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A simple 3D printed microfluidic device for point-of-care 
analysis of urinary uric acid 
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ABSTRACT 

Point-of-care testing (POCT) technology allows scientists to monitor and diagnose diseases at 
the patient site, much faster than classical lab-based methods. Herein, a rapid, simple, and 
sensitive 3D printed microfluidic device integrated with smartphone-based on-chip detection is 
described for POCT quantification of urinary uric acid. The device includes two circular inputs 
each connected to a microliter-scale chamber, separated by an integrated porous membrane, 
located between the sample and reagent chambers. The microfluidic device was fabricated from a 
transparent photopolymer using a 3D printer, in a single run. The concentration of uric acid was 
determined based on a chromogenic reaction in which ferrous ion, produced via the reduction of 
ferric ion by the analyte, complexed with 1,10-phenanthroline, and the color was recorded by a 
smartphone. Response surface methodology including a central composed design was utilized to 
evaluate the experimental parameters and subsequent introduction of a multivariate model to 
describe the experimental conditions. Under the optimum conditions, the calibration curve was 
linear over the concentration range of 30–600 mg L−1. The limit of detection was determined to 
be 10.5 mg L−1. The microfluidic device was successfully utilized for the recovery and quantifica-
tion of uric acid in the urine, with recoveries ranging from 91.7 to 99.7%.  

Keywords: 1,10-phenanthroline, 3D printing, colorimetric detection, microfluidic, point-of-care 
testing, smartphone-based on-chip detection, uric acid, urine. 

Introduction 

Uric acid (7,9-dihydro-1H-purine-2,6,8(3H)-trione), composed of welded rings of imid-
azole and pyrimidine, is the end breakdown product of dietary or endogenous purines.[1] 

Uric acid concentration in urine and blood serum for healthy persons is within the ranges 
of 250–750 mg L−1 and 15–80, respectively. Diseases such as leukemia, hyperuricemia, 
Lesch–Nyhan syndrome, gout, lymphoma, and renal failure cause high levels of serum 
uric acid (SUA) and consequently high levels of uric acid in the urine.[2] Moreover, high 
uric acid levels can be associated with diabetes and high cholesterol.[3] Accordingly, 
monitoring uric acid levels in blood and urine is a very useful marker for disease 
diagnosis. Various analytical methods have been reported for the measurement of uric 
acid in human urine and blood, which can be classified into enzymatic and non- 
enzymatic methods. Uricase catalysts fit in the enzymatic methods and generate carbon 
dioxide, allantoin, and hydrogen peroxide from uric acid. Uric acid concentration is then 
determined by measuring hydrogen peroxide.[4] In the non-enzymatic procedure, uric 
acid is determined directly, for example using electrophoresis,[5] liquid chromatogra-
phy,[6] spectrofluorimetry,[7] or electrochemical methods.[8] Although these procedures 
have acceptable sensitivity and selectivity for the measurement of uric acid, they are lab- 
based techniques, time-consuming, and generally need large sample volumes and expen-
sive instrumentations. To address this challenge, many efforts have been dedicated to 
developing simple and low-cost portable devices for point-of-care testing of clinical 
markers, like uric acid.[9] Micro total analysis systems or lab-on-a-chip systems have 
been introduced in recent years to reduce analysis time, labor, and cost of chemical 
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analysis of biological, clinical, and environmental samples, 
particularly based on microfluidic chips.[10–12] Microfluidic 
technologies have well proven their reliability and applica-
bility for the preparation of point-of-care testing (POCT) 
devices for disease screening and on-site diagnosis, due to 
their useful features of high throughput, high speed, low- 
cost, low sample consumption, and simplicity.[13] 

So far, different microfluidic systems have been used for 
diagnosis and monitoring diseases such as diabetes, cardio-
vascular disease, renal disease, and cancer.[14] Rossini et al. 
employed a paper-based microfluidic analytical device for 
the simultaneous quantification of uric acid and creatinine 
in urine.[15] Chen et al. used a 3D-printed paper-based 
microfluidic device and used it for bienzyme colorimetric 
determination of uric acid and glucose in human serum.[16] 

