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Abstract 10 

The lab-on-a-chip (LOC) field has witnessed an excess of new technology concepts, 11 

especially for the point-of-care (POC) applications. However, only few concepts reached the POC 12 

market often because of challenging integration with pumping and detection systems as well as 13 

with complex biological assays. Recently, a new technology termed SIMPLE was introduced as a 14 

promising POC platform due to its features of being self-powered, autonomous in liquid 15 

manipulations, cost-effective and amenable to mass production. In this paper, we improved the 16 

SIMPLE design and fabrication and demonstrated for the first time that the SIMPLE platform 17 

can be successfully integrated with biological assays by quantifying creatinine, biomarker for 18 

chronic kidney disease, in plasma samples. To validate the robustness of the SIMPLE technology, 19 

we integrated a SIMPLE-based microfluidic cartridge with colorimetric read-out system into the 20 

benchtop Creasensor. This allowed us to perform on-field validation of the Creasensor in a 21 

single-blind study with 16 plasma samples, showing excellent agreement between measured 22 

and spiked creatinine concentrations (ICC: 0.97). Moreover, the range of clinically relevant 23 

concentrations (0.76 – 20 mg/dL), the sample volume (5 µL) and time-to-result of only 5 min 24 

matched the Creasensor performance with both lab based and POC benchmark technologies. 25 

This study demonstrated for the first time outstanding robustness of the SIMPLE in supporting 26 

the implementation of biological assays. The SIMPLE flexibility in liquid manipulation and 27 

compatibility with different sample matrices opens up numerous opportunities for 28 

implementing more complex assays and expanding its POC applications portfolio. 29 
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 34 

1. Introduction 35 

Since their introduction more than twenty years ago, lab-on-a-chip (LOC) devices generated 36 

high interest and expectations within the microfluidics community and beyond [1–3]. In 37 

particular, their intrinsic properties such as miniaturization, integration of different laboratory 38 

processes, rapid time-to-result (TTR) and low cost fabrication, envisaged their bright future for 39 

point-of-care (POC) testing [3,4]. However, despite the initial excitement, the LOC devices that 40 

found their way to the POC market continue to be greatly outnumbered by those remaining in 41 

the research environment. This phenomenon can be mostly explained with two arguments. 42 

First, researchers have been often focusing on increasing the versatility and thus also the 43 
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complexity of the microfluidic chips without simultaneously working on their integration with 44 

pumps and readout systems. As a consequence, lab-on-a-chip became chip-in-a-lab and resulted 45 

in small microfluidic chips needing bulky instrumentation to operate, which is suitable for 46 

research purposes but not for POC applications [3,5]. Second, the trend in the LOC community 47 

for many years was to develop new technologies rather than to integrate the existing ones with 48 

biological applications and make them more robust and user-friendly for non-technical users 49 

[6,7].  50 

Number of autonomous and self-powered microfluidic approaches tried to address the 51 

integration and portability aspects. For instance, systems based on capillary forces of intricate 52 

microstructures were introduced as capable of drawing liquids into a microfluidic network and 53 

performing complicated multi-step assays [8]. However, these systems required 54 

hydrophilization of the surfaces to obtain the capillary effect increasing the complexity and cost 55 

of the fabrication. Other platforms were based on the so called “degas-driven flow” concept [9–56 

13], which takes advantage of the inherent high porosity and air solubility of PDMS. However, 57 

this approach was limited to permeable materials while the control over flow rate and timing 58 

was challenging. A third promising approach was paper-based microfluidics where paper is 59 

exploited as pumping element relying on capillary action to move liquids. The paper strip was 60 

often patterned with different reagents at different locations with the final goal to perform 61 

multi-step tests [14–17]. Although promising, the performance of the bio-assay integrated on 62 

the paper-based microfluidic platforms is often hampered by the irreproducible fluid control, 63 

the narrow range of flow rates and the interaction of the sample with the matrix.  64 

More recently, a new self-powered pumping concept has been introduced, being the 65 

