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Loss of bioelectrochemical activity in low resource environments or from chemical toxin exposure is a significant
limitation in microbial electrochemical cells (MxCs), necessitating the development of materials that can stabilize
and protect electroactive biofilms. Here, polyethylene glycol (PEG) hydrogels were designed as protective
coatings over anodic biofilms, and the effect of the hydrogel coatings on biofilm viability under oligotrophic
conditions and ammonia-N (NH4-N) shocks was investigated. Hydrogel deposition occurred through polymeri-
zation of PEG divinyl sulfone and PEG tetrathiol precursor molecules, generating crosslinked PEG coatings with
long-term hydrolytic stability between pH values of 3 and 10. Simultaneous monitoring of coated and uncoated
electrodes co-located within the same MxC anode chamber confirmed that the hydrogel did not compromise
biofilm viability, while the coated anode sustained nearly a 4 x higher current density (0.44 A/m?) compared to
the uncoated anode (0.12 A/m?) under oligotrophic conditions. Chemical interactions between NH4-N and PEG
hydrogels revealed that the hydrogels provided a diffusive barrier to NH4-N transport. This enabled PEG-coated
biofilms to generate higher current densities during NH4-N shocks and faster recovery afterwards. These results
indicate that PEG-based coatings can expand the non-ideal chemical environments that electroactive biofilms can

reliably operate in.

1. Introduction

Microbial electrochemical cells (MxCs) are an emerging, sustainable
environmental biotechnology platform that could produce renewable
energy, recover carbon and nutrients as valorized products, and syn-
thesize chemicals for societal use [1-3]. Other relevant applications of
MxCs include biosensing, capacitors for remote sensing, and sub-surface
remediation of contaminants. Anode-respiring bacteria (ARB) are mi-
croorganisms that form the anodic biofilm and are capable of trans-
ferring electrons from an electrode by consuming simple organic
substrates, such as acetate, to produce electric current [4]. ARB are
essential for MxC application, however long-term sustenance of ARB in
the biofilm anode is dependent on ecological interactions with other
anaerobic microbes and their ability to resist enviromental perturba-
tions in pH, temperature, dissolved oxygen, and toxins such as heavy
metals, bleach, ammonia-N, and oxidants such as hydrogen peroxide.

Resistance to toxic constituents in organic waste streams is of

* Corresponding authors.

particular significance if MxCs are to serve in any of the aforementioned
applications. For example, animal waste streams are a significant frac-
tion of biomass waste resources in the United States [5]. These streams
are characterized by high total ammonia nitrogen (TAN) concentrations,
the total sum of NH; and ammonium-N (NHZ-N) ion in the aqueous
phase. These waste streams, along with side stream municipal waste-
water sources, are viable niches for the application of MxCs for waste
valorization. TAN levels in these streams can range between 2000 and
8000 mg N/L [6], which severely hampers the methanogenesis phase of
anaerobic digestion [7], and the sustained performance of MxC anodes
for energy recovery or other long-term applications. Prior research has
shown that ARB metabolic activity is severely impacted when exposed to
NHj-N concentrations above 3 g/L [8]. Hence, there is a need to either
acclimatize the anode biofilms to the high concentrations of NHf-N or
develop anodic materials that provide ARB protection against NH4-N
exposure.

Recently, interfacing anode-bound ARB biofilms with hydrogel
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materials has been demonstrated to improve various aspects of MxC
performance. Due to their porous structure, high water content, and
biocompatibility, hydrogels can be designed to control mass transport,
enhance cell colonization, cell metabolic activity, and electron transfer
in the anode environment. Most efforts in this area have focused on
developing conductive hydrogels to enhance extracellular electron
transport from individual cells or biofilms to the electrode, addressing
the limited power generation traditionally associated with MxCs [9,10].
Hydrogels containing conductive polypyrroles [11], ferrocene [12],
TiOy [13], graphene oxide [14], carbon nanotubes [15], and gold
nanoparticles [16] have been reported to improve current density and
power output. Fewer reports demonstrate the use of hydrogels to protect
ARB against environmental stressors. Du et al. encapsulated ARB with
polydopamine for protection against extreme acid shock [17], while Luo
et al. used agarose hydrogels to prevent exogenous bacteria from dis-
rupting the function of ARB biofilms on the anode [18], and Li et al. used
poly(vinyl alcohol) coatings to create anaerobic conditions at the
biofilm-electrode interface during operation in an aerobic environment
[19]. These studies provide impetus for further exploration of hydrogel
materials as protective coatings for improved MxC performance.
Polyethylene glycol (PEG) based hydrogels are well-developed bio-
materials used in a multitude of applications in drug delivery [20],
mammalian cell culture [21], and biosensing [22]. PEG based hydrogels
have also been developed as interfaces for microbial systems, most
notably as antifouling surfaces [23,24] and recently as materials that
can encapsulate and isolate bacteria with rare or unique function
[25-30]. However, their use as an ARB interface material has not been
well-explored. PEG is potentially advantageous in this application, as it
is chemically inert, biocompatible, and because a wide variety of PEG
precursors with different molecular weights and end group chemistries
are commercially available. Precursor solutions that react together in
the presence of cells through highly specific “click” chemistries can
therefore be used to design and fabricate hydrogels with well-controlled
mesh sizes for control of mass transfer [31-34]. Chemical or biological
functionality can be added to PEG hydrogels by co-polymerizing or
encapsulating reactive components into the hydrogel matrix or by tar-
geting reactive end-groups after hydrogel formation [30]. With these
advantages, PEG-based hydrogels were investigated here as protective
coatings for ARB biofilms. Coatings were designed to remain physically
stable on anode surfaces, chemically stable across a range of pH values,
and to provide sufficient transport of nutrients to the biofilm interface to
maintain ARB viability. Side-by-side comparison of coated and uncoated
anode biofilm performance in an MxC were performed under two unique
non-ideal environments: low substrate (oligotrophic) concentrations, as
well as during and after NH{-N shocks, as occurs in animal wastewaters.
The findings from these experiments indicate that the hydrogel coatings
can enable more robust operation of MxCs in non-ideal chemical envi-
ronments, particularly environments where oligotrophic conditions or
repeated exposure to high concentrations of chemical toxins can occur.