However, traditional technologies to produce microfluidic 
devices such as soft lithography, laser ablation, micro- 
machining, hot embossing, and injection molding are 
expensive, require skilled operators, and sophisticated 
instruments. They have also limited options for the prepa-
ration of biocompatible systems.[17,18] 

3D printing technology is a promising alternative to 
address these limitations and can be used for low-cost and 
fast fabrication of micro/mesofluidic devices with complex 
geometry with high repeatability.[19] Among different com-
mercially available 3D printing technologies, PolyJet is 
preferred for the fabrication of small objects with more 
details and fine surface finishing like microfluidic devices 
that need higher structural resolution.[20] In PolyJet print-
ing, liquid photopolymers are jetted through linearly 
arranged nozzles and the resultant microdroplets sprayed 
onto the build surface, where the materials are solidified by 
being irradiated using ultraviolet light. These printers have 
a high throughput but offer a limited selection of photo-
polymer build materials.[21] 

This research reports and evaluates a low-cost and simple 
microfluidic device for POCT quantification of uric acid in 
urine. The 3D printed microfluidic device was fabricated by a 
transparent photopolymer by a PolyJet printer in a single run 
and employed for indirect image-based colorimetric determi-
nation of uric acid using a smartphone. The influential parame-
ters on the performance of the smartphone-based microfluidic 
system were optimized via a response surface methodology 
(RSM) including central composite design (CCD). 

Experimental section 

Chemicals and apparatus 

Analytical reagent grade uric acid, 1,10-phenanthroline, Fe 
(NO3)3.9H2O and all other acids, bases, and salts were 
purchased from Merck (Darmstadt, Germany). A standard 
stock solution (1000 µg mL−1) of uric acid was prepared in 
0.05 mol L−1 sodium hydroxide solution. The working 

standard solutions were made by diluting the corresponding 
stock solution with 0.01 M phosphate-buffered saline solu-
tion (pH ~7.4). PolyJet water-soluble support material 
(SUP7070) and build material (VeroClear™ RGD810, trans-
parent photopolymer) were provided by Stratasys (Eden 
Prairie, MN, USA). An Objet Eden260VS 3D printer from 
Stratasys was used for 3D printing of the chips with a 
resolution of 600 × 600 × 1600 dpi and a 16-μm layer 
thickness. An Orbital Shaker SO1 from Stuart Scientific 
(Staffordshire, UK) was utilized to remove the support mate-
rial from the chips by washing with 0.2% NaOH solution. 
A Shimadzu UV-1650 PC spectrophotometer was used 
to record absorption spectra of uric acid and Fe2+/1, 
10-orthophenanthroline complex. 

Design and fabrication of microfluidic chip 

The microfluidic device with an integrated membrane 
between the chambers was printed using the PolyJet printer 
in a single run as described previously.[21] Briefly, the chip 
was first designed by Version 2016 AutoCAD software 
(Autodesk Inc., CA, USA). The CAD files were then trans-
formed to STL format and sliced into G-codes (ready to 
print) by KISSlicer PRO software. The chip contains two 
35-μL chambers interconnected by a porous membrane. 
Each chamber has a circular hole as input. The sample 
chamber was designed in a rectangular shape, with a trian-
gular channel reagent chamber. 

The dimensions of the microfluidic device were 
40 × 20 × 1.4 mm. After printing, surplus layers of the sup-
port were first removed using a knife, and the chips were 
rinsed several times with 0.2% NaOH solution. Then, they 
were soaked in 0.2% NaOH solution and shaken for 24 h, for 
the complete removal of the support material and cleaning 
of the chambers. Finally, the microfluidic devices were dried 
at ambient temperature on a clean aluminum foil and kept 
in sealed plastic bags. To avoid the adsorption of analytes 
onto chambers and the membrane, each microfluidic device 
was used in a single test. 