Self-powered Imbibing Microfluidic Pump by Liquid Encapsulation (SIMPLE) [18] which works 66 

in pulling mode. Although the potential of this technology for POC applications is enormous due 67 

to its versatility in terms of flow rate and liquid volume, autonomy in liquid manipulation, low 68 

cost, ease-of-fabrication and suitability for mass-replication it has not been combined so far 69 

with any biological application. Therefore, in this paper we show for the first time that the 70 

SIMPLE platform can be effectively integrated with a model bioassay, i.e. an enzymatic assay for 71 

quantification of creatinine. Creatinine is the golden standard biomarker for chronic kidney 72 

disease (CKD) and it is sufficient for diagnosing this disease and monitoring of its progress [19–73 

21], which is a medical condition associated with the gradual loss of kidney function, leading to 74 

kidney transplantation in the acute cases [22]. Moreover, starting from the previously published 75 

SIMPLE concept, in this paper we improve the fabrication and design process. To validate the 76 

robustness of the SIMPLE technology, we further combine SIMPLE-based microfluidic cartridge 77 

(Creacard) with colorimetric read-out system into the fully integrated Creasensor device. Using 78 

Creasensor, we quantify creatinine directly in a plasma matrix within the entire clinically 79 

relevant concentration range and we validate on-field the performance of the device in a single-80 

blind study. We finally benchmark the performance of the newly developed SIMPLE biosensor 81 

with the well-established laboratory-based and POC platforms for creatinine diagnostics.  82 

 83 

2. Materials and methods 84 

2.1. Reagents and materials  85 

All buffer reagents and creatinine anhydrous (98% purity) were purchased from The Merck 86 

group - Sigma Aldrich (Belgium), as well as creatinine standard solutions, creatinine assay 87 

buffer, creatinine probe, creatininase, creatinase and creatinine enzyme mix, which were 88 
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obtained from the Creatinine Assay kit (MAK080). Bovine plasma heparin NA was supplied by 89 

Tebu-Bio (Belgium). All solutions were prepared using deionized water purified with a Milli-Q 90 

50 ultrapure water system (Millipore, Belgium). Double-sided pressure sensitive adhesive (PSA) 91 

tape (200MP-7945MP) was provided by 3M (USA). PVC transparent foils of two different 92 

thicknesses (180 and 300 µm) were utilized. Whatman qualitative filter paper grade 6 was 93 

acquired from The Merck group - Sigma Aldrich (Belgium). The following components were 94 

used for the electronic circuits: TLLG440 green LEDs (Vishay, USA), TMP36GT9Z temperature 95 

sensor (Analog Devices, USA), VNP20N07 mosfet (ST, USA), Arduino UNO (Arduino, Italy), 96 

TSL257-LF light-voltage converter (Austria Micro System, Austria), 5V heating pad (SparkFun 97 

Electronics, USA), power bank 2 USB Ports 10000 mAh (TP-Link, China), Gameduino 2 (Adafruit, 98 

USA) and resistors, wires and two-ways switches from AITEC (Belgium). FB570-10 bandpass 99 

filter was acquired from Thorelabs (USA). Black PMMA plates (3 mm thick) were cut with a 100 

speedy 100R laser cutter from Trotec (Austria).  101 

 102 

2.2. Fabrication of the microfluidic cartridge, colorimetric read-out and integrated 103 

Creasensor device 104 

The microfluidic cartridge, Creacard, was fabricated according to the low-cost and rapid 105 

prototyping method presented in Yuen et al. [23], and Dal Dosso et al. [24]. The microfluidic 106 

network was cut in different PSA layers by using a digital tabletop craft cutter (Maxx Air 24”, 107 

KNK, USA). The Creacard was divided in two units: a pump, termed the SIMPLE unit [18] and 108 

the detection unit. These two units were connected to each other via the connection hole 109 

(Figure 1A). 110 

In the SIMPLE unit, the PSA layer was sandwiched between a bottom (300 µm) and top 111 

