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´��-J<I:05EJ�

�

� Ȣͯ6ÞƵ5Ƌ%HǗ͔6τ>G2ó5ώȑ
6ȝF#6£1_��^�2��̣͂LE�̅5%HϏ

�λ<H_��^�,ώ�μ@_��^�,ώ�ŤH_��^�,43ώ_��^�2��̣͂L̅5

#4�ȑ7ʄ�Ϗ(6Ė̍6ʱá7"0��ώ 6E�4_��^�ʖɁΞʫ6̋ț57ώ_��^�

�ʕÊ52-0ɂA0Ό̸1�H 27B,JM1�H�ώ(I»ū5_��^�L�ʕ�*�G6>

>όin situύ,1Ĳ̼Ě%Hǣ̮� I>1ŹŔ#4�-* 2BώƑ4�F&ǁή#0�H2̂�FI

HϏ 

� _��^�7ώĶˈʕÊˬ˼LɃǜ%HʕÊɃ͸i�x[͞1�Gώyp17ñi�x[͞6ˤ 30%

όñÊΌ6ˤ 6%ύLĤAHϏyp6ÊLτƘz�5Ï�H2ώ˩̌7_�[��pώ_��^�7ΐ

˕5ʮƾ%H2E�͂KIHϏ I7ώ_��^�6ʀƳCΉĻ�ώʕÊˬ˼6ƿǚCĒŻʩʌǒLɛ

ſ%H�1ɂA0Ό̸4ǂĐLǩ-0�H�F1�HϏ_��^�� 6E�4Ɉ̍Lǩ�Hʓʙ7ώ

_��^�ʌȤ6̻Ċǒ6τ�τɊɃ͸5͡ō#0�HϏ_��^�6ȢƐɃǜĢÆ7ώϔȩ6���

~kqΒό	Βύ�F'MLƥ�0Ƀǜ"IHp��_��^�ό_��^�þŸώʭǃˤ 1.5 nmώΔ

"ˤ 280 nmύ1�HϏ_��^�þŸ57ˤ 30ˈκ6ř�ŹŔ#ώIř_��^�[α1(I)2α2(I)]6E�5

ϓˈκ6 αΒ�F4H�n�ϔΎÊCώIIIř_��^�[α1(III)3]6E�5Ĺ�6 αΒ�F4H��ϔΎ

Ê�ŹŔ%H[1]Ϗ 6E�4_��^�þŸ7ώʕÊö5��0þŸΖ6ʮ¯Ìʗ5EGτɊɃ͸Lƿ

ǜ%HϏƿǜ"IHτɊɃ͸7ř5E-0Ʉ
1�GώIώIIώIIIώVř436˵˱ƿǜřώIVώVIII �
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E: X436tlp��[ƿǜř43��H[2]Ϗʌ5ώʕÊˬ˼5��0ȢBŬ�ŹŔ%H˵˱ƿǜř

_��^�17ώþŸ�̻Ċɋ#��ſ6ͤΣ+�&I0Âķ#ώ(I)I6þŸΖ1óȤˮķLƿǜ

%H*Aώτ�ĒŻʩƼƳLǬ-0�HϏD�5ώ 6E�4˵˱ƿǜř_��^�7ώÊLȃ�Hςώ

ÊL̹�ʪ̑ώς2˕̆2Lˮ:.�H̐435Ŭ�ļ>I0�Gώ IF6·Æ5��0ƿǚCĒŻ

ʩʌǒ6ɛſ5��0Ό̸4ǂĐLǩ-0�HϏ 

� >*ώ_��^�7ʕÊˬ˼L˱Ǭ%HɃ͸ςȽ2#0+�14�ώ ˩̌6ʦʕ�þĚ�ƿǚƿǜ4

3L͐˚#ώ ˬ˼ơŻʩŝοˬ˼1˩̌6ͣŢ2#0BΌ̸4ǂĐLȴ*#0�HϏʒŔώŝοˢ1�

.�.6˩̌�Fˬ˼LøɃǜ%Hˬ˼ơŻ�ʫM5̭KI0�H�[3]ώ IF6ŝοˬ˼5��0˩

̌�ŹŔ%H+�17ˬ˼�E:̓Ŋ6øʕ7ȥA4�Ϗǟȥ6ˬ˼C̓ŊLɃ˛%H*A57ώ˩̌

6ȈLĢ˥5ŧC%+�14�ώ_��^�6ΎC͞L΃ÿ5Ćǈ#ώ˩̌�ŧɏ�þĚ#C%�ʔŦ

Løʒ%H 2�ǎ̸�Ĳɉ1�HϏ 

�  6E�5ώ_��^�7ǝ
6ʕłɦĘ5ʭˮ#0�H 2�FώŞʽĝŻώ̔ƱĝŻώ"F57

ˬ˼ơŻʩ̾ʂ5��0ɂA0Ό̸1�HϏʕÊˬ˼5��H_��^�6ǰH̘�Lɋ#�ʓ̀%H

*A6Ǡɐ2#0ώʕÊˬ˼5��H_��^�LĲ̼Ě%Hǣ̮�Ƽ�ȥ>I0�HϏ  

� 17 ˣ5|l[�íŻθǊΓLʗ�0˩̌L̾Ɖ#0»ΚώíŻθǊΓ7ώʕÊˬ˼C˩̌LĲ̼Ě

#ώʕłɦĘLʓ̀%H*A6ɂA0ƼĒ4m��1�HϏ�̙5ώʕÊͧˬ˼7ʄ̜ʹȕ1�H*Aώ

íŻθǊΓLʗ�0(6>>6ʍǚ6ˬ˼L̾Ɖ#0Bώ_�p�dp�Ç�̾Ɖ#/F�Ϗ( 1ώ

ȶ̜ɢ5EHíŻθǊΓ̾Ɖ�ư�Ąʗ"I0�HϏȶ̜ɢ17ώʕÊˬ˼L̾Ɖ%HΡώˬ˼L̦ÿ
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GόÿʊĚύ#ώʌſ6þŸ5ˮķ%H̜˨Lʗ�0ȶAþ�ώíŻθǊΓ5E-0ʹ;çL̾Ɖ%H

[4]ϏÏ�8ώ��pYb���TVc�όHE: Hematoxylin-Eosinύȶ̜[4]17ώ˩̌ȼL��pYb�

�1Ψ̜5ȶAώTVc�1˩̌͞C_��^�436˩̌ū�p�l[dL{�[̜5ȶAþ�H 

25EGώˬ˼5��HĶˈɃǜʋ͞6΄ǧʩ̾ƉLĲ̍5%HϏHEȶ̜7ώǠɢ�ɕͪʩb�~��

˜Ó4*Aώƫư�ÎKI0�HϏȶ̜ɢ17ώͶƪώx�kwQV~b�1Ƕį#*ʕȿˬ˼Lÿʊ

Ě#ώȶ̜ǅώíŻθǊΓ1ˬ˼̾Ɖ%HϏ#�#ώÿʊĚCȶ̜2�-*Ò̷ǒ6*Aώypˬ˼6

in vivo̓ɳCώŝοˬ˼5��HșˢĀ�si��\43ώʕ�*�G6>>6_��^�LĲ̼Ě%

H 257΃#0�4�Ϗ 

� _��^�Ƀ͸CΉĻL͈Ñ%H¸6Ǡɐ2#0ώΦθ̾ɳ[5]ώX˵ŌǦ[6]ώɈȾʩʌǒɢ[7]43B

šľ"I0�H�ώ�&IBÒ̷ʩ�H�7ʹŨʩɳſǠɢ1�Gώʕȿ�ǎ̸1�HϏ 6E�4ʕ

ȿ5Ş/�*Ǡɢ7ώ_��^�Ƀ͸L͔ă%H�17Öζǒ�τ��ώin vivo̓ɳCșˢĀʩĲ̼Ě

2�-*̾ʂ�F7ǐʗ�Ĳ̍1�HϏ�ȎώΪÒ̷4ʕÊ̾ƉǠɐ1�H MRILʗ�H2ώˬ ˼�ļ

Ȥ%HəþΎþƧ�Fώ_��^�ΉĀLĭȗ#*x���i�LΖǸʩ5Ǩý%H 2�ýȮH[8]Ϗ

MRI17ώ|��T�Q��c�\ɢ43Lʗ�0`�~�6ϔɊêˍΖþ̀̍LΪÒ̷1ǇH 2�

1�H�ώ̓ɳșΖ�Δ� 2CώˍΖþ̀̍�Ȉʨ µmˇƳ5ĆΛ"I0�Gώ_��^�5Ƌ%H

ʭǸʩ4þŸ΄ǧǒLǬ*4�2��ňηʂ��HϏ 6E�4ʒʍ�FώÇÒ̷�.τˍΖþ̀5ϔ

Ɋê6_��^�þƧL΄ǧʩ5Ĳ̼Ě%HǠɐ�Ƽ�ȥ>I0�HϏ 

� íLʗ�H2ώΪǸ́���p�.ÇÒ̷5ʕÊǕšLǨý%H 2�ýȮH 2�FώíŻʩǠɢ
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7ϒ.6Ȥȥ4Ǡɐ1�HϏ̩íθǊΓ7ώĝŻ�ʕʋŻL£Ǎ2#0˩̌Cˬ˼6̀Ȳ5ǎ̸�Ĳɉ

4m��2#0ư�Țī#0�H[4]Ϗ̩íθǊΓ17ώʌſ6i�x[͞43L̩íɅ͔%H 25E

Gώɳſ%Hʋ͞6΄ǧʩĲ̼Ě�Ĳ̍1�HϏͯƮώʕ�*>>6˩̌1Bi�x[Ʌ͔Ĳ̍4 GFP

˔6̩íi�x[͞�Εʦ"I0�HB66ώ�̙ʩ5 6E�4̩íɅ͔7˩̌;j��cL��H

Ĳ̍ǒ��H22B5ώ(6ɔǒ�Fyp;6ǐʗ7ŎΤ1�H­�Ŭ�Ϗ>*ώϔɊêˍΖþ̀̍L

Ȥ"4�*Aώ̦�ɳſ`�~�5��HΫöǕš6Ĳ̼ĚǠɐ5Îʗ�ΛFIHϏɊ5ώ��a�ó

ʅʂθǊΓ[9]17ώƋʋ��e6ʅʂ2ˮçΗÔ54HE�5{����L“˾%H 21ώϔɊê6

ˍΖþ̀̍L¹�1�HϏíɶ5ʕÊʹ;ǒ6τ�ͯ͟ūíLʗ�H 25EGώΪÒ̷ʩ5 in vivo̓

ɳḼ� 2�Ĳ̍1�H 2�Fώʪ̑̓ɳ6þ΍17%15Ɓʗ"I0�Hǣ̮1�HϏĹɄ5ώ

ΪÒ̷ʩ5 in vivo̓ɳḼ�Ǡɢ2#0ώOptical Coherence TomographyόOCTύ��H[10]ϏOCT17ώ

ŬΌȇ©í6£�F_y���dLÕǬ%HǅȎȇ©í6?L_y���pȿý%H 25EGώǇF

I*ȇ©ÔȈˍΖþƧ�Fˬ˼6ȌƘɃ͸LĲ̼Ě%HϏȩǠɢ1BϔɊêþ̀̍LȤ#0�GώʲƲ

ȿȸLŵA2#0%15ư�Ɓʗ"I0�Hǣ̮1�HϏ��a�óʅʂθǊΓC OCT 17ώȶ̜C

̩íɅ͔˔6ċüʓḼ� 24�ʕÊˬ˼LĲ̼Ě%H 2�Ĳ̍1�H�ώ¡̃5��0Q��

c�_�p�dp7`�~�ö5��HƔǦʑ6΁�5EGǇ0�H*AώþŸ͔ă̍LǬ*4�ϏÝ

íǙİř OCT[11]17ώ_��^�6Ȥ%H̶ƔǦǒLĄʗ%H 25EGώ_��^�6΄ǧʩĲ̼

Ě�Ĳ̍24H�ώ 6Ǡɢ1ǇFIHȌƘç7ʌſ6ɭ">1ˋþ"I*̶ƔǦǕš1�H*Aώϔ

Ɋê6ˍΖþ̀̍LǬ*&ώQ��c�_�p�dpBÇ� 2�ʵFI0�HϏ 6E�4 2�Fώ
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ʕÊˬ˼5��HϔɊêʩ_��^�þƧLώ΄ǧʩ�.ΪÒ̷5̓ɳ%HíŻʩǠɢ7 I>1ŹŔ

#4�-*Ϗ 

� ͯƮ6|S�p˅��a�ǣ̮6ͻƖ2ó5ώȍ#�íŻθǊΓ2#0ώΪ˵ƿíŻθǊΓ�ɤʬ"

I0�H[12]ϏΪ˵ƿíŻθǊΓ7ώóʅʂ��a�θǊΓ2κÅ6̲˾ɃǜLȤ#0�H�ώíɶ5

ͯ͟ū|S�p˅��a�Lʗ�H 25EGώΪ˵ƿíŻ;ˇL·#0ώQ��c�_�p�dpL

¹�%HϏȟ5ώʕÊʹ;ǒ6̛Ŵ4ͯ͟ūí6Ąʗ5EGώÇÒ̷5ʕÊɭ·LĲ̼Ě%H 2�ý

ȮHϏ I>15ώŬíŸ̩íθǊΓ[12]ώτɊτ͐ɣʦʕíθǊΓ[13]ώΪ˵ƿ���ȇ©θǊΓ[14]

43�šľ"I0�HϏʌ5ώτɊτ͐ɣʦʕíθǊΓ6ϒ.1�H SHGόSHG: second-harmonic-

generationώ ˒ϓτ͐ɣʦʕύθǊΓ17ώΪ£ǍƋˆɃ͸ʋ͞2͢ʶx�dí�Ȥ%Hτ{�[íΦ

Ţ6Ϊ˵ƿʮ¯Ìʗ5EGɣΔŪǻ�͡ Gώðƍ��a�í6ğɣΔ24H SHG í�ʦʕ%HϏ 

6 SHGíL̾ɳ%H 25EGώΪ£ǍƋˆɃ͸LȤ%HʕÊɃǜʋ͞ό_��^�ώ�Vb�ώk�

�}��43ύL΄ǧʩ�.τ_�p�dp5Ĳ̼Ě1�H[13]Ϗ 

� 1986 Ʈ5ώFreund F5E-0ώSHG θǊΓ�āA0ʕÊˬ˼;ǐʗ"I*Ϗ 6šľ17ώru˅

QdQlk Nd: YAG��a�Lʗ�0ώ�lpƒ̐6 SHGíL ex vivoόex situύɳſ%H 25EGώ

_��^�þŸ6ΪƋˆǒ� SHGí6ʦʕɶ1�H 2�ʾ"I*[15]Ϗ#�#ώƁρ5ʗ�FI*r

u˅��a�íLʕÊˬ˼5ʆƍ%H2ώʈʩj��c5EHʕÊÒ̷ǒ�ʄ̼1�&ώin situ̓ɳ;

6ǐʗ7ŎΤ1�-*Ϗ(6ǅώ1990Ʈºāδ5ͯ͟ū|S�p˅��qĹȦki��`|NQO��

a��Εʦ/Ʀ͛"IώSHG θǊΓ6wQVǐʗ��ɘ5Ĕͷ#*Ϗ I7ώru˅x�dí6ºKG
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5|S�p˅x�díLʗ�H 25EGώʕÊ6ʈʩj��cLŭƫ5ǤĆ#4�FĖʑʩ5Ϊ˵ƿ

íŻĖȴL͎͡1�Hʃ1�HϏ 

�  6E�4 SHG θǊΓ7ώ_��^�̾Ɖ2��̾ʂ1ώǆȮɢ5Ƌ#0Ŭ�6Oqw�n�cL

Ǭ.Ϗ>&ώSHGí7ώ_��^�þŸɃ͸őȤ6Ϊ˵ƿíŻʌǒ5ʙȮ#0�H*Aώȶ̜��̸2

4GώÒ̷ǒLŭƫ5Çɰ1�HϏȟ5ώíΦŢ�șˍΖʩ5Tt�Z�΢£#*γś1#�͎͡"I

4� SHGí7ώ(6ʦʕ�ʅʂͯâ6ʭǃ 1 µmċǅ6�����γś5Λſ"IH61ώʅʂL`�

~�ö1ϔɊêʩ5͠ȸ%H 25EGώ1 µm ċǅ6ˍΖþ̀̍16ϔɊêQ��c�\�Ĳ̍1�

HϏȟ5ώͯ͟ūí6Ąʗ5EGώʈʩj��c6ǤĆCʕÊɭ·6Ĳ̼Ě2�-*ʌǌLͲĔ%H 

2�1�HϏ  

�  I>16 SHG θǊΓ6wQVǐʗ5Η%Hì̭ʸˌ17ώʪ̑/ς/̐/̬˙/̿̒436ˮķˬ˼ώ

>*7̊/̈̓/̏̓436ö·Ŋž5��H˵˱ƿǜř_��^�6ʟʓ”Ȍ43ώʕȿˬ˼LÿʊĚ

#ώȶ̜%H 2ʄ�ώ�_��^�6΄ǧʩĲ̼Ě,̍ĒLĄʗ#0ώθǊΓ�1ˬ˼̾Ɖ%Hʸˌ�

¥ɧ1�-*[13]Ϗ"F5ώSHGθǊΓ�Ȥ%H�_��^�6΄ǧʩĲ̼Ě,2�in situ̓ɳʌǒόΪ

ʹŨώΪȶ̜ώÇÒ̷ǒύ,6¡ʌǌLɦ�#0ώypʪ̑6 in situĲ̼ĚBšľ"I0�H[16]Ϗ#�

#ώĝʤ26Η͹ǒ6τ�wQVǐʗ5Η%Hʸˌ7ώŒöū5��0=2M3šľ"I0�4�Ϗ 

� ȩʸˌ17ώ�_��^�6΄ǧʩĲ̼Ě,2�in situ̓ɳʌǒ,2��¡ʌǌLɦ�#*wQVǐʗ

2��̾ʂ�Fώˬ˼ơŻ2ȉƿū˄5Η͹#*ϔ.6p{l[d5Η%HʸˌḼ-*Ϗ 

� >&ώςƿǜόøʕύ;ˇL_��^�Ęǚ6̾ʂ�FȕF�5%H*Aώŝος̝˩̌�ʖʕ#*
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_��^�˵˱6ĘǚLșˢĀ1 SHG Q��c�\#ώĹ�`�~�6ŝο;ˇ5��H_��^�

Ƀ͸ŪĚ6Ĳ̼ĚḼ-*[17]Ϗς7ĒŻʩĈɾ5ĭǐ#0ƪ5ÌGȡ�FI0�H�ώς̝˩̌7Ŀ

ŏLʺˬ˼5̹KI0�HʔŦ6*Aώˬ˼Ě;ˇ6ʕ�*ς6£1ς̝˩̌�36E�4ǰH̘�L

%H6�7Ȩ+̀ȕ"I0�4�Ϗʌ5ώ 6ˬ˼Ě;ˇ17_��^��ɂA0Ό̸4ǂĐLȴ*#

0�H�ώ IL(6Ţ̾Ɖ%H 27 I>1�Ĳ̍1�-*ϏȩǠɢLʗ�H 25EGώĹ�`

�~�6șˢĀʩ4_��^�Ƀ͸ŪĚ6jQr�[dLͲͥ%H 2�Ĳ̍24HϏ 

� Ɋ5ώï̐×ǉ�o�Lʗ�0ώȌ̱̐5��H×ǉƳķ�6ſΎʩ͈ÑL͉?*[18]Ϗ̐Ȍ̱7ȑ

ƪʕɦ1Bɕͪʩ͡ GC%��Ȏ1ώȌ̱ċ6ʍǚ5ǞG5��ūä1�H*Aώ(6×ǉL͈Ñ%

HǠɢ�Ƽ�ɚAFI0�HϏǆȮώˬ˼Żʩ×ǉ6͈Ñ57ȶ̜ɢ�ώ>*ĒŻʩ×ǉ6͈Ñ57Ƹ

ƻ͉ρ�ʗ�FI0�*�ώ3,F6ǠɢBʹŨʩB#�7Ò̷ʩǠɢ1�-*Ϗ  1ώȶ̜ɢ6º

KG5 SHG θǊΓLʗ�H2ώĹ�`�~�5Ƌ#0ώSHG θǊΓ5EHˬ˼Żʩ×ǉ2Ƹƻ͉ρ5

EHĒŻʩ×ǉ6¡ȎL͈Ñ%H 2�Ĳ̍24Gώˬ˼Żʩ×ǉ2ĒŻʩ×ǉ6Η͹ǒ5Η%Hʵ̺

LǇH 2�Ĳ̍54HϏ"F5ώSHGíʦʕƼƳ�ώ_��^�ʀƳ6?F4F&ώ_��^�τɊ

Ƀ͸ǒ5Ƽ�ÐŹ%H 2L̂�H2ώSHGθǊΓ7ˬ˼Żʩ×ǉ2ĒŻʩ×ǉ6ĬȎ6̾ʂ�Fώ̐

×ǉ6Ƴķ�LſΎʩ5͈ÑýȮHĲ̍ǒLȤ#0�HϏ( 1ώɋƪ̐�E:×ǉ̐5��Hƭŗ

SHG Q��cƼƳ2��\ʑ6ʮΗL͈Ñ#ώƭŗ SHG Q��cƼƳ�×ǉƳķ�6ſΎʩ͈Ñm�

�2#0ĄʗĲ̍�3��6ȿ̈́Ḽ-*Ϗ 

� �ͱ6ƭŗ SHG Q��cƼƳ17ώȌ̱̐6×ǉƳķ�6ſΎ͈Ñ5��0ώƁρȭ¾˔6ǁήL
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İ�Ȗ�Ϗ( 1ώƭŗ SHG Q��cƼƳ5ºKHøʒǒ6τ�ºȡ͈Ñx���i�2#0ώSHG

