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A paper based microfluidic device is fabricated that can
rapidly detect very low concentration of uric acid (UA) using
3,5,3",5'-tetramethyl benzidine (TMB), H,0, and positively
charged gold nanoparticles ((+)AuNPs). In presence of
(+)AuNPs, H,0, reacts with TMB to produce bluish-green
colour which becomes colourless on reaction with UA. This
colorimetric method can detect as low as 8.1 ppm of UA
within <20 minutes on a white filter paper. This technique
provides an alternative way of UA detection.

Uric acid (UA) is the primary end product of purine metabolism.
Determination of serum UA is a regular practice in clinical
laboratories since abnormalities in UA level is associated to
several diseases."?  An elevated level of UA is a sign of gout,
hyperuricemia, Lysch-Nyhan syndrome. It is also related to other
physical abnormalities like obesity, diabetes, high cholesterol,
kidney disease and heart disease.*® Common methods for serum
UA detection are: (a) the photometric method that is based on the
reduction of phospho-tungstic acid by UA to give tungsten blue”
8 (b) high performance liquid chromatography on reversed phase
columns along with detection by either UV absorbance or mass
spectrometry,”'" and (c) uricase based method utilizing the
specific enzymatic oxidation of UA by oxygen to produce
hydrogen peroxide, allantoin and carbon dioxide.'> '* All these
analytical methods are well established and exhibit large range of
advantages. However, these methods also have weaknesses such
as they are time consuming, expensive, cannot be performed
outside the laboratory and need very highly skilled technicians.
On the other hand simplistic early warning systems for detecting
these clinically important molecules have been the need of the
hour.

Recently, gold nanoparticles (AuNPs) have been extensively
used for sensing various clinically important biomolecules and
environmental contaminants.'*'® Good optical property, easy
surface conjugation and controlled synthesis make AuNPs as
attractive materials for sensing purpose. On the other hand, paper
based microfluidic devices have attracted the research attention
due to its capillary based self-pumping ability, low cost and ease
of availability. The embedded microstructures of the paper
substrate helps to pump the fluid due to capillary action. It is
worth noting that such paper based materials have extensively

been investigated in microfluidic research on biosensor and
electronic applications and widely used in point-of-care (POC)
s0 diagnostics.'**?

In this present work, we have fabricated an inexpensive,
portable, easy to fabricate and user friendly paper based
microfluidic device embedded with positively charged AuNPs for
reliable and sensitive detection of UA. Here we have considered

ss colorimetric redox reaction of 3,5,3'.5'-tetramethyl benzidine
(TMB) for UA analysis. Colourless solution of TMB gets
oxidised in presence of H,0, and positively charged gold
nanoparticles ((+)AuNPs) to a bluish-green colour.*® This bluish-
green colour solution when comes in contact with UA becomes
60 colourless due to the reduction of oxidised TMB (oxTMB).
Reaction scheme is presented in Fig. 1.
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Fig. 1 Reaction scheme for uric acid detection by colorimetric
redox reaction of TMB and H,0, in presence of positively
charged gold nanoparticles. Bottom image shows the

dimension of the paper based microfluidic device.
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This (+)AuNPs-TMB-H,0, based detection process of UA can be
carried out on a paper based microfluidic device which would be
similar to chromatographic type low cost, safe, disposable
sensing device generally used for glucose and malaria detection.
To the best of our knowledge such gold nanoparticle based UA
detection on paper strip has not been reported earlier.

Positively charged gold nanoparticles were synthesized via
reduction of sodium chloroaurate (NaAuCl,) by ascorbic acid.
The resulting (+)AuNPs were characterized by particle analyzer
and average size and charge of the particles were found to be 82
nm and +20 mV respectively in aqueous medium. Details of the
size and charge distribution profile along with relevant FESEM
images are shown in Fig. S1 and Fig. S2 of supporting
information. The red colour (+)AuNPs solution was analysed by
UV-Vis spectrophotometry and the maximum absorption peak
was observed at 540nm (as shown in Fig. S3 of supporting
information). A mixture of 0.02 (M) TMB (in methanol) and 8.82
(M) H,0, solution was freshly prepared (in 5:1 volumetric ratio)
and added with (+)AuNPs solution where TMB gets oxidised to a
bluish-green solution. Saturated solution of UA is prepared in
0.01(N) NaOH at room temperature and its solubility was found
to be around 1.62 mg/ml. The pH of this UA solution was found
to be 7.3 and it was diluted with HPLC water to prepare different
concentrations for further analysis.
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Fig. 2 Differential UV-Vis absorption response (at 654 nm) of the
(+)AuNPs-TMB—H202 treated with various concentrations of uric

acid solutions. Uric acid concentrations (in ppm) are 0 (1), 8.1
(2), 24.3 (3), 40.5 (4), 56.7 (5), 72.9 (6), 81.0 (7), 121.5 (8), 162.0
(9) respectively. Control curve (c) denotes the case when a
solution of equimolar (0.01N) NaOH and (0.01N) HCI is treated
with AuNP-TMB-HZOZ. Inset: Visual color changes of

(+)AuNPs—TMB-H202f0r different concentration of UA solutions.

