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Abstract

Electrochemical hydrogel fabrication is the process of preparing hydrogels directly on to an electrode surface. There are
a variety of methods to fabricate hydrogels, which are specific to the type of gelator and the desired properties of the
hydrogel. A range of analytical methods that can track this gelation and characterise the final properties are discussed

in this short review.
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1 Introduction

Electrochemical hydrogel fabrication is a common term
used to describe the process of preparing hydrogels on
to an electrode surface. However, other phrases such as
electrodeposition, bio-assembly, bio-printing, e-gels and
electrogelation are also used to describe this process.
Hydrogels can be prepared by changing the solubility of
the gelating component on the electrode surface [1-3].
There are a variety of reduction and oxidation (redox)
methods used to induce this change in solubility. Com-
monly, methods are chosen considering a combination
of the gelator type, solution composition and the desired
properties of the final product. These methods require
either the reduction or oxidation of a species in the gela-
tor solution (Table 1).

Although the methods to fabricate hydrogels on an
electrode surface may differ, the fundamental principles
are similar. In general, these methods create a solubility
gradient in which the gelator is soluble in the bulk solu-
tion but insoluble at the electrode surface. This change
in solubility triggers the assembly of gelator components
into hydrogels on the electrode surface, while in the bulk
solution the gelator components remain soluble. Figure 1
shows how redox trigger hydroquinone can be oxidised on

an electrode surface, producing benzoquinone and pro-
tons. The protons set up a pH gradient which is low on the
electrode surface and high in the bulk solution [2, 11]. The
resulting low pH triggers gel formation which continues to
grow as the hydroquinone is continuously oxidised.

Common electrochemical set ups include a work-
ing electrode such as a glassy carbon, platinum, or FTO
(fluorine doped tin oxide)/ITO (indium doped tin oxide)
coated glass, within a three-electrode system. Electrode
surfaces can be patterned in order for a hydrogel of a spe-
cific shape to be prepared (see Sect. 2.1). Electrode pens
have the advantage of being mobile and can be used to
sketch regions within a bulk gelator solution. The sketched
regions are less soluble than the bulk which triggers the
self-assembly of the gelator [30]. Gelation by an elec-
trode pen allows for greater spatial control within a bulk
solution than regular triggers. Affixing an electrode pen
to a mechanical arm allows for programmed 3-dimen-
sional printing of hydrogels. Figure 2 shows examples of
both stationary and mobile electrochemical fabrication
techniques.

Recent advances in potentiostat production have made
potentiostats available which are small, do-it-yourself,
portable and cheap allowing for greater access for fabri-
cation techniques [31-34]. This review will discuss some of
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Table 1 Methods for electrochemical hydrogel fabrication

Redox triggers Gelator References
Oxidation
Water oxidation Silk [4-8]
Alginic acid [9]
Hyaluronic acid [10]
Hydroquinone (forms benzoquinone and H*) Low molecular weight gelators (-COOH terminus) [2,11,12]
Fe(ll) (forms Fe3*) Alginate [13]
Poly acrylic acid [14]
Catechol (forms quinone) Polyallylamine hydrochloride [15,16]
Cu (0) (forms Cu?*) Chitosan [17]
Carboxymethylcellulose [18]
cl, Putative crosslinking of chitosan [19]
Enzymes Covalent crosslinking specific to enzyme type [20, 21]
Reduction
Water reduction Collagen [22,23]
Chitosan [3,24-28]
Ruthenium complex [Ru(bpy),]Cl, Chitosan [29]

Fig. 1 Image of a gel growing
on a glassy carbon electrode as
a fixed current is applied over
time. R represents the redox
trigger diffusing to the elec-
trode surface, reacting to form
a product, P, which triggers
gelation. The volume of the gel
on the surface increases with
time. Figure from unpublished

data

(b)

Fig.2 a Low molecular weight hydrogel grown on a glassy car-
bon electrode. b Low molecular weight hydrogel grown on a FTO
glass electrode, reproduced from Ref. [11] with permission from
The Royal Society of Chemistry. ¢ Three-dimensional silk gel grown
on a copper wire electrode, reproduced from Ref. [7] with permis-
sion from The Royal Society of Chemistry. d Schematic diagram

the challenges that are shared between electrochemical
hydrogel fabrication methods and how these have been
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of: left, an electrode pen dipping into the surface of a bulk solu-
tion containing protonated chitosan and agar causing electrolysis,
an increase in pH and subsequently chitosan gel formation; right,
the resulting sketched line regions of chitosan gel surrounded by
the bulk solution. Reproduced from Ref. [30] with permission from
©2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

addressed. The methods used to analyse gels will also be
highlighted.
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1.1 Applications of electrochemically fabricated
hydrogels

