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Lab-on-a-chip for enzyme activity monitoring in
industrial solid-state fermentation processes
compatible with R2R fabrication
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Jan Kafka,d Bernd Nidetzky, c Ana Ayerdi, a Matija Strbac,a Martin Smolka, g

Goran Bijelica and Nerea Briz*a

We present a disposable lab-on-a-chip (LoC) for colorimetric enzyme activity monitoring in solid-state

fermentation (SSF) processes. The microfluidic chip structures are fabricated via roll-to-roll (R2R) extrusion

coating, which reduces costs and enhances efficiency. The LoC operates on capillary-driven flow

microfluidics in which a droplet added at the inlet self-fills the chip by capillary action, reaching the

reaction chamber. A capillary pump then removes excess liquid, isolating the detection area where the

enzymatic reaction takes place. The selection of the target enzymes (α-amylase and cellulase) was made

based on their relevance to the industrial biodetergent production processes. For LoC compatibility,

enzymatic assays must deliver a strong signal and must be user-friendly. One-step colorimetric assays

meet these criteria by releasing a dye from a substrate through enzymatic action. To make the chip easier

to handle, the enzymatic substrates were integrated into its reaction chamber in dryed form. For this

purpose, two strategies for integration were tested: drop-casting followed by freeze-drying, and

piezoelectric deposition with air-drying. Additionally, storage conditions were optimized to enhance shelf-

life and reagent stability. To measure enzymatic activity, a pocket-sized colorimetric reader was developed

and adapted to the LoC geometry while an Android app was created to enable smartphone-based control

of the reader. Furthermore, validation with commercial enzymes established the limit of detection (LoD),

and subsequent tests with SSF samples from an industrial plant confirmed the functionality of the system.

The enzymatic activity measurements are completed in under 10 minutes, revealing increasing enzymatic

activity as fermentation progresses. In conclusion, the LoC provides a quick and cost-effective solution for

detecting α-amylase and cellulase in samples derived from SSF processes.

1. Introduction

Industrial enzymes are biocatalysts that accelerate chemical
reactions to obtain valuable products.1 They are employed
across various industries, including food,2 beverage,3

pharmaceutical,4 biofuels,5 personal care,6 biological laundry

detergents7 and other commercial sectors.8 Biocatalysts are
replacing traditional chemical catalysts due to efficient
kinetics, economic benefits and lower toxicity and by-product
generation. Additionally, the sector has experienced rapid
growth in recent years due to the ability of enzymes to operate
under mild conditions, with high specificity and productivity.9

The techniques employed for large-scale enzyme production
are submerged fermentation (SmF) and solid-state
fermentation (SSF). In SmF, microorganisms are cultivated in a
stirred and aerated liquid medium under tightly controlled
physicochemical conditions, whereas SSF involves microbial
growth on moist solid substrates with little or no free water.10

These distinct environments lead to different process
performances and operational requirements.

In recent years, the SSF technique has gained popularity
due to its simplicity, cost-effectiveness, and eco-friendly
nature.11 The advantages include high enzyme yields, the use
of nutrient-rich agricultural waste as substrate, minimal need
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for process parameter regulation, lower effluent waste and
foam production, and straightforward purification of final
products.12 These features make SSF particularly attractive
for large-scale enzyme production, but they also underline
the importance of appropriate monitoring strategies to
ensure consistent process performance.

Monitoring enzymatic activity at different stages is highly
desirable to control process efficiency and product quality.

However, in current practice, monitoring is largely limited
to environmental parameters13 such as temperature, pH,
water content and carbon cycle-related variables (e.g.,
biomass production, CO2 concentration). The ability to
monitor enzymatic activity in real time during SSF would
enable rapid adjustment of process conditions, optimization
of production and improved batch-to-batch consistency.

Currently no practical tools exist for rapid, on-site enzyme
activity monitoring in SSF. Main challenges in measuring
enzymatic activity in SSF include the need for specialized
equipment and the use of methods that are often labor-
intensive, time-consuming and costly. These methods
typically require trained personnel and, due to their
complexity, are often unsuitable for rapid on-site
measurements, limiting the ability for real-time monitoring
and immediate process adjustments. Several studies on
lignocellulolytic enzymes and cellulase production in SSF
have emphasized that accurate activity measurements rely on
expensive, time-intensive protocols, which are difficult to
implement at industrial scale.14,15 In addition, quality control
workflows are hindered by delays associated with sending
samples to centralized laboratories and waiting for results,
which postpones batch release and increases storage and
logistics costs.

In light of these challenges, lab-on-a-chip (LoC)
technologies emerge as a promising solution, revolutionizing
chemical and biological analysis through miniaturized,
portable devices that enable fast and affordable
measurements.16 These devices facilitate the automatization
of standard and routine laboratory procedures and the
implementation of chemical and biochemical analysis in a
miniaturized system. This approach has been made possible
by the technology of microfluidics through manipulation of
small fluid volumes in channels with micrometre-scale
dimensions.17 The potential of LoC technology for
monitoring fermentation processes has been demonstrated
by the measurement of biomolecule concentrations, like
glucose, glutamate and glutamine.18,19

Here, we present a user-friendly, microfluidic disposable
LoC for colorimetric enzyme activity monitoring in industrial
SSF processes. To the best of our knowledge, this is the first
study of microfluidic sensor system specifically designed for
enzyme activity measurements in biofermentation processes,
with a particular focus on SSF-based detergent production.

