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A fluorimetric nitrite biosensor with
polythienothiophene-fullerene thin film
detectors for on-site water monitoring†

Nuno Miguel Matos Pires,a,b,c Tao Dong *b and Zhaochu Yanga

A novel fluorimetric sensor for highly sensitive nitrite detection on the site is presented in this study. The

proposed on-chip approach comprises the use of integrated polymer photodetectors to detect light from

fluorescence reactions with a diaminofluorescein probe. The detectors were prepared with a heterostruc-

tured nanofilm of polythieno[3,4-b]thiophene/benzodithiophene and (6,6)-phenyl-C71-butyric-acid

methyl-ester as a photoactive layer. Prior to fluorimetric detection, the quality of the spin-coated photo-

active layer was characterized via nano-morphology and current-density measurements. Nitrite assays

were conducted on a poly(methyl methacrylate) microchannel chip, to which polythienothiophene-C71

based detectors were aligned. Results of signal-to-noise ratio determination have indicated a detection

limit below 0.55 μM, lower than the 0.1 mg L−1 maximum limit of operation in recirculating aquaculture

systems for farming Atlantic salmon Salmo salar. An increase of the nitrite concentration to toxic levels

may therefore be possible to detect. The fluorimetric sensor exhibited good linearity over three orders of

magnitude and acceptable detection reproducibility, which confirmed its analytical value. Further tests

revealed great promise of the integrated biosensor device for detecting nitrite in aquaculture-relevant

samples with high precision. The approach reported hereby may provide impetus to in situ analytical tools

for monitoring water quality at aquaculture facilities, the food industries or water monitoring stations.

1 Introduction

Elevated concentrations of nitrite (NO2
−) are particularly critical

in a reducing water environment.1–3 A recirculating aquaculture
system (RAS) is a typical case of a reducing water environment,
where uncontrolled levels of NO2

− pose a risk of toxicity to
farmed fish.4,5 Toxic levels of NO2

− in a RAS may result from
the imminent failure or malfunction of the biofilter converting
ammonia to nitrate. The principal consequence of NO2

−

accumulation is the oxidation of haemoglobin, making it

impossible to bind oxygen molecules. The oxidized form of hae-
moglobin is named methaemoglobin, and severe methaemo-
globinemia or “brown blood disease” can lead to reduced
growth and even high mortality to fish.6–8 In practice, NO2

− is
maintained below 1 mg L−1 concentrations for different fish
species reared in water run in a commercial RAS.9 Moreover,
human exposure to elevated NO2

− levels can incur noxious
health problems including, among others, infant methaemo-
globinemia, and cancer in the digestive tract due to the for-
mation of carcinogenic nitrosoamines by the reaction of nitrite
with proteins.2,10,11 The guideline value of NO2

− set by the
World Health Organization (WHO) is 3 mg L−1 in water.1

The detection of NO2
− in water has been conducted using

several biosensors and analytical methods over the past
few years. The detection techniques encompass, among
others, chromatographic,12,13 spectrophotometric,14–16 electro-
chemical,17–19 chemiluminescence,20,21 and fluorimetric
detection.22–24 Although the recent progress in these tech-
niques has demonstrated good detection sensitivities for
nitrite, the fluorimetric detection still remains the technique
with higher attractiveness due to its easy procedure, low detec-
tion limits, high selectivity and low-cost.23 The fluorimetric
sensor is based on the detection of fluorescence intensity
changes via reactions with a fluorescent probe.25,26
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The analysis of the fluorescence intensity is acknowledged
to be a valuable analytical procedure for water quality manage-
ment in fish farms.27 It has been used to rapidly measure pro-
teins, chlorophyll or other organic compounds which, in com-
bination with the traditional measurement of physicochemical
parameters (i.e. temperature, conductivity, color, etc.), enables
a more robust analysis of aquaculture water quality. Despite
this, the spectrophotometric method is still the common
method for NO2

− detection in a RAS.5,28,29 The used method
involves the standard diazotization reaction of NO2

−, coupled
with absorbance measurements of a coloured product.
Moreover, these absorbance measurements have been con-
ducted using bench-top spectrophotometers,28,29 which are
currently obsolete in the market or still available with large
dimensions and high-cost. Nevertheless, the fluorimetric tech-
nique so far applied to aquaculture water analysis still uses
expensive and bulky fluorescence spectrometers, in which con-
ventional photomultiplier tubes (PMTs) are incorporated.27

