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ABSTRACT

A compact soft x-ray microscope operated in the ‘water window' wavelength region (2.3 ~ 4.4 nm) was used for observ-
p y pe op £ g

ing cells with nano-scale spatial resolution. To obtain cellular imaging captured with colloidal gold nanoparticles using a

compact soft x-ray microscope. The colloidal gold nanoparticles showed higher contrast and fower transmission more

than 7 times than that of cellular protein on the soft x-ray wavelength region. The structure and thickness of the cell mem-
brane of the Coscinodiscus oculoides (diatome) and red blood cells were seen clearly. The gold nanoparticles within the

HT1080 and MDA-MB 231 cells were seen clearly on the soft x-ray microscopy. The gold nanoparticles were aggregated

within vesicles by endocytosts.

Keywords : Cellular imaging, Gold nanoparticles, Soft x-ray, X-ray microscopy
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Fig. 1. The absorption length for soft x-rays in water and a typical
protein (CosH,35N»,05,S) as a function of wavelength. The spectral
range between carbon (C) and oxygen (O) absorption edges is named
the ‘water-window’.

). webr Bo] A jd9] shabg A3 o x-Ad #v)
A2 7B A7 5} Fho] Al ZE Abolgl: AleollA]
2% 4= glon, =3 o] w9 77| WEel] 4] nme]
Tileoz AT £ gk

ol 7HAFEn A9 W #al%s(~150 nm °]3h} A
A e @& F3E(5 W nm o]}, A FHA A
9 N2 £4 59 BAAE nYd FE AWE AT
9Jt} (Abraham-Peskir et al., 1998; Scherfeld et al., 1998; Mey-
er-Ilse et al., 2001).

1952 Wolter:s B2 & oJ¢o] x- A& FPoz 3=
oS Adetdst 2oy 1 AlAd e 7 A
St AdHA| Rt on, 1970 d o] Fof A, 20]
Al 7Fg71ge] ARsl] A x-A4 B3Rt A2pe] sbs
A =l AR A= 33, 15 = o,
aRase] | x-Ad #Hal7e] ¥} Hglew, dA s
kAl o x-Al o)A Fh oz wpAgS AMSslL A
G- ANRAZHN & ZYolE A FHAAE o] 83
Aoz, g e AF 2Fe] 44 nme TR 5E 2
WL FEE THE A8 AF= o] F)H T (Abra-
ham-Peskir et al., 1998; Scherfeld et al., 1998; Meyer-llse et
al., 2001). B3] Z o= Chao et al. (2005)-2 15nm o©]&}9)
I7HEs) 52 9T, Larabell et al. (2004)& o] AES A
oz Wzse fie] M7 RE 60nm ol5te] Fal
o2 334 EEady] GA4E F5sgdh 22 o)l ¥
& als B7Ea, AU 41 Hlgo] AR o
A2 o] 871371 w9 T E Qlo] dFstA 3-4HA
F3kal e AA e ool &A AME £ olE AFY
od x-A e e] dede] dFE A

2% o x-A dn)7e] AE ATE & Seols 54 3
stadsh dold Behznlg 043 AT} ol
(Nakayama et al., 1994; Berglund et al., 2000). Hoshino et al.
(2006)2 B> 999 AL WA 1A s eple
2 3= do)A Eetzvl o= Wolterd] ARIAM A&
23 A4 FIA = 3t 100nme] E85& 2 o
b2 B 53190t} Kim et al. (2006)2 4 e} A-¢-& 24
A 2 JEFAA L & S |ES o]L3}4, 2.88nm2)
g o] gshs AA Al byl #HolA Fepz=e) Fle
% 50nme] 35S e A2EE s 3o
*+ Takman et al. (2007)-2 & o|#| E}=u} HA A= €}7)
293 dEFHAZE £ EHES gl RS
ZET A ZA 8 F 60nm 0|3} Hals zbe FAE
FEa9o.