This study focuses on laundry enzymes detection in real
samples from SSF processes. Nowadays, main application of
enzymes is in the laundry industry, accounting for 30–40% of
the total enzyme market.20 The major classes of detergent

enzymes are proteases,21 lipases,22 α-amylase,23 cellulase,24

mannanases.25 Among these, α-amylase and cellulase are of
particular interest in SSF-based biodetergent manufacturing
due to their key roles in starch removal and fabric care and
therefore were selected as target enzymes in this work.
Enzyme-based detergents have evolved from early
formulations with animal-derived proteases to modern
products containing stable microbial proteases, α-amylases,
cellulases and lipases.26–28 For implementation in a LoC
devices, enzymatic assays should provide a robust signal
output and easy handling for the final user. These
requirements are fulfilled by one-step colorimetric assays,
where a dye is released from a substrate by enzymatic action.

The LoC device is fabricated as a disposable microfluidic
chip fabricated on cyclic olefin copolymer (COC) foil using a
scalable roll-to-roll process, which is compatible with mass
production and optical detection. The resulting microfluidic
chips on polymer foil substrates are also referred as lab-on-a-
foil devices.29 The reagents required for the colorimetric
assays are pre-stored in dried form within the chip to
simplify handling for the final user and enable point-of-need
measurements. This study includes an assessment of the
stability of the integrated reagents. A customized portable
colorimetric reader, specifically developed for this work,
operated via a smartphone application was used to acquire
and process the assay signals, making the system suitable for
on-site measurements.

This work presents the design, laboratory environment
validation, and demonstration of the developed LoC system
for enzymatic measurement in samples derived from relevant
SSF processes. First, we characterize the analytical
performance of the platform using commercial enzymes,
including the limit of detection for α-amylase and cellulase.
Finally, the whole system has been validated in a relevant
environment with SSF samples obtained from the
manufacturing process of a biodetergent producer,
demonstrating its applicability for in situ monitoring of
changes in amylase and cellulase enzymatic activity
throughout the chosen fermentation process.

2. Materials

α-Amylase from Aspergillus oryzae (10065), α-glucosidase from
Saccharomyces cerevisiae (G5003), Cellulase from Aspergillus
niger (22178), β-hydroxy-4-morpholinepropanesulfonic acid
(MOPSO) (M8389), D-(+)-trehalose dihydrate (T0167-100G),
4-nitrophenyl phosphate disodium salt hexahydrate (pNP)
(71768), Triton X-100 (1086431000), dimethyl sulfoxide
(DMSO) (D2438), COC 96-well plate (M3812), Amicon Ultra 10
K filters (UFC501024) and 3 mm glass beads (1040150500)
were purchased from Merck. Resorufin-β-D-cellobioside
(ab274307) and resorufin (ab244308) were supplied by
Abcam. Ethylidene-4-nitrophenyl-α−D-maltoheptaoside (pNP-
G7) (PG7-01C) was obtained from Sorachim. Tween-20
(TW00200250) was purchased from Scharlab and sodium
acetate (141632) from PanReac. The hydrophilic coating S100
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was supplied by Joninn. The pressure-sensitive adhesive
(94090) was obtained from Adhesive Research.

3. Methods

The development of the LoC system comprised a sequential
and integrated workflow that fulfil the whole value chain
(Fig. 1). First, the enzymatic assays were established and
optimized in microplate format to define the conditions
required for the implementation on the LoC. Second, reagent
stability was evaluated under different storage conditions. In
parallel, the microfluidic concept was designed and
optimized through computational fluid dynamics (CFD)
simulations, followed by roll-to-roll (R2R) extrusion-coating
production of the chips. Subsequently, biofunctionalization
strategies were developed for integrating the enzymatic
reagents onto the foil-based device. Later the backend
processes include the application of a hydrophilic coating in
the capillary pump and closing the chip with a laser precut
pressure sensitive tape. A portable colorimetric reader was
then designed to enable real-time kinetic measurements
including the calculation of enzymatic activity. The analytical
workflow concludes with, first the functional validation of
the system using commercial enzymes and finally with real
SSF samples.

3.1. Assay development

The colorimetric enzymatic reactions selected should be
compatible with a LoC produced by R2R extrusion coating
process. Due to the inherent volumetric limits of foil-based
devices steps like filtration or precipitation are difficult to
integrate. In view of this, one step assays were chosen to
simplify the process and to take advantages of synergies in
chip design. In both enzymatic reactions, a specific substrate
is added and then by the action of the enzyme an optical
measurable compound is released. UV-visible measurements
in 96-well microplate geometry were performed on a Synergy
H1 microplate reader (BioTek) controlled by BioTek Gen5
Software during assay development prior to the LoC
implementation.

3.1.1. α-Amylase assay. α-Amylase enzymes are glycoside
hydrolases that cleave glucan linkages in polysaccharides
such as starch or glycogen, releasing oligosaccharides of
varying lengths.30 The soluble-dye methodology was chosen
as the most suitable approach for developing a colorimetric
LoC system. In this method, a chromogen is coupled to a
substrate, generating a measurable optical signal when
released as a result of α-amylase activity. pNP-G7 was selected

as the substrate, as it is widely used in most commercially
available kits.31 pNP-G7 is specific to α-amylases and does
not interact with other amylolytic enzymes. This methodology
employs a coupled enzymatic assay, using α-glucosidase
following the action of α-amylase, which produces a
colorimetric product (pNP) at 405 nm, proportional to the
amount of substrate (pNP-G7) cleaved by the α-amylase (Fig.
S1A). The concentrations of reagents and reaction buffer were
optimized using a 96-well plate with a final volume of 100 μL
per well. Optimal concentrations were determined to be 10
mM pNP-G7 and 2 mg mL−1 α-glucosidase in 0.05 mM
MOPSO buffer at pH 7.

3.1.2. Cellulase assay. Cellulase enzymes hydrolyze the β-1
→ 4 glycosidic bonds linking glucose units that comprise the
repeating units of cellulose. The methodology selected for
this work uses the substrate resorufin-β-D-cellobioside.32 The
product of the enzymatic reaction, resorufin, exhibits
fluorescence emission and absorbance at 570 nm (Fig. S1B).
The optimal conditions for carrying out this reaction were
established using a 96-well plate with a final volume of 100
μL per well. The optimized conditions were a 0.5 mM
resorufin-β-D-cellobioside solution in 0.5 mM acetate buffer
at pH 6.

