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Abstract

In the present study, we demonstrate the use of a disposable luciferase‐based

microfluidic bioassay chip for environmental monitoring and methods for fabrication.

The designed microfluidic system includes a chamber with immobilized enzymes of

bioluminescent bacteria Photobacterium leiognathi and Vibrio fischeri and their

substrates, which dissolve after the introduction of the water sample and thus

activate bioluminescent reactions. Limits of detection for copper (II) sulfate, 1,3‐

dihydroxybenzene and 1,4‐benzoquinone for the proposed microfluidic biosensor

measured 3 μM, 15 mM, and 2 μM respectively, and these values are higher or close

to the level of conventional environmental biosensors based on lyophilized bacteria.

Approaches for entrapment of enzymes on poly(methyl methacrylate) (PMMA) plates

using a gelatin scaffold and solvent bonding of PMMA chip plates under room tem-

perature were suggested. The proposed microfluidic system may be used with some

available luminometers and future portable luminescence readers.
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1 | INTRODUCTION

Increasing human negative impact on water reservoirs[1] and soils[2,3]

necessitate development of methods for environmental monitoring.

Over the past 40 years, biosensors have emerged as promising tools

for rapid pollutant detection in different samples.[4–6] One of the

major trends is to design biosensors suitable for point‐of‐care testing

(POCT),[7] which have been extensively developed in the last

decade.[8,9] According to the POCT concept, assays should be per-

formed on‐site with the help of handheld devices.[10] Such devices

offer cost‐effective alternative to expensive and time‐consuming

laboratory tests.

Glucometers with plastic or paper strips represent the most

known example of point‐of‐care (POC) devices.[11] Some of the POC
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devices use special systems with several wells for bioluminescent

bacteria sensors.[12] A standard microwell plate can also be used for

sample holding in POC devices.[13] There are POC electrochemical

devices for lactate monitoring that use special patches from fibers.[14]

Many POCT devices include built‐in microfluidic chips, in which pro-

cesses of sample preparation, fluid manipulation and detection are

automated.[15–17]

Electrochemical biosensors are one of the most common and

commercially successful types of POCT devices.[18,19] In recent years

there has been a trend for using smartphones in POC diagnostics.[20,21]

This is due to their high prevalence and the ability to easily connect

peripheral sensors. Smartphones have become common tools for

measuring the pulse[22] and they even can be used for cataract diagnos-

tics.[23] However, the sensitivity of the camera in a smartphone limits

their application for POC diagnostics.

Different types of biosensor detection systems can be used for

the determination of pollutants in water samples; however, the most

suitable are optical‐based biosensors.[24–26] Optical‐based biosensors
© 2018 John Wiley & Sons, Ltd.al/bio 1
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feature comparatively high sensitivity and provide real‐time qualitative

analysis without extensive sample preparation. Studies proposed

that bioluminescence‐based biosensors[27,28] possess potential to

become cost‐effective and compact optical biosensors. In most cases,

such bioluminescence‐based bioassays use lyophilized wild‐type or

engineered bioluminescent bacteria.[29–31] However, the use of bacte-

ria for such purposes presents several problems: strict storage condi-

tions, low shelf life of encapsulated bacteria and drift of bacterial

metabolism.[32]

Enzymes extracted from luminous bacteria[33] can overcome

these limitations. In bioassays, replacement of living organisms with

enzyme preparations substantially increases reliability and simplifies

the bioluminescent test procedure,[34,35] easing automation of assay

reactions in microdevices. Bioluminescent enzyme system consists of

NAD(P)H:FMN‐oxidoreductase and a luciferase emitting light at

490 nm in the presence of flavin mononucleotide (FMN), NAD(P)H,

a long‐chain aliphatic aldehyde and molecular oxygen (Figure 1).[36]

Interaction of toxicants with enzymes of bacterial bioluminescent

system leads to changes in measured light emission kinetics.[37] Such

bioassays based on a coupled enzyme bioluminescent system were

developed for environmental monitoring and medical diagnostics.[34]

