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2.1. Optical tweezers

Optical tweezers?} < #H# 9+ Single-beam optical trap< 1996d AT & T
Bell d7-40lA A. Ashkin® S. Chuel 9s&ja Ak Avh[19,20] Optical
tweezersi= ZetAl FEE oI Wl ofsiA FA UwrmlEHAA F4 who]AE A
o]z wd JAE x5ty 22T 4 = 7lsolt. d¥ry o2 Optical trap
= AdiAe By RdEe WstEs BAAACk s, o] AS A=
ko] Z#Hd gl F99 2AERT Eofof ) [21]

Optical tweezersol| Al Ho] Aot 5 &84S & uf 2A F 714 ARz o
Fol B o4 ok A HAE g HWoA S Fdoly whAlelw | T WA= Y
zhep Wl o] Ao A8 Fo ¥ (wavefront)o] Awjdel ofs) A= 34 HAo
b JAbE Wol §fAtell A F AT wkAle] odte] Atghy o] A wolE RE W
o w Ateksly =ZHAEo] odte] AAH v ey B o Abek JE=
ol e whakol] 435w Ao 7]E X (geometry)ol o]sto] A A E o] Xt}
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g or, QA B3E Adm @ oW, dABY BFut 4 GAEE<<IN)
=

Rayleigh regimeol A4 [22], Z}7 5

ko)

A A= (r>>10N) Ray optics regimeol A [5],

I~

r=AY A $olE= Mie regimedl 9|sto] Zt7 Mdwo] w3t 2 =T A AL
o 32 78/nméet 1064nmeolw A& Pl AV]E= Sum °]Fo]EE Ray
optics regime®Z A} 7hE sttt wEbA YAt A7) 7F 9o w)sto] F2 S

b & Aol B3 ool weto] dstaa o

2. 1. 1. Rayleigh Regime ( r << 10A )

Rayleigh regimeol A= Y4#te] A7+ ARG oAl Hlsto] wfj§ v, =
2 9ol AFE W P FeAge =d, vA g 3 He] gye §F
AlEel A g Ao a2Ey JAR Y AR Hel v AR dAREed o AR
ol dgFE wor §% A=A (induced dipole)dH FFsHA Hoh Azt A7)
7b A& A4 A7) A (electromagnetic fields)oll ¢jste] Aol do] 2897 5
2717 ol A vhekE FQ7F vk Optical tweezersell A= ZA YAE

=
Poj = 39 scattering force?t ¥AS D7l Tl gradient force® UFA ®
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vector), ¢ #4& 1T ob AR BHAS ougr. QA Fest 7ol
I AR g ok B 2o mdwt

(2.2)

A71el M r& JApe] HAlE, ng& FHES oV T

gradient force
Gradient forcex Ao 9ato] S5 HIFx7F w= Zdl = & (Lorenz force)
of osto] AT aF WS E(polarizability)olekar & W, f % 2= =H(induced

dipole)oll 4 9] gradient forcex t&3 7t}

- — — -

p(r,t)= aE(r,t) (2.3)
Flrt)= [pmt)v] E(rt) (2.4)

N

E(r,t)e 9499 47174 e S tehhn et 2o va @ A & 9

VE=2EV)E+2E % (v X E) (2.5)

VX E=0 (2.6)



— —

Flrt)= %aVE(?,t)Z

A A7F W= gradient force: AlZF #AAEG I A

W o] 7} % (intensity) &
> n,Ec — -
](r)_ m o |E(7~)|2

light)& Z+7F Yepd o
?7(:): avl(v_:)
n, €c

m>=o

— -

1
= —aV < E(T‘,t)

2

2] (25)° 9 s

o
Eo

> = —aVIE(r))?

A et ol A

. AF 4 02 gradient forcex tS3 Zo] =

2] (2.11)°l w2} gradient force: W o ZFw=7t 73 Wk

321 9

(focussing)® 7 %

1l (Gaussian beam) <]

A<
A&

A7 0 2 gradient force’} Zt-&3}A

ol
X

ol

4 & (permittivity), c=

(2.7
Wtk gol ®

28)

(29)
F glom,

(2.10)

34 (speed of

F v,

(2.11)
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2. 1. 2. Ray Optics Regime ( r >>
PR 2717 9 vlatste] AthA

whAbe Abgk Ee WAe

2~

_r.o]

= 7]

3}t}. Ray optics
TEste] s Ak, st FAdo] At

modelo A& YRS

E

[e]

Lo
ot
off

&=
9]

0]
H

=1
2

i

>

o] 1= Snell’s law?el

o A=

w2}

>

bt

rr
>

bt

ok

=
=

N

A
B
ofN
o

o=

jincs
=,

E

E

=
=

ta

N
24

9,]
A}

3
3 Aol

flo
iR
S
ofd

—

=

d

&

s

2
Lo

I

¥ 2.3

=
=

o WalE AT YA FAEFo|

WA 7l Az W

&

10M )
sdo gde FA

2~

%]—_r.

