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A biosensor for the determination of urea in human serum was fabricated using a 15 

combination of inkjet printed polyaniline nanoparticles and inkjet printed urease 16 

enzyme deposited sequentially onto screen-printed carbon paste electrodes. 17 

Chronocoulometry was used to measure the decomposition of urea via the doping of 18 

ammonium at the polyaniline-modified electrode surface at -0.3 V vs. Ag/AgCl. 19 

Ammonium could be measured in the range from 0.1 to 100 mM. Urea could be 20 

measured by the sensor in the range of 2 to 12 mM (r
2
=0.98). The enzyme biosensor 21 

was correlated against a spectrophotometric assay for urea in 15 normal human serum 22 

samples which yielded a correlation coefficient of 0.85. Bland-Altman plots showed 23 

that in the range of 5.8 to 6.6 mM urea, the developed sensor had an average positive 24 

experimental bias of 0.12 mM (<2% RSD) over the reference method. 25 
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1. Introduction 29 

 30 

The detection of urea is of great interest in biomedical and clinical analysis. Indeed, 31 

an increase of urea concentration in blood and a reduced level of urine is a strong 32 

indication of renal dysfunction. The clinically relevant range of blood urea is 2.5 to 33 

7.9 mM [1]. The determination of urea in body fluids is one of the most frequent 34 

analyses in clinical laboratories. The determination of urea is generally performed 35 

with enzyme–based biosensors. Enzymatic reactions of non-ionic substrates often 36 

produce ionic products. Therefore a variety of biosensors have been developed for the 37 

selective determination of many substances using ion-selective membranes in 38 

combination with suitable enzymes.  39 

 40 

For the determination of urea, enzymatic biosensors are based on urease. Typical urea 41 

biosensors utilise urease aminohydrolase which catalyses the breakdown of urea into 42 

ammonium ions and bicarbonate ions according to Equation 1: 43 

 44 

        Urea + 2H2O + H
+ urease 2NH

+
4 + HCO

−
3                                                                               (1) 45 

 46 

In the case of conventional urea sensors, pH [2-6] and NH4
+
 [7-9] selective electrodes 47 

have been used to detect hydrogen ions and ammonium ions, respectively, that are 48 

produced by the enzymatic reaction. The major problem for pH-sensitive electrodes is 49 

that the sensor response is strongly dependent on the buffering capacity of the sample. 50 

Indeed, the change of pH which occurs during the enzyme-catalysed reaction, is 51 

compensated by the buffer used, which leads to a narrow dynamic range and a loss in 52 

sensor sensitivity [7]. Several materials have selectivity towards ammonia including 53 

certain ionophores such as nonactin [8] and conducting polymers such as polyaniline 54 

[9] and polypyrrole [10]. Amperometric [11] and potentiometric methods can be 55 

applied through the use of urease-modified pH and ion-selective electrodes for the 56 

detection of ammonium ions. In particular, polyaniline nanoparticle films have 57 

recently been shown to have excellent sensitivity to ammonium in water with a 58 

detection limit of 3.17 M [12]. Other polyaniline-based biosensor platforms have 59 

been demonstrated to detect enzymatically produced ammonium ions according to 60 

Equation 1 [13, 14]. Only in the latter instance was the urease enzyme immobilized to 61 
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the polyaniline – this was achieved both through casting and electrochemical 62 

deposition to the electrochemically grown polymer film.  63 

 64 

Electroactive polyaniline films have been routinely fabricated electrochemically 65 

which is not an amenable process for mass production and therefore not viable for a 66 

low cost, single-shot biosensor. More recently, there have been reports on polyaniline 67 

materials with higher processabilities, such as those synthesised chemically using 68 

improved dopant materials [15, 16], nano-dispersions [17] and wet-spun fibres [18, 69 

19]. These can then be deposited using methods such as chemical vapour deposition 70 

(CVD), drop-coating, dip-coating, spin-coating, etc. Aqueous-based polyaniline 71 

nanoparticle dispersions have been deposited by piezoelectric-based inkjet printing 72 

[20]. This printing technique is versatile, easily controllable in terms of pattern and 73 

thickness, and is suitable for scale-up and large-scale production of sensor platforms. 74 

