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1.1 Hydrogels 

Hydrogels are one of the most ubiquitously present materials in our lives right from 

food products such as jellies, oral hygiene products such as toothpaste, personal care 

products such as cosmetics, creams, personal hygiene products such as hair gels ,diapers, 

hand sanitisers to biomedical products such as wound dressings, supplements among 

others.[1–3] Hydrogels are unique among the class of soft materials comprising of polymers, 

elastomers, foams, colloids, liquid crystals etc. due to their high-water content, complex 

microstructure and stimuli responsiveness.[4–6] The term hydrogel was coined 1894 already 

and referred to colloidal gels.[7] The first biological application of a hydrogel based on 

Hydroxyethyl Methacrylate (HEMA) was already shown in 1960 by Wichterle and Lim.[8] But 

what is a hydrogel exactly?  

A hydrogel is a solid-like easily deformable soft material that can contain up to 99% 

water (by weight) but does not flow naturally.[9,10] Hydrogels owe their unique visco-elastic 

properties to their internal structure formed either by cross-linked networks (polymers) or 

colloidal aggregates that entrap a large volume fraction of water.[9] Taking note of their 

inherent biocompatibility arising from the large internal aqueous environment, researchers 

in the recent years have developed numerous biomedical applications in the fields of cell 

culturing, tissue engineering, regenerative medicine, diagnostics etc.[11–13] Apart from 

providing a reservoir of growth medium, hydrogels also provide rigid support (scaffolds) 

which is essential for cell growth, proliferation and differentiation in the case of stem 

cells.[14,15] Besides the numerous biomedical applications, hydrogels also find uses in food 

industry (jellies, mayonnaise), cosmetics, paints, water treatment and oil remediation.[16–22] 

Beyond, science and materials, they have also contributed to culture through their use in art 

conservation as agents for cleaning precious paintings[23]. Hydrogels, hence have a broader 

societal impact.  

 

1.2 Supramolecular hydrogels 

Hydrogels can be classified in many ways based on the origin of material (natural vs. 

synthetic vs. hybrid), on their ionic charger (charged vs. non-charged), on their mechanical 
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properties (hard vs. soft, elastic vs. tough), but the most useful classification from a design 

perspective is based on the interactions which are involved in their formation of their 

internal 3-D structure.[7,9] Depending on the cross-linking that is present, hydrogels can 

classified as physically cross-linked, chemically cross-linked or radiation cross-linked 

hydrogels.[24,25] Chemically or radiation cross-linked hydrogel networks are formed via 

covalent interactions. Typically, this gel network has defined parts of the network where the 

cross-links are present and hence fixed in space. This is easily visualized in the schematic of 

Figure 1 as the red dots. Physically cross-linked hydrogels on the other hand are formed 

through non-covalent interactions such van der waals forces, hydrogen bonding, p-p 

interactions or host-guest interactions.  

 
Figure 1. Schematic representation of chemically/radiation cross-linked hydrogel (left) with cross-link 

points represented as red dots vs. Physically cross-linked hydrogel (right). Image adapted from [9]. 

 

An example of chemically crosslinked hydrogel is pHEMA which is formed through 

radical polymerization of low molecular weight monomers (HEMA) in the presence of cross-

linking agent (ethylene glycol dimethacrylate).[24] An example of a radiation cross-linked 

Chemically/Radiation cross-linked hydrogel  Physically cross-linked hydrogel 
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hydrogel is Hydroxypropyl cellulose which forms a cross-linked hydrogels which irradiated 

with electron beam or gamma radiation. Covalently bonded ‘permanent’ hydrogel networks 

are mechanically strong but rupture easily at high stress.[9] Additionally, when they need to 

be used for biomedical applications, they need to be flushed off cross-linking agents that are 

usually harmful.[24]  Physically cross-linked hydrogels are softer but inherently do not need 

to be flushed to remove harmful chemical cross-linking agents. The non-covalent 

interactions also provide these hydrogels with interesting dynamic properties such as 

reversibility, self-healing and thixotropicity.[26–28] These arise due to the individual hydrogel 

fragments to reform their network after the removal of stress. In scientific literature this 

class of hydrogels are often referred as Supramolecular hydrogels.[29,30] Depending on the 

molecular structure, supramolecular gels can be made from macromolecules such as 

synthetic polymers, biopolymers, DNA or Low Molecular Weight Gelators (LMWGs). Some 

authors categorize the supramolecular gels from macromolecules as separate subclass of 

physical gels called as ‘supramacromolecular’ (SMM) gels and not under supramolecular 

hydrogels (see Figure 2a).[31] However, in scientific literature these gels are commonly 

grouped under the name of supramolecular hydrogels.[30,32]  

 



Introduction 

 5 

 
Figure 2. Schematic of gel classification reproduced from [31][a]. Schematic representation of 

formation of supramolecular gel from Low Molecular Weight Hydrogelators (LMWHs), reproduced 

from [26]. 

 

Some examples of supramacromolecular gels include polysaccharide-based 

hydrogels such as chitosan, dextran, pullulan which form due to hydrophobic interactions 

which cause the polymer strands to swell to form a gel.[33,34]  Other forms of interactions that 

can have been shown to  form physically cross-linked hydrogels are electrostatic interactions 

(Ca2+ and alginate system), stereocomplex formation (involving interaction between lactic 

acid and oligomers of opposite chirality), protein interactions in copolymers containing silk-

like and elastin like blocks (Prolastins)leading to crystallization of silk-like domains), 

hydrogen bonding induced complex formation  in Poly Acrylic Acid (PAA) or Poly Methacrylic 

a 

b 
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Acid (PMA) with Polyethylene glycol (-COOH group of PAA/PMA and Oxygen in PEG).[33,35]  

Additionally, host-guest interactions between macrocyclic hosts such as Cucurbiturils, 

Cyclodextrins and guests such as cationic amines, metal or imidazolium ions, adamantane 

have been shown to form physically cross-linked hydrogels by incorporating the hosts on 

polymer chains.[26,36–38] SMM gels from DNA or modified DNA material such as aptamers 

have also been reported especially in the context of biomedical application.[39] SMM gels 

from synthetic polyisocyanopeptides grafted with oligomers of ethylene glycol have shown 

the formation of physically cross-linked hydrogels at low concentrations and strain 

stiffening, an important biomimetic property similar to gels from cytoskeletal proteins.[40] 

Due to large volume of scientific output in this area, the curious reader is referred to a set 

review articles for further reading.[33,34,41,42] In this thesis, the focus is on another class of 

supramolecular hydrogels that are formed by physically cross-linked fibres created by the 

self-assembly of small molecules. These molecules also referred to as Low Molecular Weight 

Hydrogelators (LMWHs) self-assemble through non-covalent interactions and form a fibrous 

network spanning the volume of the solvent to form the hydrogel (see Figure 2.).[26]  

Depending on the design and chemical modifications made on the molecule itself, the 

structure, mechanical properties, stimuli-response of the resulting hydrogel can be 

controlled thus making them sophisticated tuneable soft materials.[43–47] In the next section, 

the key LMWH systems developed over the years and triggers for forming supramolecular 

hydrogels are discussed.  

 

1.3 Low Molecular Weight Hydrogelators and Triggering Systems 

Much of the earlier reported work in this field of LMWHs were related to 

serendipitous discovery based on trial and error.[48] One of the earliest reports on a LMWH 

based supramolecular hydrogel was from an amino acid (Cystine) derivative called DBC (N-

N’ Dibenzoyl-L-Cystine).[49–51] DBC self-assembles via hydrogen bonding between the 

carboxylic acid group and interactions between the aromatic ring.[52] By studying this system 

a number of L-Cystine based gelators were later synthesized and shown to form hydrogels 

at various sub millimolar concentrations.[53,54] This library approach is one of the unique 
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aspects of the LMWHs since a motif such as L-Cystine can be used a chassis to build different 

functionalities on top through chemical functionalization. It is however good to note that 

not all modifications of a base gelator possess gelating properties since some of them can 

crystallize and precipitate out.[55]  Researchers even acknowledge this challenge since it is 

difficult to predict whether a gelator will have the interactions to favour a 1-dimensional 

fibre structure that can form a physically entangled network.[56] Despite the challenges, 

many groups including ours, have synthesized and characterized different LWMHs and have 

identified new LMWG motifs aiding in rational gelator design.[43,57–62] These motifs include 

N-protected dipeptides such as (Fmoc) diphenylalanine, bola amphiphilic peptides, and 

amphipathic peptides.[46,56,60,63–66] In our group, there has been focus onto gelator motifs 

such as urea bisamides and C-3 symmetric cyclohexane/benzene amino acid based 

gelators[57,58,67–71]. The figure below (see Figure 3.) provides a quick visual summary of some 

of the LMWH motifs reported in scientific literature.  
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Figure 3. Molecular structure and schematic stacking model of N-N’ Dibenzoyl-L-Cystine hydrogelator 

[A] (adapted from [55] and [72]); Table showing a library of LMWHs based on L-Cystine motif [B] 

(adapted from [55]); Self-assembly process of peptide based gelators including, secondary, tertiary 

structures, fibrils, fibre bundles and hydrogel network [C] (reproduced from [60]); Schematic 

representation of different peptide-based gelator systems [D] (reproduced from [60]); Schematic 

representation dipeptide LMWH motif [E] (reproduced from [73]); Schematic of cyclohexane based 

LMWH motif [F][H] (reproduced from [58] and [74]); Visual of Fmoc-dipeptide LMWH motif [G] ([75]) 

A B

C D

E F G

H
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A number of triggering systems have also been developed for the formation of 

supramolecular gels from LMWHs. The motivation for the development of these triggers 

beyond controlling gel formation were to understand gelation kinetics, tuning mechanical 

properties or bringing these systems closer to biomedical applications.[76–78] The triggers that 

have been reported in literature are solvent-switch, temperature, pH, catalysts, enzymes, 

light, ionic strength, redox-reactions, ultrasound,, electrochemistry.[47,51,55,59,78–80] These 

examples come both from the world of  More recently, researchers are working on 

multicomponent hydrogels where a combination of triggers are used to further tune gel 

properties and applications.[81–83]  

 

Solvent-switching along with temperature are the earliest reported triggers for 

supramolecular gel formation. Solvent-switching involves the dissolution of LMWHs in an 

organic solvent (such as DMSO) and then introducing another solvent such as water.[55,84] 

The difference in polarities between the solvent and non-solvent, lead to the 

aggregation/self-assembly of LMWHs resulting in a gel network that spans the volume of the 

non-solvent (water). DBC, an L-cystine based gelator has been shown to form gels through 

the solvent switching from an organic solvent to water.[51] Temperature triggering involves 

heating gelator solutions till they are dissolved and cooling them down to form gels. Some 

examples include urea bisamide type gelators, L-Cystine based gelators, Fmoc-dipeptides, 

some of the cyclohexane based gelators.[58,63,67,69,85,86] 

 

pH-triggering has reported since several decades as a method to form supramolecular gels 

at room temperature. The method is especially applicable on gelator motifs that contain 

carboxylic acid (-COOH) or amine groups which are capable of deprotonation and 

protonation respectively at alkaline and acidic conditions.[58,87,88] Hence by lowering the pH 

using acids or acidulants (< pKa) or raising the pH using bases, supramolecular gels can be 

formed. An example of acid-triggered LMWH is DBC which forms gels a low pH.[86,87] Fmoc-

dipeptide based gelators have been shown to form gels at near neutral pH[89,90] Amine or 

pyridine functionalized gels are stable basic pH.[91] Besides strong acids like HCl, researchers 
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have also shown the acidulants such as glucono-d-lactone, acid anhydrides can also be used 

as pH-triggers for a more gradual reduction in pH and thereby influencing the kinetics of 

supramolecular formation.[88,92]  

 

Catalysts and enzymes catalyse the formation of the hydrogelator molecule from two or 

reactive subunits. The formed hydrogelator molecule thus self-assembles to form a hydrogel 

network. By controlling the catalyst or enzyme concentration, the kinetics gel formation can 

be controlled.[74,93] Examples include the cyclohexane tris hydrazone gelator motif shown in 

Figure 3. (see 3H) which can be catalysed by H+ or Aniline.[94] Another  example of catalytic 

control is the work of Escuder et.al on the use of L-Proline to catalyse the aldol reaction of 

cyclohexanone and p-nitrobenzaldehyde.[95] An example of enzymatic control over hydrogel 

formation is the use of alkaline phosphatase to from the gelator from its precursor thus 

triggering self-assembly and hydrogel formation.[96]  

 

To bring a new dimension of controlling gelators, light-triggers have been developed and 

reported by several researchers over the years. The approaches here consisted of i) smart 

molecular gelator design by incorporating moieties that exhibit photo-isomerism or ii) using 

molecular switches that activate upon light irradiation or iii) incorporating moieties that 

undergo photo-dimerization iv) using pH- or catalyst triggered  gelator systems in 

combination with a photoacid generator (PAG) or photocatalyst.[79,97–99] In approach i) the 

gelator typically has a azobenzene or derivative incorporated into it. Upon irradiation of UV 

light (340 nm), the azobenzene undergoes isomerization from trans to cis.[79] The trans form 

is the thermodynamically stable form which gets disrupted during light irradiation. By 

coupling this to LMWG motifs, researchers have been to control the formation and 

disassembly of supramolecular gels. The concept was first shown in an organogel system by 

Shinkai et.al but later also extended to LMWHs by Ulijn et.al who incorporated into 

dipeptides to produce a light triggered supramolecular hydrogels.[79,100,101] In approach ii) 

molecular switches such as spiropyran (SP) which undergo light-induced transition to 

merocyanine (MC) under UV light exposure.[99] SP in non-planar whereas MC is planar and 



Introduction 

 11 

therefore can facilitate p-p stacking thus leading to gel formation when conjugated to a 

LMWH motif.[79,102] This was shown by Zhang et.al who conjugated SP with a dipeptide to be 

able to form fibrous hydrogel network in response to light.[103] One proof of principle for 

approach iii) is the work of Parquette and Grinstaff et al. where  they reported on a LMWH 

in which two coumarins were connected to both the N-terminal and N-ε side chain free 

amine (-NH2) of a well-explored β-sheet forming dipeptide, dilysines.[104] The LWMH self-

assembled to form a gel which increased in mechanical strength under UV light due to the 

photo-dimerization. The system was also shown by Adams et.al by conjugating to one of 

their commonly explored dipeptide LMWH motifs.[105] Some examples of approach iv) 

include again the work of Adams et.al on their dipeptide gelator motif using 

diphenyliodonium nitrate (DPIN) as PAG to bring the pH of solution below the pKa to 

facilitate self-assembly and gel formation, the work of our group on using visible light 

triggered conversion of SP to MC to control the pH which in turn was used  to catalyse the 

formation of earlier reported cyclohexane tris hydrazone gelator to form supramolecular 

gels in a controlled manner.[106,107] 

 

On ionic strength, it has been reported that the addition of salts such as  to gelator solutions 

can trigger the formation of hydrogels by driving the hydrophobic interactions that drive 

self-assembly of gelator molecules.[108]  To create redox-triggering/responsive capabilities, 

researchers have introduced into ferrocene moieties into hydrogel motifs (polymeric and 

supramolecular alike).[109] In the case of LMWHs, ferrocene containing peptides such as 

ferrocenoyl phenylalanine have been shown form to hydrogels which undergo gel-sol 

transition in the presence of oxidizing agents such as hydrogen peroxide.[110] The reason is 

due to the loss of aromaticity of Ferrocene by forming Ferrocenium cation. This disrupts the 

stability given to the dipeptide LMWH motif and thus forming a sol.[110] Many other examples 

of redox responsive supramolecular hydrogels are summarized in this review article for the 

curious reader.[109]  
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Ultrasound induced formation of supramolecular gels has been reported for the organogel 

systems and referred to as sonogels.[78,111] However there are examples in the scientific 

literature showing hydrogel formation upon exposure to ultrasound. Wu et al. 

demonstrated the formation of supramolecular hydrogels from dipeptides through 

sonication in the presence of NaYF4 nanoparticles.[112] In another example, Stevens et al. 

ultrasound was used to permeabilize liposomes loaded with Ca2+ ions, these ions in turn 

activated the enzyme transglutaminase which catalysed intra and intermolecular cross-

linking of fibrinogen to forma hydrogel.[113] In a more recent example, aspartic acid derivative 

N,Nʹ-diaspartate-3,4,9,10-perylene tetracarboxylic acid imide (NAAPD) was dissolved in a 

mixture of water and THF to form a suspension which upon ultrasound exposure for ~ 2 

hours formed a gel.[114]  

 

Electrochemical triggering of hydrogels as a strategy has been primarily employed on pH-

triggered or redox-triggered LMWHs to form supramolecular hydrogels.[82,109] Cameron et. 

al demonstrated the formation of nanometre thick hydrogel membranes in N-protected 

dipeptide Fmoc-Leu-Gly-OH through electrochemical oxidation of hydroquinone (HQ) to 

benzoquinone (BQ) which releases protons at the electrode solution interface and trigger 

gelator self-assembly.[115] This approach was later used by the group of Dave Adams for 

growing millimetre thick hydrogel layers from multiple dipeptide gelators to form hydrogels 

with varying chemical composition.[82] Recently, this method has also been used to form 

large volume (~ 3 cm3) of di and tripeptide hydrogels using the same electrochemical pH-

triggering system under inert atmosphere (to prevent air oxidation of HQ).[116] Some 

examples based on electrochemically triggered sol-gel transitions are based on the inclusion 

of redox active compounds such as Tetrathiafulvalene (TTF) or Ferrocene that undergo 

oxidation to form their respective cations.[117] Application of positive and negative potential 

has been used to shown reversible tuning of gel formation and properties.[117]  

 

Finally, it is worth noting that researchers have tried to combine a number of triggers and 

gelator design/combination to develop strategies to produce what are called multistimuli-
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responsive supramolecular gels that respond to multiple triggers.[117] These approaches have 

been shown to provide a greater control in drug delivery, sensing, diagnostics and other 

biomedical applications.[11,110,117,118] Additionally, the different triggers have enabled to also 

control self-assembly and structuring of supramolecular gels formed by LMWHs.[9]  

 

1.4 Directed Self Assembly & Structuring of Supramolecular hydrogels 

Structuring hydrogels as such is a vast domain with several decades of work. As stated 

before, in this thesis, the focus is on LMWHs. Hence in this section, we will take a look at the 

strategies employed over years to direct self-assembly and structuring of supramolecular 

hydrogels formed from them. However it is worth noting that polymeric hydrogels have 

been microfabricated through a number of top down approaches such as photolithography, 

micro moulding, 3D-printing and stop-flow lithography.[9] To cater to the limitations of these 

approaches (resolution, limitations from capillary forces, elasticity of materials) novel micro 

structuring using Aqueous two/three system-based approaches have also been proposed.[9] 

In the case of LMWHs, structuring strategies usually combine top-down with bottom up 

approaches. This is approach is relatively new waiting to be further explored and 

understood.[9]  

 

The control over self-assembly can be understood from multiple lenses but one of the 

dominant motivations for control self-assembly and structuring is to be able to produce 

structures and systems that respond similar to living organisms or systems.[119] Living beings 

are macroscopic objects which have programmed micro and nanostructures with well-

defined functions. A cell has a number of different organelles each of which have its own 

defined structure and function.[120] Researchers have hence attempted to develop methods 

and strategies to achieve this control over self-assembly and structuring at different length 

scales.  

 

At the macroscopic scale, the simplest way to control the structure/shape/ can be achieved 

by controlling the shape of the container in which the supramolecular gel is formed. Once 
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formed, it is difficult to remove the hydrogel without the destroying its network structure 

due to their softness. To tune the mechanical properties, researchers have introduced 

polymer crosslinkers to strengthen the gel network.[121] The obtain gels were could be 

formed and removed while retaining the shape.[122] Other recent strategies such as reaction-

diffusion have also been shown to form macroscopic objects and patterns based on the 

localization of the reactants in a scaffold gel network.[123] Based on the desired pattern, 

localized reactants diffuse and combine at the interface to form a hydrogelator that self-

assembled to form networked hydrogel. To make the objects free-standing, the scaffold gel 

network is removed using a chemical agent (such as EDTA).[123] It is also possible to scale 

down the approach to micro-scale through wet stamping of the reactant solutions in specific 

patterns.[123] Furthermore, electrochemical pH-triggering of LMWGs using a conducting 

substrate such as fluorine-doped tin oxide (FTO) coated glass and hydroquinone oxidation 

has been used to produce macroscopic (few mm) hydrogel shapes. Through masking 

selected portions, a second hydrogel network was produced thus resulting in a spatially 

resolved multicomponent gel network.[82] Ulijn et.al demonstrated the formation of ~ 1mm 

wide temporary hydrogel scaffold based on electrochemical pH-triggering of Fmoc-

dipeptide gelators.[124] This scaffold was further used for the formation of a 

thermoresponsive hydrogel based on agarose.[124] The size of the scaffold and formed 

agarose gel was determined by the width of the electrode surface.[124]  
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Figure 4. Schematic of Fmoc-dipeptide (top) and formed hydrogels using HCl (left) and GDL triggering 

(right) [A] (adapted from [88]; Macroscopic PEG-crosslinked LMWG hydrogels that retained shape 

after squeezing out of the syringe in which they were formed [B] (adapted from [121]); Schematic of 

reaction-diffusion LMWH system and formed hydrogel patterns [C] (adapted from [123]); 

Electrochemically pH-trigged formation of supramolecular hydrogel at electrode interface [D] 

(adapted from [82]); Electrochemically assisted formation agarose gel using temporary scaffold of pH-

triggered LMWH [E] (adapted from [124]). 