Inexpensive optical biosensors may find a great opportunity
in the aquaculture field, where demands are increasing for
low-cost in situ technology.30 A way to ensure low-cost of
optical biosensors is to integrate organic photodetectors
(OPDs).31,32 OPDs exhibit advantages over conventional PMTs
or digital cameras in terms of versatility of fabrication and
used materials, price, portability and compactness of the
devices. OPDs can be fabricated by simple spin-coating or
printing techniques, involving low temperature deposition of
thin organic films. Moreover, the flexibility in the size and
shape of the OPDs facilitates the optical alignment in micro-
fluidic biosensors dedicated to chemiluminescence and fluori-
metric detection.33–35 Meanwhile, a biosensor integrating
OPDs and a microfluidic chip can detect analytes utilizing
only few volumes of samples and reagents, while retaining
high detection sensitivity.33,34 A typical device architecture of
an OPD comprises an anode, an anode interfacial layer, a
cathode, and a cathode interfacial layer, besides the photo-
active layer. The simplicity of the OPD devices enhances the
miniaturization and portability of biosensors. This type of bio-
sensor would empower aquaculture producers with new tools
for the analysis of NO2

− or other important contaminants at
the site.

The photoactive thin-film layer of the OPD determines the
spectral response of the corresponding biosensor. It comprises
n-type and p-type organic species, acting as electron donors
and electron acceptors, and are deposited either with a layered
structure (planar heterojunction, PHJ) or from a blend mixture
(bulk heterojunction, BHJ). Both OPD types have been reported
in microfluidic biosensors for fluorimetric detection, includ-
ing PHJs of pentacene and fullerene-60 (C60) or copper
phthalocyanine (CuPc) and C60,

31,36 and BHJs of tris[4-(5-phe-
nylthiopen-2-yl)phenyl]-amine (TPTPA) and fullerene-70 (C70)
or poly(3-hexylthiophene) (P3HT) and (6,6)-phenyl-C61-butyric-
acid methyl-ester (PC60BM).35,36 Recent advances in organic
solar cell technology have revealed novel heterojunctions of
superior quantum efficiency, such as the BHJs of polythieno
[3,4-b]thiophene/benzodithiophene (PTB7):PC70BM or other

heterojunctions of polythiophene derivatives and PC70BM.37,38

Despite the potentially high sensitivity, the PTB7:PC70BM OPD
has not yet been demonstrated in biosensors. Moreover, there
is a trend in OPD research towards “all-solution-processed”
devices.39 Therefore, while the anode interfacial layer is typi-
cally made of spin-coated poly(ethylenedioxythiophene):poly-
styrene sulphonate (PEDOT:PSS), the traditional Ca cathode
interlayer shall be replaced by a solution-processed organic
material.40

An integrated nitrite biosensor with PTB7:PC70BM OPDs is
presented in this work. The OPDs with all-polymer interlayers
were used to measure fluorescence signals, as a result of a
nitrite assay with a diaminofluorescein-based probe. The
fluorimetric assays were conducted on the surface of a trans-
parent microfluidic chip, aligned to the OPD pixels of the
photodetector chip. NO2

− was detected to a submicromolar
concentration, and the experimental results indicated the suit-
ability of the novel biosensor in monitoring NO2

− in aquacul-
ture-relevant water samples. Furthermore, the obtained detec-
tion limit was comparable to those of other recently reported
biosensors dedicated to nitrite detection.