Thus by exploiting it to deposit these stable polyaniline nanoparticles (onto disposable 75 

carbon-paste screen-printed electrodes), it provides a powerful technique to fabricate a 76 

sensor platform capable of ammonium ion detection. Thus, a combination of inkjet 77 

printed polyaniline nanoparticles with printed enzymes would prove useful in the 78 

fabrication of low cost, point of care biosensors.  79 

 80 

To incorporate biological functionalities onto solid materials, bioagents should first be 81 

delivered to the solid support, and followed by immobilization. A number of 82 

techniques have been used to deposit solutions of bioactive materials onto solid 83 

supports. Covalent attachment of the biomolecule to the substrate is one of the most 84 

elegant immobilization methods available, but others as adsorption, entrapment and 85 

cross-linking are often used. Some contact deposition techniques include 86 

microspotting [21], microcontact printing [22], and photolithography [23] and some 87 

noncontact deposition systems include proximal and distal electrospray deposition 88 

[24], ink-jet and biological laser printing [25]. Recently, there is a growing interest in 89 

the use of ink-jet technology for printing biomaterials [26]. Relatively small-90 

dispensed volume (10-20 picoliter per drop), non-contact operation, speed and 91 

comparatively high spatial resolution are some advantages of this technology. 92 

Moreover, the use of an array of nozzles connected to a device-driving electronic 93 

system allows a very good control degree over the layout of the micro deposited 94 

pattern [27]. 95 
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In this work, we report on the fabrication of a biosensor using a combination of inkjet 96 

printed materials. The derived biosensor was applied to the determination of urea in 97 

serum using chronocoulometric analysis. 98 

99 
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2. Experimental 100 

 101 

2.1. Materials 102 

Aniline (242284) was distilled before use and stored under liquid nitrogen. 103 

Ammonium persulfate (215589) and sodium dodecyl sulfate (L4509) were purchased 104 

from Aldrich and used as received. Dodecylbenzenesulfonic acid (DBSA-D0989) was 105 

purchased from Tokyo Kasei Kogyo Co. Ltd. A Dialysis membrane (D9402), 12 kDa 106 

molecular weight cut-off, was purchased from Sigma and soaked in Milli-Q water 107 

before use. Carbon paste ink (C10903D14) was purchased from Gwent Electronic 108 

Materials, UK. PET (175 µm) was purchased from Gwent Electronics, UK. Urease 109 

(U4002) from Canavalia ensiformis (Jack bean) type IX (50 kU - 100 kU fraction) 110 

with a specific activity of 70400 U/g purchased from Aldrich. Disodium hydrogen 111 

phosphate was purchased from Riedel-de Haën (30472), potassium dihydrogen 112 

phosphate, 99% (221309) and Triton X-100 (93426) were purchased from Aldrich. 113 

Urea assay Kit (ab83362) purchased from Abcam plc UK. All solutions were prepared 114 

with Milli-Q deionised water with a resistivity greater than 18 MΩ. 115 

 116 

2.2. Buffers 117 

0.1 M phosphate buffer was made by dissolving 4.68 g KH2PO4 (0.03442 mol) and 118 

11.67 g Na2HPO4·2H2O (0.06558 mol) in 1 l Milli-Q water. The pH was then adjusted 119 

using NaOH to bring the pH to 7.12.  120 

 121 

2.3. Instrumentation 122 

Inkjet printing was carried out using a Dimatix 2831 printer (Fuji Dimatix). All 123 

electrochemical protocols were performed on a CH601C Electrochemical analyser 124 

with CHI601 software, using chronocoulometry. An in-house fabricated batch cell of 125 

2 ml maximum and 200 µl minimum volume was used for all electrochemical 126 

measurements, which had an integrated Ag/AgCl wire reference electrode and 127 

platinum wire auxiliary electrode. A Tecan i-control microplate reader with Nunclon 128 

96 flat bottom polystyrol plate was used for measuring absorbance (A 570nm).  129 

 130 

2.4. Fabrication of Inkjet Printed Urea Biosensors 131 

Carbon paste screen-printed electrodes were fabricated in-house using a DEK 248 132 

screen-printer according to Grennan et al., [28]. Briefly, electrodes were screen-133 
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printed onto pre-shrunk PET substrate. A layer of silver was deposited using the 134 

required patterned screen. For the carbon-paste working electrodes, a layer of carbon 135 

paste ink, followed by an insulation layer to eliminate cross-talk and to define the 136 

working electrode area (7.07 mm
2
) was deposited on top of the silver as the working 137 

electrode. 138 

 139 

Polyaniline nanoparticles (NanoPANI) were synthesised according to Morrin et al., 140 

