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EE

1. &F ) hiF DU T AX—TERABREEINC S 2 5 BB OHEE

TR AEM]  BHEHBBREICB W TEE~OAEMFEIHREEZBD D720, &
7 Ki¥ (Gold Nanoparticles: GNPs) % A & L CRIAT 5 2 & A Ft &
LT D, GNPs XL T Ofe THSHEEGIR AR Z T B2 6 TnD, 7,
5 S H7- GNPs IXEEMAICERE T 5, GNPs ILE &5 Th DD, MUt
EDOMTHEOMEMERAZEZ LK 3L X — " REFE2HET D, b0
WSS GNPs J& [ o J R 2 R AT RIS BN S8 (RREHen). I DNA
FHEESES,

GNPs 23 T RIFTAZ M ER N, chETrIalb—var2HVTHES
NTx7z, L LEL OIAITHFZEIL GNPs MRS N CTH—I20A T 5 L IRE
L CRREHMZHEE L CTE 2Dk L, IEFTiX GNPs [TAfaN THEESE L 7 7 X
Z—%HRT HENIHENINTND,

GNPs 237 7 A X — %I 5 &, B—I204h L7254 & i LT GNPs [Fl 23
WGIZ BT 5, 2 OREF. GNPs 2> 6 A 7z ZIREF13EFE D GNPs (2RI
. (BREVWIN), 72 ERMAE Z 52 0nERFHEEIND, UL, GNPs (2
KOMEWINZ L) — AL 7 T A2 —EARECHIRT HMFHInETcanTs
53, GNPs O A XORENSIREWIUZ G- 2 5B L LN/ TR, £
CTCARWIROBRNE, 1. 7 T AX—%EA L7 GNPs (2 X D &I A5 L,
B3 Al L T 5 2 &L 2. 7 T AX—ND GNPs VA X « JBIE &I S8,
GNPs |Z X A EWINNE Z 2 A o cTs 28, L LT,

[kl HiE] Ar—no8ps 2 fEOE T hIrvayIal—varyTh
%, BRI & RMRE 21T o 72, BRI TIZ, MilREZEL7ZK7 7
N AHIZ GNPs 28—, & L< %7 7 A X —{RIZ04 S8, 100 keV O X #j & Bt bt
L7zt &D GNPs IZL 2MEWINZFHHE Lz, 512, GNPs DEESCEZEEZZL
RGOV THMmFI L, OB, BAELLETF LN THKT, £
GNPs DXL 5 TAERSNIZHEDTHDLDNESRIL, ZNZENOMRERILA~DZE
525 L7z,

PRI CIX, K7 7> B ANIZHFEIRD GNP %2 1 D% (E L, 100 keV @ X
%%%%LtoH%%«mpwﬁﬁ#%wméﬂé@% HeF D FIVX —5 A %
R L. fWCTEIZ FHRIRERIR D b i S 70, FRIRERIR & Bllo P&k GNP
M OFEREZ 2 b S, GNP IZWRIX S H ke & AT T 5 & F R L,



[#EREZLE] BEHROBRFORE, 77 A% —%Bk L7z GNPs [3¥—IZ/0 4
L72 GNPs XV @WREWINEZ R LTz, KECAEKRSIIZET « T DFREIL
1252 D2 GNPs JREEICHB L CHEM L7z, —J, GNPs N CTARR S7=&E
T TR ERINIC G 2 52, GNPs DZE/MIA « A Rk o TRELE
b7z, FRCZ ORI, 7 7 A X —EKEHZ GNPs IO EWIERIZIC
AL, GNPs A X/ E KRB HONEAB BN EZ BT, 2o OfERNG,
GNPs [FBEBE SR BRI R X 72 B % B2 5 Z L BRI vz,

PRI DAE S, GNPs FEBEDBEN 2 12 DAV EWRIUIIR T L, Z OfAIE
GNPs A X/ EBHE CTH o7z, ZiLid. GNPs N CAR S - 70300
%D GNPs (ZF3E LI SN HFEEN, GNPs MIEEEIC L W ikE &N 5 Z & 2R
T 5,

EARAIRR R & A ET ORE B, GNPs D27 T 2 % —Juhk & & 8491k By
MZEFE LGS, MEENZBKEHET 5N b L2 L 2EH®T 5, &6
IZ. GNPs R—EEEREEDEE. GNPs YA X0V/NEWEE GNPs [BHEEED BT
THEOMEBERNNE VLT ed 2 EE2RT, TFEBERN 2 nm O/ e
GNPs % H W2 Et D ANTAT DIV TV D N, ARIFZE D, GNPs A XA/ S0
GElE EMERNORELZET LIMLENH D Z LN INT,

[#Eam]  ABFZRIE. SHRRIEHEICEHE VT GNPs % i B IEAl & L CHW S 5
A2, GNPs |2 X D& WU % 5 JE AR E N2 203 2 M E S ¥ 5720 GNPs
AR REFEDO/NRT A—FOERNZ, WEOME»STR— 5025,

2. 7 /KL K 2 MBI AN IR OB B I 3& 5 2 O T2

Wl H]  EEMEIIEEME~EBEL R, EEBEBEORKICHRD
IDHZEMDL, BIRICBIT DX =7y FELTHEASRTWD, £ T, Kk
FEIRTIRELZ GNPs 23 FR &N L Z 84 20 U, S ME 2 B2 L 7= GNPs % Ifi
BRI LCTHWD Z ERRETI SN TE R, £ 2 ORI TIE, MBEER GNPs
& T RRTG IR & LA & B T B I BRI R4 O 8 22 /) 0 A8 D28 b &, B2
EiEE (Acoustic Angiography: AA) ZHWCEEHlid 2 Z & 2 HRgE L=, /-, i
TSR I & 53 A7 D ZIRTTH) 72 R — M % E EWNCFHMI T 5 2 & 2R A Tz,
[%f4e L 53kl b BIEANHAaNTRE (A549) MMz B PR S Bz~ 212 L,
BRI D I, b L ATHFRIRIR & B I 2 20 L7z GNPs 1 X 2 I & il
IR AT o T2, TEE~OBEGFHE XI55 (10 Gy) 217V, AARELZHWTH
Tk B E— N4 & AA BG4 RETE 62 B B £ CRE Lz, IMEEERTE ORI
M =Wt D2 % EEIICFHE T 572012, H LR & L CRBEME S



Ny,

J¥ (Cumulative Vessel Density: CVD) t Z k7" A L L5 %5 - I8E (50% Vessel
Penetration Depth: VPDso) % & A L 7=,

[FER L BE]  MAEMESRRE Lo~ v AEE O T &L, BEHRIRRD
T AT o TS & belg U CILAE A 24 BRI IC RS — a8 L7206, 1
ERZIIZBMIRT Lie, ORI, ERBEICXZD v A 7 o T g
ST —FERIC I SN2 2 & BOoRIET D,

F/2, T b —LRBRIZBWTIEIEE 0 HEH O VPDsy & 1 IR EROMICIE
DR A BTz, 6P 0 H H O VPDsy & ESEAFED 1 B R RO M7 23K
~ T AD AA BB EEIT LT-E Z A, o~ R L g LTI S 2T IR N o 1M
MBRZ LW Enbhhotz, Lo T, ak— FNTHIEE 725 a[REMED BV R
HEEEZ, /6% 0 HH OB CRREEZ b LIc7 42 ) 735, )
B LUOWHIRIZ AA L VPDso ZIGH TE 5 Z LRI ST,

[#Eem] AR TIE. M FER GNPs & HURBRIGHEIC X 5 ML B EE A% O i
M =R OB E . AA ZRAWTEMRR « E&EMIZEHE L7z, & o =&kt
I ERTH LVEIEEL L TCCVD EA RS T AL VPDso B8 AL, TOHHMEE
R UT. E72. IBERTOME 5% AA I X - THHR L. JEE ORI 22 B 5 =R
TRITE D AREMEN R STz,



HEE

ARXPR IO T THEH LIZIEEEIIL T OmE Y TH 5,

A549 human non-small-cell lung carcinoma cells
AA acoustic angiography

BOLD blood oxygen level dependent

BVD blood vessel density

BVM blood vessel morphology

CT computed tomography

CvD cumulative vessel density

DCE-MRI  dynamic contrast-enhanced magnetic resonance imaging
DDM Danielsson distance map

EPR enhanced permeability and retention
FBS fetal bovine serum

GNPs gold nanoparticles

MRI magnetic resonance imaging

PEG polyethylene glycol

PET positron emission tomography

PIXE particle induced X-ray emission

SVP spatial vascularity pattern

REAMacro macroscopic relative energy absorption
REAwicro microscopic relative energy absorption
RGD Arginine-Glycine-Aspartic

ROS reactive oxygen species

TOLD tissue oxygen level dependent

VDAs vascular disrupting agents

VEGF vascular endothelial growth factor
VPDso 50% vessel penetration depth



- A=
2RSS

1.1 SRR

1895 4F|Z Rontgen (2 &> T X M3 3E R I TLR, B ZERE O ~ 7235180
THWHILTE 72 (Rontgen, 1896), H T MGHHRIGHE L. FMBHEHEE « 3k & F
OV O = RFE L FEIE L, A CIE BEE OBE L BBl - F 7= 13t o ya# Ik
ERLAE O T RRIG R & 321 F TV 5 (American Cancer Society, 2017),

BRI Tl @R F— DN ROR A R OIS - £ 723N O 5
~NERFT D, OB SRS L0 BRI IEES RIS O RIVER A%
ETHIVRINRDHD, LoT, MHBRIEEAITO ETHEERZ &I1%, ERHERKC
BT 2 BB E Z e/ NRICEI 22D, 1R —7 v N Th 5 ISR LTI
MAERBEICERIEDLEThD, ITHFE. 20O XD e mEE e iU in & 52
B9 D72, 5RELH S HRIAH (Brahme et al., 1982). @A 1B B i & #1756 9
(Shirato et al., 2000), % L CH F#-REZIX U &3 2Kk F-#95% (Shimizu et al.,
2014) HDOHM A S, Hhoh T,

1.2 BSEERA L LToe&F kT

AR L7 K 212, FURBRIEHE . RIS A BTG C IR FE 72 B 4 oo FR A
BITHDZENTED LI TE Iz, UL, FEES ORI DIBHE T,
B O IR E FRGT _RERI T L, IEFHEROBIERD U A7 55 F 5y 7 ik
BERRPTERWEARGFET D, 29 LEF T, BHEICETHICERELZ H 2
LH1EE LT, BUHIEREA OFI AT ST & 7,

SRR A &1, BB O A PRI R Z @D LI D Z L 205, HBU#R
HRRFN DOAERNC > AT T F o (Cisplatin) 3 D, BEFRIBERE VAT TF Ik
DAL FIRIEEMABBEDEDLZ LT, 7V =T PO NDERENHENT L2 L0
(Richmond et al., 1984). DNA #H{GOBEMENAE SN D Z EnWESNATWVD
(Amorino et al., 1999; Eastman and Barry, 1987) , ¥T4E., Z D K 9 72 UHHRR BRG] 0
fBEffi & LT, 47 / ki+ (Gold Nanoparticles: GNPs) OF|HZHFZE SN TW5, =
Z T GNPs &k, EEPET /) ~HET / A= MBEOSR DI LEND,
GNPs (34189 2 W EULFRI7R 3 DORFEIN G . BOFRIEEAI L L THER 2RO T
W5,



£7. OGNPs iﬂ:%E’J ICARTEETH 0 AEREAEN WO, FHEMEW
(Connor et al., 2005), . ©GNPs % G~ ENAIEHRIE DL LN TE 5,
FEEIS L VX ﬁ%®m£&%@bfm FAENERTHY, ESBEENE L,
U U SIROEBRDIF, T DT, B 200 nm LU T OB IXENZIEERT 595 5
CHEBSICHERET D L WO MEE N H Y. Ziuid Enhanced Permeability and Retention
(EPR) iR L LTabHN T 5 (K 1.1) (Couvreur and Vauthier, 2006; Maeda et al.,
2003; Matsumura and Maeda, 1986), F£7=. GNPs Z-~X7"F | (Wang et al., 2013),
& (Riley and Day, 2017), RV =F L > 7 U =2—/L (polyethylene glycol: PEG) (Arnida
etal., 2011; Lin et al., 2012) % C/LFRITIESRT 5 Z & T, JEEITERINAICEY A F
HLHZENTED, TOX) RALFAIERIC LV G A2 ERN L&) ki1
(targeted GNPs) 1%, FEAZRY724:F /7 Ki 1 (untargeted GNPs) & kbl LC. £ 20 %5
TEFEIZIEBSI R 5 2 & A 4w % (Berbeco et al., 2011),

Z LT, GNPs [Z@E R 1-&E S (Z=79) T 2 7= it & B AAEH 4
LTV, VIO ER > TS, AFRICEWTEHERERZFF O Z OFF
BUIZHONTIE, WEITREL bR %,

il A

X 1.1 EPR &0, EE & ITmEEEENEm < . B, TIRY o SROTE
BRNGIUNTZ 6D . [EHAEH 200 nm LA F D GNPs [IIEEIME 231 U, S Y
AEND,



1.3 &7 kT L AR OMERMEEER

AT Tl ~_72 &£ 30 | GNPs [IFERTF&HE S ThH D7, Bk & WA BAEH
RV, X122, XX —1Zxd 5K ESCOEERIRE L.
F DA ~d (Berger et al., 2010 £ U 1EAk), B RmBOIRE &1L, BAEE, i E
SHTVICEIT LR THMOFEGER L, BEBEREDEWVIEEZOWED X
MMEMBMAEERAZEZ LT WIZ E2EWRT 5, X 12056, &3k ikl
T, HF1Z 1 keV 225 100 keV OBIZEB W TEVWVE BERBERE 2 /RT3 005,
$ 2 1X 100 keV (2B W Tld, @OEERTIIREBUIKDRK 3025 Th 5,

10%f —————ry ——————

gold

((:

107 F

10" ¢

100§

Mass Attenuation Coefficient (cm 2/g)

BN
<

10-2 A . L) . . ] L
10° 10" 102 103
Energy (keV)

X 1.2 KE4D X BRIV —I1xT DEEHTREE Z DMk, F7Z 1 keV 05
100 keV OFIIZEB W T, &3k LY b EmWE R Z <7,



DL IZAIHMET XL X —FHIE CEWEBEEIMRE A R TN, ZHTEN
DT HILF— WWT% REE LT WD THD, KEHR LT, AL
TR DPHEE IR TOZRANX—2f 5 L, WuEE % F O#uE DO/~
TONRDOZ LZ2 WD, @ITBITDLIBEBNRE 27 N U BELOE ERGRE A
1.3 12777 (Berger et al., 2010 £ ¥ {ERR), LR OE ERWIREIL, FFIZ X
TRLFX—MN 1keV 75 100 keV O#FIFAIN T2 7 M UHELE Y i dnicE <,
DT RNF—HIRTE Z 2B AERIIEENRNFLTH D Z L2 mh
%o K 131THBWT, EENROEEREIREUI A ERANCZEL L TWDHD, 2

*%@ﬁﬁizw% WEFHNEZ L IZ8Z D | LEDHROEZ D 3 I

mbfwmﬁétbfﬁéo;@T@m%&Zmi B S5 E T O#LE

AR ROLF NS M I, LRI, K WO & PR D, 2

’iﬂﬁfézvnw%- IXENFh, 2.2~3.4keV, 11.9~14.4 keV, 80.7 keV TH 5
(Berger et al., 2010),

F7o. HERIZ TIREF ORI, EUEICEANTED & S
i DB FE - 32 ?L%S:i%&bé KIHOEBT S, ZOWET, 2 SOEFHIEDOFMT
FIL X — #’“Lmizw% WNEFE X frE LTSNS, S 612, FiiE X R
DL DOFIEE I =X X — 2 5 LIES S ERIT T L2 A —T = 2R &
FEX, i EhizE a4 —Y =BV,

