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In this article we report a selective urea electrochemical biosensor based on electro-co-deposited
zirconia-polypropylene imine dendrimer (ZrO,-PPI) nanocomposite modified screen printed carbon elec-
trode (SPCE). ZrO, nanoparticles, prepared by modified sol-gel method were dispersed in PPI solution,
and electro-co-deposited by cyclic voltammetry onto a SPCE surface. The material and the modified elec-
trodes were characterised using FTIR, electron microscopy and electrochemistry. The synergistic effect
of the high active surface area of both materials, i.e. PPl and ZrO; nanoparticles, gave rise to a remarkable

{-:(leeygr(gfs;mical biosensor improvement in the electrocatalytic properties of the biosensor and aided the immobilisation of the ure-
Urea ase enzyme. The biosensor has an ampereometric response time of ~4s in urea concentration ranging

from 0.01 mM to 2.99 mM with a correlation coefficient of 0.9985 and sensitivity of 3.89 pAmM~! cm~—2,
The biosensor was selective in the presence of interferences. Photochemical study of the immobilised

Urease enzyme
ZrO, nanoparticle

Poly (propylene imine) dendrimer
Nanocomposite
Electro-co-deposition

enzyme revealed high stability and reactivity.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The estimation of urea concentration in serum or urine is
essential for the diagnosis of kidney and liver diseases [1,2]. Abnor-
mally high urea levels (the normal range in the blood being
8mgdL-1-20mgdL-1) can cause the obstruction of the urinary
tract, shock, burns, gastrointestinal bleeding, dehydration, and
renal failure. On the other hand, a decrease in the level of urea can
cause nephritic syndrome, cachexia, and hepatic failure. Since both
high and low concentrations of urine pose health risks, the estima-
tion of urea levels in the blood/serum/urine is therefore important
for the assessment of kidney functions and the diagnosis of different
kidney related diseases [3,4]. In addition to medical diagnoses, the
estimation of urea is an important parameter in other fields such
as the food industry, pharmaceuticals, as well as in environmental
protection and monitoring.

Several conventional methods such as fluorometric and chro-
matographic analyses have been reported for urea detection in
tissue and body fluids. These detection techniques can sometimes
be complicated with extensive sample pre-treatment and may
be unsuitable for on-line monitoring. In response to these chal-
lenges, electrochemical biosensors have gained increasing interest
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as an alternative to conventional detection methods due to their
comparative low cost, high sensitivity and simplicity [5,6]. The
performances of electrochemical biosensors however need to be
improved for more real life and versatile applications. One of the
approaches used in the optimisation of biosensors is the incorpo-
ration of nanomaterials especially as immobilisation layers where
they are expected to increase surface area for better biomolecule
(e.g. enzyme) adsorption and loading; and promote faster elec-
tron transfer between the electrode and the active site of the
enzyme [7,8]. Various inorganic nanomaterials such as Au, Ag,
Fe304, Zn0, ZrO, [7-12] and organic polymer nanostructures such
as dendrimer [13-15] have been used in the development of elec-
trochemical biosensors. Dendrimers [16,17] are an exciting new
class of three dimensional, highly branched, nanoscale, globular
shaped and macromolecular architecture that emanates from a
central core, and has a definite number of generations and func-
tional end groups. A typical example is poly(propylene imine) (PPI)
which has a tertiary inner amine branch and a peripheral primary
amine (Scheme 1).

Depending on the properties sought, a nanomaterial can be
combined with other materials (which may or may not be in the
nanoscale) to form nanocomposites which can greatly improve
the immobilisation layer in a biosensor. For example, a poly-
mer such as chitosan has been combined with ZrO, in a glucose
biosensor as an inorganic-organic nanocomposite (ION) immobi-
lisation matrix where the polymer was used to entrap the metal
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Scheme 1. Chemical structure of generation 1 Poly(propylene imine) dendrimer.

oxide nanoparticle [11]. Owing to their host-guest abilities, den-
drimers are therefore nanomaterials of choice in the preparation
of ION and such nanocomposites have been reported in literature
either for biosensors [18] or other catalytic purposes [19]. In a
dendrimer nanocomposite, the dendrimers can serve as the bio-
compatible layer, nano-encapsulator and covalent attachment site
for the immobilisation of bioreceptors and modification of the elec-
trode as well [20].

