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We have developed a sensitive, one-step, homogeneous open sandwich fluoroimmunoassay (OsFIA) based on fluorescence

resonance energy transfer (FRET) and luminescent semiconductor quantum dots (QDs).

In this FRET assay, estrogen

receptor-B (ER-B) antigen was incubated with QD-labeled anti-ER-B monoclonal antibody and AF (Alexa Fluoro)-labeled
anti-ER polyclonal antibody for 30 minutes, followed by FRET measurement. The dye separation distance was estimated to
be between 80~90 A. The present method is rapid, simple and highly sensitive, and did not require the bound/free reagent
separation steps and solid-phase carriers. A concentration as low as 0.05 nM (2.65 ng/ml) receptor was detected with
linearity (R2 > 0.990). In addition, the assay was performed with commercial antibodies. This assay provides a convenient

alternative to conventional, laborious sandwich immunoassays.
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Donorﬂ- acceptor®] 7
7H%G-6). A d
7} k=] 01 5 TH(T-10).
AFH] HIRAHL ?"1'74]14'
AL AAAE Bag 3, 9#
3 A&AA AfH AHAY F "qﬂi @A éﬂi g
o o] TAHE I3} HO}@‘ Ueda F(11)&
sandwich FIA (Fluoroscence immunoassay)S A7H3Fit). o]
W2 A9 Vy (variable region of the heavy chain)3} Vi
(variable region of the light chain) A}o]o| 4] FRETS ©]&
3t} Vy-EGFP chimera®t Vi -EGFP chimeraZ} Aol 43
A uj, & GFP (green fluoroscent protein) Ale]olA YEl}

&%

open

£ FRET d4% #=FozH, gA9 v 24 &
Atk o] FHFAAFL wfe w1 s, g 1 pg/ml
X FANA FAHco] Jheaith ok fANSE E TE
WS VygRluc (Renilla luciferase)?} Vi-EYFP A}o] 9]
FRET @& o]&3 Aoy, 0.1 ug/mL (e 7MY =
T=7F A GA I (12). @Y @A, BlEAZ FRET WYL
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ng/mL®] morphine7tA] 378 ¥ $1th(13). o]|g &
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KR
#4004 donore] W& %]
AQAQ 7] Wgo] ol Aoto mech

Anti-ER PcAb

AF 568

or 633 |
80~90 A
(estimate)

¥ FRET

Ex:476/488 nm Anti-ER-B McAb

Figure 1. Schematic illustrations of FRET based open sandwich
fluoroimmunoassay (OsFIA). QD565 is excited by an Ar-visible laser
and the energy transfer occurs from QD to AF that emits red
fluorescence. The fluorescence is detected in the FRET channel with
the detection window at 590-720 nm (for Alexa 568) or at 610-740
nm (for Alexa 633). The spectra are scanned from 515 nm to 720
nm (for Alexa 568 acceptor) or from 525 nm to 730 nm (for Alexa
633 acceptor).
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QD-Z7t= Ao 7utet HAFE A w2 A wiE
o, B AFo = QDI AF (Alexa Fluoro ¥ 8)7} ZAgHd
FGAE o] gs EAAHE AFSUTE o] open sandwich
fluroimmunoassay (OsFIA)< Fig. 10 YEM AT o 2E
ZA F&A B EFE A (anti-estrogen receptor
monoclonal antibody: ER-B McAb)= QD 565 Z3tsle] <
AeP 1, Fo2EZA F&A gEF2 34 (anti-estrogen
receptor Polyclonal antibody: ER PcAb)= AF5683} AF6332
2 das9t. 7 GA5% FAE ER-B g A
HhSA)7) 3, B2 Y EN H o8 FRETEAS 43814t &
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Anti-estrogen receptor 3 (ER-8) monoclonal antibody
(McAb)olle| QD 565 EX|