AR O Y | HH#EE GNPs OB AAERIC LY, KE A —V &
XU E LI ZIRE T, £ U TRE XBEONFAB S5, 2513 GNPs
JE P SR FTEC B B DR 2T 53 5, 2 O JpTHd 72 U R & o #hn % # &
BN & 5,

10



10 ¢ —————— e

Photoelectric Effect
Compton Scattering | |

103 ¢
102
10"

100 ¢

Mass Attenuation Coefficient (cm 2/g)
=

—_
<
N

10.3 . . L] L L PR | .
109 10" 102 108
Energy (keV)

X 1.3 &i2B ) 2 EFE (Photoelectric Effect) & =27 kb v #iiL (Compton
Scattering) DB &HIFRE & . X L F—D %, 1 keV 725 100 keV DT x
L —HEIZ W T, EESROEERFREII =7 P EELE Y IS
2@V, Dt ﬁéﬁ@’g%ﬁﬁ%{—ﬁ%& IEREGANCZEL L TE Y | R —)
5 MR (2.2~3.4 keV). L WU (11.9~14.4 keV), K WL (80.7 keV) & FEIEIL
TW5,

14 &7 )R HEABEREDRE RITT A=K A

AR D GNPs DR A B F 2. GNPs (ZLA T Oid e ChtHip R R A2 L =9 &
EZHNTWS, 7, EEMICER L7 GNPs X, 1BEH SR & oY
HEMAER, FOEEDRSCA—V R a2 29, GNPs 2> &z ik

11



B 1X. GNPs EH CRTMZRMEMAZE Z L, {EMEEESE (Reactive Oxygen
Species: ROS) Z & L CTHEEAIIIAN O DNAC S F 2 R 7SO ERICHEE %
5.z B BIREO AW FH R A B D 5 (X 1.4) (Butterworth et al., 2010; Geng et
al., 2011; Misawa and Takahashi, 2011; Tran et al., 2016),

GNPs o fE= iR

o Q( \
DNA
\
\
]
4

e
4
|
\
\O\<>Il

‘-——’

ZIREFICKDRERM

X 1.4 BHRBREGD R D A J1 = X 5, GNPs (FbLF#HIFEES> Enhanced Permeability
and Retention (EPR) #h5:i2 & 0 fEE NI ERE T 5, GNPs IXE R+ H S TH DT
O, RIEABERE OB TREBEDRSCA -V 2R E2 R L, REFEHRET
Do ZALH D WEAFIL GNPs JHFH CTRFTH R ERINAE Z L, BSHRIEED
VR R 2 ED D,

1.5 AEmLDORERL

K E 4 mbed, & 1 BT, Knlaefzm L COMENGTh S
GNPs (22T, EDRHE & MREHN - B BEE RO Z 5 A 1 = X A&7l
L7z, %<8 2 BTk, GNPs 2SHAEN THEEE L 7 T A X — % Bk LI/ D2
. EUTHLEY I 2ab—a AW THELTWS, RIZE 3 ZIZBWT,
GNPs D7 T A X —JERIZ X DB L T IT< WRHE L LT, GNPs & HU#ia
WA A G DT RO MEREREIZOWTRNT 5, 22T, v~V R[E
O M AEEN R 2 E b 5720, FEMEER (Acoustic Angiography) (2 &
D LTER Z T LT D, IZICEH 4 ETRERORNFEE LD, KimXo
TG K O & 35,



A\

Ho2E & RFDI T AF—FRSBREREINC HE
BOHE

21 WS

2.1.1 &7 7RI OBUR R RAIF

JESHIIZ, GNPs @ X 5 2 s il 735 DWE 2 W TR O Wiz ik z b
FoHRARE, EFT a2 a—FWEIRE (Computed Tomography: CT) D& Al &
LT, FUHRCH R =T LEIONTHES I TE 72, Hadnagy Hi2 kb, 37
FIEEA L WO X BEfitbtsd 2 & T, U U EROYE RS B 1Y
M35 Z ERHE SN TS (Hadnagy et al., 1982), £7-. CT DK== /L%
—X M E AW THIS BRI R 215 D et . MG 2 iR ic s TEL
(lwamoto et al., 1987; Mello et al., 1983; Mesa et al., 1999; Robar et al., 2002; Solberg et
al., 1992),

GNPs ([ZBWTHAEERIC, GNPs ZHX VA A TS KT L THR u AL hoA TR
JVERDZRX—D X #ERET 5 L. DNA O ZARSEHUIEEAHINT 2 2 & 23#
HINTE 7 (Brun et al,, 2009; Butterworth et al., 2008; Chithrani et al., 2010a),
Hainfeld &1 in vivo DRFHZEBW T, <7 AJEEICEL 1.9 nm O GNPs 247 S
H72121T 250 kVp & X #pa B U7cis R, IESHARE S B 1T L s L T
V% (Hainfeld et al., 2004), —77 . GNPs % F V72 U B @e2h 5% GNPs 34 X
A7 9 2D Z & B A STV 5 (Chithrani et al., 2010b),

212 VT AnYIalb—varERAVEREENOHE
%14%?ﬁ&kk%@\GM%ﬁ&E?W%ﬁ%@@%K%VT\GM%#%
B ST ZIRE I LD R R & INA BB kB 2 R4, T E T,
_®ﬁE%Mi%/Tﬁmei:V~VaV%W%T%Eéﬂf%ko
FUTHABYI ab—g it BT AN EE W RS RRES
2l—var Dl Thd, —RITEST Ak, %%%éﬁf:ﬁimi%’j%
MR (I ZTIINTRET) OFBEIRET D, Lo THIBEEFRICKIT 5%F
YT AT alb—y g TE, VR a2 b—y g CINOREE RIS LTZE) %7%
C MBI BEAER O SOSW R O 0 25 E L Tl &, A I E il
TR A OFEF)Y AR 2R E 3 5 (Butcher and Messel, 1960; Varfolomeev and
Svetlolobov, 1959),

13



INEFTELDEVT AT 2L —2 3 T, GNPs ([Zxf LK R /L F—X
PRERNT 2 &, HEDROA—V =20 R A2 ST LT, GNPs UTf5 TEv R EHE A
52 ENRSILTE 2 (Douglass et al., 2013; Incerti et al., 2016; Jones et al., 2010;
Lechtman et al., 2011), Jones 5., K= R/ F—X % GNPs ([ZHESF L, GNPs 7> 5
DT DORRE A (radial dose distribution) % 15 L7-fE %, GNPs 7*5#J 30 pm
F CRREHEINDHER S L2 & LT % (Jones et al., 2010),

213 &F JBIFDI TR R

BT ANBYR 2 b— a3 Y EAWTEITIFEO K531, GNPs 23 Ei5 Al
N CH—IZ00H9 5 LARE L CTRigt 217> T 7= (Cho, 2005; Cho et al., 2009; Koger
and Kirkby, 2016; McMahon et al., 2011; Strigari et al., 2017), Z ®¥J—F7 LIiTFtHH
NI ER CH H 7D, EHEMOMEAHFETH2DITE L TWHWDHIH DD,
B SN2 ET AV THLTDBMRICAI L TR WA R H H, £ T, LV
FEBRIZIEWY I 2 b—va e LT, Pl bEICi AT GNPs RAATRIZ AT
GNPs |2 L DM EEINZHE L-#E b H 5 (Kirkby et al., 2017; Zygmanski et al.,
2013b, 2013a).

—J7. B4 in vitro EBRIZ XL, GNPs ITHINTEREL, 7 7 A X —%F
%95 ERHE X TS (Chithrani et al., 2006, 2010a; Jain et al., 2011; Peckys
and De Jonge, 2011; Rahman et al., 2009), #5\Z Peckys & De Jonge %, NI AL
Sz GNPs 7 7 A X =2 OWTERMZRFHNZATVY, GNPs 287 T A & —HN D/
fid (Vesicle) IR S LT % & s L7z (Peckys and De Jonge, 2011),

GNPs 237 T A X —%Z Ut 5 &, ¥—I204m Licst & e LT, GNPs [f+
PRSI HET T 5, ZORR, WEIRIMHAMERIZ LY GNPs 226 i S iz Zk
B DUTEED GNPs (TR S Hu, AN TO+ /3 72 MR BN Z 5720 FER T
b, 37206, %—72 GNPs 5 2 E L CEtR S Lo/ |, FEER
OB Z W KGN L TV D ATEEMER B D, S HIC, MO GNPs O E &R
Ea—EL LIzEa . GNPs A AR /NESWEE GNPs MEEEN T 725729, X
V%< OZREFNEHD GNPs IZHIR S 41, BREHIINDSE KRR < 709 < 7
LAREMER S D, LrL, GNPs ICRINSNHMEZEIE L, B—nfiL s 7 A4
— IR CLEE L 72 EHI W E R STl 67, £72 GNPs HA X« JREEN
MAFTFETH] 50T 70 o T 7Ly,
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ZZCARMIRE T, 1. 7 7 AX—%EA LT GNPs |2 X 28BN & 75 L
B)— Al L el 95 Z &, 2. /2D GNPs A X« JBEEIZ OV CTRRERIN % bt
L, 77 AX—% L7 GNPs (& VHRERINOR Z 28242 5T 5
e, HHE LT,

22 JiE
221 MHE

AWFFETIZ. GNPs D7 T A Z =T R ERIIZ MF T B2 R+ 27201
A — VDRI D 2 FEEDOE T IR I 2l —a v ETolr, ThbER
i TIEE NN EARIRRET - AR ST L &35, BERBE T
2.1.3TH Tuk~7z Peckys & De Jonge (IZ L 2 EAZ B EICCGNPS 7/ T AZ —%H T I o
L—3 g v ECHEE L, BEINAFHE L7 (Peckys and De Jonge, 2011), #% < %
BERREICIL, 7 7 A =BT X 2 B2 RS BT 5720, BRI LY
HINAT = VinD Y T NVIMER T ORI R AT 72,

T T AN a2 b—3 3 ZiE, Geantd (version 10.02.p02) (Agostinelli et al.,
2003; Allison et al., 2006) # /=, ¥ 2L —v a3 VBT AR LX—EFD
ZEFOREIIE, B F—TOFEIZE LIZERHH ) 2 FThH D “Geantd-
Penelope” U X M & H\Wie, RFOZEEEZFHET LR L X —D R THL =RV
X—Ty FATE, — WAL FIIREED 1L nm 12725 F T, IRKLFIZ OV T
TRVF—N 250 eV L EOKFE TEFIRICER T 20 Lz, ¥ Iab—v
3 BN, ZREFICEDHEWINCEH ST 2 RN H 5T X TOWH
WL JF - oo i b S | A2 (atomic de-excitation process). H#t i H (fluorescence
emission), A — =¥ 7 (Auger electron emission), A4 — = 1 A% — K (Auger
cascade), Ri{#REhAC X %2 (Particle Induced X-ray Emission: PIXE) % #% & L 7=,
GNPs IZFESTT 2 X RO =R LF—1F 100 keV & L7z, ZHhuid, &0 K RIS
(80.7 keV) LV &< (K 1.3 E25H), M OIMNBHGHRIGHEIZ I T X BRONEH O ff
BICEET D ETICEET DI L 2EE L TE L7z (Detappe et al., 2016), S
DIRFRIZB W TEFICAS T 5 X #IT, e R XX —RNEI>72%60 X #T
H5H, LIPUAMIETIE, GNPs D7 T AZ —JERD A T = X LEHENZTHT=
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W, I TAE TR LFM LT WL O HE—ox L F—D X a2 T,
FEST X BR80T, BEARAIRRETCIE 4.8x10° A, MRARRETTIT 108 A & LT,

222 BERERRE

FALRRET DY 2 = b—3 3 > TlX, Peckys & De Jonge 23#5 L 7= GNPs 7 7
AL —=D/NT A =Bt &, MlRER LTZKLGIKZ 7 R AT GNPs 7 7
A B — % iESE LT (Peckys and De Jonge, 2011), Peckys & De Jonge D Tl
GNPs 7 7 2 & — DI Vs MR TH D COS-7 #iffdz iV 7z, LasL,
COS-7 M D RFEFEHILF G CHICTR STV ieWad | RIFFETiE A — 13— F
KFENEET 5T — X _X—ATh 2 BioNumbers (Milo et al., 2010) %= , &2, COS-
7THIB O EFEE 2016 um® & L7z, Ko T, SLHEMET 7> b AO—i1% 12.6 pm
& LT, B—Aiis VT, ERIKD GNPs 23l 7 7 o h ANT T U ¥ A5
fiTHELTE(X21@), —H7 TAZ—IZBNTIE, M7 7 N AOHLITER
BLERE 46 um O7 T AZ —FRNICT/MIZ T o F JCHRE L. £/ RAT
GNPs % 7 > & LI S 7= (X 2.1 (b) & (€). /MadEE & E%kIL Peckys & De
Jonge DFAEN L Z N EH 260 nm, 164 {E & L 7= (Peckys and De Jonge, 2011),
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2.1 ERABRFICRET S, BTy Ial—ya v Of%k, @ H—ShF0y I ab—ya kR, 8
— PAAREIZ X, ERIRD GNPs (FEfa) BN HFRHIIR 7 7 > RANTT VX AT b E Lz, Mild7 7> hAd
—101% 12.6 um TH D, (b): GNPs 7 7 A X —JBiD Y 2 2 L—3 g VKR, 7T A2 —TERFICIE. 770k
AT E PN ER 4.6 pm DY T A X —EK (A) NT, ERIKO/NE (KE) BT 2 X BT b e Lz, (o):
GNPs 7 7 A X —DHL KX, /MEER (K) OELIE 260 nm & L, £/NMEERNT GNPs () 237 v & MIZHAAT

5HE LT,
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GNPs A R« JREEN T T A X —FRRIC RIZ T B LT 572912, GNPs OE
2% 10, 30, 50 nm (L EXHEDOD, ENENOELZRIZEVT GNPs DIEE% 0.5, 1, 2,
3 mg/mL &2 L E&H, GNPs LKDT R )LX—WINEZHE L7-, GNPs &/kDx 3L
X—RUZ G Uiz, AW CHEM L7-4 GNPs BfE - EEREICKBIT S, Mia” 7
> R AW E/NEND GNPs $1 2 3 1 1ZRT,

#F 14 GNPs [HEL « IEBEICBIT A, Mld7 7> 2N E/NENO GNPs

GNP [E£% (nm) 10 30 50
GNPs =& (mg/mL) i e AR /e AlfE /N
05 99645 608 3691 23 797 5
1 199290 1215 7381 45 1504 10
2 398579 2430 14762 90 3189 19
3 597869 3646 22143 135 4783 29

M= 7 > N 223 LT, 100 keV @ X iz AKFEIZHST L, ZKH « GNPs HIZfH 5
SNDHZRANVF—FFHE LI, TNHLDOT LT —Z KT R F—IRIL
(energy absorption) EFESRE D LT 5, 7T AZ—FEROFEX, GNPs 23— 434f L
THa e 7 A =% LIzGG & T X — RN A i35 Z & TRl L 7=,
VIialb—Ta BV TE, K221TR T X DI REAS OEF S (a) GNPs H |
F7202 0) KFDOELLTAERENTZLDTHLONENHTHZ LT, TNLFRD
i DT RV —WRINA~D % 5% 7 L7,
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XitiR

7K

X 2.2 1 - ST OREPITIE UG HE O], (@) GNPs N TA R Sz E 1 - K1
D)V F =73, GNPs 2RI EN 556, (b): KFCTARSNTZETF - T x
X —73 GNPs [N SN 558,

