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£ =FollXe vlAl 870 Pseudomonas aeruginosal] £330 T TS AR S5kl tekst Z2719] vlA
= Ul Blelglote] 5738 FAsISIT) & =elAs nAAl S ARESte] 21 kS REET, 10~100
pum Yu]e] A <kellA] @ whEgobe] 25 ®g1 olFEE, ‘un-F AEAIRE, ‘umble’ R S0 7}
AR ol dEgole] 258 B3 4 3= 284 24572l random motility coefficients T-3FATE 4719 &
24 SR B d}, dEzlols TR Qs A HES] 250] Ade] We] oz sl 37 %
o Y v HaL, ‘run’ 5 A& AlTte] FolAlE Ae FERISISIL. wEhA, 37t Algte] vheEloke] 59S
FaNZE & 4 S 2 AT Ay vheEloke] 25498 A1 AgshA B4 4 ol F WHoE gy
gg3 Zlog gg).

Abstract — This study presents the effects of micro-geometries on the swimming behavior of Pseudomonas aerugi-
nosa. First, we have measured parameters of single-cell motility including cell speed, run duration time, and tumble
angle under two dimensional space. The results are used to calculate motility coefficients in the width of microchannels
ranging from 10 to 100 um. Since the single-cell motility parameters measured depend on the interaction of flagella with
the microchannel wall, the duration time of the running cell in restricted geometries is distinctively different. Therefore,
the motility of bacteria is decreased by restricted geometries. This study suggests that microfluidic approach is useful
tool for the analysis of bacterial motility under the restricted space and rapid analytical tool.
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=] ST 7]. A EAlEHE BlER|oks nlolAZn|E] Z7]9] A|
skl FRrA S Bh AL st o] AlgkE TS 19
Ao e Qs AR 7S B3k S vieed] 78
A AR = AUH8-11]. 53], WH=A] ARKE-7 (photolithography)
3} poly(dimethyl)siloxane (PDMS)E ©] &3 AT E @] 4 72y
(soft-lithography) &7 0= ThEoizl n|MRA 25 Yt +
Aol Ao Holupr| mizel] AolQlE AlE Aol A
o] AREETH12]. tEAR] 2= wgloe] 3 51 f=2
o] AAIAE 22 71-e) wet s wekow 3H %
4] A713], HhelEere] A7) Bk 22 A719] F2(%F 0.3 pm)
= Whol BHEEoprt F-AolA] Jrahs wtellA BlEHEote] MAlE
ol = A[14], 1= BlEE|oke] MAAE BAlslo] vhdg]o}e]
F HEE doli= AH15], B YolrbA 279 FE glo] i
gofe] 5/ vE o] g3te] FURIAE Eo Al ak= RARAl
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Fig. 1. Representative motility of swimming bacteria in nature such
as running and tumbling.

& Whs < 3lanle), 2] Vst s MAsto] § e
2 vejglo}E Fas FEshs Age] FaE 1 SlrH17,18].
o

919 ATES wEHEere 25E V1R ke, v JIEIOH
9o PehIEA A7) ARt ML) 91sle] 84
a1} ue

gloprt 22 o)A Hi[19-21]. HR= Al ALk } /‘]74]
W T sl 55 & olaL, o] 3 SEel # s B 9
A - HEY ‘i o{%j 3|14E ohA Aot Wk BRI
HEAAMEEESO R 31 55 oAl Hd HEI}F FE0] Hi e
A WEke = 3 L'%% 6}74] A wElopt A E SA4
& HolA| H=t] o]e|3h S4 ¢S ‘run’ -Foltal shok yithE A
E7FAIA ko R sjdahd AR EA H AL ol REAA
Fo 7 33 s Hd Helglopr) 113 WS v 25a S
A H= o]2fdk %2 ‘tumble’ Fo)ka FHKFig. 1)[22,23].
wheejote] P54 541 F 7] s AHA 0 E RS H
A rpx] Heke- 252 sk IRkl nissst FAA 55 sl |
t}. o]d o= vre|g|ote] 58 random motility coefficient® 3t
Ag = A Aot

