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Abstract The variety of products derived from milk,
without or with lactose, encourages the development of
more effective analytical techniques that can be applied to
the quality control of both the production line and the final
products. Thus, in this work an efficient and minimally
invasive method for the detection of lactose was proposed,
using a biosensor containing the enzyme lactase (LAC)
immobilised on carbon nanotubes (CNTs) that, when
reacting with lactose, emit an electrochemical signal. This
biosensor was connected to a potentiostat, and its electro-
chemical cell was composed of the following three elec-
trodes: reference electrode (Ag/AgCl), auxiliary electrode
(platinum wire), and working electrode (biosensor) on
which graphite (carbon) paste (CP), CNTs, and LAC were
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deposited. The transmission electron microscopy and
scanning electron microscopy were used in the character-
isation of the composite morphology, indicating excellent
interactions between the CNTs and LAC. The sensitivity of
the CP/LAC/CNT biosensor was determined as
5.67 pA cm2mmol ' L and detection limits around
100 x 107® mol L™! (electrode area = 0.12 cm?) and an
increase in the stability of the system was observed with
the introduction of CNTs because, with about 12 h of use,
there was no variation in the signal (current). The results
indicate that the association between the CNTs and LAC
favoured the electrochemical system.
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Introduction

Individuals that are lactose-intolerant avoid the intake of
milk and its derivatives due to the negative side effects to
their health (Troise et al. 2016), effects caused by the
deficiency or absence of the intestinal lactase enzyme (-
galactosidase), which is responsible for the hydrolysis of
disaccharide lactose, the major compound in dairy prod-
ucts, glucose, and galactose (Ruiz-Matute et al. 2012;
Monti et al. 2017; Traffano-Schiffo et al. 2017).

However, due to the nutritional value of these products,
there is significant demand for products with or without
lactose, which has led the dairy industry to invest in the
development and commercial production of products in
this promising consumer market (Troise et al. 2016; Torres
et al. 2017).

It is necessary to certify the efficiency of the hydrolysis
process in these products. Currently, these analyses are
performed by classical (titration) or instrumental tech-
niques, such as high-performance liquid chromatography
(HPLC) (Scheppingen et al. 2017), gas chromatography
(GC) (Sharma and Leblanc 2017), infrared spectroscopy,
and spectrophotometry (Junior et al. 2016; Monti et al.
2017; Trani et al. 2017). These methodologies present
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some laboratory limitations related to the high cost of
instrumentation, long analysis time, high reagent con-
sumption, and skilled labour, factors that make daily
monitoring difficult (Erich et al. 2012).

To overcome these disadvantages, it is important to
research and develop new lactose quantification method-
ologies, and electrochemical biosensors represent a
promising and attractive tool compared to current tech-
niques due to their simplicity, fast response, continuous
monitoring, and ease of handling. Among the electro-
chemical biosensors, amperometric detection is a widely
used method due to its sensitivity and selectivity (Thakur
and Ragavan 2013; Mortari and Lorenzelli 2014; Khan
et al. 2016).

In addition to traditional materials, such as conductive
polymers (Malhotra et al. 2006) and modified silicas (Je-
sionowski et al. 2013), used in the development of
amperometric biosensors, nanomaterials have the capacity
to potentiate the surface of transduction of the sensors,
which in turn increases the catalytic behaviour due to their
excellent optical, electronic, and magnetic properties (Zeng
et al. 2016; Zhang and Wei 2016; Lin et al. 2018).

Nanomaterials can be classified into groups, such as
metals, metal oxides, and organic materials [especially
those based on carbon, such as fullerenes, carbon nan-
otubes (CNTs), and graphene], according to their chemical
composition in inorganic materials. (Barberis et al. 2015;
Kurbanoglua et al. 2017).
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The CNTs are potential material for the development of
a new generation of bioelectronic devices with high sen-
sitivity and stability, working in association with other
materials. Yet, they are still able to improve electron
transfer between the enzymes and electrode surfaces, act-
ing as electron mediators, while supporting the immobili-
sation of the enzyme (Ansari et al. 2013; Santos et al. 2015;
Garrido et al. 2016; Gupta et al. 2017). As examples of
amperometric biosensors for food quality control, there is
the CNT, tyrosinase, and LAC electrode developed by
Vlamidis et al. (2017) used to determine catechol and other
polyphenols in fruit juices, as well as the glucose oxidase,
CNT, and graphene oxide electrode developed by Palani-
samy et al. (2014) to detect glucose oxidation.