]
= =

Rom, =43
(geometrical optics) F o] I K

H]
L=

< MY #AH(ray) 2
s Agsto] FA3} kAl
U2 Aol FAlH o] A
=47 REALZE dojuA " =43

QA ZUES] WEHE B

0]
H

[}
=

Wk

gl

=3t

o

% doz #AgeA @ 19 23
o RHoF= NFrEolt.

el
T

[e2x}

3k

fifo

Objective lens

g 449

X 0]
o

2] v}

[e]

rot
ol

o Agatel

o2 dA

H}

1} 3

3]
k=i

ffy 4
[e))]
H

o]

A} o]

g

W

i)
i

nm¢l 4 Akl



A of A

hyA
it

329

RS

;é]

R34} o]

1)J
al

e oY,

1k

3}

=4

ki3

ojubm, ol A vAl 3k
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=

WAL o} 2 o]
317 o] A o]

(2.12)
(2.13)

]

g g vk [23,24]

1+ R*+ 2Rcos2f3

7% cos (2a— 263)+ Rcos2a
1+ R*+ 2Rcos23

TZ[sin(Qa— 2ﬂ)+ Rsin2a/]

R

{1 + Rcos2a—

{Rsin2a—

Qs catt
Qg'r ad

| scattering forcex th& 3

R

Cc
C
C

nm P

3] o
=}

n771 P
n771 P

oy, P
C

ug o)
18] 21 gradient force

Es’cu,tt
F,’qrad

~
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ofp
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ﬂy!

B
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)
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KR
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T R

e

==
T =

WAL A5 Ft )
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R T
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=R.
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]
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_TL,
)2

2n;cosb;

T

n;cosB,+ n,cosf

[o)

-
)2 (

n,;cos6,— n,cosb,

n;cosf;+ n,cosb,

n; cos 6,
n,;cosb,;

|
|

o
€L
€L

T
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2) =

o

153'6]'?'—_] 73“?“ T:Tn, R=R

o n,cosb, \* 2n;cosb; 2 (2.15)
I n;cosB; | \ n,cosf,+ n,cosb, '

n;cos@,— n,cosb, \*
Ry =

n;cosf, + n,cosb,;

R} Tw F49 HFol JE37] woll, 19 2 (2.12), (2.15)°] mgt 3P
AA}go] HFol TS v dwby oz PGasdo] dAlE A S scattering
force7} gradient force®tt =

71 W&ol "Eoue ol AstA  H AR
NA (numerical aperture) #tol & WEANZE AL&3to] YAFS FsHA HEAA
S FdE By & FHES M YAl dAAIZE A gradient force’t

scattering force®.t} I A FHo] YAIH Y 2 FZo2 JAE A Hu.

2.2. 29k B3 ¥ (Raman spectroscopy)

e w3dste] stz 19289 =9 E¢8A C. V. Ramane] o] FE2U&
AAA A& wf =29 Blo] gty

S ATR[25] Aol Blo] YAatd wf E2e] MFeuAE WHAA bgkge] AR
wol iatel 2o RN vrE FAgo] des @S o Aol ga FErh[26]
glo] ojud mids T3 u ¥l vl ofs) bt

Uit glof oy A s fFAsty Ao Bl oy = dAFe] olyxE A A
U2 7 ATk gkl dudAet A s wA Abehg(elastic
scattering) &2 # Y& A3 (Rayleigh scattering)olebil F 2w JApo] o1
Aot & quAE 2t

scattering) &2 24k A&+ (Raman scattering)¢] 23l H 21T},

fr

Aeede 2™ 249 #Zol wgA AbEF(inelastic

_10_



Incident
ight

Ralyeigh scattering
| =)

Ra scattering

1%

[+]

Y 2.4 JAF T AR A TG
ghuk AraErge Ao A7 EoF wiA e % #=2(induced dipole)7te] A
TG 9t dAsE dgoltl. YAEe] WL JAME Az A=A B
ki A7l A7 A7 vty wWE
o] a& ¥ F E(polarizability)elgtx 3t¥ v 2o 142 3d & = 9

P=oFE (2.16)

