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A B S T R A C T

Urea is a crucial biomarker in clinical analysis, mainly used to diagnose and monitor kidney condition. However, 
its reliable determination in serum in point-of-care testing format still remains a vital challenge. Here, we tackled 
this issue by developing a microfluidic thread-based optical biosensor for serum urea determination. The working 
principle of the presented device was combining enzymatic urea hydrolysis using urease with the resulting 
ammonium ions detection using ionophore-chromoionophore chemistry. Urease was immobilized on thread with 
the aid of synthesized urease-calcium phosphate nanoflowers while components for ammonium ions detection 
were embedded in PVC-based membrane located on the same thread. In the first step, ammonium ions deter
mination in a thread-based sensor was optimized. Then, urease-calcium posphate nanoflowers (U-CaNFs) were 
included on the thread to ensure selectivity for urea. U-CaNFs synthesis was optimized and the resulting 
nanoflowers were characterized using various analytical techniqes (e.g. SEM, EDS, TGA, XRD). The calculated 
limit of detection for urea was 37 µmol L− 1 and the total analysis time was only 8 min. The developed thread- 
based devices were validated with control sera samples, proving their high accuracy.

1. Introduction

Urea is an end-product of protein metabolism, synthesized in the 
body in the ‘urea cycle’ or ‘the ornithine cycle’. As a final metabolite, 
urea is excreted from body after its generation, mostly (90 %) in urine 
formed in the kidneys by glomerular filtration and tubular secretion [1]. 
Physiological level of urea in blood is between 2.5 and 7.1 mmol L− 1 

while daily urinary urea excretion should be between 12 and 20 g per 
24 h. Urea content in blood, often referred to as ‘blood urea nitrogen’ 
(BUN), is a valuable clinical biomarker. It is mainly used as a diagnostic 
parameter for kidneys dysfunction, in which too high BUN is often 
observed [2]. This is despite its rather low specificity as a kidney con
ditions biomarker, as BUN level is also influenced by diet, tissue 
breakdown or gastrointestinal diseases [2]. Urea level in blood is also 
determined to monitor progression and predict mortality risk in many 
other diseases e.g. acute and chronic heart failure, community-acquired 
pneumonia, acute hepatitis A [2].

As a consequence of urea importance in clinical practice, its deter
mination in blood and urine is often requested in clinical laboratories. 
To meet these demands, various urea determination methods have been 
described in the literature. These methods can be divided into two cat
egories: direct, relying on direct urea reaction, and indirect. In the sec
ond category urea is converted, often enzymatically, to other molecules 
which are being determined. The most straightforward direct urea 
determination method is colorimetric Fearon reaction [3]. It relies on 
reaction of urea with diacetyl monoxime in strongly acidic environment 
yielding a yellow product, which can be oxidized with ferric chloride to 
increase sensitivity. However, this method requires heating and suffers 
from some interferences [3]. Direct electrochemical urea determination 
protocols usually employ Ni-based material or nanomaterial as a catalyst 
for urea oxidation reaction. Unfortunately, these methods also suffer 
from poor selectivity [4]. Indirect methods take advantage of high 
substrate specificity of urease enzyme to increase their selectivity and 
they are widely used for urea determination in biological samples. The 
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basic principle of these methods lies in quantification of enzymatic urea 
hydrolysis products (namely NH3/NH4

+ and CO2/HCO3
- ) or a change of 

pH associated with urea hydrolysis. The colorimetric approaches for 
indirect urea determination utilize Berthelot reaction or its modifica
tions to detect ammonia using alkaline hypochlorite and sodium salic
ylate [5]. Alternatively, a subsequent enzymatic reaction, catalyzed by 
glutamate dehydrogenase, can be employed, in which ammonia reacts 
with 2-oxoglutarate and NADH. The decrease of NADH concentration 
can be monitored at 340 nm [6]. Electrochemical detection, for example 
with ammonium ion-selective electrodes or pH electrodes, can also be 
utilized to determine products of urea hydrolysis [7]. Compilation 
summarizing the variety and diversity of urea determination methods 
given in more details can be found in recent review papers [4,5,8,9].

To fulfill a growing demand to perform diagnostic assays outside 
specialized laboratories, more and more disposable diagnostic tests are 
presented in the scientific literature and commercialized. These tests are 
often manufactured on a cheap and biodegradable solid support. Ideally, 
such support should also promote spontaneous fluid flow by capillary 
forces to eliminate the need for any external pumping devices. The 
perfect materials, fulfilling the mentioned requirements, are paper, 
thread or cloth. While paper and cloth are usually modified with hy
drophobic substances or cut to define areas penetrable by aqueous so
lutions [10,11], thread-based sensing devices take advantage of the 
default shape of thread and do not require any further modifications 
[12]. All of the mentioned materials can also serve as a solid support for 
chemicals immobilization, which react with the target analyte in the 
introduced sample to produce an analytical response. The resulting 
analytical devices are inexpensive and user-friendly alternatives to 
traditional diagnostic analyzers [13].

