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Unlike polymeric hydrogels, in the case of supramolecular hydrogels, the cross-linked network formation is

governed by non-covalent forces. Hence, in these cases, the gelator molecules inside the network retain

their characteristic physicochemical properties as no covalent modification is involved. Supramolecular

hydrogels thus get dissolved easily in aqueous medium as the dissolution leads to a gain in entropy.

Thus, any supramolecular hydrogel, insoluble in bulk water, is beyond the present understanding and

hitherto not reported as well. Herein, we present a peptide-based (PyKC) hydrogel which remained

insoluble in water for more than a year. Moreover, in the gel state, any movement of solvent or solute to

and from the hydrogel is highly restricted resulting in a high degree of compartmentalization. The

hydrogel could be re-dissolved in the presence of some biomolecules which makes it a prospective

material for in vivo applications. Experimental studies and all atom molecular dynamics simulations

revealed that a cysteine containing gelator forms dimers through disulfide linkage which self-assemble

into PyKC layers with a distinct PyKC–water interface. The hydrogel is stabilized by intra-molecular

hydrogen bonds within the peptide-conjugates and the p–p stacking of the pyrene rings. The unique

confinement ability of the hydrogel is attributed to the slow dynamics of water which remains confined

in the core region of PyKC via hydrogen bonds. The hydrogen bonds present in the confined water need

activation energies to move through the water depleted hydrophobic environment of pyrene rings which

significantly reduces water transport across the hydrogel. The compartmentalizing ability is effectively

used to protect enzymes for a long time from denaturing agents like urea, heat or methanol. Overall, the

presented system shows unique insolubility and confinement properties that could be a milestone in the

research of soft-materials.

Introduction

Hydrogels are an important class of somaterials owing to their

widespread applications.1–4 Classically, in a hydrogel, cross-

linked networks are formed by covalent linkages within natural

or synthetic polymers where water molecules get trapped

through cohesive forces.5–8 The entrapment leads to immobili-

zation of the solvent molecules which eventually results in self-

supporting hydrogels. The monomers used to construct cross-

linked polymeric networks no longer retain their original

physicochemical properties as they get covalently modied.

Thus, though the monomers are water soluble, a cross-linked

polymeric hydrogel, when dispersed in water, may not get dis-

solved in bulk water. Similarly, a xerogel (dried gel) of a poly-

meric hydrogel swells back to its original shape and size in the

presence of water. Moreover, solvent molecules of these

hydrogels remain in dynamic motion with the solvent outside

and both solvent and solute can pass through the gel.7

Over the last few decades, supramolecular hydrogels of small

molecules have emerged as an attractive alternative to poly-

meric hydrogels.6,8–10 In this case, hierarchical self-assembly of

small molecules utilizing non-covalent forces results in brous

structures. These bres further crosslink through supramolec-

ular interactions to form the gel-network where water molecules

get entrapped to form the hydrogel. Unlike polymeric hydrogels,

owing to the non-covalent nature of the interactions, each

constituent molecule (monomer/gelator) in the network retains

its physicochemical characteristics.6,8 Thus, in contrast to

polymeric hydrogels, dissolution of supramolecular hydrogels

in bulk water can easily be achieved. Dissolution of a supra-

molecular hydrogel results in a gain in the entropy of the overall

system and thus is a thermodynamically favourable process.8
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Supramolecular hydrogels especially the small peptide based

