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Abstract

This paper presents a novel paper-based microfluidic cassette integrated two-
dimensional paper chromatography and paper spray mass spectrometry (PS-MS)
detection in bioanalysis and food-safety applications. The cassette can be fabricated in
a single-process through a dual-extrusion 3D printer equipped with ABS and ABS
conductive polymers such that delicate fabrication processes can be excluded for
producing the cassette. The sample injection, separation, concentration and electrospray
ionization could be completed in the single microfluidic cassette through the specially
designed cassette, paper-based microfluidic and the embedded polymer electrode. The
liquid sample is directly applied to the sample trench and then separated and
concentrated using a 2D paper chromatography technique. To further improve the
performance of the paper-based microfluidic system, several special designs including
a tip contact for uniform developing solution dispersion, several sacrificial wings for
sample smear elimination and sculpted holes for electrical isolation during paper spray
ionization. Results shows that the sacrificial wing and throttle valve can increase the
number of theoretical plate to about 3.9 and 1.6 times respectively in the first-
dimensional chromatography, and greatly reduce the sample residue on the paper tip.
The second-dimensional chromatography has increased the signal strength by nearly a
hundred times. The developed system can detect the residual pesticides in fresh grape,

and the residual drug in body fluid.

Keywords: 3D-printing, Paper-based microfluidic, Paper spray mass spectrometry,

Two-dimensional paper chromatography
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B oG Fies m'ﬁiﬂo B APy i TDRRESRZEER FEERE

N 5
fmen fy 5o

14 Rf R

TR AR BT N B SR LR Y R R R 0 A T o A
E Bk RA A PR T LR FRPFRS A 5T S o R
i ERS E T X RETE M R LRI A e A F A F R R
BERFTHRBIOE R S RS o A g SR T AR DT B - B
VN o @ B EIRIR T R R v B R a3t R o A YT

/ﬁ' ,z»r%g_m}%riw g = lpki L‘mm‘,;bpa °

141 R R34 2 % R

THRER G PFR B % A0 1914 &4 Zeleny #7141} > $d- 87 B £
o E N RFE O BREFRRF LS ep bR g T8 BA T RIF R ks
Tk {EBA TR T40] A AR IR LA wF TR
AR 2 FitEEL A RE S AR THIER G F o470

Ao S BT R R YV B 44T A% 1968 £ d Dloe & 4 i 41
BRI TR 0 3 B n f R # A T 0 1 ihs
FE%E 50k Da> g PR FILIRPIOR A A FISHF 0 Ra TG R
PO RS S RRRE BRI ER S ORT TR AT AR

[41]- @ 517 1985 & » Whitehouse % * 5 =t 43 o JE a2 2 e 78 & > o



RN T R SRR RE Btk A TREAL T TR
WERAEOTHRBL OREZDF O IR SR EP S TRIEA
AF THRI T VIR AR NG PR T Ok E[42] - #FF =

A PFTEFLERYRRSDERT A FE G AL AT E PR -
(Polyethylene Glycol)i& 7 # % > & ¥ S # B~ @ pt4h A1 4 3 23 B T jmendgs 3
B[43] B2 R ERE AR D BArE ke FREA S S8 SRET
¥ 45 BRI AR E[44] o FR G A TR IEMRE R
AT S T AR Y TR R EAR X T R LA AT R AR
R F B S LW LR 2 KRR T

5:5—1-14?\»12‘ ~ i pﬁ%%‘zﬁzu 14}3\»/;‘3- °

142 AT g ET#

AT IR T2 5 Cooks B>t 2010 £ 74k 21 cndta) 5 T of R 548 e 1o
RePiR iR A [45] 0 SR AR Y T 0 B E A 14 90T 0 BRI £
BRE TR E T MR A RN R L R R L
WhFRROL I BREBENRLLGOT > TEFERARTEFT 5D TR
Ffad o FALLRRE S LARFEORG TS 045 RS § BT
ML A TFRERE RS2 FFIDRR e T FRORAEERS A
BE AR REr FTHE > T RAPE THRTRENFRILATT &
7o A MRRE O HRBITE R ARRE o 2 N MR AP FRELETT IR
WL EARR Y TERF L DA T L A FRA KRBT LR HIN T R

WRIEE > F FES PE R
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: Analyte ion
Cl
v Solution /
' = S/

r \,/"/' ° o ® o

V) Pap> triangle /

MS inlet

(=)

