbodiimides,?**1  ATP[¥*] and pH regulators,*-!]
to change the intermolecular interactions by altering the
chemical structure or binding to the building blocks, thereby
activating the self-assembly; with the spontaneous dissipation
of chemical energy, the intermolecular interactions will
recover to the original state, therefore leading to spontaneous
collapse of the formed supramolecular structures. Relying
on similar mechanism, other beautiful dynamic self-assembly
systems driven by light,523] electricity,[>*>*7] CO,,%-%]
and reaction-diffusion(®"-®] are also reported. Despite
these advances, access to dynamic supramolecular self-
assembly using Hofmeister effect, a powerful way to regulate
intermolecular interactions, remain rarely explored. The
achievement of this goal will not only offer new opportunity
toward dynamic supramolecular materials with self-
regulating functions but also further our understanding
of the dynamic self-assembly in biological realm as many

© 2025 Wiley-VCH GmbH
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Figure 1. Hofmeister effect-mediated dynamic supramolecular hydrogelation. a) Chemical structures of gelators 1, 2, and 3. b) Illustration of the
self-assembly of gelator 3 into Gell through protonation, and the transition process from Gell to sol, and eventually to Gel2 relying on the enzymatic
production of basic NH3 and kosmotropic ions, NH4 and CO3%~. c) Typical sample showing the dynamic gel-sol—gel transition process and the
TEM images of Gell and Gel2 of gelator 3. Sample in (c): initial pH 5.0, [3a] = 60 mM, [urea] = 1.0 M, [urease] = 0.16 mg mL~", and [bromocresol

purple] = 50 pM (pH indicator).

self-assembly processes in living system are associated with
ions,[007]

Here, we present how the Hofmeister effect can be orches-
trated to realize dynamic self-assembly of supramolecular
hydrogels via a rather simple enzymatic reaction (Figure 1).
The involved gelators containing different carboxylate moi-
eties (1-3) self-assemble into supramolecular hydrogels
(Gell) at pH lower than the pK, of their carboxylates
(~4.5) due to the removal of charges by protonation (la—
3a), while disassemble at pH > pK, due to the occurrence
of deprotonation (1b-3b) of the gelators, which increases
their electrostatic repulsion and solubility (Figures la and
S1-S3). To our surprise, with the addition of kosmotropic ions,
like CO5%~ and SO,2-, 1b, 2b, and 3b in the solutions with
pH > pK, can be driven to self-assemble into self-supporting
hydrogels (Gel2) (Figure S4) due to the disruption of gelator—
water interactions by the kosmotropic anions (Figure 1b). In
this study, gelator 3 was selected for in-depth investigation in
considering of its high sensitivity to kosmotropic ions even at
rather high pH (pH 10) and its transparency for easy following
(Figure S5). Interestingly, by coupling the self-assembly of
gelator 3 to the enzymatic hydrolysis of urea, Gell of 3a,
consisting of fibers with a diameter of ~11 nm, gradually
converts to solution of 3b over time because of the production
of basic NHj3; however, with the accumulation of kosmotropic
ions, NH,+ and CO;%~, dissolved 3b is further driven to self-
assemble into Gel2 composed of fibers with a diameter of
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~10 nm (Figure 1b,c), realizing a self-regulating gel-sol-gel
transition.

Results and Discussion

To explore whether the Hofmeister effect can be harnessed
to realize dynamic supramolecular self-assembly, we first
investigated the effect of different ions on the intermolecular
interactions by testing the self-assembly behavior of the
gelators. In a typical experiment, 60 mM aqueous solutions
of gelator 3b were prepared, and the pH was kept at 8.0
to avoid formation of any preaggregations (Figure S6). To
the solutions, a series of anions (sodium salts) at different
concentrations were added. To our surprise, the addition of
1.0 M COs*" results in rapid formation of self-supporting
hydrogel within a couple of seconds (Movie S1), indicating
that kosmotropic anions can indeed drive the self-assembly of
3b though it stays at a deprotonated state. Fast hydrogelations
were also observed in other samples with kosmotropic anions,
resulting in robust hydrogels with a storage modulus (G’)
exceeding 10° Pa (Figure S7). More importantly, the critical
concentration of the kosmotropic anions for hydrogelation
of 3b increases from ~1.0 to ~3.0 M along the sequence of
CO;> < SO, < H,PO,~ < HPO,> < Ac™ < Cl- < Br-,
which nicely matches the Hofmeister series (Figure 2a). In
contrast, no hydrogelation was observed in the samples with