ones have major advantages over polymeric hydrogels as these

systems are in general non-toxic and biodegradable in

nature.3,11–18 However, a drawback for bio-medical application

comes from the poor stability of such systems. It is important to

clarify the term “stability” for this particular report: by stability

we mean that the gel remains in the gel state without getting

dissolved and retains its rheological properties when immersed

in bulk water, buffer, solvent or bio-uid for a long time. Since

dissolution in bulk aqueous medium is a thermodynamically

favourable process for small molecule hydrogels, when used as

a localized drug delivery system, there is a possibility of easy

dissolution of the gel in the bloodstream. Prolonged and sus-

tained use of these hydrogels is thus difficult inside the human

body.14 Although the stability of such hydrogels in buffers and

cell culture medium is reported in the literature, it is not clear

whether they can full the above-mentioned criteria since no

quantitative analysis is available.19–21 An attractive alternative

could be a water insoluble and highly stable supramolecular

hydrogel which may get dissolved slowly by a biomolecule

(stimuli to break the gel) present in the bio-uid and thus result

in sustained and prolonged application. A supramolecular

hydrogel made of small molecules has not been reported so far,

where the gel does not get dissolved in bulk solvent systems and

exchange of solutes as well as solvents with an external bulk

medium is highly restricted.

Herein, we report a small peptide based (PyKC,22 Scheme 1A)

water insoluble supramolecular hydrogel. When immerged in

water and various other solutions, the hydrogel did not dissolve

and remained insoluble for more than a year. The underlying

mechanism behind this exceptional property is revealed with

a combination of various analytical experiments and theoretical

calculations. Moreover, the unique connement property is

efficiently used to trap and protect protein molecules from

external denaturing agents for a long period.

Results and discussion

PyKC forms a self-supporting hydrogel in Tris buffer (20 mM,

pH 8.0) with a minimum gelation concentration (MGC) of 1

wt%. The hydrogel was thermo-reversible and the gel to sol

transition temperature (Tg) was measured to be 75� 0.5 �C. The

rheological analyses (Fig. 1A) showed that the storage modulus

(G0) of the gel was found to be considerably higher than the loss

modulus (G00) over a range of applied angular frequencies.23 ESI-

MS analysis of the hydrogel disclosed the presence of only the

disulde linked dimer of PyKC. Time dependent analytical

HPLC analyses of the solution of PyKC revealed that complete

conversion to the dimer takes �12 h at room temperature

(Fig. 1B). In the presence of a well-known disulde bond

breaker, dithiothreitol (DTT) (0.1 equivalent), no hydrogelation

was observed conrming the critical role of the dimer in gela-

tion. To further verify the actual time required for gelation, time

dependent rheology was performed which shows that sol-to-gel

transformation takes�8 h (Fig. S18†) while the equilibrium was

obtained at around 12 h when no further change in the G00 and

G0 values was observed. The similar completion time for the

dimerization process and the equilibration time suggest a crit-

ical role of the dimer formation in the gelation process.

Interestingly, when a small portion of the hydrogel was

added to water and stirred vigorously, no dissolution of the

hydrogel in that bulk water was observed (Fig. 2A and ESI Video

S1†). The sample was found to be as it was for more than 18

months when kept at room temperature. This observation is

unprecedented for any supramolecular hydrogel and prompted

us to quantify the dis-solution/insolubility of the hydrogel. A 1

wt% hydrogel of PyKC was added to bulk water and incubated

with slow shaking at room temperature (for details, follow the

Experimental section). Analyses of aliquots from the bulk water

taken at different time intervals showed up to 5% dissolution of

the hydrogel within the rst seven days and it remained

constant thereaer for more than 1 year (Fig. S19†). The initial

small dissolution of the PyKC dimer can be attributed to the

Scheme 1 Chemical structures, aggregation pattern and enzyme

encapsulation. (A) Chemical structures of peptides used in this study.

(B) Pictorial presentation of hydrogelation of PyKC in water through

dimerization and the insolubility of the formed hydrogel in water. (C)

Schematic representation of the encapsulation of proteins and

prevention from denaturation in the presence of various denaturing

agents.

Fig. 1 (A) Changes in the storage and loss modulus as a function of

shear strain and (inset) angular frequency for a 1 wt% hydrogel of PyKC.

(B) Time dependent chromatographic analysis of a 0.01 wt% aqueous

solution of PyKC showing the formation of a disulfide linked dimer.

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 5920–5928 | 5921
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residues which connect the hydrophobic layers to form the bre

as seen from the molecular dynamics simulations discussed

later. These residues could easily get dissolved in water at the

initial stage. However, no further dissolution of the hydrogel

proved the insolubility of the hydrogel in water. The rheological

properties of the hydrogel remained unchanged even aer

keeping the hydrogel in water for seven days.

