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KEYWORDS Abstract An optical biosensor for urea based on urease enzyme immobilised on functionalised cal-
T — cium carbonate nanoparticles (CaCO5-NPs) was successfully developed in this study. CaCO3;-NPs
nanoparticles; were synthesised from discarded cockle shells via a simple and eco-friendly approach, followed by
Optical biosensor; surface functionalisation with succinimide ester groups. The fabricated biosensor is comprised of
pH-sensitive; two layers. The first (bottom layer) contained functionalised NPs covalently immobilised to urease,
Urea; and the second (uppermost layer) was alginate hydrogel physically immobilised to the pH indicator
Urease immobilisation phenolphthalein. The biosensor provided a colorimetric indication of increasing urea concentra-

tions by changing from colourless to pink. Quantitative urea analysis was performed by measuring
the reflectance intensity of the colour change at a wavelength of 633.16 nm. The determination of
urea concentration using this biosensor yielded a linear response range of 30-1000 mM
(R? = 0.9901) with a detection limit of 17.74 mM at pH 7.5. The relative standard deviation of
reproducibility was 1.14%, with no signs of interference by major cations, such as K*, Na™,
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NH, ", and Mg®". The fabricated biosensor showed no significant difference with the standard
method for the determination of urea in urine samples.

© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Urea is a nitrogenous compound also known as carbamide in
standard chemistry nomenclature. It is composed of two NH,
functional groups bonded to a carbonyl (CO) group. Although
commonly found in human serum, urea is majorly present in
urine as a waste product of protein metabolism. This process
first entails the breaking down of amino acids into ammonia
(NH3;), carbon dioxide (CO,), water, and energy. However,
NHj is toxic to cells and needs to be excreted from the body.
Subsequently, NH; is converted by the liver and the kidney
into non-toxic urea (CH,N,O), after which it can be safely
removed from the body in urine (Jakhar & Pundir, 2018). Gen-
erally, the normal concentrations of urea in urine and serum of
a healthy person are 166.5-416 mM and 2.5-7.5 mM, respec-
tively (Jakhar & Pundir, 2018; Mukanova et al., 2018, Nall,
2018). The normal urea concentration varies depending on
age (Mukanova et al., 2018). Reduction of urea excretion
may be caused by either acute kidney injury or chronic kidney
disease, in which the kidney ceases to function normally and
cannot filter urea waste. Consequently, the waste will accumu-
late in blood vessels and the urea concentration in serum will
increase (Higgins, 2016). Mukanova et al. (2018) reported that
the pathophysiological level range between 30 and 150 mM
indicated a loss of kidney function. Hence, the development
of a sensitive, specific, and non-invasive method for monitor-
ing urea levels in the body is of utmost importance.

Over the past several decades, laboratory tests and conven-
tional techniques have been utilised to measure urea concen-
trations, including gas chromatography, spectrophotometry,
and colourimetry. However, the main drawbacks of these tech-
niques are their requirements for costly equipment and skilled
technical staff, as well as being time-consuming (Jakhar &
Pundir, 2018; Wan Khalid et al., 2018). In more recent years,
biosensors have been introduced as a potential solution to
these problems. The use of biosensors can reduce costs and
biosensors can also be applied in an in-situ test to provide
patients with their urea test results almost immediately
(Altintas, 2017). Moreover, biosensors can reduce the amount
of sample needed from a macro- to a micro-scale without com-
promising the sensitivity and accuracy expected from conven-
tional methods (Bhalla et al., 2016).

Presently, the demand for urease-based biosensors has
increased. This is mainly due to their excellent selectivity, a
characteristic that originated from the specificity of its mecha-
nism. As an enzyme, urease is subject to the lock-and-key the-
ory, which will only interact with urea to form ammonium,
bicarbonate, and hydroxide ions (see Equation (1)). The enzy-
matic reaction leads to an alkaline pH change, which can be
detected, for example, using a pH electrode (Ivanova et al.,
2013) or pH indicator (Algasaimeh et al., 2014; Erfkamp
et al., 2019). Most pH electrodes are applied in electrochemical
sensors, whereas pH indicators are utilised in optical sensors.
An increasing amount of literature can be found discussing

the application of various materials and methods for immobil-
ising urease during the fabrication of urea biosensors. For
example, zeolitic imidazolate framework (Zhu et al., 2020),
gold nanoparticles (Korkut et al., 2019; Senel et al., 2019),
quantum dots (Safitri et al., 2017), polymers (Das & Yoon,
2015; Meibodi & Haghjoo, 2014; Ramesh et al., 2015), and
electrochromic properties of Prussian blue (Valitiniené et al.,
2019). However, many of these materials are expensive and
not environmentally friendly.