Bl 14 ST n AW4S] B s 2d 0 - 0F 0Ky o T
R FRTAEFRE R DR EA R TV S E ST R

AN THS s P F A T -

AT R R AR B S vd B W BRIRMEA TS RT N R
BRA e B 2 ERR TR ARFRY e T AT R
i tp R T SRR ATA Rl engE I 0 4o Cooks [ F M2 BT of L EAL S 2
FOTRIRL Y B4 [46] & S A4 [4T] R A Gr de e VP [AR]E0E Hede iR o
R od AT IE TS R PIEE R AE AT Bl g RS DS
S o IR - SN ) e SR p R At RSt S Gy I sl | -
Cooks BIFf>t 2011 & » #-4fs jp @ B f A T8 7 Tkl - &0 08y o
PRI A G B D BPIFARR N 2 BETFAIL > A AP iR e -
R # % (Silica Gel) &7 » &2 W P 43 jp e F i 4 > R B e T KT S
BPF L R E X LARFT ERF WG e Z PR DO ES SRR TE RSB R
FA o EFP LAtk 0 BHRPIGACRE A FHRD[49] - @ Zhang £ 4 > 2014
EoBERBENS N RBHE AR ES F i SR T R RE
oo FRADHF R Eh R A ED ) KTEETHET LS E L

sefh il > B B S 3 2 A h[50]e @ 5 1 &2 KB > Ouyang [t 2013

pa—t
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ERNT pE I gR R AP ET T SRS BTRE ERAE AT

‘\'-1

T ERATENTRT o BELI R B R T H e B B A bR
BRI et A 0 A TN 84 F A RKRR 12 B AR A 0 X iR
=S R o T R R e [S1] o

AT G TR P I A KT AR > 2P 2 - Ed Liu & 4% 2011
A AS2] ) NEFE TR EREFRTAEFTTHIREAYE 4oF 1-
SHrg o b AR WKL T TR MR AAID S K el (T d NS A

PEAAFREFI N LE K kBB v @ L SRR REE o

H

381"
Methanol
spray - :, 365.1
Q.
.f ! o' HE | \J<'S
Plant tissues
o ls

= \Q

) 1-5:&’?‘?%5:??&%; 2E 4 #—]— 3 BI[52] - & li“;"zﬁlﬁi?ﬁ‘fglzﬂﬂ o 1 E BB

BE O PRAEEFEFTHRTHR -

1.4.3 3D 5| erif 24 M T of R AL

R o MR ARG FF S enBR o o N AR O s o B4R
TR EEFIZF S AFORE 2 AT FEAFFPEF § LT b
RRH A AT R AR TR S AT MELAR R R AR Tt 4o

A~

AT R EOBEIR A P EF L E 2 HER (R B R ERPF R P o
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SESY LR EEILEE PR RS TS L e
A GRS S A A KT R ek 2 4
F]pt 2t 2016 £ > Duarte % A 4% 107 00 AE A Wi ATk B B R R R AR ARE e Bt
EE R - BALFBRAYFHIONRE TR - N PR BN L PN AR
SR FREGE T - BRI RS T R R ACE 1-6 T o SR FB L 2 ik
W A WiRAT THEEHFEEF RO S RS SRR
Hyr g ?/ﬁi/ FULE DR B Al T AT w0

@ Salentijn & 4 P>t 2017 £ ® 7 i BEA - KT - BATY T F I

o2 WHEERH TR T BE AT R R R AR R RIF AT
Bl g mil g iz ARk E R A T4 gk

Forbm R ny WA M > B P B e R R Y A S R e
o R R A A Bt PR B SR R 07 2 A R RS
A EFER T U AP RACRE RN F® e - BRESRER SELT
WG - BRATE LI R TR SETHH D e A T
B Rl H RS R E ek o B % AP 0 Jd FedlF TS i A

TP oond A RIS R 0 S g 7 KR e R e BT [53] o

(a)

Plastic
Filament

Rollers

3 [ ]

Nozzle Temperature
control
Printing D device

Platform
B 1-63D 7| Er s o2 W T op SR FARE 24T X BI[54] - BI(A) 5 2 WAe o BI(B) A e
R AFAPEFI G B -
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AOAFTE EY 2016 & 0 d BUR AL T AT AR T R @ ks B
WHEZ MEARIT A RRGE TH AT OME S FH R AP RS 2 ok
e A AT ?/}1’ ?5&12‘ e B ATae [55] © ﬁ:-&rﬁ 1-7 #7171 » £ - Bi5d 3D

Fler gt m A FAR N F AN A BRI R ROT REE

FEp T EEE RIS ERRETFETT OB RTINS R FRE
BOE TR kA o W R SRR UL F kRl B e B d N H e

P KK R DR HAE G R RGP SRR e -
B @R AR 2 d Lt WY R TG R

YA RSB R AL E R AR T ARG BRA G K

Loading sample 1st dimensional 2" dimensional
chromatography chromatography
Portable Cassette Mass Spectrometer

Electrode

Data analysis

Electrospray

Bl 17 T3] S T T ™ )T R BISS] ot MR AT - e R 4T
ABRRIL ) L5 B TR ETHRRELFRTAI AL oA
K = SER
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t 1 & 454 B pF FF (Migration Time of Analytes) » H = % s

Wipn @ A58 52 L % % (Full Width at Half Maximum) - ¥ &~ % mm

A A SR iS5 E iR T B EF B A0 F AP A 172 (GO) B a4 K
#7:2 (HPLC) ~ & & A& 47 /% (Thin layer chromatography , TLC) % & ;% & 4k ek 47 o jiwo
BEEX AR PR A G gt WA R hA Bt o G FAE BRI
Boo R A HAMSERTROLFEIRE IR DRERIFFOUFTFTLE
Fhd BeFiir S 3 FMPI AR £33 532 gt BT FL o
ARG R L R EE R R R R A A RS
WH-FmpN TR DA TG AR NP RAIRE AR R
BB %= aemhig e f WAL PR A enidhiny & a8 - +
WOk LN R AR A g A A B8 REEA YIS A A B4k e R ACR