AArFe] A7 Aol M2 Faa v gz 29 2 5 v wEA o

E= E, cos2mv,t (2.17)
agar A (2170 oA A (216) o 2ol tA & 5 9l

—

P=aF= aFE, cos2my,t (2.18)
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(2.19)

Yebaoh

=
=

9 A (equilibrium position)oll A ¢] =7]

e 2717k A

EE L

AEEE

L
fu

A

2]

B Bt ol 14

(2.20)

e

712 ol

, (0a/d @l & Alo] Y

ol

JJ
B

RdE

]_

=%

A

bol 4

S

(2.18), (2.19), (2.20)°] 9

X)
2]

(2.21)

a E, cos 2wyt

P:

to
X
&
[a\}
n
Q
(5]
cl
R
jwl
3 3
e8] e8]
+ +
to to
X X
& &
[a\} [a\}
n n
Q Q
[\ [\
cl S
R R
o =
3 3

q, E, cos 2wy, t cos 27y, t

|

o

q, E, [cos {271'(1/0 + l/m)t} + cos {271'(1/0 - Vm)t}]

1
o, E, cos 2yt + 5(

aq

o))

S
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of e At

E+v, g
E+v,
V
0
Vo
E, —
Vm
L Rayleigh Stokes Anti—Stokes

19 2.5 Rayleigh A& 3 Raman A& A9 oz 9

VotV anti-Stokes At &F ol 393t H, vo-vei= Stokes Ategol skt whd
A5 W&ol g, S (da/dq=0018H 2 (22D wz} v 2ae
et A et gyt Ade AT E WEtged o vErd &

)
2
2
)
o
lo
)
N
fr
=
B>
u
o
(Ul

% (Hertzian dipole)9] 4Fgh o] &0 2 HE {33

2 4 Qo et gol £AW 5 Urh[27-28)
[T‘(”Tl(”lr: K]l (w()_ w771 )4a2 (2.22)

Ke g5, Ik 0,8 QA3 A7t #5345, 0, B4 AF Fh5E 247

Ao
GEE A @220 Aok 2ol Bk Ase] Ve QApEe Foas Ba A%

o MYE 7L Wk oy, &2 AuA FFel @ Ao EAHE A
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otk 53], YNt gtk At gel #4229 2594 B F 9150 stokes AF# o
B A dxe] 27 gEo] stokes AFEHS A ET FA YARZS B R
O =& Stokes AF&E FF ATz Wi FHHY] AFH oA w4l

Mo gAlge] Hr)

foi

M

23. 28 3 54

Optical tweezerst™ 2FL 9xo] X F 8l olyzt Yxlo] 7HsiA &= TS pN7HA
2R F 9rF[29-30] YAl 7t A= W o 2 drag-force method®t power
spectrum method”} Utk o] F B E=FoA AFE3 WHE power spectrum

method® o] WS T o= dystar o

2.3.1. drag—-force method

S
rlr
o

Optical tweezersE o]&3to] A oA EXEH JAE o] FAZ w ¢
2 269048 o] fFA HA oA FE WA At} o] IAE drag force T

+ Stokes forcez} H2W UAE X &5+ L drag forcest HIYF S o]FA =

PA7F o] st HE9 FAS] HEo o drag force M3t F7hstH, 9
A &% v/ @ o drag forces X8 PR AXA Ho] 23 H A= HoH

A Ak & Ao 938t drag forcedt T L 77 AT 5 Ao}, [21]

1‘
=1

n, P
Fow= "0 (2.23)
Eh'u,g: w= 67anl/

o714 nee= A 2HES UEdH, P dARY 98, Qe X9 58, Ie

lo
i3
R
al(l
[«
rr
as
Y
lo
)
off

viscous drag coefficient, n= A9 M=, r& 4=
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I
bt
il
i)
)
59
u)

trapping force

-

drag force

[

v

2% 26 A9 5

i

Solq YA YAl AAAE Y

2.3.2. Power spectrum method
T o Y= = BAGY] FABAE A optical tweezersel 93] EF
H YAteE E B B4y -5 (Brownian motion)ol] 93 == wEd U=zt

AAE QA @ LA 9 E(Potential well) ¢tollA] XWEL 344 At £3

ol

#H dae v FE dolsE= F(Reynold number)E 7FAIH, o] 22 §lzte] =}

F e Bhgst 2

Restoring force : optical tweezersol]l ¢ &to] WAslE= Joz 24 LYz A
g 37le & 9. F=kx
Drag force : A= 44 Hrz FojFdaol osto] 2Ast= Polw F=Y

(dx/dt)= vepd
H

2
=

L5 o] X (thermal energy : kgT)ol| ¢ sto] A= 7o),

SEUA F& BHeped ol dEA = Pol oste] sty o] 9

Thermal force :

