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ABSTRACT

Recently, the polarization-resolved Second Harmonic Generation (SHG)
microscopy has gained much attention from researchers in the field of non-linear optics
and becoming an important researching method. The second order susceptibility(y*?) is
closely related to material structure. The @ in different materials can used to enhance

the contrast of SHG images.

The linear polarization light is usualy be done by rotating the half-wave plate and
quarter-wave plate. However, the dichroic mirror also alters the power of laser.
Therefore, in this study, we measured the two-photon fluorescence of a fluorescent

agent(0.5mg/ml,sulforhodamine b,s1420-5g) to calibrate the change of SHG signal.

The structure of rat-tail tendons(RTT), rat-trachea cartilages(RTC), and rat-leg
muscles(RLM) are based on the cylindrical symmetry theory. There have only three
independent variables of ¥'?. The natural resonance frequency of RTT,RTC,RLM are
about 200nm ~ 300nm, and the excitation laser wavelength is about 700nm ~ 900nm.
The Kleinman Symmetry assumption was adopted in this study to hold »*® as a constant.
By introducing the general potential of non-centrosymmetric material, it was found that
the »? ratio of RTT, RTC, and RLC with different wavelengths are approaching
constants in the three dimension system.These results suggested that applying the
hypothesis of the cylindrical model and Kleinman Symmetry to such materials is

suitable.

keywords: Second Harmonic Generation~ Kleinman Symmetry ~ Collagen~ Muscle

fiber ~ Second Order Susceptibility.
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% sin2ftano ( )
FRAT Ay AN B AT ARG R SO B R Sk
PR Eip o] ERBREDREFLFE - TS RPLRH
(tang,)-(tang )=-1> 27T @, ~ @ & RAp L 90" - F %t > AF LR %.,»E?Z;;w ;

Bis G s ERPFTNI BT T LAL RikIRK o
NPT RS TRBIRELER O 05 Birfoxthad & o d T Hah

AR AL AT A

tanezﬂz d3§nax+d4cosm
E. d,sinat+d,cosar

=ytanfcosd—ytanpsind (2—24)
FFER(2-22) F»r (2—24) F#Hitang > BI7 &7 ¢

¥’ —tan® 6+ (y* +tan”® 6+ 2y° cos 26 tan® 9)"? (2_95)
—2ycosdtané

tan ﬁir =

DRI R R B e T A kAL A hip B O 0 P pheh R o
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v(?i*?%ﬁaﬂﬁ»ﬁ@%aa,vuﬁﬂ%@¢@%%%&ao?%

L

P s ks By 5 1030 A2 780nm 2. TR 5 527 ¥ - 2 g oo

PR SRR R B R 2124

Nicon TE2000-U power meter

R4 sensor
ﬁﬁ?ﬁﬁ(polaQ /

D iay 11438 K

N.A =0 8|
40X,

water

A

B 2-12 75307 > B R BIEEL & B T 7B

o d Bl - MRS (polarizer) > x 3t b 3 JEgk sk B3+ (power meter)
BIE ks B Bdckt T ik EARGIE > RIS SRl hhiR s g F R
- BEE S P ARL 00Tt e KRBT LR o ol 2213 4T 0 S PRRT R

TR AEE G S IR ER -
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BB —RIRK A B 1R

40 00|¢¢
35
30
25
20
15
10 :
5 —18° L1088
0 [ I I ’“"

0 10 20 30 40 50 60 70 80 90 100 110 120 130

RIR A A B

() e e ¥

A [ N S — —_——

Bl 2-13 ks R & iRirk & &

Bofe & 3 ehd o BEARIRIREGIEL L Y~ %”1 5k

*1

<9]E$

A e IR A KB F B F M 4 AR kM FP#F AB
WU AT R e PRS0 KB F B P HT 2 A, A

Poc EZ+E. > Fhis 5 X6 F HSMTHLE ~ E > BIF BT 3Fe B

E
s L R TR Sk F R AT 4

=t 'T‘ :‘_:_\\ :
n.oo1n,
E?+E?
Poutput = E - Ey' .Bnput (2 - 2 6)
[+ ()]
. n,

E,
BRI BIEL LR ng= L vy wn (2-25)

X X

B 1+tan®o
=n P —
output }/2 (}/2 +t 0) input ( 2 2 7 )

Fli A kEay ~ y AREE d AT A BBk ESAF P T2
0% B o F w2 * %A (0.5mg/ml,Sulforhodamine B,S1420-5G ) ] & # %
FHOF F KRR G R o FIFERF F Kgew L ARPRE > B A for F T

Fawad N (2-26) 7@
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1+tan’@

Fo P2 =¢yf(—"Z
7/(72+tan29

output

)* (2—28)

F @ g3 § kiR (two-photon fluorescenceintensity ) » = B 2-14 5 2.4 &2
Foedw R AP P RSB IR A PRAEAEERGRLDM G #F L

= i (AR i R SR _’$ I = SRV ,gf Tg;é; i F'_'? J-%[Zg]

LT —780nm ¢ Eo
w— | heory
12
= e e
r r
E 0 +
al
%E [iX3)
% 0.4
0.2
Q
0 15 a0 135 180
{& 55 - 111 (Polarization Angle)

Bl 2-14 - BHEASEF F F & B DR G kR
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2.5 Kleinman Symmetry

Aan e PN % (intrinsic pertmutation symmetry ) - ¢t £ 4 on g, B
Gk I HE P, Eodet - kg, b2 BRI 2T B 5 18 B s Kleinman
Symmetry i % 5 0 5~ Sk FHE S @ BB D RE R F @, 0 B g, M8

