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Al 1 & Introduction
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A 2 & Theory

Optical Tweezers system & 89 oA @d AA=S £ 2248 & 9]
o QJFo|A o] Aol 7t A - power spectrum A} position sensor
£ ol&at] & At EAH 3o FFAA FAE AL T F A HAdH
oM A AR E Hle o] §ate] ojugt Ao ot YAE £ T
A=Al dgiste] dolrar xI ozl dxte] EAS A4St WH<A power
spectrum method ¢} position sensor® ©] &3 3 =4 W thsle] Lol
npxlato 2§49 F(Dielectrophoresis, DEP) ©] F9l2lx] 4#H E 1 Optical

Tweezers system & 3 7 955 A4 & Er}
2.1 Optical Tweezers

Single beam laser Optical Tweezers & 1978 AT&T A T49 A. Ashikin ¥
S. Chu ©l 98t A5 At = ATh[14] Optical Tweezers + A3t F &5 o

glog FAnm ™A um 2719 dAE 28 gE e leol ¥

B

o Pl ALE A HW Wo] ZhA i dl Eulgle] Wyl wAsta o] Ao

Zhe] RHlRo = JES FA Ho] 238 & 5 e P& wEo] itk

Hap Jaretel Fzzhge dxke] Aok Hlef e wet AA F AR G

= Atk JAe A71E 1, Al 2AEE 2] R3S A g & o9, A

°of A77F R 2 H>>N) & g AV SR ZS fr<<h) &2
T e o)AE Z+ZF Ray optics regime ¥ Rayleigh regime = A7 &

4 QATHI516]. E =RoME 57um HE=EE JMAa AFS et ] uwjiol

4gst mdy s & 5 gAY Ray optics regime &2 LAL7} 715 ST



2.1.1 Rayleigh Regime(r<<A)

olzte]l @A77} FA o nvlE ofF AL wjiE A7t FE A 2H(induced dipole)
Ad FFeA Ha o] Maxwell's equation © &3] A ujE €= A7)
(electromagnetic fields)Z 91 J7dolA s & 5= AGH17]. oA AAFFol <

A Qe A71gel Agsm Gahlel WA AFH] 4G4 RAES FE

ol A7l @AFolvk YAre] A7t ofF 7] wiite] YAbdel =del 34
HAbg el Bk FA S da AV kA A5l kgsts o] 77
Al QYA wE B Ay HAE 284S o] Fojof ). o] Ho]
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Aol ZALE NS W PRt FEF= e F A Fdow Us ¢ ded 2
A3 weko 7 JAE o= 32l scattering force o W A7|7F Al Xo =
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Gradient force

AR Gl A fmE AIAsh

rr

=2

[\

3l (Lorenz force)d ©]&}o] A&}
Gradient force = Blo] i#fell AL & wf Ble] A|7|(intensity)7} Al FE o=
PAE Bolex= Polth AAVE WellA dle] Al7](intensity)= th&3d &2 A

oz 328 & 5 9

£

1B (2.2)

N, PR FHE e, & FAE(permittivity), c= 29 &% E@r)-e @749
W 2 vebdtlh o] A4S thA] gradient force 2 Ed st
1
F(r)= o I(r) (2.3)
2n,,€c
2 ye ¥ g 9 Aol & & x| gradient force & 2o A7

(intensity)7} 2% WFoz 28 vy Aoz 7t Abgsts dolA= 7t
A FEe] e 7HAaL 7] wiitel o] A gradient force = #5 WES
2 Agstal ol Qs H&(focusing) A A S W= HE5dE el U] Al7](intensity)

7} b 7] Wl o] Waow o] Ag
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grad

net

f

scat

Guassian Beam

Guassian Beam

a9 21 B9Fe] 449 A W AR Yo 9

I 2DeA H= vk o] dwbAl Zhe-AlQE FEje] W2 F3ho] 7 Hlo
BE7F A FEow Hol 9low o]Fe] Yol XA HAS w A= He] Al
717y & FEez EyUMA "ok eAWh Ff(radiation pressure) o g
scattering &= EA|3t7] wjEoll o] A AArF de] AgutEy sAdskA Dy
A "ok M ¥8S 7] Y= gradient force 7} scattering force H.Th

0 2 Qe 9Ee WAk AgE £8S ¥ & Ak

Fscat

29 22 Yo A5¥ % YA B Y ¥

a8 (22) = 9S ZeA FE(focusing) MNEHS A A7 = S e
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ol A717F 744 A H

