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ABSTRACT: Paper-based enzyme immobilization for a flow
injection electrochemical biosensor integrated with a reagent-
loaded cartridge toward a portable device was developed. A paper
disk was immobilized with enzyme, then it was integrated in a
flow cell as an electrochemical biosensor. A silicon tube reagent-
loaded cartridge was integrated into the system, a complicated
procedure was simplified as a one-click operation toward
development for point-of-care applications. In this research,
glucose oxidase (GOx) was employed as a model enzyme, silver
ion as an inhibition reagent for GOx, and EDTA as a regeneration
reagent. When GOx was inhibited by silver ions, glucose was
introduced for electrochemical measurements before and after
inhibited enzyme regeneration and the difference was caused by
silver inhibition. The modular device has great potential for other applications, e.g., detection of enzyme activity and substrate.
The platform based on double-test mode provided accurate results due to elimination of an average or control value in
comparison with classical routine approaches.

Analytical methodologies based on enzymes have increased
exponentially and gained popularity and significance over

the last few decades. This is mainly related to the high
selectivity and specificity of enzymes that enable the
determination of single analyte species in complex samples.1

The implementation of biocatalytic procedures in flow systems
as an alternative to conventional batch assays can effectively
control the reaction conditions and allow the maximization of
enzyme activity.2

Electrochemical biosensors combine the sensitivity of
electrochemical transducers with the high specificity of
biological recognition processes. These devices contain a
biological recognition element (e.g., enzymes, proteins, anti-
bodies, nucleic acids, cells, tissues, or receptors) that selectively
reacts with the target analyte and produces an electrical signal
that is related to the concentration of the analyte being studied.
Electrochemical biosensors can be divided into two main
categories based on the nature of the biological recognition
process, i.e., biocatalytic and affinity modes.3 Enzyme electrodes
are electrochemical probes with a thin layer of immobilized
enzyme on the surface of the working electrode.4−6 The
enzyme is the most critical component of the enzyme electrode,
and the shelf life and stability of the enzyme generally
determine the lifespan of the biosensor.
Screening-printing technology can be easily applied to the

mass production of inexpensive, reproducible, and sensitive
disposable electrodes,7,8 and screen-printed electrodes (SPEs)

have been applied in portable devices. Paper represents a great
and useful supporting material for developing sensing
devices.9−18 A dry filter paper can sorb more than its dry
mass of aqueous solution when immersed in a bath, removal of
the paper and drying will leave all the nonvolatile components
of the aqueous solution in the paper structure. Printing and
coating technologies allow for the applications of almost any
fluid onto dry paper. Aqueous solutions are particularly easy
because capillary forces and the hydrophilic nature of cellulose
promote rapid sorption. Antibodies, enzymes, aptamers, and
phages can be spotted or printed onto dry filter paper without
denaturation. The bioreceptor adheres to the paper surface
because of physical immobilization, van der Waals, and
electrostatic forces. Such desirable properties have been applied
on paper-based enzyme-linked immunosorbent assay
(ELISA).19

A simple method for handling multiple reagents is the
bottleneck for portable devices. Whitesides’ group reported a
cartridge for storing reagents and delivering sequentially the
reagents in a microfluidic device to carry out a bioassay.20

Motivated by the inspired applications mentioned above,
based on the advantages of microfluidics, we proposed paper-
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based enzyme immobilization for flow injection electrochemical
biosensor integrated with reagent-loaded cartridge toward
portable modular device. A paper disk is applied for prestorage
of enzyme and integrated with screen printed electrode SPE in
a flow system, and the modular enzyme immobilization paper
can be replaced conveniently. Glucose oxidase (GOx) is applied
as a model enzyme, and Ag+ inhibition is tested as
demonstration of concept. The products of catalytic reaction
were measured before and after enzyme regeneration, and the
difference resulted from enzyme inhibition by Ag+ ions.
Because of the combination of the plug-in cartridge and the
activity of enzyme, inhibition analyte, and substrate could be
determined accurately with one simple click. This simple
technology will open up a new avenue for rapid point-of-care
applications to widen the applicability of biosensors.