It is worth mentioning that, for a cross-linked polymeric

hydrogel, though the network remained insoluble, the water

molecules inside the network canmove out and that is why their

xerogels swell in water to form the hydrogel reproducibly.1,7,24

Interestingly, in the present case, the xerogel remained insol-

uble and unable to swell when water or buffers up to pH 12 were

added. Six different dyes (two of each cationic, anionic and

neutral category) were separately entrapped in the gels while

preparing the hydrogel and the release proles of the dyes

showed very similar results as only �5% release (within the rst

hour) over seven days was observed for all these dyes (Fig. S20†).

A reverse experiment of incubating the hydrogel (without any

dye) in an aqueous solution of methylene blue for seven days

showed no incorporation of dye into the hydrogel (Fig. S21†).

Interestingly, a similar test with perylene (a fused p-system) in

acetonitrile also resulted in similar observation (Fig. S22†).

These results clearly demonstrate that passage of the tested

solutes to and from the hydrogel is highly restricted.

The observations also raised the question about the

exchangeability of the gel entrapped water molecules. To get an

insight into that, we took the help of 1H NMR experiments.

Hydrogels prepared in water were added to D2O, NaOD and DCl

solutions and incubated while shaking. The amount of water

exchanged from the hydrogels was estimated from 1H NMR

spectra of the supernatant deuterated solvents aer different

time intervals (see the Experimental section for details). As can

be seen from Fig. 3 and S22,† only �3% water molecules could

come out of the hydrogel within the rst day and no further

noticeable change was observed aer that. The initial increase

can be attributed to the loosely bound water molecules at the

surface of the hydrogel. To further conrm this fact, a reverse

experiment was carried out where a portion of the hydrogel

prepared in D2O was suspended in water and the amount of

external water that entered the hydrogel was monitored. No

noticeable increase in the H2O content was observed in that

case as well (Fig. S23†). Similar studies were performed with two

of our previously reported hydrogels.25,26 However, in both

cases, the hydrogels get dissolved in bulk H2O/D2O and all the

H2O molecules were found in the NMR samples. These results

demonstrate that the self-assembly creates a system where both

the gel-network and the water of gelation are inaccessible to the

surrounding environment. Neither the solvent nor the solute

could pass through the envelope created by the hydrogel. This

unique connement property is unprecedented in the

literature.

Buffers (20 mM) of different pH also failed to solubilize the

hydrogel (Fig. 2B, 4A and S24†). Several water-miscible organic

solvents and aqueous solutions were tested to nd the solubility

of the hydrogel. The results from all these tests are shown in

Fig. 4A (also Fig. S25†). Interestingly, though DMF and DMSO

could dissolve the hydrogel within 5 min, other solvents showed

4–8% dissolution within the rst 24 h with no further changes

thereaer up to seven days. When exposed to some extreme

conditions like 2 M NaOH, 12 N HCl, and 6 M urea (well-known

chaotropic agent), only the acid could solubilize the gel (Fig. 4A

and S26†). It is interesting to nd that though 6 M urea or 2 M

NaOH solutions were unable to dissolve the gel, DMSO, DMF

and 12 N HCl dissolve the gel efficiently. At this point, the

reason behind such observation is not clear to the authors. The

gel also remained insoluble in biological uids like human

blood serum (HBS) (Fig. 4A and S27†). Next, the hydrogel was

dispersed in bulk water and the sample was heated at a partic-

ular temperature for 1 h with constant shaking and then cooled

to room temperature before analysing the bulk water. As can be

seen from Fig. 4B, even at 80 �C, only �8% dissolution was

Fig. 2 (A) Photographs of a portion of the 1 wt% hydrogel prepared

from PyKC and immerged in bulk water. Photographs taken at

different times to show the insolubility of the hydrogel even after 12

months. (B) Photographs of vials containing different aqueous solu-

tions where small portions of the hydrogel (1 wt% PyKC) containing

rhodamine B were immerged and stirred for 10 min.

