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ABSTRACT: A novel microfiber-like biohydrogel was fabricated by a facile approach relied on electroactive bacteria induced gra-
phene oxide reduction and confined self-assembly in capillary tube. The microfiber-like biohydrogel (d=~1 mm) embedded high-
density living cells and activated efficient electron exchange between cells and the conductive graphene network. Further, miniature
whole-cell electrochemical biosensing system was developed and applied for fumarate detection under -0.6V (vs. SCE) applied po-
tential. Taking advantages of its small size, high local cell density and excellent electron exchange, this microfiber-like biohydrogel
based sensing system reached a linear calibration curve (R?>=0.999) ranging from 1 nM to 10 mM. The LOD obtained was 0.60 nM,
which was over 1300 times lower than traditional biosensor for fumarate detection in 0.2 pL micro-droplet. This work opened up a
new dimension for miniature whole-cell electrochemical sensing system design, which provided the possibility for bioelectrochemical
detection in a small volume or three-dimensional local-detection at high spatial resolution.

Development of novel sensors in micro/nanoscale dimension is
of great important for modern analysis. The miniaturized sen-
sors provided the superior sensitivity and localized detection
within small sample volume.! These unique properties were
quite important for the scenario that with limited sample avail-
ability or high spatial resolution requirement.

Therefore, various approaches to fabricate miniature bio-
sensors had been developed in recent years. For example, so-
phisticated micro-fabricated devices (e.g., microelectrode, mi-
crochip, microfluidic, micro-droplet array) and highly sensitive
detection instruments (e.g., surface plasma resonances, quartz
crystal microbalance, atomic force microscope,) had been de-
veloped for construction of different miniature sensors.? Alt-
hough these approaches achieved high sensitivity and small
sample volume requirement, these traditional miniaturization
approaches encountered the problems including complicated
fabrication process, high operating cost, or expensive equip-
ment requirement. Therefore, it is desirable to develop new
miniature biosensor.

Whole-cell bioelectrochemical sensing systems, which in-
tegrated the advantages of electrochemical detection and the ex-
cellent sensing capability of the electroactive bacterial cell, pro-
vided unique tools for biosensing with electric output signal-
ling.”® For the whole-cell bioelectrochemical sensing, the effi-
ciency of electron exchange between cells and the electrode was
quite essential to maximize the bio-signal transduction.” To
miniaturize the whole-cell bioelectrochemical sensing system,
traditional approaches usually encountered the problems of low
local cell density, sluggish electron exchange, and/or poor

conductivity. Thus, it is still quite challenge to fabricate minia-
ture whole-cell bioelectrochemical sensing system.
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Figure 1. Schematic of the (a) biohydrogel based micro-droplet
sensing and (b) the mechanism for fumarate detection with the
cell-embedding biohydrogel.

Herein, we developed a facile approach to fabricate a cell-
embedded microfiber-like biohydrogel (Fig. S1), and con-
structed a miniaturized capillary tube-based whole-cell bioelec-
trochemical sensing system for fumarate (a biomarker for kid-
ney cancer and food spoilage) detection in 0.2 uL micro-droplet
(Fig. 1a). Inspired by the finding that the electroactive bacterial
cell had the ability to reduce graphene oxide and assemble to
cell-embedding hydrogel,'® a simple method for electroactive
cell-induced graphene hybridized microfiber-like biohydrogel
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fabrication was designed (Fig. 1a). The microfiber-like biohy-
drogel (~1 mm in diameter) that with the support of a micro-
stainless steel wire (~100-150 pm in diameter) was formed un-
der the confinement of a capillary tube (2 mm in diameter) (Fig.
S1). The cells attached on the graphene surface, while the gra-
phene nanosheets would serve as the electron collector to col-
lect the electrons from the electrode and then serve as the elec-
tron distributor to distribute the electrons into the cells with the
transmembrane electron transfer proteins (i.e., MtrCAB/OmcA)
(Fig. 1). Next, the electrons would be passed to the periplasmic
fumarate reductase (FccA) to power the fumarate reduction to
succinate. Thus, a highway for electron flow from the electrode
to the intracellular FccA would be constructed, while the elec-
tron flow could be considered as the indicator of fumarate for
biosensing system design (Fig. 1b).