PEEE SR

(2) (2

Xk (0)3 a)l+w2) Zky)(ws a)l+a)2) Z]kz(ws:wl"‘wz):---: i(/;)(wszwl"'wz)

TER Lk yD R e Aot - R s KRS 10 B 0 5 M
T ARl S e o T AP g - et e SHLH A I >
Kleinman Symmetry % 4% » = F]3t frﬁﬁb%?»ﬁwﬁﬁ:um Bz ARl g Lo
HRF =z 2 ED - HEREE o d A2 -1 F3 - &Y oD
AU =ax®+bx® s 2B A4 P80 p[7]

F(x) =—ma’.x—mD-x* (2—29)

Y L@ AHHEE REEEF  DE Y F AT HELE(W)=E, "
RIAPET BT HE R Y - B3 aud# > 42 (eguation of motin EOM ) :

eE)

Xt+yx+afx+D-x*=- (2—-30)
m
V.5 ER Gl BFRCE SR xRBER > B
x(t) = xPe™ + x4 x@ iGN 4 (2—31)

x® %7 - P i BRI 0 xO AR A T AR B IR AR
F(2-30) % (2-29) FFpkag@Es:
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_eE@)
m

(]_)

¥ -.(1)

+y.x @

+ ngx @

P +y7i%+ @ X?+D[x"]?=0-®

FETE - pE R

) . ) ) e )
D= - -xV-” +iwy, xV -+, - xV - =——-E -
m
2, . 2 1 e E
= (-&’ +iwy, + @) xY =———=
m
1 eE
NG ox (2—-32)

m(a’. — &’ +iwy,)
i # P9 (w) =—Ne- x® (w)
P (w) = g, 7" (w) E(w)

N EMpRI ko RS EFI- a3 08 g R F o M ks

N-(e:)
7 (2—-33)

@ () =
7) & (0}, — ° —iwy)

=

m-ﬂ

EL i
@ = —4w® x? . " 4 2iwy, x@ .y a)ozx x® N L . [x(l)]2 =0

D 2
(@, -4 +iwy,) (&, — & +iwy,)> ™

= x@(2w) = (%)?-
m

i * PP (2w) = —Ne-x'? (2w)

PP (2w) = £, 2w, w, w) E* (w)
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BRI R FRE A RE RS o M G

2 (2m) =

g () — 40’ +iwy,) (0. — & +iwy,)? (2-34)

I (2-34) #Ro § 2 MR ETERFIE T, >0 0 TR

giméwjﬁzﬁﬁ”%@’zg%?ﬂ@°fTi’AW##wﬁmﬂﬁﬁ%

HZRIEE S R GR R S S e T

¥
V(I”)_—kyxlxj+3Dykxx xk+ (2_3 5)
—/ﬂél‘,j,k%ﬁfx,y,za’é_ B:FF%\kDﬁ"‘#’g{’% ;\Pﬂ‘ﬂ/}\,ﬁlk._m:f‘&,

R Dy s ZFERE S bl k BRI Tk xy i8-8 D ¥ &R D, xxz

~F T UERL LG OMRE A D, R F 27 A R A T T A ok

i

Dy, $R % § AR 0 TR
k, =k,
Dy =Dy =....= Dy, (2—36)

E”ikl]'?“f—%‘:’szg:’:_ ‘%&F’ﬁ 6?]}: ’ Dijk E]l]#ﬁ 10 T@‘J&”I_ %3{0 *%Fdjﬁ?{kl/? P

%7 0 B A

kxx k Xy Xz
K= kyx kyy kyz (2_37)
kzx zy kzz
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R (2=37) B EHEET &7 IR AT 4 G B A S

T OUER - R R ER G Tk, ik, g 2o ARSI FL
PheiE B 2T B A
[ $+yi+t@ x+D. x’+D. > +D_z2+2D, yz+2D. xz+2D. xy=—Lx
X 7/x'x a)Ox X xxx'x xyyy xzzZ xyzy Z xxzxZ xxyxy - m
j+y y+af,-y+D _x*+D, y*+D_z°+2D yz+2D _xz+2D, x __
< y+ry oy "V yxx Y yez 2 yxz XY = m
v zi+al z+D. x*+D. y*+D_z*+2D. yz+2D. xz+2D. x __*E,
7/2 0z ZXX zyyy 22z zyzy zxz zxy y m
_ it
E =F e
He Ey :Eyoeia)t , x(t):x(l)eiwt+x(2)ei(2m)t+x(3)ei(3w)t+“_ » ¥ a)ox,a)oy’a)az 3 T )’é,
_ it
E =F e
Bhep ARERE S > BREGR- Bgge > 2 > AP @R - pEoE 05
1 e'E. i
W= i x tE 2 (2—38)
m(a)oi_w +la)yi)

T Rk BEFY R e hs [EIE 0 #G SCV hkh - 4oV B F)

ox

—4(02 'x(2) ‘ei(2w)t +2ia)7/x ‘x(2) .ei(Za))t +a)2 'X(Z) ‘ei(Zw)t +Zijnj10n10 ‘ei(Zw)t — O
jn

2 . 2 2 .
= (—40 +2iwy, + @) xP +> D, jign, =0
jn

Z D inJ10M0
>xP=—"
(4o - @, - 2iwy,)
1 e'on e‘Eon
= 407 2 _ o XZDW' 2 > . ) 2 > .
m(4w” —w;, -2iwy,) |5 m(@, — 0" +iwy;) m(@,, —o” +iwy,)