A Aged A4E £ @ 5 A A

2.1.2 Ray Optics Regime(r>>1)

JAke] Z77F JApel A= o] g ARy 4 F A4 942 & F
< Ray optics regime, THA =23l 713} P34y o=z A T 4

o] A5 T A HW YA WA E Snell’s low o wEt =4, WHALG
o] dojubA Hrh AP A HAS= FH I WALE o] 73 Qe EuE S
Wt A71A Fa o]zle] F R HES WA wh iAo Huldd®E JEgS

A Hol AAZ 4ol o] wr). web

2 W3l7 dojitof st 17 (23) ,(24) = YAk Wo] SJAlE oA w ruld
3} B

oﬂ Lq_% zlzrgﬂh‘sksq 52_3331} Z,:;dtﬂ—%kgq EQ %g]é 7V 7%

= 171

NETFORCE

a9 23 vREE¥ 4 £ ¢
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a9 24 73 U3 F 23

%t Rayleigh regimecll Al A= ozl Rz} o] QAbgo] datel] AR uf <
Zpol]  #ZREE & scattering force ¢ gradient force E UE £
scattering force &= 4ARES] gy} Fdgt o zgsto] YRE "o
W= d= 7HAH gradient force = HAZe] ZAYFA 2l WFow &
sto] dxtE st o= Aget

VAE TR AAAE B 7P 2lo] Bastch WA dxe] FEE WA

mlm

e gl 89 FHE Hu 7]oF Frh[18,19] wheF YAte] FHEo] ¢
Ao gol A Fade] dare] FAHow ZEGA Fa wew HA yrhy] W

H
of ol oA 27 Waol ojyl The WPow

2 Z+-g-3k7 @vd. =3 gradient
force 7} scattering force Bt} t] & 3 S 7pAof kA A ¥xFo] JbEsith 1

7] e WS A JEAAA gradientE I A W= Aol F Q3.

A =2 NAE 7H dEAZE AFESe] 314d A %] H (Diffraction limited)
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of Wg wole} 7@ gradient® 7b47 frh wALow AE =
of Aol A hE @ P(FY, 9H Aol % Y, A BHOE

Aste] AAE FHolE P F) o Ml E Y Ak 28 ¥ F A

2.2 Force Measurement

Optical Tweezers & W3t 7| A HZE glo] vlo]laz ©ele JAE v E
A7 wZol FoA Yol ThEIAE ofF A2 NS FAH T 5 Ut
= AAS AT Yt 8L =437 9siAE AAE optical tweezers o A5
H77F HQshy] wio] B 29SS 23 317] oA calibrationS s oFwt st} o]
H ol A= calibration ¥ o] A& o] &3te] S FAH= Wl disiA &
o} &t}

2.2.1 Calibration Methods

38 =A3}7] 93 calibration methods & A& UGS &H o)A At 7}

i

A= S A3 drag force method ¢ E &% 129 Browian motion ©ll

d

= I~

os] A7)+ 32l thermal noise analysis & power spectrum method 2 W&

)

Adtd. B =Foa AF&3 W2 drag force method € power spectrum

method[201% o] AH83ta 7] Wol oA FHOR Husud Fuk.
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Drag force method

R
L

}1}<l drag force method

5|

ool A Y Apel] =t

o

Drag force B+ Stokes

3] o
=

el

ﬁo

ﬂl

fro!

o))
R
3|
o
A

]
o

29

&3} 7ol

= ey o

Al ©
= =

¢+

(2.4)

(2.5)

o
._Q,..ﬁ

wr
o

)|

& A WA, aea v

Aol A= (viscosity), r

= &
Jerd .

o] o

4 3}7)

Aee =

ki3

w w=gh ol

RINEERUEE

3]

‘?4

1

N

5

17] W&o B Z=EFo|xE power spectrum method ¢ #Zo] Al&

o

=
T

bz
o o] o) E

7

o L7k ),

A

o=
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Power spectrum method

A Fol A7 Fo AS W E Y FEo g8 dAE sS g
Brownian motion °©] dojuA Hu ofFA TIH dA+= 4@ -&(Thermal
fluctuation) ol <9]ste] ¥4<J9] 3 (random force) S WA =t o]&dA & &
gl FHZolE A= AdUAE ZFA L 7] W&o power spectrum &2 i}