For confined assembly of the microfiber-like hydrogel in
capillary tube, the cell suspension of Shewanella oneidensis
MR-1 (OD600=8.0 in M9+LB medium) was mixed with the so-
lution of graphene oxide (2 mg/L). Lactate (18 mM) was added
into the mixture to serve as the electron donor for bacterial cell
induced reduction of the graphene oxide.'® After 24 hours incu-
bation, the mixture turned from brown color to black and an-
chored onto the metal wires, which formed microfiber-like hy-
drogel (~1 mm in diameter) (Fig. S2). Strikingly, after taking
the hydrogel out of the capillary tube, the residual medium
turned to colorless, indicating nearly all the cells was embedded
into the biohydrogel. Then, the total cell protein in the biohy-
drogel was quantified and the results indicated that nearly all
the cells were included in the biohydrogel (Fig. S2), confirmed
the excellent cell attraction ability of the biohydrogel. As the
volume of the hydrogel was only half of volume of the cell sus-
pension added, the biohydrogel would guarantee extremely
high local cell density on the metal wire electrode. The confine-
ment was also very crucial to make the hydrogel firmly an-
chored on the surface of the highly conductive metal wire,

which served as the electron collector/distributor for biosensing.

Without the capillary tube confinement, the biohydrogel never
firmly anchored on the metal wire (Fig. S2c).

According to the SEM images, the bare metal wire showed
smooth surface (Fig. S3), while the microfiber-like biohydrogel
showed much rough surface (Fig. S4). After drying, the hydro-
gel layer only showed a thickness of about 10-15 pm that firmed
anchored on the surface of the metal wire (Fig. 2a). It could be
clearly observed that the cells aligned on the surface of the gra-
phene nanosheets (Fig. 2b and Fig. S5). The cell viability was
vital to the function of the biosensor. Thus, LIVE/DEAD stain-
ing was applied to evaluate the cell viability in the biohydrogel.
The results showed that over 99% of the cell is alive (Fig. S6),
guarantying the biosensing ability. The SEM observation and
LIVE/DEAD staining clearly confirmed the presence of the
cells on the graphene nanosheets. Further, XPS and Raman
analyses were used to characterize the biohydrogel. By remov-
ing the surface attached cells with HCI and ethanol, the hydro-
gel was dried by lyophilisation and was subjected to analyses.
The XPS spectrum of graphene oxide showed two clear peaks
that could be assigned to Cls and Ols (Fig. S7a and Fig. 2c),
where the atom ratio of C:O was 74:26. As expected, the oxy-
genated group of the biohydrogel decreased remarkably (the
atom ratio of C:0 was 83:7) (Fig. S7b and Fig. 2d), indicating

the graphene oxide was reduced to reduced graphene oxide by
the S. oneidensis MR-1 cells.!® In addition, the Raman analysis
showed that the Ip/Ig was increased from 0.95 (graphene oxide)
to 1.12 (biohydrogel) (Fig. S8), confirming the graphene oxide
was reduced. Therefore, all these results indicated that the liv-
ing electroactive cells-embedded graphene-hybridized microfi-
ber-like hydrogel was successfully fabricated.
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Figure 2. (a-b) The SEM images of the biohydrogel. The green
arrow in (a) indicates the hydrogel layer, the green and red ar-
row in (b) indicate cell and graphene sheets, respectively. The
XPS spectrum of graphene oxide (c) and biohydrogel (d).

