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Polyglycolide–montmorillonite as a novel
nanocomposite platform for
biosensing applications

Betul Unal,a Esra Evrim Yalcinkaya,*b Sila Gumustas,b Burak Sonmez,a

Melek Ozkan,c Mehmet Balcan,b Dilek Odaci Demirkol *a and Suna Timura

In catalytic biosensors, the immobilization of biomolecules in a suitable matrix is one of the vital

parameters for obtaining improved systems. Clays, which are intercalated with various organic compounds,

have a great tendency to develop biosensors with high stability, sensitivity and reproducibility. Herein, a

polymer/clay nanocomposite based on natural silicate montmorilonite (Mt) and a biodegradable polymer

polyglycolide (PGA) was prepared and characterized by FT-IR, thermogravimetric analysis, differential

thermogravimetric analysis and X-ray diffraction. Then, the resulting matrix was used as a fixation matrix for

pyranose oxidase (POx), which was selected as a model enzyme. The bioactive layer was fabricated by

immobilization of POx on glassy carbon electrodes by means of PGA–Mt and bovine serum albumin. The

POx biosensor revealed a good linear range from 0.01 to 0.5 mM glucose with a LOD of 1.2 mM. After the

optimization of the working and preparation conditions, characterization studies were performed for

glucose detection. Finally, the PGA–Mt/POx biosensor was confirmed to have detected glucose in

beverages without needing any sample pre-treatment.

Introduction

Clays with their layered structures are ubiquitous compounds
on the Earth’s surface.1 Clays are commonly utilized as cata-
lysts, adsorbents, energy-storage devices, drug carriers, immo-
bilization matrixes, etc., for biological materials.2–6 Natural
clays are divided into four main groups. Among them, mont-
morillonite (Mt), with tetrahedral–octahedral–tetrahedral struc-
tures, belongs to the subgroup of smectite, which is a member
of the 2 : 1 phyllosilicates.7 Mt has the widest application
potential in bio-based detection technologies due to attainability,
well identified intercalation/exfoliation chemistry, and high sur-
face area. In our previous studies, methyl amine, dimethylamine,8

trimethylamine,9 amino acid (glycine, lysine, and glutamic acid,
histidine),10,11 and calixarene12 intercalated Mt were used as
attachment platforms to prepare glucose oxidase, pyranose
oxidase (POx), laccase and microbial biosensors. Clay nano-
composites also have attracted a lot of attention in recent years.
Exfoliation of clay layers using polymeric materials is the most

important element of working with clay nanocomposites. To
prepare clay nanocomposites, various polymerization techniques
have been developed such as in situ polymerization, solution
casting, and melt processing.13–15 In the intercalative polymer-
ization method, the monomer, initiator, and catalyst were put in
layers of clays, and in situ polymerization was started thermally
or chemically.16 After the formation of polymeric chains, nano-
composites were synthesized. Furthermore, several polymer/clay
nanocomposites were reportedly used to design organo-clay
structures such as polynorbornadiene/Mt,17 polynorbornene/
Mt,18 poly(lactic acid) (PLA)/poly(e-caprolactone) (PCL)/Mt,19

poly(N-vinylimidazole)/Mt,16 and poly(lactic acid)/sepiolite.20

Biomedical and biosensing applications of the prepared clay
nanocomposites have gained increasing attention. For instance,
Barlas et al. prepared a folate incorporated poly(e-caprolactone)/
clay nanocomposite, tested the matrix for discriminating cell
adsorption and proliferation, and optimized it for cell prolifera-
tion and cytosensor platforms.21 In another study, poly lactate-
co-glycolide (PLGA)/Mt nanocomposites were developed; propra-
nolol hydrochloride, an antihypertensive drug, was loaded; and
Mt–PPN–PLGA nanocomposites were used as an oral controlled
drug delivery system.22 Also, different from our study, using the
montmorillonite clay mineral as a catalyst for the polymerization
of glycolide was reported.23 Nanocomposites have some advan-
tages for use in bio-related areas because of their flexibility,
biocompatibility and higher mechanical stability. Furthermore,

a Biochemistry Department, Faculty of Science, Ege University, 35100 Bornova-Izmir,