Thus, the objective of this work was to develop an
amperometric biosensor based on carbon paste (CP) mod-
ified with CNTs for the detection of lactose.

Materials and methods
Materials

The electrochemical measurements were obtained on a
micro-autolab III model potentiostat (Metrohm Pensalab)
with the use of an electrochemical cell composed of the
following three electrodes: Ag/AgCl reference electrode,
platinum wire auxiliary electrode, and working electrode
containing the immobilised LAC. Cyclic voltammetry was
performed with the General Purpose Electrochemical
System (GPES), and the resulting data were treated with
OriginPro v.8 software. A pH meter (3305, Jenway) and an
analytical balance (AUW220D, Shimadzu) were also used.

Chemically modified electrodes based on carbon
paste

The working electrode was developed at the Electro-
chemical Laboratory Center (Santa Cruz State University,
Ilhéus, Bahia, Brazil) and it was composed of a copper wire
covered with a glass tube connected to the base of a gold
disk, forming a lower cavity, 4.0 mm in inner diameter
with 1.5 mm depth, for the insertion of the samples.

The commercial LAC-based preparation (Lactosil 4000
FCC ALU, from Aspergillus oryzae) was acquired from
local pharmacies, and the Institute for Space Research (Sao
José dos Campos, Sdo Paulo, Brazil) kindly donated the
multi-walled carbon nanotubes (MWCNTs). Mineral oil
(Schering-Plough, 100% purity), graphite powder (Synth,
99% purity), lactose monohydrate P.A. (Synth, 99% pur-
ity), and other reagents, all analytical grade, were pur-
chased from local suppliers.

Voltammetric experiments were performed in a range of
— 0.2 to 0.6 V redox potential, varying the electrolyte,
potential scanning speed, electrolyte concentration, and
solution pH. Three different sensors were investigated:

(1) CP/LAC: 30.0 mg of graphite powder was mixed
with 20 pL of mineral oil, forming a CP, and 1.5 mg of the
LAC-based enzymatic preparation (LAC) was added and
homogenised. (2) CP/CNT: the same CP described above
was obtained and 2.7 mg of CNTs was added and homo-
genised. (3) CP/LAC/CNT: the same CP described above
was obtained and 2.7 mg of CNTs and 1.5 mg of LAC was
added and homogenised. The samples were placed in the
lower cavity of the working electrode, being careful not to
leave cause deformation on the surface of the electrode.

Electrochemical characterisation of the electrodes
Transmission electronic microscopy

Transmission electron microscopy (TEM) analysis was
performed at the Electronic Microscopy Center (Santa
Cruz State University, Ilhéus, Bahia, Brazil). The CNT/
LAC samples were diluted in pure alcohol and then were
dripped onto a 3-mm diameter copper grid, after evapora-
tion of the alcohol, analysis was performed on a trans-
mission electron microscope model Morgani 268D (FEI
Company).

Scanning electron microscopy

Scanning electron microscopy (SEM) analysis was per-
formed at the Electronic Microscopy Center (Santa Cruz
State University, Ilheus, Bahia, Brazil) using a scanning
electron microscope (SEM) (QUANTA 250). The CP/CNT
and CP/LAC/CNT samples were fixed to a “stub” support,
and the reading was performed in ambient mode, which is
used to investigate samples that are incompatible with high
vacuum and, therefore, difficult to analyse by other tradi-
tional SEM methods.

Supporting electrolyte and pH

The responses of the CP/LAC/CNT biosensor as a function
of the supporting electrolyte were analysed using the fol-
lowing solutions (0.3 mol L™, pH 6.5): potassium chlo-
ride, sodium phosphate, sodium acetate, Tris—HCI, and
PBC (phosphate, bohrium, and citric acid). For each sup-
porting electrolyte analysed, the anodic (IPa, pA) and
cathodic (IPc, pA) peak currents, the [Pa/IPc ratio, the peak
separation (AE, V), and the formal potential (E°, V) were
obtained. With the best supporting electrolyte chosen (PBC
buffer, 0.3 mol L_l), the effect of pH on the sensor was
evaluated in the pH range of 3.0 to 9.0.

@ Springer



J Food Sci Technol

Stability and calibration curve of the electrodes

The stabilities of the CP/LAC and CP/LAC/CNT working
electrodes were analysed with the PBC buffer supporting
electrolyte (0.3 mol L™', pH 6.5), applying a scanning
speed of 20 mV s~ in a total of 360 cycles, equivalent to
12 working hours.