© 2025 Wiley-VCH GmbH
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Figure 2. Self-assembly of gelator 3b driven by kosmotropic anions. a) Hydrogelation diagram in the presence of different anions. b) Confocal
microscopy images showing the self-assembled structures of gelator 3b, [3b] = 30 mM. c) CAC of 3b in the presence of different anions, N.D. means
not detected. FTIR spectra of gelator 3b in the presence of d) varying [CO32] and e) different anions. CD spectra of gelator 3b in the presence of f)
varying [CO327] and g) different anions, [3b] = 5 mM. Unless stated otherwise, [salt] = 1.0 M and [3b] = 60 mM at pH 8.0.

chaotropic anions, NO3~, I, and SCN-, also suggesting that
the self-assembly of 3b in the presence of kosmotropic anions
is not caused by electrostatic effect. Confocal microscopy
observations demonstrate that the formed hydrogels of 3b
show similar fibrous networks to that of 3a formed at pH
3.0 (Figures 2b and S8), and ions closer to the left of the
Hofmeister series give rise to denser networks.

To detail the effect of these anions on the self-assembly
of 3b, critical aggregation concentration (CAC) of 3b in the
presence of different anions was measured (see Supporting
Information), which is found to follow the Hofmeister series
as well, increasing from 3 mM for CO;>~ to 13 mM for
Br~ (Figures 2c and S9). As a comparison, no aggregations
were detected in the samples containing chaotropic anions,
NO;—, I, and SCN~. We also examined the effect of cations
(chloride salts) on the self-assembly of 3b. The results show
that, except for NH,*, the cation with smaller diameter
contribute more to the self-assembly (Figure S10), suggesting
that the effect of cations on the self-assembly is mainly
derived from electrostatic effect. In considering of the rather
weak Hofmeister effect of cations relative to the anions, 03!
unless mentioned otherwise, we just focus on anions (sodium
salts) in the following study.

Angew. Chem. Int. Ed. 2025, 64, 202505417 (3 of 8)

To further insight into the self-assembly mechanism of
gelator 3b triggered by kosmotropic anions, Fourier transform
infrared spectroscopy (FTIR) was performed to monitor
the variation of intermolecular interactions (see Supporting
Information). The absorbance at 1596 cm™' is assigned to
the deprotonated carboxylates. With the increase in [CO3%7],
the characteristic absorbance of amide I band shifts from
1639 to 1629 cm~!' (Figure 2d), indicating the formation
of intermolecular hydrogen bonds, which is responsible for
the self-assembly of 3b. Conversely, negligible influence
on the absorbance of amide I band was observed for
chaotropic anions (Figure 2e). Circular dichroism (CD)
measurements also evidence such effects of ions on the
self-assembly of 3b."! With increase in [CO3>"], a broad
negative Cotton effect in the range of 260-360 nm is observed
(Figure 2f), which is caused by the generation of 7— stacking
interactions.’!! Furthermore, the Cotton effect at 237 nm
shows a redshift, indicating the occurrence of self-assembly,
which is similar to the self-assembly of 3a (Figure S11).[72]
In contrast, the samples with addition of chaotropic ions
show CD silence (Figures 2g and S12), suggesting the absence
of self-assembly. These results demonstrate that sufficient
noncovalent interactions between the molecules of gelator
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Figure 3. Mechanic study of the Hofmeister effect-mediated
self-assembly of 3b. a) "H NMR spectra of glycine methylene in 3b at
different [CO3%7], pD = 8.0. b) "H NMR chemical shifts of the glycine
methylene in 3b against the concentration of different anions. c)
Photographs showing the hydrogelation behavior of 3b in the presence
of SO4%~, SCN~, and SO42~ 4+ SCN™, respectively. (d) Low-field 'H
NMR spectra of gelator 3b, Gell, and Gel2. ) Disintegration of Gel2
triggered by diffusion of CO32~ and the addition of SCN™~ for controlled
release of model drug bromocresol purple (2.0 mM), error bars
represent SD from three independent experiments. Samples:

[3b] =15 mM in (a) and b) and 60 mM in (c)—(e); unless stated
otherwise, [salt] = 1.0 M.