& AelM= AlgkE SRl vhelelote] £-57d WSkE ot
1] flste], 28] Un] Wslel] whE uleejofe] -84 xlolE &
ohE = Q= MIATAL A& AFBISIT o] & ARgate] mlAlRA]
2 el g AiA wiele]ofe] -5 FAskaL gl wet o-F
‘do] oA gEpR|=A] Lot et B Bl glo} #-52] W
(Cell speed, Run time, Tumble angle)s 5745 3kl SHE W=

S AREstod vle|2]ole] random motility coefficient (u)yE 78T
2. Y™

2-1. OJMIRA & /= A (Microchannel design)
B Aof] AREE vAlA e 2 E FN=(Auto CAD 2008) 3=
MS AMESo] AAISIITE Inlet?} outlets: -2 95l 3 74
WFER1aL, inlet¥} outlet AFOoll |4 H (reservoir) -+ 702} reservoir
£ Adsh= f29 7hetlel AES st f2E et A3l
AR 2] YHli= 10, 20, 30, 40, 50, 75, 100 pm 272 A4A]
£ 3o, dol= 300 pme] 22 AAE S thFig. 2(a)).

2-2. OMIRA &2 M=
A2] & nlA~E(silicon master)i= positive photoresist (AZ 9260)=

Korean Chem. Eng. Res., Vol. 50, No. 4, August, 2012

(@ (b)
PDMS POMS
Inlet = Inlet
‘ "‘ll Glass ‘ .
R v < Glass
H A\
-.‘ s

Fig. 2. (a) schematic diagram of the microchannels. (b) the Final
assembled microfluidic chip composed of PDMS microchan-
nels and glass substrate. (c) optical image of microchannels
having different range of microchannel’s width from 10 to
100 pm.

ARg8te] HEEAAR] 37 Fato] A8t REeAa] 7
Al 4000 ranE 30 s Bk AW FES XJ%M EEYAXNE &
oF 7 pum £017h W5 Siglvh nAlA] 2 HA4) vio]awE
W (replica mlcromoldlng method)& 0]%01—033} HA REEAA)
A 37 7S ol &ato] dlojHel fF27k A nAEE S-S
AFESte] IR BeFo R I - of7]of PDMS (Dow Corning
sylgard 184)g r:}. °o] PDMS= 2] 8} B3HAIE 10:19] B
42 §F 1E HZE ARREe] AlolE o e 71EE A
E]H QE(65 °C)ellA 41zt 7 3FA1Z] Foll PDMS

o

E

gt} o] 5 3184
= A2 vlAEellA wojditt, wo] W PDMSO] inlet?} outletS
A 719& ol &3] AF 1.5 mm 79 78S Folth 1 ¥

o 2] Eetol=s} A-A717] Q8 bk Eebznt SEjUelN &
gl A2l g}, Zekzvt A2lE g PDMSe} el Eefo] =
= gfizou HhgAo] & e&E2At B4 1 wEbA PDMSS}
fre] Eefolt 9] 3182 Aol o] Folint.

PDMSS9} glass substrate & O] 701 wAlf-A] & 27 F34d
o] 7] wiiel A= Al At Tt SACE dAnES
/\}% sto] wheelol s sl Fohs ool Qlrk. Bgk A ulF-g]
F&= U5 T29F9] reservoir (3 mmx3 mm)S YHEo] A9 15
}7] HE5 3 }oﬂdr(Flg 2(b)). ol= A8 B8 7‘7‘40}01 A

CE gjg]olrt 2pale] 55 Fdl ©
]OL_—I 317] -AEH e gt F7tolrt. K Reservoirel|4]<]
o}e] 55 ] S8 A 07 ARgato] F frEelA

