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Abstract: Early detection of pollutants in wastewater, water coming out of treatment facilities,
drinking water, and water for agricultural needs is a challenging problem. Effective water
quality monitoring requires development of new methods for express detection of pollutants.
Enzymes from bioluminescent bacteria can be used for the development of new express
enzyme-based bioassay systems. This work demonstrates for the first time a microfluidic chip
to generate emulsion droplets containing two enzymes of the bacterial bioluminescent system
(luciferase and NAD(P)H:FMN-oxidoreductase) with reaction substrates. The developed chip
generated “water-in-oil” emulsion droplets with a volume of 0.1 µL and a frequency of up
to 12 droplets per second. Portable photomultiplier tube (PMT) was used to measure the
bioluminescent signal in each individual droplet, the signal-to-noise ratio was 3000/1. The intensity
of luminescence in droplets depended on the concentration of copper ions. The limit of detection
(LOD) for copper sulfate was 1 mg/L. We showed that bioluminescent enzymatic reactions can
be carried out in droplet reactors that can be applied for online monitoring of water quality.
Also bioluminescence measurements in droplets represent digital conversion of biological analog
signals. Thus, the suggested method of biological measurements has a good perspective for biosensing
in general.
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1. Introduction

The importance of monitoring water pollution for the presence of heavy metal ions has been
identified by a number of international organizations [1]. The main sources of the pollution of water
bodies are discharged industrial wastes, household wastes, as well as contaminated soil washing with
groundwaters [2]. It is known that heavy metals tend to accumulate in living organisms, leading to
various diseases of the nervous, immune, reproductive and other systems [3,4]. The ions of Pb, Cd,
Hg, Cr, As and Cu are highly toxic pollutants [5,6]. Even a small dose of these substances can have
a serious impact on the ecosystem of the water reservoir and its inhabitants, as well as on human
health [7].
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The optical bioassays are good candidates for the early water pollution alarm systems [8].
There are many bioassays based on luminescent bacteria [9–14]. Compared to other living organisms
used for bioassays (fishes, crustaceans, nematodes etc.), bacteria provides more rapid response and
is less demanding on the storage conditions, which reduces the final cost of the analysis. At the
same time, this system is not devoid of certain disadvantages associated with the inconstancy of the
characteristics of bacterial cultures [15].

An alternative to bacteria is the use of their enzymes for the development of bioassays.
There is well studied reagent from enzymatic systems of luminous bacteria based on luciferase from
bacteria Photobacterium Leiognathi and NAD(P)H:FMN-oxidoreductase from bacteria Vibrio Fischeri [16].
Luciferase emits light at 490 nm in the presence of FMN, NADH, a long-chain aliphatic aldehyde and
molecular oxygen [17,18]. The principle of the analysis is to register the quenching of the luminescence
intensity in the presence of pollutants in samples. This biochemical luminescent reaction provides
better reproducibility for series of pollutants, however, it requires to mix several reagent preparations
with hight accuracy. For real time water pollution monitoring the automation is essential, and it can be
achieved with droplet microfluidics technique. Emulsion droplets in such case are considered as a
separate microreactors, each with independent bioassay measurement inside [19].

Our aim was to develop and study of the microfluidic generator of droplets with enzymes and
substrates of luminescent bacteria in the presence of copper ions of various concentrations to enable
robust and inexpensive online water quality monitoring.

2. Methods

2.1. Reagents

The following reagents were used: Abil EM180 (Evonik Ind.), Mineral oil M5310 (Sigma Aldrich),
poly(dimethyl siloxane) (PDMS) and curing agent (Dow Corning, Sylgard 184), SU-8 photoresist
(MicroChem, SU-8 2025 or 3025), FMN (CHEBI: 17621, Serva, Germany), reduced nicotinamide adenine
dinucleotide (NADH) (CHEBI: 16908, Gerbu, Germany), ethanol (CHEBI:16236, Merk, Germany),
tetradecanal (CHEBI:84067, Merck, Germany), potassium phosphate buffer with pH 6.8 (CHEBI:63036,
Fluka, Sweden). Lyophilized preparations of purified enzymes were produced at the Laboratory of
Nanobiotechnology and Bioluminescence of the Institute of Biophysics SB RAS (Krasnoyarsk, Russia).
One vial of preparation contained 0.5 mg of luciferase EC 1.14.14.3 (Photobacterium leiognathi) from
recombinant strain of Escherichia coli and 0.18 activity units of NAD(P)H:FMN-oxidoreductase EC
1.5.1.29 (Vibrio fischeri).

2.1.1. Microfluidic Chip

The final chip design was achieved through a series of experimental iterations and computer
modeling. Numerical simulations were carried out with COMSOL Multiphysics (Comsol, Sweden)
based of the standard model of multiphase fluids (flow and droplet formation) and diffusion of
chemical compounds in two dimensions.

Microfluidic chips were made by the soft lithography method using PDMS and Si/SU-8 mold.
The channels depth was 250 µm. To improve the quality of sealing, the chip and glass substrate were
treated in oxygen plasma for 2 min. After that, they were kept at a temperature of 130 ◦C for 10 min.

Due to the instability of the surface properties of PDMS after plasma treatment and glass
hydrophilicity, the inner surfaces of microchannels were coated with a hydrophobic agent AntiRain
Repellent (Turtle Wax, USA). It provided a surface wetting angle ≈ 100◦. After that, the chips were
also treated with mineral oil M5310 (Sigma Aldrich) and kept at a temperature 130 ◦C for 10 min,
to remove residues of hydrophilic compounds from the pores of PDMS.
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2.1.2. Fluid Management

All reagents were sampled into the microfluidic chip at a constant pressure in the range of 0—50
kPa using four ITV0001 electro-pneumatic regulators (SMC, Japan). These regulators were connected
to the chip via 15 ml tubes with air-liquid interface connector using flexible Tygon Tubing capillaries
with an inner diameter of 0.5 mm. The tubes with liquids were thermally stabilized at 25 ◦C.

