¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Living electrodes based on green algae
in hydrogels

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2021,

2, 1369

Mohammed Al-Mossawi,® Holly Warren, ©° Paul J. Molino, ©'° Paul Calvert® and

Marc in het Panhuis (2 *@

Soft and living electrodes offer new possibilities for addressing the biological-electrical interface beyond
the use of traditional metal based bio-electrodes. Here, we present a living electrode material from
green algae “Chlorella vulgaris” embedded within alginate hydrogel and cross-linked at different calcium
chloride concentrations. Mechanical, rheological, electrical and biological properties of the living
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electrode materials were assessed to investigate the impact of algal growth on the characteristics of
resulting gels. The electrical behaviour of the algae/alginate hydrogels was characterised using electrical
impedance spectroscopy. Living electrodes containing algae exhibit conductivity values of up to 4.9 +
0.2 mS cm™ % These conductivity values were sufficient to use these living hydrogels as electrode
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Introduction

Electrode technology is key in a variety of fields' including
chemical analysis,” fuel cells,” photovoltaics,* catalysis® (i.e.
water splitting) and biomedical applications to name but a
few.® Technological advancements of electrodes have allowed
tremendous new opportunities within the area of bio-
electronics.” Traditionally, bio-electronic interfaces have been
constructed through the use of inert conductive materials, such
as gold and platinum,® however, due to the material physico-
chemical and mechanical properties (i.e. high stiffness/modu-
lus), they generally interface poorly with biological cells and
tissues.” As such, research has been focused on developing more
mechanically and chemically compliant materials for use in bio-
electronics applications. For example, living cells enclosed in a
hydrogel substrate have been used to replace and enhance
traditional conductive substrates (such as a metal probe or
wire)” for biological applications owing to their improved
mechanical properties, and enhanced bio interfacing through
tailoring of hydrogel chemistry.'® Biological cells and organisms,
including mammalian cells, bacteria and algae, are allowed to
grow in the electrically conductive hydrogel. The electrically
conductive substrate can then make contact with (or be inserted
into) living tissue or a biological environment to generate a

biological interfaced electrode, or a ‘living electrode’.'*
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components in simple electrical circuits.

Fundamentally, living electrodes are used to improve the
interface between inorganic and organic surfaces."> Recently,
living electrodes have been the subject of several studies, where
hydrogel electrodes have been developed incorporating enzymes,
bacteria® and blue-green algae.'® The development of a living
electrode using blue-green algae was performed by immobilizing
the algae on SnO,, an optically transparent electrode, with
calcium alginate. The electrode demonstrated a unique ability
to convert solar energy into electrical energy, producing a
distinctive type of electrochemical cell.'® The use of such
electrodes has been shown to provide efficient conversion of
solar radiant energy to electric energy using the blue-green algae
Mastigocladus laminosus."> Other work has shown much progress
in the application of eukaryotic cells to produce a living
electrode. It has been demonstrated that layered conductive
hydrogel (CH) constructs, embedded with neural cells,"® support
cell growth and maintenance of electro activity."

Living electrode systems have the potential to be applied
over a range of disciplines, from energy harvesting to neural
interfaces. However, many living electrode systems currently in
development for biomedical applications are hampered by their
use of metals such as platinum and gold that interface poorly in
biological systems, or by the high sensitivity of the cells type (i.e.
mammalian) employed on the metallic electrode or in the
hydrogel electrode, limiting potential applications.’”*® To over-
come these issues, more robust cell types’ and/or unicellular
organisms'® need to be investigated, of which microalgae are a
particularly attractive candidate.