This article focuses on harnessing the properties of ZrO,
nanoparticle and poly(propylene imine) dendrimers by preparing a
novel inorganic-organic nanocomposite matrix based on ZrO,/PPI
for development of an electrochemical urease enzyme biosensor.

2. Materials and methods
2.1. Reagents and preparation of solutions

The following were purchased from Sigma-Aldrich (St. Louis,
Montana, USA) and were used without further purification:
urease (Aldrich, from Canvalia ensiformis), urea, Generation 2
(G2) poly(propylene imine) (PPI) dendrimer (SyMO-Chem, Eind-
hoven, Netherland), glutaraldehyde, uric acid, zirconium (IV)
nitrate [Zr(NOs )4-3H, 0], ethylene glycol, HNO3, ammonia solution,
potassium chloride, dipotassium hydrogen phosphate, potassium
dihydrogen phosphate, potassium ferricyanide, potassium ferro-
cyanide. Phosphate buffer solution (PBS) (10mM, pH 7.0) and
ferri/ferro cyanide solution were used as supporting electrolytes
for all amperometric measurements. Milli-Q water (18.2 M$2/cm?
at 25°C) deionized water was used to prepare all the aqueous solu-
tions. All the glassware and solutions were autoclaved prior to being
used.

2.2. Instrumentation

The particle phase, size, and structure of synthesised ZrO,
nanoparticles were studied using X-ray powder diffraction pat-
terns on an X-ray diffractometer (Rigagu Ultima IV) with Cu
Ko (A =1.5405 A) radiation and transmission electron microscopy
(TEM) (Jeol model, JEM-2100F) respectively. Fourier transform

infrared (FTIR) spectra were obtained from PerkinElmer spectrum
100 spectrophotometer (PerkinElmer, Waltham, MA, USA). The IR
spectra were recorded on an IR universal ATR sampling system
accessory transmission mode with an accumulation of 16 scan and
a resolution of 4cm~"! in the range of 4000 cm~! to 450cm~1.

The surface morphology of the electrode was examined by scan-
ning electron microscopy (SEM) TESCAN (Vega 3 XMU) operated
at 20kV and the samples were sputter-coated with thin layer of
carbon. Electrodeposition and all electrochemical measurements
(CV, impedance, and amperometric measurements) were per-
formed using an IVIUM CompactStat electrochemical workstation
(Ivium Technologies B.V., Netherland). Screen printed electrodes
(DRP-110) were purchased from DROPSENS. Platinum wire and
Ag/AgCl (3M KCl) were used as auxiliary and reference electrode
respectively. Amperometric studies were performed under stirred
conditions and all the solutions were purged with high purity argon
gas for at least 15 min before electrochemical measurements were
done.

2.3. Synthesis of ZrO, nanoparticles

Zr0O, nanoparticles have been prepared by adopting a modified
sol-gel methods. An analytical grade of Zr(NO3 )4-3H,0 (0.98 mmol)
was dissolved in 0.1 M HNO3 (10 ml). A 1 mL volume of ethylene
glycol was added and the mixture was stirred for 45 min. Then 25%
ammonia solution was added to the mixture with continuous stir-
ring by using magnetic stirrer at room temperature to adjust the
pH to 8. The suspension was stirred at room temperature for 30 min
and the resultant suspension was allowed to dry inanoven at 100 °C
for 12 h and further annealed at 600 °C for 2 h.

2.4. Preparation of ZrO,/PPI dendrimer solution

Zr0O, nanoparticle was dispersed in 30 mM solution PPl in a mass
to volume ratio of 1:100 where a typical mixture was 0.30g ZrO,
in 30 mL PPIL. The mixture was stirred for one hour at room tem-
perature after which it was sonicated for 20 min. Finally, a highly
dispersed colloidal solution was formed.