Turkey. E-mail: dilek.odaci.demirkol@ege.edu.tr; Fax: +90 2323115485;

Tel: +90 2323112455
b Chemistry Department, Faculty of Science, Ege University, 35100 Bornova-Izmir,

Turkey. E-mail: esra.evrim.saka@ege.edu.tr; Fax: +90 2323888264;

Tel: +90 2323111778
c Chemistry Department, IZTECH Faculty of Science, 35340 Urla-Izmir, Turkey

Received 19th May 2017,
Accepted 24th July 2017

DOI: 10.1039/c7nj01751k

rsc.li/njc

NJC

PAPER

Pu
bl

is
he

d 
on

 2
5 

Ju
ly

 2
01

7.
 D

ow
nl

oa
de

d 
by

 I
zm

ir
 Y

uk
se

k 
T

ek
no

lo
ji 

on
 2

0/
09

/2
01

7 
08

:2
3:

53
. 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-7954-1381
http://crossmark.crossref.org/dialog/?doi=10.1039/c7nj01751k&domain=pdf&date_stamp=2017-08-01
http://rsc.li/njc
http://dx.doi.org/10.1039/c7nj01751k
http://pubs.rsc.org/en/journals/journal/NJ
http://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ041017


9372 | New J. Chem., 2017, 41, 9371--9379 This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017

the surface area of clay particles increases due to exfoliation of
the clay layers in the polymer matrix, and it provides more
interaction points between the matrix and biological materials
during immobilization. These characteristics are key points in
preparing biosensor systems without decreased activity of the
biomolecules after immobilization. The success of immobiliza-
tion directly affects the biosensor performance parameters such
as operational or storage stability, detection limit, linear range
for the analyte, selectivity, sensitivity, repeatability and reprodu-
cibility. By utilizing this fundamental knowledge, this was the
first time that the clay–polymer nanocomposite was examined as
an immobilization matrix for enzymes in biosensor construction.
In this study, polyglycolide–montmorillonite (PGA–Mt) nanocom-
posites were synthesized via ring opening polymerization of
glycolide monomer by the in situ method, and then, characterized
and applied in biosensor preparation as an immobilization
matrix. To the best of our knowledge, this will be the first study
of the preparation and the biosensing application of PGA–Mt
nanocomposites in which POx was used as a model enzyme for
testing their applicability as an immobilization matrix and a
biosensor component.

POx (pyranose: oxygen 2-oxidoreductase, EC 1.1.3.10, glucose
2-oxidase) is a member of the oxidoreductases and catalyzes the
oxidation reaction of pyranoses at the C2 position. During the
reaction of POx, oxygen is used as a co-substrate and hydrogen
peroxide is the product.24,25 Both oxygen and hydrogen peroxide
can be detected in electrochemical first generation enzymatic
biosensors. To immobilize POx, various types of organic and
inorganic materials, such as gold nanoparticle-polyaniline/AgCl/
gelatin nanocomposites,26 multiwalled carbon nanotube modified
carbon pastes,27 calixarene-modified Mt,12 CTAB-modified dellite,28

manganese oxide decorated with platinum nanoparticles,29 and
osmium redox polymers30 etc. were used in our previous studies.
Also, different groups used POx in biosensor preparation,31 and
biotechnological, clinical, and industrial applications32 due to lack
of anomeric selectivity and its high affinity for D-glucose (in contrast
to glucose oxidase).

Here, enzyme immobilization was performed on the glassy
carbon electrode (GCE) using PGA–Mt by covalent bonding with
glutaraldehyde and an inert protein (bovine serum albumin).
After optimization of the PGA–Mt/POx biosensor, analytical
characterization and sample application were carried out.

