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ABSTRACT: Electroactive biofilm has a low tolerance for accidental
shocks, such as extreme acid shock, which is a potential limitation for
the application of bioelectrochemical systems (BESs), especially as a
sensor for water quality monitoring. In this work, we encapsulated
electroactive biofilms with biocompatible polydopamine (PDA) to
protect against extreme acid shock. The bacterial cells were completely
encapsulated in ∼50 nm films formed by PDA spheres, which
protected their viability and current recoverability even after pH 0.5
and 1.5 shocks. The limiting current density of the PDA-encapsulated
anode was 0.20 ± 0.05 A/m2, which was 1900% higher than that of the
unprotected control (0.01 ± 0.01 A/m2) after strong acid shock (pH
0.5, 30 min). Without PDA encapsulation, the biofilm partly
disintegrated with a thickness decreased by 68% from 72 to 23 μm, where 92% of the cells were dead. Our findings reported
a novel and effective method for protecting electroactive biofilm under extreme conditions, which will greatly extend the use of
BESs in the future.

■ INTRODUCTION

A bioelectrochemical system (BES), a green technology directly
converting waste into electricity, hydrogen, or methane, has
great potential to be used in wastewater treatment systems.1−3

More interestingly, on the basis of the direct feedback of
bacterial activity with a change in current, it has been
demonstrated as a sensitive online device for biochemical
oxygen demand (BOD) monitoring4 or water quality early
warning (biotoxicity sensors5,6). Before a BES can be widely
applied to wastewater treatment systems or environmental
monitoring, one of the greatest challenges is its stability, which
means answering the the questions of how to stabilize its power
output after long-term operation and how this system survives
after accidental shocks. Much research has already done on the
long-term stability of BESs,7,8 but no research on the protection
of this system from shocks has been reported. This is even
more important to BES-based sensors because currently they
are one-off after short-term exposure to an extreme environ-
ment or toxic substances.9 The reacclimation of an electroactive
biofilm that was killed by shocks normally takes an additional
5−60 days,10 which limited the application of BESs.
Here we take extreme acid shock as an example. It may

happen when acidic industrial wastewater interfuses into
drainage. Because most cathodes of BESs use chemical oxygen
reduction catalysts (such as Pt and activated carbon),11 the
protection of the bacterial anode is primary. Bacteria have
evolved to retain their species and genetic information under
harsh external environments by developing hard shells. Robust

shells are considered beneficial to the inner cells. Sporelike
structures,12 for example, have been investigated by coating
living cells with inorganic chemicals, including silica,13 calcium
carbonate,14 and multilayers of polyelectrolytes,15 to preserve
the long-term stability of bioreactors and microfluidics.
Nevertheless, they are all limited by the biological toxicity of
the process of formation of inorganic shells or electrostatic
layer-by-layer self-assembly of polyelectrolytes. Polydopamine
(PDA) is a natural pigment with outstanding biocompatibility,
rich functional groups, excellent adhesive force, and negligible
cytotoxicity.16 In a study by Yang et al.,12 PDA was used in
encapsulation of individual living yeast cells to create stronger
resistance against lyticase. Park and co-workers17 modified a
poly(dimethysiloxane) substrate with PDA for patterning of cell
lines, and the PDA adhesion layer remained stable even under
strongly acidic conditions. However, it has not yet been used
on a living biofilm. In our recent study, PDA was mixed in
activated carbon as an anode to improve the power of microbial
fuel cells, which partly showed that the PDA may not be toxic
to electroactive bacteria.18

Here we encapsulated a living electroactive biofilm with
artificial PDA. The effect of a PDA coating on the current
density of BESs was evaluated. We then compared the
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performance of a PDA-encapsulated electroactive biofilm with
that of the control without treatment after extreme acid shocks.