■ EXPERIMENTAL SECTION
Materials and Reagents. All chemicals used for the

preparation of stock and standard solutions were of analytical
grade. Glucose oxidase (type VII from Aspergillus niger; 192 000
units/g) and β-D-glucose were obtained from Sigma. AgNO3
was analytical grade reagents obtained from Aldrich. Stock
glucose solutions (freshly prepared, in a phosphate buffer pH
7.0, 0.1 M) were allowed to mutarotate at room temperature
overnight before use. Glucose standards were prepared by serial
dilution of the stock solution. The inhibitor standards were
prepared by serial dilution from their respective stock solutions,
and EDTA 2.5 mM in water was employed unless otherwise
stated.
Tygon 3350 silicone tubing 1/32 × 3/32 (0.8/2.4 mm

internal/external diameter) was applied for storing solutions,
and 200 μL of solution in the tubing is about 40 cm length,
with a 4 cm air space for an interval between solutions. The dye
for plug visualization was bought from Waterman (Janesville,
WI). Whatman filter paper no. 1 was obtained from Cole-
Parmer (Vernon Hills, Illinois).
Apparatus. All electrochemical characterizations and

calibrations were performed using a four channel system
(eDAQ QuadStat, e-Corder 8 and Echem software, eDAQ
Europe, Poland). A disposable screen-printed carbon electrode
(SPCE) (Dropensens, Spain) was employed as the working
electrode (4 mm diameter disk) and a Ag/AgCl and a carbon
ring as the reference and counter electrodes, respectively.
Solutions were pumped with a syringe pump (New Era Pump
Systems, Inc. NE-1000 programmable single syringe pump).
Fabrication of Paper Disk for Enzyme Immobilization

and Assembly of Detection Chip. Whatman filter paper no.
1 was carefully cut into round sheet with ∼7 mm diameter.
Then, 5 μL of 200 U/mL GOx (pH 4.5) solution was dropped
on the paper and allowed to dry at room temperature. The flow
chip was shown in Figure 1a. The channel width and depth
were 1 and 0.4 mm, respectively. The detection round chamber
diameter and depth were 7 and 1 mm, respectively. Detection
device was assembled as described in Figure 1, and it was
integrated with the order of flow chip (a), poly(dimethyl
siloxane ) (PDMS) shim (b), paper disk impregnated with
enzyme(c), and SPCE (d). The device was clamped for
operation as shown in Figure 1e.
Preparation of Reagent-Loaded Cartridge. Liquids/air

was aspirated into the cartridge using a manually operated
syringe. We prepared the cartridges by cutting commercially
available Tygon 3350 silicone tubing 1/32 × 3/32, poly-
ethylene (PE) tubing into 200-cm-long units. Volumes of 200

μL of buffer, 200 μL of 10 mM glucose, 200 μL of 2.5 mM
EDTA, and 200 μL of 10 mM glucose were aspirated into the
tube sequentially with 4 cm air spacers. When the cartridge
preparation was completed, we sealed the tubing end with
clamps. Finished reagent-loaded cartridge with dye for
visualization was shown in Figure 2.

Portable Modular Device for Enzyme Inhibition
Detection. Measurements were performed in the portable
device at room temperature. Typically 200 μL of Ag+ (0.15−1.2
μM) inhibition solution was pumped through the detection cell
with a flow rate of 100 μL/min, after inhibition, a reagent-
loaded cartridge was connected to a detection chip and the
reagents were pumped with a flow rate of 100 μL/min, when
the detection cell was full of reagents, namely, glucose and
EDTA, Typically the reagents were stopped 3 min for complete
reaction, respectively. The amperometric response was
recorded, and the applied potential is 0.30 V vs Ag/AgCl.
The inhibition degree (percentage) is evaluated as (I0 − I)/I0 ×
100, where I0 and I are the glucose responses before and after
inhibition, respectively.