Four techniques have been widely employed to immobilise
the enzyme, namely adsorption, cross-linking, encapsulation,
and covalent chemical bonding, and each technique has its
advantages and disadvantages. Physical adsorption or
physisorption on the support is the simplest method, yet it suf-
fers from uncontrolled leaching or enzyme desorption. Cross-
linking is effective although expensive, and the technique
may also decrease enzymatic activity. Meanwhile, the encapsu-
lation method limits the diffusion of the immobilised enzyme
through the system, eventually hindering reactivity by prevent-
ing the substrate from accessing the enzyme’s active sites.

Covalent chemical bonding involves the formation of a
chemical bond between an enzyme and carboxyl or amine
groups on the surface of the supporting matrix. In the produc-
tion of urease-based biosensors, this method is preferred
because the enzyme can be immobilised at a low cost in a bio-
compatible and eco-friendly manner. Additionally, the immo-
bilisation of urease by direct bonding to the support creates a
stronger attachment between the two components of the
biosensor (Ahuja et al., 2008; Tamaddon & Arab, 2019).

urease

CH,N,O+ H,0 “5° 2NH] + HCO;+ OH (1)

In this work, a simple and sustainably-sourced biosensor
was developed. Calcium carbonate nanoparticles (CaCOs-
NPs) were first synthesised from cockle shell waste through
physical and mechanical processes with no additional chemi-
cals. The CaCO5-NPs was 78.8 + 10.8 nm in size which have
been measured using Particle Size Analyser as reported in our
previous work (Zakaria et al., 2021). CaCO; from cockle shells
possesses structural porosity, a large surface area, and func-
tional group endings for electrostatic ionic bonds with high
loading capacity (Mailafiya et al., 2019). The compound has
a great potential to load enzymes. In a previous study, approx-
imately 85% of urease enzyme was covalently immobilised on
CaCO;3-NPs of cockle shells, where the NPs could be applied
in urea biosensors (Zakaria et al., 2021). Furthermore, the
white-coloured CaCOj3-NPs are suitable for reflectance mea-
surement as there is no disruption in colour changes as an indi-
cator for optical biosensors. Moreover, the source of matrix
used can also reduce environmental pollution as the shells
are regarded as waste after consumption. Re-using the bio-
waste of cockle shells could help reduce the amount of waste
generated and give an added value to food waste (Mo et al.,
2018).


http://creativecommons.org/licenses/by-nc-nd/4.0/

Cockle shell-derived nanoparticles for optical urea biosensor development based on reflectance transduction 3

urea
phenolphthalein

8%
* ®
@ * S@.s @«

Immobilised urease on F-NPs

Alginate/PP

Fig. 1  Schematic illustration of the CaCO;-NPs-based optical
biosensor for urea detection.

In the functionalisation step, acrylic acid N-
hydroxysuccinimide ester was applied to CaCO3-NPs. This
approach provides the surface of NPs with the succinimide
ester group, which can covalently bind to the amine group of
urease enzyme (Zakaria et al., 2021). The crucial final step
for the addition of urease is the fabrication of the enzyme-
based optical biosensor for urea detection. As shown in
Fig. 1, the biosensor comprises two layers. The first layer
(i.e., bottom layer) contains functionalised NPs immobilised
with urease (Urs/F-NPs), whereas the second layer (i.e., upper-
most layer) is alginate hydrogel physically immobilised with
phenolphthalein (PP) as a pH indicator (alginate/PP). Both
Urs/F-NPs and immobilised PP layers are placed in a plastic
case. Urea introduced to the biosensor will pass through the
alginate/PP to the immobilised urease and will be hydrolysed,
subsequently increasing the pH level and changing the colour
of PP from colourless to pink (see Fig. 2). This change can
be measured quantitatively using a reflectance spectrometer.
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Fig. 2