Fig. 3
1H NMR spectra of D2O containing glycine before and after

incubating the PyKC hydrogel inside the solvent for different time

periods to determine the extent of exchange of water of gelation.

5922 | Chem. Sci., 2019, 10, 5920–5928 This journal is © The Royal Society of Chemistry 2019
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recorded. Interestingly at 80 �C, which is above the Tg of the

hydrogel, though the gel melts, the network structure and the

insolubility remain intact (Fig. S28†). Bringing that sample to

room temperature brings back the gel state.

Though concentrated acid can dissolve the hydrogel, such

extreme conditions are not a good choice for future applica-

tions. During the search for a suitable system which can break/

dissolve the hydrogel, we found that aqueous solutions of

disulde breakers, tris(2-carboxyethyl)phosphine hydrochloride

(TCEP), DTT or glutathione (GSH) can do so effectively (Fig. 4A

and S29†). When subjected to dissolution with a proteolytic

enzyme, trypsin, the gel dissolves and smaller fragments of the

peptide were observed in the ESI-MS spectrum of the solution

indicating the breakdown of the peptide (Fig. 4A and S30†).

Being biomolecules, both trypsin and GSH could be interesting

options to break the hydrogel during biomedical applications.

The insolubility of this hydrogel is fascinating and it is

important to evaluate the gelation process. Densely packed thin

bres (diameter � 9 nm) with an average length of �500 nm

were observed from FETEM (Fig. 5A) of the hydrogel while no

such network structure could be found from DTT treated solu-

tions of PyKC. Notably, the brous network structure was

retained by the hydrogel even aer keeping it in water for more

than 12 months (Fig. 5B). Interestingly, even at a very low

concentration of 0.005 wt%, an intense pyrene excimer band

(�475 nm, Fig. 5C) was observed in the emission spectra of

PyKC.27 The unusually high intensity of the pyrene excimer

band can be attributed to possible strong p–p stacking. Further

insight into the p–p stacking is obtained from 1H NMR and

PXRD analyses. A PyKC solution in DMSO-d6 was titrated with

H2O and the 1H NMR spectrum was monitored for the aromatic

region. In DMSO, the molecule remains in a non-aggregated

state and as the water content increased, the aggregation starts.

With increasing amount of water, the protons corresponding to

the pyrene group showed a clear up-eld shi (Fig. 5D). The up-

eld shi is conrmatory evidence for p–p stacking of the

pyrene rings. PXRD of a dried lm of the hydrogel showed a p–p

stacking distance of 3.4 Å (Fig. S31†) representing strong p–p

stacking. The stacking distance is in agreement with the

distance found from electronic structure calculations (2.97 Å)

and from the MD simulations (3.9 Å) discussed later. Addi-

tionally, to quantify the pores formed within the gel network,

gas-adsorption/desorption analysis of the lyophilized hydrogel

sample was performed and an average pore diameter of 3.05 nm

was observed. The extremely small pores could possibly justify

the connement properties of the hydrogel.

Though the hydrogel forms via dimerization of PyKC,

a separately synthesized PyKC-dimer failed to form the hydro-

gel. Buffers of pH 7–11 were tested but no gelation was observed

under any condition. There are some literature reports which

also demonstrate that both the aggregated structure and the

gelation highly depend on the method used.19,28 The failure of

the dimer to form a gel suggests that, here, dimerization and

aggregation proceed simultaneously leading to a network

structure. During this process, the water molecules get entrap-

ped within the network. The entrapment is strong enough to

prevent the water molecules from exchanging with the exterior.

Fig. 4 (A) Percentage dissolution of a 1 wt% PyKC hydrogel (20 mM

Tris-buffer, pH 8) in different media after 168 h. (B) Percentage

dissolution of a 1 wt% hydrogel prepared from PyKC in Tris-buffer (20

mM, pH 8) in bulk water at different temperatures.

