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Keywords:
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Point-of-care testing

In this work, we developed a microfluidic paper-based analytical device (pPAD) for the on-line isolation of
proteins and the electrochemical detection of lead ions (Pb(II)) in urine samples. The patterned filter paper was
prepared through the direct printing of microchannel patterns on filter paper using an office laser printer. The
paper was modified with protein precipitant and was then coupled with a detachable three-electrode system.
Experimental parameters, namely, modification reagents, microchannel length and width, deposition potential,

and deposition time, were optimized. Then, the maximum protein concentration under which the device can
function was obtained as 300 mg L 1. The linear range was 10-500 pg L' with a detection limit of 9 pug L. The
effectiveness of this device was demonstrated through the quantification of Pb(II) in urine samples and the results
agreed with those of atomic absorption spectrometry (AAS).

1. Introduction

Urine is an attractive option for non-invasive detection because it is
easy to obtain and rich in chemical information that can be used for
monitoring health conditions. For instance, the accurate detection of
heavy metal ion concentration in urine plays an important role in “point-
of-care testing” (POCT) and helps to monitor the health conditions or
determine the risk of exposure to these metals (Yantasee et al., 2007a;
Gazica et al., 2020). Electrochemical analysis is widely considered a
suitable method for the detection of heavy metals (Wang et al., 2020; Liu
et al., 2019). However, one primary problem that prevents the wide
applications of electrochemical sensors for analyzing metal ions in urine
samples is electrode fouling caused by proteins (Yantasee et al., 2008a).
The traditional ways to avoid the interference of proteins are based on
acid digestion (Pan et al., 1993; Duran and Karagozler, 2019; Valera
et al.,, 2018) and ultrafiltration (Yantasee et al., 2007b). These pre-
treatment methods are time-consuming and equipment-dependent,
making them unsuitable for on-site analysis. Some researchers have
explored the use of magnetic extraction materials with high affinity and
selectivity for heavy metal ions (Yantasee et al., 2008a; Fernandez et al.,
2020). Additional extraction and washing steps are usually mandatory
in these methods. Other researchers have modified the electrode surface
to protect it against protein fouling (Yantasee et al., 2008b; Kefala and

* Corresponding author.

Economou, 2006; Choi et al., 2015). However, the sophisticated modi-
fication and fabrication procedures of these electrodes restrict their
feasibility for routine analysis. Therefore, more efforts on the develop-
ment of simple and inexpensive platforms to lower the protein fouling of
electrodes are needed.

Microfluidic paper-based analytical devices (uPADs) are attractive
platforms for POCT because they are inexpensive, lightweight, and
easily disposable (Ballerini et al., 2012; Lepowsky et al., 2017; Noviana
and Henry, 2020; Oliveira et al., 2017). The porous structure of paper
enables capillary-based fluid flow, reagent storage, mixing, flow control,
and multiplex analysis (Tang et al., 2016), which play a fundamental
role in sample pretreatment and separation. Because of these features,
microfluidic paper-based electrochemical measurement has the poten-
tial to achieve high-sensitive detection with minimum sample pre-
treatments (Nie et al., 2010; Rattanarat et al., 2014; Tan et al., 2010).
However, the in-depth study on the reduction of protein fouling in
electrochemical analysis using pPADs remains unexplored.

Here, we developed a simple, low-cost, and portable microfluidic
paper-based electrochemical device, which enables the on-line isolation
of proteins and the direct detection of lead in urine. This device consists
of a piece of patterned filter paper and a detachable three-electrode
system. The patterned filter paper was fabricated using a laser printer
and modified with protein precipitant. The three-electrode system was
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ARTICLE INFO ABSTRACT

Keywords:

Disposable electrode
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Vibration motor

Voltammetric detection

Bisphenol A

This paper reports a miniaturized device for electrochemical analysis based on disposable electrodes. The device
was integrated with a detachable three-electrode system and a vibration motor. A disposable and easy to fab-
ricate Au-film electrode was used as working electrode. The Pt wire auxiliary electrode and Ag/AgCl wire re-
ference electrode used in the reported system were detachable and reusable. A coin vibration motor was in-
tegrated to provide convection conditions in the accumulation step to enable rapid and sensitive analysis. Using
bisphenol A (BPA) as a model analyte, the performance of the proposed device was demonstrated. The linear

range and limit of the detection of BPA under optimal condition were 50-1000 and 30 ug L~ *, respectively. The
reduction in accumulation time by 25% through the introduction of vibration greatly improved the analysis
efficiency. The device was applied to quantify BPA in real samples and the results were in agreement with those

obtained by UPLC-MS.

