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a b s t r a c t

Different materials like glass, silicon and poly(methyl methacrylate) (PMMA) are being used to
immobilise enzymes in microchannels. PMMA shows advantages such as its low price, biocompatibility
and attractive mechanical and chemical properties. Despite this, the introduction of reactive functional
groups on PMMA is still problematic, either because of the complex chemistry or extended reaction time
involved. In this paper, a new methodology was developed to immobilise glucose oxidase (GOx) in
PMMA microchannels, with the benefit of a rapid immobilisation process and a very simple route. The
new procedure involves only two steps, based on the reaction of 5.0% (w/w) polyethyleneimine (PEI)
with PMMA in a dimethyl sulphoxide medium, followed by the immobilisation of glucose oxidase using
a solution containing 100 U enzymes and 1.0% (v/v) glutaraldehyde. The reactors prepared in this way
were evaluated by a flowing system with amperometric detection (þ0.60 V) based on the oxidation of
the H2O2 produced by the reactor. The microreactor proposed here was able to work with high
bioconversion and a frequency of 60 samples h�1, with detection and quantification limits of 0.50 and
1.66 mmol L�1, respectively. Michaelis–Menten parameters (Vmax and KM) were calculated as
449747.7 nmol min�1 and 7.7970.98 mmol. Statistical evaluations were done to validate the proposed
methodology. The content of glucose in natural and commercial coconut water samples was evaluated
using the developed method. Comparison with spectrophotometric measurements showed that both
methodologies have a very good correlation (tcalculated, 0.05, 4¼1.35ottabled, 0.05, 4¼2.78).

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Microfluidic devices have received considerable attention from
researchers in recent years. Since the early 1990s, when Manz
et al. [1] developed the first microfluidic device, these systems
have become more popular as a result of their advantages over
larger scale systems. Among these, their small dimensions, large
surface-to-volume ratio, well-defined reaction times and small
sample quantities requirements make these systems very promis-
ing with regard to their use for analytical procedures [2–4].

In this context, the use of microchannels for enzymatic applica-
tions has also gained support. Different materials like glass [5],
polystyrene [6], silicon [7,8] and poly(methyl methacrylate)
(PMMA) [9], have already been used to immobilise enzymes. PMMA
shows some advantages compared to other materials, such as its

low price, biocompatibility, excellent optical transparency and
attractive mechanical and chemical properties [10].

The most common way to immobilise enzymes onto a micro-
reactor is by using a support that can covalently attach to the
enzyme or by a cross-linking agent, which can act as a spacer-arm
molecule [11]. Immobilisation of enzymes provides many advan-
tages such as their reuse, lower consumption of reagents and
samples, higher analysis rate, extended lifetime and greater
stability. However, for this purpose, the substrate of the reactor
must have some reactive functional groups that can interact with
the enzymes. A few approaches have already been made to
introduce amino groups onto PMMA sheets [12–14].

Amino groups are well-known functional groups for enzyme
immobilisation, but these modifications require long reaction
times and/or the consumption of a large amount of reagents. The
method most commonly used to add amine functionality to the
surface of PMMA is a reaction with a lithiated diamine [14], but
this reaction is air sensitive and the lithiated amines have limited
lifetimes. In this context, Brown et al. [15] found a faster way to
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react PMMA with NH2 groups. In their study, an ethylenediamine
solution in dimethyl sulphoxide (DMSO) solvent was used and
yielded 2-fold more amino groups on PMMA surface, when
compared to other methodologies. The use of different amino
reactants can also enhance the number of amino groups on PMMA
surface. Bai et al. [16] observed that polyethyleneimine (PEI) gave
the highest number of amino groups on PMMA due to its higher
density of amino groups on the polymeric surface area after
modification, resulting in a greater number of binding sites.
Another advantage that can be associated with the use of PEI
in relation to other amino groups containing reactants is the
creation of a suitable microenvironment for enzyme immobilisa-
tion, improving its stability [17].

In this work, a rapid and very efficient process for GOx
immobilisation on PMMA microreactors is described. In compar-
ison with a previous study presented by our group [9], the new
process requires less time and enhances the enzymatic immobi-
lisation rate. This is based on PMMA functionalisation with PEI
(using DMSO as solvent), followed by GOx immobilisation on the
microchannel walls, using glutaraldehyde as the cross-linking
agent. The performance of the enzymatic reactor prepared in this
way was evaluated for glucose by differential amperometric
determinations.