Fig. 5 (A) FETEM images of the 1 wt% PyKC-hydrogel in 20 mM Tris

buffer pH 8 (inset: zoomed-in picture of the same sample showing the

diameter of a fibre). (B) FETEM image of the hydrogel after incubating

in bulk water under ambient conditions for 12 months. (C) Concen-

tration (0.001–0.05 wt%) dependent emission spectra of 24 h matured

PyKC solution (in 20 mM Tris buffer pH 8) with an increase in

concentration (lex ¼ 337 nm). (D) 1H NMR spectra of 24 h matured

samples of PyKC in DMSO-d6 with varying amounts of water showing

strong p–p interaction between the pyrene rings.

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 5920–5928 | 5923
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In order to obtain information regarding the importance of the

peptide sequence, some control molecules (Pep-2–6, Scheme

1A) were tested for their gelation ability. Only Pep-3, 5 and 6

were able to form hydrogels but all these hydrogels were found

to be spontaneously soluble in water. Hence, it can be

concluded that the insolubility is an exclusive property of the

PyKC-hydrogel and the molecular structure certainly plays

a signicant role in providing this property.

To understand the molecular origin of the insolubility and

unique connement ability of the PyKC-hydrogel, the molecular

packing of the most stable building block of the hydrogel is

analyzed. As a rst step, to obtain the most stable conformer,

the dispersion energies, total energies and binding energies of

the geometry optimized PyKC molecules were evaluated using

electronic structure calculations. The binding energies for the

open and folded conformers were found to be�57.92 and�78.5

kcal mol�1 respectively (Table S1†). This signies that the

stacking of the folded dimer of PyKC is energetically more

favorable than that of the open dimer. The coordinates of the

most stable folded dimer and the charges on each atom are

summarized in Table S2.† The snapshot of the geometry opti-

mized folded PyKC dimer with atom labels is shown in

Fig. S33.† Fig. 6A and B show the optimized geometry of the

folded dimer and the stacked dimer respectively. The closest

inter-planar distance in the stacked dimer was found to be 2.44

Å which is consistent with the PXRD results (Fig. S31†). The

stability of the stacked folded dimer is attributed to both T-type

and H-type p–p interactions of the pyrene rings as shown in

Fig. 6B.

The most stable folded conformer of PyKC was chosen as the

initial structure for Molecular Dynamics (MD) simulations. A

snapshot of the nal conguration of the system (c) from the

MD simulation (as mentioned in simulation details) is shown in

Fig. 6C (the equilibration of the system is examined by calcu-

lating the potential energy and SASA shown in Fig. S34(a) and

(b) in the ESI†).29 We nd that PyKC-dimers self-assemble into

a layer-like structure with two distinct interfaces of water and

PyKC layers (shown in Fig. 6C). The inset in the gure demon-

strates the molecular structure of the interior of the aggregated

PyKC phase. The pyrene–pyrene distance falls within the p–p

stacking distance where the nitrogens (N) and oxygens (O) of the

peptide conjugates form intramolecular hydrogen bonds with

each other stabilizing the conformer. To understand the

molecular arrangements of water, pyrene rings and PyKC in the

self-assembled structure, we determined density proles across

PyKC layers (shown in Fig. 7A) where the direction across the

layers is considered as the direction of the normal vector.

Distinct interfaces between water and PyKC layers are observed

demonstrating compartmentalization of water molecules and

PyKC. Interestingly, there is a strong overlap between the loca-

tions of the pyrene rings and the N/O atoms of the peptide. This

clearly conrms that the signicant part of the hydrophilic

atoms of the peptide conjugates is buried in the core region of

the hydrophobic aromatic pyrene rings unlike the arrange-

ments of lipids/surfactants in biological membranes/vesi-

cles.30–33 The hydrophilic peptide conjugates are stabilized by

the intra-molecular hydrogen bonds between N–H and O as

shown in the inset of Fig. 6C. The number of intramolecular

hydrogen bonds of PyKC is calculated using the widely accepted

geometric criteria where the distance between the donor and

the acceptor is �0.35 nm and the angle between the donor–H–

acceptor is 30�.34–37 The number of such intra-molecular

hydrogen bonds (between N–H/O) is shown in the inset of

Fig. 7A for the production run-length. The inset in Fig. 7A shows

the radial distribution function (RDF), g(r), of the pyrene rings

calculated using the equation,

gðrÞ ¼

*

1

r

1

N

X

N

1

X

N

j¼1

d
�

rij � r
�

+

(1)

