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ABSTRACT: We demonstrate the use of electric fields to rapidly
form gels of the biopolymer alginate (Alg) in specific three-
dimensional (3-D) shapes and patterns. In our approach, we start
with a gel of the biopolymer agarose, which is thermoresponsive
and hence can be molded into a specific shape. The agarose mold
is then loaded with Ca?* cations and placed in a beaker containing
an Alg solution. The inner surface of the beaker is surrounded by
aluminum foil (cathode), and a copper wire (anode) is stuck in the
agarose mold. These are connected to a direct current (DC) power
source, and when a potential of 10 V is applied, an Alg gel is
formed in a shape that replicates the mold. Gelation occurs
because the Ca?* ions electrophoretically migrate away from the
mold, whereupon they cross-link the Alg chains adjacent to the
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mold. At low Ca?" (0.01 wt %), the Alg gel layer grows outward from the mold surface at a steady rate of about 0.8 mm/min,

and the gel stops growing when the field is switched o . After a
melted away to leave behind an Alg gel in a precise shape. Alg g

gel of desired thickness is formed, the agarose mold can be
els formed in this manner are transparent and robust. This

process is particularly convenient to form Alg gels in the form of hollow tubes, including tubes with multiple concentric layers,
each with a di erent payload. The technique is safe for encapsulation of biological species within a given Alg layer. We also

create Alg gels in specific patterns by directing gel growth aroun

d selected regions. Overall, our technique enables lab-scale

manufacturing of alginate gels in 3-D without the need for an expensive 3-D printer.
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I INTRODUCTION

Polymer hydrogels are a quintessential class of soft
materials." > A hydrogel is a sample-spanning, three-dimen-
sional (3-D) network of polymer chains, with the aqueous
solvent trapped in the network. Hydrogels can be broadly
classified into two categories: chemical and physical gels.
Chemical gels are formed by the polymerization of a solution
containing monomers and cross-linkers, with the resulting
polymer chains being connected by covalent cross-links.
Physical gels are formed by inducing physical cross-links
between long polymer chains. An important example of a
physical gel is that of alginate (Alg).*”® In this case, a solution
of sodium alginate, an anionic polysaccharide, is combined
with a salt of a divalent cation like calcium (Ca?"). The Ca?*
cations cross-link the alginate chains through ionic bonds,
thereby leading to a physical gel of alginate (denoted as Alg in
the rest of the paper). Alg gels are extensively used in
biomedical applications due to their nontoxic, biocompatible
nature and due to the mildness of the gelation process.”*° In
particular, Alg gels are used to encapsulate a range of biological
cells. For this, the cells of interest are mixed initially with the
Alg solution, and this mixture is then combined with the cross-
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linking solution (containing Ca?* ions) to form a gel with
embedded cells.**°

Recently, researchers have sought other ways to manufacture
gels, both physical and chemical. One motivation for this
research has been the advent of methods like additive
manufacturing (3-D printing), which promise to enable the
synthesis of materials with precise shapes and properties. While
3-D printing is routinely implemented with thermoplastic
polymers, its extension to biomedically relevant soft structures
will require its adaptation to hydrogels, such as those of
Alg.""* For example, to manufacture a tissue-like material, it
would be useful to create multilayered Alg gels, with each layer
having a precise thickness and containing a specific type of
cells. Also, such materials will need to be created in accurate
shapes and patterns. For such precision-manufacturing, the
current Alg gelation process of combining an initial Alg
solution with a solution of a cross-linker is not well-suited, and,
indeed, current attempts at 3-D printing Alg gels are
cumbersome.’*™*® There is thus a need for alternate
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Figure 1. Procedure for electrogelation of alginate (Alg). The photo in (a) and the schematic in (b) show the setup. The key components are an
agarose gel containing Ca?* with a graphite wire in it and a beaker covered on its inside with aluminum (Al) foil and filled with a solution of Alg.
The Al acts as the cathode and the graphite as the anode. When a DC field is turned on, Ca?* ions migrate out of the mold and encounter Alg
chains at the mold surface. Cross-linking of Alg chains by Ca?* leads to an Alg gel around the mold, as shown in (c). Photos show the agarose core
surrounded by a shell of the Alg gel, which has a pink-red color due to the inclusion of a dye in the Alg solution.

techniques that allow an Alg gel to be formed upon the flick of
a switch (i.e., so that there is a precise “start”) and conversely
for this formation to cease when the switch is turned o (i.e.,
to ensure a precise “stop”). Possible ways to achieve start—stop
gelation are using external stimuli such as light and electric
fields.'*~?® Light-induced physical gelation of Alg has been
shown, for example, using chemicals that release Ca?* upon
shining ultraviolet (UV) light.*"*®? However, these techni-
ques are relatively slow and mostly suited to forming Alg gels
as thin films rather than as 3-D materials.