Enzymatic assay is suitable for detection of quinones and phenols,[38]

salts of heavy metals,[39] carbon nanoparticles,[40] pesticides,[41] and

others.[42] Pollutants of different classes exert specific influence on

kinetics of bioluminescence emission,[43] allowing their differentiation

by means of automated kinetic analysis.[44]

To design biosensors based on the coupled enzyme system

NAD(P)H:FMN‐oxidoreductase and bacterial luciferase, stability of

reagents must first be increased during storage, whereas measurement

operations must be simplified. Among different methods of
FIGURE 1 Scheme of enzymatic bioluminescent reaction: luciferase ca
flavin mononucleotide (FMN). One of the products of this reaction is quan
with reduced FMN (FMNH2), luciferase reaction is coupled with FMN red
bioluminescent system immobilization,[45–47] immobilization by

entrapment of enzymes into gels has been found to be the most

suitable for stabilization of bioluminescent enzyme systems.[48,49] An

effective method was also developed for co‐immobilization of

enzymes (NAD(P)H:FMN‐oxidoreductase and luciferase) and their sub-

strates (NADH and aldehyde) into gels.[50–52] The method deals with

immobilization of enzymes in starch or a gelatin‐based matrix, which

is eventually dried in the form of droplets on an inert surface.

Stable enzymes for disposable microfluidic chips (cartridges) are

also required for POCT‐based biosensor design.[53,54] Elastomers and

plastics are the most widespread and popular for microfluidic chip fab-

rication because they are easily accessible and inexpensive.[55–57]

Polydimethylsiloxane (PDMS) is one of the most popular elastomer

material for microfluidics.[58,59] However, this compound is unsuitable

for use in the current work, because it requires thermal treatment to

bond chip plates. Heat treatment can inactivate enzymes, which will

ultimately hamper the assay. Thermoplastics are promising alternative

to elastomers as they allow inexpensive mass production of chips, and

most are compatible for performing assays that utilize biological and

chemical reagents.[60,61] Poly(methyl methacrylate) (PMMA) was

selected for the current work because it provides optical transparency

and biocompatibility and allows construction of laboratory‐scale

prototypes using a micro‐milling method[62] or hot embossing.[63]

Solvent and thermal diffusion bonding are the two most commonly

used methods for bonding plastic chip plates.[64] However, heating will

cause enzyme denaturation. Furthermore, tensile strength of solvent‐

bonded PMMA chips is five to ten times higher than those of

thermally bonded ones, forming much more durable bonded PMMA

chips.[65] A neutral solvent that remain harmless to enzymes and their

substrates must also be selected.
talyzes oxidation of long‐chain aliphatic aldehydes involving reduced
tum of light (hν) in the blue‐green spectrum. To provide luciferase
uction reaction catalyzed by NAD(P)H:FMN‐oxidoreductase
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The present research aimed to develop and design a luciferase‐

based disposable microfluidic chip for water pollution testing. Optimal

parameters for chip fabrication were also investigated in this study.
FIGURE 2 Scheme of chip experiments. Active mixer was attached
to the inlet hole of the chip after reagent filled the reaction
chamber. Then, the chip was placed on the top of photomultiplier
aperture for measurement of bioluminescence kinetics. Reagents were
mixed 30 s after sample introduction
2 | EXPERIMENTAL

2.1 | Reagents

The following reagents were used: FMN (CHEBI:17621, Serva,

Heidelberg, Germany), reduced nicotinamide adenine dinucleotide

(NADH) (CHEBI:16908, Gerbu, Heidelberg, Germany), ethanol

(CHEBI:16236,Merck,Darmstadt,Germany), tetradecanal (CHEBI:84067,

Merck, Darmstadt, Germany), starch from potato (CHEBI:28017, Sigma‐

Aldrich, St Louis, MO, USA), gelatin from porcine skin (CHEBI:5291,

Sigma‐Aldrich, St Louis, MO, USA), potassium phosphate buffer with

pH 7.0 (CHEBI:63036, Fluka, Sweden), PMMA (CHEBI:61369, SoftPlast,

Ekaterinburg, Russia), 1,2‐dichloroethane (Soyuzhimprom, Novosibirsk,

Russia) and acetone (Vekton, Saint Petersburg, Russia). Lyophilized prep-

arations 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).
2.2 | Instruments

A computer numerical control milling machine Modela MDX‐40A

(Roland, Tokyo, Japan) was used to fabricate microchannels. A

compressed air cylinder (Comozzi, Brescia, Italy) was used to set pressure.

