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The utilization of nanostructured materials for development of biosensors is a growing field in medical 
diagnostics. In this work a glucose biosensor based on bioactive polyglycerol (PGLD) and chitosan dendrimers 
(CHD) was developed. PGLD and CHD were bioconjugated with the enzyme glucose oxidase (GOx) to obtain 
dendrimers with glucose sensing properties. Polyaniline nanotubes (PANINT´s) were used as electron mediator 
due to their high ability to promote electron-transfer reactions involving GOx. The PGLD-GOx and CHD-GOx 
were entrapped in PANINT´s during template electrochemical polymerization of aniline. The prepared PGLD-
GOx/PANINT´s and CHD-GOx/PANINT´s biosensors exhibit a strong and stable amperometric response to 
glucose even at a low potential of +100 mV. The based PGLD-GOx/PANINT´s and CHD-GOx/PANINT´s 
biosensors showed a good performance in glucose concentrations range in human blood. A comparison of the 
sensitivities to glucose showed that both biosensors have a linearity range between 0.02 and 10 mM, though 
PGLD-GOx/PANINT´s is more sensitive (10.41 vs. 7.04 nA.mM–1). The difference in the biosensor behavior 
and the high sensitivity of the PGLD-GOx/PANINT´s may be due to the specific organization of GOx layer at 
surface of the modifier macromolecule PGLD and their distribution in PANINT´s. The enzyme affinity for the 
substrate, K

M
app remains quite good after GOx immobilization on PGLD and CHD dendrimers and entrapment 

of the bioconjugates in PANINT´s.
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1. Introduction

The present century is marked by the nanotechnology where re-
searchers have developed this technology to observe and manipulate 
atoms directly as result of the advances from microscopy, materials 
science, top-down and bottom-up synthesis and the relationship 
between classical and quantum physics1.

Today, dendrimers represents the most important and largest fam-
ily of nanochemistry being used in medical technology2. The intrinsic 
properties of dendrimers like as monodispersity, highly functional 
groups at macromolecule periphery and good biocompatible proper-
ties of these nano-objects has led to their widespread use in a variety 
of applications in medicine and biotechnology3.

Recently, poly (amidoamine) (PAMAM) dendrimers have been 
synthesized with a variety of core materials, branching units and 
surface modifications. PAMAM dendrimers and their hybrid nano-
composites has been used with great success for the construction of 
highly sensitive and stable amperometric glucose biosensor demon-
strating the high potential of these nano-particles as platform for the 
design of clinical biosensors for glucose monitoring4. However, while 
development of PAMAM dendrimer has tremendous technological 
potential, these materials, have been shown to exhibit significantly 
toxicity to mammalian cells5.

Recently, the good biocompatibility properties of polyglycerol 
(PGLD) and chitosan (ChD) dendrimers have received our attention 
for applications in medicine6-7. PGLD and CHD have shown to be a 
good matrix for the enzyme immobilization. Enzyme immobilization 

onto electrode surface is a crucial step in fabrication of amperometric 
bosensors.

In this work the enzyme glucose oxidase (GOx) was immobilized 
onto polyglycerol (PGLD) and chitosan dendrimers (CHD) (Figure 1). 
GOx has been chosen as a model enzyme in this study to explore 
the applicability of the PGLD and CHD as a matrix for enzymes of 
clinical interests. Glucose oxidase (GOx) is widely used in biosensors 
design for the estimation of the metabolite glucose in whole blood. 
The estimation of metabolites such as glucose in whole blood is of 
central importance in the modern therapy for diabetes mellitus8.

Glucose oxidase (β-D-glucose:oxygen 1-oxidoreductase, 
EC1.1.3.4) is an enzyme that catalyses the oxidation of β-D-glucose to 
D-glucono-1,5-lactone and hydrogen peroxide, using molecular oxy-
gen as the electron acceptor in according to the reaction:(Chart 1)

The generated hydrogen peroxide may be detected amperometri-
cally at the enzyme electrode making use of mediators to shuttle 
electrons from the enzyme to the electrode surface.

