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Highlights
e Facile development of chromogenic biosensor for determination of

urea.

e Cellulose nanowhiskers were loaded with a spectroscopic probe and
urease enzyme.

e Detection limit was in the concentration range 50-1100 ppm.

e Response time of about 5-10 minutes.

e Color shift from light yellow to pink was monitored upon detection of

urea.
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Abstract

Colorimetric nanocomposite film sensor was fabricated by incorporating TCFH
spectroscopic probe into cellulose nanowhiskers (CNW)/Urease enzyme matrix. CNW-
TCFH can be used as disposable molecular biosensor in which CNW is the probe carrier
comprising high surface area-to-volume ratio, urease is the catalyst and TCFH is the
molecular probe. Tricyanofuran-hydrazone (TCFH) spectroscopic probe was prepared.
UV-Vis absorption spectra demonstrated solvatochromic behavior and a reversible color
change of the tricyanofuran-hydrazone probe solution in acetone under acid/base
conditions. CNW were reinforced with sodium alginate biopolymer to introduce
biocomposite film. This CNW-TCFH film biosensor responds through visible color shift
from light yellow to pink when exposed to urea in aqueous media. The morphology
properties of CNW and CNW-TCFH films were examined by different tools. The
photophysical properties of the prepared TCFH probe, including solvatochromism and
pH sensory, were also studied.

Keywords: Rice Straw; Cellulose Nanowhiskers; Urease; Halochromism; Urea;
Biosensor.

1. Introduction

Chronic kidney failure is a common worldwide disease that may lead to high risk of
death as a result of the considerable increments in the releasing levels of the body
metabolic wastes into blood, such as urea that is normally discharged by kidney
(D'Apolito et al., 2015; Jha et al., 2013; Webster, Nagler, Morton, & Masson, 2017). The
total content of blood urea in a patient with a chronic kidney failure (50-70mM) may
increase up to 10 times its magnitude in normal individuals (2.5-7.1mM). Thus, urea
levels in both urine and blood are a significant diagnostic tool for kidney failure stages
(Coresh, Astor, Greene, Eknoyan, & Levey, 2003; Levey et al., 2005; Testani, Cappola,
Brensinger, Shannon, & Kimmel, 2011). There are various techniques have been
provided for determination of urea, such as the electrochemistry-based tools and gas
chromatography isotope dilution mass spectrometry (Palmas, Mussap, & Fattuoni, 2018;
Sha, Komori, & Badhulika, 2017). However, they are sophisticated techniques
characterized by low sensitivity and specificity, high cost, and time consuming (Y.-L. Liu

et al., 2018). Thus, there has been increasing demands for the simple development of easy



to use and low cost diagnostic tools for clinical purposes. The ideal design of those
sensing devices typically applies nanomaterials bearing active sites able to identify the
existence of a specific analyte by fluorescence and/or colorimetric methods (Khattab,
Dacrory, Abou-Yousef, & Kamel, 2019b; Khattab, Fouda, et al., 2019; J. Liu & Lu,
2006; Zheng et al., 2013). However, fluorescence-based detection tools generally
undergo paramagnetic fluorescence quench, particularly in biofluids, upon binding with
metal ions. Additionally, their application in aqueous medium is restricted as a result of
their low solubility (Khattab, Kassem, Adel, & Kamel, 2019). Moreover, they necessitate
sophisticated sensor assembly and expensive purification for urea detection (Carter,
Young, & Palmer, 2014; Valeur & Leray, 2000). In this context, a colorimetric diagnostic
tool composed of a combination of host paper sheet, nanomaterial-based carrier and
active detection sites, is more promising (Khattab, Fouda, et al., 2018). Such detection
system is characterized by simplicity of preparation, low cost, higher sensitivity and
specificity, and easy real-time on-site naked-eye detection. Additionally, it requires
uncomplicated instruments and less labor (Khattab, Dacrory, Abou-Yousef, & Kamel,
2019a; Schoolaert, Hoogenboom, & De Clerck, 2017). Nanomaterials have been an ever
growing field toward a variety of applications such as medical diagnostics, drug delivery,
nanomedicines, agriculture, foodstuffs processing, and ecological monitoring (R. Zhang
& Chen, 2017). There are a wide range of nanomaterials that have been modulated to
introduce sensing capabilities, however, cellulose nanowhiskers (CNW) has received a
little consideration in this regard (Meng, Stolz, Mendecki, & Mirica, 2019; Penner,
2017). CNW possess several favorable characteristics such as abundance, renewability,
low cost, low density, large and modifiable surface area, biocompatibility and
biodegradability and they have been employed broadly to reinforce polymer composites
(Kim et al., 2015). Due to the above characteristics, CNW demonstrated vast potential in
different engineering applications such as optical and electronic devices, paper making,
coating additives, food packaging, cosmetics, composite materials and molecular biology
(Hoeng, Denneulin, & Bras, 2016; Serpa et al., 2016).

