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Electrochemical sensing in paper-based microfluidic devices†

Zhihong Nie,a Christian A. Nijhuis,a Jinlong Gong,a Xin Chen,a Alexander Kumachev,b Andres W. Martinez,a

Max Narovlyanskya and George M. Whitesides*a

Received 19th August 2009, Accepted 4th November 2009

First published as an Advance Article on the web 3rd December 2009

DOI: 10.1039/b917150a
This paper describes the fabrication and the performance of microfluidic paper-based

electrochemical sensing devices (we call the microfluidic paper-based electrochemical devices, mPEDs).

The mPEDs comprise paper-based microfluidic channels patterned by photolithography or wax

printing, and electrodes screen-printed from conducting inks (e.g., carbon or Ag/AgCl). We

demonstrated that the mPEDs are capable of quantifying the concentrations of various analytes

(e.g., heavy-metal ions and glucose) in aqueous solutions. This low-cost analytical device should be

useful for applications in public health, environmental monitoring, and the developing world.
Fig. 1 (a) Schematic of a paper-based electrochemical sensing device.

The sensor comprises three electrodes printed on a piece of paper
Introduction

This article describes the fabrication and the performance of

paper-based electrochemical sensing devices. We call these

devices mPEDs (microfluidic paper-based electrochemical

devices). The mPEDs are capable of quantifying the concentra-

tions of various analytes in aqueous solutions, including

biological fluids such as urine, serum and blood. The mPEDs

comprise microfluidic channels, fabricated from patterned paper

(either chromatography paper or a polyester–cellulose blend),

and electrodes that were screen-printed on chromatography

paper or polyester film (Fig. 1). Three electrodes (a working

electrode, a counter electrode, and a reference electrode) were

made from carbon ink or Ag/AgCl ink.

This work was carried out independently of a similar and

complementary study by Dungchai et al.,1 in which mPEDs were

fabricated and used for electrochemical detection of glucose,

lactate, and uric acid in biological samples. Using mPEDs, we

have demonstrated the detection and quantification of glucose in

artificial urine using a chronoamperometric analysis based on

glucose oxidase. The detection of glucose using the device

showed high sensitivity and accuracy over the full range of

clinically relevant concentrations of glucose in urine. The

detection limit of glucose in the current mPED is about 0.22 mM

(corresponding to 4 mg mL�1), which is lower than the approx-

imately 1.0 mM specified by conventional glucometers, and

0.5 mM obtained by a colorimetric detection method reported

previously.2,3 We estimated the sensitivity of the glucose analysis

to be 0.43 mA mM�1 mm�2. We further demonstrated the use of

mPEDs in the selective analysis of Pb(II) in an aqueous solution
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containing a mixture of Pb(II) and Zn(II). The continuous

wicking of the sample solution across the electrodes dramatically

enhanced the efficiency of the deposition of metals during anodic

stripping voltammetry, and improved the sensitivity and reli-

ability of the detection. The measurement of Pb(II) showed a limit

of detection of 1.0 ppb. This value is much lower than the WHO

(World Health Organization) guideline value (<10 ppb) for the

safe level of lead in drinking water.4

We have recently developed methods for fabricating micro-

fluidic devices from patterned paper, and demonstrated that
substrate (or plastic) and a paper channel. The paper channel was in

conformal contact with the electrodes, and was held in place by double-

sided adhesive tape surrounding the electrodes. A photograph of a paper-

based electrochemical sensing device for the analysis of glucose (b), and

a hydrodynamic paper-based electrochemical sensing device for the

measurement of heavy-metal ions (c). The device consists of two printed

carbon electrodes as the working and counter electrodes, and a printed

Ag/AgCl electrode as the pseudo-reference electrode. The paper channel

was fabricated by patterning SU-8 as a hydrophobic barrier for aqueous

solution. The paper channel in (b) was colored with red ink to enhance

imaging. The dashed line in (c) indicates the edge of the paper channel.