The usefulness of CHD and PGLD dendrimers as the support for 
binding the GOx can be ascribed to: i) high functionality at macromol-
ecule periphery that facilitates the enzyme immobilization procedure, 
ii) low cost and iii) good biocompatibility properties. The similarity 
in length scales and supramolecular structure between PGLD/CHD 
dendrimers and enzymes suggests interactions at GOx-dendrimer 
interface that may be favorable for biosensor electrode applications. 
Additionally, the bioconjugated PGLD-GOx and CHD-GOx until this 
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The kinetic parameters of PGLD-GOx/PANINT´s and CHD-
GOx/PANINT´s such as response time, sensitivity, detection limit, 
linear range and enzyme activity were determined and Michaelis–
Menten kinetics parameters were also evaluated. The behaviors of the 
PGLD-GOx and CHD-GOx entrapped in PANINT´s matrix were also 
studied and compared with that of the free PGLD-GOx and CHD-
GOx. Such information is believed to be of practical importance for 
the rational design of the dendrimers as carriers of biomacromolecules 
in high-throughput clinical assays.

2. Experimental

2.1. Dendrimer synthesis

Detailed procedures for the synthesis and characterization of CHD 
and PGLD dendrimers are reported in other publications originated 
from our researcher group6-7. Briefly, the dendronized chitosan (CHD) 
was synthesized by repeating the Michael addition of methacrylic 
acid (10 mM, Sigma-Aldrich) to amino groups of chitosan (100 mM, 
Sigma-Aldrich) followed by the amidation of terminal ester groups 
by ethylene diamine (2 mM). The dendronized chitosan (CHD) was 
purified by precipitation in methanol at room temperature (25 °C). 
The fourth generation polyglycerol dendrimer (PGLD) was prepared 
by the slow addition of glycidol to a solution containing a partially 
deprotonated polyol-core at 120 °C in argon atmosphere for 24 hours. 
Both, CHD and PGLD dendrimers were dialyzed and lyophilized 
before enzyme immobilization.

2.2. Covalent immobilization of glucose oxidase on the 
CHD and PGLD dendrimers

The enzyme glucose oxidase (GOx E.C.1.1.3.4, 148 U.mg–1, 
Sigma-Aldrich) was chemically immobilized onto CHD and PGLD 
dendrimer surfaces through a condensation reaction using activation 
of the -OH (PGLD) or -NH

2
 (CHD) dendrimers groups by a cyanylat-

ing reaction to the hydroxyl groups on dendrimer surface via amide 
bond using 1-Cyano-4-(dimethylamino)-pyridinium tetrafluoroborate 
(CDAP)10. Leaving the activated CHD and PGLD dendrimers in the 
GOx solutions (3 mg.mL–1) at 4 °C overnight completed the enzyme 
immobilization. The bioconjugates CHD-GOx and PGLD-GOx were 
purified by dialysis and lyophilized. The amount of immobilized GOx 
was calculated by measuring the concentration of the protein in the 
supernatant and then subtracting from the total free enzyme amount 
using the classic Bradford methodology11.

2.3. Preparation of enzyme electrode

The glucose biosensing electrodes based on the CHD-GOx and 
PGLD-GOx was prepared by immobilizing the bioconjugates on 
protonated polyaniline nanotubes (PANINT´s) polarographicaly 
deposited at thin aluminum films (Alcoa, 99.99%, 30.0 µm, 2 V) in 
solution containing aniline (Sigma-Aldrich, 99.0%, 2.2 mM) and 
H

2
SO

4
 (Merck, 1 M) at room temperature (27 °C) in according to 

our recent works12.
Electrochemical polymerization solution consisted of redistilled 

aniline (0.1 M), the bionjugated dendrimer (4.2 U.mL-1) and p-toluene 
sulphonate (1 M) in sodium phosphate buffer saline (NaPBS) (0.1 M, 
NaH

2
PO

4
/Na

2
HPO

4
, 0.05 mol.L–1 NaCl, pH 7.4) as electrolyte. The 

Figure 1. Schematic architectures of the CHD (a) and PGLD (b) dendrimers 
synthesized in this work for GOx immobilization. 

moment were not well characterized electrochemically in literature 
as glucose biosensor, offering new directions in biosensor develop-
ment. Enzyme entrapment, electron mediation and nano-biosensor 
fabrication are some of the possibilities that PGLD and CHD offer 
to the biosensing devices.