where rij is the distance between two particles i and j, and N is

the total number of particles. r denotes the mean particle

density and the angular bracket denotes time averaging. The

RDF of the pyrene rings from theMD simulation reveals that the

nearest distance between pyrene rings is �0.42 nm across

whichp–p stacking can operate. Unlike the geometry optimized

dimer from electronic structure calculations, aromatic pyrene

rings in water form the hydrophobic cluster from both open and

closed conformers of PyKC as evident from the intra-molecular

distance between individual PyKC in the layer (data not shown).

On the other hand, the N/O atoms of the peptide conjugates

bring very few water molecules inside the PyKC layer. These

water molecules get trapped within the cluster due to two

reasons: (a) the hydrogen bonds between the trapped water and

Fig. 6 (A) Optimized geometry of a folded PyKC dimer showing

a parallel stacking of the pyrene rings. (B) Optimized geometry of two

stacked folded PyKC dimers. Pyrene rings are shown in magenta color.

(C) Snapshot of the PyKC layer in the presence of water for system (c)

from the all-atom MD simulation after 42.5 ns run-length. PyKC is

shown in licorice representation. Color code: pyrene – magenta,

water – green. Distinct interfaces of PyKC–water are visible showing

compartmentalization of water and the hydrogel. The inset shows that

the intra-molecular hydrogen bonds in the peptide conjugate and p–

p stacking across pyrene rings stabilize the self-assembly of PyKC in

the hydrogel.
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(b) the hydrophobic barrier by the pyrene rings. We identied

water molecules which were trapped inside the PyKC layers

based on the geometric criteria. If a water molecule continu-

ously resides in the core region of PyKC (indicated in the density

prole by region (a)) for the entire production run-length of 60

ps, that water is considered as trapped water (TW). TW mole-

cules (shown in Fig. 7A) follow sub-diffusive dynamics

(Fig. S35†) demonstrating the extent of connement and form

hydrogen bonds with each other as shown in the inset of Fig. 7A.

We calculated the intermittent hydrogen bond auto-correlation

function for TW and bulk water (BW) using the following

equation,38–40

CHBðtÞ ¼
hhTW�TWð0ÞhTW�TWðtÞi

hhTW�TWi
(2)

where hTW–TW(t) represents the hydrogen bonds between the

trapped water (TW) molecules and is 1 if there is a hydrogen

bond, otherwise 0. Fig. 7B shows that the TW molecules relax

much more slowly than the BW molecules. The change in

activation free energy for breaking of the hydrogen bonds is

evaluated using reactive ux correlation analysis.34,48 The acti-

vation energy (DG#
break) for hydrogen bond breaking for the TW

is higher than that of the bulk water (mentioned in Fig. 7B). The

intermittent hydrogen bond relaxation time of TW is much

slower than that of the BW and the relaxation time-scales of TW

are comparable to the hydrogen bond relaxation time of

conned water near biomolecules.41 These results clearly indi-

cate that the extremely slow dynamics of the trapped water

molecules are due to the connement of water within the PyKC

layer and are consistent with the experimental observations of

the least water transport across the hydrogel. Therefore, the

insolubility and the unique compartmentalization ability of the

hydrogel are attributed to the specic molecular packing of

PyKC, where peptide conjugates are stabilized by the intra-

molecular hydrogen bonds and the aromatic pyrene clusters are

stabilized by the p–p interactions.

Thus PyKC forms dimers through a disulde linkage and the

dimers self-assemble to form a water insoluble hydrogel. The

self-aggregation is stabilized through the strong p–p interac-

tions of the pyrene rings and intramolecular hydrogen bonds

between the nitrogen and oxygen atoms of the peptide conju-

gates. Since peptide conjugates are hydrophilic in nature, they

bring few water molecules. These water molecules remain

conned via hydrogen bonds among trapped water (TW)

molecules. The hydrogen bonds among the trapped water

molecules and the hydrophobicity of the pyrene rings slow

down water transport across the PyKC layer resulting in an

unusual connement in the system.