[20] using dodecylbenzenesulphonic acid as both micelle stabiliser and dopant. After 141 

purification of the nanoparticles (by centrifugation and dialysis), the dispersion was 142 

filtered through a 0.45 µm and thereafter 0.2 µm filter to remove large particle 143 

aggregates. The filtered ink was then poured into a Dimatix cartridge (DMC-11610) 144 

and was inkjet printed to the working electrode area of the carbon-paste screen-145 

printed electrodes using an acceleration voltage of 16 V and a pitch spacing of 20 µm. 146 

The circular print pattern was designed by computer software and had an area of 7.07 147 

mm
2
. Typically, 20 electrodes were fabricated during a print run, where electrodes 148 

were printed with a single layer of nanoPANI. The nanoPANI-modified electrodes 149 

were stored in sealed vials before use. Ink cartridges were cleaned with both 150 

deionized water and buffer before filling with the enzyme ink to avoid clogging of the 151 

nozzles. 152 

 153 

Urease (50 mg) containing glycerol (0.1% v/v) and Triton X-100 (0.01% v/v) was 154 

mixed with 1 ml of phosphate buffer pH 7.12 (0.1 M) and inkjet printed onto the 155 

nanoPANI-modified electrodes using an acceleration voltage of 16 V, pitch spacing of 156 

20 µm and a firing frequency of 5 KHz. The modified electrodes were dried at 4
o
C. 157 

The amount of enzyme ink sample deposited was estimated gravimetrically by firing 158 

all 16 printer nozzles for a given time at 5 KHz into a tared weighing boat. 159 

 160 

2.5. Chronocoulometry 161 

The chronocoulometric response of the nanoPANI sensor towards ammonium was 162 

performed in the three-electrode batch cell, as described above, using the inkjet 163 

printed nanoPANI electrode as the working electrode. Initially, 900 µl of  phosphate 164 

buffer (0.1 M, pH 7.12) was added to the cell and held at -0.5 V for 360 s before being 165 

stepped to the equilibrium potential (0.07 V), followed by addition of 100 µl 166 

ammonium chloride standards for 50 s. Finally, the potential was stepped to -0.3 V 167 
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and the cathodic charge past (ΔQ) was monitored for 50 s. All measurements were 168 

performed at 25±1 ◦C. 169 

 170 

For the measurement of urea, electrodes modified with both nanoPANI and urease 171 

enzyme were used. Following application of -0.5 V for 360 s to 900 µl of buffer, 100 172 

µl of urea solution were added to the cell and allowed to pre-incubate at 0.07 V vs. 173 

Ag/AgCl. Ammonium was measured chronocoulometrically by stepping the potential 174 

to -0.3 V vs. Ag/AgCl and monitoring the cathodic charge. All measurements were 175 

performed in triplicate. 176 

 177 

2.6. Determination of serum urea with the inkjet printed Urease/NanoPANI 178 

biosensor 179 

Blood samples (5 ml) were taken from 15 healthy, locally recruited volunteers 180 

following ethical approval and kept at room temperature for 1 h to clot. The samples 181 

were centrifuged at 5000 rpm for 5 min, and the serum was collected and stored at 182 

4
o
C until use. Urea content was determined in these serum samples using the inkjet 183 

printed urease/ NanoPANI biosensor according to the method above, except that the 184 

urea standard was replaced by serum, as well as by the standard spectrophotometric 185 

enzymatic kit method which was carried out according to the manufacturer’s 186 

specification. 187 

 188 

 189 

 190 

191 
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3. Results and Discussion 192 

 193 

Point of care diagnostic sensors need to possess several characteristics such as low 194 

sample volume, rapid assay time and ease of use. In addition to this, the fabrication 195 

and production methodology must be such that they can be manufactured rapidly in 196 

large numbers to allow scale up and reduce individual device costs. In this regard, the 197 

development of printed biosensor electrode strips has been performed for some 20 198 

years now, particularly in the area of glucose sensing where screen printing has been a 199 

key fabrication technology. However, other print production methodologies are 200 

finding application in sensor fabrication, including inkjet printing as it is a low 201 

volume, patternable, non-contact process with low volume and low ink viscosity 202 

requirements. 203 

 204 

3.1. Chronocoulometric measurement of ammonium at the nanoPANI electrode 205 

 206 

Several electrochemical techniques are suitable for the measurement of ammonium 207 

and ammonia in polyaniline. These include impedimetric/conductimetric techniques 208 

and amperometric techniques. However, impedimetry/conductimetry, while good for 209 