Biosensors have been used in various applications, such as medical and foodstuff
industries, pharmaceuticals, and environmental monitoring (Fan et al., 2008; Lange,
Rapp, & Rapp, 2008; Shao et al., 2010; Wang, 2005). In comparison to other analytical



techniques, enzyme-based detection tools are characterized by several advantages, such
as low cost, and high sensitivity and specificity (Kharitonov, Zayats, Lichtenstein, Katz,
& Willner, 2000). Among a variety of substrates that have been used for carrying
enzymes, cellulose and its derivatives have been considered as one of the typical matrices
because they are characterized by renewability, biodegradability and biocompatibility as
well as being low cost and non-toxic (Cruys-Bagger et al., 2012; Rabinovich et al., 2007).
There are two well-known enzymes, trypsin and a-chymotrypsin, were incorporated via
adsorption on a microcrystalline cellulose matrix; however, this method is reversible and
consequently, not scalable (Kumari, Chauhan, Ahn, & Reddy, 2016; Stoytcheva, Zlatev,
Cosnier, Arredondo, & Valdez, 2013; Zaccheo & Crooks, 2011). One of the major
problems in preparing efficient enzyme-based sensors is to guarantee that the
incorporated enzyme can be maintained active over a period of time (Grishkewich,
Mohammed, Tang, & Tam, 2017). Immobilization of urease enzyme trapped in a
photopolymer onto a transducer surface can provide an effective biosensor for urea
determination over a wide concentration range (0.5-15 mM) with rapid response time (1-
2 min) (Duong & Rhee, 2015; Konda R Kunduru, Kutcherlapati, Arunbabu, & Jana,
2017). Enzymes can be attached to cellulose nanowhiskers via covalent bond, salt bridge
or via physical inclusion complex. The surface characteristics of cellulose nanowhiskers
afford a biocompatible matrix for this selective activity to take place (Dong et al., 2016;
Lin, Géze, Wouessidjewe, Huang, & Dufresne, 2016). Glucose oxidase incorporated onto
a composite of cellulose nanocrystals and gold nanoparticles linked via thiols of
polyethylenimine was able to function as a colorimetric biosensor giving different levels
of activity depending on the number of thiol linkers (Su, Jiang, & Wang, 2015). Urease
enzyme covalently incorporated onto modified cellulose fibers and activated by
glutaraldehyde, considerably enhanced the sensor stability against temperature (Virgen-
Ortiz et al., 2017). The simultaneous integration of several components in an assembly
process of a sensing device has been a challenge in the fabrication of a comprehensive
diagnostic tool. To defeat this difficulty, the co-immobilization of those targeted
components in an inactive polymer matrix, mainly poly(acrylamide), have been applied
via micro-emulsion polymerization (Cai, Xie, Zhang, Tang, & Tang, 2018; Konda Reddy
Kunduru, Basu, Abtew, Tsach, & Domb, 2017). This tool is effective as an optical



detection system, but it is as well a tough process for the encapsulation of both a peptide
and an enzyme because of the organic solvents involved in the process of capsule
formation. Alginate films do not have this drawback as it can be applied in an aqueous
environment at moderate circumstances. The active layer can be created via cross-linking
of alginate directly by replacing monovalent sodium cations with divalent calcium
cations (Desai, Koshy, Hilderbrand, Mooney, & Joshi, 2015; Palomo et al., 2016; M.
Zhang et al., 2017).

Herein, we report the immobilization of urease onto cellulose nanowhiskers and its
application as functional fillers into sodium alginate biocomposite layer (urea biosensor).
We present pH colorimetric biosensor from cellulose nanowhiskers, efficiently turning
them into chromic nanowhiskers composite film, demonstrating the value of this sensing
nanomaterial. In this study, cellulose nanowhiskers (CNW) is prepared from cellulosic
rice straw by acid hydrolysis to be used as a nanofiller able to carry a sensor dye and
urease enzyme in a sodium alginate film loaded onto cellulose paper strips for practical
application. Chromogenic thin film for real-time naked-eye colorimetric monitoring of
aqueous urea is reported. Such urea biosensor is helpful for on-site detection of urea.
Cellulose nanowhiskers were prepared from Rice straw wastes via strong acid hydrolysis
process. A simple and reversible TCFH spectroscopic probe that is composed of
tricyanofuran (TCF) acceptor and hydrazone (H) donor moieties is prepared to function
as optical molecular-switching probe. Tricyanofuran-hydrazone (TCFH) spectroscopic
probe was prepared via azo coupling reaction of tricyanofuran (TCF) heterocyclic
coupler bearing active methyl group and diazonium chloride salt of 4-formylaniline. This
tricyanofuran-hydrazone (TCFH) spectroscopic probe demonstrated a reversible color
change due to pH variation was a result of charge delocalization on a generated
hydrazone-anion leading to a quinoid-type molecular switch. TCFH is included in the
alginate/CNW blended film as a pH indicator. Urease has been employed in combination
with urea to produce ammonia as a reaction product. The influence of TCFH content on
the photophysical properties of the produced films was studied. The nanocomposite film
containing 1.5 wt % TCFH possessed the best sensing properties. The crosslinked
calcium alginate stabilize the CNW film on the cellulose paper sheet forming an outer

layer over urease enzyme and TCFH active sites, which interprets the urease/urea



interaction into a visible color shift detected by a signal on a paper strip. The high surface
area of the nanowhiskers and their porous architecture afford higher adsorption on the
surface of the miniaturized cellulosic nanowhiskers and better diffusion into the sensor
bulk. The drop-casting process is employed to produce a tunable solid-state sensing film,
which can function like a test paper. Transmission electron microscope, scanning electron
microscopy (SEM), Fourier-transform infrared (FTIR) spectrometer and energy-
dispersive X-ray spectroscopy (EDS) were employed to examine the properties of the
created nanoscale morphology. Due to the enlarged surface area, the miniaturized sensor
film exhibited high sensitivity upon exposing to ammonia released from the reaction of
urea and urease enzyme. The photophysical properties, detection limit and reversibility
were described. In addition, the response of TCFH to solvents of various polarities
(solvatochromism) and different pH values (halochromism) in homogenous solution were
also examined.