ʛç̀Ȳ6ĄʗLȿ̈́#*Ϗɋƪ̐�E:×ǉ̐5��H_��^�˵˱6ʌǌʩɃ͸Lώ2 Ɋê|�

�TŪǻ5Ş/�* SHG ʛç̀Ȳ�FǨý#ώ`�~�Ζ6_��^�Ƀ͸þƧ6΁�LſΎʩ5͈

Ñ#*[19]Ϗ�
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µ�� �µ±¤���U­o¨�

�

����-J<I:05EJ�

� |S�p˅ό10-15˅ύV�j�6͢ʶx�d��a�íLʕÊˬ˼5ʆƍ%H2ώíΦŢ2_��^

�þŸ6Ϊ˵ƿíŻʌǒ5E-0ώðƍ��a�í6�·�ɣΔŪǻ"Iώðƍ��a�í6ğɣΔό�

H�7ϓÚ6ĿɣȈύ6í� SHGí2#0ʦʕ%H[1]Ϗ 6E�4 SHGí7˵ƿíŻĖȴόĭƍCĽ

Įύ27ȩ͞ʩ5ʞ4H�Wse�1ʦʕ#ώɣΔV�j�6ʋ͞Ƀ͸CƓǟʔŦ6ŪĚ5ȅǙ1�H

2��ʌǌLȤ#0�HϏ_��^�6ŞȩɃ͸7���~kqΒϔΌF'MɃ͸�F4Hp��_�

�^�ό_��^�þŸύ1�Gώ I�̻Ċʩ5αɊ΢ķ#0ΟƘʩ5Ů�4-0��[2]Ϗ 6E�

4_��^�7ώ(6íɣΔV�j�16Ϊ£ǍƋˆǒɃ͸όϔΌF'MɃ͸ύD�5ώτ�ϓɊ6Ϊ

˵ƿíŻʌǒLȤ#0�H*AώʕÊ SHG í�ʌʞʩ5ʦʕ%H[3]Ϗ"F5ώ_��^�7�KA0

̻Ċʩ4τɊΉĻɃ͸LȤ#0�H*Aώʦʕ#* SHG í�_y���dLű�ċ5Ķ_��^�þ

Ÿ�F6 SHG í�ƼAķ�Ƭɯ#ώŧƼ"Iȿý"IH[4]ϏȩǠɢ17ώ_��^�þŸőȤ6Ϊ˵

ƿíŻʌǒLĄʗ%H*Aˬ˼ȶ̜��̸1�Gώʕ�*�G6>>6ʍǚ16ɳſ�1�HϏ"F5ώ

SHGɣΔ7ðƍ��a�í6ğɣΔ1�H61ώǫȇĭƍíC̩í26þΣ�ƆȖ1�HϏ>*ώʦʕ

%H SHG í7ʅʂͯâ1#�ʦʕ#4� 2�Fώτ�ˍΖþ̀̍16ϔɊêQ��c�\�Ĳ̍2

�-*ʌǌ��H[1]Ϗ  

� ȩː17ώ 6E�4 SHG í6ʦʕɶ24H_��^�2(6ǆȮ6Ĳ̼ĚǠɢώ�E:ʕÊ SHG
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í6ʦʕĩʓ5.�0ͅͱ%HϏ 

 

����3Fi2J" $\�Yq~�

������3Fi2J2���
3�

� ʕÊɃ͸i�x[͞1�H_��^�7ώĘʋ6˩̌ū�p�l[d6¥ǜþ1�Gώʭǃ 1.5 nmώ

Δ" 280 nm 6p��_��^�ό_��^�þŸύ2��Ĳɸ·2�ɸ·2LB.ĢΎÊ1Ƀǜ"I

0�HτþŸ1�HϏˮķˬ˼˩̌=�Ķˈ6˩̌1þɡ"Iώʪ̑Cς6¥ǜþ2#0ώ=ªκ17

ȢBŭΎ5ŹŔ%Hi�x[͞1�Gώñi�x[͞6 25 %LĤAHϏþŸΎ7�E( 30 �1�Gώ

þŸΎ�E( 10 �6���~kqΒ�FɃǜ"I0�HϏ_��^�þŸ57ˤ 30 ˈκ6ř�ŹŔ

#ώIř_��^�[α1(I)2α2(I)]6E�5ϓˈκ6 αΒ�F4H�n�ϔΎÊCώIIIř_��^�[α1(III)3]

6E�5Ĺ�6 α Β�F4H��ϔΎÊ�ŹŔ%HϏ ���~kqΒ7ώ\�b�-x-y 2��˽GͰ

#Ƀ͸1Ƀǜ"I0�H 2�Fώ_��^�7ñO�u΋6 1/3�\�b�1�HϏ>*ώ 6 x5

7~���ώy 57yq�Yb~����ε˺5ýʒ%HɃ͸L2-0�Gώ 6O�u΋ΉĀ�_�

�^�þŸ6ϔΌF'MɃ͸LÌH̸ō2#0̂�FI0�HϏ 

� IώIIώIIIώVř436˵˱ƿǜř_��^�17ώ_��^�þŸ��E(ϕþ6ϒ&.&I4�F

̻Ċɋ#�Âķ%H 25EGώ˵˱LɃǜ#0�H2̂�FI0�HϏ(6˵˱7ώŐ 2-15ʾ%E

�5ώ˵˱Ȭώ˵˱ώĩ˵˱ώ�Q[�|P}��2��ĢÆ1ώ̻Ċɋ#�τɊɃ͸Lį-0�HϏ 
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Ő 2-1� _��^�6τɊɃ͸ 

 

 _��^�7ƽǒÔȈ�ŭ��61ώʕÊ5��0¥2#0ˬ˼CŊžLĒŻʩ5ȃǬ%HɈ̍Lȴ

*#0�HϏD�5ÊLȃ�HςώÊL̹-0�Hʪ̑ώς2˕̆2Lˮ:.�H̐4357_��^

��Ŭ�ļ>I0�HϏĢ5ĒŻʩ5Ƽ�+�14�ώ#4C�"ώȷͧǒώÄ˹ǒ43Bǎ̸1�Gώ

 IF6Ƽ"Cȷͧǒ43LɛAHŭ�4ōŸ7ώ˵˱6Ů"1�HϏ�̙ʩ5ŞƲ̒5ͯ�2 J=

3˵˱7˩�ώŞƲ̒�FΣIH=3Ů�˵˱�þƧ#0�HϏĶ·Æ5��H_��^�6ļȤΎ7

ŬɄ1�H�ώÊ6_��^�6�,ˤ 40%7ʪ̑5ώ10ϛ20%7ς2ͧς5ώ7ϛ8%7̬˙5ļ>I

0�HϏ>*ʕÊö17·Æ5E-0_��^�6ř�ʞ4HϏʒŔ 30 ˈ»�6ř6_��^��ʵ

FI0�H�ώÊö5ļ>IH_��^�6ŭ·þ7˵˱ƿǜř6�ř_��^�1�HϏ 



 - 15 - 

������3Fi2J$\�Yq~�

� _��^�7ǝ
6ʕłɦĘ5ʭˮ#0�H 2�FώŞʽĝŻώ̔ƱĝŻώ"F57ˬ˼ơŻʩ̾

ʂ5��0ɂA0Ό̸1�HϏʕÊˬ˼5��H_��^�6ǰH̘�Lɋ#�ʓ̀%H*A6Ǡɐ2

#0ώʕÊˬ˼5��H_��^�LĲ̼Ě%Hǣ̮�Ƽ�ȥ>I0�HϏ 

� ǆȮ6ŝοˬ˼5��H_��^�6Ĳ̼ĚǠɢ2#0ȶ̜ɢ�Ŭ�ʗ�FI0�*[6]ϏͶƪ6íŻ

θǊΓ̾Ɖ17ώƿǚLʵH*Aώˬ˼L̦ÿG#*ÿʊLʗ�HϏʕÊˬ˼6Ƀǜ̸˨7ώí5Ƌ#

03IBĹɄ4ʹ;ǒ��Gώ(6>>17¯�6͔ă�ŎΤ1�H*Aώȶ̜Ḽ� 25EHĶˈ

Ƀǜʋ͞6΄ǧʩ̾Ɖ�ǎ̸24HϏ̯ 2-1 5_��^�LȿýƋ͘2#*¥̸ȶ̜ɢL>2AH[6]Ϗ

Ő 2-27T�dkW���Z�g�ȶ̜Ḽ-*ʪ̑6θǊʛç1�HϏʪ̑5��H_��^�Ƀ͸

L͔ă%H�1ώʕȿ5Ş/�*Öζǒ6τ�Ǖš�ǇFI0�HϏ#�#ώÿʊĚCȶ̜2�-*Ò

̷ǒ6*Aώypˬ˼6 in vivo̓ɳCώŝοˬ˼5��HșˢĀ�si��\43ώʕ�*�G6>>

6_��^�LĲ̼Ě%H 257΃#0�4�Ϗ 

̯ 2-1� _��^�6¥̸ȶ̜ɢ 

ȶ̜ɢ ȿýƋ͘ ȶ̜ˮȴ 

��pYb���TVc

�ȶ̜ 
ñÊ 

Ψ̧ό˩̌ȼύώ͟ό˩̌͞

=�ύ 

T�dkW���Z�g

�ȶ̜ 

_��^� 

T�dk� 

͟ 

ω 

Oa�ȶ̜ _��^� Ψ 

�lg��p�[���

ȶ̜ 
_��^� ˴ 

�
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�
Ő 2-2� T�dkW���Z�g�ȶ̜[5] 

�  

� Ɋ5ώ̀ �~�6ċüʓʄ#1_��^�L΄ǧʩ5Ĳ̼ĚýȮHíŻʩǠɢ1�HÝíǙİř OCT

όPS-OCT: Polarization-sensitive optical coherence tomographyύ5.�0ͅͱ%HϏʲ˄5��HƁʗ OCT

�Εʦ"I0»ΚώOCT7ʲ˄1ǎ̸�Ĳɉ4”ȌɈŊ2#0Țī#0�Gώ˲ ̒L£Ǎ2%H”Ȍ5

Ąʗ"I0�H[7]ϏOCT 17ˬ˼6ȌƘǕš�ώΪʹŨ�ΪÒ̷�. 3 ɊêQ��c�\�Ĳ̍1ώ

τ�ɪʹĒόȈ mm V�j�ύLǬ-0Ĳ̼Ě%H­�1�HϏͶƪ6 OCT17ώƔǦʑþƧ�FĲ

̼ĚḼ�*AώƔǦʑ��Ʉ4Ţǟ17Ǖš�ǇFI&ώʋ͞ʌſBŎΤ1�HϏ�Ȏώ_��^�

6Ȥ%H̶ƔǦǒLĄʗ#*ÝíǙİř OCT 17ώ_��^�6΄ǧʩ̓ɳ�Ĳ̍24Gώ̐ˬ˼6

ŝο;ˇ6�si��\5ǐʗ"I0�H[8]ϏŐ 2-3 (a) 6ʛç7ώŝο̐6ÝíǙİř OCTQ��c

1�HϏ 6ʛç5��0ώ˩̌ȀˈƈƳ�ŧ�H5.I0ώ̶ƔǦΎό_��^�Ύύ�ŧĔ%HɄ

Ÿ�Ĳ̼Ě"I0�HϏ>* (b)17ŝοșΖ6˭;5EGώ̀ �~�6Ĩ?�ɰƑ#0�H 2�Fώ

ŝο̐ˬ˼5��0ȀˈƈƳ2ŝοșΖ6˭;�_��^�6ˬ˼ĚCΉĻΎ5ǁή%H2�� 2

�ʾŇ"I0�HϏ 6E�5ώÝíǙİř OCTLʗ�I8ώΪȶ̜�ΪʹŨ1_��^�6΄ǧʩĲ
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̼ĚḼ� 2�ýȮH�ώQ��c�_�p�dp�ǔ�ώ͋˩4_��^�ʖʕΎό̶ƔǦΎύ6

΁�L̺þ�H 27ŎΤ1�H2�� 2Cώ 6Ǡɢ1ǇFIHȌƘç7ʌſ6ɭ">1ˋþ"I

*̶ƔǦǕš1�H*AώϔɊê6ˍΖþ̀̍LǬ*4�2�-* 2� 6Ǡɢ6o��lp1�H

2̂�FIHϏ 

 

Ő 2-3� ŝο̐6 PS-OCTQ��c[8]�  (a) (I)I̐˩̌ȀˈϓͺΖǅ6ȀˈƈƳ 1×105ώ2.5×105ώ

5×105 cells/ml >*ώɓȑϒșΖ 1 Hz6ĿȦʩ4ÄƖL(I)I 0%, 1%, 1.5%69&?ΎL��*B6 

(b) ȀˈƈƳ 5×105 cells/ml1 1.5%69&?ΎL��*`�~�6șˢĀ�si��\ 

 

����0�. "%�

�������ls{"«�ls{�

� ʋ͞5í�ðƍ"IH2ώðƍí6ΦŢ5EGþɂɣ�ʋ͞£1͎͡"I0ʋ͞öLÃǿ#ώʋ͞/̕
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ʙˍΖ6Ŧʜ1þɂɣ2Ĺ$ĿɣȈ6íɣ5Ūǻ"IHϏͶƪ6í5EH˵ƿþɂ PL 7ðƍΦŢƼƳ

E5ɕÏ%HόŐ 2-4ύ[9]Ϗ 

 

PL = χ(1)E  (2-1) 

 

  1ώχ(1)7˵ƿǙİʑ1�HϏ%4K,ώʦʕ#*þɂɣ7ðƍí2Ĺ$șΖɣƿ1Ɏ@ 24�ʋ

͞öLÃǿ#ώʋ͞/̕ʙˍΖ6Ŧʜ�Fþɂɣόðƍíύ2Ĺ$șΖɣƿ6íɣ�̕ʙˍΖ5ýƍ"I

HϏ#*�-0ώʹ;CƔǦ˔6˵ƿþɂ5ʙȮ%Hʒ͘17ώ(6ċǅ5��0íĿɣȈόɣΔύ�

ŪĚ#4�Ϗ 

 

Ő 2-4� ˵ƿþɂ 
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� �Ȏώ͢ʶx�dí6E�5Ϊƪ5τ�{�[x��LǬ.íLðƍ%H2˵ƿǒ�ƝIώΪ˵ƿ6

ΰ�ļ>IHΪ˵ƿþɂ PNL1̯% 2�ýȮHϏ 

 

PNL =χ(1)E+ χ(2)EE + χ(3)EEE + ••••••  (2-2) 

 

  1ώχ(2)�E: χ(3)7 2 Ɋī: 3 Ɋ6Ϊ˵ƿǙİʑ1�HϏþɂɣ�Ɏ@2ώðƍíɣ6Şȩɣǜþ

όωύ»ū5τ͐ɣǜþό2ωώ3ωώ…ύ�ļ>IH 254HϏ 6E�4Ϊ˵ƿþɂɣ�ʋ͞LÃǿ

#ώʋ͞/̕ʙˍΖ6Ŧʜ�Fýƍ"IH2ώýƍíɣ7þɂɣĹɄ5Ɏ@Ϗ 6E�4ýƍíɣ6Ɏ?

7ώýƍíɣ�ðƍíɣ6Şȩɣǜþ2τ͐ɣǜþLļ@ 2LǗŀ#0�H61ώíĿɣȈόɣΔύ

�ʋ͞ðƍ6ċǅ1ŪĚ%H 254HϏSHGí7ϓɊ6Ϊ˵ƿþɂ χ(2)EE5E-0Ϊ£ǍƋˆǒʋ͞

6?1͎͡"IώĿɣȈ ω 6íLðƍ#*2�ώ2ω 6í�ʦʕ%HϏŐ 2-5 7ώΪ£ǍƋˆǒʋ͞5

��0͎͡"IHΪ˵ƿþɂ6ɄŸL̯#*ŐLʾ#0�HϏτ�{�[x��LǬ.í�Ϊ£ǍƋˆ

Ƀ͸ǒʋ͞5ðƍ%HŢķώɋ͙6ȎĻ1þɂɣ�ΪƋˆ24H*AώŐ£þɂɣ6�ğþ�Ɏ@Ϗ 

6þɂɣƿL|��T˧ȈƖΕ%H2ώðƍΦŢĿɣȈ6àȈɊ6τ͐ɣǜþό2ωώ4ωώ…ύ�ļ>Iώ

ϓɊ6τ͐ɣǜþ� SHG í24HϏ�Ȏώ£ǍƋˆɃ͸ǒ6ʋ͞6Ţķώþɂɣ7ɋ͙6ȎĻ1£Ǎ

Ƌʆʩ4Ϊ˵ƿþɂǐ˗24GώŲȈɊ6τ͐ɣǜþό3ωώ6ωώ…ύ�ļ>IώϔɊ6τ͐ɣǜþ� THG

íό˒ϔτ͐ɣʦʕώ third-harmonic-generationύ24HϏ  
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Ő 2-5� Ϊ£ǍƋˆʋ͞1͡ HΪ˵ƿþɂ 

 

������O�s]wN"�P 0�. U�

� SHG 2��ʒ͘7ώSHG θǊΓ6?4F&ώ��a��E:ΦɘíŻ6þ΍5��0ƫư�Ąʗ"

I0�H[9]. (6º̯ʩ4B6�, ��a�íɶ6ɣΔŪǻ1�H. BBO (barium metaborate) ˮȜC

DAST (N,N-diethylaminosulfur trifluoride) ˮȜ43, τ�Ϊ˵ƿǙİʑLȤ%HˮȜL��a�Y�zn

P�ö·B#�7ýƍǅ6íͦö5Ǳð%H 21, ��a�í6ɣΔŪǻ�Ĳ̍24H.  IF6ˮ

Ȝö·5��0, τƼƳ4 SHGíLʦʕ"'H*A5Ό̸1�H67ώðƍ#*í2ʦʕ#* SHGí

6ÆʮͷƳLķK'HÆʮȉķL΀ǜ%H 21�HϏĶˈ6x���i�2ʦʕ%H SHG íƼƳ7

Ʒ(2-3)ώ(2-4) 2Ő 2-66E�5̯% 2�1�H[4]Ϗ 

!"# = 2 &'
('

) " #*+*,*
-.