gas phase measurements [29], are not particularly suited to solution phase 210 

measurements. Amperometry has been shown to be a useful technique for monitoring 211 

ammonia as ammonium in solution. Chronocoulometry is a related technique in which 212 

the integral of current is measured over time [30]. In this way, the cumulative 213 

response of a process over some given time interval can be measured, rather than its 214 

rate. In the context of ammonium measurement at polyaniline electrodes, it has been 215 

shown that the ammonium dopes the polymer which becomes oxidized. The film is 216 

restored to its reduced state resulting in a cathodic current at a suitably applied 217 

potential [12, 13]. 218 

 219 

To exploit this method a film of inkjet printed polyaniline nanoparticles (nanoPANI) 220 

was fully reduced at -0.5 V vs. Ag/AgCl. The potential was then stepped to the 221 

equilibrium potential for the ammonia-modified film (approx. 0.07 V) where the 222 

ammonium was allowed to equilibrate with the polymer film. Lastly, the potential was 223 

stepped to -0.3 V to drive the charge equilibration of the polymer in a manner 224 

proportional to the ammonium concentration. The results of this can be seen in Fig. 1 225 
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which shows the coulometric responses of the polymer-modified electrodes as they 226 

were stepped from 0.07 V to -0.3 V, whereupon they produced a cathodic charge 227 

transfer composed of a double layer charging response (Qdl), as evidenced by the 228 

control and an additional charge dependent on the reduction of ammonium adsorbed 229 

on the film (Qads) and some fraction of the ammonium chloride reduced following its 230 

diffusion from solution (Qdiff): 231 

 232 

diffadsdltotal QQQQ         (2) 233 

 234 

 A single layer of the printed nanoPANI was found to be capable of measuring 235 

differences in ammonium chloride concentration from 0.1 to 100 mM in 40 s (y= 3.55 236 

x 10
-4

 Logx+ 2.89 x 10
-5

, r
2
=0.98) which is within the range of molar equivalents of 237 

urea in human blood (2.5 – 7.9 mM), assuming full conversion of urea to ammonia. 238 

Several factors potentially dictate the response characteristics of the film. One factor 239 

is the adsorption capacity and proton exchange capacity of the film which will limit 240 

the total charge capacity of the film. This capacity can be tuned by controlling the 241 

film layer thickness. However, for the purposes of this assay, a single print of the 242 

nanoPANI was shown to be adequate. Inter-electrode variability was assessed for five 243 

electrodes at 1 mM ammonium chloride yielding a CV of 7.3%. 244 

 245 

Fig. 1.   246 

 247 

3.2. Optimisation of the inkjet printed nanoPANI/Urease enzyme biosensor 248 

 249 

For full printed fabrication of the sensor, deposition of urease using ink jet printing 250 

was chosen. In producing a formulation suitable for inkjet printing, it should be noted 251 

that the conventional additives used to optimize ink rheological parameters may 252 

produce inactivation or denaturation of enzyme. A suitable bioink formulation must 253 

maintain the activity of the enzyme while at the same time produce stable and 254 

repeatable drops for piezoelectric jetting. In order to jet the enzyme ink, the viscosity 255 

and surface tension of the ink had to be adjusted to optimum values (30 mN.m
-1

 and 5 256 

cps) as suggested by [27]. To adjust the enzyme ink surface tension, the non-ionic 257 
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surfactant Triton X-100, was used in preference to anionic and cationic surfactants 258 

due to their reduced impact on enzyme activity [31].   259 

 260 

An additional problem that needs to be addressed for reliable jetting is the ‘first drop 261 

problem’ [32]. This problem is caused by evaporation of solvent at the nozzles during 262 

idle periods. The evaporation results in local changes in the ink composition and 263 

reheological properties, which lead to potential clogging of the nozzles. To reduce the 264 

evaporation and to enhance the ink performance, 0.1% glycerol was added to the 265 

formulation as the humectant [27]. It was observed that it did not affect the printing 266 

and the first drop problem was avoided. 267 

 268 

Urease enzyme solutions made up to 25, 50 and 100 mg/ml were assessed for their 269 

deposition via inkjet printing. 100 mg/ml was found to occasionally block the print 270 

head and so 50 mg/ml was chosen as an upper concentration for bio-ink formulation. 271 

