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Fig. 1 Schematic illustration of the principle of fluorescence correlation spectroscopy (FCS)

Fluorescent molecules N () freely diffuse through the FCS volume V at time ¢. The spontaneous thermodynamic fluctuations of the number of

fluorescent molecules in the FCS volume V lead to corresponding fluctuations in the recorded fluorescent signals F(z). The experimental measurements

of the time-averaged fluorescence intensity<{F(z)) and its temporal fluctuations 8F(z) reflect respectively the average number of fluorescent molecules

{N(t)y and its temporal fluctuations SN(¢) in the FCS volume V.
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Fig. 2 Principles of auto- and cross-correlation analysis

(a) Fluorescence correlation spectrometer based on a confocal optical pathway. (b) Fluorescence excitation (green) and detection volume (orange) V in a

solution sample with fluorescence signals F(t) detected from this volume V. (c) Schematic illustration of fluorescence auto-correlation analysis: 7 is

correlation time; G(0) is the correlation amplitude with 7=0, 7, is diffusion correlation time. (d) An example of experimentally acquired autocorrelation

decay curve. (e) Schematic illustration of fluorescence cross-correlation analysis (FCCS). (f) An FCCS experiment yields two auto-correlation decay

curves (green and red) and one cross-correlation decay curve (black). DET: Single-photon counting fluorescence detector; DM: Dichroic mirror;

F: Filter; OBJ: Objective; P: Pinhole; S: Sample; TL: Tube lens; V: Fluorescence detection volume.
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Fig. 3 Development of the bench-top fluorescence correlation spectrometer

(a) The first generation proof-of-principle prototype. (b) The second generation prototype. (c) The third generation prototype. (d) The fourth generation

prototype (i.e., the first generation commercial product: CorTector™ SX100).
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Fig. 4 Schematic illustration of the bench-top fluorescence correlation spectrometer including the fluorescence excitation

system, the sample handling system, the fluorescence detection system and the data acquisition/analysis system

BC: Beam collimator; EmD: Emission dichroic mirror; EmF: Emission filter; ExD: Excitation dichroic mirror; FA: Optical fiber adaptor; L: Lens;
MMF: Multi-mode optical fiber; S: Sample; SMF: Single-mode optical fiber; SPAD: Single-photon avalanche diode; WDM: Wavelength division

multiplexing.
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Fig. 5 User interface example of the data acquisition software (Correlation Acquisition)

(a) Master control. (b) Channel selection. (c) Photon intensity at each position of x, y and z axis.
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Fig. 6 User interface example of the data analysis software (Correlation Analysis)

(a) Selection of data and fitting model. (b) Analysis results. (c) Calibration. (d) Decay curve and residual distribution.
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3.1 HmflE
3.1 LG

Alexa Fluor™ 647 (Life Technology, A20186);
Alexa Fluor™ 488 TFP ester (Invitrogen, A37570);
2 Alexad88 Fr ic [ H o0 [ Bt 44 (Alx488-mAb,
donkey anti-goat IgG, Invitrogen, A11055);
Alexa488 #r iC K DNA H. % (Alx488-ssDNA;
Alx488-5" CCG CAC TAT ACG ATA GTA GTC
ATC AGC AGT CAG AGA CGG C 3’; 1 pmol/L);
Alexa647 #5 ic ) DNA H #f (Alx647-ssDNA;
Alx647-5" GCC GTC TCT GAC TGC TGA TGA
CTA CTA TCG TAT AGT GCG G 3'; 1 pmol/L);

FITC(F7250, Sigma, USA); #t FITC 5 [ Hiik
(Abcam,UK); % J& V& {H 680 nm [ & F &
(CdTe/CdS/ZnS Qdot680, b 5t dbik R H R A R
~#l); Nuclease-Free Water(FE4EtH:20); Annealing
Buffer for DNA oligos (5X, Byotime, D0251); HPLC
% Water (4t 58 B R B B+ A R A &, CAS:
7732-18-5); EDTA-Na, -2H,0 (FLUKA 318892-
500ML); NaOH i i (SIGMA 71687-500G); Tris
(Sigma 20160726); i R (Acros 315181000); A
ik fie (X 1 ) HX1869): i i FR 4% (Sigma
215589-100g); TEMED (Amresco M146-100ML);
20 bp DNA Ladder Marker(Takara, Cat#3420A).
3.1.2  AUEE DNA &4 K HEaiin