2. Experimental Details

2.1. Methods and instruments

Melting temperature (°C) was recorded uncorrected using Stuart-SMP30. Fourier-
transform infrared (FTIR) spectra were explored in the range of 4000-400 cm™ and at
spectra resolution of 4.0 cm™ employing Nexus 670 spectrophotometer (Nicolet, USA).
UV/Vis absorption spectra of TCFH in different solvents and at different pH values were
investigated under ambient conditions (25 °C) using UNICAM/UV-visible 300. NMR
spectroscopy was explored employing BRUKER/AVANCE/400 at 400 MHz with
chemical shifting in ppm relative to tetramethylsilane (TMS) under ambient conditions
(25 °C). The morphological characteristics of nanocellulose were explored by Quanta
FEG 250 scanning electron microscope (SEM) operating at 30 kVV. SEM was connected
to Energy-Dispersive X-ray Spectroscope (TEAM-EDX Model) which was employed to
study the elemental content at an operational distance of 21mm and an acceleration
voltage of 20kV. The diameter of the nanowhiskers was recorded by SEM Image J
software. Cellulose nanowhiskers were also characterized by transmission electron
microscope (TEM) using JEOL 1230 (Tokyo, Japan) at an accelerating voltage of
100KV. A drop of nanocellulose suspension was applied on a copper grid comprising a

carbon film. The pH value was reported using AD-11 ADWA digital pH meter.



2.2. Materials and reagents

Urease enzyme (Jack bean, Canavalia ensiformis) was obtained from Fluka. Solvents
were purchased from Aldrich and Fluka for both spectroscopic measurements
(spectroscopic grade) and synthesis processes. Both calcium chloride and sodium alginate
were obtained from Sigma-Aldrich. Whatman cellulose-based filter paper model with
off-white color, pore size (11 um), diameter (240 mm), thickness (180 «m), and basis
weight (87 g/m?); were purchased from Sigma-Aldrich. Double distilled water was
applied in all experiments. Tricyanofuran 1 was prepared according to literature
procedure (Abou-Yousef, Khattab, Youssef, Al-Balakocy, & Kamel, 2017; Khattab et al.,
2017; Khattab, Tiu, Adas, Bunge, & Advincula, 2016) starting from 3-hydroxy-3-methyl-
2-butanone and malononitrile (1:2 molar ratio) in sodium ethoxide solution to afford an
off-white crystalline solid (yield 55%); mp 200-202°C; *H NMR (400 MHz, CDCls) &
(ppm): 2.35 (s, 3H), 1.63 (s, 6H); 3C NMR (400 MHz, DMSO-ds), & (ppm): 185.61,
177.08, 112.03, 111.26, 109.79, 103.53, 101.18, 54.68, 23.11, 14.13. 4-Formylaniline
was prepared according to previously reported procedure starting from 4-
nitrobenzaldehyde in presence of SnCl,-2H;0 as a catalyst and using ethanol as a solvent
(Abou-Yousef et al., 2017; Khattab et al., 2017; Khattab et al., 2016). 4-formylaniline
was obtained as a yellow oil in a relatively high yield (82%); *H NMR (400 MHz,
CDCI3) 6 (ppm): 9.76 (s, 1H), 7.70 (d, 2H), 6.74 (d, 2H), 4.10 (s broad, 2H).
Tricyanofuran-hydrazone 4 was synthesized via an azo coupling reaction among the
diazonium chloride salt of 4-aminobenzaldehyde 2 and TCF coupler 1 to give an orange
solid powder with a relatively high yield (85%); mp 227-228°C; *H NMR (400 MHz,
CDCI3) 6 (ppm): 12.89 (s broad, 1H, NH), 9.91 (s, 1H, CHO), 8.25 (s, 1H, =CH), 8.11 (d,
2H, J= 8.0 Hz), 7.94 (d, 2H, J= 4.0 Hz), 1.78 (s, 6H); *C NMR (400 MHz, CDCls) &
(ppm): 177.37,171.90, 147.81, 142.85, 129.18, 126.52, 115.18, 113.13, 112.37, 110.86,
99.43, 99.29, 26.35. All reaction profiles were monitored using thin layer
chromatography under UV lamp (254/365 nm). To ensure high purity, the prepared
compounds were either re-crystallized or exposed to flash column chromatography
(Abou-Yousef et al., 2017; Khattab et al., 2017; Khattab et al., 2016).

2.3. Extraction of cellulose from rice straw



Rice straw used in this study was collected as a waste from Egyptian farms after
harvesting in Al-Dakahlia Governorate. Sodium hydroxide, hydrogen peroxide 45% and
sulfuric acid (analytical grade) were purchased from Sigma-Aldrich. Rice straw stem was
firstly cut into small pieces and thoroughly washed several times using tap water to
remove dust and other soluble substances, followed by air drying. The dried rice straw
was grinded well with a mill into fine powder. Rice straw powder (100 g) was treated
with 10% sodium hydroxide aqueous solution (w/w) with liquor ratio 1:10 for 4 hours at
100°C using mechanical stirrer. This was followed by repeatedly washing process using
distilled water till alkali was entirely removed, and finally dried at room temperature.
This process was repeated one more time and then further grinded into powder form. The
material was then subjected to bleaching using a solution of H202 (5 g/L; 45% H»0) and
sodium silicate (3 g/L). pH was tuned at 10.5 employing an alkaline solution of NaOH.
The bleaching process was performed at 95 °C in a liquor ratio of 1:20 for 30 minutes
with good stirring. The product was then washed repeatedly using distilled water until the
alkali was totally eliminated followed by air-drying. The dried bleached rice straw was
grinded well with a mill to afford a fine white cellulose powder (Boonterm et al., 2016).
The chemical composition of rice straw was assessed according to standard approaches
previously described by Technical Association of Pulp and Paper Industry (TAPPI). Total
contents of both cellulose and hemicelluloses were determined using TAPPI1/T203/0S/74
standard method; while total content of lignin was determined using TAPPI1/T222/0S/83
standard procedure (Boonterm et al., 2016).