_15_



9 A71E A9 9 (random) Z7|E 717t}

Position sensor
detector

<% & 4 —#Condense lens
L

Ry

=4 r—— Objective lens

29 27 2949 9A9 A5 Foug5 4 4dE@E) S A A A= B(F

EHd Al AT G QAo A WHE et 92 wge FH12

T3 AR xgE JAd A E S AT 4 vk [81-33] 1¥ 27
o A9} Zo] condense lensol 23t =¥ YAHF L position sensorel <] d}

09 WYgE oz =AY 4 oA Hr)
Optical tweezersel 9]3] ¥ & UA7F g BEF x2 £% vE 7FA 3L o] FH o

o]

Avta Ak, r& G WA, nE FEN A E(viscosity) g @ o

2ol WAAL F5F9 WA A (Langevin equation)ol] skl th& 3} 3Fo] &
2
mdi: —kx — ’ydi—f- F(t) (2.24)

o] wl me YAt AFL YEWH, ki trap stiffness, I = 6unrex drag
coefficient, F(t)¥ random thermal forceZ z}Z} YelWlth. power spectrums 2]

(224)0 ol W] Aewg Fotol 4 & den I AAS F5 Al A
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kyT

S, \f)= ——F—=
e vt (fe+ 1)

2] (2.25)9 A f.&= corner frequencyS YElW W vy 2o

k= 2mvf,

Power Spectal Density (VVHz)
(-]

3 &

10 10

Frecuancy (H2)

13 2.8 Power spectrum

s
N
g
ox
N

(2.25)

(2.26)

138 28% power spectrum¥ corner frequencyE 7 U EFTE [18] B2 Ad]

dvkp T

el Ay go] we FaFoxE 5(0)= e 2 A8k, corner

frequency S WOl A & 2 7 ekt

1
7
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x Position

Voltage (V)
o

Time (s)

a9 29 99 AR A4A Ay A 29 A=E

Position detectoroll Al WA EH = ANE= 29 29049 Zo] AlZke] W& At
o7 ety o] A e optical tweezersel]l od EHH Uxo WHY A

BAE AT, gepa gew 2ol xdd & v

=BV (2.27)

F71
oate] W W So] Aobso] $hoi} W mEe| A= A Buosciolo’} A}&@ o
1822S Aga 9T [35]

power spectrum< 2 (2.25)¢F (227)°] ofsto] Htow FAsHH th3 2

N

[0

WO xE 24387 Y84 = calibration factor BFFg <Lofof dlH, o]AL F

_ kpT o A
AR+ (P (228)

Sy(f)

AR o]EHE vh ASEE By vuu 252 P (Stoke's force)E E 2

Fdoke] vheat 2 [2135)

|F = |F = 6mrev= kx (2.29)

stokes| trap|
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webd, 4 (2207 (229)0] oaA e o] EER F Qo

6mnre

V= k0

v= Mv (2.30)

)

Z7Z 0 2 calibration factor: o}gj ¢} o] Fajad 4 9t}

p= (2.31)

AL Estol ng 7 F7F Aok A (228)0 4 As,
kBT 2 .. - -

A= —— (2rMf,)*ol" drag coefficient Y5 didstd HFH o2 o3 2o] n
v

n= —c (2.32)
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Al 3 & Optical tweezers A 2~€ A7

3.1. A== AA

FE&A Ao e dAY MEE XF ¢ s 5 EHE 7] HskY
optical tweezersE 7] o0& d}1L o 7]o] Raman spectroscopy® position sensor

g Agstac. 19 31e AAH Axw FAel Bd Amol v

Isolator

waveplate

th
i=]
@
o
=
jm]
@
jal]
i=]
=

DM 3

Flip Mirror 1

L2 i
L3 Hxpander /
i,
E xpander
-
> oM™ 2
| V.
DM 1 7
—
J= |5
CCD

a9 3.1 AA A" Ag=

_20_



3.1.1. LTRS A==

Optical tweezers A ~®¥3¥ Raman spectroscopyES ZAT3s AL LTRS(Laser

Tweezers Raman Spectroscopy)gta F =21 B =Foix #Az3 A" F

LTRS A% R&& 29 320 Z=AaAd. 39S =2E Ti-sapphire @] A
900)E A&t o AEXE ANERZ & A4S AE &4 H4d

st7] f8te] g LA 9l 78nmE A ATt Al~E A Fe] ALgH

R E Opticse 785nmel # A3 o] AA =),

(Coherent, Mira

Isolator

waveplate

ydeibolloads

f Lo Flip Mirror 1
xpander

mr—

Flipﬁ

CCD
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BS(Beam splitter) : FEu 7], L(Lens) : # =, NF(Notch filter) : =X3¥H,