2.5. Preparation of ZrO,/PPI dendrimer modified SPE

Prior to the electrode modification, the bare SPCE was electro-
chemically cleaned by cyclic voltammetry using a potential range
of —200mV to +1500 mV in a solution of 0.5 H,SO4 for five consec-
utive cycles. The cleanliness of the surface was verified in the PBS
(10mM, pH 7.5) by using potential sweep in the range of —0.1V
to 0.65V at a scan rate of 50mV s~! where no peak was expected.
Finally, the electrode was thoroughly washed with deionized water
and dried in an oven at 50°C for five minutes. ZrO,/PPI hybrid
nanocomposites modified SPCE were then fabricated by using
electro-co-electrodeposition methods according to the modified
procedure reported by Arotiba et al. [20,21] in the following man-
ner: 50 L of a viscous mixture of ZrO, nanoparticles and 30 mM PPI
dendrimer (molar ratio 1:100) was pipetted onto the pre-cleaned
SPCE. This was followed by cyclic voltammetry (CV) between
potential sweeps —0.3V to 1.500V for 20 cycles at a 50mVs~!
scan rate. The preparation of the ZrO,-PPI dendrimer/SPCE system
involved the simultaneous electro-co-deposition of PPl and ZrO, on
a clean SPCE. These ZrO, /PPI modified SPCE was rinsed repeatedly
with de-ionized water and PBS respectively, to remove the physi-
cally unbound (or any weakly bound) particles. A freshly prepared
electrode was used in all the respective electrochemical studies.
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Scheme 2. Schematic illustration of (a) fabrication of ZrO,-PPI dendrimer/SPC electrode, and (b) immobilization of Urease on ZrO,-PPI dendrimer nanocomposite electrode.

2.6. Immobilisation of Urease onto ZrO,/PPI dendrimer SPC
bio-active electrode

The urea bioactive electrode was prepared by covalent immobi-
lisation of the urease enzyme with the ZrO,-PPI electrode surface
using glutaraldehyde as a linker. 10 pL of 25% glutaraldehyde solu-
tion was spread over the ZrO,-PPI modified SPCE and kept for five
hours at room temperature. This was followed by dropping 20 L of
freshly prepared urease enzyme (10 mg mL~! in Tris buffer [5 mM])
spread on the surface of the ZrO,-PPI/SPCE. The Urease/ZrO,-
PPI/SPC (i.e. biosensor) was kept undisturbed and left to dry at 4°C
for about 15 hrs. Finally, this urea biosensor was washed by PBS
(50mM, pH 7.0) in order to remove any unbound enzymes from
the biosensor electrode surface. Scheme 2 is focused on the prepa-
ration of ZrO,-PPI nanocomposite for the immobilisation of urease
onto ZrO,-PPI nanocomposite.

2.7. Spectrophotometric Response studies

For photometric measurements, the biosensor (Urease/ZrO,-
PPI/SPCE) was dipped in a 5 mL phosphate buffer solution (50 mM,
pH 7.0) containing 250 wL Nessler’s reagent and 1 mL of urea solu-
tion (with varying concentrations). After 3 min of incubation, the
absorbance of the coloured product (NH,Hg,13, a complex formed
between the Nessler’s reagent and ammonia produced after the
enzymatic hydrolysis of urea) in the solution at Amax 385 nm, was
measured to inspect the kinetics of the urease enzyme.
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3. Results and discussions
3.1. Characterisation of ZrO, nanoparticles

The X-ray diffraction pattern of synthesised ZrO, nanoparticles
reveals reflection planes that are consistent with ZrO, (Fig. 1(A).
An average particle size of 12nm was calculated from Debye-
Scherer’s formula [22] (Eq.(1)). The nanoparticle size deduced form
Debye-Scherer’s formula was also supported by the TEM analysis
(Fig. 1(B)). The TEM image reveals predominantly spherical crys-
talline ZrO, nanoparticles with sizes varying from 8 nm to 25 nm
(average size of ca 12 nm).

KX

D= Beos(o) W

Preparation of the ZrO,-PPI dendrimer modified screen printed
carbon electrode and the covalent immobilisation of the Urease
enzyme

PPI dendrimers consist of peripheral 1° amine and internal 3°
amines. The mechanism of the electrodeposition is based on the
formation of an amine cation radical which creates a C—N linkage
between the 1° amine of the dendrimer and the carbon electrode
[23,24].