2 Experimental
2.1 PTB7:PC70BM OPD with all-polymer interlayers

The detector was prepared on a glass substrate with pre-pat-
terned indium tin oxide (ITO) anodes (100 nm thickness). The
ITO/glass chip was cleaned with deionized (DI) water, acetone
and isopropanol in sequential steps under sonication,
and pre-treated with oxygen plasma (50 W, 6 min). The sub-
sequent deposition processes of the polymer layers were con-
ducted in a nitrogen-filled glove box. The anode interlayer
made of 40 nm-thick PEDOT:PSS (Sigma-Aldrich, St Louis,
MO, USA) was prepared onto ITO/glass via spin-coating, and
dried at 150 °C. The deposition of the photoactive layer of
PTB7:PC70BM (∼100 nm thick) was followed by spin-coating
from a solvent mixture. PTB7 and PC70BM (Sigma-Aldrich,
both processed as received) were mixed with a concentration
ratio of 10 mg L−1 to 15 mg L−1 in o-dichlorobenzene contain-
ing 1,8-diiodoctane (3% v/v). The cathode interlayer was made
of linear polyethylenimine (L-PEI). A solution of 0.01 wt%
L-PEI in methanol was spin-coated onto PTB7:PC70BM, after
pre-treatment of the BHJ.39 Baking (90 °C, 15 min) was applied
to the device following L-PEI deposition, and thermal vacuum
evaporation was finally used to form the Al cathodes (100 nm
thickness). The fabricated device was packaged using epoxy
under UV light. Measurements with the PTB7:PC70BM OPD
were performed using a 2600-type Keithley dual-channel
source measure unit. The OPD was characterized under
irradiation from a xenon lamp coupled with a standard
AM1.5 global filter, for current density characterization, and a
monochromatic light-source equipment for external quantum
efficiency (EQE) determination. A white-light LED (Thorlabs
Inc., Newton, NJ, USA) was also used for photocurrent
characterization.
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2.2 Microfluidic chip with functionalization

The transparent microfluidic chip was made of poly(methyl
methacrylate) (PMMA). The chips were mainly processed by a
precise CNC milling process. Different end milling cutters
have defined the profile and fluidic structures of the PMMA
chip. Fig. 1 shows the chip structures, including one main
port (3 mm diameter, 1 mm depth), eight tiny ports (1 mm
diameter), eight microchannels (4.5 mm length, 0.2 mm
depth) and eight reaction chambers (∼3.6 mm diameter).

The PMMA chips were cleaned with ethanol in an ultra-
sonic bath, and functionalized by pegylation prior to conduct-
ing the fluorimetric assays. Channels and chambers of the
chips were pre-treated with oxygen plasma, and interacted
with silane-poly(ethylene glycol) (Nanocs). Silane-poly(ethylene
glycol) in stock solution was applied to the chips, and allowed
to incubate at room temperature for a time not less than
30 min. The device was further rinsed with DI water to wash
out the unreacted content, and later sealed with sterile pierce-
able cover foil (ThinSeal-type, EXCEL Scientific, Victorville, CA,
USA). The treatment based on poly(ethylene glycol) was to
enhance the surface hydrophilicity for the channels and
chambers. Prior to fabrication and surface modification of the
PMMA chips, the pegylated microfluidic structures were simu-
lated with a finite element based simulation tool (COMSOL
Multiplysics™).41 Flow distribution along with dimensioning
of the microfluidic structures were optimized with the software.

2.3 Fluorimetric detection apparatus and protocol

NO2
− was detected in the reaction chambers of the PMMA

chip. The fluorimetric assay utilized a diaminofluorescein-2
(DAF-2) probe25 to obtain a highly fluorescent product
(450 nm) in the presence of nitrite. For the assay, approxi-
mately 150 μL of a Measure-iT™ quantitation reagent
(Invitrogen™ Molecular Probes™), previously diluted with DI
water, were loaded to the chip, and allowed to enter the reac-

tion chambers. Any excess of the quantitation reagent in the
chambers was removed through the tiny ports. Furthermore,
the sample was added to the chambers subjected to the test
and incubated at room temperature. The assay was completed
by adding a Measure-iT™ developer to the target chambers.
The PMMA chip was subsequently aligned to the OPD-glass
chip for the fluorescence measurements (see Fig. 1).

The increase in the fluorescence intensity due to NO2
−

detection was measured as the photocurrent with the OPDs.
The glass chip containing the OPDs was placed onto a two-axis
linear stage with rotating function, and a customized optical
bandpass filter (ET 470/40x, Chroma Technology Co., VT, USA)
was arranged between the glass chip and PMMA chip. A black-
transparent sheet, with circular openings for the OPD active
areas (∼0.1 cm2), was added to the glass surface opposite to
the OPDs prior to the alignment of the parts. For the measure-
ments, the excitation light from a 365 nm LED light source
was directed to the center position of the reaction chamber
using a standard optical fiber. The position of the OPD pixels
was finely adjusted so as to ensure perfect alignment of the
photoactive areas of the OPDs to the corresponding chambers
of the PMMA chip. Fluorescent light passed through the pin-
holes of the black-transparent sheet reaching OPDs, while the
sheet prevented interference from stray light. The detection of
nitrite in one sample was conducted in duplicate reaction
chambers, each one coupled with a LED and an OPD, with the
photocurrent measured by the source measure unit. Recorded
data were transferred from the source measure unit to a com-
puter using a USB/GPIB interface adapter.