■ MATERIALS AND METHODS
BES Fabrication and Inoculation. The three-electrode

single-chamber BESs were constructed using cylindrical glass
reactors (AiDa, Tianjin, China) with a net volume of 100 mL, a
diameter of 5 cm, and a height of 5 cm.19 A graphite rod
electrode was used as the working electrode with an exposed
area of 13.35 cm2. A Ag/AgCl (3.5 M KCl) reference electrode
was inserted close to the working electrode. A plain platinum
plate (1 cm × 1 cm) was used as the counter electrode. All
electrodes were operated in batch mode by connecting to a
multichannel potentiostat (CHI 1000C, CH Instrument,
Shanghai, China) at 25 ± 1 °C. Prior to being used, all
graphite rod anodes were mechanically polished with 600-mesh
abrasive paper and then dipped into distilled water for a
thorough cleaning with an ultrasonic washer for 2 h.
All BESs were inoculated with effluent from the mixture of

single- and double-chambered microbial fuel cells in our
laboratory. The electrolyte contains a 50 mM phosphate buffer
solution (PBS; pKa = 7.2; pH 7.1; conductivity of ∼7.65 mS/
cm; containing 4.58 g/L Na2HPO4, 2.13 g/L NaH2PO4, 0.31 g/
L NH4Cl, and 0.13 g/L KCl), a trace mineral solution, a
vitamin solution, and 1 g/L acetate. Before connecting to the
BESs to circuits, we vigorously flushed the electrolyte with N2/
CO2 gas [4:1 (v/v) N2:CO2] for 15 min to remove dissolved
oxygen.
PDA Encapsulation and Extreme Acid Shock. A

dopamine solution (2 mg/mL) was prepared by dissolving
dopamine hydrochloride in Tris-HCl buffer (10 mmol/L, pH
8.5). When the electroactive biofilms on electrodes were
mature (approximately five cycles), anodes were taken out and
inserted into the 2 mg/mL dopamine solution for ∼30 min to
encapsulate the biofilm with PDA. Electrodes were then washed
with distilled water to remove residual lye.
To avoid the co-effect of current change on biofilm, PDA-

encapsulated anodes were inserted into a flask containing an
acid electrolyte (pH 0.5 and 1.5, adjusted by adding 15%
hydrochloric acid to the electrolyte used in the BESs) for 30
min as an acid shock. Anodes were then re-installed in the BESs
for electrochemical tests. Two parallel reactors were run for
each sample as duplicates. Electroactive biofilms without PDA
were simultaneously operated as controls.
Electrochemical Tests. Chronoamperometry was used to

record the current of the BESs every 100 s with a multichannel
potentiostat (0 V vs Ag/AgCl, CHI 1000C, CH Instrument).
For each BES, turnover cyclic voltammetry (CV) was
conducted when the biofilm was mature, after PDA
encapsulation and after extreme acid shock using a potentiostat
(PGSTAT 302N, Metrohm). The scanning rate was 1 mV/s
(stabilization period of 300 s) with a potential window ranging
from −0.6 to 0.2 V according to previous studies.20,21 The first-
order derivative CVs (DCVs) derived from turnover CVs were
calculated to identify the change in peak heights and midpoint
potentials after each treatment. The potentials presented in all
results here were referenced to the Ag/AgCl electrode (3.5 M
KCl, 0.205 V vs the standard hydrogen electrode).
Microscope Analysis. One milliliter of BES effluent and 9

mL of Tris-HCl (pH 8.5) buffer were mixed with 20 mg of
dopamine hydrochloride. The whole solution was incubated in
a shaking incubator (160 rpm) for 30 min at 25 ± 1 °C and
then ultrasonically agitated for 1 h to disassemble the bacterial

clumps. Then, 10 μL of the solution was dropped on copper
mesh for characterization with a transmission electron micro-
scope (JEM100CXII, JEOL, Ltd.). Ten microliters of untreated
BES effluent was used as the control. Scanning electron
microscopy (SEM) (Shimadzu SS-550) was employed for
observation of surface morphologies.
After extreme acid shock, anodes recovered in the BES under