2.1.3. Registration of Luminescence

The output channel of the microfluidic device was connected by a flexible capillary with an
inner diameter of 0.5 mm to the H7828 PMT-based detector (Hamamatsu, Japan), which operated
in the photon counting mode. The distance between the light-isolated camera with the PMT and the
microfluidic chips was about 12 cm.

The peaks from the PMT were counted and visualized with integration period of
0.1 s in the application developed by means of BlackBox Component Builder framework
(https://blackbox.oberon.org).

3. Results and Discussion

Preliminary estimation of possible light intensity from the bioluminescent reaction showed that
the volume of the droplet reactor should be around 0.1 µL. This value is bigger than the one that is
commonly used in droplet microfluidics, and because of low solubility of tetradecanal and necessity to
have significant volume of sample with pollutants to obtain desired sensitivity.

Hereby the microfluidic chip for generation of stable emulsion with water droplets around 0.1 µL
with a frequency of 0.1–0.5 Hz in oil flow with a regulated distance between droplets was developed
(Figure 1). The design of the microfluidic droplet generator was built on the basis of the flow focusing
geometry and contained two channels for packing the components of the bioluminescent reaction and
water sample into droplets, as well as two channels for introducing oil, which acted as a continuous
phase during the formation of an emulsion and allowed one to adjust the distance between drops.
Filters were formed near the inlet holes of the microchip, which consisted of arrays of microstructures
with a characteristic distance between them of 5–20 µm. Such a distance prevented the clogging of
the working area of the droplet generator with dust microparticles. The depth of all channels in the
microfluidic chip was 250 µm.

Experimental setup for generation of emulsion droplets with bacterial luciferase was assembled.
It consist of the reduced pressure source, thermostable tanks with reagents, microfluidic chip and
PMT-detector. The air under pressure displaced reagent solutions from tubes and, thus, reagents were
fed into the chip with a given pressure, where drops were formed. The pressures were selected so
that droplets with a volume of about 0.12 µL were formed, with a distance between them of 2 cm
and a frequency of 0.2 Hz: P1 = P2 = P3 = 16 kPa (taking into account the hydraulic resistance 7 kPa),
P4 = 30 kPa. The distance of 2 cm between the drops was selected so that only one drop would be
exposed to the detector through the aperture.

The droplets entered the detector, where their luminescence intensity was measured. For this, a
light-isolated chamber was made in which a capillary with droplets flowing inside was placed. In this
chamber, an aperture of 5 mm wide was formed between the capillary and the PMT. The distance
between the droplets of 2 cm made it possible to register each drop separately.

Due to the hight solubility of tetradecanal in the mineral oil and low solubility in water,
tetradecanal was diluted in the in the mineral oil in 10 mM concentration to prevent it’s transfer
from the droplet microreactor. Abil EM180 surfactant was used in 0.75 % concentration in mineral oil.
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Figure 1. The microfluidic chip with dye in channels and the scheme of experiment

All reaction components were separated into two solutions to pack the bioluminescent system into
an emulsion. Solution #1 contained: 0.05 mg of luciferase, 0.018 a.u. of NAD(P)H:FMN-oxidoreductase
in 0.5 mL 0.143 M potassium phosphate buffer pH 6.8, 4 µM NADH, and 388 µL of water. Solution #2
contained: 331 µL of water, 444 µL of water sample, 63 µL tetradecanal 0.25% in ethanol, and 50 µL
of 10 mM FMN. Droplets were formed by mixing solutions in a ratio close to 1:1. A detailed schematic
of the microfluidic chip and the experimental circuit are shown in Figure 1.

The mixed flow was compressed by oil phase and formed droplets with equal volume parts
of Sol. #1 and Sol. #2. After emulsion formation, in 20 s droplets reached side distancing channel,
which emitted extra oil. This oil provided separation and twisting of droplets for mixing of reagents
inside droplets and, thus, activation of luminescent reaction. Then droplets left the chip and flowed
to the detector during t2 ≈ 20 sec. This time was enough for reaction kinetics to gain the highest
luminescence intensity. The droplets passed through the detector aperture, where the luminescence
intensity was recorded.

The Figure 2 shows the signal recorded by the PMT. Each peak corresponds to an individual
droplet passing by the detector aperture.

The dependences of the relative intensity of luminescence on the concentration of copper ions in
the sample were obtained. IC50 for CuSO4 was ≈ 0,9 mg/L and the limit of detection was ≈ 5 mg/L.
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Figure 2. Signals from 3 droplets and dependence of luminescence intensity from CuSO4 concentration

4. Conclusions

It was shown that enzymatic testing could be performed in a stream of emulsion droplets
generated in a microfluidic chip, measuring each individual droplet independently from the others.

The presented microfluidic droplet enzymatic assay can be the component of a multi-sensor
bioassay [20] with rapid feedback for the water pollution online monitoring. The studies carried out
are applicable for the development of early warning systems at wastewater discharge sites of industrial
enterprises or at water treatment plants in addition to the existing certified methods for the registration
of water-soluble pollutants.
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Abbreviations

The following abbreviations are used in this manuscript:

NADH nicotinamide adenine dinucleotide reduced
FMN flavin mononucleotide
PDMS poly(dimethyl siloxane)
PMT photomultiplier tube
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