HF(High pass filter) @ &3%% W= =~ HE, M(Mirror) : " &, DM(Dichroic

mirror) : ©] A&, OL(Objective lens) : &A=
a3 3.2 LTRS Al AF=H) AHAE

shube] B9 o2 Optical tweezers® #F9+ o] 7] (excitation) T HoE AL &30
ol Ao ABE YAHA A= oA H3HLE A2 waveplate} PBSE T4
d W A7) (attenuator) ol A 24 Shvh @Alz=eoll A T AbekE dlo] o5k o]
Ao £ delA REE Bustr] 9fste] #@olA thaol isolators: $1AAIZ
ok L17 129

T 7he &F(convex) == WS FAAI= LS oy FA
g e Zrle dEA= Ao oF 1289 272 AYAH o]RE& HH

pio

bl
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3]
3]

tilo

& BAs Fr. de=dz=z o]l AAEY] A, =AFH(Semrock,

fol

L1L01-785-12.5, MaxLine Laser-line Filters : NF)& o] W9 Zg=znZ A 7
3193, 785nmE FAHOE oF 3nme WEE ZE FYUS FRIA

1mon

1800+

1600

LB

Intensity (Counts)
Intensity (T ounts)

1200

oaa T T T T T T T T ] | T T T T T T T T |
Mo 951 G M0 @ 793 BS0 BiD B0 @O o 950 B WD @ S0 EW EI0 B BA0

Wavelength (nm) ‘i avelength qum)

19 33 =xA2HE 7348 19 2FEJE) A THA X WY 2FHEYH(H)

o
w
w
flo
b
L
>
)
)
i

ks

@]

w

c

=

D

g
3

e
—
(@]
w

fru
Ay
o
e
ot
rie,
o
[>
g,
(m
o
©
v
i)
=
l-')'

=XFAHE Sz e W=y 2~ E (Semrock, LP02-785RU-25, RazorEdge
Long Wave Pass Edge Filters : HF)ol A wAlE o] HFHoz fEA=Z YA

HA A MEdAdE ] 542 4E59 oS waEA "

A@)= A, /1— (sinb/n,;;)? (3.1)
AN AAR ZEY B3 g 4L ouay A: YAz BE B3 oL
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ofuj gt ¥ =iol A AbEE FE S 2 7952nmol® YAZE 5 olEtE A
Alste] °F 800nm o]’ @it AlsE HEE FHske 78nmo W2 WAL E S
Sttt WMEsf e o 4] REALE W2 o] A & (DM2)ol Al REAME] o] FHF A 0=
gEIA=Z YA Ak, dl &= (Zeiss, X100, NA=123 : OL)= 2¥¢ olHA
(oil immersion) B4 S A&t AFEE o] A 78nmol o BlE WEARA|

A B AER B, ARAdA Agd gt s E372 BlE 985

)

s, &= g o

JR

o e AR Bye x8H YA onAE 5T F
Al AA stk ARl A wEALE IR ek Al e WEda AHE F sk
&% 7] (spectroscopy) 2 FH 5o Atk &3 7](Jobin Yvon, TRIAX 550)el 4 <
AEo)zx A5 CCDoA HE5HAAE 9G4S HAFHEZ Bulojd] HFAHo=

BAStG T 23704 A8 ¥ CCDE thermoeletrically cooled CCDE AF43191

o

A (chamber)o] A =2 ALHFEHo] = fused silicad} 2o 718 SHS A

f3ta, AW €8 Yol FdA F(polystyrene bead)ES ZFFH 5ol 3 A A 7] A

wj Felell A d 5 (Red Blood CelD)E "otk gbdk A5 &40 slojA & gol

g L & ZAE AgstH olAE Hasgsr]l st S54T ALY #
=

A 09 Agaeh ool Bakel kg FolA thAl =9 s

jg
o
2

3.1.1.1. A8 A=

INLET TUBE OUTLET TUBE

COVER
GLASS

PARAFILM

COVER
GLASS

PLASTIC
SUPPORT

a9 34 #v A=
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A Az A= 29 340 ey F Ao AW Sk Abolel detd &