2. Material and methods

2.1. Reagents and solutions

All reagents were of analytical grade. Sodium dihydrogen phos-
phate, sodium hydrogen phosphate and isopropyl alcohol were
purchased from Synth (Diadema, Brazil). Glutaraldehyde 25% and
D-(þ)-glucose were purchased from Merck (Darmstadt, Germany).
Polyethyleneimine (MW 750,000, 50% inwater), dimethyl sulphoxide
and 4-aminoantipyrine were acquired from Sigma-Aldrich (St. Louis,
MO, USA). Glucose oxidase from Aspergillus niger (124 Umg�1) was
purchased from Toyobo (Osaka, Japan) and horseradish peroxidase
(115 Umg�1) from Seppim (Puteaux, France).

Solutions were prepared with deionised water obtained from
a Milli-Q water purification system (Dubuque, IA, USA). The
resistivity measured after this treatment was not less than
18.2 MΩ cm. Coconut water samples were purchased from a local
store. Four bottled coconut water samples, some of them extracted
directly from the fruit, were evaluated.

2.2. Microchannel manufacture

Laser ablation has been widely employed to fabricate PMMA
microdevices [18]. In this process, the beam of a high-energy laser

is used to break bonds in polymer molecules and remove the
decomposed fragments from the ablated regions [10].

In order to engrave PMMA plates with microchannels, a CO2

laser-engraving machine (L-Solution 100, from Gravograph Indus-
try International La Chapelle-St Luc, France) was used. The micro-
channel design was made using Corel Draw 12 software (Corel
Corporation-version 12.0.0.458-2003). Engravings with 500 μm
width, 200 μm depth and different lengths were crafted into an
8.5 cm�5.5 cm�2.0 mm PMMA plate. Reactors with 61.5 cm
length were utilised for the majority of the measurements.

After digging the microchannel, the PMMA plate was washed
with deionised water, dried, and then thermally sealed onto a
2.0 mm thick PMMA plate with the same dimensions. The sealing
process was carried out using a heat press (model HT3020)
operated at 110 1C under 590 kPa for 30 min.

2.3. Flow system and electrochemical configuration

The main constituents of the proposed method are depicted in
Fig. 1. The flow arrangement was composed of two distinct
propelling systems: an aquarium pump (A) was utilised to pneu-
matically propel the carrier electrolyte [19], and a programmable
peristaltic pump (D) (Reglo MS Digital, Ismatec), used to introduce
reproducible sample volumes into the microchannel (F). Injection
of samples by the peristaltic pump was performed using 0.3 mm
internal diameter Tygons tubing. A throttle (B), located between
the electrolyte reservoir and the pneumatic pump, allowed control
of the flow rate into the microchannels.

Electrochemical measurements were performed using a
μ-Autolab type III potentiostat (EcoChemie, Netherlands) in the
chronoamperometric mode. Hydrogen peroxide (H2O2) generated
by the microreactor was detected using a three-electrode system.
A commercial dual platinum electrode (G1) was employed as
working and counter-electrodes and a miniaturised Ag/AgCl(sat)
(G4) was used as the reference electrode. A thin polypropylene
layer (200 μm thickness—G2) was used as a spacer to limit the
electrochemical cells bound. A PMMA cover (G3) was used to seal
the cell. This seal was fixed using four screws located at the edges
of the structure. In addition, three holes were drilled on the top of
the PMMA cover. Two of them were used as the input and output
of the flowing solution. The connections were made with 0.3 mm
i.d. Tygons tubing. The third hole was made exactly in front of the
working electrode as a way to adapt the miniaturised Ag/AgCl(sat)
reference electrode [20].

The arrangement depicted in Fig. 1 was explored to determine
the kinetics parameters of the immobilised enzymes and to quantify
glucose in coconut water samples. All samples were diluted in
0.10 mol L�1 phosphate buffer solution (pH 7.0) just before each
analysis. Sample dilutions ranged from 1:100 to 1:2000.

Fig. 1. Configuration of the applied micro flow system: (A) one-way pneumatic propellant aquarium pump, (B) throttle, (C) electrolyte reservoir, (D) programmable
peristaltic pump, (E) sample, (F) microreactor, (G) electrochemical cell, (G1) commercial dual platinum electrode, (G2) polypropylene layer (200 μm thickness), (G3) PMMA
cover with holes, (G4) miniaturised Ag/AgCl(sat) electrode, (H) microcomputer and (I) waste.
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2.4. Microchannel modification and characterisation

Microchannel modifications were made based on the proce-
dure described by Brown et al. [15], except for the usage of PEI,
instead of ethylenediamine, as the source of NH2 groups.