Initially, UV-Vis technique was employed to monitor the colour
change for the detection purpose in liquid phase. Fig. 2
demonstrates the UV-Vis spectra of the bluish-green coloured
TMB solution and post UA treated solutions. In all the cases, 1.0
ml of bluish-green solution produced from the oxidation of TMB
was taken and another 1.0 ml of HPLC water and UA mixture
solution was added to it. Ratio of HPLC water and UA varies in
1.0 ml mixture for different cases. In Fig. 2, curve 1 corresponds
to zero concentration of UA and shows maximum intensity of
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bluish-green colour. From the intensities of curve 2 to 9, it is
clear that as the concentration of UA is increased, the intensity of
peaks at 654 nm is lowered. The visual colour changes in
different cases are presented in inset of Fig 2. It shows that the
intensities of bluish-green colour is gradually decreasing (from 1
- 9). 'C' denotes a system where 1 ml of bluish-green solution is
mixed with 1 ml of equimolar solution of NaOH (0.01N) and HCl
(0.0IN). The resultant bluish-green solution shows maximum
intensity similar to curve 1 and this retention of colour reveals
that Na* ion does not interfere in the process of UA detection.
Based on the intensities of the UV-Vis-spectrum, a calibration
curve was plotted and presented in Fig. 3. It shows the variation
of absorbances with the concentration of UA solutions along with
the respective standard deviations. A best fit linear curve was
obtained along with its mathematical expression. It indicates that
the present method can estimate UA level upto 8.1 ppm. Normal
range of serum UA level of human blood lies between 2.5 - 8.0
mg/dl (25 - 80 ppm) for male and 1.5 - 6.0 mg/dl (15 - 60 ppm)
for female®* which suggests that above method can be safely used
for clinical determination of UA level. The inset of Fig. 2
indicates that there are significant differences in colour intensities
between case 1(blank, 0 ppm of UA) and case 7 (81.0 ppm of
UA) which can be differentiated by naked eye. The determination
of lower level by visual observation is difficult since there is
slight colour difference between case 1 and case 3 (24.3 ppm).
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Fig. 3 Linear calibration plot between the absorbance intensities
at 654 nm and uric acid concentration in the range 0 — 81 ppm.

Though, the above solution based UA analysis can give accurate
result on UV-Vis spectrophotometry, it can only be carried out in
a laboratory set-up. To make the detection process more user
friendly and sensitive, we have implemented this concept through
paper based microfluidics. Generally, microchannel flows are low
Reynolds number flows and associated with high amount of wall
friction which increases the flow resistance. As a result, pumping
the liquid through microchannel becomes difficult. To overcome
this limitation, a paper based microfluidic device similar to
malaria and glucose detection kit has been used. The advantage
of paper substrate is that it contains an embedded network of
microchannels through which liquid can pass automatically due
to capillary flow. This self-pumping property of paper substrate
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along with its low cost and easy availability makes it an attractive
substrate for the present study.

Here, the filter paper was cut into the shape of straight strip with
a circular head at one end. Shape and dimensions of the paper
strip is shown in Fig. 1. The paper strips were washed with hot
HPLC water to remove unwanted impurities and dried. The dried
strips were then coated with 0.5% poly-vinyl alcohol (PVA)
which helps the paper to retain aqueous sample that would
otherwise spread more rapidly on hydrophilic paper. The PVA
coating on paper also helps biomolecules to maintain their
functional characteristics which are well-known in literature.? %
Moreover PVA coating has very little effect on the morphology
and porosity of the paper. FESEM images in Fig. S4 of
supporting information also show that PVA coating does not
affect the physical structure of the paper substrate as
demonstrated by Zhao et. al.®

Fig. 4 FESEM image of gold nanoparticle embedded filter paper.
White dots represent the image of the nanoparticles.