During the anodic scan, the 1° amines of the PPI dendrimers
were electro-oxidised onto the bare SPCE surface to form a C—N
bond between the SPCE and PPI. The scan shows the onset of the
electro-oxidation and the generation of the free radical (Fig. 2).
The bulk of the electro-deposition took place with the formation

Fig. 1. X-ray diffraction pattern (A) and transmission electron micrograph (B) of ZrO, nanoparticle.
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Fig. 2. Cyclic voltammograms of the co-electrodeposition of PPI/ZrO, nanocompos-
ites from -0.3V to 1.5V for 20 cycles at scan rates of 50mVs~'.
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of more oxidation radicals during the first scan while the subse-
quent scans were used to cover any available site on the SPCE - the
reason for the reduced current peaks as number of scans increases.

Under the same condition of dendrimer deposition, ZrO,
nanoparticles were simultaneously co-deposited with the PPI onto
the SPCE. It is possible that surface charges of ZrO, nanoparti-
cle interact with the cationic dendrimer matrix via electrostatic
interactions and hydrogen bonding with —NH, groups to form
hybrid nanocomposites [25]. This electro-co-deposition was sub-
stantiated by scanning electron microscopy (Fig. 3). The evidence of
dendrimer electrodeposition can be seen by the homogenous nano-
globular PPI on Fig. 3B in contrast to the bare SPCE (Fig. 3A). Fig. 3C
shows that ZrO, nanoparticles were uniformly imbedded in the
nano-globular PPI matrix and are stable with minimum aggrega-
tion. Furthermore, the energy dispersive X-ray spectroscopy (EDX)
spectra (Fig. 3E) confirm the presence of Zr-atom in the ZrO,-PPI
nanocomposite electrode.

Urease is a family of phosphotriesterase and amidohydrolases
and it catalyzes the hydrolysis of urea into ammonia and carbon
dioxide. It composed of 3:3 (a:3) stoichiometric ratio with two
folded symmetric structures with multi-active sites [26,27]. Ure-
ase molecules exist in anionic forms at pH 7.0. This anionic charge
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Fig. 3. SEM image of (A) bare, (B) PPI dendrimer, (C) ZrO,-PPI dendrimer, (D) Urease/ZrO,-PPI modified SPCE and (E) EDX spectra of ZrO,-PPI dendrimer modified SPCE.
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Fig.4. FTIR spectra in KBr monitored in the region between 4000 cm~! and 500 cm~" (A) PPl dendrimer (i) and ZrO, nanoparticles (ii), (B) ZrO,-PPI dendrimer (i), Urease/ZrO, -

PPI dendrimer (ii), Urease (iii).

can facilitate interaction with the positively charged PPI dendrimer
via electrostatic interactions. The presence of ZrO, nanoparticles in
the PPI matrix resulted in an increased electroactive surface area
of PPI dendrimer which further improved the loading of enzymes
onto the modified electrode. The immobilisation of urease was also
confirmed with electrochemical and optical studies. The urease
enzyme was immobilised onto the ZrO,-PPI nanocomposite elec-
trode via coupling chemistry using glutaraldehyde as a crosslinker.
One end of the glutaraldehyde was attached to the ZrO,/PPI/SPCE
through a reaction between the terminal —NH, group of PPI and
—CHO group of glutaraldehyde. The other end of —CHO group of
glutaraldehyde was attached to the terminal —NH, group of ure-
ase, and this resulted in the formation of Urease/ZrO,-PPI/SPCE
urea active bioelectrode or urea biosensor. The immobilisation of
the urease enzyme was supported by the obvious change in the
morphology of the ZrO,-PPI/SPCE after the immobilisation of the
enzyme (Fig. 3D) [15,20,21,28].

The resultant enzyme immobilised electrode was characterised
by FTIR spectroscopy (Fig. 4). FTIR spectra of ZrO, nanoparticles
exhibited characteristic infrared absorption peak (curve (ii),
Fig. 4A) at 622 cm~! due to the symmetrical stretching of Zr—O—Zr
species indicating the formation of zirconia nanoparticles. FTIR
spectra of pure PPI dendrimer (curve (i), Fig. 4A) displayed bands
at 3100cm~1-3600cm~! due to N—H stretching vibration; peak
at 1574 cm! is attributed to the N—H deformation mode of —NH,
group, while peak at 1490 cm~! is attributed for to the symmetrical

