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Abstract  In order to improve the efficiency of dis-

ease diagnosis and environmental monitoring, it is de-

sirable to detect the concentration of proteins and met-

al ions simultaneously, since the current popular diag-

nostic platform can only detect proteins or metal ions 

independently. In this work, we developed a colorime-

tric microfluidic paper-based analytical device (µPAD) 

for simultaneous determination of protein (bovine se-

rum albumin, BSA) and metal ions [Fe(III) and Ni(II)]. 

The µPAD consisted of one central zone, ten reaction 

zones and ten detection zones in one device, in which 

reaction solutions were effectively optimized for dif-

ferent types of chromogenic reactions. Fe(III), Ni(II) 

and BSA can be easily identified by the colored prod-

ucts, and their concentrations are in good accordance 

with color depth based on the established standard cu-

rves. The detection limits are 0.1 mM for Fe(III), 0.5 mM 

for Ni(II) and 1µM for BSA, respectively. Best of all, 

we demonstrated the efficiency of the µPAD with ac-

curate detection of Fe(III), Ni (II) and BSA from river 

water samples within 15 minutes. The µPAD detection 

is efficient, instrument-free, and easy-to-use, holding 

great potential for simultaneous detection of cross type 

analytes in numerous diagnostic fields.  

 

Keywords: Microfluidic paper-based analytical de-

vice, Colorimetric detection, Simultaneous, Fe(III),  
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Introduction 

Proteins and metal ions are vital in life processes1-2. 

However, excessive intake of these essential biomol-

ecules can lead to various diseases. For example, ex-

cess proteins can hinder functions of liver and kid-

ney,3 the accumulation of iron increases the risk of 

anemia in the human body4, and a high level of nickel 

causes a variety of cancers5. Therefore, efficient mon-

itoring proteins and metal ions is urgently needed for 

human health.6 Many methods have been used to de-

tect the proteins and metal ions in drinking water, 

food and biological fluids7-11. For instance, the en-

zyme-linked immunosorbent assay (ELISA) can de-

termine proteins sensitively12, inductively coupled 

plasma atomic emission spectrometry (ICP-AES) de-

tects multiple metal ions at very low detection lim-

its13-14, the liquid crystal-based chemical sensors is 

currently explored for detection of multiple metal 

ions effectively15 and the chromatography is able to 

determine multiple metal ions or proteins individual-

ly16-17. However, these techniques require not only 

expensive instruments but also fail to execute the si-

multaneous detection of cross type analytes at a time.  

In the recent ten years, µPADs (microfluidic pa-

per-based analytical devices) coupled with colorimet-

ric assay are particularly attractive due to the instru-

ment-free and easy-to-use features18-20. The specific 

chromogenic reactions in µPADs provide high-con-
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trast color signal, so qualitative analysis is easy to re-
alize by naked eyes21. Sensitive quantified measure-
ments can be further accomplished through daily 
smartphone, iPad or digital camera, combined with 
the supporting software22. For instance, Jayawardane 
et al. performed 15 replicate colorimetric measure-
ments of reactive phosphate on a single µPAD23. 
Fang Li et al. reported a µPAD for multiplexed col-
orimetric determination of six metal ions together24. 
S. Teepoo et al. reported a µPAD for simultaneous 
colorimetric detection of sucrose, fructose and glu-
cose25. Unfortunately, these previous colorimetric de-
tections were still limited to a single type of mole-
cules such as macro molecules or micro molecules in 
one device. In fact, the simultaneous determination of 
two different types of chemical contaminants was re-
alized in food by using μPADs technology, but it 
must be combined with fluorescence and rely on spe-
cial complex instruments and trained personnel26.   

In this work, a simple, rapid and effective colorim-
etric method is developed for the simultaneous detec-
tion of Fe(III), Ni(II) and BSA, as shown in Scheme 1. 
The assay combines a μPAD with different types of 
chromogenic reactions in a device. Four patterns were 
first designed to array in one mask, and then both the 
photoresist type and the spin coating speed were op-
timized for the proper volume of flow passage in a 
μPAD. What’s more, the injection interval time of 

reaction solution was optimized for simultaneous de-
tection. According to the color palette, each color rep-
resent corresponding target, while the varying color 
depth corresponds to changing concentration. The 
calibration curves were further generated by drawing 
the color intensity as a function of concentration. 
Best of all, the convenience and efficiency of our de-
vice were verified by applying it to the detection of 
Fe(III), Ni(II) and BSA in natural river samples. 