 

At the microscopic scale, gel self-assembly and structure have been controlled through a 

combination of top-down approaches and bottom strategies but also through 

understanding and controlling parameters influencing kinetics of supramolecular gel 

formation. Beyond wet stamping in the case of reaction-diffusion, negative charged catalytic 

surfaces been used to direct self-assembly of LMWHs.[125] Olive et al. showed by patterning 

sulfonic acid groups through microcontact printing, patterned hydrogel through local H+ 

catalysis can be achieved.[125] This concept was later extended to polymeric brush patterns 

A B C

D

E
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that acted as catalytically active templates to form micro-patterned hydrogels.[126] Maity 

et.al showed the formation of sub-milli and micro-patterned LMWH hydrogels through the 

use of a light triggered photoacid.[107] By laser printing a mask on a transparent sheet, Maity 

et.al controlled irradiation of pre-gel solution and directed self-assembly and structuring 

only the location of the radiation.[107] Smith et.al have shown the formation of photo-

patterned multi domain LMWH gels using a 2-step acidification of 1,3:2,4-dibenzyldene-d-

sorbitol (DBS) derivative with the help of GDL and a photoacid.[81,127] 

 

Understanding kinetics and structuring and thus controlling self-assembly in LMWHs has 

been shown in across micro and nano scales. A simple example of one-dimensional kinetic 

control was shown by Ziemecka et.al through a pH wave that directed the orientation of DBC 

hydrogel fibres to the direction of propagation of the pH wave.[87] Furthermore, through 

slow acidification using GDL and anhydrides, Adams et.al showed that different network 

structures can be accessed in Fmoc dipeptide LWMH system, a more homogenous 

transparent gel network under slow acidification and a non-homogenous turbid network 

under fast gelation.[88]  Later the same group showed that kinetics does not dominate the 

mechanical properties of GDL-triggered LMWH hydrogels from selected Fmoc dipeptide.[65]  

They hypothesized that that close to pKa the LWMHs formed worm-like micelles which 

entangle. Also, there is an influence of final pH on the mechanical properties of the obtained 

gels.[128]  Upon further of pH, stiffening of the structures, lateral association lead to stiffer 

structures of hydrogels. Later Baccile et.al showed that kinetics (rate of acidification) played 

a role in the self-assembly and mechanical properties of hydrogels formed from stearic acid 

sophorolipids which undergo micelle to ribbon transition at physiological pH.[129] They 

reported no dependence between mechanical properties and final pH but did positively 

report on its dependence on kinetics.[129] Very recently, Draper et.al showed that perylene 

bisimides hydrogelator can form different gels based on starting pH and solution history with 

possibility to change structure by reprogramming via pH.[130] The  understanding of kinetics-

structure dependence of pH-triggered LMWHs is hence gelator and system dependent with 

room for further exploration. Besides, pH-triggered LWMHs, directed self-assembly using 
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catalytic liposomes and nanoparticles have also been reported in the recent years to form 

hydrogel fibres that originate from the catalytic surface.[131,132]  

 

These kinetically or pathway controlled self-assembly processes represent one of the self-

assembly mechanisms that is outside of thermodynamic equilibrium. By controlling of rate 

at which different competing reactions can happen (gelation vs. reduction), Thordarson et.al 

have shown the formation of transient hydrogel structures using LMWHs (DBC).[133] Very 

recently, researchers have coupled pH-triggered LMWH to a reaction–diffusion system to 

achieve transient and directional growth of supramolecular hydrogels with controlled width 

maxima and lifetimes.[134] Another of self-assembly is far from equilibrium or out of 

equilibrium self-assembly that occurs in the presence of the energy rich fuels. The 

consumption of the fuel causes the creation of transient structures which are kinetic-

controlled by fuel levels. Once the fuel is depleted, the structure disappears. Microfilaments 

and microtubules in cells are formed by self-assembly of actin and tubulin and respectively 

driven by adenosine triphosphate (ATP) and guanosine triphosphate (GTP). Researchers 

have attempted to mimic the transient structures using LMWH and an alkylating agent to 

form a transient hydrogel that disappeared when the fuel level was depleted.[135] Chemical 

fuels  

 

Beyond the world of single component supramolecular gels, directed self-assembly also 

exists in multi component supramolecular hydrogels.  Based on the reported scientific works 

mechanism of self-assembly can be i) co-assembly, ii) random assembly and iii) self-

sorting.[136,137] Panja et.al showed very recently that multicomponent LMWHs can be 

controlled to co-assembled vs. self-sorted networks by varying hydrophobicity or by 

changing preparative pathway.[138] Also, chemically fuelled self-sorting supramolecular 

hydrogels have been recently prepared through careful selection of gelator system and 

chemical fuels.[139] 
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Overall, the understanding of kinetics, structure and strategies for structuring of LMWGs 

continues to be as relevant today as it was several decades ago. One of the key aspects to 

keep in mind is that gelation using LMWHs is a formulation science problem with a number 

of contributing factors as acknowledged by leading investigators in this domain.[10] While 

new synthetic approaches for creating library of gelators is definitely welcome, it is also 

important to further the understanding of existing well-studied gelator motifs to explore 

further on structure-property relationships and further develop novel 

structuring/patterning methods.    

 

1.5 Research Aims 

The world of supramolecular hydrogels formed by the triggering of LMWGs is large with 

many different molecular designs, triggers, micro-structuring/patterning strategies 

researched and reported thus far. In this research thesis, I aim to build further our 

understanding related to modelling, predicting material properties and micro-structuring of 

pH-triggered supramolecular hydrogels. Specifically, I try to answer the following questions 

1. How can we model pH-triggered supramolecular hydrogel formation using available 

models? Are there existing models that can explain and any correlations between 

observed micro-structure and mechanical properties?  

2. Is it possible to predict an application-relevant material property of a pH-triggered 

supramolecular hydrogel?  

3. Is it possible to device a simple electrochemical method to micro-pattern pH-triggered 

supramolecular hydrogels? Current methods as explained in the previous sections work 

well in formation but it is not possible to detach the produced hydrogels. Also, 

dimensions are restricted to macro millimetre scale. Is it possible to go sub-millimetre 

scale? 

4. Linked to the above question, is it possible to device a method that allows us to apply 

method developed to answer question 3 to smaller dimensions such as micro-patterns? 
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By answering the above-mentioned questions, I intend to contribute in bringing the domain 

of LMWHs a small step ahead in understanding while positively contributing towards 

bringing the field closer to applications. 

 

1.6 Outline of the Thesis 

This thesis describes the experimental and theoretical work done on a LMWG system that is 

pH-triggered. The system is used as a model system to be able to demonstrate the methods, 

strategies developed in this thesis which can potentially be extended to other pH-triggered 

systems with minor adjustments. The chapter-wise breakdown of content is given below 

 

Chapter 1 provides the background for the scientific work carried out in this thesis. 

 

Chapter 2 describes the approach to understand microstructure of a supramolecular 

hydrogel network formed by a pH-triggered LMWG based on its rheological properties. 

Structure-property relationships developed for temperature-triggered LMWGs were 

employed on a model pH-triggered system to understand if the predicted network fractal 

dimension could be reconciled with microstructure, as visualized through Confocal Laser 

Scanning Microscopy (CLSM). 

 

Chapter 3 shows the early attempts of modelling supramolecular gel formation based on 

random graph theory. The approach, previously employed for polymeric gelation is 

employed on a model pH-triggered LMWG system by diligently accounting for the 

participating reactions, experimentally measuring or modelling their rate constants. Using a 

percolation threshold, the gelation time was predicted by the model which was 

experimentally verified by following the gelation through rheology. 

 

Chapter 4 describes a new and simple methodology to electrochemically trigger hydrogel 

formation using Pt-catalysed water-splitting reaction. The method is employed on a simple 

pH-triggered LMWH system to form sub-mini microgels. The formed microgels are then 
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detached through the application of electrochemical potential to form microgel patches 

which are free-floating in solution. This proof of concept is followed by the first attempts at 

miniaturization of the technique to 100- and 10-micron scales through the use of pre-

fabricated Pt microelectrodes to act catalytically active surface templates for hydrogel 

formation. The templating effect is further explored through the use of different shapes to 

yield different-shaped microgels.  

 

Chapter 5 builds on the concept proposed in chapter 4 and uses it to develop a new strategy 

that provides a higher-degree of control over the formation of supramolecular hydrogels 

and micropatterning them using Pt nanoparticles. Different surface templates (dots, stripes, 

rings) of Pt nanoparticles are prepared employing electrochemistry at liquid-liquid 

interfaces. These in turn template the formation of hydrogels which then retain the shape 

of the underlying micropattern. 
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Chapter 2 

Gelation kinetics-structure analysis 

of pH-triggered low molecular 

weight hydrogelators  
 

Abstract: Properties such as shear modulus, gelation time, structure of supramolecular 

hydrogels are strongly dependent on self-assembly, gelation triggering mechanism and 

processes used to form the gel. In our work we extend reported rheology analysis 

methodologies to pH-triggered supramolecular gels to understand structural insight using a 

model system based on N-N’ Dibenzoyl-L-Cystine pH-triggered hydrogelator and Glucono-δ-

Lactone as the trigger. We observed that Avrami growth model when applied to time-sweep 

rheological data of gels formed at lower trigger concentrations provide estimates of fractal 

dimension which agree well compared with visualization of the microstructure as seen via 

Confocal Laser Scanning Microscopy, for a range of gelator concentrations. 

 
 
 
 
 
 
 
 
 

This chapter has been published as V. Lakshminarayanan, C. Chockalingam, E. Mendes, J. 

H. van Esch, ChemPhysChem 2021, DOI 10.1002/CPHC.202100276. 
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2.1 Introduction 

Supramolecular gels formed by the self-assembly of low molecular weight hydrogelators 

(LMWGs) are an important class of supramolecular materials. With applications ranging 

from cell culture scaffolds, drug delivery systems, they are emerging as an alternative to 

their polymer counterparts. [1,2] A number of triggering methods exist to initiate the self-

assembly of LMWGs namely temperature, pH, light, sound, chemical fuels, enzymes etc.[2–7] 

Each of these triggering methods enable to achieve a certain of degree of control and opens 

up the possibilities to create a different application of supramolecular gels using them. In 

the context of applications, in order to optimize formulations, it is imperative that the 

triggering method and processing of LMWGs be related to the material properties that are 

obtained in gels. Thus, creating a link between gel processing and resulting characteristics is 

important. Controlled gel processing by temperature programming, solvent switch and 

addition of additives have been demonstrated to impact structure and properties of 

organogels. [8–10] Later reports have suggested and encouraged the notion that such ideas 

may be valid for hydrogels as well. Control over gelation conditions using glucono- δ -lactone 

(GDL) paved the way to a number of studies investigating the effect of kinetics on mechanical 

properties of Fmoc-dipeptide hydrogels. [11,12]. Depending on the variant of the gelator 

chosen, different properties in terms of shear modulus were obtained for the same 

triggering method. Due to the impact of processing conditions on gel properties, it is 

important to include gel triggering method in structure-property investigation. 

Temperature-triggered organogelators have been well studied in this regard and clear 

structure-property relationships have been developed. [8 -10] However, it is not the case for 

hydrogelators. In the recent years, considerable attention has been given to pH-triggered 

supramolecular hydrogels obtained from e.g., dipeptide hydrogelators, sophorolipids due to 

their versatility. [3,4,28] In this work we investigate the effect of kinetics of pH triggering on the 

obtained gel properties and microstructure. Already developed structure-property 

relationships from temperature triggering of organogelators were used to understand if 

such an approach can be valid for hydrogelators as well. For the sake of simplicity, we used 
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an off-the-shelf dipeptide gelator (Dibenzoyl-L-Cystine (DBC)) as an acid-triggered 

hydrogelator, in combination with GDL. [11,13,14]  

 
2.2 Results and Discussion 

First, the pH triggering system by GDL hydrolysis was studied to ensure that it could serve as 

a reliable method for the kinetic studies of gelation. The kinetics of pH change of a 5mM 

solution of Na2DBC observed after addition various amounts of GDL is shown in Figure 1. 

Upon addition of GDL, pH decreases rapidly within the first minute followed by a more 

gradual change over the course of tens to hundreds of minutes. After a certain time (ca. 100 

min), the pH does not change significantly. Increasing the amount of GDL added resulted in 

a faster decrease in pH and a lower final pH value (measured after 8 hours) (Figure 1A.). We 

observed that changing the gelator concentration had a minor effect on the observed final 

pH values as compared to GDL concentrations. Figure 1B shows the average final pH values 

with errors associated with different gelator concentrations explored in this study (2-20mM) 

for each given concentration of GDL.   

 

 
Figure 1. GDL dependence of pH change for the case of 5mM Na2DBC [A]; Final pH values measured 

after 8 hours from addition of 1wt.% (57 mM), 5wt.% (295 mM), 10wt.% (624 mM) and 25 wt.% (1871 

mM) of GDL. The corresponding [GDL]/[Gelator] molar ratios are 11, 59, 125 and 374 respectively, 

Error bars indicate final pH variation (standard deviation, N = 3) at 5mM gelator concentration. 
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The data for 2, 10 and 20 mM Na2DBC can be found in Figures S1-S3 of the supplementary 

information. The variation in end pH values with DBC and GDL concentration is presented in 

Table S1. The variation in the pH values with gelator concentration can be qualitatively 

explained by considering the buffer formation by the protonation of DBC salt (Na2DBC). 

With increase in initial DBC salt concentration, the buffer capacity increases slightly for a 

given amount of GDL. However, for a fixed amount of DBC salt, increasing the GDL 

concentration enables the system to overcome the buffer capacity of the DBC buffer 

resulting in the lowering of the end pH. We want to highlight to the reader that while GDL is 

a useful tool to control kinetics, it could be challenging in deploying it as a quantitative 

indicator. To understand if [GDL]/[DBC salt] could be used a quantitative indicator we 

plotted the end pH at various molar ratios (see Figure S26 in Appendix). The results showed 

scattering of values leaving us to omit the use of molar ratios as a way of representing the 

data. We hence continued to use the absolute concentrations to represent data in this work. 

We next investigated the gelation of DBC in the presence of GDL. It has been reported for 

DBC that gelation occurs when pH drops below the pKa. [16,17] The gelation occurs via 

formation of fibres through self-assembly of the gelators. Since the gel formation in our 

system is coupled to the kinetics of the pH change, a technique that can track a material 

property that varies as a function of time is required. The dynamic storage and loss moduli 

(G’ & G’’) are material properties that are commonly reported for supramolecular gels and 

rheological techniques are commonly reported to track kinetics of gel formation.[15] Hence, 

we followed the kinetics of gelation of GDL triggered DBC gels under the rheometer. The 

results obtained for 5 mM of gelator is given in Figure 2.  
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Figure 2. Time evolution of storage modulus (G') and loss modulus (G'') upon addition of different 

amounts of GDL to 5mM Na2DBC solution (1wt.% (57 mM), 5wt.% (295 mM), 10wt.% (624 mM) and 

25 wt.% (1871 mM) of GDL. The corresponding [GDL]/[Gelator] molar ratios are 11, 59, 125 and 374 

respectively). The insets show the early stages of gelation that are used in determining the gel point. 

 

The data for 2,10 and 20 mM gelator can be found in Figures S4-S6 of the supplementary 

information. As it can be observed in Figure 2 for low GDL concentrations, the observed G’ 

does not start increasing immediately after the addition of GDL. There is a time delay of (lag 

phase) after which gelation begins and reaches a plateau after sometime (ca. 30min). This is 

similar to earlier reported work on gelation of LMWG with GDL in the case of Fmoc-dipeptide 

gelators.[18] The hydrolysis of GDL produces acid that protonates the carboxylate ions of DBC. 

The protonated DBC (H2DBC) then proceeds to form a gel via self-assembly. The hydrogen 

bonding between carboxylic acid groups in the gelator has been found to be crucial in the 

fibre network formation in this class of gelators.[19] With increasing amounts of added GDL, 

0 1 3 4 6 7 8
10-3
10-2
10-1
100
101
102
103
104
105
106

 G'
 G''

 

 

G'
/G

'' 
[P

a]

Time [hr]

0 20 40 60 800.0

0.5

1.0

1.5

2.0

G'
/G

'' [
Pa

]

Time [min]

0 1 3 4 6 7 8
10-3
10-2
10-1
100
101
102
103
104
105
106

 G'
 G''

 

 

G'
/G

'' 
[P

a]

Time [hr]

0 5 10 15 20 250.0

0.5

1.0

1.5

2.0

G'
/G

'' [
Pa

]

Time [min]

0 1 3 4 6 7 8
10-3
10-2
10-1
100
101
102
103
104
105
106

 G'
 G''

 

 

G
'/G

'' 
[P

a]

Time [hr]

0 5 10 15 20 250.0

0.5

1.0

1.5

2.0

G'
/G

'' [
Pa

]

Time [min]

0 1 3 4 6 7 8
10-3
10-2
10-1
100
101
102
103
104
105
106

 G'
 G''

 

 

G'
/G

'' 
[P

a]

Time [hr]

0 1 2 3 4 50.0

0.5

1.0

1.5

2.0

G'
/G

' [
Pa

]

Time [min]

1wt% GDL 5wt% GDL

10wt% GDL 25wt% GDL



Chapter 2 

 36 

the lag phase reduces in time, indicating that self-assembly of gelator molecules happens 

earlier. At very high concentrations of GDL, pH drops below the pKa (3.58) within the first 

30 seconds, enough to initiate the formation of fibres.[17] Gelation is said to have occurred 

when a fibrous network consisting of entanglements or crosslinks has been formed that 

begins to offer resistance to the applied shear. Experimentally, this is defined as the point 

when G’ = G’’. Recent works on LMWGs have suggested that this definition is only 

approximate and not binding.[18] For gelation of non-crystalline solids, an accurate method 

for predicting tgel has been suggested by plotting (s/<tanδ>) vs. time (s – standard deviation 

in tanδ, tanδ = G’’/G’) and choosing the value of minimum of this curve.[20] In our efforts to 

use this method on our data, we observed that the tgel values determined by this method 

were much larger than experimentally observed. We hence continued with our first choice, 

and we take the time for gelation (tgel), as the point where G’ crosses G’’. The time-sweep 

curves for the remaining gel concentrations and tanδ plots can be found in the 

supplementary section (see Figures S21 – S24). For a given concentration of gelator, 

increasing the amount of GDL leads to a decrease in the observed gel point (see Figure 3).  

 
Figure 3. Plots of 𝑡!"# and plateau modulus (𝐺′(∞)) as function of concentration of GDL (1wt.% (57 

mM), 5wt.% (295 mM), 10wt.% (624 mM) and 25 wt.% (1871 mM) of GDL) at various gelator 

concentrations. Expanded version for Figure 3B available in ESI as Figure S25. 
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hydrogels.[21] However, the role of kinetics was not considered to as important as 

compared to end pH in the case of Fmoc-dipeptide hydrogels.[30] From our observations, 

there seems to be an optimum (around 5-10% GDL) depending on the gelator concentration 

where G’ achieves a maximum before decreasing further. This is likely linked to a change in 

the type of network being formed in the gel. In our efforts to investigate this, we took 

inspiration from earlier reported work on temperature-triggered organogelators whose 

structure-property relationships have been studied in detail over many years. [10,22,23]. 

Temperature triggered formation of fibrous organogels from N-lauroyl-L-glutamic acid di-n-

butylamide (GP-1) has been investigated by X.Y. Liu and co-workers to develop rheology-

based models and analysis in terms of the fractal dimensions of their networks.[22] Their 

model was based on the Avrami model to describe nucleation and growth of bulk crystals 

(Eq. 1) 

 

ln[1 − 𝑋!"] = −𝑘*𝑡 − 𝑡#$%,
&$,&                 (1) 

In equation (1), 𝑘 is constant, 𝑋!" 	is the crystallinity of the system which is equal to the ratio 

of volume fraction of crystal material at time 𝑡 to the volume fraction as 𝑡 → ∞, and 𝑡#$%  is 

the time for gelation or gel point as determined by rheology. The authors correlated 

crystallinity and viscosity by using Einstein’s relation to end up with the following relation 

[23,24] 

𝑋!"(𝑡) 	=
'())
'(+)

= ,'(())

,'((+)
= ,∗())-,*

,∗(+)-,*
                                  (2) 

In (2), 𝜑(𝑡) and 𝜑(∞) are the volume fractions at time 𝑡 and 𝑡 → ∞ respectively, and  

𝜂./(𝑡)  and 𝜂./(∞) are the corresponding specific viscosities. The complex viscosities 𝜂∗(𝑡)  

and 𝜂1	of the system and the solvent, respectively, are related to the complex moduli, 𝐺 ∗ 

of the system to give the following final relation 

𝑋!"(𝑡) 	=
'())
'(+)

= ,'(())

,'((+)
= ,∗())-,*

,∗(+)-,*
= 2∗())-2∗*

2∗(+)-2∗*
                      (3) 

By using (3), the time dependent values of 𝑋!"(𝑡) can be obtained from the time evolution 

of the complex moduli 𝐺 ∗ (𝑡) , which can now be analysed with (1) by plotting 
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𝑙𝑛{−𝑙𝑛[1 − 𝑋𝑐𝑟(𝑡)]} vs. 𝑙𝑛*𝑡 − 𝑡!"#,} to yield the fractal dimension D_f. For one-

dimensional or rod-like growth, two-dimensional or plate-like growth, and 3-dimensional 

spherical growth, D_f=1,2,3 respectively. The value of 𝐷5 indicates the fractal dimension, an 

indication of self-similarity in the network. By comparing with results from static light 

scattering data, it has been shown that their method gave very good estimates for the 

dimensionality of their system. [3,25] In later accounts, another method based on the 

Dickinson model developed by Terech and co-workers was used instead of the above Avrami 

relation. [26,27] The reason cited was that the Avrami exponent depends strongly on both 

crystal growth dimensionality and nucleation mechanism. Furthermore, they introduced a 

scaling argument into the Dickinson model to create an Extended-Dickinson Model that 

provided good estimates for dimensionality of the structures when compared against optical 

microscopy images. The same model was later used to study the effect on confinement on 

molecular gelation of GP-1 at higher concentrations (3-7 wt.%).[27] In our work, the maximum 

concentration of gelator was 20mM (ca. 1wt.%). Hence the original Dickinson model which 

is valid for semi-dilute systems maybe be used to check if it might be applicable. In this 

model, instead of crystal volume fraction, a gel-volume fraction as defined in previous work 

is used. [26,27] This volume fraction is directly related to the storage modulus instead of the 

complex modulus. The final expression is given by equation S1 in the supplementary 

information (refer Appendix). Therefore, a plot of gel volume fraction vs. the time during the 

growth phase can be used to extract the exponent from which the fractal dimension can be 

calculated. From the analysis of rheology data based on the models, we observed that the 

obtained values are strongly dependent on the region chosen for the fitting process. The 

regions just after 𝑡 > 𝑡!"#   have been chosen in the previously reported work. [22,23,27] Since 

the plots need 𝑡 − 𝑡!"#   (see Figure 4) the estimates depend on the value of 𝑡!"#.  
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Figure 4. Model fits based on Avrami model for the case of 5mM gelator concentration and different 

amounts of GDL (1wt.% (57 mM), 5wt.% (295 mM), 10wt.% (624 mM) and 25 wt.% (1871 mM) of 

GDL). The corresponding [GDL]/[Gelator] molar ratios are 11, 59, 125 and 374 respectively 

 

As mentioned in the methods section, a time delay between vortexing and eventually 

starting the measurement was observed. This means that the true gelation time is 

somewhere in the vicinity of the chosen gelation time, that is, early growth stages. We 

observed that the exponent values obtained from both models do not differ significantly 

(see Figures 4, S7, S8, S9, S10). However, this leads to different fractal dimensions because 

the two models have different relationships between exponent and fractal dimension. In the 

Avrami model exponent ‘n’ of Figure 4 is directly equal to the fractal dimension 𝐷5,7  and 

we see that it increases as the concentration of GDL increases. In the case of the Dickinson 

model, we observe the opposite trend with 𝐷5,&  decreasing as the GDL amount is increased 

(see Figures 5, S11, S12, S13, S14 and Table S3) as also shown from equation S1. This 
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discrepancy arises from the reciprocal relationship which exists in the Dickinson model. We 

hence used the Avrami model predictions for further investigation. To reconcile the model 

predictions visually, we performed confocal microscopy (CLSM) experiments as described in 

the experimental section and the results are shown in Figure 5.  

 
Figure 5. Model predictions for Df,A [A]; False-colour CLSM micrographs showing differences in 

morphology in hydrogels formed from 5mM of gelator upon addition of 1wt.% (57 mM) [B], 5wt.% 

(295 mM) [C],10wt.% (624 mM) [D] and 25wt.% (1871 mM) [E] of GDL. The corresponding 

[GDL]/[Gelator] molar ratios are 11, 59, 125 and 374 respectively.  Scale bar is 20μm. 