The electrical communication between redox centers of GOx and 
surface electrode was established through poly(aniline) nanotubes 
(PANINT´s) for the transport of electrical charge. This approach has 
received particular attention for the construction of third generation 
glucose biosensors8. PANINT´s possess many unique properties such 
as high electrocatalytic effect, fast electron transfer, environmental 
stability and ability to promote fast electron-transfer reactions involv-
ing the enzyme GOx9.

Chart 1. The enzymatic reaction catalysed by glucose oxidase (GOx).
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nanotubes growth was terminated in the potential cycle at –100 mV vs. 
a silver calomelan electrode (Ag/AgCl, SCE), so that the PANINT´s 
were in the reduced state and to achieve an estimated charge load-
ing of 30 mC. The electrodes were thoroughly washed with NaPBS 
and stored in the buffer solution at room temperature (25 °C) for 
24 hours to remove any excess on residual monomer and GOx weakly 
bound to the PANINT´s. After the electrochemical entrapment of the 
PGLD-GOx and CHD-GOx within PANINT´s, the bioactivities of 
the electrodes were measured amperometrically.

2.4. Characterization of the enzyme electrode

The morphologies of the gold-coated PGLD-GOx/PANINT´s 
and CHD-GOx/PANINT´s biosensors surfaces were analyzed using 
scanning electron microscopy (SEM). SEM measurements were 
conducted on a Phillips XL30 instrument using an accelerating 
voltage of 20 kV.

The sensitivity of the biosensor to glucose was assayed by meas-
uring the current response. The principle of the determination of the 
current response is based on the formation of hydrogen peroxide dur-
ing the GOx-catalyzed reaction, which is as follows: (Equation 1)

Glucose +O H O GOx Gluconic acid+H O2 2 22 +
  . (1)

The H
2
O

2
 production may be followed using a platinum working 

electrode (anode) generally polarized at + 700 mV against an Ag/AgCl 
(SCE) reference electrode. At this potential the hydrogen peroxide 
was oxidized according to the reaction: (Equation 2)

H
2
O

2
 → O

2 
+ 2H+ + 2e- (2)

The electric current produced is proportional to the glucose 
concentration13.

The cell used to determine the response current consisted of 
PANINT´s/CHD-GOx or PANINT´s/PGLD-GOx, a platinum electrode, 
and a SCE electrode in NaPBS buffer. The background current, I

b
, of 

the enzyme electrode, which was allowed to decay to a steady state, was 
first determined at a given potential, 37 °C and pH value of 7.4. Then, 
the enzyme electrode was moved immediately into a separate NaPBS 
containing a known concentration of glucose to measure the current 
response. The latter determination was carried out at the same potential, 
37 °C and pH of 7.4, as those of determination of the background current. 
The steady state current I

S
 for the determination of glucose on the current-

time curve was taken as the measured value. Therefore, the response 
current I of the enzyme electrode is equal to the difference between the 
measured current I

b
 and I

S
, i.e., I = I

S 
– I

b
. This procedure was important 

to eliminate the effects of potential, pH and temperature on the PANINT´s 
conductivity between two current measurements14.

The measurements of the current flow across the biosensors were 
performed with a programmable electrometer (Keithley® model 237). 
The working electrodes were the PGLD-GOx/PANINT´s or CHD-
GOx/PANINT´s, while the SCE electrode was used as reference.

2.5. Statistical analysis

The repeatability of the biosensors responses were investigated 
under each optimized experimental conditions. In each series of five 
electrodes prepared, the relative standard deviations were obtained as 
the mean of five independent measurements for the current response of 
both, PGLD-GOx/PANINT´s and CHD-GOx/PANINT´s biosensors.