2. Materials and methods
2.1. Materials

Pentaerythritol tetra (mercaptoethyl) polyoxyethylene (PEG-tetra-
thiol or PEGTT, MW 10,000 Da) was purchased from NOF America
Corporation (White Plains, NY). PEG-divinyl sulfone (PEGVS, MW 3400
Da) was purchased from Creative PEGWorks (Chapel Hill, NC). (3-
Mercaptopropyl) trimethoxysilane, sodium phosphate monobasic dihy-
drate (NaHoPO4-2H20), sodium hydroxide (NaOH), alconox detergent,
toluene anhydrous, sodium hydrogen phosphate (NaoHPOj,), potassium
phosphate monobasic (KH2PO4), ammonium chloride (NH4Cl), ethylene
diamine tetraacetic acid (EDTA), cobalt chloride hexahydrate
(CoClyp-6H20), calcium chloride dihydrate (CaCly-2H20), boric acid
(H3BO3), sodium molybdate dihydrate (NagMoO4-2H50), sodium sele-
nite (NaySeOs), sodium tungstate dihydrate (NagWO4-2H20), nickel

Bioelectrochemistry 156 (2024) 108595

chloride hexahydrate (NiCly-6H20), magnesium chloride (MgCly),
manganese chloride tetrahydrate (MnCly-4H20), zinc chloride (ZnCly),
copper sulfate pentahydrate (CuSO4-5H20) and aluminum potassium
sulfate (AIK(SOg4)2), ferrous chloride (Fe(II)Cly), sodium sulfide non-
ahydrate (NayS-9H,0), and sodium hydroxide (NaOH) were purchased
from Sigma-Aldrich (St. Louis, MO). Rectangular graphite electrodes
were ordered from GraphiteStore (Northbrook, IL). Ag/AgCl reference
electrodes were purchased from BASi (West Lafayette, IN).

2.2. Hydrogel crosslinking chemistry and hydrogel hydrolytic stability
experiments

The long-term hydrolytic stability of PEG hydrogels formed with
thiol-vinyl sulfone click chemistry using PEGVS and PEGTT precursors
was first investigated at pH values of 3, 7, and 10 using gravimetric
analysis as described by Paez et al. [35]. For comparison, PEG hydrogels
formed using PEGTT and PEG diacrylate (PEGDA) precursors were
compared, as these hydrogels are susceptible to hydrolysis due to the
presence of ester moieties in acrylates groups [36]. All hydrogels were
prepared by pipetting 95 uL of hydrogel precursor solution which con-
tained thiol groups and VS or acrylate groups at 22 mM. After mixing,
precursor solutions were placed on a flat parafilm surface for 25 min
(min) to allow for gelation. Hydrogels were then immersed in Milli-Q
water at room temperature for 48 hours (h) to allow for swelling and
to reach equilibrium, the initial mass of swollen hydrogels was then
measured. Hydrogels were then incubated in citric buffer (pH 3),
phosphate buffer (pH 7), and carbonate buffer (pH 10) for 72 days at
room temperature. The mass of the swollen hydrogels was measured at
varied time points, and the normalized mass of swollen hydrogels at
individual time points was calculated as the hydrogel mass at each time
(mp,¢) divided by the initial hydrogel mass (mp, ). Increases in Ny, from
1.0 indicate swelling in the hydrogel due to degradation of covalent
crosslinks [35]. Hydrogel degradation was measured in triplicate for
each condition.