Microalgae are part of an ancient group, comprising some of
the oldest known biological organisms (dating back 3.4 billion
years), and are ubiquitous in almost every ecosystem on earth.°
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Many microalgae are unicellular in nature and possess an
ability to produce chemical energy from solar energy via
photosynthesis.>® Recently, microalgae have become an
important component in the formation of dyes, aquaculture,
animal feed and cosmetics.**

The archetypical unicellular green algae, Chlorella,” are
pervasive in aquatic and terrestrial ecosystems.>>** The algae
perfectly typify experimental model organisms, which show
biochemical and physiological properties of micro and
macrophytes.*® The survival of green algae species in liquid
media exhibit several hindrances to growth, such as potential
toxicity of reactants and products, and nutritional
limitations.>””® Immobilisation of microalgal cells within
hydrogel materials has shown promising outcomes for the
maintenance and growth of cells, with the hydrogel acting to
protect the cells from contaminants, dehydration and the other
harsh condition that may lead to cell death.>® Several studies
have successfully demonstrated the immobilisation of microal-
gae and mammalian cells into different hydrogel materials or
hydrogel scaffolds.>® Some of these hydrogel materials have been
specifically tailored to mimic a specific microenvironment, such
as various tissue types (i.e. nerve, muscle, bone).*

Encapsulation of living cells in an inert, biologically compatible
matrix can provide several advantages, in particular the protection
of cells from environmental stresses, including dehydration and
exposure to toxic compounds.®’ Hydrogels are ideal materials for
immobilisation of algae due to their unique materials properties
including high water content, ability for gas and nutrient exchange
as well as mechanical characteristics that can be readily tailored.*>
Hydrogels are a three-dimensional network of hydrophilic polymers
that absorb and retain water in amounts that greatly exceed their
dry weight.*® Network formation and insolubility in aqueous media
are due to the presence of chemical cross-linking or physical
entanglement.>® Moreover, hydrogels are an important class of
biomaterials that are widely used in the pharmaceutical and
biomedical sectors,® particularly those that are derived from
naturally occurring biopolymers. Among the naturally occurring
biopolymers, alginate and gelatine are extensively used for many
biomedical applications because of their biocompatibility and
biodegradability.*®

Alginate’s popularity as a commercial and scientific material
is a result of its biocompatibility, low toxicity, low cost, ease of
gelation induced by divalent cations (ie. Ca**) and facile
immobilization of macromolecules and cells.>” Furthermore,
alginate gels may be taken orally or injected into the body,
making them an important component in the pharmaceutical
industry.?® They have shown promising results in cell trans-
plantation and tissue engineering,>**° and are widely
employed as a model system for mammalian cell culture in
biomedical studies.>

In this paper, we focus on immobilising C. vulgaris cells into
an alginate network to produce an algae/alginate based living
electrode. Ionic hydrogel crosslinking with CaCl,, and addition
of hydroxyapatite (HAP) were used to enhance the strength of
the alginate network. The living electrodes were characterized
by investigating the effect of algal growth on mechanical,
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electrical impedance, rheological and biological characteristics
of the hydrogel network. We show that our living hydrogel can
function as electrodes in simple circuits.

Experimental
Materials and methods

Green algae-Chlorella was obtained from Southern Biological,
NSW, Australia. Chlorella culture medium CM3 (obtained from
Southern Biological, NSW, Australia). CaCl,-2H,0 (Sigma
Aldrich, Australia, lot number: MKBG9652V). Sodium alginate
and sodium bicarbonate (Sigma, UK). Green and red LEDs,
standard electrical cables and DC power source were purchased
from Jaycar (Shellharbour, NSW, Australia).

10 mL of Chlorella stock solution was added to 30 mL of
Chlorella culture medium CM3 (ratio 1:3) into a sterile 500 ml
conical flask. Then, 50 mL of sterilised Milli-Q water Milli-Q
water (resistivity, 18.2 MQ c¢m) and 10 drops of 2% sodium
bicarbonate was added to the solution. The algal cells were
cultivated under light simulated illumination at 20 pmol m > s™*
with a light to dark photoperiod of 10-14 h. Light stimulation was
performed on a flask shaker (Bioline orbital shaker BL8136,
Australia). The algae were cultured for 28 days at 21 °C.