Materials and methods
Materials

Montmorillonite was from Southern Clay Products (Na-
Montmorillonite, CEC = 92 meq/100 g, Gonzales, TX, USA).
Na-Montmorillonite was dried under vacuum at 110 1C for 1 h
and then it was used for modification. Tin(II) 2-ethyl-hexanoate
(Sn(Oct)2, Aldrich, 95%) was used as received. All reactions and
operations were performed using a glove box and conventional
Schlenk tube techniques. Glycolide (GA, 97%) was obtained
from Aldrich and purified by recrystallization using dry ethyl
acetate, dried under vacuum and kept under argon at 4 1C.

The commercial solvents were distilled under argon atmosphere
prior to use. Pyranose oxidase (POx; pyranose:oxygen 2-oxido-
reductase, E.C. 1.1.3.10, from Coriolus sp., 10.4 units per mg
solid), D-(+)-glucose, bovine serum albumin (BSA), glutaraldehyde
solution (25%, v/v), ethanol, toluene (99%), ethyl acetate (99.8%),
ascorbic acid (99%), uric acid (99%), 3-acetamidophenol (97%),
monosodium phosphate (NaH2PO4), potassium ferricyanide(III)
(K3Fe(CN)6, 99.9%), potassium chloride (KCl) (St. Louis, MO,
USA) and glucose liquicolor kits were purchased from Sigma-
Aldrich and Human Diagnostics Worldwide (Wiesbaden, Germany),
respectively. All other chemicals were analytical grade.

Instrumentation

Fourier transform infrared (FT-IR) spectra of PGA, Mt and PGA–Mt
were recorded using a Perkin Elmer Pyris 1 FTIR Spectrometer
with KBr discs. Thermogravimetric analysis (TGA/DTG) was per-
formed using a Perkin-Elmer Diamond TA/TGA to determine the
thermal strength. Five to eight milligrams of sample were heated
from 50 to 900 1C using a scan speed of 10 1C min�1 under
nitrogen flow. X-ray diffraction (XRD) analysis was performed on a
Panalytical X’Pert ProMaterials Research Diffractometer with CuKa
radiation (l = 1.5406 Å). The 2y angles were varied between 31 and
601. The surface appearance was explored with a FEI Quanta250
FEG scanning electron microscope (SEM). SEM-EDX analysis was
performed with a Philips XL-30S FEG. AFM images were taken with
a NanoSurf Flex Axiom. For the preparation of AFM samples, a
1.0 mg mL�1 solution of PGA–Mt (1.0% Mt in nanocomposite) was
spread onto indium tin oxide (ITO) using a spin-coater (Laurell
Spin Coater XS650). The wettability of the PGA–Mt and PGA–Mt/
POx was measured at room temperature in an Attension Tensi-
ometer by the sessile drop method. Water drops of 5.0 mL were
placed at numerous locations of triplicate samples and the contact
angle was documented. To measure the contact angles of PGA–Mt,
solutions of the nanocomposites were prepared and dropped onto
ITO surfaces. After drying the samples, the angles were measured.
A JEOL JEM-1010 (JEOL Ltd, Tokyo, Japan) transmission electron
microscope was used to take TEM images of PGA–Mt. For this
purpose, 0.3 mm thick sections were cut on a Leica ultramicrotome
using glass knives.

A PalmSens Electrochemical Measurement System (Palm
Instruments, Houten, Netherlands) was used for amperometric
and cyclic voltammetric (CV) measurements and a CHI6005 C
electrochemical unit (CH Instruments Incorporation, Austin,
Texas, USA) was utilized for impedimetric (EIS) analysis at room
temperature. A triple electrode system was configured in all
measurements: glassy carbon electrode (GCE) (BASi, West
Lafayette, Indiana), platinum (Pt) electrode (BASi, West Lafayette,
Indiana) and Ag/AgCl (3.0 M KCl saturated with AgCl as an
internal solution, Metrohm, Switzerland) as the working, counter
and reference electrodes, respectively. A Millipore Milli-Q Ultrapure
Water System was used to prepare water.