2.3. Diffusion coefficient (D) and partition coefficient (Kp) measurements

To assess mass transport throughout the PEG hydrogels, experi-
mental measurement of diffusion coefficients of the carbon source (ac-
etate) through the PEG hydrogels (D4, peg) and of ammonium (NH4-N)
through the PEG hydrogels (Dy,prg) was required. To quantify diffu-
sivities, a cylindrical hydrogel was loaded with an analyte and placed in
a glass cylinder to create perfect sink conditions and axial diffusion only,
as release from the edges or bottom of the cylindrical hydrogel cannot
occur (Fig. S1). The analyte concentration in solution was measured
over time and experimental data then fit to the solution of Fick’s second
law [37,38]:

M,

My

. exp |: - D(Zanl)Znthl
ﬁzn:o @

2n+1)

where M; and M, are the cumulative mass concentrations of the
released molecule at time t and infinite time, respectively; L denotes the
height of the cylindrical gel, and D is the diffusion coefficient of the
molecule within the hydrogel. When MM, < 0.6, the early-time
approximation can be used to calculate diffusivities according to [38]:

M, Dt 0.5
M., 4(,?) 2

For measurement of D prg, acetate was loaded into the hydrogels by
adding it to 300 pL of the hydrogel precursor solution at an acetate so-
lution concentration of 1-1.1 M in a glass vial. The hydrogel precursor
solution was then pipetted inside a 2 mL vial to form a cylindrical
hydrogel of 6 mm height after gelation. 1.5 mL of ultrapure water was
added to the vial, and the vial was incubated at room temperature. The
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solution concentration of acetate was measured by sampling at 15 to 30
min intervals. At each time point, 2 pL solutions were removed for
measurement of acetate concentration by measuring absorbance at 210
nm with a ThermoScientific NanoDrop 1000 Spectrophotometer.
Equivalent volumes of fresh ultrapure water were added back to the
solution during each sampling period to maintain constant volume
throughout the experiment. Similarly, for measurement of Dy, pgg, 300
uL of hydrogel precursor solution was pipetted inside a 2 mL vial to form
a hydrogel of 6 mm height. After hydrogel formation, 1 mL of 1,500 mg
N/L solution was pipetted into the vial and left for 48 h to reach equi-
librium. Ammonium solution was then removed and replaced with ul-
trapure water. The solution concentration was sampled in 15 to 60 min
intervals and each time was replaced with another 1 mL of ultrapure
water. The concentration of ammonium was obtained using an ion
chromatograph equipped with cation and anion columns and detectors
(Dionex ICS 5000, Thermo Fisher Scientific, Waltham, MA). All diffu-
sivity measurements were performed in triplicate for each condition.

The NH4-N — hydrogel partition coefficient (Kg), which is the ratio of
the concentration of NH-N in the hydrogel to NH{-N in solution at
equilibrium, was also measured. 200 pL of precursor solution was pre-
pared as described in Section 2.2 to generate PEGVS-PEGTT hydrogels in
a 2mkLvial. 1 mL of ultrapure water was then pipetted onto the hydrogel
for 24 h to allow for hydrogel swelling. After removing the ultrapure
water, 500 pL of NHj-N contacting solution at 10 g N/L was pipetted
into the vials and allowed to equilibrate for 120 h. Both the initial (C,)
and equilibrium (C,) NH4-N concentrations in the contacting solution
were measured in mg N/L using ammonium TNT plus Hach kits. Kq was
calculated using the equation [39,40]:

(Co - Ce) ° V.m[

K, = sl
¢ Ce Vh yd

3

where Vy; is the volume of the NHJ-N contacting and Vhyq is the
volume of the swollen hydrogel. The experiment to measure Kq was
performed in triplicate.

2.4. COMSOL Multiphysics modeling of mass transfer in hydrogels

COMSOL Multiphysics® (version 6.0) was used to model the mass
transfer of acetate substrate throughout the hydrogel. The goal here was
to identify hydrogel thicknesses, Lyax, defined as the thickness beyond
which diffusion limitations inhibitory to the function of the ARB biofilm
would occur for a range of metabolic consumption rates, Nagg (1.6 x 10
6t012.8 x 107° mol/mzs), obtained from literature [41,42]. The Nagrp
values were used as a constant flux boundary condition in the COMSOL
model at the biofilm-hydrogel interface. The transport of diluted species
in porous media model in COMSOL was used with the following as-
sumptions: (1) hydrogel deformation was negligible, (2) hydrogel
degradation did not occur, (3) the ambient medium is infinite and well-
stirred at all times, and thus, the concentration of the acetate was con-
stant (40 mM) in the external media, (4) biofilm substrate consumption
rate of acetate remained constant and was equivalent to the acetate flux
at the biofilm-hydrogel interface, (5) no significant flux from the ends of
the hydrogel. Lyax for each metabolic consumption rate was deter-
mined by adjusting the hydrogel thickness until the acetate concentra-
tion at the biofilm-hydrogel interface was zero (i.e. acetate is instantly
consumed by the biofilm, flux of acetate is diffusion limited).