For construction of the calibration curve, the chemically
modified electrode (CME) CP/LAC/CNT and a solution of
lactose (0.3 mg mLfl) were used. Measurements were
performed nine times, from 0 to 2000 pL, by adding
250 pL of the lactose solution eight times. Buffer solu-
tions, instead of the lactose solution, were used as the blank
solutions.

Results and discussion
Electrode development

Preliminary voltammetric experiments, which were per-
formed with a redox potential of — 0.2 to 0.6 V in a
solution of KC1 (0.3 mol L pH 6.5), were performed in
order to investigate the electrochemical behaviour of the
developed electrodes. According to the data obtained
(Fig. 1), all sensors (CP/LAC, CP/CNT, and CP/LAC/
CNT) presented electrochemical activity on the surface of
the CP (blank condition). For CP/CNT and CP/LAC/CNT,
a clear current gain and a well-defined redox pair were
observed. CP/LAC presented a relatively low current gain,
without a redox pair, which proves that LAC immobilisa-
tion on the surface of the CNTs (the CP/LAC/CNT sensor)
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Fig. 1 Cyclic voltammogram of the sensors. a Carbon paste (CP);
b carbon paste and lactase (CP/LAC); ¢ carbon paste and carbon
nanotubes (CP/CNTs); and d carbon paste, lactase, and carbon
nanotubes (CP/LAC/CNTs). The experiments were conducted in a
KCI solution (0.3 mol L™') with a scanning velocity of 30 mV s~
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improved the system. This system operates at low energy
(E° = 0.33 V) and with low peak separation (AE = 0.1 V),
which are important characteristics for the good perfor-
mance of an electrochemical biosensor. Thus, this beha-
viour can be related to the use of CNTs associated with the
enzyme, acting as an electron mediator, increasing the
electron transfer rate on the surface of the electrode and
decreasing the energy for the operation of the electro-
chemical cell (Lawal 2016).

The pair of redox peaks found in voltammogram
“Fig. 1¢” for CP/CNT are due to the oxidation/reduction
of trace ferrocene incorporated into the MWCNTSs, which
was used as a catalyst for the preparation of the MWCNTs.
It is noteworthy that no other post-treatment process was
used to remove the metal catalyst in the CNTs because did
not introduce oxidatives functional groups. In addition, the
aim of this study was to investigate the interaction of the
enzyme with carbon (Almeida et al. 2008; Edwards et al.
2011).

Similar behaviour was observed by Ansari et al. (2013)
when immobilising B-galactosidase in CNTs. Due to the
displacement of oxy-reduction potentials and the increase
in the currents, improvements in the electrocatalytic and
conductive characteristics of the system, as well as the
reversibility of the system, were obtained. In another
example, Romero-Arcosa et al. (2017) immobilised LAC
in CNTs and observed an increase in electron transfer and a
reduction in the resistance to transfer charges between the
of the enzyme and the electrode.

The CP/LAC/CNT biosensor was also subjected to dif-
ferent potential scanning velocities, and it was observed
(Fig. 2) that with an increase in the velocities there was an
increase in the cathodic and anodic currents, with clear
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Fig. 2 Cyclic voltammograms of the CP/LAC/CNT sensor at differ-
ent scanning velocities in a KCl electrolyte (0.3 mol L™"). The graph
for the anodic and cathodic peak currents as a function of the scan
velocity (mV s~') is presented
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peak separation, operating at low formal potentials
(demonstrating that a redox reaction occurred and that the
system had good reversibility). The anodic and cathodic
peak currents were linearly proportional to the scanning
velocities (from 10 to 50 mV s~ '), as presented in Fig. 2.
Therefore, the behaviour of the biosensor was governed by
the adsorption of the enzyme on the surface of the electrode
since no other component was added to the system.

Electrochemical characterisation of the electrodes
Image analysis

Through the transmission electronic microscopy (TEM), it
was possible to observe (Fig. 3a) the elongated structure of
the CNTs, with some darker points corresponding to the
iron contained in interiors. When adding LAC to the sys-
tem (Fig. 3b), it was possible to visualise the change in the

y ,;,-x : ¢

A

Fig. 3 Transmission electron microscopy (TEM) images for a CNTs
and b the interaction between carbon nanotubes and lactase (CNTs/
LAC). Scanning electron microscopy (SEM) images for ¢ carbon

CNT morphology, with darker areas corresponding to the
interaction between the two components. Similar results
were observed for Khan et al. (2017) in CNT images with
cobalt atoms and with the interaction of CNTs with B-
galactosidase (LAC), immobilised by adsorption.