Synthesis of polyglycolide-Mt (PGA–Mt) nanocomposites

Mt (23 mg, corresponding to 1.0, 2.0, or 3.0% of the monomer by
weight) was placed in Schlenk tubes equipped with a magnetic
stirrer under Ar atmosphere and dispersed in dry toluene

Paper NJC

Pu
bl

is
he

d 
on

 2
5 

Ju
ly

 2
01

7.
 D

ow
nl

oa
de

d 
by

 I
zm

ir
 Y

uk
se

k 
T

ek
no

lo
ji 

on
 2

0/
09

/2
01

7 
08

:2
3:

53
. 

View Article Online

http://dx.doi.org/10.1039/c7nj01751k


This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017 New J. Chem., 2017, 41, 9371--9379 | 9373

(5.0 mL). Glycolide (GA) was dried under high vacuum
(5.0 mmHg) for half an hour at 50 1C before use. Then, 0.23 g
(2.0 mmol) GA monomer and [Sn(Oct)2] (1/100 molar ratio
with respect to monomer) were added to the Schlenk tubes
that contained Mt. The reactions were carried out at 110 1C
for 4 h.

The Schlenk tubes were immersed in liquid nitrogen to stop
the action. The polymerization conditions were assigned accord-
ing to the maximum polymerization yields. The nanocomposites
were precipitated in an excess amount of cold methanol. The
products were separated with ultracentrifugation followed by
washing with methanol several times with 88% conversion. They
were then dried in a vacuum oven overnight.

Preparation of PGA–Mt/POx biosensors

1.0 mg POx, 5.0 mL of sodium phosphate buffer (PB; 50 mM,
pH 7.0), 5.0 mL of PGA–Mt (1.0 mg mL�1 in PB), 3.0 mL BSA
(1.0 mg mL�1 in PB, 50 mM, pH 7.0), and 2.5 mL glutaraldehyde
(5.0% in PB 50 mM, pH 7.0) were stirred in a tube. Then the
mixture was dropped onto the working electrode surface. The
electrode surface was dried at room temperature for 1 h. A
summary of the modification steps of clay with glycolide and
biosensor preparation is shown in Scheme 1.

Measurements

All amperometric signals were recorded with the current (I, mA) at
�0.7 V and carried out in 10 mL of the working buffer solution at
room temperature under gentle stirring (sodium phosphate buffer
(PB) pH 6.0, 50 mM). 50 mM was chosen as a working buffer
concentration according to the previous studies in enzymatic
biosensing technologies and POx biosensors.12,26–28,30,33

The electrodes were cleaned with distilled water and kept in
the working buffer for 3 min after each measurement. After the
signal was stable, the analyte (glucose) was injected into the
working cell. The POx catalysis oxidation reaction of glucose to
its oxidized product and currents was connected to consumed
oxygen amounts during the POx reaction. The electrodes were

cleaned by washing with water and the buffer was revitalized
after each measurement. CV analysis was carried out in 50 mM
PB (pH 6.0 and 5.0 mM K3Fe(CN)6) at the potential range of
�0.4 V to +0.8 V in the presence of using 0.1 M potassium
chloride as the auxiliary electrolyte. EIS measurements were
carried out in a frequency range from 0.3 � 10�4 to 10 kHz at
0.18 V excitation voltage in 50 mM PB (pH 6.0) including
5.0 mM K3Fe(CN)6 and 0.1 M KCl. The concentration of glucose
in real samples such as Coke and other fizzy drinks was calibrated
using a standard glucose solution and compared with the result
obtained by the spectrophotometric glucose kits based on the
Trinder Reaction.34

Results and discussion
Morphology and chemistry of PGA–Mt nanocomposites

Polyglycolide (PGA), which is produced from renewable resources
such as corn starch and sugar, is a biodegradable polymer. PGA
and copolymers are biodegradable ingredients and are parti-
cularly used in the preparation of medicines and pharma-
ceutics. Their biocompatibility increases their usage potential
in surgical materials, bone tissue engineering, and drug release
studies as microspheres.35,36 PGA synthesis can be carried
out by ring-opening polymerization methods using different
catalysts.