Preparation of hydrogels

Three types of algae/alginate gels were constructed by dissolving
4% sodium alginate (w/w) in 100 mL Milli-Q water under rapid
stirring (1000 rpm) and heated to 60 °C for 2 hours until a
homogenous solution was obtained. Type 1 algae/alginate gels
(E1) was prepared by using 0.05 M CaCl, as ionic crosslinker,
while an increased crosslinker concentration of 0.1 M was used
to prepare type 2 gel (E2). Type 3 gels (E3) was prepared by
adding 2% (w/w) of hydroxyapatite (HAP) to the E2 gel.

Hydrogel encapsulation of algae

Algae/alginate gels were constructed by mixing 3 mL of pre-
prepared cultivated algal cells (approximately 3 x 10° cells per
mL) with 5 g with sodium alginate solutions. The solutions were
poured into different sized moulds depending on the particular
test requirement. Thereafter, E1 samples were immersed in a
crosslinking bath of 0.05 M CaCl,, while E2 and E3 were cross-
linked with 0.1 M CaCl,. All samples were left for 3 hours under
controlled conditions (21 °C and 45% relative humidity). Since
the ionic crosslinking reaction is instantaneous, living algal cells
were quickly entrapped inside the alginate hydrogel network.
The gel samples (diameter 15 mm) were rinsed with Mill-Q water
to ensure all excess calcium ions were removed from the gel. The
algae/alginate gels were placed into sterile 120 mL sterile plastic
containers filled with 50 mL of Milli-Q water and 10 mL of
culture medium (CM3). They were then cultured under light
illuminated culture conditions on the orbital stirrer.

Determination of oxygen release

Algae/alginate gels were transferred to a 100 mL sterile bottle
containing 50 mL Milli-Q water. The bottle was closed by a

© 2021 The Author(s). Published by the Royal Society of Chemistry
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screwcap to avoid oxygen or other gas exchange with the
surrounding air. Values of oxygen release from the algae/
alginate gels into the media was detected by measuring the
change of oxygen concentration using a dissolved oxygen
meter (HORIBA - OM-71, Japan). Measurements were taken
(in triplicate) every 1, 7, 14, 21 and 28 days of cultivation period.

Microscopy

Algae/alginate gels were incubated in CM3 culture medium
under controlled conditions and illumination. At different
cultivation periods, the growth of the algae embedded within
the hydrogels and their viability evaluated using fluorescence
imaging and staining. Cell numbers and biomass were qualita-
tively studied by imaging chloroplast auto fluorescence at
several regions within the hydrogel using a Leica (TSC SP5 II)
Scanning Laser Confocal Microscope (SLCM). Fluorescein
diacetate (FDA) was also used to determine the viability of cells
both in liquid media and embedded within the hydrogel
networks. For FDA staining, plastic test tubes were filled with
3 mL of algal cell suspension that were prepared as described
above. Suspensions were centrifuged at 6000 rpm for 5 min to
collect the cells and establish a concentrated solution of 3 x
105 cells per mL at the first time zero. PBS was used twice to
wash the cells and replace the supernatant liquid. The cells
were added to the alginate gel for making algae/alginate gels
then treated with 2% FDA. These samples were kept in dark for
10 min at room temperature (21 °C). Three replicates were
prepared and carried out to measure cell concentration and
viability over time.

Biomass measurement

Hydrogel dry mass and algal dry biomass was calculated in the
gels at regular intervals (1, 3, 7, 14, 21 and 28 days) by removing
the solvent in an oven at 60 °C. The dry weight of algal cells was
calculated using the total suspended solids method to quantify
algal growth. The dry mass (DM) was calculated to obtain the
dry cell weight of algae using:

_ DWag/ag — DWag
V4 ’

DM

1)

where Vy is a volume used (ml) and DWjg/al; and DWyg are
weight of dried gel with and without algae, respectively.

Swelling ratio

The swelling ratio (Q) of the gels with and without algae was
determined after soaking the gels in Milli-Q water using:

Ws - Wd
d

0= x 100%, @)

where W, and Wy are the swollen mass and the dried mass of
the hydrogel, respectively.