3b are well formed in the presence of kosmotropic anions,
thereby driving the self-assembly of gelator 3b into the
observed hydrogel fibers.

It has been proposed that the Hofmeister effect is caused
by the ion-reorganized hydration in bulk or direct interaction
between the ions and solutes. To obtain further insight into
the facilitated self-assembly of 3b by kosmotropic anions,
"H NMR tests on gelator 3b with different [CO3%>~] and
different anions were performed. As shown in Figure 3a,
increase in [CO;2~] renders the chemical shift of the glycine
methylene protons in 3b to lower values. It appears that the
highly hydrated CO;?~ polarizes surrounding H,O, thereby
disrupting the hydrogen bonding between H,O and gelator
3b, thus decreasing the solvation effect and allowing for
formation of sufficient intermolecular interactions which
drive the self-assembly of 3b (Figure 1b)."7>7°] Indeed, the
glycine moieties are fully hydrated, and the carbonyl oxygen
serve as hydrogen bond acceptor for the surrounding H,O.
Upon the disruption of the interaction between carbonyl
oxygen and H,O by CO;%~, the electron-withdrawing effect
of H,O on the carbonyl oxygen vanishes, leading to increase

Angew. Chem. Int. Ed. 2025, 64, 202505417 (4 of 8)

Research Article

Angewandte
intematianalEdition’y Chemie

in electron density at the oxygen atom, which leads the
chemical shift of the adjacent methylene protons to lower
values.[’! Moreover, the decrease in chemical shift with the
increase in [CO3%7] follows a linear relationship, indicating
that COs%~ reorganize the water structure without interacting
with glycine methylene.[”’! Similar variation of chemical shift
is observed in other kosmotropic anions and the effect follows
the Hofmeister series (Figure 3b). It should be noted that
comparable upfield change in chemical shift remains to be
observed even at a gelator concentration below the CAC, and
the aggregation of gelator 3b shows slight contribution to the
change (Figure S13). In the case of chaotropic anion SCN—,
the chemical shift shows a slight linear increase, indicating the
accelerated hydration effect on the gelator. Furthermore, to
the hydrogel of 3b formed with 1.0 M COs*~, the addition
of equal amount of SCN~ can effectively neutralize the
Hofmeister effect, therefore leading to liquification of the
hydrogel (Figure 3c), further indicating their antagonistic
hydration effect on the gelator.

To further probe the effect of the anions on hydration
structure, we conducted low-field '"H NMR measurements
to investigate the water species by measuring the spin—spin
relaxation time of protons.”s%!] Typically, longer transverse
relaxation time (7,) signifies higher motility of water. As
shown in Figure 3d, two distinct bound water peaks (7, = 2
and 11 ms, respectively) were observed, which can be
attributed to the interactions of carbonyl oxygen—-water and
carbonate—water, respectively. For Gel2 of 3b formed with
CO3%, the peak of bound water at 7, = 2 ms disappears.
This seems to be caused by the competition of kosmotropic
CO;%~ with the carbonyl groups for hydration. The shift of
T, from 11 to 7 ms indicates a decreased mobility of the
water, which can be explained by the self-assembly of 3b, thus
limiting the motility of water. As a control, in the case of Gell
formed by the self-assembly of 3a without the presence of
any kosmotropic anions, the two peaks remain visible except
for a largely shifting and broadening, which is caused by
the formation of fibrous network. This low-field 'H NMR
results further indicate that the presence of kosmotropic
anions reorganizes the hydration structure, thus facilitating
the self-assembly of 3b.