3 Results and discussion
3.1 Optoelectronic characterization

The fabricated OPD with the photodiode structure ITO/
PEDOT:PSS/PTB7:PC70BM/L-PEI/Al is shown in Fig. 1(a). The

Fig. 1 Fluorimetric biosensor with PTB7:PC70BM OPDs integrated with a microfluidic chip. (a) Scheme of the integrated biosensor depicting a
cross-section of the parts (layers not to scale). (b) Photographs of main device layers. (c) Scheme of the experimental setup for fluorescence
measurements in a chamber. A representation of connections between the integrated biosensor and exterior is schematically presented.
Abbreviations: NUV – near ultraviolet; VIS – visible; and LED – light emitting diode.
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polymer interlayers made of PEDOT:PSS and L-PEI were used
to facilitate hole transport and electron transport, respectively,
from the BHJ layer to the measuring electrodes. In particular,
the L-PEI interlayer has replaced the traditional Ca-based elec-
trode which is often associated with decreased device stability.
Spin-coated L-PEI was hereby combined with the stable Al
cathode, and the enhanced stability along with the enhanced
use of spin-coating make these OPDs very interesting devices
for in situ sensing with low cost. Furthermore, it has been
shown in a previous study that no obvious degradation in per-
formance was encountered with L-PEI cathodes in comparison
with Ca analogues.38

The current–voltage ( J–V) characteristics of the ITO/PEDOT:
PSS/PTB7:PC70BM/L-PEI/Al device are plotted in Fig. 2(a). Light
detection was denoted by the significant difference in the
measured current from tests in the dark to those conducted
under irradiation from a visible-light simulator (xenon lamp
with an AM1.5 filter). Approximately 14 mA cm−2 in current
was obtained by operating the OPD with no bias voltage (short-

circuit conditions), thereby indicating the sensitivity of the fab-
ricated sensor to visible light. The high short-circuit current
density ( Jsc) is often associated with BHJ films of low surface
roughness.42 Atomic force microscopy (AFM) was utilized to
characterize the topography of the fabricated BHJ film (see
Fig. S1 in the ESI†). The film exhibited a homogeneous
surface, with low roughness (root mean square of ∼19 Å),
which indicated the good quality of the fabricated BHJ.
Moreover, from the measured Jsc, the EQE was determined as a
function of the incident wavelength from a monochromatic
light source.34 The EQE exceeded 60% for wavelengths over
430 nm within the visible-light spectrum (Fig. 2(b)). This
included the wavelength of 450 nm as the targeted wavelength
to detect in the assays. The wide visible spectrum sensitivity of
this OPD would also make it amenable for other fluorimetric
assays22,24,43 besides the nitrite detection method exploited in
this work.

The photocurrent response was also analysed before and
after the PMMA microfluidic chip was modified with silane-
poly(ethylene glycol). A white-light LED, with a peak lumine-
scence near 450 nm, was employed to illuminate an OPD
aligned below the microfluidic chip. There was no notable vari-
ation in the Jsc between illuminating pegylated and non-pegy-
lated surfaces. Besides, the pegylation treatment introduced
no significant effect to the background noise current of the
OPD, thereby having no significant influence on the overall
signal-to-noise ratio (SNR). Nevertheless, the poly(ethylene
glycol) surface modifier conferred better wettability to the
microfluidic channels and chamber surface. The silane term-
inals were decisive for the attachment of the poly(polyethylene
glycol) modifier onto the PMMA surface, as silanes covalently
bind to hydroxyl groups added to the surface after pre-treat-
ment with oxygen plasma.33

3.2 Fluorimetric detection of nitrite

The first fluorimetric assays conducted with the pegylated
PMMA chip and PTB7:PC70BM OPD chip were to estimate the
lowest time necessary to achieve sensitive detection. The
assays have targeted samples of 4.4 μM nitrite, and the fluori-
metric measurements were performed applying reverse bias
voltages to the photodetector. SNR responses are shown in
Fig. 3(a), where the detection time corresponds to the time for
sample incubation and addition of the developer. The photo-
current was measured immediately after adding the developer.
The results suggested a detection time of 14 min to achieve a
superior SNR, while the response of the biosensor did not sig-
nificantly vary for greater detection times. Fig. 3(a) also shows
the degradation in the SNR from applying a reverse bias. This
observation was in agreement with the increase in the dark
current of the OPD.