(180 µm) PVC layer. The top layer was designed with connection, prefilling and vent holes. A 112 

porous material, in this case filter paper (Grade 6, Whatman) shaped with the digital craft 113 

cutter, was inserted into its chamber during the assembly (Figure 1A).  114 

The detection unit was fabricated with four PSA layers, where the inlet channel was 115 

connected to the top part of the detection unit, while the outlet channel, coupled to the SIMPLE 116 

unit via the connection hole, was positioned at the bottom of the detection unit (Figure 1A). The 117 

chamber of the detection unit was designed with a height of 508 µm (Figure 1B, side view). 118 

After fabrication, the working liquid was prefilled through the prefilling hole bringing the 119 

working liquid close to but not in contact with the porous material, as previously described [18], 120 

which was then sealed. In this case, blue food dye diluted in distilled water (1:100) was used as 121 

working liquid. A side and a top view of the final assembled and prefilled Creacard is depicted in 122 

Figure 1B. 123 
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 124 
Figure 1 Overview of the Creacard (microfluidic cartridge), colorimeter and integrated Creasensor. A) 125 
Fabrication of the Creacard comprising the SIMPLE unit and the detection unit. The assembly sequence of 126 
the cartridge is presented with red arrows and numbers. B) Top view of the assembled and prefilled 127 
Creacard and side view of the detection unit (chamber height = 508 µm). C) Exploded view of the main 128 
components of the colorimeter. D) Exploded view of the Creasensor with the colorimeter, an Arduino 129 
microcontroller, power banks and a screen. E) Photo of the final Creasensor device in use. 130 

The Creasensor was designed and built to provide a robust and fast read-out for 131 

creatinine measurements using a colorimeter (Figure 1C). Here, the light of six green LEDs was 132 

filtered by a band-pass filter to select the proper wavelength (570 nm) that matched the 133 

bioassay requirements. After passing through the detection zone of the microfluidic cartridge, 134 

the filtered light reached the photosensor. The detection zone was specifically designed to be 135 

higher than the rest of the cartridge channels in order to ensure a sufficient path length for the 136 

colorimetric read-out. In fact, longer path lengths, in agreement with the Beer-Lambert law, are 137 

preferred to measure absorbance of a sample, since it is intimately dependent on the path 138 

length. The different layers of the colorimeter were made with black PMMA plates and inserted 139 

in a compact black box to force the light going only through the desired path and to prevent any 140 

external light affecting the measurement. The colorimeter box had only one opening for 141 

inserting the cartridge and, integrated on the cartridge slot plate, a heating pad and a 142 

temperature sensor. The heating pad and temperature sensor were integrated in the Creasensor 143 

to ensure environment with a controlled temperature. In particular, the heating pad was used 144 

for generating heat to reach 37 °C in the colorimeter chamber, while the temperature sensor, 145 

controlled by the Arduino microcontroller, was used for real-time monitoring of the 146 

temperature in order to determine when to switch on/off the heating pad. The colorimeter was 147 
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placed in the final device with all the other components: a microcontroller (Arduino Uno), which 148 

controlled both the photosensor and temperature sensor and processed the data, an LCD screen 149 

where the results were displayed and two power banks that provided enough power to the 150 

components (Figure 1D). Three switches were placed on the front panel to easily switch on/off 151 

the light source, the microcontroller and the heating element. Detailed electronic schemes and 152 

connections are presented in supplementary information (Figure S1, Figure S2, Figure S3). The 153 

final assembled Creasensor during operation is presented in Figure 1E. 154 

 155 

2.3. Creatinine enzymatic assay in buffer for POC application 156 

Creatinine samples were prepared by diluting a 100 mM creatinine standard in 50 µL of 157 

creatinine assay buffer (previously equilibrated to RT) to obtain different final concentrations of 158 

creatinine ranging from 0 to 2.26 mg/dL (0, 0.45, 0.90, 1.35, 1.81, 2.26 mg/dL). These solutions 159 

were mixed with 50 µL of creatinine master mix in a 96-well plate (Costar 3590, Corning, USA). 160 

The master mix was prepared by mixing 2 µL of creatinine probe (previously heated at 37 °C for 161 