Electrochemical hydrogel fabrication provides new
opportunities for constructing at the micro- and
nanoscale [35, 36]. Unlike gels formed in bulk which take
the shape of the container they are poured into when
liquid, electrochemically fabricated hydrogels can be
formed on any conductive surface which provides a high
level of spatiotemporal control. Gels can then be used
to encapsulate enzymes, nanomaterials, drugs or cells as
shown in Fig. 3 [37]. The potential for new opportunities
for constructing at the micro- and nano-scale is attract-
ing increasing attention in a large range of potential
applications, including synthesis of conducting poly-
mers [38]; for use in regenerative medicine [39, 40]; and
the rapidly growing field of biosensors and microfluidic
devices [41-45]; Electrochemically fabricated hydrogels
can also be used to create antibacterial surfaces [46] and
the coating of medical implants [47, 48].

Gelator
E orl /

Electrochemical fabrication
of hydrogel on electrode
surface

+
l Encapsulation

D anomaterials

Enzymes Cells

RS

Enzymatic and non- i "
y Microbial Biocompatibility

enzymatic biosensing Drug
release fuel cells

Fig. 3 Schematic representation of the process for electrochemical
fabrication of hydrogels. Allowing the encapsulation of enzymes,
drugs, nanomaterials, or cells, these processes are applied in sev-
eral applications, such as biosensors [41-44], corrosion prevention
[49], antimicrobial coatings, drug-release [50], barrier properties
and cell encapsulation [45]

2 Biological versus synthetic

There are a wide range of gelators that can be used to
form hydrogels on an electrode surface. These include
synthetic gelators and materials deriving from biologi-
cal sources [12]. Chitosan was the first biopolymer to be
formed on an electrode surface [51]. When using gela-
tors originating from biological sources, there can be
issues of batch-to-batch variation such as inconsisten-
cies in molecular weight, purity and possible contami-
nation. All of these can mean that the final hydrogels
have irreproducible properties. Other production-related
issues with the use of chitosan produced from shellfish
is the seasonality of the industrial harvest. When using
naturally-occurring chitosan, there is also a significant
risk of reticent anaphylaxis which limits clinical use [52].
Purified biologically-sourced gelators can of course be
formed but this comes at an inflated cost.

Synthetic gelators can be used to mimic biological
materials [53, 54].These materials are usually based on
covalently cross-linked polymer networks such as True-
Gel3D™, Hystem” and HydroMAtrix™. Other synthetic
hydrogels are held together with only physical interac-
tions without the need for covalent cross linkers, such as
low molecular weight gelators [55-57]. These gelators
form reproducible gels in both the bulk [58], and fabri-
cated on an electrode [11]. Hydrogels formed using low
molecular weight gelators can also be converted into
polymers on an electrode [38]. The biocompatibility of
hydrogels formed from synthetic gelators can be some-
what challenging. In order for the gels to be used in cell
culture, they must be formed at a compatible pH (gener-
ally physiological pH) and cannot contain any materials
that would induce cell death. Forming gels at physiologi-
cal pH is difficult with certain pH triggered methods as
they usually results in gels with high or too low a pH [2].

For biological applications, both biologically derived
and synthetic gels are often required to be placed
in pH buffered cell media. The contents of cell media
can include a mixture of glucose, antibiotics and buff-
ered salt solutions. It is necessary therefore to test
whether the effect of leaving the gels in a buffered
solution affects the properties which we aim to control
electrochemically.

2.1 Spatiotemporal control

Spatiotemporal control is the term used to describe the
fabrication of a gel by controlling the parameters of time
and space, such as controlling the rate of growth and the
resulting size and thickness of the gel.
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Hydrogels can be prepared on a range of electrode
surfaces with any geometry, within a stationary elec-
trode system, they can also be sketched, or printed
using a mobile electrode pen [30, 59]. Stationary elec-
trodes can be any shape and size on any length scale
with the desired gel forming on the surface [1, 60, 61].
Conductive glass electrodes such as ITO and FTO can be
etched to allow for regions of conductive/non-conduc-
tive areas [11], which results in gels only forming on the
conductive regions [2, 11]. As well as forming gels in a
two-dimensional plane, three-dimensional gels can be
formed by simply bending a two-dimensional electrode
into an additional plane [7]. Bressner et al. [7] showed a
bent copper wire forming a closed loop electrode could
be used to prepare the first electro fabrication of silk
gels in three-dimensions. Photocathodes can also be
used to produce patterned gels. The photocathodes
selectively produce electrode surface reactions. Jiang
and co-workers controlled the illumination pattern on
a digital micro-mirror device in order to produce chi-
tosan gels with difference shaped and sizes and as well
as multiplexed micro-patterning [62].