2. Materials and methods

2.1. Chemicals

The chemicals used in this study and their respective suppliers
are as follows: urease enzyme (RN 9002-13-5; 490 units/mg)
from jack beans, Tokyo Chemical Industry Co.; acrylic acid
N-hydroxysuccinimide ester (NAS, >90%), hydrochloric acid
(HCI), and sodium alginate from Sigma-Aldrich; Bradford
reagent, PP, and p-dimethylaminobenzaldehyde (DMAB)
AR from R&M Chemicals; ethanol absolute 99.8%, potassium
dihydrogen phosphate (KH,PO,), and dipotassium hydrogen
phosphate anhydrous (K,HPO,) from HmbG; sodium chlo-
ride (NaCl) and potassium chloride (KCl) from Systerm; mag-
nesium chloride (MgCl,) from Fluka; and ammonium chloride
(NH,C]) from Comak. All chemicals were used as supplied
without any further purification. Solutions and standard buf-
fer solutions were prepared using deionised water purified with
a Milli-Q (18.5 Q) water purification system.

2.2. Instrumentation

The main approach used in this study was reflectance spec-
troscopy using an Ocean Optics Mikropack DH-2000-BAL
spectrometer (Dunedin, FL, USA) with an ultraviolet—
visible-near infrared (NIR) light source to quantitatively mea-
sure the change of colour intensity of the fabricated sensor for
optical biosensor measurement. Meanwhile, field emission
scanning electron microscopy-energy dispersive  X-ray
(FESEM-EDX, Merlin, Zeiss), Auger electron spectroscopy-
X-ray photoelectron spectroscopy (AES-XPS, Axis Ultra
DLD, Kratos/Shimadzu), and Fourier transform infrared-
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Image of an optical urea biosensor (a) before and (b) after reaction with urea.
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attenuated total reflectance (FTIR-ATR, Agilent) were used to
characterise the functionalised NPs and immobilised urease.

2.3. Preparation and functionalisation of CaCO3-NPs

The CaCO;-NPs produced from discarded cockle shells were
prepared and functionalised according to the procedures men-
tioned in our previous work (Zakaria et al., 2021).

2.4. Preparation of solutions

Phosphate buffer solution (PBS) was prepared by mixing two
phosphate solutions (i.e., KH,PO,, a weak acid, and K,HPO,,
a conjugate base). The effect of different pH (7.0-8.5) and PBS
concentrations (5-100 mM) on biosensor response was stud-
ied. The preparation of other stock solutions using optimum
pH value (pH 7.5) and PBS concentration (25 mM) is
described below as well as where necessary throughout the
biosensor fabrication process unless otherwise stated.

Biosensor response depends on the amount of urease load-
ing, PP, and alginate concentration. Different urease concen-
trations (0.1, 0.2, 0.3, 0.4, and 0.5 mg) were freshly prepared
in PBS prior to biosensor fabrication. Meanwhile, solutions
of different PP concentration levels (0.02-0.10 M) were pre-
pared in ethanol. Each solution was separately mixed with
1% alginate prior to sonication to form a homogeneous hydro-
gel. The optimum concentration of PP was determined
(0.04 M) and then applied to determine the optimum concen-
tration of alginate. Three solutions (1%, 2%, and 3% (w/w)
alginate in deionised water) were prepared using 0.04 M PP.
Finally, a stock 2 M urea solution and four 100 mM ionic
interference solutions of KCl, NaCl, NH,Cl, and MgCl, were
prepared in PBS.

2.5. Fabrication and measurement of the biosensor

An optical biosensor based on Urs/F-NPs was prepared for
the express purpose of urea concentration measurement. In a
fixed-sized Eppendorf tube cap (d = 5.25 £ 0.0l mm; & =
0.56 = 0.05 mm), 20 £ 0.3 mg of dry functionalised nanopar-
ticles (F-NPs) was dispensed into 0.3 mg of urease solution and
kept at 4 °C for 24 h. The NPs were then rinsed thoroughly
with PBS to remove any unbound urease and were dried again.
Urease was immobilised to CaCO5-NPs via covalent chemical
bonding using NAS. A homogeneous hydrogel solution was
produced from the sonication of 0.04 M PP in 1% (w/w) algi-
nate. This mixture was dispersed onto the immobilised urease
and allowed to set at 4 °C for 2 h to form the uppermost layer
of the biosensor.