Several paper- and thread-based analytical devices for urea deter
mination have already been reported in the literature. The vast majority 
of them rely on urea enzymatic hydrolysis, followed by detection of the 
pH change using a pH-sensitive dye [14–18]. For this purpose, bromo
thymol blue have been employed by Ferreira et al. in a multilayer 
paper-based analytical device [14]. The same dye was also utilized in a 
paper-based device for urea determination proposed by Cheng et al. In 
their work, an optical reader was also described, allowing for blood urea 
measurement at the point-of-care [15]. Zhang et al. to determine 
urease-mediated pH change utilized Prussian Blue nanoparticles which 
were immobilized with urease on paper solid support [16]. Phenol red 
has also been used as an indicator in indirect enzymatic urea determi
nation in a paper-based [17] and thread-based analytical device [18]. 
On the other hand, detection of products of urea hydrolysis (ammonia 
and carbon dioxide) has also been utilized to determine urea with the aid 
of paper-based analytical devices. Sheini developed an origami 
paper-based analytical device with immobilized urease, thiomalic acid 
modified silver nanoparticles for NH3 detection and maltol modified 
silver nanoparticles for CO2 detection [19]. Rath et al. utilized a change 
in resistance occurring as a result of a reaction of NH4

+ ions from urea 
enzymatic reaction with polystyrene sulfonate [20]. Thread-based 
analytical devices have also been employed for direct electrochemical 
urea determination using an electrode modified with NiS and graphene 
oxide nanocomposite [21]. Finally, thread has also been used to 
construct analytical systems for electrophoretic separation with elec
trochemical detection of urea [22,23].

While most of the cited works ensure sufficient analytical perfor
mance for urea determination in matrices such as urine, saliva, or milk, 
reliable determination of this analyte in blood or serum using disposable 
point-of-care devices remains a significant challenge. Additionally, a 
true point-of-care analytical device, coherent with ASSURED criteria 
[24], should avoid using any equipment for signal acquisition. In this 
paper, we present an updated approach to urea determination relying on 
its enzymatic hydrolysis and subsequent ammonium ions determination 
using ionophore-based optical sensor (optode) [25]. Such detection 
scheme was utilized in the past in macroscopic optical sensors sensitized 
with urease enzyme [26–29]. Here, inspired by these discoveries, we 

present a miniaturized device, in which both ammonium-selective 
optode membrane and urease are immobilized on a single piece of 
thread. Typically optode membranes are placed on polymeric surface in 
the form of a thin film [30]. The use of thread as solid support for 
ion-selective membranes immobilization has been explored by us in the 
past [31–33]. These works shown that this approach can bring benefits 
such as short response time, flexibility, and user-friendliness. Moreover, 
the detection of ammonium ions offers higher sensitivity in comparison 
to typically employed in urea detection pH sensing. This sensitivity was 
sufficient to employ unmodified smartphone as an analytical signal 
reader instead of dedicated equipment [15]. In the first stage of the 
presented research, the process of ammonium ions determination using 
ionophore-based optical sensor located on thread was studied and 
optimized. Then, focus was dedicated to urease enzyme immobilization 
in the form of urease-calcium phosphate nanoflowers (U-CaNFs) directly 
on thread support. Finally, the two processes, namely urea hydrolysis to 
ammonium ions and ammonium ions detection were combined to create 
a thread-based analytical device for urea determination. The developed 
sensor was validated with sera samples, demonstrating high accuracy.

2. Materials and methods

2.1. Chemicals and materials

Chromoionophore I, potassium tetrakis(4-chlorophenyl)borate 
(KClPB), Ammonium Ionophore I (nonactin), poly(vinyl chloride) 
(PVC), o-nitrophenyl octyl ether (NPOE) and urease from Jack bean 
(type III, 27520 U g− 1) were obtained from Merck (Darmstadt, Ger
many). Tris(hydroxymethyl)aminomethane (Tris) was purchased from 
Apollo Scientific (Stockport, UK). Sodium carbonate, tetrahydrofuran 
(THF), potassium hydrogen phosphate, potassium dihydrogen phos
phate, sodium chloride, potassium chloride, magnesium chloride, cop
per sulfate were from Avantor Performance Materials Poland (Gliwice, 
Poland). Ammonium chloride, urea and calcium chloride were pur
chased from Chempur (Piekary Śląskie, Poland). Water used in all ex
periments (18.2 MΩ cm resistance) was from Milli-RO 12 plus Milli-Q 
station (Millipore, Bedford, MA, USA). Control human sera with physi
ological and pathological composition were purchased from Cormay 
(Warsaw, Poland): Human Normal and Human Pathological, BioMaxima 
(Lublin, Poland): BioNorm and BioPath and Pointe Scientific (Warsaw, 
Poland): Pointe N and Pointe P. All sera were reconstituted with purified 
water according to manufacturers’ instructions and diluted with water 
prior to analysis. Reference urea concentration in these samples was 
taken from manufacturers’ certificate. White cotton thread (caliber 12 
and Tex 94) was from Finca (Presencia Hilaturas, Alzira, Spain). To 
remove wax and hydrophilize thread was washed in boiling 1.0 mol L− 1 

Na2CO3 for 1 h, followed by washing with water on ultrasound bath to 
remove Na2CO3 residues. Thread was then dried in room temperature 
and stored in a closed container until used.