Anti-ER-3 McAb (mouse ascites, IgM isotype; Sigma, St.
Louis, MO, USA)~ QD 565 antibody conjugation kit (Quantum
Dot Corporation, Haywood, CA; qdots.com)S ©]-&38}lo] HA|s}
Qom, AEAYAA G} Aais). ek AgehE, of
7 28-S ZH= core(CdSe)-shell(Zns) QD W=Z2%d uEA %
™2 hetero bifunctional crosslinker$]  4-(maleimidomethyl)-1-
cyclohexanecarboxylic acid N-hydroxysuccinimide ester (SMCC)®l|
o314 maleimide-}=2%4 WO FAs Tt GFEIA
£ dithiothreitol (DTNE A &]3ted %7] A9 disulfide 2%
< 3373t Maleimide-QD-2 thiol-containing McAb%} =3}14]
o7 Heth 147 v Foll oZ9] maleimide 1F-
-mercaptoethanol 2 A|A%HE QDY AFEA e A=
SEC (size-exclusion chromatography) (Superdex 200, Amersham
Biosciences, USA)S ©|-&3la] #| A%}t QDo) #A|H 349
5 excitation coefficient (QD 565~300,000 M'em )9} &34
T(@556 nm, [QD 565] = Ass/300,000)5 =4st] ALtekid
o} A 1 uMell Z2%E QD 5659 F== 60 M FEZE Al
AT A" McAbe AR X7HA] 4Tl B,

Anti-ER polyclonal antibody (PcAb)oi|2]
dyeso| EX|

Rabbit anti-ER PcAb (antiserum, IgG isotype, Sigma. St.
Louis, MO, USA)+= AF568 & 633 protein labeling kit
(Molecular Probes, Eugene, OR, USA)S ©]&3la] X 2|54
on, AFAEAl wet APt 3heks] dwsid, 2
mg/mLe] A L&A 05 mLol 1 M bicarbonateE 50 L
S 3, WA AAA 1 vialt EFEEA A20lA 14
ek Aok o] dMAF A E FA = SEC (BioGel

Alexa Fluor
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P-30 Fine, Bio-Rad, USA)S ©]&3l AAsoh. Ao &
AE AF 9E (AF568 X AF633)9 HISS ¢8 (577 nm
[AF568], 632 nm [AF633))9} &4 (280 nm)ol| & Fsl= =3
MY FH=E A ALt THlabeling ratio =
[AF568 or AF633]/[antibody]). AF568°] 73, [AF568] =
As77/91,300, [antibody] = (A250-0.46A4577)/203,000. AF633¢] 7%,
[AF633] = Ag/100,000, [antibody] = (A280-0.554s77) 203,000).
Z+7Zte]  AF568 @577 nm& AF633 @632 nm® molar
extinction coefficient= ™ gF 91,300 M'em™¢} 100,000 M 'cm
oty AwWFARQl 1gG29] molar extinction coefficient= 203,000
M'em'olt}, 280 nmol A @87} S WHE FFEE B
A3t7] 98kl 0467 0559 BAAFE AMEESATE 085
UM EE9 Ao tiste] AF568S 7 uM, AF633S 6 uM
Az AF vgS Zeth B3, 0.6 uM F=9 Ao O
ale] AF568S 7.5 uM, AF633L 45 yM AE=Z A H 0]
Ueltth o] EAE PeAbs AHE 74X 20T 23S
=3

Open sandwich FRET (fluorescence resonance energy
transfer) 7|8t HAEAM (OsFIA)

FRET WEA% e Y& Fig. 1o JERNUTE Donor
2R GEZEFAY hinge FEol QD& FAEAoH,
acceptorZ M 9] THEFEIA S N-terminaldl=  AF5683%}
AF633& A¥AFAT. ER-BE ZH3H7] 9 £ open
sandwich immunoassay= AF568 L& AF633°] X A&
anti-ER PcAb$} QD3657F E A anti-ER-B McAbg ©]-&3}
of O3 ol JPstAT. QD5659F AFs68 &2l A5+,
QD5657} EA® anti-ER-3 McAb 2 uL9} AF5687} ZAH
anti-ER PcAb 1 yLE <& &% (50 nM~0 nM)2] human
ER-B (Sigma) 1 pL9} A EF3HATh QD5659F AF633 %
9] A9 QD5657F EAE anti-ER-B McAb 1 uL9} AF633
o] ¥A¥ anti-ER PcAb 3 yuLE ¥ F= (50 nM~0 nM)
9] human ER-B 1 uL9} A EF3IA Tt A4 3087t
o ¥hg & wgE &Y F 2 uLE AHSEE QE%'““
dtt o] FF ovA= FRAIFAVAE S ol&do =
et 2z %%‘—3— 33 RHESIGoH, SRS
M phosphate buffer (pH 7.4)5 A}-&
stet. BE %"—’.‘ﬂ 51/5.—8— phosphate bufferS ©]-83} %t}