A vacuum mixer (Averon, Yekaterinburg, Russia) was used for mixing

suspensions. Intensity of bioluminescent signal wasmeasured byGloMax

20/20 luminometer (Promega, Madison, WI, USA) using the mode for

kineticmeasurement. Images for analysis of FMNdiffusionwereobtained

with Axio Scope.A1 microscope (Zeiss, Munich, Germany) equipped with

digital camera AxioCam104 ICc 5 (Zeiss, Munich, Germany).
FIGURE 3 Disposable microfluidic chip for bioassay based on
bioluminescent coupled enzyme system of luminous bacteria. The
reaction chamber contained two dried droplets of starch gel: the first
one contained NADH, tetradecanal, luciferase and NAD(P)H:FMN‐
oxidoreductase; the second one contained FMN
2.3 | Methods

Channels in PMMA were constructed using a micro‐milling method[62]

through sequential removal of the material's thin layers until formation

of the desired geometry (Figure 2). Optimization of chip geometry and

simulation of FMN release from dried starch gel was performed with

COMSOL Multiphysics (COMSOL, Stockholm, Sweden). The model

of optimized chip was designed by means of Solidworks (Dassault

Systems SolidWorks Corp., Waltham, MA, USA).

Enzymes were immobilized in starch gel using the technique

reported earlier.[51,52] In brief, 25 ml of 3.15% aqueous starch suspen-

sion was heated until complete dissolution and then cooled until 25°C.

One vial of lyophilized preparations of purified enzymes was diluted in

500 μl of phosphate buffer at pH 7. Thereafter, 380 μl of lyophilized

preparations with bacterial luciferase and NAD(P)H:FMN‐oxidoreduc-

tase, 185 μl 16 mM of NADH and 585 μl of 0.038% tetradecanal were

consistently added to the suspension and mixed. Then, the suspension

was dosed to the target surface for drying. Enzymes and substrates of
the bioluminescent system were immobilized in the reaction chamber

of approximately 40 mm2 in two separate droplets of starch gel on the

gelatin scaffold (Figure 3). The first droplet of 10 μl volume contained

enzymes (NAD(P)H:FMN‐oxidoreductase and luciferase) and their

substrates (aldehyde and NADH). The second one was 5 μl droplet

which contained immobilized FMN for reaction activation. Chips were

dried for 24 h at +8°C and sealed. After introducing the analyzed

sample, reagents were dissolved from gel and mixed, thus starting

the bioluminescent reaction.
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Sealing of PMMA plates was performed using a solvent bonding

technique. Flash spraying of solvent for 20 ms on the surface of one

PMMA cover plate was followed by mating to another plate with

channelized surface and immobilized enzymes at a 30 kg/cm2 pressure

for 30 s.

An electromechanical membrane and active mixing mode were

used to induce uniform distribution of FMN in the reaction chamber

after the introduction of the water sample into the chip. This tech-

nique was previously described in detail in a previous study.[66] In

brief, the membrane was connected to the input of the inlet channel

of the chip. The signal pattern for membrane movement was gener-

ated by a laboratory self‐made device. This device consisted of

LPC2103 MCU (NXP, Nijmegen, The Netherlands) and several optrons

and transistors which controlled the H bridge, allowing the application

of a voltage across the membrane in either direction. Signals were pro-

grammed and sent to an amplifier by the software made with

BlackBox Component Builder (Oberon Microsystems Inc., Zurich,

Switzerland). Membrane oscillations with predefined patterns created

an acoustic wave, which led to fluid movement in the chip.