With the aim to construct the electrochemical sensor with the
biohydrogel, the bioelectrochemical activity of the microfiber-
like biohydrogel was characterized. As shown in Fig. 3a, the
biohydrogel showed two redox pairs with large capacitance,
while the suspension cells did not show any obvious redox wave.
Further, the DPV analysis was applied to further confirm the
CV results. It was observed that the biohydrogel exhibited two
dominant peaks that with the similar potential as the CV results
(Fig. 3b). The two redox peaks could be assigned to the electron
mediator of flavins and cytochrome C of S. oneidensis MR-
1.31112 The peak at ~-0.1 to -0.2 V could be assigned to the cy-
tochrome C based direct electron transfer (DET) pathway.!?
However, the DPV of the suspension cell showed a weak peak
at ~ -0.3 to -0.4V due to higher resolution obtained by the DPV
compared to the CV analysis. These results indicated that the
suspension cells employed weak flavins mediated electron
transfer pathway, while the biohydrogel activated cytochrome
C based strong DET for electron exchange between cells and
the electrode. These results implied that the close contact of the
conductive graphene nanosheets networks with the S. onei-
densis MR-1 cells activated the DET, which might greatly im-
prove the electron exchange efficiency between cells and the
electrode (stainless steel wires). In addition, the EIS results in-
dicated that the biohydrogel had a much smaller charge transfer
resistance than suspension cell (Fig. 3¢ and 3d), confirming the
electron exchange efficiency between the electrode and the cells
in biohydrogel was largely improved. Thus, the results proved
that the biohydrogel exhibited excellent bioelectrochemical ac-
tivity, suggesting it would be promising for biosensing applica-
tion.
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Figure 3. The CV (a) and DPV (b) curves of biohydrogel and
suspension cell. The pink arrows indicate the redox waves. The
EIS spectrum of biohydrogel (c) and suspension cell (d) in the
capillary tube.

Next, the whole-cell electrochemical sensing system was es-
tablished in the capillary tube with the biohydrogel. A three-
electrode system was constructed in the capillary tube by using
the microfiber-like biohydrogel as the working electrode,
Ag/AgCl wire as the reference electrode, and the Pt wire as the
counter electrode (Fig. 1a). A 100 pL M9+LB medium was in-
jected into the capillary tube and served as the electrolyte. Due
to the capillary effect, the micro-droplet sample on the glass
sheet could be spontaneously and quickly up-taken into the tube
and subjected for detection (Fig. la). It was reported that S.
oneidensis MR-1 could be used for fumarate sensing (a bi-
omarker for disease and food contamination),” thus fumarate
was selected as the model analyte here. It was observed that,
with the capillary tube system, 0.2 pL. fumarate micro-droplet
sample (500 uM) could induce significant signal output (Fig.
4a). In comparison, suspension cells were also injected into the
capillary tube with the bare stainless steel wire as the working
electrode for fumarate detection. This suspension cell system
could also respond to this micro-droplet sample. However, the
output signal of the suspension system was only 0.11£0.03 pA,
which was 16 times lower than that from the biohydrogel (1.87
£0.09 pA). Biofilm was also considered as another promising
sensing element for sensitive and small sample detection.'?
However, it was quite difficult to form thick biofilm on the
metal wire (after 24 h incubation, the cell protein on the wire
was only ~20 pg, Fig. S2d). As a result, the signal output for
biofilm based sensing system was only 0.03£0.01 uA, which
is 61 times lower than that from the biohydrogel (Fig. 4a). These
results substantiated that this microfiber-like biohydrogel-based
whole-cell bioelectrochemical sensing system was successfully
constructed.

Then, the analytical performance of this microfiber-like bi-

ohydrogel-based electrochemical sensing system was evaluated.

Strikingly, a peak like signal output was obtained when the sam-
ple concentrations in 1 nM, 500 nM and 100 pM (Fig. 4b). It
was in good agreement with previous report that the output sig-
nal resulted from the fumarate reduction to succinate would de-
crease to the baseline once the fumarate was fully reduced.” Im-
pressively, the signal output in response to fumarate addition

exhibited obvious concentration dependent manner. In addition,
as the fumarate added could be quickly reduced to succinate, it
was expected that the sensing system could be used for succes-
sive detection. Thus, successive detection with the single bio-
hydrogel system was tested and a uniform peak array was ob-
tained (Fig. 4c). The result implied this system could be reliable
for on-line/continuous monitoring. Theoretically, the charge in-
jected into the biohydrogel was in proportional to the amount of
fumarate reduced (Fig. S9). Thus, it was likely to quantify
fumarate with this biosensing system by using the peak area as
the output signaling.
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Figure 4. (a-c) Amperometric response of the biosensing sys-
tem to fumarate. (d) Calibration curve for fumarate quantifica-
tion with the biohydrogel.