The enzyme was typically deposited in four deposition and drying cycles. The surface 272 

coverage of the urease ink used for printing was 0.652 l/cm
2
. Given that the area of 273 

the circular printed electrode was 0.0707 cm
2
, the volume of urease used was 0.46 l 274 

per layer or 1.85 l for four layers with a CV of 8.0% (n= 3). This equated to a mass 275 

of enzyme of 92.5 µg per electrode. 276 

 277 

Chronocoulometric detection of urea was performed in a similar manner to that of 278 

ammonium except that the inkjet printed nanoPANI/Urease biosensor was pre-279 

incubated with 5 mM urea at the equilibrium potential for a period of time before 280 

stepping to the reduction potential of -0.3 V vs. Ag/AgCl. The effect of pre-incubation 281 

time on the coulometric response at 50 s is shown in Fig. 2. It was shown that the 282 

coulometric response increased with increasing incubation time and that after approx. 283 

150 s, the response was beginning to plateau. In this instance, the printed enzyme may 284 

be either non-covalently deposited on the polymer surface and/or free to dissolve in 285 

solution, bringing about near full conversion of the urea to ammonium and 286 

bicarbonate. As a result, all further measurements were performed with pre-incubation 287 

at the equilibrium potential for 150 s. 288 

 289 

 290 
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Fig. 2.  291 

 292 

Based on the optimized fabrication and assay conditions, the biosensor was used to 293 

measure a series of urea concentrations from 0 to 12 mM (Fig. 3). This gave a linear 294 

response in the region of 2 to 12 mM with a slope of 6.7 µC/mM and an r
2
 of 0.98 295 

(n=3). This is within the appropriate range for clinical measurements of urea in human 296 

blood. 297 

 298 

Relatively little is yet known about the impact of piezoelectric inkjet printing on 299 

enzyme activity and stability. Earlier works involving incorporation of enzymes into 300 

thick film pastes did lead to significant decreases in enzyme activity and reduced 301 

stability [33]. This may be due to the more complex ink formulation requirements to 302 

achieve the necessary screen printing rheological and processing parameters. 303 

Piezoelectric inkjet printing has been shown to lead to reductions in enzyme activity 304 

[34]. It has been suggested that this is related to the print processing parameters, 305 

particularly the acceleration voltage to eject the droplet. Cook et al. used a Microfab 306 

system which required ejection voltages of 40 to 80 V. Our work has shown that 307 

optimum ejection and activity is seen at much lower voltages (16 V) with the Dimatix 308 

system. Other work by us (unpublished data) has also shown that there is negligible 309 

loss in activity following ejection and following deposition (approx. 2%) using this 310 

instrument and these parameters. In terms of enzyme stability, any effect will thus be 311 

brought about by its deposition onto the polyaniline nanoparticle film [35]. 312 

Polyaniline has been shown to be a good surface for the immobilization of urease, 313 

showing no increased reduction in enzymatic activity as a consequence of 314 

immobilization. Nevertheless, further study is required to demonstrate the long term 315 

stability of these devices. 316 

 317 

Fig. 3.  318 

 319 

3.3. Correlation of the nanoPANI/Urease biosensor with spectrophotometric 320 

enzyme kit in normal human serum samples 321 

 322 

The inkjet printed nanoPANI/Urease biosensor was correlated against a commercially 323 

available colourimetric kit assay for measuring urea in human serum. Fig. 4 shows the 324 
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results of 15 normal human samples performed with both the biosensor (Test method) 325 

and the spectrophotometric assay (Reference method). The assays had a correlation 326 

coefficient of 0.85. Most of the serum samples had a urea concentration that clustered 327 

around 5.8 to 6.8 mM according to the spectrophotometric assay. A single sample lay 328 

outside this range, being 3.1 mM. All these values were in line with the expected 329 

assay range for normal serum urea concentrations [1]. The least squares regression 330 

gave a slope of 0.84 and an intercept of 0.89 which suggests that, at the low end of the 331 

assay range, the biosensor test method overestimates the urea concentration compared 332 

with the reference method, but that, at higher concentrations, the biosensor was 333 

underestimating. This can be seen more clearly in the Bland-Altman plot in Fig. 5. For 334 

the lowest urea concentration, the difference between biosensor overestimated the 335 

value by some 0.8 mM as compared to the average of the two tests, which is an 336 

approximate 25% divergence. However, for all other samples, the biosensor 337 

underestimated by only 0.12±0.08 mM compared with the average of the two test 338 

results. This represents a deviation of less than 2% in the 5.8 to 6.8 mM range. The 339 

within (intra-day) and between batch (inter-day) CVs for urea determination in serum 340 

by the present method were found to be <5% and <7%, respectively (n=6). 341 

 342 

Fig. 4.  343 

344 
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 345 

 346 

Fig. 5.  347 

 348 

Many examples of urease biosensors exist in the literature, particularly 349 

electrochemical and optical devices. In addition, several have used conducting 350 

polymer materials as the selective agent, most notably, polyaniline. Luo and Do [13] 351 

used electropolymerised films of PANI doped with Nafion®. In a similar manner to 352 

that shown here, they showed the onset of reduction at approx. -0.17 V vs. Ag/AgCl. 353 