When analysing the proposed system by scanning
electron microscopy (SEM) it was possible to observe
(Fig. 3c) that the mixture of the carbon paste (CP) with the
CNTs results in a presence at laminar structure, with lar-
ger, irregularly shaped particles. With the addition of
LAGC, it was noted (Fig. 3d) that the laminar structure is
more defragmented with smaller aggregates, confirming
the successful process of immobilisation of lactase by
adsorption (which is a simple method, without the use of
chemicals). Similar images were obtained in work by Khan
et al. (2017).

;k"/’ \i 5 J;VB

paste and carbon nanotubes (CP/CNTs) and D) the interaction
between carbon paste, carbon nanotubes, and lactase (CP/LAC/CNTs)
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Selection of the supporting electrolyte and the pH

The supporting electrolyte must be able to provide elec-
troneutrality to the system, minimising the generation of
capacitive current and providing the high conductivity of
the solution. Thus, KCl, sodium phosphate, sodium acetate,
Tris—HCI, and PBC electrolytes were investigated, and the
voltammetric behaviour of the biosensor in each situation
can be observed in the voltammogram presented in Fig. 4.
The results indicated that, for this system, any of the sup-
porting electrolytes (at 0.3 mol L™" and with a scanning
velocity of 30 mV s™') could be used for the electro-
chemical measurements. Data extracted from this voltam-
mogram (Fig. 4) are presented in Table 1, showing that the
system was more favourable for the KCI solution
(E° = 0.31 V, AE = 0.11 V) and PBC buffer (E® = 0.22 V,
AE = 0.34 V). In these two cases, there was significant
current gain (AE > 0), indicating better transfer of elec-
trons. In addition, both presented the best responses, with
the evident presence of anodic and cathodic peaks (Fig. 4).
In general, the system responded well for all supporting
electrolytes obeerved for the formal potential (Eo) and for
the separation of peaks (AE).

Another important factor is the pH of the selected sup-
porting electrolyte (PBC buffer) since the pH can strongly
affect the ionisable groups in an enzyme. Hence, the
electrocatalytic response of the biosensor is influenced by
the variation in pH. Figure 5a presents the results obtained
for different pH values, and it can be observed that the
response of the sensor (current) and its potential remained
almost constant between pH 5 and 9. In this pH range, the
formal potential remained small (E° = 0.2-0.3 V). This
behaviour suggests good stability for the CP/LAC/CNT
sensor in a wide pH range. According to Kim et al. (2006),

50+
4.0
3.0
2.0
1.0 4
0.0 1
-1.04
-2.04
-3.04
-4.0
-5.0 4
-6.0 4
J0+——FF7T—7T—7—7
-03 -02 -01 00 01 02 03 04 05 06 07
E(V) vs Ag/AgCI

IluA

—— A = Potassium chloride
-B = Sodium phosphate
——C = Sodium acetate
——D = Tris-HClI
——E=PBC

Fig. 4 Voltammogram of the modified carbon paste biosensor with
lactase and carbon nanotubes (CP/LAC/CNTs) in different elec-
trolytes with a scanning speed of 30 mV s~
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Table 1 Data extracted from the voltammetric behaviour (Fig. 4) of
the modified carbon paste sensor with lactase and carbon nanotube
(CP/LAC/CNT) as a function of the variation of the supporting
electrolyte solution

Eletrélito suporte  IPa (uA) IPc (LA) AE (v) E° (V) IPa/

IPc
KCl1 2.20 —232 0.11 0.31 0.92
Sodium phosphate  1.68 — 1.14 0.08 0.32 1.48
Sodium acetate 0.84 — 0.50 0.05 0.32 1.67
Tris—HC1 1.62 — 0.61 0.01 0.28 2.64
PBC 3.87 —4.17 034 0.22 0.93

the CP has exerting protection to the variation of the pH,
and increases system stability regardless of the eletro-
chemical environment.