 

Results and Discussion 

Effective Control of the Flow Passage Volume 

Suitable volume of flow passage is necessary for si-
multaneous detection of macro and micro molecules. 
The volume of flow passage is well-controlled by op-
timizing the thickness of photoresist in two steps. 
Firstly, photoresist types should be selected carefully. 
The photoresist SU-8 3050 was too sticky to spread 
uniformly on paper and the photoresist SU8 1050 was 
too thin to provide enough volume of flow passage, 
so SU8 GM-1075 was selected and verified in the 
subsequent experiment. Secondly, photoresist should 
be spun at a suitable speed. 1700 rpm was selected 
for spin coating and the thickness of photoresist ob-
tained was 100 ± 10 μm (Figure 1), while in Whites’ 
method the filter paper was soaked in the photoresist  

 

 
Scheme 1. Schematic of the µPAD for simultaneous multiplexed detection of Fe(III), Ni(II) and BSA. 

 

 
Figure 1.  Main steps of fabricating µPADs by UV-exposure method. 
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Figure 2. The injection process and interval time of reaction mixture and colorimetric reagent for detection of Fe(III), Ni(II) and 

BSA. 

 
and the thickness of photoresist was not controlled27-28. 
Compared with other fabrication methods such as 
wax printing and inkjet printing29-32, UV exposure 
method has the advantage of effectively controlling 
the flow passage volume by selecting the appropriate 
SU-8 photoresist type and spin coating speed. 
 
Optimization of the Injection Interval Time of  

Reaction Solution 

To achieve the best performance of the μPAD for 
simultaneous detection of Fe(III), Ni(II) and BSA, 
the injection interval time for each detection was op-
timized as shown in Figure 2. For the detection of 
Fe(III), after reaction mixture solution 1 diffused and 
infiltrated naturally into the detection zone for 1 min, 
phenanthroline can drop into the detection zone, so 
that the chromogenic reaction can be fully carried out. 
For the detection of Ni(II), the optimum injection in-
terval time between the reaction mixture solution 2 
and DMG solution was 5 min, which was the appro-
priate time for diffusion and permeation into the de-
tection zone. The long time led to evaporation of the 
solution, while the short time made the solution dif-
ficult to penetrate completely. For the detection of 
BSA, the injection interval time of 3 mins was a key 
factor for the diffusion and immersion of reaction 
mixture solution 3 into the detection zone, and then 
tetrabromophenyl blue was introduced to the detec-
tion zone. 
 
Colorimetric Palettes for Simultaneous Detection 

of Fe(III), Ni(II) and BSA 

For the detection of Fe(III), 1,10-phenanthroline was 

used as the colorimetric reagent that reacted with 
Fe(II) forming an orange complex. Hydroxylammo-
nium chloride was first served as the reductant to re-
duce Fe(III) to Fe(II) and also as the masking agent 
to complex possible interfering metals Ni, Zn Cd and 
Co33. Ammonium acetate provided the acid environ-
ment for the chromogenic reaction. For the detection 
of Ni(II), dimethylglyoxime was used as the colori-
metric reagent that reacted with Ni(II) producing a 
pink complex. Sodium fluoride and acetic acid mask-
ed the interference from Fe(III) and Co(II), and am-
monium hydroxide solution provided pH 9.0 envi-
ronment for chromogenic reaction34. For the detection 
of BSA, tetrabromophenyl blue was used as the chro-
mogenic reagent that reacted with BSA forming a 
green complex27. Sodium citrate buffer and hydro-
chloric acid solution provided pH 1.8-2.0 environment 
for chromogenic reaction. 

The simultaneous detection result is displayed in 
Figure 3. For the first device (Figure 3a), detection 
zones 1-3 exhibited weak, light and bright orange, 
corresponding to 0.1, 0.7 and 5 mM Fe(III). Detec-
tion zones 4-6 showed weak, light and dark pink, 
corresponding to 0.5, 5 and 50 mM Ni(II). Detection 
zones 7-9 displayed dots of green, shallow and deep 
green, corresponding to 0.001, 0.03 and 0.1mM BSA. 
The detection area 10 displayed yellow as the control 
zone. 

Based on the result of the first device, the second 
and third devices were used to explore the concentra-
tion in a wider and finer range. The color palette in 
the second device is displayed in Figure 3b. Detec-
tion zones 1-3 exhibited light to dark orange, corre-
sponding to 0.3 to 10 mM Fe(III). Detection zones  
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Figure 3. Color palettes for visual simultaneous determination 

of Fe(III), Ni(II) and BSA. (a) Chromogenic reactions for 0.1, 

0.7 and 5 mM Fe(III), 0.5, 5 and 50 mM Ni(II), 0.001, 0.03 

and 0.1mM BSA. (b) Chromogenic reactions for 0.3, 1 and 10 

mM Fe(III), 1, 10 and 100 mM Ni(II), 0.005, 0.05 and 0.15 

mM BSA. (c) Chromogenic reactions for 0.5, 3 and 17.9 mM 

Fe(III), 2, 20 and 200 mM Ni(II), 0.01, 0.07 and 0.2 mM BSA. 