By virtue of above findings, we speculated that Gel2 will
disintegrate if the kosmotropic anions were removed, which
would be very useful for many applications such as drug
delivery. To test this hypothesis, Gel2 was soaked in pure
water to remove CO;2~ through diffusion. We found that Gel2
gradually disintegrated over time and completely dissolved
after 3 h (Figure S14). By loading bromocresol purple into
Gel2 as a model drug (see Supporting Information), the
hydrogel can rapidly release drug and finish 100% release at
3 h through time-dependent disintegration (Figures 3e and
S14). Moreover, upon an incubation with the chaotropic anion
SCN-, the drug can be released even faster, reaching a 100%
release at 1 h. Such a faster release rate can be explained
by the neutralized Hofmeister effect as discussed above. In
contrast, by soaking CO;~ solution at an equal concentration
to Gel2, the hydrogel remains intact over 3 h, and the
release of bromocresol purple is rather limited. These results
suggest that such Hofmeister effect-mediated supramolecular
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Figure 4. Hofmeister effect—-mediated dynamic gel-sol-gel transition. a)
Time-dependent gel-sol-gel transition process triggered by urease with
50 uM bromocresol purple as a pH indicator. b) Time-sweep rheological
test showing the dynamic gel-sol-gel transition process. c) Stiffness of
Gel2 and transition time at different [urease]. Samples: initial pH 5.0,
[3a] = 60 mM, [urea] = 1.0 M, [urease] = 0.16 mg mL~".

hydrogels may serve as a drug reservoir in the body and
release the loaded drugs through the diffusion of kosmotropic
anions.

The results we discussed so far demonstrate that
kosmotropic anions can drive the self-assembly of gelator 3b
into Gel2 though 3b is charged. It has been known that 3a,
protonated state of 3, can self-assemble into Gell. Therefore,
we hypothesize that a self-regulating transition from Gell
to Gel2 can be expected if we can couple the self-assembly
of 3 to a chemical reaction system that can simultaneously
produce base and kosmotropic anions. It seems that the
hydrolysis of urea to release NH; and CO, under the catalysis
of urease can fulfill these requirements. The produced basic
NH; can covert Gell to a sol because of the deprotonation
of 3a, however, with the accumulation of kosmotropic ions,
NH,* and COs*", the deprotonated 3b will be driven to
self-assemble into Gel2 (Figure 1b).

To examine this hypothesis, we prepared Gell containing
60 mM gelator 3a and 1.0 M urea (see Supporting Informa-
tion). The concentration of urea is selected to ensure the
formation of Gel2 after a complete hydrolysis (Figure S15).
To trace the pH variation in the hydrogel, 50 uM bromocresol
purple was added as a pH indicator. After adding 0.16 mg
mL~! urease on the top of Gell, purple color propagating
from the hydrogel surface to the bulk was observed, indicating
the formation of basic NH3, and the hydrogel converted to sol
within 15 min because of the deprotonation of 3a (Figure 4a
and Movie S2). However, interestingly, the resultant purple
solution is further converted to a self-supporting hydrogel
after 300 min, which can be explained by the accumulation of
kosmotropic ions, NH4+ and CO;?~. As such, self-regulating
gel-sol—gel transition relying on Hofmeister effect is realized.

Angew. Chem. Int. Ed. 2025, 64, 202505417 (5 of 8)
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Figure 5. Mechanic insight into the dynamic gel-sol-gel transition
process. a) Experimental setup for the in situ confocal microscopy
observations. b) Confocal images showing the dynamic evolution
process of the hydrogel networks. c) Time-dependent FTIR spectra
probing the dynamic evolution of molecular structures and
intermolecular interactions of gelator 3. Samples: initial pH 5.0,
[3a] = 60 mM, [urea] = 1.0 M, [urease] = 0.16 mg mL~".