A Az AE3 d7e 7isA iAo dEe| Fo
& AT Fok2A, 7154 B AL S om~F A nme] =
7134 A=, Ca g =, o] = 52| vlAg Wi ¢
3 7ige] WAHAAY AAH = o] 1 7|5 A
&3] AdsAe dat Q77) s ofFejxx 9ok
=F 44 47 3l = DNASIA 4 nm~4 4] nm
2] FAARl WarL F27 &nE AR ld ol g
AFe 7€ ¥3u)d F A RS ol4sld F=
o] Fox ftrt JHAFAHENEL P EXEL o
43t Al 9% F J1sg BAM3Iet) AR He) e
19719 Faulk & Taylor (1971)7} 3708 &30 2 EX]
s F2 oolgdle] o)F A 7PEE F3l Sl A=
579 Ae 2AFAY Dl Z7)g Adiom
A3 AE2E £ e 71eS ol4slx o JMAIFHA
oS o8 A s A sl HEE o
WAL 925 Fdd 5 glon AR AL o 100 nm
Azl zulA wEA oA A Sl 9o T 9
2A ™AL MR A AAde| A e S Wt
3te] Arelgly A28 WHIRE g TeiidEs
A% 5 e 2 vpolednA oz dEe] ofF
A3 Qe Folot

B A7 E 23 d x-A #u)HE o)&dld o x-A
o Az FAEA AT £ £ 2RSS
B B4, 122 F e o AR 54 ol

E8te] F vxiake) Az A gl

K oo ox o

¢

ER

0T

H

1. A&

0

o X- 80/

P

Aol AHE 23 d x-A e ATl AR



Kwon YM et al. : Soft X-Ruay Microscope 237

i ) M CCD detector
;‘ i
)
]
<
£
£
&«
oC

1{ Objective zone plate
=
=
@
o
<]

b4 Sample
Condenser mirror
central stop
e E
S n €. Tandem ellipsoidal
& — condenser mirror
b
o [ S— Laser-plasma source

(a)

A Aagezs Al As A= B AelA Fox
o} B8, 4 B 29AL, AsEd, 2 2 ERe
LERECE S PRIEEEE S ERE SIS
A AE71=2 FAE Y A

Fig. 2 23 o x-A #u]39 334 #4572 & v
Rl Ao|o} o x-A FUE AL A= e HolA F
gh=rtel 2l A" o x-AE& elebs(Ti, thickness: 500
nm)& FE|2 AMgsle] 2.88nm EAAAE 2= B8lE
o] &3} #olAx= A 532nm, FAZ 100 ps, o
o L3x] 125 mJ, HFE-& 10Hz<el Nd: YAG # o] #} (Continu-
um, CA, USA)E AHg-3slgint. b 8mJ, g~ 120
m), (| QA7 4nsE ZHe S A JIAE T3 o
2 AL ze) qlA}s191.27 (Son et al, 2007), Ho|A &
Az2e 24 A7} 85mmelH, H&F o)A AL oF 12
um (full width hatf maximum: FWHM)e]t}. oo kA==
2.88 nm A el A e] B 7)1= ¢F 1.4 % 10" photons/pulse
- st - linee]glem, o FYUAZA2 ¢F 45um (FWHM)e]
ek A el 29AL] W& lueln, 2 AR 320
mm, Foll A 4 eHd 2AE7A9] 7gle 102.5mmo]
o} whapae] Aol 29 mm, WAMEE <} 15%, )P4 o
0.05¢]c}k. Alzde] =% HE x-A9 A7E 1.29x10°
photons/pulse + um*o]$ieh. A& FolE AFAH Wi
x5k, Alm Foi= 2R HYAT 5 um o]5ke] A
A EA L zZ+= magnetic kinematic coupling FZo]t}. LE-

Fig. 2. Optical layout (a) and photo-
graph (b) of the compact soft x-ray
microscope.