deformation of CH; group. In Fig. 4B(i), the N—H stretching mode of
the dendrimer was also observed but at a lower wave number. This
suggests that the —NH, group of PPI has interaction with the ZrO,
nanoparticles in the formation of the ZrO,-PPI nanocomposites.
The FTIR spectrum of pure urease (Fig. 4B(iii)) exhibited several
peak characteristic NH, groups and —COOH groups similar to
that seen in the immobilised enzyme (Fig. 4B(ii)). The presence
of 1646cm~! peak in Fig. 4B(ii) corresponding to amide bands
confirms the formation of a peptide linkage between the urease
and PPI via carbodiimide chemistry. The broadening in the range
of 545cm~1-772cm~! with the shifting in the wavelength for
zirconia, might be intermolecular interaction with enzymes.
Hence, the FTIR spectra depicted the immobilisation of Urease
onto ZrO,-PPI nanocomposites matrix [5,29-33].

3.2. Electrochemical Studies of the modified electrodes

As depicted in Fig. 5, PPI/SPCE allowed for the reversible elec-
trochemistry of Fe(CN)g]>~/4~. The Fe(CN)s]>~/4~ was markedly
increased after dendrimer modification when compared to bare
SPCE (not shown). The voltammograms in Fig. 5(a) show that PPI
enhanced the interfacial electron transfer on the SPCE. The co-
deposition of ZrO, nanoparticle further enhanced the redox peak
(Fig. 5(b)) by improving the electroactive surface area and elec-
trode conductivity. An expected reduction in redox peak (Fig. 5(c))
occurred after the immobilisation of the enzyme owing to its bulky
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Fig.5. Cyclic voltammetry studied of (a) PPl dendrimer, (b) ZrO,-PPI dendrimer and
(c)Urease/ZrO,-PPI dendrimer modified SPCE. Recorded in PBS (50 mM, pH 7.0, 0.9%
NaCl) containing 5 mM [Fe(CN)s]>~/4~ in the potential sweep of —0.1V to +0.65V at
a scan rate of 50mVs-1.

molecular structure which hampers electron transfer. It should be
noted however that presence of PPI and ZrO, nanoparticle wired
the enzyme onto the electrode thereby facilitating electron trans-
fer. This is one importance of using nanomaterial in biomolecular
immobilisation-the conductive nanoparticle penetrates into the
redox moiety located in the core of the enzyme facilitating electron
shuttling between the enzyme and the electrode surface.

The surface concentration of the biosensor can be measured by
using the Brown-Anson model [34]:

| _ mPrAV
P e

Where, n is the number of electrons transferred (i.e. 1), F is
the Faraday constant (96,485 C/mol), I* is the surface concentra-
tion of respective electrodes, A is the surface area of the electrode
(0.14cm?), V is the scan rate (50 x 10~3Vs~1), R is the gas con-
stant(8.314) mol~! K-1)and Tis the room temperature (298 K). The
surface concentration of ZrO,-PPI/SPCE (2.965 x 10-8 molcm~2)
than that of PPI/SPCE (1.0159 x 10-3 molcm~2).The higher con-
centration of ZrO,-PPI electrode suggests that loading of the ZrO,
nanoparticles augments the electroactive surface area.
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Cyclic voltammetric studies were carried out with Urease/ZrO,-
PPI/SPCE bioelectrodes in PBS (50 mM, 0.9% NaCl and pH 7.0)
containing 5 mM [Fe(CN)g]34- as a function of scan rates varying
from 10mVs~! to 200mV s~! (Supplementary 1A). It can be found
that both the cathodic (I¢) as well as anodic (I;) peak currents of
the electrode increase linearly and are proportional to the scan rate
(Supplementary 1B).

The values of heterogeneous electron rate transfer constant
(ks) have been calculated using Laviron’s model [35,36] for Urease
immobilised ZrO,-PPI dendrimer nanocomposite/SPCE:

mnFv
RT

Where ks is the electron rate transfer constant, m is peak to
peak separation, n is number of electrons transferred (1), F is Fara-
day constant (96485]), v is scan rate (50 mVs~1), R is gas constant
(8.314JK~" mol~1)and Tis absolute room temperature (298 K). The
value of electron rate transfer constant (ks) obtained (2.02s~1), is
higher than that of earlier reported nanoparticle based biosensors
[30,37-40].