Therefore, the calibration curve was determined to evaluate
the possibility for fumarate quantification in micro-droplets. As
expected, the peak area of the signal output showed good linear
relationship (R?=0.999) with the fumarate concentrations rang-
ing from 1 nM to 10 mM (Fig. 4d). The limit of detection (LOD,
s/n=3) determined was 0.60 nM, while the limit of quantifica-
tion determined (LOQ, s/n=10) was 25.6 nM. Fumarate was a
key intermediate of tricarboxylic acid cycle and was considered
as the biomarker for fumarate hydratase-associated cancer and
food spoilage.” Thus, various quantification methods have been
developed (Table S1, Fig. 5).7'*17 Compared with the physic-
chemical methods, the current biohydrogel based system
showed ~5000 times and ~50000 times lower LOD than that of
HPLC and chemometric method,'*!* respectively. Compared
with the most sensitive method reported previously (whole-cell
bioelectrochemical sensing system),” the LOD for fumarate de-
tection was decreased ~1380 times by the current biohydrogel
based electrochemical sensing system (Fig. 5). Although the
sensing mechanism for current biohydrogel based system was
similar to previous whole-cell bioelectrochemical sensing sys-
tems,” !* the embedding of the cells into the graphene-hybrid-
ized biohydrogel largely increased the local cell density and
dramatically improved the electron exchange efficiency by ac-
tivating the DET (Figs. 2 and 3). The enhanced local cell den-
sity and reinforced electron exchange might be the explanation
for this high sensitivity. Moreover, the sample volume required
for the current method was the lowest among all the reported
methods (Fig. 5). To the best of our knowledge, this is the only



reported approach for micro-droplets detection of fumarate,
which would be promising for in-situ detection with high spatial
resolution or disease diagnosis with very limited sample.
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Figure 5. Performance comparison between various methods.

To establish the credibility of this newly developed micro-
droplet sensing system, the stability and interferences resistance
were tested. As the S. oneidensis MR-1 cell had excellent low
temperature resistance, it was found that the sensing system
could be stored at 4 °C for 8 days, while the signal output was
still maintained over 85% (Fig. S10). Further, this sensing sys-
tem also showed good reusability. After 30 times reusing, the
signal output of the sensing system was also retained over 85%
(Fig. S11). The sensing response to other chemicals possible co-
existed in the samples such as glucose, citrate, succinate, or ma-
leate was tested respectively. Due to the highly selective inter-
action between fumarate reductase with the fumarate, other
chemicals only resulted in marginal or baseline signal output
(Fig. S12). Further, the interference from bacterial contamina-
tion was a serious problem for biosensing. Thus, the samples
contaminated by Escherichia coli or Pseudomonas aeruginosa
were tested. Impressively, both of the contamination resulted in
negligible effect on the biosensing output (Fig. S13). These re-
sults indicated the developed sensing system was in good sta-
bility and interference resistance, which would be promising for
practical application.

Finally, the sensing system was applied to detect the
fumarate in different samples. Synthetic water samples with dif-
ferent amount of authentic fumarate were tested. The fumarate
concentrations quantified by this developed system were in
good agreement with the real concentration spiked (Table S2).
The recovery of all samples was between 95% and 108% with
the coefficient of variation lower than 8% (n=3). Moreover,
synthetic food spoilage samples and mouse kidney samples
were prepared, tested with the sensing system and compared
with the HPLC analysis. It was found that the sensing results
were in good agreement with the HPLC results, which also
showed high recovery (92%-105%) and low coefficient of var-
iation (<8.5%, n=3) (Table S3). These low coefficients of vari-
ation obtained with biohydrogels fabricated under different
batches and/or different samples substantiated good reproduci-
bility of the developed sensing system (Table S1 and Table S2),
suggesting this developed system was reliable for real applica-
tion.

In summary, a microfiber-like graphene-hybridized cell-
embedding biohydrogel was fabricated by using bacteria-in-
duced self-assembly under the confinement with a capillary
tube. The obtained biohydrogel showed small size, high local
cell density and activated DET. The activation of DET by the
graphene hydrogel enabled excellent electron exchange effi-
ciency between cells and the electrode. As a results, the

biohydrogel exhibited ultra-high sensitivity for fumarate detec-
tion with an LOD of 0.60 nM. In addition, needle-like sensing
apparatus enabled direct detection with small sample volume of
0.2 pL. In comparison with other miniature biosensors, the sim-
ple fabrication process made it promising for application, which
would enable sensitive bioelectrochemical detection in micro-
droplet or in-situ detection with high spatial resolution.
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