(b)

59 ggae 97 A% dEFSaARe ooz
Z ZY o) E (Xradia, CA, USA)E A}4-3}gc} uje|lae &
EH o] Ex FAR 0um A Y A B JE F
g2 29 4 6677, He7 & FL 30nme]x, AF
80 ume|c}. 7| F4= 0.48 (A=2.88 nm)e]m, 2 A& 835
um(A=2.88 nm)e|t}. & x-A FHE7|e FHzARPAY A
A& 42 w28l 7)ol (Princeton Instruments, USA)E
st on, A4ty #7)E 13x13um’el1, Ak
A Wi dE 1,024 % 1,0240]c}. 2.88 nm (430eV)e] 4]
Aol A} HFEEL oF 60%olch 28 A x-A Hu)e) u)
2 A x-A HE7|9) vholmzm & Folsle] 7eld
Hslo]l oJ3le] WAHM, 1,000u]9] wj-gA wlejaR FE
ZdolE9 | x-A HE7] 7H9] A 835 mmo]r}

Al

2.5 L=RlAt gy

!

F UnyAe) PAHEE NiBHE BUAE A3l
At o) g Au'Z BINA F A 2= (p Som)
g Azadsh 2 eA) Azl dg 54 PAe
7| fisked, 3 (S) WAt F(Aw) A% % AT 4D
o]-&-3led -SH (Sulthydryl) 2t4-712 Zgshe Zejd=al
) Z (polyethylene glycol: PEG)E 7§54 (capping agent)
2 Algstg o, PEGE 2 YAt Sz o)z} uheAlA
27 9nme] PEG7} 7MW 2 b olAkS Cai et al. (2007)



238 Korean J. Microscopy Vol. 38, No. 3, 2008

Culture medium

\ '/AuNPs

Sample holder

Culture plate 8i;N, windows

o] /al whE olgsle Azt
3. 3 LRl x-M SEAAL

FAT F vhe=gAdrt d x-A dgalx) Yeid 4 9l
Aol dzxg Flshr] At x-Ael 23 3483}
F542018 Hrlslual sk N A EEed T2
(http://www-cxro.lbl.gov)S oj&-8ted F txgiAte}l
29} 29 A 8l xdol R FIHEE opusich
W wde CoH N»u0,,59 3etAE Zhe oz 3

2880m el @A F hedae] x4 34
Zolg Hrlstdla, =3 & vyt £Ae 2] o
£ 2.88nm T}l Hgh —I-S’Jr‘%'% H7}ek

oﬁ.

iﬂrﬁf:‘::@m

4. NI ZA|Z FRE

M Z A8 Coscinodiscus oculoides (diatome) 9t A J -5
o|-g3l9l om, thololE-& 10¥mLe] F=2 SiyN, (1 X
1um?)efl 100 uL "éﬂfﬁ"d F 37] oA Azdsds 4
T ABE AFY TeziE JI3 AYETE NG
2 33 X ¥ Ao IgH SN, ¥ x 1 pum?)
o 10°RBC/mLY] == 100puLz €3 %, 100%, 4°C9]
g SE 24 ¥ FReE AAG o 37 F

A Azl

5 = L+L°'X}- ;‘x’;i

A28 wlofalr] it s EFolEE 5x5mm’ 2719
A ZHo|E A B I x1mm’ 27|12 Si;N, 9t
o2 o]Folx] v} (Fig. 3). MEL $4&E Y 43 o x-
A #r]7e] 7Mx g9 =718 2eisle] HT1080=} MDA-
MB 2318 AAssith HT1080 A2+ American Type Cul-
ture Collection (ATCC) e}l o2 A] wjoFel2 Dulbecco’s
Modified Eagle’s Mediumel] 4 mM L-2-5€}2l(1.5 g/L sodium
bicarbonate, 4.5 g/L. glucoso, 10% fetal bovine serum)& AR&
39 ¥, MDA-MB 231 4] £+ American Type Culture Collec-
tion (ATCC) }3] o]m, vl oo & RPMI Medium 16404l 4 mM

MZA|Z H|Z

Fig. 3. Schematic diagram for a sam-
ple holer and cultured cells treated
gold nanoparticles on Si;N, mem-
brane.