The fibre-optic instrument used to measure colour changes
was set up based on previous work (Algasaimeh et al., 2014;
Mohammad et al., 2016) with slight modifications. In this
study, the standard urea solution or urine with urea was
dropped onto the surface of the biosensor. The reflectance
intensity of the resulting colour change was recorded after
10 min at a fixed wavelength of 633.16 nm. Changes in reflec-
tance intensity that occurred after applying a 1000 mM urea
solution to the biosensor were monitored until a constant read-
ing was obtained. The time taken for the reaction to reach a
plateau was taken as the biosensor’s response time towards
urea.

2.6. Shelf-life and interference ion study

The shelf-life study of the biosensor was carried out for a per-
iod of 100 days, whereby 50 units of the urea biosensor were
fabricated at once and stored at 4 °C. In 2-5 day intervals,
the response time of a single unit was tested using a standard
1000 mM urea solution until the biosensor response decreased.

To determine the selectivity of the optical biosensor
towards urea, the interference capability of ions normally
found in urine, including potassium (K '), sodium (Na™),
ammonium (NH,"), and magnesium (Mg>") was studied
under optimum conditions (Ali et al., 2011). Briefly, 100 mM
solutions of K*, Na™, NH, ", or Mg>" ions were separately
applied onto the biosensor.

2.7. Analysis of urine sample

To demonstrate the feasibility of the biosensor for urea analy-
sis, a urine sample was collected from a healthy woman and
analysed. The sample was diluted to a ratio of 1:10 (v/v) in
PBS to reduce the possibility of colour disruption during the
analysis due to the inherently acidic pH of urine (Ulianas
etal., 2011, Chaudhari et al., 2017). The urea in the urine sam-
ple was detected using two methods: the fabricated biosensor
and the standard non-enzymatic method using DMAB
(Giraldo & Rivas, 2017). Approximately 1.6 g of DMAB
was dissolved in 100 mL ethyl alcohol prior to the addition
of 1.0 mL concentrated HCl. A range of urea solutions
(35.0-58.0 mM in concentration) was prepared, and each solu-
tion was spiked into 0.1 mL of urine and 1.0 mL of DMAB.
These mixtures were left to react for 30 min before measuring
their absorbance at a wavelength of 436 nm. The values
obtained were used to construct a calibration curve. The per-
centage of urea recovery from urea-spiked urine samples by
the biosensor was calculated using Equation (2):

% Recovery = C,/C x 100% (2)

Where C; is the concentration of urea in a urea-spiked sam-
ple as determined by the biosensor and C is the actual concen-
tration of urea (Alqasaimeh et al., 2007). To further validate
the performance of the biosensor, the percentage of urea
recovery was compared to that achieved using the standard
method.

3. Results and discussion

3.1. Characterisation of urease immobilised on CaCO ;-NPs

The steps involved in the immobilisation of urease enzyme
onto the surface of functionalised CaCO5-NPs are shown in
Fig. 3. NAS provides the succinimide ester bonds required to
covalently link urease onto the surface (Zakaria et al., 2021).
A field emission scanning electron microscope captured the
state of F-NPs before and after the addition of urease enzyme,
as presented in Fig. 4. Initially, the F-NPs had a smooth mor-
phology (Fig. 4(a)). By the end of the urease immobilisation
process, its surface morphed into a clumpy, sticky, and
aggregate-rich structure (Fig. 4 (b)). This confirms the exis-
tence of covalent bonding between the urease enzyme and
the F-NP matrix.
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Fig. 3  The reaction mechanism of CaCO;-NPs functionalisation and urease immobilisation.

1

Fig. 4 FESEM images of (a) F-NPs and (b) immobilised urease on the surface of F-NPs.