> D, (20)D, (@)D, (@)
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He

1 1 1

D (w) = D (o) =
(40’ — &’ - 2iy.m) /(@) (0’ — &’ +iwy)) (@) (@, — & +iwy,)

D, (20) =

=z s 2 b > 55 48 .
d P Ev @ ey o KPSV @ [7]

@D - ! : -
! ! [(20))2 _a)ozi —i(2a))%] (0)5 -’ +ia)7j) (a)ozk -’ +ia)7/k)

(2—-39)

o< Dy - i (Zw)l’;l) (w)Z/El) ()

i, k=x,y,z

d 8 (2-39) FHUFH s SRR FE L L R F AT Z B N
Ak B HEET I (2-1T7) 7B

1 b 1
d33 = /1/ zzz o< DZZZ 2 2 9 ; 2 2 4 § 2 2 .
(a)Oz - 40) B 21760) (a)Oz i — 17/(0) (a)OZ - - 17(0)
1 1 1
d3l = szx o< szx 2 2 . [ 2 2 . ) 2 2 .
(a)Oz - 4a) ) 21 7&)) (a)Ox == l}/(l)) (a)Ox - - ly/a))
1 1 1
d15 = Zxxz b Dxxz 2 2 . ’ 2 2 . ’ 2 2 .
(v, — 40" - 2iyw) (@), — o —iyw) (@), — 0" —iyw)
#7120 % % B_Kleinman symmetry ihif i2 > » SR F < 0,,0,,0, P
(4 Y. D_. & & -a&f
3B _Azzz  Tzzz 0z %x 0x = const
d31 xzxx szx a)oz
{ (2—40)

2 4

d15 — Zxxz ~ Dxxz . a)oz .a)Ox — Dxxz = const
2 4

d3l szx szx @, a)Ox D

oz zZXX

\

S ARG FHAS G LA BBMRRFERT o H S R 0
dy E;ﬁm BE N BTSREAT F enA om it o
d31 31

L
B2

—\
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Chapter 39 5kt

31 %R 39 (Collagen)

B Fe A A HMARE Y ko T BT ) AT B0 e 30% 2+
[10] - & # (ligament) £ 3~i& (tendon) 1 & &% i F-v A THE~+ > H i do! g
Koo g~k s AEES 7 Z R I0 A o R G0 A mie bR
(extracellular matrix ) » ..‘sﬁﬁarf& pR ek & o S UL PE B ﬁf‘« v Hoa
ER G LA e R TR LR EREFEY > LRI P BEEE
sk d o R0 A B REa- | APy e p (aminoacid) A -
A AE A PR S Adept o PEERFIEAR AR BR R0 L2
i 5 —(Gly— X —Y), - 5 P BRIz %L LIRS R AP Gly £
+ epk (glycine) ~ X &5 =gk (proline) ~ Y &3¢ & & (

SRR 2 0 EF 1000 BRAR A 0 A RJF EOLIMASE R A

hydroxyproline) - % =

poae dral R gy 328 BATHI[LL 0 Btk ¢ B ek RE T Ukl &

Wi

¥ - 8% R Fv (type |l collagen) > ~ Bl ¢ ¢ cngi ¥ 1 & £ 5% - 9 R Fv

(typell collagen) - 5 A3t % - B R v > 2 2 £ 2B R -9 JF 90% » - 4,

R i NGRS S Rl R @ (collagenousfiber) r i % - 5" v - P
ﬁ#ﬁ?{ﬁ$£%~$?ﬁ§$$ﬁﬁ§ﬁ@o¢ FREY > 2R GFANES
KR T TRE CHF R R AR H L3 DA BolE- B a2

VR S R AR S0l BB A BHY G T0%EE - 4
RIS o AEFELHE BRI LS R ERAF IR LS

u«.: Z; 3/31\}%7}‘_’ J, 7‘}\ ﬁffl;zg_;r)_ ,J_jf]g_‘, l\? /W\'+ﬂ'\d - 1!3‘0(2 iéq ,:)\‘ = );Pi\ﬁ‘l—;‘,,l_
,}#, ARG AV ESE g N J‘E?J%W‘f?fifm m@ﬁ%é VS s PL"I , %—“*ﬁ
BhEe ik d P R Fe 80%: H ol a2 o 4ol 31 Ao 0 MEF E
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Hide o 4T 2 *EfE > LA B S FHETY > ERFEFF DB T IAR T >
ol ® o i g R T F R A G RN RES RSB
A PFACER > mX PG T £ 0 A2 ,%%‘i Boh s R LR o AT
ERGHRIEIR R o % Z 5% R 30 (typelll collagen) i€ % &A% - 5% R v
MW AR F T EEVHFR T ERK OI MR I RE D%

AR RS E GRS R B BT T AN AR g

ol

Hira

3%
809,
EIE_EEI
15%
]
EOAEHE 0 .
9%
H{th
3%
Bl 3-1 4k & o [12]
573 T mRAH
[ al~a?2 AE~HE ~voE A~ b0
I1 al Magcd ~ PRk
[11 al AR ~o g -5y
V al~a2-~ a3 A~ LK ~"Pa~ by
XI al~a2- a3l PR
XIII al RO GmrE s PRIR s SR s B R
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XXV al ~ Mg