1. Introduction

Recently, the use of disposable electrodes, which are inexpensive,
easy to mass produce, and simple to pretreat, has become increasingly
popular in electrochemical analysis [1-4]. Currently, the most widely
used disposable electrodes include screen-printed electrode (SPE) [5-7]
and metal thin-film electrode [8-10], both of which have sheet-like or
planar shape. However, the application of these disposable electrodes
continues to feature several limitations. For example, the operation of
disposable electrodes in a conventional electrochemical cell equipped
with a magnetic stirrer or mechanical stirrer [5,11,12] may weaken the
feasibility of using disposable electrodes in practical application that
requires convection. Otherwise, high sensitive electrochemical analysis
will require a long diffusion time (accumulation time) in the absence of
convection [13].

In this study, we developed a miniaturized device for the applica-
tion of disposable electrodes. A vibration motor was utilized to generate
stable convection conditions and enable rapid and sensitive measure-
ment. Furthermore, a detachable three-electrode system that simplified
instrumentation and facilitated electrode maintenance and displace-
ment was integrated in the device.

To demonstrate its effectiveness, voltammetric detection of bi-
sphenol A (BPA) by the proposed device was optimized. BPA is an
important plasticizer material and has been extensively utilized for

* Corresponding author.

manufacturing plastics [14]. Nevertheless, despite its beneficial appli-
cations, BPA is an endocrine-disrupting chemical that may exert detri-
mental effects on humans even at trace amounts [15,16]. Hence, the
sensitive determination of BPA is a major concern. Several analytical
techniques, such as liquid chromatography-mass spectrometry [17],
gas chromatography-mass spectrometry [18], spectrophotometric
method [19], and immunoassay [20] have been developed for de-
termination of BPA. Electrochemical analysis is highly useful as an al-
ternative method for BPA determination because it is sensitive, easy to
operate, and suitable for on-site determination [21].

Using BPA as a model analyte, the proposed device showed a limit-
of-detection of 30 ug L.~ ! with the sample solution volume of 50 pL. The
accumulation time required to achieve the same sensitivity in the pre-
sence of vibration was only one quarter of that in the absence of vi-
bration. The proposed device may serve as a useful platform for im-
proving the applicability of disposable electrodes.

2. Experimental
2.1. Instruments and reagents
All electrochemical experiments were performed by using a CHI

660C electrochemical working station (CH Instrumentation, China).
Measurements were carried out with the miniaturized device that
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HEmMPIHEERIZEWNE
SHEeE-HERREE

1 SeHE

ARARAERLE 118 Bl NS A M Bl IV A 9 B A o A OR3-S IR T N RE T
AR P T gl il v AT 8 1 ik B4 FLKE AR VPV C AR SRR A

2 MEMESIAXH

B SCAEXE T A SR A B R e AN AT A LR H A ST SO SCAE A4 RROAS 38 T AR 3
PFo LA TE H IS ST H 507 RAS CRLAG i A7 A9 A8 24 30 368 A ST
GB/T 6682 704 52 58 % K BLAR MR 56 7 1%

3 R

R PN T 300 7% 12 0, T U T 2 [0 A A e A o A0 O (009 - — 0 DO B AT A3 BB B 35 1 (G C-
MS/MS) AT 52 | R I 22 527 s A8 30 CMRVD 47 7 PR FI SRS E it