2.4. Preparation of cellulose nanowhiskers

The preparation of CNW was carried out according to previously reported literature
procedures (Sun et al., 2016). In a three-necked glass flask, the final white cellulose
fibers were hydrolyzed with 65 % sulfuric acid, in a liquor ratio of fiber to solution 1:8.75
(w/v) at 45 °C for 15 minutes with vigorous stirring. Then the suspension was diluted
with addition of 10 fold distilled water, and exposed to centrifugation at 10000 rpm for
10 minutes. Finally, the resulting nanocellulose gel was filtered and subjected to washing
by distilled water to get rid of sulfuric acid. The procedure was repeated three times to

eliminate H2SO4. The resultant suspension was exposed to dialysis till reaching pH value



of 7. The suspension was then subjected to sonication at 1000 W for 20 minutes in an ice-
bath, and finally stored in a refrigerator.

2.5. Fabrication of CNW-TCFH halochromic film

Agqueous solutions of cellulose nanowhiskers (0.5 wt % relative to the volume of water)
in a double distilled water was vigorously stirred with sodium alginate (0.5 wt % to the
weight of cellulose nanowhiskers), and TCFH solution previously dissolved in lowest
amount of acetone (1 mL) at a range of different total contents (0.1, 0.5, 1.5, 2.0 and 2.5
wt % to the total content mass of cellulose nanowhiskers). The solution was then stirred
for 24 hours at ambient conditions. The TCFH concentrations, including 0.1, 0.5, 1.5, 2.0
and 2.5 wt % (CNW basis), were denoted as TCFH-1, TCFH-2, TCFH-3, TCFH-4, and
TCFH-5, respectively. The final solution was then homogenized at 8000 rpm for 3
minutes by a rotor-stator homogenizer (AD500S-H, Shanghai, China). Urease enzyme (5
mg/ml) was added to the mixture followed by stirring for 30 minutes. Whatman paper
samples (2.0 x 5.0 cm) were subjected to dip-coating by padding in the previously
prepared aqueous solutions for 10-15 minutes, followed by padding in an aqueous
solution of calcium chloride (10 mM) for 10-15 minutes. The Whatman paper strips were
then left to dry for 1 hour at ambient conditions.

2.6. Determination of adsorption capacity

The adsorption capacity of TCFH probe molecules onto Whatman paper strips (2.0 x 5.0
cm) were calculated for the prepared solutions (15 mL) at different concentrations of
TCFH, including TCFH-1, TCFH-2, TCFH-3, TCFH-4, and TCFH-5, according to the

following equation:

: : 0~ A
Adsorption Capacity % = T' X 100
0

The maximum UV/Vis absorption value (~475 nm) of the prepared solutions at different
concentrations of TCFH were recorded before (Ao) and after (Ai) dip-coating the
Whatman paper strip into each solution under ambient conditions (25 °C) using
UNICAM/UV-visible 300.

2.7. pH measurements of TCFH spectroscopic probe



Methanolic solution of acetic acid (1M) was added to a solution of TCFH to reduce the
pH value. The hydrazone anion was generated in situ by adding 1M methanolic
ammonium hydroxide to solutions of their conjugate acids (TCFH) in acetone.

2.8. Urea sensing experiment

The sensing experiment was carried out at pH= 6.8 using phosphate-EDTA buffer
solution (0.1 M) under room temperature and atmospheric pressure. The detection assay
was performed according to procedure by Chandler et al (Chandler et al., 1982). Urea
was studied in the concentration range of 1-1300 ppm as different solutions were
prepared at different concentrations (1, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900,
1000, 1100, 1200 and 1300 ppm). The light yellow colored paper strip biosensor was
immersed in each solution for 5-10 minutes at 37°C to develop a pink color due to
evolution of ammonia upon the hydrolytic reaction between urea and urease enzyme. The
photographs of the paper strips before and after immersion in urea solution were captured
by Canon A710-1S digital camera.

2.9. Colorimetric analysis

The coloration analyses of the prepared biosensor at different concentrations of TCFH
probe and before and after immersion in urea solution were recorded on Texflash
ACS/Data/color 600 spectrophotometer. The coloration parameters were studied by
exploring CIE L™ a" b” coloration space values, absorption spectra, and color strength
(K/S), which were recorded using Ultra/Scan/PRO spectrophotometer (Hunter Lab, USA)
with an illuminant (D65) and a standard observer (10°). L™ is defined as lightness (dark
black (0) to bright white (100)), a” represents colors in the range of red (+) to green (-),
and b represents colors in the range of yellow (+) to blue (-).

3. Results and discussion

3.1. Synthesis and photophysical properties of TCFH

The starting material TCF 1 was synthesized according to literature procedure with a
yield of 55 % (Khattab et al., 2016). TCFH 4 was simply obtained in high yield of 85 %
via azo-coupling reaction between the tricyanofuran coupler 1 and the diazonium
chloride salt of 4-formylaniline 2 (Abou-Yousef et al., 2017; Khattab et al., 2017). The
azo-coupling reaction occurs in a weak alkaline medium using sodium acetate as a weak

base able to deprotonate the active methyl group on the highly electron deficient TCF
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moiety. This azo-coupling process generated an unstable azo-based intermediate 3 that

was rearranged directly to the stable hydrazone-based molecular structure 4 (Scheme 1).