Light intensity from the bioluminescent reaction was measured

in the reaction chamber of the disposable chip. At the beginning,

the chip was filled with 35 μl of water sample. After sample introduc-

tion, the mixer was connected to the inlet of the chip by a silicon

capillary (Figure 2). The chip with attached mixer was placed in the

luminometer on top of the photomultiplier tube aperture, and mixing

was started inside the luminometer 30 s after sample introduction.

Kinetic measurements were started manually several seconds before

mixing.

Values of control luminescence intensity of the enzyme system

(Ic) were obtained using distilled water samples. Model pollutants

were dissolved in distilled water and used to evaluate sensitivity of

bioassay. Residual luminescence was calculated according to the for-

mula (Iexp/Ic) × 100%, where Iexp is luminescence intensity in the

presence of analyzed sample with model pollutant. This formula

shows the inhibitory effect of pollutant on the coupled enzyme sys-

tem immobilized in the chip. Values of inhibition parameter IC50,

which is the concentration of pollutants causing system inhibition

by 50%, and limit of detection (LOD) were determined.

FMN distribution in the reaction chamber of the microfluidic chip

was measured by means of hue, saturation and value (HSV) palette

analysis of microscopy images acquired by Vimba SDK (Allied Vision,

Stadtroda, Germany). Images were processed using a software devel-

oped with BlackBox Component Builder (Oberon Microsystems Inc.,

Zurich, Switzerland) utilizing the FreeImage open‐source library.

Statistical analysis was performed using t‐distribution at a 95%

range.
3 | RESULTS AND DISCUSSIONS

3.1 | Construction of microfluidic chip

The disposable enzymatic microfluidic chip (Figure 3) consisted of a

PMMA body with immobilized enzymes and substrates of the biolumi-

nescent reaction. The body of the chip was made from two PMMA
plates measuring 11 × 27 mm each. The first one was channelized

by micro‐milling, and the second was used as cover plate for sealing.

The channelized plate comprised an inlet channel, a reaction chamber

with reagents split in two parts and an outlet channel. Length of outlet

channel was twice that of inlet channel.

Notably, luminescence intensity of immobilized bioluminescent

system in the chip was less than that for enzymes immobilized on

fluoroplastic film according to the technique described in the litera-

ture.[51] Reduced bioluminescence resulted from the interaction of

contaminating compounds contained in PMMA with enzymes and

substrates during starch gel drying. To prevent this negative effect,

the surface of the reaction chamber was pre‐coated with gelatin. After

drying, gelatin formed a film on the PMMA surface, and we used it as a

scaffold for introducing starch gel with enzymes and substrates. As a

result, intensity of bioluminescence increased by 150% with respect

to chips without gelatin scaffold. Standard variation decreased approx-

imately from 50% to 30%.

To obtain high luminescence intensity and reproducible results,

uniform distribution of FMN must be achieved throughout the

reaction chamber. Passive mixing of FMN with other reagents in the

reaction chamber was ineffective due to lack of convection and low dif-

fusion constants of reagents. The problem was solved by active mixing

of FMN with other components of enzymatic reaction. The model of

FMN diffusion and convection was proposed earlier.[67] According to

this model, most of the FMN was released from the gel after 30 s, as

confirmed experimentally (Figure 4). Thus, the optimal time for

reagents mixing in the chip was 30 s after sample introduction.

During our initial investigations,[68] we have placed the starch gel

droplet with FMN right after the inlet channel followed by the droplet

with enzymes and substrates. However, given the premature activation

of the bioluminescence reaction, this position caused scattering of

luminescence intensity at the beginning of measurements (Figure 5,

curve 1); this result can be explained by the untimely transfer of FMN

in the area of enzymes during sample introduction (Figure 4a).

Deviations at the beginning of measurements significantly

reduced after switching positions of enzymes with FMN, as shown in

Figure 5. The bioluminescence reaction was activated after mixing,

which ensured uniform distribution of FMN in the reaction chamber.