The insolubility of the hydrogel and its exceptional com-

partmentalizing ability can be utilized in various elds like

regenerative medicine, tissue engineering, materials science,

etc. As a preliminary application, we envisioned that the very

tight packing of the nano-bres can be used to create a protec-

tive envelope for proteins from denaturation. Proteins are prone

to get denatured even due to minute changes in the environ-

ment and thereby lose their activity. Protecting proteins and

biomolecules from the environment as well as from various

denaturants is a challenging task. Various methods, including

immobilization of proteins on a solid support, chemical

modication, using molecular chaperons or polymeric hydro-

gels, etc. have been applied for this purpose.42–49 However, the

reported methods are usually low in efficiency and could not

provide a long life to the proteins under antagonistic condi-

tions. We realized that, if a protein can be entrapped in the

PyKC-hydrogel, (a) it can be protected from any external

Fig. 7 (A) Density profile of the PyKC layer across the normal fromMD

simulation. Distinct interfaces of PyKC–water are visible showing the

compartmentalization of the hydrogel and water. The N/O atoms of

the peptide conjugates stay within the layer and bring few water

molecules inside the core of the layer. Water molecules residing

continuously in the core region are shown within the vertical lines

denoted by the area (a) and labelled trapped water (TW). Inset: RDF

(g(r)) of pyrene–pyrene shows the first peak located at 0.4 nm where

p–p stacking of pyrene rings operates. The number of intra-molecular

hydrogen bonds between N and O of the peptide conjugate is shown

for the production run. These hydrogen bonds contribute to stabilizing

the molecular packing of the PyKC hydrogel. The number of hydrogen

bonds among trapped water (TW–TW) molecules is shown for the

time for which TW remains confined within the core of the PyKC layer.

(B) Intermittent hydrogen bond auto-correlation function of TW and

bulk water (BW) showing very slow relaxation of the TW. The slow

hydrogen bond relaxation time (sHB) and high activation energy

(DG#
break) of hydrogen bond breaking of TW compared to those of BW

indicate the possibility of less water transport across the hydrogel.

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 5920–5928 | 5925
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denaturant due to the connement properties of the hydrogel,

and (b) because of the tightly knitted network, there may not be

enough space for the entrapped proteins to unwind themselves

in response to external stimuli like heat.

Based on this hypothesis, as a proof of concept, two different

enzymes, viz., Chromobacterium viscosum lipase (CV-lipase) and

Candida rugosa lipase (CR-lipase), were tested. The enzymes

were carefully chosen based on the facts that (a) the protein

sequences do not contain any cysteine residue, (b) treatment

with TCEP/GSH/DTT did not affect their activity, and (c) they are

non-proteolytic in nature. Enzymes were trapped inside the

hydrogels and dispersed in required buffers. The FETEM image

of the hydrogel containing the enzyme showed the presence of

the enzyme molecules trapped in the gel network (Fig. 8A). Aer

seven days, the gels were re-dissolved in TCEP and the released

proteins showed very similar CD to the native protein (Fig. 8B

and S36†) which demonstrates that the proteins could retain

their folded conformation inside the hydrogel. In order to

overrule the possibility of any leakage of the trapped enzymes

from the hydrogel, a BODIPY-labelled lipase was prepared,

trapped in the hydrogel and subjected to release study by

placing the hydrogel in bulk water as in the case of the other

dyes described before. Similar to the dye release results, only

�5% leakage was observed during the initial hour which

remained unchanged for at least 7 days (Fig. S37†). For enzyme

activity studies, several enzyme trapped hydrogel samples were

prepared for each of these enzymes and as controls, similar

samples of the free enzymes were also prepared in the absence

of the gelator. At different time intervals, the enzyme activities

of the gel-entrapped enzymes and the control samples were

measured. Interestingly, the activity of both free lipases

decreased signicantly with time and they lost their activities

completely within 6 days. However, for the gel trapped enzymes,

there is an initial loss of activity (�7–10%) in the rst 24 h and

thereaer no signicant change was observed up to 7 days

(Fig. 9A). Importantly, they retained up to �80% of their activ-

ities even aer 30 days.