The UV-Vis maximum absorption spectra of TCFH probe 4 were monitored in the range
of 443-530 nm (Table S1 _ supporting information). The colors of chromophore 4 in
different organic solvents were between orange and purple. Normalized UV-Vis
absorption spectra in different solvents are demonstrated in Figure 1. A distinct
solvatochromic behavior in protic and non-protic solvents was monitored. Protic solvents
were able to afford partial protonation of TCFH dye at the lone-pair of electrons on the
NH nitrogen atom (Khattab, 2018). This led to reducing the negative charge on the NH
nitrogen atom to result in a hypsochromic solvatochromism to shorter wavelength upon
increasing solvent polarity. This effect was very small or entirely missing with non-protic
solvents. Thus, we had to turn our thought to the dipolar nature of non-protic solvents, by
which the solvatochromism could be attributed to the contribution level of lone pair non-
bonding electrons on the NH nitrogen atom (Scheme S1_ supporting information).
Herein, those lone-pair of electrons can partially proceed as an electron density bridge
between the benzaldehyde hydrazone charge donor and TCF heterocyclic charge acceptor
in a partial donor-acceptor molecular system. Consequently, this resulted in bathochromic
shift upon increasing solvent polarity. Therefore, the polarizability of electron-
withdrawing aldehyde group undoubtedly played a major role in promoting

solvatochromism.

The electron-withdrawing aldehyde at the para site of the arylhydrazone generated an
acidic NH proton leading to the creation of benzaldehyde hydrazone conjugate base anion
with enhanced electron-donation ability on the hydrazone moiety. The electron-
withdrawing aldehyde substituent itself cannot operate as an electron donor. Nonetheless,
the hydrazone fragment is able to act as an electron bridge in a push-pull molecular
structure or act itself as an electron donor moiety, once conjugating with an electron
withdrawing substituent, such as the aldehyde functional group at the para position of the
arylhydrazone moiety (Scheme 2). This benzaldehyde hydrazone-anion can function as

11



electron donor in conjugation with the tricyanofuran electron acceptor to result in
potentially attractive spectral switching characteristics. Figure 2 shows the reversible
UV-Vis absorption spectra and color shifts of TCFH 4 in acetone (ca. 1.7 x 10° mol L?)
under acid-base conditions as a result of deprotonation/protonation reversible process.
When adding tetrabutylammonium hydroxide base in methanol (1.0 mol L) to the
acetone solution of TCFH probe 4, the absorption band at 475 nm was subjected to a
bathochromic shift to longer wavelength leading to the generation of new absorption
band at 530 nm. On the other hand, when adding methanolic trifluoroacetic acid solution

(1.0 mol L), the absorption band at 475 nm was reappeared (Reichardt, 1994).

To inspect the reversibility of TCFH 4, 1.0 mol L™ of trifluoroacetic acid and
tetrabutylammonium hydroxide in methanol were employed to exchange the pH value
back and forth from ~6.55 to ~7.15. The UV-Vis absorption intensity at 475 nm (~0.55)
and at 530 nm (~0.67) was recorded as displayed in Figure 3. This procedure had a high
reversibility proving that TCFH probe 4 had a high stability under acid-base reversible

conditions.

3.2. Isolation of cellulose nanowhiskers from rice straw

Pure cellulose is successfully obtained from rice straw via extraction in alkali solution
twice to remove wax, hemicellulose, lignin, silica and other soluble components followed
by oxidative bleaching process to remove the residual lignin and the white color of the
fibers is obtained. This result attributed to both the delignification (breaking the lingo-
cellulosic complex) and solubilizing process of hemicellulose which occurs in the alkali
treatment process. Furthermore, the bleaching process increased the accessibility of
cellulose to promote acidic hydrolysis, resulting in the formation of cellulose
nanowhiskers suspension. The chemical composition of the pure cellulose was measured
three times and the mean average was presented as follow: 80 % a-cellulose, 0.38 %
Kalson lignin, 11.42 % hemicellulose and 8.2 % ash content (Boonterm et al., 2016).

12



Pure cellulose derived from rice straw is generally fibrous in irregular tens of
micrometers or bigger sized archtechtures. As the non-cellulosic contents were detached
by dissolution, cellulosic fibers were connected by generating new hydrogen bonding in
the drying procedure. Pure cellulose is then sulfuric acid hydrolyzed (8.75 mL/g, 65 wt %
H2S04, 45°C) into cellulose nanowhiskers (CNW). The length of hydrolysis time is 30-45
minutes. Sulfuric acid was diffused and attacking the amorphous cellulosic polymer
chains leading to chain degradation into smaller soluble oligosaccharides and sugars,
affording cellulose nanocrystals. Additionally, sulfuric acid results in surface
esterification to afford cellulose sulfate on the surface of the produced cellulose
nanowhiskers, leading to the generation of negatively charged surface to result in
repulsive forces preventing CNW from agglomeration in an aqueous suspension (Sun et
al., 2016).