The scale bar is 4 mm.
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paper-based microfluidic devices can be used for colorimetric

detection of glucose and protein in artificial urine.2,5–7 Low-cost,

paper-based diagnostic and analytical devices are attractive for

use in developing countries, in the field, or in home health-care

settings.8,9 Although colorimetric assays are the best choice for

some applications, electrochemical sensing provides a more

versatile and quantitative methodology for others.10 The mPEDs

described in this article provide a simple, fast, and low-cost

(�2 cents per device) platform for the quantitative detection of

analytes (biological and inorganic species) in aqueous solutions,

including body fluids. This type of detection has five advantages:

(i) it is light-weight, portable, single-use and disposable; (ii) it is

flexible and foldable; (iii) it has excellent reproducibility with

high sensitivity and accuracy; (iv) it does not require professional

medical personnel or complicated instruments; and (v) it allows

for the integration of high-density detection systems into a small

device.
Experimental design

Choice of materials

We used paper as the substrate for electrochemical detection. We

used conductive carbon ink and Ag/AgCl ink to fabricate the

electrodes used in the work.11 The conductive ink electrodes have

four advantages: (i) they are inexpensive; (ii) they are robust; (iii)

they are easy to fabricate; and (iv) they are widely used in both

industrial and university research.12 We evaluated the quality of

the mPED-based electrochemical cells by cyclic voltammetric

measurements, using ferrocene carboxylic acid as a standard,

because in bulk solution the electrochemical reaction is reversible

under ambient conditions at room temperature.
Fabrication and design of the device

We fabricated a three-electrode sensor by screen-printing carbon

ink (or Ag/AgCl ink) onto a piece of paper or polyester film. The

printing process is fast, simple, and inexpensive, and suitable for

mass production. Paper-based microfluidic channels were fabri-

cated by patterning chromatography (Whatman 1 Chr) or

polyester–cellulose blend paper (VWR�Spec-Wip) by photoli-

thography2,5–7 or wax printing.13 We chose these papers in this

work because they do not deform on the surface of electrodes

when they are wetted by fluids. In order to achieve conformal

contact between paper channels and electrodes, the patterned

paper was taped onto the substrate that supported the electrodes

using double-side adhesive tapes (Fig. 1).
Experimental

Chemical reagents

Carbon ink (E3456) and Ag/AgCl ink (AGCL-675C) were

purchased from Ercon Inc (Wareham, MA) and Conductive

Compound (Hudson, NH), respectively. Glucose oxidase

(136 300 U mg�1, Aspergillus niger), glucose, and potassium

ferricyanide were purchased from Aldrich and used as received.

Stock solutions of b-D-glucose were prepared in a PBS buffer (pH

7.0) and allowed to mutarotate overnight before use. Atomic

absorption standard solutions of Pb(II) (104 mg L�1), Zn(II)
478 | Lab Chip, 2010, 10, 477–483
(103 mg L�1), and bismuth(III) (103 mg L�1) were obtained from

Aldrich, USA, and diluted as required. 0.1 M acetate buffer

(pH 4.5) was used as a supporting electrolyte.

Apparatus

All chronoamperometric measurements were performed with

a bipotentiostat (PINE Instrument Company, Model AFCBP1).

A modular electrochemical system AUTOLAB equipped with

PGSTAT12 was used in combination with GPES software

(Eco Chemie) for the anodic stripping voltammetric measure-

ments of heavy-metal ions.

Fabrication of the devices

Electrodes. We fabricated a three-electrode sensor by screen-

printing carbon ink (or Ag/AgCl ink for a reference electrode) on

a piece of paper or polyester film. We generated a stencil for

printing by designing patterns of electrodes using Adobe Free-

hand�, followed by cutting the pattern into double-sided adhe-

sive tape using a laser-cutter (VersaLASER VLS3.50, Universal

Laser Systems Inc.). We taped the stencil on top of a paper or

plastic substrate, and filled the openings of the stencil with ink.

We baked the electrodes on a hotplate at 100 �C for 30 min. After

the ink dried, we removed the protective backing layer of the

tape, and left the adhesive layer on the substrate for the assembly

of a paper channel on the top of electrodes. The thickness of the

electrodes was approximately 100 mm. A typical working and

counter electrode had dimensions of 1.5 cm in length and 4 mm in

width, and a typical reference electrode had dimensions of 1.5 cm

in length and 3 mm in width.

Microfluidic channels. Paper-based microfluidic channels were

fabricated by patterning chromatography paper (Whatman 1

Chr) or polyester–cellulose blend paper (VWR�Spec-Wip) by

photolithography2,5–7 or wax printing.13 Briefly, we soaked

a piece of paper with SU-8 2010 photoresist, baked it at 95 �C for

5 min to remove solvents, and photoexposed it to UV light for 10

s through a photomask. The unpolymerized photoresist was

removed by soaking the paper in acetone and washing three

times with isopropanol. The polymers patterned on the paper

form hydrophobic barriers to confine liquids in the micro-

channel. The paper microfluidic channel had dimensions of 4 mm

in width and 100 mm in height (determined by the thickness of the

paper), Fig. 1. The paper-based channels were assembled onto

the electrodes using double-sided adhesive tapes. The contact

area between a paper channel and a working electrode was 4 mm

by 4 mm.