B ¥ o9la o)A Fukrel] wel 3§ Zo] power spectrum method ©]

oo olEA ol & W dAE 2Ed gd o 22 e 3d & 4
AT

d
7d—j+ kx = F(t) (2.6)

o] & Optical Tweezers o &) £33 H wrx]Eo] r¢l

m——=—kx— d_x+ F(t) 2.7

2 33 & 5 glen oAs FFw W4 (Langevin equation) ©]ehal gtk o]
] k & trap stiffness, y & drag coefficient, F(t) + random thermal forceZ
Zrzy debiith A e dEdAE e A %7] W&ol random thermal
force 7} 0 o] H[A| W 2ol A o] TpsjA|A HdHo] 2FstA Ho el A

= A& 34 F 5 A "ok 9 AQDE Srdel WEe Adwas shA o

™ power spectrum

o
12
ftlo
4>
%0,
o
)
o
s,
o
it
el
|

ol

al
HAHE & 4 9t} power spectrum < U2y 7 Aoz Fd @ 4 )l
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T
corner frequency g YERU™ o312 xFH YA AHE 7HAa glo] &

A= (Boltzmann constant),

(2.8)

e
oo
12
o
rfo
ki
il
T
o
=
v
=
re

Ao

I

A3t=d AFg¥E Y TS corner frequency & EEE 219 trap stiffness 9+ %=

gdo] ol
k= 127mrnf,

238 @
-1

Power spectral density (v¥/Hz)

=
T

m m m m o m m

(2.9)

Atk r = dAre] WAE p = &4 viscosityE: WERIT T

2l & power spectrum Well corner frequencys }ERWITEH

o
o

Frequency (Hz)

a3 2.5 Corner frequency
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2.2.2 QPD(Quadrant photo diode)

QoA & Wol FHol= YAt ThA = S FAHsS] fdMe e
St W Aepnkg FAol=AE dotof gtk WI9E A fsA 2 ARl
e YA A S shel QPD(Quadrant photo diode)E AFE3FAth. X3 H At
oA 2tk WS condense lens o 9& FHIF 2 FRE LS QX AAM(QPD)
of oA A< WMAE 9 F24 & 5 A @rh21] 9A AA=E e B2
© ASE A7H AZE upte] Fe Ad38S d 7] wiiged QPDOA f =53

A71A AsE ol&dte] IS FAst=d AHEE 4 vk QPD o dE= vt

A left side intensity is lager

Same nensiy  g.on right side

a¥ 2.6 QPD ¢ d4
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NS AR o ezl QPD = Z17he] AMEH wheh de] intensity o Al

s AAtste A71A Az 2 e of X,y dhakol WMol Az S YeEhyy o3

(i1 +ig) = (iy +1iy) (4, +iy)— (i, +1y)
P — V= (2.10)
(i +iy+ig+iy) (i) +iy+ig+iy)
1,234, &= ZF AHEHE Y] intensity S UEFATE
Preamplifiers
>mzn Filters
Quadrant A
diode >‘[:'; \
H— - T
A/D
2 " v — ’ PC [
4 ! amplifiers
Y > !.1‘""11 +X
'$' X I [ \
/ AR X
Y 2.7 QPDY 3 E=
olFEA WA Az ¥IFH Q] 99 MEAH FAES 7R TH o]AL A
ox s
z=pN @2.11)
=g (2.12)
27rf[4,—2
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& 4 vk B & calibration factor, V; & &]F-olA E=2Z&= 3o] 7}l

r (

bl
fols

QPD °] ol H7jdel A

KN
=

=

, V, & calibration factorg T3}7] $13l

10

7 oo £E® stageE: wARS W QPD o S0l AVANA Ao =
stage °|&% 5 FAE 22 E ougitt, M & SAsY] HdAA=
calibration factor #<¢l B #& ofof s}y @2 =ioA g s ke WY
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2.3 Calcium Alginate Beads
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o] ek o7]el Ca”, Ba%,BE% AP e BAE AdHe] gAYolE H|
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a9 2.8 EAME BEY FEOFH)S} Al EAYE v =

a7 (28) & LAYlE W= AHFHR] REa oz Y Aadel ARSE &

Aol & H =& YERATH25].