2.2. Ammonium ions detection

Similarly to our previous reports [31–33], 2 cm pieces of washed 
thread were cut and glued on a piece of double-sided adhesive tape, 
attached to a piece of paper. Thread was then impregnated with buffer 
solution by dropping 5 µL of 100 mM Tris pH 7. After buffer has 
completely dried, 0.5 µL of ammonium-selective cocktail was introduced 
in the center of thread-based sensor. In the optimal conditions this 
cocktail consisted of: 1.00 mg Chromoionophore I (23 mmol kg− 1), 
1.26 mg Ammonium Ionophore I (23 mmol kg− 1), 0.85 mg KClPB 
(23 mmol kg− 1), 23.0 mg PVC and 45.0 mg NPOE dissolved in 1 mL of 
THF. Cocktail was diluted 3-fold in THF prior to deposition on thread. 
Finally, 10 µL of standard/sample was introduced at one end of µTAD, 
which was then guided through the entire device owing to capillary 
forces. After 1 min, the color of the membrane was captured as described 
in Section 2.5. A scheme of µTAD preparation and NH4

+ ions detection is 
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shown in Fig. 1A, while photos of µTAD subjected to low and high NH4
+

concentration are presented in Fig. S1.

2.3. Urease hybrid nanoflowers synthesis and characterization

Organic-inorganic hybrid nanoflowers were employed to immobilize 
urease enzyme. The inorganic component of these nanoflowers was 
calcium phosphate while organic moiety constituted of urease. Initially, 
urease-calcium phosphate nanoflowers were synthesized by mixing 
125 µL 200 mmol L− 1 CaCl2, 500 µL 200 mmol L− 1 PBS pH 6.7 with 
5 mg mL− 1 urease and 4.375 mL water, similarly to other reports of 
urease-calcium phosphate nanoflowers [34,35]. This mixture was 
incubated for 16 h in 20◦C to allow nanoflowers to assembly. Then 
precipitate was transferred to a centrifuge tube and centrifuged for 
15 min at 6000 rpm using IKA mini G centrifuge (Staufen, Germany). 
The resulting supernatant was discarded, U-CaNF precipitate was 
resuspended in 1.5 mL of water and centrifuged again. This washing 
procedure was repeated three times. Finally, U-CaNFs precipitate was 
suspended in 1 mL 100 mmol L− 1 Tris pH 7 to be introduced on thread. 
In the optimized conditions, urease concentration in PBS was switched 
to 2.5 mg mL− 1 urease and U-CaNF precipitate was suspended in 0.5 mL 
of 100 mM Tris buffer pH 7.

U-CaNF were characterized using various experimental techniques. 
The thermogravimetric analysis (TGA) was done using Mettler-Toledo 

TGA/DSC STARᵉ apparatus. The sample was weighted using Mettler- 
Toledo XS105 DualRange balance. The powder diffraction (pXRD) 
measurements were performed using Bruker D8 Advance apparatus with 
CuKα1 (λ = 1.54 Å) source of radiation and with PSD Vantec detector 
and the Bruker DIFFRAC PLUS software. A low-background sample 
holder was employed. Both the TGA/DSC analysis and XRD measure
ments were done in the Laboratory for Structural and Biochemical 
Research (LBSBio), Biological and Chemical Research Centre, University 
of Warsaw. Warsaw, Poland.

The NFs morphology in microscale and elemental composition were 
analyzed by Scanning Electron Microscope (SEM) with Energy Disper
sive X-ray Spectrometry (EDS). The microscope used was a Thermo 
Fisher Quattro S SEM in the Laboratory of Scanning Electron Micro
scopy, Institute of Paleobiology, Polish Academy of Sciences, Warsaw, 
Poland. This is an environmental SEM, which allows for imaging and 
analysis in higher than typical pressure in microscope chamber. Here, to 
maintain elevated pressure, and among others to reduce effect of 
charging of the samples, a H2O vapor was used. This allows for imaging 
of non-conductive samples, semi-hydrated samples or fragile samples 
which poorly withstand sputtering. The SEM was equipped with an 
Octane Elect (EDAX) EDS detector. The accelerating voltage during 
imaging was kept in the 5–20 kV range and during elemental composi
tion measurements at 10 or 20 kV. Imaging of non-sputtered samples 
was done in low vacuum mode (50 Pa) or in high vacuum mode with use 

Fig. 1. A: Scheme of µTAD for ammonium ions determination preparation and ammonium ions detection. B: Scheme of µTAD for urea determination preparation and 
urea detection. U-CaNFs – urease – calcium phosphate nanoflowers.
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of ultralow beam currents. Imaging was done employing: secondary (SE) 
and angular backscatter electron (BSE) detectors. To increase plasticity 
and to better understand complexity and shape of NFs, some images 
were obtained as superimposition images from the two detectors 
mentioned above. For EDS measurements, to minimize the number of 
charging artifacts, mapping and elemental analysis was done on Pt- 
sputtered samples or carbon coated samples. The samples were coated 
with a carbon layer using CCU-10 Safematic sputter or thin coated with 
Pt using Balt-Tec SCD 005 sputter. Samples were prepared by drying 
small amounts of NFs solution on standard SEM stub decorated with 
dedicated substrate material. 5 µL of NFs solutions with differing con
centrations were left to dry under ambient conditions. This allows for 
both smearing and creation of ‘coffee rings’. Various substrate materials 
for sample preparation were tested including Al-foil, Cu-foil, conductive 
carbon adhesive tape or clean standard SEM-stub (aluminum). EDS 
mapping of elemental composition/distribution among larger samples 
(e.g. pieces of thread) was done using Montage Large Area Mapping, a 
add-in feature of APEX software allowing precise large-area imaging and 
EDS.