Electrode pens can be formed from a variety of con-
ductive materials and sizes. Su et al. formed a cathodic
electrode pen from a stainless-steel acupuncture nee-
dle. The pen once placed on the surface of a bulk gelator
solution can create regions were gelation is triggered.
The writing speed and holding time can determine the
thickness of the gels formed [30]. Figure 4 shows exam-
ples of the spatial temporal control from both stationary
and mobile electrodes [18, 30].

Further spatiotemporal control can be achieved
by controlling the electrical input to the electrode.
Yan et al. have shown the formation of chitosan on a
glassy carbon electrode can be controlled by oscillat-
ing electrical signals. This oscillation in electrical signal
enables segmented structures to be generated, which
are consistent with the clock and wavefront framework
[63]. Controlling the electrical signals also allows for the
sequential assembly of gelators. This can be applied to
multicomponent gelators systems on the same elec-
trode. Controlling the applied current can selectively
trigger individual gelators within multicomponent sys-
tems as Raeburn et al. [11] have shown for pH triggered
gelators of differing pK, values. Layered structures
can also be prepared on separate electrodes within
the same system as demonstrated by Wang et al. [64].
Sequential assembly of gels is of particular interest for
microfluidic channels for lab-on-a-chip applications
[64], and for use as conductive materials.
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2.2 Homogeneity

In order to form reproducible gels, there needs to be
homogeneity within gel phases [58]. This can be difficult
to analyse. Fabrication methods which produce gas on the
electrode surface may form bubbles within the gel or leave
holes were the gas has diffused out. This can compromise
mechanical stiffness, gel clarity and can act as an electrical
insulator that slows down continued gel formation [7, 65].
A camera can be used to analyse the size and distribution
of the bubbles within the gel which can keep track of bub-
bles forming and analyse the size of the gel [2]. Kaplan and
Migliaresi have both shown how the rate of bubble forma-
tion can be minimised by regulating the current within
solution [5, 65].

2.3 Removing the gel from the electrode surface

In the cases were the gels do not form any chemical bonds
to the electrode surface, they can be removed by gently
tapping or scraping the gel from the surface [7]. In addi-
tion, there are methods which can remove gels from a
surface remotely. These methods either reduce the solu-
bility of the gelator at the electrode surface and gel inter-
face [66], or by producing a gas which pushes the gel off
of the electrode [61]. This can be done by reversing the
applied current [65]. Payne and co-workers have shown
how pH switch gels formed by the reduction of water can
be removed from the surface of the electrode by reversing
the potential where the oxidation of water occurs caus-
ing acidification. This induced acidification of chitosan gels
can induce multilayer disassembly [67]. Potential reversal
has also been used to remove gels from a patterned micro-
electrode surface as shown in Fig. 5 [61].

3 Gel growth analysis
3.1 pH determination

Measuring the pH during gelation is important for pH
triggered gels as the rate of pH change determines the
rate of gelation [30]. As gelation occurs once the pH has
passed the pK, of a pH-triggered gelator [68], the rate of
pH change controls the rate of gelation which can yield
gels of different physical properties [69].

It is difficult to measure the pH of a gel or the bulk
solution when a current is flowing, as the current inter-
feres with the moving ions in the pH electrode tip.
Although this can provide pH data with a range of error
depending upon the concentration of ions in solution,
the pH values are still usually reported. pH indicators
such as universal indicator and methyl red can be added
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Fig.4 a i) images of deposited films on a copper plate and copper
wire electrodes, i) images of deposited films with different shapes
detached from copper plates. lii) schematic illustration for fabricat-
ing fluorescence patters on the deposited film on a copper-plated
titanium plate, and images of the fluorescence patterns under
254 nm UV light. All images for a were reprinted by permission
from Springer: Springer, Cellulose, [18] © 2018. b Cathodic writing
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Fig.5 Electrochemical detachment of HepG2 cells inside herapin
based hydrogels from a modified ITO electrode. Electrochemical
detachment was triggered by a negative potential of — 1.8 V being
applied for 1 min. Reproduced from Ref. [61] with permission from
The Royal Society of Chemistry