An XPS analysis performed in our previous study (Zakaria
et al., 2021) examined the chemical bonds linking urease to the
surface of F-NPs. Two prominent peaks detected between 100
and 200 eV after immobilisation were assigned as phosphate
(P) and sulphur (S) elements, respectively. The presence of
phosphate groups on the jack bean active sites of the urease
enzyme was proven by the appearance of the P peak at
131 eV, which was absent before immobilisation. Moreover,
the S peak present at ~170 eV is consistent in amplitude to
that of sulphur bonds in enzymes (Adeloju et al., 1993;
Balasubramanian & Ponnuraj, 2010; Zakaria et al., 2021).

Furthermore, the FTIR results also showed that CaCOs-
NPs were functionalised by an amide group, whereby the
absorption of N-H stretching was observed at 3368 cm™!
and 1647 cm-'. Next, the F-NPs had successfully immobilised
with urease through covalent bonding, as confirmed from the
peaks that appeared at 1120 cm-' and 1016.63 cm-' (Zakaria
et al., 2021). Souza et al. (2013) previously reported similar
peaks, in which each peak indicated the presence of a C-N
group of aliphatic amine and an amide bond in the immo-
bilised urease, respectively.



N.I. Zakaria et al.

6
4500 -
3500
z
‘2
§ 2500
=

1500

500

400 500 600 700 800 900
Wavelength, nm

Fig. 5 Reflectance intensity spectra (a) before and (b) after
reaction with urea.

3.2. Reaction mechanism

Urease was immobilised on the cockle shell-derived F-NPs via
covalent bonding, whereas PP was physically attached to algi-
nate to allow its application as a pH indicator in the developed
urea biosensor. The formation of OH- ions from urea hydrol-
ysis leads to the deprotonation of PP, thereby changing its col-
our. The intensity at which the colour change from colourless
to pink was detected by a reflectance spectrophotometer at a
wavelength of 633.16 nm. This wavelength was chosen as it
could effectively capture the largest differences between two
reflectance spectra, before (Fig. 5(a)) and after the reaction
with urea (Fig. 5(b)). The biosensor gradually changed from
light to darker pink as the urea concentration increased. The
pink hue produced by immobilised PP could be in a darker
background, reducing the reflectance intensity. This observa-
tion is supported by Algasaimeh et al. (2014), even with a chro-
moionophore indicator integrated into the fabricated optical
urea biosensor rather than PP. Our results showed that in a
reflectance mode, the colour intensity produced is to be consid-
ered instead of the actual colour (Mohammad et al., 2016).

~ 2500

2000 -

1500 -

Reflectance Change (a.u

1000 T T T T
6.5 7 7.5 8 8.5 9

pH

Fig. 6 The effect of pH on biosensor response. Conditions:
50 mM PBS, 0.1 M PP in 1% alginate, 0.3 mg urease, and
1000 mM urea.

3.3. Biosensor optimisation

3.3.1. Effect of pH and concentration of buffer solutions

Based on Fig. 6, the reflectance intensity readings increased
from pH 7 to 7.5 and reduced afterwards. The maximum
biosensor response was obtained at pH 7.5, where the immo-
bilised urease was fairly stable. In such a state, the enzyme’s
active site becomes inaccessible to the H,PO,- ions found in
PBS. Consequently, urease activity is limited only towards
the hydrolysis of urea, leading to the increased rate of enzy-
matic reaction (Krajewska & Zaborska, 1999). In addition,
the rapid protonation of histidine at pH levels higher than
7.5 creates a greater electrostatic force potential within the sys-
tem, increasing the mobility of inhibitors and also their access
to the active site of urease (Ulianas et al., 2011). Furthermore,
both lower and higher pH values could prevent optimal urease
activity due to alterations in enzyme conformation.