/01*(3, ,4)
(3, ,4)*

67*
8 � � � � � �  (2-3) 
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9: = "3
;<=";*

= >
" -*=-<

� � � � � �  (2-4) 

�

  1ώµ0: ʱˍ6ʹʼʑώε0: ͎Φʑώd: Ϊ˵ƿǙİʑώn: SHGíƔǦʑώA: z��ȌΫˋώPω: Ş

ȩɣ6z��ƼƳώP2ω: SHGíƼƳώδ: ˮȜ6Δ"ώlc: _y���dΔώω: ðƍí6̿ĿɣȈώk1: Ş

ȩɣ6ɣȈώk2: SHGí6ɣȈώn1: Şȩɣ6ƔǦʑώn2: SHGí6ƔǦʑ1�HϏ Ő�FBþ�HE�

5ώk2 – 2k1 = 06șώ.>G n1 = n224HșώSHGíƼƳ P2ω7Ȣŭ24HϏ 6ȭ¾LÆʮȉķȭ¾

2��ϏÆʮȉķL΀ǜ%H*A57ώͶƪώˮȜ6̶ƔǦLĄʗ%HϏ 

 

Ő 2-6� δ / lc5ɷ$*ʦʕ SHGíƼƳ6ŪĚ[4] 

�

� Ɋ5ʕÊˬ˼�F SHG í�ʦʕ%HŢķL̂�HϏƋʋ��eLʗ�0ʕÊö5͢ʶx�díLð

ƍ%H2ώSHGíLʦʕό>*7ȿýύ%H65Ğþτ�ΦŢƼƳ54Hγś�ʅʂͯâ5ΛFIώʅ
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ʂ�F6? SHGí�ʦʕ%HϏͶƪ6ˮȜ�Fʦʕ%H SHGí6Ţķώ̶ƔǦLʗ�0Æʮȉķȭ¾

Lɵͣ"'H�ώ_��^�˵˱5��H̶ƔǦ7 0.003 2ǊƐ1�H*Aώ¼5_��^�˵˱��

ȎĻ5ΉĻ#0�*2#0BώʕÊˬ˼ö1ÆʮȉķL΀ǜ%H 27Τ#�Ϗ( 1ώʕÊˬ˼�F

ʦʕ%H SHG í6�Wse�7ώŐ 2-7 6E�4ΪÆʮȉķř6ŬΌȇ©�o�5E-0͏ȕ"IH

[4]Ϗ{�[x���τ�͢ʶx�díLʕÊˬ˼5΢í%H2ώʅʂͯâ5ŹŔ%HĶ
6_��^�

þŸ�F SHGí�ʦʕ%HϏ 62�ώ_y���dΔ lc όʕÊˬ˼17 5 ~ 13 µmύ�ȇ©ÔȈ µs6

ͳȈEGŭ��2��ȭ¾( lc > 1/µs )�ɵ*"IH2ώĶ
6_��^�þŸ�Fʦʕ#* SHGí7_

y���dLű�ċ5ă6_��^�þŸ�Fʦʕό>*7ȇ©ύ#* SHGí2Ƭɯ%HϏ(6ˮȴώ

SHGí7ʅʂö1Ɋ
2ƼAķ�Ƭɯ�͡ GώŧƼ#*ʕÊ SHGíLȿý%H 2�1�HϏ 

 

 

� 2-7� �������������� 

�
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��	�D"(�

� ȩː17ώʕÊ SHGí6ʦʕɶ24H_��^�2(6ǆȮ6Ĳ̼ĚǠɢώ�E:ʕÊ SHGí6ʦ

ʕĩʓ5.�0ͅͱ#*Ϗǝ
6ʕłɦĘ5ʭˮ%H_��^�LĲ̼Ě%HǆȮɢ57�Δ�ʶ��

Gώʕ�*�G6>>6_��^�Lτ_�p�dp�τˍΖþ̀5Ĳ̼Ě%H 27Τ#�-*Ϗ�

ȎώSHG θǊΓ17ώ_��^�þŸőȤ6Ƀ͸5ÐŹ#0ʦʕ%H SHG íL̾ɳ%H 25EGώ

Ϊȶ̜�ΪʹŨ�.τ_�p�dp�τˍΖþ̀5ʕÊˬ˼£6_��^�6΄ǧʩĲ̼Ě�Ĳ̍24

HϏɊː�F7ώ 6 SHGθǊΓ�Ȥ%H�_��^�6΄ǧʩĲ̼Ě,2�in situ̓ɳʌǒ,2��

¡ʌǌLɦ�#*wQVǐʗ5.�0ͅͱ%HϏ 
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¶�� ª�_®°�����3Fi2J��$ 45�6478�u�tC=9GJ1�

�

����-J<I:05EJ�

� ς7ώǝ
�Ę�ș6 ό̸�4Aύ54Hˬ˼1�Gώ(6Ūƿ�ʢ?�ςǦ7ώQOLόQuality of lifeϘ

ʕɦ6͞ύL̤#�Ç�"'HϏ�Ȏώςº͓6d{�q7ɂA0ͼ�ώϒƮ1ȈϋˇƳ6`Q[�1

#�̭KI4�ϏÏ�8ώʪ̑�ϒ�ȣƺ1ȍ#�i��V�w�"I0��627Ƌʆʩ5ώϒϑƮ

ˇƳLǵ�0Ƒ#&.ȍ#�ς5ðIȡK-0��Ϗ#*�-0ώº͓6Ç�#*τϊ̃��ů4ςˬ

˼L˱Ǭ%H 2CώςǦǅ5ςɈ̍LŌǉ"'H 27ŎΤ1�HϏ(6*AώτϊĚ�ͻ̭%Hǝ

�Œ5��0ώς6øʕT�csO��\6s�e7τ>-0�H[1, 2]Ϗ 

� ς7ώς̝˩̌�_��^�Lʖʕ#ώ_��^��τɊɃ͸όςŞ͞ύLɃ˛#ώ( 5�t��

�ɜʳ%H 25EGƿǜόøʕύ"I0��ϏʒŔώiPS ˩̌CΖ̣ˢƯ˩̌Lʗ�H2ς̝˩̌L

ÌH 27Ĳ̍1�H�[3, 4]ώ(6ˬ˼Ě;ˇ57Ȩ̀ȕ4·þBƑ4�4�Ϗς7ĒʩĈɾ5ĭǐ#

0ƪ5ÌGȡ�FI0�H�ώς̝˩̌7ĿŏLʺˬ˼5̹KI0�H*Aώˬ˼Ě;ˇ6ʕ�*ς6

£1ς̝˩̌�36E�4ǰH̘�L%H6�7Ȩ+̀ȕ"I0�4�Ϗʌ5ώ 6ˬ˼Ě;ˇ17_

��^��ɂA0Ό̸4ǂĐLȴ*#0�H�ώ IL(6Ţ̾Ɖ%H 27 I>1�Ĳ̍1�-*Ϗ

ǆȮ6ˬ˼ơŻ5��H_��^�Ĳ̼ĚǠɢ2#0ώȶ̜ɢ�¥5ʗ�FI0�H�[5]ώ˩̌Cˬ˼

6őſCȶ̜�ǎ̸4*AώÒ̷ʩ4Ȏɢ1�Gώŝο;ˇLșˢĀ�si��\#4�F_��^�

˵˱6ń͈͞ÑḼ� 27ýȮ4�Ϗ 
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� �ȎώSHGθǊΓ7ώ_��^�΄ǧǒϐÇÒ̷ǒϐȶ̜�̸2�-*ʌǌLȤ%H 2�Fώyp

ʪ̑˔6ʕÊˬ˼5��H_��^�˵˱Lʕ�*�G6>>6ʍǚ1Ĳ̼Ě%HǠɐ2#0ɤʬ"

I0�H[6]Ϗ IF6ʌǌ7ώ_��^�ĘǚLșˢĀ�si��\%HǠɐ2#0BώȤʗ1�HϏ

Ï�8ώì̭ʸˌ17ώʪ̑5��HʈäCÿđ6Ęʋ�o�5��0ώɟʥ;ˇLșˢĀ�si��

\#ώđä·5��H_��^�ĘǚLʕ�*�G6>>6ʍǚ1Ĳ̼Ě%H 25ǜē#0�H[7]Ϗ 

� ȩʸˌ17ώ19 fsx�dí2 110 fsx�díLʗ�* SHGθǊΓLɃ˛#ώŝος̝˩̌ʖʕ_�

�^�˵˱6Ĳ̼ĚL͉?*Ϗȟ5ώΩ˾ŝο"I*ς̝˩̌ʖʕ_��^�˵˱6șˢĀ�si��

\LϕͺΖ5ɱ-0̭-*ϏȢǅ5ώǇFI* SHG Q��c6ʛç̀Ȳ5EGώ_��^�6ǜʇƳ

ķ�5Η%HſΎǕš6ǨýḼ-*Ϗ 

 

����0�. U��#��Gg^?HTK.[H/i"?HTf$m¬�

� SHGθǊΓLŝο˩̌�o�6șˢĀ�si��\5΃ʗ%H5�*-07ώ˩ ̌ʖʕ_��^�˵

˱6 SHG ʦʕĖʑ�Ç� 2L̂Ǜ%Hǎ̸��HϏ_��^�6Ϊ˵ƿíŻʌǒ7ώ���~kq

ΒϔΌ̫ȐɃ͸6Ϊ£ǍƋˆǒ2̻ĊʩτɊɃ͸5͡ō#0�H�ώ˩̌ʖʕ_��^�7�̙ˬ˼2

ɕ<Ƀ͸ʩ5Ȩǜʇ4*AότɊɃ͸Ě�ͻM1�4�ύώΪ˵ƿíŻʌǒ�Ɛ"� SHG í�Ǌƺ2

4HϏ 6E�4 2�FώSHG θǊΓLŝο˩̌ʖʕ_��^�˵˱6̾ɳ5ǐʗ%H*A57ώ

SHGθǊΓ6τǙƳĚ�ǎ̸54HϏ 

�   1ώȿýŊ5E-0ƁΡ5ȿý"IH SHGÖĵƼƳ5.�0̂�HϏSHG7ʴș6;ˇ1�Gώ
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��a�x�dí�ŹŔ%HșΖγś16?ʦʕ%HϏ.>GώϓɊ6Ϊ˵ƿþɂ χ(2)EELx�dƫ6

șΖΖΠ+�ˋþ#*Öĵ�ȿý"IHϏ  1 χ(2)7ϓɊ6Ϊ˵ƿǙİʑώE7ðƍ��a�ΦŢ1�

HϏǆ-0 SHGÖĵƼƳ2ʦʕ5͡ō%Hx���i�7ώ˜Ģ5»�6Ʉ5Ƞ�H[8]Ϗ 

?"# ∝ A " !#
B#

"
B#																														 1 	

  1 Pω7��a�6Ǭ.x�d�Tt�Z�ό= ƭŗx��/˽GͰ#ĿɣȈύώτω7��a�x�

dƫ1�HϏ�ƷEGώSHG ÖĵƼƳ7��a�ƭŗx��όPωύL�Ȕ"'H 21ώSHG ʦʕĖ

ʑ6Ç�`�~�1B SHG ƼƳ�ƭŗx��όx�d�Tt�Z�ύ6ϓ¦5ɕÏ#0ŧŭ#όŐ 3-

1(a)ύώQ��c�_�p�dpLĻ�"'H 2�1�HϏ#�#ώ 6Ţķώ��a�5EH`�~

�;6j��c7��a�ƭŗx��5ɕÏ#0ŭ��4H*Aώ��a�ƭŗx��L�Ȕ"'H 

25EHˬ˼;6j��c6ŧĔC˩̌6wQOz�nP6ɰƑ�͡ HϏ�Ȏώ��a�ƭŗx��

όx�d�Tt�Z�ύL˱Ǭ#*>>x�dƫLʏˎĚ%I8ό%4K, τω6?Ɛ"�%I8ύώ�

�a�ʆƍ5EH`�~�;6ǁήLȢƐΛ5Ǥ�..ώSHG ʦʕƼƳLx�dƫ5ĭɕÏ#0ŧŭ

όŐ 3-1(b) ύ%H 2�Ĳ̍24HϏ 
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(a)                                                   (b) 

Ő 3-1 (a) ðƍx�d�Tt�Z�2ʦʕ%H SHGíƼƳ6ΗÔϏ(b) ðƍx�dƫ2ʦʕ%H SHGí

ƼƳ6ΗÔϏ 

 

����c¯4JAH"c¯�� 

������c¯4JAH�

� ȩʸˌ1Îʗ#*˩̌7�Rdδ̥ùʙȮ6˩̌Ȼ1�Hς̝˩̌Ʉ˩̌ MC3T3-E11�HϏ|�d

_50 10%6ʀƳ1 FBSόFetal Bovine SerumύLɮĔ#* MEM-αόMinimum Essential Medium-αύŝŕ

όNacalai Tesque Co. Ltd.ύLʗ�0ŝοƈƳ�ˤ 80%54H>1ŝο#ώ(6ǅ5dp�lkk��w

� (dp�l[dˀ̵) ;2Ȁˈ%HϏ 6ș�Fώς̝˩̌5þĚ"'H*A5þĚ͎Əŝŕ1ŝο

%HϏþĚ͎Əŝŕ6ˬǜ7ώͶƪ6 MEM-αŝŕ5 1%6ʀƳ1Od_�z�΋ώ0.2%6ʀƳ1vQq

�_�kh�ώ2%6ʀƳ1 β-\�f�|Ud|S�pLɮĔ#*B61�HϏ>*ώ˩ ̌ŝο6Ρ5˩
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·5ɱHɹ̢üʓ�ŎΤ1�H*Aώ�sb��/dp�~p�Qb�ɸɫL 1%6ʀƳ1ɮĔ#*Ϗd

p�lkk��w�7ώÎʗċ5V�p[��}ɹ̢̲˾LÎʗ#0 20þΖ 120�1ɹ̢#*ǅώŝο

Ϋ6˩̌ǸʳǒLτAH*A5|P}�t[k�ɸɫ (Wako Pure Chemical Industries , Ltd.) Lʗ�0ϕ

șΖ»�_�nP�\üʓḼ�ώ(6ǅ DPBS1 2Ō��d#*B6LƁρ5ʗ�*Ϗ 

� SHG Q��c�\Ḽ�ċ5ώ>&Ω˾ŝο�6ς̝˩̌�ʖʕ%H_��^�˵˱Lʻ͍%H*

Aώʞ4HŝοȦΖ1ŝο"'*`�~�Lb�Rd�lq1ȶ̜#ώÆʮƣθǊΓ1̾ƉḼ-*Ϗ

 6ȶ̜ɢ17ώ_��^�2˩̌ȼL{�[5ȶ̜%H 2�1�H[9]ϏŐ 3-2 5ƁρˮȴLʾ%Ϗ

(I)IώΩ˾ŝος̝˩̌`�~�L(a) 0ȑǅόȀˈʭǅύώ(b) 1ͺΖǅώ(c) 2ͺΖǅώ(d) 3ͺΖǅώ

(e) 4ͺΖǅ5ˬ˼őſ#ώȶ̜#*B61�HϏQ��c`Qe7%<0 1 mm × 1 mm1�HϏ7$A

5ώ(a) 0ȑǅ6Q��c17ώ˩̌Lk��w�5Ȁˈ#ώǸʳ#*ǅ%�5ȶ̜#0�H*A_��

^�7ʖʕ"I0�4�7&1�HϏ#*�-0ώ 6Q��c17˩̌ȼ6?�ȶ̜"I0�H2̂

�FIHϏɊ5ώ(b) 1 ͺΖǅ6Q��c17ώ˩̌Ȉ6ŧĔ�E:˩̌5EH_��^�ʖʕ6*Aώ

ñÊ5��0{�[6̜ķ��ʀ�4-0�H 2�ʻ͍1�HϏ#�#ώ 6Q��c�F7˩̌ȼ

2_��^�L̺þ�H 2�ýȮ4�*Aώʒșʂ17_��^�6ʖʕΎLʵH 27ýȮ4�Ϗ

(c) 2 ͺΖǅ6Q��c17ώ{�[5ȶ>-*·þ�·Æ!25ʀɬLǬ-0�HɄŸ�ʻ͍1�HϏ

ς̝˩̌7ϒͺΖʬ1%15_�|�T�p1�H61ώQ��c1̺FIH{�[6ʀɬ7ώ˩ ό̌˩

̌ȼύȈ6ŧĔ174�ώ¥5_��^�˵˱6ʖʕ5EG(6ƈƳ�Ļ�#*ˮȴ1�H2̂�FI

HϏɊ5ώ(d) 3ͺΖʬ6Q��c17ώŢǟ!26{�[6ʀɬ�"F5ȕʻ54-0�HϏ�Ȏ1(e) 
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4ͺΖʬ6Q��c17ώ(d) 3ͺΖʬ6Q��c2=2M3΁��4� 2�ʻ͍1�HϏ I7ώ_

��^�6ʖʕ�=2M3ξŃ#0�H 2LʾŇ#0�H2̂�FIHϏ 6E�5ώʞ4HŝοȦ

Ζ1ŝο"'*`�~�6ȶ̜L%H 21ώς̝˩̌�_��^�Lʖʕ#0�H 2Lʻ͍1�*Ϗ

#*�-0ώ 6~�p_�5ǆ-0ς̝˩̌LΩ˾ŝο#ώς̝˩̌ʖʕ_��^�˵˱6ĘǚL

SHGQ��c�\1 in situ1Ĳ̼Ě#*Ϗ 

 

Ő 3-2� Ω˾ŝος̝˩̌ʖʕ_��^�6ȶ̜çϏ(a) 0ȑǅόȀˈʭǅύώ(b) 1ͺΖǅώ(c) 2ͺΖ

ǅώ(d) 3ͺΖǅώ(e) 4ͺΖǅϏQ��c`QeϘ1 mm × 1 mmώȩȶ̜ɢ17ώ_��^�2˩̌ȼ

�{�[5ȶ>-0�HϏ 
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������0�. ­o¨$8;<,;A�

� Ő 3-35Ƀ˛#* SHGθǊΓ6flpOl~Lʾ%Ϗ  17ώ110 fsx�dí�E: 19 fsx�d

í2��x�dƫ�ʞ4Hϓ.6|S�p˅��a�L(I)I SHGθǊΓ6íɶ2#0ʗ�0�HϏ

£ǍɣΔ 780 nm6 110 fsx�dí7ώErɮĔ|NQw���a�6ϓÚɣόFD-ML-ErF, Topticaˀ̵, 

FFS. SYS-SHG; d�[p�ƫϘ10 nm, ˽GͰ#ĿɣȈ = 100 MHzύ�Fýƍ"IHϏ  17ώϓíŸ

̩í̕ƤʮἨ[10]Lʗ�H 25EGƋʋ��eʅʂΫ5��Hx�dƫ�ώ��a�ýƍʭǅό110 

fsύ2Ĺ$1�H 2Lʻ͍#0�HϏ�Ȏώ19 fs x�dí7 Ti:Sapphire ��a�  (ML-Ti:S, 

FEMTOLASERSˀ̵, Femtosource Scientific Pro; x�dƫϘ10 fs, £ǍɣΔϘ787 nmώd�[p�ƫϘ103 

nmώ˽GͰ#ĿɣȈϘ81.8 MHz) �F6ýƍíLώ͙þȇ���όNDC, FEMTOLASERSˀ̵, MOSAIC 

PRO Vώ̀ͼƶΎϘ-900 to -6270 fs2ύLʗ�0Ƌʋ��eʅʂΫ5��0˟ƈ5þȇ̴è%H 25E

-0ǇFI0�HϏ|�lx����Lʗ�0ώ110 fsx�dí>*7 19 fsx�dí63,F�LíŻ

ˢ5Ə�*ǅώ��a�í7X�wu���2ϓȳ6�����e5EGτͷϓɊê͠ȸ"I, əɪƋ

ʋ��e (OL; N.A. = 0.90, WD = 2 mm) Lʗ�0`�~��5ʆƍ"IH. `�~��FċȎ5Ãǿ#

* SHG í7ώ_���i���e5E-0΢AFIώX�d|P�i�Lʗ�0ŞȩɣǜþLΝĪ#

*ǅώ ΦŸúĦ|Up�WR�nP�\říΦŸŧÚ˙όPMT, ɨȰ�ps[dˀ̵ώ H8259-01ύ5

EGȿý"IH.  6E�4��a�͠ȸíŻˢLʗ�H 25EGώ256 × 256{[f��FǜH 260 

× 260 µm 6γśL 0.1 ˅/|���1Ĳ̼Ě1�HϏ>*ώɈȾƷdn�cLʗ�0ɳſ`�~�LƢ

Ĵ5Ę�% 25EGώ4̭ 4Ā6 16ȳ6 SHGQ��c�FǜHŭΫˋ SHGQ��cόQ��c`Q
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eϘ1.04 mm × 1.04 mmώ{[f�`QeϘ1024 × 1024{[f�ύ6įǇ�Ĳ̍1�HϏ 

 

 

Ő 3-3 SHGθǊΓ6flpOl~ϏML-TiS: x�dƫ 10 fs, £ǍɣΔ 787 nm6��qĹȦ Ti:Sapphire

��a�; NDC: ͙þȇ_�p����Ϗ FD-ML-ErF: x�dƫ 110 fs, £ǍɣΔ 775 nm 6ĿɣȈ͵Ú

��qĹȦ Er|NQw���a�Ϗ GM: X�wu���ϏPMT: íΦŸŧÚ˙Ϗ 
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��	� c¯�y�

��	��� °�����3Fi2J��$ 0�. -BiSJ1#��G?HTf$

m¬�

� SHGθǊΓLʗ�0ώΩ˾ŝοϔͺΖʬ6ς̝˩̌ʖʕ_��^�˵˱6Ĳ̼ĚḼ-*ϏŐ 3-4(a)

�E:Ő 3-4(b)7ώ 110 fs x�dí2 19 fs x�díL(I)Iíɶ2#*Ţķ6 SHG Q��cLʾ

%Ϗ  1ώ��a�x��73,F6Ţķ1B 20 mW5͐˚#0�HϏ¡ SHGQ��c6\��d

]��7ώ��a�˽GͰ#ĿɣȈ6΁�ό110 fs: 100 MHzώ19 fs: 81.8 MHzύLĭȗ"'×ɋ#0�H

*Aώ  17¡Q��c5��H\��d]��Û6ʭǸɕͪ�Ĳ̍1�HϏ¡Q��cLɕͪ%H

2ώ>&Ő 3-4(a)6 110 fsx�díLʗ�0įǇ#* SHGQ��c17ώ_�p�dp�Ç�ώ͋˩4

_��^�þƧLʻ͍%H 2�ýȮ4�Ϗ�ȎώŐ 3-4(b)6 19 fsx�díLʗ�*Ţķ6 SHGQ�

�c17ώx�dƫ6ʏˎĚ5EG{�[x���Ļ�#*ˮȴQ��c_�p�dp�Ļ�#ώ̼΍

ñÊ5ɱ-0υȕ4_��^�þƧLĲ̼ĚýȮ0�H 2�K�HϏ 6E�4Ƌʋ��eʅʂΫ1

6þȇ̴èḼ-*x�díLʗ�I8ώɭ"ȎĻ5��H SHG ʦʕγś6˹Ɛ5EGώʅʂΫ»ū

6Ϋ�Fʦʕ%H̋țí6ǤĆ5EGώSN 6Ļ�BȦǄ1�H�ώ¶Ō6E�5̦�`�~�6Ţķ

7 6ǁή7θ̤5̺FI0�4�Ϗ 

�  6E�4x�dƫ6ʏˎĚ5EH SHG íƼƳ6Ļ�Ƴķ�LſΎʻ͍%H*Aώ¡ SHGQ��c

6(I)I6{[f�5��HƼƳɕLʗ�0Ì̵#*�bV�Q��cLŐ 3-4(c)5ʾ%Ϗ 6�b

V�Q��c6ώ¿Ǘ6Æ˾5��0 166 ROIό64{[f� × 64{[f�ύLǨý#ώ(6ƭŗÛL
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˘ý#*2 Jώ3.81 ± 0.11 (ƭŗ ± ɅɷÝƣ)2��ˮȴ�ǇFI*Ϗ�ȎώSHGíƼƳ7ώðƍ��

a�í6x�d�Tt�Z���ſ1�Hȭ¾1�I8ώx�dƫ6ͳȈ5ÐŹ#ŧŭ%H*A[11]ώ

˥˞5 110 fs2 19 fs2��x�dƫ�F̓˘%I8ώʓ͑�7 8.7Ú6ŧŭL̺ͮ@ 2�1�HϏ 

6ƁɳÛ2ʓ͑Û6΁�6ĩō2#0ώ19 fsx�dɣƿLþȇ̴è#*Ρ5ʦʕ#*Ëďk��~�E

:�odi�ǜþ5EGx�dɣƿ�Ɏ?ώ{�[x���Ç�#* 2�Ǯ�FIHϏ>*ώ19 fsx

�dí6Ţķώd�[p�Ʃś� 110 fs x�dí5Ƌ#0ˤ 10 Úư�*Aώ̜Įƣ5EGʅʂd�l

p�ư�-0�H 2Bĩō6�.1�H2̂�FIHϏ#�#4�Fώ3.81Ú6τǙƳĚ5EGώK

&�Ȉ µm6Ĩ?#�4�ĢƘ6ς̝˩̌ʖʕ_��^�˵˱�ʄȶ̜1Ĳ̼Ě"I0�H*Aώ_�

�^�ĘǚL͈Ñ%H57Ğþ1�H2̂�FIHϏ 
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Ő 3-4�  (a)110 fsx�díώ(b) 19 fsx�díLʗ�0įǇ#*ς̝˩̌ʖʕ_��^�όŝοϔͺΖύ