The biosensor exhibited a linear detection range of three
orders of magnitude (in mg L−1). The linear region of the bio-
sensor response is plotted in Fig. 3(b). The limit of detection
(LOD) was below 0.55 μM (∼0.025 mg L−1) as estimated
from the 3× standard deviation of five blank measurements.
The LOD is lower than 0.1 mg L−1 established as the

Fig. 2 Optoelectronic characterization of the PTB7:PC70BM OPD with
all-polymer interlayers. (a) Current–voltage (J–V) response of the OPD
under visible light irradiation and in the dark. (b) Spectral response of
the fabricated OPD as a function of EQE to incident light wavelength.
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maximum recommended value of NO2
− in a RAS for rearing

Atlantic salmon Salmo salar.5,8 Moreover, the linear response
of the biosensor covers NO2

− concentrations in the range of
1 mg L−1, which is an upper limit in RAS operations for
farming other fish species besides A. salmon, such as tilapia
or rainbow trout.9 Therefore, the proposed sensor may even-
tually detect a dangerous increase of NO2

− in RAS water,
thereby preventing harmful effects to farmed fish. An uncon-
trolled increase of NO2

− in the RAS may occur due to insuffi-
cient oxidation of ammonia during the nitrification process,
or accumulation of nitrite in the system due to failure of the
biofilter, among other factors affecting RAS operation.4,7

The detection limit achieved with the PTB7:PC70BM OPD
was slightly lower than the LODs obtained with other organic
photodetectors reported for fluorimetric detection, namely
TPTPA:C70 (0.6 μM LOD) and P3HT:PC60BM (1 μM LOD).35,36

These previous OPDs were also integrated with microfluidic
chips demonstrating rapid bio-detection and low reagent con-
sumption. Besides OPDs, other detectors such as charge-
coupled devices (CCDs) have been employed for nitrite detec-
tion in microfluidic environments.16,44 Two orders of magni-
tude for NO2

− detection were achieved with the microfluidic
device coupled to the CCD detector, while testing of the corres-
ponding colorimetric detection approach was limited to a hun-
dreds of μM range.44 Moreover, the proposed biosensor
showed an analytical performance in terms of the detection
range, LOD and analysis time comparable to other fluorimetric
sensors utilizing a PyI fluorescent probe (see Table 1). The
fluorimetric assays for NO2

− commonly require the use of
bench-top fluorescence spectrometers; these instruments are
very difficult to operate in situ due to their bulky dimensions,
high cost, and need for specialized operators. Nevertheless,
the miniaturization and low cost of the proposed biosensor are
differential merits making it an attractive solution to aquacul-
ture. Furthermore, the wide spectral response of the PTB7:

Fig. 3 Fluorimetric detection of nitrite with the PTB7:PC70BM OPD bio-
sensor. (a) Detection of 4.4 μM NO2

− as a function of the testing time
and bias voltage applied to the OPD. (b) Dose–response curve depicting
the linear range of NO2

− detection with the fluorimetric biosensor. SNR
corresponded to the ratio of the photocurrent due to nitrite detection
to that measured with no sample. Calibration tests were performed in
triplicate (n = 3).

Table 1 Analytical performance for the detection of nitrite in water samples with the PTB7:PC70BM OPD biosensor and recently reported nitrite
sensors

Detection
range (μM)

LOD
(μM)

Analysis
time Analytical technique Detector References

250–4000 <250 ∼90 s Spectrophotometric assay in a microfluidic chip CCD camera Shi et al.44

1–20 0.1 Real-time Spectrophotometric assay with Au-graphene oxide nanocomposites UV-vis spectrometer Amanulla et al.14

1.1–217 0.65 12 min Spectrophotometric assay applying the Griess reagent in
paper devices

Smartphone camera Vidal et al.46

2–40 0.12 100 min Spectrophotometric assay with a self-coupling diazotization reagent UV-vis spectrometer Wang et al.47

20–1000 1.06 A few seconds Electrochemical detection with Au-graphene oxide
nanocomposite

Glassy carbon electrode Pan et al.18

2–425 0.7 <5 s Electrochemical detection with a Ag-molybdenum
disulfide nanocomposite