The circular heads of the PVA coated paper strips were then
soaked in a solution of (+)AuNPs. It is found that 10 ul of
()AuNPs solution (~1.93 X 10° particles/ml concentration)
shows detectable color change for the present purpose (as shown
in Fig. S5 of supporting information). The deposition of
nanoparticles on cellulose fibres of paper was checked by field
emission scanning electron microscopy (FESEM). The FESEM
image of gold nanoparticles embedded paper strip is presented in
Fig. 4 which clearly shows the presence of AuNPs on the paper
matrix. After drying, a drop of freshly prepared TMB and HZO2

solution mixture was added on the (+)AuNPs embedded circular
paper head. Within few minutes, bluish-green colour is appeared
on the paper head due to the oxidation reaction mentioned in the
reaction scheme in Fig. 1. The initial bluish-green colour of the
paper head is shown in Fig. 5(a). The feet of the paper strip were
then kept vertically in various petridishes in such a way that it
remain submerged in UA solutions of different concentrations.
Due to capillary action, UA solution moved up and reached to the
circular head of the paper strip within moments and reduction of
oxidised TMB was initiated. The narrow zone of the paper strip
helps to deliver the UA solution to the reactive head in a
controlled fashion so that colour change of the reaction becomes
clearly visible. In absence of this narrow zone, excess solution
will be pumped to the strip head causing a local flooding which
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will hamper the visibility of the colour change. After 20 minutes
the bluish-green colour of the paper heads became faded to
different extents depending on concentration of UA solution.
Final states of the faded colour of the respective cases are
presented in Fig. 5(b) - 5(e). Like liquid phase study, the paper
based systems also show a gradual colour change with increasing
UA concentrations. Fig. 5(a) (extreme left) shows the blank study
where no UA was added. From cases 5(b) - 5(e), UA
concentration gradually increases from 33.2 to 100.0 ppm.

)
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@ (b (©

Fig. 5 Paper strip assay of gold nanosensor of uric acid solutions
of various concentrations (ppm), i.e. 0 (a), 33.2 (b), 49.8 (c),
83.0 (d) and 100.0 (e) respectively after 20 minutes of uric acid
addition. (a) shows the final state of the control (0 ppm of UA)
which does not change with time. Dotted circle in (¢) shows
boundarv of the paver strip head.

We further confirmed this gradual change with concentrations on
paper strip using solid state UV-Vis analysis. UV-Vis absorption
spectrum of four cases are shown in Fig. 6. The top most
spectrum shows the maximum intensity of the bluish-green
colour where no UA is added. In the following cases, it shows
that with the increasing UA concentration peak intensity
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Fig. 6 Solid state UV-Vis absorption response of the (+)AuNP-
TMB-H202 treated with various concentrations of uric acid

solutions on paper strip. Uric acid concentrations (in ppm) are 0
(1), 33.2 (2), 49.8 (3), and 83.0 (4) respectively. Right side
column shows the visual color changes of (+)AuNP-TMB-H202

on paper for the respective cases.

gradually decreases. Right side column of Fig. 6 shows the
respective images of paper strip-heads which indicate the visual
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colour changes with varying concentration of UA. The colour
difference between 0 ppm and 83.0 ppm is quite significant and
can easily be detected by naked eye. This can help in UA
estimation in human blood serum since higher level of UA in
serum is around 80 ppm. So, this paper based chip can offer a
simple and alternative user-friendly method for routine check up
of UA level.

In conclusion, we have demonstrated a microfluidic paper based
device embedded with positively charged gold nanoparticles as
an alternative method for UA detection. This paper based device
is cost effective, easy to fabricate, operationally simple and can
detect low level concentrations of UA (up to 8.1 ppm in liquid
phase) and thus has the potential to be employed for commercial
use. However, the selectivity of this method has not been
investigated in detail in present work. This selectivity test along
with real serum sample analysis with this method is kept as a
scope of future research.

Acknowledgements

The authors thank, Director, CSIR-CMERI, Durgapur and Dr.
Nagahanumaiah, Head, Micro System Technology Labs, CSIR-
CMERI, Durgapur for their encouragement. Support from CSIR
12™ FYP project no. ESC0112 is gratefully acknowledged. The

authors also thank to the institute CRF facility for the SEM study.
Micro System Technology Laboratory, CSIR-Central Mechanical
Engineering Research Institute, MG Avenue, Durgapur 713209, India.
Fax: (0343)2546745; Tel: +91-9933034370; E-mail:
n_chanda@cmeri.res.in

Academy of Scientific and Innovative Research (AcSIR), Anusandhan
Bhawan, 2 Rafi Marg, New Delhi-110001, India

# Authors contributed equally to this work

T Electronic Supplementary Information (ESI) available:

See DOI: 10.1039/b000000x/

References

1 V. V.S.E. Dutt and H. A. Mottola, Anal. Chem., 1974, 46, 1777-
1781.

2 M. A. Becker and M. Jolly, Rheumatic Disease Clinics of North
America, 2006, 32, 275-293.

3 R. J. Johnson, D.-H. Kang, D. Feig, S. Kivlighn, J. Kanellis,
S.Watanabe, K. R. Tuttle, B. Rodriguez-Iturbe, J. Herrera-Acosta and
M. Mazzali, Hypertension, 2003, 41, 1183-1190.