AWFFETIX, [A— GNPs IR « BE TIZBIT 57 7 A X~k OB EFMT 5 7-
DIZ, Hr LWEEETH % Clustering Factor 2 iE# L7z, Clustering Factor (%, 27 7 A ¥
— TR & ) — AR GNPS IZI S - =3 L F— D BEtR S, (1) TF
b, T7bb, Z7I9AX—BRIZEDZ XN —RINOEENRKEWNFE
Clustering Factor |33 /i13 %,

Clustering Factor
2 TR — 5k L TEGNPsICHIR Sz =0 F— (1)
HJ— 5377 L 7=GNPs IZWR X 1.7 = R F—

W, MR~ 7 > B AR SN f X —D 9 5, GNPs (2RI S iz =
FNFX—% M T 572912, BRI = %L —W UL (Macroscopic Relative Energy
Absorption: REAwaco) % /£ L 72 REAwaco IZHIIE 7 7 > F APND GNPs &8s~
TOMEMITRIN S NIz =R X =T/ 5, GNPs ([BIR Sz = p ¥ —0FElE
MHEE S, R TEREND, KQ)LV. GNPs 7 7 A X —BRRIC L DEN KX
WEE, 7T AF —TERIRED REAMacro 138 — 0 ARE L U < 72 b,
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GNPs/ZY o K LI —
REAyacro [%] = SICHOR S IZ/‘$ — x 100 2)
Ik FGNPs (2T X175 T 7 L —

223 PRERORRET

PERRETIL, 7 7 A X —BROEEZ R BFT 5720, BERPRTTE D b/
SWATF—)LT 220D GNPs #zHWI=v TNy I alb—ra & {1272, 200D
GNPs &1, OAH X #EDOHAERAIZELY “RE SR E T2 GNP,
@ O® GNPs OITHITALE L, O Sz ZIRE - R+ 2WRINT %
GNP (X 22 128 2 46MD GNP I[ZFHY) Th D, Z O, EFICALET H GNP (Q) %
AR TIINA AZ L —GNP LIS & &5,

7B, WHRBETCTHWE GNP I, BERPIRFTCHWZERIEO GNP L3870 H
IR CTH D, Zhiud, EARRTFHITIE VT 2 -2 GNPs [ O HEEEA = %L ¥ — Y
ERET HIFFICEERERTHDL L THRINDTZD, 2 D0 GNPs [Fl 125w 3 54
ZEIZT 5 2 & T, GNPs MEEREZ I O EDOALEIZB VTS —EICT 572D TH
% (ERAD GNP (3R MmN B LT\ 5728, GNPs MRS £ EOMEIZ K - T
fELTCLE D), £/, EKIED GNPs OA 7257, HEFEO GNPs (23T b i
HARGH AL = 2 = & BEBRMITHE STV 5 (Rane and Armani, 2016; Wolfe et al.,
2015),

WARAIRFNT 2 DD AT v FIBER Y STo, T T AT v 7 1 Tl BRI & [F
BROMIIEZ 7 > R 2OHIZ, L OOMEE GNP 252 E Lz (X 2.3), MR Z
M GNP IZ# 75 S, 100 keV O X #%& A S Uiz, MR GNP N THRA L
7 TWREF - N, HEE GNP RENOHEHSND EE DO RV —%5HE LT,

HWTAT v 7 2 TliE, BiRDO AT v 7 1 THREG LI R VX =M OEF « HF
ZIMRARIR & U CEA L. Rl EICERE S =B OMEE GNP (N A X U H—
GNP) (Zxf L TR L7e (X 2.4), FERIRBRIR & XA X & 2 —GNP [ D EREfE
Z 025 500 nm £ TEL &8, ZNENOHEEEHIIBWTKE NSRS A X 2 —GNP (2
W S 7-mp VX —ZFHE LT,
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MEAZGNP

PSSR ER

23 WHHIIRFHC BT D AT v 71OV I 2 b—ya VKR, MBRIRRIE (k) %
47 GNP (¥ fa) 1283 S+, 100 keV 0 X it (fa) % 127 GNP 12 %t L AKEIZ IR
S U7z, X#RE GNP OWBERIME AAEH THA L7 ZIRET (R) - 67 (Fk) @95 b,
MR GNP i A4 i L S s OO =R X —%25HE LT,
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Step 2

BT - KFRR INA R >H—GNP

2.4 MBI B T2 AT v 7 2Dy I alb—ra kR, A7 v 7 1 (K 23)
THES L= X =MD EF (OF) - o (%) 2 FEREIR Okf) & LTHER L,
[l B ICERE SN =B O NA 2 X 2 —GNP (H ) (2 L CKTEICIRE Lz,
MBERARIR & N 2 & 2 —GNP O BEEE (d) 22 b S, KENA 2K % —GNP
ICRIN SN p L X —Z 3 E LT,

MARRARIR OB, MfEE GNP OIEOERE, MfEHE GNP OE I XFA—& L, £
Zih 10, 30, 50 nm &b EHT2, N AF U Z—GNP ITRIREN D = R )LF — (%,
ARBOFR R = 3= L — UL (Microscopic Relative Energy Absorption: REAwmicro) (& & > T
M L7z, REAMicro 1ZRTH D REAMacro & [FIER, ML~ 7 > F AND GNP & & ied -~
TOEEMITIN SN TRV F—ZkT 5, A AZ X —GNP [T S vfe =
INF—DEIGENLEE SN, X@)TRIND,

N RS 2 —GNPIZ IR X 72 R F—
REAMicro [%] = R - N N X 100 (3)
K ENS RS S —GNPIZRYR S 417 T R F—
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23 MR

231 ERMIBRETORER

PJ—S5Aig & 7 5 22— GNPs IZR I SN 7-EBF « e F D= R LF—%[K
25 \ZR T, K7 T 7IFEL - KT PAERSINIHEEDITIECT 2 ATV
23, ZAUE GNPs IZ L2 =R AF—RINAZFHET HI2H720 | K 22 1R LIZELDIT,
TEr e A ORAEFRIISCTHEZDH LIZZ LI X D, BOTE (F) 1L, A
THERRLTZE T« 12 GNPs IZWI Sz = v ¥ —%ZsR L, B (35f) 1% GNPs
HCHEMRLTEET « 72 GNPs IZWIN SN =R VX —% 1T, TNENOEER
FEIZRBWT, KPR TEMRLEZET - K T0HE LIz xLF— (F1) 1Z GNPs D ZE[H]
DHETARXOEELZHE V2T, EEEEOHEME EHICER L, —FH,
GNPs H1CARL L7281 « 7725 GNPs (2RI &7z =L ¥ — (35) 1X. GNPs @
B E A R KRESEE IR, Lo T, =X AF—WINO RO RIL,
GNPs H CAR L72ET - X TIC L DRV X —FfH 5 GHA) ITEKF LT, 7=, 77
A B — RO = R L — I T — A L D HE <. GNPs A AN K& WEE
=L ol

23



(a) 0.5 mg/mL (b) 1 mg/mL

3.0.0° - - 3.040° - -

mm Particles generated in water mm Particles generated in water

m_Particles generated in GNP mm_Particles generated in GNP 50 nm
25.10° 25.10° 50 nm

2.0410° |

2.0410°

1.540° b

15107

1.0:10° F 1.0:10° |

Energy absorbed by GNPs
[keV / incident particle]
Energy absorbed by GNPs
[keV /incident particle]

5.0.10° | 5.0.10° |
0.010° 0.0.10°
Homogeneous Cluster Homogeneous Cluster
(c) 2 mg/mL (d) 3 mg/mL
1.0107 , , 1,040 = =
mmm Particles generated in water mmm Particles generated in water
wsn Particles generated in GNP wParticles generated in GNP 30 nm
r ) 10

o 8040° o 80407 nm
Zo Zo
(OX3] oo
28 28
e 6.010° 50 nm 5o 6.0407 |
Q¢ QT
20 20
5% 5%
SE 20a0°} 8 4.0a0° |
> >
o= >5=>
W 20.0°+ W 20.0°+

0.0x10° 0.0«10°

Homogeneous Cluster Homogeneous Cluster

X 2.5 ¥ —03HikE L 7 T A X —EEHZ GNPs [N S - r L —, (a), (b), (C),
(diXZENEiI, EEEEN 05, 1, 2, 3 mgimL DGEZ RS, &7 7 7I1281T HEM
D 3 OOITE)—nAikiE . LMD 3 DOMEIXT T A X —ARE% R L, GNPs D
2875 10, 30, 50 nm OEERT, KBO N (FE) (3KPCTEK LIZET - TR
GNPs [ZIN SN 7c =Rk X —Z R L, Ef (GEfA) 1L GNPs R CAERR L-E T « o1
23 GNPs {2 N S L7z =R L F— %R~ T,
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GNPs I CARR L=+ « &+ GNPs IR Sz r ¥ — (K 251281 5

#5y) L EEREOMBREZK 2.6 \ZRT, HW—oMmIicBi 5= ke F—RINE, &
BEEICHAILTHEM L, —FH7 722 —EARHCIE, = F VX —KIXiX GNPs &
FEDNNZAEWIERIBIZHIN L, B—0 ML bEmn=f e F—RINEZ R LT,

(a) Homogeneous (b) Cluster
5 -5

R == T ‘ ‘ ‘ 5 0T
2 —>— 30 nm 2 —%— 30 nm
o 5 50 nm o 5 50 nm
2% 5x107° 2@ 5x107° 1
5.2 ke
n @ o @
[} N Do N
Se 4100} o= 4x10°}
g3 g3

[S] (8]
§= ax10°} §S axt0°f
=3 5%
2= 5 2= 5
g‘u‘f 2x10° g_nu_, 2x107° |
nZ nZ
20 ‘9
58 1x10°} 58 1x10°F
(0] [
[ [
1] L

0008 1 15 2 25 3 35 0008 1 15 2 25 3 35
GNP concentration [mg/mL] GNP concentration [mg/mL]

X] 2.6 GNPs O EE&RZE & GNPs F CAERR L7=8E T « X775 GNPs 2N S i7-—= %
X —DORR, (@) B—0AiRE, (b) 7 T A X —RE, £ DERRIT GNPs ¥ A
M 10, 30, 50 nm DA E T,

7 T AL —JERRIRE D = R L X —WIIZ 1 D GNPs A XD 2% % | Clustering
Factor (X(1)) Z W CREfi L 7=, GNPs O E&EJEE & Clustering Factor DRIfR %X 2.7
\Z7~7, Clustering Factor {3 GNPs B &R ICHE] LTI L. GNPs 47L4 AN N
EERVEEZ ST E WO AN R b, FRCEL 10 nm O & X0, B 30, 50
nm DA LI L IS EmVMEZ R Lz, Bl 2 I ZEEEEN 3 mg/mL DEED
Clustering Factor [%, GNPs @ ELEA 10, 30, 50 nm DIGEIZZZE 40 1.74, 1.36, 1.27 C
o7,
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1.8

|| —+— 10 nm |
—¢— 30 nm

1.7 50 nm 1
1.6 .

§ L i
o 1.5} 1
L i ]
2 14} ]
E.’ I ]
2 13} ]
&) 1 ]

1.2 1

1.1} ’

1

0O 05 1 15 2 25 3 35
GNP concentration [mg/mL]
X 2.7 GNPs O B &2 % & Clustering Factor O BIfR, ZiLZ 1D FERRIET GNPs HA XM
10, 30, 50 nm D& &R T,

ML= 7 > b ARIRICRIN SN D= R LFXF—D 9B, GNPs [N S5 = R /LF
— DENE Z G T 5 72 D12, REAMar (3(2) Z7t%H L7=, GNPs O H &g ¥ &
REAMacro DR Z X 2.8 12”7, &KL LT, REAMaro 1T — 04 « 7 7 A2 —F
BRE & H 12 GNPs B S EEICHEBI L CHIIN L7228, 7 7 A X —IBRREIC I L 0 207
BRI BTz, T OMEFIZNTHD GNPs 14 X« EEEEIZBWTH LB,
B)— 3400 « 7 T A X —BREEE H12, GNPs A AN K EWIE EEV REAMacro & 7R
L7z,
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(a) Homogeneous (b) Cluster

T =—Tom * =0
—*¢— 30 nm —— 30 nm
50 nm 50 nm
4 4
S S
o o
8 3
< <
w 2r w2+
o o
1F 1
X
0 | | | | 0 | | |
0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25
GNP concentration [mg/mL] GNP concentration [mg/mL]

X 2.8 GNPs D E &R & REAMaco DBTR, (a) B— 07, (b) 7 7 A X —TEAkEE,
FNENDOFERIT GNPs %1 X725 10, 30, 50 nm DA% <1,

232 PRRERIRETORER

AR O ERPIRE TIL, 7 7 A2 —EAIRFIC GNPs (2 K % = %L — RIS HE N4
HEWHIRER Lo Tn, ZOBGE X LIZFELLSFHMET 5720, RIS 217
ST WIRIMETTIX, 2 20 GNPs IZX DV v I ARIKRIZE Y, N RZ U H—
GNP IZW IR &N D =R VX —%3HE Lz, BIE-NA A% X —GNP [BHEHE &
REAwicro DB % [X] 2.9 127”7, REAMicold GNP Hf AR KR ZVIFEERFVMEEZ R L,
BRI/ NA A K 2 —GNP B EE < 72 21220 LTz, FRCHERR-NA A X &
—GNP [HFEHE2Y 0 225 100 nm B2 & rfE LTV 5 & & REAwico IXERBEDEINZ {4
WRIRIZID Uz, BRIR-NA A& o 2 —GNP [BIREEE L XA A X2 2 Z—GNP (2 A4
HAXEFHOBMREK 210 127 T, &7 —Z RlE. & GNPs A X231 D #RiH-
INA AH A —GNP MIEEEDY 0 nm D & & D ARE I CTIERIL SN TV 5D, FExA
SR IIRRIR- N A R & 2 —GNP R = < 72 21X EW L, 2>/ &0 GNPs
EEEIZHED Uz, &R E L TiL REAMico & RI7- M 2~ L=,
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REAMicro [%]

(a) Linear scale

+ 10 nm GNP diameter
= X= 30 nm GNP diameter
50 nm GNP diameter

100 200
Distance between source and bystander
GNP surface [nm]

10

=)
<
S

S 0.1
<
L
ad

0.01

0.001

(b) Log scale

RV

=—+— 10 nm GNP diameter
= X= 30 nm GNP diameter
‘50 nm G‘NP diamgter i

100 200 300 400 500
Distance between source and bystander
GNP surface [nm]

X 2.9 FRIFR-/3A A% > % —GNP [ & REAmico DEAfR, @)V =7 A7 —/L, (b=

T A —)b,
(a) Linear scale
+ 10 nrﬁ GNP diémeter
= X= 30 nm GNP diameter
50 nm GNP diameter
0.8 LSOO SOSS SO ON SSS—

0.6

Intensity

0.4

0.2

0

0

300 400

200
Distance between source and bystander
GNP surface [nm]

100 500

0.1
2
%)
c
[
g
k=
0.01
0.001

(b) Log scale

== 10 nm GNP diameter
= X= 30 nm GNP diameter
‘50 nm QNP diamgter

0

100 200 300 400 500
Distance between source and bystander
GNP surface [nm]

X 2.10 FRIF-/3A AKX o B —GNP [EIEEE & A A X o 2 —GNP I AF 2 A% 2%
DR, @V =7A7— (b)r 7 RA7r—/,
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GNPs DL R TH 5 LRE L7286 D% GNPs EHEIRE - GNPs A1 X|\28I1T 5
GNPs [ OHEEEBEZ ZR 2 129, B—04ilFD GNPs [HFEREIL. GNPs 1 X723 10
nm, EEEEN3Img/mML O & X (TRED 140nm &=, — 77 T AKX —FEREED
GNPs [FEEBEFHE) — 0L 0 HIX2 02 <, ETH 74 nm TH - 7= (GNPs ¥ A
7550 nm, EERLD 0.5 mg/mL @ & X), GNPs [HEEEIL GNPs %A XD
WELL IR o 72y, ZHURFE— O EERE T ClL GNPs 223325k GNP O—1J Dk &
D IFIZHHI L THEMT D720 THDLH EVR D,