2.4. Urea detection

The working principle of a µTAD for urea determination relies on 
urea enzymatic hydrolysis to ammonium ions, catalyzed by immobilized 
on thread U-CaNF, followed by colorimetric ammonium ions detection 
by ammonium ions-sensitive optode film located in the same thread. A 
scheme of the occurring reaction is shown in Fig. 1B. The µTADs were 
prepared similarly to these for NH4

+ ions detection (Section 2.2). Instead 
of thread impregnation with Tris buffer, 5 µL of U-CaNF suspension in 
Tris buffer was introduced in the beginning of the thread. Owing to 
capillary forces, this solution spread through the thread, allowing for 
proper buffering of the samples and leaving U-CaNF immobilized in the 
initial part of the thread-based device. After drying in the ambient 
conditions, 0.5 µL of ammonium ions-sensitive cocktail was introduced 
in the middle of the thread. µTADs were stored in the darkness until 
10 µL of sample/standard was added at the same end of the thread 
where U-CaNF suspension was previously introduced (see Fig. 1B). 
Photos of µTADs subjected to low and high urea concentration are 
shown in Fig. S1.

2.5. Colorimetric signal acquisition and processing

As a consequence of NH4
+ ions extraction to the membrane phase and 

chromoionophore deprotonation, a color change from blue to pink 
occurred. To quantitatively measure this change of color, µTADs were 
photographed using Samsung Galaxy M31s smartphone (Suwon, South 
Korea). The application employed for this purpose was Footej Camera 2 
set to ISO 400, shutter speed 1/250 s and auto white balance. To ensure 
constant lighting, µTADs were placed in an illumination box purchased 
from Puluz (China) equipped in two LED strips (20 LEDs each, 1100 
lumen in total, 5500 K color temperature). The obtained photographs 
were then transferred to a PC and analyzed with ImageJ software (Na
tional Institutes of Health, USA). Firstly, a region of interest (ROI) was 
selected using brush tool to cover the entire colored region. Then, photos 
were converted from RGB to HSV color spacer using Color Space Con
verter functionality of ImageJ. Finally, mean hue (H) was measured 
inside ROI, which is the recommended analytical signal for bitonal 
colorimetric sensors [36]. To register reaction kinetics, a video was shot 
and cut to frames with Avidemux software, which were then analyzed in 
the same way as photographs. Unless stated otherwise, each measure
ment was conducted in triplicate, using a new µTAD each time, and the 
obtained H intensities were averaged.

3. Results and discussion

3.1. Optimization of ammonium ions detection

The detection mechanism of NH4
+ ions relied on chromoionophore- 

ionophore chemistry, in which analyte cation is extracted to the hy
drophobic membrane phase leading to deprotonation of chromoiono
phore (lipophilic pH indicator) and a change of its color. NH4

+ detection 
process can be summarized in the following equation: 

L+ HI+ + R− + NH+
4 ↔ LNH+

4 + I+ R− + H+ (1) 

where L is Ammonium ionophore I, I is Chromoionophore I and R- is 
tetrakis(4-chlorophenyl)borate. A line above symbols indicates lipo
philic membrane phase. For more details on cations detection using 
chromoionophore-ionophore chemistry refer to [31,33].

In the first stage of the project, thread-based optical detection of NH4
+

ions was optimized to provide sensitive sensor response with low 
detection limit. All membrane components (23 mg PVC, 45 mg NPOE, 
1.2 mg Ammonium ionophore I, 1.0 mg Chromoionophore I and 0.8 mg 
KClPB) were dissolved in 1 mL THF. To optimize cocktail dilution, this 
solution was diluted 2, 3, and 4-fold in THF and introduced on thread 
buffered with Tris buffer pH 7 as described in Section 2.2. In these three 
conditions a calibration curve in the range from 10− 6 to 10− 1 mol L− 1 

NH4
+ was registered. The obtained results, presented in Fig. S2A, indicate 

that the widest measuring range is achieved for 3-fold cocktail dilution. 
Then, two Tris buffers of different pH values (7 and 8) were tested. The 
concentration of each buffer was 100 mmol L− 1. Again, a calibration 
curve for NH4

+ were measured in both conditions. As shown in Fig. S2B, 
the widest measuring range is obtained in pH 7, although pH 8 buffer 
ensures higher sensitivity in low NH4

+ ions concentration range. Taking 
under consideration the expected level of urea in serum (in the milli
molar range), we decided to use pH 7 Tris buffer in further studies. 
Finally, the composition of the membrane was optimized. Chromoio
nophore concentration was fixed at 23 mmol kg− 1 and the molar ratio of 
chromoionophore to salt to ionopore (I:R-:L) was altered. To establish 
the optimal KClPB content, cocktails with 1:1:1, 1:1.25:1 and 1:1.5:1 I: 
R-:L molar ratios were tested. The obtained data (Fig. S2C) point to 1:1:1 
molar ratio as the optimal one. To finalize the optimization process, the 
influence of ionophore concentration on the calibration dependencies 
was investigated. The following I:R-:L ratios were tested: 1:1:0.75, 1:1:1, 
1:1:1.5 and 1:1:2. 1:1:1 ratio provides the widest measuring range 
(Fig. S2D) so it was chosen for further experiments. To conclude this 
section, the optimal cocktail for NH4

+ ions detection consists of PVC, 
NPOE, and chromoionophore, ionohphore and KClPB in 1:1:1 molar 
ratio (23 mmol kg− 1 each). Thread should be buffered with 100 mM pH 
7 Tris buffer. The cocktail should be diluted 3-fold prior to deposition on 
thread.