Chronoamperometric measurements

Chronoamperometric experiments were performed using

a 500 mV step potential (vs. a carbon pseudo-reference electrode)

to generate the calibration curve; these experiments used glucose

with concentrations ranged from 0 to 22.2 mM (corresponding to

400 mg dL�1). Solutions (glucose oxidase 250 U mL�1,

K3[Fe(CN)6] 600 mM, KCl 1.0 M in pH 7.0 PBS buffer) con-

taining glucose with different concentrations were measured

(each sample was examined eight times). We spotted the solution

of enzyme on top of the paper microchannel. The solution of
This journal is ª The Royal Society of Chemistry 2010



Fig. 2 (a) Cyclic voltammograms of 2.0 mM ferrocene carboxylic acid in

0.5 M KCl aqueous solution (pH ¼ 7.0) in a mPED at various scan rates

(ascending along y-axis): 50, 100, 200, 300, 400, and 500 mV s�1. We used

a 4 mm by 4 mm carbon-printed electrode as the working electrode, and

a printed Ag/AgCl electrode as the reference electrode. (b) The plot of

anodic peak current vs. the square root of the scan rate (n1/2) for CV

experiments conducted on a paper device (C) and in a bulk solution (B).

The solid lines represent a linear fit to (C) with regression equation: y ¼
�3.6 + 3.5x (R2 ¼ 0.998, n ¼ 8), and a linear fit to (B) with regression

equation: y ¼ �7.1 + 5.6x (R2 ¼ 0.999, n ¼ 8).
enzyme was distributed evenly in the paper channel due to the

capillary wicking. After the solution dried, the enzyme was

uniformly absorbed in the paper. When a solution of analytes

was added into the microchannel, the solution distributed and

mixed well with the pre-loaded enzyme. In another set of

experiments, we premixed the enzyme solution with glucose

samples before the chronoamperometric measurements. We did

not observe obvious difference between the two methods. Paper

can also be easily modified to immobilize enzymes if necessary.

All measurements were conducted at room temperature under

ambient conditions. We used a carbon working electrode (on

a plastic substrate) with a surface area of 16 mm2 in contact with

the fluid for the detection of glucose in the bulk solution. We

averaged the eight measurements of current readout and calcu-

lated the corresponding standard deviation.

Anodic stripping voltammetry

Stripping voltammetric measurements were performed by in situ

deposition of the bismuth (500 mg L�1) and the target metal ions

with concentrations ranged from 0 to 100 ppb (mg L�1). Non-

deaerated solutions were used for all measurements, and each

sample was measured eight times. All measurements were carried

out using the square-wave anodic stripping voltammetry

(SWASV) with a frequency of 20 Hz, a potential step of 5 mV,

and an amplitude of 25 mV. SWASV experiments comprised an

electrochemical deposition step at �1.2 V for 120 s, an equili-

bration period of 30 s, and a square-wave voltammetric stripping

scan usually from �1.2 to �0.5 V. Before each measurement

a pre-conditioning step (for cleaning of the electrode) at

a potential of +0.5 V was applied for 60 s.

Detection method and principle

Glucose. We detected glucose in the mPEDs by chro-

noamperometric method. The reactions for the glucose detection

were:

Glucoseþ 2K3

�
FeðCNÞ6

�
þH2O

��������!glucose oxidase
Gluconic acidþ 2K4

�
FeðCNÞ6

�
(1)

2FeðCNÞ4�6 ��������!anodic electrode
2FeðCNÞ3�6 þ2e� (2)

2FeðCNÞ3�6 þ2e� ���������!cathodic electrode
2FeðCNÞ4�6 (3)

In the first step, glucose oxidase catalyzed the oxidation of

glucose to gluconic acid with concomitant reduction of Fe(III) to

Fe(II) (eqn (1)); the Fe(CN)6
4� ions generated were detected

chronoamperometrically (eqn (2)). The corresponding cathodic

reaction was described in eqn (3).