Although they established a linear range of urea in the clinically relevant range of 6-354 

60 mg/dL (1 – 10 mM), it is well known that the reproducible, large scale production 355 

of electropolymerised PANI films is a significant barrier to widespread application. 356 

Other groups continue to use membrane layers to achieve selectivity. For example, 357 

Trivedi et al., [36] recently used a double membrane layer to produce an ammonium 358 

ion sensitive potentiometric sensor for urea. However, such systems still suffer from 359 

pH dependence. More recently, Malinoski et al., [37] used aqueous polyaniline 360 

nanoparticle dispersions, again as the basis of a potentiometric urea biosensor which 361 

demonstrated a non-linear potentiometric response from 1 to 6 mM. None of these 362 

works demonstrated the application of the assay device in human blood or serum, or 363 

correlated against available tests. 364 

 365 

The work presented here is a combination of the use of conducting polymer 366 

nanoparticles in combination with inkjet printing of these, along with the enzyme, 367 

urease, to solve the problems associated with reproducible mass production of 368 

conducting polymer-based biosensors. In addition, the sensor was shown to be 369 

applicable over the relevant clinical range of 2.5 to 7.9 mM urea in real human plasma 370 

samples, with excellent correlation with established tests. 371 

 372 

4. Conclusions 373 

 374 

A biosensor using inkjet printed polyaniline nanoparticles and urease enzyme was 375 

constructed. The device was shown to be sensitive to ammonium in solution in the 376 

range of 0.1 to 100 mM using chronocoulometry. The inkjet printed biosensor was 377 

also shown to have a linear response to urea in the range of 2 to 12 mM (r
2
=0.98), and 378 
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when compared to a colorimetric enzyme kit for urea determination in human serum 379 

samples was found to have a correlation coefficient of 0.85. 380 
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Figure legends 449 

 450 

Fig 1.  Chronocoulometric response of the nanoPANI electrode to ammonium as 451 

ammonium chloride. Electrodes were poised at the equilibrium potential of 0.07 V vs. 452 

Ag/AgCl for 50 s upon the addition of the ammonium chloride and then stepped to -453 

0.3 V vs. Ag/AgCl for 50 s over which time, the coulometric responses were 454 

monitored. Cathodic currents are shown as positive. Ammonium chloride 455 

concentration increases in the direction of the arrow from 0, 0.1, 0.5, 1, 5, 10, 50 and 456 

100 mM. 457 

 458 

Fig. 2. The effect of time on the coulometric response from the nanoPANI/Urease 459 

biosensor in the presence of 5 mM urea. Chronoculometric response taken at 50 s 460 

following step potential from 0.07 V to -0.3 V vs. Ag/AgCl. All measurements were 461 

performed at 25±1
o
C (n=3). 462 

 463 

Fig. 3. Calibration of the nanoPANI/Urease sensor after addition of urea, pre-464 

incubation at 0.07 V for 150 s and stepped to -0.3 V vs. Ag/AgCl, followed by 465 

measurement of cathodic charge passed after 50 s (n=3). From 2 to 12 mM, slope = 466 

6.7 µC/mM, intercept = 60.1 µC, r
2
=0.98. 467 

 468 

Fig. 4. Correlation of the nanoPANI/Urease biosensor with a spectrophotometric 469 

enzyme assay kit for the determination of urea in 15 human serum samples. Intercept 470 

= 0.89, slope = 0.84 and r
2
 = 0.85. Inset shows the cluster of 14 samples from 5.8 to 471 

6.8 mM. 472 

 473 

Fig. 5. Bland-Altman plot comparing the nanoPANI/Urease biosensor (Test) with the 474 

spectrophotometric assay (Reference). 475 

 476 

 477 
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Fig. 2. 481 
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Fig. 3. 499 
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Fig. 4. 518 
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Fig. 5. 536 
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