Yellow corresponds to 0 mM BSA as control. 

 

4-6 showed light pink to rose red, corresponding to 1 

to 100 mM Ni(II). Detection zones 7-9 displayed 

shallow to dark green, and the color deepened with 

the increase of the concentration of BSA from 0.005 

to 0.15 mM. The detection result of the third chip is 

shown in Figure 3c. In accordance with the color 

change trend of the front two devices, the color in the 

third device was still deepened as the concentration 

increased. Thus color palettes provide a quick and 

rough qualitative analysis, and the following calibra-

tion curves are required for the further quantitative 

systematic analysis. 

 

Generation of Calibration Curves for Fe(III), 

Ni(II) and BSA 

Calibration curves for Fe(III), Ni(II) and BSA are 

shown in Figure 4. The unit of μM was chosen to 

make sure the value on abscissa axis being positive. 

It can be found that the relationship between color 

intensity and logarithmic concentration behaved good 

linear in wide dynamic ranges. For the detection of 

Fe(III), the linear range was 0.1-5 mM and detection 

limit was 0.1 mM, respectively. For the detection of 

Ni(II), the linear range and detection limit were 1-50 

mM and 0.5 mM, respectively. For the detection of 

BSA, the linear range was 1-100 μM and detection 

limit was 1μM. The detection range of our μPAD is 

very wide, which make it great potential in the water 

pollution detection.

 

 

 
Figure 4. Calibration curves between color intensity and log target concentration for (a) Fe(III), (b) Ni(II), and (c) BSA detection. 

The error bars present standard deviation (SD) obtained from three independent measurement (n=3). 
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Figure 5. Interference study of the microfluidic paper-based 

analytical device. 1 BSA detection zone, 2 Fe(III) detection 

zone, 3 Ni(II) detection zone. 

 
Interference Study 

Na(I), Co(II), Mg(II), Ca(II), Cd(II), Al(III) were 
chosen as typical interference ions. We investigated 
the color intensity of mixtures containing Fe(III), 
Ni(II), BSA and the six interference ions. The con-
centration of each interfering ion was 2 mM, and the 
concentrations of Fe(III), Ni(II) and BSA were 1 mM, 
5 mM, 0.03 mM, respectively. We also studied the 
color intensity of analytes of Fe(III), Ni(II), BSA. 
Then the comparative results were shown in Figure 5. 
As expected, the color intensity of each analyte was 
similar to that of mixtures including analyte and in-
terference ions, while the color intensity of the inter-
ferences was very low. This suggested that the inter-
ference ions had little effect on the colorimetric de-
tection. Thus, the fabricated μPADs possessed high 
selectivity and could be applied for the simultaneous 
detection of Fe(III), Ni(II), and BSA. Such high se-
lectivity was the result of the masking effect of mask-
ing reagents, the selectivity of chromogenic reagents, 
and the specific reaction conditions optimized for the 
detection of each metal ion and BSA. 

 
Repeatability and Stability of the µPAD 

We studied the repeatability and reproducibility on 
the developed μPAD. The repeatability of the assay 
was evaluated by averaging 3 replicate analyses of 
0.3 mM Fe(III), 1mM Ni(II) and 0.05 mM BSA and 
calculating the relative standard deviation (%RSD). 
The %RSD was 1.6 for Fe(III), 3 for Ni(II) and 1.4 
for BSA. The reproducibility of the devices was ana-
lyzed by using 3 different μPADs for their detections 
of 0.1 mM Fe(III), 5 mM Ni(II) and 0.03 mM BSA,  

 
Figure 6. Simultaneous detection of Fe(III), Ni(II) and BSA in 

an actual river sample (a) µPAD with reaction mixture solu-

tions and colorimetric reagents added. (b) µPAD showing de-

tection of an actual river sample. 

 
and the RSD values obtained were 1.27%, 3.4% and 
2.4% for Fe(III), Ni(II) and BSA, respectively. All 
the results showed that the proposed μPADs had high 
accuracy. 