3 min in water bath), 2 µL of creatinase, 2 µL of creatininase, 2 µL of enzyme mix and 42 µL of 162 

creatinine assay buffer. After thorough mixing, the absorbance was measured using a 163 

microplate reader plate (SpectraMax® M Series Multi-Mode microplate reader, Molecular 164 

devices, USA) at 570 nm every 5 min for a period of 60 min, while incubating at 37 °C. More 165 

details on the enzymatic cascade are presented in Section 3 of the Supplementary Information. 166 

To optimize the assay for integration with Creasensor (i.e. POC application), a smaller sample 167 

volume (i.e. 20 µL) was spiked with creatinine and mixed with 20 µL of creatinine master mix 168 

(by proportionally scaling down all assay components). The obtained 40 µL of sample was used 169 

for loading the Creacard. 170 

 171 

2.4. Optimized creatinine assay on the Creasensor 172 

In order to calibrate the Creasensor, the bioassay was first optimized in bulk with plasma 173 

samples, as described in Section 4 of the Supplementary information, followed by 174 

implementation on the Creacard and measuring with the colorimeter. Six different 175 

concentrations of creatinine were spiked in 5 µL of plasma and diluted in 35 µL of creatinine 176 

master mix (1:8 dilution factor) to obtain final concentrations of 1, 2, 4, 8, 16 and 20 mg/dL. For 177 

each concentration, the total obtained volume of 40 µL was loaded on the Creacard. The 178 

cartridge was subsequently activated by a fingertip press on the activation zone and inserted in 179 

the colorimeter after 90 s (allowing the sample to completely fill the detection zone) to start the 180 

measurement. The measurement was stopped 5 min after mixing of the sample and the master 181 

mix. A linear regression was performed on the real-time photosensor signal to obtain the slope 182 

of the signal curve, which is proportional to the creatinine concentration. Detailed signal 183 

processing procedure is presented in Section 5 of the Supplementary Information. 184 

 185 

2.5. On-field validation of the Creasensor device 186 

The Creasensor was validated in a single-blind study with 16 concentrations of creatinine in the 187 

range of 0 – 20 mg/dL spiked in blood plasma. The amount of creatinine in these biological 188 

samples was quantified following the procedure described in Section 2.4. When the unknown 189 

samples were measured with the Creasensor, the results were compared with the respective 190 

creatinine concentrations and the intraclass correlation coefficient (ICC) [25] was calculated 191 
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with the statistical package R (version 2.11.1, The R foundation for Statistical Computing, 192 

Austria). 193 

 194 

3. Results and discussion 195 

3.1. Development of the microfluidic cartridge and Creasensor device 196 

To develop a fully integrated SIMPLE-based biosensor for creatinine quantification, two main 197 

parts were designed and built in this work: (i) the Creacard (Figure 2), a microfluidic cartridge 198 

based on the SIMPLE concept [18] and (ii) a portable colorimetric read-out system. The main 199 

role of the SIMPLE-based cartridge was to efficiently pull the sample into the microfluidic 200 

network in order to obtain a standardized filling of the detection zone. The cartridge was 201 

prefilled with working liquid (blue) through the prefilling hole, while a droplet of sample (pink) 202 

was deposited on the inlet hole (Initiation). The working liquid can be seen as the “fuel” of the 203 

pump (i.e. porous material) that never gets in contact with the sample. The pump was then 204 

simply activated by a fingertip press on the activation zone, bringing the working liquid in 205 

contact with the porous material (Activation). The absorption of the working liquid by the 206 

porous material caused a reduced pressure in the inlet channel, pulling the sample into the 207 

microfluidic network (Operation). The pump was designed to stop when the detection zone was 208 

completely filled due to complete absorption of working liquid (Termination). The design of the 209 

microfluidic network was optimized to ensure a consistent, complete filling of the detection 210 

zone without bubble formation. The total pump operation time was about 90 s, providing fast 211 

liquid manipulation.  212 

The colorimetric read-out system of the Creasensor was developed as described in 213 