3.3. Preparation of CNW-TCFH composite films

Nanomaterials are distinguished by high porous structure, large surface area and excellent
surface functionalization (Jayakumar, Menon, Manzoor, Nair, & Tamura, 2010; Khattab,
Aly, & Klapotke, 2018; Royston, Ghosh, Kofinas, Harris, & Culver, 2008). Therefore,
nanocellulose colorimetric sensor can be considered as an attractive solid-state device for
real time detection of a trace target analyte. Compared to a colorimetric probe-based
solution, solid state detectors are usually portable, operationally simple, practical, easy to
fabricate, fast detector, and inexpensive, making them good candidates in basic
laboratory assays as portable detection tools for household and commercial purposes.
Thus, the search for an environmentally benign solid state biosensor is of great
significance. To a mixture of cellulose nanowhiskers and sodium alginate in distilled
water, a solution of tricyanofuran hydrazone in acetone was added. The mixture was
stirred for 24 hours at ambient conditions, and homogenized for 3 minutes. The TCFH
was added at different concentrations, including 0.1, 0.5, 1.5, 2.0 and 2.5wt% (CNW
basis), which denoted as TCFH-1, TCFH-2, TCFH-3, TCFH-4, and TCFH-5,
respectively. Urease enzyme was added to the mixture and stirred for thirty minutes.
Whatman paper strips were padded in the aqueous solutions of CNW-TCFH, then padded
in an aqueous solution of calcium chloride, and finally left to dry for 1 hour under

atmospheric conditions. The paper strip detection tool was maintained stable in a
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refrigerator for ~5 days without defects. Cellulose nanowhiskers had a major advantage
as they improved both porosity and surface area-to-volume ratio of the adsorbing surface.
Whatman paper itself consists of micro-scale cellulose fibers, while cellulose
nanowhiskers are in the nano-scale. This increased the surface area-to-volume ratio
affording a surface with a higher adsorption capacity, and consequently a higher
sensitivity to urea analyte. In addition, cellulose nanowhiskers as nano-scale architecture
increased the porosity of the exposed surface facilitating the diffusion of urea analyte into
the sensor bulk leading to a higher sensitivity (Hoeng et al., 2016; Serpa et al., 2016). The
successful immobilization of urease into CNW-TCFH film was primary verified by the
visual color shift from light yellow to pink when exposed to ammonia vapor. The
adsorption efficiency of the tricyanofuran hydrazone probe onto Whatman paper strips
(2.0 x 5.0 cm) were estimated for each solution (15 mL). The prepared solutions, TCFH-
1, TCFH-2, TCFH-3, TCFH-4 and TCFH-5, showed adsorption capacities of 62.5, 59.8,
55.1, 48.9 and 41.7, respectively. Thus, a relatively high adsorption capacity was detected
at low concentration values of the tricyanofuran hydrazone probe, which can be assigned
to the good diffusion of the tricyanofuran hydrazone molecules onto the bulk of the
Whatman paper strip owing to the small and planar TCFH molecular structure.
Nonetheless, the adsorption capacity decreased upon increasing the total content of the
tricyanofuran hydrazone due to reaching the equilibrium of dye uptake onto the paper
strip (Georgiadou, Tsatsaroni, Eleftheriadis, & Kehayoglou, 2002; Ujhelyiova, Bolhova,
Oravkinova, Tino, & Marcincin, 2007).

3.4. Morphological properties of CNW-TCFH

In general, three dimensional membranes assembled from CNW display high surface
area, good porous bulk, and interconnectivity. Those characteristics lead to promising
applications in highly sensitive and miniaturized solid state sensors. Both transmission
electron microscopy (TEM) and scanning electronic microscope (SEM) were employed
to inspect the morphological properties of CNW and CNW-TCFH as shown in Figure 4.
Sulfuric acid hydrolysis of cellulose results in the breakdown of fibers into rod-like
nanocrystals. The amorphous phases were selectively hydrolyzed while the crystalline
counterparts remained unaffected (Sun et al., 2016). The CNW with a diameter range of

178-214 nm generated a nonwoven mat of high porosity. The inclusion of TCFH did not
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influence the morphological properties of the cellulosic nanowhiskers. It was found that
CNW-TCFH nonwoven network displays a light yellow color shifting to pink upon

exposure to ammonia released from the reaction of urea with urease enzyme.

The solid state sensor showed high sensitivity to NH3 liberated from urea/urease reaction.
Both large surface to volume ratio and high porosity architecture of the CNW-TCFH
biosensor facilitated the dispersion of the diffused guest urea molecules within the sensor
matrix to reach the TCFH detection active sites. The elemental content of the dip-coated
paper test strip at TCFH concentration (1.5 wt %) was explored by energy-dispersive X-
ray spectroscopy (EDS) as demonstrated in Figure 4e. The weight percent values for the
recognized elements, including carbon, oxygen, chlorine and calcium were monitored at
44.01, 48.29, 4.63 and 3.07, respectively. The energy-dispersive X-ray spectroscopy has
been considered for identification of elements at low error. However, as expected, no
signals were monitored by EDS for nitrogen atoms which are already shown in the
molecular structure of tricyanofuran hydrazone spectroscopic probe. This can be assigned
to the very low total content of the tricyanofuran hydrazone probe within the cellulose
nanowhiskers.

