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A B S T R A C T   

A high-performance microbial biosensor was fabricated with a reasonably designed biofilm substrate, where the 
aerogel of carbonized Luffa cylindrica (LC) was used as the scaffold for loading biofilm and FeS2 nanoparticles 
(FeS2NPs) were employed to modify this aerogel (FeS2NPs/GelLC). The fabricated FeS2NPs/GelLC exhibited a 
spring-like structure similar with that of the raw LC, which facilitated the linkage of the scaffold and promoted its 
mechanical strength, and further prolonged the service period of the as-prepared biosensor from few days to two 
months. Meanwhile, the introduced FeS2NPs improved the microbial electron transfer of the biofilm and causing 
an increase in the sensor’s signals from 155.0 ± 2.6 to 352.0 ± 17.1 nA and a decrease in the detection limit from 
0.95 to 0.38 mg O L− 1 (S/N = 3) for the detection of glucose-glutamic acid (GGA). More important, the FeS2NPs 
had been demonstrated to have the capability for modulating a persistent shift of the microbial community with 
organic pollutant biodegradability. Compared with the GelLC, the FeS2NPs/GelLC exhibited a promising perfor
mance for measuring the synthetic sewage and real water samples in BOD assay and an increasing inhibition- 
ratio for detecting 3,5-dichlorophenol (DCP) in toxicity assay. Based on the vast resource and renewability of 
LC, this work pave a new avenue for developing high-performance microbial biosensors that are expected to be 
the engineering production.   

1. Introduction 

Microbial sensor is widely used for detecting water contaminations, 
and the microbes are usually fixed on a substrate to form a biofilm-based 
device, where the microbial cells mostly undergo an unnatural envi
ronment [1,2]. The substrate that serves as the habitat for microbes 
mainly determines the biofilm’s properties as well as the biosensor’s 
performances. Generally, two aspects of the substrate can affect the 
properties of the biofilm. Firstly, for using as the scaffold to load and 
support the biofilm, the chemical structure of the substrate should be 
mechanically and chemically stable for a long term usage, porous for 
providing large surface area and facilitating substance diffusion, 
biocompatible to the microbial activity, and readily available for the 
batch production in the industry. Secondly, the surface functionality of 
the substrate directly regulates the microbial adhesion, proliferation, 

colonization, and metabolic activity, which can be enhanced by various 
modified approaches [3]. So far, a wide range of substrate have been 
developed for the microbial immobilization, and they mostly suffer from 
the issues of relatively invalid microbial adhesion, weak activity of 
attached biofilm, poor substance transport, resulting in the restriction of 
the biosensors’ applications in the practice [4]. Therefore, it is highly 
desirable to develop new substrate for promoting the performance of 
microbial sensors. 

In recent years, a sustained interest has been inspired by using the 3D 
carbonaceous materials (3DCMs) as the biofilm substrates due to their 
high surface area, good stability and decent biocompatibility [5–7]. 
3DCMs can be prepared by chemical synthesis or carbonizing biomass 
related derivatives [8]. The synthesized 3DCMs generally get involved 
with some harsh reaction processes, such as high temperature or a large 
amount of chemical agents (e.g., strong acids and bases) that are energy 
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consumption and not environmentally friendly. The prepared polymeric 
materials usually have a closed embedding structure that restrict the 
diffusion of the aqueous medium. In contrast, the biomass-based mate
rials are generally produced by the carbonization of crude biomass 
materials under a facile and benign condition, such as hydrothermal 
carbonization [3]. Especially for those plant-derived biomass materials, 
they are more suitable for using as the scaffold to load biofilm due to the 
microcellular unit of their vascular bundle architecture [9–11]. Thus, a 
lot of plant-derived materials have been developed as the biofilm sub
strates, including wood, coal, coke, nutshell, and so forth [12,13]. Those 
plant resources are extensive and renewable, which is an attractive trait 
from the engineering perspective [14]. 