3.2. Stability assays experiments

The stability of a microfluidic LoC reagent refers to its
ability to maintain expected and consistent performance
over time without degradation. It relates to performance of
a product within a specified time. To investigate the
stability of the enzymatic reagents (pNP-G7 and
α-glucosidase for the α-amylase assay, and resorufin-β-D-
cellobioside for the cellulase assay), tests were conducted at
different temperatures and storage durations (equivalent to
1, 3, and 6 months). Additionally, the effects of trehalose as
a preservative, storage under inert atmosphere, and the use
of silica gel to prevent humidity were examined. To simulate
storage in an inert atmosphere with silica gel, a heat-
sealable airtight bag was used. The bag was filled with
argon and included a silica gel packet before being sealed.
For evaluating the storage temperatures of 4 °C and 23 °C,
accelerated stability tests were performed at 37 °C, with the
equivalence to real-time storage calculated according to the
standard guide for accelerated aging of sterile barrier
systems for medical devices (ASTM). A detailed protocol can
be found in the SI for the calculation of the accelerated
aging time. The −20 °C condition was not simulated but
analysed in real-time.

Fig. 1 Sequential workflow for the design, fabrication, and validation of the microfluidic lab-on-a-foil chip.
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For this, the enzymatic substrates were deposited in the
surface of a COC 96-well plate by drop casting followed by
freeze-drying. For the α-amylase reaction, 100 μL of a
solution containing 10 mM pNP-G7 and 2 mg mL−1

α-glucosidase in 0.05 mM MOPSO buffer at pH 7 was used.
For the cellulase reaction, 100 μL of a 0.5 mM resorufin-β-D-
cellobioside solution in 0.5 mM acetate buffer at pH 6 was
lyophilized. In the conditions where trehalose was added, it
was incorporated to a final concentration of 2.5% (w/v). The
reagents were applied via drop casting into the wells of the
microplate, immediately frozen at −40 °C, and freeze-dried
overnight (ON) at 0 °C and 12 mbar.

After the storage period, fresh enzyme was added, and the
enzymatic activity was measured. In both cases, commercial
enzymes were used: for the α-amylase reaction, 100 μL of 1
mg mL−1 enzyme solution in 0.05 mM MOPSO buffer at pH 7
was added, and for the cellulase reaction, 100 μL of 4 mg
mL−1 enzyme solution in 0.5 mM acetate buffer at pH 6 was
used. The enzymatic activity was then compared to that
obtained with fresh reagents.

3.3. Lab-on-a-chip concept and simulations

The LoC works on the principle of capillary-driven
microfluidics. The assembly process is shown in Fig. 3A. The
chip is made of two flexible transparent layers: the bottom
layer contains microstructures, while the top layer is made
from pressure-sensitive adhesive tape, which is structured by
laser cutting. The chip design consists of an inlet, a detection
area, and a capillary pump (Fig. 3A). This pump was chosen
to enable the autonomous flow of samples trough the LoC.
Incorporating capillary pumps into LoC systems offers several
advantages: enabling passive fluid transport by harnessing
surface tension, eliminating the need for external power
sources and reducing system complexity. This passive
mechanism not only simplifies the device design but also
enhances portability, making LoC devices more suitable for
point-of-need applications.33

The chip operates as follow: first, the user adds a
drop of the solution containing the enzyme into the
inlet, and the chip self-fills by capillary action. The
sample reaches the reaction chamber, where the reaction
substrates are deposited. The flow continues until it
reaches the capillary pump, which is coated with a
hydrophilic material that removes the excess liquid and
isolates the detection area where the enzymatic reaction
takes place. A schematic of the chip filling process is
shown Fig. S2 in the SI.

As fluid is placed at the inlet, it is induced into the
channel solely due to capillary effects. The so-called meniscus
is formed inside the channel due to the surface tension and
the contact angle of the surface, hence creating an under
pressure that drives the fluid into the chip. At some point, as
most of the fluid at the inlet has been already absorbed, a
new meniscus forms exactly at the transition between the
inlet chamber and the channel due to the sharp edge of the
geometry. That new meniscus will stabilize, opposing that
which drives the fluid in. Overcoming that meniscus is key
for the filling to proceed, and so is the knowing of the
suction pressure required to do so. The capillary pressure
needed to overcome the inlet meniscus, what is referred to as
“breaking” it, was obtained using CFD simulations, namely a
simplified digital model of the inlet. A transient simulation
was set in a way that an increasing suction pressure was
applied, which allowed the emptying of the water from the
simulation domain, while monitoring the inlet meniscus.
CFD simulations were also used to optimize the design of the
capillary pump, which is responsible for breaking the
meniscus in the first place. The process involved testing
various geometries to achieve the best balance between
performance and the requirements of R2R fabrication.