Hglolel HwE 37] $lato] AFE-E o] STt Reservoiroll A &
Fe] FEE ATE AT B Fof W2 {22 Fold
Jo] nietA T} = ﬁlﬂ—%(shutdown) A& BRI S3l
+S- 317 FTh. Reservoir?] 7152 #15°] 200 pme] =L
I ZHASE 200 um A=A AAIE S TH(Fig. 2(c)).
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2-3. OMRE EHAE
A F2E vEEol 254 A¥el ARgsE] 2134 BSA
(Bovine Serum Albumin)® T8-S 53t} vte|g|ol= f-=2] vf



ulAl5-2 el Pseudomonas aeruginosa®l 3 -5 12 745

i 0 2 ARSI 32|92 nonspecific bondings 517 wliEe] -5
s BT 5 gl o]d o]fE A2 UH-E BSAE IHS )]
vheEjotel 2] 2] A2k ot =3It WA PBS buffer (Phosphate
Buffered Saline)& AME-3F BSA 1% S48 o2& 0.5 u/ming] -
%07 fRo FY Foll, o] =7 5-o] & F U= 5P|
213l inlet?} outlets: 7 E|O]ZE w2 Fof] 12 ARF F2F WAl
(4°Cyll R¥HE 3i3ict. 12 A7F Fof] F2E AFE3lo] F-2 ujoll
FEABR= o] BSA §91& AAs1] 915191 PBS buffer §&
0.5 pl/min 52 105 52t S F= W& AHE 8t

.

2-4. |20t T HHQY

£ ATl AR #55 Pseudomonas aeruginosa (PAO1)Z -
71T FerE FARY ORI E Eovt
5 Y AN AA T = Aol wEglere] 27)= oF
1~3 um J=2] FA7]o|w 3t 7)) = of] 7o) HEE 7HA] a1 Qlo]
s 7L Sl v eItk

weloh= 54 A2 BtelE]okE LB Wi 4 miell 4 uis S
stod mjeFsitt. 4 ml viAdl= 295 WAsH] s S
(carbenicillin}Z 200 pug/mle] FE= QolFu} welz]ol= 36.5 °C,
12A]7F HjoF Seof] Alullk o 6AIRES vk sttt Bleljot §
o] TAHE LB wiA]ellA] PBS buffer® HHAT7] f13f €3] &
715 ]88t 235 HE]al PBS buffers A= wHEglokE
A FAA 1= & 39 RiEste] A3E- vheelots Fr) st
g "hel|g]ole] FE 0.Dg,=0.8% o] 23S 3]SIt vl
Zote] FE7F 0.Dgye= 1 oVl =W S o] &ato] Hheelo}
9] o]F HAE FAE uf o] JHAL AR Aol A Eol HEE
AE& F2ep7] ok webA Bleejol &4 SMsh= HEE F
3 AT 2dsto] AuHoF o] s 25

2ol inlets S8l HES Fith wlo]AE djolgle AME-a)
o 20 ul F=9] wEl2]olE inletol] ojreg)Al =W inlet?} outlet®]
o] xjolof| o) BAYEE A1 sF o= vhEglolzo] HAlfA
= ko Z f8] At fA09] 5ol s f3lE wHglolEo]
e 2/ 2l Y 1419 258 HEolof st}
ojuf ARZSH= W inlet 1% Sk wH|gol §98 FA|E At
L3l AAE 3 v, PDMS F212 7FA| 1L inlet?} outletS o]
A HH mARA] f2 e fA1Y 35S HE 5 Sl o]
o R vh|Eoprt Al sAE T s T UE

= wi5o] Fu},

2-5. digj2ot 25 BN

dtegfofe] o] A4 42 Image-Pro 2 138 ARE310] i
A1E slglnh TR IR0 A% HY VS ARl 0.1 M 0R
5088 A% FJsto] 52 R FAEE AUt viEElor] o]
5 #14-2 Manual Object Tracking 7]&-S AR5l 914 9% 5
S ZHgle d7aA wheElol HA0E viFEE AXE A
B ERNEE A= A 0= A4S F2438151TH24-28]. 0.1 s TH 2.
50 2ol P TS TR vEgole] 5% F1ke]
w4 AAE 7 Qv ey BE vEEokES 5& ek v
2 = gl 1 ol 2] Fol7h 7 umE WiE ok A
71?1 3x1 pm Ko} & xol5 7HaL QlofA dn|de] 245 Hlof