Metals. We used square-wave anodic stripping voltammetry

for the measurements of heavy-metal ions in the mPEDs. Our

measurements of trace metals relied on the simultaneous (in situ)

plating of bismuth and target metals onto screen-printed carbon

electrodes, which formed alloys followed by anodic stripping of

metals from the electrode.
This journal is ª The Royal Society of Chemistry 2010
Results and discussion

Electrochemical characterization of paper-based electrochemical

devices

We used ferrocene carboxylic acid as a model redox-active

compound to characterize electrochemical behavior of mPEDs

(Fig. 2a). The peak shape of the CVs shows a typical reversible

(Nernstian) electrochemical reaction in which the rate of reac-

tion is governed by the diffusion of the electroactive species to

the surface of a planar electrode.14 The difference in potential

between the peaks of the reduction (Epc) and oxidation (Epa)

curves is 0.068 V (a value that is close to the theoretical value of

0.059 V for the ferrocene redox pair) for all scan rates between

50 and 500 mV s�1, and the peak current ratio (ipa/ipc) is equal

to 1.0.14 This reversible behavior indicates that no side reactions

take place, and that, as expected, the kinetics of electron

transfer is sufficiently rapid to maintain the surface concentra-

tions of redox-active species at the values required by the

Nernst equation.
Lab Chip, 2010, 10, 477–483 | 479



Fig. 2b shows that the anodic peak current, ip, is linearly

proportional to the square root of the scan rate (n1/2) in both the

bulk solution and the mPED. The value of diffusion coefficient

evaluated by analyzing the slope observed in bulk solution was

4.3 � 10�6 cm2 s�1 (see ESI†), which is fairly close to the reported

value of 5.7 � 10�6 cm2 s�1.15 The current readout (Fig. 2b)

measured using the paper device is about 30% lower than that

measured in bulk solution. We presume that this difference is due

to the fact that 30–40% of the volume in diffusional contact with

the electrodes is occupied by the cellulose fiber of the paper.

These results containing the redox-active species do not slow the

rate of mass-limited charge transfer relative to that in solution.
Fig. 3 (a) Representative chronoamperometric curves for glucose

concentrations (mM): 0 (1), 0.2 (2), 2.8 (3), 5.6 (4), 13.9 (5) and 22.2 (6) in

the mPEDs. (b) Calibration plots of current as a function of the

concentration of glucose for the detection of glucose in the mPEDs (,)

and in bulk solutions (B). We used three carbon electrodes as working,

counter, and pseudo-reference electrodes, respectively. The working

electrodes had a surface area of 16 mm2 in contact with the solution in

both the mPEDs and the bulk solutions. The distance between electrodes

was 1.0 mm. A 500 mV step potential (vs. a carbon pseudo-reference

electrode) was used to generate the calibration curve. The solid line

represents a linear fit to (,) with regression equation: y ¼ 9.5 + 6.9x (R2

¼ 0.995, n ¼ 8), and a linear fit to (B) with regression equation: y ¼ 12.1

+ 9.4x (R2 ¼ 0.997, n ¼ 8).
Chronoamperometric analysis of glucose in urine

We demonstrated the use of our device in the analysis of a clini-

cally relevant analyte in a simulant body fluid of glucose in

artificial urine using chronoamperometry. Chronoamperometry

offers a better signal-to-noise ratio than other electrochemical

techniques in this kind of experiment, and the use of a thin slab of

fluids mechanically clamped to the electrodes is more resistant to

vibration than analysis in a larger volume of solution.14 The

chronoamperometric measurement of current—reflecting charge

transfer to/from the redox-active species as a function of time at

constant applied voltages—begins with an initially large capac-

itive current. Upon the decay of the initial capacitive current

within 1–2 s, Faradaic current (the current that is proportional to

the concentration of the analyte) dominates. The current, i,

decays as t�1/2 as described by the Cottrell equation14 (eqn (4))

i ¼ nFAD1=2C

p1=2t1=2
(4)

where n is the number of electrons, t is the time, F is Faraday’s

constant, A is the area of the electrode, D is the diffusion coef-

ficient of analytes, and C is the initial concentration of the

reactants.