Carbon paste electrode Ghanei-Motlagh
and Taher19

5–1260 1.8 <5 s Electrochemical detection with a Cu-carbon nanotube
nanocomposite

Glassy carbon electrode Manoj et al.48

0.025–20 0.009 5 min Chemiluminescence with luminol and titanium oxide Photomultiplier tube Wang and Wang45

0–10 0.1 30 min Fluorimetric detection with switch-off fluorescence probe PyI Fluorescence
spectrometer

Zhang et al.11

0.2–20 0.04 15 min Fluorimetric detection with nitrogen-doped carbon quantum dots Fluorescence
spectrometer

Feng et al.22

0.1–100 0.05 Real-time Fluorimetric detection with polymer-capped CdS quantum dots Fluorescence
spectrometer

Ren et al.24

1.1–28 <0.55 14 min Fluorimetric detection in a microfluidic chip OPD This work
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PC70BM OPD (430 to 650 nm) offers the possibility of exploit-
ing other highly sensitive fluorescent probes, such as carbon
quantum dots22 or CdS quantum dots23 which have been used
for NO2

− detection in water, or even exploiting ultra-sensitive
chemiluminescence reactions of luminol in the presence of
nitrite.45

Compared to other techniques for NO2
− detection, the

achieved LOD approximates to those of some recently reported
spectrophotometric and electrochemical sensors (Table 1). In
particular, on analyzing the analytical parameters listed in
Table 1, it is found that the analytical performance of the
PTB7:PC70BM OPD biosensor did not differ significantly from
that exhibited by a spectrophotometric sensor employing the
traditional Griess reagent onto micropapers.46 Owing to its
inherent simplicity and low cost, the paper-based approach
may constitute another alternative to testing aquaculture water
quality in the field. Nevertheless, it is worth noting that bulky
and expensive UV-vis spectrometers have still been utilized in
recent spectrophotometric sensors for NO2

−.14,47 With regard
to the analysis time, the PTB7:PC70BM OPD biosensor tested
the water sample in a time range of minutes, including sample
incubation and measurement, which is in contrast to the ana-
lysis time of seconds as reported for electrochemical
sensors.18,48 Despite rapid detection, the electrochemical
method is inherently vulnerable to variations of pH or ionic
concentrations, which can affect the shelf life of the electro-
des.32 Moreover, the detection time of the proposed biosensor
may prove to be sufficient for analyzing water samples in situ,
as the standard methods of NO2

− measurement in aquaculture
water may take several hours (at least) from sampling to result
measured in the laboratory.28

3.3 Precision of the PTB7:PC70BM OPD biosensor

The response of the PTB7:PC70BM OPD biosensor was further
analysed using NO2

− samples with concentrations below and
above 0.1 mg L−1 (∼2.17 μM), the limit value of NO2

− for RAS
farming A. salmon. Fig. 4(a) indicates the precision of the
device in detecting nitrite in concentrations ranging from
1.7 μM to 5.5 μM. The detected concentrations were between
reference values as obtained from the dose–response curve.
The SNR value determined for 1.7 μM was higher than that for
1.1 μM and lower than that for 2.2 μM. The same consistency
was found for the two other detected concentrations. The
intra-assay variability was indicated by the relative standard
deviation (RSD). The RSD has not exceeded 10.4%, 10.1%, and
8.2% for samples #1, #2, and #3, respectively. Nevertheless,
these tests demonstrated the sensor ability to detect NO2

− with
acceptable accuracy.

The variability between different reaction chambers was
also analysed. The SNR results of intra-assays plotted in
Fig. 4(a) were obtained by testing each sample in two reaction
chambers, as described in section 2.3. Fig. 4(b) shows the
detection of samples#1 to #3 in four different chamber sets.
Two sets were from a first PMMA chip, while the other two sets
were tested from a second PMMA chip fabricated in the same
batch. The SNR results from blank measurements (0 μM NO2

−)

are also plotted for comparison. All chamber sets consistently
differentiated the concentrations of NO2

− in samples#1 to #4.
The inter-assay variability between the chamber sets did not
exceed 11.6% for the detection of samples #1 to #3. The differ-
ence in the obtained SNR values can be explained by slight
variations in photocurrent measurement and a slight varia-
bility introduced to the assays by possible operator errors. It is
worth remarking that the use of PMMA chips with multiple
reaction chambers was to make the inter-assay tests practical.
The final biosensor would mainly require two zones, a blank
zone for measuring the background noise and a detection
zone to obtaining the photocurrent signal due to NO2

−

detection.