AR D REAwmico (X1 2.9) & GNPs fIEEHE (£ 2) ORNIZERIER A BN D, il 21T
B)— /3 AR X EE AR L 3 mg/mL, GNPs # X 10, 30, 50 nm D540 GNPs [ ik
ILZFNE T 140, 420, 700 nm ThH o722, ZiLH D GNPs HEBEIZ 3517 5 REAMico IE
0.08, 0.14, 0.33% T& > 7= (AL CTRHE L72MRIR-/3 1 A ¥ o 2 —GNP B 3R K
500 nm T 5728, 0.33%(% 500 nm DLEDFRERTH D), —F7. 7 7 A Z—JEhkk
(ZIXAESMIZIT 5 GNPs [HEEREIL, W—omiEL Y oL, £hE1 4, 11, 18
nm THo7z, T GNPs [HEEBEIZ I 1T 5 REAMico 1% 2.84, 4.08, 5.73% CTh > 7=,
DX, 7T ARE—IRIRHTIZE— A & bl LT GNPs [FIEREEN 132 2~ 82
i L. REAwico BN L 72,

F 2% GNP EHEESE « GNPs 1 X281 5. 5K GNPs [H O HEE #EE (nm)
SLH R GNP D

DS (m) 10 30 50
HERE (mg/mL) Homo oy ster Homo oy ster HOmO oy yster
= mg geneous geneous geneous
0.5 263 15 788 44 1312 74
1 206 10 619 29 1031 48
2 162 6 485 17 700 28
3 140 4 420 11 700 18
24 B

241 AHFFEREFRDHER

AIFTETIL, GNPs N7 T AX — % B LT D = 3 )L X — RN A 50023 5 7=
. BERRIRE - MERE O 2 BEOE T AR I a2l —a VETo T,
GNPs @7 7 A X —TE RS HREM NN KT T 52 80%, JeATHF98 Clx. GNPs % LLighy
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BRI Rz, R BEIEICHEL Y H#EE S TE 72 (Kirkby et al., 2017,
Zygmanski et al., 2013b), — HFARMFFETIX, HIFLN D GNPs 7 7 2 & — % Tl L 7o #ds
(Peckys and De Jonge, 2011) (ZH:-5%, GNPs 7 7 A X —% I 2 L— 3 v ECTHE
L7, Peckys & De Jonge 2345 L72/3T A =X ZH\W\T GNPs 7 7 A X —%HHT
LT EICBITORIZ b DD, GNPs O &N 5 —IREF AT 512 &
EE o Tz (Jeynes et al., 2014), AAFETIiEL, & 512 GNPs & JEFHD KIS 4
LEL T OZFINX—2FHET D2 LT, 7T AX —EKKHZIE GNPs (WY &
NDHTRLX—=NHINT 52 2L LT, ZOFHEIL. GNPs D —4540 21K
E LTE A IR 0 2 8 KR~ 5 rTREMED & 5 & fafi L7l £ ol & h 23
— 9% (Martinov and Thomson, 2017; Zygmanski et al., 2013a), F£7=. Z D KL 9 7efHnA
IXGNPsICEEELT, BT v 7 THD TaOs T /R FEaxHE Ly Ialb—v

g BV THIE STV 5 (McKinnon et al., 2016),

EFEUTANRY I ab—ra YORENE, — DO E DOEFRIA DOZEE A T T
THZETHD, ZORFEENL, RFERTIEL GNPs IZINE N HET - KT D=
FINX—%, TDEA - HFNKE GNPs ODEL L TEKRLIZONESHI L (K
22), EELHOHY O HMRVITBNT, 2D TORRATH DL, ZDOFIHEDORER,
GNPs [ZRIN SN D TR/ F—0D 5 LK TAEREINTZE T - L FITLD DI,
GNPs DZEIGARRY A R FE T, EEBEEICL S TREIND Z ERbroTz,
Z OFERIT. B3 HREZ GNP IZRIN S D =R A X —DKE 3D, T HRLFXF—D
HOWIX, 4705 GNPs NTHALIZEF - SEF1ED GNPs NTHIL S iz b D
ThHIZ a2 L TS, KIZ, GNPs IZI SN D= /LF—DHH GNPs 1T
ERESNTZE S - HFITL DD, W—04F « 7 7 A Z =BT BN T
ty, GNPs 1 XL EEEEDRB LML ZI1T7- (K 25), £728)—0HFHZIX. GNPs
RN SND =R F—D ) GNPs FCAEMINTZET - K TICLDbDIE, BEE
BB LMLz (% 2.6 (@), — T, 77 AX—TERFICIZIERIE DD —
DALY BIXDMTE N R F—RII R A BT (K26 (b), i, 7T AX—
TERHEIC GNPs R REEfE SRR I BT L7 2 & T, 2 GNPs > B34 LT “IRE TN
JEABHD /A A B o Z—CGNPs [T ST K 2o lelcd ThoHENZR D, Thbb,
MR B2 L7z GNPs il C R VX — DN Z 5 Z L3, GNPs 7 7 2 X —(Z &
D AREWIIDNHEINT DA D= AL TH D Z EERET %S, GNPs DN TOARYE—
IR R EE LT ATAZE Tld. 2 GNPs 10— L F—a g ST 222 h
- 7z (Kirkby and Ghasroddashti, 2015; Lin et al., 2015),

AWIETIIE T2, 77 AF—ND GNPs ¥ A X2 3L —WIUZ ST T 52 B2 FF
i L7z, SefTAFZECld GNPs $ta —EIC L TR Z1T > TV 528 (Retif et al., 2016),
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Z OFETIE GNPs RIFEBEDS R ER I AT T B2 M52 Z LR TX 20, AR4F
BT DIREIT. 7 7 A X —WNT GNPs [MEEBERHEE T2 Z & TR L F—IIA
HEMT 25, W) bDTho7-728, GNPs OEERES —E L LT GNPs A X%
BEZ25HZ ETGNPs B2 LS, v =2b—rar&2iTolz, BRI &K
BPRRFT O 7T, K&EW GNPs 1F EE W 2 VX —IR AR L7724 (K 2.5, X 2.8,
2.9), ZAUFEK 210 IZ/R L7 &K 912 GNPs B3/NEWFE E /A R Z X —GNPs ~ A
45 RETFEPKRTTDH2OTHLZ EREINT, ZOMEMIEL, wBEOTI =
L —3 =3 (Leung et al., 2011; Lin et al., 2015; Zygmanski et al., 2013a) <> - A &° 3t
WAL E 2 W ERZRHNE & b — 89 % (Guidelli and Baffa, 2014), 7=, /hE
GNPs |Z L&\ Clustering Factor 27~ L, Z OfE[AIEL GNP JE RN 512
Tholz (K27), £2ITRLIEL I, GNPs A XD /NI WNE E, F7- GNPs =
IREEDSHENNT 513 E GNPs [RIEEREIIEET 325 2 & 225 GNPs [#IEEHEAY GNPs 7 7 A
A —IZ L DR NF—RINEZRET HEEREFR TH D &) RFFEORG AT
bivlc, ZOMmIL, HERBRFNZIV T, GNPs HIBEHED E S 72512240 REAMico
LA ZH o Z—GNPs ~DFEF « S F ARBDBHTHD L2 L6 BN D 5
iz (K29, X210), 72k, ZOWEAREHI XS mIL. GNPs 7 7 A2 —HNIZH
(7% GNPs [HIEEE & B =0 0BGk 2 2/l L 72 L ORFT & —E9 % (Ahn et al,
2017), ZAUHOFERIT, —& GNPs EEJRE FIZIHBW T, GNPs #1 XA/ I E
7T AR =B KD =R F—RIND BN E 2D 2 B%T 5, TNET
DFATHIIEIZ BT, HA 1.9 nm BREOHUN: GNPs I3k bR b Tt
A XD 1->TH % (Butterworth et al., 2010; Hainfeld et al., 2004; Lechtman and Pignol,
2017; Lechtman et al., 2011; Taggart et al., 2016), L 2>L. AR#FZEDOFEER IS, GNPs D
W= 30 2 AE U CRREHIN 2 #EE L 7258113, FR/hS WA XD GNPs (281
THREMMZ WK T 28NN H 5 Z ENRBRINT, £, £ < OEITHE TIL,
MBI OFHRIZIB N T, 3 GNPs DR M 6 2 BTN O W % (7 FH 22 4]
(phase space) [ZfR{F L., RICZDIERZMFEE LTHWD, 0 ) 2B O FEN &
ST & 7= (Lin et al., 2014; Sung et al., 2017), Z O FETR T MO ES i (radial
dose distribution) ZFH T 252 DIZHEH L TWDHHDOD, AL TH LN E /o731 X
# 2 —GNPs IZX 2= F—RINZZJE L TR\, SRER N2 IEMEICFH A
TETWRWARMEDRH Y | SBROBWEORMDEHDH L VR D,

242 EHFEDORRFA
AWFE DR TS H D, £, AMFETITMIE T 7> N 20N ~H L ET -
HFATONWTIIEEN ZFE L o7z, R8RS, AROESITMIBNTY 7 24
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— % LT GNP IC XD =R VX —RINZFHETHZ LoD TH D, FFiIC
GNPs 3% —73 4 L 7c 3B ZiE—E8 D GNPs 2SHEfA~ 7 > b NORITAE S 5 2 &
272 D72, AKITIN S35 =k F—0 /gl STV TW A REME RN H D, LvL,
COMEEMIELTZET DL, REAMa DEFE (X2) L0, H—DHikEL 7 7 27—
TERRIE D REAMacro D7 (K 2.8) 1Z X BIZIAMN D Z &L 7D, Lo T, ARFZEEOFERT
bHo. 7 T7AZ—IERFDIE D BB —3AREL D b REAMace B < 725, LW D #E
RIIEDLL RN EWNWZ D,

WIZ, AAFFETIEL GNPs A RIZ L > TR HHIIE~DOE Y IAAZRT I DL
JE LTV, JEEHA~ORY AT 72 GNPs ¥ X1X, WEIZH NI/ -
TV, Bz Chithrani S IXEAEL 14, 50, 74 nm @ GNPs @ 9 5 [EAE 50 nm A3
HR I VAT A LTV DA (Chithrani et al., 2006), BID 7 —7"ClX
E£E 20, 40, 60, 80 nm @ 5 5 20 nm i Th o 7= LA LT (Perrault et al.,
2009), X o TAMIETIX. GNPs OHA~DHL Y IAFHLT XX GNPs H A X2 0o
LF—EE L, FHHEEITo T,

T, HAEOBRICITMEESC ha v R 7% Mg O A I EE SR OFE
ZHEBBL TRV, ZH5OREERIL, GNPs Z V72 R IR IR O T8 7 —
7y N Th D AIHEMEDMERE S LTV D (Ghita et al., 2017; McNamara et al., 2016; Taggart
et al., 2016), &> T, FERAICIZEEEOMIEN TD GNPs D ZE[H /346 % ik 2 E
THILET, ZNHLOBERICKHT 22N~ EZFHRETLILENDH DL, I DIT,
ROS OZ@A v I o L—3 3 VI AATe Z & T, &R EMFREE2HE T
LIk LV R D,

2.5 /&

ARFETIE, GNPs 12K D7 T AX—JEk L., 7T AX—ND GNPs ¥4 X « RN
TRNAX I G2 DB ERETE LIz, 7 7 AX — RIS — 0 AmkE & b L
TREWWEREWRULS I HTZAS, ZHUEIFE L B 25008 L 72 GNPs (2L S 1
DO THHZ ENHBMNERST2, T2, GNPs DY A XAp/hankx, £L T
GNPs 23R EED & 121X GNPs HIBEBE FFICHGE T 5700, 7 T A X —ERIZ L D
HWHENRELRDZENRENTZ, LLENS, GNPs O —5AiHE LT Z £ T
DOWFFEIE, FEIZ GNPs B XD/NEWIGAEIT, KEEOMREHIN Z 18 KN L T\ 5 Al
BEMERSH D L W2 D, AREFRIL, GNPs 12 X 2 USSR D BRI R D 1= D12 1%, 7
T AR IR E R LT R BRI OB A IR U, RRERINZ R Esw 57
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DD GNPs A X« REFED/NT A —ZORRPMLETHD Z L AR LT, Kiggt
TA%, @mOBEBEIRIR 21555, 725 GNPs Bz R/NMRICIIZ 5 Z L T,
BIER DD 7RI A & — LA OREICORN D AEERH D L VX D,
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H/IE LT/ RFILANBFREDROFTEMNEEE
VN2 3

3.1 #

3.11 &7/ RFORMIm EREER L L TOFHA

FEEIES OO PG L /87 | X R R 0o 28 2 G I ~ & HAG 9~ 5 7210 T2 <L I ORI TH
H5HZEMND, A0FLL BRI B 4L CE 72 (Folkman, 1971, 1972), Z® & 9 7244
HIILAE 2 P69 H A RREE L. T it O MEISE e~ oD ML 3 22 JBE T4 2 2 & CREML-PEEsE %
gl& it = 936412 mAEAEEA] (Vascular Disrupting Agents: VDAs) &9 (Clémenson
et al., 2013; Denekamp et al., 1983; Hori et al., 2002; Siemann, 2011; Siemann and Rojiani,
2005), % LAEICBR~/o & D1, BUH# & GNPs OWERAMH BAE- 7 B3 4E L7z ik
BT, AR &N aE 24, ZOREAEZISH L, GNPs 2 VDAs & L
THHAT 2RABN RSN TE R, 77205, GNPs % EF M TR S WA R IR
#1795 & GNPs 7 OIEE M A N AIIC SR E L5 L Cli/E 2 ETcE 52 &
23, ZAVETIZinvitro, invivo B, I 2L —a U BRINTW D (Berbeco et
al., 2011, 2012; Kunjachan et al., 2015),

5 2 B TIX, GNPs Z S #iEAl & L CTHWESE. GNPs 7 7 A% — k%
ERE L2 U EE I REH S o ATRetE s dH 5 Z L AR LTc, — GNPs %
MAEMEEHR & L THWDSAITIE, 5 NI S GNPs 23582 L, —IREF23
NI+ 72 A 5 T& 5729, GNP IZ XD 7 7 A~ OEE LS T
12 W I E DR S CuV D (Berbeco et al., 2011; Kunjachan et al., 2015),

il

312 BRZIROMMME A A —2 v 7 K5 FHE

I MENEETH LML, ZTNNRRDOZ —F > MR D T2OTET TIEAR,
TR G RS2 D LI o0 2 10 b BOR AT O B T, IEIS O RO i & 12 13281k
MAOND ZENHESNTEY | EELEITRRDEO R OHEME L L TR
A SR & C0 % (Brindle, 2008; Marcus et al., 2009), & - T, JEEME DE(L % E
i % Z &2l « ISR HIE DM GICEHE TH Y . IEFIEH STV D,