 

The CLSM micrographs exhibit differences in the morphology of hydrogels (Figure 5, B-E) 

based on the concentration of GDL. At lower concentrations of GDL, entangled fibrous 

networks are observed which becomes more inhomogenously distributed at higher 

concentrations. Similar observations were made with Fmoc-dipeptide hydrogels that were 

produced by acidification using HCl.[14] A sharp decrease in pH is associated with this 
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of DBC gelator. Similar observations are seen for the case of 2mM, 10mM and 20mM 

gelators as the concentration of GDL trigger increases (Figures S12A, S13A and S14A in 

Appendix). From work on pH-triggered self-assembly of sophorolipids, we can see that at 

high acidification rates, the tendency to side-branch and form spherulites increases leading 

to weaker gels that are loosely connected. DBC is also known to form spherulites in water 

when gels produced by cooling down a hot solution were allowed to stand over a long period 

of time.[29] From confocal micrographs we do see observe the presence of loosely connected 

spherulites at higher concentrations of GDL (Figures 5D, 5E, S12D, S12E, S13D, S13E, S14C). 

Correspondingly we do observe an increase in  𝐷5  from ca. 1.2 (at 1% GDL) to 1.5 - 3 (at 25% 

GDL) (see Table S2 in Appendix). From CLSM data, it can be seen that a faster decrease in pH 

produces more in-homogenous loosely connected structures as opposed to thinner fibres at 

around 5% GDL. It is known that thinner, homogenously distributed fibres provide more 

strength to the network.[29] This could explain the apparent increase in storage modulus seen 

during the rheological characterization. At lower concentrations of GDL, Avrami model 

predictions indicate that a nearly one dimensional (1D) fibrous structure exists which 

corroborates well with the CLSM micrographs. With increasing gelator concentration, the 

Avrami model predicted fractal dimension increases as the driving force (acidification rate) 

increases. Avrami model considers the network formation to be similar to the process of 

crystallization which is applicable to DBC since they are known to form crystals in aqueous 

environments.[31] The Dickinson model developed for weak interacting colloidal aggregation 

does not provide estimates of fractal dimension that corroborate well with experimental 

observations made using confocal microscopy. The model assumes that particles and 

aggregates can be treated as spheres.[32] The aggregates behaving like hard spheres form 

space-filling structures in a diffusion or reaction limited aggregation mechanisms. The fractal 

dimension relates to the gelation time with near-infinite gelation times for compact 

structures (𝐷5	=3). In our systems gelation time is dependent on gelator concentration and 

trigger concentration. Furthermore, Dickison model does not take any side-branching or 

interpenetration into account. For these reasons, it is not considered an appropriate model 

to understand structure-property relationships in pH-triggered LMWG systems despite its 
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moderate success in organogelator systems. The Avrami model predicted fractal dimensions 

are consistent with previously reported values for organogelators and chemically triggered 

systems. [15,22,23] However the transition between nearly 1-D fibres at low trigger 

concentrations (1% GDL) to loosely connected spherulites at higher trigger concentration 

(10%,25% GDL) seems to indicate that there is a regime where tendency to side-branch 

begins to increase. We wonder if there may be a threshold concentration of gelator and 

trigger which could exist in these systems. However, based on the experimentally studied 

concentrations, we are unable to draw definitive conclusions at this stage. 

 

2.3 Conclusions 

This work shows that mechanical properties of low molecular weight gelators are dependent 

on kinetics of GDL hydrolysis, an observation that differs from previous work on Fmoc-di 

peptide gelators and more in line with sophorolipids. [28,30] Rheology analysis using Avrami 

based kinetic-fibre branching models developed for organogelators give a good indication 

of fractal dimensions for pH-triggered LMWGs such as DBC when acidified using a trigger 

such as GDL. Through careful experimental design with smaller steps in trigger and gelator 

concentration, it would be possible to explore the transition between 1-D fibres to networks 

with side-branches and spherulites. This would enable us to precisely control the 

morphology of gel networks which could be valuable for applications in cell culturing, tissue 

engineering where morphology of scaffolds can have an impact on cell proliferation and 

differentiation.[1] 

 

2.4 Experimental Section 

2.4.1 Materials and Methods 

2.4.1.1 Safety & Hazards 

This work was carried out in a Chemistry lab with personal protective equipment such as lab 

coat and safety eyewear. Powdered solid materials were handled with care to avoid 

accidental inhalation and nasal irritation. Exercise caution while handling chemicals and 

handle them as per the safety protocols of your laboratory. 
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2.4.1.2 Gelator and pH triggering agents 

N-N’ Dibenzoyl-L-cystine (98%), Nile red (9-(Diethylamino)-5H-benzo[a]phenoxazin-5-one), 

and Sodium Hydroxide were purchased from Sigma-Aldrich and used without further 

purification. Glucono-δ-lactone (99%) was purchased from Alfa Aesar and used without 

further purification.  

 

2.4.1.3 Production of hydrogels 

Neutralized DBC salt (Na2DBC) stock solutions were first prepared fresh by preparing a 

solution from a weighted amount of the free acid gelator (H2DBC) and the corresponding 

volume of a 1M NaOH stock solution containing two equivalents of base. The mixture was 

vortexed to ensure complete dissolution of the gelator. The pH was then measured to and 

found to be around 4 – 5. Variance across batches was tested and found to be small (4.81 ± 

0.68). To prepare the hydrogels, measured quantities of GDL (in the form of a powder) were 

added to Na2DBC solutions and vortexed briefly and allowed to set. The dissolution of GDL 

is faster than its hydrolysis and this results in a gradual decrease in pH which eventually leads 

to gel formation.14 

 

2.4.1.4 pH measurements 

All pH measurements were carried out using a Metrohm 744 pH meter at 25◦C after 

calibrating using standard pH buffers at pH 1.61, 4 and 7. 

 

2.4.1.5 Rheological Characterisation 

Oscillatory rheology measurements were performed on an AR-G2 strain-controlled 

rheometer (TA instruments) using a 40mm stainless steel plate-plate geometry. The 

temperature was maintained at 25 ± 0.2◦C. A known amount of GDL was put in a 2mL vial 

with an easy open cap. Measured quantity of DBC salt solution was aspirated in a 1000 μL 

micropipette and added to the vial. After a quick vortexing, the solution was casted on to 

the bottom plate of the rheometer. A short time delay of 6 seconds was observed between 

vortexing, to casting and lowering of the top plate to the bottom plate. A solvent trap filled 
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with water or hexadecane was used to prevent drying of the formed hydrogels. Time 

evolution of storage (G’) and loss modulus (G’’) was followed at 1 Hz and 0.05% strain. This 

is a commonly used setting for measuring gels formed from LMWGs.15 To be thorough, the 

LVER (Linear Viscoelastic region) was confirmed at these settings via frequency and strain 

sweeps (Figures S15 - S18 in Appendix). To allow comparison across different samples, a 

constant gap of about 770 ± 10 µm was maintained. Rheology measurements which were 

used to estimate fractal dimension were carried out in triplicate. 

 

2.4.1.6 Confocal Laser Scanning Microscopy (CLSM) 

Morphology visualization of hydrogels was performed using a Zeiss LSM 710 confocal laser. 

Nile red was used as the staining agent to track DBC gel fibres.16 The hydrogel samples were 

prepared by mixing 40 µL of 5mM Nile Red in 95% pure ethanol to a weighed amount of GDL 

along with a predetermined volume of Na2DBC solution and MilliQ water as required for a 

certain hydrogel concentration in a 1ml vial. The final concentration of Nile red in this 

solution was 25 µM. The solution was then vortexed for 30 seconds to ensure complete 

dissolution of GDL. 80 µL of this solution was pipetted out and placed in a chamber made of 

glass slide (2 x 2 cm) and an inert rubber gasket which was again sealed with a second glass 

side. The slides were mounted on the stage of the microscope. CLSM micrographs of the 

hydrogels were obtained using a laser beam at 514 nm and oil immersion 40X Zeiss 

objective. 
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Appendix - Supporting Information 

 
Figure S1. pH profiles upon GDL addition for the case of 2mM Na2DBC at 1wt.% (57 mM), 5wt.% (295 

mM), 10wt.% (624 mM) and 25 wt.% (1871 mM) of GDL. The corresponding [GDL]/[Gelator] molar 

ratios are 28, 148, 312 and 935 respectively. 
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Figure S2. pH profiles upon GDL addition for the case of 10mM Na2DBC  at 1wt.% (57 mM), 5wt.% 

(295 mM), 10wt.% (624 mM) and 25 wt.% (1871 mM) of GDL. The corresponding [GDL]/[Gelator] 

molar ratios are 5.7, 29, 62 and 187 respectively. 

 
Figure S3. pH profiles upon GDL addition for the case of 20mM Na2DBC at 1wt.% (57 mM), 5wt.% (295 

mM), 10wt.% (624 mM) and 25 wt.% (1871 mM) of GDL. The corresponding [GDL]/[Gelator] molar 

ratios are 2.8, 15, 31 and 93 respectively. 
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Table S1. End pH (measured after 8 hours) at different gelator concentrations for 1wt.% (57 mM), 

5wt.% (295 mM), 10wt.% (624 mM) and 25 wt.% (1871 mM) of GDL. Molar ratios ([GDL]/[Gelator]) 

provided in parenthesis () 

GDL 

(wt.%) 

2mM 

Na2DBC 

5mM 

Na2DBC 

10mM` 

Na2DBC 

20mM 

Na2DBC 

Mean 

pH 
Std.Dev 

1 
2.38       

(28) 

2.19       

(11) 

2.19      

(5.7) 

2.65      

(2.8) 
2.35 0.22 

5 
1.89     

(148) 

1.54       

(59) 

1.61       

(29) 

1.95       

(15) 
1.74 0.16 

10 
1.68     

(312) 

1.3       

(125) 

1.34       

(62) 

1.72       

(31) 
1.51 0.22 

25 
1.42     

(935) 

1.03     

(374) 

1.02     

(187) 

1.36       

(93) 
1.20 0.18 
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Figure S4. Time evolution of storage and loss moduli at GDL hydrolysis conditions for gelator 

concentration = 2mM 1wt.% (57 mM), 5wt.% (295 mM), 10wt.% (624 mM) and 25 wt.% (1871 mM) 

of GDL. The corresponding [GDL]/[Gelator] molar ratios are 28, 148, 312 and 935 respectively. 
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Figure S5. Time evolution of storage and loss moduli at GDL hydrolysis conditions for gelator 

concentration = 10mM and 1wt.% (57 mM), 5wt.% (295 mM), 10wt.% (624 mM) and 25 wt.% (1871 

mM) of GDL. The corresponding [GDL]/[Gelator] molar ratios are 5.7, 29, 62 and 187 respectively. 
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Figure S6. Time evolution of storage and loss moduli at GDL hydrolysis conditions for gelator 

concentration = 20mM and 1wt.% (57 mM), 5wt.% (295 mM), 10wt.% (624 mM) and 25 wt.% (1871 

mM) of GDL. The corresponding [GDL]/[Gelator] molar ratios are 2.8, 15, 31 and 93 respectively. 
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Figure S7. Model fits based on Dickinson model for case of 5mM gelator concentration and 1wt.% (57 

mM), 5wt.% (295 mM), 10wt.% (624 mM) and 25 wt.% (1871 mM) of GDL. The corresponding 

[GDL]/[Gelator] molar ratios are 11, 59, 125 and 374 respectively). 
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Figure S8. Model fits based on Avrami and Dickinson models for case of 2mM gelator concentration 

and 1wt.% (57 mM), 5wt.% (295 mM), 10wt.% (624 mM) and 25 wt.% (1871 mM) of GDL. The 

corresponding [GDL]/[Gelator] molar ratios are 28, 148, 312 and 935 respectively. 
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Figure S9. Model fits based on Avrami and Dickinson models for case of 10mM gelator concentration 

and 1wt.% (57 mM), 5wt.% (295 mM), 10wt.% (624 mM) and 25 wt.% (1871 mM) of GDL. The 

corresponding [GDL]/[Gelator] molar ratios are 5.7, 29, 62 and 187 respectively. 
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Figure S10. Model fits based on Avrami and Dickinson models for case of 20mM gelator concentration 

1wt.% (57 mM), 5wt.% (295 mM) and 10wt.% (624 mM) of GDL. The corresponding [GDL]/[Gelator] 

molar ratios are 2.8, 15 and 31 respectively. 
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Table S2. Fitting values for Avrami fits for different region selected in x-axis 

Sample Code  Region n Pearson r 

adjusted r-

square 

2mM 1% 5 - 6.5 0.936 0.985 0.971 

2mM 1% 5 - 7.0 1.254 0.979 0.959 

5mM 1% 5 - 6.5 1.375 0.993 0.987 

5mM 1% 5 - 7.0 1.475 0.996 0.993 

10mM 1% 5 - 6.5  1.483 0.952 0.904 

10mM 1% 5 - 6.25 1.072 0.966 0.931 

20mM 1% 3.5 - 7.0  1.192 0.998 0.997 

20mM 1% 3.5 - 6.5 1.207 0.998 0.997 

2mM 5% 3.5 - 6.0 1.228 0.987 0.973 

2mM 5% 3.5 - 5.5 1.036 0.991 0.981 

5mM 5% 2.5 - 5.25 1.5 0.995 0.99 

5mM 5% 2.5 - 5.0 1.421 0.996 0.992 

10mM 5% 3.5 - 5.5 2.049 0.998 0.996 

10mM 5% 3.5- 5.25 2.037 0.997 0.994 

20mM 5% 3.0 - 6.0 1.892 0.999 0.998 

20mM 5% 3.0 - 5.5 1,931 0.999 0.998 

2mM 10% 3.5 - 5.25 2.534 0.994 0.988 

2mM 10% 3 - 4.5  1.718 0.986 0.968 

5mM 10% 2.5 - 4.5 1.989 0.999 0.998 

5mM 10% 2.5 - 4.25 2.015 0.999 0.997 

10mM 10% 3.5 - 4.85 2.394 0.997 0.995 

10mM 10% 3.5 - 4.5 2.244 0.997 0.994 

20mM 10% 4.25 - 6  1.323 0.995 0.991 

20mM 10% 4.0 - 6.0  1.288 0.994 0.988 

2mM 25% 3.25 - 5.0  1.569 0.999 0.998 

2mM 25% 3.25 - 4.75 1.604 0.999 0.998 

5mM 25% 3.0 - 5.0  2.067 0.998 0.996 

5mM 25% 3.0 - 4.75 2.084 0.997 0.994 

10mM 25% 3.25 - 4.0 3.298 0.996 0.989 

10mM 25% 3.25 - 4.25 3.16 0.996 0.989 

20mM 25% - -     
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Table S3. Fitting values for Dickinson fits for different region selected in x-axis 

 Sample Code Selection n Pearson r 

adjusted r-

square 

2mM 1% 5 - 6.5 0.903 0.985 0.969 

2mM 1% 5 - 7.0 1.209 0.978 0.957 

5mM 1% 5 - 6.5 1.375 0.994 0.987 

5mM 1% 5 - 7.0 1.475 0.996 0.993 

10mM 1% 5 - 6.5  1.48 0.952 0.904 

10mM 1% 5 - 6.25 1.069 0.966 0.93 

20mM 1% 3.5 - 7.0  1.204 0.998 0.997 

20mM 1% 3.5 - 6.5 1.223 0.998 0.997 

2mM 5% 3.5 - 6.0 1.223 0.987 0.974 

2mM 5% 3.5 - 5.5 1.033 0.991 0.981 

5mM 5% 2.5 - 5.15 1.505 0.995 0.99 

5mM 5% 2.5 - 5.0 1.426 0.996 0.992 

10mM 5% 3.5 - 5.5 2.051 0.998 0.996 

10mM 5% 3.5 - 5.25 2.039 0.997 0.994 

20mM 5% 3.0 - 6.0 1.908 0.999 0.998 

20mM 5% 3.0 - 5.5 1.948 0.999 0.998 

2mM 10% 3.5 - 5.25 2.507 0.995 0.989 

2mM 10% 3 - 4.5  1.715 0.986 0.968 

5mM 10% 2.5 - 4.5 2.012 0.999 0.997 

5mM 10% 2.5 - 4.25 2.041 0.998 0.997 

10mM 10% 3.5 - 4.85 2.402 0.997 0.995 

10mM 10% 3.5 - 4.5 2.255 0.997 0.994 

20mM 10% 4.25 - 6  1.328 0.995 0.991 

20mM 10% 4.0 - 6.0  1.294 0.994 0.989 

2mM 25% 3.25 - 5.0  1.558 0.999 0.998 

2mM 25% 3.25 - 4.75 1.597 0.999 0.998 

5mM 25% 3.25 - 5.0  2.066 0.998 0.996 

5mM 25% 3.25 - 4.75 2.084 0.997 0.994 

10mM 25% 3.25 - 4.0 3.303 0.996 0.989 

10mM 25% 3.25 - 4.25 3.165 0.996 0.989 

20mM 25% - - - - 
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Figure S11. Model predictions for  from Dickinson model in hydrogels formed from 5mM of 

gelator at various amounts of GDL (1wt.% (57 mM), 5wt.% (295 mM), 10wt.% (624 mM) and 25 wt.% 

(1871 mM)). The corresponding [GDL]/[Gelator] molar ratios are  11, 59, 125 and 374 respectively.   

 

      

Figure S12. Model predictions for  from Avrami and Dickinson models[A]; False-colour CLSM 

micrographs showing difference in morphology in hydrogels formed from 2mM of gelator upon 

addition of 1wt.% (57 mM) [B], 5wt.% (295 mM) [C],10wt.% (624 mM) [D] and 25wt.% (1871 mM) [E] 

of GDL. The corresponding [GDL]/[Gelator] molar ratios are 28, 148, 312 and 935 respectively. Scale 

bar is 20μm. 
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Figure S13. Model predictions for  from Avrami and Dickinson models [A]; False-colour CLSM 

micrographs showing difference in morphology in hydrogels formed from 10mM of gelator upon 

addition of 1wt.% (57 mM) [B], 5wt.% (295 mM) [C],10wt.% (624 mM) [D] and 25wt.% (1871 mM) [E] 

of GDL. . The corresponding [GDL]/[Gelator] molar ratios are 5.7, 29, 62 and 187 respectively. Scale 

bar is 20μm. 
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Figure S14. Model predictions for  from Avrami and Dickinson models [A]; False-colour CLSM 

micrographs showing difference in morphology in hydrogels formed from 10mM of gelator upon 

addition of 1wt.% (57 mM) [B], 5wt.% (295 mM) [C] and 10wt.% (624 mM) [D] of GDL. The 

corresponding [GDL]/[Gelator] molar ratios are 2.8, 15 and 31 respectively. Scale bar is 20μm. 

fD
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Figure S15. Strain and frequency sweeps at gelator concentration of 2mM and 1wt.% (57 mM) and 

5wt.% (295 mM) of GDL. The corresponding [GDL]/[Gelator] molar ratios are 28 and 148 respectively.  
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Figure S16.More strain sweeps at gelator concentration = 2mM and 10wt.% (624 mM), 25wt.% (1871 

mM) of GDL. The corresponding [GDL]/[Gelator] molar ratios are 312 and 935 respectively. 

 

 
Figure S17. Strain and frequency sweeps at gelator concentration = 5mM and 1wt.% (57 mM) and 

5wt.% (295 mM) of GDL. The corresponding [GDL]/[Gelator] molar ratios are 11 and 59 respectively. 
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Figure S18.More strain and frequency sweeps at gelator concentration = 5mM and 10wt.% (624 mM), 

25wt.% (1871 mM) of GDL. The corresponding [GDL]/[Gelator] molar ratios are 125 and 374 

respectively. 
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Figure S19. Strain and Frequency Sweeps at gelator concentration = 10mM and 1wt.% (57 mM), 5wt.% 

(295 mM), 10wt.% (624 mM), 25wt.% (1871 mM) of GDL. The corresponding [GDL]/[Gelator] molar 

ratios are 5.7, 29, 62 and 187 respectively. 
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Figure S20. Strain and Frequency Sweeps at gelator concentration = 20mM and 1wt.% (57 mM), 5wt.% 

(295 mM), 10wt.% (624 mM), 25wt.% (1871 mM) of GDL. The corresponding [GDL]/[Gelator] molar 

ratios are 2.8, 15, 31 and 93 respectively. 
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Figure S21. Tanδ analysis for data obtained at a gelator concentration of 2mM and 1wt.% (57 mM), 

5wt.% (295 mM), 10wt.% (624 mM), 25wt.% (1871 mM) of GDL. The corresponding [GDL]/[Gelator] 

molar ratios are 28, 148, 312 and 935 respectively. 
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Figure S22. Tanδ analysis for data obtained at a gelator concentration of 5mM and 1wt.% (57 mM), 

5wt.% (295 mM), 10wt.% (624 mM), 25wt.% (1871 mM) of GDL. The corresponding [GDL]/[Gelator] 

molar ratios are 11, 59, 125 and 374 respectively. 
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Figure S23. Tanδ analysis for data obtained at a gelator concentration of 10mM and 1wt.% (57 mM), 

5wt.% (295 mM), 10wt.% (624 mM), 25wt.% (1871 mM) of GDL. The corresponding [GDL]/[Gelator] 

molar ratios are 5.7, 29, 62 and 187 respectively. 
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Figure S24. Tanδ analysis for data obtained at a gelator concentration of 20mM and 1wt.% (57 mM), 

5wt.% (295 mM), 10wt.% (624 mM), 25wt.% (1871 mM) of GDL. The corresponding [GDL]/[Gelator] 

molar ratios are 2.8, 15, 31 and 93 respectively. 