3. Results and Discussion

Since the carbon nanotubes synthesis at past century, the studies 
of this one-dimensional nanomaterial have provided a fruitful ground 
of many exciting applications in clinical chemistry15. Current clinical 

research promises new ways to diagnose disease, to deliver specific 
therapy, and to monitor the effects acutely and non-invasively16.

Figure 2 shows the SEM micrograph of the PGLD-GOx/
PANINT´s deposited at Al electrodes. The SEM microstructure analy-
sis demonstrates the nanotubes formation obtained as a nucleation of 
aniline molecules into the formed aluminum pores when the oxidation 
process takes place. The mechanism of the aniline polymerization 
appears to proceeds with increment of new aniline molecules that 
can interact with each other, through the amine and iminium nitrogen 
interaction forming at the same time fibrous polyaniline nanostruc-
tures (PANINT´s). In this sense, electrodes with glucose sensing 
properties were done by entrapment of the bioconjugates PGLD-GOx 
or CHD-GOx during the polyaniline nanotubes (PANINT´s) growth 
on metallic surface.

The dendrimer topology is an important molecular parameter 
that determines their physical properties and applications. To control 
dendrimer topology and accurately architecture is currently a central 
theme in polymer science with the aim to prepare macromolecules 
with new properties17.

The main problem to solve in the immobilization of enzymes to 
biosensors fabrication concerns the support selection. In this sense, 
a number of criteria such as microbial resistance, thermal stability, 
chemical inertia and functional groups on the surface of the support 
must be considered in the use of dendrimers for the development of 
biosensors18.

In this work it was studied the properties of the glucose biosensors 
that depend on the dendrimer topology. The basic parameters that are 
highly important in characterizing the properties of the biosensors 
are response time, sensitivity, linear range and Michaelis-Menten 
constant (K

M
).

The detection of glucose was performed amperometrically, 
based on measurement of the current of electrons flowing from 
bioconjugated dendrimer and PANINT´s due to anodic degradation 
of hydrogen peroxide19.

The change in the response current of the PGLD and CHD biosen-
sors with the potential are shown in Figure 3. The response current 
increases from 100 to 300 mV, and then increases more slowly with 
further increasing potential. The maximum current occurs at 400 mV 
for both PGLD-GOx and CHD-GOx biosensors, respectively.

The current-time relationships when the potential of the PGLD-
GOx and CHD-GOx biosensors at 300 mV are shown in Figure 4. It 
was found that the response current of the enzyme electrode easily 
reaches to steady state. From the results in Figure 4 the current satu-
ration peak for PGLD-GOx biosensor is meaningfully higher than 

Figure 2. Surface SEM micrograph of the nanostructured PANINT´s based 
PGLD and  CHD glucose biosensor prepared in this work. 
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the dendritic units may also participate through hydrogen bonds with 
the catalytic site of GOx resulting in a decrease of the bioactivity of 
the CHD biosensor.

The relationship between response current and glucose concentra-
tion in NaPBS buffer is shown in Figure 5. A characteristic hyperbolic 
Michaelis-Menten kinetics mechanism may be observed. It was found 
that, current increases with increasing glucose concentration in the 
range 1-50 mM. Considering that the PGLD-GOx and CHD-GOx 
are uniformly distributed throughout the PANINT´s, the reaction 
appears to be predominantly in the surface of the biosensors in the 
lower glucose concentration. However, the reaction on the surface of 
the electrodes and the diffusion occurring simultaneously at higher 
concentrations delays the response time. Thus, the increased glucose 
concentrations also increased the response current and finally reached 
to steady state value.

