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Time-Gated FCS

How can we enhance the capabilities of FCS?

Incorporate the additional information of the photon
in the analysis
Lifetime of the Excited State
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Use Multidimensional Analysis

Select photons for analysis based upon photon properties
Time-Gated FCS

Use delay between the excitation pulse and fluorescence
emission to discriminate between photons based upon
their duration in the excited state



Removal of Fluorescent Background

Quantitative measurements in the presence of a
fluorescence background

14 | .. & — Lifetime of TMR
1o . ANS
h Electronic
o 2 o014 | | Gate
_____ 3 " : !
9 I
withGae @ 1 i
<l . 0.014 i
. o 5 10 15

Delay (ns)

10 nM TMR 9 uM ANS Mixture

+ 10nMTMR
v No Gate
2 ns Gate
2.5 ns Gate

0.24

log (time/s)



Multiple Species Discrimination

Check sample inhomogeneity
~2 ~2
G(0)eft = I1G1(0)+35G,(0)
where 3 is the relative intensity of the it species

If sample contains multiple lifetime species,
G(0) will depend upon gate duration

MetMb stochastically labeled with TMR

TMR labeled close to the heme is quenched
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Static versus Dynamic Heterogeneity

Is the heterogeneity static or dynamic?

For non-interacting species: For unimolecular reaction:
Amplitude changes with Amplitude of the
gate duration relaxation will vary with

gate duration
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Ratio measurements with and without gate!
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Note*: Ratio analysis is sensitive to offsets in the ACF
due to laser instabilities, vibrations, bleaching . . .



Change in I, G(0), S/N

Enhancement of FCS

Are FCS measurements Enhanced by Time-Gating?

Signal-to-Noise Considerations:
High Intensity Limit:
Uncertainty dominated by number of fluctuations:
Loss of photons by gating unimportant
Low Intensity Limit:

Uncertainty dominated by number of photons:
Signal-to-noise is proportional to 1+ G(0)
(both 11 and G(0) depend on the gate width)

Calculation of the S/N vs Gate Width for a mixture of
TMR and ANS with Equal Fluorescence Intensities
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Cross-Correlation Spectroscopy

/o

Sample || W
Dichroicé‘@

Two channel
measurements

Channel 1

|
|

—_ .
> ali 1N M LA m” WHW I ”” M \;“ JW\ |
U 0 5 10 15 20
) Time (ms)
: 1
ST YAl
N J”‘MJ‘,“J I \V\M‘H e"\ J\JM I ‘”ﬂ W 1L
O T|mio(ms) ) ) Time (ms)
Channel 2 Cross Correlation
Type of Beamsplitting
Experiment Optics Channel 1 Channel 2
Fast Correlation | 50/50 50% of the total | The remaining
Measurements Beamsplitter Signal Signal
Two-Color Dichroic Mirror | Green Photons | Red Photons
Experiments
Polarization Polarizing 1 Polarized || Polarized light
Measurements Beamsplitter light




Cross-Correlation Spectroscopy

Two-Channel Detection

Fy(t) = 5,Q; [ dr W (r)Cy(r,t)

F, (1) = 1,Q, [ dr W (r)C, (r,1)

O, (t)oF, (t+7))
(RO)F;®)

Gij (7) = <

[ drdr'W (r)W (r')(C; (r, 7)C (r',0))

ST e iorwF

The product <(5Ci (r,7)oC, (r' ,0)> is only non-zero if i
and ] are the same particle or if they diffuse together.

<Nu>7/{ 1 J[ - J%
Gij(r)_<Ni><Nj> 1+T/TDU- 1+(Wr/wz)ZT/TDij




Fast Cross-Correlation Spectroscopy

\ Two channel
Sample . measurements
Objective- -
— chhr0|c error

-4 /"« . ~ Channel 1
50/50 _- ‘ APD 1 | — :, . “.
Beamsplitter L
>
2
S/
(]
Channel 2 \ Cross

Correlation

. \
\
\
1
1
1
‘ O 1
\ ’
N ’
\ C
AY ,,
N 7’
~o >

N,=N, > G,(r)= <N>(|3ID(T\’ID’T):GD(N,D,7)

Same information as ACF, but without detector artifacts

Signal-to-noise considerations:
The S/N ratio is proportional to molecular brightness, ¢
Eccr 7 Eacrl?
(SIN)ccr = (SIN) zc/2
For symmetric CCFs,
G, ,(7) =G, 4(2),
and the S/N ratio of the total CCF, {G,,(7) + G,,(7)}/2,
is V¥ that of the ACF



Fast Cross-Correlation Spectroscopy

Compensation for detector dead time and removal of
afterpulsing artifacts
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Two-Color Cross-Correlation Spectroscopy

Two channel
o measurements

Sample ii W ___________
Dichroic;‘ AL \:’ . Green

Mirrors Channel

Red Channel Cross Correlation
<FG ()R (t+ T)> - < Fe (t)>< Fr (t)>
GGR —
) (P O)(F )

The sample consists of three species, Ng, Ng, and Ngg
Ideally, only the Ny cross correlate

Ner GD(l’ DGR'T)
(Ng +Ngg )(Ng + Ngg)

Amplitude is proportional to concentration of N !