■ RESULTS AND DISCUSSION
Motivation of the Design. The aim of this work is to

develop a miniaturized, self-contained, single-use, portable
modular enzyme assay device for quantitative determination of
enzyme, enzyme inhibition, and substrate with one simple click.
In the current enzyme assays, a control or baseline is needed
because the measured value of enzyme activity has to be

Figure 1. Assembly of detection chip: flow chip (a), PDMS shim (b),
paper disk impregnated with enzyme (c), and SPCE (d), and the
sections were assembled (e) for application with a simple clamp.

Figure 2. Reagent-loaded cartridge. Dye was employed for plug
visualization.
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compared with the unexposed normal (baseline) values. To
circumvent this problem, a statistically derived value of enzyme
activity measured from a large sample size of population
generally serves as the control. However, these methods are not
accurate because of the large variability in baseline values
derived from the variation of enzyme activity between
individuals and the deviation of measurement methods from
different laboratories.21−24 Moreover, this current approach is
rather time-consuming and costly.
Toward the direction of point-of-care application, we

propose a portable modular device, which is a flow injection
electrochemical biosensor with paper-based enzyme immobili-
zation and integrated with reagent-loaded cartridge. In this
approach, at first, a double-test mode detects the variation of
enzyme activity before and after reactivation. This method
provides advantages since a control enzyme is not needed and
it excludes inter- or intraindividual variation in the normal
levels of enzyme. Therefore, this measurement is an accurate
and reliable determination. Also, a paper platform is suitable for
enzyme assay as it has been demonstrated by paper-based
ELISA.19 In this research, a paper disk is employed as a carrier
matrix for enzyme storage and the component in the modular
device is inexpensive and thus can be easily replaced. This
paper-based enzyme immobilization electrochemical biosensor
combines the sensitivity and specificity of the enzyme assay
with the convenience, low cost, and ease-of-use of paper-based
platforms. Furthermore, reagent-loaded cartridge is employed
for storage of liquid reagents which eliminates the cumbersome
requirement of reagent dispensing during a typical conventional
measurement. It has numerous potential advantages for point-
of-care applications. In general, this method is inexpensive, is
portable, and provides real time results. For a point-of-care
device, an ideal application is to provide a direct answer with
only a simple sample introduction leading to the desired
analytical results. The proposed device exactly meets the key
requirement of practical applications.
Enzyme Immobilization and its Catalytic Reaction.

First, we tested the feasibility of GOx catalytic reaction in the
flow system: 5 μL of 200 U/mL GOx was spotted in a paper
disk and allowed to dry under ambient conditions, and the
enzyme adsorbed on the paper disk was positioned in the
detection cell of the portable device. Phosphate buffer was
pumped through the detection cell, and then 10 mM glucose
was pumped in as the subsequent follow up solution. The
amperometric response of GOx enzymatic catalytic reaction
was investigated as shown in Figure 3A. The substrate glucose

solution was pumped through the detection cell (sections F1
and F2), then the glucose solution was stopped in the detection
cell (section S) for the enzymatic reaction. In the beginning of
the F1 section, the substrate glucose solution flowed through
the detection cell and replaced the previous phosphate buffer
progressively and the signal thus increased gradually; obviously,
this increase was attributed to the oxidation of hydrogen
peroxide, an enzymatic product of the glucose substrate which
was catalyzed by active GOx. When the detection cell was full
of substrate glucose solution, as shown in section of F2, the
concentration of enzymatic product was kept at a steady state
level under the stable flow velocity, and the signal did not
change with time. After the substrate solution was stopped in
the detection cell, as in section S, the concentration of
enzymatic product increased with the reaction time; it follows
the Michaelis−Menten kinetic equation. On the basis of the
amperometric response, the current data for the reaction 3 min
in stop-flow status was collected for analysis due to its steep
slope. Different concentrations of glucose were applied in the
system (Figure 3B), in order to maintain a proper sensitivity
and avoid big errors in operation; thus, 10 mM of glucose was
selected for the enzyme inhibition study.
Second, we tested the stability of GOx adsorbed in the paper.