 

 

0 1 3 4 6 7
0.01

0.1

1

10

100

 

 
s/

<t
an
d>

Time [hr]
0 1 3 4 6 7

0.01

0.1

1

10

100

 

 

s/
<t

an
d>

Time [hr]

0 1 3 4 6 7
0.01

0.1

1

10

100
 

 

s/
<t

an
d>

Time [hr]
0 1 3 4 6 7

0.01

0.1

1

10

100

 

 
s/
<t
an
d>

A

20mM - 1wt.% GDL 20mM - 5wt.% GDL 

20mM - 10wt.% GDL 20mM - 25wt.% GDL 



Gelation kinetics-structure analysis of pH-triggered low molecular weight hydrogelators 
 

 71 

 
Figure S25. Plot of plateau modulus (G’(∞)) at various gelator (DBC) and trigger (GDL) concentrations 

(1wt.% (57 mM), 5wt.% (295 mM), 10wt.% (624 mM), 25wt.% (1871 mM))  

 
Figure S26. Plot of End pH at various [GDL]/[Gelator] molar ratios (GDL - 1wt.% (57 mM), 5wt.% (295 

mM), 10wt.% (624 mM), 25wt.% (1871 mM), Gelator – 2mM, 5mM, 10mM, 20mM)  
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Figure S27. Plot of tgel at various [GDL]/[Gelator] molar ratios (GDL - 1wt.% (57 mM), 5wt.% (295 mM), 

10wt.% (624 mM), 25wt.% (1871 mM), Gelator – 2mM, 5mM, 10mM, 20mM)  

 
Figure S28. Plot of plateau modulus (G’(∞)) at various [GDL]/[Gelator] molar ratios (GDL - 1wt.% (57 

mM), 5wt.% (295 mM), 10wt.% (624 mM), 25wt.% (1871 mM), 25wt.% (1871.2 mM), Gelator – 2mM, 

5mM, 10mM, 20mM)  
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Figure S29. Plot of Df (avrami) at various [GDL]/[Gelator] molar ratios (GDL - 1wt.% (57 mM), 5wt.% 

(295 mM), 10wt.% (624 mM), 25wt.% (1871 mM), Gelator – 2mM, 5mM, 10mM, 20mM)



 

 

 

  



 

 

Chapter 3 

Random graph model for sparse 

supramolecular networks of self-

assembled low molecular weight 

gelators  
 

Abstract: Gels are large network-like arrangements of molecules that exhibit special physical 

properties such as viscoelasticity, shape memory, self-healing, thanks to their underlying network 

structure. Unlike conventional covalently-bonded polymer gels, supramolecular gelation is yet to be 

comprehensively understood owning to the variety of triggering mechanisms and diversity of gelator 

molecular species. This work is an early attempt to study supramolecular gelation of Dibenzoyl-L-

Cystine (DBC) that is triggered by hydrolysis of Glucono-delta-lactone (GDL) by means of experimental 

observations and a dynamic network model with two types of bonds. Several parameters, such as the 

gelation time, gel fraction at equilibrium, and network density, were predicted by the model, among 

which the gelation time was experimentally following the gelation through rheology. The model 

predictions are in agreement with experimental data. We also theoretically demonstrate how such a 

modelling approach enables experimentalists to rapidly screen through the parameter space of 

formulations. We believe this approach is useful for researchers working to create supramolecular gels 

with desired properties for drug delivery, tissue engineering, and cell culturing among several other 

applications. 
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3.1 Introduction 

Supramolecular hydrogels formed out of Low Molecular Weigh Hydrogelators are gaining a 

lot of attention in the last several years due to the diversity of molecular motifs, triggers, 

tuneable properties and potential applications.[1] Over the years, researchers have also tried 

to study the self-assembly of these gelators.[2] For pH-triggered LMWHs, it has been shown 

that the there is a role of kinetics on the homogeneity, mechanical properties and hence 

microstructure of formed hydrogels.[3,4] Recently in our work on gelation-kinetics and 

structure analysis, rheology time sweep data was used to compare existing fibre branching 

models that were developed for temperature triggered formation of organogels for pH-

triggered LMWHs.[5] Despite the understanding generated over the years in the field, 

development of predictive models that can predict gelation or gel properties has only 

started recently. Molecular dynamics (MD) simulations and density functional theory (DFT) 

calculations have been carried out in a number of LMWG systems to understand self-

assembly and calculate solubility parameters that are important to understand in the 

context of gelation.[6,7] These methods are useful as virtual microscopes to be able to 

visualize early stages of in the aggregation of LMWH or LMWG systems. Recently, Berry et.al 

reported on the first successful predictive models of gelation properties of mono/dipeptide 

based LMWHs.[8] Using Quantitative structure–property relationships that link measured 

properties to compound chemical structure and combining with machine learning methods 

(Support Vector Machines (SVM), Random Forests (RF), k nearest neighbours (kNN), Neural 

Networks (NN), Partial Least Squares (PLS), Naïve Bayesian (NB) and C5.0., they were able to 

create a model that could predict with good accuracy if a given molecule would gelate or 

not.[8] Very recently in 2020,  Alonso et.al reported a model combining MD and machine 

learning that could predict whether a urea-based gelator would gelate, precipitate or 

solubilize in a given solvent (organic or water). They also compared their work with earlier 

on MD simulations by Boutellier, Tuttle and Ulijn, Adams and Berry and argued that their 

model is the first computational model that can predict gelation of urea-based gelators and 

can help in the discovery of new gelators without laborious efforts or difficult coarse-gained 

models.[9] These reports show that the field of predictive modelling in LWMH is young and 
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inviting more contributions. Moreover MD simulations are computationally expensive and 

applicability of these models to other gelator systems would need dedicated simulation 

models.[9] We wondered if there is a way to model LMWH supramolecular hydrogels in a 

manner similar to recently developed models for linear polymerization.[10–12] 

 

Conventional linear polymers are long chains made of many repeated units that are 

connected by strong covalent bonds, whereas as supramolecular hydrogels such as those 

formed out of LMWHs make use of weaker, reversible interactions that hold the chains 

together. Such a reversibility of bonds requires revision of the modelling approaches that 

have been successful in the context of conventional polymers: not many existing polymer 

models can easily adopt the growth mechanisms of reversible supramolecular 

polymerization, which means that bonds may form and dissociate. In fact, modelling the 

reversible assembly of linear fibrils is already a challenge.[13–15] If fibrils are short or comprise 

an overcrowded system, jamming of fractal or cylindrical colloids can be a good 

approximation for supramolecular microstructure formation.[16–19] The complexity of the 

conventional linear polymerisation derives from the underlying reaction scheme: typically, 

a polymer product forms due to interplay of many coupled chemical reactions.[11] Modelling 

of polymer networks is therefore notoriously difficult as networks are hard to deconstruct 

into separate chemical species.[10,11]  LMWH based supramolecular hydrogels have a gel 

network that could be composed of 1-dimensional or crystalline structures with different 

interactions.[5,20–22]  

 

Unlike polymeric networks, supramolecular networks are formed based on different 

mechanisms. The current understanding is that there are two main growth mechanisms that 

yield linear supramolecular fibres. The first, known as isodesmic growth, occurs when the 

strength of interactions between monomers in the polymer chains is unaffected by the 

length of the chain. The second process known as nucleation-elongation — occurs in the 

growth of `ordered' supramolecular polymers, such as those that form helices. This involves 

two distinct phases of self-assembly: a slow nucleation phase followed by a more rapid 
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growth phase: once a stable nucleus is formed, further monomer addition becomes 

favourable and the polymer growth accelerates. 

 

Gelation constitutes one more important point in which conventional polymers and 

supramolecular polymers are essentially different. Conventional polymer gels stem from 

hyper-branched polymers, cross-linked networks or inter-entangled systems of polymer 

rings, and in a specially designed system, formed from exclusively linear chains, whereas 

purely linear supramolecular polymers often exhibit a gel-like behaviour in experiments[23,24]  

We use the term supramolecular polymer to refer to a non-covalently former 1-D fibre chain 

reminiscent of a liner polymer chain. More over LMWH hydrogel networks as mentioned 

before can composed of 1-D fibres of crystalline structures. In our work on gelation kinetics 

and structure analysis for a pH-triggered supramolecular gelator, we have shown that 

dimensionality as represented by fractal dimension is varies with trigger concentration.[5] A 

more 1-D network fractality was obtained at lower trigger concentrations for a given gelator 

concentration. This means that by controlling the kinetics of gel formation, we could have 

scenarios whereas LWMH network could be represented as a linear supramolecular polymer 

which forms an entangled network forming a gel. In modelling polymeric systems, recently 

an approach has emerged which treats a polymer as an infinite graph with nodes or vertices 

used to represent the topology evolution during polymerization. [25] The model was later 

used to also understand transitions into gel regime with good agreement with results from 

stochastic Monte-Carlo simulations.[26] The model was later extended to hyperbranched 

polymers as well.[27] In all of these models, the approach has been to decouple kinetics of 

the chemical reactions from the topology formation. .[11,28–30]   In this work, an early first 

attempt is made to model supramolecular gelation of LMWHs using a random graph model. 

The gel-like behaviour is attempted to be explained by introducing a network model with 

two types of reversible bonds:  strong non-covalent bonds arising between monomers 

within the same chain, and weak inter-chain bonds that may temporarily associate separate 

chains into higher order clusters, or even, a fully connected network. Even if the random 

contacts between the chains are very short-lived, we show that as the length of the chains 
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increases with time, the total number of contacts becomes sufficient to keep the whole 

system dynamically connected. On the whole this work is an early attempt at a model for 

sparse supramolecular networks by combining the principles of dynamic and multiplex 

networks.[12,31]  

 

In this work, we study a commonly reported low molecular weight hydrogelator, N-N’-

Dibenzoyl-L-Cystine (DBC) (See Fig 1a) that forms supramolecular gel fibres in the presence 

of an acid (see Fig 1c).[21,32,33] For the acidification process, we chose the hydrolysis of 

Glucono-delta-lactone (GDL)(See Fig 1a.) since the reaction kinetics has already been well 

studied and reported and leads to a well-controlled and homogeneous acidification of the 

system[34,35].  In the rest of the paper, we introduce the modelling approach in three stages: 

Firstly, we identify all chemical species that are relevant to DBC-GDL gelation. Secondly, we 

develop and experimentally validate a reaction kinetic model that captures the 

concentration profiles for these species in DBC-GDL system. Thirdly, we apply the random 

graph concept and reconstruct global network properties from a given profile of network 

fragments.  We then proceed to validating the gelation time with rheological measurements 

and discuss how the global properties of the network depend on the initially chosen model 

parameters, that is the concertation of DBC and weight fraction of GDL. 
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Figure 1. Molecular structure of N-N’ Dibenzoyl-L-Cystine (DBC), supramolecular hydrogelator used 

in this study [A]; Structure of Glucono-δ-Lactone (GDL), acid trigger used in this study control gelation 

of DBC [A]; Schematic of the model involving nucleation, propagation and association (weak 

interaction) [B]; Confocal Laser Scanning Microscopy micrograph of DBC network ([DBC] = 20mM, 

[GDL] = 1 wt.%) [C]; Conceptual network topology obtained from monomer species as proposed in 

the model [D]. 

 

Figure 1B shows a depiction of a possible supramolecular polymerization and gelation of 1-

D fibres from LMWHs. However, it is known that LWMHs gel networks consists of fibre 

bundles as observed in certain gelator systems through sophisticated visualization 

techniques such as stochastic reconstruction microscopy (STORM).[36] However it is very 



Random graph model for sparse supramolecular networks of self-assembled low molecular weight gelators 

 81 

challenging to model the bundling of fibres. In this early attempt, the bundling of fibres is 

considered a fast reaction and not rate-limiting.     

 

3.2 Materials & Methods 

3.2.1 Materials 

Dibenzoyl-L-Cystine (DBC) (98%, Sigma Aldrich), Glucono-1,5-lactone (GDL) (99%, Alfa 

Aesar). Salt Na2-DBC  was prepared according to protocols published in earlier work[37] 

 

3.2.2 Na2-DBC protocol of preparation 

Sodium Salt of the gelator was prepared by titrating acidified gelator against 0.1 M NaOH 

(1:2 molar ratio). The solution contained neutralized and non-neutralized was  passed 

through an Acrodisc syringe filter (0.2 μm, PTFE membrane) to remove any possible 

impurities and non-neutralized gelator which was present as white precipitate in the 

solution. The resulting clear solution was checked for turbidity and freeze dried under 

vacuum to yield a white flaky powder which was used for further experiments.   

 

3.2.3 pH measurements  

3.2.3.1 GDL hydrolysis in the absence of gelator 

pH measurements were carried out using a Metrohm 744 pH meter at 25◦C after three-point 

calibration. A glass beaker filled with appropriate amount of demineralized water was placed 

on magnetic stirring plate and the pH probe was inserted. Accurate amounts of GDL were 

weighed and kept separately in folded papers. A magnetic stir bar was added and the water 

was kept under stirring. Care was taken to ensure that the stir bar was away from the probe 

since that would affect the measured pH value. The pH value prior to GDL addition was 

recorded. In a swift move, the GDL was transferred from the weighing paper into the beaker. 

An automated program (LabView, National Instruments) was used to record the value of pH 

every second. The measurements were carried out for a minimum of 8 hours till a maximum 

of 13 hours. 
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3.2.3.2 GDL hydrolysis in the presence of DBC  

A 40mM stock of Na2DBC solution was prepared by dissolving the appropriate amount of 

salt in demineralized water. Dilutions were prepared from this stock solution for all 

experiments. 1mL of Na2DBC solution was transferred to a vial. A small magnetic stir bar was 

added. The solution was then placed on magnetic stir plate. Due to the small volumes of 

solutions, a minitrode, pH mini electrode (Hamilton Company) was used for the pH 

measurements. The pH mini electrode was gently immersed in the solution and kept at a 

safe distance from the rotating magnetic stirrer. The pH value prior to the addition of GDL 

was recorded. Accurate amounts of GDL were weighed and kept separately in folded papers. 

In a swift move, the GDL was transferred from the weighing paper into the vial. An 

automated program (LabView, National Instruments) was used to record the value of pH 

every second under stirring. The measurements were carried out for a minimum of 8 hours 

till a maximum of 13 hours. 

 

3.2.4 Rheology 

Oscillatory rheology measurements were performed using an AR-G2 strain-controlled 

rheometer (TA instruments) using a 40mm stainless steel plate-plate geometry.  The 

temperature was maintained at 25 ± 0.2◦C. Measured amounts of GDL were added to 1 mL 

of Na2DBC solution of appropriate concentration, swiftly vortexed and cast on the bottom 

of the rheometer. The top plate was already lowered very close to the bottom plate so as to 

prevent delay in setup time. Once the solution is cast, the plate is further lowered to entrap 

it between the two plates.  Once the solution was entrapped between the two plates with 

no air bubbles, a solvent trap filled with water or hexadecane was placed to prevent drying. 

Time sweep measurements were carried out at 1 Hz and 0.05% strain. 

 

3.3 Results & Discussion 

3.3.1 The Model 

Firstly, we consider a reaction kinetic model for all chemical species that are relevant to DBC-

GDL gelation. These species include low molecular species: water, hydroxide, GDL, gluconic 
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acid, etc., but also, specially designed species that characterise the network of weakly 

interacting chains: depending on where a monomer appears in the fibre network, we will 

refer to it as to a different species, see Figure 1b,d. Namely, we distinguish between free 

monomers , nucleus , monomers that are at the end of a chain  (i.e. having one 

strongly bonded neighbour), monomers that are in the middle of a chain  (i.e. having 

two strongly bonded neighbours), and monomers that are in the middle of a chain and are 

also weakly interacting with another chain  (having two strongly bonded neighbours 

and a weakly bonded one). The rate equations for the low molecular species are given in 

supplementary information. The following tables summarizes the participating reactions in 

the supramolecular gelation model and the DBC-GDL system respectively. 

 

Table 1. Participating reactions in the supramolecular gelation model 

Mechanism Reaction Tag 

Nucleation 
 

E1 

Elongation  
             

            

E2a, E2b 

Weak interaction 
 

E3 

Mass Balance  

 

 

E4 
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Table 2. Reactions participating in the gelation of DBC in the presence of GDL.  

Equation Rate expression Rate constant values Tag 

 R1=k1 

R-1=k-1[H+][OH-] 

k1 = 1 x 10-3 Ms-1 [27] 

k-1 = 1 x 1011M-1s-1 

E5 

 R2 = 

(k2+kH[H+])[GDL] 

R-2= k-2[GA] 

k2 = 4 x 10-5 s-1 [*] 

kH = 4.7 x 10-2 M-1s-1 [28,29]  

k-2 = 8 x 10-6 s-1  

E6 

 R3=k3[GA] 

R-3=k-3[G-][H+] 

k3 = 2.5 x 102 s-1  

k-3 = 1 x 106 M-1s-1 [28,29] 

E7 

 R4 = k4 [DBC2-][H+]2 

R-4 = k-4[DBCH2] 

k4 = 1 x 106 M-1s-1 [**] 

K4 = k4/k-4= 3.16 x 104 [27] 

k-4 = 31.645 M-1s-1 

E8 

 

The rate equations for the network species are designed in accordance with nucleation-

elongation mechanism. Figure 1b illustrates how the standard nucleation-elongation steps 

(Equations E1 and E2 in Table 1) is combined with a reaction step allowing a weak interaction 

between chains, Equation E3 in Table 1. All the reactions have conventional rates, with the 

only exception of the reverse reactions in reaction E2b, in which the rates are proportional 

to: 

               (E9) 

                       (E10) 

H2O
k1
k−1

! ⇀!!↽ !!! H + +OH −

GDL k2
k−2
! ⇀!!↽ !!! GA

GA k3
k−3
! ⇀!!↽ !!! G− + H +

DBC 2− + 2H + k4

k−4

! ⇀!!↽ !!!   DBCH2
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                                        (E11) 

Here, factors , are the probabilities that a terminal unit,  is preceded by 

respectively  or  Therefore, the reaction mechanism as presented in Table 1, 

corresponds to the following system of ordinary differential equations written for the 

network species: 

 

  (E12) 

         (E13) 

          (E14) 

        (E15) 

           (E16) 

 

Having concentration of species, and allows one to compute various properties of the 

network topology by treating these concentrations as the degree distribution of a random 

graph. Note that this random graph has two types of edges, and therefore, it is a bi-coloured 

graph or a so called two-layer multiplex network. 

 

3.3.2 Distance between crossing points 

Having concentration of species ,  and  allows one to compute the probability  

that a chain contains a sequence with a given pattern.[38] Suppose one chooses a  

monomer at random. The probability p that the monomer next to it in the chain is  and 

the probability q that the next monomer is   are given by  

r1(t)+ r2(t) = 1

r2 r1

M10 M20 M21

M21

M20

21M
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                                                        (E17) 

      (E18) 

Here the weight 2 indicates the intrachain functionality of the monomer species. By iterating 

this reasoning one obtains the probability that an -monomer sequence of  is followed 

by  as a geometric distribution . Hence, the expected number of consecutive  

monomers between two  is given by: 

                                     (E19) 

3.3.3 Phase Transition 

As follows from the results on random coloured  (coloured meaning that there are 

different type of interacting monomers) networks[12] that the network percolates if  

 (E20) 

where  are moments of the degree distribution of the underlying random graph. In 

this work, the moments at time t are derived from the concentrations of the different 

monomer species: 

                                                   (E21)  

       (E22) 

     (E23) 

       (E24) 

     (E25) 

By substituting (E23) into (E20) one obtains: 

      (E26) 

p =
2[M20]

[M10]+ 2[M20]+ 2[M21]

q =
2[M21]

[M10]+ 2[M20]+ 2[M21]

n M20

M21 pnq M20

M21

E[n]= n
n=0

∞

∑ pnq = qp
( p −1)2

=
4[M21][M20]

([M10]+ 2[M21])
2 .

µ11
2 (t)− 4µ01(t)µ10(t)+ 2µ02(t)µ10(t)+ 2µ01(t)µ20(t)− µ02(t)µ20(t) > 0

µi, j

µ11(t) = [M2,1]t

µ01(t) = [M2,1]t

µ10(t) = [M1,0 ]t + 2[M2,0 ]t + 2[M2,1]t

µ02(t) = [M2,1]t

µ20(t) = [M1,0 ]t + 4[M2,0 ]t + 4[M2,1]t

4[M21]t > [M10]t .
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Initially, when all the chains are linear, the concentration of  is much smaller then  

and therefore, the criterion (E26) does not hold. This means that the system is below the 

critical or percolation threshold concentration. Therefore, from the modelling perspective, 

the gel point is defined as time  at which  

      (E27) 

3.3.4 DBC – GDL Reaction Scheme 

The following is the set of participating reactions with the corresponding rate 

constants. 

Table 3. Reactions participating in the gelation of DBC in the presence of GDL.  

Equation Rate expression Rate constant values 

 R1=k1 

R-1=k-1[H+][OH-] 

k1 = 1 x 10-3 Ms-1 [27] 

k-1 = 1 x 1011M-1s-1 

 R2 = (k2+kH[H+])[GDL] 

R-2= k-2[GA] 

k2 = 4 x 10-5 s-1 [*] 

kH = 4.7 x 10-2 M-1s-1 

[28,29]  

k-2 = 8 x 10-6 s-1  

 R3=k3[GA] 

R-3=k-3[G-][H+] 

k3 = 2.5 x 102 s-1  

k-3 = 1 x 106 M-1s-1 

[28,29] 

 R4 = k4 [DBC2-][H+]2 

R-4 = k-4[DBCH2] 

k4 = 1 x 106 M-1s-1 [**] 

K4 = k4/k-4= 3.16 x 104 

[27] 

k-4 = 31.645 M-1s-1 

 

Rate constants form literature are referenced. The rate constants marked with asterisks 

were found by fitting the model to the pH profiles in the pure GDL system [*] and GDL-DBC 

system [**]. 

M21 M10

t = tgel,m

4[M21]t − [M10]t = 0

H2O
k1
k−1

! ⇀!!↽ !!! H + +OH −

GDL k2
k−2
! ⇀!!↽ !!! GA

GA k3
k−3
! ⇀!!↽ !!! G− + H +

DBC 2− + 2H + k4

k−4

! ⇀!!↽ !!!   DBCH2
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3.3.5 pH kinetics due to GDL hydrolysis 

First, we investigated the hydrolysis of GDL in the absence of the LMWG DBC. GDL is a known 

acidifier and has been extensively used in the studies to control gelation of food and soft 

materials.[39–42]The dissolution of GDL is faster than its hydrolysis and hence effects a gradual 

pH change in the system. GDL hydrolyses to form gluconic acid. It is known that GDL 

hydrolysis kinetics is affected by the nature of solvent (acidic, alkaline, neutral).[43–45] Since 

the solutions were prepared in demineralized water which has a pH < 7 due to presence of 

dissolved carbon dioxide, the hydrolysis kinetic expressions that take into the presence of 

acid was used in modelling the reactions. The reaction equations and corresponding rate 

expressions are given in Table 2. Figure 2 shows the pH drop in the GDL solution due to 

hydrolysis as function of GDL concentration. Initially, the pH drops very rapidly (inset) 

followed by a gradual change (time > 1-5 min) which equilibrates after 8 hours. To be 

thorough, the pH was monitored for up to 13 hours, but no significant change was observed 

after 8 hours. With increase in the GDL concentration, two noticeable effects occur: the rate 

of pH drop increases and the end pH decreases. This is due to the accelerated forward 

reaction (as seen from the rate expressions) and higher equilibrium concentration of 

gluconic acid. It can be seen from Figure 2 that the mode predictions (solid line) are in 

agreement with experimental data (open symbols). The final rate constants for the low 

molecular species model were obtained after optimization as shown in Table 2. 
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Figure 2. Experimental data (symbols) and model (solid lines) for hydrolysis of pure GDL at different 

concentrations. The inset zooms in to emphasise how rapid is the initial drop of pH. 

 

3.3.6 pH kinetics in the presence of DBC 

Following the good agreement of experimental data with model predictions for pH, we 

investigated the pH-kinetics of GDL hydrolysis in the presence of DBC. It is known Once pH 

drops below pKa of DBC fibre, network formation and eventually gelation begins to occur.  

The experiments were setup in the manner described in the experimental section and 

graphs  that show variation of pH over time were obtained. Figures 3A – 3D shows the 

variation in pH profiles at different GDL concentrations. It follows from the results that the 

model prediction resembles the experimental data. The pH profiles for other concentrations 

can be found in the supporting information (see Appendix). 
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Figure 3. Experimental data (red open circles) and model (red solid lines) pH kinetics of the DBC – GDL 

system at different concentrations, A) [DBC] = 2mM, [GDL] = 1%; B) [DBC] = 2mM, [GDL] = 5%; C) 

[DBC] =5mM, [GDL] = 1%; D) [DBC] = 5mM, [GDL] = 5%. GDL % are in wt.%. 

 

3.3.7 Model prediction of gel fraction and gelation times 

Having optimized the reaction rate constants for the hydrolysis of GDL and formation of the 

protonated gelator from the deprotonated precursor, the next step was inclusion of 

nucleation, elongation and weak interactions. This would account for the formation of gel 

from the protonated gelator monomer. Dynamic viscosity was measured in order to 

experimentally track the gelation process. This technique has proven to be successful in 

characterization of pH-triggered supramolecular gels. One of the parameters associated 

with gelation is the gelation time, which can be experimentally defined as the time when 

storage (G’) modulus is greater than loss modulus (G’’). This definition has been used 
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without much dispute over the years. In our work, we used this definition in order to obtain 

experimental gelation times. Figure 4B shows the method employed to obtain gelation time 

from rheological data. It can be seen that there is a moment when there is sudden increase 

in storage modulus. This abrupt change was also observed in the modelled gel fractions 

(Figure 4c) respectively. Figure 4d presents a colormap for gelation times for various 

combinations DBC and GDL concentrations. The black zone indicates the region where there 

is no gel, which indicates short segments/fibres which are part of the sol. To evaluate the 

model, experimental gelation times were compared with model predicted values for four 

concentrations of DBC as shown in Fig. 5. The experiments were done in triplicate to capture 

experimental error. It can be seen that the model is in agreement with the experimental 

data. The deviations between experimental trials may be the result of experimental errors 

involved in sample weighing, solution preparation, casting and measuring the rheometer 

plates.  