Modification of the substrate has proved to be an efficient way for 
enhancing the performance of the fabricated biosensors, and three 
classes of the modified materials have been reported by previous works 
[15,16]: 1) carbon-based materials, such as carbon nanotubes [17]; 2) 
metal/metal oxide-based materials, such as FeS2 and platinum [18]; 3) 
conducting polymers, such as polyaniline [19]. Among them, FeS2 is 
found to possess attractive characteristics for modifying the substrate of 
biofilm [20]. FeS2 can mediate the electron-transfer for many dissimi
latory metal-reducing bacteria, who use Fe(III) as the electron acceptors 
[21], while elemental sulfur can also mediate electron-shuttling during 
bacterial iron reduction [22]. Moreover, it is easy to prepare FeS2 that is 
important for further industrial production [23]. 

In this work, we reported the fabrication of a new biofilm substrate 
by carbonizing the fruit of a plant of the genus Luffa (Luffa cylindrica, not 
the loofah sponge) as the scaffold and decorating FeS2NPs simulta
neously. A wide range of characterization techniques have been 
employed to investigate the structures and the properties of FeS2NPs/ 
GelLC aerogel. The microbial community structures in the biofilm were 
studied by high-throughput sequencing (HTS). Particularly, the resul
tant FeS2NPs/GelLC aerogel-based microbial biosensors exhibited a high 
performance for the detection of water contaminations, such as 
biochemical oxygen demand [13] and water total toxicity (WTT). 

2. Experimental 

2.1. Materials 

Graphite was purchased from Alfa Aesar. FeCl3, (NH2)2CS, urea, 
NaCl, K2HPO4⋅3H2O, CaCl2⋅2H2O, MgSO4⋅7H2O, Na2HPO4⋅12H2O, 
KH2PO4, KCl, glucose and glutamic acid were purchased from Beijing 
Chemical Factory (Beijing, China). Peptone and beef extract were 
OXOID products. All of the raw biomass materials were obtained from a 
local supermarket and thoroughly washed by sterile water prior to 
usage. All of other reagents were of analytical grade and used as 
received. The ultrapure water (>18 MΩ) from a Milli-Q Plus system 
(Millipore) were used for preparing aqueous solutions unless otherwise 
stated. The phosphate buffer (PB, pH 7) solution was comprised of 0.12 
M Na2HPO4, 0.08 M KH2PO4 and 0.1 M KCl. 

2.2. Preparation of the biofilm substrate 

A series of carbonized biomass materials, including fresh LC, loofah 
sponge, tea hybridized with sodium alginate (denoted as tea-alg), scal
lion stalk, Chinese cabbage, orange peel and onion were tested and 
compared in this work and they were treated by a similar condition of 
hydrothermal method. In a typical preparation procedure, a crude 
biomass material was cut into about 0.5 cm3 block. 20 mL of modified 
solution composed of 10 mL 0.225 g mL− 1 FeCl3, 10 mL 0.038 g mL− 1 

(NH2)2CS, and 50 μL 28% ammonia was added to immerse the block of 
plant in a Teflon-lined autoclave. The mixture solution was heated at 
180 ◦C for 8 h to form the carbonized biomass-based material with the 
FeS2NPs decorated on it. Then the autoclave was cooled to room tem
perature naturally, and the as-prepared hydrogel was picked out and 
washed thoroughly with deionized water. For the aerogel preparation, 

the as-prepared biomass-based material was freeze-dried to remove 
absorbed water. As for comparison, a same plant block was prepared by 
the similar treated condition but adding of 20 mL ultrapure water to 
replace the modified solutions. The reduced graphene oxide aerogel 
(GelrGO) was prepared according to our previous report [24]. 