Ger(7) =




Two-Color Cross-Correlation Spectroscopy

Labeled double stranded DNA

Rhodamine Green

T e
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Reaction of restriction endonuclease EcoRI with
dsDNA
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Spectral Cross Talk
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Spectral Cross talk
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Multiple Molecular Brightnesses

€666 €G.GR- B_rightness of the Green dye with Green EXxcitation
in the Green and Red channels

€r e ERGR B_rightness of the Red dye with Green Excitation
in the Green and Red channels

€c.ror Ec rr- Brightness the Green dye with Red Excitation in
the Green and Red channels

€r ror Er rr- Brightness of the Red dye with Red Excitation in
the Green and Red channels

Typically, e o = €z re = 0 ; The Red dye does not fluoresce in
the Green channel

€cre = Ecrr = 0; The Green dye does not absorb
Red excitation



Spectral Cross Talk

Assuming three species, Cg, Ci, and Cg,, where the double
labeled molecules have the properties of both of the Red and
Green molecules, we have:

Fs (1) = J.dr W (r)[ge,ee (CG (r,t) + Cgr (r, t))]

Fo(t) = jerG (r)<gG,GRCG (r,t) + £q crCr(r, 1) + (gG,GR T Er R )CGR (l‘,t))
+IerR (r)gR,RR(CR(rit) +Cr(r,1))

For identical probe volumes
Fo () = [ dr W (r)[zs o6 (Co (r,1) + Coa (1, 1))

Fr () = jer (r)[gG,GRCG (r,t)+ (gR,GR T ErRR )CR (r,t))

+ (gG,GR T Erer 1 ERRR )CGR (r, t)]

1 1
Gor (r) = 3§
er(7) =3¢ <NG+NGR>(1+Z'/Z'DGj{1+(wr/wz)27/TDGJ

+ 3R Y 1 1
“(Ng + N )\ 1+ /75 1+(w, /w, ) o/ 7y

The terms add linearly with the fractional intensity!



Non-Aligned Volumes

For two concentric probe volumes of different dimensions:
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F (1) = Idr Ws (r)[gG,GG (CG (r,t) + Cgr (r, t))]

F(t) = Idl‘ We (r)(gG,GRCG (r,t)+ ErcrCr (r,t)+ (gG,GR T Eror )CGR (r, t))
+IerR (r)ég rr (CR(r1t) +Cor (r’t))

The CCF is given by:
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Rotational Diffusion

. Two channel

': ’ “; measurements
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The CCF for G,,, and G, are Asymmetric!!



Rotational Diffusion
Orientation of the fluorophore must be incorporated.

Absorption and detection efficiency depend upon the polarization:
o(t)= A*((t)) = 3(f, -4)°
w(t)= EX(Q(1)) = 3(i, -&)°

The probability of a molecule absorbing a photon at t,,
emitting the first photon at t,, absorbing a second
photon at t;, and emitting a second photon at t, Is:

4 L G 4
* l’ia l,ie H, ﬁe
Gttt ty) = (A*(Q(t))F.(Q()E*(Q()F. (Q(t,))

A2 (Q(t,)F, (Q(L) E* ((t)F. (Q(t,)))

where F’(Q(t)) includes all non-orientation properties of the
fluorophore (e.g. position, electronic state, chemical state, ...)

Assuming Q and Q are independent:

Gttt ty) = (A*(Q(t))E*(Q())A*(Q(t,) JE* ((t,)))
(F.(Qt))F. Q)R (Q(t:))F. (Q(t,)))



Rotational Diffusion

The normal autocorrelation function measures the probability
of measuring a second photon with a delay t

Definet,=0andt, =1
G(r) =] dt [ dty(A*((1) JE* ((0)A*(2(t) JE* ()
(R.QW)F.(QO)F.(Qt:)F.(Q)))

Assuming an mono-exponential decay of lifetime z; and taking
the limit as z; = 0O (i.e. we are interested in t >> z;), we obtain:

G(r)=(F.QO)F.(Q))-e "]
(A*(€2(0))E*(2(0))A*((7) E* (7))
Assuming the excitation and absorption dipoles are equivalent

(i.e. p, = p, = ) and molecule is a rigid sphere undergoing
rotational diffusion:

G(r) ~ <Fa' (O)F, (r)>[1— g K1+ c,e " +c,e )

or more precisely:

60 (RORE)-e 7] T8 hé.6)e

b4
where

B, (ﬁ’évé ) Iduljduz )2(111 el)z(ﬁz 'ﬁ)z(liz 'éz)ZYﬁ:m(ul)Y;n(uz)

m= /

and the Y . (u) are the spherical harmonics