All microchannel modifications were made after the sealing
step, under flowing conditions. This procedure is advantageous, as
it prevents enzymatic denaturation during the hot sealing process
and additionally contributes to optimise the modification route.
Flow rates of 15 μL min�1 and 150 μL min�1 were used during the
modification and cleaning step, respectively. These flow rates were
used to guarantee greater contact between the PMMA surface and
the reactants during the modification process, and to reproduce
the analysis conditions during microchannel cleaning.

To perform the microchannel modification, it was initially
cleaned by flowing isopropanol for 5 min in order to remove any
impurities that could be attached to the channel walls. A 5.0%
(w/w) PEI solution in DMSO (a SN2 promoting organic solvent) was
then passed through the microchannel for 20 min. In sequence,
the microchannel was dried under an N2 stream and excess PEI
was removed with a 0.10 mol L�1 phosphate buffer solution (pH
7.0), flowing for 5 min. The flow rate used here was the same as
that used in the cleaning process. 5 mL of a freshly prepared
mixture of GOx (100 U) and glutaraldehyde 1.0% (v/v) in phosphate
buffer solution was then flowed through the microchannels for
35 min. Finally, the microchannels were washed again with
phosphate buffer solution (5 min) and dried with an N2 stream.
Fig. 2 schematically shows the reactions for GOx immobilisation.

The functionalised surfaces were characterised by Raman
spectroscopy measurements, performed with a WITec confocal
Raman microscope model Alpha 300R equipped with Ar, Nd:YAD
and He–Ne lasers. The presented spectra were acquired with the
excitation laser operating at 532 nm.

2.5. Spectrophotometric measurements

In order to evaluate the precision of the proposed method,
parallel spectrophotometric determination of glucose was also
carried out utilising a well-established method [21], utilising a
mixture of 5.0 mmol L�1 phenol, 0.50 mmol L�1 4-aminoantipyr-
ine, 15 U mL�1 GOx and 20 U mL�1 peroxidase, all in 0.10 mol L�1

phosphate buffer (pH 7.0). After dilution, solutions were kept for
1 h (at room temperature), to enable the reaction to take place.
Measurements were carried out using a quartz cell with a 1.00 cm
optical path at 500 nm using a spectrophotometer 600 Plus
(Femto, Brazil).

3. Results and discussion

3.1. Microchannel characterisation

Fig. 3 shows a set of Raman spectra after each step in the
immobilisation process. Fig. 3A shows typical Raman bands
achieved for pristine PMMA [22]. PEI modification on the surface,
after PMMA treatment with DMSO, can be confirmed mainly by

Fig. 2. The schematic route for glucose immobilisation on PMMA microchannels.

Fig. 3. Raman spectra of clean pristine PMMA microchannels (A) and after
treatment with PEI (B) and glutaraldehyde (C).
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the presence of an NH2 bending band (E1640 cm�1) in the
respective Raman spectrum (Fig. 3B). The small amount of reacted
PEI on the microchannel surface leads to low intensity bands upon
Raman spectroscopy and, for this reason, other bands that could be
assigned to PEI were not measured. After glutaraldehyde addition,
the high number of –CQN– bonds (as indicated in Fig. 2) leads to
high fluorescence after Raman excitation (Fig. 3C). Raman mea-
surements after GOx immobilisation were ineffective since only an
increase in the measured fluorescence over the previous step
could be observed (spectra not shown). This increase may be
caused by the highly fluorescent chromophore flavin, belonging to
flavin-adenine dinucleotide (FAD), which is responsible for the
redox activity of GOx [9], or to the increase in the number of
–CQN– bonds.

In order to demonstrate the effectiveness of the enzymatic
immobilisation, the following experiments were done in two
distinct reactors—one with immobilised GOx and another
without the enzyme. The same mixture used in the colorimetric
measurements, with the exception of GOx (5.0 mmol L�1 phenol,
0.50 mmol L�1 4-aminoantipyrine, 20 U mL�1 peroxidase, and
0.10 mol L�1 phosphate buffer), in the presence of 10.0 mmol L�1

glucose was introduced. Fig. 4 shows the difference in the colour
developed in the reactor containing immobilised GOx (Fig. 4B), by
injecting the solution described above (Fig. 4A). In the reactor
without immobilised enzymes, after 1 h, any colour was developed
(Fig. 4C).