 

Table 3. Rate constant values for the participating reactions in supramolecular gelation 

Mechanism Reaction Tag Values 

Nucleation 
  

E1 kn=10.59  

k-dn = 8.33 x 10-

6 

Elongation of N 
                   

 

E2 Ka = 3.2 x 105 

kd < 1 x 10-20 

Weak interaction 
 

E3 ks = 177.83  

 kds =9.64 x 103 
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Figure 4. (A) Evolution of monomer species in time as produced by the model for DBC= 0.002M, and 

weight fraction of GDL 1%. The dashed guideline indicates the critical point. (B) The slope of 

experimentally measured time series for G’-G’’ for the same conditions as in (A) is analysed with 

change-point detection algorithm to retrieve the moment in time at which gelation starts, i.e., G' 

starts to exceed G". Inset: a zoom in around the critical point shows a discontinuous change of the 

slope. The gel fraction as predicted by the model (C) passes through second order phase transition at 

the same time point as the divergence of G’-G’’ in (B). (D) The gelation time strongly depends on the 

concentrations of both GDL and DBC. The black region in (D) indicates the domain where the system 

equilibrates without reaching the stage of gelation. 
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Figure 5. The time until the onset of gelation as predicted by the model [black solid line] is compared 

with experimental values from three independent trials [blue – trial 1, red – trial 2, green – trial 3] 

and four different DBC concentrations [A – 5mM, B – 10mM, C – 15mM, D – 20mM]. 

 

3.3.8 Model parameter space 

A mathematical model for supramolecular gelation allows one, with relatively small efforts, 

to scan through the whole parameter space and find the combinations of optimal 

concentrations of DBC/GDL that suit various purposes. In this work the parameters that can 

be independently controlled are the initial concentrations of DBC and the weight fraction of 

GDL, as these two quantities are free to be chosen by the designer of the experiment. As 

shown in Fig. 4d, one has a control over the time it takes to form gel, wherein larger 

concentrations of both, GDL and DBC, promote faster gelation with GDL being the dominant 
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factor. Some combinations of the initial concentrations of GDL and DBC do not lead to 

gelation at all. In fact, the parameter space is partitioned by a line of critical points: 

[𝐷𝐵𝐶]$%&'&$(# = 0.055𝑓)*+,..  

 where  denotes the initial weight fraction of GDL. Therefore, the critical gelator 

concentration is not constant but features a weak dependence on the 

weight fraction of GDL, which is indicated by a small fractional exponent: 0.20. The pre-

exponential factor and exponent were obtained from the model when fitted with 

experimental data from pH and rheology measurements. 

The equilibrium, as shown in Fig. 6a, typically occurs an order of magnitude in time later 

then gelation, and, as shown in Fig. 6b, the equilibrium gel fraction may settle anywhere 

between 0 and 100%. The precise gel fraction at equilibrium is predominantly defined by the 

initial concentration of DBC. If this value is lower than  gelation does not 

occur at all, and we observe second-order phase transition at  having critical 

exponent 1, see Fig. 6d. The mathematical model also gives insight into the internal structure 

of the gel. The density of the fibber network as measured by the expected distance between 

contact points, see Fig. 6c, depends on concentrations of DBC and GDL, with GDL capable to 

significantly manipulate the network density. The later relationship may be exploited for 

designing supramolecular fibre gels with desired elastic properties.  

fGDL

 [DBC]critical  

 [DBC]critical   

 [DBC]critical   
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Figure 6. Parameter space in terms of DBC/GDL concentrations.  The time (seconds) until equilibration 

(a), the equilibrium gel fraction (b), and the density of the network as measured by number of units 

between points of contact between fibres (c) all depend on the initial concentrations of DBC and GDL. 

(d) The gel fraction at the equilibrium exhibits the second order phase transition having critical 

exponent 1, as discussed in Supplementary Materials. The weight fraction of GDL is indicated in the 

legend. The dashed line in (a, b ,c) indicates these critical points in the parameter space. 

 

3.3.9 Conclusions 

In this work we have showed that a random graph network model can be used to predict 

macroscopic properties, such as gelation time, of supramolecular gels produced by the self-

assembly of low molecular weight hydrogelators from initial concentrations of the gelator 

and the triggering agent. Importantly our network model requires two types of connections, 

which means that, unlike conventional gels, the soft matter networks have the multiplex 

structure. The DBC – GDL system has proven to be a good model system to validate this 

model with fair agreement between model predicted values for pH and gelation time and 

experimental data. This model can be implemented by researchers in academia and industry 

after adjusting for the kinetics involved in their system to rapidly screen formulations while 

developing applications for drug delivery, tissue engineering, cell culturing.[46]  
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Appendix – Supporting Information 

 

Figure S1. The number of units between contact points for weight fraction of GDL (0.1 wt.%) and 

DBC varying as indicated in the legend. (B) Number of units between contact points for [DBC] = 

1mM  and the weight fraction of GDL varying as indicated in the legend. 

 

Figure S2. The critical exponents at the phase transition for several weight fractions of GDL, as 

indicated in the legend, is one 
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Figure S3. Experimental data (red open circles) and model (red solid lines) pH kinetics of the DBC – 

GDL system at different concentrations, A) [DBC] = 15mM, [GDL] = 0.5%; B) [DBC] = 15mM, [GDL] = 

1%; C) [DBC] =20mM, [GDL] = 0.5%; D) [DBC] = 20mM, [GDL] = 1%. GDL % are wt.%. 

 

 

 





 

 

 

 
  



 

 

Chapter 4 

Electrochemically assisted 

hydrogel deposition, shaping and 

detachment  
 

Abstract: This work describes a facile approach allowing controlled deposition and controlled 

detachment of Dibenzoyl-L-Cystine (DBC) based hydrogel over a conducting support. The method itself 

is an electrochemically assisted approach, where the water oxidation at the electrode surface results 

in a local pH drop inducing DBC gelation and hydrogel formation. We have comprehensively described 

the possibility of the hydrogel shaping by alternating the anodic deposition potential, DBC 

concentration and finally the working electrode geometry. The latter includes macro-electrodes in a 

form of platinum discs having diameter equal to 200 and 500 µm; hexagonal arrays of circular 

platinum microelectrodes with a diameter of a single electrode equal to 5 or 10 µm and custom-made 

platinum microelectrodes, having the shape of circles, triangles and squares, that are used to shape 

the microgels. Over the course of our work, we were able to define the conditions to form a number 

of different hydrogel shapes such as: (i) flat and planar deposits; (ii) hemispherical deposits with an 

oxygen bubble pocket; (iii) spongy hydrogel structures or (iv) hemispherical micro-cups build from 

radially oriented DBC fibres directionally growing from the support. Furthermore, we were also able 

to remotely form and then detach the hydrogel deposit in the initial formulation solution using only 

an electrochemical trigger. Our work represents a solid proof of concept and opens a number of new 

avenues for the electrochemically assisted soft matter formulation down to micrometre scale.  

 

This chapter has been published as V. Lakshminarayanan, L. Poltorak, E. J. R. Sudhölter, E. Mendes, 

J. van Esch, Electrochim. Acta 2020, 350, DOI 10.1016/j.electacta.2020.136352. 
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4.1 Introduction 

Supramolecular hydrogelators and their resulting hydrogels are being reported for a wide 

variety of applications including, but not limited to, cell culturing, tissue engineering, 

microfluidics, drug delivery, injectable therapeutics.[1] Structuring hydrogels is a necessity 

for the above-mentioned applications since when properly designed, these could 

encapsulate or interact with living matter or define the material properties.[2] A number of 

strategies to produce and structure supramolecular hydrogelators have been reported in 

the past two decades. These can be grouped based on the trigger used in the formation of 

the hydrogels, e.g. by heat,[3] light,[4] catalysis[5,6] or pH gradients.[7,8] The local pH modulation 

can be triggered by means of hydrolysis[9,10] or electrochemically controlled redox 

reactions.[11–17] Among the acid triggers, glucono-d-lactone (GDL) and acid hydrides have 

been used to control pH through hydrolysis. The resulting gradual change was used to 

control mechanical properties and gel homogeneity.[9,10,18]  

 

Electrochemically triggered or assisted deposition of materials is a methodology where 

electrochemically formed species interact with a precursor present in the electrode vicinity 

with the ultimate goal to control the amount, shape, size, structure, topology or actuation 

of a modifier residing at the electrode surface. A whole range of different arrangements 

were employed over last years. (i) Electrochemically assisted deposition can be controlled 

with sacrificial metallic electrodes. Here, the anodic dissolution of the electrode allows for 

the formation of metal cations that are further employed in a deposition process. Formation 

of porous metal-organic frameworks[19,20] or surface modification using Cu+ catalysed azide-

alkyl Huisgen cycloadditions (copper catalysed click chemistry reaction)[21] were 

accomplished within such a scenario. (ii) Another type of an assisted deposition involves the 

electrochemical conversion where produced species catalyse the deposit formation. The 

electrochemical reduction of Cu2+ to Cu+ or Fe3+ to Fe2+ was used to control click chemistry 

reactions with the goal to pattern surfaces with scanning electrochemical microscopy probes 

[21–23] Similar mechanisms were extensively studied and used in the electrochemical atom 

transfer radical polymerisation (eATRP) reactions where Cu2+ is reduced to Cu+ which further 
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catalyse polymer elongation[24–27]. (iii) Local change of the pH at the electrode surface is the 

following option giving possibility to control the surface decoration. Electrochemically 

controlled sol – gel process of silica, where both silane hydrolysis and the resulting silanol 

condensation are pH dependent reactions, is a very elegant example allowing for silica 

formation at the electrode surface. For instance, mesoporous silica films, with a high range 

symmetry of perpendicularly oriented silica pores were formed by simply reducing water 

(and NO3
-) in the presence of cetyltrimethylammonium surfactant self-assembling at the 

electrode surface.[11,28–30]  

 

Electrochemically assisted reactions can also be used to control hydrogel deposition. Up to 

now, only a few works related to the electro-addressing of acid triggered supramolecular 

hydrogelators proved the possibility to control formation, mechanical properties and 

composition (more than one gelator type present) of obtained hydrogels.[31,32] In the group 

of Payne, the simple two electrode configuration was used to deposit polysaccharide 

chitosan at the gold electrodes upon cathodic potential application.[33] This work was further 

extended to electrochemically controlled polysaccharide formation – disintegration using 

elongated Au electrodes.[31] Other work suggests the use of electro-addressing of low 

molecular weight gelators (LMWG) as a method to produce a temporary scaffold to template 

hydrogel formation based on temperature triggered biopolymer gelators.[12] Similarly, the 

carbazole-amino acid LMWG was first self-assembled at the electrode surface (pH drop 

induced by the oxidation of hydroquinone) followed by its polymerization.[34] In another 

example, the coumarin-dipeptide gel precursor was electrochemically deposited at the 

transparent electrode surface (again using electrochemical hydroquinone oxidation to yield 

protons) forming a gel that was further strengthen by photo-dimerization.[35] Palleau et al. 

showed that hydrogels in liaison with an electrochemical trigger can be used to induce soft 

material actuation,[36] while Kaniewska et al. combined QCM, voltammetry and 

impedimetric measurements to study a responsive hydrogel exposed to different pH and 

temperature values.[37] Some examples describe hydrogels used for electroanalysis, as for 

instance an iron based metal-organic gel used for thrombin detection,[38] polyvinyl 
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alcohol/polyacrylamide based hydrogels for urea sensing[39] or chitosan/gelatin modified 

scanning electrochemical microscopy probes for “in air” surface analysis.[40,41]  It is however 

unclear how much one can control structure in electrochemically addressed self-assembling 

hydrogelating platforms. Also, it is unclear and unexplored what are the possible shapes and 

deposition limitations. Finally, the so far produced gels were crude and could not be 

detached electrochemically from the electrode without dissolving them.  

 

Recently, we showed for the first time that pH gradients produced by electrochemical water 

splitting by Pt NP catalysts can be used to produce micro-shaped supramolecular 

hydrogels.[32] In this work we introduce a straightforward shaping methodology allowing the 

control of the topological properties of the electrochemically formed hydrogel deposits. 

Electrochemically Triggered Hydrogel Formation (ETHF) is based on electrochemically build 

pH gradients that trigger DBC gelation at the electrode surface. We found that the formation 

of unique and novel hydrogel topologies can be controlled with the help of (i) the shape and 

(ii) the size of the platinum electrodes. For the latter, downscaling the electroactive surface 

area to micrometre levels affected the geometry of the diffusion zones (transition from a 

linear to a hemispherical diffusion regime)[42,43] which could be visualized with resulting 

electrogenerated hydrogel hemispherical deposits. Interestingly, formation of oxygen 

bubbles during the electrochemical water splitting reaction also contributed to hydrogel 

engineering as pressurized pockets were entrapped within the hydrogel framework. 

Electrochemically formed hydrogel can retain the shape of the electroactive surface as 

shown with different shapes (circles, triangles and squares) produced via a 

photolithographic approach. Great potential and versatility of the method is proved as 

formed hydrogel deposits can be removed from the electrode surface (at optimized 

conditions), via controlled electrochemical means. To summarize, the novelty of our method 

originates from the diversity of unique shapes that could be created using electrochemically 

triggered pH gradients. Furthermore, the fact of remotely and electrochemically controlled 

hydrogel formation followed by detachment by simple switch between anodic and cathodic 

potential is unique. 
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We foresee that our method can be applied to a wide range of acid-triggered gelators, which 

together with further miniaturization, facile detachment of formed gel structures through 

electro-addressing and the possibility to vary the constitution of the gelating solution open 

a number of new applied avenues that we plan to pursue in the future. 

 

4.2 Materials and Methods: 

4.2.1 Materials 

Gallium-Indium eutectic (Ga-In, >99%, Alfa Aesar), Sodium Nitrate (NaNO3, 98.5%, Sigma 

Aldrich), Sodium Chloride (NaCl, 99%, Sigma Aldrich), Hydrochloric Acid (HCl, 1M, Sigma 

Aldrich), Sodium Hydroxide (NaOH, 1 M, Sigma Aldrich), Dibenzoyl-L-Cystine (DBC, 98%, 

Sigma Aldrich) were used as received. Sodium Salt of the gelator was prepared by titrating 

acidified gelator against 0.1 M NaOH (1:2 molar ratio). The solution containing neutralized 

and non-neutralized gelator was passed through an Acrodisc syringe filter (0.2 μm, PTFE 

membrane) to remove any possible impurities in a form of the non-neutralized gelator, 

which were present as white precipitate in the solution. The resulting clear solution was 

checked for turbidity and freeze dried under vacuum to yield a white flaky powder which 

was used for further experiments.   

 

4.2.2 Electrodes preparation and electrochemical measurements 

Pt electrodes with diameter equal to 200 µm and 500 µm were self-made. First, thick wall 

glass capillaries were closed on one end using a Bunsen burner and vacuum pump. Short 

pieces of Pt wire with corresponding diameter were then placed into the capillary. Heating 

the closed end of the capillary, with suction supplied from the open side, allowed the wire 

entrapment within the glass insulation. The excess of glass above the wire was removed. 

Next, the surface of the electrode was smoothened by fine polishing. The back contact was 

a tinned copper wire connected to the Pt with the help of Ga-In eutectic. To prevent liquid 

metal flowing out of the electrode, the open end of the glass tube was sealed with silicone 

acetate sealant. Unless otherwise stated, for all electrochemical experiments we used the 
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EmStat3+ Blue potentiostat from PalmSens working in a three-electrode configuration. The 

counter electrode was a platinum wire, whereas the Ag/AgCl was used as the reference 

electrode.  

 

Microelectrodes in a form of thin film electrodes were ordered or custom made by Micrux. 

Electrodes with smallest dimensions had circular shape (with diameter of a single electrode 

equal to 5 μm or 10 μm) and were arranged in a hexagonal array. The pore centre–to –centre 

distance (spacing factor) was equal to 50 µm (for the array with a single electrode diameter 

equal to 5 µm) and 100 µm (for the array with a single electrode diameter equal to 10 µm) 

and was large enough to avoid overlap of hemispherical diffusion zones for experimental 

time scales. Some of the custom-made electrodes were given specific shape, these are 

triangles, squares and circles with the edge or diameter equal to 100 μm. Here the counter 

electrode and the reference electrode were made out of Pt.    

 

4.2.3 Optical and Polarization Microscopy 

The goal of the polarization microscopy measurements was to confirm the presence of DBC 

gel fibres and to corroborate obtained data with the optical microscopy measurements. We 

constructed a special cell to be able to carry out optical and polarization microscopy 

measurements at one go. During and after every electrochemical deposition experiment, as 

observed using episcopic illumination (reflected light as opposed to transmitted light), the 

polarizer and analyser were crossed (90°). This setting allowed the observation of the DBC 

gel fibres since these form crystalline fibrous gel networks in the form of spherulites. Under 

cross-polarization conditions, spherulitic networks are expected to show a Maltese-cross 

hair pattern indicating the presence of oriented crystalline fibre domains. 

 

ETHF was followed using sub-macro sized Pt electrodes and optical microscope. The 

experimental setup (see Figure S1) was mounted to the microscope stage where it was 

fastened by means of Scotch tape. Images and videos were recorded at magnifications 

between 5X and 20X. To investigate ETHF at the microfabricated Pt electrodes, Nikon Eclipse 
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E600 POL microscope was used in Diascopic mode. The experimental setup consisting of the 

electrode arrays, electrolyte solution was securely fastened on the microscope stage by 

means of Scotch tape. Images and videos were acquired under normal and cross-polarization 

(polarizer and analyser at 90° to each other) conditions at objective magnifications ranging 

from 5X-20X.  

 

4.2.4 Scope of the method 

Electrochemically modulated pH  allows for the facile hydrogel deposition whereas the size 

and the shape of the electrode can be used to control the hydrogel dimensions and its final 

form as shown here and in few other works published over last few years.[31,32,34,35] In all 

electrode configurations used in this work, the hydrogel deposition was triggered by anodic 

water oxidation that yielded the desired pH drop. In this work a few different geometrical 

approaches were pursued and are summarized in Figure 1. In Figure 1A the drawing of a 

macroscopic layout of the electrode (diameter (DIA) ≥ 200 µm) is shown. As described in the 

results and discussion section, this configuration yielded two types of hydrogel deposits: (i) 

a flat – “pancake” like, thin hydrogel films found for lower applied water oxidation potential 

and a short deposition time, and (ii) oxygen bubble templated, rounded cups formed at 

higher applied anodic potentials. The electrochemical formation of rounded macroscopic 

hydrogel (with carbazole-aniline used as LMWG) deposit was also created by Kubiak et al. at 

the Au electrode with DIA = 1.6 mm.[31] In the respective work the hydroquinone oxidation 

was used, and hence, no gas was formed as in the case of electrochemical water oxidation. 

 

Figure 1B depicts the drawing of a miniaturized system which is represented by a hexagonal 

array of electrodes with micrometre dimension (DIA = 5 – array 01 or 10 µm – array 02) and 

a spacing factor (S = 50 or 100 µm for array 01 and 02 respectively) assuring individual 

behaviour of each electrode within the array. In other words, for the applied experimental 

time scales, each electrode holds individual hemispherical diffusion zone formed by H+ 

heading towards the bulk of the solution. The micro-hemispherical hydrogel deposits can be 

formed within this configuration and these are simple out-prints of hemispherical diffusion 
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zones of H+ transferring towards the bulk of the solution. As shown in Figure 1C, also the 

shape of the electrode can be used to control the final form of the hydrogel deposit. 

Examples chosen in this work cover squares, circles and triangles. The methodology is 

covered and described in following sections.   

 

 
Figure 1. The overview of the ETHF performed at different length scales. A – Macro-electrodes with 

dimensionality ≥ 200 µm allowing for the flat and oxygen bubble templated hemispherical hydrogel 

deposits formation. B – Array of microelectrodes with the dimensionality ≤ 50 µm for hemispherical 

hydrogel microstructures deposition C – Predefined electrode shapes preserved by hydrogel during 

ETHF process.  

 

4.3 Results & Discussion 

4.3.1  Hydrogel formation at macro-electrodes 

First, we investigated the effect of different experimental variables (applied potential, time 

and Na2DBC concentration) on ETHF at macro Pt electrodes – with DIA equal to 200 µm and 

500 µm. Figure 2A shows the height of the hydrogel deposit measured over 300 s for 

different constant potential values applied to the working electrode (vs Ag/AgCl reference 

electrode) during chronoamperometric measurements. Obtained results are in line with 

what was reported earlier by others. [13,15] We did not observe any hydrogel formation at 
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potentials equal up to 1.3 V, and as found from voltammetric measurements (data not 

shown) substantial currents originating from water oxidation (eq. 1) started rising at 

potentials higher than 1.4 V.  

 

2𝐻:𝑂 − 4𝑒- → 4𝐻; + 𝑂:                            (eq. 1) 

 

For all applied potential values, the hydrogels deposits grow in the first few seconds (7 – 15 

second depending on the potential applied, see Figure 2A and movie MS1 available as 

supporting information) after which the deposit height has reached a plateau. This is due to 

two effects. (i) For low potential values (see image in Figure 2C for 1.5 V) the oxygen 

evolution is still discrete (formed oxygen dissolves in the adjacent aqueous phase or forms 

bubbles that cannot be visualized with the employed microscope) and formed hydrogel 

entirely covers the electroactive surface area of the Pt electrode. A compact layer of a 

hydrogel at the electrode surface most probably hinders the diffusion of water molecules, 

and subsequently the formed protons (the diffusion coefficient value for protons in the 

hydrogel[44] is slightly lower than that recorded in water[45]) and transferring from the bulk 

DBC molecules, to and from the electrode surface due to an increased local viscosity and 

crowding effect. (ii) Starting from around 1.8 V water oxidation leads to oxygen bubble 

formation, entirely covering the electrode surface. This limits the electroactive surface to a 

multiphase junction located between glass insulation, Pt electrode, gas bubble and formed 

hydrogel. As a result, these are only the first few seconds (up to 15s – see Fig. 2A) that allows 

the sufficient number of protons to be formed, which are pushed away (together with the 

solution containing DBC molecules) from the electrode surface by growing oxygen bubble. 

Simultaneously the gelation entraps the bubble and forms a very unique shape of a hydrogel 

hemispherical dome with spherical, bubble templated pocket in its interior. Figure 2B shows 

the height (averaged over last 150 s of chronoamperometric experiment) of the hydrogel 

deposit formed at the electrode with the DIA equal to 500 μm as a function of the applied 

potential from 1.3 V up to 2.5 V. When the electrode with DIA equal to 200 μm was used, a 

linear growth of a hydrogel was achieved only up to 2.2V (see Figure S2). For higher potential 
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values the strength of the formed hydrogel did not resist the pressure of the evolving bubble, 

leading to continues water oxidation and hydrogel growth (see Figure S3) or partial 

detachment of the hydrogel deposit from the electrode surface. From linear fitting of the 

hydrogel height growth as a function of the applied potential we can deduce that the growth 

factor is around 637 µm and 370 µm (in height) per Volt for the electrodes having diameter 

equal to 500 μm and 200 μm, respectively.   