Section 2.2. Before integrating the optimized bioassay into the Creasensor (see Section 3.4), the 214 

stability of the photosensor signal and of the temperature over time were tested. Hence, the 215 

baseline signal of the photosensor (i.e. when no cartridge was inserted) was recorded over 45 216 

min and analyzed. A negligible variation was observed (3.050 ± 0.007 V), proving the 217 

robustness of the read-out system (Figure S4). To check the temperature stability, the Arduino 218 

microcontroller was used to collect the temperature measured by the temperature sensor, 219 

compare it to the desired temperature and switch on/off the heating pad to reach and keep this 220 

temperature (Figure S3). This system was able not only to increase the temperature from RT to 221 

the set temperature (around 37 °C) in about 30 min, but also to keep it constant over time 222 

thanks to the feedback loop integrated in the code. It is important to note that the assay was 223 

performed at 37 °C based on recommendations of the kit manufacturer as well as on the 224 

observed effect of the temperature on the assay performance (Figure S5). 225 
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 226 
Figure 2 Microfluidic cartridge operation. The pump consists of an 1) inlet hole with sample (pink), 2) 227 
detection zone, 3) working liquid chamber with working liquid (blue) and 4) a chamber with porous 228 
material. Schematic representation of the pumping concept is shown on the left side, while the snapshot 229 
photos of the actual experiment are shown on the right side. 230 

3.2. Optimization of creatinine enzymatic assay in buffer for POC application 231 

As a first step towards integration in the Creasensor, the commercially-available enzymatic 232 

assay for creatinine (The Merck group - Sigma Aldrich, Belgium) was optimized in buffer using 233 

microtiter plates for the following two aspects: sample volume (i.e. volume of the buffer needed 234 

for spiking creatinine) and TTR. The aim was to keep the sample volume between 5 and 20 µL, 235 

as this would correspond to the typical volume obtained from finger prick sampling [26], and 236 

the TTR lower than 15 min, since both conditions are preferred for POC applications [27]. 237 

The effect of different sample volumes on the assay performance was investigated by 238 

testing 50 µL, which is the volume suggested by the manufacturer of commercially-available 239 

creatinine kit, and 20 µL. The samples were prepared by spiking in buffer six different 240 

creatinine concentrations to reach final concentrations of 0, 0.45, 0.90, 1.35, 1.81, 2.26 mg/dL. 241 

These concentrations overlap with the typical human reference range of creatinine in blood, 242 

namely between 0.5 and 1.2 mg/dL for healthy people [28], but easily exceeding 6 mg/dL in 243 

patients affected by CKD [29]. When the absorbance was measured at 37 °C every 5 min for each 244 

concentration, obtained kinetic curves revealed that discrimination between all the 245 

concentrations was possible already at 5 min incubation irrespective of the sample volume 246 

(Figure S6). This suggested that the readout, normally done after 60 min incubation of the 247 
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samples with the creatinine master mix for the commercial assay, could be reduced to 5 min. 248 

Hence, a calibration curve for each sample volume was generated plotting the absorbance 249 

measured after only 5 min in function of the creatinine concentrations (Figure 3A). The 250 

response curve was around 73% less steep for 20 µL samples (black curve) compared to the one 251 

built using 50 µL sample (blue curve) in agreement with the Beer-Lambert law. However, both 252 

calculated LODs, 0.006 and 0.059 mg/dL respectively for 50 µL and 20 µL sample volume, were 253 

well below creatinine blood levels in kidney patients. The LOD was calculated as x0 + 3 × s0, 254 

where x0 is the average response for 0 mg/dL creatinine and s0 is the mean standard deviation 255 

for x0.  256 

From these results, and taking into account that lower sample volumes are preferred for 257 

POC devices, 20 µL was chosen for the following experiments, resulting in a total reaction 258 

volume of only 40 µL in buffer matrix once mixed with creatinine master mix. Additionally, 259 

these measurements proved that creatinine can be reliably measured in buffer samples after 260 

only 5 min incubation using this enzymatic reaction, thus reducing the TTR more than 90% 261 