2 AHAA o 250ume] ALE WEA Gl AHtE AW Feprd 7
2 el ¥ he HYE FRE AFAA AR} AL EAT £ U=F #9

o AR B3 &%= d%H I (Peristaltic pump, Fisher Scientific)o] ¢]3le] %

A= A

L -E 500 -
oo -
2500
2000 -

1508 o

W Mz Title
-]
a

W Bz Title

1008 o

T T T T T T T T 1 T T T T T T T T 1
BW EBMW EHW BS0 BED  E'0 B0 B@A  §OD IO D B0 5@  B®  BED B B0 BS0 0@ 910
X Az Title H Aoz Title

a9 3.5 fused silica A2 AW E&Ho 3 2HdEH(H)H

A ANE Y 2HEH(S)

a9 358 AMZesg AMERS vy wE AR 150052 Fth QukA

o2 AHg3E BK7 AR An Feze o

@ GAAEI BASA Brh ol& w0 gdold 4@ wmolzz g
g

9 P49 BEHA BBL Aokl B =FolME fused silica AD 7

B34 710 ZAFE o3 WL Jobin Yvonol A Al F 3 Synergy T2 1S AME5}o]

EA AT 2F7eA F5Hox Aie 3 d9om yedt. B9 a4

e Foae YAR Y Foa9 Addde] Foao] xoloh dig-skA k. g
qowg

A5ol7 AEE 4 (32)9



1 1
VooV — A A = Vraman (32)
c m

7600 -

210
2100 -

2300
o 2200
-'1=; 2000 E _
5 o oo

& o

g 168 E 18em
E 1688 "E ]
% E 5o ]
1200 - |:nn;

T T T T T T T T T T T T T T 1
:3L] :t1.] B30 2L 8sa BEQ aa [::L.] :L1] [L0] (1.1 :L.1.] 1oom 1200 1o 1608

Wavelength [nm] Raman shift (cm™ )

Iy 369 Aoe 4 320 YEA g 9 AEE FuF 9y ez W
gk gt ~"dEYo|ty, ~2FHEHI A B F o] CCDe dark noised] W& 2l
=

J

a
30,
i}
[>
g,
|m
o
1o

[
©
[N
oY
He

& o7 HAtel
1

% © ™ smoothing A3} Fo Azo s 29 3.7

-

smoothing 3} A& 7

eFf 2l ot
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oo
o~ 2200 o
£
E
a
- oo
2
-
b 1800 o
]
E 1680

1200 o

Intensity{arb. unit}

1200 o

T T T
1on .11 L1

T T T I
1omg 12om 1o 1638

Raman shift [cm™ )

2% 3.7 Smoothing A 9] vt

3.1.2. Force measurement A] 2= ¥l

QPD

L7

MS

DM 3

2100

1800 o

1100 -

M)

L3

>l 4

Expander

Raman shift [cm™ )
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L(Lens) : =, M(Mirror) : 723, DM(Dichroic mirror) : °o] A2, CL(Condense

lens) : ¥4 43 #AZE, OL(Objective lens) : WEa:AZ, MS(Motorized stage),
QPD(Quadrant Photo-diode), LD(Laser Diode) : #l¢] A tlo]Q =

1%3.8 Force measurement A 2% NSF=(A)9 AR (3])
O% 382 28 PE FAGH] AT A2de diEoy FPoEE 1064nm o
t}o]l & = 2 o] A (Shanghai Dream L L-1064-300T : LD)E A}&
SEAT. L3, L4 7 e EE W25 Agst Ws Az oY, o A& (DM3)

1064nme] WS WAA D T2 GE o] U& TAAA §¥S g

o
7
D
=
2z
=
o
o

=
wn
o

Mo
oy
]

T QA T o) MA LA wWAlE We JEA=(OL)E YALH o] A ot A
82 3834 ®rt. ¥ E motorized actuator(MS)S AbE3to] dAtg W3 5
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Ag PFoz ANE FANY + YET AARAG ARZ YAE L& £

X

flo

@A = (Olympus, X50, NA 0.85 : CL)E E35}o Rold %2 9 =& Quadrant Photo
|

fr

Diode(OSI, QD50 : QPD)Z H ozt QPDolA 53 oldza Az d
H 3 AAoA g535te AFHZ BuUojxm, CCDAA BHuUlojx = 943

A BASAT. ARelA e Wo QPDE dAHo] A @, QPDE el $14

]

,ﬂ
ot

WS 29 399 #Zo] dugger €I

/] o PAD1
.