RIS D GO S O ROSIE, ZIVE THRA A A=Y 0 7 FIEIZ X > Tl
REINTE, TNETICHEINTWVD FEIZIE, #l 2 XK ILEE & (Magnetic
Resonance Imaging: MRI) (Hoff et al., 2012; O’Connor et al., 2007; Salmon and Siemann,
2006; Seshadri and Toth, 2009) °7K ¥ b v /&% (Positron Emission Tomography: PET)
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(Kotz et al., 2009), A7 k F )L A A— 7 (Wankhede et al., 2010), /A 4L 3 %
v AL A= 7 (Alhasan et al., 2012), 1S BEE R #RE (Wang et al., 2015), /XU
— Ry 77 —HE W% (Alhasan et al., 2012; Gee et al., 2001; Goertz et al., 2002) 72 &3
H5, FTH Hoff &Ik, M N EEFAEE 1 (Vascular Endothelial Growth Factor: VEGF)
FLEAI OB R EBRGET D202, X4 F 2 v 7% MRI (Dynamic Contrast-Enhanced
MRI: DCE-MRI) & #8585 (Diffusion Weighted) MRI % FH CTuy % (Hoff et al., 2012),
LU, AR FHEOZERI S AREEIX. TS ORI E 2 i3 2 0 Hoamn &
UWNZ 720 (Turkbey et al., 2009), D7z, ZiLH O F{EE AWM DL D E
sk, JEIE I (Gee et al., 2001; Goertz et al., 2002; Salmon and Siemann, 2006;
Seshadri and Toth, 2009). Y:58/% (Alhas an et al., 2012), HK¥EhAE XF * — % (Hoff et al.,
2012) DRPEZR E | BRI R FRIRIC L D BEHIE £ - T,

3.1.3 TEIMEER (Acoustic Angiography)

B AE & 25 (Acoustic Angiography: AA) & X, ~ A 7 T LIEE A E AV,
LREGHET L < FERBER 22/ NEh W) F oD IS 1 A8 Bk 14 75 C & 2 (Dayton et al., 2014; Gessner
et al,, 2013a), AA DFFEIL, H—DBEE 7' v —7 10 2 B OIREER OB &K % 2%
ZETEDLHATHD, MEEZIZBWT AA L, KIEBROBERE —D 7o —7
MBIKET DI ETYA 7 u N\ TNl S TR A AR L, KA Lo siREK
DBEWEZIETDHIE T, ~A 7 a"TARNRNDME % EREE - mar hT A
N CHIET 5 Z L3 T& 5 (Gessner et al., 2012, 2013b), AA Z W Tid, ZHE TIZ
AT AR BB TRIR IS 5 ~ U A RSO I A D Z2{t (Rojas et al., 2018) <K #1A
BRIZKTT 5 T v NS D254k (Kasoji et al., 2018) # EEAICFHMETX 5 Z &
WEESINTE T, Ll F /2 RFERZ ST U 8RR R 5 5 45 22
WO IL. ZNETAA ZHWTIRET STV,

Z ZTANIZE TR, ~ 7 REEITR UIME TR GNPs & BURBRIBIR 2 7 G oH T
MAEREIRR 21T\ IRR ORI Tl Z 2 EEHGH & O =R oTZE Mo 02 b % .
AA ZHWTEHMET 2 2 &2 BRE LTc, Fio, MEEME 540 O —IRITTHI 2 AR —1E
ZERIET D720, FTLWRIEEZBR L OAFMNMEZ G LT,

35



3.2

321 FERHER

T RCOEMEERIL, Dana-Farber Cancer Institute ¢ Institutional Animal Care and Use
Committee | & » TGRS 41, EFEERENY 7 7 3HMFEAE 2 (Association for the
Assessment and Accreditation of Laboratory Animal Care) (Z¥#EHL L T3 L7=, FEBRIZIX
Roswell Park Memorial Institute medium (RPMI-1640; Invitrogen, USA) T 4172t b
/N e (AS49) R A5 L. 10% fetal bovine serum (Invitrogen, USA), 1%
R=v VA RLT 7 EY Y (Invitrogen, USA) CTHsZE L7z, RERICITAR 4-6 18
MO A AR X — K~ 7 & (nude-FOXn1) (Charles River Laboratories, Wilmington,
USA) % 9 fREH L, EHEMRERREHC LIV EE Lz, v~ U AEIMUIE DR TIZ,
100 pl DABREIEAK & 12 3x10° D ABA9 filifa B & ¢ 7-, ~ U A% 3 = b
— )b, BEHRIRIEO I, HHRRIE#E & BRIk Arginine-Glycine-Aspartic (RGD) acid (2 &
DS INE 2R L7z GNPs (RGD-GNP) | (Z43F 7, a7 HOERN 2-3 nm O
GNPs Z IR Ef R G- L7,

GNPs $¢5. 24 WRRETC /NN OB 1a 25 & (Small Animal Radiation Research
Platform; Xstrahl, Inc., Suwanee, GA) % F\\ THEIE~D i X #1569 (10 Gy) Z1T
S>72 (X 3.1), JEEAFET caliper Z W CO0 HE (H&ED) 205 3, 4 BB X2, M
62 H H £ TRHZAT o 7o, TS AEOFHFEIZIZLLT DX (4) 2 iz,

; 2
Volume = (length X width) /2 4)
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B 3.1 /NE R ARG RIS E IS K D~ U A B~ OB RIGEE R, T MY —
(&xfh) Z[Afis SHC Cone-beam CT it L7, HUfF L7 CT HEifg % FEI A% FHE %
SR L, TR XM B L7,

322 BEREBRORSE

AE I EEOREIZIT, 2 BEORBROBENR 25%ETo2 N TR T
74 v 7 BEERGBEEDO v N ¥ A THAE H\ - (SonoVol, Inc., Research Triangle
Park, NC) (Czernuszewicz et al., 2018), F 9 EE DN E & #EFLT 5 72O =kt B E—
NER A2 55 L, BN RGEEO FIET 2 2 & 2R Lick, fld T~x A7
ATV EEAN LT AA B & BUS LT,

3.2 ICEBIGOERRERT, =T A 2% YV INT U ERASHEREEL, K
T 7z LTE e Ras DIRICRE LTz, ~ U A L KOBITHEE R EZBMEORAE Z &
T, YUABKRBRT 4 v VEEE T AT 2 — BRI EM L VL DI
L7c, Flo, v U ARKEREOEMEIZIZTDEOBER Y = V2B T,
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(b) Robotically
Actuated

Ultrasound
Probe

Acoustic
Coupling Media

Imaging Target

Acoustically
Transparent
Membrane

Imaging Vessel

EE/H—»HDO)

X 3.2 (a) H{{GIISHROEE, (b) BEGBFFARORK, KT/ LA g
IS, B RO~ A ZgE Lz, ~ 7 AL KOBICEEREREOBREZE L 2 & T,
TUANK - EBEW ST AT 2= LI E LWL ST L, BER T
VAT 2 — Y EMIBIICE R ERSEDH Z LT, BE— NEBRE AA Bifg A B L
2o AATEIEIGOBRIITREIRN O~ A 7 o "7 A2 AL T 2 &R Lz,
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COREEBEBORFETHDIORT 4 v N T AT a—T ik, Kl )~ AR E) L e
DOFRREAE LBERZEZETHZ LT, AWFEIHO =Rl s BG4+ 5 2 &
23T & % (Czernuszewicz et al., 2018), = RocEfgI%. EERLAIITHUAS L7z ZRoumig )
SR L7z, BE— NI4T 26 MHz OIRENL T35 L. AATERIL 2 MHz Tik
15, 26 MHz T31{g L 7= (Gessner et al., 2010), B =— KEjg L AAEHEZ —ED 7 L
— AL — b (FNEN 14, 8 Hz) THUG L. HUFE%IZ (60, 60, 200) um DR 7 & /L fH]
f@CALE S DY EITo T,

AA EB IS OBRICIE, EEATHDH~A 27 v N7 L (Advanced Microbubbles
Laboratories, Boulder, CO) % 28 7" — Y @ E#HIRH =1 7 —7 /L5 35 pl/min OHE T,
IR AEFRAH KT L 4.5x10° bubbles/mL DIEEECHEA LT-, BRI Do 7=k
MI3AK 5 Th oz,

AA (Z1E, 2 FEEOIRBG T — R MiE%E (Blood Vessel Density: BVD) €— R & |
BVD &— K@ maximum intensity projection T& % L& HE (Blood Vessel Morphology:
BVM) &— R23% % (Czernuszewicz et al., 2018), AMF7ETid, BVD E— K& EE iM%
FEOERIHEN L, BVM E— F& BN OIME 5540 0O rI 40 & OVE MR 722 2 F At
(A LT,

3.2.3 ERAENT

BT OFiALZ X 3.3 (@) (27, 9. BE— Nl L TG 2 =Xk ITrIIZ
v AT =g L2 (K33 (h), B AT — =3 121E 3D Slicer (version 4.8.0)
® Editor & ¥ = —/ L% /= (Fedorov et al., 2012), &7 A 7 —3 3 12 X 0 fEE
AT ZRICHIANA TV B2 TS L7z (3.3 (), 2 2 T, BEOES HFh~D
A& A, T2 BIEBENERIZE T 518 O =R ZEM oA i i+ 5 7= Diz, =Kk
JelEiE 2 7 A > R Z Danielsson distance 7 1 /L% (Danielsson, 1980) % i H L 7= (X1 3.3
(d))). Danielsson distance 7 « V% LiL, =RICESGE 7 A NADOKE Y BIVEE
NGO O D—7 Uy REEREIS U TS EL 7 4 V2 Th D (Ed%x K
BEEEIZ, MR A SIS T 2), LT, 2074 ZZEH L TERLIEI U A
— hIVENL O HEBE~ + % Danielsson Distance Map (DDM) & FESZ & &5,

wIZ, AATRZ D BVD E— K (X 3.3 () L TUL & VMEAEZFTV, JEES ORGHE
Brzvw /7 AryT7—arLic (M 33 (f), LEWEAHIZIZ MATLAB (Mathworks,
Natick, MA) & FHVN, B O 5 KEEEEIZ6T 2 45%LL EOEE Ok EZ . ~ A 7 1
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TV T AN & EE LT, T L VMEIL. BIR TR X 2 &0 %
TX LT BT 5 &5 FBIICRE ST,

TN T, EEORSIEREZET DDM L BVD E— RTINS />4 & A
952 & T, BEMEEE (Cumulative Vessel Density: CVD) & A k7T A& R LT=,
CVD B A N7 T AIAMEICE N THD TERINTIBETH Y . EELEND D
FSHRICR 5, MEBELZET (K 34 @), SV ax5E, CVD B X 7T A
JEBRDfED D OFNIRS T L2, ZOR X IEEICILE T 2 M8 OREN., EEER
DIMEREIEDLEETEHEIND, CVD B A NT T A5, CVD M 50%I272 5
& X OFXIR7EE & LT 50% Vessel Penetration Depth (VPDso) % E#s L7z, VPDso
L, BB T EBEN T 5 & X OMEE bR+ 52 N T, JiE
RO MEF L 2R, X 34 [TEFENEOME SMOZERS CVD B X 7T A
& VPDso Z HHWT ED K D ICRB SN0 DB %779, 1RFERT () TliX VPDso I
28%FEFE & mVOITxF L, TR 15 Hi% () TiX VPDsold 17%REE TH H, T,
TRIERNCIEX 3.4 (b) @ L O ITHEBEFETICIAE NFEL TWDH D3 L, 15 15 H#%
21X 3.4 ()P & D IO MAEREN WA LI Z & T, BEENRICAET 5 ER
FERREICEDAEENHEM L2 2R LTS,
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a. B-mode BVD mode

Segmentation Thresholding

Create DDM

CVD histogram

[ 3.3 (a) EGAENT DL, BEHGAEMTIC K > T VPDso Z2 45 L. /85348 OFHIZ V72, (b) B E— NE{§ L CE
Bihk “IRTHINC e 7 A T —var Lz (FEf), (©) B AT —v a v ENTEIEEO A U, d) EEt
7" A > MZ Danielsson distance 7 ¢ /L% i L CERR L7=. JEE O DDM, BEILLGNSLD2—7 U v NiEEfk
U A— MVEAL TR L, EEEHNAEBEE & 725, () AA THRESN/-, BVD £— R, ~A( 7 a7 )L
DIEET DMENEHE TSN TS, () [EENO BYD T— FEEIC L & VWELAHEZ L CHHNNE 2 & 7 £
MLz, d) & EHRETHILETCYVDE AN T AEAERK L, VPDs Z3FHE LT-,
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(a) 100 @ .CVP Hlsltoglraml | | (b)
©-Day 0
Q0+ —+Day 7

Day 15

Cumulative vessel density (%)

0 0 e ey oreYe
0O 10 20 30 40 50 60 70 80 90 100
Relative depth from tumor border (%)

3.4 (a) v 7 A LIKIZOWT, 3ODIEA (IRIERT, 16 7 B, 1A% 15 B1%) 128
7% CVD b A N7 T LDH, fEEDkEN D ORI, 0, 100%23 % L2 UiEEI
W IEB RIS 45, BRI 50% CVD Z7- L, CVDE R R T LLEARDD
REND VPDso &725, ZDO~ T AOFEITIX, 1BE%OERERIGEIZHEV. (b) 725 (C)
~E RGO MAE RFEN R L TR Y BN oA T 2 S REN SRS E D
LEIGEBEML TV D,

3.3 MR

331 MEHEAROBERR

35 (2 Caliper L BEWMIRF O B £ — FCHIE SN EBEBORBGE~T, 7
— 2 R e O~ U ADOKRRICET DERHEEZ KT, ZoOFEORERRIT
SERIIE K L o7ot (R? = 0.67). Zauik Caliper TILAZFKE CHIET 5 DIk
L. BE— FCIHIESEFEBE T2MEICETDDLENTELHLDTH D,
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Tumor volume measurement comparison

200

)
D
o

(sp}

120

Tumor volume, Ultrasound (mm
o
(@)

N
o

0 1 1 1 1
0 200 400 600 800 1000

Tumor volume, Caliper (mm3)
3.5 Caliper L #HHRE D B T — RTHE SN, vV AEBAEORER, 7—
ZRIE, TNENDO~ T ZADOFMER RIS D EGEEAE £,

3.32 EEMLFOERL

ay bua—LOv Y AEEO B ET— NEf., AA © BVD E— FE{GOH %2 2
X 3.6 (@) & (b) lRd, AHROEY , BE— NEGIIESEREOE S A T — 3
HW, MR A RO BVD £ — R IEHGH I A6 O E BB W,
3.6 (C) I AA ® BVM E— ROz 77+, BVM E— Fix BVD E— F (X 3.6 (b)) ®
maximum intensity projection T#% 5 v, JEE N O &GO IE D EMERY 72 FEm I v
77
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X 3.6 (a) B E=— R, EEHRIO® 7 AT — g IcHvniz, (b) AAD BVDE
— NEfg, RS 5540 OE &(LICHW 2, (c) AA D BVM E— FOBEE, JEEME
DOHEECIERE D EMER 723 I VW 2, (@), (), () 13T X CR—D~ 7 AEE O
ThDd,

TEETRRIR DB EAT > o~ 7 A @ (RT-only) &, MEEAY GNPs & ik iR &
KA D T EBEIGR 21T > 7o~ U A (RGD-GNP+RT) @, 3 DD (1A%
Al VA 24 FEREITL . 1R L HIR) (2815 BVD £— REBOHI %X 3.7 1277,
RGD-GNP+RT O~ 7 A TILIRE 24 R & ICIFIEN TR A 5N b DD, 1RE
1 EMBICITMEIME T Lz, Z00b O~ v ZEEO M7 & ORI 7228 b4, L&
VMEALFRIZ X » CTERAL LB D& 3.8 IRT, T —Z ST~ 7 2 DIRIERTO ML
METERIELSNTWD, ¥ 3.7 TRONZEERZREIL, EEMZ2FMTH 5K
3.8 TH ALz, TBIE 24 Kffil#4 TlL. RGD-GNP+RT ~ 7 A% RT-only ¥ 7 X & [t
L CiEa 0 icmn i EzZ s L, M miEizzhEh 209, 1.71 ThHh-o 7=,
RGD-GNP+RT « 7 2 DG M % E D% T L7z, 165 16 H 1% £ TlE RT-only
L CEWILIE & A~ LT,