0 V for 60 h. Then these working electrodes were taken out,
and the biofilm-covered part was cut with a sterilized blade.
Biofilm samples were stained with a LIVE/DEAD BacLight
Bacterial Viability Kit (L13152, ThermoFisher Scientific Inc.).19

Confocal laser scanning microscopy (CLSM) (TCS SP8, Leica)
was used to image the spatial topography of a biofilm on
anodes. The percentage of living cells (viability) and biofilm
coverage were calculated by counting pixels. Layer-scanned
images were stacked and analyzed using ImageJ.

■ RESULTS AND DISCUSSION
PDA Film and PDA-Encapsulated Bacteria. To observe

the surface morphology of the PDA film, PDA was initially
formed on half of the glassy carbon electrode [half coated and
half untreated (Figure 1)]. There was an obvious boundary

between the PDA-coated (right side) and untreated (left side)
parts of the electrode, indicating that PDA completely covered
the electrode surface. The thickness the PDA film was ∼50 nm.
However, the surface was not as flat as we thought (the convex
was as high as 200 nm), which may be attributed to the short
reaction time (30 min). It has been reported that a high
dopamine concentration of 2 mg/mL with a longer reaction
time (20 h) led to a thicker and flatter film.22,23 Because of the
semiconductivity of PDA, in this study, the reaction time was
selected to ensure a complete covering of the electrode with a
minimal effect on bacterial activity and biological electron
transfer. Although the 200 nm convex was relatively large

Figure 1. Transmission electron microscopy images of rodlike bacteria
(a) with and (b) without PDA encapsulation. (c−e) Atomic force
microscopy three-dimensional analysis of the inner surfaces of glassy
carbon and PDA-modified glassy carbon. PDA was initially formed on
half of the glassy carbon electrode (half coated and half untreated).

Environmental Science & Technology Letters Letter

DOI: 10.1021/acs.estlett.7b00242
Environ. Sci. Technol. Lett. XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acs.estlett.7b00242


compared to the average thickness, this value is negligible with
respect to the size of electroactive bacteria such as Geobacter
(1−5 μm).
The bacterial cells were ∼3 μm in length. The cells after

encapsulation were intact (Figure 1). A shell that was ∼50 nm
thick, composed of closely linked spheres, was formed on the
surface of the cells, indicating that the rodlike bacteria were
successfully encapsulated by PDA. The whole process has no
visible damage on cells. The biofilm grew well after PDA
encapsulation, with a thickness that increased from ∼90 to
∼200 μm in 60 days (Figure S1). PDA on biofilm was stable.
The PDA coating was resistant to ultrasonic agitation (Figure
1b) and continuous flow [5.0 mL/min (Figure S5)].
Biofilm after Extreme Acid Shock. The control and the

PDA-encapsulated biofilms were subjected to pH 0.5 and 1.5
shocks. When biofilms were scraped from graphite rod
electrodes, the PDA-encapsulated biofilms were pink in color,
while the controls without protection lost their color and
became gray (Figure S2), indicating that the extreme acid shock
may cause damage to cell structures. After a biofilm had been
subjected to PDA coating and extreme acid shock and then
continuous flow conditions, the PDA film was still stably
modified on the biofilm (Figure S5). As shown in Figure 2, the

biomass on the anode of the control after pH 0.5 shock
(control-0.5) was significantly reduced, with only sporadic
spotted parts remaining. The thickness of this biofilm was only
23 μm, approximately one-third of the thickness of PDA-
encapsulated biofilm (PDA-0.5) (72 μm). It was shown that
biofilm coverage on PDA-0.5 was 4 times higher than that of
the control of the anode (green and red in Figure 2), which

harbored a 3.5-fold higher proportion of living cells (green in
Figure 2) that evenly covered the surface of the anode.
Although the biofilm coverage of the control-1.5 at pH 1.5