6 SHGQ��cϏ(c) (a)2(b)6Q��cLĐH 25EGǇFI*�bV�Q��cϏQ��c`QeϘ

1040 µm × 1040 µmϏ 

�

��	���°�����3Fi2J��$u�t 0�. -BiSJ1�

� 19 fsx�díLíɶ2#* SHGθǊΓLʗ�0ώΩ˾ŝο"I*ς̝˩̌ʖʕ_��^�6 SHGQ
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��c�\Ḽ-*Ϗ`�~�7Ĺ�ÙÊ1�GώϒͺΖɓ5 4ͺ5K*-0̓ɳ#*ϏŐ 3-55(I

)Iώόaύ˩̌Ȁˈʭǅώ(b)1ͺΖǅ ώ(c)2ͺΖǅ ώ(d)3ͺΖǅ ώ(e)4ͺΖǅ5įǇ#* SHGQ��

c�\6ˮȴLʾ%Ϗ>&ώ(a)6˩̌Ȁˈʭǅ6 SHG Q��c17ώ_��^�6ʖʕ�4�*Aώ

45BÖĵ�ǇFI0�4� 2�K�HϏ SHG í7ώ˩̌ö5ŹŔ%HǊƐ˙�FBʦʕ%H 2

�ʵFI0�H�[12]ώ 6ˮȴEGȩƁρ6 SHG Q��c57ǊƐ˙�F6 SHG í7Ƈ�#0�4

�2͂�HϏ�Ȏώ(b)�F(e)>16 SHG Q��c17ώŝοșΖ�˭;#0��5.I0ώ_��^

�˵˱6ʖʕī:(6þƧ6ŪĚ�ʻ͍1�HϏ>&όbύ6 1ͺΖǅ6 SHGQ��c17ώ÷ʔ6E

�4ƿ1_��^��Ĳ̼ĚýȮ0�0�Gώς̝˩̌1ķǜ"I*_��^��ώ˩̌ö5ŹŔ#0

�HɄŸLĭȗ#0�H2̂�FIHϏ 6E�4Ϊƪ5ÇͫƳ6 SHGÖĵ6ĩō2#0ώ 6 SHG 

Q��c1Ĳ̼Ě"I0�H_��^�7˩̌ö5ŹŔ#0�H*Aώ˵˱ƿǜ"I0�4�_��^

�1�H2�� 2�̂�FIHϏɊ5(c)6 2 ͺΖǅ6 SHG Q��c17ώ_��^��ϒͺΖʬ2

ĹɄ6Ƀ͸LǬ-0þƧ#0�HB66ώ(6ͫƳÛ�Ļ�#0�H 2�K�HϏ I7ŝοșΖ6

˭;5EG_��^�ʖʕΎ�ŧ�*ˮȴώ˩̌ö5��0_��^�6ƈƳ�τ�4-*2�� 2

Lĭȗ#0�H2̂�FIHϏ(d)6ŝο 3 ͺΖʬ6 SHG Q��c17ώ1, 2 ͺΖʬ2ĹɄ5˩̌ö5

��0÷ʔʍ5þƧ#0�H_��^�5Ĕ�0ώʛç£Ǎ¹ͯ5��0˩̌ū5þɡ"I*˵˱ʍ6

_��^�Ĺũ�ώtlp��[Ƀ͸Lƿǜ"I0�HɄŸ�Ĳ̼Ě"I0�HϏȢǅ5ώ(e)6ϕͺΖ

ʬ6 SHG Q��c17ώȟ4Hŝο5EGώ˩̌ū5þɡ"I*_��^�6˵˱ǃ�Ů�4Gώ"

F5ƈ4tlp��[Ƀ͸Lƿǜ#0�HɄŸ�Ĳ̼ĚýȮ0�HϏ 6E�5 SHG Q��c�\5
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EGĲ̼Ě1�*ŝο;ˇ5��H_��^�Ęǚ7ώŐ 3-26ȶ̜Q��c�FǇFIHʵ̺2E�

�̖#0�Gώ�.ȶ̜Q��c5��HB6EGτ_�p�dp461ώȟ5͋˩4_��^�Ƀ͸

ŪĚLǲ�H 2�1�*Ϗ 

 

Ő 3-5 Ω˾ŝος̝˩̌ʖʕ_��^�6Ĺ�`�~� in situ șˢĀ�si��\Ϗ (aύ˩̌Ȁˈʭ

ǅώ(b)1ͺΖǅ ώ(c)2ͺΖǅ ώ(d)3ͺΖǅ ώ(e)4ͺΖǅϏQ��c`QeϘ1040 µm × 1040 µmϏ 
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��	���3Fi2Jp�h$b§¢n�

� 19 fsx�díLíɶ2#* SHGθǊΓLʗ�H 25EGώŝο;ˇ5��0ς̝˩̌ʖʕ_��

^��˩̌ö1ķǜ"I*ǅ5˩̌ū;þɡ"Iώ˩̌ū5��0˵˱Ĺũ�tlp��[Ƀ͸Lƿǜ

#0��ɄŸLΪȶ̜1Ĳ̼Ě%H 2�ýȮ*Ϗ 6E�4_��^�6ʌǌʩ4Ƀ͸ŪĚ7ώ_�

�^�6ǜʇƳ5ƈǸ5ΗÔ#0�H2̂�FIHϏ 6E�4 SHG Q��c5��H_��^�Ƀ

͸ŪĚLſΎ%Hʛç̀ȲǠɢ2#0ώ2Ɋê|��TŪǻ�ȤĒ1�H[13]Ϗ#�#4�FώȩƁρˮ

ȴ6E�5ώǜʇ#*_��^�˵˱���j�4þƧLƿǜ%HŢķώQ��c6 2Ɋê|��TŪ

ǻ5EGǇFIHȎÆ̿CˍΖĿɣȈ6Ǖš6?17ſΎ͈Ñ%H 2�Τ#�Ϗ( 1ȩʸˌ17ώ

2Ɋê|��TŪǻ5 SHGíƼƳ6ǕšLĔ�0̀ȲḼ-*Ϗ 

� >&ώ11 × 11 {[f�6 ROIL SHGQ��c�FǨý#Ϗ2Ɋê|��TŪǻ5EGx��d�[

p�LįǇ%HϏɊ5ǇFI*x��d�[p�5Ƌ#0ϓɊêXRdΗȈ1|PlnP�\Ḽ�ώ

ǇFI*|PlnP�\W�}Lɀ÷ͯÅ%H 25EGώΔͩ2ʶͩ6ɕL˘ý%HόFT-L/S ratioύϏ

 6üʓLώ5{[f�ΖΠ1 SHGQ��c6Ƣ��FĴ�>1˽GͰ#̭� 25EGώFT-L/S ratio

6 2D�l{�\1�H FT-L/SQ��c�įǇ1�Hό{[f�`QeϘ202 × 202{[f�ύϏFT-L/S

Q��c17ώSHGíƼƳ6ǕšLļM1�4�*Aώ_��^�6ƈƳ174�tlp��[Ƀ͸6

ǕšLļM1�HϏ_��^�6˵˱Ƀ͸6?�`�~�5ŹŔ#0�HŢķώFT-L/SQ��c7_�

�^�ΉĻǒLʾ%Ȥʗ4̀Ȳ24H�ώ¶Ō6`�~�17ώŝοϒ�ϓͺ6Q��cE�5ώ˵˱

Ƀ͸LǬ-0�4�_��^�ό˩̌ö5ʖʕ"I0�HB6ύBĲ̼Ě"I0�HϏɊ5ώQ��c
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£6_��^�ƈƳ6ǕšLǨý%H*AώSHG Q��c5��HͫƳÛ6ǕšL FT-L/S Q��c5

¦˘%HϏ  1Ϗê6 SHGQ��c2 FT-L/SQ��c6{[f�`Qe�ʞ4-0�H*Aώê6

SHGQ��c5��H{[f�o�iLzs�\#�`QeḼ�όResized SHG imageύϏ 6E�5

üʓ#*Q��cL_��^�ǜʇƳόCMFϘcollagen maturity factorύQ��c2Ł:ώ 6 CMFQ�

�c7ώ_��^�˵˱ƈƳ2tlp��[Ƀ͸6¡Ȏ6ǕšLļM1�HϏɊ5ώ 6E�4 CMFQ

��cό{[f�`QeϘ202 × 202{[f�ύL 16ȳ6Q��cό{[f�`QeϘ50 × 50{[f�ύ

5Ĝþ�#ώĜþ�"I* 16ȳ6Q��c5��Hƭŗ CMFÛL̓˘%HϏȢǅ5ώʞ4HŝοȦΖ

1įǇ#*(I)I6 CMFQ��cΖ5��0ώȤǗƣȿſḼ�Ϗ 

� Ő 3-65ώʞ4HŝοȦΖ5��Hώê6 SHGQ��cώFT-L/SQ��cώ�`Qe"I* SHGQ

��cώCMF Q��cL¢<0ʾ%Ϗ 6ˮȴ�FώCMF Q��c7ώ_��^�6șΖʩǜʇLɋ

#�ĭȗ#*Q��c24-0�H 2�ʻ͍1�HϏ>*ώŐ 3-75ώŝοșΖ6΁�2(I)I6

ƭŗ CMFÛ6ΗÔL̯#*ŐLʾ%Ϗ 6Ő�Fώƭŗ CMFÛ�șΖ˭;!25ŧĔ#0��ɄŸ�

K�GώȀˈʭǅώ1ͺΖǅώ2ͺΖǅώ3ͺΖǅ6Ζ57ȤǗƣ��H 2�ʻ͍1�HϏ�Ȏώ3ͺ

Ζǅ2 4ͺΖǅ6Ζ57ȤǗƣ�ʻ͍ýȮ4�-* 2�Fώ 6ɐΟ5��0_��^�6ǜʇ�ξ

Ń#0�H 2LʾŇ#0�H2̂�FIHϏ 
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Ő 3-6� ʞ4HŝοȦΖ5��Hώê6 SHGQ��cώFT-L/SQ��cώ�`Qe"I* SHGQ��

cώCMFQ��c6ɕͪϏ 

 

Ő 3-7� ŝοșΖ6΁�2ƭŗ CMFÛ6ΗÔϏpÛ7 Student6 tȿſLʗ�0̓˘#0�H (*, p < 0.05; 

**, p < 0.01; ***, p < 0.001; NS, ȤǗƣ4#)Ϗ 
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��
��d 

� ȩʸˌ17ώ19 fsx�díLíɶ2#* SHGθǊΓLʗ�H 25EGώΩ˾ŝο"I*ς̝˩̌

ʖʕ_��^�˵˱6 in situ șˢĀ�si��\5ǜē#*Ϗ 6E�4τǙƳĚ"I* SHG θǊΓ

7ώŝο;ˇ5��H˩̌ʖʕ_��^�6șˢĀ�si��\Ḽ�m��2#0ȤĒ1�H 2�

Fώ¶ǅ6ςøʕT�csO��\þ΍6ʦƖ5͚ʐ%H2̂�FIHϏȩǠɢ17ώτ_�p�dp

5_��^�6?6΄ǧʩĲ̼Ě�Ĳ̍24Gώ I5EG˩̌�ʖʕ#*_��^�ĘǚLʭǸʩ5

̾Ɖ%H 2�1�HϏ>*ώSHGQ��c7ώτ_�p�dp�.̋țí4#1įǇ1�H61ώſ

Ύ͈Ñ6Ρ6ʛç̀Ȳ5BȤʗ1�HϏȩǠɢ5��H 6E�4ʌǌ7ώ˩̌ȼ2_��^�L̺þ

�H 2�ýȮ4�ȶ̜ɢ2ɕͪ#0ώOqw�n�cLȤ#0�H2͂�HϏȟ5ώȩǠɢ17ώΪ

ȶ̜�ΪʹŨ16_��^�Ĳ̼Ě5EGώĹ�`�~�6șˢĀ�si��\�Ĳ̍1�H2��ʂ

Bώ¶ǅ6ςøʕT�csO��\þ΍6ʸˌ5��0Ό̸1�HϏς̝˩̌7ώĒŻ[14]>*7ĚŻ

ʩĈɾ[15]5EG_��^�ʖʕΎLŪĚ"'H2�� 2�E�ʵFI0�H�ώSHGθǊΓ5EH

_��^�Ęǚ6șˢĀ�si��\ˮȴ5Ş/�0ώŝο;ˇ5�H(IF6ĈɾL|P�qwl[

Ćǈ%H 21ώ΃ÿ4͞2ΎLǬ-*ŝοςˬ˼�Ƀ˛1�HE�54H2̂�FIHϏ 

� Ɋ5ώ_��^�6ǜʇƳķ�2ς6ʷʁĚ5.�0̂Ɖ%HϏς̝˩̌7ώʖʕ#*_��^��

5OxiQpˮȜLʖʕ%H 25EGώru̶ķÊɃ͸Lƿǜ%H 2�ʵFI0�H[16]ϏŐ 3-8

5ώŝο 1 ͺΖǅώ3 ͺΖǅώ31 ȑǅ5ȁǁ#*Ω˾ŝος̝˩̌`�~�6ÆʮƣQ��cLʾ%Ϗ

 6Q��c5��0ώω�γś7ʷʁĚ#*·þLʾ#0�Gώ{�[6·þ7ŝŕ6̜6ǁή1�
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HϏŐ 3-8 (a)17ώ˩̌Ȁˈ�FϒͺΖ6˭;5EGώς̝˩̌�ŧɏ#_�|�T�p4ʍǚ54-

0�H�ώʷʁĚ7=2M3ͻM1�4�ɄŸ�K�HϏɊ5ώ2ͺΖ�˭;#*Ő 3-8 (b)6Q��c

17ώQ��c£Ǎ·5��0ʷʁĚ�ŵ>HɄŸ�Ĳ̼Ě"I0�HϏ"F5ώșΖ�˭;#*Ő 3-

8 (c)6E�5Q��c17ώñÊ5��0ʷʁĚ#0�HϏ 6E�4ʷʁĚ6șˢĀʩŪĚ7ώSHG

Q��c�FǨý#* CMF Û5EGǇFI*ώ_��^�ʖʕ6ξŃiQ��\2E��̖#0�H

 2�FώCMFÛ7ς̝˩̌6ŝο;ˇ5��0ώ̫ ʁĚ6Εŵ%HǭɅ54G�H2̂�FIHϏ�

Ȏ1 6E�4ʷʁĚ#*`�~�6 SHG Q��cLįǇ#*2 JώÖĵ�ǇFI4�-*Ϗ 6

ĩō7ώ̫ ʁĚ5EGʬ̼1Bʻ͍1�H=3`�~��ʧɿ#0�**Aώðƍí�E:ʦʕ SHGí

�ȇ©6ǁή5EGɰ̰#**A2̂�FIHϏǆ-0ώ 6E�4ς̝˩̌ŝο`�~�L SHG θ

ǊΓ1̾Ɖ%HΡ57ώ˩̌Ȁˈ�FʷʁĚ6Ǡċ>1�ȤĖ4ĄʗȦΖ1�H2̂�FIHϏ 

� ȩʸˌ17ώ19 fsx�díLíɶ2#* SHGθǊΓLʗ�H 25EGώSHGʦʕĖʑ6Ç�ς̝

˩̌ʖʕ_��^�˵LĲ̼Ě%H 25ǜē#*Ϗ#�#4�Fώ 6E�4`} 20 fs x�díL

ʕÊˬ˼5ʆƍ%HΡ5ώ|Upj��c5.�0ø̂%Hǎ̸��HϏ`�~�5ʆƍ%H��a�

í6x�dƫL 100 fs»�5ʏˎĚ#*Ρώ{�[x�����GώΪ˵ƿʩ|Upj��c6�d[

Ļ�Cʕ˩̌6wQOz�nPɰƑLƸ�͡ %ϏÏ�8ώk�Qs�ev�di�6ħƠ˩̌Lʗ�

*ì̭ʸˌ5��0ώ|Upj��c�x�dƫ6ͳȈ5ɕÏ%H 2�šľ"I0�H[17]Ϗ>*ώ

ĹɄ5RbĎ̏σ͞˩̌Lʗ�*Ɓρ1BĹɄ6ˮȴ�ǇFI0�H�[18]ώς̝˩̌5Ƌ%H|Up

j��c6͈Ñ5Η%Hʸˌ7Ȩ+̭KI0�4�Ϗȩʸˌ17ώϕͺΖ6ŝοȦΖ5��0ώSHGθ
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ǊΓ16̾Ɖ22B5ÆʮƣθǊΓLʗ�0ς̝˩̌6ƿǚŻʩŪĚL̾Ɖ#*�ώθ̤4Ƀ͸ŪĚ7

ʻ͍"I4�-*όo�iʯʝύϏ#�#ώ I7��>1B preliminary 4Ɓρˮȴ1�Gώ¶ǅ6Ɩ

ȥ2#0ώ`} 20 fs x�díʆƍș6ς̝˩̌5Ƌ%H|Upj��c6Ȥʄ5.�0ώςʖʕ��

W�1�H ALPɦǒ˔[19]LſΎʩ5͈Ñ%Hǎ̸��HϏ 

 

Ő 3-8� Ω˾ŝος̝˩̌6ÆʮƣQ��cϏ(I)I˩̌Ȁˈ�F (a)ϒͺΖǅώ(b)ϔͺΖǅώ(c) 31

ȑǅϏω�γś7ʷʁĚ#*·þLʾ#0�Gώ{�[6·þ7ŝŕ6̜6ǁή1�HϏ 
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����D"( 