2.3. Preparation of biofilm and biosensor 

The biosensor driven by a flow system was fabricated according to 
Scheme S1. The measurements were performed with a CHI 832 elec
trochemical workstation (CH Instruments, Inc., China). The biofilm 
therein was cultured by a laboratory-scale process that was continuously 
fed with LB medium diluted 10 times by PB solution. The controlled 
conditions were carried out with a flow rate of 3 mL min− 1 at 35 ◦C for 
over 48 h. The tested solutions, glucose and glutamic acid (GGA) stock 
and OECD stock, were prepared according to Table S1. The real water 
samples were obtained from a local lake, Chagan. The measured 
endpoint of the biosensor was the current signal recorded by the elec
trochemical workstation under i-t curve mode at the Au working elec
trode. The changes of the current signals were caused by the fluctuation 
of dissolved oxygen (DO), which was the electron acceptor of the mi
crobial respiration. 

2.4. Microbial morphologies and LIVE/DEAD assay 

The microbial cell viabilities were analyzed with the LIVE/DEAD 
BacLight bacterial viability kit (No. L13152). The staining procedure 
was conducted according to the manufacturer’s instruction. Confocal 
laser scanning microscopy (CLSM, Nikon, C2, Japan) was used to image 
the microbial morphologies and structures of the biofilm. The ultrathin 
sections (Leica UC 6 microtome, Leica, Austria) of microbial cells, 
transmission electron microscopy (TEM, H-7650 TEM, Hitachi, Japan) 
and scanning electron microscope (SEM, XL30 ESEM, Philip, Holland) 
analyses were operated according to our previous report [25]. The 
high-resolution TEM (HRTEM) images were obtained with a JEM-2010 
apparatus operating at 200 kV, equipped with an energy-dispersive 
spectrometer (EDS). 

2.5. Microbial communities in the biofilms 

Before and after operations of the biosensor, a piece of the biofilm 
was cut and picked out for microbial community analysis by HTS 
technique. A detailed description of the total DNA extraction, poly
merase chain reaction (PCR) amplification reaction, 16S rRNA gene 
amplification, sequencing, and data processing were mainly referenced 
the previous study [26–28]. Specifically, PCRs were run on an ABI 
GeneAmp-9700 PCR instrument. KAPA HiFi Hot start DNA Polymerase 
(Kapa Biosystem KE2501) was used for amplifying. Amplicons were 
extracted from 2% agarose gels and purified using an AMPure XP Beads 
(Beckman Coulter). The DNA samples were stored at − 20 ◦C and 
analyzed within 3 months. Illumina HTS was performed on a NovaSeq 
platform (Illumina, USA). The raw reads were demultiplexed and 
quality-filtered by using QIIME (v1.9.1) [29]. 

3. Results and discussion 

3.1. Characterization of the FeS2NPs/GelLC 

The structures of as-prepared aerogel were first characterized by 
SEM. As shown in Fig. 1a, the original frameworks with sheet and 
spongy shapes of the LC were remained and further interconnected into 
a continuous 3D macroporous structure with the pore diameters of 
10–50 μm, which was a favorable space for loading microbial biofilm 
and facilitating the diffusion of aqueous medium. After the modification 
by FeS2NPs, the material morphologies were kept well (Fig. 1b). Since 
the FeS2NPs could not been clearly imaged by SEM, all of the materials 
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with FeS2NPs were therefore imaged by TEM in the following work. In 
the EDS pattern of FeS2NPs/GelLC (Fig. 1c), the aerogel mainly con
tained C and O with the atom percent of 76.67% and 21.20% (inset in 
Fig. 1c), respectively, indicating a high carbonization degree of the as- 
prepared material. Beyond that, the elements of Fe and S were also 

observed in the EDS spectra. In Fig. 1d, the TEM image shown that the 
FeS2NPs were uniformly deposited on the GelLC scaffold. The charac
teristic XRD pattern (Fig. 1e and an only GelLC pattern in Figure S1) 
further indicated that the synthesized FeS2 possessed a single-phase 
marcasite [30]. HRTEM images (Fig. 1f–j) exhibited that the FeS2NPs 

Fig. 1. Morphological and structural characterizations of GelLC. Representative SEM images for GelLC (a) and FeS2NPs/GelLC (b). Insets, amplifications for exhibiting 
the special structures. EDS spectra (c). Inset, the corresponding elemental contents and elemental mapping images for S and Fe. TEM images (d) and XRD pattern (e) 
of FeS2NPs/GelLC. HRTEM images and lattice spacing of the FeS2NPs (f and g). Corresponding FFT pattern (h) and lattice spacing (i and j). 