was 10 times higher than that of control-0.5, 92% of these cells
were dead (red in color). The increase in pH from 0.5 to 1.5
had no obvious effect on the thickness of the biofilm, with a
similar value of 28 μm. However, with the protection of PDA,
the biofilm (PDA-1.5) reached a 112 μm thickness, with a value
4.5-fold higher than that of control-1.5. Moreover, living
bacterial cells were 17 times thicker than control-1.5 according
to pixel counting.
Electroactive bacteria are generally vulnerable to extremely

acidic conditions. According to Bearson et al.,24 the lowest pH
that electrogens can tolerate is ∼3. A high concentration of H+

binds with the peptide bond of the proteins in the bacterial
surface, leading to lysis of the cells. Here we found the biofilm
was severely destroyed at pH 1.5 and 0.5, but PDA
encapsulation protected the biofilms from destruction by acid.
This is probably because the good biocompatibility and the rich
functional groups of the PDA make it closely bind to the
bacterial cells to form hard shells on the surface, which is
resistant to extreme shocks. In addition, PDA is highly stable
and cannot be destroyed by strong acid or degraded by bacteria,
forming solid protection for the cells inside. These features lead
to the resistance of PDA-encapsulated bacteria to strong acid.

Electrochemical Activity. Sigmoidal catalytic waves were
displayed in all turnover CVs from overall reactors (Figure 3).
Before biofilms were coated with PDA, all the anodes were
parallel (Figure 3a). The limiting current density of PDA-
encapsulated anodes decreased slightly by 16% to 5.74 ± 0.30
A/m2 compared to that of the control (7.05 ± 0.42 A/m2), and
peak heights decreased by 20% in DCVs (Figure S3), probably
because the encapsulation of PDA led to a slight loss of living
microbes.12 Extreme acid shock sharply decreased the current
production level in all controls (Figure 3c). The limiting
current densities of control-1.5 (0.08 ± 0.02 A/m2) after acid
shock (pH 1.5) was close to that of control-0.5 (0.01 ± 0.01 A/
m2), with values decreased by 74 and 95% compared to those
of PDA-1.5 (0.29 ± 0.10 A/m2) and PDA-0.5 (0.20 ± 0.05 A/
m2), respectively. DCVs showed a similar main pair of
symmetrical peaks still centered at 0.39 ± 0.02 V (a value
similar to the value of 0.39 ± 0.03 V reported previously in a
Geobacter dominant system25,26) after acid shocks, indicating
that the dominant redox pairs may not be affected during this
process (Figure S3). Current densities of PDA-encapsulated
anodes recovered soon after the acid shocks (Figure 3d), which
further demonstrated that bacteria in the biofilm were
protected by the PDA coating, so their metabolic activity
recovered as soon as the extreme condition was removed.
However, for the uncovered controls, no visible recovery of
current was observed in 470 h. These results further confirmed
that the PDA shell protected electroactive bacteria from being
killed by the extremely acidic environment. The data in Figure
S4 further confirm the findings described above.
In summary, we demonstrated that the activity of an

electroactive biofilm can be protected by the easily synthesized
PDA shell with a thickness of 50−200 nm. The shell is
biocompatible and stable with respect to the environment and
protected electroactive bacteria from being killed by pH 0.5
shock. This widely extends the use of BESs in a variable water
environment and may change the one-off biosensors into self-
repairable devices for biological toxicity detection and BOD
monitoring in the future. Besides, PDA coating may protect

Figure 2. Stacked CLSM images of control biofilms after (a) pH 0.5
and (c) pH 1.5 shocks and PDA-capsulated biofilms after (b) pH 0.5
and (d) pH 1.5 shocks. The biofilm at 0 μm means the biofilm−
electrode interface (bottom). (e) Viability is calculated by counting
pixels.
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bacteria from organic solvents, sonication, and heat treatment.
Therefore, the PDA-coated electroactive bacteria can be used as
the ink for patterning of new biosensors.
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