F A= 38 3 7K 23 S BC A B2 1 nmol/L () B 4h
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45, 50, 60, 70. 80 Al 100 min XJ & & FF i HEAT
FCCS A&l

Il B 8 DNA & & [ M : nuclease-free
water(24 wl), annealing buffer for DNA oligos (5x
8 wl), Alx488-ssDNA (1 umol/L, 4 pl)Fl Alx647-
ssDNA (1 wmol/L, 4 wl). ¥ Fi& & B g & T
PCR X, Sk ® 95°CRMK[E] S min, AJ5HE
72°C S NI 8] 2 min,  HXH S MR S VA HD AR IR
FH 15% 378 1 5 79 0 19k e 8 I Pl vk 2 15 L 4liqh,

(a)
03l G(0)—>Molecular Conc.

’ ((0.70+0.03) nmol/L)
x
Z 02}
£ ~1 nmol/L Alx647
< :
= solution
g
< 0.1}
2 == : Fitting

® : Alx647
0 L !
0.01 0.1 1 10 100
Corr. time 7/ms
©
1.0}

208 K,~7.7 nmol/L
3
506 Auto Corr. 7, |
=
25}
504 FITC-mAb
5
© 02}

0—w

4 8 12 16 20
Total mAb binding sites/(mmol*L™")

SRIGTUE 20°C UKAE R AE . SEI I K Alexad88 FlI
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10 000 f%. 20 000 1% 1 40 000 %34T FCCS Al
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Fig. 7 Measurements of molecular concentration, size and interaction using the bench-top

fluorescent correlation spectrometer (CorTector™ SX100)

(a) FCS measurement of fluorescent molecule Alexa647 (Alx647) concentration. (b) FCS measurement of molecular sizes: Alexa488(Alx488), Alx488
labeled single-stranded DNA (Alx488-ssDNA), monoclonal antibody (Alx488-mAb) and quantum dots Qdot680. (¢) FCS measurement of the

dissociation constant K, of antigen (FITC) and anti-FITC monoclonal antibody (mAb) binding reaction. The inset shows the volume changes after

binding of FITC to its mAb. (d) FCCS measurement of the kinetic constant (K) of the annealing reaction of two complementary single-stranded DNAs
(Alx488-ssDNA, Alx647-ssDNA) into the double-stranded DNA (Alx488-dsDNA-Alx647). The inset shows the increasing cross-correlation amplitude

Gy(7) with increasing reaction time; Gx(r) is proportional to the molar concentration of Alx488-dsDNA-AIx647 in the reaction solution.
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Fig. 8 Measurements of molecular concentrations in homogenous solution using the bench-top

fluorescence correlation spectrometer (CorTector™ SX100)

(a) FCS measurement of the molar concentrations of the fluorescent molecule Alx647. (b) FCS measurement of the molar concentrations of the Alx488

labeled monoclonal antibody (Alx488-mAb). (¢) FCS measurement of the molar concentrations of the Alx488 labeled single-stranded DNA
(Alx488-ssDNA). (d) FCCS measurement of the molar concentrations of the AIx488 and Alx647 labeled double-stranded DNA

(Alx488-dsDNA-A1x647).
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W R 45 G ISR AEAE R /AN AL PR 4 - 2
[E], Ly 4% B¢ 5 BE DNA & & il — 4% XUEE
DNA, B4 5563 R EAR ] H T 5E % S BE H
SNGE RN 755 K. Bian, w9 AR )
B DNA (Alx488-ssDNA Fl1 Alx647-ssDNA; 40 Hif
BYy=iR A FEAESKTES, )5 H FCCS
SE I A VR 5 YR 10 52 AH O 2 ] 45 XUE DNA 77 %)
M EE IR B4R (B 7d 4G ). BIR 7kl i
2 DNA H & RN IR R 1% S5 K=1.2x
10° (mol/L)"*S™(K] 7d).
3.3 CorTector™ SX100 7% &M 4% 14 [X (8]