To prevent stretching and binding of bioluminescent components to

the edge of the channel during immobilization, 0.25 mm deepening

was accomplished under each droplet in the reaction chamber. These

improvements resulted in increased reproducibility of chip lumines-

cence intensity measurement by approximately 20%.
3.2 | Biocompatible low temperature solvent
bonding of chips

Solvent bonding technique was used for sealing PMMA plates. This

technique relies on application of chemically reactive organic solvents

to solubilize surfaces of parts to be bonded.[64] However, excessive

amounts of solvent can cause significant deformation in microfluidic

channel geometries. To determine potential issues, various pressure

values and spraying exposure times were studied during sealing along

with solvent types to select optimal parameters for bond strength with

less channel deformation.



FIGURE 5 Kinetics of bioluminescence at various locations of FMN
(yellow) and enzymes (blue) droplets in the reaction chamber of the
chip. Curve 1, FMN droplet is located after the inlet of the chip. Curve
2, droplet with enzymes is located after the inlet of the chip. Mixing
started after 9 s. Premature initiation of reaction was prevented by
placing enzyme droplet before FMN droplet in the reaction chamber

FIGURE 4 Release of FMN from dried
starch droplet. (a–d) Images obtained after
filling the reaction chamber with samples at 0,
10, 20 and 30 s, respectively; curves 1–5
show increase of FMN concentration with
time on the boundary of dried droplet (curve
1) and at distances of 100, 200, 300 and
400 μm (curves 2–5), respectively, after
sample introduction
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The effectiveness of solvent used for sealing two parts of the chip

can be characterized by the Hildebrand parameter. High similarity of

this parameter between the solvent and material results in more effec-

tive binding. We used acetone and 1,2‐dichloroethane for sealing
FIGURE 6 Influence of acetone and 1,2‐dichloroethane on
bioluminescence intensity of the coupled enzyme system
co‐immobilized in starch gel with substrates
because Hildebrand solubility parameter of these solvents was the

closest to that of PMMA.[64]

Sealing of PMMA plates was performed using the solvent bonding

technique. Optimal thickness of solvent layer was 51 ± 9 μm, which

was obtained by spraying the solvent for 20 ms. Optimal pressure

was estimated as 30 kg/cm2 for 30 s. At pressures over 30 kg/cm2,

cracks were observed on the chip body. Reducing duration of pressure

exposure time led to a decrease in quality of sealing, whereas the

increase did not lead to further improvement in sealing quality.

These parameters provided sufficient bonding without leakage and

prevented channels from deforming and clogging. Results showed that
FIGURE 7 Influence of solvent vapors on the surface of PMMA
channel. The surface to the left was coated with gelatin and tinted.
Vapor polished the uncoated surface, removing cutter tracks after
milling, as can be observed under the gelatin scaffold



FIGURE 8 The bioluminescence light
intensity in the presence of the model
pollutants
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1,2‐dichloroethane provided the same quality of bonding in half the

pressure exposure time (30 s) compared with acetone.

The effect of solvent on components of bioluminescent system

was studied. Enzymes and substrates of bioluminescent system were

immobilized in the form of discs[69] to test the selected solvents for

biocompatibility. These discs were macerated in solvents and then

dried and tested to analyze their effects on enzymatic activity. It was

shown that 1,2‐dichloroethane and acetone exerted insignificant

effect on enzyme activity (Figure 6). This result can be explained by

protection of enzymes and substrates provided by starch polymer net-

work. Furthermore, dried starch did not dissolve in 1,2‐dichloroethane

nor in acetone.

Chemical bonding can leave traces of organic solvents on

microchannel surfaces, which may potentially affect biological compo-

nents.[70] These traces were observed after superimposing plates

under pressure when residual solvent vapor condensed on inner walls

of capillaries, collecting inside corners and surface defects. The solvent

polished surface before drying (Figure 7), thus leveling the surface

from cutter tracks after milling. Upon complete drying, the polished

surface may crack due to resulting surface tension forces. The surface

covered with gelatin showed no signs of cracks.
FIGURE 9 Bioluminescent intensity of the designed microfluidic system
line, sample with 27.5 μM of copper (II) sulfate
The sealed chip with the gelatin scaffold was unsealed and