3.4. R2R extrusion coating production of the chips

The chip developed for this work was produced using R2R
imprinting, an approach for high throughput fabrication of
microfluidic chip components which got recent attention in
various studies.34–37 In this case, R2R extrusion coating was
applied,37 which is a continuous process for manufacturing
flexible thermoplastic materials in rolls. A modified R2R
extrusion coating process was used to fabricate the
microfluidic chips. A negative of the desired microfluidic
pattern was mounted onto a cooling roller. Molten
thermoplastic material was continuously extruded into a
gap (nip) between the cooling roller and a second roller,
referred to as the pressure roller. The pressure roller
squeezes the molten thermoplastic film against the mold,
ensuring sufficient filling and transfer of the microfluidic
design. As the thermoplastic travels along the circumference
of the cooling roller it cools and hardens. Removal of the
solidified thermoplastic from the cooling roller occurs and
the imprinted foil is wound onto a collection roller, freeing
the mold before it again reaches the nip. The process
continues in a continuous manner in which the supplied

Fig. 2 Operation of the photogent reader. A user inserts the
microfluidic chip into the reader while the smartphone app shows the
real-time absorbance signal recorded during the enzymatic assay.
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molten thermoplastic is constantly imprinted, cooled,
removed and stored.38

This method offers several advantages: high speed and
scalability for enhanced efficiency and productivity, cost
reductions through optimized material use and energy
efficiency, flexibility for diverse applications and integrated
processes, consistent quality with improved process control
and fewer defects, support for rapid prototyping and
advanced technologies, and reduced environmental impact
through lower waste and energy consumption39,40 Cyclic
olefin copolymer (COC) was chosen for the chip
fabrication due to its flexibility required in R2R
manufacturing, its thermoplastic nature needed for the
extrusion coating and its transparency necessary for
colorimetric detection.41

3.5. Biofunctionalization strategies

The immobilization of the various reagents on the chip
reduces the need for user interaction with the LoC, making
the device easier to handle. Incorporating reagents into LoC
devices can be achieved through different methods such as

drop casting followed by freeze-drying or piezoelectric
deposition with subsequent air drying.

The integration of reagents for the α-amylase was carried
out by the former method. Drop casting involves depositing a
solution containing the reactive component onto the chip
surface, followed by freeze-drying to preserve the stability of
the components and activity. This technique effectively
preserves the reagents, allowing for their storage and
immediate use upon rehydration. It has been employed to
integrate biomolecules into microfluidic devices, enhancing
their shelf life and functionality.42 In this work 5 μL of 100
mM pNP-G7 and 5 μL of 20 mg mL−1 α-glucosidase directly
into the reaction chamber of the chips. This was followed by
immediate freezing at −40 °C and ON freeze-drying at 0 °C
and 12 mbar.

In contrast, the reagents for the cellulase reaction were
introduced by spotting and air drying. Piezoelectric
deposition involves the precise spotting of reagent droplets
onto specific areas of the chip using piezoelectric dispensers.
Following deposition, the reagents are air-dried, which
simplifies the integration process and maintains reagent
functionality. This method allows for controlled placement

Fig. 3 Chip assembly process: individual chip unit composed of the inlet, detection area, and capillary pump. Application of hydrophilic coating
(dark green drop) and reagents (light green drop). Lamination with pre-cut adhesive tape (A). 3D simulation model of the inlet (B). Simulation result
showing the change in water mass with varying pressure over time (C). CFD simulation of the capillary pump composed of micropillars, comparing
conditions without hydrophilic coating (D) and with hydrophilic coating (E). Microfluidic chips imprinted via the R2R extrusion coating method in
transparent COC grade, with each foil containing the chips arranged over a surface measuring 80 by 85 mm. (F). Manufactured COC chip with
integrated capillary pump (G). Detail of capillary stop valve with a micropillar structure of 100 μm by SEM (H).
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and uniform distribution of components, facilitating
consistent biochemical reactions within the microfluidic
channels. In this work spotting was performed using a
sciFLEXARRAYER S12 (Scienion) spotter, equipped with a
“PDC90 (uncoated)” nozzle. The spotting conditions were a
10 × 10 microarray, 600 nL per chip, and a 2 mM print
solution of resorufin-β-D-cellobioside.

3.6. Portable colorimetric reader and operating procedure

A custom device (Photogent) was developed to track the
activity of enzyme extracts obtained through fermentation
methods. The device was designed to measure absorbance at
two specific wavelengths: 405 nm (for α-amylase) and 570 nm
(for cellulase) over time. The measurements are taken in
kinetic mode, allowing for continuous monitoring of enzyme
activity as the reaction progresses.

The system consists of a custom-designed hardware and
an Android application that manages measurements. The
hardware is composed of five main components: LED light
sources, a light detector, a microcontroller unit (MCU) with a
Bluetooth module, and a battery supply. The LED light
sources include purple (405 nm) and green (570 nm) LEDs,
each with a low spectral bandwidth. The light-emitting mode
can be selected via the Android app, based on the wavelength
required for the specific enzyme being measured.

The light detector functions as a transimpedance
amplifier, where the variations in light intensity, due to
enzymatic reactions, induce changes in the current through
the amplifier. The absorbance values are monitored in real-
time via the Android App.

The device is powered by a lithium-ion battery, which can
be recharged via a USB-C connection and can support up to
200 hours of operation. Detailed device specifications are
provided in the Table S1 of the SI.

The device communicates with the Android app. via a low-
energy Bluetooth connection. Before the measurement,
several parameters can be set through the app, including the
light-emitting mode, streaming period, and total
measurement duration.

In practical use, the device operates as showed in Fig. 2.
Before each measurement, the microfluidic chip containing
the dried reagents is inserted into the detection chamber of
the Photogent reader, ensuring correct alignment between
the reaction chamber and the optical path. Once the chip is
placed, the user opens the Android application and selects
the appropriate wavelength mode (405 nm for α-amylase or
570 nm for cellulase). The kinetic acquisition parameters are
set through the interface. The sample is then added to the
inlet of the microfluidic chip, initiating the reaction. The
user closes the lid and starts the measurement via the app,
after which the chosen LED illuminates the reaction chamber
continuously while the photodetector records changes in
transmitted light intensity as the reaction progresses. These
signals are processed and transferred to the smartphone in
real time. Once the acquisition ends, the app displays the

absorbance-time dataset, which can be exported as a .txt file
for external analysis or directly processed using the enzyme
activity calculation tool. The device does not require
additional calibration between measurements and is ready
for subsequent assays immediately after data export.