The substrate solution of 10 mM glucose was pumped through
the detection cell and stopped for reaction repeatedly; on the
basis of the data from Figure 3, the glucose solution was
pumped for 2 min and then stopped for 3 min. The
electrochemical signals were recorded in Figure 4, and good
repeatability was achieved from the low relative standard
deviation (RSD) 2.7%, obtained for a series of five repetitive
measurements. The results demonstrated that the GOx was
absorbed well on the paper matrix and remained stable in the
paper disk and met the requirements for multiple analyses.
Paper disk with absorbed GOx was tested after 1 month for
shelf life investigation (stored in an airtight plastic bag at 4 °C
until assay), and the signal decreased about 9.6% and good
repeatability was still obtained with RSD 4.2%.

Enzyme Inhibition and Regeneration. Enzyme inhib-
ition and regeneration efficiency were investigated: initial
enzyme activity was tested, then the inhibition solution 0.3
μM Ag+ was pumped through the detection cell for 3 min
(inhibition step), then amperometric signal decreased; after
treating with 2.5 mM EDTA for 5 min (regeneration step),
96% of the enzymatic activity could be regained (Figure 5). For
each reaction for three repetitive measurements, the RSD was
less than 4.3%. On the basis of the nearly complete

Figure 3. Amperometric response of 5 μL of 200 U/mL GOx in the paper disk, and 10 mM glucose was pumped through the reaction cell at a flow
rate of 100 μL/min (A). Electrochemical response for different concentrations of glucose in stop flow (B). Detection conditions: applied potential
was 0.3 V vs Ag/AgCl.
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regeneration, the proposed technique can be applied for the
detection of inhibition analyte. On the basis of previous
research,25 GOx can be inhibited by Ag+ in 2 min and
regenerated within 3 min; in this investigation, 3 min for
inhibition and 6 min for regeneration were applied for complete
reaction.
Reagent-Loaded Cartridge and Flow Velocity. For a

disposable and portable device, storing and delivering a
sequence of reagents is a critical key step in the evaluation of
a device’s performance. In this method, cartridges made of
commercially available Tygon 3350 silicone tubing were filled
by sequentially injecting plugs of reagents separated by air
spacers. They were 200 μL of buffer, 200 μL of 10 mM glucose
(40 cm length), 200 μL of 2.5 mM EDTA (40 cm length), and
200 μL of 10 mM glucose (40 cm length) were aspirated into
the tube sequentially with 4 cm air spacers. The air spacers can
prevent the reagents from mixing with each other during
cartridge preparation, storage, and usage. In the process of
analysis, the cartridge was connected with the detection chip
and the reagents were delivered with a constant flow pump.
Plug-to-plug contamination was tested. Using dyed plugs, we

observed that the plugs left small amounts of residues behind
them as they moved through the tubing when the flow rate
reached 120 μL/min; since the subsequent plugs in the

sequence collected the residue, this process resulted in plug-to-
plug contamination. In this research, 100 μL/min flow rate was
applied for delivering reagents and plug-to-plug contamination
could be avoided.

Paper-Based Enzyme Immobilization for a Flow
Injection Electrochemical Biosensor Integrated with a
Reagent-Loaded Cartridge for Silver Detection. We
demonstrated that an integrated biosensor could be used for
detection of silver ion. The biosensor included two parts,
namely, the enzyme reaction cell (Figure 1e) and the reagent-
loaded cartridge (Figure 2). After 200 μL of Ag+ inhibition
solution was pumped through the detection cell with a flow rate
of 100 μL/min, the reagent-loaded cartridge was connected to
the detection chip, the reagents were pumped with a flow rate
of 100 μL/min, and the amperometric response was recorded.
We carried out a series of different concentrations of Ag+

inhibition solutions. The signals and the reagents matched quite
well, as shown by representative amperometric response in
Figure 6. In step 1, when the buffer was pumped into the