Mechanical analysis

Compression testing was performed using a universal mechanical
test (EZ-S, Shimadzu, Japan, cross-head speed = 1 mm min %,

50 N load cell at 21 °C and 45% relative humidity). Trapezium X
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software was used to record the data. Stress-strain curves
were used to calculate the compressive stress at failure (o),
compressive modulus (strain range 20-30%, E.), and compressive
strain at failure (&).

Rheology

Rheological analysis was performed using an Anton Paar Physica
MCR 301 digital Rheometer (Parallel plate; 15 mm diameter).
Cylindrical samples were prepared with 15 mm diameter and
3 mm height. Strain-sweep experiments were carried out across a
strain range of 10~>-10” at a fixed frequency of 10 Hz and 21 °C.
Storage modulus (G’) and loss modulus (G”) were determined for
all samples within the linear viscoelastic region (LVE).

Electrical Impedance and circuit

Impedance measurement was carried out using a GAMRY
reference 600 ZRA Machine. The impedance measurements
were conducted on gels with cross-sectional area (Ac) of 5 cm x
0.3 cm and different lengths (J) (range of 0.5-2.5 cm). Impedance
analysis was performed by applying 10 mV (alternating current)
and a frequency between 0.1 Hz-1 MHz with an estimated
reference resistance which was chosen by applying a voltage from
a multimeter through the gel prior to measurements. The con-
ductivity (6) of the gels can be determined by plotting the
resistance in the frequency independent region (R;) versus [ using
the following equation:
Ri= iR ©)
cAc ’

where R, is contact resistance. Equivalent circuit modelling was
used to determine the impedance behaviour of the gels, using a
three-parameter fit of a resistor in series with a Warburg element
and a capacitor.

Simple circuits were prepared by connecting green/red LEDs
with algae/alginate electrodes in series to a DC power source.
The required DC current and voltage was applied to power
the LEDs.

Results and discussion

Hydrogels with algae were prepared by immobilizing the Chilorella
cells in alginate hydrogel (Fig. 1a). Gels E1 and E2 are composed
of algae/alginate gels crosslinked with 0.05 M CacCl, and 0.10 M
CaCl,, respectively, and gel E3 involved addition of 2% (w/w) of
hydroxyapatite and crosslinked with 0.10 M CaCl,.

Growth and viability of algae

Oxygen is a by-product of the photosynthesis process under-
taken by the algal cells, and as such is an excellent method to
monitor the viability and population growth of algal cells
within our hydrogel network. Fig. 2a shows the concentration
of oxygen produced over 28 days by the algae within Hydrogels
E1-E3.

The results show a steady increase in the total oxygen
produced by the algae within the scaffolds over time, indicating

Mater. Adv,, 2021, 2,1369-1377 | 1371
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Fig.1 (a) Photograph showing the growth of algae cells within the
alginate network over time (from left to right) at 1, 7 and 14 days of
cultivation. (b—e) Confocal pictures show the growth of algae cells within
alginate networks over time. (b) and (c) growth of algae after 1 and 14 days
of cultivation using the fluorescence of the cell chloroplasts, respectively.
(c) and (d) growth of algae after 1 and 14 days of cultivation using the
fluorescein diacetate stain, respectively.

good viability of cells within the scaffolds, as well as the steady
increase in cell numbers during the cultivation period.

At day 1, the dissolved oxygen amount present in all algae/
alginate gels was roughly equivalent to each other (Fig. 2). The
dissolved oxygen for all gels increased over the next 28 days,
providing a clear indication that the algae were able to proliferate,
indicated that alginate is a suitable hydrogel scaffold to support
the growth of the algae. From day 3 onwards, the highest amount
of dissolved oxygen amount was observed for Hydrogel E1
followed by E2 and then E3. After 28 days the amount of dissolved
oxygen present in the gels were as follows, with 11.6 4 0.4 mg L ™"
(Hydrogel E1), 10.8 £+ 0.2 mg L™ (Hydrogel E2) and 9.6 =+
0.1 mg L~ " (Hydrogel E3).