Patterns erased

Patterns rewritten

on a chitosan/agarose hydrogel using a stainless-steel pen elec-
trode. The longer holding times result with a gel of a larger area.
The slower writing speed produces gels with greater thickness. ¢
A programmed pattern written onto the gel surface which can be
erased and rewritten. Both b and c are reprinted by permission
from ©2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

to the gelator solution which changes colour as the pH
is changed [7, 8]. This can provide a simple approach
to determine areas of different pH. Using an indicator
is useful for measuring parts of the gel visible by the
human eye or by spectrometry. However, to the best of
our knowledge, a method to determine the exact pH at
the electrode and gel interface during gelation has not
been identified.
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4 Optical imaging of electrofabricated
hydrogels

In situ imaging is an essential tool to analyse gel growth.
Images can be used to analyse the rate of gel growth and
determine the shape and size of the gel [1, 2, 11, 63]. As
the development of mobile phone camera resolution has
progressed, in some cases a phone camera is all that is
needed to record rate of gel growth, shape and area. Open
source software such as ImageJ can be used to trace the
outline of the gel on the electrode surface and calculates
its area as well as analysing any bubble formation in the
gel (Fig. 6) [70].

5 Nuclear magnetic resonance (NMR)

Advances in in situ analysis techniques for gelation such
as NMR [71-73] have limited use in electrochemical gels
due to the inability to physically apply the methods. Wal-
lace et al. [71-73] have shown how NMR can be used to
determine the gelator pK, and pore size in bulk gelation.
Development of these techniques for an electrochemi-
cal system would allow for greater analysis of gelation
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Fig. 6 a Low molecular weight gelator that is fabricated on a glassy
carbon electrode. b Gel formed from gelator in a on a glassy car-
bon electrode. Image) software is used to trace around the gel area
to determine its volume
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kinetics. For gels formed on an electrode, the self-assembly
process can be followed by NMR visible gelator molecules
e.g. approximately smaller than 25 kDa [74]. Large gela-
tors experience slow tumbling in solution which leads to
faster relaxation of transverse magnetisation, this causes
the gelator to appear invisible in the spectra [74]. NMR
self-assembly analysis involves removing the gel from the
electrode surface at different time points during gelation,
freeze drying the gels then placing in a deuterated solvent
and analysed using NMR spectroscopy. The NMR peaks are
then integrated against a known standard to determine
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Fig.7 a Schematic showing the sequential assembly of two gela-
tors in a multi-component system. (i) The gelator with the highest
pK, will assemble first as the pH is decreased, whilst the second
gelator will remain in solution until (ii) its pKa is reached. b Percent-
age of the gelator with the highest pK, (1) detectable in the NMR
spectrum of a gelled 1:1 mixture the two gelators; gels formed at
different currents for times of (black circles) 100 s and (White cir-
cles) 300 s. ¢ Percentage of gelator with the lower pKa (2) detect-
able in the NMR spectrum of a gelled 1:1 mixture of both gelators;
gels formed at a current of 800 mA for different times. d Partial
NMR spectra for (top) stock solution of both gelators, the purple
peaks are from the gelator 1 and the red peaks are gelator 2; (mid-
dle) application of a current of 1250 mA for 100 s results in loss of
the peaks from 1 whilst 2 remains in solution; (bottom) application
of a current of 2000 mA for 300 s results in the loss of peaks from
both 1 and 2, showing that both have gelled. Reproduced from Ref.
[11] with permission from The Royal Society of Chemistry
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gelator concentration. [11, 75]. Following the self-assem-
bly during gelation allows for the content of the gel to be
identified, which is of particular use for multicomponent
systems as shown in Fig. 7.

5.1 Gel property analysis

This section will evaluate how electrochemical fabricated
gels are currently analysed. In order to analyse gels, the
techniques must not distort the physical properties of the
material [76]. An ideal method for gel analysis must have
the following characteristics:

e Represent the three-dimensional hydrogel, not just the
surface.

e Bea process that does not require environmental con-
ditions that modify the materials morphology to an
unknown degree e.g. cryogenically freezing, swelling,
pressure changes or placing in a salt buffered solution.

¢ Have a sample preparation process that does not alter
the matrix or self-assembly process e.g. avoid methods
where samples are manually cut after freezing, coated
in gold, or the addition of probe particles.

If these conditions are not met, analysis results can end
up inaccurate. For example, Mears et al. showed how the
drying of gels can affect the structural network. Compar-
ing the fibre width of a low molecular weight gel using
scanning electron microscopy (SEM), cryo-transmission
electron miscroscopy (cryo-TEM) and small angle neu-
tron scattering (SANS) measurements and revealed how
the fibre widths differed between gels that were hydrated
and dried [77].