In the optimal conditions, a calibration curve for NH4
+ ions was 

registered and it is presented in Fig. 2. Each standard was analyzed in 
five replicates. The obtained data were fitted with Boltzmann sigmoidal 
function, which is typically used for optode-based sensors. Limit of 
detection was calculated as NH4

+ concentration corresponding to blank 
signal with 3.3 standard deviations and it was found to be 8.7 µmol L− 1. 
The developed µTAD is characterized by high precision of the readings: 
0.73 % for 10 mmol L− 1 NH4

+ and 0.66 % for 0.1 mmol L− 1 NH4
+. The 

selectivity of µTAD towards ammonium ions was investigated using 
separate solutions method (SSM) [37]. Response curves were measured 
in a chloride salt of each tested interferent. The distance between 
response curves for main and interfering cations were measured at 0.5 ◦
of chromoionophore protonation. The tested potentially interfering ions 
were: Na+, K+, Ca2+ and Mg2+. The calculated selectivity coefficients 
(logKopt

NH+
4 − Xn+ ) were − 2.91 for Na+, − 1.56 for K+, − 2.01 for Ca2+ and 

− 2.48 for Mg2+. A respective figure is presented in ESI as Fig. S3. As 
expected [38], the major interferent in NH4

+ detection is K+ ion due to 
their size and charge similarity. Based on the obtained data, it can be 
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anticipated that the presence of K+ ions in serum might affect accurate 
NH4

+ determination. However, since the purpose of NH4
+ ions detection is 

enzymatic urea determination, the background signal should be sub
tracted to account for any intrinsic ammonium ions (i.e. these not 
resulting from urea hydrolysis). In this step, the influence of other 
interfering ions would be minimized as well. The influence of other 
potentially interfering compounds was not examined, because any in
terferences not resulting from alkaline and alkaline-earth cations are 
unlikely to occur. This is because of membrane permselectivity and 
hydrophobicity [39].

3.2. Urease-calcium phosphate nanoflowers

Successful enzyme immobilization is often a crucial step in bio
sensors development. In this project, urease enzyme, which catalyzes 
urea hydrolysis to NH3 and CO2, was immobilized on thread in the form 
of urease-metal phosphate hybrid nanoflowers. This method of enzyme 
immobilization has been gaining significant attention in the recent years 
due to its simplicity and beneficial influence on enzyme stability and 
activity [40]. Encouraged by the literature [41], we initially attempted 
to synthesize urease-copper phosphate hybrid nanoflowers to immobi
lize urease enzyme. The synthesis was conducted according to the recipe 
given in the literature [41]. The resulting nanoflowers had a 
well-defined flower-like structure as shown in SEM picture in Fig. S4. 
However, no enzymatic activity was detected when these nanoflowers 
were immobilized on thread with NH4

+-selective membrane. The 
measured signals for 0, 1 and 10 mmol L− 1 urea (Fig. S4) did not differ, 
which indicates that enzymatic hydrolysis of urea did not occur. 
Possibly, Cu2+ ions inhibited urease during nanoflowers synthesis [42], 
yielding non enzymatically active hybrid nanoflowers. To resolve this 
issue, copper ions were replaced by calcium ions, which do not have 
urease enzyme inhibiting properties. U-CaNFs were synthesized and 
introduced on thread according to Section 2.3 and Fig. 1. In such 
experimental setup, the signals for 0, 1 and 10 mmol L− 1 urea could be 
clearly distinguished (Fig. S4), indicating that urease within U-CaNF 
retains its enzymatic activity to cause urea hydrolysis.

The synthesis of U-CaNF was optimized to find a combination of 
parameters which ensures both a well-established flower structure of 
nanoflowers and sufficient enzymatic activity to enable reliable urea 
detection in a reasonable time. In each optimization experiment, U- 
CaNF were prepared in different conditions by changing the concen
tration of one substrate at a time. The parameters selected for optimi
zation were: calcium ions concentration, phosphate buffer 

concentration and urease concentration. Incubation time and tempera
ture were fixed at 16 h and 20◦C, respectively. To evaluate enzymatic 
activity of the immobilized urease, a procedure described in Section 2.4
was followed. Signal intensities for 0, 1 and 10 mmol L− 1 urea were 
measured using each of the synthesized U-CaNF immobilized on a µTAD. 
Photographs of µTADs were captured after 10 min after sample intro
duction. The results of these experiments are shown in Fig. S5. The 
largest signal difference between the studied urea standards were ob
tained for nanoflowers prepared with 5 mmol L− 1 Ca(II) ions and 
20 mmol L− 1 PBS. Both of these conditions were the central values of the 
tested concentration range, indicating that there is an optimum for Ca 
(II) ions and phosphate ions concentration for U-CaNFs synthesis. When 
it comes to urease concentration, the largest it was, the larger difference 
in signal was measured. 0.25 mg mL− 1 urease was selected as the 
optimal enzyme concentration instead of the highest of tested urease 
concentrations – 0.5 mg mL− 1. This is because SEM analysis (Fig. S6) 
revealed that increasing urease concentration leads to a loss in petal-like 
nanostructure of the nanoflowers which might affect their properties, as 
high surface to volume ratio is one of key features of enzyme-metal 
phosphate nanoflowers.