Fourier-transform infrared FTIR spectra (Figure 5) were employed to gain information
about chemical structure of CNW and CNW-TCFH. FTIR technique are characterized by
the use of small sample size, fast analysis time, operational simplicity, and non-
destructive. Considerable increase in the absorption band intensity at 3419 cm™ (hydroxyl
stretching) was monitored, which could be assigned to the generated calcium carboxylate
[(COO), Ca*™] group on alginate polymer chains. Similarly, considerable increment in
the absorption band intensity was also monitored at 2907 and 1052 cm™ due to both CH
aliphatic stretching and bending, respectively. Additionally, the CH aliphatic stretch was
found to shift from 2907 cm™ for CNW to 2964 cm™ for CNW-TCFH. This can be
attributed to the extra CH aliphatic groups added from alginate polymer chains. The
absorption band at 1447 cm™ belongs to ~CH, symmetrical bending vibration, which
disappeared in presence of alginate (CNW-TCFH). The absorption bands at 1024 and 996
cm * were due to in-plane C—H deformation and C—H deformation vibrations,
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respectively. Also, those bands at 1024 and 996 cm™* for CNW were found to shift to
1173 and 1058 cm™* for CNW-TCFH, respectively. The band monitored at 1633 cm™ was
attributed to H-O-H bending of water in CNW. However, this band was found to increase
in CNW-TCFH due to alginate carbonyl (C=0) group. Thus, FTIR spectra displayed
significant shifts in CNW-TCFH absorption bands compared to CNW. This indicated that
alginate had significant interactions with CNW matrix. However, no changes in the
absorption bands were detected in IR spectra of CNW-TCFH upon increasing the total
content of TCFH probe as a result of the very low concentration of TCFH probe loaded
on cellulose nanowhiskers. This also confirmed that both TCFH and urease are merely
entrapped in the matrix. Similarly, no changes were detected in IR spectra of CNW-
TCFH either before or after exposure to the aqueous solutions of urea because of the very
low concentration of monitored urea (even at high concentration; 1300ppm).

3.5. Halochromic performance of CNW-TCFH sensory strip

The concentration of the tricyanofuran hydrazone probe and urease enzyme incorporated
onto cellulose nanowhiskers was determined in the preparation step. The absorption
wavelengths were found to be well-matched with the instant color shifts of the sensor-
based nanowhiskers loaded on paper test dipstick. The color shift was monitored by
naked-eye to change from light yellow to pink. The colorimetric measurements method
has been known as an easy-to-use process. The sensor efficiency was studied by
exploring the variations in the CIE (L”, a", b") parameters, absorption spectrum and color
strength (K/S). The total content of tricyanofuran hydrazone as an active sensing
component loaded on the nanowhiskers played an important role in functioning the
sensory device. The coloration measurements and sensing efficiency at different total
contents of tricyanofuran hydrazone are displayed in Table 1. After soaking the paper
test strips into urea aqueous environment for 10 minutes, the UV-visible absorption
spectra were measured. Before and after soaking of the coated paper strips in the urea
aqueous solution, a high increment in color strength was monitored indicating a shift to
an improved tinctorial strength upon increasing the total content of tricyanofuran
hydrazone from 0.1 to 1.5 wt %. A very little shift in the K/S value was monitored when
increasing tricyanofuran hydrazone total content from 1.5 to 2.5 wt %. The results

demonstrated that the optimum colorimetric data were monitored at 1.5 wt % of
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tricyanofuran hydrazone. Contacting with urea resulted in an increment in the absorbance

wavelength of the paper test strip from 480 to 515 nm.

The colorimetric parameters (L*, a” and b"*) of the paper strip at different total content
values of tricyanofuran hydrazone were measured before and after exposing to an aqueous
medium of urea. The blank paper strip has an off-white color with high L* (93.21), low b”
(1.34) and low a* (-0.04). Compared to the blank strip, all treated paper test strip samples
showed significantly different values of CIE color coordinates (L", a*, b*) depending on
the concentration of tricyanofuran hydrazone. Before and after dip-coating, L™ was highly
reduced demonstrating darker hue upon increasing the total content value of tricyanofuran
hydrazone from 0.1 to 1.5 wt %, which can be attributed to the higher uptake of the
tricyanofuran hydrazone dye. On the contrary, L" displayed a negligible change upon
raising the total content value of tricyanofuran hydrazone from 1.5 to 2.5 wt % owing to
the reduced uptake of the tricyanofuran hydrazone dye. L” displayed a considerable
change after exposing to the urea aqueous solution as shown by the darker shade
produced at the tricyanofuran hydrazone dye concentrations of 1.5, 2.0 and 2.5 wt %.
Before subjecting to urea, the increased a” and b” positive values showed changes in the
hue of the sensor paper test strips from off-white for untreated sample to light yellow for
treated samples upon raising the tricyanofuran hydrazone concentration from 0.1 to 2.5
wt %. After exposing to urea, the increased negative b and positive a” magnitudes were
translated to pink. After dip-coating, the sensor paper strips displayed color shift from
light yellow to pink within 5-10 minutes, during which the urea/urease reaction generated

ammonium ions to change the urea aqueous medium pH to higher value.

The paper dipstick sensory system was successfully used to approximate an unknown
concentration value of CO (NH)2@aq) depending on an assembled a calibration curve (1-
1300 ppm) as demonstrated in Figure 6 and Table S2 (supporting information). After
exposure to urea, the absorption intensity of the paper dipstick at 515nm exhibited a
linear curve upon increasing urea concentration. Visual color change was detected upon

raising urea concentration due to generation of ammonia which in turn abstract proton
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from the hydrazone NH. The identification limit of the paper test dipstick for urea was
determined by measuring its absorbance changes to recognize the first absorbance
intensity value at 0.09 (515 nm) for the urea concentration at 50 ppm. After raising urea
concentration to 1100 ppm, no further increments in the absorption intensity (1.393; 515
nm) were monitored. The wavelength of the absorption maxima was found to shift from
480 to 515 nm. The dipstick paper sensor was retained stable in refrigerator for ~5 days.
Figure 6 shows the calibration curve for the detection of urea employing paper strip
detector dip-coated with CNW/urease enzyme/tricyanofuran hydrazone. The process
depends on the shifts of the absorption intensity of the sensor paper test strip at 515 nm
after detection of urea in an aqueous environment and upon increasing the total content of
urea from 50 to 1100 ppm.