Similar experiments were performed for both enzymes where

each sample was heated at a particular temperature for 1 h prior

to cooling to room temperature and activity measurements. As

expected, the free enzymes lost their activities drastically with

increase in temperature and at 60 �C, only �10% activities were

observed while the gel-trapped enzyme retained 75% activity

even at 70 �C (Fig. 9B). Moreover, maintaining the temperature

at 40 �C for seven days resulted in only �18% loss in activity for

the gel-trapped CR-lipase (Fig. S38†). Exposure to other dena-

turing agents like 6 M aqueous urea solution or methanol

(alcohols are known inhibitors for lipases50) could not impart

any signicant changes on the activities of the enzymes as only

10–15% loss was noted aer seven days of exposure while the

free enzymes were found inactive in the presence of these

external agents (Fig. 9C). Moreover, suspending the hydrogel in

buffers of different pH for 1 h did not make any difference in the

activity of the trapped-enzyme (Fig. 9D). However, the free

enzymes showed the typical pH response of lipases with the

highest activity at pH 7.50 These results prove our hypothesis

and show that the hydrogel can be used as an effective pro-

tecting envelope for biomolecules. We are in the process of

expanding the methodology with other biomolecules and

results will be reported in due course.

Conclusions

In summary, a unique supramolecular hydrogel is reported

which remains insoluble in water and other aqueous or water

soluble systems. Importantly, unlike polymeric cross-linked

gels, no exchange of solute or solvent is allowed from and to the

hydrogel. The hydrogel remained insoluble for a prolonged

time in bulk aqueous medium as well as in a variety of other

solutions. Notably, the hydrogel showed unusual connement

properties as none of the tested solutes or solvents could be

Fig. 8 (A) FETEM image of a 1 wt% hydrogel prepared from PyKC in 20

mM Tris buffer (pH 8) containing CV-lipase. The yellow arrows indicate

the enzymes embedded in the network. (B) CD spectra of CV-lipase

under free and gel-trapped conditions to identify any denaturation due

to encapsulation and incubation at room temperature for 7 days.

Fig. 9 (A) Retention of the catalytic activities (%) of the gel-trapped

and free enzymes at different time intervals when incubated at room

temperature. (B) Retention of the catalytic activities (%) of CV and CR

lipases as a function of temperature under PyKC hydrogel-trapped and

free conditions. (C) Retention of activity (%) at different time intervals

by the gel-trapped CR-lipase when dispersed is methanol or 6 M urea

solutions. (D) Comparison of retention of activity by the CR-lipase

under free and gel-trapped conditions when exposed to buffer solu-

tions of different pH for 1 h.
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exchanged to and from the hydrogel. Experimental evidence

along with theoretical calculations reveals that the gelator

molecule dimerizes and the dimers pack themselves to form

a layer of PyKC and water which leads to the formation of

a tightly knitted network of thin bres and consequently the

hydrogel. The unique connement ability of the hydrogel

emerged due to the combined effect of p–p stacking of pyrene

rings and hydrogen bonds in peptide conjugates and conned

water. The insolubility of the hydrogel in water can potentially

originate from the sub-diffusive behavior of the water molecules

which continuously remain conned within the core of the

PyKC layer via hydrogen bonds and the hydrophobic barrier by

the pyrene rings. The tight packing of the bres within the

hydrogel network and the unusual compartmentalizing prop-

erties of the hydrogel are efficiently used to conne and protect

enzymes from denaturation in the presence of various dena-

turing agents and stimuli. The presented system is one of its

kind and the insolubility property goes against the present

understanding of supramolecular hydrogelation of small

molecules. The unique connement property opens many new

doors toward future biomedical applications which are not

possible with the present set of such so materials.
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