U-CaNFs synthesized in the optimal conditions were characterized 
using SEM, EDS, thermogravimetry and powder XRD. A representative 
selection of SEM pictures registered either without or with conductive 
carbon sputtering are shown in Figs. 3A and 3B, respectively. The nano 
petal-like structure of the obtained nanoflowers is better visible without 
sputtering. However, pictures of non-sputtered, poorly conductive 
structures have lower resolution than sputtered ones, yet non-sputtered 
seems to preserve better 3D arrangement of those fragile and delicate 
structures. This is due fact that these samples are subject of less pro
cedures before imaging and visualized in less harsh conditions (higher 
humidity and pressure). Because of this, SEM pictures registered in both 
conditions are presented here. The obtained U-CaNFs have a wide size 
distribution, ranging from around 4 to over 10 micrometers. Their 
aspect ratio also varies in the sample, but they rarely are round unlike U- 
CuNFs shown in Fig. S5B. EDS mapping of U-CaNF was also conducted 
and the obtained maps are shown in Fig. S7. The EDS were performed 
with several electron high tensions in range 5–20 kV. As could be ex
pected, such minute and openwork structures reveal only weak signals 
for light elements. However, peaks for all can be distinguished from 
background spectra. No signal of C, N, P can be detected in surroundings 
of U-CaNFs structures. These data clearly prove, that U-CaNFs are 
composed of oxygen, calcium, phosphorus, carbon and nitrogen, and 
that the distribution of these elements in the nanoflower is uniform. 
Thermogravimetric analysis of U-CaNFs was also performed. An initial 
(up to 180ºC) loss in sample weight is associated with the loss of hy
dration water (6.77 % of total mass). The second step in weight loss 
(4.84 % of total mass), occurring between 180 and 540ºC, is caused by 
organic macromolecule decomposition. As shown in [34], such a result 
indicates that the vast majority of U-CaNFs mass constitutes of calcium 
phosphate and only a small fraction is urease. Finally, powder X-Ray 
diffraction patterns were registered for U-CaNFs. The obtained patterns 
are consistent with patterns for Ca3(PO4)2⋅2 H2O, which proves that the 
crystal component of U-CaNFs is calcium phosphate. For more detailed 
instrumental characterization of urease-calcium phosphate hybrid 
nanoflowers, including X-ray photoelectron spectroscopy, nitrogen 
absorption-desorption study and infrared spectroscopy, please consult a 
recent paper by Wan et al. [34].

3.3. Urea determination optimization

The goal of the next stage of the project was to combine enzymatic 
hydrolysis of urea and colorimetric detection of the resulting ammonium 
ions. Urea hydrolysis is catalyzed by urease, immobilized in calcium 
phosphate nanoflowers, synthesized in the optimal conditions estab
lished in Section 3.2. All experiments aimed at obtaining the most sen
sitive response to urea, while maintaining high precision of the readings 

Fig. 2. Calibration curve for ammonium ions registered using the developed 
µTAD, n = 5.
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and relatively short analysis time. In the beginning, various dilutions of 
nanoflowers, here defined as the volume of 100 mmol L− 1 pH 7 Tris 
buffer used to suspend U-CaNFs after their assembly (see Section 2.3). 
The optimal pH for type III Jack bean urease is 7.4 [43], but we decided 
to use pH 7 buffer optimal for NH4

+ detection, as in this case rising pH 
affects the measuring range significantly (as shown in Fig. S2B). For 
each of the tested U-CaNFs dilutions, the kinetic of colorimetric signal 
development was registered for 10 min in 1 min interval for 0 and 
10 mmol L− 1 urea. The results obtained are presented in Fig. S8. They 
clearly prove that the more diluted U-CaNFs are, the lower differences in 
signals are measured. This is an expected outcome as higher enzyme 
amount in a µTAD translates into more sites available for urea hydro
lysis. Buffer volumes lower than 0.5 mL were not tested due to the fact 
that such solutions would be highly viscous, impeding reproductible 
immobilization on thread. Consequently, 0.5 mL Tris buffer was chosen 
as an optimal volume of U-CaNFs suspending solution.