3.2. Flow system evaluation

The developed systemwas evaluated towards its application for
amperometric determination of glucose. Parameters of the applied
flow system such as carrier flow-rate, injected samples volumes
and microchannel length were evaluated. The analytical response
for the studied range of each parameter is presented in Fig. 5.

The analytical signal usually increases linearly with higher
injected volumes. However, a loss in linearity is observed when
the dispersion of sample in the carrier stream starts to decrease
(higher injected volumes). Injected volumes ranging from 2.5 μL to
17.5 μL were evaluated, as shown in Fig. 5A. A linear increase in
the current signal was observed until an injected volume of
10.0 μL was reached, while higher values showed a non-linear
increase. For this reason, this sample volume (10 μL) was applied
for the following measurements.

Lower flow rates (Fig. 5B) were found to give higher current
signals since more glucose is converted into H2O2, due to a longer
residence time. However, it also affected the analytical frequency
of the method, as it can be seen by the sample rate decrease
(b1¼110 samples h�1, b2¼90 samples h�1, b3¼70 samples h�1,
and b4¼45 samples h�1). This parameter is crucial if lower detec-
tion limits are required [23]. The flow rate adopted (150 μL min�1)

was selected considering simultaneous sensibility and analytical
frequency.

Longer microchannels led to higher current signals. Despite the
fact that a longer course implies higher sample dispersion, it also
enables a greater number of immobilisation sites, resulting in an
increase in the bioconversion rate (Fig. 5C). In the same way that it
affects samples dispersion, enlarging the microchannel path also
affects the analytical frequency, as sample rate is decreased
(c1¼327 samples h�1, c2¼120 samples h�1, c3¼100 samples h�1,
and c4¼80 samples h�1). A 61.5 cm microchannel was chosen to

Fig. 4. Image of a colorimetric test made to confirm the immobilisation of GOx on
the PMMA microchannel, using the solution (A) described in Section 3.1.

Fig. 5. Effect of flow parameters on amperometric response of a 0.10 mmol L�1

glucose standard solution: (A) injected volume (a1: 2.50 μL, a2: 5.00 μL, a3: 7.50 μL,
a4: 10.0 μL, a5: 12.5 μL, a6: 15.0 μL and a7: 17.5 μL), (B) flow rate (b1: �300 μL min�1,
b2:�200 μL min�1, b3: �150 μL min�1 and b4: �85 μL min�1) and
(C) microchannel length (c1: 13.0 cm, c2: 32.5 cm, c3: 44.5 cm and c4: 61.5 cm).
For each experiment, conditions were fixed as follow: (A) flow rate of
�200 μL min�1 and microchannel length of 61.5 cm, (B) injected volume of
10.0 μL and microchannel length of 61.5 cm and (C) injected volume of 10.0 μL
and flow rate of �200 μL min�1.
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achieve significant signal and also good analytical frequency.
Longer channels were not evaluated, since a loss in system
throughput, in relation to the rate of analysis, was not desired.

3.3. Kinetic study

Adopting the optimal values obtained above, kinetic studies
were developed, aiming to evaluate the microreactor efficiency.
The catalytic conversion of a substrate (S) and co-substrate (O2), by
means of an oxidase enzyme (E) with FAD as prosthetic group, to
produce a product (P), can be written as [24]

SþEðFADÞ-PþEðFADH2Þ ð1Þ

EðFADH2Þþ O2-EðFADÞþ H2O2 ð2Þ
The two-substrate form of the Michaelis–Menten equation for

the overall reaction rate (V) is given by [24]

V ¼ Vmax

1þ KMðSÞ=½S�þ KMðO2Þ=O2
ð3Þ

where Vmax is the maximum reaction rate of the system and KM is
defined as the concentration of substrate that gives half Vmax. Both
values are known as Michaelis–Menten parameters and are a good
way to determine the efficiency of enzymatic biotransformation.

However, if the co-substrate concentration is constant and
higher than the substrate concentration, which is often the case,
Eq. (3) can be written as [24]

V ¼ Vmax

1þ KM ðSÞ=½S� ð4Þ

Eq. (4) describes the rate of H2O2 production on the micro-
reactor, which is lately detected on the electrode surface. As
glucose standards are introduced in the microreactor, a certain
amount of H2O2 is produced, depending on Vmax and KM values.
The current measured after each glucose addition is proportional
to the concentration of the generated H2O2

I¼ k½H2O2�generated ð5Þ
However, when applying flow systems, the kinetics parameters

of the microreactor depend directly on the applied flow rate (as it
affects the contact time of the substrate and the enzyme), since it
is usually much higher than the dispersion coefficient in solution.
The overall reaction rate can thus be given by [25]

V ¼ H2O2½ �generatedΦ ð6Þ

where Φ is the system flow rate. When the operating conditions
are modified, either by alternating the proportion of the reactants
or changing the flow rate, the conversion rate of the reactor
changes [26].