The evaluations of the PGLD-GOx/PANINT´s and CHD-GOx/
PANINT´s kinetics were determined by the analysis of the Michaelis-
Menten equation. The apparent Michaelis-Menten constant (K

M
app), 

which gives an indication of the enzyme-substrate kinetics can be 
calculated from the linearized electrochemical Michaelis-Menten 
equation form, denominated Lineweaver-Burk Equation (3)[20]:

1 1 1

i

K

i S iSS

M
app

Max Max
= [ ] +    (1)  (3)

The parameter K
M

app describes the enzymatic activity of GOx. A 
smaller K

M
app value indicates a more efficient GOx reaction. The K

M
app 

is related to the concentration of the substrate reaching the maximum 
rate of the enzyme-catalyzed reaction. Thus, the smaller K

M
app value, 

the lower is the substrate concentration for reaching the maximum 
value of the enzyme-catalyzed reaction. In this study, the K

M
app val-

ues for the PGLD-GOx and CHD-GOx were determined by using 
Lineweaver-Burk plot of the measured current-concentration data.

The relationship between I-1 against [glucose]-1 in 0.1 M NaPBS 
pH 7.4 for the PGLD-GOx and CHD-GOx dendrimers are shown 
in Figure 6. The maximum current response I

Max
 and the apparent 

Figure 3. The relationship between the response current and the potential of 
the PGLD/GOx  (a) and CHD/GOx (b) biosensors in NaPBS pH 7.4 at 37 °C.  
Glucose concentration:  20 mM. The error bars represent standard deviations 
between five electrodes.

Figure 4. Current-time curve during the PGLD (a) and CHD (b) biosensors at 
300 mV, pH 7.0 (NaPBS) and 37 °C  in glucose solution of 20 mM. The error 
bars represent the standard deviations between five electrodes.

CHD-GOx. The decay in response current observed in CHD-GOx 
biosensor may be due to the inhibition of GOx activity by the amino 
groups at CHD periphery. The periphery of CHD dendritic unit is 
filled with primary amine groups, while all the branching points, in 
the interior of the dendrimer, are occupied by tertiary amine. It is 
possible that the primary amino functions present in the periphery of 

Figure 5. The relationship between response current and glucose concentration 
for the PGLD (a) and CHD (b) biosensors in 0.1 M NaPBS and  pH 7.0 at 37 °C.  
The error bars represent standard deviations between five electrodes.
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5.75 mM for the biosensors based on CHD-GOx and PGLD-GOx, 
respectively. The kinetic parameters, K

M
app of the free bioconjugates 

PGLD-GOx and CHD-GOx were 7.5 ± 0.82 mM and 6.3 ± 0.58 mM 
at constant temperature (37 °C) and pH 7.4 (NaPBS), respectively. 
The PGLD-GOx and CHD-GOx entrapped in PANINT´s exhibited 
lower K

M
app values that of the free bioconjugates. The smaller K

M
app 

exhibited by the CHD-GOx and PGLD-GOx entrapped in PANINT´s 
indicate that the electron mediator matrix did not cause any significant 
hindrance of the GOx towards its substrate.

For the fabrication of biosensors, different materials and methods 
of immobilization of enzymes have been used and these could result 
in different conformational changes in the enzyme structures given 
that the enzyme kinetics is environment sensitive. However, it is very 
difficult to compare one biosensor to others because the performance 
of the biosensor is greatly dependent on the applied potential, GOx 
immobilization method, the electrode material and its surface area. 
The K

M
app of PGLD-GOx and CHD-GOx were not affected rather 

prominently by the entrapment of bioconjugates in PANINT´s and the 
values obtained for the Michaelis-Menten constant of the enzymes 
electrodes in this work are comparable to most of glucose biosen-
sors based on polyaniline nanofibers21. Additionally, the similarity in 
K

M
app for PGLD-GOx and CHD-GOx indicate that both biosensors, 

PGLD-GOx/PANINT´s and CHD-GOX/PANINT´s are operating in 
enzyme kinetic controlled mode since the diffusion limitations in this 
case appear to be minimal22.