44



Pre-RT 24-hr post-RT 1-wk post-RT

RGD-GNP+RT RT-alone

3.7 WSFRIBIRD I 24T o 1=~ 7 A @ (RT-alone) & M=) GNPs & Jid R iaig
Bl AE O T EBEERE 21T > 7o~ 7 AEE (RGD-GNP+RT) @, {R#wI. 16K
24 WERT% . TRIE 1AM DR FH 72 BVD £ — R,
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X 3.8 EHRIGR DI Z4T o T2~ 7 AfESE (RT-only) & . EEHERIGHE & GNPs Z#H7x
BB TMERIEEIRE 21T > 7o~ 7 AEE (RGD-GNP+RT) D L DREEFHIZEAL D
F£Hl, T—FRIEENENDO~ T ZADOIRFERIO MK E CER LI TNV,
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WIZ, 3 ha— LD 3{EO~ 7 A (animal #1, #2, #3) B 5. 1B OB H (15
FERT) O VPDso & 1B EROBEZ XK 3.9 () 1277, 1HFRERTEF A
& 7 BEOEEARBEOL TERIN., BEOREOREIE2ET, K 39 (£) 1D
VPDsp & 1@%‘?5%%4@%‘? [FIEORBEAEA LN, Zhb 3RO~ T A (anlmal #1,
#2, #3) 12 . IRFEOHHDBE— Nl L BVDT— R 2 ERADEL-HO
#[% 3.9 (a) (b) (c) (RT, [X3.9 (£8) 128V T, Animal#3 (E5a) 13l o 2 4 & b
LTI 1R ESR E VPDso 2Rk LTz, 512K 3.9 (€) 75, Animal#3 |E
fhod 24K (X 3.9 (a), (b)) & EE#E L CiEH 0 H H OIIENOMKENZ L2 & R bz,
T 725, Animal#3 OFEFEIIEE 0 HEIZOL220b o3, EHoMmENZ L, b
L <VTEEFEIRFEIZH D72 D1Z, VPDso WMEL 72 o T2 Al HEMEDN B 5,
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3.9 (£): =v b —/LBED 3{ED~ 7 A (animal #1, #2, #3) [CB1T 5, 1BEOHH
(16 HT) @ VPDso & 1 B E R OB, @), (b), (C): TALZ 4 animal #1, #2, #3 1215
75, BE—F (FL—24~7—/) & AADBVD £— K () OEREDOEEE, ()
& (b) TIHEBENTEERMBENAALNTZDICX L, (¢) TITEGENE TNz L
W & DR S AL, VPDso & 1L FIER L BIEWETH o 72, SRRIEIEE R %
2N I
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34 E&8

341 ABFFEREF DR

AHFIETIL, AA & W CTIERER) GNPs & ST RIGHIC & 2 M A EEIR O )
ZER(L Uz, oI AE o =2 A 02 b & . AA 12 X0 FERIER DD 5 22 [H]
DERECIHMI CE 5 2 & AR LT,

ZNETIZWL DD T V=T 15 VDAs % W TG OIS M MK T
THEVNIHENIN TS (Hoff et al.,, 2012; Salmon and Siemann, 2006), — J5 At
FETIL, MEBIEED 24 KR I —Rem 22 MR O MM Z b0 b 1 ER#IZIE
BBITIE T L7z (X 3.8), ZOfERIT, MAEER GNPs & ii#EHR 4 MG bt iz
MAFBIEIZ LY ~ A 7 o ST OVRMEINE— R 472 2 & ¢, BVD Hifg |
TElE & LTHNTTZOThDLAEEMEN S 5, FATHIIE TIE, MAEFER GNPs & fik
R A B D 2 & TIEE~D GNPs Bk 2R N EH- Lz WO MERH Y
(Kunjachan et al., 2015), AHFZEDOFERIT Z O & AET 5,

AA THRE S V-0 A 22 347 O & AL, 21T tortuosity (Gessner et al.,
2012) <° volumetric vascular density (Kasoji et al., 2018) & W o 72fEEERNHW O TE 72,
Flo, NU— Ry 7o —BEREE Tk LTSNS O =Roumofh a2 i+ 5729
2, ZEfiAE E1T/X % — 2 (Spatial Vascularity Pattern: SVP) &\ 9 g & -
t, & % (Caresio et al., 2018), Z  SVP & i, MENOMAE D =Kt Aaz 021D &
L OO FTRITHRIETH D, —HAMIETIL, SVP & [EERICIAE D =I5
RIS 27212, EEHLBRNODREEZZE LT CVD B X N7 T LEFTITER
L7z, ANROFEEL TR/ CVD B A R T LB L7237 A —4 VPDso I,

MHLEARFE O IR ) IS T 2R TH L, o T 34 IT/RL7Z K 91T, VPDso
WD Z & THEGNE O MAE = Roum M OZ b RN T2 Z L TE 5]
BEMENH D E N5,

ay br—LEEHCEBWT, 1B 0 HHO VPDsy & 1 B E RO I ITEDRMEN
H ol (M 3.9), AL, PO O KRS | R 72 5 O B R BE 2 IR E
FTHNRTA=EDO—DThHHI xR, AA ZHWTIHEEOHEEZ T TX 5]
BRERHDLENVZ D, SDICZOREND AADFTZRISHGTEREZ 2D, T2
H, REMIZIZ=A— N THIE L 72 5 AlaetE o m iR Z . 179 0 B B OB
TILFEIRFEZR & L IZHED LRIV T D, L) B AA ZICHTE 28R H 5,
—MRIZ, BFERIZB T DEEE 2 O 4 IRREBITITT L 2E N KREN, aFm— 1 b
BRA LD RE R E AA I L > TRENCEBIICIRET 2 Z LR TE L. 1BIEIC
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XD BISOEEFDIX S S E /NS LT 52 LITHORMNY | IFENROFM A2 L
TLRDENR D,

342 AIFFEORRA

AWFFETIE, CVD B A N T LEERKT 572012 DDM Wz, ZOFEIT,
(BB % D FE 9GS L AR FE DI DI O (IR ER) DX E D, o 2 &
ERELTWD, ZOREDBEIBEFICZYTH DL Z LIFBEITRINTVDS
(Fokas et al., 2010; Ng et al., 2007), L2>L. MM&ERER GNPs & idHipiaIc X 5 &
MEERFIZB L CIX 2 0 L 9 72 I3 ISR S TN R WD RERIC L b R
WaR— FTOERBRICE S THLNZSNDMERH D,

Fo. AR THW -~ T 2HUTE 9k L | iR/ NS W adk— N TORFITH -
72 UL, v~ U ARHIRICEUIC~ A 7 a XTIV EEAT HDIEEN LY O THELLE
[ZEWEI 2B Lo, RIFMOFEAMEEZ T2 THENO~ 7 AT, 9 1K
DHNEMEAGF L2 dTh D, Lo T, FEROEREIT I HEIIE, /NEW~D
AN G-ORBOLNEOWHIINME L Bbivd, RIFRICENTH, FREEORER
DOEEREREMOH NI ZHTHrDIE, BRELTYA 7 a7 LVOEAZKDSES Z
EWTET,

343 SHDOEE

AHFFECIEMEIER) GNPs & JHRRIGHIC K 2 M A A EEh IR 2 304l L7228, /& %
AR U 7= I3 B~ DR FE O A 7= D 720 FRIENES Tt — R 72 KB IR
HE (Hypoxia) 234 U D A[REMED 8 D, —MRIZ, FURFRIRIE R Z IR PN O Fe 3 12 53
EUVMEE ROS MHAE LT WD, HEBOEM PRI N E L 2D Z LR bi
TWb, T72bb, MAEMERREICEGMLMEEBEREIC b T5H L, 2Dk
(2558 < RS BRIBIR D EMZERIDRBMEL R D AIREER H D, Lo T, S%RITEEE IR
REDFRE LM AR &R+ 2 BENH D &2 D, KEEFIRIE 2 F1M 9 5 ik,
/NENIZ HypoxiSense680 7 & DARE 37 SHIAR FU A 2 & 5-3° % fluorescence imaging
R0, FRHENRTERD S, L, IRHLOFEIRENVTHY . EoaiE 134M
FIREDMENE WS RENH D, —FH ., EBRBARE L &R B W RO 5O
MRI{E 5 % tifi9-% . Blood Oxygen Level Dependent (BOLD) < Tissue Oxygen Level
Dependent (TOLD) & THh X, FEREE DO &2 fREE/R I A AIRE TH D720,
I E RS DIRBER G A A — 2 ZITHN R AN H D, ZNETIZ, T v ME
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W3 8 M O U RIB IR 4T o T2 #2128 U A KRR SR FEIRIC 2 Tt BOLD 3 &
TOLD iEDHZMEHAE STV 5 (Hallac et al., 2014; Zhou et al., 2017),

F7- . KRG AR EE 24 FERO%IC~ A 7 o N TN EE MG MR L =
EDREENT, Ko T, MAFER) GNPs & EHBIARRIC & D MBI FE T
WIEZAT D 2 & T, EFN OB ~DE@ESREED SN 5 RN D 5,

35 /FE

ARFZETIL, MEEERT GNPs & BUNFRIBHEIC X 2 IS IR #% OO =Rty
FOENE ., AA ZRHWTERR « EBAICFTEN L=, MEER GNPs & e
(2 K2 MAERER R ORI AADBANTH D Z LR SN, IEDO=RusmMm
ERTHFHLVIEEL LT CYVD E AR TF AL VPDsog ZEAL, ZOHFHMEZ R LT,
F7o. BSOS %2 AAIZ X - TR L, B ORESRI 72 iEE %2 Tl ¢ X
B AREME N RIE S Tz,
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AT BEE K OFERR

OAMTTE R AT B AT R

GNPs 237 T 2 & —Z R LT235a 1213, BI— 04l & He~"T GNPs i R#fE S #2l
L. GNPs 725 Bt &7z ZIRE 23T D GNPs IZI S 03 < 72 5728,
GNPs |Z X DR EWINEEINT 5 Z ERH LN E 2o T,
—EEEREOYG. GNPs A XAD/NIWIEE T T 2 Z =BT X D&
DRBENPEIIRD Z EDNRE T,

/NI D EBRIZEBWN T, MEFER) GNPs & FURHRRIGIR O PR RIC L 2 Bl g
HEOFHIC AARENTH D Z DRI NT,

AA R OFENTIZ IS\ T, FEBEHOI ML O =R It/ % & &S FEN 9~ 2 FE A% &
LT, CVDEAXRNTTLEVPDso 72 IZBAL, ZOF AN RIS,

QF MR DOEFE

GNPs 7 7 A — i a BEETICHERMZHEST 5 &, EEOKEEINE
RS2 FTREMEN B D L 2 D,

GNPs % KAl & U CTHW A EEIZ, GNPs (2 X DR EWIN A2 ek L, #a
BN A NRAZ E S D700 GNPs ¥4 X« JREESD/NT A —F OBIRITEH
HThHdLENZ D,

NS ORI E /34 2 AA IZ X - THER L, IR ORI E L2 THITE 5
AREMED B D Z L AVRBR S T,

/NEV) B T2 FEBRIC I W T BRI OIS 2 AA 1T K - Tsg LIE o
WL A EENICHET 5 2 LT, BERREBICH DK E RN EBRIC
BN L. 2R — A TOEEREOEEIREDOIXL DX 2/ T5HE 005, AA
OFLWFIA G EERE LT,

@AWIEN LFDLNTHFN RN O SK ED L 5 RFENE S 9 50

GNPs ([ZWIX SN D R EZFFE L2 2 & T 5% I3 m O U B R sh 1 2 45
2O, T 5 GNPs EZfH/PRICHIZ D &) | {RIFEA T — AOREILOME
BITH ZEMMTE D,

MRS AR I, TN CIRIERIRIEIC 2 B = L M TSNS, MBI O
RAE DT RZ M 5 A 2 3 B BN B B,
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MAERER) GNPs & KR ARERIC & 2 I BRIV T FEEE1T S 2 & T, 3K
KO JEIZE~DEIENREED HNDHMNE 5 Ematd 5,

@4 % DOFRRHE

AFZETIL, FHREOBICITMECI ba v FU 7% MO AEIFICEE S
ROLFEZZRE L TRV, 2D OREERIL, GNPs Z 7o B # R
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WT?D GNPs DZEMIAR & mfEEICHIE L, £O0M%E b &I e ha v
RU T EHEA~OBREEMNZFAET 20BN’ H D, £72, ROS OFFhE I 21—
3 VNHAIAT Z LD, EMTFRIIROREEICAEH TH 5,

ARG TR\~ T 25T 9 KD TH D=0, L0 KB BREALETH
%o o, %D AA REDOERIZIT~ U AREARIC~ A 7 0 X7 )V & IEfEICEA
T HENOFNEPMLETH 5,

I FER) GNPs & FBTRRIER OO FRIE CTIX. 2 E TIOE FIKSI° MRI 2 H
WZ RFEICBW TR ERESD RS R I TV oo, 4lEl0 Acoustic
Angiography Z HHWZ T TlL, %7 Ld ZOMARDOERIEEZRIET 55 DT
TR W ENRENT, B 2 BIIBWTORENZ X 91T, GNPs O A X0
O EFIC LD . B GNPs & BURFRIGR OGRS X VIBE RS20
BEThHEEZOND, BARHIZIE, GNPs #51ED i, OB E&ED K
Wi, T LT, SRIBRUIEEZ W, AERICBT 50RO & &%)
XFons,

51



A

ARBFFEIX, ISPS HrBIAFZE B 4EEIE 17003616 A TNC JSPS 5 T 7e8 RS ik 7 o
77 LD EZITIZS D TH D, Riw LT ALHEE K7 E A IEE 72 5 QN K E
Brigham and Women's Hospital, Dana-Farber Cancer Institute, and Harvard Medical School
IZHBWT, IEK —Fd%, A Ff#EdZ. Ross Berbeco #EHE OEIFEEDO H & HF
TR EZEDELDOTHD, HRICEL T, < OHx OB ZBY £ L2k
ARBIRD S Z ZITHALE L BT £,

BB Td 5 ALl R R FPEE PR MU R E B LR 16K fh— 281
LT CTHERMEE LERMZ2THEEE Lz, LDEXVEHOEEZRLET, JbHHER
FRPPEE TIPS T RE R E T E B MR ICIIEE & L ToOE R %
[ZOWTHIEE LB S 2 THE, £72 19 4 7 ABOKEEFOMSEZTAWZZ L1
AT OEEFRLET,

5T H o 7= Brigham and Women's Hospital, Dana-Farber Cancer Institute, and
Harvard Medical School iSRRI “~E#RF9 > Ross Berbeco #E#f%. Jeremy Bredfeldt [if;
IREFHHERIIZ, HEE L LCOREELZ AT 2 ARl E42THE £ L,
Needa A. Virani i 4288, Marios Myronakis Jot# £AfF9EE . Sijumon Kunjachan 324
(i &T R O T2 A SRR AT 2 £ RAZ 72 CAH DD - T Jnik - $%
xR f\EREEE Lz, £, HPERICHS S22 BOMEH OERIZIE, 2
IZOT LB ERWMBI OB EEZTHE L Lz, ZJICESEHOEEZRLET,

Bl ST AN o N = e IR 15170 = o O R S B VA o: i U S N | BT N e N
BT U BRIRIREL A 222 RHEMERER. A BTN R KRB E A TR R 5%
R FIATHeAE, ABEE R R B R R AR 2EpE )1 ERiZEdz &0 1IFEEE O kIS
%, AT — 2 HTICBE L TE RS 2THE £ L, MM L 7,

SonoVol ft:? Rajalekha M. Rajamahendiran #4525, Tomasz J. Czernuszewicz fz i £ 717
EH{EF# . Ryan Gessner fx i SE& (21X, Acoustic Angiography [ifg o B « gt
IZOWTTERESEZTHEE L, LR L B ES,

b E R E S E S E R E R E FEBE T/ 0 — L AT —3 3 @ Kenneth
Sutherland B)Z, Anastasia Makarova st £4f%E 8. Hao Peng FHRIAFZEEICIZ. £
THANB Y ab—a COBE LTI OWT, 2R N EZTHE £ LT,
F7-. Qiong Xu st HAfgE S, Jeff Wang 18 -H#F52 8. Qin Zhang JeihlfIAfFZEE. db
B KRR AT ARG &1, JREZ T T 55T, AWICBiT&av., Bl
KEE LD ORI Z E N TEE L, DLW LET,

52



B#BIZ, 4 FEMICHh T 2RO EREOATEZ X 2 TS NEFIEIC, 2082 BE
DLTLEVEFLBA L BT T, HRES TV FE LT,

tE B

53



MIZEFER

ARSI RIT D5 3 O FLAEGRH S “Use of 3D contrast-enhanced ultrasound to evaluate
tumor microvasculature after nanoparticle-mediated modulation” (Z >\ T, #£ZEHTH 5
Rajalekha M. Rajamahendiran, Max Harlacher, Tomasz J. Czernuszewicz, Ryan Gessner [,
Acoustic Angiography % & B % - ilk5e L Ty 5 SonoVol #1: & R FIBIRIZH 5,

54



51 FA TR

Agostinelli, S., Allison, J., Amako, K., Apostolakis, J., Araujo, H., Arce, P., Asai, M., Axen,
D., Banerjee, S., Barrand, G, et al. (2003). Geant4—a simulation toolkit. Nucl. Instruments
Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc. Equip. 506, 250-303.