The effect of buffer concentration on biosensor perfor-
mance was evaluated by varying the concentrations of PBS
(pH 7.5) from 5 to 100 mM. A more concentrated buffer has
a higher ionic strength, which strengthens pH stability
(Bisswanger, 2014). As shown in Fig. 7, at a very low PBS con-
centration (<10 mM), biosensor response was poor due to
reduced ionic strength within the buffer, leading to a lower
reactivation rate of urease. Likewise, the functionality of the
biosensor was also compromised by an excessively high buffer
concentration (100 mM). Under such conditions, the system
would become saturated with the buffer’s cationic species.
These cations would actively and continuously react with the
OH- anions produced through urea hydrolysis, consequently
creating an environment that reduces the sensitivity of the
biosensor (Sacedfar et al., 2013). A suitable buffer concentra-
tion for urea detection should neither be too low nor too high.
Therefore, for the rest of the study, a 25 mM PBS solution of
pH 7.5 was set as the standard base in the preparation of
stocks, dilutions, and where protocols necessitated its usage.

3.3.2. Phenolphthalein and alginate concentrations

Responsiveness of the immobilised urease towards the pres-
ence of urea was confirmed by the PP indicator. It is often used
as a pH-sensitive dye, which is present in pink or colourless

2500

-4
2000 - /

1500 1

1000 A

500 A

Reflectance Change (a.u.)

0 T T T T T
0 20 40 60 80 100

Concentration of PBS, mM

Fig. 7 The effect of buffer concentration on biosensor response.
Conditions: PBS (pH 7.5), 0.1 M PP in 1% alginate, 0.3 mg urease,
and 1000 mM urea.
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Fig. 8 The effect of PP concentration on biosensor response.
Conditions: 25 mM PBS (pH 7.5), 1% alginate, 0.3 mg urease, and
1000 mM urea.

when deprotonated or protonated, respectively (Fig. 2). The
increase of pH due to the production of OH- in the solution
could be detected as the immobilised PP turned pink (Islam
et al., 2016). Thus, it is crucial to use the appropriate concen-
tration of PP in the fabrication of the biosensor. The effect of
PP concentration on biosensor performance was studied in the
range of 0.02-0.08 M. As seen in Fig. §, the response increased
gradually with the increase of PP from 0.02 to 0.04 M. This is
likely due to the greater number of deprotonated PP present in
the latter, which induced the gradual light-to-dark pink colour
change of the biosensor to occur at a faster rate. Beyond
0.04 M, its response decreased visibly, as indicated by a lighter
pink hue. PP is slightly acidic, where an excessive amount of
PP in a biosensor system can promote a pKa shift. The resul-
tant acidic environment is non-conducive for enzyme activity,
thus reducing the sensitivity and overall response of the urea
biosensor. This finding is supported by a report from Hulth
et al. (2002), where a similar concentration of 8-
hydroxypyrene 1,3,6, trisulfonic acid trisodium salt (HPTS)
was effectively used as the pH indicator on sensor foils. There-
fore, 0.04 M PP was chosen to be applied in all subsequent
experiments.
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Fig. 9 The effect of alginate concentration on the biosensor
response. Conditions: 25 mM PBS (pH 7.5), 0.04 M PP, and
0.3 mg urease.

Fig. 9 shows the effect of alginate concentration on the
biosensor’s responsiveness towards different urea concentra-
tions, as determined by reflectance intensity. Three concentra-
tions of alginate (1%, 2%, and 3% (w/w)) were used in this
study. When a higher concentration of alginate was loaded
onto the immobilised urease, the colour change intensity
dropped significantly. Biosensor performance was best with
1% alginate gel. This is supported by Wen et al. (2019), who
previously demonstrated that at a lower concentration, algi-
nate formed a matrix with larger pores in comparison to the
smaller pores produced at high concentrations. Bigger pores
significantly facilitate hydrolysis by expediting the migration
of urea through the matrix, thus allowing more urea to reach
the immobilised urease on the surface of F-NPs. Accordingly,
1% alginate was chosen as the optimum concentration to be
used in subsequent experiments.

3.3.3. Optimum weight of urease

Several concentrations of urease enzyme (0.1, 0.2, 0.3, 0.4, and
0.5 mg) were chemically immobilised on F-NPs for the detec-
tion of urea. The increase of urease concentration from 0.1
to 0.3 mg during immobilisation resulted in substantial incre-
ments in reflectance intensity, as illustrated in Fig. 10. Evi-
dently, urease-catalysed decomposition of urea occurred
more readily in the presence of higher enzyme concentrations,
leading to the dramatic colour changes of the PP indicator.
However, biosensor response plateaued beyond a urease con-
centration of 0.3 mg, indicating that this level of urease is suf-
ficient for the biosensor to react completely with 1000 mM
urea within the allocated time span. It could also signify that
urease would become insoluble at greater concentrations;
hence, loading the biosensor with more urease would be a
redundant practice. Consequently, 0.3 mg was perceived as
the optimum urease concentration in the fabrication of the
optical urea biosensor.