5.2 Characterisation of hydrogel nano/
microstructures

Electron imaging techniques such as SEM or TEM can
produce images of dried gel surfaces to reveal the mor-
phologies of micelles, polymers and the overlapping of
fibres [78]. From these images, the analysis of fibre width,
length and pore size are often acquired. Three-dimen-
sional images can be obtained by cryogenically freezing
the gels then fracturing the matrix to reveal a cross sec-
tion [79]. However, the disadvantages of using SEM, TEM
and other in situ techniques include the vacuuming or
cryogenically freezing of the gels. The collapsing of the
matrix due to vacuum and the expansion of the matrix due
to water freezing can dramatically modify the gels mor-
phology making it difficult to make accurate quantitative
analysis of the gels without an unknown degree of error
[77]. However, SEM imaging can be useful to qualitatively

0.4 M NaCl

Fig.8 SEM images of segmented chitosan hydrogels show aligned
segments for gels deposited in the absence of NaCl, while gels
deposited in the presence of salt show porous random structures.
Arrows indicate electric field. Adapted with permission from [63].
Copyright 2018 American Chemical Society

analyse different structural regions within a gel as shown
in Fig. 8 [63].

Quantitative polarised light microscopy (qPLM) can be
used to identify microstructural organisation within fabri-
cated gels. Yan et al. used Brillouinn spectroscopy to show
how gradients in mechanical properties and differences
within internal patters can be identified during and after
gelation. By combining both gPLM and Brilloiun spectros-
copy, they were able to clarify the mechanisms respon-
sible for the emergence of segmented structure during
chitosan’s electrodeposition (Fig. 9).

5.3 Diffraction

Conventional X-ray diffraction generally gives broad,
amorphous patterns for gels meaning that analysis is diffi-
cult. However, it can be a useful technique to identify fabri-
cated crystalline structures within an amorphous gel such
as chitosan’s self-assembly into crystals [30]. Small angle
scattering can be used to analyse gel properties such
as fibre length, shape, fractional dimensions, alignment
and size. Small angle scattering can be applied on many
length scales ranging from 0.1 to 1000 nm which can be
combined to observe a large range [80]. In bulk gelation,
contrast matching of gel fibres can be used to differentiate
different components within a multicomponent system
[69]. This can be used to determine if fibres are composed

SN Applied Sciences

A SPRINGERNATURE journal



Review Paper

SN Applied Sciences (2020) 2:397 | https://doi.org/10.1007/s42452-020-2194-5

(a)

Fig.9 Electrical control of emerging nanostructures. a Time lapse
images that show gels deposited in the absence of NaCl are bire-
fringent whereas gels deposited in the presence of NaCl show little
birefringence. b Quantitative polarised light microscopy metrics of

of self-sorted or co-sorted gelators [69]. Methods such as
these would be useful to analyse electrochemical gelation.

5.4 Rheology

Oscillatory rheology can be used to determine homogene-
ity, stiffness and strength of a gel [30]. Si et al. used a rheo-
logical approach, tensiometry to show how the mechani-
cal properties of a chitosan gel were enhancement by
using a cathodic writing pen versus a chitosan gel that
was unwritten [30].

Rheology is an extremely useful tool for biofabricated
gels. The stiffness of the gels amongst other factors con-
trols the differentiation pathway of stem cells into tissue
[81]. For those with a biology background, rheology data
is usually provided giving the Young’s modulus, whereas
a chemical/engineering background usually provides the
storage and loss moduli which can cause some confusion.
However, the relationship between the two is relatively
simple and shown in Egs. 1 and 2.

E=G*Qv+1) (1)

G* =G +iG" (2)

where E represents Young's modulus, G* the complex mod-
ulus, v the Poisson ratio which is usually 0.5 for a hydrogel
[82], i the imaginary component, G’ the storage modulus
and G" the loss modulus.

6 Conclusion

The past decade has seen a rise in electrochemical fabri-
cation developments such as advances in spatiotemporal
control, gelator development, and the identification of
new fabrication methods. These advances may provide a
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(b)
HRE B
Rotate 90° 0

orientation-independent birefringence, parallelism index, and local
optical axis orientation of chitosan electrodeposited in the absence
of salt. Adapted with permission from [63]. Copyright 2018 Ameri-
can Chemical Society

way to achieve an ethical, reproducible and accurate bio-
logical cell model such as representing the blood brain
barrier were other bulk gels have failed. Improvements in
existing and the development of new analytical methods
of gel characterisation as well as the improvement in the
methods accessibility will allow scientists from all back-
grounds to communicate their research more accurately
and efficiently, propelling the field from bench to market
in the not so distant future.
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