Fig. 2. SEM images of the microbes deposited on the FeS2NPs/GelLC (a). Inset, amplification for exhibiting the special structures. I-t current signals for measuring 
GGA20 solution (b) by the biosensors based on, GelLC, FeS2NPs/GelLC, Geltea-alg (red), FeS2NPs/Geltea-alg (purple), Geltea-alg-PVA-g-4VP (blue) and FeS2NPs/Geltea-alg-PVA- 

g-4VP (yellow) biofilms. The service period of the biosensors based on FeS2NPs/GelLC, FeS2NPs/Geltea-alg (red) and FeS2NPs/Geltea-alg-PVA-g-4VP (blue) (c). SEM images 
of Geltea-alg (d) and Geltea-alg-PVA-g-4VP (e). TEM images of FeS2NPs/Geltea-alg (f) and FeS2NPs/Geltea-alg-PVA-g-4VP (g), and the corresponding biofilm SEM images (h) and 
(i). GGA20, 20 mg L− 1 of BOD value for the GGA solution. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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were 5–10 nm and the crystal lattice spacing values were 0.28 nm and 
0.38 nm corresponded to the (110) and (200) planes of the FeS2 [31]. 
The present results indicated that the FeS2NPs/GelLC had been suc
cessfully prepared. The uniform morphologies and sizes of the FeS2NPs 
were helpful for their reproducible properties in the engineering pro
duction [20]. Furthermore, to evaluate the biocompatibility of this 
aerogel, the microbes freshly cultured by flask were directly dropped 
onto the FeS2NPs/GelLC and their morphologies were kept well (Fig. 2a). 
Beyond that, some wire-like structures of the deposited microbes were 
observed (inset in Fig. 2a), which appeared like the microbial nanowires 
(or pili) or likely formed by some extracellular substances [32]. 
Nevertheless, these structures were useful for tethering the microbial 
cells to the surface of substrate, and thereby helpful for the biofilm 
formation in the subsequent steps. 

3.2. Rationality for GelLC as the biofilm scaffold 

Before adopting GelLC as the scaffold material, a series of other 
blocky plants were actually compared to prepare aerogel materials and 
used as the microbial substrate (Table S2). The criterion for choosing 
these materials was economic, cellulose-rich and blocky. Besides, gra
phene oxide (GO) was also employed because of the widespread atten
tion paid to it and its derivatives. These materials were treated by the 
same procedures of the carbonization and characterization for GelLC 
(Figure S2) and their properties were listed in Table 1. Obviously, the 
properties of GelLC and Geltea-alg were better than the others for fabri
cating the biosensor with a very small chamber, about 0.5 cm3 in this 
work, which was useful for measuring the samples with a small amount. 
Herein, the biosensor was used for detecting water contaminations, 
including BOD and WTT. The detail measuring and calculating pro
cedures were shown in Scheme S1. The relationship between the mi
crobial morphologies of the biofilms and the net current (ΔI) of the 
measured signals by the biosensors were studied (Fig. 2b). After modi
fying by FeS2NPs, the ΔIs obtained by GelLC biosensor and Geltea-alg 
biosensor were increased from 155.0 ± 2.6 nA to 352.0 ± 17.1 nA and 
from 171.3 ± 6.4 nA to 339.9 ± 12.5 nA, respectively, implying the 
FeS2NPs was helpful for the electron transfer of the biosensor. A linear 
detection range of 2–30 mg O L− 1 can be deduced for detecting GGA 
standard solutions of BOD by both biofilm with a detection limit of 0.38 
and 0.95 mg O L− 1 (S/N = 3) for FeS2NPs/GelLC and GelLC biofilm, 
respectively. However, the signals by the Geltea-alg biosensor was sharply 
decreased in a few days (Fig. 2c). By checking the biosensor, it was found 
that the Geltea-alg substrate was dispersed into some fragments and lost 
via the flow system (Figure S3). To elucidate the reason for that, the 