3.3.4. Response time

The response time of the biosensor was studied in a time range
of 2—-15 min. When urea was added to the biosensor, the reac-
tion occurred rapidly and the system achieved a steady-state
within 10-15 min (i.e., no further colour changes were detect-
able), as shown in Fig. 11. Therefore, the reaction between
urea and urease was completed within the first 10 min.
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Fig. 10 The effect of urease loading on biosensor response.
Conditions: 25 mM PBS (pH 7.5), 0.04 M PP in 1% alginate, and
1000 mM urea.
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Fig. 11 Response time of the optical biosensor towards urea.
Conditions: 25 mM PBS (pH 7.5), 0.04 M PP in 1% alginate,
1000 mM urea, and 0.3 mg urease.

3.4. Biosensor performance

The performance of a biosensor can be characterised by sev-
eral parameters, such as reproducibility, linear range, detection
limit, stability, and selectivity. In this study, it could be
observed that biosensor responsiveness increased in tandem
with the increase of urea concentration. Reflectance intensity
changes were projected to represent a linear response trend
in the range of 30-1000 mM (R? = 0.9901), where the normal
concentration of urea in the urine of a healthy person was

3000

~~
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2000

1500

Intensity

)
\ Inc asing urea concentration

1000

500

within the range, with a detection limit of 17.74 (Fig. 12).
The high R? value obtained proved that when compared to
previously reported optical urea biosensors (Vaghela et al.,
2018; Zhu et al., 2020), the biosensor produced in this study
could perform just as well as those biosensors.

The biosensor’s response was clearly observable based on
intense and immediate colour changes, which became progres-
sively darker with increased urea concentrations. The sensitiv-
ity obtained from the linear regression line was determined to
be 1.69 mM™'. Reproducibility is also an important character-
istic to consider in the performance evaluation of a biosensor.
Hence, six optical biosensors were fabricated independently
under the same conditions and tested with urea samples. Their
results showed good reproducibility with a relative standard
deviation of 1.14%.

Meanwhile, to estimate their shelf-life and stability for
long-term storage, the prepared biosensors were stored at
4 °C and tested periodically up to 24 days. Based on the
results, they remained up to 74% from day 1 to day 24. How-
ever, after 100 days, the response decreased by approximately
57%, as depicted in Fig. 13.

3.5. Effect of interference ions

As shown in Table 1, the biosensor did not display signs of
interference from any ion species, as evident by the absence
of colour change. Instead, the biosensor remained reactive to
urea alone. Importantly, these observations affirm the speci-

g %7 y=1.6934x+1590.6 .
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Fig. 12 Reflectance spectra and calibration curve of urea biosensor, (a) and colour scale of optical biosensor, (b) obtained in the urea
concentration in range of 30-1000 mM in 25 mM phosphate buffer (pH 7.5).
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Fig. 13 Shelf-life profile of the urea biosensor. Conditions: 25 mM PBS (pH 7.5), 0.04 M PP in 1% alginate, 1000 mM urea, and 0.3 mg

urease.

Table 1 Colour changes of the biosensor towards various
cations (100 mM) and urea.

Urea/Interference Ions Colour Changes

Urea White to pink
K* No colour change

Na* No colour change
NH, " No colour change
Mg>* No colour change
Table 2  r-test for the validation of the biosensor method with

the standard method using DMAB reagent in urine samples.

Determination of Determination of t-test value

Urea Concentration Urea Concentration (ty= 2.78)
based on DMAB based on Biosensor

Method (mM) Method (mM)

29.24 + 0.2211 31.64 £+ 3.0278 1.68
34.78 £+ 0.0700 40.13 + 6.9405 1.64
40.41 + 0.1082 50.93 + 9.4928 2.35
45.62 + 0.0721 51.46 + 5.1585 2.40
49.86 + 0.9440 61.91 £+ 13.1991 1.93

ficity of urease enzyme to urea, thus further supporting its
applicability in this biosensor as a means to detect and mea-
sure urea in urine samples (Ulianas et al., 2011).