The mPED confines fluids in the paper channel, inhibits the

convective movement of fluids, and thus facilitates the chro-

noamperometric measurements by minimizing the disturbances

of the stationary boundary layer in the vicinity of electrodes due

to vibration, thermal or density-based convection, and other

disturbing sources. Fig. 3a shows a representative chro-

noamperometric response of the measurements of glucose using

a mPED. Over the range of concentrations of glucose examined

(0–22.2 mM), all the response curves reached a steady state 2 s

after the step potential (also see the Cottrell plot in ESI†). Fig. 3b

shows a calibration curve for the detection of glucose. When the

concentration of glucose is in the range of 0–22.2 mM, the

current is linearly proportional to the glucose concentration in

the artificial urine.

We tested the interference of the sensing device with bovine

serum albumin (BSA) as a typical globular protein; serum

albumins are present in highest concentrations in serum, and

thus relevant to bioanalysis. We found that the presence of

40 mM BSA did not interfere with the measurement of glucose.

This selectivity is due to the specificity of enzymatic oxidation of

glucose; the BSA apparently does not foul the electrodes.

Comparing the results of the detection of glucose in the mPEDs to

those in bulk solutions (Fig. 3b), we noticed that the two methods
480 | Lab Chip, 2010, 10, 477–483
showed comparable sensitivity and detection limits; the paper

matrix does not interfere with the detection. The paper matrix in

the mPEDs has, however, several advantages: (i) it stabilizes the

geometry of the electrode; (ii) it reduces the effect of convection

of liquids due to random motion, vibration and heating; (iii) it

minimizes the total volume of solution required for analysis. The

normal level of glucose in urine is 0.1–0.8 mM and 3.5–5.3 mM in

whole blood.3 Our device should therefore be capable of

measuring glucose in other biological fluids such as serum and

blood (see measurement of glucose in blood plasma and whole

blood in ESI†). The detection limit of glucose in the current

mPED is about 0.22 mM (corresponding to 4 mg mL�1). This

value is below the approximately 1.0 mM claimed in specifica-

tions of conventional glucometers, and 0.5 mM obtained by

colorimetric detection method reported previously.2,3 We esti-

mate the sensitivity of the glucose analysis to be 0.43 mA mM�1

mm�2. In principle, other species in real urine and blood may
This journal is ª The Royal Society of Chemistry 2010



interfere when we use 500 mV potentials for the analysis of

glucose. The potential can be reduced to around 300 mV for the

measurements in biological fluids, thanks to the enzymatic

selectivity of glucose oxidase. The paper-based device also has

the potential to be integrated with various separation techniques

such as paper chromatography to minimize interferences.
Fig. 4 Square-wave anodic stripping voltammograms for 25 ppb solu-

tion of Pb(II) in 0.1 M acetate buffer (pH 4.5) in the presence of 25 ppb

Zn(II) : (A) a 100 mL solution placed directly on the electrodes; (B)

a 100 mL solution added to the stagnant mPEDs (without a pad of blotting

paper as sink); (C and D) a solution of analytes continuously wicking the

paper channel of the hydrodynamic mPEDs. The deposition time was

120 s (A, B, C) or 360 s (D). The SWASV was performed in the potential

range of �1.2 to �0.5 V under optimized conditions: frequency, 20 Hz;

amplitude, 25 mV; potential increment, 5 mV; equilibration time, 30 s.

Deposition was performed at �1.2 V; ‘cleaning’ was performed at +0.5 V

for 60 s. A bismuth(III) concentration of 500 mg L�1 was chosen for the co-

deposition of heavy-metal ions. We used screen-printed carbon electrodes

as the working and counter electrodes, and a screen-printed Ag/AgCl

electrode as the reference electrode. Inset shows the schematic of the four

steps of the square-wave anodic stripping voltammetry.
Anodic stripping voltammetric analysis of heavy-metal ions

Heavy-metal ions such as mercury, lead, and cadmium are toxic,

non-biodegradable, and tend to accumulate in plants and

animals.16,17 The pollution of heavy-metal ions in soil and water

presents a global issue, and poses a severe threat to both the

ecosystem and humans. Square-wave anodic stripping voltam-

metry (SWASV) is an ASV method frequently used for the

measurement of trace heavy metals because it greatly reduces

the background noise coming from the charging current during

the potential scan.18,19 Conventional ASV measurements of

heavy-metal ions are usually performed either by dipping elec-

trodes in a sample solution under controlled stirring condition or

by placing a sample droplet onto the electrodes.20–23 The former

approach is not practical in field measurements due to the diffi-

culty of synchronizing the stirring and ASV procedures.20 The

latter one shows limited sensitivity of measurement because pre-

accumulation of analytes in stripping is limited by diffusion.

