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Figure 1-1 Representation of femtosecond laser.
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Figure 1-4 Mechanical laser ablation by focused femtosecond laser.

EHIT, 2L DT = b ML —F =T AEEA~DFEEME D B DU ARIM F 0K
ExE b0, AEREEINTIA~OEOBIEMENE < . ARGEIOBEETH 28
TN ZF| & T enTE 52l (Fig. 1-5), 29 LiokHiaRi>7 = 4 b
o L— W — % FOD CRIBE-SORRR P BRE Z2 IN T a2 i L, & OMRE 2 &+ 5
RN SHERE STV [22-29], 7 = & M L—HF—DEERE~DREMEN
REENTNWD, BIfE, 7= M L—P—IZ X D IEER) 2 BN T4 dinkf 1
EmBEICB T 5 OEIEMEICELBEE > TEY, ZhE TRV HERD
FRICHHERTE LTV D,



Collagen E

a

10° ln] Protein

HI:H:J2

Absorption Coefficient p [cm']]

_-_“—I-“---waterl L1 IP& 1 | 1 Ll 1
0.1 0.3 1 3 10
Wavelength A [pm]

Figure 1-5 Optical absorption cofticients of principal tissue chromophores in the
0.1-12 mm spectra region.
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Figure 1-9 Detachment of adherent cells by femtosecond laser-induced impulsive force.



Figure 1-10 Micro-patterning of the cell by femtosecond laser-induced impulsive force.
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Figure 1-11 Representation of cell aggregation assay.
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3) Single cell force spectroscopy
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Figure 1-12 Representation of single cell force spectroscopy.
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2—1—1 Z=zALMpL—HF—ZXF A
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g, U— R E L TCE— RRMF ¥ %7 7147 L—H%— (Maitai, Spectra
Physics) #fH L7, ZOEETII, ALy F ¥y —IZL Y EONHES 2T
Fr—7 KL%, FE YT AT Himad L— A L U A EIE SR
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pump » . Input , Stretcher Compressor | Output,
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Figure 2-1 Regeneratively amplified Ti: sapphire femtosecond laser system (Hurricane).
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Figure 2-2 Microscopic femtosecond laser irradiation system.
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T hEBH LAY aroe=2—zFrEnd (Fig.2-3), CCD 7 AF D
MR I SR IC K VBB =X — L Eko Xy a el s Tk,
CCD 71 A 7 Wt 0 F2 s[RI L2 & SRR OB OBIE A WATL TITH 2 &
MNTED, £, BMBIOR— MiZm#E S A 7 (FASTCAM, Photoron) 73HX
DT HNTEY, Fv ET—3 3 T ILOEB OB V-,

Before laser irradiation After laser irradiation

Figure 2-3 CCD images to capture appearances before and after the laser
irradiation, which were extracted by the image recording program.
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Nic, ZOEZHWT, AFM Bt O LM ORI Z LA RAES 72,
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Figure 2-4 Estimation of shift of the AFM cantilever from the time evolution of voltage
differences between top and bottom photodiodes of QPD.
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Figure 2-5 (a) Experimental set up of local force measurement system utilizing atomic
force microscopy. (b) Coordination of the laser focal point and the AFM cantilever.

2—2 ABO/ER

2—2—1 SRR O/ER
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F MBI FIZTHE F L, A4 v FaxX—%—KN (37C) 1T 20 BEFFE L7,
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WO Z PBS T/l L72#%, HTARMLT 4 v a2 Z2BIIAT—Y LRE L
TrEEA VFa_—F —NITERE L TEBRICHW,

ARV AT EFUE ST URRRMICEST I ENmbN TRV [1,2],
UINER & AR DHER DIERRIZIZZ RO A M LT R T EF v — B4 F MO K
BIRFEAENRELFE L TWD EEZLND, —f&IC, MRS ORI
. ZROZRTE (HAEST) MORRNREENPRESFLEL TS L
BEZHITWD, Ko T, #Uhek & SR OBEE TS ([ BRI T
WhHEZZ DI, BEENEFAND ETITRUPAMEE LTRSS &l LT,

2—2—2 MR-~ R MlatARR R OER]

RS T OFE O E 7V RITITIMER - ~ R M AR RZ AW (Fig.
2.6(a)), ~A MEIIIRZICEG T MR TH Y, FEREROHEBE ORI, =
B KIM7e Ehfkx 7o CHRRZSE O I FTET 5 [3-8], ~ A MR Xz
MR CTH D23, FAR FITHIRIERNFET D LS E O~ 2 Nlia 3 ik 22k
ICHEET B[9-11], MRk &~ A MIIITEE Z N L CHAEICHERIGEL TV D
[12-14], fhfR &~ R ML OBEE T EITFH I L T 5 CADM1 (Cell adhesion
molecule-1) EFEEND X NI E ($EEDT) ORET 4 Vv «~THT
4 Vw7 pfERIC R ERTE Y (Fig. 2.6(b). #5& 70 D EIRHRCHK
FAE AT O Z LR AEThH H[15-18],

