
Electronic Supplementary Information for:

Fluorescence correlation spectroscopy for

multiple-site equilibrium binding: a case of

doxorubicin-DNA interaction

Xuzhu Zhang, Andrzej Poniewierski, Krzysztof Soza«ski, Ying Zhou, Anna

Brzozowska-Elliott, and Robert Holyst∗

Department of Soft Condensed Matter, Institute of Physical Chemistry, Polish Academy of

Sciences, Warsaw, Poland

E-mail: rholyst@ichf.edu.pl

S1

Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2018



S1. Di�usion coe�cient of DOX

The di�usion coe�cient of DOX in Tris-HCl, DDOX, was determined by FCS based on the

calibration measurements of rhodamine 110 (Rh110), whose di�usion coe�cient DRh110 in

aqueous solution at 25 � was known (DRh110 = 4.70× 10−6 µm2s−1).1 In brief, we recorded

the di�usion of Rh110 and DOX in Tris-HCl solutions using FCS (Fig. S1). Their di�usion

time through the FV was determined by �tting the experimental data with single-component

model for ACF:
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Figure S1: Experimental autocorrelation data for Rh110 and DOX (open symbols) di�using
in Tris-HCl solutions, and the �ts (solid lines) using Eq. S1. The more pronounced scatter
of data points for DOX is due to much lower quantum e�ciency of this probe compared to
Rh110.
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where κ is a �tting parameter representing the axial elongation of the FV and τp is the �tted

di�usion time of probes through the FV, i.e., τp,Rh110 =0.022 ms for Rh110 and τp,DOX=0.024

ms for DOX. Then the value of DDOX was determined from the relation DDOX = DRh110 ·

τp,DOX/τp,Rh110 = 4.2 ×10−6 µm2s−1. Parameters τt and p are the �tted triplet state lifetime

and fraction, respectively. The �tted triplet state lifetimes of the two probes (τt,Rh110 = 2 µs

and τt,DOX= 0.6 µs) were shorter by more than an order of magnitude than their di�usion

times. This allows for con�dence in interpretation of the ACF, since the photophysical

contribution is clearly separated from the di�usional part of the curve.

S2. Di�usion coe�cient of ctDNA

The di�usion coe�cient of ctDNA in Tris-HCl solution was measured by the dynamic light

scattering (DLS) at 25 �. A detailed description of the method and experimental setup we

employed here can be found in our previous publication.2 Brie�y, in each DLS measurement,

we recorded the scattering of 514 nm laser light on ctDNA molecules suspended in Tris-HCl at

a range of scattering angles. We obtained the characteristic correlation decay time τ by �tting

the experimental data with the autocorrelation function G2(q, t) = β exp(−t/τ)2, where β is

the experimental coherence factor and q is the wave vector, determined by the experimental

setting. Then the cooperative di�usion coe�cient of ctDNA (Dc) was calculated via the

relation 1/τ = q2Dc. The self-di�usion coe�cient at in�nite dilution of ctDNA, DctDNA, was

determined from the relation:

Dc = DctDNA(1 + k · CctDNA), (S2)

where CctDNA is the ctDNA concentration and k is a constant.

The determined value of DctDNA, 1.95 ×10−12 m2s−1, is in good agreement with previous

published value of 2.0 ×10−12 m2s−1.3 In addition, the lack of observable dependence of

Dc on ctDNA concentration indicated there were no pronounced interactions between the
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Figure S2: Linear �t of the cooperative di�usion coe�cients of ctDNA in Tris-HCl via Eq.
S2. Extrapolation of concentration to in�nite dilution gives the self-di�usion coe�cient of
ctDNA.

ctDNA molecules within the studied concentration range (Fig. S2) that could complicate

further analysis of the FCS data.

S3. Fluorescence spectra of DOX in ctDNA solutions

The �uorescence spectra of DOX (500 nM) in ctDNA solutions of various concentrations

were performed using �uorescence spectrophotometer (Agilent, model: Cary Eclipse, excita-

tion wavelength: 480 nm) at 25 �. We observed gradual decreases of �uorescence intensity

emitted from DOX as the ctDNA concentration increase, demonstrating the quenching e�ect

from the formation of DOX-DNA complexes (Fig. S3). This result agree with our countrate

measurements of DOX in the ctDNA solutions.
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Figure S3: Fluorescence emission spectra of DOX (500 nM) in ctDNA solutions (Tris-HCl
bu�er, pH 7.4, I = 10 mM) of various concentrations (in terms of BP concentrations) at
25 �.