4 S. A. Bainbridge and J. M. Roberts, Placenta, 2008, 29, Supplement,
67-72.

5 A.C. M. Gagliardi, M. H. Miname and R. D. Santos, Atherosclerosis,
2009, 202, 11-17.

6  D. L. Rocha and F. R. P. Rocha, Microchemical Journal, 2010, 94,
53-59.

7 0. Folin and A. B. Macallum, J. Biol. Chem. , 1912, 13, 363-369.

8 M. B. Blauch and F. C. Koch, J. Biol. Chem., 1939, 130, 443-454.

9 C.K. Lim, D. E. Pryde and A. M. Lawson, J. Chromatogr. A, 1978,
149, 711-720.

10 O. C. Ingebretsen, J. Borgen and M. Farstad, Clinical Chemistry,
1982, 28, 496-498.

11 R. Sakuma, T. Nishina and M. Kitamura, Clinical Chemistry, 1987,
33, 1427-1430.

12 D. W. Moss, Clin. Chim. Acta, 1980, 105, 351-360.

13 G. T. B. Sanders, A. J. Pasman and F. J. Hoek, Clin. Chim. Acta,
1980, 101, 299-303.

14 P. Nath, R. K. Arun and N. Chanda, RSC Adv., 2014, 4, 59558-59561.

15 A. Zambre, N. Chanda, S. Prayaga, R. Almudhafar, Z. Afrasiabi, A.
Upendran and R. Kannan, 4nal. Chem., 2012, 84, 9478-9484.

16 Y.Jv, B. Li and R. Cao, Chem. Commun., 2010, 46, 8017-8019.

6s 17 Z. Afrasiabi, R. Shukla, N. Chanda, S. Bhaskaran, A. Upendran, A.
Zambre, K. V. Katti and R. Kannan, J. Nanosci. Nanotechnol., 2010,
10, 719-725.
18 S. He, D. Li, C. Zhu, S. Song, L. Wang, Y. Long and C. Fan, Chem.
Commun., 2008, DOI: 10.1039/B811528A, 4885-4887.
70 19 R. K. Arun, S. Halder, N. Chanda and S. Chakraborty, Lab Chip,
2014, 14, 1661-1664.
20 J. Yu, L. Ge, J. Huang, S. Wang and S. Ge, Lab Chip, 2011, 11, 1286-
1291.
21 A. W. Martinez, S. T. Phillips, Z. Nie, C.-M. Cheng, E. Carrilho, B.
75 J. Wiley and G. M. Whitesides, Lab Chip, 2010, 10, 2499-2504.
22 A. W. Martinez, S. T. Phillips, G. M. Whitesides and E. Carrilho,
Anal. Chem., 2009, 82, 3-10.
23 W. Dungchai, O. Chailapakul and C. S. Henry, Anal. Chem., 2009,
81, 5821-5826.
80 24 E. Carrilho, S. T. Phillips, S. J. Vella, A. W. Martinez and G. M.
Whitesides, Anal. Chem., 2009, 81, 5990-5998.
25 W. Zhao, M. M. Ali, S. D. Aguirre, M. A. Brook and Y. Li, 4nal.
Chem., 2008, 80, 8431-8437.
26 A. W. Martinez, S. T. Phillips, E. Carrilho, S. W. Thomas, H. Sindi
85 and G. M. Whitesides, Anal. Chem., 2008, 80, 3699-3707.
27 X.Li, J. Tian, T. Nguyen and W. Shen, Anal. Chem, 2008, 80, 9131-
9134.
28 E. M. Fenton, M. R. Mascarenas, G. P. Lopez and S. S. Sibbett, ACS
Appl. Mater. Interfaces, 2008, 1, 124-129.
90 29 D. A. Bruzewicz, M. Reches and G. M. Whitesides, Anal. Chem.,
2008, 80, 3387-3392.
30 K. Abe, K. Suzuki and D. Citterio, Anal. Chem, 2008, 80, 6928-6934.
31 A. W. Martinez, S. T. Phillips, M. J. Butte and G. M. Whitesides,
Angew. Chem. Int. Ed., 2007, 46, 1318-1320.
95 32 M. O. Ramiz S. J. Alkasir, Silvana Andreescu, Anal. Chem., 2012, 84,
9729-9737.
33 P. D. Josephy, T. Eling and R. P. Mason, J. Biol. Chem., 1982, 257,
3669-3675.
34 H. Mohan, Textbook of Pathology, Jaypee Brothers Medical
100 Publishers(P) Ltd, New Delhi, Fifth edn., 2005.
35 J. Liu, D. Mazumdar and Y. Lu, Angew. Chem. Int. Ed, 2006, 45,
7955-7959.

105

4|Journal Name, [year], [vol], oo—oo

This journal is © The Royal Society of Chemistry [year]

Page 4 of 5



Page 5 of 5 Analyst

©CoO~NOUTA,WNPE

19
20 TMB +H,0,

40 A paper based microfluidic device is fabricated that can rapidly detect very low concentration of uric
41 acid (UA) on a simple white filter paper.