Additionally, in this case, new electrodes are usually required for

each measurement since it is difficult to remove the residue of

deposited metals in a stagnant drop of solution before the next

cycle of ASV.

We have demonstrated the use of mPEDs in the selective

measurement of Pb(II) in an aqueous mixture of Pb(II) and Zn(II)

using SWASV. We modified the design of the mPED by intro-

ducing a pad of cellulose blotting paper as a sink in the outlet of

the paper channel (Fig. 1c) (see ESI†). The mPED allows the

continuous wicking of fluids to pass across the electrodes, and

facilitates the plating of metals, as well as the cleaning of elec-

trodes. By tuning the size of the cellulose blotting paper, we

optimized the wicking time of fluids in the paper channel of

mPEDs so that the flow stopped before the system entered the

equilibration step in the process of SWASV.24

Fig. 4 displays representative stripping voltammograms for the

measurement of 25 ppb (mg L�1) Pb(II) in acetate buffer solution

in the presence of Zn(II). The voltammograms in the hydrody-

namic mPEDs, in which the fluid of the sample solution contin-

uously wicked in the paper microchannel, showed a well-defined,

sharp peak for Pb(II) at ca. 780 mV vs. the Ag/AgCl reference

electrode (C and D in Fig. 4). In contrast, under the same

SWASV conditions, a stagnant solution of analytes, both in the

mPEDs (without a pad of blotting paper as a sink) and in an

experiment that placed a droplet of sample solution on the

electrodes, resulted in a much weaker signal (A in Fig. 4) or

a poorly defined response (B in Fig. 4). The hydrodynamic

mPEDs thus exhibited a much higher sensitivity by a factor of five

than the stagnant systems. We ascribe the enhanced sensitivity of

the dynamic system to the high efficiency of the accumulation of

metals on the electrodes by convection of flowing fluids in the

porous matrix of paper over the electrodes, and to the large

volume (�800 mL) of sample that flows across the surface of the

electrodes.
This journal is ª The Royal Society of Chemistry 2010
In the hydrodynamic mPEDs, the peak current of the analysis

of Pb (II) dramatically increased with increasing the deposition

time (Fig. 4). The peak current increased from 3.9 mA to 10.3 mA

with the increase of deposition time from 120 s to 360 s. This

increase was not obvious in the stagnant systems, since the

deposition efficiency decays quickly with time due to the mass-

transfer-limited reaction in the vicinity of the surface of elec-

trodes. Moreover, we found that the stagnant mPEDs showed

a more poorly defined signal, compared to the system with a drop

of sample solution directly placed onto the electrodes (Fig. 4).

We presume that this is because the cellulose matrix in the

stagnant mPEDs inhibits convective movement of the solutions,

and thus affected the stripping behavior of Pb(II).

The stripping voltammograms for the analysis of Pb(II) in the

hydrodynamic mPEDs showed well-defined peaks and a strong

signal over a wide range of concentrations of Pb(II); this level of

performance offers convenient quantification of low ppb levels

of lead (Fig. 5a). The peak intensity increases proportionally

with the concentration of Pb(II), which yields a highly linear

calibration plot with a slope of 0.17 mA ppb�1 for lead (corre-

lation coefficient, 0.996) (Fig. 5b). The limit of detection of lead

was estimated from the signal-to-noise characteristics of the

data to be approximately 1.0 ppb (mg L�1); this value is even

lower than 2.5 ppb obtained in conventional systems with
Lab Chip, 2010, 10, 477–483 | 481



Fig. 5 (a) Square-wave anodic stripping voltammograms for the anal-

ysis of trace Pb(II) in 0.1 M acetate buffer (pH 4.5) in the presence of

Zn(II) (1: 1 molar ratio of Pb(II) to Zn(II)) in the mPEDs with a solution of

analytes continuously wicking along the paper channel. The concentra-

tions (ppb) of Pb(II) (ascending along the y-axis) are 5, 10, 25, 50, and 100.