XXVIII al G

#0315 i SR i [13]

d b s MR A Az MR A R - BEH A - g
MR Fn 5] (4oB 31 APHRET BE AL gfifﬁﬁ_@%ﬁv - ARk

g (microfibrils) » # 2 /2% 4 & Inm~5nm 2. & > £ & ¥ v cp 3 oF 2ldcF

Y

0 BT RAREE D Bt R akaiEr > A 4F 2595 200m~90nm
9% dmik  (collagen fibrils) » Bois iz st fm@ @R B & % - WA PR IR R
v g (collagenfibers) » & 1 7 F BB Z M R k0 Rap > v ERYF Tk
67nm = + ¢ NI a4 oy ¥ (& AL D-period) > E P iERE R L BRI

Adchw hz- o GEFEBR RS ARAR B R R
oB) 33477 0 EPEERDER L Do A AR IR 06D 0 & R
Bdo PFo R BAFEMINA R FMEERE > €A F 0P T g He S

E}'Jgﬂjﬂ\?%?v

8 A S e R A
microfibrils

BREEOST
(collagen molecule)

¥ EEEaae

BRELQ =SSN

BRE et i
(collagen fiber) N\ AN

B 3-2% & -9 e R B[14]
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| ®— £J67nm(D period)

Bl 3-3% & 3 A+ #7522 Dperiod 7 . B(%% [15] > £ &L @)

Bl 34 % - %R 3y &7 80T 5 HMET S i1[16]
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32 R Ea

P B & BRI F RN v B L& - B yeim e 8 e i (myofiber )
Ld & g hieggl ] & (sacomere) A7 ik B MR A A s SE 0
E@%ﬁTgiﬁm@ﬁﬁﬁ@ﬁ’%@&S%ﬁvﬁ%ﬁj%4’Mﬁﬁ{ﬂ&
F g goa (myofibrils) “r s o mstR gk ad 3F ] & (sarcomere)
A AR AR e R G Z-lines A ve] & 84 73 v G- (myosing ch
feaeli (thick filament) % 7 3 #vf 3¢ (actin) himseli e (thin filament)
AT AN P L IR md e P ] & and 2 A RRAL R T IRIFE
¢ i F s Aband A & 5 thick filament & 22 5 38 4 cathinfilament 2 g5 m = >
& Aband ¢ #FEF F v 30 (myosin) = A f s Hzone: % ¢ $84 F % | band»

£ 3 thinfilament (actin)» &7 & 4l 3-6 -

1
Thin Nlaments |
|

| pand "-A band » band

Bl 3-6 v Gl S 7 2 BI[18]
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FF IR (myosin) » v v BB s 5 3R hEp 3t (heads)
A gk enk xg (tail or myosin rod) 4oB] 3-7 fror o BT BARF R PE 0 AN PF
o g sLE_ %k p 3t thick filament (myosin) #3284 > & thin filament (actin)

FFEAS - BAERE R AEAP A b &R R GHIR LR > U RS S

ML T AEERIRKL DT > B33 - BAEBRRICE > ELEF 7 FihiREL
oM O BARSE B G0 F U F-v dhk =B (myosin tail or myosin rod)3n 4 [20] °

A EaESE

myosin ATPZE 825

EESB(tail)

#J100nm

» BBEPF(heads)

Bl 3-7 w3t d-d (myosin)+ & B1(%5[19] - £ W H)
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Chapter 4 § sk 3t 3 2
REHERK

l|

4.1

AP i) 2 57 B4 B4t (Nicon, TE2000—U ) %
19777 o 0

Rk R
4o @l 4-1 577 0 & F R iR Fi 45— EF £ § 5 (Ti— Sapphrie pulsed laser, Tsunami
spectral physics) § = @ £k
&

i€ % el £ 5 ) i 690nm | 1080nm - #% g
% 80MHz > F S #r B~ £ B & 720nm~900nm 2_ ¥ - d §]} ¥ —Fﬁ IR s
- kG- BLERTERRBERESY A IF“%ﬁd KL T St TECR) F b - Pal=g
R 1 R BIR T FEA B L L P R R DRRNE o 2 18-
X s a2 - )j‘&‘?ﬁﬁj PRAEA DD B DihIRE > LM EOE
ERAPRY I REELEREEA Y AFERT G
£ 15° 5 - mAMRIBHIR L o

$]0.0025° » ¥ ® %)%

12 14 FEE PMT #t5i
BhH A R
GE I I O | . .O -
e T e
[ 1/217 .
YR
(40x NA=0.8)
SH-EFEAOETEH
(Ti-sapphire Laser) B
B 4-1 imd= B 28 K Bl
Fode o B AT T sS85 (X—Y mirror) £ 7 - daehtk 5

y-28) SCIPA
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% 4% (FF720— SDi01,SEMROCK ) %3k ji £ 4z # 700nm p¥ ¢ i = & &f> #>% 700nm
PEERRETE od MR REAATEI AL > TITI D BAEELY F R
% g s (filter) J2k > @ * dhjg s 3 FFOL—390/18 ~ Z390/20 ~ Z420/20
(SEMROCK ) > & {s £ ¢ PMT ( photomultiplier tube, R7400T, Hamamatsu ) & 4% =
BB T AT F D R eAN o &R hf & 5 Nicon 40X
Water-immersion,N.A.=0.8 - i& {7 rat-ail tendon % rat-trachea cartilage ¢ #% &< & %
koo g kR R St BRI ELLE R - B4R 0 @ rat-leg muscle
Pl R e sens BAREL > RPIF @ % NAEARE -4t > 247 RARF ~ A
oA EE R NAEA A 0.8 chfrsifs » 6@ @i v ga B3P