2.4 Dielectrophoresis

7 9 & (Dielectrophoresis) ol& Ew U3t 7] (Non—uniform field) WAl

AA 7 2 o)== Ao 19501 H. Pohl o 9a S Al¢h ¥ qAvH26,27]. 4



A Gev AT Bddd A7 A A1 s v E7] ool
Pkt &HAatolo] = Aol we} Ay A7 2 FES AL FEOR
Lol A A Aok AR A A7 2 FEe® 7= e Positive DEP
Wi = A7) "] WEyl b Ze weko g Aol AL Negative DEP 21
gk I9 (29 = olAe HojEu2sl.

Charged
particle
Neutral
+ {nbn:;
{ ]- "']“- particle
T T—
p-DEP

n-DEP

¥ 29 EFYd A% WA A7 vr= Positive DEP ¢ Negative DEP

Fppp=2me, R°Re[Foy(w) « VIEF(r)] (2.13)
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< YgA FHe & FHES T, R & FAAY vHAE, v & A7H
of Cl7tsls ZFEua r 2 AV|Fe FHRE a8l E £ AubEE AV
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A71E 242y Jebdt 714 Fy(w) & W2 Clausius-Mossorri factor 2kal

€ €n  ~
Foy=="—"2, e=eto/(jw) (2.14)
ep-i- €m

OF ¢, & U BAGAR, ¢, & A BARAE 0 & AR U

t}. o] Clausius—-Mossorri factor ¢ F&7} <Fo]®™ positive DEP, &°]H

o5

TAE e A3 Aol 98| DEP W&ol A4 o] = Aotk DEP force = ~
w7 @A Al AS o] gt AAHAAR B =felAE Al #E-s)
+ DEP force= Optical TweezersS o] &3te] AzAl 7S AAks] B oA
S AEdold Aot vlaa] Btk v doprk Aopol= AEQ yeast cellE A

A wjeksle] o] A9l DEP force = -3 B9k}
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Al 3 # Experimental System

3.1 Optical Tweezers System

I™(3.1) & $87F AA% Optical Tweezers system®] /MEFEES H o=t}

:

i Dicroich Mirror Fanctian
= Generator
Condenser lens
————— < Sample
P L ARRIN

Objective lens
Dicroich Mirror

Mirror

wupgo| j

23 3.1 Optical Tweezers System(7] =)
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3.2 Chip Design
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Electrode Wire
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A= ofad Aol H=9 EolE ol at7] witol] T =moleh #e
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3.3 Preparation of Hydrogel Alginate Bead

g EAYolE HE=E eV 9814 Sodium Alginate powder (61 %
L-guluronic) ¢} Calcium chlorideE AF-8-3F ¥ tH(Sigma Aldrich). &AW o]E H]|
cE2 xR 957 98] Sodium Alginate powderE 1%, 2%, 3%& 2z &=
1] 3}t Calcium chloride 1.2gS 50mL isobutanol o 412 & 50°Coll 4] 64|t
zob 719 gt 1 g DA Uo|EE vt Ro wEr] 93 50mL
oleic-acidE CaCly, &9 42 & 120°Coll A 12413 5 &3 3Fth o] E A
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Al 4 & Results

4.1 Calibrations

4.1.1 Trap Stiffness
Optical Tweezers& ol 43te] 2l Fol A Akl 2Hgate F& A7) A
= 2 9% A (211D oA & F Sdxol Al AEsh= o] Wil
Pol BAYS Falok doh fA HAM At AL e

stiffness & ZdslH o] AL thA] 2(29) o= & & 4 A} k S T3]

=
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ko]

#13lA = corner frequency(f,) #*< WA Lolof str} A 2% A & = AKX

o] 9

NI\

Ase= BHEFE 3¢l power spectrum methodZ ©] €3} corner
frequencyS T8 4 vt 29 (25) = power spectrum= ©]&3te] -7} T
3l corner frequency #tolth. A A3 systemS AZ3dF7] YA #HolAY FYE
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20 40 B0 80 100
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a9E 4.1 dolA #Yd uE corner frequency ¢ W3}

_29_



29 (D) £ o8 A%E melFEth dold B9)7F Aol wapd ¥ &
2 o @ 5 Ak oAl BAA 9
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_32_