 

 
Figure 2. A – Height of a hydrogel deposit for different applied anodic potential values measured for 

300 seconds; B – height of the hydrogel deposit in function of the applied potential averaged for last 

150 second of deposition time; C – optical microscope images recorded at deposition time t = 300 

seconds at different applied potential values (scale bars correspond to 250 μm, DIA of the electrode 

is 500 μm). The concentrations of all reagents used during the measurements were as follow: 

[Na2DBC] = 10 mM; [NaNO3] = 500 mM. Description of the images content is given in the left image 

of the panel C.  

 

By using simple scrutiny and a few simplifications (negligible dissolution of formed oxygen 

in the adjacent solution, lack of oxygen diffusion through the hydrogel layer and ideal 

dimensionality of the formed bubble) we estimated the order of the oxygen pressure inside 
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the hydrogel deposits. Integration of chronoamperometric transients recorded at different 

deposition potential values allowed a charge estimation used for water oxidation. From 

Faraday’s law of electrolysis, we then calculated the number of moles of formed oxygen gas. 

Assuming ideal gas behaviour 

 

𝑝𝑉 = 𝑛𝑅𝑇                              (eq. 2) 

 

and spherical dome dimensions of gas bubbles entrapped within hydrogel framework 

 

𝑉 = <
=
𝜋ℎ(3𝑟: + ℎ:)                 (eq. 3) 

where p is the pressure, V is the volume, n is the number of moles, R is the gas constant, T 

is the temperature, h is the height of a spherical oxygen bubble and r is the radius of the 

oxygen bubble base, we estimated a pressure of a gas inside the hydrogel cup equal to few 

bars (3.5 – 5.5 bar) depending on the potential applied. Although these values are probably 

inflated due to assumption taken, we concluded that the oxygen bubble in the hydrogel 

pocket is pressurized. This example provides a possible approach towards storage of gases 

(O2 and H2 in the case of H+ and OH- triggered gelation respectively) through hydrogel-based 

encapsulation. The further exploration of this topic was beyond the scope of this work.  
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Figure 3. A - E – Chronoamperograms recorded at Pt electrodes having diameter equal to 200 μm and 

500 μm at 1.5V and 1.8V (experimental conditions are indicated on the left from each graph). Inserts 

of each chronoamperogram represents set of images with corresponding time recorded during 

electrochemical hydrogel formation. Experimental conditions are given next to figure numbering. In 

all cases [NaNO3] = 500 mM and [Nile Red] =50 μM. All scale bars are equal to 50 μm. F – shows the 

schematic of two possible hydrogel growth mechanisms.   
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The effect of [Na2DBC] on the hydrogel formation at macro electrodes was also investigated. 

In Figure 3 the chronoamperograms with the images of the hydrogel formed at different 

experimental conditions are shown. As already indicated before, in most cases, the overall 

process occurs within first few seconds. For the lower [Na2DBC] = 10 mM two characteristic 

shapes of a hydrogel deposits can be distinguished (Figure 3A and 3C). When E = 1.5 V was 

applied, slightly rounded on the edges but still flat in the middle (for the electrode with DIA 

= 500 μm flat in the middle and rounded on the edges – Figure 2C) deposit was formed which 

correspond to the out-print of the diffusion zone governed by proton flux heading from the 

electrode surface to the bulk of solution formed during water oxidation – see Figure 3A. For 

higher E = 1.8 V the shaping process was governed by synergistic effect of protons diffusion 

and convection with the latter caused by the evolution of oxygen bubble further 

encapsulated in the hydrogel framework – see Figure 3C. Increasing the concentration of 

Na2DBC to 40 mM has led to interesting observations. As shown in Figure 3B, for E = 1.5 V, 

much flatter but still rounded on the edges, deposits were formed. When E = 1.8 V was 

applied (Figure 3D for the electrode with DIA = 200 μm and Figure 3E for the electrode with 

DIA = 500 μm) the flat deposit formed within the first three seconds, after which it started 

to detach due to growing oxygen bubbles. Each delamination step is accompanied by 

characteristic current spikes (marked with red arrows on Figure 3D and Figure 3E) observed 

in the chronoamperograms. As the cup detaches, the availability of the platinum surface to 

the water oxidation results in a fresh proton wave subsequently triggering gelation. The 

defects in such detaching hydrogel deposits were replenished with bubbles giving the 

hydrogels a sponge-like microstructure. The oxygen bubbles stay entrapped in the hydrogel 

network further confirming its potential for gas storing applications.  

 

4.3.2  Hydrogel formation at an array of microelectrodes   

Following the success of hydrogel formation on macroscopic Pt electrodes, we explored the 

possibility of miniaturizing this technique. Current applications of miniaturized electrodes in 

liaison with hydrogels are mainly focused on sensing.[46–49] In these works, the hydrogel layer 

is usually prepared using chemical,[47] photochemical or electropolymerization reactions. 
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Electrochemically triggered deposition is, to the best of our knowledge, is limited only to a 

few works. These cover the micro-gel electro-addressing on a gold microelectrode in a form 

of elongated stripes[13] or the squared nano-band electrodes[50] contacted to a solution 

containing a redox active pH trigger. For our approach we used a commercially available 

array of circular and planar micro-electrodes that were produced using photolithography. 

The microscopy images of arrays can be found in the supplementary information (see Figure 

S4). We investigated the formation of hydrogels using linear sweep voltammetry under 

optical and polarization microscopy (see Figure 4, S7 and S8) for various concentrations of 

the gelator (Na2DBC). Figure 4A shows the time evolution of the growing hydrogel caps 

formed in a 10 mM Na2DBC from the micro electrode array (chosen hexagon is one among 

many) with a single electrode DIA equal to 10 µm. The hydrogel started growing at the E 

equal to around 1.7 V (potential measured versus pseudo-reference Pt electrode) when the 

current reached around 1 µA. In contrary to macroscopic electrodes, the hydrogel grows 

continuously as the potential is swept towards anodic directions (see Figure S5 in 

supplementary information). This is understandable since, the concentration of H+ increases 

at the electrode-solution interface and diffuse towards the bulk of the solution. Moreover, 

we can speculate that the formed oxygen is pressurised within the hydrogel framework and 

forms (if any) nano-bubbles which are not blocking the electroactive surface of the 

electrodes within the array. Occasionally, for higher anodic potential values, individual 

hydrogel cups were breaking and the released oxygen bubble was covering most or even 

whole array (see Figure S6 in supplementary information). Under cross-polarization (see 

Figure 4-B for the array and 4-E for the single hydrogel cup, Figure S7 gives similar 

observation for different concentrations) we observed that the formed hydrogels displayed 

cross-hair patterns reminiscent of spherulites (spherical semi-crystalline regions). This 

assumes that the formed shapes are full hemi-spheres. Efforts to obtain the experimental 

proof for the exact shape of the hydrogel caps were undertaken but with limited results. We 

found that the topological analysis of soft matter at the microscopic level is very challenging. 

Attempts to analyse the hydrogel cups shape using confocal fluorescent microscopy or 

atomic force microscopy were fruitless. We made Z-stack images (using optical microscopy), 
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which were not of sufficient resolution quality to yield concrete results. However, work 

dealing with the electrochemical modification of nano- or micro-electrodes does exist. It was 

found that the metals electrodeposited over the microelectrodes do take the hemispherical 

shape of a diffusion layer profile established above such an electrode.[51] Similar 

observations were made for the electrochemically assisted silica deposition, derived from 

the sol-gel processing, over array of micropores.[52–55] On top of that, it has been shown that 

DBC fibres orient themselves along the direction of the H+ gradient.[8] For all taken together, 

with high dose of confidence, we concluded that the formed hydrogel fibres have a hemi-

spherulitic structure which probably have a radially outward fibre-orientation (see Figure 4-

C for visualisation). Upon increasing the Na2DBC concentration, we observed the changes in 

the fibres packing density. This can be seen in Figure S7 available in the supplementary 

information. No hydrogel deposit was found when the Na2DBC < 2.5 mM. The critical gelator 

concentration (minimum concentration for the formation of a gel) for DBC is known to be 

around 2.2 mM.[3] When 5 mM Na2DBC was applied we noticed (qualitative observation) 

that the fibres within the formed hydrogel cups appeared to be loosely packed (Figure S7 – 

1B and 1C) – open structures with bunches of individual fibres. The electrochemically 

assisted formation of the silica at the ultramicroelectrodes revealed similar findings and 

suggest that the reagents generated in a faster way at the microscale affects the morphology 

of the electrochemically generated deposits.[56]  Further increase in concentration from 10 

mM up to 40 mM yielded no other visual changes in the hydrogel appearance apart from 

earlier mentioned changes with regard to packing density. In this concentration range, the 

DIA of the hydrogel cups stayed roughly the same with only the time having an impact on 

the them (diffusion of protons).  Similar observations were made for the array with the single 

electrode DIA equal to 5 µm (see Figure S8). The only difference was the smaller 

dimensionality of the obtained hydrogel cups and higher packing of the deposits given by 

the number of electrodes within the array. On the whole, we achieved the formation of 

hydrogels on microelectrode arrays with the ability to exert control over microstructure and 

morphology by varying the gelator concentration (open vs. closed compact). The SEM 

characterization of obtained hydrogel morphologies was not possible since upon application 
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of vacuum (or even exposure to air for longer time) structure disruptive crystallization (of 

both, the DBC and background electrolyte solution) occurred. In our previous work, we were 

electrochemically generating DBC fibres at the electrochemically deposited Pt NPs at the 

copper mesh supports. These were then analysed using cryogenic transmission electron 

microscopy yielding the fibrous structure of the obtained hydrogels.[32]     

 
Figure 4. A and B represent linear sweep voltammograms recorded in 10 mM Na2DBC and 500 mM 

NaNO3 solution at 5 mV·s-1 with corresponding sequence of optical microscope images (on the right 

from voltammograms) recorded during voltametric hydrogel deposition (A – normal microscopy; B – 

polarization microscopy)). C is the schematic representation (to the best of our understanding) of the 

hydrogel deposit grown over platinum microelectrode. D and E are the images taken at higher 

magnification under optical and polarization microscopy respectively after deposition process. The 

single electrode DIA = 10 µm; S (pore centre to centre distance) = 100 µm. The scale bars are equal to 

A and B – 100 µm and D and E – 50 µm.  
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4.3.3 Hydrogel shaping with different electrode shapes 

Having explored the possibility of controlling dimensions and network morphology, we next 

investigated the ability to shape hydrogels through our technique. The rationale was that 

the shape of the electrode would influence the final shape of the produced hydrogel. To this 

end, we designed different Pt electrode arrays (100 μm in size) of three different shapes 

namely circles, squares and triangles (see Figure 5) respectively. The arrays were setup and 

connected for optical and polarization microscopy experiments as shown in Figure S1-B. 

Linear sweep voltammetry from 0 to 2.5 V at a scan rate of 5mVs-1 was used and images 

were recorded. Movies MS2 and MS3 (available in supplementary information) show the 

formation of hydrogels recorded at the electrode array with the single electrode having the 

shape of square or triangle respectively.  For both cases the concentration of Na2DBC equal 

to 25 mM. Hydrogels formed at lower concentrations exhibited more loose networks as 

compared to more compact structures at higher concentration of the gelator. This 

observation was similar to what was previously observed for micro-electrode arrays. Figure 

5 shows the formed hydrogels under normal and cross-polarized conditions recorded after 

deposition process. The formed hydrogels (Panels D – F) retain the shapes of the underlying 

electrode with dimensions in the order of a few hundred micrometres. Under cross-

polarization (Panels G – I) the hydrogels show birefringent domains unlike the clear Maltese 

cross pattern observed for smaller micro-electrode arrays. Maltese crosses suggest that gel 

fibrils are pointing outwards from the electrode centre in analogy to nematic phases trapped 

in droplets. In the present case, its absence is probably due to complex diffusion layer 

profiles established over rather non-conventional electrode shapes as well as the presence 

of many sites of gel nucleation caused by impurities/edge effects etc. Interestingly, we 

observed that at the initial stages of the deposition process the hydrogel formation begins 

at the edges and proceeds inwards. Similar observations were reported by Piper et al who 

employed the square band like microelectrodes array for electrochemically assisted 

carbazole-alanine LMWG deposition.[50] By stopping the electro-catalytic process during 

this stage, it might be possible to obtain hollow circles, squares and triangles (see Figure S8 
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in supporting information).  On the whole, it is possible to shape hydrogels by careful design 

of Pt electrode substrates.  

 
Figure 5.  Shaping of hydrogels using array of Pt electrodes with a shape of a circle, square and 

triangle. A, B and C are the optical microscopy images of an unmodified array. D, E and F are the 

optical microscopy images recorded after a voltammetric sweep from 0 to 2.5 V at 5 mV·s-1 (25 mM 

Na2DBC in 0.5 M NaNO3). G, H and I are the image taken with polarization microscopy (conditions are 

the same as for D, E and F). All scale bars are 100 μm. 
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4.3.4 Detachment 

In order to be able to utilize the produced hydrogels for biomedical applications, it is 

necessary to be able to detach them after formation. Consequently, we have explored the 

possibility to detach these hydrogels in a fully controlled manner, again using only an 

electrochemical trigger. In previous works, the formation and disappearance were well 

controlled but detachment of the produced hydrogels was not shown. Consequently, in 

addition to hydrogel shaping, we have given significant attention to controlled and effort-

free hydrogel detachment from the electrode surface. Figure 6 image 1 shows the “pancake-

like” hydrogel deposit formed at 1.5 V (vs Ag/AgCl) in 40 mM Na2DBC solution at the 

electrode with diameter equal to 500 µm. The key to detach the hydrogel was to apply a 

negative potential allowing for the water and/or protons and/or nitrate reduction.  

 

𝐻:𝑂 + 2𝑒- → 2𝑂𝐻- + 𝐻:              (eq. 4) 

2𝐻; + 2𝑒- → 𝐻:               (eq. 5) 

𝑁𝑂>- + 𝐻; + 𝑒- → 𝑁𝑂: + 𝐻:𝑂              (eq. 6) 

 

As shown in Figure 6 image 9, the application of a potential equal to -1.4V resulted in the 

“pancake-like” hydrogel detachment already after 4 seconds (the detachment can be 

additionally visualized in movie MS4 available as supporting information). We belief that 

detachment is due to two synergistic effects: (i) formed hydrogen (and probably small 

amounts of nitrogen dioxide) bubbles simply pushes away the rigid hydrogel framework 

from the electrode surface (see Figure 6 images from 3 to 9) whereas (ii) local increase in 

the pH results in a dissolution of the skin layer of a hydrogel (originating from the 

dissociation of the carboxylic functions within DBC gelator). Since formed hydrogen bubbles 

adhere to the hydrogel deposit, after detachment, it flows towards and then remains at the 

surface of Na2DBC solution. Similarly, we could detach slightly rounded and still flat deposits 

formed at the electrode with a diameter equal to 200 µm. This detachment method has 

some limitations. First of all, the application of a cathodic potential < – 1.5V is not advisable, 
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as it leads to substantial bubble formation and a rapid hydrogel dissolution (data not shown). 

The detachment method also fails when it comes to the detachment of the oxygen bubble 

templated hydrogel deposits obtained at Edepostion > 1.6V, most likely because the oxygen 

bubble (covering the Pt electrode surface) insulating properties inhibit the water and proton 

reduction reactions. It should be noted that in the case of micro-electrode arrays the 

inhibiting effect of the oxygen bubble is not as pronounced, but here dissolution of the 

deposit rather than detachment is playing a major role while the cathodic potential is 

applied (see Figure S12). As one of the future directions we aim at optimizing the surface 

adhesion properties to achieve electrochemically controlled hydrogel micro-deposits 

detachment.   

 
Figure 6. Images from 1 to 12 are the frames taken from the movie recorded during electrochemically 

controlled detachment of a hydrogel deposits formed at E = 1.5 V in 40 mM Na2DBC in 500 mM NaNO3 

for 150 seconds (see image 1 for the corresponding deposit). The images are saturated with grey 

colour in order to increase the contrast. Scale bar – 100 μm. 

 

4.4 Conclusions 

In this work, we have shown that electrochemical water-splitting reaction catalysed by Pt 

can be used to trigger the formation of supramolecular hydrogels via the acid-induced 

directed self-assembly of LMWG. Upon application of an anodic potential, a proton gradient 

is produced at the electrode surface that results in the formation of oriented hydrogel fibres, 
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as controlled by the direction of the proton diffusion. Using different designs of Pt 

electrodes, we could establish control over size (macro, sub-macro and micro scales) and 

shape (circles, squares, triangles) of the produced hydrogels. The formed hydrogels can also 

be detached using an electrochemical trigger, this is the application of the cathodic 

potential. To the best of our knowledge this is the first example of a detachable 

supramolecular hydrogel network without the use of a secondary network. 
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Appendix – Supporting Information 

 

 
Figure S1. Two electrochemical cells used during the measurements. A – is the setup used to study 

hydrogel deposition at the macroscopic electrodes with diameters equal to 200 µm and 500 µm. B – 

is the setup used to investigate array of microelectrodes. WE, RE and CE stands for working, reference 

and counter electrodes respectively.  
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Figure S2. A –Height of a hydrogel deposit for different applied anodic potential values measured for 

50 seconds; B – height of the hydrogel deposit in function of applied potential averaged for last 35 

deposition seconds; C – optical microscope images for hydrogel deposits recorded at deposition time 

t = 50 seconds at different applied potential values indicated in upper right corner of each image (the 

magnification is given in the upper left corner, black and white scale bars correspond to 50 and 200 

μm respectively). The concentrations of all reagents are as follow: [Na2DBC] = 10 mM; [KNO3] = 500 

mM; [Nile red] = 50 μM.    

 

 



Electrochemically assisted hydrogel deposition, shaping and detachment 

 133 

 
Figure S3. Hydrogel deposition at E = 2.20 V with the Pt electrode having 200 μm in diameter. The 

concentrations of all reagents are as follow: [Na2DBC] = 10 mM; [KNO3] = 500 mM; [Nile red] = 50 μM. 

The scale bare correspond to 200 µm.   
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Figure S4. Schematic of chip containing microelectrodes [A], Optical micrographs of microelectrodes 

produced using lithography, the diameter of the electrodes are 5 [B}, 10 [C] and 100 μm [D] 

respectively. Different shapes of the electrodes, circle [D], squares [E], triangles [F]. Scale bar is 100 

μm. Insets G and H respectively show the hexagonal array design to achieve maximum packing of 

electrodes on the chip, scale bar is 20 μm  
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Figure S5. The diameter (DIA) of the hydrogel cups in the function of deposition time (calculated from 

corresponding linear sweep voltammogram from Figure 4A from the main text). Each point is an 

average DIA of hydrogel cups growing above seven electrodes forming one hexagon.  
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Figure S6. The optical microscopy image taken after hydrogel deposition over the array of 

Pt microelectrodes having a diameter of 5 µm. The array is covered with the oxygen bubble 

released due to the hydrogel cup detachment.  
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Figure S7. Linear sweep voltammograms recorded for 5 mM (1A); 15 mM (2A); 25 mM (3A) Na2DBC 

at 5 mVs-1. Images on the right from the linear sweep voltammograms were recorded under normal 

and polarization microscopy mode. All scale bars correspond to 50 µm.  
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Figure S8. The linear sweep voltammograms recorded in the A – 15 mM and B – 25 mM Na2DBC 

solution at 5 mVs-1. On the right from the voltammograms one can find the set of the corresponding 

optical microscopy images recorded at different deposition times (marked on the upper left corner). 

The inset of each linear sweep voltammogram is the polarization microscopy image recorded after 

hydrogel deposition. The scale bars correspond to 50 µm each.  
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Figure S9. The images showing empty hydrogel circles (A), squares (B) and triangles (C) recorded at 

the beginning of the deposition process for the electrodes holding micrometre dimensionality (circles 

DIA = 100 µm, squares and triangles edge = 100 µm). The Na2DBC was equal to 25 mM. Deposition 

technique: LSV at 5 mVs-1. 

 

 
Figure S10. Linear sweep voltammograms (A) and (B) corresponding to movie MS2 for the formation 

of hydrogel deposit on micro-fabricated Pt electrodes in the shape of squares (edge = 100 μm). The 

Na2DBC was equal to 25 mM.  
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Figure S11. Linear sweep voltammograms (A) and (B) corresponding to movie MS2 for the formation 

of hydrogel deposit on micro-fabricated Pt electrodes in the shape of triangles (edge = 100 μm). The 

Na2DBC was equal to 25 mM.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 

 

 
  



 

 

Chapter 5 

Locally pH controlled and directed 

growth of supramolecular gel 

microshapes using electrocatalytic 

nanoparticles 
 

Abstract: Controlled localization of platinum nanoparticles (Pt NPs) at the solid support 

assisted by the polarized liquid – liquid interface is reported. The electro-catalytic water 

oxidation resulted in the local pH modulation followed by directed self-assembly of 

Dibenzoyl-L-Cystine hydrogelator forming a structured hydrogel retaining the shape of Pt 

NPs deposit. 

 

 

 

 

 

 

 

 

This chapter has been published as V. Lakshminarayanan, L. Poltorak, D. Bosma, E. J. 

Sudholter, J. van Esch, E. Mendes, Chem. Commun. 2019, DOI 10.1039/C9CC04238E. 
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5.1 Introduction 

Supramolecular hydrogels have been reported to find applications in the fields of cell 

culturing,1 drug delivery systems2 among many others. The ability to exert spatial control 

over the formation of these materials is therefore of high value. Directed self-assembly of 

supramolecular hydrogelators composed of low molecular weight gelators has seen a rapid 

progress in recent years. With the ability to control supramolecular gel formation using pH 

or catalysts,3,4 researchers have shown that spatial structuring at the microscale is possible 

by using light,5 catalytic surfaces,6 electrochemistry,7,8 reaction-diffusion9 and very recently, 

charged polymer brushes.10 However, such approaches need the aid of masks to create 

patterns, secondary supporting networks to act as reservoirs for the gelator precursors or 

micro-contact printing to template micropatterns. Hence, new techniques allowing for 

localized control over hydrogel formation and structuring can pave the way for novel soft 

material fabrication and patterning. Electrochemical approaches for hydrogel study and 

formation established so far, although limited to only a few reports, have shown promise 

due to their ease of use, reversibility or multiplexing ability.7,11,12 In this work, we take this 

approach to the next level by demonstrating localized control over hydrogel formation. This 

is achieved with the help of a polarized liquid-liquid interface to deposit Pt NPs on a 

conducting substrate of fluorine doped tin oxide (FTO) electrodes. The polarized liquid – 

liquid interface also known as the interface between two immiscible electrolyte solutions 

(ITIES) is soft, renewable, free from defects and allows the electrochemical study of 

interfacial ion or electron transfer processes. The liaison between ITIES and functional 

materials is a relatively new and unexplored topic.13 The ion or electron transfer reactions 

or the self-assembly process can lead to interfacial region modification with a number of 

functional materials (e.g. molecular sieves, liquid mirrors, metal catalysts).14–16 When the 

ITIES is contacted to conducting support the so-called three phase junction is formed. At the 

junction where the three phases meet, the interfacial ion transfer coupled to a redox 

reaction can result in very precise electrochemical deposition (e.g. the formation of Au NPs 

or silica).17–19 In this work, we have employed this property to make patterned (rings, stripes 

and spots) hydrogels by controlled formation of Pt NPs that will act as catalyst for the 
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electrochemical splitting of water to produce a proton gradient. Controlled and localized Pt 

NPs deposition at the micro-meter scale is facilitated by the ITIES (micro-capillary supported 

liquid – liquid interface or by a three-phase junction system). The proton gradient thus 

produced causes the self-assembly of the hydrogelator Dibenzoyl-L-Cystine (DBC). For 

simplicity, we have chosen an off-the shelf gelator as a model molecule. We believe that this 

technology platform gives solid foundation for future electrochemically assisted deposition 

and writing of supramolecular hydrogels. 