F oAt rr ik [24] -
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42 HEER

AP By Kleinman Symmetry 324 @ * = @72 P2 P4 AR5 2 e T
suik(rat-tail tendon )~ + B f ¢ i ¥ (rat-tracheacartilage) 2 ~ &% 385 +¢ (rat-leg
muscle) > 7 -+ rat-tail tendon (type | collagen) efed® = 5% 2 jéh R4~ &L}
BT EERE T B AR (S € "};‘1 Fle ¢ &r.ﬁm.ﬁéﬁkﬁiﬁéﬂfﬁi ) T ARG BT — B rat-tail
tendon > 4r @) 4-2(a)(b) #777 » ¥ F #-P~ T Hrat-tail tendon 2 PBS( phosphate buffered
sdine) iR fs e B Lt ¥ o R F L E R Y RS JI R Ml P Bl
TV R~ BAET A B R % 0 5 0L = aorat-tal tendon € 2 ¥ -80C T
GEEFTIRY c TR 0 5-80CHEF SR % chra-tal tendon 3 FLEH -

B[] -

(b)

B 4-2(a)(b) rat-tail tendon % 5% i/ 42

g ¥ ek (typell collagen) sl » 2 sk BB~ 2§ 3 304 o
EHFMFHFE R M A engts > X dofl 43977 ¢
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B] 4-3 fresh rat-trachea cartilage

a2l

§ERA T L AL R hgcd ko {1 £ BT RE o 2 PBS Pk
BB AR NI RFIIRAI LI FHIHES AR PALR e
BERFEE > BATER LR TEATFR Y > BERAHEETT A

BRI c A PLERBRLIBALANCA TS FHPFI IR TAYE B
¥ oo

- RENA

L e
- RE

-CEEmE

(b) RERTE

(a) REREE

Bl 44 5% @)« 85 3 BA RO F F B 6 S5 LW
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Bofs EA BUMPRVUE o e DA PR RS Bl S o AN
Pom g R d ST W R BATUEL R BP0 & H 0SS 0 SRR T AT o
A ) N g g__f%gg’g.ﬁ AR BB 450t o BER S Tum ¥

Fo P s nitT o B forward soo BAEAEL o g e skpravp sk §oR-H

%E -B0CTHTpERY o

Bl 45 4 &4 g L gy
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43 RaRAITE
WAL 3D -3 A 8B »HEN - BHERAEL I HIRL E R DM G

L < [(%) cos’ (6, - 6,) +sin*(6, -6,)1° +[(%)Sin2(9o -6,)1°

31 31

Ly =c-la-cos’(6,-6,)+sin*(6,-,)" +[b-sin2(6,-6,)1° (4—1)

b
o

a=dyld, b=dgldy, c=const

PP APLAEFBRAER14T) 15 2 FRIBIRE (dok 2) 307 B ik
Pk & BBz skifE (pixel) % 256x256 -1k » £ #-ig = s P BT 30 s =
BARese B o AR IDLARN > 3% 5N (4 —1) kairE B pixd 2 & (g, )
EFRIRARDRN I Bp T 22 DB & W 5[2526] 0 A KT G-

Foteit IR B iEdy,ld, Bdgldy

A=780nm

NO. QWP HWP LP
1 132 118.5 0
2 121 114 11
3 107.5 106 26
4 97 101.5 37
5 80 94 53
6 160 88 66
7 148.5 82 78
8 136 72.5 90
9 121 69 106
10 107.5 62 120
11 97 56.5 132
12 81 50.5 148
13 153.5 128 160
14 139.5 121 174

% 41 2 F HWP~ QWP £ & 21 4 & B (s i 3k &
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Chapter 59 % % % 231

Pl b RDMIHIRERAPRLE > H - BN AR EEFRE 0T 2
B3 F &R SMEKIRE > B 51 5 rat-tail tendon ~ B 5-2 ;i rat-trachea cartilage ~ ¥

5-3 % rat-legmuscle - jE &/ 5-1 7 143 3> 3t tendon @ 3 0 B R A e 2R
R 'H:E

PFRAEITT TR H-o B R AREKL J FRRA v 2 RIRERITLE o - B

BhE L EEE B LAT AR - m AR 5207 Tk chgkad e 3 ik
tendon iz A > e B - BEBRANRICRIPE > LRBHFLER AL b
3 T FARS  AriE R e BAE R RS B4R o @ B 5-3 s muscle fiber > A e

g7
AR K T A BT 45T PR - W) ehs BT A 5 b 4 [20,23] -

(a)154° (b)28° (e

B 5-1rat-tail tendon = 2 4F 3 B %€ 7 F k4R Sk ensg i at 780nm

(a)70° .(b)6° (c)23°

B 5-2rat-tracheacartilage = 45 % B % 7+ F h¥k L a0 iv at 745nm
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10um 10um

10um

(a)130° (b)5° (c)28°

Bl 5-3rat-legmuscle = B #F % R E 7 F HIR K % it at 780nm

BNz AR FHLEAL ) R A FRBE L SER T P RS
7 ipke > T B 5-4(@Q)(b)(c) 5 £ ¥ - B pixel difF- it BAT R F RihIR L & &
gL oA i B AT AHHEA WERED RO R Fdydy ~dg
B AP ey 42 17 5| rat-tail tendon ehd,, /dy, =140 ~ d g/ dy, =0.70 > & rat-trachea
cartilage 7 d,,/d,; =1.20 ~ d;/d, =0.40 > rat muscle R #_d,, / d,, =0.60 ~
dis1dy; =090 » iz 7N PR R LM > s 8T > I3 %
Wrehz B fIF P EZRPEAPET UG R H Dt o o F gk e A
= % {84 Z typell collgen > fe & le sk fg @ » 12 A %54 837 o # (human bone
marrow stem cells): % 4 it = #c ¥ ‘mre pF o 4r € r P 5 typel and typell collagen %
%[21,22] » 2 f 2 4% typel ~typell collagen & y@ b @ b chi B0 F S - B
¥ B - TR B P 0 & FED typel collgen ¥2 typell collagen[21] ¢ i& &

sk B A B T P 4 d PR T SRR B

37



1.2:IIIIIIIIIIIIII||||: I-A?ZIIIIIIIIIIIIIIIIIIIZ

Sk 3 =

s F 1 £ ¢ ]

g 08 — — 3 08 -

5 06 — - 5 06 - —]

g C - C ]