R HRGEOR AR T RR > BEAS PR S -

23 KT E A

S AR E R A k0 0 8 AR SR R ek
Bt AR i S KR MR oA AR 5 XKy
AR SRR A 2 R R R ERIF OYK Y A TR pl AL
L TS LY B RFFER A FE G FAVPEDLL > Ra AF
et o S F X LN 4o 2-2 997 0 A R APERAHF 2 BIA 0 (- )
& i]% ¥ 44 (Talyor cone) ~ (=) ~ A5 = & " (Aerosols) ~ (= )43 ~ (w )5 4E[59]
()ﬂ¢1B@

BB RBE AT THERD
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=F
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T
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B F RS o RIRLE D2 A R f AP A g R R
BARDRFAF ST 8 A AF TRHEOUGTERY o WEFEF L SRR
REFRRRDL R RHRZFFRT R AR AR DY - A
TR A FRRTRE F BT o g D AT EAT S B AR BM
Eorf g AHF AT R S IEH Y NEE ] A F A TR PRI % o

B SO BT T 3T 4 48U (Rayleigh Limit): 7 24345 T 7 en 4 = 42
;% (Rayleigh Equation)i& {73+ 5 » {F0d T3k T 8 2 R Fad o 5k 4
2 AP M
QR% = AT €0 ¥ RR > e )

Qr - RIF“TIHF T2 B iK#Ek

& ¢ E %7 A % ¥ B (Permittivity of Vacuum) - H = 3 F/m

y AR Fm kA
Rp i Rip Xz > HEi-im

Analyte Molecule Coulomb MS
Solvent  Explosion Naked Charged Inlet
Spraying Nozzle Evaporation Analyte
\ g +6+ \
+ + + + o
cEp o om
+ + i +?+
Charged X \
e Droplet Charged
(Big)  Charged Dropletat ~ Droplet
Taylor Cone the Rayleigh Limit (Small)

+ve [ ] -ve
)

W 22 R of A 2 RILA RW[60] 4 5253 F Rk T F % TR

I VIR S

23



=} REHRVOEHR

AR EFABNE - P E AR RRR L et B R P IR R R0
B SR AR LAY S SR AT SRR A & R
R B2 SRS T RRIE e B ¢ F T I TR g
BRG] S B L R R Rt R TN TR S b R
ﬁf?ﬁ#f#@f%ﬁfﬁjﬁiﬂq S ERNIER LSS S tE RO oy
AR YT SRR B R R PR (TR i U ik s MR Y el
BREEET- BREDER AW ES JE R e AR deie B ST i A

EERR -

3.1 AR+ = iRk SuemR A g
BATAIF B RR A ST o B IR R K E AT B iRe s

PR B AT ¥ TR KRR EER FAs w2

&
3

PREHEBERBEEH G FR DR G KA o BB R
Bl ™A e AT R P EBEATF AR HTHRREEFEE T
Wo® R B BATE O fRAB IR P moata KT R T Y EEE T R EATRR
Gifppe o R FRRIFRIE GRS 0 F TR FUERDTEL 2 2 FRepI
2B GEA B A R ® R AT R E S 0 3 R B il o
B A AR R AR T AT o
ﬁiP{%@%i4®%W&&’%gui§ﬁWul%%i&ﬁiiﬁm
SRR P L MR St o T E R R ARG S DR s B
PR i A Vg RALY PARBRE 7 Wdegt o AT A RS R T F R
ARIEH G R LA DRERF R RS R A RS R B RRIDRE
EFRREHDFTI TP AFTELRER - B * EASRRD LA

A A BRI RRLE

24



311 #3+ mgkP o

e

+ ® ¢ % % chx 48 % B 4088 (Autodesk Inventor, Autodesk, USA)iE {73k 34 > %
&4 F m b Alts L O-BIAE " ~ 27 B 088 (Cura, Ultimaker, USA) P - #-4% % & 4% = 3D
ZIEr s * chigeode #hEk 0 B S Rahk %~ Fp 5 3D 7 & 8 (Ultimaker 3
Extended, Ultimaker, USA)4r ] 3-1 > Ri& {7 & % c#lid - 3D 7| Er e ¥ — Beg
Faf R ET O AT HE Y AR FRT OIS TR T - B AR
FETIAPETFAF Y AT FRET A JEd A BHERE T
et W AU B B F AL FHR S AR SR p I 0K
MATREOF L+ TR d 3D A g Wt 3 B E R AR -
BAMA R FEPFEFAE FREZET PAGERA DL pro F A48 &+ B
fi% (Polylactic Acid, PLA)®% 4 =+ (PLA Filament 3.0 mm, Ultimaker, USA)#% iz PLA /&
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Black Magic 3D, USA) » i % 7| Er 4L » vf 55 e & A w3k 25 210°C £2 220°C »
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BF A B R B E - F B o KA AT TR 0 I PLA o0
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