compared to the commercially-available kit.  262 

 263 
Figure 3 Creatinine enzymatic assay optimization for POC application. A) Plots representing the 264 
measured absorbance as a function of the creatinine concentration (0, 0.45, 0.90, 1.35, 1.81, 2.26 mg/dL) 265 
after 5 min incubation time at 37 °C for two different assay conditions: 50 µL (blue) and 20 µL (black) 266 
sample volume in buffer. Linear fits are added (R2= 0.99 for both curves). Error bars represent the 267 
standard deviation based on three repetitions (error bars are the same size or smaller than the symbols). 268 
B) Quantification of creatinine in a plasma matrix (1:8 dilution) after 5 min incubation time. The plot 269 
represents the measured absorbance as a function of the creatinine concentration (0, 1, 2, 4, 8, 16, 32 270 
mg/dL). A linear fit is added for which R2= 0.99. Error bars represent the standard deviation based on 271 
three repetitions. 272 

3.3. Optimization of creatinine detection in a plasma matrix 273 

Because creatinine levels are commonly measured in urine or plasma, the performance of the 274 

optimized enzymatic assay was further tested in a plasma matrix. To do so, the dilution factor of 275 

the samples was investigated to minimize the interference from substances that might be 276 

present in clinical samples and can either increase the background or suppress the specific 277 

signal. As presented in Figure S7, 1:8 dilution factor led to the best signal-to-noise ratio when 278 

using only 5 µL of plasma sample and was selected for building a calibration curve with 279 

different creatinine concentrations.  280 
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Although the commercial enzymatic assay is designed to measure creatinine values in a 281 

narrow range (from 0 and 2.26 mg/dL), the desired POC test should be able to measure 282 

creatinine in a wider range, and hence for this experiment creatinine samples were measured 283 

from 0 to 32 mg/dL using the protocol summarized in Section 4 of the Supplementary 284 

information. The obtained calibration curve is depicted in Figure 3B. A linear trend was 285 

observed over the tested concentration range leading to a calculated LOD of 0.68 mg/dL. When 286 

comparing these results with the ones obtained following the protocol provided in the 287 

commercial kit (blue curve, Figure 3A), it is clear that the standard assay was successfully 288 

adapted to be implemented in a POC platform by (i) significantly reducing the TTR (60 min to 5 289 

min), (ii) minimizing the sample volume (50 µL in buffer to 5 µL in plasma samples) and (iii) 290 

using a clinically relevant matrix (blood plasma instead of buffer). Although the obtained LOD in 291 

plasma was higher compared to the one in buffer, it still remained within the relevant clinical 292 

range of creatinine concentrations in blood. The obtained increase in LOD value can be 293 

explained by the multiple sources of interferences present in the biological matrix, which can 294 

affect the sensitivity of the measurement. Additionally, the dynamic detection range of the assay 295 

was increased to cover a much wider concentration range (0 – 32 mg/dL compared to 0 – 2.26 296 

mg/dL).  297 

 298 

3.4. Integration of the POC creatinine assay with the Creasensor 299 

Next, the optimized bioassay was integrated with the Creacard. For this, the Creasensor was 300 

calibrated using seven known concentrations of creatinine spiked in only 5 µL of plasma 301 

samples with final concentrations covering the clinically relevant detection range for CKD 302 

patients (0, 1, 2, 4, 8, 16, 20 mg/dL). The samples were prepared as presented in Section 2.4. 303 

Because Creacard is designed and fabricated to be disposable (mainly to avoid cross 304 

contamination between different samples), every creatinine sample was measured using 305 

different cartridge.  306 

As already mentioned, an important aspect of the developed read-out system was the 307 

signal processing, which is explained in detail in the supplementary information (Figure S8). 308 

Instead of using the endpoint value, a slope analysis of the enzymatic reaction curve was 309 

adopted. This approach was not affected by the errors caused by small temperature fluctuation 310 

and inter-variability in cartridge fabrication, providing a more stable and reliable read-out 311 

signal. 312 

 The calibration curve generated with this approach showed low variability (CV < 10% 313 

on average) and high linearity (R2 = 0.99) over the whole tested range (grey squares in Figure 314 