4 WA

Bk 53 A BLE A1 AU 3 A 4350, 2K A GB/T 6682 RILE 1) — 2K .
4.1 BRIR A4,
4.2 L.
4.3 HRFREP.
4.4 WAHEREN .
4.5  ToKEREREN .
4.6 WEE. @ik,
4.7 LBRLTR. ik,
4.8 N-VA bR e &b - 2B RSB R T 95260, IR A
4.9 0.1 mol/L WA .
4.10 0.1 mol/L ARV W .
411 NTHEW PRI 4.2 g BRIR 04N (4.1),0.5 g FALAN (4.2),0.2 g BRERHF (4.3),30 mg 1§ R #h
(4.0 7T 900 mL /K, H] 0.1 mol/L & AL W (4.9) 81 0.1 mol/L BYFh MR WK (4.10) 77
pH 4 9.0, HIZAKEA S 1 L, %A TR I H PR
4.12 1 mol/L WM& FEILHIAE T .
4.13 1 mol/L ML MRIEW .
404 PABRAK £ VA U - 40 ) R B IR b o ) 5T (4.8) o LA PR BE (4. 6) iR i BV BE A 500 mg/ LAY AR
BRTEIR ., KRR T (—1843) CHlOGIRME . A% 6 A .
4.15 TR FRAE 5 VA W - YT B TR 2 45 B o % A8 VR T 5 B M P, DA B (L 6) JC ) B0VR B2 o 20 mg/L i
1
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TRAR BT, KRR T (—18L3) CHLIR A7 AR 3 A .
4.16 R A A TR - VR R JBUIE R o VA R AR T 2 DL R ST (4. T) TR — AR B Jo A e R Y
Pt AR A R0N 1A

FE e T NS 5 S AR A B R O L G SR T OB ST SR F

5 UF|iRE

5.1 A - = PUARAT BTG Bl A i & 5 B IR (ET D .
5.2 AMAL,
5.3 AT RFHEEN 0.1 mg.0.01 g,
5.4 fHIR/KBH R (402 C,
5.5 MBMZERCRE BifA KSR,
5.6 [E AU : ZALRAR MG -— LR R IR Y/ A% 500 mg,6 mL) oA 235, 27 2R ] H At [
ARZE B AR IR B AR BT B A R s,
T G RTE 2 LRI 2 I B /IR 2 A IRORE 5 A T A BR R R R 15 R N-IE 4 M A
wEE AU %,
5.7 AHLIERE . FLIEH 0.22 pmy
5.8 R AR N 10mL .50 mL.100 mL,
5.9 HIERFOHIEH 457 50 mL.100 mL,
5.10 BEFSER. HANH mm~7 mm,

6.1 EEEEX

HEAS R it Ak B 3 B e R T RO A% AR R EAT L By Lk NI A MO B A
6.2 Hmil&E
6.2.1 22 14 fh B 8] 82 22 B 15

X 28 14l BsF ) A T 0 A o CAOn 0RO K R AR 8 B9 DD 5 BRI 5 g ORE B %8 0.01 @) T 100 mL B
FEHEIE M M 45 mL A TMEWR L BEESER AT T, 36 135 7, RS, PRUEAE 5 56 2 Bl BT 400 Y 1200
T (40£2) CHEIR (60£3) min, FHr A T ME R Y 55 2k (5.10) A Mg 40 °C, i858 UG . 37 B
HOERTTEB WS 2 50 mL AF AR, S & A TR PERMEN . 5 LREB B A IF. DA
THEW EZE 50 mL,

ZAE T M T NS i e B T S A I i I . MERR ARSI 10 mL 3B BB VR IE AT W AE Ak R
N (7.1 JHF T SRS Ak 40 055 0 D5 s ) 4% 40 mL ERIEWOMA 1 mL 1 1 mol/L S A LMW (4.12),
ICVEVE W AL T NS i e 0 2

6.2.2 £ O#EHhE BB K

it 2 11 42 fi Bt 190 A K A B U B LA L 2F S ) 30 BB 1 AR R 5 f % T 3 4, R ik /D 55 W
G OB VI G i, BURE AL 10+ D em®, FREE CRE B & 0.01 ). 77 9t o A 350 40 26 10 BUAR 2
10 em? , BT Y1 AL PR 2550 Wi 52 56 45 R I %R B OR T BT U], AT AR, T (1o £ 2 C R
(240£3) min, HA L EF 6.2.1,
2
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7 SWTR

7.1 WL RE

PR IE RS 5 2 A 2 50 mL BB IHE W MEMALEL 10 mL £ 50 mL HEHIEHE, I A 1 mol/L
EEREW 1 mL(4.13) JRA), F(40+£2)°C Fl##E R M (30+ D min, RME5HJE.MA 1 mol/L S &k
BT 2 mL(4.12) , BL i W B, FH T 0T S Al Ak 4 o3 i 0 e