distinct structures of these two materials were compared and some 
spring-like architectures were observed for the GelLC SEM images (inset 
in Fig. 1a). These structures could be destroyed under the harsh pre
pared conditions (Figure S4), and resulting in a low mechanical strength 
of the resultant carbonized material, indicating the spring-like structures 
might act the linking and supporting functions for keeping the GelLC 
frameworks. To confirm that, the copolymer of poly(vinyl alcohol-g-4- 
vinylpyridine) (PVA-g-4VP), that had the similar linking function due 
to its grafted long chain, was employed to improve the interconnection 
of Geltea-alg (to form the Geltea-alg-PVA-g-4VP). By comparing Fig. 2d and e, 
the interconnections of the aerogel Geltea-alg-PVA-g-4VP were more tightly 
than that of Geltea-alg, and the activity of the biosensor had been pro
longed to 2 months (Fig. 2c). But the current signals were actually 
reduced from about 400 nA to 180 nA in the wake of hybridization with 
PVP, despite the FeS2NPs had been deposited on the material (Fig. 2f and 
g) and the biofilms had also been successfully cultured (Fig. 2h and i). 
The properties of the GelLC, Geltea-alg and their derivatives were sum
marized in Table 2, and it was clear that FeS2NPs/GelLC was the best. 
Combining these results together, the GelLC was better than the other 
tested materials used as the scaffold for fabricating biosensor in this 
work and the its spring-like structures were beneficial for keeping its 
mechanical strength in the long term service period of the biosensor. 

3.3. Functions of the modified material FeS2NPs 

Furthermore, the reason for the high performance of the FeS2NPs 
modified substrate was explored by a multistep analysis. First of all, the 
microbial masses loaded on the substrates were weighed, and 25 mg 
cm− 3 and 20 mg cm− 3 were obtained for GelLC and FeS2NPs/GelLC, 
respectively (Table 2 and Fig. 3a), suggesting that the adhesion of mi
crobes on the substrate was slightly inhibited upon forming FeS2NPs. 
However, we note that the current signals obtained by the FeS2NPs/ 
GelLC biosensor was higher than that by GelLC only. Thus, the microbial 
activities in the biofilms were examined via the LIVE/DEAD assay 
characterized by CLSM, where SYTO9 was used for staining the live cells 
and PI for the compromised cells. As shown in Fig. 3b and c, the mi
crobes in the FeS2NPs/GelLC biofilm stained by PI were over 90%, while 
about 85% for GelLC, indicating the microbes in the both biofilms were 
almost sacrificed, however, both two biosensors still exhibited signifi
cant signals for measuring organic substances. By combining the results 
in these two experiments, there were two issues were needed to be 
explained: a) The PI stained ratio and the current signals measured by 
the two biosensors were contradictory. b) The biofilm property on GelLC 
seemed better than that on FeS2NPs/GelLC, but in contrast, the perfor
mance of FeS2NPs/GelLC biosensor was better. 

To discuss the issue a), the ultrathin sections of the microbes in these 
biofilms were imaged by TEM. Comparing with the freshly cultured 

Table 1 
The properties of different materials were compared for loading of biofilm and 
fabricating of biosensor.  

Raw 
materials 

Formation of 
aerogel 

Install in 
biosensor 

Microbial 
mass in 
biofilm 

Diffusion of 
aqueous 
medium (b) 

onion No – – – 
loofah 

sponge 
Yes no(a) – – 

scallion 
stalk 

Yes yes Low – 

cabbage yes yes Low – 
orange 

peel 
yes yes Low – 

GelrGO yes yes High bad 
tea-alg yes yes High good 
LC yes yes High good  

a The material was broken by cutting into 0.5 cm3 block to match the chamber 
of the sensor. 

b The diffusion of aqueous medium was evaluated by the amount of the water 
flowed through the sensor and the two materials with the highest water volume 
were signed as good. -, no. 