(a) (b) Mast cell

Mast cell

Neurite

g_& g_g CADM1

Neurite

Figure 2-6 (a) Microphotograph of the mast cell adhering to the nurite. (b)
Representation of the adhesion between the neurite and the mast cell, which is
mediated by the adhesion molecule named “Cell Adhesion Molecule-1 (CADM1)”.
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PEiF% . oa-minimum essential medium (Z 10% ¥ TG RIMIE. 100 units/ml
=vVJr, 100g/ml A RLV7F h~AT 2, 5 ng/lml VAL HX—uaAF3
UM UT A 4 BERREE L, ~ X Mz §EEL 72 (=7 25 fiikE:
#F~ A M, Bone marrow-derived cultured mast cell; BMMC) [17, 191,
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YRR IEAE MR (Neuro2a.) % iV 7=, Dulbeco’s modified eagle’s minimum
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A UHE) waTeiEmyEo DMEM T 36 Rl L=, Z D[MIZ, Neuro2a I
RIS 2R L, ARAERIZ b9 5 [20],

3) #hik—~ A MllfE LA RS R O /F R
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3—1 PEROBIODEERFEL AFMICXDZEEBILDOTAT 4T

B 2 E BRI A ER R IR R 73 v EAWEHRRE T Hh
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BT DIIIAREEITHY | KFAZEWHT 2 L —F —FFl =) 2 EEEsm i L,
AR ORI ATIMEN 2B, 2 E&LT 5 Z LN TE 28 e FIEORREN
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F T BN & BT 2 LN TE DRSS (AFM) © AFM
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A. Vogel et al., Chem. Rev., 103 (2003). A. Vogel et al., Appl. Phys. B, 68 (1999).

Figure 3-1 (a) Measurement of an impulsive force by a hydrophone. (b) Measurement
of shockwave by a streak camera.
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Figure 3-2 The idea of the quantification of femtosecond laser-induced impulsive force
utilizing atomic force microscopy.
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3 —2 AFM BR$HIHE SN IREVZEE OFENT

3—2—1 AFM BE#HIFHE S 7z iRE) D 2K E)

Fig. 3-3 I2% L — YV —HENALEICB 1T 5 AFM S ORE 279, Z=0 um O
B4, AFM BEHZHABE R RENIEH S e o 72, ZOMOENRNE 2BV T
(X, AFM #£8HE, 7 = & ML 2AOEREER, Bt~ 7 2R, £ 10
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Figure 3-3 Z position dependence of the transient oscillation of the AFM cantilever
due to the irradiation of the laser pulse with the energy of 170 nJ/pulse.
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Figure 3-4 Pulse energy dependence of the oscillation of the AFM cantilever induced
by the direct irradiation of the laser in the top of the cantilever.
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Figure 3-5 Frequency domain spectra of the oscillation of the AFM cantilever. i) and
ii) are the case of the direct irradiation of the laser and the loading of the impulsive
force, respectively. (a)-(e) in the graphs correspond to (a)-(e) in Fig. 3-3 and 3-4.
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Figure 3-6 Geometrical model constructed on the basis of spatial relationship between
the laser focal point Of and the AFM cantilever.
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Figure 3-6 Distribution of the impulsive force on the cantilever calculated by Eqg. (5).

31



0.02

0.01

000 — — — — — —

ZAL(XY)/F,

-0.01

-0.02 -

-0.03 =—1 '
-40 -20 0 20 40

Z position

Figure 3-7 Z position dependence of Fy calculated by Eq. (5).
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Figure 3-8 (a) Representative fitted result of transient oscillation of the cantilever. The
red line and the blue line show observation data and fitted result by Eq. (9), respectively.
(b)-(d) Z position dependence of impulsive force loaded on the cantilever Fagm (b),
oscillation frequency of w/2x (c), and decay time of 1/a (d) that were estimated from
oscillation of the cantilever. The blue dots indicate the result of at least square fitting by
Eq. (9) when F, o, and o were treated as variable parameters. The green dots indicate
the result when o and o were treated as constants.
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Fig. 3-10. Fitted result of Z position dependence of Farm by Eq. (9), where only Fq is
treated as a variable parameter.
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Figure 3-11 Solid line shows the oscillation of the cantilever resulted from irradiation
of the laser pulse with the pulse energy of 60, 80, 100, 110, and 130 nJ/pulse. The laser
pulses were focused at 25 um below the cantilever. Dotted line is fitted result.
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Figure 3-12 (a) Pulse energy dependence of frequency of the oscillation (w/2x) and
decay time (1/a). (b) Z position dependences of Farm at the pulse energy of 60, 80, 100,
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37