2.5. MEC reactor setup and anode current generation

The biofilm anodes were developed in a two-chamber H-type reactor
operated as a microbial electrolysis cell (MEC) to prevent oxygen
diffusion that could inhibit microbial activity and to provide the opti-
mum anode potential for maximizing ARB growth on the anode biofilm
[43]. Two H-type reactors were used in the experiment, each containing
an anode and a cathode compartment separated by an anion exchange
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membrane (AEM). The two compartments each held a volume of 585
mL. The anode compartment contained two rectangular graphite elec-
trodes in the anode, with a total surface area of 33 cm?, and the cathode
compartment contained one 16 cm? rectangular electrode. The anode
electrodes were maintained at a potential of —301 mV vs. a standard Ag/
AgCl reference electrode. The reactors were kept in a temperature-
controlled environment to maintain 30 °C conditions, while the anode
compartment was mixed at a rate of 100 rpm.

The biofilm in each of the two reactors was established by adding
anaerobic sludge obtained from the Salina Wastewater Treatment Plant
(Salina, KS) to the anode. The sludge was added at a concentration of 1
% v/V to a phosphate buffer media containing the following composition
per liter: 12.04 g NapHPOy, 2.06 g KH2PO4, and 0.41 g NH4Cl; 10 mL of a
1 L trace mineral media containing 0.5 g EDTA, 0.082 g CoCl,-6H>0,
0.114 g CaCly-2H50, 0.01 g H3BOs3, 0.02 g NapMoO4-2H,0, 0.001 g
NaySeOs, 0.01 g NapWO4-2H20, 0.02 g NiCly-6H20, 1.16 g MgCly, 0.59 g
MnCly-4H,0, 0.05 g ZnCly, 0.01 g CuSO4-5H,0, and 0.01 g AIK(SO4); 1
mL of a 4 g/L Fe(I[)Cl, stock solution; 0.5 mL of a 37.2 g/L NayS-9H,0
stock solution [44,45]. Acetate was then added as an electron donor to
grow and condition the biofilm at a concentration of 40 mM. The
cathode media was the same as the anode media, without the sludge or
acetate, but was adjusted to a pH of 11.5 using sodium hydroxide. Once
the biofilm began to grow on the anode electrodes, the media was
replaced with the same composition described above, except the sludge.
This was repeated until the reactor produced current densities of 5-8 A/
m?. Once the reactor had reached this stable point, one of the two
electrodes present could be coated with the hydrogel. This novel design
was developed so both anodes with or without the coating will be
exposed to identical operating conditions in the same anode compart-
ment, enabling a side-by-side comparison of performance. The electron
donor concentrations were quantified by high-performance liquid
chromatograph (HPLC) analysis (Shimadzu LC-20AT, USA) using an
Aminex HPX-87H column (Bio-Rad Laboratories, USA) to separate the
organic acids and sugars, which then were detected by a photodiode
array and refractive index detectors. The current production from the
reactors was continuously measured using a multichannel potentiostat
(VMP3, Biologic, TN, USA), with current from both coated and uncoated
electrodes in the same anode compared while being monitored
separately.

2.6. Hydrogel-bioanode deposition procedure

A facile and reproducible method for depositing the hydrogel layer
over an MEC anode was developed using a coating mold which was first
fabricated by wrapping static tape (40 pum thick) around a plain elec-
trode to a thickness of approximately 700-800 pm. Parafilm was then
wrapped around the covered electrode and pressed onto another par-
afilm sheet to close the base (Fig. S2A). The tape-covered electrode was
then gently pulled out of the parafilm mold, resulting in a hollow cuboid
closed off at the base, and placed at the center of a petri dish. A second
anode containing a biofilm was then centered in the mold, forming a gap
between the anode biofilm and the mold. Coating of anodic biofilms
with hydrogels was performed in an anaerobic chamber (Coy Labs, MI,
USA). A hydrogel precursor solution was first prepared by adding 448 pL
of PEGVS (49 mM) in water to 1,000 pL of phosphate buffer, pH 8. Then,
552 puL of PEGTT (20 mM) was added to the mixture to obtain an
equimolar concentration of vinyl sulfone:thiol reactive groups, each at a
final concentration of 22 mM and a total volume of 2,000 pL. A biofilm-
functionalized anode was then placed in the center of the parafilm mold,
and liquid hydrogel precursor solution was added to the mold until the
gap was full (~1,500 pL) and allowed to react over the anode for 1 h at
room temperature under vacuum. After gelation, the parafilm holder
was gently unwrapped from the anode electrode, at which point the
hydrogel was stabilized to the anode (Fig. S2B).
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2.7. Initial testing of coating impacts on current production and longevity
of coating

Both the coated and uncoated electrodes were allowed to reach high
current density in the MEC setup under copiotrophic conditions (acetate
concentrations of 40 mM or higher). As previously described, the current
production from each electrode was normalized to the 16 cm? area of
each anode and compared. Two trials took place over a period of at least
two weeks to assess the sustained attachment and longevity of the
hydrogel coatings and to compare the performance of the coated and
uncoated electrodes. A separate set of batch anode experiments was then
conducted to evaluate the specific response of the coated and uncoated
electrodes to very low levels of acetate concentrations in the media (2.5
mM) to mimic oligotrophic environments.