4.1.3 Optical Tweezers System calibration
AAAQ A="le] dss Hrtaetr] 98 2 7FA A¥S o W9 v dA
Z¥H dAre £F YA ug}, thA] A cover glass HIEH O ZFEH dupvt
F9] ol xZHo] Ho| gErld WE corner frequency IS =A 3 Rkt
Ao AFE3 UAE S5um 2719 polystylene beads ©]il ¥ E ¥ o] A9
power = 16mW 2 dASA FAAHY. F&AL SFFE AHESAT. 1Y
(45) & Hl=9 A WE corner frequency S HAFEth g7t Ao A}
43t dEd=E oil immersion type ©|t}. Oil immersion type ¢ tlE#M=E O
Edl =9} cover glass Abolol oil o] Eo7tA FA2 HYPRE X3 §8&S =
T Avhe RS 7FA A Avh[32] AR oil 3 glass LE]al 4R Sl
= 589 Atolo #AES o] uli(refractive index mismatch)ol]l & zlo]7}

2145 %, AR} vlgelA WojA4 s x3) Foo] FA9 "ojddE BHL
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19 4.6 oil immersion type(a)  water immersion type(b) €1 A$¢ 2 E9 Ao

N

Wod AFe] fskel Sl £8 Lol mE o9 viscosity %

L
Y
ftlo
%

. olu]l A viscosity #HS L = AEo] 7] wid] zlo]

B\
ol
2
f
20
O,

el o] FHE A3 KA ol oA 7t E3E T da A=
s HokS Wl ARG Fhol Yo EAE delr ot 1947 = o AdE
et A3 Axe gdojuit zbz 5W¥ FAH S F SAAY Fer
0-15pm -7k 30pm ol/del kel SAZI AF3e] o7t dveE A
2 = Aok wEA] B =Fo A A28k Optical Tweezers System < 5ym =

e QRS A B A vhEoRRE 2um AF elolA A F gl

e T U

=

o3
1=

i
ftlo

_35_



g‘m- { .
¢ I
g N

frap depthi{um)
a9 4.7 viscosity #& o] &3 Al A3 HA £ F Fo

Calibration © ©igh A2 [35]9] Fxwddd o]l U 53l

4.2 Alginate Beads Experiments

Sk At calibration A Ao A & = Axel(2] 29) corner frequency <F
I E v=9 AV|Abelo = whnld] #AVE AHTS & F Ak AU E A

=+ swelling ¥ degradation 2t 238 3dle] wj=9o] AV|7} b S L 9l
7] W& corner frequency & YA Hlo|E H|=9] A7|9le] HAAE o] &l A
g2 28 ATt 298 48 49 2 47 123% w52 LA UoE HE=EE XF

@ F PBS £9(48) o HCl §90(49) Aelolq 64 59t #3 & o]},
:rL
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4.3 Dielectrophoresis Force

ok o] ZEH calibration FES vlE o2 FA A 7} A= Dielectrophoresis
forces T EUT A2 IHA AR vE WFE AL APS e B
€ AP 77 3y A3t " @S Hskdoh 1A 129 (412) = F4A
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Al 5 & Conclusion
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Abstract

Study on alginate beads and
Dielectrophoresis force using optical tweezers

Light carries linear and angular momentum. Hence, it can exert forces and
torques on matters, which enables the optical tweezers to trap and manipulate
a micro-sized dielectric objects at the focal point of a tightly focused laser
beam. Up to the present, optical tweezers technique has been applied to a
variety of scientific areas such as single level molecular biology, cell sorting,
microfabrications, microrhelogy, metallic particles.

Alginate beads are commonly used in drug delivery studies such as drug
release efficiency test from the alginate matrix during transportation to a
target position. Therefore, it is important to investigate the property changes of
the alginate beads as a drug or cell carrier.

Dielectrophoresis (DEP), first investigated by Pohl, is the translational motion
of neutral matter caused by polarization effects in a nonuniform electric field.
It has been applied in various applications such as cell separation, traveling
wave dielectrophoresis, electrorotation, optoelectronic tweezers, and
dielectrophoretic tweezers. DEP force has been theoretically calculated in many
reports and measured using the idealized analytical balance method, the Stokes
drag force method, and the null method. However, to the best of our
knowledge, the DEP forces have never been measured in absolute unit nor
compared to mathematical simulations directly.

In this thesis, we research on alginate beads at various conditions and direct

measurement dielectrophoresis force using optical tweezers.

Keywords : Optical tweezers, Alginate beads, Dielectrophoresis Force
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