Confocal imaging was used to investigate and track the
growth of algal cells within the gel over the period of cultivation.
Fig. 1b and c shows demonstrates the employment of autofluor-
escence imaging of the cell chloroplasts to identify active cells
within the gel and follow their mode of growth in the gel over
time. Imaging of chloroplast autofluorescence clearly revealed
cells to grow in ‘clusters’ overtime, confined to pockets within
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Fig. 2 (a) Dissolved oxygen concentration as a function of cultivation

time from three types of algae/alginate gels (E1, spheres) with 0.05 M
CaCl,, (E2, squares) 0.10 M CaCl,, (E3, triangles) 0.10 M CaCl, with
hydroxyapatite. (b) Biomass of algae cells as a function of cultivation time
from three types of algae/alginate gels (E1, spheres) with 0.05 M CaCly, (E2,
squares) 0.10 M CaCl,, (E3, triangles) 0.10 M CaCl, with hydroxyapatite.

the gel rather than migrate throughout the gel after cell division
(Fig. 1b and c).

In addition to this, fluorescein diacetate (FDA) indicator was
used to assess the viability of the cells.* This staining technique
provides reliable results of cell viability, using the activity of
esterase within the cell to convert the non-fluorescent dye FDA
into the fluorescent fluorescein, which can be fluorescently
imaged (Fig. 1d and e.). Cells showed excellent viability both in
the early stages of the experiment, and after several weeks within
the gel, indicating the gels to provide a good microenvironment
for the proper maintenance of active Chlorella sp. cells.

A dry cell weight method (eqn (1)) was used to measure the
biomass of algal cells within the alginate networks (Fig. 2b). The
amount of algae biomass increases with cultivation time. For
example, the biomass of Hydrogel E1 increases from 1.2 +
0.4 mg after 1 day to 2.9 £ 0.6 mg after 28 days of cultivation.
Hydrogel E3 produced the smallest amount of biomass (2.4 +
0.6 mg) after 28 days of cultivation. In addition, we observed that
the amount of dissolved oxygen produced increases linearly with
amount of biomass produced (Fig. 3). A fit of the data of all three
hydrogels returned a rate of 2.0 + 0.3 mg L™ * of dissolved oxygen
per mg of algae biomass over 28 days of cultivation.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ma00985g

Open Access Article. Published on 28 January 2021. Downloaded on 1/22/2026 5:06:43 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

g
1 -
£ 0
— 11 ] O -~
S ] o Prg
S 103 //ET’
> ] - A
X ] O BT
o 9: ﬂ// A
o] ] @] /D
¢ 81 £°
z 1R
o 77
0 ]
O 6] . e e e

10 1.2 1.4 16 1.8 2.0 22 2.4 26 28 3.0
Algae Biomass (mg)

Fig. 3 Dissolved oxygen concentration as a function of algae biomass
over 28 days of cultivation for algae/alginate gels (E1, spheres) crosslinked
with 0.05 M CaCly, (E2, squares) 0.10 M CaCl,, and (E3, triangles) 0.10 M
CaCl, with hydroxyapatite. Dashed line is a linear fit to the data.

Swelling behaviour

The swelling characteristics of gels were calculated with eqn (2)
and used to assess physical and mechanical properties of the
three gel compositions over time. First, the swelling ratio of
gels prepared without algae was evaluated over 28 days (Fig. 4a).
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Fig. 4 Swelling ratios as a function of cultivation time. (a) alginate gels
(spheres) crosslinked with 0.05 M CaCl,, (squares) 0.10 M CaCl,, and
(triangles) 0.10 M CaCl, with hydroxyapatite. (b) algae/alginate gels (E1,
spheres) crosslinked with 0.05 M CaCl,, (E2, squares) 0.10 M CaCl,, and
(E3, triangles) 0.10 M CaCl, with hydroxyapatite.
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The swelling behaviour over time was similar for all three gels.
A rapid increase in swelling between cultivation days 1 and 3,
followed by a slower increase after day 3 until maximum
swelling is reached at cultivation day 14. The maximum
swelling values were different with Hydrogels E3 (without algea)
showing swelling the least (Q = 28 + 2) and Hydrogels E1
(without algae) swelling the most (Q = 96 + 1). The swelling
exhibited for Hydrogel E2 (without algae) was in between with
Q = 67 * 1. Subsequently, over the next 2 weeks the swelling
amount decreases due to a combination of diffusion and
evaporation. The values are consistent with the difference in
CacCl, crosslinker (0.05 M for E1, but 0.10 M for E2 and E3) and
addition of hydroxyapatite (only for E3).