Synthesis of PGA is carried out generally with the use of tin
compounds such as tin(II) 2-ethylhexanoate (Sn(Oct)2), which
is accepted by the Food and Drug Administration as a food
additive.37 When PGA-clay nanocomposites are compared to
virgin polymers, they are valuable alternatives due to their wide
application areas in technology. Herein, the PGA–Mt nanocom-
posite was prepared via ring opening polymerization of GA
initiated by Sn(Oct)2 and the presence of Mt (Scheme 1) using
the in situ polymerization method. FTIR, XRD, TGA/DTG, SEM,
SEM-EDX, TEM and AFM techniques were used to characterize
the PGA–Mt nanocomposite. As seen from Fig. 1, the neat Mt
showed the typical stretching band for Al–Al–OH at 3630 cm�1.
The bands at around 3433 and 1600 cm�1 are assigned to the
H–OH stretching vibration of adsorbed water. It presented a

Scheme 1 Schematic representation of step by step preparation of the
PGA–Mt/POx biosensor. Fig. 1 FTIR profile of Mt, PGA and the PGA–Mt nanocomposite.
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broadly similar shape of absorption at 1050 cm�1 arising from
Si–O stretching vibrations. The olefinic C–H stretching band
of neat PGA was observed at about 2900 cm�1 in the FTIR
spectrum. Also, the strong stretching vibration of the CQO
carbonyl group at 1730 cm�1, the wagging of the –CH2 groups
at 1500–1400 cm�1, and the C–O–C stretching band on chair at
about 1090 cm�1 were observed respectively. Besides these
verifications for the PGA–Mt nanocomposite, the spectra show
all these characteristic groups of Mt and PGA with increased
intensity of the absorption band.

The nanocomposite structure was also investigated by the
XRD method (Fig. 2). According to the results of XRD, unlike
those from the neat Mt, the absence of any d001 reflection in the
XRD pattern of the nanocomposite proves the presence of an
exfoliated structure. The presence of exfoliation can refer to
good compatibility of the PGA with the clay mineral at this clay
content. The thermal behaviour of PGA and the PGA–Mt nano-
composites was investigated by TGA. According to the TGA
curves (Fig. 3A), the stability of the nanocomposite was
enhanced when compared to the neat PGA. This increment of
thermal stability is related to the nanodispersion of the silicate
in the polymer matrix. Remarkably, the final char yields of the
PGA were increased from 3.2% to 4.5% by adding clay. Fig. 3B
shows DTG curves of pure PGA and the PGA–Mt nanocompo-
site. Both of the samples displayed one of the degradation
stages in the range of 300–350 1C. The degradation peak of the
PGA appeared as a shoulder in the PGA–Mt thermogram due to
the low clay content. The max peak degradation temperatures
were determined as 285 and 305 1C for pure PGA and the PGA–
Mt nanocomposite, respectively. This indicates that there was
an increase in the thermal stability of the PGA–Mt nanocom-
posite due to the presence of the clay. The improvement in
thermal degradation was usually more significant for linear
polymer matrixes with the addition of nanoclay. In the presence
of clay platelets, polymer chains come near clay nanoplatelets
and molecular actions are limited. Hence, the thermal stability
was improved for these polymer chains.38,39

It was clear that the XRD analysis was insufficient for the
complete identification of the nanocomposite structures
because of the low amount of nanoclays. It should be supported
by transmission electron microscopy (TEM) that was capable of
directly identifying the particles that were undetectable using
XRD analysis. To more clearly assign exfoliated structures of the
nanocomposites, a TEM analysis of the PGA–Mt nanocompo-
site was performed (Fig. 4A). In the TEM image, the silicate
layers are represented by the dark lines whereas the polymer
matrix is indicated as the brighter area.