Figure 7 shows the calibration curves of the PGLD-GOx/
PANINT´s and CHD-GOx/PANINT´s. The linear range scans 
the glucose concentration from 0.02 to 10 mM. The calibration 
curves were linear with glucose concentration and sensitivities of 
10.41 nA.mM–1 for PGLD-GOx/PANINT´s and 7.04 nA.mM–1 
for CHD-GOx/PANINT´s were obtained. The results showed that 
the sensitivity of the PGLD-GOx/PANINT´s biosensor to glucose 
(10.41 nA.mM–1) is 1.5 larger than that of the CHD-GOx/PANINT´s 
biosensor at working potential of 300 mV. This indicated that the 
structure of PGLD-GOx makes oxygen and glucose more easily ac-
cessible to the active site of enzyme than CHD-GOx structure. The 
sensitivity of PGLD-GOx/PANINT´s and CHD-GOx/PANINT´s ap-
pears to be comparable to sensitivity of those glucose biosensors that 
make use nanostructured polyaniline as electron mediator21-23.

The stability of glucose biosensors is also a very important fac-
tor, which influence the application and detecting capacity of the 
biosensor. In order to study the stability and reproductively of the 
PGLD-GOx/PANINT´s and CHD-GOx/PANINT´s biosensors were 
tested in the presence of 2 mM glucose solution for 10 days (Figure 8). 
The biosensors were removed from a 4 °C refrigerator and put in the 
reaction cell to perform the experiment each day, and then dried and 
stored at 4 °C again after each experiment was completed.

Figure 8 shows the comparison of the stability of the PGLD-GOx/
PANINT´s and the CHD-GOx/PANINT´s glucose biosensors. In this 
work, the activity remained percentage was defined as the ratio of the 
activity remained after using a period of time to the initial activity, 
which is the quantitive expression of the stability. The response of the 
PGLD-GOx/PANINT´s glucose biosensor remains stable throughout 
the entire experiment, with more than 70% of its initial activity after 
continuously using. In contrast, the CHD-GOx/PANINT´s glucose 
biosensor displays a rapid decay of the response, with almost losing 
11% of its activity after continuously using only about one day, which 
indicates an inhibition of the oxidation process capacity of GOx. 
This result may be explained by the integration of PGLD-GOx with 
PANINT´s. The bioconjugate PGLD-GOx can be dispersed more 
uniformly in the PANINT´s than CHD-GOx. In this case, PGLD-GOx 
can exert its catalytic property more adequately.

Figure 6. Electrochemical Lineweaver-Burk plot for PGLD (a) and CHD (b) 
biosensors based on the data of Figure 5.

Figure 7. The calibration curve for glucose at the PGLD-GOx/PANINT´s 
(●) and CHD-GOx/PANINT´s (○) in NaPBS 0.1 M, pH 7.4, 25 ºC; applied 
potential, 300 mV. Error bars: ± S.D., n = 5.

Michaelis-Menten constant K
M

app were calculated from the intercept 
and slope of the straight line. The maximum current responses for the 
bioconjugates CHD-GOx and PGLD-GOx immobilized in PANINT´s 
were 0.154 and 0.211 µA, respectively. The K

M
app were 6.71 and 



10 Santos et al. Materials Research

4. Conclusions

This study showed that PGLD and CHD dendrimers could be 
used successfully as nanoplatforms for the immobilization of GOx. 
PANINT´s can be efficiently used as electron mediators in PGLD-
GOx and CHD-GOx biosensors. The measurements of Michaelis-
Menten kinetics indicated that PGLD-GOx/PANINT´s has a better 
performance than CHD-GOx/PANINT´s probably due to the more 
uniformly dispersion of PGLD-GOx in the PANINT´s. However, 
both PGLD-GOx/PANINT´s and CHD-GOx/PANINT´s biosensors 
exhibits improved analytical performance with respect to their glucose 
sensing properties.

The use of the PGLD-GOx and CHD-GOx for construction of 
glucose biosensors may facilitate the fabrication of biosensors at 
nanoscale, promoting the integration of labile biological components 
into high throughput testing instruments and at same time biocompat-
ible biosensors for implantation. These glucose biosensor materials 
are expected to have superior biocompatibility, which can be revealed 
by further studies.
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Figure 8. Stability of PGLD-GOx/PANINT´s (●) and CHD-GOx/PANINTs 
(○) glucose biosensors at NaPBS 0.1 M, pH 7.4 and 25 °C. The error bars 
represent standard deviations between five electrodes.