 

5.2 Results and Discussion 

First, we focus on the demonstrations that an electro-catalytic effect of Pt NPs on hydrogel 

formation occurs. The FTO electrode placed in an electrochemical cell (experimental 

details are available in section 2.1 of the SI) was contacted via a circular opening to a 1 mM 

aqueous solution of K2PtCl6  and the Pt NPs were deposited via chronoamperometry for a 

period of  10 min. The potential applied (E = – 1.5 V vs Ag/AgCl) was sufficient to reduce 

PtCl62- to metallic Pt according to reaction 1 and 2:  

 

Pt/0Cl1.2 + 2e2 → Pt//Cl3.2 + 2Cl2                              (1) 

Pt//Cl3.2 + 2e2 → Pt, + 4Cl2                                                                                            (2) 
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Figure 1. A – Cyclic voltammograms recorded in an aqueous solution of 250 mM NaNO3 before (red) 

and after (black) Pt NPs deposition at -1.5V via a single step chronoamperometry for 10 min. B – is 

the photo of the corresponding, modified electrode. C – shows a SEM image of the area containing 

Pt NPs. D – is the optical microscopy image of the Pt NPs deposited (before hydrogel formation) on 

FTO under cross-polarized condition (inset shows image under normal light conditions with the 

boundary of Pt NPs indicated). E – is the optical microscopy image recorded under cross-polarization, 

after hydrogel formation the same FTO surface section is shown in D and E). The inset shows the 

Maltese cross-hair pattern zoomed in further. Scale bars are: B – 5 mm; C – 1 μm; D, D inset and E – 

200 μm; E inset – 100 μm.  
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Fig. 1B shows the FTO electrode decorated with a dark circle containing Pt NPs. Investigation 

by scanning electron microscopy (SEM) revealed that the deposited Pt NPs are well 

dispersed over the support and that their size ranges from 100 to 200 nm (see Fig. 1C and 

S5 in Appendix).  Additional characterization by X-ray photoelectron spectroscopy (XPS) (see 

Fig. S4 in Appendix) confirmed the presence of metallic Pt. The cyclic voltammograms 

recorded in aqueous 250 mM NaNO3 before (red line in Fig. 1A) and after deposition of Pt 

NPs (black line in Fig. 1A) show a clear electro-catalytic effect towards water oxidation. For 

the latter, the anodic current recorded at 1.5 V was 115 times higher as compared to a non-

modified FTO electrode having the same planar surface area. Two additional cathodic peaks 

recorded around 0.32 V and – 0.26 V are typical fingerprints of oxygen reduction and H+ 

adsorption to the Pt electrodes, respectively.20 The Pt NPs deposited on the FTO substrate 

were then used for the electrochemically assisted hydrogel deposition experiments. An 

aqueous 40 mM solution of the sodium salt of the DBC gelator with additionally 250 mM 

NaNO3 as supporting electrolyte was used. Linear sweep voltammetry was carried out at a 

scan rate of 10 mV·s-1 with the forward polarization towards more anodic potential (typically 

the experiment was stopped between 2.5 – 3.0 V) and the polarized optical microscopy 

(POM) was used in situ to follow the changes at the surface of the FTO electrode. It is known 

that DBC gel fibres orient themselves along the diffusion gradient of the protons,21 and 

hence, their presence can be followed and confirmed using POM. In Fig. 1D is shown the 

POM image of the FTO electrode modified with Pt NPs. The boundary between the Pt NPs 

modified and non-modified region is observed by microscopy as is indicated by the red line 

(inset in Fig. 1D). The application of a linear increasing anodic potential triggers the water 

oxidation reaction: 

 

2H.O − 4e2 → 4H4 + O.                       (3) 

 

As the local concentration of H+ increases, we can observe the emergence of the DBC 

hydrogel (see Fig. 1E together with inset). From the image recorded we conclude that: (i) the 

hydrogel is built from DBC fibres and structured by the linear diffusion of protons from the 
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support; (ii) in some of the regions of the support the emergence of so-called Maltese cross 

patterns indicate the radial orientation of the fibres, which in turn may suggest the presence 

of the isolated Pt NPs clusters or preferential electro-catalytic sites (behaving as the 

individual nano-electrodes).22 The presence of DBC fibres was further confirmed by using 

Cryo-transmission electron microscopy investigations on electrochemically modified copper 

grids (see Fig. S9 in Appendix with the corresponding description) decorated with Pt NPs and 

clearly showed the formation of fibres growing from the Pt NPs surface. In order to control 

the local deposition of Pt NPs we combined the 𝑃𝑡𝐶𝑙1.2 (initially present in the organic 

phase) transfer reactions across the electrified liquid – liquid interface with its reduction 

occurring at the FTO. First, we synthesized the organic phase soluble salt –  𝑃𝑡𝐶𝑙1(𝐵𝑇𝑃𝑃𝐴). 

via a simple metathesis reaction (see section 1.3 in Appendix for details). We then studied 

its electrochemical behaviour at the ITIES in a typical four electrode configuration as 

described in section 2.2 of the Appendix. We expected to find proof of principle that there 

is a transfer of PtCl62-. In Fig. 2A shows the ion transfer voltammogram recorded at the 

interface between the aqueous 10 mM NaCl and 10 mM BTPPATPBCl (hydrophobic salt) 

dissolved in the 1,2-dichloroethane (the organic phase). The observed potential window is 

limited by 𝑁𝑎(5↔7%!4  and 𝐶𝑙(5↔7%!2  transfer on the more and less positive potential sites, 

respectively. Addition of 𝑃𝑡𝐶𝑙1(𝐵𝑇𝑃𝑃𝐴). at µM concentration to the organic phase results 

in the emergence of two peaks with 𝐸8/. = 0.25 V within the available potential window (Fig. 

2B). The positive peak is attributed to the 𝑃𝑡𝐶𝑙1,7%!→(5.2 . The ratio of the integrated positive 

and negative signals approaching unity indicate the reversibility of the process. 
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Figure 2. Ion transfer voltammograms recorded at the Liquid-liquid Interface formed 

between A – 10 mM NaCl (aq) // 10 mM BTPPATPBCl (org); B – 10 mM NaCl (aq) // x μM (x 

= 58; 116; 174 and 232 μM) BTPPA2PtCl6 in 10 mM BTPPATPBCl (org) and C – 10 mM NaCl 

(aq) // 5 mM BTPPA2PtCl6 (org). Scan rate was 10 mVs-1; dashed arrow indicate the direction 

of the forward scan.  

 

In Fig. 2C shows the recordings when the organic phase contained only 5 mM 

𝑃𝑡𝐶𝑙1(𝐵𝑇𝑃𝑃𝐴). (the concentration used in further experiments) and shows the potential 

window, which is now limited on the negative potential side by the 𝑃𝑡𝐶𝑙1,(5↔7%!.2 . The 

concept of a three phase junction modification was mainly studied in the group of Opallo, 

where Au NPs or silica material were electrochemically generated in a defined locus.17–19 To 

the best of our knowledge, this is the first time that the three phase junction is decorated 

with Pt NPs. The modification follows a few mutually related ion and electron transfer 

reactions that are depicted together with the electrical scheme in Fig. 3. First the reductive 

potential is applied to the FTO electrode and the 𝑃𝑡𝐶𝑙1.2 present in the organic phase 

undergoes a reduction to metallic Pt (according to reaction 1 and 2) at the three phase 
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junction. For an applied potential (E = – 1.5V) its reduction in the organic phase is unlikely 

due to very high resistance of the circuit (high resistivity of the organic phase and the 

position of the reference electrode), and is therefore excluded. The 𝐶𝑙2  formed within the 

junction or on the organic side of the ITIES will partition to the aqueous phase due to its high 

intrinsic hydrophilicity: 

 

 Cl/</=>	@A	@AB2 → ClCD2                          (4) 

 

 
Figure 3. Schematic representation of the three-phase junction system. Organic phase is 1.2-

dichloroethane. For details refer to text.  
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In order to maintain the charge-balance, the anion (still soluble in the aqueous phase and 

significantly less hydrophilic than 𝐶𝑙2) from the aqueous phase should transfer to the 

organic phase. This was provided with unidirectional 𝐵𝐹32transfer: 

 

BF3,CD2 → BF3,@AB2                          (5) 

 

As confirmed with the control experiment, in the absence of a charge balancing ion, the 

reaction 1, 2 and 4 will not occur and no deposit will be found (data not shown). Although 

𝑃𝑡𝐶𝑙1.2 is more hydrophobic than 𝐵𝐹32(𝑙𝑜𝑔𝑃*EF,GH!"
,  = 3.423 < 𝑙𝑜𝑔𝑃*EF,I'E##$"

,  = 5.1 – as 

calculated in section 3 of the Appendix) we found that for experimental concentrations of  

[𝐵𝐹3,(52 ] = 100 mM and [𝑃𝑡𝐶𝑙1.2] = 5 mM the latter was partitioning from the organic to the 

aqueous phase (clear colour change of the aqueous phase was observed over time): 

 

PtCl1,@AB.2 → PtCl1,CD.2                       (6) 

 

Whenever the 𝑃𝑡𝐶𝑙1.2will diffuse towards the cathodically polarized FTO electrode the 

reaction 1 and 2 will occur. To demonstrate the control over directed self-assembly of 

hydrogelators, different configurations of FTO substrate and liquid-liquid interface were 

made (see Fig. 4, row A). The detailed experimental information can be found in sections 2.2 

– 2.5 of the Appendix. Three designs were implemented to control the localization of Pt NPs: 

i) design where the conductive substrate was dipped into the organic phase (solution of 5 

mM BTPPA2PtCl6 in 1,2-DCE) and contacted with the aqueous phase on top (Fig. 4 – A1) ; ii) 

design where a micro-droplet of the organic phase containing 5 mM BTPPA2PtCl6 is casted 

on top of the FTO substrate (Fig. 4 – A2); iii) design where  a micro-capillary filled with the 

organic phase is positioned close to the FTO substrate (Fig. 4 – A3). 
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Figure 4. Three configurations used for localized Pt NPs deposition 1A – scheme of a three phase 

junction for stripe deposition; 1B – scheme of a three phase junction for ring deposition and 1C – 

scheme of a micro-capillary supporting ITIES for micro-spot deposition. Panel B correspond to optical 

microscopy images (insets show the Energy Dispersive X-ray Spectroscopy mapping of Pt). Panels C 

and D represent polarization microscopy images before and after hydrogel deposition, respectively. 

The columns 1, 2 and 3 shows the results for stripe, ring and micro-spot respectively. Scale Bars are:  

100 μm (left to right, B1 - B3, C1 - C3, D1 - D2) and 50 μm (D3) respectively. 

 

In the first two designs, the formation of Pt NPs occurs at the three-phase junction while in 

the third design, this junction is absent and the Pt NPs are produced by transfer of 

𝑃𝑡𝐶𝑙1.2from the organic to aqueous phase followed by its reduction at the FTO substrate. 

The Pt NPs reach micro-patterns that result from the designs are in the form of a stripe (ca 
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175 μm), ring (ca 1.5mm diameter, 225 μm thick rim) and a spot (ca 60 μm diameter) 

respectively (Fig. 4 panel B). It was also observed that the width of the pattern was 

dependent on the deposition time (data not shown). The presence of the Pt NPs was 

confirmed in all three cases via SEM (Fig. S8 in Appendix) in combination with EDS elemental 

mapping (inset Fig. 4 row B).  

 

The formation of hydrogels from these patterns was carried out using linear sweep 

voltammetry (see section 2.6 of Appendix). It can be seen (Fig. 4 image 1D, 2D and 3D) that 

there is birefringence under cross-polarization indicating formation of oriented fibres. The 

time evolution of the hydrogel pattern together with a linear sweep voltammogram is shown 

in Fig. S10 (see Appendix) . From the nature of the polarization pattern, it can be concluded 

that the DBC fibres are oriented radially outward based on the diffusion of the protons 

(towards a bulk phase) produced at the interface of Pt NP catalyst and the aqueous gelator 

environment. The produced hydrogels retain their shape of the base micro-pattern while 

being broader. Especially interesting is the hydrogel deposition obtained over a micro-spot 

as shown in Fig. 4 panel 3. As the region filled with Pt NPs has micrometre size, it resembles 

a single microdisc electrode, at which the mass transport (to and from the electrode) will be 

governed by a hemispherical diffusion. Very prominent and clear Maltese cross patterns 

indicate that the formed hydrogel has radial orientation and probably dome-like shape. This 

observation is in line with similar hemispherical shapes of silica,24–26 metallic27 or polymeric28 

deposits obtained over an array of nano- and micro-electrodes. 

 

5.3 Conclusions 

Electrochemically controlled Pt NPs deposition proposed in this work was used to produce 

sophisticated hydrogel patterns by combining them with supramolecular hydrogelators. 

Polarized liquid – liquid interface was used to control localization of Pt NPs, thereby creating 

new opportunities to design complicated and unusual gel patterns in a very straightforward 

manner. The electro-catalytic effect of Pt NPs towards water oxidation allowed the local pH 

change that triggered the growth of structured hydrogel directly from the support.  
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Electrochemical patterning of hydrogels using the technique developed in this work can be 

used as a platform to create functional soft matter down to micro- or nano-metre scale.  As 

such, it opens new gel processing directions with potential applications in cell culturing, drug 

delivery, tissue engineering, sensing, diagnostics etc. Such an approach may be used to 

produce nano-patterned electro responsive surfaces capable of templating hydrogels and 

other functional soft materials.  
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Appendix – Supporting Information 

1. Materials: 

Sodium Nitrate (NaNO3) (98.5%, Sigma Aldrich), Sodium Chloride (NaCl) (99%, Sigma 

Aldrich), Potassium Hexachloroplatinate (K2PtCl6) (99.9%, Sigma Aldrich) , Sodium 

Tetrafluoroborate (NaBF4) (97%, Sigma Aldrich), Nitric Acid (HNO3) (60%, Sigma Aldrich), 

Hydrochloric Acid (HCl) (1M, Sigma Aldrich)) , Sodium Hydroxide (NaOH) (99%,Pellets, Sigma 

Aldrich), Dibenzoyl-L-Cystine (DBC) (98%, Sigma Aldrich), Tetramethylammonium Chloride 

(TMA-Cl) (98%, Sigma Aldrich), Potassium Tetrakis(4-chlorophenylborate) (97%, Sigma 

Aldrich)  (K-TPBCl), Bis(triphenylphosphoranylidene)ammonium Chloride (BTPPA-Cl) (97%, 

Sigma Aldrich), Chlorotrimethylsilane (99%, Sigma Aldrich) , 1,2-Dichloroethane (1,2-DCE) 

(Solvent grade, VWR International), Ethanol (Solvent grade, Biosolve), Methanol (Solvent 

grade, VWR International) and Acetone (Solvent grade, Biosolve) were obtained from 

commercial suppliers.  Salts Na2-DBC, BTPPA-TPBCl, and (BTPPA)2PtCl6 were synthesized 

according to protocols described below.  

 

1.1 Na2-DBC protocol of preparation 

Sodium salt of the gelator (DBC) was prepared by titrating acidified gelator against 0.1 M 

NaOH (1:2 molar ratio). The solution contained neutralized and non-neutralized gelator was 

passed through an Acrodisc syringe filter (0.2 μm, PTFE membrane) to remove any possible 

impurities and non-neutralized gelator which was present as white precipitate in the 

solution. The resulting clear solution was checked for turbidity and freeze dried under 

vacuum to yield a white flaky powder which was used for further experiments.   

 

1.2 BTPPA-TPBCl protocol of preparation 

BTPPA-TPBCl was used as the organic phase (1,2-dichloroethane) supporting electrolyte and 

was prepared by simple metathesis reaction reported elsewhere.[1] In brief, 0.6 g of BTPPA-

Cl dissolved in  25 mL of water:methanol (1:2 v:v) was added dropwise to a vigorously stirred 

solution of 0.5 g of K-TPBCl dissolved in water:methanol mixture (1:2 v:v). Resulting white 

precipitate was than filtered under vacuum and washed with 100 mL of water:methanol (1:2 
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v:v) mixture. Next, white precipitate was recrystallized from acetone giving large and 

transparent crystals. After washing with 50 mL of water:acetone (1:1 v:v) mixture it was 

dried under vacuum and used in experiments.  

 

1.3 (BTPPA)2PtCl6 protocol of preparation 

(BTPPA)2PtCl6 was used as the organic phase soluble salt of the Pt NPs precursor PtCl62-. Its 

preparation is similar to already described BTPPA-TPBCl. The only difference is the ratio 

between BTPPA-Cl to K2PtCl6 equal to 1.1 g to 1.9 g, respectively. The resulting salt had an 

appearance of orange flakes very well soluble in the 1,2-DCE.    

 

2. Electrochemical experiments 

The electrochemical experiments described in the main text of this work and in the 

supporting information were performed in different electrochemical configurations using 

few types of custom-made electrochemical cells. All electrochemical experiments were 

performed using Potentiostat/Galvanostat Autolab 302N or portable potentiostat EmStat3+ 

from PalmSens that were controlled with the Nova 1.10 or PSTrace software respectively.  

 

2.1 Pt NPs deposition in three-electrode configuration 

The Pt NPs deposition over Fluorine-doped tin oxide (FTO) was performed in a three-

electrode configuration using dedicated Teflon cell shown in Fig. SI1-A. The FTO served as 

the working electrode, Ag/AgCl was used as the reference electrode whereas 5 cm long Pt 

wire served as the counter electrode. The cell itself allowed the position of a FTO electrode 

between O-ring terminated cell and a plate that was attached to the cell body via two 

screws. The electroactive surface area was defined by O-ring with a diameter equal to 5 mm. 

Chronoamperometry at E = – 1.5 V was used for the electrochemical deposition of Pt NPs 

from 1 mM K2PtCl6 in 250 mM NaNO3. Further characterization of Pt NPs was performed 

with cyclic voltammetry at scan rate equal to 50 mV·s-1 in 250 mM NaNO3. 
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Figure S1. Different electrochemical cells used in this work. A – is the cell used to modify FTO 

electrode with the Pt NPs; B – is the “cactus like” cell to study interfacial behaviour of BTPPA2PtCl6 at 

macroscopic liquid – liquid interface and C is the cell used to characterize micropipettes that were 

used to support micro-liquid-liquid interface. The abbreviations used stand for: PTFE – 

polytetrafluoroethylene, RE – reference electrode, CE – counter electrode, aq – the aqueous phase, 

org – the organic phase and ITIES – the interface between two immiscible electrolyte solutions.  

 

2.2 Macroscopic electrified liquid – liquid interface 

Experiments at the macroscopic liquid – liquid interface were performed in four-electrode 

configuration in the “Cactus like” glass cell with two Luggin capillaries (see Fig S1B). The 

geometrical diameter of a liquid – liquid interface placed in this cell was equal to 0.65 cm. 

The counter electrodes were made out of Pt spiral wires. The organic phase counter 

electrode was additionally sealed in glass to prevent the contact with the aqueous phase. 

Both, the organic and the aqueous phase reference electrodes were made out of Ag/AgCl 

wires. During experiments, the organic phase reference electrode was immersed into the 

solution of 10 mM NaCl, 10 mM BTPPA-Cl that was contacted to the organic phase in the 

bottom Luggin capillary. Typical composition of a cell can be denoted with a following 

scheme: 
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(𝑎𝑞)	𝐴𝑔 N𝐴𝑔𝐶𝑙 O10	𝑚𝑀 	𝑁𝑎𝐶𝑙O N10	𝑚𝑀	𝐵𝑇𝑃𝑃𝐴 − 𝑇𝑃𝐵𝐶𝑙𝑥	µ𝑀/𝑚𝑀	𝐵𝑇𝑃𝑃𝐴.𝑃𝑡𝐶𝑙1
O 10	𝑚𝑀	𝑁𝑎𝐶𝑙
10	𝑚𝑀	𝐵𝑇𝑃𝑃𝐴 − 𝐶𝑙

|𝐴𝑔𝐶𝑙|𝐴𝑔	(𝑜𝑟𝑔)   

 

Scheme 1. Electrochemical cell used at macroscopic liquid – liquid interface. Double line 

indicates liquid – liquid interface under investigation.  

 

Ion transfer voltammetry was used to characterize the interfacial behaviour of BTPPA2PtCl6 

dissolved in the organic phase. The forward polarization was from more positive to less 

positive potential values. The scan rate was equal to 10 mV·s-1. 

 

2.3 Miniaturized electrified liquid – liquid interface 

Miniaturization was achieved with the help of metal templated glass-micro-capillaries.[2,3] In 

brief, the gold µ-wire with diameter equal to 25 µm was sealed in a glass capillary (ID: 1.6 

mm and OD: 2.0 mm) upon heating in Bunsen burner flame. Attention has to be taken to 

entrap only part of the wire. Next, gradual polishing with fine polish paper allowed the 

removal of glass excess until µ-wire is exposed (see Figure S2). Following that, gold µ-wire 

was dissolved in aqua-regia (3:1 HCl:HNO3) and the capillary has been washed few times 

with miliQ water (see empty pore in the inset of Figure S2). In order to assure that only the 

organic phase will be present inside the pore during the experiments, the internal walls of 

the pore were modified with trimethylsilyl groups via chemical vapor deposition of 

chlorotrimethylsilane.  
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Figure S2. SEM image of the gold μ-wire (25 μm in diameter) embedded in glass after polishing. 

Insert shows the μ-pore formed after gold wire dissolution in aqua regia.   

 

Four electrode configuration was used to polarized miniaturized liquid – liquid interface. The 

organic phase was placed inside the capillary and then silver wire working as the organic 

phase counter and pseudo-reference electrode was inserted (see Figure S1C). The capillary 

together with the connection was placed in the aqueous phase through a hole in a lid of a 

glass cell. The Ag/AgCl and spiral Pt wire were used as the aqueous phase reference and 

counter electrodes respectively. The electrochemical cell can be described using scheme 2: 
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(𝑎𝑞)	𝐴𝑔 N𝐴𝑔𝐶𝑙 N10	𝑚𝑀𝑥µ𝑀
	𝑁𝑎𝐶𝑙

𝑇𝑀𝐴 − 𝐶𝑙O N
10	𝑚𝑀	𝐵𝑇𝑃𝑃𝐴 − 𝑇𝑃𝐵𝐶𝑙

𝑖𝑛	1,2 − 𝐷𝐶𝐸 |𝐴𝑔	(𝑜𝑟𝑔) 

 

Scheme 2. Electrochemical cell used at miniaturized liquid – liquid interface. Double line 

indicates liquid – liquid interface under investigation.  