The data are unsmoothed. (b) The resulting calibration plots for the

analysis of trace Pb(II): a 100 mL solution of analytes placed on

the electrodes (B), and a solution of analytes continuously wicking along

the paper channel in the mPEDs (,). Square-wave voltammetric strip-

ping was performed in the potential range of �1.2 to �0.5 V under

optimized conditions: frequency, 20 Hz; amplitude, 25 mV; potential

increment, 5 mV; equilibration time, 30 s. Deposition was performed at

�1.2 V for 120 s; ‘cleaning’ was performed at +0.5 V for 60 s. A bis-

muth(III) concentration of 500 mg L�1 was chosen for the co-deposition of

heavy-metal ions. We used screen-printed carbon electrodes as working

and counter electrodes, and a screen-printed Ag/AgCl electrode as the

reference. The solid lines represent a linear fit to (B) with regression

equation: y ¼ �0.08 + 0.05x (R2 ¼ 0.978, n ¼ 8), and a linear fit to (,)

with regression equation: y ¼ �0.21 + 0.17x (R2 ¼ 0.996, n ¼ 8).
controlled stirring.20–22,25,26 This value is also much lower than

the 10 ppb (mg L�1) WHO guideline value for lead concentra-

tion in drinking water.4 We believe that even lower concentra-

tions of lead could be detected if longer deposition periods were

used. The sensitive measurement of Pb(II) in the hydrodynamic

mPEDs is highly reproducible, as indicated by the low relative

standard deviation.
482 | Lab Chip, 2010, 10, 477–483
We compared the performance of the hydrodynamic mPEDs

for the analysis of lead with the stagnant system, in which a drop

of sample solution was placed on electrodes (Fig. 5b). The

stagnant system exhibits a much lower sensitivity of 0.05 mA

ppb�1 for lead (correlation coefficient, 0.978), and a higher limit

of detection of 4.3 ppb, than the dynamic measurement. Unlike

the stagnant system, small perturbations (e.g., vibration, heating)

did not interfere with the analysis of lead in the hydrodynamic

mPEDs due to the stabilization of the flow of the sample solution

by the paper matrix; this stabilization results in a high reliability

and reproducibility of the measurements. The device is reusable

by simply replacing the pad of blotting paper, since the contin-

uous wicking removes dissolved analytes before the next cycle of

the deposition of metals.
Conclusions

Paper provides a useful matrix for small electrochemical devices.

It provides a thin, mechanically stabilized film of water or other

fluids that deliver analytes to the surface of the electrodes. The

fact that the cellulose matrix is mechanically rigid, and that the

electrodes are in physical contact with the paper slab containing

the analytes inhibits convective movement of the solutions after

the complete wetting of the paper channel with fluids, and thus

increases the accuracy of time-dependent measurements (chro-

noamperometry and chronopotentiometry). The continuous

capillary wicking of fluids along the paper channel and across the

electrode that is easily accomplished by introducing a cellulose

blotting paper that acts as a sink provides an excellent platform

for the measurements required for convection and hydrodynamic

conditions (anodic stripping voltammetry, hydrodynamic

amperometry and voltammetry).

Electrochemistry substantially increases the scope of options

for detection using paper and fiber-based systems.1,27,28 We have

demonstrated the chronoamperometric analysis of glucose, and

the square-wave anodic stripping voltammetry measurements of

heavy-metal ions using mPEDs. The resulting analysis of glucose

is similar to that in bulk solution (the cellulose matrix occupies

30–40% of the volume of the space between the electrodes, and

limiting differential currents are accordingly �30% lower on

paper than unstirred bulk solution). The measurements of heavy-

metal ions in the hydrodynamic mPEDs have higher sensitivity

and lower limit of detection (ca. 1.0 ppb) than conventional

systems with controlled stirring (ca. 2.5 ppb).21,29 The mPEDs

thus have three important advantages over conventional systems

with controlled stirring: (i) they are simple, low-cost, and

portable, (ii) they do not require extra instruments, such as

stirring plates, and (iii) they are reusable, and are easily dispos-

able after use.

The use of conductive inks to print electrodes is well suited for

mass production using screen-printing technology. This meth-

odology is suitable for further miniaturization, and to accom-

modate smaller lateral spacing between electrodes, and thus

(with development) to higher density of detectors. The resulting

paper-based electrochemical sensing devices combine the

advantages of paper-based microfluidics—low-cost, small

sample volumes, capillary wicking of fluids, facile multiplexed

assays—with the advantages of electrochemical detection—high

sensitivity, quantitative analysis, rapid response and applicability
This journal is ª The Royal Society of Chemistry 2010



to a wide range of analytes. For the use in the field, it would be

necessary to develop a portable electrochemical reader. The

mPEDs described in the paper could easily be adapted to

a portable reader. The development of this kind of devices is

underway in this lab.
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