4

DM IRE 2 inverted
3= olglE  TCS-SL
confocal system (Leica, Heidelberg, Germany)3 A}-83}$3 T}
283 0.3 nme] numerical aperture (NJA) @< Zte #A=
E AHE3Y, xyz9t xyA BEE PFo|u|AE SA3A T
QD5659F AF568 <l 7ZA%olv 476 nme 3HFS zte
Ar-visible #o|AE o]&3to] 7)Y QD5659] I
o]B| A& PMT-1 (yellow channel)ollA] 515~590 nmE A3
3lal, AF5682] ©]u]X]= PMT-2 (red channel)ollA] 590~720
nme H;Gg].o;] Xyz L=R=5-1 E/\]oﬂ zx4o].0§ , *333'4- Arﬂ]
EHY AL xyh REE 0] 83}9] 515~720 nm AFo] ol A
5 nm FASE 40709 o|mAE g5ste s

microscope  (Leica, Germany)©]
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QD3659F AF633 <] 7ol 488 nme A e
Ar'visible #Ho|AE o] g3t o715tk QD565 ©]w]
A= PMT-1 (yellow channel)ollA] 515~605 nmZ A7 3}aL,
AF633¢] ©]H] A& PMT-2 (red channel)elA] 610~740 nm=
AR, xyz EEZ FA SH392m, ofd s 3
F ~HMEPL xyA REES o] 83}] 525-730 nm Alo] ¢l Al
5 mm A2 E 40719 olv[AE 53 FAHI}GY. B
o] g3t &

=

+ ©]u]A= Leica confocal software (Leica)S
A3t

Al Zrol U]-% AFE FalA DL redlyellow FFH &L
ER-B Y - 79 wE FRETY AXZ AU
Zt 7% 7] (yellow & red channels)ol| 42| o]m|x]= 5% 7t
Ao F2 708 B V1EHALH, w Al7tutt) yellows} red
B3 Ha AVIE SAAT

gz ¥ nF
QD5652} Alexa Fluor 568/6332 2a&std EN
QD565/AF568 3} QD565/AF633 % ER-B 3¢
A7) 98 AHEE T QD5659F AF568/633 EA|H
o W& AJEHL Fig 29 ioqfu} AF6330] %X
EH% 32 nmol A Hdl F593-S 7FAH, 580nm
E4agS ZrETh AF5687F AF6339 &
g QD5654 HEng BastHo s wjo 7_,,4 Xq
A e

] O
=

2 —‘lN’

1

AFS68 AF633
s
exem

Absorption
Fluorescence emission

450 500 550 600 650 700 750 B0D
Wavelength {nm)

Figure 2. Spectra of QD565 labeled antibody, and Alexa 568 and
Alexa 633 bound to antibody (Ex = excitation spectrum, Em =
emission spectrum).
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o] FXHE & FAE |83 AFdANE 44y HAFETE
7} 0.5 uM (30 nM QD565)3} 1.75 uM (200 nM AF568)°]
o™, QD565 AF6330] XX H 7 FAZ o] &3 A
AXE 79 HFEE7F 02 uM (12 nM QD565)9F 0.6
UM (210 nM AF633)°] 31

2.0 4 Time course of QD 565 with AF633

Red/Yellow ratio

0 20 40 60 80
Time(min)
Figure 3. The time course of FRET based OsFIA between QD565 and
Alexa 633. Images from the yellow channel (515~605 nm) and the red
channel (610~740 nm) were recorded at intervals of 5 min for up to
70 min with the final concentration of estrogen receptor at 10 nM
(control with PBS).

..
.
Figure 4. OsFIA with QD565 and Alexa 633 dye ((a) Donor
fluorescent density of negative control (two fluorophore-labeled
antibodies but no antigen). (b) Acceptor fluorescent density of
negative control. (c) Donor fluorescent density of experimental sample
(two fluorophore-labeled antibodies with antigen). (d) Acceptor
fluorescent density of experimental sample. Sample was visualized by
illumination using an Ar-visiblelaser with laser line set at 488 nm.
QD565 Fluorescence was detected in the donor channel with the
detection window at 515~605 nm. Fluorescence was colored in
yellow (a, c). Alexa 633 Fluorescence was detected in the acceptor

channel with the emission window at 610~740 nm. Fluorescence was
colored in red (b, d)).