 

The micro-capillaries used for local Pt NPs deposition were first characterized using ion 

transfer voltammetry as shown in Figure S3. The blank voltammogram (Figure S3A) was 

recorded in the cell described in scheme 2 for x = 0. Here, the forward polarization was from 

less positive to more positive potential values (scan rate 10 mV·s-1). In this graph, the 

potential window is limited on both sides by the transfer of the aqueous phase background 

electrolyte ions. Positive and negative currents on the more positive potential site arise from 

the Na+ transfer to the organic phase and back to aqueous phase, respectively.  The 

interfacial transfer of Cl- is limiting the negative side of the potential window. Here, the 

negative and the positive currents are due to Cl- transfer to the organic and back to the 

aqueous phase, respectively. After adding TMA-Cl to the aqueous phase (Scheme 2, x = 40 

µM) we recorded voltammogram shown in Figure S3B. The voltammetric response is 

asymmetric, this is sigmodal wave on the forward scan and peak shaped signal on the 

reversed scan, and is in agreement with the asymmetric diffusion layer profiles established 

on both sides of the liquid – liquid interface (see insets of Figure S3B).    
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Figure S3. Ion transfer voltammograms recorded at the micro-pore supported interface between 10 

mM NaCl and 10 mM BTPPA+TPBCl- in the absence (A) and in the presence (B) of 40 μM TMA+Cl-. The 

current of the forward wave (0.25 nA) correspond to pore radii equal to 12 μm (24 μm in diameter).   

 

The transfer of ions from the aqueous to the organic side of the interface is analogical to the 

mass transfer of an analyte towards micro-disc electrode, and hence, can be described with 

the Saito expression: 

 

Iss = 4nFDCr   (eq. 1) 

 

where  Iss is the faradaic current (steady state current), n is the molecular charge, r is radius 

of a capillary, D is the TMA+ diffusion coefficient (13.8·10-6 cm·s-2)[4] and C is the 

concentration of an analyte. Simple rearrangement of the eq. 1 allows for the good capillary 
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dimensionality estimation. The calculated diameter of capillary used to record the 

voltammogram from Fig. SI3-B is equal to 24.0 µm and is almost identical with the diameter 

measured from the SEM image (24.1 µm) available in Figure S2.  

 

2.4 Pt NPs deposition at three-phase junction 

In all experiments involving three-phase junction configuration, the working electrode (FTO) 

was contacted with the 1 mM BTPPA2PtCl6 dissolved in 1.2-DCE and 100 mM NaBF4 dissolved 

in miliQ water. FTO was traversed the planar liquid – liquid interface or a 5 µL droplet was 

cast on top of it. The Ag/AgCl reference electrode and the Pt counter electrode were always 

placed in the aqueous phase. The corresponding schemes are available in Fig. 3-A and -B in 

the text of main manuscript. Pt NPs deposition was performed using chronoamperometry 

at E = –1.5 V.   

 

2.5 Pt NPs deposition with planar liquid – liquid interface 

The microcapillary described in section 2.3 was filled with the organic phase being 1 mM 

solution of BTPPA2PtCl6 in 1.2-DCE. Next, with the help of the step motor this capillary was 

approached to the FTO support (the approached was stopped when an edge of the capillary 

contacted the FTO electrode). The solution of 10 mM NaBF4 in 250 mM NaNO3 was added. 

The E = –1.5 V was applied to the FTO and hold for 30 minutes. The reference and the 

counter electrodes were Ag/AgCl and Pt wire respectively.  

 

2.6 Electrochemically assisted hydrogel deposition 

In all cases, the electrochemically assisted hydrogel deposition was conducted on the FTO 

electrode decorated with Pt NPs used as the working electrode. Ag/AgCl and Pt served as 

the reference and counter electrode respectively. The working electrode was polarized 

towards anodic potential values during linear sweep voltammetry scan. The starting 

potential was set to 0 V and the stop potential was set to 3.0 V. The hydrogel formation was 

monitored with optical polarization microscopy and the experiment was stopped when the 
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hydrogel framework was disrupted by the oxygen bubble(s) formation (usually in the 

potential range from 2.0 V to 2.5 V). The scan rate was 10 mV·s-1.  

 

3. Water – 1,2-dichloroethane partition coefficient and Gibbs free energy of ion 

transfer calculations  

The electrochemistry at the liquid – liquid interface can serve as a simple tool for the 

partition coefficient calculation, and hence, allows for the evaluation of the molecular 

hydrophilicity. The potential drop across the polarized liquid – liquid interface can be 

described with the Nernst like equation for the ion transfer reaction: 

 

∆7%!
(5 𝜙 = ∆7%!

(5 𝜙&, +
..J,JKL
M%H

𝑙𝑜𝑔 (%
&'(

(%
)*   (eq. 2) 

 

where ∆7%!
(5 𝜙 is the potential applied from the external power source across the liquid – 

liquid interface, ∆7%!
(5 𝜙&, is the standard Galvani potential of ion “I” transfer, z is the chare 

of the transferring ion,  𝑎&
7%!	7%	(5is the ion activity in the organic or the aqueous phase 

whereas R, T and F have their usual meanings. Partition coefficient can be simply defined 

as: 

 

𝑙𝑜𝑔𝑃(5/7%!& = 𝑙𝑜𝑔 (%
&'(

(%
)*    (eq. 3) 

Eq. 2 can be rearranged so that the 𝑙𝑜𝑔𝑃(5/7%!&  can be expressed with ∆7%!
(5 𝜙 and ∆7%!

(5 𝜙&,: 

 

𝑙𝑜𝑔𝑃(5/7%!& = 	
∆&'(
)* OM%H

..J,JKL
−

∆&'(
)* O%

+M%H

..J,JKL
    (eq. 4) 

 

Furthermore, one can define the standard value of portion coefficient (𝑙𝑜𝑔𝑃(5/7%!
&,, ) with 

only ∆7%!
(5 𝜙&,: 

𝑙𝑜𝑔𝑃(5/7%!
,,& = −

∆&'(
)* O%

+M%H

..J,JKL
    (eq. 5) 
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The ∆7%!
(5 𝜙&,𝑧&𝐹 for 𝐵𝐹32 was taken from literature, whereas for 𝑃𝑡𝐶𝑙1.2 it was calculated 

using following expression: 

 

∆7%!
(5 𝜙&, = 	∆7%!

(5 𝜙8/.
%"P − ..J,JKL

M%H
𝑙𝑜𝑔 Q%

&'(

Q%
)* −

..J,JKL
M%H

log ^
*%
)*

*%
&'(_

,.R
    (eq. 6) 

 

Where ∆7%!
(5 𝜙8/.

%"P (taken from ion transfer voltammogram) is the half-wave potential, 

𝛾&
(5	7%	7%!and 𝐷&

(5	7%	7%! are the activity coefficients and diffusion coefficients of ion “i" in 

the concerned phase, respectively.  

 

Moreover, with the knowledge of ∆7%!
(5 𝜙&, we can easily calculate the standard Gibbs free 

energy of the ion transfer reaction: 

∆7%!
(5 𝐺&, = 𝑧𝐹∆7%!

(5 𝜙&,           (eq. 7) 

Calculated values of ∆7%!
(5 𝐺GH!"

,  and ∆7%!
(5 𝐺I'E##$"

,  equal to -19.4 and -29.1 kJ·mol-1 

respectively. 

 

4. X-ray Photoelectron Spectroscopy (XPS) 

XPS characterization was done on ThermoFisher Scientific (K-alpha surfaces analysis) 

instrument using a 400 μm) beam spot. The survey scan is shown in Fig. SI4-A. The majority 

of the peaks obtained were that for Tin and Oxygen. In the grey spot (Fig. SI4-C) the XPS 

spectra indicate the presence Pt as shown by the two peaks found around 71 and 74 eV 

respectively[5] (Figure S4B). Additionally, the line scan (Figure S4D) performed from the edge 

of the grey spot towards the region that was not exposed to H2PtCl6 solution during 

electrochemical deposition show a clear decrease in the Atomic % of Pt as opposed to Sn.  
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Figure S4. XPS characterization of Pt deposited FTO substrate. Survey scan (A) showing major 

observed peaks. Narrowed down region showing two peaks for Pt (B). Image of the sample used for 

XPS characterization (C). Line scan (D) spectra recorded from the edge to centre of the grey spot in 

(B) shows an increase in Atom % of Pt indicating the presence of Pt.  

 

5. Scanning Electron Microscopy (SEM) & Energy Dispersive X-ray Spectroscopy (EDS) 

SEM and EDS characterization was performed on a JEOL JSM 6010 InTouchScopeTM 

microscope. Pt deposited FTO substrates were loaded onto the SEM sample holder and kept 

in place by the means of carbon tape. They were placed in the imaging chamber under 

vacuum. Images were recorded at an acceleration voltage of 20kV at various magnifications. 

EDS spectra was recorded of the samples by focusing on the region of interest, to obtain a 

map of elemental distribution (EDS elemental mapping). Particle size analysis was carried 

out using Fiji (ImageJ V2.0.0-rc-69/1.52i). A total of 100 particles were analysed. 
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Figure S5. Full scale SEM image from Figure 1C (A) and histogram (B) of particle sizes based on image 

analysis. 

 
 

Figure S6. SEM image of the FTO modified with Pt NPs from 1 mM K2PtCl6 solution with corresponding 

EDS spectra (right inset). Table available in the left corner of the figure gives mass%.  

 

 

A B 
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Figure S7. SEM image of the A – bare FTO; B – FTO modified with Pt NPs after 10 minutes deposition 

time and C – FTO modified with Pt NPs after 20 minutes deposition time. Edeposition = – 1.5V from 1 mM 

K2PtCl6 in 0.25 M NaNO3.Scale bars correspond to 1 μm (inset 200 nm).  

 

 
 

Figure S8. SEM image of the A – Pt NPs stripe (tdeposition = 10 min, Edeposition = – 1.5V); B – Pt NPs ring 

(tdeposition = 10 min, Edeposition = – 1.5V); and C – Pt NPs μ-spot (tdeposition = 20 min, Edeposition = – 1.5V). 

Concentration of BTPPA2PtCl6 in DCE was equal to A – 1 mM and B and C – 5 mM. Insets shows the 

regions with Pt NPs. Scale bares: 500 μm (inset 1 μm). 

 

6. Transmission Electron Microscopy (TEM) & Cryo-TEM 

Pt NPs deposited over Formvar® coated Cu grids were imaged in a JEOL JEM 1400 Plus 

electron microscope equipped with a TViPs 4K camera and EDS detector at an acceleration 

voltage of 120V using a single-tilt holder. Deposition was performed from 1 mM H2PtCl6 in 

250 mM NaNO3 solution at E = –1.5V for 10 min. For Cryo-TEM experiments, QuantifoilTM 

R1.2/1.3 100 Holey carbon Cu 200 mesh grids were first coated with Pt. The coated grids 

were held on a forcep and placed inside a solution of gelator precursor and electrolyte (setup 

shown in Figure S8B). Hydrogel was deposited through Linear-Sweep Voltammetry (Grid – 

WE, Pt strip – CE & RE) at the rate of 10mV/s from 0 to 1.8 V. The grids were then loaded 
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onto the loading station of a Leica Vitribot with Cryogen (liquid ethane maintained -185°C 

using liquid Nitrogen). The grids were immediately plunged into the Cryogen and transferred 

to the electron microscope. Images were recorded at an acceleration voltage of 120V under 

low dose conditions. 

 

 
 

Figure S9. Transmission Electron Microscopy Characterization of Pt NPs (A) which were used in this 

work. Optical image (B) showing electrode configurations, red – working electrode, blue and black – 

counter and reference electrode respectively. EDS spectra shows presence on the Platinum (NPs), 

Carbon (from TEM grid) and Copper (from TEM grid). Cryo-TEM images shower hydrogel fibres formed 

using linear-sweep voltammetry. Scale bars are: 2 μm and 1 μm (A & D) and inset scale bars are 50 

nm (A) and 100 nm (D) respectively. 

 

 

 

A B 

C D 
CuKa 

PtMa CKa 



Locally pH controlled and directed growth of supramolecular gel microshapes using electrocatalytic nanoparticles 

 171 

7. Polarization Optical Microscopy (POM) 

For Optical and Polarization microscopy measurements, Nikon Eclipse E600 POL microscope 

was used. Pt NPs coated FTO substrates were fastened to a slide by means of a scotch tape. 

The unit was then placed under the objective of the microscope. For electrochemical 

hydrogel formation, two rubber square spaces were placed on top on the FTO substrate in 

order to hold the gelator salt solution (40mM Na2DBC in 250mM NaNO3). To prevent lensing 

effect from the solution, a glass coverslip was placed on top. All connections were then made 

with the potentiostat. Illumination was provided using the microscope on Diascopic mode. 

Hydrogel formation was observed at different magnifications (5 – 20X) both under normal 

and polarized (polarizer and analyser were 90° to each to other) conditions. 
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Figure S10. Linear sweep voltammogram with forward polarization towards anodic potential and scan 

rate equal to 10mVs-1 recorded at FTO electrode decorated with Pt NPs in the shape of a ring. 

Hydrogel formation as followed by optical microscopy under cross-polarizers progressively increases 

with time as indicated by the increase in the current intensity (increase in number of oriented fibres). 

Scale bar of microscopy images is 200 μm. 

 

 

 

 

 

 

 



Locally pH controlled and directed growth of supramolecular gel microshapes using electrocatalytic nanoparticles 

 173 

References 

 

[1] L. Poltorak, Electrochemical modification of the liquid – liquid interface with 

mesoporous silica, (2015) 76. http://docnum.univ-

lorraine.fr/public/DDOC_T_2015_0105_POLTORAK.pdf (accessed February 21, 2019). 

[2] L. Poltorak, I. Eggink, M. Hoitink, E.J.R. Sudholter, M. De Puit, Electrified soft 

interface as a selective sensor for cocaine detection in street samples, Anal. Chem. 90 

(2018) 8–13. Doi: 10.1021/acs.analchem.8b00916. 

[3] T.J. Stockmann, J. Zhang, J.C. Wren, Z. Ding, Hydrophobic alkylphosphonium ionic 

liquid for electrochemistry at ultramicroelectrodes and micro liquid|liquid interfaces, 

Electochim. Acta. 62 (2012) 8–18. doi:10.1016/j.electacta.2011.10.087. 

[4] T. Hinoue, E. Ikeda, S. Watariguchi, Y. Kibune, Thermal modulation voltammetry 

with laser heating at an aqueous|nitrobenzene solution microinterface: determination of 

the standard entropy changes of transfer for tetraalkylammonium ions., Anal. Chem. 79 

(2007) 291–8. doi:10.1021/ac061315l. 

[5] C. Palacio, P. Ocón, P. Herrasti, D. Dıáz, A. Arranz, XPS and ARXPS study of silver 

underpotential deposition on platinum in acid solution, J. Electroanal. Chem. 545 (2003) 

53–58. doi:10.1016/S0022-0728(03)00105-0. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

  



 

 175 

Summary 

Supramolecular hydrogels that are formed from low molecular weight gelators are a new 

class of soft materials which are gaining prominence. Depending on their molecular make 

up, these soft gel materials are formed based on different triggers, pH being one among 

them. In order to build applications with pH-triggered supramolecular gelators, it is 

necessary to understand their structure-property relationships and learn how to predict, 

control material properties. As explained in chapter 1, this thesis dealt with the above topics 

via three distinct fronts: Gelation kinetics, predictive modelling and electrochemical 

patterning. 

 

Chapter 2 explored the gelation kinetics and its effect on the network structure of pH-

triggered supramolecular hydrogels. Using the model system of N-N’ Dibenzoyl L-Cystine 

and Glucono ẟ-Lactone, the kinetics of gelation was monitored using a rheometer. Based on 

the network branching model developed for organogelators, the rheological data was 

analysed and compared against network visualization obtained via Confocal Laser Scanning 

Microscopy. The results showed that network structure changed from linear to spherulitic 

as the concentration of GDL of increased. This was reconciled with the fractal dimension 

values obtained by the Avrami model exponent. The higher concentration of the pH-trigger, 

the higher the driving force for the unprotonated gelator to undergo protonation and self-

assembly which leads to increased branching.  

 

Chapter 3 continued on the topic of kinetics of gelation from a modelling perspective and 

sought to understand if it was possible to build a simple predictive model for gelation time, 

a quantity that is useful for formulations while also measurable via rheology. Using the same 

model system of Chapter 1, a model was built combining the acid equilibrium of the trigger 

– gelator and a random graph model. The random graph model considered the 

supramolecular gel network to comprise of free monomers, monomers with one monomer 

its neighbourhood, monomers with two monomers in its neighbourhood and monomers 

which have sticky sites. Based on the percolation threshold of the model and experimental 
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gelation times measured via rheology, an agreement was observed for a range of gelator 

and pH trigger concentrations. This was only an early attempt and would need fine tuning 

based of the model assumptions. 

 

Chapter 4 shifted the focus towards fabrication of soft microgel particles based on pH-

triggered supramolecular hydrogels in a simple and facile manner. Platinum (Pt) catalysed 

water-splitting reaction was used to create a localized proton gradient which triggered the 

formation and deposition soft microgels on the interface of the Pt electrodes which were 

exposed to a solution of decarboxylated gelator. Upon hydrogel formation, the potential 

applied on the electrode was reversed to be able to detach the produced hydrogel from the 

electrode surface through the format of a gas bubble. This principle was proved at two 

different Pt electrode diameters - 500 µm and 200µm respectively thereby paving the way 

for hydrogel patterning used Pt electrode dimension/shape. 

 

Chapter 5 built on the technology displayed in chapter 4 and explored to miniaturize and 

exert further control. Through controlled deposition of Pt nanoparticles on a conductive 

glass substrate, different shapes and dimensions of electrodes were prepared. The electrode 

patterns acted as templates to shape hydrogel formation on applying electric potential. The 

formation of the hydrogel patterns was observed and confirmed through polarization optical 

microscopy.  

 

In conclusion, this doctoral thesis provides methods to understand the microstructure, 

predict gelation times, and achieve controlled electrochemically-triggered fabrication of 

hydrogels formed by pH-triggered supramolecular hydrogelators. The methodologies 

presented in this thesis can be applied by researchers in academia and industry to design 

more efficient formulations based on hydrogels for drug delivery, cell culturing, diagnostics 

or other applications in the biomedical or non-medical domain. 
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Samenvatting 

Supramoleculaire hydrogels die zijn gevormd uit gelators met een laag molecuulgewicht 

vormen een nieuwe klasse zachte materialen die steeds meer bekendheid krijgen. 

Afhankelijk van hun moleculaire samenstelling worden deze zachte gelmaterialen gevormd 

op basis van verschillende triggers, waarvan de pH er één is. Om toepassingen te bouwen 

met pH-getriggerde supramoleculaire gelators, is het noodzakelijk om hun structuur-

eigenschapsrelaties te begrijpen en te leren hoe materiaaleigenschappen kunnen worden 

voorspeld en gecontroleerd. Zoals uitgelegd in hoofdstuk 1, behandelde dit proefschrift de 

bovenstaande onderwerpen via drie verschillende fronten: gelatiekinetiek, voorspellende 

modellering en elektrochemische patroonvorming. 

 

Hoofdstuk 2 onderzocht de geleringskinetiek en het effect ervan op de netwerkstructuur 

van pH-getriggerde supramoleculaire hydrogels. Met behulp van het modelsysteem van N-

N’ Dibenzoyl L-Cystine en Glucono-ẟ-Lactone werd de kinetiek van gelatie gevolgd met 

behulp van een reometer. Gebaseerd op het netwerkvertakking-model ontwikkeld voor 

organogelators, werden de reologische gegevens geanalyseerd en vergeleken met 

netwerkvisualisatie verkregen via confocale laserscanmicroscopie. De resultaten toonden 

aan dat de netwerkstructuur veranderde van lineair naar sferulitisch naarmate de 

concentratie van GDL toenam. Dit werd in overeenstemming gebracht met de fractale 

dimensiewaarden verkregen door de Avrami-modelexponent. Hoe hoger de concentratie 

van de pH-trigger, hoe groter de drijvende kracht voor de niet-geprotoneerde gelator om 

protonering en zelfassemblage te ondergaan, wat leidt tot verhoogde vertakking. Dit was 

slechts een vroege poging en zou moeten worden verfijnd op basis van de modelaannames. 

 

Hoofdstuk 3 ging verder op het onderwerp van de kinetiek van gelatie vanuit een 

modelleringsperspectief en probeerde te begrijpen of het mogelijk was om een eenvoudig 

voorspellend model voor de geleringstijd te bouwen, een grootheid die nuttig is voor 

formuleringen maar ook meetbaar is via reologie. Met behulp van hetzelfde modelsysteem 

uit Hoofdstuk 1 werd een model gebouwd dat het zuurevenwicht van de trigger-gelator en 
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een willekeurig grafiekmodel combineert. Het willekeurige grafiekmodel ging ervan uit dat 

het supramoleculaire gelnetwerk bestond uit vrije monomeren, monomeren met één 

monomeer in de buurt, monomeren met twee monomeren in de buurt en monomeren met 

kleverige plaatsen. Gebaseerd op de percolatiedrempel van het model en experimentele 

geleringstijden gemeten via reologie, werd een overeenkomst waargenomen voor een reeks 

gelator- en pH-triggerconcentraties. 

 

Hoofdstuk 4 verlegde de focus naar de fabricage van zachte microgeldeeltjes op basis van 

pH-getriggerde supramoleculaire hydrogels op een eenvoudige en gemakkelijke manier. Het 

platina (Pt) gekatalyseerde watersplitsingsreactie werd gebruikt om een gelokaliseerde 

protongradiënt te creëren die de vorming en afzetting van zachte microgels op het grensvlak 

van de Pt-elektroden veroorzaakte die werden blootgesteld aan een oplossing van 

gedecarboxyleerde gelator. Bij de vorming van hydrogel werd de op de elektrode 

aangelegde potentiaal omgekeerd om de geproduceerde hydrogel van het 

elektrodeoppervlak te kunnen losmaken door het formaat van een gasbel. Dit principe werd 

bewezen bij twee verschillende Pt-elektrodediameters - respectievelijk 500 μm en 200 μm, 

waardoor de weg werd vrijgemaakt voor hydrogelpatroonvorming met behulp van de 

afmeting/vorm van de Pt-elektrode. 

 

Hoofdstuk 5 bouwde voort op de technologie die in hoofdstuk 4 werd getoond en 

onderzocht hoe deze te miniaturiseren en verdere controle uit te oefenen. Door 

gecontroleerde afzetting van Pt-nanodeeltjes op een geleidend glassubstraat werden 

verschillende vormen en afmetingen van elektroden vervaardigd. De elektrodepatronen 

fungeerden als sjablonen om hydrogelvorming vorm te geven bij het aanleggen van 

elektrische potentiaal. De vorming van de hydrogelpatronen werd waargenomen en 

bevestigd door middel van optische polarisatiemicroscopie. 

 

Concluderend biedt dit proefschrift methoden om de microstructuur te begrijpen, de 

geleringstijden te voorspellen en een gecontroleerde elektrochemisch getriggerde fabricage 
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te bereiken van hydrogels gevormd door pH-getriggerde supramoleculaire hydrogelators. 

De methodologieën gepresenteerd in dit proefschrift kunnen door onderzoekers in de 

academische wereld en de industrie worden toegepast om efficiëntere formuleringen te 

ontwerpen op basis van hydrogels voor medicijnafgifte, celkweek, diagnostiek of andere 

toepassingen in de biomedische of niet-medische domeinen 
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