Results and discussion 

Smartphone-based colorimetric microfluidic 
determination of uric acid 

Uric acid is a strong electron donor (reducing agent), and 
this characteristic was exploited to develop a strategy for 
its determination via a smartphone-based colorimetric 
microfluidic method.[22] For this purpose, first, ferric 
ion (Fe3+) was reduced by uric acid and converted to 
ferrous ion (Fe2+). Then, ferrous ion was reacted with 
1,10-phenanthroline to form ferroin (a 1:3 complex, 
[Fe(phen)3]2+) and immediately generated a pale-yellow 
color in the pH range 2–9. Ferroin is a suitable redox 
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indicator and is widely applied in titrimetry, particularly 
cerimetric titration. Its color change is reversible and very 
fast. The color of Ferroin solutions is stable for several weeks 
at temperatures up to 60°C. The overall reaction of Fe3+ 

with uric acid in the presence of 1,10-phenanthroline is 
depicted in Fig. 1. 

For colorimetric determination of uric acid using the 
microfluidic device, 35 μL uric acid solution (sample) was 
injected into the rectangular chamber and then 35 µL of 
chromogenic reagent (Fe3+1,10-phenanthroline) mixture 
was injected into to the triangular chamber and left to 
equilibrate (room temperature, 12.5 min). 

Fig. 2 shows the images of a microfluidic device before 
and after the injection of the chromogenic reagent and 
sample. The sample chamber was colorless at first but 
turned pale yellow as the chromogenic reagent began to 
penetrate the sample. After completing color development, 
the sample chamber turned red. Then, a smartphone 
was used to photograph the microfluidic devices at a dis-
tance of 10 cm. The processing of the obtained images was 
accomplished using Image J (https://imagej.nih.gov/ij). 
The recorded intensities were transformed to greyscale 
after subtracting the intensity of the background. Then 
the responses of the samples were compared to a standard 
calibration graph. The design that illustrates the whole 
set operating protocol for the smartphone-based colori-
metric determination of urinary uric acid is shown in 

Supplementary Fig. S1 and the injection, color development, 
and data processing steps are depicted in Supplementary 
Fig. S2. 

Optimization of the smartphone-based 
colorimetric method using RSM-CCD 

RSM uses a low-order polynomial equation in a predefined 
range of a set of independent variables. It is then analyzed to 
determine the optimal values of the variables in order to 
obtain the best response.[23] Multivariate optimization is 
faster than a one-at-a-time strategy and requires fewer 
experimental runs. It is also able to clarify the interactions 
between the factors. Therefore, response surface methodol-
ogy was used to identify the parameters that had the great-
est influence on the chromogenic reaction, including 
reaction time, the concentration of ferric ion, and concen-
tration of 1,10-phenanthroline. CCD, as a response surface 
strategy, combines a two-level factorial design with a star 
design and center points.[24] The number of experimental 
runs (N) for a CCD with k factors and Cp center points is 
defined by: 

N k k C= + 2 +2
p (1)  

Three factors were defined as reaction time (min), concen-
trations of 1,10-phenanthroli (mol L−1), and concentrations 

Injection
Color

development

Chromogenic
reagent

Sample

(a) (b) (c)

Fig. 2. The microfluidic device before injection (a), after injection of sample and chromogenic 
reagent (b), and after complete color development (c).   
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Fig. 1. The reaction of uric acid with ferric ion in 
the presence of 1,10-phenanthroline and formation 
of ferroin.   
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of Fe3+ (mol L−1), at five center points (Supplementary 
Table S1). This means that 20 test runs had to be performed. 
The experimental matrix was designed using Minitab 19 
statistical software (Minitab Inc., State College, PA, USA). 
The CCD experimental matrix and the obtained responses 
are given in Supplementary Table S2. Color intensity, 
recorded by the smartphone, was selected as the response. 