3.7. Enzymatic activity calculations

The calculation of enzyme activity for α-amylase and cellulase
is based on measuring changes in absorbance at specific
wavelengths in kinetic mode, with readings taken at 1 minute
intervals. For α-amylase, absorbance is measured at 405 nm,
while for cellulase, it is measured at 570 nm. The difference
in absorbance (ΔAbs) between two time points (T1 and T2)
reflects the amount of product generated by the respective
enzyme during the reaction. This difference is interpolated
on a calibration curve (pNP for α-amylase, resorufin-β-D-
cellobioside for cellulase) to determine the amount of
product generated. Finally, enzyme activity is calculated by
considering the reaction chamber volume (12 μL), reaction
time, and the mass of the biodetergent sample. A detailed
protocol can be found in the SI for the calculation of enzyme
activity. These calculations for α-amylase and cellulase
activity can be made in a digital calculation sheet after
downloading the raw data from the smartphone. For
calculations in the software app., T1 and T2 were fixed at 0
minutes and 10 minutes, respectively.

3.8. Functional validation with commercial enzymes

The functional validation of the α-amylase and cellulase LoC
was carried out using commercial enzymes. The enzymes
were dissolved in the optimised reaction buffer at different
concentrations, and 50 μL of each solution was introduced
through the inlet of the microfluidic chip. A calibration curve
was constructed, and the LoD was determined. The LoD was
calculated as three times the standard deviation of the blank
absorbance signal, divided by the slope of the regression
equation, yielding the result in mg mL−1. To convert the LoD
into α-amylase activity units (μg mL−1), the LoD value in mg
mL−1 was interpolated using the calibration curve.

3.9. Functional validation with real samples

Real samples obtained at various stages of the fermentation
process, each with different enzymatic concentrations, were
shipped at room temperature and stored under the same
conditions until their measurement. A simple method was
developed for the extraction of enzymes from solid
biodetergent samples, designed for implementation in an
industrial fermentation plant without laboratory facilities
and requiring minimal instrumentation. Five grams of the
enzyme-containing sample were weighed using a digital
spoon and transferred to a 50 mL tube. Next, four grams of 3
mm glass microbeads were added, followed by 15 mL of
reaction buffer. The mixture was vortexed for 2 minutes to
ensure thorough mixing. Afterward, 1000 μL of the
supernatant was collected with a syringe and filtered through
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a 0.8 μm filter to remove solid residues. Finally, 50 μL of the
sample extracted from the biodetergent is introduced into
the microfluidic chip inlet.

4. Results and discussion
4.1. Microfluidic chip design

The chip design was optimized via CFD simulations, testing
different capillary pump geometries until an optimal balance
between design and R2R fabrication constraints was
achieved. The main task of the capillary pump is to overcome
the forces opposing the fluid flow, one of which, very critical,
is the creation of a meniscus at the inlet region of the
channel. The sharp edge at the inlet chamber-to-channel
transition facilitates the creation of a meniscus at the point
where enough liquid has already been removed from the inlet
chamber. A visual representation of this meniscus, displayed
as the liquid-air interface at the inlet, is shown in Fig. 3B. In
the simulations, a continuously increasing suction pressure
was applied at the created channel outlet. Fig. 3C shows the
variation in pressure at the outlet together with the
remaining water mass over time. The light blue line
represents the changing mass of water, showing a drastic
decrease until the meniscus is stabilized at about −220 Pa,
strongly impeding the discharge. With the increase of the
suction pressure, a value −270 Pa was shown to be needed to
overcome the meniscus. At that pressure, the capillary
pressure is overcome, allowing the water to flow through the
inlet, as indicated by the steeper decrease of the water mass.
The events of formation and breaking of the meniscus are
also indicated in the chart. This simulation helps to obtain
the required pressure to break the meniscus and initiate fluid
movement, for which the microfluidic pump is responsible.
The designed pump geometry, consisting of 100 μm
micropillars, was tested with a hydrophilic coating to
enhance liquid flow. COC has a hydrophobic nature with a
contact angle of approximately 80° (Fig. 3D). The addition of
this coating reduces the contact angle to 15° (Fig. 3E),
enabling the breakage of the meniscus and the subsequent
removal of excess liquid from the fluidic network, effectively
compartmentalizing the detection area chamber. In addition
to this geometry, an alternative design featuring irregular
hexagons was evaluated using CFD simulations. However,
this design did not meet the required performance criteria.
The detailed results of this alternative design are provided in
the Fig. S5. Similar approaches have been reported in the
literature, demonstrating the impact of microstructure
geometry on capillary-driven flow. Capillary pumps
incorporating micropillars and other patterned
microstructures have been shown to influence flow rates and
pressure generation in passive fluidic systems.43 Additionally,
studies have demonstrated that structured capillary pumps
with varying microstructure sizes and arrangements can
effectively control fluid movement by modifying capillary
pressure.44 Moreover, highly ordered micropillar arrays
fabricated in silicon have been used to enhance capillary flow

and improve fluidic resistance control.45 Our findings align
with these studies, highlighting the importance of pump
geometry in ensuring efficient liquid transport and
compartmentalization in LoC systems.

After optimizing the chip design, the next step was to
scale up its production using the R2R extrusion coating
process. This method allows for high-throughput
manufacturing of the microfluidic chips, ensuring consistent
quality and reproducibility across large volumes. A foil, with
a size of 80 mm × 85 mm, containing multiple chip units,
imprinted in COC via the R2R extrusion coating process is
shown in Fig. 3F. The final design of a single chip unit,
including the inlet, detection area, and capillary pump, is
depicted in Fig. 3G The overall dimensions of the LoC are 40
mm × 15 mm. Additionally, Fig. 3H provides a detailed view
(SEM micrograph) of the capillary stop valve, where the 100
μm micropillars are clearly visible.