Table 2 
The properties of the substrates by carbonizing of the LC, tea-alg and their 
derivatives.  

Materials Properties of materials Properties of microbes or biofilms 

Stability in 
this worka 

Microbial 
masses (mg 
cm− 3) 

PI 
% 

Current 
signals ΔI 
(nA) 

Service 
period 
(days) 

Geltea-alg good 20 ± 5 85 120 10 
FeS2NPs/ 

Geltea-alg 

good 20 ± 5 85 400 60 

FeS2NPs/ 
Geltea-alg- 

PVA-g-4VP 

good 5 ± 5 85 180 60 

GelLC good 25 ± 5 85 120 60 
FeS2NPs/ 

GelLC 

good 20 ± 5 90 400 60  

a The stability of a material was defined by checking the state after a week of 
test period. If a material was intact and not broken, its stability was good. 
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microbes (Fig. 3d), the microbial cells in the both biofilms were changed 
seriously (Fig. 3e and f). The CLSM results indicated that all of the mi
crobes in the present biofilms were “death” or “near-death”. These re
sults were just same with that reported by our previous work that these 
microbes had got a viable but with PI permeable membranes state, 
which was neither live nor death, but between them, and it was bene
ficial for long term application of the biosensor [25]. Additionally, in the 
CLSM images, the microbial cells had no a hard edge due to that it was 
surrounded by some extracellular polymeric substances (EPS) [33]. It 
was a fundamental component and determined the physiochemical 
properties of the biofilm, because the redox molecules from the tested 
solutions could diffuse in the EPS and were involved in transferring 
electrons between cells and electron donors/acceptors, and thus leading 
to an enhanced current signals [32]. Prudently, the electron transfer 
across the biological and non-biological interfaces was complex and 
more deep evidences should be explored and discussed in the future. 

Herein, to understand the reason for the performance of FeS2NPs/ 
GelLC biosensor better than that of GelLC (the issue b mentioned above), 
the microbial communities and their functions in the biofilms were 
analyzed by gene sequencing technique. The dominated phyla were 
commonly environmental microbes and without significant distinctions 
between the three samples, a real water sample (signed as B), and the 
biofilms in GelLC or FeS2NPs/GelLC sensors for measuring the water two 
weeks (Figure S5). Then, the class level was analyzed, the OTUs 
belonging to Proteobacteria (34.6%), Bacilli (16.7%), Deltaproteobacteria 
(14.2%) and Betaproteobacteria (12.0%) in the sample B were almost 
remained in the GelLC biofilm as 25.4%, 5.9%, 29.1% and 18.8%, 
respectively, and were changed in the FeS2NPs/GelLC biofilm as that 
Betaproteobacteria had increased 33.9% (Figure S6). This class included 
the groups of Gram-negative aerobic or facultative bacteria that often 
have versatile degradation capacities [34,35], which could be helpful 
for increasing the biodegradability of the FeS2NPs/GelLC biosensor. For 
the family and genus levels, the sequences with more than 1% were 
organized into a circle diagram in Fig. 3g. Family Vibrionaceae and genus 
Vibrio were significantly reduced in the process of the sensor operation. 
These microbes had been used as the biocontrol agents or the living 
antibiotics against harmful bacteria in the aquaculture industry due to 
their unique bactericidal ability [36,37], which was accordant with the 
fishing function of Chagan Lake. These species were primarily a result of 
the bio-addiction in the industry and could not be sustainably kept, and 

thus they were lost in the operated period [38]. Additionally, the family 
Rhodocyclaceae was significantly enhanced with the operation process of 
the FeS2NPs/GelLC sensor. This result indicated that Rhodocyclaceae 
might play an important role in pyrite-oxidizing denitrification, which 
was similar as the previous report that Rhodococcus excreted the 
menaquinone-related electron shuttles and facilitated for electron 
transfer [34,39]. Moreover, the species Helicobacteraceae and Porphyr
omonadaceae had been reported to have more activity for degrading 
organic matter [40], which were also annotated with an increased trend 
in the FeS2NPs/GelLC biofilm. The present results indicated that the 
microbial community structure was a key factor for impacting the per
formance of the as-prepared biosensor and the communities in the 
FeS2NPs/GelLC biofilm were more suitable for degradation of organic 
substances. 