4). The Creasensor was able to discriminate between all the different concentrations tested, 315 

reaching an LOD of 0.76 mg/dL. This value was comparable to the one obtained with the same 316 

assay performed in bulk (i.e. 0.68 mg/dL, Figure 3B), demonstrating the robustness and 317 

sensitivity of the Creasensor. Finally, the calibration curve was validated with 5 additional 318 

samples (red squares in Figure 4). To do that, after the measurement, the creatinine 319 

concentration of these samples was back-calculated using this calibration curve. The estimated 320 

values matched the real creatinine concentrations spiked in those samples.  321 

This was the first time a clinically relevant bioassay was implemented on the SIMPLE 322 

microfluidic cartridge and the results were comparable to the one obtained in bulk, proving that 323 

the SIMPLE concept can be effectively applied in biosensor applications. 324 
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 325 
Figure 4 Calibration curve of the Creasensor in a plasma matrix (8 fold diluted) after 5 min incubation 326 
time of the samples. The plot represents the measured slope of the photosensor signal curve as a function 327 
of the spiked creatinine concentration (0, 1, 2, 4, 8, 16, 20 mg/dL) (grey squares). A linear fit is added for 328 
which R2= 0.99. Error bars represent the standard deviation based on five repetitions. The calibration 329 
curve was validated with 5 extra samples (red squares). 330 

3.5. On-field validation of the Creasensor device 331 

The Creasensor was further validated on-field by measuring 16 plasma samples (8 different 332 

concentrations measured in duplicate) in a single-blind study. The samples were processed with 333 

a minimal sample preparation procedure by simply diluting 5 µL of the unknown sample with 334 

the 35 µL of creatinine master mix (Section 2.4), followed by loading the 40 µL mixture onto the 335 

Creacard. Subsequently, the creatinine concentrations in the spiked plasma samples were 336 

determined using the calibration curve shown in Figure S9. After the measurement, the 337 

obtained concentration values were compared with the real spiked creatinine concentrations. 338 

The comparison between the creatinine concentration values measured with the Creasensor 339 

and the actual values showed a high correlation as indicated by the ICC of 0.97, which describes 340 

how strongly the measured values resemble the reference ones (Figure 5). Moreover, for each of 341 

the 8 concentrations measured, 2 independent samples showed similar corresponding 342 

creatinine values, except for the highest concentration. These results, together with the fact that 343 

all 16 samples were measured consecutively in 3 hours, proved the robustness of the 344 

Creasensor device. 345 
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 346 
Figure 5 Validation of the Creasensor in a single-blind study. Measured creatinine concentrations of 16 347 
samples (8 different creatinine concentrations within a physiological range, 0 – 19 mg/dL) were 348 
compared to the spiked creatinine concentrations, showing linear correlation (R2 = 0.95). 349 

Over the years, other strategies for measuring creatinine have been also investigated in 350 

different research group, such as electrochemical [30,31] and optical sensors [32]. However, 351 

none of these have been adopted until now in routine laboratories mainly due to their lack of 352 

sensitivity and specificity, the partially relevant biological matrix used (i.e. urine) or their 353 

dependence on large and complex equipment. If compared with the standard creatinine 354 

detection methods, the developed Creasensor performed similarly or better in all the tested 355 

analytical parameters (see Table 1), demonstrating the strengths of the SIMPLE technology and 356 

Creasensor device. Moreover, it is important to notice that the cartridges of the standard 357 

creatinine detection methods reported in Table 1 refer to those that can measure only 358 

creatinine. 359 

Table 1: Comparison between different commercially available creatinine biosensors and the Creasensor 360 
(adapted from [33,34]). The two most common approaches for clinical determination of creatinine are 361 
shown in the first two columns: the Jaffé method (considered golden standard [35]) and an enzymatic 362 
cascade that converts creatinine into an end-product for colorimetric or fluorescent read-out [29,36]. 363 
They both rely on bulky and expensive equipment, such as Pentra C200. Commercially available iSTAT 364 
(Abbott) is a handheld amperometric biosensor that uses an enzymatic cascade to detect creatinine in 365 
whole blood, and is considered a POC device, although it has high cost (~ $14000). 366 

 Pentra C200 
(Horiba)  

Reflotron 
(Roche) 

i-STAT system 
(Abbott)  