2.8. Ammonium spike experiments

After the batch experiments described above, stable current densities
were allowed to sustain for the coated and uncoated electrodes with
regular MEC media containing acetate as the electron donor. The current
density response during this period served as the baseline for current
density comparisons to the toxicant, NH4 -N. A shock load of ammonium
chloride was added to yield a concentration of 10 g NH4-N /L for the
respective batch trials, mimicking concentrations that occur in relevant
waste matrices. The biofilm response to the toxicant was monitored
through current production for both the coated and uncoated electrodes
over a time period of 1-4 days. The media in the anode compartments
was replaced after this time with regular acetate media without NHj-N
and the recovery response for the two anodes was also monitored over a
period of 1-4 days. The MECs were then returned to regular operation.
Two trials of the ammonia spike experiments were performed.

3. Results and discussion
3.1. Hydrolytic stability of protective hydrogels

Hydrogels were formed by Michael addition reactions between vinyl
sulfone and thiol end groups present on PEGVS and PEGTT precursor
molecules (Fig. 1). These precursors create PEGVS-PEGTT hydrogels
with an average 14 nm mesh size [46], and can be coated over ARB
biofilms on anode substrates that are placed in the same compartment as
uncoated substrates for side-by-side comparisons to reveal the impact of
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the coatings. Herein, hydrogel coated ARB biofilm electrodes are
referred to as test anodes and uncoated ARB biofilm electrodes are
referred as control anodes.

Prior to hydrogel coating over biofilm anodes, it was necessary to
investigate the hydrolytic stability of PEGVS-PEGTT hydrogels. Bacteria
were previously observed to cause degradation in similar PEGTT-PEGDA
hydrogels during culture [25], likely by acidification of the local envi-
ronment to cleave hydrolytically-liable ester linkages present between
hydrogel crosslinks [47]. Because anodic biofilms generate H" during
anaerobic oxidation of acetate or other substrates [48], a drop in pH
within the local hydrogel environment was also expected here. This
motivated a systematic study of PEGTT-PEGVS hydrolytic stability, with
side-by-side comparison to hydrolytically-liable PEGTT-PEGDA
hydrogels.

Hydrolytic stability was characterized by measuring swelling ratios
during incubation in buffers across a range of pH values (pH 3-10).
Increases in swelling ratios indicate degradation due to hydrolysis of
chemical crosslinks, causing an influx of water into the hydrogel [49].
PEGVS-PEGTT hydrogels incubated at pH 3, pH 7, and pH 10 only
reached 1.16, 1.08, and 1.18 times their initial mass, respectively,
demonstrating minimal hydrogel degradation and long-term stability,
which was confirmed by visual observations of intact PEGVS-PEGTT
hydrogels at the end of the 72 day incubation period (Fig. 2A and
2B). In contrast, PEGTT-PEGDA control hydrogels were completely
hydrolyzed and dissolved in solution within 24 h in pH 10 buffer. After
60 days, the PEGDA hydrogels in pH 3 and pH 7 reached 1.64 and 2.44
times their initial mass, indicating significant degradation of the
hydrogel structure. A decrease in PEGDA-PEGTT hydrogel stiffness was
also noted during visual observation (Fig. 2A), confirming that network
degradation occurred in the control hydrogels. This set of observations
agrees with literature that reports that the thioether-sulfone bonds
present within PEGDA-PEGTT hydrogels are hydrolytically stable [34],
and verifies that when used as a protective coating, the PEGDA-PEGTT
hydrogel can accommodate a broad range of pH values possible in a
waste stream [50,51], or from localized pH gradients across the anodic
biofilm during MEC operation.

3.2. Acetate diffusion and hydrogel thickness

As the PEGDA-PEGTT hydrogels (herein referred to only as PEG
hydrogels) provide a diffusive barrier to mass transport, it must be
deposited over the bioanode at a thickness that allows for a flux of
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Fig. 1. PEGVS-PEGTT hydrogels as protective coatings for electroactive biofilms. PEGVS and PEGTT precursor molecules are mixed together at an equimolar thiol:
vinylsulfone ratio over an electroactive biofilm on a test anode to generate a PEG hydrogel coating with thioether-sulfone crosslinks (yellow dots) and an average
pore size of &£ = 14 nm. A control (uncoated) anode (background) is included in the same MEC chamber for side-by-side comparisons of current densities under

identical chemical environments.
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Fig. 2. Hydrolytic stability of PEGVS-PEGTT and PEGDA-PEGTT hydrogels. (A)
Representative images of hydrogels before and after swelling experiments. (B)
Swollen PEGVS-PEGTT and PEGDA-PEGTT hydrogel mass (my,) relative to
initial hydrogel mass (my ) with time during incubation in buffers at pH 3, 7,
and 10. Legend: pink circles = PEGDA-PEGTT, pH 3; yellow circles = PEGDA-
PEGTT, pH 7; pink diamonds = PEGVS-PEGTT, pH 3; yellow diamonds =
PEGVS-PEGTT, pH 7; blue diamonds = PEGVS-PEGTT, pH 10.