S o4 —H & o+ | —]

g r 1 8 C ]

Sk 3 SafF —

- C 1 = C ]

pp e v v b Ly Ly 1 Y, J i AR R BRI IR

0 43 o i35 180 [ 45 "] i35 180

Angle of Polarization Relative to Fiber Angle of Polarization Refative to Fiber
(a) rat-tail tendon (b) rat-trachea cartilage

1.2 :I T T 1T I-'I T T T | T T IT | LU :
'_3_‘ 0 ]
g ]
g 08 = —
5 06 —
g C ]
S g4 ]
g r ]
Sof —
-~ L ]
00 cle vy v by b by |

Angle of Polarization Relative to Fiber
(c)rat-leg muscle

10um

(d)tendon

BT kAP areafitting o #-Bfd & i pixel F5HEd IDL A4 N
dy, ldy 22 dig 1 dy > Bl 5-5(8) 5 tendon - 780nm & & T 1 Bl ez B R ifo (b)(d)
LE - gy kehdldy B dld, VEEE AT BET 0 B S dyldy &
dis | dyy o histogram > d gt (73] > ¥t tendon @ 3 0 H o dyy [dy BT E b L4 AT
Aodgldy ~ 9%t 08%iT » A Pd - L EBA X 355 - B pixe #3]

dyldy & dygldy $e 72 L 30F £ AP HF RE > XY EEFEL (sandard

38



deviation) - B] 55 B 5-6 » & 4oyt o

A=780nm

10um

count

145

1.40

& o
@
@
@
@

135
4000

QQ
130 <

125

i

¢
é)JO

(

RN PR RIS R
i3 14

d33/d31

-
5]

(€

g 1
Ut O =<

d15/d31

(d)

B 5-5(a)SHG image of tendon at 780nm(b) d., / d,, value(c)d,, /d,, histogram
(d)ds/d, vauee)dy/d, histogram

39



20

19

18

17

16

1.4

13

12

141

10

10

(0]

08

07

08

05

04

03

02

A=740nm

count

2000||||||||||||||||
1500

1000

500

_-'IIIl]IIIllJIIIlJIII

0 PN IS T R U T SN MR l-‘“;-'jr"'f-'-_;:'.'.-'.
02 04 08 08

d15/d31
(e)

B 5-6(a)SHG image of trachea at 740nm(b) d,, / d,, value(C)d,, / d,, histogram

(d)d/d, vaue(e)d,/d, histogram



750nm

A=

[}

At

I

-
-

count

T

IT'III['IIIFTIII[TII

_______—___________

20
d33/d31

()

05

15

1000

___._______._._.
o o o o
Q (=] =] [=]
=] =] - o

(b) d33/d31

___:_:__________:____

800
800
400
200

g

1000

(d) d15/d31

Bl 5-7(a)SHG image of muscle fiber at 750nm(b) d,, / d,, value(c)d,, / d,,

(d)d/d, vaue(e)d,/d, histogram

histogram

41



B fs #-7 o o~ Sk £ AriR Flens FER Y S5k

e
-
&

d33/d31
2

1.8

1.6
5 b Bl

1.2

1 I I T T T T A
880 (nm)

700 730 760 790 820 850
Rat-tail 725 740 750 765 780 800 874
tendon nm nm nm nm nm nm nm

146+ 138+ 144+ 141+ 141+ 1.38% 1.38% 1.34+ 1.38%
0.06 0.08 0.05 0.09 0.08 0.06 0.07 0.07 0.08

d33/d31

d15/d31

14
1.2

1
0.8
0.6
0.4
0.2

0 A
700 730 760 790 820 850 880 (nm)

Rat-tail 725 740 750 765 780 800 845 874
tendon nm nm nm nm nm nm nm nm

d15/d31 0.75t 0.69f 0.61f 0.66%f 0.77f 0.65% 0.72f 069t 0.72%
009 011 0.09 0.09 0.11 0.09 0.07 0.13 0.12

o
3
——
H-
—
e
=
: 3
=

B 5-8rat-tail tendon 7 Ik & hdy, /dy, ¥ d 1 dy,

42



d33/d31 of trachea cartilage

14

12 ¥ 4
11

05

08

07

06

05

0o

?;0 ?(;0 ?éﬂ BéD B;O Béﬂ
Rat
725 740 765 780 300 845 875
trachea
. nm nm nm nm nm nm nm
cartilage
1.22 1.25 1.16 1.18 1.21