Creasensor 

Readout Colorimetric Dye reflectance Amperometric Colorimetric 

Reaction Jaffé Enzymatic Enzymatic Enzymatic 

Sample type Serum, plasma Whole blood Whole blood Plasma 

Sample volume 9 µL 30 µL 65 µL 5 µl 

Time-to-result 510 s 120 s 120 s 300 s 

Measurement range 0.14-18 mg/dL 0.50-10 mg/dL 0.20-20 mg/dL 0.67-20 mg/dL 

Operating temperature NA 37 °C 37 °C 37 °C 
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Price device ~ $37 000 ~$9 000 ~ $14 000 ~ $300* 

Price cartridge/strip ~ $25 ~ $1.5 ~ $14.5 ~ $5* 

Size Benchtop (95 kg) Benchtop (5 kg) Handheld (0.7 kg) Benchtop (< 1 kg) 

*These values represent an estimated cost of the products 367 

In particular, the SIMPLE platform works in withdrawing mode, thus pulling liquids into 368 

a microfluidic network while offering a wide range of flow rates. No external power is needed 369 

and the SIMPLE system is robust, easy to fabricate and easy to use, inexpensive, and suited for 370 

mass replication technologies, addressing most of the POC requirements. If compared to paper-371 

based microfluidic devices, the sample introduced in the SIMPLE-based cartridge does not get in 372 

contact with the porous material avoiding matrix interferences. Moreover, having the detection 373 

zone in an optically transparent channel allows for different detection methods to be used (i.e. 374 

colorimetric, fluorescence, chemiluminescence). Finally, the flexibility of the SIMPLE concept 375 

towards different sample matrices and liquid volumes combined with unique advantages of 376 

Creasensor device (such as real-time monitoring of the assay reaction, ease-of-use, portability 377 

and low cost) make it a very attractive POC technology for other applications.  378 

 379 

4. Conclusions 380 

In this paper, we presented a fully integrated SIMPLE-based biosensor, named 381 

Creasensor, engineered to detect creatinine in blood plasma samples. The Creasensor combines 382 

fast bioassay on a self-powered SIMPLE microfluidic cartridge (Creacard) with integrated signal 383 

processing unit and a simple but robust colorimetric read-out. The Creacard was designed to 384 

provide efficient sample manipulation and optimal conditions for the read-out system. The 385 

enzymatic bioassay was optimized to (i) meet POC requirements by significantly decreasing the 386 

TTR (from 60 to 5 min) and the sample volume (from 50 to 5 µL) compared to the commercially 387 

available enzymatic kit, (ii) cover clinically relevant concentration range of creatinine (i.e. 0.76 – 388 

20 mg/dL) and (iii) be applied in plasma matrices. Finally, the Creasensor was validated on field 389 

in a single-blind study by measuring creatinine levels in 16 creatinine-spiked plasma samples, 390 

showing excellent agreement between the measured values and the spiked concentrations, as 391 

confirmed with an ICC of 0.97. The developed Creasensor demonstrated equivalent analytical 392 

performance to the golden standards in this field while offering several advantages, such as 393 

real-time monitoring of the assay reaction, ease-of-use, portability and lower cost over many 394 

commercial devices (as indicated in Table 1) 395 

In conclusion, this study showed for the first time that a SIMPLE-based microfluidic 396 

cartridge can completely support the implementation of relevant biological assay. Since the 397 

Creacard is flexible in terms of liquid manipulation and compatible with different bioassay 398 

strategies (i.e. ELISA) and sample matrices (i.e. urine, saliva), one can envision that bioassays for 399 

other relevant biomarkers, such as cholesterol, albumin, troponin and CRP, could easily be 400 

integrated on this innovative microfluidic platform expanding its portfolio of POC applications. 401 

In fact, different combinations of multiple pumps are under development to allow sample 402 

preparation on chip, complex multi-step protocols and different read-out approaches, all in a 403 

self-powered, portable and cost effective manner. Finally, clinical studies with real patients’ 404 

samples will be performed in the future to confirm the SIMPLE platform as valid alternative in 405 

the POCT field.  406 

 407 

 408 
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