The effect of the inclusion of algae in gels can be evaluated
from the data presented in Fig. 4b. There is little to no effect in
the swelling amounts as a result of incorporation of algae up
until cultivation day 14. However, over the next 2 weeks the
swelling amount decreases faster for gels with algae than
without. For example, the swelling amount for Hydrogel E2
without algae decreased from Q =67 + 1 (day 14)via Q=61 + 1
(day 21) to Q = 53 £ 2 (day 28). In contrast, the corresponding
values for E2 with algae are Q =79 + 5 (day 14) via Q=67 £ 1
(day 21) to Q = 43 £+ 1 (day 28). It is suggested that the higher
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Fig. 5 (a) Compressive stress as a function of compressive strain for

algae/alginate gels crosslinked with 0.05 M CaCl, after 1 day of cultivation.
(b) Shear modulus values of alginate gels crosslinked with 0.10 M CaCl,
(storage and loss modulus indicate by open and filled spheres, respec-
tively) and algae/alginate gels crosslinked with 0.10 M CaCl, (storage and
loss modulus indicate by open and filled squares, respectively) after 1 day
of cultivation.
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Table 1 Summary of mechanical characteristics from compression testing of algae-alginate gels E1 (crosslinked with 0.05M CaCl,), E2 (crosslinked
0.10 M CaCl,) and E3 (2% hydroxyapatite and crosslinked 0.10 M CaCl,) at 21 °C. Time, ¢ and o. indicate cultivation time, compressive modulus (at 20—

30% strain) and compressive stress at failure, respectively

Gel E1 Gel E2 Gel E3
Time (days) ¢ (kPa) o (kPa) & (kPa) o. (kPa) ¢ (kPa) o, (kPa)
1 170 + 30 145+ 6 190 + 10 220 + 10 220 £ 10 239+ 6
3 170 + 10 50 £1 180 + 10 174 £ 3 210 + 30 165 + 7
7 90 + 10 18.0 + 0.3 150 £ 20 130 £ 10 190 + 40 148 £ 5
14 368 71 140 + 10 76 £9 130 + 30 84 £5
21 26 £ 5 6+1 88+ 6 19.0 £ 0.5 90 £ 10 29+ 2
28 16 £ 4 4+1 26 £4 6.6 = 0.1 70 £ 2 12 +2

amount of swelling observed for gels containing algae could be
a result of the algae consuming the ionic crosslinking agent
(Ca®") as a nutrient. It is also likely that the increase in algae
biomass can disrupt the crosslinking between polymers.
Both of these process results in weaker gels, which leads to
the well-known effect of increased swelling. The mechanical
data presented below appear to be in support of weaker gels
due to the presence of algae.

Mechanical characterisation

Compression testing and rheology was used to investigate the
mechanical characteristic of algae/alginate gels as a function of
algal growth (Fig. 5 and Tables 1, 2). Hydrogels were tested 1, 3,
7, 14, 21 and 28 days after preparation, with and without
cultivating algal cells. It was illustrated that the magnitude of
the mechanical properties significantly decreased over time of
for all hydrogels.

As expected, the compressive modulus and compressive
strain values increased in crosslinking concentration and
addition of HAP (Table 1). Increasing the CacCl, crosslinker
concentration from 0.050 M to 0.10 M resulted in an increase in
compressive modulus from 170 + 30 kPa (E1 gel, day 1) to
190 + 10 kPa (E2 gel, day 1). Addition of HAP (with no change to
CaCl, concentration) further increased the magnitude of the
modulus to 220 + 10 kPa (E3 gel, day 1).