1.19 1.23 1.25
10.15 *0.12 +0.15 +0.14 f0.11 f0.12 +0.13 10.13

d33/d31

d15/d31 of trachea cartilage

1

05

08

a7

06

05

04

03

02

01

o T T T T T T
730 760 790 820 850 880

700
Rat
trachea 725nm | 740nm | 765nm | 780nm | 800nm 875 nm
cartilage

0.43 0.32 0.44 0.40 0.48 0.46 0.37 0.41
t0.15 fo0.16 fo0.17 +0.15 to0.17 t0.12 t0.16 t0.15

d15/d31

Fl 5-9rat-tracheacartilage %7 b ik & chd,, /d, 1 d, 1 dy,

43



1.4
1.3
1.2
11

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

muscle fiber d33/d31

14
13
12
11
1
09 + L
08 T

:
05 L I+ i 4 i i
04
03
02
01
0

700 ?;0 ?:Im ?éo ?éo B(I.'IO azlo aal,o aéo aalm B(IJO
Rat-leg 725 740 765 780 800 845
muscle nm nm nm nm nm nm

d33/d31

0.69 0.66 0.60 0.69 0.53 0.58 0.59
10.17 +0.34 10.13 1020 f0.36 *0.16 +0.15

muscle fiber d15/d31

700 720 740 760 780 800 820 840 860 880 900
Rat-leg 125 740 765 780 800 845
muscle nm nm nm nm nm nm

d15/d31

0.84 0.94 0.89 0.82 0.90 0.86 0.95
t0.25 f0.22 +0.17 f0.13 f0.19 t0.17 fo0.17

l 5-10 rat-leg musclefiber &% kit & thdy, dy & d | dy,



d b adp T @ AR PR %R ok £ #FT (700nm~900nm) » i
FEV B et F ot B d,ldy B dldy i — e B2 r s kAFF mid o ¥t
AR ot rat-tailtendon @ 5 0 B AL o] o daplA FIEH RS e
g B 233 BT 0 PR SO EIOHRIRIT o 354 & dhrat-leg muscle
FAEdEp o d R & T g F RR KRR Z B _myosintal 384
“rrrgE myosinhead ¢ 2 24 - B4F > R H R R A RERIRD woo % 0 o HRR S

fitting p¥ ¢ g~ e y@ & > &bt dyldy B dgldy ST BHEARE T % > R

1 i ehf B A S L

45



Chapter 6 ##%82 A k3

Kleinman Symmetry i * eif 2 §_» & Hklens JRAg 5 ik + 30 » SfkAg o pF s
Homet SRR o sp ks mbl o2 0 TRI A GRS R T LAY
P At JHEB B E 50?2 2k %%E > FHE D R kA L & 2000m~300nm
P o~ Sk LK B 700nm~900nm hgE BT 0 FREF 04 * Kleinman Symmetry
S A APRC R Kia g A HPET FER S M2 B3 E-
KREHIFUHIN =B igh F- At 3 HpREENFo 0, 0,
SRR FER YDz A kg REEEIF M 2T R0, ~ 0, 0 FF

LAz AR gy o gtk TaRgh b Aif Kleinman Symmetry fs 5 0T 2

vb o ) VT L e Y 2 N
e AR 2 dRAE K C 0, 0, PR A N Bk HME R 2 T %ﬁ_k)—r*%j #H G

R B FE R o > @ APt T rat-tail tendon ~ rat-trachea cartilage ~ rat-leg
musclefiber & 2 444 > F1H 5 R EE > R E 4 Rdy ~ dy ~ dg =38 0

6 18 3] & 700nm~900nm hdyy  dyy 82 dig [ dy AB1T - ¥ B> SeiE T AR -

%k?l}é"&‘ﬁg_% /ﬁ»‘ﬁ\%nﬂYE\—f’f :ILb 5!d33/d31l}i’ d15/d3lilj&§£rf?%
IL?I}%EFEFW'\’\:‘W‘JTWFZWE,E'—‘%& ’%/{)\E’T’Eﬁgj?fg""’&ﬂ?’k#i)aﬁgj;,[;\
F(2—39) 7 u@EITART0

@ 1 1 1 _

1
A oy —iy(20)] (P +ioy) (@ +ioy) o

FUAV R R RR X SRR 2 RE RIS LR 0 e gy
» AR S B F Kleinman Symmetry 2t 35T 3 g Sz B gt pE p (0 g

N ERATE A RS 0 L D e MR RS A B E R ALE A

46



REFERENCE

[1] P.J. Campagnola, L. M. Loew "~ Second-harmonic imaging microscopy for

visualizing biomolecular arrays in cells, tissues and organisms

Nature Biotechnology 21, 1356 - 1360 (2003)

[2] W.R. Zipfel, R. M. Williams, R. Christie, A. Y. Nikitin, B. T. Hyman, W. W. Webb
"Live tissue intrinsic emission microscopy using multiphoton-excited native

Sfluorescence and second harmonic generation " Jun 10;100(12):7075-7080.(2003)

[3] M. D. Shoulders, R. T. Raines "Collagen structure and stability". Annu Rev
Biochem 78:929-58.( 2009)

[4] P.Soller, B. M. Kim, A. M. Rubenchik, K. M. Reiser, L. B. Silva
"Polarization-dependent optical second-harmonic imaging of a rat-tail tendon",

Journal of Biomedical Optics 7(2), 205-214 (April 2002)
[5] A. Diaspro, Confocal and Two-photon Microscopy. (2001)

[6] J. Zhang, R. Chen, W. Liu, Z. Chen, L. Shu, Y. Liu, "The spectra character of
photodegraded the pyridinoline cross-links by Hypocrellin B"
The 9th International Conference on Photonics and Imaging in Biology and
Medicine, Journal of Physics: Conference Series 277,012016 (2011)

[7] RW. Boyd," Nonlinear Optics ." Academic Press (2003)

[8] http://www.amateurphotographer.co.ukhow-totech-explained529490depth-of-fiel d-

vs-resolution

[9] E.Hecht," Optics 4th edition " section 7.4 (2001)

[10] S. H. Liu, R. S. Yang, R. a-Shaikh, J. M. Lane "Collagen in tendon,ligament,and
bone healing.” Clin Orthop Relat Res 318,256-278(1955)

[11] C. Soderhdll, I. Marenholz, T. Kerscher, F. Ruschendorf, J. Esparza-Gordillo,
M. Worm, C. Gruber, G. Mayr, M. Albrecht, K. Rohde, H. Schulz, U. Wahn, N.