The storage stability of the μPAD was tested by 
measuring the change of color intensity in a period of 
time. The color intensities of samples were 80, 75 
and 83% of initial values of Fe(III), Ni(II) and BSA, 
respectively, after a storage period of 3 months at 
room temperature and dark conditions. 

 
Application to Actual River Samples 

In order to evaluate the performance of μPAD in 
practical applications, river samples were analyzed by 
our device. Firstly, reaction mixture solutions were 
introduced into reaction zones 1-9. Secondly, colori-
metric reagents were dropped into detection zones 
1-9 respectively. Injection details were the same as 
described in method part. Thirdly, 30 μl river water 
sample was added to the center zone of the prepared 
μPADs. Note, the detection zone 10 was used as a 
control zone. It took only 15 mins from the addition 
of various reaction solutions to the end of the detec-
tion. As shown in Figure 6, the color of detection 
zones 7-9 changed from yellow to dark green, indi-
cating the presence of BSA residues in the sample. 
According to the established color palettes and cali-
bration curves respectively, the concentration of BSA 
in the sample was about 0.1 mM. There was no color 
change in detection zones 1-6, indicating no heavy 
metal ions Fe(III) or Ni(II) within the detection range 
in the sample. Accordingly, it can be quantitatively 
concluded that the river water was safe in the level of 
Fe(III) or Ni(II). 

In views of actual applications compared with chro-
matography16-17, our colorimetric analysis35-40 based 
on μPAD shows many advantages. Firstly, the amount 
of reagents used for one sample detection is within 
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100 μl, while the chromatography method needs about 
100 ml. Secondly, the average analysis time is within 
15 mins, while the compared method needs 30 mins. 
Thirdly, the operation part of our method is to inject 
drops with a liquid gun, while the chromatography 
method needs special skills in the operation of in-
strument. Fourthly, the size of a μPAD is about 2.5 × 
2.5 cm and the weight is within 100 g, which is easier 
to carry to the real environment comparing to carry 
chromatographic equipment. Finally, the cost of fab-
ricating a device and analyzing a sample is about $10 
for our method, while the cost is high by a chroma-
tography method. 

 

Conclusions 

In this work, simultaneous determination of protein 
and metal ions was performed using a cheaper, sim-
pler, faster, more portable, and easier to use method, 
compared to the conventional method. To the best of 
our knowledge, this is the first simultaneous detec-
tion of Fe(III), Ni(II) and BSA based on a μPAD. 
High-contrast color palettes were obtained by opti-
mizing the volume of μPAD and parameters of reac-
tion solution. The reproducible log-linear calibration 
curves were further established correlating color in-
tensity with concentrations of analytes. The limits of 
detection are 0.1 mM for Fe(III), 0.5 mM for Ni(II)  
and 1μM for BSA. The linear ranges are 0.1 to 5 mM 
for Fe(III), 1-50 mM for Ni(II) and 1-100 μM for BSA. 
The accuracy and stability of the method were evalu-
ated in a satisfied result. We verified that the μPAD 
can effectively detect the content of Fe(III), Ni(II) 
and BSA in the natural water sample. Therefore, the 
proposed colorimetric μPADs open the door for sim-
ultaneous detection of cross type samples in numer-
ous diagnostic fields. 

 

Materials and Methods 

Chemicals and Materials 

Iron (III) standard solution (17.9 mM), Nickel (II) 
sulfate hexahydrate and Na(I), Co(II), Mg(II), Ca(II), 
Cd(II), Al(III) standard solution were purchased from 
Sigma-Aldrich Corp. Bovine serum albumin (BSA), 
phenanthroline, dimethylglyoxime (DMG), tetrabro-
mophenol blue (TBPB), hydroxylammonium chloride, 
ammomium acetate, sodium fluoride (NaF), sodium 
citrate, ammonium hydroxide and hydrochloric acid 
were purchased from Aladdin Industrial Corp. All 
reagents used in the experiment were analytical grade. 

2 mM TBPB and 2 mg/ml DMG solution were pre-
pared individually with ethanol. 0.156 g/ml hydrox-
ylammonium chloride solution, 0.48 mg/ml ammo-
mium acetate solution, 0.5 M NaF and 10 mM sodium 
citrate buffer solution were diluted with ultrapure 
water. Reaction mixture solution 1 was prepared by 
mixing ammonium acetate and hydroxylammonium 
chloride solution at 1:1 for Fe(III) detection. Reaction 
mixture solution 2 was made by mixing sodium fluo-
ride, acetic acid and ammonium hydroxide solution at 
2:1:4 for Ni(II) detection. Reaction mixture solution 
3 was obtained by mixing sodium citrate and hydro-
chloric acid at 1:1 for BSA detection. The standard 
solutions (0.1-17.9 mM Fe(III), 0.5-200 mM Ni(II) 
and 0.001-0.2 mM BSA) were prepared by diluting 
purchased mother liquor with ultrapure water. The 
river water samples were collected from the Wo Riv-
er in Henan province of China. 