S TR T LS RS R R AR e A L o LR A L A b o 8T AR VA P B T Ak R A

— R SRR A S A R e BRI G SIS M L SIE Y I I 4 SR ) 4 2 R T I 4 R

7.2 EHERKS

B [ AH A UK R 6 mL 2R 28 (4.7) .6 mL HIEEC4.6) 354k 10 mL AKSFAM7, %8 ACE%
W B LA 1 mL/min 2245 B A, ERESERUS BT 5 ming 6 mL 2R LR (4.7) 43 PR IR I CF
W3 ml) W BRG] TC /K A B B (4.5) R 25 R B0V b /K 43 o o b3 WO 2218 9 /AR Wk 2= T, DA
LROBEUDERZE 1 mLAERIES G2 0.22 pm AHLIEAR (5.7) 1 38 5 AR @ UERE /NI, 37 B B AL
Rl . A0 AN B B B ARG 07 T ¥4 VR kG A5 4 T ORAE I T 9 R R BRI L 5E

7.3 SHEGE-HEKRENERG

D 25 R R e 7 B A T A A AN AT BB 45 1 i 3 B il 2 8. T 9045 i 2 802 Bk W 2 T
1THy

a) SR .5 Y0 AR EE A 95 90 B I R A ARV e IR I R A SE B A A (30 m < 0.25 mm X 0.25 pm) ,
EIR SR

by AR AR 50 °CL AR 3 min, A 30 °C/min B9 #RTHE E 80 °C IR EF 7 ofin; PA 20 °C/min
F TR 2 130 “C 5Lk 40 °C/min (U FTHEZE 210 *C,LL 10 °C/min B HECRTHRE E 240 CH
fR4F 5 min,

o) HEFEIRNE.260 C.

d BEFIEEE 180 C.

e) fEEILIRE 250 C,

D A ARAEE=99.999%) , i # : 1.0 mL/min,

g METAETHE,

h)  HERERL.70 eV,

D R R ERE

P EEERE L pl,

k) Al AR R (A ==99.999 %) .

D B R AR & W W (MRM) L 4685 5 04 20 7 2 80 RE S AL

m) HEFILEIR .3 min,

7.4 IREHZHNLT

K b e AR R (4.16) 32 BB 3R 3 A 25 1 (730 BEAT DN A2, DL 2 1 1 e T B A AL A L 5 JHG
IO F) e B2 DR B A b L 2 AR UE AR 2. A L3R 3BT AR AF T A AR HE B9 MRM (435 181 2 DL 5% B,

7.5 EESH

R RE AR IR (720 $ IR R AR S 1F (7.3) BEAT I E L 0 SR AG HH A € 35 U6 ) £ B I ] 5 A o AR A
3

NSTL

A,
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— B2 £0.5%0)  JF ELAEFNERTE 55 BORE il B35 18] v B A7 28 £ 28 1 X 24 s B0, EL BT ek 4% 1 S PR B 1
AR = J8E 5 e A 25 v A I R 5 P 8 A AT X = B AT L RS i 2 AN e e B RE SR VR L
1, AT RE R A AT AR I

X1 EMEMEREMBFFENREARTRE

ARX B S i 2
>50% +20%

>20%~50% +25%

>10%~20% +30%
<10% +50%

7.6 EESW

SR FHAMbrbs v i 2 725 G b oA ot VA TR0 v 5 D0 1 € 3 e T AR A s o i 2 45 80 50 0 1 ok B
YR P 1 000 0 W 7 (L IO A s A T 28 0 8 P U T A e 6 AP T D o7 A R I P A 0 A

7.7 z=HRE
B 7 AR it b o R A5 R ] A R R . s 1 e ) 4 SR TSR A I R A2 B Y
159, 28 R A5 R/ T 05 i BEER (ISR 9 %) .

8 HiE4hiE

FE b b R Al N AE B 0 & L 4R SO0 TR
5 X (CA *('o) XVA X 106 ><f

R T N G D
K
wa—FF A NS i 1Y BT s VR B B D e B T 5 (g / k) s
cn IR A TG EIRY PRRIRTR (7.2) NIl B AR I A R L BN R 2 AT (mg /L)
co 25 IR I A TRA B AR B AR SR IR TR (7.2) v N-SIE i i 1) R R R R L B ALl 22 S 4 T
(mg/L);
Vo — W A S5 B MR SE IR (7. 24K TR 0.001, 547 R IH (L)