QDI} Alexa Fluor AlO[0| A2l FRET
Fig. 49} Fig. 5914+ QD¢] %A ¥ anti-ER-B (McAb)<}t
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AF568 L= AF633°] % AH anti-ER (PcAb)E ER-B 3¢
o JEAAA e FRET d@4S Yehli 9tk FRET
Aol 9s| A FFo] FAE = AT acceptor channel
(Fig. 4d)o I E thET(Fig. 4b)2] FFA 7R} Foll o
A =2 FFAZIZE Holw whHel, AT donor
channel(Fig. 4c)oll M= WIZF(Fig. 4a)9 FAHT w3
FA7I7 B, £33 SAAME dizTol Bl&) 4
9 donor (565 nm) ¥l AV|= FHAS}H, acceptor
(Fig. 5291 4E 655 nm, Fig. 5b91AE 605 nm) g9 =
Ve & 4 Ath(Fig. 5).
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Figure 5. Spectra scanning of experiment and negative control ((A)
QD565/Alexa 568 pair scanned from 515 nm to 720 nm with 40
images. (B) QD565/Alexa 633 pair scanned from 525 to 730 nm
with 40 images).

9] McAb (12+ @4)e} PeAb (23 &A))e] ER-Bol <3t
sandwich complex?] ¥4& &As}y] $sted  ELISA
(Enzyme linked immunosorbent assay) 2¥-& Ald)3}5oH,
7ol vl HAFY EFFE (@405 nm)E 10H] oA =
A vetds RS Fstdt. =3 SDS-PAGE 43%
g out dgs PRI F de 2FE 4 F A

ol U FAZre] AF-S SDS Awo] W3 0}71 wﬂ%
2l AME Y. 28]l carboxymethyl dextran surfaceE ©]

—ﬂ mz H

oﬁz}i
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3} SPR (Surface Resonance Plasmon) X3S A]33Fch
Dextran WOl X592 GEE A9 143}e} ER-BY 2
2wl AH3A F o] Fo] Fok, ER-Be THEFE A
(free) 7+ AL P oA &gttt o] channelol| A A
&0z olfshs 8§99 3E uwiolglay HHw, o
g o] ER-B9 tHF

842 Zgdva AztEh

0.60

0.55

0.50 -

0.45

Ratio of AF568 / QD565

0.40 +

035 . . .
0 20 40 60
Concentration of ER-B [nM1
(2

0.70

0.65

0.60

0.55 -

0.50

0.45

Ratio of AF568 / QD565

0.40

T T T
-1 0 1 2

Log of ER-B concentration [nM]

(b)
Figure 6. Calibration graphs between estrogen receptor concentration
and donor/acceptor density ratio ((a): using ‘two-site binding model’
(b) using semi-log linear model).

Receptor?] ST Of FRET
Energy transfer efficiency, = FRET && (E)= =9 4
o Mt}

Fpat acceptors H7MS u] Yl donore] A
710]™, Fp= donor¥t EAE wo] FF A 7)ot QD5659%
AF568 Alo]2] FRET &&2 ¢F 30%2, QD5659F AF6332)
EE (9 20%)ET =A YEhdTh o] o= QD5659 W
337 AF5689  o7]Zo] QD565 WEIAEH}
AF6339] o7]u xR 7] wEo|t). Fig 62 ER-B
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9] F%9} donorfacceptor Al 7|HI & 7te] FHAAE HAF
I itk Fig. 6a°l uERD  donorfacceptor Al 7B &2
‘two-site binding’ ZHo] vj$ Z gH=thR’ = 0.996). ]
2dol A WA A3 Ka 3k (0.007 M) + WA 2
@9 Ko & (173 nMBETE v)g- WA ALtE=d], o)le A
HA Aol wig- w2 A XYES BoFTh Fig. 6b9 1
Y Z = donorfacceptor M 7]H]&o] e ER-B TEo Z1
A3 (log-linear plot)S YEM=H, receptor®] FHiFE 50
nM#A HAEE 005 nMZHA = wi¢ B3 AHE R, =
0.990)5 HoFth 919 Ao me} B RS o]&3}
o 30%9] WhgAIZE ol 0.05 nM7HA] SA AT

e K
2k

A2 53 QDso] EAY BFEFA AP} EA
FEFAE AME3Y, 39S ST § e wEx
3k, FRET®| 7]43t sandwich immunoassay (OsFIA)E
t}. OsFIAE H AR olH =317} 71531
AT FgA o A F & Wl A=A Feoh
HHAIZE S0 EFE 898 AwZEgz 9
Lle sy