� ȩʸˌ17ώSHG ʦʕĖʑ6Ç�ς̝˩̌ʖʕ_��^�˵˱LĲ̼Ě%H*Aώ19 fs x�díL

SHG θǊΓ6íɶ5ʗ�0ώ SHG θǊΓLτǙƳĚ#*Ϗ 6 SHG θǊΓLώΩ˾ŝος̝˩̌ʖ

ʕ_��^�6șˢĀ�si��\5΃ʗ#ώɂ̦ĢƘɃ͸Lƿǜ%Hς̝˩̌ʖʕ_��^�˵˱L

τ_�p�dp5Ĳ̼Ě%H 25ǜē#*ϏSHGθǊΓ7 3Ɋê6íŻf[b�s�\̍ĒLǬ.*

Aώµơʩ4ͣŢȫȋC_��^�^�Lʗ�* 3Ɋêŝοbdn�5BǐʗĲ̍1�HϏSHGθǊΓ

5EGǇFI*_��^�6șˢĀʩƿǚŪĚ7ώȶ̜Q��c2ɕͪ#0ώEG͋˩�. in situ1ǲ

�H 2�ýȮH2��ĄʂLʻ͍1�*Ϗ"F5ώϓɊê|��TŪǻ5Ş/�*ʛç̀Ȳ5EGώ

_��^�ǜʇƳLſΎʩ5Ǩý1�H 2�ʻ͍1�*Ϗ 6E�4 SHG θǊΓ5EHς̝˩̌ʖ

ʕ_��^�6 in situ16Ĳ̼Ě2ſΎ̀Ȳ7ώ¶ǅ6ςøʕT�csO��\5��0ώ΃ÿ4͞2

ΎLǬ-*øʕˬ˼LɃ˛%H*A6ŝο_�p���6Ρ5ώɂA0ȤĒ4m��24H2̂�FI

HϏ 
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�

	���-J<I:05EJ�

� ͽĘŊ7µ6ȑ
6ʕɦ6͞6˱Ǭ5ǎβ1�HϏͽĘŊ5��0̐7ώςȽ˕6ʦʕ#*ƻĒLς

5Ã΀%Hæ�Lǩ-0�H[1]Ϗ̐6Ƀǜ̸˨7ώ̝̐˩̌ώ̐˩̌ώ�E:˩̌ūŞ͞1�HϏ˩̌

ūŞ͞7_��^�ώT�dk�ώ~�nV\�W�ώˠi�x[͞�FɃǜ"I0�HϏ̐6«ʉ͞

Ύ6ö 65~75%�_��^�1�H 2�Fώ_��^��̐6ƿǚCĒŻʩʌǒLɛſ%HȢBΌ̸

4ōŸ1�H[2]Ϗ̐ˬ˼5��H_��^�7ώ˵˱Ȭ�˵˱�˩˵˱2�-*ΟƘʩ4τɊɃ͸LȤ

#0�Gώ̐6ΔͩȎĻ5̻Ċʩ5ΉĀ#ώ¯�5ˬ?ķK"HE�4Ģ�ΉĻɃ͸LįHϏ 6ɂA

0̻Ċʩ4τɊΉĻɃ͸5EGώƸ-ƻG�čȌ�ǳI2�-*̡͙5Ƌ#0ĒŻʩʌǒ�Ɓʒ"I0

�H [3]Ϗ 

� ̐5;ŭ4̡͙�Ìʗ%H2ώ·þʩ4Ǿä6ʦʕCŽñ4Ȍ̱LƸ�͡ %Ϗ̐6Ȍ̱6öώOY

�d̐Ȍ̱7ȢBŬ�ʠÏ1�Gώ(6 80%7d��mɦĘ£5ʦʕ#0�H [1]ϏǾä̐6×ǉ7ώ

Ȍ̱·̐1̝̐˩̌43�ŧɏ#ώ˩̌ūŞ͞Lƿǜ#ώ��j�4_��^�˵˱6˩̌ūŞ͞�Ƀ

͸�ǜʇ%H 21ͻM1̭�Ϗ#�#ώȌ̱#*̐�ëþ5×ǉ%Hċ5;ď4̡͙���H2ώø

Ȍ̱LƸ�͡ %Ϗ>*ώ×ǉǅ6̐�ǎ&#BǾäċ6ƼƳ5ǞF4�ŢķBŬ�[4]Ϗ̐×ǉ7ώˬ

˼Żʩƿǚ�E:ĒŻʩƼƳ6¡ȎLŌǉ"'H 2�Ȣ˫ʩ4ʬɅ1�H 2�Fώ̐6×ǉʍǚLώ
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ˬ˼Żʩƿǚ2ĒŻʩƼƳ6ĬȎ�FſΎ͈ÑýȮHǠɢ�Ƽ�ȥ>I0�HϏ 

� ̐×ǉ·5��0_��^�6ΉĻ�ƈƳ�τɊɃ͸�ɋƪ̐2ĹɄ4ʍǚ5ǞH 2�ώ̐6ƿǚ

ʩ×ǉ2̂�H2ώ_��^�6ˬ˼Żʩ̾Ɖ�(6ʭǸʩ4͈ÑȎɢ1�HϏ 6E�4̾ʂ�Fώ

ư�ʗ�FI0�*Ǡɢ�ȶ̜ɢ1�HϏHEȶ̜ɢ[5]C¸6_��^�ȶ̜ɢ[6]Lʗ�0ώ_��^

�L΄ǧʩ5ȶ̜%H 25EGώ×ǉ#*̐5��Hˬ˼ŻʩʌǒLώ_��^�ΎC(6þƧ2�

-*̾ʂ1͋˩5͈Ñ%H 2�ýȮHϏȶ̜ɢ50̐ˬ˼Żʩ͈Ñ7Ĳ̍1�H�ώ(6ˮȴ7̐6

ĒŻʩ͈Ñ27ǎ&#B�̖#4�ϏĒŻʩ×ǉLʭǸʩ͈Ñ%HǠɢ2#0ώƸƻ͉ρ[7]�ʗ�FI

0�HϏ 6Ǡɢ17ώǶį#*̐ˬ˼`�~�6ǐĒ-9&?Ȟ˵�F��\ʑ˔6x���i�LǨ

ý%H 21ώĒŻʩƼƳ6ŌǉL͈Ñ%HϏ 

�  IF6ǠɢLʗ�H2ώǾä̐6ƿǚʩ×ǉB#�7ĒŻʩŌǉL͈Ñ%H 2�Ĳ̍1�H�ώ

ƿǚʩ×ǉ2ĒŻʩŌǉ6¡ȎLĹș5͈Ñ%H 27ώ I>1ŎΤ1�-*Ϗ I7ώȶ̜ɢ2Ƹ

ƻG͉ρ�Ò̷ʩB#�7ʹŨʩǠɢ1�-**A1�HϏÏ�8ώȶ̜ɢ7ˬ˼wQV~b�"I*

`�~�LÿʊĚ#*ǅ5ȶ̜Ḽ��ώÿʊĚ`�~�"I*`�~�7ƸƻG͉ρ�ƁȏĲ̍4=

36ĒŻʩƼƳLȤ#0�4�Ϗ�ȎώƸƻG͉ρǅ6`�~�7ώƸƻG͉ρ5E-0ĥĔ"I*Ē

Żʩ̡͙5EGˬ˼�Žñ5ʹŨ"I0�Gώ(6ʍǚLˬ˼Żʩ5̾Ɖ#0Bώƿǚʩ×ǉ6Ƴķ�

LǷH 27ýȮ4�ϏB#ώƿǚʩ×ǉLΪÒ̷5Ĳ̼ĚýȮI8ώƸƻG͉ρ26Íʗ5EGĹ�

`�~�5��Hƿǚʩ×ǉ2ĒŻʩŌǉ6Η͹ǒL͈ÑĲ̍24Gώ̐×ǉ6;ˇ5Η%Hȍ*4ʵ

̺LǇFIH�B#I4�ϏΪÒ̷4ˬ˼̾ƉǠɐ1�H MRILʗ�H2ώˬ ˼�ļȤ%HəþΎþƧ
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�Fώ_��^�ΉĀLĭȗ#*x���i�LΖǸʩ5Ǩý%H 2�ýȮH [7]Ϗ#�#ώˍΖþ

̀̍7Ȉʨ µmˇƳ5ĆΛ"Iώ_��^�5Ƌ%HʭǸʩ4þŸ΄ǧǒBǬ*4�Ϗ 

� ͯƮώʕÊˬ˼5��H_��^�Lώʕ�*�G6>>6ʍǚ1Ĳ̼Ě%HȎɢ2#0ώ SHG θ

ǊΓ�ɤʬ"I0�H[8]Ϗ SHGθǊΓ17ώΪ£ǍƋˆɃ͸ʋ͞1�H_��^�þŸ5Ƌ#0τ{

�[íΦŢLȤ%H͢ʶx�díLðƍ%H2ώ_��^�þŸ26Ϊ˵ƿʮ¯Ìʗ5EGɣΔŪǻ�

͡ Gώðƍ��a�í6ğɣΔ24H SHGí�_��^�þŸ�Fʌʞʩ5ʦʕ%HϏ 6 SHGí

L̾ɳ%H 25EGώ_��^�L΄ǧʩ�.τ_�p�dp1Ĳ̼Ě1�HϏ"F5ώSHGθǊΓ

7ώΪȶ̜ώÇÒ̷ώɭɪʹǒώʈʩj��c�Ɛ"�ώτ�ˍΖþ̀̍ώ3 ɊêQ��c�\�Ĳ̍

2�-*2ʌǌLȤ%H*Aώ I>15ʪ̑[9]ώ̿̒[10]ώς[11]ώͧς[12]ώ̐[13]˔6Ʉ
4ˬ˼

_��^�6̾Ɖ5ǐʗ"I0�HϏͯƮώΪÒ̷̾ɳ6ʌǌLĄʗ#ώʈäCđä6ɟʥ;ˇ6�s

i��\5Bǐʗ"I0�H[14, 15]Ϗ 

� SHGí6ʦʕƼƳ7_��^�ʀƳ6?F4F&ώ_��^�6Ƀ͸ʩǜʇǒότɊɃ͸ǒύ5BÐ

Ź%HϏ̐6×ǉ;ˇ17ώɃ͸ʩ5Ȩʇ4όÇɊɃ͸ύ_��^��ȍʕ"I*ǅώ��o��\5

E-0Ƀ͸ʩ5ǜʇ#*ότɊɃ͸ύ6_��^�;2˾ǻ"I0��Ϗǆ-0ώ SHG íƼƳ7ώ̐

×ǉ6Ƴķ�L_��^�2��̾ʂ1ĭȗ#*í~��}2#0ĄʗýȮHĲ̍ǒLȤ#0�HϏ>

*ώÿʊĚ%H 24�ώΪȶ̜1ˬ˼_��^�L΄ǧʩ5Ĳ̼ĚýȮH61ώSHGQ��c�\1

ƿǚʩ×ǉL͈Ñ#*ǅ5ώƸƻG͉ρ5EHĒŻʩŌǉL͈Ñ%H 2�ýȮHϏ(6ˮȴώĹ�`

�~�5Ƌ#0ώƿǚ×ǉ2ĒŻʩŌǉ6¡Ȏ6ǕšLįǇ%H 2�Ĳ̍54H 2�ȦǄ"IHϏ 
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� ȩʸˌ17ώR`Z̐Ǿä�o�Lʗ�0ώɋƪ̐�E:×ǉ̐6 SHG Q��c�\5EGώƿǚ

ʩ×ǉL_��^�Ęǚ6̾ʂ�F͈Ñ#*ϏɊ5ώSHG Q��c�\ǅ6`�~�5Ƌ#0ώĒŻʩ

ŌǉL͈Ñ%H*A6Ƹƻ͉ρḼ�ώǇFI*ǐĒ-9&?Ȟ˵�F��\ʑL˘ý#*ϏȢǅ5ώ

SHGƼƳ2��\ʑ6ʮΗΗÔL͈Ñ#ώƿǚʩ×ǉ2ĒŻʩŌǉ6Η͹ǒ5.�0̂Ɖ#*Ϗȩʸˌ

6Ȣ˫ʬʩ2#07ώ I>1ʹŨʩȿȸ1#�͈Ñ1�4�-*̐×ǉ6ˬ˼Ż�ĒŻʩ͈ÑLώÇ

Ò̷ʩ SHGQ��c�\1ºȡ1�H 2Lʾ% 21�HϏÇÒ̷ʩ4 SHGQ��c�\�̐×ǉ

;ˇLȕF�51�I8ώ×ǉʍǚ5ǐ$*ͽĘ̡͙6ɛſ43̐Ȍ̱6̔Ʊ5Ȥʗ4m��24H 

2�ȦǄ1�HϏ 

 

	���c¯4JAH"�� 

	�����c¯4JAH�

� ĘʋƁρī:ɷã5Η#07ώǋƜŭŻĘʋƁρÜʓŶŅÂόǋĘʋ 12133ύ6Ǣ͍LǇ*ϏȩƁρ

17ώì̭ʸˌ5Ş/�*Ɓρ~�p_�[16] Lʗ�0ï̐Ȍ̱�o�LÌǜ#ώƁρḼ-*Ϗν̉

ʔŦ;6΃ǐ6*Aώϔ́6ȑȩʧ̜ƅïό8–10ͺϊ, ÊΌ = 2.0 – 2.5 kgώěƙ��dȻƷÂˀύLƁ

ρΕŵϒͺċEGǿð#ώǓɲǓɴ6�ν̉#*Ϗ̐Ȍ̱6ū˄ʩÌǜ6*AώQg|���5EHĽ

ðχΊόƏðϖϋώ˱Ǭϓϋύ�1ώĴͣLΝɖ[���1̎ɖ#*ǅώΔɒǭƔ˕̐LΧý"'ώNo. 

116ū˄ʗ�d5EGΑĄ5ÿȌ#*Ϗ(6ǅώȌ̱·L��~rQ��˸ķˡ5EG˸ķ#ώÙÊ!

25(I)I]�c1ν̉#*Ϗ̮ǅϕͺΖν̉#*ǅώg�u��k�6;ďǥ�5EGƗɑ#ώ¡
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ͣ�F(I)I̐Lɋƪ`�~�όn = 8ύ�E:×ǉ`�~�όn = 8ύ2#0Ƕį#ώ-15 �1úûÕ

Ź#*Ϗ`�~�7Ɓρȑ5Ƃɲ1̀û#ώ SHGQ��c�\ǅ5ͷC�5Ƹƻ͉ρḼ-*Ϗ  

 

	�����0�. ­o¨$8;<,;A�

� Ő 4-1 5Ɓρ6flpOl~Lʾ%Ϗíɶ5ʕÊʹ;ǒ6τ�|S�p˅��qĹȦ Cr:forsterite �

�a� (Cr-F-65PώAvestaˀ̵ώ£ǍɣΔ 1250 nm, x�dƫ 70 fs, ˽Ͱ#ĿɣȈ 73 MHz) Lʗ�* SHG

θǊΓLÎʗ#0�H[17]Ϗíɶ�Fýƍ#*��a�í7ώλ/2ȱόHWPύ2ÝíŸόPύ5EG`�

~�̯Ϋ5��0ƭŗx��� 20 mW24HE�5͐ȉ"IHϏ>*ώ  17 SHGʦʕĖʑ6Ýí

ÐŹǒLY��f�%H*Aώλ/4 ȱόQWPύLʗ�0��a�ÝíL÷Ýí5Ūǻ#0�HϏ`�~

��6��a�d�lp7ώX�wu���όGMύ2�����eόRLύ�E:ɞɪ6Ƌʋ��eόOL; 

CFI Plan 50 × H, s_�ˀ̵ώN.A. = 0.90ώW.D. = 350 µmύ5EGώτͷ 2Ɋê͠ȸ"IHϏʦʕ#*

SHG í7Ĺ$Ƌʋ��e5E-0΢í"Iώv��sl[fx��i�όHS; LWP-45-Runp625-

Tunp1250-B-1013, Lattice Electro Opticsˀ̵ώĭƍɣΔ = 625 nmύ2w�qxd|P�i�όBPF; 625/26 

nm BrightLine, Semrockˀ̵, ʹ;ɣΔ = 612 - 638 nmύLʗ�0 SHGíǜþ6?LǨý#*ǅώΦŸú

Ħ|Up�WR�nP�\říΦŸŧÚ˙όPMT; H7421-40ώɨȰ�ps[dˀ̵ύ5E-0ȿý"I

HϏ 6E�4��a�͠ȸíŻˢLʗ�0ώ256 × 256{[f��F4H 400 µm × 400 µm6ɳſγś

LɳſșΖ 2˅/Q��c1Ĳ̼ĚýȮHϏȩƁρ17ώQ��c�\γś6ǫŭ6*AώɈȾƷdn�

cLʗ�0`�~�L��ƢĴ5Ę�% 25EG̓ 64ȳ6 SHGQ��cLįǇ#ώ(I)IL˻�
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ķK'H 21ώɳſγś 3.2 mm × 3.2 mm6ŭΫˋ SHGQ��cLįǇ#0�HϏ>*ώQ��c�

\6Ρώ`�~�6«ʉL΅�H*Aώ̕Ì6X�doPlb��p�Lʗ�0`�~�Lʕʓλťə

5ɪ#*>>̓ɳ#0�HϏ 

 

 

Ő 4-1 SHGθǊΓ6flpOl~ϏHWP: λ/2ȱώP: ÝíŸώQWP: λ/4ȱϏ GM: X�wu���ϏRL1, 

RL2: �����eώHS: v��sl[fx��i�ώOL: Ƌʋ��eϏBPF: w�qxd|P�i�ώ

PMT: íΦŸŧÚ˙Ϗ 

 

	�����ij£¯�

� Ɋ5ώĹ�`�~�6ˬ˼Ż�ĒŻʩʌǒLǇH*AώSHGQ��c�\Ḽ-*ǅώͷC�5Ƹƻ
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͉ρḼ-*ϏƸƻ͉ρ57ώƦ͛6Ġ�Ƹƻ͉ρɈόEZ-S, Ɯɥ̵Ìǟ̵, ̡̡͙ΌƆΎ = 500 Nώ�

�qf�˟Ƴ = ±1 %ύLʗ�0ώɋƪ�E:×ǉ`�~�6ĒŻʩʌǒL͈Ñ#*Ϗ`�~�LƸƻ͉

ρ6ɟô1ǯ?ͮM+ǅώ̐6Δ�ʶͩLɳſ#ώ̐6ȌΫLɀ÷ͯÅ%H 25EGȌΫˋL˘ý#

*ϏƸƻ17ώĹɄ4`�~�Lʗ�0̭KI0�Hì̭ʸˌ5¦-įGώͷƳ 2 cm/min6ſ9&?L

��0�H[3]Ϗ>*ώ  17ǐĒ6Û2#0òˆǐĒLǶʗ#ώǇFI*ǐĒ-9&?Ȟ˵�F��\

ʑL˘ý#*Ϗ 

 

	���	��¡ x�

� įǇ#* SHG Q��c�F̓˘#*ƭŗ SHG ƼƳ7ώƭŗ±ɅɷÝƣ1ʾ#0�HϏ>*ώȤǗƣ

ȿſ7ώɋƪ`�~�̀2×ǉ`�~�̀6Ζ1 Student6 tȿſLʗ�0ɕͪ#ώƭŗ SHGƼƳ�E

:��\ʑ6Û6ȤǗƣL͐<*ϏȢǅ5ώƭŗ SHG ƼƳ2��\ʑΖ6ʮΗ5.�07ώɛſÔȈ

όR2ύLʗ�*Ϗ 

 

	��� c¯�y�

	�����}e�F&Rn4JAH$ 0�. -BiSJ1�

� 7$A5ώ_�p���6 SHG Q��c�\Ḽ-*ϏȩƁρ5��Hɳſɭ"7ώB-2Bτ�

Q��c�_�p�dp�ǇFI* 100 µm5˯�#0�HϏŐ 4-2 (a) 5_�p���ϔ`�~�ό_

�p���(A), (B), (C)ύ6ŭΫˋ SHGQ��cόQ��cγś = 3.2 mm × 3.2 mmύLʾ%Ϗ IF6
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SHGQ��c�Fώ��ȎĻ5̻Ċʩ5ΉĻ#*_��^�˵˱þƧ�ʻ͍1�ώ I7̐6ΔͩȎĻ

5�̖#0�HϏ>*ώŐ 4-2 (a)6�,6͟ȵ1ŏKI* 400 µm × 400 µm6γśLǫŭ#*Q��c

1�HŐ 4-2 (b)5��0ώĢ�ͩΉĻLʾ%̐5ʌǌʩ4ώŮ�_��^�˵˱6 crimpɃ͸�ʻ͍ý

ȮHϏ IF6ʌǌ7ώ̐5��H_��^�˵˱6ˬ˼Żʩǟ̺2�̖#0�H 2�FώSHGQ�

�cLʗ�H 21̐5��H_��^�6ˬ˼Żʩ4ǕšLÿʊĚ'&5Ϊȶ̜1̾ƉýȮH 2

Lʻ͍1�*Ϗ 

� Ɋ5ώ̐Ȍ̱�×ǉ�o�6 SHGQ��c�\Ḽ-*ϏȌ̱ǅϕͺ6×ǉ̐17ώȍ*5ʖʕ"I

*ʣʡˬ˼5EGȌ̱·�×ǉ"I0�Gώ 6×ǉ·þ6 SHGQ��c�\Ḽ-0�HϏŐ 4-35

8.6ʞ4H×ǉ`�~�6ŭΫˋ SHGQ��c6ɕͪLʾ%ϏƢĀ57Q��c�_�p�dpLɋ

ƪ`�~�6Q��c2ķK'*Ρ6Q��cόQ��cγś = 3.2 mm × 3.2 mmώ 2048 × 2048{[f

�ύώ£Ā57Q��c�_�p�dpLƼ͐#*Q��cόQ��cγś = 3.2 mm × 3.2 mmώ 2048 × 

2048 {[f�ύώĴĀ57£ĀQ��c5��Hψŋ̿ȵ6γśLǫŭ#*Q��cόQ��cγś = 

400 µm × 400 µmώ 256 × 256{[f�ύLʾ%Ϗ>&ώŐ 4-3ƢĀ6×ǉ`�~�6Q��cLώŐ 4-

2(a)(b)(c)6_�p���`�~�2ɕͪ%H2ώñ06`�~�5��0 SHG ƼƳ�θ̤5Ç�#0

�H 2�ʻ͍1�HϏ I6ĩō2#0ώ×ǉ·þ5��H_��^�ʀƳ�Ç�+�14�ώ_�

�^�˵˱�Ƀ͸ʩ5Ȩʇ1�H*AώSHG ʦʕĖʑ�Ç�2�� 2�Η͹#0�H2̂�FIHϏ

×ǉ·6_��^�˵˱Ƀ͸Lȕʻ5Ĳ̼Ě%H*AώŐ 4-3 ƢĀ6 SHG Q��c6\��d]��

L 3ÚƼ͐"'*ό£Āύǅώψŋ̿ȵ6 400 µm × 400 µm6γśLǫŭ#*B6�Ő 4-3ĴĀ1�HϏ
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×ǉ`�~�5��H×ǉ·6_��^�˵˱Ƀ͸7ώΉĻ�Ǻ-0�F&ώcrimp Ƀ͸Bʻ͍1�4