nutrient (acetate) that can support the metabolic demands of ARB bio-
films at the hydrogel-biofilm interface. To understand the effect of
hydrogel thickness on acetate flux to the biofilm interface, it was first
necessary to estimate the diffusion coefficient of acetate through the
coatings (Da,prg), as hydrogels can hinder the diffusive transport of
solute molecules through hydrogen bonding, electrostatic interactions,
and van der Waals forces between solutes and PEG chains [52]. The
release profile of acetate from PEG hydrogels was plotted according to
the mass fraction of acetate released with time (Fig. 3A). Using Fick’s
law for early release time (Fig. 3A, inset), D4 pgrg Was calculated to be
1.44 x 101% m%/s, an 87 % decrease relative to acetate diffusivity in
water [53], and a diffusivity comparable to other small molecules such
as glucose through similar PEG hydrogels (1.29 x 1071% m?/s [54]).
With determination of Dy pgg, finite element modeling was used to
estimate the concentration profile and flux of acetate throughout the
hydrogel coating. Using an acetate solution concentration of 40 mM and
a biofilm metabolic consumption (Nggp) rate of 6.4 x 10° mol/mzs, a
steady state concentration profile of acetate throughout the hydrogel
was obtained, with an acetate concentration of 0.094 mM determined at
the biofilm-hydrogel interface (Fig. 3B). With the working model, the
maximum hydrogel thickness (Lyax) that could be present over the
biofilm while still enabling an acetate flux meeting the full metabolic
requirements of a biofilm (i.e. without creating diffusion limitations)
was estimated, given the model assumptions listed in Section 2.4.
Simulation was conducted with Nagg values ranging between 1.6 x 10"
and 12.8 x 10°> mol/m?s, corresponding to acetate consumption rates of
young to mature ARB biofilms [41,42]. This provided an understanding
of the conditions at the biofilm-hydrogel interface and guidance for film
coating deposition thicknesses compatible with ARB biofilms. As
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Fig. 3. (A) Release kinetics of acetate from PEG hydrogels to determine Dj,
pEG- (Inset) Early time (Ma /Ma, o, < 0.6) release used for D pge quantification
according to Equation (2). (B) COMSOL simulation results of acetate concen-
trations (mM) throughout the PEG hydrogel coating layer. (C) Lyax values at
varied biofilm consumption rates of acetate.

expected, biofilms with higher metabolic demands had lower Lyax
values (Fig. 3C); as an example, a mature biofilm (Nagg = 6.4 x 10
mol/m?s [41,42]) would become diffusion limited when hydrogel
thicknesses exceeded 900 um. After swelling, hydrogels deposited over
the anodes using the developed deposition procedure appeared ~ 2600
pm thick (Fig. S2C), corresponding to a Nagp of ~ 2.3 X 10® mol/m?s.

3.3. Impact of the hydrogel coatings on anode respiring bacteria

Biofilms were developed on both test and control electrodes to a
stable and high current density (5-8 A/m?) for duplicate batch experi-
ments under copiotrophic conditions. These initial current densities
were in line with high current density biofilms fed with acetate as an
electron donor [43,55,56]. After coating, hydrogels appeared physically
stable over ARB biofilms after swelling (Fig. 1), and these test anodes
had an average decrease in current density of 40-50 % relative to the
control anodes in both trials 1 and 2 (Fig. 4A and 4B). The drop can be
attributed to the hindered diffusivity of acetate through the hydrogel
coating with a thickness (~2600 pm) that likely exceeded the Lyax for
the biofilm present (Fig. 3C), creating a diffusion-limited environment
where current density is dependent on the flux of acetate to the biofilm
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Fig. 4. Current densities (j) with time for the test anode (red) and control
anode (blue) within the same electrode compartment under copiotrophic con-
ditions (40 mM acetate) for (A) trial 1 and (B) trial 2. The arrows labeled with
(a) represent acetate spikes added after acetate depletion. (C) Current densities
(j) with time for the coated and uncoated anodes under oligotrophic conditions
(2.5 mM acetate). Green line indicates decay current (0.14 A/m? which is
typical for anode biofilm densities of 1.570 g VSSarp/m?), blue arrow indicates
the time that the control anode drops below the decay current.

as opposed to the maximum metabolic consumption rate of the biofilm.
The drop could be further attributed to a lower diffusivity of phosphate
buffer through the hydrogel coating, as phosphate transport into the
biofilm was previously shown to be a critical determinant of current
density [48]. Despite the noted decrease, test anodes showed stable and
sustained current densities over a one month time period and it
mimicked the responses of the control anode during perturbations in
acetate levels (Fig. 4A and 4B). No visible signs of hydrogel detachment
or loss in biofilm viability were noted at the end of each trial. This
demonstrates hydrogel longevity, in line with its hydrolytic stability
previously observed (Fig. 2B). The long-term (15-30 day)
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biocompatability of the hydrogel with ARB biofilms can also be observed
by tracking the difference in current densities between the control and
test anodes. The current density difference fluctuates between 0 and 3
A/mz, depending on transient electron donor (acetate) levels, however
the difference did not have an increasing trend with time in either trial
(Fig. S3). This indicates that although the hydrogel coatings did not
enhance biofilm activity, it did not compromise its activity beyond the
initial drop. It is also important to note that the primary aim of the
coatings was to protect the anode biofilm from environmental stressors
and not to enhance current density, which could be increased by adding
conductive nanomaterials into the hydrogel, as others have demon-
strated [9,13-16].