A second-order polynomial equation has resulted from 
the multiple linear regression (Eqn 2). It explains the rela-
tionship between color intensity and the experimental 
factors as: 

A B
C A B

C AB AC
BC

Intensity = 92.07 + 10.086 + 1517.9
+ 1879.6 0.350 6243

18842 31.48 + 20.12
2616

2 2

2

(2)  

A two-way ANOVA was employed to compare the differ-
ences in the responses. The ANOVA was performed using 
Fisher statistical analysis and the results are shown in 
Supplementary Table S3. Based on the results, all studied 
variables had significant effects on the response (P < 0.05). 
A P-value of less than 0.05 indicates a parameter that is 
statistically significant, at 95% confidence level. The ‘Lack 
of Fit’ for the F-value is 0.682, which demonstrates it isn’t 

significant relative to the pure error, confirming the validity 
of the second-order polynomial model. Furthermore, the 
high coefficient of determination R2 (99.83%), adjusted 
R2 (99.61%), and predicted R2 (99.32%) show an acceptable 
correlation between the experimental variables and the 
selected model.[25] In addition, the response surface plots 
(Fig. 3a) were used to optimize the variables and evaluate 
the interactive effects of the independent factors, while the 
other factors were kept constant at their optimal values. 
As the results show, the optimum values of reaction 
time, the concentration of Fe3+, and the concentration of 
1,10-phenanthroline were predicted 12.5 (min), 0.05 (mol L−1), 
and 0.08 (mol L−1), respectively. Fig. 3a also shows 
that the color intensity increases with reaction time to 
12.5 min and then decreases. On the other hand, raising of 
Fe3+ and phenanthroline concentrations leads to an increase 
in color intensity with reaction time. The contour plots are 
presented in Fig. 3b, showing that there is no direct linear 
relationship between the selected independent variables. 

The interaction between the parameters is shown in the 
plot interaction diagram (Supplementary Fig. S3). Non- 
parallel lines indicate the interaction between parameters. 
The diagram shows there are interactions between Time/ 
Cphen and Time/CFe3+, but there is no interaction between 
Cphen/CFe3+. 
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Fig. 3. (a) Response surfaces obtained from the central composite design, (i) Fe3+ concentration vs reaction time, (ii) reaction 
time vs phenanthroline concentration, and (iii) Fe3+ concentration vs phenanthroline concentration. (b) Contour plots obtained 
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Analytical figures of merit and real sample 

The smartphone-based colorimetric method proposed in this 
research was evaluated by obtaining the analytical figures 
of merit, including, the limit of detection (LOD), relative 
standard deviation (RSD), and linear dynamic range (LDR). 
The calibration graph was linear over the range of 
30–600 mg L−1 (R2 = 0.992). The LOD (three times the 
blank’s standard deviation, 3σ) was 10.5 mg L−1. RSD for 
six replicated analyzes of a sample containing 250 mg L−1 of 
uric acid was found to be 7.9%. The calibration graph and 
color change for different concentrations of uric acid 
obtained while generating the calibration graph are pre-
sented in Supplementary Figs S4 and S5, respectively. 

To assess the applicability of the developed method for 
real samples, it was utilized for the measurement of uric acid 
in three human urine samples, collected from a local 
Pathobiology Laboratory (Khoramabad, Iran), in accordance 
with relevant guidelines and regulations. To ensure the accu-
racy and reliability of the obtained results, all samples were 
also fortified with a standard solution at three levels (close to 
low-quality control (LQC), medium quality control (MQC), and 
high-quality control (HQC)) according to the International 
Council for Harmonisation of Technical Requirements for 
Pharmaceuticals for Human Use recommendations[11,26] and 
subjected to the developed method in triplicate (Table 1). 
Recoveries were obtained in the range of 91.7–99.7%, demon-
strating that the proposed microfluidic device and smartphone- 
based colorimetric procedure can be successfully applied for 
the determination of uric acid in urine samples. 

For further evaluation of the reliability and validity of the 
developed method, its analytical performance was com-
pared with similar published studies on the determination 
of uric acid.[9,15,16,27] The results (Table 2) showed that the 

Table 1. Recovery of uric acid from human urine samples spiked at 
three levels within the LDR.      