47



Hubner,Y. A. Lee "Variants in a novel epidermal collagen gene(COL29A41) are
associated with atopic dermatitis”. PL0OS Biol 5,e242(2007)

[12] T. Aigner, J. Stove " Collagens-major component of the physiological cartilage
matrix, major target of cartilage degeneration, major tool in cartilage repair”.

Advanced Drug Delivery Reviews,.55(12):p. 1569~1593(2003)

[13] R. B. Sylvie.,"The Collagen Family",Cold Spring Harb Perspect Biol 2011
originally published online December 15, (2010)

[14] http://sa.ylib.com MagCont.aspx Unit=easylearn id=1837
[15] http://bhgroup.lsa.umich.edu/research/collagen
[16] http://commons.wikimedia.org/wiki/File:Fibers of Collagen Type | - TEM.jpg

[17] http://commons.wikimedia.org/wiki/File:Skeletal muscle - longitudinal_section.
Pg

[18] http://commons.wikimedia.org/wiki/File:Sarcomere.gif
[19] http://www.studyblue.com/notes/note/n/3rd-test-muscle-contraction/deck/2336823

[20] S. V. Plotnikov, A. C. Millard, P. J. Campagnola, W. A. Mohler,” Characterization
of the Myosin-Based Source for Second-Harmonic Generation from Muscle

Sarcomeres.” Biophysical journal 90,693-703(2006)

[21] P. J. Su, W. L. Chen, T. H. Li, C. K. Chou, T. H. Chen, Y. Y. Ho, C. H. Huang, S. J.
Chang, Y. Y. Huang, H. S. Lee, C. Y. Dong."The discrimination of type I and type

11 collagen and the label-free imaging of engineered cartilage tissue” Biomaterials
31 9415-9421. (2010)

[22] H. S. Lee, S. W. Teng, H. C. Chen, W. Lo, Y. Sun, T. Y. Lin, L. L. Chiou, C. C.
Jiang, C. Y. Dong.” Imaging human bone marrow stem cell morphogenesis in

polyglycolic acid scaffold by multiphoton microscopy".
Tissue Eng;12(10):2835-41. (2006)

[23] S. W. Chu, S. Y. Chen, G W. Chern, T. H. Tsai, Y. C. Chen, B. L. Lin, C. K. Sun.

48



"Studies of x(2)/x(3) Tensors in Submicron-Scaled Bio-Tissues by Polarization
Harmonics Optical Microscopy”. Biophysical Journal Volume 86 June 3914-3922
(2004)

[24] B. Richard, E. WoIf "Electromagnetic Diffraction in Optical Systems. II. Structure
of the Image Field in an Aplanatic System". Proceedings of the Royal Society of
London. SeriesA, Mathematical and Physical Sciences
1934-1990, 253,358-379(1959)

[25] Markwardt, C. B. MPFITFUN. NASA/GSFC Code 662, Greenbelt, MD 20770
(http://cow.physics.wisc.edu/~craigm/idl/idl.html,2007).

[26] Markwardt, C. B. MPFIT. NASA/GSFC Code 662, Greenbelt, MD 20770
(http://cow.physics.wisc.edu/~craigm/idl/idl.html,2007).

[27] C. K. Chou, W. L. Chen, P. T. Fwu, S. J. Lin, H. S. Lin, C. Y. Dong" Polarization
ellipticity compensation in polarization second-harmonic generation microscopy

without specimen rotation." Journal of Biomedical Optics 13(1),014005 (2008)

[28] P.J. Su, W. L. Chen, Y. F. Chen, C. Y. Dong,” Determination of Collagen
Nanostructure from Second-Order Susceptibility Tensor Analysis " Biophysical
Journal Volume 100 April 2053-2062. (2011)

[29] C. K. Chou,"Collagen Structure Analysis By Polarization Second Harmonic
Generation Microscopy" Department of Physics College of Science National
Taiwan University Master Thesis.(2007)

[30] B. C. Stuart, M. D. Feit, S. Herman, A. M. Rubenchik, B. W. Shore, M. D. Perry
"Nanosecond-to-femtosecond laser-induced breakdown in dielectrics." Physical

Review B,53 1749-1761 (1996)

[31] P. Stoller, K. M. Reiser, P. M. Celliers, A. M. Rubenchik."Polarization Modulated
Second Hamonic Generation in collagen." Biophysical Journal Volume 82 June
2002,3330-3342.(2002)

[32] E. C. Rothstein, S. Carroll, C. A. Combs, P. D. Jobsis, R. S. Balaban” Skeletal

49



Muscle NAD(P)H Two-Photon Fluorescence Microscopy In Vivo: Topology and
Optical Inner Filters" Biophysical Journal Volume 88 March 2165-2176 (2005)

[33] I. Gusachenko, G. Latour, M. C. Schanne-Klein” Polarization-resolved Second
Harmonic microscopy in anisotropic thick tissues”August Vol. 18, No. 18
OPTICS EXPRESS 19340 (2010)

50