Mroroh A Ry
QL
8

=

o

=

o

o WAZ BaA gk o] BAWE Az BE W
H o)

H AA

Mo 12 1o kI & O X g

Aot}
FRET 239 AAA FHE Alele] EAY= M3
23 Q1Ao|t}h. Donor-acceptor®] 8] A7} 50~100 AY
7} 9] FRET d4fo] A3t B A2 OsFIACA
A 2] hinge areadl thicester 2ol 2|3l QDo]
How, FE8A 2 N-terminal a-amino groupsoll
droxysuccinimide (NHS)7} X318 AFE HEFoz ¥
a4tk QD565 wHAe ok 30 Acltth Ao HAA
45 Ao]7] w¥ol hinge &4 Fab Abo]e] H2Az
225 Azt & 4 91th23). MBP (maltose binding protein)
9] A7)E 30 x 40 x 65 Aol avidin® F7]E 100 x 62
x 25 Aolt}. 43 kDa®] MBP 68 kDa9] avidin®] Z7)E 7
7+ 30 A@3)# 25 A@4)o]m™, ER-B (53 kDa)olA] = HE
Az A7) 25-35 Aotk B dAFolA F FFA| Alol9
74 243 ATE 80~90 Ao|thFig. 1). ¢] AW the
A By 987t A" FUF A Aol A
(20, 23, 26)Et} B2 7}7tth. FRET E& 25y 44 &g
AYE AAeE A2 2 1Y acceptor’t WHEOll F 3=
A7} B Esly] wio] mj$- ojH B EAHLE acceptor
8 AP 9 #H 9T vE F de =& A FE
°] QDs& ©]43}7] wWiel| FRET B4%el| o]4# o]t} AF
9] Zo BEA}= N-terminal®] o}Rl7|o] A= o] xH, g+
o] Ao JFS FA FEU AF GAAZ HEste]
LSS olfrE T2 frIdERTgE Ha 333 kgl
=7] wEo|th. E OsFIA E4He F
epitopes AFele] A7l 45 A 0|8t W tE 2 BAe
A= AHEE F AT

AZ 2 39 epitopesS 7HAE QD-3A 9} AF568/633-
A7 2%E o, F9-IF4 d9EgA L YA A
FRET &/Jo] w2 AF568-Fx] L= AF633-3HA9] red
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Table 1. The lowest concentrations detected in other reports and OsFIA

431

Method

Description

Detection limit

FRET immunoassay27
Open sandwich FIA"
ELISA®

Open sandwich FIA"
FRET immunoassay20
Sandwich FIA"

OsFIA

Sq 635 labeled anti-HSA vs. Sq 660 labeled HSA
Antibody variable region: Vy-EBFP vs. Vi -EGFP
Enzyme tagged antibody
Vu-Rluc(Renilla luciferase) vs. Vi-EYFP
QD555-Anti-BSA vs. QD610-BSA

Eu-labeled anti-morphine vs. Cy5-labeled
anti-IC(immuno-complex) Fab fragment

QD565-Anti-ER-B vs. AF568-Anti-ER

100 nM (7 ng/ml)
1 ug/ml
10 ng/ml

7 nM (0.1 ug/ml)
10 nM

5 ng/ml
0.05 nM (2.65 ng/ml)

emissiond] 3743+ ——7}9} o] wE donorZM 2] QD565-
A 9] yellow emission?] ZAHGLS otz A==HJG
(Fig. 4, Fig. 5). FRET &&2 QD565/AF568”‘L°1]/\1 ts =

acceptors, J. Am. Chem. Soc. 126, 301-310.

. Clegg, R. M. (1995), Fluorescence resonance energy transfer, Curr.

Opin. Biotechnol. 6, 103-110.

. Clegg, R. M. (2002), FRET tells us about proximities, distances,

orientations and dynamic properties, J. Biotechnol. 82, 177-179.

. Hillisch, A., M. Lorenz, and S. Diekmann (2001), Recent advances

in FRET: distance determination in protein - DNA complexes, Curr.

Selvin, P. R. (1995), Fluorescence resonance energy transfer,

. Lundin, K., K. Blomberg, T. Nordstrom, and C. Lindqvist (2001),

Development of a time-resolved fluorescence resonance energy
transfer assay (Cell TR-FRET) for protein detection on intact

Periasamy, A. and R. N. Day (1999), Visualizing Protein
Interactions in living cells using digitized GFP imaging and FRET
microscopy, Methods Cell Biol. 58, 293-311.
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