Fig. 3-13 |2 L—W—EE TR A LI-EB 1o () O/7V AT RLF
—IKIEME AR, EEE ) FylX, 50nd/pulse 2 L & VMEIZRA L, EE,DFEAD
LEVWE (Ew) 7206 LEVWED 2 50V AR 0F— (2XEm) CTHEBRAZR
HMZ/RL, 2XEm Y ECRaFfIcESMHEm 2R LT,

_| LI I LI I LI I LI I |_
100 o .
N I ¥ ]
v — 80F § ]
O »n i _
s = i \ 4 i
@) /
<o 60F / .
28 y :
@ 3 40F / .
S X i / 7
o — B /I ]
£ 20 / @ : Total impulsive ]
. /® force F, -
-l L1 1 I L1 1 1 I L1 1 1 I L1 1 1 I |-

0
0 90 100 150 200
Laser pulse energy [nJ/pulse]

Figure 3-13 Pulse energy dependence of total impulsive force Fy.
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Figure 4-1 One dimensional representation of the femtosecond laser-induced impulsive force.
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Figure 4-2 High-speed images of the cavitation bubble generated by the laser pulses
with the energy of 60, 85, 110, 125, and 140 nJ/pulse .
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Figure 4-3 Pulse energy dependence of maximum radius of the cavitation bubble
(o) and total impulsive force Fo (@).
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Figure 4-4 One dimension model for considering a relation among the
laser-induced impulsive force and the stress wave, and the cavitation bubble.
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Figure 4-5 Z position dependence of Farv indicated with the region in which the
cavitation bubble could directly contact the cantilever. Pink colored area in each graph
means the region. These graphs show that the cantilever oscillated by the impulsive
force in a case that the cavitation bubble did not contact the cantilever.
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Figure 4-6 Spatial relationship between the laser focal point and the streptavidin-coated
micro bead.
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Figure 4-7 (a) and (b) are experimental procedures to confirm the effect of
accumulation of the impulsive forces.
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Figure 4-8 Histogram is the result by the procedure (b) depicted in Fig.4-7. The red
squares show distance X dependence of the probability of the beads detachment
estimated by the procedure (a) in Fig.4-7.
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Figure 4-9 Pulse energy dependence of distance L when the streptavidin-coated
micro bead was detached from the biotin-coated substrate. The red broken line is the
fitted result by Gaussian function.
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Figure 4-12 Schematic representation of evaluation of the physical effect of the
impulsive force on the cell. (a) FITC-dextran, or mini-ruby dextran was injected into
chorion cavity of anesthetized embryos mounted in methylcellulose solution. (b) The
laser pulse was focused near the cell at the surface of the embryo.
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FITC-dextran

Figure 4-13 (a) Microphotograph of the introduction of the mini-ruby dextran into a
single cell. (b) Microphotograph to indicate the division of the cell, which was
introduced FITC dextran. Scale bars are 250 um (a) and 100 um (b).
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(a) Mini-ruby dextran in 25-26 hpf zebrafish cells (b) Mini-ruby dextran in 30 hpf zebrafish cells
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Figure 4-14 Pulse energy dependence of the event observed in the cell after the laser
irradiation.
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Figure 5-1 Communication between the neurite and the mast cell.
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Figure 5-2 Experimental procedure to estimate the minimum impulsive force to detach
the adhesion between the mast cell and the neurite.
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Figure 5-3 Geometric model constructed on the basis of spatial relationship between the
laser focal point Ofand the mast cell.
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Figure 5-4 SEM image of the mast cell
adhering to neutite of superior cervical
ganglion neuron.
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Figure 5-6 Distribution of the adhesion force between the CADM1-KO mast cell and
the neurite of neuro2a cell. Time described in top of the graph means time to culture the
mast cell and neuro2a cells together (time of co-culture). The red lines in the graphs are
the fitted results by Gaussian function.
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Figure 5-7 Distribution of the adhesion force between the BMMC and the neurite. The
red lines show the fitted results. The distributions from co-culture of 7 hrs to 14.5hrs
were fitted by exponential function. The distributions after co-culture of 16.5 hrs were
fitted by Gaussian function.
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Figure 5-8 Possible mechanism of formation of the adhesion
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