!

e A97h M S gl stelelebh of 42t frze] el
U ko] o] HElts 92 WA el Hejelote] A4S
ol 5+ 9= Zelg) e AL sigict,
sefajole] 21918 FHak 2T Esolol 7} TUE Aol
A stelElole] o AetE B1at 4 Glar, O 7t el
22 5 gtk o]eA Lol Hlolel o] g3}
1, vhelizlole] 2he Wseg ol &
ofe] i 2w Y.
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3-1. HiE2jofe] &=

wlo]F& wE 8] Alghd F7lellA uieEoe] 54 WskE
A317] Y8t 29 Yu] WAslel| e Pseudomonas aeruginosa
(PA01)2] o]'F &5 S7dsISitt. vHH|g]ole] o] &= viee]
ole) §49% F43lo] 4 (1) olgajo] 73t 5 ork.

dy+dy+dy++d,

Cell speed(um/s) = Observation time

M
Reservoire} Z17}e] §-2 lellA] ule|2jole] =5 vlwsl] 2 2|
o7} A ¢l HHA O 7 5898 um/sS] S HAIEkL Q= A
FRligk = AATH(Fig. 3(a)). SHATE 27} 8|7} FoFAH(10~20
pm) EF HapF AXE Aow Hol zk f72 QelA] vhgglolo)
7t gekalAlE 2 & 4 Al olg st o)f= vt
8-S T u HEO| sHFo] IR E sh=d], ol RO 5
o] 2] Hef| o&l] JFS WA HH, 2] Unt Ee5E
3 o] dgko] AX &) B AR R 07 HeITH29,30].
HAF 71 A2 100 um 28 B2 7P & 20 um 22 &
T EXE v B 27 s A £ B E w3l
on FEIF FE55 BAETIT Hol Av Z0E Kol f& B
oJste] whgglole] el WalE weths 2S & 47 lSlth
(Fig. 3(b)).

gl

3-2. Run timeZ} Tumble angle

Run time> BfH[2opr} 2|52 07 AHd 255 she 2l
5= 4= o]t}H31,32]. Run timeS S74317] SJaiA 94
Fol Run’ 255 A&she AR S7g3lof sitt. sEx|4L Bt
oF ZNA7E Eol Q7] wiitel] 713 0 =2 ofggo] glo] F4H 7
& B3l Tumble’ #-5+= §F A58 755 Al=Aste] o & ARg-sto]
A ‘Run’ 77H] 5 & 5 1AL 2] 25 AFESPE, run times T
g 4= it} Fig. 15 ERI8)| 2 ‘Run’ F7F] “Tumble’ 77+ 7l
FRO} o] B2 AE RIS = Qlar, o]ZE A 20 YERKSITE

[N

1

"

W o J

i

Observation time @)

Run time(s) = .
Number of tumbling + 1

Run time®] 2 o4 2] 17} Reservoiroll 41 2] k2] 74-¢- 10~100
pum = WollX= Fa4 02 0.34 s 9] 3hS 2EA T Reservoir
o= 0.56 s 2= 60.7% 71 gk 7HA He AE d A
UHFig. 4(a)). o= Hiel2jobe] ol & & AAH 7= Ho]
2o’k ‘Run’ -85 FAI8h=t] ool o] mi-¢ &2
2 UellX= ‘Run’ 25 A& A7) 24T Reservoir of| 41+ 1]
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Fig. 3. (a) mean cell speed at each microchannel. (b) probability
distribution for cell speed in the 20 pm and 100 pm channel.

glo} 18] P-s5Ao] UEhdt Zlow EO]D}
Tumble angle BtElE]o}7} ‘Tumble’ 255 3 HH v
Fo vl s, olwle) s 58S EP e wy h} Tumble
angle% Image-Pro 22 ESJo| 5 ARG8l] A 4 & 5 k.