Oscillatory rheological measurements were further per-
formed to study the dynamic gel-sol-gel transition process
(see Supporting Information). We observed that the pre-
formed Gell of 3a with a G’ of ~120 kPa started to
disintegrate after the addition of urease and was completely
liquified at ~85 min (Figure 4b). Interestingly, after a stay at
the liquid state for ~108 min, a new hydrogelation process was
observed, resulting in a hydrogel with G" of ~3.0 kPa at the
time of 360 min. These rheological results are consistent with
the above-discussed dynamic gel-sol-gel transition process.
Furthermore, the stiffness of the resultant Gel2 as well as the
time of the whole transition process can be well controlled,
varying from ~3.0 to ~86 kPa and ~108 to ~43 min,
respectively, by increasing [urease] from 0.16 to 0.24 mg mL ™!
(Figures 4c and S16). The increase in stiffness with more
urease can be explained by the facilitating self-assembly that
leads to more branched growth of supramolecular fibers,[*?!
while the decrease in transition time is caused by the faster
production of base and kosmotropic ions. It should be noted
that changing [urea] can also serve as an effective way to
regulate the hydrogel stiffness as well as the transition time
(Figure S17).

Confocal microscopy observations were further per-
formed to gain more details of the dynamic gel-sol-gel tran-
sition process (see Supporting Information and Figure 5a). In
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the beginning, fibrous network of Gell self-assembled by 3a
was visualized. After the addition of urease at the edge of the
confocal cuvette (Figure 5a), the fibrous network disintegrates
unidirectionally (Figure 5b and Movie S3), which is caused
by the directional diffusion of basic NH; produced by the
enzymatic hydrolysis of urea. Interestingly, after a period of
silence, new coarse fibrous network is formed. The fibrous
structures with a comparable diameter of ~10 nm in both
Gell and Gel2 were confirmed by TEM (Figure S18). This
dynamic evolution of fibrous network is in agreement with the
aforementioned macroscopic observations and rheological
results.

To obtain molecular insight into the dynamic gel-sol-
gel transition process, FTIR spectroscopy was employed to
monitor the evolution of intermolecular interactions (see
Supporting Information and Figure S19). For the sample of
Gell, as shown in Figure 5c, a peak at 1724 cm™! assigned to
the protonated carboxylic acid groups (—COOD) of gelator
3a was observed, and the amide I band at 1627 cm~! indicated
the self-assembly of 3a. Ten min after the addition of urease,
the peak at 1724 cm™! disappeared and a new peak was
visible at 1600 cm™', indicating the formation of deprotonated
carboxylate groups (—COO™) due to the production of basic
NH;. Moreover, the amide I band became inconspicuous,
manifesting the disassembly of Gell. However, over time,
the absorbance intensity of amide I band at 1627 cm™!
gradually increases, indicating the self-assembly of 3b driven
by the formed kosmotropic ions. These FTIR data clearly
shows the dynamic evolution process of molecular structures
and intermolecular interactions of gelator 3, dominating the
above-observed dynamic gel-sol-gel transition process.

Conclusion

In summary, we have demonstrated how Hofmeister effect
can be orchestrated to realize self-regulating gel-sol-gel
transition through a simple enzymatic reaction. We find that
kosmotropic anions can effectively drive the self-assembly
of carbonates-containing gelators into hydrogels; even the
gelators are charged through deprotonation at basic pH. Our
study suggests that the self-assembly of dissociated gelators
is caused by the disruption of gelator-water interactions by
kosmotropic anions. Interestingly, by coupling the Hofmeister
effect-mediated self-assembly with enzymatic hydrolysis of
urea, the hydrogels formed at acidic pH disassemble into
sol because of the generation of basic NHj; however, over
time, with the production and accumulation of kosmotropic
ions, NHy* and CO;%~, the dissociated gelators are further
accelerated to self-assemble into new hydrogels. As such, to
our best knowledge, we demonstrate the first example of self-
regulating gel-sol-gel transition using Hofmeister effect. Our
findings verify that Hofmeister effect can effectively regulate
intermolecular interactions to retain molecular assemblies,
which sheds light on the understanding of specific ion effect
in nature, for instance, the survival of halophilic organisms
in extreme saline conditions.[*>*] More importantly, such
Hofmeister effect-mediated dynamic supramolecular self-
assembly offers a new opportunity for the creation of
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lifelike self-regulating soft materials for applications such as
ion-programmed biosensing and drug delivery.
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