3.4. Applications of the FeS2NPs/GelLC biosensor 

The increase of the microbes for nitrogen transformation is condu
cive to the degradation of N-containing compounds, which is more 
useful to reflect the real contamination of water samples. Herein, a 
biofilm reactor based on GelLC or FeS2NPs/GelLC was then integrated 
into a BOD instrument developed by our group and commercialized by 
our cooperative partner (detail in Figure S7). The Organisation for 
Economic Cooperation and Development [41] synthetic sewage feed 
(Table S1) that had more complex components than GGA and highly 
biology difficult to be degraded was measured by the present sensor. As 
shown in Fig. 4a, the results obtained by FeS2NPs/GelLC sensor was 
obviously better than that by GelLC sensor, and the slope of the linear 
fitting equations was increased from 4.2 to 14.9 μA/mg L− 1, it was 
benefit by the large current measured by the FeS2NPs/GelLC biofilm. 
Beyond that, the large current measured signal was also helpful for the 
sensitive detection of some toxic substances. For example, the inhibition 
ratio for detecting of DCP was increased from 18.6% by the GelLC sensor 
to 57.9% by the FeS2NPs/GelLC sensor (Fig. 4b, inhibition calculation 
Eq. S1). Additionally, for measuring the real samples from a local lake 
(Chagan Lake), the current signals by FeS2NPs/GelLC biosensor shown a 
fitted results with the standard 5-days method (Pearson’s coefficient 
0.9985 and R2 = 0.996 in Fig. 4c). The present results indicated that the 
FeS2NPs/GelLC biofilm was fully competent for the practical usages and 
the biosensor had high performances. 

Fig. 3. Microbial mass loaded on the GelLC and on the FeS2NPs/GelLC (a). CLSM images for the GelLC biofilm (b) and FeS2NPs/GelLC biofilm (c). TEM images of the 
refresh cultured microbes (d), the microbes from GelLC biofilm (e) and FeS2NPs/GelLC biofilm (f). Relative abundances of major bacterial groups at family levels with 
sequence percentage >1% (g), from inner ring to outer ring were real water sample, the biofilms on GelLC and FeS2NPs/GelLC for measuring the water two weeks. 
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4. Conclusions 

A high performance biosensor for measuring water contaminants 
was fabricated by employing FeS2NPs/GelLC as the substrate of biofilm. 
The marrying FeS2NPs with GelLC in the form of a composite offered a 
series of benefit in terms of the following, GelLC was an ideal candidate 
used as the scaffold to load and support a biofilm. 1) It was a fibrous 
matrices with the inherent void volume, permeability and low cost that 
make it particularly attractive. The carbonized process was nearly green 
synthesis. 2) The special spring-like structure of GelLC had been 
demonstrated to play the linking and supporting acts for it used as the 
scaffold of biofilm. 

FeS2NPs had two functions in the present work. 1) It externally 
improved the microbial electron transfer of the biofilm and thereby 
enhanced its metabolic activity for catalyzing the organic matter as well 
as the performance of as-prepared biosensor. The high activity state of 
the biofilm was more sensitive toward the additionally toxic chemicals, 
which was benefit for the toxicity assay (or risk assessment) in the 
environmental field. 2) It had the impact on the microbial community 
structure and made it more suitable for reflecting the real contamination 
of water samples. Our work paved the key step for developing high- 
performance, tractable and ultimately engineering biosensor for prac
tical application. 
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