Stability and sensitivity studies

This was achieved by applying several voltammetric cycles
with and without the CNTs. From the data in Fig. 5b,
stability of the CP/LAC/CNT sensor was observed after
12 h of work (more than 360 cycles), indicating chemical
and electrochemical stability as a result of the addition of
CNTs. For the CP/LAC system, more pronounced insta-
bility (Fig. 5b) was observed, with an accentuated variation
in the current.

It is worth mentioning that the adsorption of LAC on the
CP/CNT matrix is a simple technique, capable of providing
excellent improvements to the enzymatic stability, without
the necessity of promoting covalent links (commonly cited
in literature) which requires more chemical components
and longer immobilisation times. The 12-h stability pre-
sented in this work is greater than that reported by Ansari
and co-workers (2013), for example, who modified the
CNT matrix with glutaraldehyde for [-galactosidase
immobilisation, obtaining a stability of 6 h. Varmira et al.
(2018) obtained a stability of 3 h, which is also smaller
than the time obtained in our work, for a bimetallic alloy of
Pd/Pt, chitosan, graphene, and CNTs for the immobilisa-
tion of tyrosine hydroxylase (another food-related
enzyme). Jedrzak et al. (2018) which was considered good
performance for a CP biosensor modified with silica/lignin
used for glucose determination, even though it was much
lower than that presented in this work (360 cycles).

In relation to the sensitivity, which is an important factor
for any analytical measurement since it concerns the
variation of the response signal in relation to the variation
of the analyte concentration, Fig. Sc shows the calibration
curve obtained for the detection of lactose. Based on this
data, the sensitivity of the developed biosensor was
determined to be 5.67 pA cm~? mmol ! L (considering an
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Fig. 5 a Response of the modified carbon paste sensor with lactase
and carbon nanotubes (CP/LAC/CNTs) as a function of the pH of the
supporting electrolyte (PBC buffer, 0.3 mol L' mol L"), with a
scanning velocity of 30 mV s~'. b The experiments were conducted

electrode area of 0.12 cmz), with a correlation coefficient
(R?) of 0.997, and detection limits around 100 x 107° -
mol L™! lactose could be estimated considering 3cg. Thus,
the electrode presented a quick as the lactose was added to
the supporting electrolyte.

A variety of sensitivities are reported in the literature.
Antiochia and Gorton (2007), for example, developed a
biosensor for the determination of glucose in sweet wines,
with glucose dehydrogenase immobilised on CNTs, medi-
ated by the osmium polymer, obtaining a sensitivity of
134 pAcm 2 pmol 'L and a detection limit of
10 x 10°® mol L™". In another example, Santos et al.
(2015) immobilised horseradish peroxidase (HRP) in
CNTs, fullerene, and hydroxylated fullerene and obtained
sensitivities for phenol of 33, 21, and 16.3 pA cm 2 -
pmol ™' L, respectively, and a detection limit of

with a KCI solution (0.3 mol L™') and a scanning velocity of
20 mV s~'. ¢ Calibration curve for lactose using the carbon paste
biosensor modified with the lactose and carbon nanotube (CP/LAC/
CNT) matrix

5-200 x 107° mol L™". In addition, the immobilisation of
B-galactosidase on films with poly(ethylene imine) (PEI)
polyelectrolyte and poly(vinyl solvent) (PVS) on a modi-
fied tin-oxide electrode with a layer of Prussian Blue (PB),
developed by Campos et al. (2014), resulted in a sensitivity
for lactose of 0.31 pA cm™2 mmol~' L and a detection
limit of 113 x 107® mol L™, Therefore, as can be
observed, the use of CNTs provides the ability to accom-
modate different enzymes, particularly the LAC enzyme
evaluated in this work, resulting in good performance as a
signal transduction material.

It is important to emphasise that in this work a non-pure
enzyme preparation (pharmaceutical commercial product)
was used which has ingredients that could interfere in some
analyses, hindering the potential of the electrode. However,
the enzymatic activity in this preparation presented

@ Springer
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excellent results for the development of the biosensor for
lactose determination, with excellent stability and
sensitivity.

Conclusion

The biosensor proposed in this work, containing the
enzyme lactase adsorbed to carbon paste with carbons
nanotubes has presented a detection limit around
100 x 10~° mol L™" lactose. The obtained results indicate
some advantages in relation to traditional instrumental
methods, such as the use of a simpler and cheaper proce-
dure to prepare the biosensor (adsorption of a non-purified
enzyme) and shorter analysis times with low detection
limits and high operational stability. The results presented
in this work may encourage the development of more
affordable biosensors applicable to food industries.
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