3.4 Detection of nitrite in aquaculture-relevant samples

The analysis of the analytical performance of the PTB7:
PC70BM OPD biosensor was then extended to aquaculture-rele-
vant water samples. Recent studies conducted on the charac-
terization of a practical RAS have indicated the use of soft-

Fig. 4 Precision tests with the PTB7:PC70BM OPD biosensor. (a) SNR
results from the detection of 1.7 μM, 3.5 μM and 5.5 μM NO2

− samples
marked as #1, #2, and #3, respectively. It also shows a plot of the SNR
of four NO2

− concentrations as obtained from the calibration. Detection
tests were conducted in triplicate (n = 3). The x axis represents the con-
centration in μM. (b) 3D plot of SNR results from the detection of NO2

−

in four sets of reaction chambers. Sets A and B corresponded to four
chambers in a first PMMA chip. Sets C and D were chamber sets from a
second microfluidic chip.
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hardness freshwater as a source in many RAS operations, as
for A. salmon smolts.29,49 In this work, synthetically prepared
water with soft-hardness was used as a feasible approximation
to a freshwater RAS. The preparation of this aquaculture
background (AB) water is summarized in Table S1 (ESI†).
Further detection experiments were conducted following
addition of nitrite into AB water samples. The SNR value
was first measured for each added NO2

− concentration, and
the found concentration was then estimated using the stan-
dard calibration curve obtained with AB water (see Fig. S2 in
the ESI†). Fig. 5 plots the absolute percentage difference
between the added and found NO2

− concentrations. The
results of the percentage difference ranged between 3.2 and
10.3% which corresponded to recoveries in the range of
92.05% to 110.3%, thus suggesting the suitability of the PTB7:
PC70BM OPD biosensor to detect nitrite in aquaculture-rele-
vant water samples. Complementary tests of comparison
between detecting nitrite in standard and AB water are shown
in Fig. S3.†

The analytical device could be part of an alarm system sig-
naling toxicity levels of NO2

− in water from the RAS. The
PTB7:PC70BM OPD biosensor detected concentrations above
the limits of 0.1 mg L−1 (∼2.17 μM) and 1 mg L−1 (∼21.7 μM)
with high precision. Moreover, the precision of the method
was also shown for low NO2

− concentrations in real RAS
water. The variability of seven measurements (n = 7) of
0.65 μM NO2

− was below 10%. Besides the analytical per-
formance, the simplicity and low-cost of the proposed bio-
sensor enhance its usefulness for testing in situ. The device
may test samples collected from the RAS water network,
either from water exiting the biofilter or samples from the
fish tank. Interestingly, the rapid detection of the increase in
NO2

− levels may provide an early-stage alarm of biofilter
failure, therefore enabling the fish farmers to take fast reme-
diation measures. Furthermore, the analytical device could
also find an opportunity of application in monitoring other
water samples such as drinking water.

4 Conclusions

A fluorimetric biosensor with PTB7:PC70BM based photo-
detectors for NO2

− detection in water is hereby shown. The bio-
sensor attained good linearity, a low detection limit and accepta-
ble reproducibility. The obtained detection range includes
maximum NO2

− limits of operation typically found in practical
aquaculture systems for rearing A. salmon and other fish
species. The characterized analytical performance was compar-
able to those of other recently reported nitrite sensors, including
some spectrophotometric or fluorimetric sensors. Furthermore,
the PTB7:PC70BM photodetector had incorporated interfacial
layers all made of polymers, thus following the development
trend of OPD sensing technology while enhancing the low-cost
of the photo-detection system and the resultant biosensor.

The analytical tests with aquaculture-relevant water
samples further revealed the analytical usefulness of the PTB7:
PC70BM biosensing platform towards NO2

− detection. The
work presents an on-chip approach with low device complexity
and low cost, which offers advantages over conventional bulky
spectrometers envisaging the application in situ. Furthermore,
the versatility of the biosensing platform may enable the detec-
tion of other toxic compounds besides nitrite in aquaculture
water, utilizing other fluorescent probes. The approach may
hold potential for analyzing other samples such as drinking
water or even biological samples.
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