WIHTHTIAR, FCS HA RSl & 5% % 70 1 IR
FE IR EE (] 7a); 8 — RANR RN SLEE, IR
1158 T CorTector™ SX100 [1] R HE F IR & £ 1k
il X [a] (] 8a). & ZRERIT Rl S A, f i FH )
PRER 4 7 N2 58 S hn i I B 5 B B AR B S DNA
FoBe B, AT E T 9O B A G R X
Alx488-mAb Fll Alx488-ssDNA (40 Bl )R ET 70111
AR AT X [H]. SeBe 45 S 7R, FCS BOR AT {E
4 AN B R FE X 18] Y (10 pmol/L~ 100 nmol/L)
2 PR K I BT 7K A DNA R 5T 9 1 10 BE R IR B
(Bl 8b. 8c). AT Bk B 7 A k) & v A i 1)
CRE” (ROCHRIZRBLI), AT E] 7d P25
51 XU BE DNA (Alx488-dsDNA-AIx647) #E 17 4l 1k,
SRJE R FCCS HAR & Bk il e BE /R 2. Sk

G EoRN, FCCS HARFIXS 4 NHUCE A JE X 8]
(17 pmol/L~143 nmol/L) ff] XU DNA Ff & 3k 47 ¥
BN, JF ELECHR B S5 A5k B 2 (] 5 56 £ [ 2k
PERR(R=1.00; & 84d).

DL b g B, s =% ot A ¢ O 1% X
CorTector™ SX100 7&K 73 T 4> T R FL RN
Sy 1AM AR S D7 T R REFIHERE, FFAEBRST R4
ST 56 A8 A T E 1 s M S FE AR L

4 W’

P M 2 S AH S TE A H AT EH ] A v i S kR
pEW, EN LG R, R AT
CorTector™ SX100 5 HLA i Mk %< 5t AH ¢ 6 1 A 1)
PERE RN A XT LG, wT DLk B AT & B AR & B
tt. 57E[E Zeiss /A ) Confocor3 = i F13E [H ISS
Alba A ] [¥] FCS V5 #Lt, CorTector™ SX100 /4%
HERMPIZEFICHE, RESU VA TREE & 15 5
IO R AR, EHEERZ, Confocor3 /& &M
Seng E L B OR RO % & . T CorTector™
SX100 &S IAXAS, HOUHBIFREEREN . FHE%
R T 2 MR E. S &P, MR,
CorTector™ SX100 J& #ME FH . 4E4 9 IR, &
))&, CorTector™ SX100 SZHL T FCS AR M
S = ANV EOR [ AR LA, fE e b
filh EARAE T A PSS AN O (S 1, A Azt

Table 1 Comparison of the performance-price characteristics of the commercial fluorescence correlation spectrometers

Zeiss Confocor3(Germany)

ISS Alba FCS V5(USA) LE CorTector-SX100(China)

Microscope Confocal or multiphoton
Fluorescence excitation 3-5 lasers
Fluorescence detection 2-4 channels

Microscope objective Zeiss 40X NA1.2 water
Single-photon counting detector APD or GaAsP PMT

Automatic pinhole alignment XYZ-axes automatic

Sample option Solution, single cell (8-well

Confocal or multiphoton Confocal optical pathway

2-6 lasers 2-4 lasers(488, 638nm)
2-4 channels 2-3 channels
Nikon 60X NA1.2 water Olympus 60X NA1.2 water
APD or GaAsP PMT APD

Single-axis semi-automatic XYZ-axes automatic

Solution, single cell (8-well Solution (8-well chamber

chamber optional) chamber optional) equipped)
FCS, FCCS Analysis Yes Yes Yes
RICS analysis Optional with laser scanning microscope Optional with laser scanning microscope No
FLCS analysis Optional with multiphoton microscope  Optional with multiphoton microscope No
PCH analysis Optional with software correlator Optional with software correlator Optional with software correlator
Operation software Zen Vista vision Correlation Acquisition,
Correlation Analysis
Environment Microscope room Microscope room Regular lab bench-top

Whole-system price 750-1,250k USD

Maintenance Aannual cost ~10% of sales price

250-500k USD 100-150k USD

Annual cost ~10% of sales price Annual cost ~5% of sales price
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a Bench-top Fluorescence Correlation Spectrometer”
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Abstract Fluorescence correlation spectroscopy (FCS) technologies have the advantage of ultrasensitivity (single

molecule), fast speed (seconds and minutes measurement time), and multifunctionality (simultaneously analyzing

molecular concentration, size and interaction).Thus, FCS technologies have the potential of being a novel

fluorescence immunoassay suitable for high-sensitivity analysis of homogeneous sample solution. This article

introduces the principles and applications of FCS technologies based on the reliable, easy-to-use, bench-top

fluorescence correlation spectrometer developed by the project team.
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