Cultured cells

ZFEH (1.5¢/L. sodium bicarbonate, 25 mM HEPES buf-
fer, 10% fetal bovine serum)E o] &3 o, AB ZHoje
 70% SskEz d AEida, Axot & 2ag 4 9l
=2 SN, ¥ 23S [mgml Aoz Helgt o&
12-well culture platedl] @32 A ZAI2S oF 1 x 107]4 Yo
0.5% o|A3et4as F-F3HT, &5 20%, 2% 37°CY o]
F7lel A 37t wigslsint. ol F Zze] wjofele] PEG7}
A8 2 VYA (Core ¢ S5nm, ¢ 9nm)E 0.1 mol/L¥ A
7F &, 15A12E v ofsted Al28] W2 2hge] 3] LA H
== 3Igv(Fig. 3). vixE #A}#3 3 phosphate buffered
saline (PBS) §4 0.2 23] A& 3}3 4°C] w]ehe S92 3
7 Asled A2 AT F, 7] FolAM Azt

g

|3

6. HEH0[Z Y IR0/

0
rH
2

AZANRE A x-A #n|Pez F@sty] e FaEu]
74 (CAMSCOPE, Seoul, Korea) 2. 2 M %2] 9i2j¢} +22
AT @ A WolHez AYS £ F G
o Nz ) $AE st F3RAEET JAe 3
S35tk 012 98 & A =39 MDA-MB 231
N £Z 2.5% glutaraldehyde 2 1|7} EF<ob 15 12%3F &
1% 0SO,2 2A|17F £9t 23} A8}, olehes} ol Ee
2 MZS A3 F Resing o] &3}e] 49 =9 embed-
dingdled E=& 9AIsth Ultra microtome ©]-§3}ed
oF 200 nm9] —,—77113 A3} st om 100 mesh —",LE] gride]]

[

de 2L

e ¥ F 3Nz B¢ A=z ¢ AR
Uranyl acetate 8} lead citrate 2. A=} A3k -‘?‘— A z3shedch
=314 A8 n} A& H-7600 (HITACH, Japan)&- ©]4-3kgc}.

o

182 HogAle] o x- S

F H=dAE A xA dgelA epd 2 Qe A
Yx=g s7] Hsted B A el 100mm F
AL F vxbe}t iAo x-H RS AEH A



Kwon YM et al. : Soft X-Ray Microscope 239

1.0
~—— Protein (t=100nm)
---- Au(1=100 nm)
0.8 e
£ 061 \\
£
g
& 0.4
0.2+
0.0 T T v : . . . . .
2.0 22 2.4 2.6 2.8 3.0

Wavelength (nm)

Fig. 4. Transmission of soft x-ray for gold nanoparticles and protein
with 100 nm thickness, respectively.
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Fig. 5. Attenuation length of soft x-ray for gold nanoparticle and
protein.
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Fig. 6. Transmission of 2.88 nm x-ray wavelength according to the
size distribution of aggregated gold nanoparticles.
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Fig. 7. Images of a diatom (Coscino-
discus oculoides) using a visible light
microscope (a, X 600 magnification)
and a compact soft x-ray microscope
(b, x 520 magnification).

Fig. 8. Images of mouse red blood
cells using a visible light microscope
(a, x600 magnification) and a com-
pact soft x-ray microscope (b, X460
magnification).
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Fig. 9. Images of HT1080 cells eng-
ulfed gold nanoparticles using a visi-
ble light microscope (a, X 600 mag-
nification) and a compact soft x-ray
microscope (b, X 520 magnification).

Fig. 10. Images of MDA-MB 231
cells engulfed gold nanoparticles us-
ing a visible light microscope (a, X
40 magnification), a compact soft x-
ray microscope (b, X460 magnifi-
cation). A transmission electron mic-
roscope image shows gold nanoparti-
cles in the vesicles of the same cell
(c, X 10,000 magnification),
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