3.6. Real sample study

The performance of the developed biosensor was tested with
actual urine samples to further evaluate the biosensor’s usabil-

ity in real-life applications. Based on Table 2, there were no
significant differences (i.e., t-test at 95% confidence level)
between the biosensor method and the standard spectropho-
tometry method using DMAB (Giraldo & Rivas, 2017). A
good percentage of recovery in the range of 105.47%—
115.75% (data not shown) indicated no significant matrix
effect on the biosensor method.

3.7. Comparison with previous optical biosensors

Table 3 compares enzymatic optical urea biosensors reported
in previous studies with the biosensor developed in this work.
The biosensor employed different matrices and transducer
methods for urease immobilisation, resulting in various linear
ranges, limit of detection (LOD), sensitivity, and shelf-life per-
formance. The main advantage of this present biosensor is that
it has a higher urea concentration detection and wider linear
response range (30-1000 mM) than other biosensors. Thus,
the biosensor is feasible to analyse urea in urine samples as
the value of the ideal target quantification concentration range
of urea in urine is 30-500 mM (Ukanova et al., 2018). Other
biosensors with pH-sensitive materials using Prussian blue
and pH-sensitive hydrogel have lower urea concentration
detection, which are suitable for the measurement of urea in
blood serum (2.5-7.5 mM) and urea in adulterated milk
(3.00-6.67 mM). Furthermore, the current biosensor is eco-
friendly and disposable as the support material used is
biodegradable. Moreover, the sensitivity of this optical biosen-
sor towards urea concentration is 1.6934 mM™', which exhib-
ited a higher sensitivity among others. The shelf-life of the
current biosensor is also acceptable than those reported by
Nikoleli et al. (2010) and Algasaimeh et al. (2014), which were
8 and 17 days, respectively.
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Table 3 Comparison of the present optical biosensor with previous enzymatic optical urea biosensors.

Materials Linear range (mM) LOD (mM) Sensitivity(mM'l) Shelf life (day) Ref.

CaCO;5-NPs from discarded cockleshell ~ 30—-1000 17.74 1.6934 24 This work

Air stable lipid film 4-10 10-° - 7-8 Nikoleli et al., 2010
Silica-Gel NPs 50-500 10 0.3932 17 Algasaimeh et al., 2014
Agarose-guar gum composite film 0.025-10 0.01 - 180 Vaghela et al., 2018
Poly(acrylic acid-co-dimethylaminoethyl — 1-20 1-2 - 56 Erfkamp et al., 2019
methacrylate) hydrogel

Prussian blue 7-30 — — >10 Valituniené et al., 2019
Zeolitic imidazolate framework (ZIF-8)  1-10 0.1 0.952 - Zhu et al., 2020

4. Conclusions and recommendations

In conclusion, we have synthesised CaCO;-NPs from dis-
carded cockle shells and, for the first time, employed the mate-
rial towards the fabrication of a cost-effective, simple, and
environmentally-friendly urea biosensor. The structural char-
acterisation results showed the successful immobilisation of
urease onto the surface of F-NPs. The optical urea biosensor
with immobilised urease exhibited good sensing performance
by retaining desirable qualities, such as high sensitivity (1.69
mM™), a wide linear range (30-1000 mM), good selectivity,
reproducibility, and long-term stability for the detection of
urea. Furthermore, its utilisation as a biosensor for the deter-
mination of urea concentration in real samples is strongly sup-
ported by its ability to measure low and high urea levels in
urine with considerable accuracy. Therefore, the wide avail-
ability of the fabricated biosensor would allow a quick urine
analysis by direct detection without any pretreatment and with
small sample requirements, thus easing the work of medical
practitioners and minimising disturbance, especially for the
benefit of elderly patients.

In future work, it is recommended to determine urea con-
centration in urine with a point-of-care detection technology
using handheld devices, such as smartphones.
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