� 2�FώŐ 4-26ɋƪ`�~�2ɕͪ#0ȕF�5ʞ4HɃ͸LǬ-0�H 2�K�-*Ϗ 6

E�4_��^�˵˱Ƀ͸6΁�6̸ō2#07ώɋƪ̐6¥ǜþ7Ƀ͸ʩǜʇƳ�τ�ώΉĻǒBτ

�iQ~�_��^�1�H65Ƌ#0[18]ώ×ǉ·όʣʡˬ˼ύ6¥ǜþ1�HiQ~	_��^�

7Ƀ͸ǜʇƳ�Ç�[19]ώΉĻB̛�Ǻ-0�4� 2�̂�FIHϏ 

�   1ώ¡`�~�6 SHG ʛçL˜Ģ5ſΎɕͪ%H*AώĶʛç6ƭŗ SHG ÖĵƼƳL˘ý#ώ

ɕͪḼ-*ϏŐ 4-47ώ_�p���`�~�όn = 8ύ2̐Ȍ̱�×ǉ`�~�όn = 8ύ6ƭŗ SHG

ÖĵƼƳ6ɕͪLʾ#0�HϏ_�p���`�~�6ƭŗ SHGÖĵƼƳ7 201±371�-*65Ƌ#

0ώ̐Ȍ̱�×ǉ�o�17 36±211�-*Ϗ¡̃57θ̤4ȤǗƣ�ʻ͍"Iόp < 0.001ύώ̐Ȍ̱�

×ǉ�o�6ƭŗ SHG ÖĵƼƳ7_�p���2ɕͪ#0 17.9ϋ1�-*Ϗ 6ˮȴ�FώȌ̱�F

ϕͺΖ˭;#ώū̾7ʥķ#0�HE�4̐1Bώ_��^�Ƀ͸2��̾ʂ�F̺H2ˬ˼Żʩ×ǉ

�>+>+ȨŽñ1�H2͂�HϏ 
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Ő 4-2�  (a) ϔ.6ɋƪ`�~�ό[control (A), (B), and (C)]ύ6ŭΫˋ SHGQ��c6ɕͪϏQ��c

`Qe =  3.2 mm × 3.2 mm, {[f�`Qe = 2,048× 2,048{[f� (b) Ő 4-2(a)£6͟ȵ5��Hǫ

ŭŐϏQ��c`Qe =  400 µm × 400 µmϏ{[f�`Qe =  256× 256{[f�Ϗ 
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Ő 4-3�  (a) ϗ.6×ǉ`�~�ό[Healing (A) - (F)]ύ5��HŭΫˋ SHGQ��c6ɕͪϏƢĀϘ_

�p�dp͐ȉL#0�4�ŭΫˋ SHGQ��cϏQ��c`Qe =  3.2 mm × 3.2 mm, {[f�`

Qe = 2,048 × 2,048{[f�Ϗ£ĀϘ_�p�dpŧŭ#*ŭΫˋ SHGQ��cϏQ��c`Qe =  

3.2 mm × 3.2 mm, {[f�`Qe = 2,048 × 2,048{[f�ϏĴĀϘŐ 4-3£Ā£ψŋ̿ȵ6ǫŭŐϏQ

��c`Qe =  400 µm × 400 µmϏ{[f�`Qe =  2,048 × 2,048{[f�Ϗ 
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Ő 4-4� ɋƪ`�~�όn = 8ύ2×ǉ`�~�όn = 8ύ6ƭŗ SHGƼƳ6ɕͪϏT��w�ϘɅɷÝƣϏ

***, p < 0.001ϏpÛ7 Student6 tȿſLʗ�0̓˘#*Ϗ 

 

	�����}e�F&Rn4JAH$ij£¯�

� �ͱ6 SHGQ��c�\Ḽ-*`�~�5Ƌ#0ώƸ�˰�Ƹƻ͉ρḼ-*ϏŐ 4-5 (a)(b)(c)7ώ

_�p���(A), (B), (C)6`�~�5Ƌǐ%HǐĒ-9&?Ȟ˵Lʾ#0�HϏ�&I6ǐĒ-9&?Ȟ

˵5��0BώĹɄ4ǰH̘��ʻ͍1�HϏÇ̡͙ǐĒʍǚ5��0Ϊ˵ƿ59&?�ŧŭ#*ǅώ

ǐĒ29&?7˵ƿΗÔLʾ#*Ϗ I�ώ̐ ˬ˼6ƽǒŪƿ6γśLʾ#0�H 254HϏ(6ǅώ

ΚÁ5ą΀%H2ώø:Ϊ˵ƿ4ǰH̘�6ţǒŪƿLʾ#ώȢ˫ʩ5ʹȌ5ąHϏ IF6ǰH̘�

7ώì̭ʸˌ[7]2̛��̖#0�HB66ώȩƁρ5��HƽǒŪƿǅ6{�[7ΚÁʂ14�ώƸƻ

͉ρɈ6ɟô�F`�~��ɺ-* 2L̯#0�HϏ#*�-0ώ¶Ō7{�[ʂ»ċ6o�i6?
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LǶʗ#ώultimate strength43��\ʑ»ū6x���i�7̀Ȳ#0�4�Ϗ 

� Ɋ5ώ̐ ×ǉ`�~�6`�~�6Ƹƻ͉ρḼ-*ϏŐ 4-6 (a)(b)(c)7ώ̐ Ȍ̱�×ǉ�o�(A), (B), 

(C)6`�~�5Ƌǐ%HǐĒ-9&?Ȟ˵Lʾ#0�HϏ�&I6`�~�5��0BώĹɄ4ǰH̘

��ʻ͍"I*ϏŐ 4-5 (a)(b)(c)6_�p���ĹɄώÇ̡͙ǐĒʍǚ5�HΪ˵ƿ9&?γśώ(6ǅ

5Ƹ�˰�˵ƿ9&?Lʾ%ƽǒŪƿγśώΪ˵ƿǮĘLʾ%ţǒŪƿγś�ʻ͍"I*Ϗ 

� Ɋ5ώǐĒ-9&?Ȟ˵6˵ƿ�Ȕd��~·þ5Ƌ#0ώ˵ƿ|PlnP�\Ḽ�ώ(6å�L�

�\ʑ2#0˘ý#*ϏŐ 4-77ώ_�p���`�~�όn = 8ύ2̐Ȍ̱�×ǉ`�~�όn = 8ύ6

��\ʑ6ɕͪLʾ#0�HϏ_�p���`�~�6��\ʑ7 0.63±0.15 MPa1�-*65Ƌ#0ώ

̐Ȍ̱�×ǉ�o�6��\ʑ7 0.36±0.231�-*Ϗ¡̃57ȤǗƣ�ʻ͍"Iόp < 0.05ύώ̐Ȍ̱�

×ǉ�o�6��\ʑ7_�p���6��\ʑ2ɕͪ#0 57.1ϋ1�-*Ϗ I7ώȌ̱�FϕͺΖ

˭;#0Bώˬ ˼ŻʩŌǉ2ĹɄώ̐ Ȍ �̱×ǉ�o�6ĒŻʩŌǉ7�Žñ1�H 2Lʾ#0�HϏ 

 

Ő 4-5 ɋƪ`�~�( control (A), (B), (C))6ǐĒ-9&?Ȟ˵Ϗ͟˵ϘǐĒ-9&?Ȟ˵5��H˵ƿγś

6|PlnP�\Ȟ˵Ϗ  
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Ő 4-6 ×ǉ`�~�( Healing (A), (B), (C))6ǐĒ-9&?Ȟ˵Ϗ͟˵ϘǐĒ-9&?Ȟ˵5��H˵ƿγś

6|PlnP�\Ȟ˵Ϗ  

 

Ő 4-7� ɋƪ`�~�όn = 8ύ2×ǉ`�~�όn = 8ύ6��\ʑ6ɕͪϏT��w�Ϙ� ɅɷÝƣώ

*, p < 0.05.� pÛ7 Student6 tȿſLʗ�0̓˘#0�HϏ 

 

	�����g^ 0�. kh"DJ1�$�© 

� ȩʸˌ17ώĹ�`�~�6ƭŗ SHGƼƳ2��\ʑ�ǇFI*61ώ IF¡̃6ʮΗL͐<*Ϗ
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Ő 4-85̓˘ˮȴLʾ%Ϗ  1ώΨŋ̿~�lp7ɋƪ 8`�~�6ώ˴¤~�lp7×ǉ 8`�~

�6~�lpLʾ#0�HϏŐ�Fώɋƪ`�~�17~�lp�ƭŗ SHG ƼƳ���\ʑ2B5τ

�γś5þƧ#0�H65Ƌ#0ώ×ǉ`�~�17ƭŗ SHG ƼƳ�Ç�γśώ��\ʑ5Η#07

8F.�LǬ-0þƧ#0�H­�K�HϏ IF6ˮȴ�Fɋƪ`�~�2×ǉ`�~�6ɛſÔȈ

LɚA*2 Jώ0.37όR2ύ�ǇFI*Ϗ 

 

Ő 4-8� ƭŗ SHGƼƳ2��\ʑ6ʮΗϏΨŋ̿~�lpϘɋƪ`�~�όn = 8ύώ˴¤~�lpϘ×

ǉ`�~�όn = 8ύώ͟˵Ϙ¡~�lp6˵ƿ|PlnP�\Ϗ  
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	�	��d 

� ȩƁρ17ώ×ǉ`�~�6 SHG Q��cLįǇ6Ρώʣʡˬ˼LįGΝ�0̓ɳḼ-*Ϗ  

1ώ 6E�4O~��k�̐×ǉ�si��\5��H̔Ʊǐʗ6Ρ5̭� 2�1�H�ώ̂Ɖ%

Hǎ̸��HϏ̐6ɟʥ7ώ̐ö·�F6×ǉ2ώ̐LęM1�HĿͭˬ˼�F6ū·ʩ×ǉ2��ϓ

.5þκ%H 2�1�ώǅ̃7ʣʡˬ˼ƿǜ5Η͹#0�HϏ 6ʣʡˬ˼�ǜʇ%H2ώ̐6ˬ˼

2#0įGͮ>IH 2��H*Aώʣʡˬ˼6ΝĪ7ū·ʩ×ǉ6ͻ̭LΙƄ%HĲ̍ǒ��HϏȩ

ʸˌ1ʗ�*Ȍ̱ǅϕͺΖ6`�~�17ώʣʡˬ˼�̐ˬ˼2Žñ57�ÊĚ#0�4�-**Aώ

¶Ō6Q��c�\6Ρ57ώ̐ˬ˼5��H_��^�˵˱Lɋʻ5Ĳ̼Ě%H*Aώʣʡˬ˼6Ν

ĪḼ-*Ϗ�Ȏ1ώ I»�6ɟʥȦΖL��H2ώˬ˼6��o��\6*Aώ̐ˬ˼2ʣʡˬ˼

L̺þ�H 2�Τ#�4H�ώʣʡˬ˼̕Ê�×ǉ6Ƴķ�5Η%HǕšL��HĲ̍ǒB�HϏB

# SHG Q��c�\5EGώö·�ū·�F6×ǉ6¡ȎL̺þ�H 2�ýȮHE�54I8ώ̐

×ǉL͈Ñ%HȤʗ4Ǡɢ24H 2�ȦǄ1�HϏȩƁρ17ώex vivo1̐6×ǉL͈Ñ#*�ώͯ

ƮʦƖ�ʬ̽>#�í|NQw�~��}ǣ̮[20]2 SHGθǊΓLˬ?ķK% 2�1�I8ώ̔ Ʊ;

6ǐʗ6Ĳ̍ǒBΕ�0�H2̂�FIHϏ 6E�4|NQw�~��} SHG θǊΓ7̔Ʊǐʗ6

?4F&ώƐřĚ5EGƸƻ͉ρḼ4�4�F6ʛçįǇ;6ǐʗBĲ̍1�H2̂�FIHϏSHG

Q��c7ώzoV��pįǇBĲ̍1�H*Aώ_��^�˵˱�ĒŻʩ̡͙Lİ�036E�5Ū

Ě%H6�L̾Ɖ%H 2BĲ̍54H2̂�FIHϏ 

� SHG Q��c�FǇFIHſΎǕš6Ǩý6Ρώ¶Ō7˜Ó4͈Ñx���i�1�H SHG íƼƳ
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6ǕšLʗ�*�ώíƼƳ7_��^�6ʀƳCɃ͸ǜʇƳ6?F4F&ώ��a�í6ƼƳDF�C

ɳſɭ"ώ`�~�6íŻʌǒώ`�~�6̯Ϋʍǚ435BÐŹ%HϏ 6E�4̸ō�¶Ō6Ɓρ

5��HT��w�CɛſÔȈ� 0.3724-* 25ǁήL��*2̂�FIHϏ>*ώ̀ �~�Ȉ�

Ƒ4�-* 2CώȌ̱ǅϕͺΖ2���.6ƁρT�q�Q�pLǬ.`�~�6?L̓ɳ5ʗ�*

 2�̸ō2#0̂�FIHϏ#*�-0ώ¶ǅ7ώSHGx���i�2#0Ýí̀ȲCʛç̀Ȳ43

6íƼƳ5ÐŹ#4�̀Ȳ�F͈Ñx���i�LǨý%H 2Cώ`�~�ȭ¾�E:(6ȈL̂Ǜ

%H 21ώSHGx���i�2��\ʑ26ʮΗÔȈLĻ�1�H2̂�FIHϏ 

 

	�
�D"( 

� ȩʸˌ17ώï̐×ǉ�o�LÌǜ#ώSHGθǊΓ2Ƹƻ͉ρLʗ�0̐6×ǉLˬ˼Ż�ĒŻʩ̾

ʂ�F͈Ñ#*ϏSHGθǊΓLʗ�H 25EGώΪȶ̜16ˬ˼Żʩ̾Ɖ�Ĳ̍24-*ˮȴώĹ�

`�~�6ˬ˼Ż�ĒŻʩǕšLǇH 2�Ĳ̍24-*ϏSHGθǊΓ5EGĲ̼Ě#*_��^�Ę

ǚ2̐6ĒŻʩʌǒ6Ζ57ΗÔǒ��H*AώSHGíƼƳ2��\ʑ6ʮΗL̓˘%H2ώ£ˇƳ6

ɛſÔȈ 0.37 �ǇFI*Ϗ 6E�4ˮȴ�FώSHG θǊΓ7̐Ȍ̱5��0ˬ˼Ż�ĒŻʩ×ǉL

͈Ñ%HǠɢ2#0Ȥʗ1�H 2�ʾŇ"I*Ϗ 



 - 65 - 

 Z�t� 

 

[1] J. B. Møller , S. P. Magnusson, L. R. Rasmussen, M. Kjear, and P. Aafaard, “Muscle performance during 

maximal isometric and dynamic contractions is influenced by the stiffness of the tendinous structures”, J. Appl. 

Physiol. 99, 986 (2005). 

[2] J. Kastelica., A. Galeskiab, and E. Baera, “The multicomposite structure of tendon”, Connect. Tissue Res. 6, 11 

(1978). 

[3] C. A. Carlstedt, K. Madsen, and T. Wredmark, “Biomechanical and biochemical studies of tendon healing after 

conservative and surgical treatment”, Arch. Orthop. Trauma Surg. 105, 211 (1986). 

[4] P. Sharma, N. Maffulli, “Tendon injury and tendinopathy: healing and repair”, J. Bone Joint Surg. Am. 87, 187 

(2005). 

[5] U.G. Longo, F. Franceschi, L. Ruzzini, C. Rabitti, S. Morini, N. Maffulli, and V. Denaro, “Characteristics at 

haematoxylin and eosin staining of ruptures of the long head of the biceps tendon”, Br. J. Sports Med. 43, 603 

(2009). 

[6] R. Cetti, J. Jung, and M. Vyberg, “Spontaneous rupture of the Achilles tendon is preceded by widespread and 

bilateral tendon damage and ipsilateral inflammation: A clinical and histopathologic study of 60 patients”, Acta. 

Orthop. Scand. 74, 78 (2003). 

  



 - 66 - 

[7] M. E. Schweitzer and D. Karasick, “MR Imaging of disorders of the Achilles tendon”, Am. J. Roentgenol. 175, 

613 (2000). 

[8] P. J. Campagnola and C. Y. Dong, "Second harmonic generation microscopy: principles and applications to 

disease diagnosis" Laser Photon. Rev. 5, 13 (2011). 

[9] T. Yasui, Y. Takahashi, M. Ito, S. Fukushima, and T. Araki, “Ex vivo and in vivo second-harmonic-generation 

imaging of dermal collagen fiber in skin: comparison of imaging characteristics between mode-locked Cr:forsterite 

and Ti:sapphire lasers”, Appl. Opt. 48, D88 (2009). 

[10] H. Y. Tan, S. W. Teng, W. Lo, W. C. Lin, S. J. Lin, S. H. Jee, and C. Y. Dong, “Characterizing the thermally 

induced structural changes to intact porcine eye, part 1: second harmonic generation imaging of cornea stroma”, J. 

Biomed. Opt. 10, 054019 (2005). 

[11] W. R. Zipfel, R. M. Williams, R. Christie, A. Y. Nikitin, B. T. Hyman, and W. W. Webb, “Live tissue intrinsic 

emission microscopy using multiphoton-excited native fluorescence and second harmonic generation. Proc. Natl. 

Acad. Sci. U.S.A. 100, 7075 (2003). 

[12] J. C. Mansfield, C. P. Winlove, J. Moger, and S. J. Matcher, “Collagen fiber arrangement in normal and diseased 

cartilage studied by polarization sensitive nonlinear microscopy”, J. Biomed. Opt. 13, 044020 (2008). 

[13]�R. A. Rao, M. R. Mehta, and K. C. Toussaint, "Fourier transform-second-harmonic generation imaging of 

biological tissues", Opt. Express 17, 14534 (2009). 

[14] J. B. Sereysky, N. P. Andarawis, K. J. Jepsen, and E. L. Flatow, “Structural and mechanical effects of in vivo 

fatigue damage induction on murine tendon”, J Orthop. Res. 30, 965 (2012). 

[15] T. Abraham, G. Fong, and A. Scott, “Second harmonic generation analysis of early Achilles tendinosis in 



 - 67 - 

response to in vivo mechanical loading”, BMC Musculoskelet Disord. 12, 26 (2011). 

[16] J. Leppilahti, J. Puranena, and S. Oravab, “Incidence of Achilles tendon rupture”, Acta Orthop. Scand. 67, 277 

(1996). 

[17] T. Yasui, M. Yonetsu, R. Tanaka, Y. Tanaka, S. Fukushima, T. Yamashita, Y. Ogura, T. Hirao, H. Murota, and 

T. Araki, "In vivo observation of age-related structural changes of dermal collagen in human facial skin using 

collagen-sensitive second harmonic generation microscope equipped with 1250-nm mode-locked Cr:Forsterite 

laser", J. Biomed. Opt., 18, 031108 (2013). 

[18] T. W. Lin, L. Cardenas, and L. J. Soslowsky, “Biomechanics of tendon injury and repair”, J. Biomech. 37, 865 

(2004). 

[19] S. W. Chang, S. J. Shefelbine, and M. J. Buehler, “Structural and mechanical differences between collagen 

homo- and heterotrimers: relevance for the molecular origin of brittle bone disease”, Biophys. J. 102, 640 (2012).  

[20] Y. Zhang, M. L. Akins, K. Murari, J. Xi, M. J. Li, K. L. Phelps, M. Mahendroo, and X. Lia, “ A compact fiber-

optic SHG scanning endomicroscope and its application to visualize cervical remodeling during pregnancy”, Proc. 

Natl. Acad. Sci. USA 109, 12878 (2012). 