S4. Derivation of FCS-based formula for determination of

K in multiple equilibria reaction

The FCS-based formula is derived based on the established equation for the chemical equi-

librium condition in the case of macromolecules with identical independent binding sites

for ligands.4 We assume that binding of multiple DOX molecules (acting as ligands) to the

binding sites of DNA (acting as macromolecule) occurs independently, since DNA molecules

used in our experiments are much larger than DOX. The total concentration of bound DOX

at equilibrium state, [DOX]b, is equal to the sum of concentrations of all partially saturated
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forms of complexes ([DNA−DOXi]) according to the mass conservation principle:

[DOX]b =
n∑
i=1

i[DNA−DOXi], (S3)

where n is the total number of binding sites on the DNA, equal to the quotient from the

length of a DNA chain (i.e., BP number) to the size of binding site for single DOX molecule

in the chain (i.e., exclusion parameter).

In the case of identical binding sites, the general binding equation describes the relation

between the equilibrium concentration of free DOX [DOX]f and bound DOX [DOX]b is

given:4
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where K is the equilibrium constant for binding a DOX molecule to a DNA chain, and

[DNA]0 is the initial concentration of DNA. Applying the binomial rule to Eq. S4, one gets

a simpli�ed expression:

[DOX]b
[DNA]0

=
nK[DOX]f

1 +K[DOX]f
. (S5)

In FCS experiments, both free and bound DOX molecules contribute to the signal fed to

detectors. Due to the vast di�erence in the di�usion coe�cients of these two populations, the

respective components can be clearly discriminated in the autocorrelation curve. However,

the magnitude of contributions of the two components to the total ACF, Af and Ab, is

not only proportional to their concentrations, but also to the squared brightness, which are

expressed as:

Af = B2
fNf ;

Ab =
n∑
i=1

i2B2
bNb,i,

(S6)

where Nf , Nb,i denote the number of free DOX molecules and complexes with amount of i
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DOX molecules bound to the DNA in the FV of FCS, respectively (directly proportional to

concentrations of each species), while Bf and Bb stand for the brightness of free and bound

DOX (given as number of photons recorded in a time unit per single molecule from a given

population in the FV). Although the absolute values of molecular brightness depend on the

experiment conditions (e.g., laser power or �lters used), their ratio Bb/Bf is an intrinsic

quality of the DOX-DNA complex. From Eq. S6 we get:
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. (S7)

To solve Eq. S7, we need to calculate the ratio:
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Applying the binomial rule again, we get:

n∑
i=1

i2[DNA−DOXi]

[DNA]0
=
n[DOX]fK(1 + n[DOX]f)

(1 + [DOX]f)2
, (S9)

Combing Eq. S7 and Eq. S9, we obtain an expression connecting the experimentally acces-

sible Ab/Af ratio with K as:

Ab

Af

· (Bf

Bb

)2 =
nK[DNA]0(1 + nK[DOX]f)

(1 +K[DOX]f)2
. (S10)

Since in the performed FCS experiments and also in the clinical usage of DOX, the amount of

binding sites are much more excessive, i.e., n[DNA]0 � [DOX]0 (initial DOX concentration)
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> [DOX]b, we rewrite Eq. S5 as follows:

[DOX]b
n[DNA]0

=
K[DOX]f

1 +K[DOX]f
� 1. (S11)

Applying the mass conservation principle for DOX:

[DOX]0 = [DOX]f + [DOX]b

= [DOX]f +
nK[DOX]f

1 +K[DOX]f
[DNA]0

≈ [DOX]f + nK[DOX]f [DNA]0,

(S12)

and substituting [DOX]f from Eq. S12 into Eq. S10, we derive the �nal formula for deter-

mination of K via FCS:

Ab

Af

(
Bf

Bb

)2 =
nK[DNA]0 (1 + nK[DNA]0 + nK[DOX]0)

1 + nK[DNA]0
. (S13)
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