4.2. Stability assays of the enzymatic substrates

The enzymatic substrates were deposited on the surface of a
COC 96-well plate as described in the Methods section. After
the storage period, fresh enzyme was added, and the
enzymatic activity was measured and compared with the
activity obtained using fresh reagents.

In the case of α-amylase detection, both the chromogenic
substrate pNP-G7 and the auxiliary enzyme α-glucosidase are
required in addition to α-amylase. To simplify handling for
the end user, both reagents were stored together in the
reaction chamber of the chip. Although better stability was
achieved when pNP-G7 was stored alone (Fig. S6), the
combined formulation was evaluated to enable user-friendly
operation. The enzymatic reaction of cellulase, however, only
requires the use of a chromogenic substrate (resorufin-β-D-
cellobioside).

Fig. 4A shows normalized α-amylase activity under various
temperature and storage conditions: 4 °C, 4 °C under inert
atmosphere, and 23 °C under accelerated conditions, as well
as −20 °C in real-time storage, evaluated over 1, 3, and 6
months. Storage at 4 °C under inert atmosphere and with
silica gel and at 23 °C are not suitable for preserving the

Fig. 4 Normalized α-amylase (A) and cellulase (B) activity under
various storage conditions: 4 °C, 4 °C under inert atmosphere, and
23 °C under accelerated conditions, as well as −20 °C in real-time
storage, evaluated over 1, 3, and 6 months (1 M, 3 M, 6 M), with and
without the addition of trehalose.
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reagents, as α-amylase activity drops below 60% within the
first month in all tested conditions. This result could be
attributed to over-drying of reagents caused by silica gel
application. Since enzyme stability can rely on small amounts
of moisture for stability, this can lead to their destabilization.
Enzymes like α-glucosidase may lose activity or denature
when exposed to excessive drying conditions, such as those
caused by silica gel desiccants. This phenomenon has been
reported in studies highlighting the negative impact of over-
drying on protein stability, where antibodies undergo
denaturation and loss of biological activity when exposed to
low moisture levels.46 At 4 °C, α-amylase activity declines
significantly over time, with trehalose providing slight
improvement and maintaining activity above 75% during the
first month of storage. At −20 °C, α-amylase activity remains
nearly 100% with trehalose throughout the first 3 months of
storage. In summary, trehalose enhances stability but long-
term preservation is only achieved at −20 °C.

As it is shown in Fig. 4B 23 °C and −20 °C are not
adequate temperatures for the storage of freeze dried
resorufin-β-D-cellobioside. However, the stability of resorufin-
β-D-cellobioside at 4 °C is improved when the substrate is
stored under inert atmosphere and with silica gel. Under
these conditions resorufin-β-D-cellobioside can be stored for
6 months at 4 °C without decreasing its functionality. The
addition of trehalose improves the stability of the substrate.

4.3. Chips self-filling optimization and integration and
solubilization of the enzymatic substrates in the reaction
chamber of the chip

The integration of the reagents into the reaction chamber of
the chip reduces user interaction and simplifies handling. As
a result, all reagents were incorporated in dry format directly
into the reaction chamber of the chip. Two different
biofunctionalization strategies were evaluated to introduce
enzymatic substrates: one method involved manual drop
casting followed by freeze drying, while the other used
reagent deposition through spotting followed by air drying.

The integration of the reagents required for the α-amylase
reaction (pNP-G7 and α-glucosidase) was performed
employing the former method, as described in the Methods
section. The self-filling of the chip was optimized using the
reaction buffer (MOPSO buffer) with different concentrations
of surfactants (0.1%, 0.2%, and 0.3% (v/v) of TWEEN-20 and
TRITON X-100. These surfactants were tested to reduce
surface tension, improve wettability, and ensure consistent
filling of the microfluidic channels. By lowering the surface
tension of the liquid, the detergents promoted smoother and
faster capillary action, allowing the fluid to flow more
efficiently through the microchannels, minimizing air
bubbles and enhancing overall performance.47

First, the α-amylase reaction was performed using the
MOPSO buffer with the different detergent concentrations to
ensure that the addition of detergents did not affect the
α-amylase activity. The results, shown in Fig. 5A, indicate that

none of the tested conditions reduced α-amylase activity by
more than 10%. Thus, all conditions are suitable for
performing the α-amylase assay.

Next, the self-filling of the chip was tested using the
different buffer/surfactant compositions. The reaction
chamber filling speed and an image of the chip 10 minutes
after filling are shown in Table S2 in the SI. If the surfactant
percentage is too low, the flow inside the chip stops, but if it
is too high, the liquid overflows and spills out of the reaction
chamber. The optimal condition was achieved with 0.1% (v/v)
TRITON X-100, as the filling time was appropriate (10
seconds) and the liquid remained within the reaction
chamber after 10 minutes.

Finally, the optimized filling buffer (MOPSO with 0.1% (v/v)
TRITON X-100) was tested with the freeze-dried reagents.
Fig. 5B shows the chip with the reagents lyophilized in the
reaction chamber, along with an image of the chip 10 minutes
after the introduction of a sample containing commercial
α-amylase in MOPSO with 0.1% (v/v) TRITON X-100. The liquid
in the reaction chamber turns yellow due to the release of pNP
from the action of α-amylase.

Since resorufin-β-D-cellobioside is only soluble in organic-
based solutions and not in water-based solutions,
introducing the reagents in dry state via dispensing and
freeze-drying was not possible, as re-dissolving of the
uniformly covered surface was unfeasible. The results of the
attempts to solubilize resorufin-β-D-cellobioside in the LoC
after drop casting followed by freeze drying are shown in Fig.
S7 and S8 of the SI. Therefore, piezoelectric deposition was
chosen as the integration method. This approach allows the
deposition of small arrays of low volumes, making it easier to

Fig. 5 Normalized α-amylase activity in 0.05 M MOPSO buffer, pH 7,
with different concentrations of detergents TWEEN-20 and TRITON
X-100 (A). Drop-casted and freeze-dried pNP-G7 before and after
adding a solution containing α-amylase in the optimized reaction
buffer (B). Normalized cellulase activity in 0.5 M acetate buffer, pH 6,
with different concentrations of detergents TWEEN-20 and TRITON
X-100 (C). Resorufin-β-D-cellobioside spotted in the reaction chamber
of the microfluidic chip and a detailed image of the array (D).