3.6. Dipstick detection mechanism

pH responsiveness of TCFH was established by integrating an aldehyde-bearing
phenylhydrazone fragment acting as an electron-donating moiety upon deprotonating the
hydrazone NH to generate hydrazone anion bearing negative charge. The strongly active
electron-withdrawing aldehyde substituent at the para-position of the phenylhydrazone
afforded a highly acidic NH hydrazone. This highly electron-withdrawing aldehyde
substituent resulted in an enhancement in the stability of the formed hydrazone anion to
generate a push-pull molecular system with an extended conjugation and consequently
with different color depending on the degree of conjugation (Figure 7). Degradation of
urea into ammonia can be driven by urease catalytic reaction. Increasing urea
concentration led to clear pH change to higher values as a result of an enzymatic catalytic
hydrolysis reaction of urea leading to generation of alkaline ammonia on the surface of
the TCFH/Urease-activated nanowhiskers, which consequently transform color from light
yellow to pink. The generated ammonia cannot be bonded to the carboxylate anions on
alginates which are not free as they are already bonded via cross-linking to calcium ions
(Rehan et al., 2019). Thus, the urease motivated hydrolysis of urea (CO (NH2)2) into
ammonia can be translated into a visual readout color shift owing to a deprotonation
procedure of tricyanofuran-hydrazone spectroscopic probe by the generated alkaline

ammonia.
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4. Conclusion

TCFH and urease enzyme were introduced into the alginate/CNW matrix to produce a
pH-film sensor. Combination between TCFH, alginate biomolecules and CNW afforded a
composite film comprising different coloration measurements depending on TCFH
concentration. We presented a biosensor tool merging the urease enzyme catalytic
performance toward urea analyte to allow monitoring this enzymatic catalytic activity in
presence of pH sensitive tricyanofuran hydrazone spectroscopic active sites. The urease
reaction was explored by monitoring the colorimetric shifts due to increasing the pH of
the urea solution path as a result of the urea conversion into ammonia. The current
approach can be applied to determine the urea concentration in biological fluids, such as
urine and blood. The colorimetric measurements verified that the biosensor exhibited a
detection limit in the range of 50-1100 ppm. The visual color change of TCFH probe
dissolved in acetone solution varied from light yellow to pink in the pH range of 6.55-
7.15, while the resulting film responded well to ammonia released from urea/urease
reaction in an aqueous environment. The film could be utilized as a naked-eye sensing
label or test strip as the color shift of the film introduce a simple and practical technique
to monitor urea. The dipstick sensor demonstrated a very good sensitivity. Due to their
efficiency and simplicity, such urea detector tool can be used to monitor and indicate urea
in the stored foodstuff and other urea-containing products.
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Figure 1: Normalized UV-Vis absorption spectra of the tricyanofuran hydrazone

spectroscopic probe 4 in some selected solvents
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Figure 2: (a) pH correlated UV-Vis absorption spectra, and (b) color shift from orange,
red to purple upon changing pH between 6.55 (Orange; pH1 at 475 nm), 6.75 (pH2 at 485
nm), 6.95 (Red; pH3 at 505 nm), 7.05 (pH4 at 505 nm), and 7.15 (Purple; pH5 at 530 nm)
respectively; of TCFH 4 in acetone solution (ca. 1.7 x 10° mol L?)
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Figure 3: Ratio of absorption intensity at 475 and 530 nm of TCFH 4 in acetone (ca. 1.7
x 10° mol L) upon changing pH from 6.55 to 7.15
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Figure 4: SEM (top) and TEM (bottom) images of CNW (a, ¢) and CNW-TCFH (b, d);
TCFH Conc. 1.5 wt % and elemental content diagram of the paper dipstick assay (TCFH
Conc. 1.5 wt %) (e)
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Figure 5: FTIR spectra of both CNW and CNW-TCF (TCFH Conc. 1.5 wt %)
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Figure 6: Absorption maxima of treated paper test strip at 515nm as a result of urea

sensory when raising the aqueous urea concentration from 1 to 1300 ppm
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Figure 7: Suggested mechanism of tricyanofuran hydrazone probe for colorimetric
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detection of urea demonstrating color shift of treated paper test strip from light yellow to
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Scheme 2: Molecular switching mechanism of tricyanofuran hydrazone 4 probe
consisting of Push (benzaldehyde hydrazone-anion) and Pull (tricyanofuran heterocycle)
system
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Table 1: Colorimetric screening of coated paper strips at different total content of
tricyanofuran hydrazone before and after sensing the ammonia liberated from a recently
prepared aqueous urea solution (Conc. 1100 ppm).

TCFH | L* a* b* KIS

(wt %) | before | after | before | after | before | after before | after
0.1 73.75 |60.01 | 3.38 5.54 11.49 | -3.92 3.15 3.82
0.5 70.33 | 56.60 | 5.01 8.19 15.06 | -4.15 497 5.47
15 63.09 | 43.59 | 8.66 10.22 | 22.66 |-8.95 8.19 7.47
2.0 62.50 |43.90 | 8.30 1236 |22.83 |[-9.09 |8.01 |9.40
2.5 61.82 |42.27 |9.28 1552 |27.81 |-12.29 |8.82 9.76
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