After operation under copiotrophic conditions, test and control an-
odes were exposed to an oligotrophic environment with low acetate
concentration (2.5 mM or 160 mg COD/L). Both anodes responded with
drops in current density (Fig. 4C), consistent with previous findings that
ARB opt to shut down or slow their electroactive metabolism on anode
surfaces under severe electron donor or acceptor limitations [57-59].
Despite this drop, the test anode initially produced a significantly higher
current density of over 3 A/m?, followed by a decreasing current density
in response to the low acetate availability. This was in contrast to the
uncoated anode, which responded with a more dramatic drop in initial
current density to 1.2 A/m? with a steady decline thereafter. During the
latter part of the experiment, the test anode sustained a higher current
density of ~ 0.4 A/m? for more than 24 h compared to the control
anode, which sustained a 4 x lower current density of ~ 0.1 A/m? for
the same duration. Importantly, the hydrogel coating kept the test anode
above the decay current (0.14 A/m?) that corresponds to biomass decay
at typical anode biomass concentrations of ~ 1.57 g VSSagrp/ cm?
(VSSarp = active biomass concentration of anode respiring bacteria on
the anode surface) and not due to oxidation of a substrate (acetate) [60].
By contrast, current density from the uncoated control anode dropped
below the decay current after 2.8 days. This highlights the positive
impact of the hydrogel coatings in promoting biofilm survival in envi-
ronments with low organic content, a condition relevant to environ-
ments where MxCs are finding emerging applications in, such as marine
and sediment ecosystems [61]. The differing responses between the two
anodes was likely due to the fact that under starved conditions, the
biofilm on the test anode was protected from cell loss to the bulk liquid.
Instead, ARB remained encapsulated within the hydrogel, enabling the
biofilm to maintain its metabolic activity. In contrast, ARB in uncoated
biofilms under starvation, which are also directly exposed to fluid shear,
are lost to the bulk fluid causing the control anodes to become more
vulnerable to compromised biofilm activity. Furthermore, the con-
strained acetate and buffer transport through the coating acclimatized
the biofilm on the test anode to survival under limited substrate avail-
ability, a behavior that has been regularly evidenced in anaerobic eco-
systems, including anodic biofilms [62].

3.4. Characterization of PEG - NH4-N chemical interactions

To assess the impact of the hydrogel on the biofilm during NH-N
exposure, chemical interaction parameters between NH;-N and PEG
hydrogels were first characterized. Specifically, the partition coefficient
(K9 and the diffusivity of NH-N through PEG hydrogel (Dn,pEG) Were
measured. A Kq value of 0.94 + 0.08 was quantified, suggesting that
NH{-N was only slightly favored in bulk solution. However, quantifi-
cation of Dy, prg using the NHZ-N release profile from PEG hydrogels
(Fig. 5) revealed that NH4-N diffusion was significantly hindered. Here,
Dy, peg was found to be 1.88x1 0% cm?/s, representing a 90 % decrease in
diffusivity compared to NH;-N in water at the same temperature (Dy,
waTter = 1.81x107° cm?/s [63]).

To our knowledge, this is the first report of Kp and D for NH4-N in
PEG hydrogels. The results indicate that hindered transport of NHj-N to
the biofilm is a key feature of the protective hydrogel coatings. With this
finding, it was hypothesized that the coatings could provide benefits to
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the biofilm during transient periods of exposure to high concentrations
of NHZ-N (i.e. NHZ-N shocks), as can occur in industrial and municipal
wastewaters [64]. This hypothesis was tested in the next section.