N F e [
m  ——FERFREE R (6.2) BN TE (),
TR ZE R FIR B NS G — 00, 45 R it 100 pg/kg B R B,
R R AT RS A BT L R (2O TR
5X (cp—co) XV X10° X f

WNsA = — WA cesctsesttictttittccncicacen (D)
m
Gav
wsa R AT SIS A ) 5 14 5 Bk R L B R Bl B T 0 (g / k) 5
cp IR B LA BN RE LA (7.2) T NS e 1) 5 R VR B B O 2= S AT (mg /L)
Co 25 AR P IA TR A TR AT B A RE SRV TR (7.2) H N-E A i A S5 B vk R L B Sk A2 v A T

(mg/L);
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Ve — W B AR ARERIE R (7.2 0.001, B TH(L) 5
[ TR
m R (6.2) B () 5

wa —FE AR NG i B LK (D T B A Bl B T 5 (e k)
AR BN BN R — 07 B AR T 100 pe/ke IF . FoR B,

9 FEEER

AT N-V il 3 3 2 BB A N-E A 3 — S N IR € JE PR R 0,025 pg/ kg, X N-TF fiff - N-H
FEOR M N-F S JE 5 T S O N-JD A 3k IR O A N-SE A 3 T IR A E R O 0.125 pg/kg W H
ARAE Y BRI 0.05 pg/ke.

10 ERNEEE

10.1 [EUgZE

TETRIMHE 0.1 pg/kg~50 pg/kg P % N-3V Al 5k — B 3L e i Tal WK ol 55 % ~85 % , % Hi 4y N-lE
g i a2k 80 % ~110%

0.2 BEE

TEATR) 9 52 58 2 o AN [R] B 48 A 2 G A ) A s o 5RO ) ) 00 307 9 o % [R) — A i 147 4 L
S A I R AT B P U S S 5 SR 0 248 X 2 R AN R I T A I E B B B R SRR 1504, AR
TR P I 2 (A SRS (A 15 00 O DU B I 5 A R4 . DA S 6 3 15 21 A9 0 2 B 0 i G 71 K
2 W% C

11 RERE

R 2D MA R LT NE

a) AR

b) Al A bR o (R S A B IRAE 5 5
o SR

&) HHLE B B 2D PR 25 575

e)  TEBE WL BN S A

DR W B S
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Mt X A
(S MM )

N-IF 55 R B B & ik 2 T S 3

15 A N-fiff 1 9 (3% B 3 o3 BT 2 0L 3% AL

RAD 5FN-THEHBERIEDINSH

- PREEETE] | MRS X m /2
i &y W R B CAS & , NS O
min fill 18 BE i/ eV
N-nitrosodimethylamine 74.0>44.0(3) "
1 IN- 3T, il ik — F Bk Ji 62-75-9 3.67
NDMA 74.0>42.1(10)
. N-Nitroso-methyl-ethylamine 88.1>71.1(3)"
2 N-E A A P B 2 B i 10595-95-6 4,460
NEMA 88.1>57.1(7)
) A — N-nitrosodiethylamine 102.1>>85.1(3) "
3 N-SF il 2 — 2 B il 55-18-5 5,65
NDEA 102.1>56.1(11)
N-nitrosodiisopropylamine 130.1>88.1(4) "
4 -3 il hk — 55 9 JH 601-77-4 8.62
NDiPA 130.1>71.1(10)
) N-nitroso-N-methyl-N-phenylamine ~ 106.0>77.0(14) "
5 N- 37 i - N- FH L 2 i 6145006 10.51
NMPhA 106.0>>51.1(25)
N-nitrosomorpholine 116.0>>86.1(2) "
6 IN-3IF. i ik 1 b 59-89-2 10.70
NMOR 116.0>56.1(9)
N-nitrosodipropylamine 130.1>113.2(3) "
7 -3 il e — 7 Bk i 621-64-7 10.90
NDPA 130.1>71.1(12)
N-nitropiperidine 114.1>84.1(5) *
8 N- IV fif§ 3 R g 100-75-4 12.17
NPIP 114.1>>97.1(5)
. N-nitroso-N-ethyl-N-phenylamine 121.1>106.1(13) "
9 | N-IEAH-N-2 B A 612-64-6 12.71
NEPhA 121.1>77.1(26)
N-nitrosodiisobutylamine 115.1>84.1(2) "
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