covered with water soluble dye, which tinted the gelatin. This result

indicated a strong adhesion of gelatin to PMMA without surface treat-

ment and resistance to solvents. Notably, biological components were

immobilized on the gelatin surface, protecting them from the potential

influence of surface cracks.
3.3 | Characteristics of chips

Chips were tested for sensitivity and storage time under various

temperatures. Three model pollutants were selected for study: copper

(II) sulfate, 1,3‐dihydroxybenzene and 1,4‐benzoquinone. These com-

pounds represent three typical classes of polluting agents (salts of

heavy metals, phenols and quinones) with various mechanisms of their

influence on bioluminescent reaction[71,72]: benzoquinone, as an active

redox compound, influencing the process of hydrogen transfer; resor-

cinol mainly inhibits the processes of intermolecular electron transfer;

copper cation can effect the enzyme directly, as well as the electron

transfer processes. Among different components of wastewater,

phenolic compounds and their oxidation products – quinones – are
stored at different temperatures. Solid line, reference sample; dotted
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the most common and have the most harmful effects on water reser-

voirs and their inhabitants.[73]

The interaction between immobilized bioluminescent components

in the chip and pollutants led to quenching of light emission.

The IC50 for copper (II) sulfate, 1,3‐dihydroxybenzene and 1,4‐

benzoquinone measured 10 μM, 25 mM, and 4 μM respectively.

LOD for copper (II) sulfate, 1,3‐dihydroxybenzene and 1,4‐benzoqui-

none reached 3 μM, 15 mM, and 2 μM correspondingly (Figure 8).

Microfluidic chips may be frozen at temperatures down to

−79°C without significant loss of activity and sensitivity after

defrosting (Figure 9). Lower storage temperature retains enzyme

activity better. Immobilized bioluminescent components retained

activity and sensitivity to pollutants for four months at +4°C and

within three weeks when stored at room temperature. The optimal

temperature for storage was determined as −18°C. This temperature

provided an extended period of storage and is reachable without

special laboratory equipment.

The proposed indication system demonstrates results which are

comparable with LOD of copper (II) sulfate (3 μM) with traditional

lux‐biosensors based on bacterial cells (1 μM).[30,31] Additionally,

analysis time with disposable microfluidic chips was reduced from 3

to 5 h[30,31,74] to 1–3 min.

Usually, storage time of conventional cell‐based biosensors is less

than one week.[12] Recent advances in the area of applied microbiol-

ogy have led to increased shelf life of whole‐cell biosensors up to a

period of several months.[75–77] Nevertheless, most of these tech-

niques require availability of expensive equipment and well‐trained

personnel. Opposite to these requirements, the proposed disposable

enzymatic microfluidic chip is cost‐efficient, easy to store and may

be handled by staff without special training. Compact design of the

chip is suitable with most conventional luminometers with a large

cuvette compartment (e.g. Promega GloMax). Altogether, the sug-

gested microfluidic chip is an inexpensive and promising tool for rapid

testing of water pollution assessment.
4 | CONCLUSIONS

We have suggested a design of a luciferase‐based microfluidic chip for

water pollution assessment (drinking water, waste waters and algal

bloom). Automation of the bioluminescent bioassay technique in

microfluidic chips achieves certain advantages in biotesting. Firstly,

analysis time and the number of operations in the measurement pro-

tocol are reduced due to automation of reagent manipulations while

performing enzymatic assays. Secondly, better protection of biological

components during analysis and storage is provided. Thirdly, repro-

ducibility of analysis is increased due to the same algorithm of mixing

of each chip and fixed location of bioluminescent system relative to

the detector. Finally, sensitivity of the proposed microfluidic chip is

comparable with that of traditional cell‐based biosensors. Specific

methods of reagents immobilization in plastic microfluidic chips and

room temperature solvent bonding of chip plates were developed.

The developed methods are safe for immobilized enzymes, inexpen-

sive and easy to scale for mass production. The proposed microfluidic

chip can be one of the rapid and portable components of a test
battery[78] indicating pollution of liquid samples, as single bioassays

would not provide a full picture of environment quality.[79,80] Further

research is aimed at developing a portable luminometer (reader) for

the proposed microfluidic chips to obtain an inexpensive and easy‐

to‐use handheld device for environmental monitoring.
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