Ahn, S.H., Chung, K., Shin, J.W., Cheon, W., Han, Y., Park, H.C., and Choi, D.H. (2017).
Study on dependence of dose enhancement on cluster morphology of gold nanoparticles in
radiation therapy using a body-centred cubic model. Phys. Med. Biol. 62, 7729-7740.

Alhasan, M.K., Liu, L., Lewis, M.A., Magnusson, J., and Mason, R.P. (2012). Comparison of
Optical and Power Doppler Ultrasound Imaging for Non-Invasive Evaluation of Arsenic
Trioxide as a Vascular Disrupting Agent in Tumors. PLoS One 7, e46106.

Allison, J., Amako, K., Apostolakis, J., Araujo, H., Dubois, P.A., Asai, M., Barrand, G., Capra,
R., Chauvie, S., Chytracek, R., et al. (2006). Geant4 developments and applications. IEEE
Trans. Nucl. Sci. 53, 270-278.

American Cancer Society (2017). Radiation Therapy Basics,
https://www.cancer.org/treatment/treatments-and-side-effects/treatment-
types/radiation/basics.html. [2019, October. 15]

Amorino, G.P., Freeman, M.L., Carbone, D.P., Lebwohl, D.E., and Choy, H. (1999).
Radiopotentiation by the oral platinum agent, JM216: Role of repair inhibition. Int. J. Radiat.
Oncol. Biol. Phys. 44, 399-405.

Arnida, Janat-Amsbury, M.M., Ray, A., Peterson, C.M., and Ghandehari, H. (2011). Geometry
and surface characteristics of gold nanoparticles influence their biodistribution and uptake by
macrophages. Eur. J. Pharm. Biopharm. 77, 417-423.

Berbeco, R.I., Ngwa, W., and Makrigiorgos, G.M. (2011). Localized dose enhancement to
tumor blood vessel endothelial cells via megavoltage X-rays and targeted gold nanoparticles:
New potential for external beam radiotherapy. Int. J. Radiat. Oncol. Biol. Phys. 81, 270-276.

Berbeco, R.1., Korideck, H., Ngwa, W., Kumar, R., Patel, J., Sridhar, S., Johnson, S., Price,
B.D., Kimmelman, A., and Makrigiorgos, G.M. (2012). DNA Damage Enhancement from
Gold Nanoparticles for Clinical MV Photon Beams. Radiat. Res. 178, 604-608.

Berger, M.J., Hubbell, J.H., Seltzer, S.M., Chang, J., Coursey, J.S., Sukumar, R., Zucker, D.S.,
and Olsen, K. (2010). XCOM: Photon Cross Section Database (version 1.5). [Online]
Available Http//Physics.Nist.Gov/Xcom [2019, Sept. 17].

Brahme, A., Roos, J.E., and Lax, I. (1982). Solution of an integral equation encountered in
rotation therapy. Phys. Med. Biol. 27, 1221-1229.

55



Brindle, K. (2008). New approaches for imaging tumour responses to treatment. Nat. Rev.
Cancer 8, 94-107.

Brun, E., Sanche, L., and Sicard-Roselli, C. (2009). Parameters governing gold nanoparticle
X-ray radiosensitization of DNA in solution. Colloids Surfaces B Biointerfaces 72, 128-134.

Butcher, J.C., and Messel, H. (1960). Electron number distribution in electron-photon showers
in air and aluminium absorbers. Nucl. Phys. 20, 15-128.

Butterworth, K.T., Wyer, J.A., Brennan-fournet, M., Latimer, C.J., Shah, M.B., Currell, F.J.,
and Hirst, D.G. (2008). Variation of Strand Break Yield for Plasmid DNA Irradiated with
High- Z Metal Nanoparticles. Radiat. Res. 387, 381-387.

Butterworth, K.T., Coulter, J. a, Jain, S., Forker, J., McMahon, S.J., Schettino, G., Prise, K.M.,
Currell, F.J., and Hirst, D.G. (2010). Evaluation of cytotoxicity and radiation enhancement
using 1.9 nm gold particles: potential application for cancer therapy. Nanotechnology 21,
295101.

Caresio, C., Caballo, M., Deandrea, M., Garberoglio, R., Mormile, A., Rossetto, R., Limone,
P., and Molinari, F. (2018). Quantitative analysis of thyroid tumors vascularity: A comparison
between 3-D contrast-enhanced ultrasound and 3-D Power Doppler on benign and malignant
thyroid nodules. Med. Phys. 45, 3173-3184.

Chithrani, B.D., Ghazani, A.A., and Chan, W.C.W. (2006). Determining the size and shape
dependence of gold nanoparticle uptake into mammalian cells. Nano Lett. 6, 662—668.

Chithrani, D.B., Jelveh, S., Jalali, F., van Prooijen, M., Allen, C., Bristow, R.G., Hill, R.P.,
and Jaffray, D. a. (2010a). Gold Nanoparticles as Radiation Sensitizers in Cancer Therapy.
Radiat. Res. 173, 719-728.

Chithrani, D.B., Dunne, M., Stewart, J., Allen, C., and Jaffray, D.A. (2010b). Cellular uptake
and transport of gold nanoparticles incorporated in a liposomal carrier. Nanomedicine
Nanotechnology, Biol. Med. 6, 161-169.

Cho, S.H. (2005). Estimation of tumour dose enhancement due to gold nanoparticles during
typical radiation treatments: a preliminary Monte Carlo study. Phys. Med. Biol. 50, N163—
N173.

Cho, S.H., Jones, B.L., and Krishnan, S. (2009). The dosimetric feasibility of gold

nanoparticle-aided radiation therapy (GNRT) via brachytherapy using low-energy gamma-/x-
ray sources. Phys. Med. Biol. 54, 4889-4905.

56



Clémenson, C., Chargari, C., and Deutsch, E. (2013). Combination of vascular disrupting
agents and ionizing radiation. Crit. Rev. Oncol. Hematol. 86, 143-160.

Connor, E.E., Mwamuka, J., Gole, A., Murphy, C.J., and Wyatt, M.D. (2005). Gold
nanoparticles are taken up by human cells but do not cause acute cytotoxicity. Small 1, 325—
327.

Couvreur, P., and Vauthier, C. (2006). Nanotechnology: Intelligent design to treat complex
disease.

Czernuszewicz, T.J., Papadopoulou, V., Rojas, J.D., Rajamehendiran, R.M., Perdomo, J.,
Harlacher, M., O’Connell, G., Zukic, D., Aylward, S.R., Dayton, P.A., et al. (2018). A New
Preclinical Ultrasound Platform for Widefield 3D Imaging of Rodents. Rev. Sci. Instrum. 89,
075107.

Danielsson, P.E. (1980). Euclidean distance mapping. Comput. Graph. Image Process. 14,
227-248.

Dayton, P.A., Gessner, R.C., Phillips, L., Shelton, S.E., Heath Martin, K., Lee, M., and Foster,
F.S. (2014). The implementation of acoustic angiography for microvascular and angiogenesis
imaging. Conf Proc IEEE Eng Med Biol Soc 4283-4285.

Denekamp, J., Hill, A., and Hobson, B. (1983). Vascular Occlusion and Tumour Cell Death.
Eur J Cancer Clin Oncol 19, 271-275.

Detappe, A., Kunjachan, S., Drané, P., Kotb, S., Myronakis, M., Biancur, D.E., Ireland, T.,
Wagar, M., Lux, F., Tillement, O., et al. (2016). Key clinical beam parameters for
nanoparticle-mediated radiation dose amplification. Sci. Rep. 6, 34040.

Douglass, M., Bezak, E., and Penfold, S. (2013). Monte Carlo investigation of the increased
radiation deposition due to gold nanoparticles using kilovoltage and megavoltage photons in a
3D randomized cell model. Med. Phys. 40, 071710.

Eastman, A., and Barry, M.A. (1987). Interaction of trans-Diamminedichloroplatinum(I1) with
DNA: Formation of Monofunctional Adducts and Their Reaction with Glutathione.
Biochemistry 26, 3303-3307.

Fedorov, A., Beichel, R., Kalphaty-Cramer, J., Finet, J., Fillion-Robbin, J.-C., Pujol, S., Bauer,
C., Jennings, D., Fennessy, F., Sonka, M., et al. (2012). 3D slicers as an image computing
platform for the quantitative imaging network. Magn. Reson. Imaging 30, 1323-1341.

Fokas, E., Hanze, J., Kamlah, F., Eul, B.G., Lang, N., Keil, B., Heverhagen, J.T., Engenhart-
Cabillic, R., An, H., and Rose, F. (2010). Irradiation-dependent effects on tumor perfusion and

57



endogenous and exogenous hypoxia markers in an A549 xenograft model. Int. J. Radiat.
Oncol. Biol. Phys. 77, 1500-1508.

Folkman, J. (1971). Tumor angiogenesis: therapeutic implications. N. Engl. J. Med. 285,
1182-1186.

Folkman, J. (1972). Anti-angiogenesis: new concept for therapy of solid tumors. Ann. Surg.
175, 409-416.

Gee, M.S., Saunders, H.M., Lee, J.C., Sanzo, J.F., Jenkins, W.T., Evans, S.M., Trinchieri, G.,
Sehgal, C.M., Feldman, M.D., and Lee, W.M.F. (2001). Doppler Ultrasound Imaging Detects
Changes in Tumor Perfusion during Antivascular Therapy Associated with Vascular Anatomic
Alterations. Cancer Res. 61, 2974-2982.

Geng, F., Song, K., Xing, J.Z.,, Yuan, C., Yan, S., Yang, Q., Chen, J., and Kong, B. (2011).
Thio-glucose bound gold nanoparticles enhance radio-cytotoxic targeting of ovarian cancer.
Nanotechnology 22, 285101.

Gessner, R., Lukacs, M., Lee, M., Cherin, E., F. Stuart, F., and Dayton, A.P. (2010). High-
Resolution, High-Contrast Ultrasound Imaging Using a Prototype Dual-Frequency
Transducer: In Vitro and In Vivo Studies. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 57,
1772-1781.

Gessner, R.C., Aylward, S.R., and Dayton, P.A. (2012). Mapping Microvasculature with
Acoustic Angiography Yields Quantifiable Differences between Healthy and Tumor-bearing
Tissue Volumes in a Rodent Model. Radiology 264, 733-740.

Gessner, R.C., Frederick, C.B., Foster, F.S., and Dayton, P.A. (2013a). Acoustic angiography:
A new imaging modality for assessing microvasculature architecture. Int. J. Biomed. Imaging
2013.

Gessner, R.C., Hanson, A.D., Feingold, S., Cashion, A.T., Corcimaru, A., Wu, B.T., Mullins,
C.R., Aylward, S.R., Reid, L.M., and Dayton, P.A. (2013b). Functional ultrasound imaging for
assessment of extracellular matrix scaffolds used for liver organoid formation. Biomaterials 34,
9341-9351.

Ghita, M., McMahon, S.J., Taggart, L.E., Butterworth, K.T., Schettino, G., and Prise, K.M.
(2017). A mechanistic study of gold nanoparticle radiosensitisation using targeted microbeam
irradiation. Sci. Rep. 7, 44752.

Goertz, D.E., Yu, J.L., Kerbel, R.S., Burns, P.N., and Foster, F.S. (2002). High-Frequency
Doppler Ultrasound Monitors the Effects of Antivascular Therapy on Tumor Blood Flow
Advances in Brief High-Frequency Doppler Ultrasound Monitors the Effects of Antivascular
Therapy on Tumor Blood Flow. Cancer Res. 62, 6371-6375.

58



Guidelli, E.J., and Baffa, O. (2014). Influence of photon beam energy on the dose
enhancement factor caused by gold and silver nanoparticles: An experimental approach. Med.
Phys. 41, 032101.

Hadnagy, W., Stephan, G., and Kossel, F. (1982). Enhanced yield of chromosomal aberrations
in human peripheral lymphocytes in vitro using contrast media in X-irradiation. Mutat. Res.
Lett. 104, 249-254.

Hainfeld, J.F., Slatkin, D.N., and Smilowitz, H.M. (2004). The use of gold nanoparticles to
enhance radiotherapy in mice. Phys. Med. Biol. 49, N309—N315.

Hallac, R.R., Zhou, H., Pidikiti, R., Song, K., Stojadinovic, S., Zhao, D., Solberg, T., Peschke,
P., and Mason, R.P. (2014). Correlations of noninvasive BOLD and TOLD MRI with pO2 and
relevance to tumor radiation response. Magn. Reson. Med. 71, 1863-1873.

Hoff, B.A., Bhojani, M.S., Rudge, J., Chenevert, T.L., Meyer, C.R., Galban, S., Johnson, T.D.,
Sebolt, J., Rehemtulla, A., Ross, B.D., et al. (2012). DCE and DW-MRI monitoring of
vascular disruption following VEGF-Trap treatment of a rat glioma model. NMR Biomed. 25,
935-942.

Hori, K., Saito, S., and Kubota, K. (2002). A novel combretastatin A-4 derivative, AC7700,
strongly stanches tumour blood flow and inhibits growth of tumours developing in various
tissues and organs. Br. J. Cancer 86, 1604-1614.

Incerti, S., Istituto, 1., Nucleare, F., and Bernal, M.A. (2016). Simulation of Auger electron
emission from nanometer-size gold targets using the Geant4 Monte Carlo simulation toolkit.
Nucl. Instruments Methods Phys. Res. Sect. B., 37, 91-101.

Iwamoto, K.S., Cochran, S.T., Winter, J., Holburt, E., Higashida, R.T., and Norman, A. (1987).
Radiation dose enhancement therapy with iodine in rabbit VVX-2 brain tumors. Radiother.
Oncaol. 8, 161-170.