  



 - 68 - 

¸�� 0�. �S xH�9!�Rn�h$¢n�

�


���-J<I:05EJ�

� ˒ϕː17ώSHGí6ʦʕƼƳ�_��^�ʀƳ6?F4F&ώ_��^�6Ƀ͸ʩǜʇǒότɊɃ

͸ǒώΉĻύ5BÐŹ%H[1]2�� 25ʳʬ#ώSHGθǊΓLώǾä#*̐5��H×ǉƳķ�6͈

Ñ5ǐʗ#*Ϗ̐6×ǉ;ˇ17ώɃ͸ʩ5Ȩʇ4όÇɊɃ͸ύ_��^��ȍʕ"I*ǅώ��o�

�\5E-0Ƀ͸ʩ5ǜʇ#*ότɊɃ͸ύ_��^�;2˾ǻ"I0��Ϗǆ-0ώSHGí7ώ_�

�^�τɊɃ͸2��̾ʂ�F̐×ǉ6Ƴķ�Lĭȗ#*í~��}2#0ĄʗýȮHĲ̍ǒLȤ#

0�HϏ"F5ώSHGθǊΓ17ÿʊĚ%H 24�Ϊȶ̜1ˬ˼_��^�L΄ǧʩ5Ĳ̼Ě1�H

61ώSHGQ��c�\1̐6ƿǚʩ×ǉL͈Ñ#*ǅ5ώƸƻG͉ρό��\ʑύ5EG(6ĒŻʩ

ŌǉL͈Ñ1�HϏ(6ˮȴώǆȮŎΤ1�-*Ĺ�`�~�5Ƌ#0ώƿǚʩ×ǉ2ĒŻʩŌǉ6¡

Ȏ6Ǖš�ǇFIHϏB#ώSHGx���i�2��\ʑ6Ζ5̛Ŵ4ʮΗ�ǇFII8ώʹŨʩ4Ƹ

ƻG͉ρḼK&2BĒŻʩŌǉ6͈Ñ�Ĳ̍54Gώ̔Ʊǐʗ;6ƖΕ�Ε�0�HϏ˒ϕː6Ɓρ

17ώï̐ɋƪ/Ǿä�o�6ƭŗ SHG íƼƳ2��\ʑ6ʮΗΗÔL͈Ñ#ώ¡̃6Ζ5΃Ƴ4ʮΗ

��H 2Lʻ͍#*Ϗ#�#ώ SHG íƼƳ7_��^�6ʀƳCɃ͸ǜʇƳ6?4F&ώðƍ��

a�ƼƳCώ`�~�6íŻʌǒόĽĮCȇ©ώ̯Ϋĭƍ˔ύ˔5BÐŹ%H*AώSHGx���i�

2#0ǎ&#B΃#0�H27͂�4�Ϗǆ-0 SHGíƼƳǕš27ʎˏ4 SHGx���i�6Ąʗ

�ȥ>IHϏ 
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� SHGíƼƳǕš27ʎˏ4 SHGx���i�2#0ĄʗĲ̍2̂�FIH6�ώSHGʛç̀Ȳ1�

HϏ( 1ȩː17ώï6ɋƪ̐�E:̐Ȍ̱�o�Lʗ�*×ǉ̐6 SHGQ��c5Ƌ#0ώ2Ɋê

|��TŪǻ (2D-FT) 5Ş/�*ʛç̀Ȳɢ[2]L΃ʗ#ώȌ̱̐6×ǉƳķ�6ſǒʩ͈Ñɢ5.�

0ȿ̈́#*Ϗ  

 


���c¯4JAH"�� 


�����c¯4JAH�

� ĘʋƁρī:ɷã5Η#0ώǋƜŭŻĘʋƁρÜʓŶŅÂόǋĘʋ 12133ύ6Ǣ͍LǇ*ϏƁρ1ʗ

�*Ęʋ�o�7ώ˒ϕː2Ĺ$1�H61ώ  17͋˩4͏ȕ7Đǘ%HϏ 

 


�����0�. ­o¨$8;<,;A�

� Ɓρ̲˾7ώ˒ϕː2Ĺ$1�H61ώ  17͋˩4͏ȕ7Đǘ%HϏ 

 


��� c¯�y�


�����0�. -BiSJ1�

� Ƕį#*ɋƪ`�~�ī:×ǉ`�~�6 SHG Q��c�\Ḽ-*Ϗ­ċ5ώʞ4HɳſɭƳ6

SHGQ��c�\όɭ"þ̀ SHGQ��c�\ώ`�~�̯Ϋ�Fɭ" 250 µm>1 10 µϚĉ?ύL

̭-*2 Jώ_��^�˵˱Ƀ͸6ɭ"ÐŹ7ʻ͍"I4�-*61ώSHGíƼƳ�τ�Q��c�
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_�p�dpB̛Ŵ4ɳſɭƳ 100 µmό`�~�̯Ϋ�Fɭ" 100 µmύ5��0ώñ06`�~�6

SHGQ��cLįǇ#ώɕͪḼ-*Ϗ>*ώðƍíx��7ώƋʋ��eýƍʭǅ5 20 mW24H

E�5“ſ#*ϏŐ 5-1όa-1ύ, όa-2ύ, όa-3ύ7ώ_�p���2#0ϔ.6ʞ4HÙÊ�FǇFI

*ɋƪ`�~�[ɋƪ`�~�
������]6ŭΫˋ SHGQ��cόQ��c`Qe = 1.6 mm × 1.6 mmώ

{[f�`Qe = 1,024 pixel × 1,024 pixelύLʾ#0�HϏñ06ɋƪ`�~�5��0ώ̼΍ñÊ5�

�0τƼƳ6 SHG íƼƳ�̾ɳ"Iώ_��^��̐Δͩό˦Ϋ��ȎĻύ5ɠ-*̻Ċɋ#�ΉĻ

þƧ24-0�H 2�ʻ͍ýȮHϏŐ 5-1 (b)7ώŐ 5-1όa-1ύ5��H͟ŋ̿ȵöLǫŭ#*Q��

cLʾ#0�HόQ��c`Qe = 400 µm × 400 µmώ{[f�`Qe = 256 pixel × 256 pixelύϏǫŭŐ

�Fώ̐ˬ˼5ʌǌʩ4ɣǡ,Ƀ͸LǬ-0�H 2�ʻ͍ýȮHϏ 6E�4ʌǌ7ώ̐ˬ˼5��

0�̙ʩ5̾Ɖ"IHˬ˼Żʩʌǌ2E��̖#0�H 2�FώSHGQ��c�\Ḽ� 21̐ˬ

˼LΪȶ̜�ΪʹŨ1̾ƉýȮ*2͂�HϏ 

� Ɋ5ώ×ǉ`�~�6 SHG Q��c�\Ḽ-*Ϗ̮ǅϕͺ�˭;#*×ǉ`�~�17ώȍ*5

ʖʕ"I*ʣʡˬ˼5EGȌ̱·Ŀͭ�̹KI0�**Aώ IF6ˬ˼LΝĪ#*ǅ SHG Q��c

�\Ḽ-*ϏŐ 5-2όa-1ύ, όa-2ύ, όa-3ύ5ώϔ.6ʞ4HÙÊ�FǇFI*×ǉ`�~�[×ǉ`

�~�
������]6ŭΫˋ SHGQ��cόQ��c`Qe = 1.6 mm × 1.6 mmώ{[f�`Qe = 1,024 

pixel × 1,024 pixelύLʾ%Ϗɳſȭ¾7ɋƪ`�~�2ĹɄ1�HϏ Ő�Fώñ06×ǉ`�~�5�

�0ώŐ 5-16ɋƪ`�~�2ɕͪ#0ώƭŗ SHGíƼƳ� 18%6̤#�Ç�Lʻ͍ýȮ*Ϗ I7ώ

_��^�ʀƳ�Ç�+�14�ώɃ͸ʩ5Ȩʇ4όÇɊɃ͸6ύ_��^�1�H*AώÙ
6_�
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�^�þŸ�Fʦʕ#* SHG í�_��^�6̻Ċʩ4ΟƘɃ͸5E-0ŧƼ"IH~�fd[17]�

�Ğþ1�-**A1�H2̂�FIHϏ 

� ×ǉ`�~�5��H_��^�˵˱Ƀ͸Lʻ͍%H*AώQ��c�_�p�dpL͐ȉ#*B6

LώŐ 5-2όb-1ύ, όb-2ύ, όb-3ύ 5ʾ%όQ��c`Qe = 1.6 mm × 1.6 mmώ{[f�`Qe = 1,024 

pixel × 1,024 pixelύϏ>*ώŐ 5-2όb-1ύ, όb-2ύ, όb-3ύ6ψȵ6Q��cγśLǫŭ#*B6LŐ 5-

2όc-1ύ, όc-2ύ, όc-3ύ5ʾ%όQ��c`Qe = 400 µm × 400 µmώ{[f�`Qe = 256 pixel × 256 

pixelύϏ×ǉ`�~�5��H_��^�˵˱Ƀ͸7ώ_��^�6ΉĻ�ȉ-0�F&ώ(6ʀƳþƧ

5B���̺�0�Gώɋƪ`�~�27ȕF�5ʞ4HɃ͸LǬ-0�H 2�ώSHGQ��cEG

ʻ͍ýȮ*Ϗ 

� Ő 5-1 2Ő 5-2 6ɕͪ�FώSHG íƼƳī: SHG Q��c5��0ώɋƪ`�~�2×ǉ`�~�

5��0ώȕʻ4ƣʞLʻ͍#*Ϗ#*�-0ώ IF6 SHGQ��c�FώΗ͹#*ſΎʩx���

i�LǨý%H 25EGώ̐ ×ǉƳķ�LſΎʩ5͈Ñ%H 2�Ĳ̍54H2̂�FIHϏ#�#ώ

SHGíƼƳ7ώ��a�íɶ6ƼƳǽF�CʕÊˬ˼6íŻʌǒόĽĮώȇ©43ύ436ǁήLİ�

C%�ώøʒǒ6τ�͈Ñx���i�27ώǎ&#B͂�4�Ϗ( 1ώSHGQ��c6ʛç̀ȲL

ʗ�H 25EGώSHGíƼƳ27ʎˏ#*͈Ñx���i�6ǨýL͉?HϏ 
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Ő 5-1 όaύϔ.6ɋƪ`�~�όɋƪ
����ύ5��HŭΫˋ SHGQ��cόQ��c`Qe = 1.6 

mm × 1.6 mmώ{[f�`Qe = 1,024 pixel × 1,024 pixelύϏόbύ(a-1) 6͟ȵγś6ǫŭŐόQ��c`

Qe = 400 µm × 400 µmώ{[f�`Qe = 256 pixel × 256 pixelύϏ 
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Ő 5-2 ϔ.6×ǉ`�~�ό×ǉ`�~�
������ύ6 (a) _�p�dp͐ȉʄ#ŭΫˋ SHGQ�

�cόQ��c`Qe = 1.6 mm × 1.6 mmώ{[f�`Qe = 1,024 pixel × 1,024 pixelύώ(b) _�p�d

p͐ȉȤGŭΫˋ SHGQ��cόQ��c`Qe = 1.6 mm × 1.6 mmώ{[f�`Qe = 1,024 pixel × 

1,024 pixelύώ(c) (b)5��Hψȵγś6ǫŭŐόQ��c`Qe ϙ 400 µm × 400 µmώ{[f�`Qe 

ϙ 256 pixel × 256 pixelύϏ 
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�����µ|T]iG.`r²�, -1³0�. -BiS�

� Ķ
6 SHGQ��c5Ƌ#0ώ2D-FTLʗ�0x��d�[p�LįǇ#όϓɊê|��TŪǻ SHG

Q��cύώ̐×ǉ6Ƴķ�5Η͹#*ſΎǕšLǨý%H 2Lȿ̈́%HϏŐ 5-3 (a) 5ώŐ 5-1 (b) 6

ɋƪ`�~�5Η%HϓɊê|��TŪǻ SHGQ��cό2D-FT-SHGQ��cύLʾ%ϏǇFI* 2D-

FT-SHG Q��cL r-θ ƴɅˢ1̺*Ρ, r ȎĻ7ˍΖĿɣȈ (£Ǎß=3ÇˍΖĿɣȈ) L, θ ȎĻ7̿

ƳLʾ%. (6Ρ5, �ȎĻ5̻Ċɋ#�¢M+_��^�˵˱Ƀ͸17˵˱ΉĻȎĻ2Řʭ4ȎĻ5

Ƽ�ǰƫLǬ,, ��j�5¢M+_��^�˵˱Ƀ͸17÷5ͯ�ƿ24H2¬ǖ"IHϏŐ 5-3 (a)

6ɋƪ`�~�17ώɣǡ.E�5ΉĻ#*_��^�˵˱þƧɃ͸5Ƌ#0ώ(I)Iʭ²#* θȎ

Ļ5Ƽ�ǰƫ��H 2�ʻ͍ýȮHό×ĥLȈĞƳŌͨ"'*E�4Ƀ͸ύϏ"F5ώ(6 rȎĻ7ɂ

A0ŭ��ˍΖĿɣȈγśό286 µm-1ˇƳύ>1Ä:0�H 2�ʻ͍1�HϏ I7ώΉĻLǬ-*

_��^�˵˱�ώɂA0ƈ5ŹŔ#0�H 2Lĭȗ#0�H2̂�FIHϏ 

� Ɋ5ώŐ 5-2όc-1ύ, όc-2ύ, όc-3ύ6×ǉ`�~�5Η%H 2D-FT-SHGQ��cLώŐ 5-3όb-1ύ, 

όb-2ύ, όb-3ύ 5ʾ%ϏÙÊ!25ʞ4Hƿʍ6ǰƫþƧ54-0�H 2�ʻ͍1�HϏŐ 5-2όc-

1ύ6×ǉ`�~�
17ώñÊʩ5��j�4_��^�þƧ54-0�H 25EGώŐ 5-3όb-1ύ

6 2D-FT-SHGQ��c1BˍΖĿɣȈ6þƧ���j�24Gώ÷5ͯ�ƿ24-0�HϏŐ 5-2όc-

2ύ6×ǉ`�~��17ώα͐4×ǉ5EGώ_��^�˵˱6ΉĻǒ�Ļ�#*ˮȴώŐ 5-3όb-2ύ

6 2D-FT-SHGQ��c5��0ώĢ�ȎĻ56?ΉĻ#0�Hό�ͩǒύ˵ ˱2ʭ²%HȎĻ5Ƽ�ǰ

ƫ�̺FIHϏȢǅ5Ő 5-2όc-3ύ6×ǉ`�~��17ώ"F5α͐4×ǉ5EGώɋƪ`�~�6
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E�4ɣǡ,Ƀ͸�ƿǜ"I*ˮȴώŐ 5-3όb-3ύ6 2D-FT-SHGQ��c5��0ώ˵˱5ʭ²%HȎ

Ļ6?4F&ώ(I5ʭ²%HȎĻ5BˍΖĿɣȈ�þƧ#ŵA0�H2̂�FIHϏ#�#ώ×ǉ`

�~��ώ�2ɋƪ`�~�6 rȢŭÛLɕͪ%H2ώ(I)I 41.2ϋώ64.2%ˇƳ6Û24-0�Gώ

ɋƪ`�~�6Ȏ�τ�ÛLǬ-0�H 2�K�HϏ I7ώ×ǉ`�~�5��07ɣǡ,Ƀ͸L

ƿǜ#*_��^�˵˱�ˬ˼ñÊ5��07þƧ#0�F&ώ×ǉ�ʌ5ͻ̭#*�·γś56?þ

Ƨ#0�H*A1�H2̂�FIHϏ 

�  6E�5ώ2D-FT-SHGQ��cLʗ�H2ώɋƪ`�~�2×ǉ`�~�6΁�6?4F&ώ×ǉ

`�~�Ζ1B×ǉƳķ�6΁�Lʾ% 2�1�*Ϗ̐6×ǉ;ˇ17ώǾäǅ5ȍ*5ʖʕ"I*

_��^��ώ��j�ΉĻ�F�ͩǒ6ΉĻ24Gώ(I�ɣǡ,Ƀ͸5ŪĚ%H 25EGώɋƪ

4̐6_��^�þƧ5Ǟ-0��2̂�FIHϏ¶Ō6Ɓρ17ώ×ǉ`�~�6×ǉôķ6ÙÊƣ

ī:·Æƣ5EGώ(6E�4�͹6;ˇ6ƿǚŪĚLĂă1�0�H2̂�FIHϏ#*�-0ώ 

6E�4 2D-FT-SHGQ��c�FſΎʩǕšLǨý%I8όÏ�8ώθȎĻ6 rˋ˘ÛLʛç!25˘

ý%H43ύώ̐×ǉ5��HſΎʩx���i�6Ǩý�Ĳ̍54H2̂�FIHϏ 
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Ő 5-3 όaύɋƪ`�~�[Ő 5-1 (b)]6 2D-FT-SHGQ��cόQ��c`Qe = 400 µm-1 × 400 µm-1ώ{

[f�`Qe = 256 pixel × 256 pixelύϏόbύϔ.6×ǉ`�~�[Ő 5-2 (c)]6 2D-FT-SHGQ��cόQ

��c`Qe = 400 µm-1 × 400 µm-1ώ{[f�`Qe = 256 pixel × 256 pixelύϏ 

 


�	��d 

� ̐×ǉ6͈Ñ7ώˬ˼Żʩ×ǉ2ĒŻʩ×ǉ6¡̼ʂ�F̭�ǎ̸��Gώ I>17ȶ̜ɢ2Ƹƻ

͉ρ�(I)IĄʗ"I0�*Ϗ#�#ώ IF6Ǡɢ7ώÒ̷ʩ�H�7ʹŨʩǠɢ1�H*Aώ×

ǉ;ˇLșˢĀ1 in situ�si��\%H 27ώŎΤ1�-*[3]Ϗ�ȎώSHGθǊΓLʗ�H2ώΪ

ȶ̜�.ÇÒ̷5ˬ˼_��^�L΄ǧʩ5Ĳ̼Ě1�HϏȟ5ώĲ̼Ě"I*_��^��ώ̐ˬ˼

5��H¥̸4˩̌ū�p�l[d1�H+�14�ώ̐6ĒŻʌǒLɛſ%H�1Ό̸4ʕÊɃ͸i
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�x[͞1�H 2L̂Ǜ%H2ώ̐×ǉ6ȍ#�͈Ñm��2#06Ąʗ�ȦǄ1�HϏÏ�8ώŐ

5-1CŐ 5-25ʾ#*τ_�p�dp4 SHGQ��c�Fώˬ˼Żʩǟ̺5Ş/�*ˬ˼Żʩ×ǉ6͈

Ñ�Ĳ̍1�HϏ�Ȏώ̐6ĒŻʌǒ7ώ_��^�˵˱6ʀƳþƧ�Ƀ͸ʩǜʇƳότɊɃ͸ύ�ΉĻ

ʌǒ5ɭ�Η͹#0�H�[4]ώSHG θǊΓLʗ�H2ώSHG íƼƳ�F_��^�ʀƳ2Ƀ͸ʩǜʇ

ƳότɊɃ͸ǒύLώ>*Ő 5-36 2D-FT-SHGQ��c�F_��^�ΉĻʌǒL͈Ñ1�HϏ#*�

-0ώ IF6x���i�L˳ķʩ5͈Ñ%H 25EGώˬ˼Żʩ×ǉ6?4F&ώĒŻʩ×ǉB

Í'0ώΪȶ̜�.ÇÒ̷5͈ÑĲ̍54H 2�ȦǄ"IHϏ¶ǅ7ώSHG Q��c�\2ȶ̜ɢ/

Ƹƻ͉ρ26ʮΗǒL͈Ñ#ώˬ˼Żʩ×ǉ2ĒŻʩ×ǉLΪÒ̷�ΪʹŨ5͈ÑĲ̍4íŻʩǠɢ2

#06ȤʗǒLʻ͍%H 2�ȥ>IHϏ 

 


�
�D"( 

� ȩː17ώʕÊˬ˼5��H_��^�˵˱LΪʹŨ�.ÇÒ̷5Ĳ̼Ě1�H SHG θǊΓLʗ�

0ώR`Z̐Ǿä�o�5��Hɋƪ̐�E:×ǉ̐6 SHG Q��c�\Ḽ-*ϏSHG Q��c�

FώΪȶ̜�.ˬ˼ÿʊĚ%H 24�ώ̐ Ȍ̱6ˬ˼Żʩ×ǉL_��^�Ęǚ6̾ʂ�F̾Ɖ#*Ϗ

"F5ώSHG Q��c6ϓɊê|��TŪǻ5EG˘ý#* 2D-FT-SHG Q��c�Fώ_��^�Ή

Ļ5Ş/�*̐6×ǉƳķ�Lſǒʩ5͈ÑĲ̍1�H 2Lʾ#*Ϗ 

ȩʸˌ6Ȣ˫ʬʩ7ώ I>1Ò̷ʩ�ʹŨʩȿȸ1#�͈Ñ1�4�-*̐×ǉ͈ÑȎɢLώÇÒ

̷ʩ SHG θǊΓ1ºȡ1�H 2Lʾ% 21�HϏ¶ǅ7ώSHG θǊΓ5Ş/�*ˬ˼Żʩ×ǉ2
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ĒŻʩ×ǉ6ſΎʩ͈ÑǠɢLʻˏ%H2ó5ώSHGö̼Γ[5]5Η%HʸˌLͻAH¬ſ1�HϏȢ˫

ʩ57ώ̐×ǉ;ˇ6 in vivoșˢĀ�si��\Cώ×ǉʍǚ5ǐ$*ͽĘ̡͙6ɛſ43ώ̐Ȍ̱6

̔Ʊĝʤ5Ȥʗ4m��2%H 2Lʬǭ%Ϗ 
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¹�� D"(�

 