Photodiode
Bias

i -1 )
f[————PAD2

SAIN OME
DIFFEREMCE
AMPLFIERS

i P P P Y]
———————PAD3

PADS

PADT

PAD &

PAD &

10K Resizror Network

%Y 3.9 QPDY 3= =

rlr
N
Mo
]
i,

PAD 2, PAD 3% Z17 x, y¥ 915 Yede A5E 9vs PAD 3
QPDell AH A= Az &S oudt x, yof W9 Aae= 4 339 2o

o] & sty AT E Labviewd ©]&3le] EA35

e (iy +ig) — (iy+ i) v (i) +1iy) — (i5+iy) (3.3)
(i ity iy) (i gt iyt iy) '
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Pz 8y AT E power spectrum O Z HAZE 4

)

°of HleolH= 19 3100 YEhAT stdte] A= QPDlM =3
A = g

Foltt, 550l d AFTE Origin TE1WE 0] 839 linear fittingste] corner

frequency & TF3FATE o] Fol il = 5ol A thAl &=kl

50~
~f0-
~70-
-80-
-a0-
-100-

-110-]
-120-|
-130-]
-140-|
-150-]
-160-]
-170-" )
i 1 100000

e

J0IEE JHE mem (5% 0 |

0,5
0.4

o 2123 2@ 21902421

oF 21501021 @ %AW oF 215202 9F 21942121 2F 21942221
2008-04-24 2006-04-34 2008-04-24 2006-04-34 2008-04-24 2008-04-24 2008-04-24
Az

29 3.10 Labview 9 =% (%) power spectrum, (3}) QPD &8 %
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Al 474 LTRS 438 % AF

41 +A A F+° Raman spectrum

31.1.3 Zo] Az®lS FAEe] Ay & (Silicon) ZZHH #FAA  F(polystyrene
bead)®] ot 2HAER S AT AdE A2 Hrhstr] $sto] F8std
gtot d 1 7 (Jobin-Yvon LabRam HR, Ar-ion laser 514nm)ell ¢ls] 5o A
Az vustgt. AFH  LTRSAA 232 =3I o gratinge
600groove/mmE Ab&3t L =& A 222 st A2 ALEE fHA
= 3717} 5um(Duke scientific Corp)ol™, =4 F A A2 Alsite 35357 9
sto] AW mpgolA o 10um = ©
gatA &2 FHelA FdTd O background AT E 5T FHA
T2 4213 ¢ background® AFE WA =5 FHA Fo ATE JS56HA

a8 412 AestE Ay B =R AzZe LTRSS 93 FE3 o] silicon
o #uk ~HdEHS YUY, 18 42 44 79 gk ~2HEHS el

azog -
5204
20000 anoa - 520

2800 |
15000 2600
2100 |
2200 -
1ooom -
2000

Intensity {arb. units)
Intensity {arb. units)

1800 -

ELLL
1688

o8
-~
L 1200 -]

T T T T T 1ooa T T T T T T
o L] 1oag 1503 2mmn wo 1] ELL] 1030 1zEm 1tem

Auman =hift { cm'} Ramsan shift) em™ )

23 41 AE3d G 2FAEH(FH)Y AT LTRS($)ol A 2] Bulk silicon?

G s¥Ey
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2300 -
=800 1000
10006
2000 2500
1688

2100 |

1600 2200 -

11 2000 |

1208 | 1808 4 520 1030

1500 -

795
- 16017
1200 o

1000

1om0

Inten sitytarb units)
Intensity {arb. units)

T T T T T T T T T T ) T T T T !
|00 BDD  BOO 1008 1200 1408 1600 100 2000 2200 2400 so faea 1so0a 200 2508

Raman shift{ cm™ | Rammn shift {cm™)

a9 4.2 F83td @kt dv B (F)H# AZFE LTRS($)AA 9

polystyrene bead? &% AHE-I ¥ I FH beadd AFA (%)

A2 520cm A FAA T ABE 1000cm oA M A 337t e
ok A A" BAS fEA A2 Abgstdon, A4 7o As

FAHA Al=dlE Hrbek v 29 420 ZhzHe] =3 gs yEdlew, 483t
Hognk gulel fAE A9 E AUSS S T 7 k. AFeA Fele AE
= 620cm ', 795cm ', 1000cm ', 1030cm !, 1601.7cm tolm GA A o] Baprze)
A o4 @& 7+ gvt 939 vibrational groupy 19 433 ¥ 4.19] Z+7+

LHER 21 [37]

29 4.3 polystyrene?] 2 7+Z(F)9 T+Z24(%)
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¥ 41 &% 939 & polystyrened] vibrational group

Raman peak range ( cm ' ) Vibrational group
620 CH deformation
795-835 C-C valence
990-1007 Ring vibration
990-1010 Trigonal 1.’1ng breathing of
monostituted benzene
950-1150 C-C stretch of n—alkane
1028 HSO,; (in KHSO4 crystal)
1030 S=0 valence