Jain, S., Coulter, J.A., Hounsell, A.R., Butterworth, K.T., McMahon, S.J., Hyland, W.B., Muir,
M.F., Dickson, G.R., Prise, K.M., Currell, F.J., et al. (2011). Cell-Specific Radiosensitization
by gold nanoparticles at megavoltage radiation energies. Int. J. Radiat. Oncol. Biol. Phys. 79,
531-539.

Jeynes, J.C.G., Merchant, M.J., Spindler, A., Wera, A.-C., and Kirkby, K.J. (2014).
Investigation of gold nanoparticle radiosensitization mechanisms using a free radical
scavenger and protons of different energies. Phys. Med. Biol. 59, 6431-6443.

Jones, B.L., Krishnan, S., and Cho, S.H. (2010). Estimation of microscopic dose enhancement
factor around gold nanoparticles by Monte Carlo calculations. Med. Phys. 37, 3809-3816.

59



Kasoji, S.K., Rivera, J.N., Gessner, R.C., Chang, S.X., and Dayton, P.A. (2018). Early
assessment of tumor response to radiation therapy using high-resolution quantitative
microvascular ultrasound imaging. Theranostics 8, 156-168.

Kirkby, C., and Ghasroddashti, E. (2015). Targeting mitochondria in cancer cells using gold
nanoparticle-enhanced radiotherapy: A Monte Carlo study. Med. Phys. 42, 1119.

Kirkby, C., Koger, B., Suchowerska, N., and McKenzie, D.R. (2017). Dosimetric
consequences of gold nanoparticle clustering during photon irradiation. Med. Phys. 44, 6560—
65609.

Koger, B., and Kirkby, C. (2016). A method for converting dose-to-medium to dose-to-tissue
in Monte Carlo studies of gold nanoparticle-enhanced radiotherapy. Phys. Med. Biol. 61,
2014-2024.

Kotz, B., West, C., Saleem, A., Jones, T., and Price, P. (2009). Blood flow and Vd (water):
both biomarkers required for interpreting the effects of vascular targeting agents on tumor and
normal tissue. Mol. Cancer Ther. 8, 303-3009.

Kunjachan, S., Detappe, A., Kumar, R., Ireland, T., Cameron, L., Biancur, D.E., Motto-Ros,
V., Sancey, L., Sridhar, S., Makrigiorgos, G.M., et al. (2015). Nanoparticle Mediated Tumor
Vascular Disruption: A Novel Strategy in Radiation Therapy. Nano Lett. 15, 7488-7496.

Lechtman, E., and Pignol, J.-P. (2017). Interplay between the gold nanoparticle sub-cellular
localization, size, and the photon energy for radiosensitization. Sci. Rep. 7, 13268.

Lechtman, E., Chattopadhyay, N., Cai, Z., Mashouf, S., Reilly, R., and Pignol, J.P. (2011).
Implications on clinical scenario of gold nanoparticle radiosensitization in regards to photon
energy, nanoparticle size, concentration and location. Phys. Med. Biol. 56, 4631-4647.

Leung, M.K.K., Chow, J.C.L., Chithrani, B.D., Lee, M.J.G., Oms, B., and Jaffray, D. a (2011).
Irradiation of gold nanoparticles by x-rays: Monte Carlo simulation of dose enhancements and
the spatial properties of the secondary electrons production. Med. Phys. 38, 624-631.

Lin, I.C., Liang, M., Liu, T.Y., Monteiro, M.J., and Toth, I. (2012). Cellular transport
pathways of polymer coated gold nanoparticles. Nanomedicine Nanotechnology, Biol. Med. 8,
8-11.

Lin, Y., McMahon, S.J., Scarpelli, M., Paganetti, H., and Schuemann, J. (2014). Comparing

gold nano-particle enhanced radiotherapy with protons, megavoltage photons and kilovoltage
photons: a Monte Carlo simulation. Phys. Med. Biol. 59, 7675-7689.

60



Lin, Y., McMahon, S.J., Paganetti, H., and Schuemann, J. (2015). Biological modeling of gold
nanoparticle enhanced radiotherapy for proton therapy. Phys. Med. Biol. 60, 4149-4168.

Maeda, H., Fang, J., Inutsuka, T., and Kitamoto, Y. (2003). Vascular permeability
enhancement in solid tumor: Various factors, mechanisms involved and its implications. Int.
Immunopharmacol. 3, 319-328.

Marcus, C.D., Ladam-Marcus, V., Cucu, C., Bouchg, O., Lucas, L., and Hoeffel, C. (2009).
Imaging techniques to evaluate the response to treatment in oncology: Current standards and
perspectives. Crit. Rev. Oncol. Hematol. 72, 217-238.

Martinov, M.P., and Thomson, R.M. (2017). Heterogeneous multiscale Monte Carlo
simulations for gold nanoparticle radiosensitization. Med. Phys. 44, 644-653.

Matsumura, Y., and Maeda, H. (1986). A new concept for macromolecular therapeutics in
cnacer chemotherapy: mechanism of tumoritropic accumulatio of proteins and the antitumor
agents Smancs. Cancer Res. 46, 6387—-6392.

McKinnon, S., Engels, E., Tehei, M., Konstantinov, K., Corde, S., Oktaria, S., Incerti, S.,
Lerch, M., Rosenfeld, A., and Guatelli, S. (2016). Study of the effect of ceramic Ta205
nanoparticle distribution on cellular dose enhancement in a kilovoltage photon field. Phys.
Medica 32, 1216-1224.

McMahon, S.J., Hyland, W.B., Muir, M.F., Coulter, J.A., Jain, S., Butterworth, K.T.,
Schettino, G., Dickson, G.R., Hounsell, A.R., O’Sullivan, J.M., et al. (2011). Nanodosimetric
effects of gold nanoparticles in megavoltage radiation therapy. Radiother. Oncol. 100, 412—
416.

McNamara, A.L., Kam, W.W.Y ., Scales, N., McMahon, S.J., Bennett, J.W., Byrne, H.L.,
Schuemann, J., Paganetti, H., Banati, R., and Kuncic, Z. (2016). Dose enhancement effects to
the nucleus and mitochondria from gold nanoparticles in the cytosol. Phys. Med. Biol. 61,
5993-6010.

Mello, R.S., Callisen, H., Winter, J., Kagan, A.R., and Norman, A. (1983). Radiation Dose
Enhancement in Tumors with lodine. Med. Phys. 10, 75-78.

Mesa, A. V., Norman, A., Solberg, T.D., Demarco, J.J., and Smathers, J.B. (1999). Dose
distributions using kilovoltage x-rays and dose enhancement from iodine contrast agents. Phys.
Med. Biol. 44, 1955-1968.

Milo, R., Jorgensen, P., Moran, U., Weber, G., and Springer, M. (2010). BioNumbers The

database of key numbers in molecular and cell biology - BNID 101666. Nucleic Acids Res. 38,
750-753.

61



Misawa, M., and Takahashi, J. (2011). Generation of reactive oxygen species induced by gold
nanoparticles under x-ray and UV Irradiations. Nanomedicine Nanotechnology, Biol. Med. 7,
604-614.

Ng, Q.S., Goh, V., Carnell, D., Meer, K., Padhani, A.R., Saunders, M.I., and Hoskin, P.J.
(2007). Tumor Antivascular Effects of Radiotherapy Combined with Combretastatin A4
Phosphate in Human Non-Small-Cell Lung Cancer. Int. J. Radiat. Oncol. Biol. Phys. 67,
1375-1380.

O’Connor, J.P.B., Jackson, A., Parker, G.J.M., and Jayson, G.C. (2007). DCE-MRI
biomarkers in the clinical evaluation of antiangiogenic and vascular disrupting agents. Br. J.
Cancer 96, 189-195.

Peckys, D.B., and De Jonge, N. (2011). Visualizing gold nanoparticle uptake in live cells with
liquid scanning transmission electron microscopy. Nano Lett. 11, 1733-1738.

Perrault, S.D., Walkey, C., Jennings, T., Fischer, H.C., and Chan, W.C.W. (2009). Mediating
tumor targeting efficiency of nanoparticles through design. Nano Lett. 9, 1909-1915.

Rahman, W.N., Bishara, N., Ackerly, T., He, C.F., Jackson, P., Wong, C., Davidson, R., and
Geso, M. (2009). Enhancement of radiation effects by gold nanoparticles for superficial
radiation therapy. Nanomedicine Nanotechnology, Biol. Med. 5, 136-142.

Rane, T.D., and Armani, A.M. (2016). Two-Photon Microscopy Analysis of Gold
Nanoparticle Uptake in 3D Cell Spheroids. PL0oS One 11, e0167548.

Retif, P., Reinhard, A., Paquot, H., Jouan-Hureaux, V., Chateau, A., Sancey, L., Barberi-
Heyob, M., Pinel, S., and Bastogne, T. (2016). Monte Carlo simulations guided by imaging to
predict the in vitro ranking of radiosensitizing nanoparticles. Int. J. Nanomedicine 11, 6169—
6179.

Richmond, R.C., Khokhar, A.R., Teicher, B.A., and Douple, E.B. (1984). Toxic Variability
and Radiation Sensitization by Pt(Il) Analogs in Salmonella typhimurium Cells. Radiat. Res.
99, 6009.

Riley, R.S., and Day, E.S. (2017). Gold nanoparticle-mediated photothermal therapy :
applications and opportunities for multimodal cancer treatment. Wiley Interdiscip. Rev.
Nanomedicine Nanobiotechnology 9, e1449.

Robar, J.L., Riccio, S. a, and Martin, M. a (2002). Tumour dose enhancement using modified
megavoltage photon beams and contrast media. Phys. Med. Biol. 47, 2433-2449.

Rojas, J.D., Papadopoulou, V., Czernuszewicz, T., Rajamahendiran, R., Chytil, A., Chiang,
Y.C., Chong, D., Bautch, V., Rathmell, K., Aylward, S., et al. (2018). Ultrasound

62



Measurement of VVascular Density to Evaluate Response to Anti-angiogenic Therapy in Renal
Cell Carcinoma. IEEE Trans. Biomed. Eng. 66, 873-880.

Rdntgen, W. (1896). A New Form of Radiation. Science (80-. ). 3, 726-729.

Salmon, H.W., and Siemann, D.W. (2006). Effect of the second-generation vascular disrupting
agent OXI14503 on tumor vascularity. Clin. Cancer Res. 12, 4090-4094.

Seshadri, M., and Toth, K. (2009). Acute Vascular Disruption by 5,6-Dimethylxanthenone-4-
Acetic Acid in an Orthotopic Model of Human Head and Neck Cancer. Transl. Oncol. 2, 121
127.

Shimizu, S., Miyamoto, N., Matsuura, T., Fujii, Y., Umezawa, M., Umegaki, K., Hiramoto, K.,
and Shirato, H. (2014). A proton beam therapy system dedicated to spot-scanning increases
accuracy with moving tumors by real-time imaging and gating and reduces equipment size.
PLoS One 9, 3-9.

Shirato, H., Shimizu, S., Kitamura, K., Nishioka, T., Kagei, K., Hashimoto, S., Aoyama, H.,
Kunieda, T., Shinohara, N., Dosaka-Akita, H., et al. (2000). Four-dimensional treatment
planning and fluoroscopic real-time tumor tracking radiotherapy for moving tumor. Int. J.
Radiat. Oncol. Biol. Phys. 48, 435-442.

Siemann, D.W. (2011). The unique characteristics of tumor vasculature and preclinical
evidence for its selective disruption by Tumor-Vascular Disrupting Agents. Cancer Treat. Rev.
37, 63-74.

Siemann, D.W., and Rojiani, A.M. (2005). The vascular disrupting agent ZD6126 shows
increased antitumor efficacy and enhanced radiation response in large, advanced tumors. Int. J.
Radiat. Oncol. Biol. Phys. 62, 846-853.

Solberg, T.D., lwamoto, K.S., and Norman, A. (1992). Calculation of radiation dose
enhancement factors for dose enhancement therapy of brain tumours. Phys. Med. Biol. 37,
439-443.

Strigari, L., Ferrero, V., Visona, G., Dalmasso, F., Gobbato, A., Cerello, P., Visentin, S., and
Attili, A. (2017). Targeted dose enhancement in radiotherapy for breast cancer using gold
nanoparticles, part 2: A treatment planning study. Med. Phys. 44, 1993-2001.

Sung, W., Ye, S.-J., McNamara, A.L., McMahon, S.J., Hainfeld, J.F., Shin, J., Smilowitz,

H.M., Paganetti, H., and Schuemann, J. (2017). Dependence of Gold Nanoparticle
Radiosensitization on Cell Geometry. Nanoscale 9, 5843-5853.

63



Taggart, L.E., McMahon, S.J., Butterworth, K.T., Currell, F.J., Schettino, G., and Prise, K.M.
(2016). Protein disulphide isomerase as a target for nanoparticle-mediated sensitisation of
cancer cells to radiation. Nanotechnology 27, 215101.

Tran, H.N., Karamitros, M., lvanchenko, V.N., Guatelli, S., McKinnon, S., Murakami, K.,
Sasaki, T., Okada, S., Bordage, M.C., Francis, Z., et al. (2016). Geant4 Monte Carlo
simulation of absorbed dose and radiolysis yields enhancement from a gold nanoparticle under
MeV proton irradiation. Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with
Mater. Atoms 373, 126-139.

Turkbey, B., Kobayashi, H., Ogawa, M., Bernardo, M., and Choyke, P.L. (2009). Imaging of
tumor angiogenesis: Functional or targeted? Am. J. Roentgenol. 193, 304-313.

Varfolomeev, A.A., and Svetlolobov, I.A. (1959). Monte Carlo calculations of
electromagnetic cascades with account of the influence of the medium on bremsstrahlung. Sov.
Phys. JETP 36, 1263-1270.

Wang, G., Norton, A.S., Pokharel, D., Song, Y., and Hill, R.A. (2013). KDEL peptide gold
nanoconstructs: Promising nanoplatforms for drug delivery. Nanomedicine Nanotechnology,
Biol. Med. 9, 366-374.

Wang, H., Hristov, D., Qin, J., Tian, L., and Willmann, Jirgen, K. (2015). Three-dimensional
Dynamic Contrast-enhanced US Imaging for Early Antiangiogenic. Radiology 277, 424-434.

Wankhede, M., Dedeugd, C., Siemann, D.W., and Sorg, B.S. (2010). In vivo functional
differences in microvascular response of 4T1 and Caki-1 tumors after treatment with OXi4503.
Oncol. Rep. 23, 685-692.

Wolfe, T., Chatterjee, D., Lee, J., Grant, J.D., Bhattarai, S., Tailor, R., Goodrich, G., Nicolucci,
P., and Krishnan, S. (2015). Targeted gold nanoparticles enhance sensitization of prostate
tumors to megavoltage radiation therapy in vivo. Nanomedicine Nanotechnology, Biol. Med.
11,1277-1283.

Zhou, H., Zhang, Z., Denney, R., Williams, J.S., Gerberich, J., Stojadinovic, S., Saha, D.,
Shelton, J.M., and Mason, R.P. (2017). Tumor physiological changes during hypofractionated
stereotactic body radiation therapy assessed using multi-parametric magnetic resonance
imaging. Oncotarget 8.

Zygmanski, P., Liu, B., Tsiamas, P., Cifter, F., Petersheim, M., Hesser, J., and Sajo, E.

(2013a). Dependence of Monte Carlo microdosimetric computations on the simulation
geometry of gold nanoparticles. Phys. Med. Biol. 58, 7961-7977.

64



Zygmanski, P., Hoegele, W., Tsiamas, P., Cifter, F., Ngwa, W., Berbeco, R., Makrigiorgos,
M., and Sajo, E. (2013b). A stochastic model of cell survival for high-Z nanoparticle
radiotherapy. Med. Phys. 40, 024102.

65