Overall, all hydrogels displayed the same trend, i.e. decreasing
compressive stress and modulus value over the duration of the
cultivation period. After 28 days there was little difference between
samples. It is suggested that this is a result of the well-known
effect of swelling of the hydrogel networks. During swelling water

Table 2 Summary of selected mechanical characteristics from rheological
testing of alginate gels A2 (crosslinked 0.10 M CaCl,) and A3 (2% hydro-
xyapatite and crosslinked 0.10 M CaCl,), and algae-alginate gels E2 (cross-
linked 0.10 M CaClp) and E3 (2% hydroxyapatite and crosslinked 0.10 M
CaCl,) at 21 °C. Time indicates cultivation time

Storage modulus (kPa)

Time (days) Gel A2 (no algae) Gel E2  Gel A3 (no algae) Gel E3

1 10.1 £ 0.2 8.1+0.1 16.1 0.4 12.8 £ 0.2
3 4.2+ 0.1 3.6 02 5.5+0.1 3.8+ 0.1
7 3.9+0.1 3.0+ 0.1 5.0+0.1 3.7+0.1
14 3.6 £0.2 2.6 01 44+0.1 2.6 £ 0.1
21 1.8 £ 0.1 1.0£01 19 =*0.1 1.0 £ 0.1
28 1.1+ 0.1 0.8+02 14+0.1 0.9 £ 0.1
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is incorporated which softens and weakens the hydrogel network.
There is an additional effect with the algae consuming Ca®',
leading to a reduction in the ionic cross-linking and hence the
mechanical characteristics, which is further explored below.

The compression testing results are supported by the findings
from rheology, i.e. storage modulus values increased increase in
crosslinking concentration and addition of HAP (Table 2).
The inclusion of algae within the networks lowers the storage
modulus of the materials (Fig. 6a). For example, the storage
modulus of algae/alginate (2% hydroxyapatite and crosslinked
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Fig. 6 (a) Storage modulus values of alginate gels crosslinked with 0.05 M
CaCl, (open spheres) and algae/alginate gels crosslinked with 0.05 M
CaCl; (filled spheres) as a function of cultivation time. (b) Storage modulus
values of alginate gels crosslinked with 0.05 M CaCl, (open spheres) and
algae/alginate gels crosslinked with 0.05 M CaCl, (filled spheres) as a
function of swelling ratio. Numbers indicate the days of cultivation time.
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Fig. 7 Typical examples of electrical behaviour. (a) Impedance magnitude
of algae/alginate gels crosslinked with 0.05 M CaCl, (E1, spheres) as a
function of frequency after 1 day of cultivation. Solid line is a fit to the data
using an equivalent circuit as described in the main text. (b) Impedance in
the frequency independent region (1-1000 kHz) as a function of channel
length for algae/alginate gels crosslinked with 0.05 M CaCl, after 1 day of
cultivation. (c) Photograph of an electronic circuit using a living electrode
(algae/alginate gels crosslinked with 0.05 M CaCl, after 14 days of
cultivation) to complete the circuit and power the LED. Numbers 1-3
indicate alligator clips, red LED and copper electrodes, respectively. Arrow
points to the living electrode.

0.10 M CaCl,) on day 1 is 12.8 & 0.2 kPa, which is lower than the
value (16.1 + 0.4 kPa) for the corresponding gel prepared with
algae. A drastic reduction of these storage modulus can be seen
clearly between day 1 and 5 while after this point, storage
modulus is staidly decrease till the end of algal growth period
(Fig. 6a).

This is thought to once again be most likely a result of the
algae consuming the crosslinking ions within the gel.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, the algae were previously shown to increase the
swelling ratio of the materials, therefore, the increase in water
within these gels lowers the storage modulus of the samples.
We have attempted to visual this phenomenon of the algae
reducing the storage modulus (and increasing swelling ratio) in
Fig. 6b.

Electrical and impedance analysis

Electrical characterisation of living electrode gel samples was
carried out by running impedance sweeps from low to high
frequencies. The Bode plot (Fig. 7a) for a typical gel shows
that the impedance magnitude is inversely proportional to
frequency until it plateaus and becomes independent of
frequency above 1000 Hz.