620cm ' CH 2% 95" 259 &, 795em '&= C-C valence T %9
)& &l 1000cm ‘9] #& 2 5= benzene F+%9 ring vibrationg, 1030cm &=
S=0 valence 213 9} df-§ gt}
483t oA 3
E ugAd S ZHY ol AEstd gnt dnA e Fdo] SldnmE £ =%

1w

o AlZelA A FFes KD 7 7] "ol 2d 429 AFAN E 5

94 4% glo] £dam AT + Ao 3

o
ko
=
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&,
—
=
[¢3)
[}
N
D
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w
rlr
ay)
i
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N
-
il

=
oz Qske] ABGA ARel U@ B ANz fEHT B =Rl 4B

gt A8 F oA 9 ZHEF(RBC : Red Blood Cel)Z LTRSE o] &3] ¥ 33}

2
__>fl_',l
-
S
e
rlo
>
ol

3 +
of Wlekel F¥ AerHi BAe Fb A7 W ole] W@ welst Basd
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22 g Nze E4E7] Aste] =L 16x 2 slon ARE YA

rr

dolA 9= oF 30mW= stk #elAe] w2 duyA= < optical
damages ¥|st7] flsto]l vtk As 25 Aol of 5GmWe| #ojA Y m AP
2 ¥ sto] £33 AIFE A nfgdozRE oF 20um Eo|Z o] FAIAY. F
59 A= AWE FE 20um ol E AT °F 30mW=E #HolA F9E F7t
AA Bt AT E G55t dolA wee x4 2§ 329 attenuatorel 9
s =4 Ao Optical tweezerst 43 &3S AFE35H7] W&o 23 F 90
=0 oUyA7t A&EEA @rtk. 1o & optical damage°] I H a7} o] ¢
o gy AT E FE =0 9ol A optical damageE FH A 3FE7] Ysle] B =
Lol e 249 d99 78nm S AHESl o, attenuator® # o] A T4
. optical damaged] #3 =9 432N 2 AT tF A

53 gnt Awet 9 AT AANSE Ul 293 4F

1
Fo @7 E= 9 7umeol™, 650cm -1150cm }, 1150cm '-1850cm *

fu

il
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o
2
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A
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Fol ANFTE FESPUY. 53 A5 Y Vibrational groupe E 4.20] YERU )
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X 42 % g3 e FYT9 vibrational group

Raman peak range ( cm ' ) Vibrational group
752 v(pyr breathing)
999 v(CBC1)asym
1210 6(CmH)
1444 v(CaCm)asym
1543 u(CBCP)
1617 v(Ca=Ca)
6000 —
1586
~ 5000
c
35
S 40004
T
=
2 3000
(O]
=
c
S 20004
IS
3
o
1000
O T T T T T

U — T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Raman shift (cm™)
a2 45 A &std g7 drjAdA 53 AF(Whole blood)9] A=

Y 458 4ESE dw @vFoA 59 AP AIolth A H B4
o]
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o]zl A& A5 FA optical damageS S F Yrt. CW oA S 3
2

o
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of,
o
2
I3
X
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o,

2 3+ Optical tweezersoll A 9 optical damageo] #3 <

*ed Ws #ES FE we Haurk Hol g agu AT 5o ol

ol
ol
i
i
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ABSTRACT

Raman spectroscopic analysis of biological cells and

trap stiffness measurements using optical tweezers

Ju Sung-Bin
Dept. of Biomedical Engineering
The Graduate School

Yonsei University

A single living cell is a complex mixture of large number of biomolecules
enclosed in a cell membrane. These biomolecules constitute the cell organelles
such as nucleus, liposome, etc. and the understanding of various cellular
processes 1s based on their correct identification. To cure or diagnose such
cellular disorders leading to diseases, the identification of concerned
biomolecules becomes inevitable.

In the latest developments, the combination of Raman spectroscopy with
optical tweezers, known as LTRS(Laser Tweezers Raman Spectroscopy) has
opened a way to a single cell detection and characterization. To analyze the
chemical information of complex mixture of a single cell, LTRS may be the
fastest and the simplest technique.

In this paper, we made LTRS system and observed Raman spectrum of
polystyrene bead. Also we observed Raman intensity of RBC as a marker for
optical damage.

Also, we tried to directly measure the force exerted on a trapped particle by
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using power spectrum method. In experiment, we measured the stiffness of the
trap and the calibration factor.
We expect that these results will be applied to identify the chemical and

structural properties of cells and will analyze biological motor.

key-word : optical tweezers, LTRS, power spectrum method
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