3.5. Protection of anode biofilm against ammonia shock from hydrogel
coatings

To evaluate the ability of PEG coatings to protect anode biofilms
from NHj-N shocks, test and control anodes were exposed to 10 g/L
NH{-N for one day, and two replicate trials were performed at different
time points. The anodes were first subjected to baseline operation con-
ditions (40 mM acetate) to achieve a pre-shock baseline (Fig. 6, pre-
shock). In both trials, test anodes displayed a 1-1.5 A/m? decrease in
current density compared to the control, consistent with the differences
observed in Section 3.3. On NH4-N exposure (Fig. 6, NH-N shock), an
initial decrease in absolute current densities was evident in both test and
control anodes. During the following 2-6 hours of the shock, a difference
in response to high NH;-N levels between the control and test anodes
was noted. Control anodes showed an initial spurt in current density,
likely due to the pH-dependent response of the biofilm anode that pre-
cedes the impact of toxicity on the ARB. Here NHJ-N together with
phosphate buffer can facilitate proton transport to enable ARB to over-
come pH inhibition. High concentrations of NHJ-N can also be initially
counteracted by anaerobic bacteria through alternate ion transport
mechanisms, per the noncompetitive inhibition model [8,65,66].
However, this effect was short-lived on the control anodes, as the
metabolic toxicity of NH{-N on the uncoated ARB biofilms quickly
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outcompeted the positive impact from pH buffering and proton trans-
port, as noted by the sharp decrease in control anode current density
after the initial rise. While the test anodes also showed decreasing cur-
rent densities, within ~ 6 hours of the shock period, the positive impact
of the hydrogel could be observed in both trials. By this time, current
densities in the test anodes surpassed those of the control anodes. After
1 day of NHj-N exposure, the test anodes achieved a stabilized current
density of about 15-30 % higher than the control anodes. This was likely
due to the lower value of Dy, pgg relative to Dy, waTer, Which reduced the
sharp chemical gradient and the effective NH;-N concentration at the
hydrogel-biofilm interface of the test anode, lowering biofilm exposure
to the toxicant over the shock period.

After the NH4-N shock, regular acetate media was re-introduced to
the anode compartment. During the following 24-36 hours of this post-
shock period, test anodes in both trials produced higher current densities
and returned to the pre-shock current densities faster than the control
anodes (Fig. 6, post-shock). This improved response can be attributed to
inhibited NH4-N transport through the coatings, resulting in a lower
overall exposure to NH4-N at the hydrogel-biofilm interface during the
NHJ-N shock, rendering healthier biofilms and faster biofilm recovery.
After 3-4 days, the current density in the control anodes also reverted
back to pre-shock conditions, indicating that both coated and uncoated
biofilms were able to make a full recovery from the NHZ-N shock. Taken
together, the higher current densities of the test anodes during the NHj -
N shock, combined with its faster recovery afterwards, is of particular
significance because of its relevance in industrial and municipal
wastewaters, where cyclic patterns of high toxin exposure can occur
[64].

4. Outlook and future recommendations

The results demonstrate that PEG hydrogel coatings on MxC anodes
can benefit electrochemical biofilm systems that become exposed to
sharp chemical gradients, common in MxCs carrying out nitrification
and fermentation [67], or those that must function under low nutrient
environments. Beyond ammonia exposure, hydrogel coatings may be
further developed to protect against other inhibitory compounds such as
dissolved oxygen, H,S, perchlorate, peroxides, and other toxins,
particularly when catalytic materials (e.g. enzymes [22,68] or nano-
particles [69]) can be added to the hydrogel to facilitate the selective
degradation of these compounds before they reach the biofilm. The
sustained, higher net current densities from hydrogel coated anodes
under oligotrophic environments can also facilitate MxC operation in
new environments, such as municipal wastewater, sub-surface ground-
water, soil, and marine environments. Combined with the well-known
anti-fouling characteristics of PEG [23], these hydrogel coatings may
enable MxC application in ocean beds for self-powered, underwater bio-
batteries [61], for example. Improved computational models that couple
mass transport within hydrogel coatings with spatial and temporal as-
pects of ARB biofilm function in these dynamic environments will be
necessary to guide the further design and development of these pro-
tective coatings for the aforementioned applications.

Beyond MxCs, the coatings are applicable to protection of conven-
tional (non-electrochemical) biofilm systems in water/wastewater
treatment and nutrient removal processes that rely on granulated
sludge-based technologies such as ANAMMOX, AQUA - NEREDA
[70,71] by impeding the exposure of the granules to high toxicant
concentrations. Membrane Biofilm Reactors (MBfRs) that often involve
sequential or concomitant removal of multiple contaminants in
groundwater may also benefit from hydrogel coated biofilms [72]. The
hydrogel coating can provide tunable diffusive transport control of the
contaminants into the MBfR biofilm, thereby providing additional
flexibility for removal mechanisms to achieve superior multi-component
removals. Detailed studies and feasibility analyses of hydrogel coatings
will need to be carried out for each of these areas for successful
application.
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Fig. 6. Current density (j) response of the test (red) and control (blue) anodes with the addition of a toxic load of NH;-N (10 g/L) during two replicate trials, trial 1
(A) and trial 2 (B). Current densities during pre-shock, NH;-N shock, and post-shock time periods are shown.

5. Conclusion

This study is significant as it provides a novel demonstration of
protective PEG hydrogel coatings applied on a highly functional MxC
anode, where performance was compared side-by-side to a co-located,
uncoated anode biofilm. Hydrogel coated biofilm anodes provided sus-
tained electroactivity with current densities that were reduced but
comparable to control anodes under copiotrophic conditions, while
providing a 4x higher current density for a sustained duration under
oligotrophic conditions. Exposure of the anodes to NH{-N shocks
revealed that the coatings had a favorable impact on biofilm viability, as
indicated by higher current densities on test anodes compared to the
control anodes during the shock, and faster biofilm recovery after the
shock.
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