The clay platelets were well dispersed in the polymer matrix due
to the connected catalyst and monomer in the layer of clay particles
for the PGA–Mt nanocomposite. It is clear that the exfoliated clay
platelets (highlighted by a black arrow) were distributed in the
polymer matrix after a large quantity was observed, and this
observation was also compatible with the XRD results. The size
of the clay layers was B3.0 nm thick and 60 nm long. AFM is
the one of the most useful techniques for determining the clay
dispersion in a PGA matrix while also supporting TEM for the
analysis of nanocomposites.21,40 AFM images of PGA–Mt nano-
composites using the tapping mode are depicted in Fig. 4B.
According to this image, disc shaped objects of about 70–80 nm
can be attributed to the clay particles, and the highlighted parts
in the inset of Fig. 4B show the polymer chains.

Fig. 2 X-ray diffractions of Mt and the PGA–Mt nanocomposite. (Inset
shows XRD pattern with 2y = 2–10 scale.)

Fig. 3 (A) TGA, and (B) DTG thermograms of pure PGA and the PGA–Mt
nanocomposite.
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Surface characterization of PGA–Mt/POx biosensors

CV and EIS techniques were utilized for the determination of
the surface characteristics and electron transfer mechanisms
of modified GCE. EIS is a significant method for observing
electrode surfaces after modification. Thus, impedimetric
analysis was followed in PB (50 mM, pH 6.0) including using
5.0 mM K3Fe(CN)6 as a redox probe and 0.1 M KCl as the
auxiliary electrolyte. The impedance spectra of bare, PGA–Mt,
and PGA–Mt/POx modified electrodes (Fig. 5A) were recorded in
the range of frequency from 0.21� 10�4 to 100 kHz, using a dis-
continuous current (ac) signal amplitude at a direct current (dc)
bias of 10 mV. As seen in Fig. 5A, the bare GCE had the smallest
semicircle diameter. The charge transfers resistance (Rct) values
of the bare, PGA–Mt, and PGA–Mt/POx electrodes were measured
as 472 O, 594.5 O, and 756 O respectively. The semicircle
diameter defines the electron-transfer resistance (Ret), and its
meaning indicates a faster electron transfer than for PGA–Mt and
PGA–Mt/POx. In order to support these results, CV analysis was
performed under the same working conditions. The measure-
ments were used to analyse oxidation and reduction current
peaks in the potential range of �0.4 V to +0.8 (Fig. 5B). The peak
potential separations were calculated for bare, PGA–Mt and PGA–
Mt/POx modified GC electrodes as 323, 380 and 730 mV, respec-
tively. The modification of GC surfaces with PGA–Mt and

PGA–Mt/POx caused shifts in the anodic and cathodic peak poten-
tials; these results are in harmony with the previous studies.29,41

The influence of the scan rate on the biosensor response was
depicted in Fig. 5C. PGA–Mt/POx presented diffusion controlled
behaviour between 5–200 mV s�1 scan rates, with an equation
equal to y = 24.174x + 0.055, (R2 = 0.997) for Ianodic and
y = �29.616x � 2.735, (R2 = 0.996) for Icathodic.8,12,28

The morphology and dispersion of the samples were investigated
by SEM. SEM images of the prepared PGA–Mt nanocomposites

Fig. 4 (A) TEM micrographs of the PGA–Mt nanocomposite. (B) AFM image
of the PGA–Mt nanocomposite (5 � 5 mm and inset figure is 1 � 1 mm).