ks =

3.3. Urea biosensing and interference studies

The prepared Urease/ZrO,-PPI nanocomposite modified SPCE
was applied for the amperometric detection of urea at a constant
potential of 0.8V (the oxidation of ammonia to nitrogen occurs at
this potential) [41]. A steady increase in current with increasing
concentration of urea was observed (Fig. 6A (zones A and C). The
effect of potential interferents (ascorbic acid, uric acid, glucose, and
lactate) on the Urease/ZrO,-PPI/SPCE was explored. The interfer-
ents were added at their normal physiological concentrations, i.e.
ascorbic acid (2 mM), lactate (2 mM); glucose (5 mM) and uric acid
(0.2 mM). Negligible effects were observed for all the interferents
as depicted in the marked interference zone B in Fig. 6A, where
very minimal current increases were observed upon the addition
of the interferents. From zone C, it was observed that the biosensor
responded sharply again to urea even in the presence of the already
present interferents.

A calibration plot of the biosensor response to urea in Fig. 6A is
plotted as Fig. 6B. The amperometric response increased linearly in
the range of 0.01 mM to 2.99 mM. The linear regression equation
is I (WA)=3.89x+0.42 with correlation coefficient (R?) of 0.9985.
The current sensitivity in the linear range of the proposed urease
biosensor towards urea concentration was 3.89 pAmM-1 cm—2,
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Fig. 6. (A) Amperometric response of urease/ZrO,-PPI dendrimer/SPC bioelectrode on successive addition of 1.5 mM urea to a 0.1 phosphate buffer solution (pH 7.5) solution.
Potential poised at +800 mV; solution stirring at 200 rpm (A) Where zone A =addition of urea, Zone B addition of inteferents and Zone C addition of urea. (B) Corresponding

calibration plot between current vs urea concentration (B).
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Fig. 7. Photometric response of ZrO,-PPI/SPCE as a function of urea concentration.

3.4. Photometric response studies

Photometric studies were carried out to calculate the apparent
enzyme assay activity, stability and shelf life of the urease/ZrO,-
PPI/SPCE based urease biosensor. The fabricated bioelectrode was
dipped for 3 min into 3.0 ml of PBS solution (pH 7.5) containing
15wl of Nessler’s reagent solution and 100 .l of urea in vary-
ing concentrations (0.01 mM to 50 mM). The immobilised urease
enzyme on the surface of ZrO,-PPI dendrimer nanocomposite mod-
ified SPCE matrix catalyzed the hydrolysis of urea and produced
ammonia, which reacted with Nessler’s reagent (K;Hg,14) to form
a coloured product (i.e. NHyHgI3) (Supplementary 2) resulting in
changes in absorbance [3,42]. The differences between the final
and initial absorbance of the biosensor at a fixed wavelength
(A=385nm), was measured and corresponding values plotted
against as a function of urea concentration (Fig. 7).

The noticeable apparent enzyme activity of the urease func-
tionalized ZrO,-PPI dendrimer based urea biosensor was calculated
using the equation;

enz Iﬂ

app = o

Where, A is the difference in the absorbance before and after
incubation of the biosensor in the saturated solution, V is the
total volume (3.0 cm3), ¢ is the millimolar extinction coefficient of
Nessler’s reagent, t is the reaction time (3 min) and s is the surface
area of the bioelectrode. The calculated value of apparent enzyme
activity was found to be ca 76.38 mg cm~2, indicating that 76.38 mg
of urease enzyme per cm? actively participated in the enzymatic
reaction per unit area of biosensor.

4. Conclusion

This work describes the preparation of a novel
dendrimer-zirconia nanocomposite as suitable nano-platform
for enzyme immobilisation. The biocompatibility and host guest
capability of poly(propylene imine) dendrimer towards bioma-
terial such as urease enzyme are demonstrated by the plausible
biosensor response to urea in about 4s. The fact that the urease
enzyme retained its activity (as depicted by the photometric
studies) showed the biocompatibility of both zirconia and the
dendrimer. The electrode preparation and enzyme immobilisation
steps are simple and straight forward. The chemical tunability
of poly(propylene imine) dendrimer and dendrimer in general,

affords the preparation of a wide range of as nanocomposite
platforms which can explored in the development of biosensors.
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