Whatman grade 1 filter paper was purchased from 
Whatman International Ltd. SU-8 GM-1075 was pur-
chased from Gersteltec Corp. Ultrapure water was ob-
tained from a minipore water purification system. The 
commercial UV exposure machine (Carl Suss MA6, 
Germany) and plasma degumming machine (PVA Tepla, 
Germany) were used to fabricate the paper-based device. 

 
Design and Fabrication of µPADs 

Patterns of μPADs were drawn by L-edit software. 
As shown in Figure 1, four μPADs were designed 
and arrayed in one mask and each μPAD consisted of 
a centre zone (10 mm diameter), 10 reaction zones (3 
mm diameter for each zone) and 10 detection zones 
(2.5 mm diameter for each zone) connected through 
narrow channels. The channel length between the re-
action and center zone was 1 cm, and the channel 
length between the reaction and detection zone was 3 
cm. 10 reaction zones and 10 detection zones were 
designed for simultaneous assay of Fe(III), Ni(II) and 
BSA in different concentrations. 

The μPAD was fabricated by UV-exposure method 
referred by Whites27-28. The main processes of fabri-
cation are shown in Figure 1. Firstly we cut a what-
man1 paper into the shape of 4- inch silicon wafer 
and poured about 20 ml of SU-8 GM-1075 onto the 
paper fixed on a clean silicon wafer. Secondly the 
paper was coated with photoresist at 1700 rpm for 
100 s and prebaked at 40°C for 30 min and at 120°C 
for 2 min. Afterwards, the photoresist was exposed to 
365 nm UV light by UV exposure machine for 6 s 
and baked at 95°C for 30 min. Next, the unpolymer-
ized photoresist was removed by soaking the paper in 
PGMEA for 3 min and by rinsing the pattern with 
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isopropyl alcohol for 1 min. Then the surface was 
exposed to oxygen plasma for 60 s with 150 W plas-
ma power by plasma degumming machine. Finally, 
the back of the paper surface was covered with pack-
ing tapes to prevent solution leakage. 

 

Detection Procedures for µPADs 

We used three μPADs for exploring the detection 
limit and detection range of Fe(III),  Ni(II) and BSA. 
For the first μPAD, 3 pieces of 1.5 μl reaction mix-
ture solution 1 for Fe(III) were added into reaction 
zones 1-3, respectively. 3 pieces of 1.5 μl reaction 
mixture solution 2 for Ni(II) were added into reaction 
zones 4-6, respectively. 4 pieces of 1.5 μl reaction 
mixture solution 3 for BSA were added into reaction 
zones 7-10, respectively. Next, 3 pieces of 0.5 μl 
phenanthroline solutions were dropped into detection 
zones 1-3, respectively. 3 pieces of 0.5 μl DMG solu-
tions were individually dropped into detection zones 
4-6. 4 pieces of 0.5 μl tetrabromophenyl blue solu-
tions were dropped into detection zones 7-10, respec-
tively. Finally, standard solutions (0.1, 0.7, 5 mM 
Fe(III), 0.5, 5, 50 mM Ni(II) and 0.001, 0.03, 0.1 mM 
BSA) were introduced into detection zones 1-9, re-
spectively. Note, the detection zone 10 was used as a 
control zone. 

For the second and third μPADs, reaction mixture 
solutions and colorimetric reagents were first added 
in the same way as the first device. Next, for the se-
cond device, standard solutions including 0.3, 1, 10 
mM Fe(III), 1, 10, 100 mM Ni(II), 0.005, 0.05, 0.15 
mM BSA were individually injected into detection 
zones 1-9. For the third device, standard solutions in-
cluding 0.5, 3, 17.9 mM Fe(III), 2, 20, 200 mM Ni(II), 
0.01, 0.07, 0.2 mM BSA were added into detection 
zones 1-9, respectively. Note, each detection repeated 
above 5 times. 

 

Establishment of Calibration Curves 

After the color products were formed, μPADs dried 
for 1 min at room temperature and were imaged using 
an iPad mini camera. ImageJ software was used to 
convert the image to 8-bit grayscale and evaluate the 
color intensity. Calibration curves were established 
by drawing the functional relationship between the 
color intensity and the concentration, and used as 
references for actual samples detecting. 
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