Lab on a Chip Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/6

/2
02

6 
4:

56
:0

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00528k


950 | Lab Chip, 2026, 26, 942–953 This journal is © The Royal Society of Chemistry 2026

dissolve the substrate during the reaction when the enzyme
and buffer are added. Resorufin-β-D-cellobioside is soluble in
DMSO but has a low solubility in the aqueous buffer in which
the cellulase reaction takes place. To ensure complete
substrate dissolution, the enzyme had to be added to the
chip in a buffer containing DMSO. Thus, it was necessary to
determine the maximum percentage of DMSO (2.5%, 7.5%,
and 15% (v/v)) that could be included in the reaction buffer
(0.5 M acetate buffer, pH 6, 0.1% (v/v) TRITON X-100) without
significantly inhibiting cellulase activity (Fig. 5C). The results
showed that DMSO inhibits enzymatic activity. The highest
DMSO concentration allowing measurable enzymatic activity,
with less than a 30% reduction in signal, was 7.5%, which
was used in further experiments to balance substrate
dissolution and enzymatic activity inhibition by DMSO.
Under these conditions, the spotted substrate was
successfully re-dissolved. Fig. 5D shows an image of the chip
during substrate spotting in the reaction chamber, along with
a detailed view of the resorufin-β-D-cellobioside array.

4.4. Laboratory functional validation and chip shelf life

The custom-designed colorimetric reader was employed for
the functional laboratory validation of α-amylase and
cellulase chips by detecting absorbance changes within the
reaction chamber of the chip. Fig. 6A offers an external view
of the portable colorimetric reader, highlighting its compact
design and portability. Fig. 6B displays the measurement
chamber specifically adapted to the geometry of the
microfluidic chip, ensuring precise absorbance readings.
Lastly, Fig. 6C illustrates the working device with purple
emitting mode. In addition, the performance of the portable
reader was compared with a commercial microplate reader
pNP standard solutions in PBS. For this comparison, the
same LoC was measured in both systems by employing a 3D-
printed holder that positioned the reaction chamber precisely
over a single well of the microplate reader. The portable
reader, whose optical design is fully matched to the geometry
of the chip, exhibited a slightly higher sensitivity, as reflected
in the steeper slope of its calibration curve. The calibration
plots are provided in the Fig. S9 of the SI. The functional
validation of both the α-amylase and cellulase chips, was
performed with commercial enzymes. Six different

concentrations of enzymes with three replicates were tested
to create the calibration curve. The raw data, directly
extracted from the smartphone connected to the chip reader,
is shown in Fig. 7A and B for amylase and cellulase
respectively. For α-amylase, absorbance at 405 nm was
measured over time, showing an increase in the reaction rate
as the concentration of α-amylase increased. Similarly, for
cellulase, absorbance was recorded at 570 nm, and a similar
trend of increasing reaction rate with increasing cellulase
concentration was observed. From this data, the enzymatic
activity was calculated, and the calibration curves for both
enzymes were established, with the calibration curve for
α-amylase shown in Fig. 7C and that for cellulase in Fig. 7D.
The limit of detection (LOD) was also determined, with
α-amylase having an LOD of 136.7 mU mL−1 and cellulase an
LOD of 9.2 mU mL−1. Both the LOD and activity ranges for
the two enzymes are within the expected values for real
samples from the fermentation plant.

Additionally, the stability of the reagents was re-evaluated
to calculate the shelf life of the chip. Accelerated storage
studies were conducted at 37 °C, replicating previously
established optimal conditions in which α-amylase reagents
were stored for one month at 4 °C, while cellulase reagents
were stored at 4 °C in an inert atmosphere and with silica gel
for six months.

Fig. 6 External view of the portable colorimetric reader (A). Image of
the measurement chamber, customized to fit the geometry of the
microfluidic chip (B). Working device with purple emitting mode (C).

Fig. 7 Kinetic measurements of α-amylase activity in the chip (A) and
α-amylase activity (B) from different concentrations of commercial
α-amylase. Kinetic measurements of cellulase activity in the chip (C)
and cellulase activity (D) from different concentrations of commercial
cellulase. Normalized α-amylase activity in the microfluidic chip under
storage at 4 °C for 1, 3, and 6 months (E). Normalized cellulase activity
in the microfluidic chip under storage at 4 °C in an inert atmosphere
and with silica for 1, 3, and 6 months (F).
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In this study, stability testing was conducted with the
reagents already placed in the reaction chamber of the chip,
using drop casting and freeze-drying for α-amylase reagents,
and spotting for cellulase enzymatic substrate.