Sample Uric acid concentration (mg L−1) Recovery (%) 

Added Found   

Urine (1)  0 0.1  –  

100 92.0 (10.9)  92.0  

250 249.9 (8.6)  99.7  

400 390.5 (7.1)  97.9  

0 0.06  – 

Urine (2)  100 91.5 (10.1)  91.7  

250 230.5 (7.6)  92.3  

400 379.2 (5.7)  94.6  

0 0.1  – 

Urine (3)  100 94.4 (8.4)  94.0  

250 237.9 (6.9)  95.4  

400 385.2 (5.1)  96.2 

RSDs in parentheses were calculated beads on six replicated experiments.  T
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LOD of the proposed procedure is lower than other reported 
methods, except for the method that utilized chitosan to 
improve the analytical response of enzymatic bioassay via 
gel documentation.[9] The RSD is also comparable to the 
values reported for the listed procedures. These studies used 
photographic cameras,[27] benchtop spectrophotometers,[15] 

and benchtop scanners,[9] the former two of which impede 
the portability and point-of-care use of these systems. The 
only portable setup used in these studies (Table 2) is a 
Sigma-Aldrich ALT assay kit; however, the widespread use 
of this method would be limited by the high cost of the 
measurement kit (each kit sufficient for 100 colorimetric or 
fluorometric tests costs AU$668, as of 30 March 2022). In 
contrast, the procedure presented here uses a simple and 
low-cost colorimetric setup, integrated into a microfluidic 
chip, and is suitable for real-time and point-of-care analysis 
of uric acid. 

As can be seen from Table 2, μPADs are a serious 
competitor to other microfluidic devices for the point-of- 
care determination of uric acid. Obviously, they are 
mostly cheaper than 3D-printed microfluidic devices.[28,29] 

However, 3D-printed microfluidic devices have some advan-
tages over μPADs that cannot be ignored. 3D-printing pro-
duces highly reproducible microfluidic devices, whereas it is 
almost impossible to create μPADs with the same physico-
chemical properties due to the complex nature of paper 
chemistry. On the other hand, the moisture content of 
paper material changes rapidly in different weather condi-
tions and can seriously affect its capillary characteristics, as 
the basic mechanism for paper-based microfluidic analysis. 
Additionally, being rigid materials, they are more robust 
and efficient than paper-based microfluidic devices (paper 
is flexible and its shape changes with moisture). 

Interference study 

Other natural compounds present in the urine can have 
adverse effects on the colorimetric determination of uric 
acid content. To evaluate the applicability of the prosed 
method to real samples with complex matrix, uric acid 
was determined in the presence of various possible inter-
fering compounds. The results are presented in Table 3, and 
show that most of the tested species did not interfere with 

the uric acid, even in high concentration levels (up to 110 
times). However, ascorbic acid showed an interference 
effect at a concentration ratio of 40, likely due to its reduc-
ing potential. However, such a high concentration is 
unlikely to occur because the normal range of uric acid 
and ascorbic acid in urine is 35–72 and 6–20 mg L−1, 
respectively, which is far from the tested ratio of 40. 
However, suppose the concentration of ascorbic acid is too 
high (for any reason) to interfere with uric acid. In that case, 
it can be easily removed from the urine sample by bubbling 
air into the sample solution. 

Conclusion 

A smartphone-based colorimetric method using a 3D-printed 
microfluidic device was successfully applied for the quanti-
fication of urinary uric acid. The smartphone-based color 
imaging and data processing provide a simple digital read-
out for accurate colorimetric determination without the 
need for sophisticated spectrophotometric detectors. The 
central composed design was used to optimize the influen-
tial variables to minimize the number of experiments in the 
optimization process, as well as to reveal the significance of 
the variable and their interactions. Under the optimized 
conditions, low LOD, wide LDR, and acceptable recovery 
and reproducibility were achieved. The results showed 
that the suggested device and strategy can be utilized as a 
simple, low-cost, and easy-to-operate alternative for POCT 
analysis of biomarkers in human urine, to be used for eva-
luation of renal function and monitor kidney function. 

Supplementary material 

Supplementary material is available online. 
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