U-CaNFs immobilized on thread were visualized using SEM and the 
pictures obtained are shown in Fig. 4A and B. The obtained pictures 
prove that U-CaNFs retain petal-like nanostructure after placing them on 
thread solid support. However, they are forming a film covering thread 
fibers, rather than maintaining individual nanoflower structure, as 
shown earlier in Fig. 3A and B. This is probably because the concen
tration of U-CaNFs is locally very high, causing nanoflowers aggrega
tion. Additionally, an EDS map of the entire µTAD (prior to sensing 
cocktail introduction) was performed for phosphorus, carbon and cal
cium. This map is shown in Fig. 4D. U-CaNFs, represented by the pres
ence of calcium and phosphorus, are localized in the center of the 
thread, exactly where they were introduced by the pipette. Strong car
bon signal at thread ends stems from carbon-tape adhesive employed for 
SEM sample preparation. Clearly, U-CaNFs adhere to cellulose fibers and 
do not flow along with the buffer to uniformly cover the thread. This can 

either be caused by strong adhesion of U-CaNFs to thread fibers or be a 
result of micrometric size of nanoflowers, which can be ‘filtered’ by 
thread. The issue of U-CaNFs aggregation could be solved by diluting U- 
CaNFs, but as shown in Fig. S8, this compromises sensitivity of urea 
determination. Alternatively, thread surface could be modified with a 
chemical enabling U-CaNFs dispersion on thread. However, imple
menting such a modification would require detailed research to ensure 
U-CaNFs are evenly dispersed on thread, but NH4

+ detection is not 
compromised.

Such localization of U-CaNFs on µTAD has direct implications on 
colorimetric signal. It causes uneven color change of the sensing mem
brane, which is shown in Fig. 4C. Pink color of the membrane is a result 
of high ammonium ions concentration and its location correlates with 
the location of U-CaNFs. Towards the beginning of the thread (here 
beginning is understood as the end of the thread where sample is 
introduced), the membrane is gradually more blue, indicating lower 
concentration of NH4

+. Ammonium ions are formed only where U-CaNFs 
are immobilized and they do not diffuse to other parts of µTAD. Such 
poor uniformity of membrane color might lead to poor precision of the 
readings. Because of that, placement of U-CaNFs suspension in relation 
to the location of sensing membrane was optimized. Three setups were 
tested: membrane and U-CaNFs located in the center of the thread, U- 
CaNFs located in the beginning of the thread and membrane located in 
the center, and U-CaNFs located in the center while membrane was 
located in the end of the thread. In all of these setups, kinetics of 
colorimetric signal development were registered for 10 mmol L− 1 urea 
and the uniformity of the resulting membrane color was compared. 
Based on the obtained kinetic data, shown in Fig. 4E, it can be estab
lished that U-CaNFs and membrane placement do not significantly in
fluence colorimetric signal development. Although the highest hue 
intensity is measured for setup a (U-CaNFs in the beginning of the 

Fig. 3. A: SEM image of non-sputtered U-CaNFs drop casted on carbon adhesive registered in high vacuum mode; B: SEM image of carbon coated (ca. 5 nm) U-CaNFs 
drop casted on copper foil registered in high vacuum mode; C: Thermogravimetric analysis of U-CaNFs. D: XRD diffraction patterns measured for U-CaNFs.
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thread, membrane in the middle), the differences between all setups in 
measured hue intensity should not influence the assay performance in a 
clinically relevant way. On the other hand, the membrane color intensity 
profiles, presented in Fig. 4F, vary based on the placement of U-CaNFs 
and membrane. The lowest variations in hue intensity in a function of 
length of the membrane, indicating the highest color uniformity, are 
obtained when U-CaNFs are immobilized in the beginning of the thread 
and the sensing membrane located in the middle of the thread. As a 
consequence, in further experiments U-CaNFs are introduced in the 
beginning of the thread while sensing membrane cocktail is pipetted in 
the middle of the thread. Also, basing on data shown in Fig. 4E, the 
optimal reaction time was set to be 8 min as a compromise between high 
hue intensity and relatively short incubation time.

To undoubtfully prove, that urease immobilized in calcium phos
phate nanoflowers is the agent responsible for urea hydrolysis, and also 
to establish the efficiency of this process in comparison to hydrolysis 
with free urease enzyme, calibration curves were registered in the 
following conditions: (i) µTAD sensitized with U-CaNFs with urea as 
analyte; (ii) µTAD sensitized with free urease (the same concentration as 
in U-CaNFs, i.e. 0.25 mg mL− 1 in Tris buffer) with urea as analyte; (iii) 
µTAD buffered with Tris buffered with urea as analyte; (iv) µTAD 
sensitized with calcium phosphate (i.e. U-CaNFs without the enzyme) 
with urea as analyte; (v) µTAD sensitized with U-CaNFs with NH4

+ ions as 

analyte. The results obtained are presented in Fig. 5. Based on these 
data, it is clear that urease in U-CaNFs is responsible for urea hydrolysis 
as using µTAD sensitized with calcium phosphate alone does not allow to 
register any measurable signal increase with increasing urea concen
tration. Secondly, using U-CaNFs as a method for urease immobilization 
allows to lower the detection limit in comparison to the use of free 
urease enzyme. This can be attributed to an increase in enzymatic ac
tivity when enzyme is immobilized as metal phosphate nanoflowers. 
Finally, the responses of µTAD sensitized with U-CaNFs towards urea 
and ammonium ions are similar, indicating complete transformation of 
urea into ammonium ions as a consequence of enzymatic reaction.