For α-amylase, similar results to those in Fig. 4A were
obtained, as the reagents maintained over 80% of their
functionality after one month of storage at 4 °C, and activity
fell below 35% after three months (Fig. 7E). However, for
cellulase, reagent stability decreased significantly when
stored on the chip following spotting, with the reagents
preserving over 95% of their activity for only one month, then
dropping below 35% by the third month (Fig. 7F). This
discrepancy with previous results from microplate-based
assays (Fig. 4B) is likely due to differences in deposition
methods. In prior studies, resorufin-β-D-cellobioside was
applied by drop casting and freeze-drying, while in the
current study, spotting was used. Since spotting was
performed with DMSO, the drops were not completely dried
before storage, which may have led to residual solvent
remaining on the reagents. This incomplete removal of
DMSO could create a microenvironment that destabilizes the
cellulase reagents over time, potentially accelerating
degradation processes and leading to a more rapid decay in
their functional activity than was seen with freeze-dried
samples. Moreover, because the droplets are not fully dried,
the amount of DMSO added is no longer determined only by
the volume introduced with the cellulase buffer. There is an
additional contribution of DMSO originated from the
incompletely dried droplets, which cannot be quantified. As
shown in Fig. 5C, the DMSO concentration influences the
enzymatic activity and may therefore also contribute to the
observed decrease in activity. For the piezoelectric deposition
of resorufin-β-D-cellobioside a DMSO-specific piezo dispense
capillary was required (‘PDC90 (uncoated)’ nozzle). Although
Fig. 4B demonstrates that the addition of trehalose increases
the shelf life of the reagent, this strategy could not be applied
here because trehalose caused clogging of the capillary and
prevented reproducible dispensing. This represents a known
limitation and improving the long-term stability of the
formulation will be essential for any future
commercialization of the LoC.

4.5. Functional validation with real samples

The enzyme extraction protocol described in the Methods
section was used to assess the concentration of α-amylase
and cellulase in the samples from the fermentation plant. To
evaluate the reproducibility of the extraction step, an initial
assessment was performed in which four operators each
carried out five consecutive enzyme extractions from a
cellulase containing sample. The enzymatic activity of all
extracts was measured in a 96-well microplate and the
resulting data were analysed using one-way ANOVA test. This
test is used to compare the means of three or more
independent groups and determine whether there are
significant differences among them.

No significant differences were detected among
operators (ANOVA, p = 0.46), indicating that the sample
extraction method does not introduce substantial
operational errors under the tested conditions. Further
experiments involving a greater number of operators and
conditions would be needed to confirm the applicability
of the extraction protocol in industrial settings. However,
this extended study is out of the scope of this work. The
corresponding plot illustrating this analysis is provided in
the Fig. S10 of the SI.

Samples were taken at different time points during the
microorganism growth phase, where increasing enzymatic
activity was expected. The raw kinetic data for both enzymes
were downloaded directly from the smartphone connected to
the chip reader. For α-amylase, Fig. 8A shows the change in
absorbance at 405 nm over time, while for cellulase, Fig. 8B
illustrates the absorbance at 570 nm. As fermentation
advances, an increase in reaction rate is observed for both
enzymes, reflecting higher concentrations of α-amylase and
cellulase in the samples. This is consistent with the sample
sequence from 1 to 6 for amylase and 1 to 5 for cellulase,
where higher sample numbers correspond to more advanced
stages of the fermentation process. The data were processed
according to the calculations outlined in the Methods section
to convert the kinetic measurements into enzymatic activity
values. Fig. 8C shows the enzymatic activity for α-amylase
and Fig. 8D for cellulase. In the case of sample 1 containing
cellulase the enzymatic activity could not be detected because
a change in absorbance at 570 nm was not observed over
time. The results show that enzymatic activity significantly
increases in samples taken at more advanced stages of the
fermentation process, indicating higher enzyme production
as fermentation progresses. These results indicates that the
developed microfluidic chip technology works for quick

Fig. 8 Kinetic measurements of α-amylase (A) and cellulase activity (B)
in the chip from samples extracted at different fermentation time
points of the fermentation process. Enzymatic activity of α-amylase (C)
and cellulase (D) from samples extracted at different fermentation time
points of the fermentation process.
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analysis of enzyme activity in enzyme containing ferments
and formulations thereof.

To assess potential cross-reactivity, several control
experiments were performed. Extracts rich in cellulase (S3.
Cellulase) were incubated with pNP-G7 and monitored at 405
nm, both in the absence (control 1) and presence (control 2)
of added glucosidase, while extracts rich in amylase (S3.
Amylase) were incubated with pNP-G7 without glucosidase
(control 3) and with resorufin-β-D-cellobioside (control 4) at
570 nm. In all cases, no significant increase in absorbance
was observed, indicating that there was no cross-reactivity
between the enzymes and substrates. A detailed description
of these controls and the corresponding results are provided
in Fig. S11 in the SI.

Conclusions

In this study, a microfluidic lab-on-a-foil was successfully
fabricated using R2R extrusion coating. The device operates
via self-filling microfluidics, enabled by a hydrophilic pump
consisting of 100 μm pillar-shaped microstructures. To
enhance liquid flow, a hydrophilic coating was applied to
reduce the contact angle of the COC chip material,
facilitating efficient meniscus breakage at the chip inlet. The
necessary reagents for measuring α-amylase and cellulase
activity were successfully integrated using two distinct
strategies based on the nature of the substrates: drop-casting
followed by freeze-drying and spotting followed by air-drying.
The shelf life of both chip configurations was determined to
be one month when stored at 4 °C with the integrated
reagents. Additionally, the incorporation of Triton X-100 into
the reaction buffer improved chip filling. To detect the
enzymatic reaction signal in situ, an absorbance reader was
developed, and the LoC system was validated in two stages.
First, enzymatic assays with commercial enzymes confirmed
the proper functionality of both the chip and the reader.
Subsequently, samples from a SSF plant were analysed at
different time points during the exponential phase. The
system successfully detected increasing enzymatic activities
of α-amylase and cellulase over time, demonstrating its
applicability for enzyme monitoring in SSF processes. The
developed LoC and reader are readily adaptable for other
SSF-relevant laundry enzymes that produce a soluble,
chromogenic product. For example, lipase activity could be
measured using pNP–palmitate, and β-1,4-mannanase activity
using pNP–mannotetraoside. In addition to their use in the
laundry industry, these enzymes have broad applications
across food and beverage, textile, paper, biofuel,
pharmaceutical, and industrial sectors, highlighting the
versatility and potential of the LoC platform.
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