Fig. 5 (A) Profiles for EIS originated from bare, PGA–Mt and PGA–Mt/POx
modified electrodes in 50 mM PB (pH 6.0; including 5.0 mM, K3Fe(CN)6
and 0.1 M KCl) at 0.18 V, 0.21 � 10�4–100 kHz. (B) Cyclic voltammograms of
bare, PGA–Mt and PGA–Mt/POx covered electrodes (in 5.0 mM K3Fe(CN)6
at a scan rate of 5.0 mV s�1). (C) CV results of PGA–Mt/POx modified
electrodes at varying scan rates [the supplemental graph depicts the asso-
ciation between the sensor response and square root of the scan rates (5, 10,
15, 25, 30, 50, 75, 100, 150, 200 mV s�1)].
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and PGA–Mt/POx modified electrodes are indicated in Fig. 6.
For the immobilization of POx glutaraldehyde was used as a
crosslinking agent that binds amino groups of amino acids in
the structure of enzymes (here POx) and proteins (BSA).42 The
immobilization of POx on the surface of the GCE using PGA–Mt
was carried out covalently.43 After modification of the surfaces
with POx using PGA–Mt via crosslinking, SEM-EDX analysis was
carried out to prove the success of immobilization. POx is a
H2O2 generating flavoprotein.12,25–30 Because of the presence of
phosphate groups in the flavinadeninedinucleotide (FAD) struc-
ture of flavoproteins, P peaks of FAD, and N peaks of proteins
were shown in the EDX diagrams (Fig. 6A). After treatment of
the polymer with the clay, some clay aggregates with bright
regions are observed on the surface of the PGA–Mt nanocom-
posite in Fig. 6B and C. In addition, the SEM micrograph of the
PGA–Mt/POx is shown in Fig. 6C. After immobilization of the
enzyme, it was clearly observed that the PGA–Mt/POx covered
electrodes demonstrated a rough surface.

Optimum pH

Working in appropriate pH is an important point for the
enzymatic biosensors. To obtain the optimum pH value for the
PGA–Mt/POx biosensors, sodium acetate (50 mM; pH 4.0–5.5)
and PBs (50 mM; pH 6.0–7.0) were used as a working solution,
and the biosensor response for glucose was monitored in
different pHs. The results are given in Fig. 7, and according to
the profile, the optimum pH was 6.0. The optimum pH values for
POx biosensors were found to be 10.5, 7.5, and 6.0 in the
literature.12,25–29 It can be said that the optimum pH was affected
by the nature of the immobilization matrix.

Influence of enzyme and clay amounts on the current of
PGA–Mt/POx

Modulation of the amount of enzyme in the layer of electrode
surfaces is necessary to obtain maximum sensitivity. For this
aim, the electrodes were modified with various POx amounts
such as 0.5 mg, 1.0 mg and 2.0 mg (activity of enzymes was
10.4 units per mg solid) in order to determine the optimum
enzyme amount. The biosensor response was recorded for
different glucose concentrations between 0.01 and 1.0 mM
(Fig. 8A). When 0.5 mg of POx enzyme was used on the immobi-
lization layer, a current change after the addition of the substrate
did not occur. The highest current responses were obtained using
1.0 mg POx while preparing the PGA–Mt/POx biosensor. When
insufficient enzyme amount is used, a current change did not
occur after substrate addition. Increase in the POx amount caused
an increase in biosensor response. When 2.0 mg of enzyme was
used, the biosensor response decreased because of the occurrence
of the diffusion limit for substrate and oxygen (co-substrate). The
obtained results using PGA–Mt/POx are in agreement with pre-
vious studies.12,28,44–46

Another important parameter to find optimum preparation
conditions in enzymatic biosensors is the amount of immobi-
lization matrix.46–48 To test the influence of clay amount on the
response, different POx biosensors were prepared using 1.0, 2.0,
and 3.0% clay in the nanocomposites and calibration curves for