0,+0,+0;+ - +0,
A 3)

Mean tumble angle (0) =
Tumble angle > 20 um~Reservoir a4 37 113.03° #k= 74
SRaL QARE 10 pm 28] 352 100.76°% Bl 2fo]7}k Ql= 7k
A& T AUSITH(Fig. 4(b)).

mlo

3-3. Bacteria motility coefficient

ulg|glo}e] 2-54J©] brownian motions k= $IAFe} HISHEH]
o] o] 5 o] &ato] At AFE Fehs 4SS wFste] A (4)9}
2 bacteria random motility coefficient (W& -2 <= SITH33,34].
v (Mean cell speed), T (Mean run time), 8 (Mean tumble angle)S-
AM-813L, n, (Dimensiony> 23S = 749 x9S dgsitt.

Korean Chem. Eng. Res., Vol. 50, No. 4, August, 2012

R

0.9
(a)
0.8
07
06

05

04

Run time (s)

03 | [ ]

02

01

10 20 30 40 50 70 100 Reservoir
Channel width (um)

160

140 |

120

Angle (°)

80

60

40
10 20 30 40 50 70 100  Reservoir

Channel width (pm)

Fig. 4. (a) mean run time. (b) mean tumble angle at each micro-
channel.

2 Ao A= o B2 20)(7 um)e] vAlA] F-2E ARE-sle] A
= &

3o 28ah, 22k (=204 2] telElofe] $49le BRI}
2
u(em’/s) = m )

Fig. 55 X% Motility coefficient L3+ -2 ]9} Reservoir 34| =
Al Zol7h vhs As ZR1E 5 Utk f2 el 2 B4
O 425x10° cm¥s 9 #H& 7FA ™, Reservoiroll A= 8.66x
10 cm?/s 3k 7= Aoz geldnh, =8 23 W2 10 pm
f2o) ek FuFd g 4.8x10° em¥s = A Ay} g
4.22x10° em¥s AF A¥7F Ads] A2 Qe ahs 7 2l

= slalgnh

wbA] F2 ol A= reservoirell A 2] vleEjo} &-2)¢l 1wt} ke
AZF EQE ZS WAS FEsH= A FR1E 4= 91, o] 2317
2 ok 719 reservoirel A9 &A1) WU} w9 o TR F
Frt vlset f2 el viEle]of Z2}lo] Ego] Hofile ojv)
et ey whele]oke] Aol f2 ] Blo] Ao 8-S 5t
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‘gEle] v o}
IFA=E ARkl B

So A As Ak AR ERA S

ALakod o mAATE lJMW G wiEE]ote] s S
£ 5 93lek 719 W ol galo] hellole] $54 A1
S FA381 Pseudomonas aeruginosa (PAOI ) 5799 7% AR

¥ e vteElole] £54 2412 919 A
1
‘e

) g K 4 sisie el
X S 415 29, el elelolel e 54 £
wLAFA G el Sl Aok W 2 A1 5 glon,

run” 5 A5 Al710] oS selskgint.

Wb, B AelA] AE PO, vl BelAle] urele}
o £ oZ W A 5 9lon], 1 U} el uejeolo)
$E2 ofsigowH HEfzlote] Ak $ES olsish=v] Fa
7% ARES H53 5 Qe Ao s,

#? A

o] =2 3y IX| A A Sl FA|AT EX Z 73 (Polar
Academic Program (PAP), KOPRI), 201 1= w-53}8l7]<x5-0] A€o

2 ARSI 15-5 838975 2419 (2011K000709)
9 20100 % H- @S58 )] Lo shrdtAte] 7]
ZA7A11(2010-0028173-0) A4S Rlo} S=20%|$) 01, o]of|, A

u] 2 gl ZAREY e,
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