As the amount of produced H2O2 is unknown, and since the
parameters involved in “k” term of Eq. (5) are hard to determine,
a calibration plot, ranging from 1.0 μmol L�1 to 10.0 mmol L�1

(I (μA)¼0.083(70.002)þ1.370(70.031) [H2O2] (mmol L�1), R2:
0.995), was constructed for generated H2O2 quantification (data
not shown).

In order to determine the kinetic parameters and the linearity
response range of the proposed immobilisation procedure, a glucose
concentration study situated between 5.0 μmol L�1 and 50.0
mmol L�1 was performed (Fig. 6A). The signals obtained demon-
strated a linear response from 5.00 μmol L�1 to 2.00 mmol L�1

(I (μA)¼0.006(70.003)þ0.502(70.007) [Glucose] (mmol L�1), R2:
0.999) (Fig. 6B).

Within the values found for the H2O2 produced (by means of
H2O2 and glucose calibration plots), the reaction rate was defined
as a function of the flow rate (150 μL min�1). Since values higher
than 10.0 mmol L�1 led to non-increasing current signals (Fig. 6A
and B), probably due to saturation of enzyme sites, an increased
competition of glucose and H2O2 towards the electrode active sites
(since glucose standards are highly concentrated), or even because
of solution viscosity enhancement, they were not considered for
kinetics parameters evaluation. Fig. 7 shows the correlation of the
glucose standard concentration and reaction rate.

Vmax and KM values were calculated by using a nonlinear least
fitting square (with weighting factors) to directly fit the experimental
data from Eq. (4). Values are equal to 449747.7 nmol min�1 (Vmax)
and 7.7970.98 mmol (KM), where KM is in accordance with values
found by random PEI/GOx immobilisation [27]. This value shows the
good stability of the developed microreactor, since lower values of KM
show that the enzyme achieves its maximum catalytic efficiency at
low substrate concentrations.

The activity of surface enzyme towards glucose was also
evaluated by means of its efficiency. O'Neill et al. proposed
a way to normalise the biosensor response with respect to H2O2

sensitivity, by using the slopes of the biosensor response for H2O2

solutions and for the H2O2 produced by the biosensor [24]. Slopes
of both calibration plots were used to calculate the bioreactor
efficiency by

E ð%Þ ¼ Slope ðSÞ � 100=Slope ðH2O2Þ ð7Þ

Fig. 6. (A) Diagram for evaluation of the system linearity through the described range (a: 5.00 μmol L�1, b: 8.00 μmol L�1, c: 10.0 μmol L�1, d: 20.0 μmol L�1, e:
50.0 μmol L�1, f: 80.0 μmol L�1, g: 100 μmol L�1, h: 200 μmol L�1, i: 500 μmol L�1, j: 800 μmol L�1, k: 1.00 mmol L�1, l: 2.00 mmol L�1, m: 5.00 mmol L�1, n:
8.00 mmol L�1, o- 10.0 mmol L�1, p: 20.0 mmol L�1 and q: 50.0 mmol L�1) and (B) linearity through the studied range in (A). Records were made using þ0.60 V vs.
Ag/AgCl(sat). 0.10 mol L�1 phosphate buffer (pH 7.0) was used as a carrier solution. Other conditions are listed in Section 3.2.
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A value of 36.6% of bioconversion was found, utilising the
conditions adopted in this work. It is important to notice that if
higher values of conversion are required, a simple decrease in the
system flow rate can be implemented.

3.4. Microchannel performance towards glucose determination

Standard deviation (s.d.) of the lowest detectable standard
(1 μmol L�1) was applied for measuring detection (3.3 times s.d.)
and quantification (10 times s.d.) limits of the method, with
obtained values of 0.50 μmol L�1 and 1.66 μmol L�1, respectively.