Electric fields are another possibility for start—stop gelation.
The question is whether one could switch on gelation of a
polymer upon passing a current through a solution and then
stop the gelation upon turning o the current. So far, to our
knowledge, electrodeposition of thin films on electrodes has
been widely shown, as summarized in a recent review by
Boulmedais et al.,>* but not the formation of gels in bulk or in
specific geometries. In regard to electrodeposition, systematic
studies have been done by Payne et al., first with the cationic
biopolymer chitosan and thereafter also with Alg.®? In the
case of chitosan, the authors exploited the fact that, when
direct current (DC) is passed through water, electrolysis leads
to pH gradients close to the electrodes. Near the cathode, the
pH becomes high, whereas near the anode, the pH becomes
low. Accordingly, chitosan, which has a pK, around 6.5,
deposits on the surface of the cathode (because the polymer
chains lose their charge due to the high pH and thus fall out of
solution).?® Similar electrodeposition has been done with Alg
at the anode.”®?° An alternative approach in the case of Alg is
to use the pH drop (release of H*) at the anode to solubilize
calcium carbonate (CaCOj) particles suspended in the
solution, resulting in the evolution of free Ca®*.**?" These
cations gel the Alg, which deposits on the anode. Other
electrodeposition schemes have been reported using cations
like Fe(11),*° which are further discussed in the review by
Boulmedais et al.>* However, regardless of the approach, Alg
electrodeposition is restricted to thin films and that too on

specific substrates (electrodes). Moreover, in these schemes,
when the field is switched o , gelation does not really stop. For
example, if gelation is due to a pH gradient in solution, this
gradient will continue to exist for some time after the field is
switched o .

In this paper, we describe a new technique to form Alg gels
upon applying an electric field. Our technique is rapid and
biocompatible and relies on electrophoretic migration rather
than electrolysis of water. Importantly, the technique allows
transparent and robust Alg gels to be formed in desired shapes
and patterns. The geometrical flexibility of our technique is
due to the use of a molded agarose gel as an electrode (which
also serves as the substrate for Alg gel growth). Agarose is a
nonionic, thermoresponsive Eolgsachharide; cooling an agarose
sol converts it into a gel.*** We place an agarose mold
(containing Ca?*) in an Alg solution and apply electrical bias
with a specific polarity. An Alg gel is formed around the mold
within minutes. Gelation occurs because Ca?* ions and Alg
chains migrate toward each other and come into contact at the
surface of the agarose mold. The shape of the Alg gel thus
becomes an inverse replica of the mold. An important point is
that the use of the electric field allows gelation to be started and
stopped on demand; in turn, this enables the controlled
synthesis of gels in 3-D architectures. Specifically, we show
the synthesis of Alg tubes having multiple layers and with
nanoparticles (NPs) or biological cells embedded in specific
layers. The simplicity and versatility of this technique should
make it attractive to researchers, and it could emerge as a
viable alternative to 3-D printing for custom-fabrication of
hydrogels.

B resuLTs AND Discussion

Electrogelation Setup and Procedure. Agarose dis-
solves in water at temperatures around 80 °C. When the
agarose sol is cooled down to room temperature, it transforms
into a gel.>® The sol to gel transition is reversible, i.e., the gel
can be liquefied by heating. We first made a cylindrical agarose

DOI: 10.1021/acsami.9b12575
ACS Appl. Mater. Interfaces 2019, 11, 37103—-37111


http://dx.doi.org/10.1021/acsami.9b12575



http://dx.doi.org/10.1021/acsami.9b12575



http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12575/suppl_file/am9b12575_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b12575



http://dx.doi.org/10.1021/acsami.9b12575



http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12575/suppl_file/am9b12575_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12575/suppl_file/am9b12575_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12575/suppl_file/am9b12575_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12575/suppl_file/am9b12575_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b12575



http://dx.doi.org/10.1021/acsami.9b12575



http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsami.9b12575
http://pubs.acs.org/doi/suppl/10.1021/acsami.9b12575/suppl_file/am9b12575_si_001.pdf
mailto:sraghava@umd.edu
http://orcid.org/0000-0001-7762-2498
http://orcid.org/0000-0002-4855-7866
http://orcid.org/0000-0003-0710-9845
http://dx.doi.org/10.1021/acsami.9b12575



http://dx.doi.org/10.1021/acsami.9b12575
