Fig. 6 (A) SEM-EDX results of PGA–Mt and PGA–Mt/POx, and SEM images
of (B) Mt, (C) PGA–Mt, and (D) PGA–Mt/POx.
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glucose were formed. According to Fig. 8B, the highest current
values were obtained using 1.0% of Mt in the nanocomposites.
The film thickness changes with the change of the clay amount
on the electrode surface. The biosensor response decreases with
an increase in thickness (increase in clay amount) as previously
observed for clay-based enzymatic biosensors. A thicker bioactive

layer causes a poor amperometric response. This can be attri-
buted to the diffusion barrier for the substrates (glucose) and
co-substrates (molecular oxygen) of the enzyme.46,49,50 Also, the
contact angles of different PGA–Mt and PGA–Mt/POx surfaces
were measured, and 8.0–101 was obtained for 1.0, 2.0, and 3.0%
of Mt in the nanocomposites. After the POx immobilization,
30.611, 43.021 and 73.081 were obtained with 1.0, 2.0, and 3.0%
Mt in the nanocomposites, respectively.

Analytical characterization

The linear range obtained with the PGA–Mt/POx biosensors was
from 0.01 to 0.5 mM glucose concentrations with the equation
of y = 3.549x + 0.092 (R2 = 0.998) (Fig. 9). The limit of detection
(LOD) for glucose was 1.2 mM glucose. For determination of
operational stability, 158 trials were implemented by injecting
0.1 mM analyte (glucose) over 144 hours, and a 27% decrease in
the biosensor response of the developed system was observed.
The S.D. and variation coefficient (cv) were determined to
be �0.004 mM and 4.08%, respectively. A comparison of the
analytical performance of the POx biosensors is summarized in
Table 1.

Interferences

Most metabolites can be oxidized and interfered with at high
working potentials. Thus, several compounds such as uric
acid (0.1 mM), ascorbic acid (0.1 mM), ethanol (0.1 mM), and
3-acetamidophenol (0.1 mM) were used to investigate the effects
of interferents on the PGA–Mt/POx biosensor response under
the working conditions. According to the results, meaningful
interference of the biosensor response for glucose did not occurr
(Fig. 10).

Sample application

The glucose content of some non-alcoholic beverages, for example,
Coke and other fizzy drinks, was analysed by the PGA–Mt/POx
biosensor. The beverages were degassed, diluted, and then added
to the working solution as a substrate without any dilution. To
check the results obtained with PGA–Mt/POx, a spectrophotometric

Fig. 7 Optimum pH of PGA–Mt/POx (working potential: �0.7 V; error
bars indicate S.D. of 3 trials; in 50 mM sodium acetate and PBs and using of
0.1 mM glucose as substrate).

Fig. 8 (A) Effect of enzyme amount and (B) clay amount in the nano-
composite on the current response of PGA–Mt/POx (in PB, 50 mM, pH 6.0,
at�0.7 V; error bars indicate S.D. of three replicates. Insets: Contact angles
of each clay amounts).

Fig. 9 Linearity for glucose (in 50 mM pH 6.0 PB, �0.7 V; error bars show
S.D. of three replicates. Supplement: time versus amperometric signal with
the injection of 0.5 mM glucose).
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Trinder Reaction (a commercially available enzyme assay kit)
was used to investigate the samples spectrophotometrically.
In this reaction, glucose oxidase oxidizes glucose to D-gluconic
acid with the creation of hydrogen peroxide. After the measure-
ments were taken, the amount of glucose was calculated, and
the results are given in Table 2.

Conclusions

Clay minerals are increasingly drawing attention as an immo-
bilization matrix for biological materials. Various types of
enzymes and microorganisms were immobilized using clays
on the electrode surface to design electrochemical biosensors.

Among them, Mt is an important type of clay due to its high
adsorption capacity, specific surface area, and high cation
exchange capacity, etc. Different types of monomers were used
for the preparation of polymer/Mt nanocomposites via various
methods. As far as we know, a PGA/Mt nanocomposite has not
been synthesized before. Here, we reported the preparation of a
novel PGA/Mt nanocomposite and its application as an immo-
bilization material to fabricate biosensors. POx was utilized as
a model enzyme. The proposed PGA–Mt/POx biosensor was
optimized and characterized for glucose detection. Then, it was
applied to detect glucose in real samples.
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