detection cell, a baseline electrochemical response was
recorded. In step 2, the substrate glucose was pumped into
the detection cell and stopped for 3 min; the phenomenon
observed was the same as that shown in Figure 3, then when
the solution started to flow again, the signal decreased. In step
3, the regeneration solution EDTA was pumped into the
detection cell, electrochemical signal decreased to baseline
again, and in order to keep the enzyme regeneration step
complete, the flow of EDTA solution was stopped and the
reaction time was kept at 6 min. In step 4, the substrate glucose
was pumped into the detection cell again, and a stronger
electrochemical signal occurred due to GOx enzyme regener-
ation. The difference between two signals results in the
inhibition efficiency. Interestingly, when each bubble reached
the detection cell, the signal became noisy, and after subsequent
following solution entered the detection cell, the signal
resumed to be normal again. It indicated that the air spacers
did not cause interferences in the process of analysis. When the
bubbles reaching the electrode surface after the glucose solution
had entered into the detection cell, the signals did not decrease
steeply but were maintained at the same level, because the
enzymatic product H2O2 was neither increasing like the
stopped reaction nor decreasing like the flowing status; it is

Figure 4. Repeatitive detection with electrochemical response for
enzyme catalytic reaction in the flow chip. A volume of 5 μL of 200 U/
mL GOx was immobilized in the paper disk, and 10 mM glucose was
pumped through the reaction cell with 100 μL/min for 2 min and then
flow was stopped for 3 min reaction. Detection conditions: applied
potential was 0.3 V vs Ag/AgCl.

Figure 5. Reactivation efficiency of GOx treated with 2.5 mM EDTA
for 6 min after 0.3 μM Ag+ inhibition, and each reaction was repeated
3 times. Other experimental details were as in Figure 4.

Figure 6. Current−time response curve with portable modular device
applied for the detection of enzyme inhibition. Reactivation of GOx
was treated with 2.5 mM EDTA for 6 min after 0.3 μM Ag+ inhibition.
Other experimental details were as in Figure 4.
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caused by the wetting layer of glucose solution on the electrode
surface becoming thinner with the passage of an air bubble.26

The signal decreased steeply until the next solution
replacement on the electrode surface took place.
Additionally, we observed that the electrochemical signal

after EDTA solution treatment could reach the same level of
baseline generated from buffer under the applied conditions
(Figure 6). It implied that no glucose solution residue remained
in the reaction cell and demonstrated that the initial solution
could be replaced thoroughly by the following one with the
flow rate of 100 μL/min for 2 min in this design. Because of the
presence of a paper disk in the round cell, the flow profile and
the mechanism of replacement of different solutions are
complex. On the basis of the research about segmented gas−
liquid flow,20,26,27 flow-based enzyme kinetics,28 and our
previous experience about paper disk,16 the proposal for
enzyme inhibition detection with plug-to-plug reagent-loaded
cartridge has practical applications.
Silver was detected in the range between 0 and 1.5 μM. The

relationship of inhibition degree of GOx and silver concen-
tration was shown in Figure 7.

The design can be easily extended for enzyme activation
detection and substrate detection. For enzyme activation
detection, a series of known substrates were pumped through
the detection cell and the changes of enzymatic product
concentrations can be used to deduce enzyme activation.
Moreover, for substrate detection, the comparison of enzymatic
products from known substrate and unknown sample can be
used to deduce the concentration of sample. In this
experimental approach, the double-test mode excludes inter-
or intraindividual variation avoiding an average or control value.

■ CONCLUSIONS
We have developed here for the first time paper disk
impregnated with enzyme applied in a flow system integrated
with a reagent-loaded cartridge toward disposable device. We
demonstrate that its low-cost, simplicity, reproducibility, and
stability for silver ion detection with a double test mode via
regeneration of GOx. The ease of fabrication of the paper disk
impregnated with enzyme and a reagent-loaded cartridge which

is suitable for mass production also opens opportunities for a
wide range of applications in the areas of medical health, food
safety, and environmental monitoring.
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