The impedance behaviour of all gels (with and without
algae) could be modelled using equivalent circuits consisting
of three components, i.e., a resistor and Warburg diffusion
element in series and a capacitor in parallel. Fig. 7a show
excellent correlation between the experimental data and
equivalent circuit modelling.

The conductivity of the gels was obtained by plotting the
resistive component (equivalent to impedance magnitude in
the frequency independent region 1-1000 kHz) of hydrogel
channel length, (Fig. 7b). The resulting data is fitted to
Eqn 3, which allows the conductivity to be evaluated from the
slope and the cross-sectional area.

All gels (with and without algae incorporated) exhibited
conductivity values of approximately 6 mS cm ' (Table 3).
The conductivity of alginate gels (without algae) slightly
reduced over 28 days. For example, the values for alginate gels
crosslinked with 0.05 M CaCl, reduced from 6.1 + 0.3 mS cm !
on day 1 to 5.7 & 0.4 mS cm ™' on day 28. The corresponding
values for the algae/alginate gel E1 are: 6.2 & 0.5 mS cm™ " on
day 1 to 4.7 & 0.4 mS cm™ " on day 28.

The conducting hydrogels were used in a simple circuit to
connect LED to a power source (Fig. 7c). These measurements
demonstrated that all hydrogels could function as electrode
components. In particular, the algae containing gels are
functioning as living electrodes.

Conclusions

In this study, alginate networks crosslinked with 0.05 M CaCl,
(E1), 0.1 M CaCl, (E2) and 0.1 M CacCl, mixed with hydroxya-
patite (E3) were used to immobilize the algae. The viability of
algae within these gels was determined from dissolved oxygen
ratio, microscopy and biomass measurements. Our findings
showed that the viability of algal cells was maintained and
increased over the cultivation period for all three alginate
networks.

Mechanical analysis using compression testing and rheol-
ogy revealed that the gels became softer over the algae cultiva-
tion period of 28 days. In particular, we demonstrated that
incorporating algae results in a reduction in mechanical
robustness, most likely due to the algae consumption of
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Table 3 Summary of electrical conductivity values for alginate gels Al (crosslinked 0.05 M CaCl,), A2 (crosslinked 0.10 M CaCl,) and A3 (2%
hydroxyapatite and crosslinked 0.10 M CaCl,), and algae-alginate gels E1 (crosslinked 0.05 M CaCl,), E2 (crosslinked 0.10 M CaCl,) and E3 (2%
hydroxyapatite and crosslinked 0.10 M CaCl,) at 21 °C. Time indicates cultivation time

Conductivity (mS cm™")

Time (days) Gel A1 (no algae) Gel E1 Gel A2 (no algae) Gel E2 Gel A3 (no algae) Gel E3

1 6.1 £0.3 6.2 £0.5 6.1 £0.3 6.3 £0.4 6.2 £ 0.5 6.4 £04
7 — 5.8£0.3 — 6.0 £ 0.7 — 6.2 £0.5
14 5.8 £ 0.5 5.4+ 04 59+ 0.5 5.6 £ 0.5 6.0 + 0.3 5.7 £ 0.5
21 — 5.1£0.3 — 5.2+ 0.5 — 53+£04
28 5.7+ 0.4 4.8 £ 0.4 5.7 £ 0.5 49+ 0.4 5.9 £ 0.5 49 £ 0.2

crosslinkers. All gels exhibited the same swelling behaviour, i.e.
an increase up to 14 days, followed by a decrease after 21 and
28 days.

Electrical impedance analysis was used to investigate the
behaviour of the living electrode system. Equivalent circuit
modelling showed that our living electrodes can be modelled
as a resistor in series with a Warburg diffusion element and a
capacitor. The living algae/alginate hydrogels exhibited con-
ductivity values of 4.9 + 0.2 mS cm ™' (after 28 days) which
allowed these materials to function as living electrode compo-
nents in simple electrical circuits.

It is envisaged that living electrodes offer new possibilities
for addressing the biological-electrical interfaces beyond the
use of traditional materials such as gold and platinum.
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