In the optimal conditions a calibration curve was registered in five 
replicates for each standard. The obtained calibration dependence is 
presented in Fig. 6. Boltzmann sigmoidal function was fitted to the data 
and the parameters of this fit are shown in the figure. Limit of detection 
was calculated basing on the signal for blank sample with 3.3 standard 
deviations of blank measurement. The calculated LOD was 37 µmol L− 1 

urea. Precision, expressed as relative standard deviation, was 1.27 % for 
1 mmol L− 1 urea. Long-term storage stability of the developed µTADs for 
urea determination was established in 4ºC and 20ºC with additional 
protection from light. To verify, if enzyme immobilized in U-CaNFs re
tains its ability to convert urea to NH4

+ ions, for this experiment hue 
difference between 0.5 and 8 min reaction time was used as analytical 

Fig. 4. A, B: Low vacuum SEM images of U-CaNFs immobilized on cotton thread; C: Photo of µTAD with U-CaNFs and sensing membrane immobilized in the middle 
of thread; D: Large area EDS mapping (of carbon, calcium and phosphorus) of the entire µTAD with immobilized U-CaNFs in the middle of the thread; E: Kinetics of 
colorimetric signal development for 10 mmol L− 1 urea in the following setups: a – U-CaNFs immobilized in the beginning of the thread, sensing membrane 
immobilized in the middle of the thread, b – U-CaNFs and sensing membrane immobilized in the middle of the thread, c – U-CaNFs immobilized in the middle of the 
thread, sensing membrane immobilized in the end of the thread; F: Variation of colorimetric signal with the length of sensing membranes measured in the same 
setups as in E at 8 min of reaction time.
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signal. The results obtained, presented in Fig. S9, confirm that the sta
bility of the developed µTAD in room temperature is very limited. This is 
probably an outcome of two processes: loss of enzymatic activity during 
storage and poor stability of the sensing membrane itself during storage 
[31,33]. On the other hand, µTADs stored at 4ºC are reasonably stable 
for 2 weeks. Long-term stability of the sensing membrane could poten
tially be improved by switching Chromoionophore I to another lipo
philic pH indicator with enhanced room temperature long-term 
stability. Another solution worth considering is impregnating hydro
philized cotton thread with chitosan. This should help both maintaining 
thread hydrophilicity for a long time [44] as well as stabilization of 
urease enzyme [45]. However, all of these potential fixes require tar
geted research and reoptimization of sensing conditions to ensure 
membrane response towards NH4

+ remains sufficient for reliable urea 
determination.

The developed µTAD for urea determination was compared with 

other paper-based and thread-based disposable urea sensors published 
in the literature and the outcome is shown in Table 1. This comparison 
clearly shows that typically lowest limit of detection is achieved when 
NH4

+ or NH3 species ([19] and this work) are detected as products of 
enzymatic hydrolysis of urea rather than a change of pH. It is also 
important to highlight that the change of pH depends not only on urea 
concentration, but also on the buffer capacity of the sample, which 
might be problematic in case of complex biological samples such as 
serum, saliva or urine [7]. Additionally, among devices that employ 
smartphones for signal acquisition, the developed µTAD offers the 
lowest detection limit. This means that the proposed platform combines 
high analytical performance with the simplicity of smartphone-based 
detection which is advantageous over the paper- or thread-based de
vices found in the literature.

3.4. Real samples analysis

In the final stage of the project, urea was determined in six control 
sera samples to assess the developed µTAD accuracy. To cover a wide 
range of possible clinical scenarios, the used sera had physiological, too 
low or too high declared urea concentration. To accurately determine 
urea in serum samples, the influence of intrinsic ammonium ions (i.e. 
these not resulting from enzymatic urea hydrolysis) as well as ions 
interfering in NH4

+ determination (Section 3.1) must be accounted for. 
To do that, serum samples were introduced both to µTAD for NH4

+

detection (thread sensitized with Tris buffer and sensing membrane) and 
for urea detection (thread sensitized with U-CaNFs suspended in Tris 
buffer and sensing membrane). The analytical signal used in this case 
was a difference between hue intensity obtained with urea-µTAD and 
hue intensity obtained with NH4

+-µTAD. A schematic representation of 
how analytical signal is calculated for real samples analysis is presented 
in Fig. S10 and the obtained results for urea determination in control 
sera are gathered in Table 2. All determined urea concentrations are 
within the range declared by serum manufacturers and the calculated 
relative errors confirm acceptable accuracy of the developed sensor. The 
declared urea concentration was measured using urease/glutamate de
hydrogenase kinetic assay using clinical analyzers, which is a gold- 
standard urea determination method.

4. Conclusion

In this paper, we presented a thread-based microfluidic device for 
urea determination in serum samples. The detection scheme utilized 
enzymatic urea hydrolysis, followed by ammonium ions detection with 
ionophore-based optical sensor. Both processes occurred on a single 
piece of thread, making the detection process extremely user friendly. It 
is important to highlight, that that the developed device could be further 
modified with a whole blood separation membrane to broaden the 
spectrum of samples which could be analyzed [46]. Also, a smartphone 
application could be implemented to automatize signal acquisition and 
processing [32,47]. Finally, the same detection scheme can be imple
mented for creatinine determination provided urease is switched to 
creatinine deaminase. Combining urea and creatinine detection in a 
single thread-based analytical device is an exciting direction of further 
research as a comprehensive kidney function point-of-care test.

CRediT authorship contribution statement
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