To verify the repeatability of the proposed method, 105 injec-
tions of glucose (0.10 mmol L�1) were performed. The analysis of
this series of measurements gave an average current value of
40.1 nA and a relative standard deviation (RSD) of 3.81%. The
analytical frequency obtained was 60 samples h�1. To evaluate
the durability of the microreactor, 1200 injections of glucose
(0.10 mmol L�1) were made in a single reactor, over a period of
one week. During this period, the microreactor was used, washed
with phosphate buffer solution, dried with an N2 flow and stored
in a refrigerator at 4 1C. After this period, the current signal
decreased to about 50.0% of its initial signal. Several factors may
have contributed to the decrease in signal, such as the decrease in
enzyme activity.

3.5. Quantification of glucose in coconut water samples

Coconut water samples were analysed without any pre-
treatment. The samples were diluted directly in 0.10 mol L�1

phosphate buffer (pH 7.0) and injected into the microchannels.
Fig. 8 shows the current signal of the calibration plot (ranging from
10.0 μmol L�1 to 80.0 μmol L�1, I (nA)¼�0.15 (70.04)þ0.53
(70.012) [Glucose] (mmol L�1), R2: 0.995) obtained for glucose
analysis, and also for samples after passing through a microreactor
with immobilised GOx and finally the signal of samples without
contact with immobilised GOx. The last group of measurements is
very important to evaluate the signal from other interfering
species. These last signals were subtracted from the sample signal
in order to obtain the real concentration of glucose.

As shown in Fig. 8, the calibration plot was satisfactory for
quantifying glucose in the analysed samples. Table 1 shows the
different D-glucose concentration values of samples and their
respective RSD, obtained via amperometric and spectrophoto-
metric methods. In order to compare the results, a paired t-test
was applied. The obtained value showed no evidence of systematic
differences between the two methods (tcalculated, 0.05, 4¼1.35o
ttabled, 0.05, 4¼2.78).

With regards to the samples’ glucose concentration, it is
interesting to notice that the ratio of natural to industrial coconut
water varied between different brands, reaching concentrations
almost 25 times higher for some industrial waters. It is known that
the amount of glucose in coconut water varies with maturation
and that it is also added to industrialised samples as a way to
improve flavour [28,29]. In this way, the proposed methodology
can be used to make a rapid investigation of coconut water
adulteration.

4. Conclusion

In this study, a new fast, cheap and efficient PMMA surface
modification for GOx immobilisation is presented. The developed
microchannel presents good long-term stability, showing a signal
reduction of 50.0% over one week of intense use. Even so, the
remaining activity was sufficient for quantifications of approxi-
mately 0.10 mmol L�1, merely requiring a new calibration of the
reactor before its utilisation. The methodology for D-glucose
determination was applied to coconut water samples, requiring
only a few microlitres of each sample (10.0 μL after dilution), allied
to a high sample frequency (60 samples h�1) and a significant
bioconversion (36.6%), allowing its use for the quality control of
such samples. Moreover, this new methodology presents consid-
erable values for Michaelis–Menten parameters, with Vmax of
449747.7 nmol min�1 and KM of 7.7970.98 mmol. Low detection
and quantification limits (0.50 μmol L�1 and 1.66 μmol L�1,
respectively) and a wide linear range (from 5.00 μmol L�1 to
2.00 mmol L�1) were also found, which are useful characteristics

Fig. 7. Michaelis–Menten fitting of bioreaction rate over glucose standard
concentration.

Fig. 8. Analysis of glucose in coconut water. Calibration plot: (Sd1) 10.0 μmol L�1,
(Sd2) 20.0 μmol L�1, (Sd3) 40.0 μmol L�1, (Sd4) 60.0 μmol L�1, and (Sd5)
80.0 μmol L�1. S1–S5 and S1n–S5n refer to the passage of samples through the
microreactor with and without immobilised GOx, respectively. Measurement
conditions were the same used in Fig. 6.

Table 1
Result for analysis of five different coconut water samples by the proposed and
spectrophotometric methods.

Samples Amperometry Spectrophotometry (UV–vis)

[Glucose]
(mmol L�1)

R.S.D. (%) [Glucose]
(mmol L�1)

R.S.D. (%)

S1 (natural) 4.28 2.28 5.13 2.74
S2 96.08 2.41 93.77 1.75
S3 28.79 1.99 31.29 3.92
S4 109.43 1.35 124.68 0.38
S5 33.12 2.38 34.66 0.54
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for quality control analysis. It is important to note that the linear
working range can be modified according to operator needs,
simply by changing the parameters of analysis (presented in
Fig. 5).
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