� ȩʸˌ17ώSHGθǊΓ�Ȥ%H�_��^�6΄ǧʩĲ̼Ě,2�in situ̓ɳʌǒ,2��¡ʌǌ

Lɦ�#*wQVǐʗ2��̾ʂ�Fώˬ˼ơŻ2ȉƿū˄5Η͹#*ϔ.6p{l[d5Η%Hʸˌ

Ḽ-*Ϗ 

� >&ώςƿǜ;ˇL_��^�Ęǚ6̾ʂ�FȕF�5%H*Aώŝος̝˩̌�ʖʕ#*_��^

�˵˱6ĘǚLșˢĀ1 SHG Q��c�\#ώĹ�`�~�6ŝο;ˇ5��H_��^�Ƀ͸ŪĚ

6Ĳ̼ĚḼ-*ϏSHG ʦʕĖʑ6Ç�ς̝˩̌ʖʕ_��^�6Ĳ̼Ě6*Aώ19 fs x�díLí

ɶ5ʗ�*τǙƳ SHG θǊΓLɃ˛%H 25EGώĢ̦ƘɃ͸Lƿǜ%Hς̝˩̌ʖʕ_��^�

Lτ_�p�dp1Ĳ̼Ě%H 2�1�*Ϗ SHG θǊΓ5EGǇFI*_��^�6șˢĀʩƿǚ

ŪĚ7ώȶ̜Q��c2ɕͪ#0ώEG͋˩�. in situ1ǲ�H 2�ýȮH2�� 2�ʻ͍1�*Ϗ

"F5ώϓɊê|��TŪǻ5Ş/�*ʛç̀Ȳ5EGώ_��^�ǜʇƳLſΎʩ5Ǩý1�H 2

�ʻ͍1�*Ϗ 6E�4 SHG θǊΓ5EH˩̌ʖʕ_��^�6 in situ 16Ĳ̼Ě2ſΎ̀Ȳ7ώ

¶ǅ6ςøʕT�csO��\;6ǐʗ6?4F&ώ˵˱̝˩̌Cͧς˩̌43ώ_��^�Lʖʕ%

H%<06ŝοˢ5΃ʗĲ̍1�HϏ"F5ώSHGθǊΓ7 3Ɋê6íŻf[b�s�\̍ĒLǬ.*

Aώµơʩ4ͣŢȫȋC_��^�^�Lʗ�* 3Ɋêŝοbdn�5Bǐʗ1�HϏ I>16ςø

ʕT�csO��\17ώς̝˩̌���6øʕL¥ʲ2#0ʸˌ�ͻAFI0�*�Ȏώȩʸˌ17ώ

˩̌ū�p�l[d1�H_��^�L͈ÑƋ͘2%H 25EGώˬ˼���16øʕL̼΍5ðI
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*ʸˌ24-0�HϏςƿǜόøʕύ;ˇώ_��^�Ęǚώū·ʔŦōŸ26Η͹ǒLȩʸˌ5E-

0ȕF�51�I8ώ_��^�Ęǚ�Fςƿǜόøʕύ;ˇLǹɳ%H 2�Ĳ̍54Gώū·ʔŦ

ōŸ5EHøʕςĆǈ�ʒƁʩ54HϏȩʸˌ5E-0̛Ŵ4ˮȴ�ǇFII8ώƎȮʩ5ĒŻʩʌǒ

5éI*ό%4K,͞6τ�ύςˬ˼Løʕ%H 2�Ĳ̍54H2̂�FIHϏ 

� Ɋ5ώȩǠɢ6ȉƿū˄þ΍;6ǐʗ6*Aώï̐×ǉ�o�LÌǜ#ώSHGθǊΓ2Ƹƻ͉ρLʗ

�0̐6×ǉLˬ˼Ż�ĒŻʩ̾ʂ�F͈Ñ#*ϏSHGθǊΓLʗ�H 25EGώΪȶ̜16ˬ˼Ż

ʩ̾Ɖ�Ĳ̍24-*ˮȴώĹ�`�~�6ˬ˼Ż�ĒŻʩǕšLǇH 2�Ĳ̍24-*ϏSHGθǊ

Γ5EGĲ̼Ě#*_��^�Ęǚ2̐6ĒŻʩʌǒ6Ζ57ΗÔǒ��H*AώSHGíƼƳ2��\

ʑ6ʮΗL̓˘%H2ώ£ˇƳ6ɛſÔȈ 0.37�ǇFI*Ϗȩʸˌ6Ȣ˫ʬʩ7ώ I>1ʹŨʩȿȸ

1#�͈Ñ1�4�-*̐×ǉ6ˬ˼Ż�ĒŻʩ͈ÑLώÇÒ̷ʩ SHG Q��c�\1ĹșįǇĲ̍

1�H 2Lʾ% 21�HϏSHGQ��c5EGώ̐ 6ˬ˼Żʩʌǒ�ǇFIH 27ȕʻ1�H�ώ

B#4MF�6 SHG x���i�2Ƹƻ͉ρ6Ζ5Ƽ�ʮΗ�ǇFII8ώʹŨʩ4ĒŻʩ͈Ñ7B

7C�̸24HϏȩɐΟ17ώ̐L̓ɳ%HΡ5ˬ˼LǶį%Hǎ̸��-*�ώí|NQw�~��

}2 SHG θǊΓLˬ?ķK% 2�1�I8ώÏ�8ʭǃȈʨ µm 6ɤƍΏ6£5θǊΓ~��}L

Ƀǜ1�ώɳſ#*�·Æ5ΏLĈ%6?6ώÇÒ̷ʩ̓ɳ�̭�HE�54H2̂�FIHϏ(6ˮ

ȴώyp̔Ʊ5BǐʗĲ̍4ώȢÇΛ6Ò̷ǒ1̐6ˬ˼Ż�ĒŻʩ×ǉ͈ÑḼ� 2�ýȮHE�

54H2ȦǄ1�HϏ 6E�4Ϊ˵ƿíŻθǊΓ2í|NQw�~��}6̪ķ7ώ%15šľ"I

0�Hǣ̮1�H�ώͯƮʸˌ�Ĕͷ#0�Hp{l[d1�Gώ΂�ȨȮ6͊174�Ϗ#�#4�
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Fώyp̔Ʊǐʗ6*A57ώ 6E�4v�qRSO6ͻɍ6?4F&ώ΃ÿ4 SHG x���i�

6Ǩý�E:Ƹƻ͉ρ26ʮΗLτAH 2�ǎβ1�H2̂�FIHϏ 

� Ȣǅ5ώ�ͱ6Ȍ̱̐6×ǉƳķ�6ſΎ͈Ñ5��0ώƁρȭ¾˔6ǁήLİ�Ȗ�ƭŗ SHG Q

��cƼƳ5ºKHºȡ͈Ñx���i�2#0ώSHGʛç̀Ȳ6ĄʗLȿ̈́#*Ϗɋƪ̐�E:×ǉ

̐5��H_��^�˵˱6ʌǌʩɃ͸Lώ2 Ɋê|��TŪǻ5Ş/�* SHG ʛç̀Ȳ�FǨý#ώ

`�~�Ζ6_��^�Ƀ͸þƧ6΁�LſΎʩ5͈Ñ%H 2�Ĳ̍1�H 2Lʾ#*Ϗ̐6×ǉ

5��0Ό̸4̸˨7ώcrimp Ƀ͸�ŹŔ#0�H�2�� 22ώ(6ΉĻ6Ƴķ��τ��2��

 21�H2̂�FIHϏȩʸˌ1ʗ�* SHGQ��c6 2Ɋê|��TŪǻ5EGώθȎĻ6 rˋ˘

ÛLʛç!25˘ý%I8ώr6{�[Ȉ5EG crimpɃ͸6Ȥʄ�ώr6{�[Û5EGΉĻ6Ƴķ�

�ſΎʩ5įǇ1�H2̂�FIHϏ 6E�4 2Ɋê|��TŪǻɢ17ώROILư�įH 25E

Gώ�HˇƳ�[�4̼ʂ�FſΎǕšLįǇ1�H*AώĹ$��[�4̼ʂ�FĒŻʩ×ǉL͈Ñ

%HƸƻ͉ρ26ʮΗ�Ļ�%H2̂�FIHϏ�ȎώSHGÝí̀ȲLʗ�I8ʭǃ 1 µmV�j�6

�[�4̼ʂ�F_��^�ΉĻ̀Ȳ�Ĳ̍1�HϏ( 1ώSHGÝí̀Ȳ6ˮȴ2�[�4̼ʂ�F

ĒŻʩʌǒL͈ÑĲ̍4͢έɣɢ26ʮΗL͐ȸ#ώȢ˫ʩ5�[�4̐×ǉ2�[�4̐×ǉLʮ¯

��["'H 2�1�I8ϏȩǠɢ7Ģ4H×ǉ͈Ñm��2#06?4F&ώ̀Č�ʟʓŻʩ5Ǘ
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�����	�
�: OCT�Optical Coherence 
Tomography �

In situ��IR��V

Ref) Opt. Express 12, 5940 (2004).
J. Biomed. Opt. 9, 287 (2004).
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1�O4�PH

誘電体

1. 光が誘電体に入る 4. 光が発生

電子雲（負電荷）

原子核（正電荷）

光電場
分極

3. 電子の振動
     と逆方向(復元力方向)
　  　　に分極が生じる

2. 光電場により
　　 電子が振動
(入射光と同じ振動数)
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SHG/K)
"UX

.*@+?�$��&�
F��% "&*MAF�
7��%��&*SHG�

��P=
QGh�m`

�"7oCfy

Ref) Laser Photonics Rev. 5, 13 (2011).
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50=B

femtosecond
Laser

 Ti:S5�'�
{e�~: 800 nm
.4(�: 10 fs

¡Cr:F5�'�
{e�~: 1250 nm
.4(�: 100 fs

LK



Tokushima University ��$(��+���,
5�'�{e�~: λ5�'�.4(�: Δt

wVzÉ|�8G�7LÕ10 fs Ti:SJ�:� (800 nm)
Ö�À½SÕ 100 fs Cr:FJ�:� (1250 nm)

1/Δt ∝ SHG�iE� 1/λ4 ∝T�E�

110-fs pulse  light @ 20 mW10-fs pulse light @ 20 mW

�SHG�iM�&704
¢10 fs 5�'�

N����&704
¢~�~5�'�
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Osteoblasts

Introduction

Bone tissue engineering is required in aging society

Bone formation and regeneration
iPS cell ,
MSC, etc Bone tissue

• collagen production
• mineral deposition

Bone injuries largely reduces QOL in elder people.
Metabolism of bone tissue is quite slow  
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Introduction

Bone tissue engineering is required in aging society

Bone formation and regeneration
iPS cell ,
MSC, etc Bone tissue

• collagen production
• mineral deposition

Mechanical stimulus

Bone injuries largely reduces QOL in elder people.
Metabolism of bone tissue is quite slow  
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Osteoblasts

Introduction

Bone tissue engineering is required in aging society

Bone formation and regeneration
iPS cell ,
MSC, etc

Monitoring without invasion Bone tissue

• collagen production
• mineral deposition

Mechanical stimulus

Bone injuries largely reduces QOL in elder people.
Metabolism of bone tissue is quite slow  
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Osteoblasts

Introduction

Bone tissue engineering is required in aging society

Bone formation and regeneration
iPS cell ,
MSC, etc

Monitoring without invasion Bone tissue

• collagen production
• mineral deposition

Mechanical stimulus

Bone injuries largely reduces QOL in elder people.
Metabolism of bone tissue is quite slow  

Difficult to visualize collagen dynamics without staining
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Selective visualization of collagen fiber
in vivo by SHG microscopy (SHG-M)

Ref) T.Yasui et al,. J. Biomed. Opt. 18, 031108 (2012).
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Sample preparation 
Cell�MC3T3-E1 murine calvaria-derived osteoblast-like cells

Medium�α-MEM + 10% FBS�
1% ascorbic acid 
0.2% hydrocortisone
2% β-glycerophosphate

(TakaraBio inc.�
Coating�fibronectin (Wako Pure Chemical Industries, Ltd.) )

Culture condition+37℃ in a humidified atmosphere of 5% CO2
Chamber made of silicone (STREX Inc.) was used for cell seeding.

9Life technologies, Inc.:
penicillin-
streptomycin

8

Osteoblasts
Phase contrast microscope image

4 cm2 Chamber
1.0 mm

100-
100 µg/mL



Tokushima University Sirius-Red-stained images of collagen fiber 
produced by cultured osteoblast Pink : collagen

nuclear
Culture for 1 week

Collagen accumulates into cells

Culture for 2 weeks

Culture for 3 weeks Culture for 4 weeks

Collagen fiber structure appears No change from 3 weeks

Collagen distributes into cells

Image size: 
1040×1040 μm



Tokushima University SHG images of collagen fiber produced 
by cultured osteoblast Image size: 

1040×1040 μm

Culture for 1 week Culture for 2 weeks

Collagen distributes 
only into cells

Increased density of 
collagen fiber inside cells



Tokushima University SHG images of collagen fiber produced 
by cultured osteoblast

Culture for 3 week Culture for 4 weeks

Image size: 
1040×1040 μm

Thin collagen fiber
structure appears

Collagen fiber became 
thicker and more densely
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Conclusion
ØCollagen produced by the cultured osteoblasts 

was visualized with high contrast
Øin situ time-lapse imaging  of the same sample
ØCollagen maturity factor

Future plans
• in situ monitoring of collagen synthesis and calcification

process under mechanical stress application aimed at
bone tissue engineering
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Ref) Opt. Express 12, 5940 (2004).

J. Biomed. Opt. 9, 287 (2004).
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ref) Appl. Opt. 43, 2861 (2004); J. Biomed. Opt. 9, 259-264 (2004); Appl. Opt. 48, D88 (2009).
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1�O4�PH

誘電体

1. 光が誘電体に入る 4. 光が発生

電子雲（負電荷）

原子核（正電荷）

光電場
分極

3. 電子の振動
     と逆方向(復元力方向)
　  　　に分極が生じる

2. 光電場により
　　 電子が振動
(入射光と同じ振動数)
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分極

電場

分極基本波

t

周波数 = 2π/ω

分極第二高調波
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周波数 = π/ω
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1.5 nm

10 - 300 nm

3.5 nm

0.5 – 3 µm
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Ref) Laser Photonics Rev. 5, 13 (2011).

femtosecond 
laser
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Ref) Laser Photonics Rev. 5, 13 (2011).
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Ref) Laser Photonics Rev. 5, 13 (2011).
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Ref) T.Yasui et al,. J. Biomed. Opt. 18, 031108 (2012).
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Ref) T.Yasui et al,. J. Biomed. Opt. 18, 031108 (2012).
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Osteoblasts

Introduction

Bone tissue engineering is required in aging society

Bone formation and regeneration
iPS cell ,
MSC, etc Bone tissue

• collagen production
• mineral deposition

Bone injuries largely reduces QOL in elder people.
Metabolism of bone tissue is quite slow  
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Osteoblasts

Introduction

Bone tissue engineering is required in aging society

Bone formation and regeneration
iPS cell ,
MSC, etc

Monitoring without invasion Bone tissue

• collagen production
• mineral deposition

Mechanical stimulus

Bone injuries largely reduces QOL in elder people.
Metabolism of bone tissue is quite slow  
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Osteoblasts

Introduction

Bone tissue engineering is required in aging society

Bone formation and regeneration
iPS cell ,
MSC, etc

Monitoring without invasion Bone tissue

• collagen production
• mineral deposition

Mechanical stimulus

Bone injuries largely reduces QOL in elder people.
Metabolism of bone tissue is quite slow  

Difficult to visualize collagen dynamics without staining
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Selective visualization of collagen fiber
in vivo by SHG microscopy (SHG-M)

Ref) T.Yasui et al,. J. Biomed. Opt. 18, 031108 (2012).



Tokushima University Previous research of SHG-M using a 100-fs laser  

Dermal collagen (in situ)
20-years-old 50-years-old 

Ref) T.Yasui et al,. J. Biomed. Opt. 18, 031108 (2012).

Selective visualization of collagen fiber in tissue

Tendon (ex vivo)
Rabbit flexor tendon
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Problem in application of SHG-M for bone tissue engineering

SHG light is considerably weak in collagen fiber
produced by cultured cell because of low χ(2).

Dermal collagen

Conventional SHG-M equipped with  a 100-fs laser 
Muscle myosin

l myosin
l collagen 

produced by 
cultured cell

l collagen gel

Essential to enhance the sensitivity of SHG-M 

High χ(2) Low χ(2)

Low χ(2) sample in 
SHG imaging
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Present talk
(1) Enhanced sensitivity in SHG-M 

by use of 19-fs pulse light at the 
focal point

(1) in situ time-lapse imaging of 
collagen fiber produced by 
cultured osteoblasts in the same 
sample
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(1) Enhanced sensitivity in 
SHG-M by use of 19-fs 

pulse light
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100 fs

100 fs

10 fs

t

t

t

10 fs

t

t

100 fs

t

100 fs

Enhanced SHG intensity while 
avoiding sample damage

Increased risk for 
sample damage

Increase of pulse energy Reduction of pulse duration

Pulse duration:
constant

Pulse energy: 
constant

Pulse duration:
decrease

Pulse energy: 
increase
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Pulse duration at the focal point of SHG-M 

Fourier-Transformed
Pulse (No chirping)

10 fs

Laser exit

Pulse duration was measured by TPEF interferometric autocorrelator
Ref) Appl. Opt. 36, 397 (1997).
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Pulse duration at the focal point of SHG-M 
focal point


Negative chirped mirror

Positive  wedge prism

Largely positive chirping 
in the objective lens 

Pulse
duration
>1 ps
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Pulse duration at the focal point of SHG-M 

19 fs

focal point 

Pulse duration of 19 fs was achieved at the focal spot

3rd-order dispersion in the 
negative chirped mirror is 

still remained.


Negative chirped mirror

Positive  wedge prism
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SHG-M either 19-fs or 110-fs

Center wavelength: 787 nm
Bandwidth: ~ 100 nm
Pulse width: 10 fs (19 fs)
Repetition Frequency: 81.8 MHz 

Experimental condition
Average power: ~ 20 mW
Image size: 260×260 μm
Acquire time: 10 sec/frame 

Large-area

1 mm

Center wavelength: 775 nm
Bandwidth: ~ 10 nm
Pulse width: 110 fs
Repetition Frequency: 100 MHz 

Flipper
mirror
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Sample preparation 
Cell�MC3T3-E1 murine calvaria-derived osteoblast-like cells

Medium�α-MEM + 10% FBS�
1% ascorbic acid 
0.2% hydrocortisone
2% β-glycerophosphate

(TakaraBio inc.�
Coating�fibronectin (Wako Pure Chemical Industries, Ltd.) )

Culture condition+37℃ in a humidified atmosphere of 5% CO2
Chamber made of silicone (STREX Inc.) was used for cell seeding.

9Life technologies, Inc.:
penicillin-
streptomycin

8

Osteoblasts
Phase contrast microscope image

4 cm2 Chamber
1.0 mm

100-
100 µg/mL
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Sample: standing-cultured osteoblasts for 3 weeks
110-fs pulse  light @ 20 mW 19-fs pulse light @ 20 mW

Comparison of SHG image between 110-fs light 
and 19-fs light

SHG image size: 
1 mm*1 mm 
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110-fs pulse  light @ 20 mW

Collagen fiber produced by cultured osteoblasts 
was visualized in high-contrast

19-fs pulse light @ 20 mW

Comparison of SHG image between 110-fs light 
and 19-fs light

SHG image size: 
1 mm*1 mm 

3.8 times
enhancement !!

Sample: standing-cultured osteoblasts for 3 weeks
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(2) in situ time-lapse 
imaging of collagen fiber 

produced by cultured 
osteoblasts in  the same 

sample
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2 weeks 3 weeks

SHG images of collagen fiber produced by 
cultured osteoblast in same sample

day 0 1 week

SHG image size: 
1 mm*1 mm 
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1 week1 week

2 weeks 3 weeks

SHG images of collagen fiber produced by 
cultured osteoblast

day 0

No SHG light because of 
no collagen
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2 weeks 3 weeks

SHG images of collagen fiber produced by 
cultured osteoblast

day 0 1 week1 week



Tokushima University SHG images of collagen fiber produced 
by cultured osteoblast: 1 week cultured

SHG image size: 
1 mm*1 mm SHG images

Pink : collagen
nuclear

Sirius-Red-stained image

250 μm

nuclear
(No SHG)

cell
(SHG appear)

Confluent

Collagen distributes 
into the cells except 

the nuclear 
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1 week1 week

3 weeks

SHG images of collagen fiber produced by 
cultured osteoblast

day 0

2 weeks



Tokushima University SHG images of collagen fiber produced by 
cultured osteoblast: 2 weeks cultured

SHG image size: 
1 mm*1 mm 

250 μm

Pink : collagen
nuclear

Sirius-Red-stained image

SHG images

nuclear

cell

Increased density of 
collagen fiber inside cells 250 μm

Confluent
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2 weeks

1 week1 week

SHG images of collagen fiber produced by 
cultured osteoblast

day 0

3 weeks



Tokushima University SHG images of collagen fiber produced 
by cultured osteoblast: 3 weeks cultured

Thin collagen fiber
structure appears

SHG image size: 
1 mm*1 mm 

250 μm

Pink : collagen
nuclear

Sirius-Red-stained image

SHG images

not visualized
250 μm

Confluent



Tokushima University SHG images of collagen fiber produced 
by cultured osteoblast: 3 weeks cultured

Thin collagen fiber
structure appears

SHG image size: 
1 mm*1 mm 

250 μm

Pink : collagen
nuclear

Sirius-Red-stained image

SHG images

not visualized
250 μm

ConfluentTemporal changes of the collagen 
fiber distribution produced by 
osteoblasts were visualized with 
high image contrast.
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Conclusion
ØSensitive SHG-M using a 19-fs pulse light
Ø3.8-times enhancement of SHG light compared 

with SHG-M using 110-fs pulse light
ØCollagen produced by the cultured osteoblasts 

(Low χ(2)) was visualized with high contrast
Øin situ time-lapse imaging  of the same sample

Future plans
• in situ monitoring of collagen synthesis and calcification

process under mechanical stress application aimed at
bone tissue engineering
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λc = 1250 nm
Δλ = ~ 25 nm
Δt = 70 fs 
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