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Abstract A fluorescence method for determining the mode
of binding and estimating binding parameters in a model
drug-carrier complex was developed using the lipopeptide
antibiotic daptomycin and polyamidoamine (PAMAM)
dendrimer. Mathematical simulations of model equations
describing fluorescence changes induced by antibiotic–
carrier binding in terms of total drug concentration were
used to evaluate the sensitivity of parameter variation on
binding isotherms for both one- and two-site binding models.
Nonlinear regression analysis was used to estimate binding
parameters and to identify pH-dependent binding models.
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Introduction

Fluorescence spectroscopy has been used to evaluate binding
phenomena in systems containing fluorophores whose
spectral properties are altered in response to the intermolec-
ular interaction [5, 8, 18]. Typically these changes are due
to alterations of microenvironment of the fluorophore that
causes quenching [3, 13, 17] or enhancement [6, 12].

Mathematical models describing equilibrium binding
systems are typically presented in term of free ligand
concentration rather than total concentration [9]. The use of
these model equation are therefore restricted to the cases in
which either the bound concentration are much smaller than
the total concentration, so that the concentrations of free
ligand can be equated to their total concentration, or the
free concentration can be determined [1, 10]. However,
these conditions are not always met when spectral methods
are used as binding probes. To overcome this limitation,
equations have been derived estimating for affinity and
capacity constants using fluorescence titration data wherein
the total ligand concentration is known, but not the bound
and free concentrations. We have evaluated the use of these
model equations in selecting the appropriate binding model
and estimating binding parameters using an exemplary
drug-carrier complex between antibiotic drug daptomycin
and polyamidoamine (PAMAM) dendrimers [2, 15, 16].

Daptomycin contains two aromatic residues (tryptophan
and kynurenine) that are intrinsically fluorescent. It is not
surprising that conditions that alter daptomycin conforma-
tions may also cause fluorescence changes. Lakey and
coworkers showed that the tryptophan emission of dapto-
mycin is quenched by the absorption of kynurenine since
tryptophan emission spectrum overlap with kynurenine
absorption spectrum [6]. The quenching effect is based on
the proximity of two fluorophores. Moreover, they ob-
served that the kynurenine emission intensity is higher
when kynurenine is a part of daptomycin than in the free
amino acid form. The kynurenine fluorescence has been
shown to be a sensitive probe for intermolecular inter-
actions when used in steady-state fluorescence measure-
ments. Lakey and Ptak studied the binding of daptomycin
to 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
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and dipalmitoyl phosphatidylcholine phospholipid (DPPC)
[6, 7]. In the presence of calcium, a tenfold fluorescent
enhancement and 15-nm blue shift was observed that was
attributed to the penetration of daptomycin into the lipid
bilayer.

The self-association of daptomycin has also been studied
using steady-state fluorescence methods. A fluorescence
enhancements and blue-shift were used to estimate pH-
dependent critical aggregation concentrations (CAC). At
pH 4, the lowest CAC value (0.1 mM) was observed [14].

Daptomycin-calcium ions association constants have
been determined by circular dichroism (CD) spectroscopy
[4]. Addition of liposomes composed of a one-to-one
mixture of the zwitterionic phospholipid phosphatidyl
coline (PC) and the acidic phospholipid phosphatidyl
glycerol (PG) in the present of calcium was observed to
induce an inversion of CD spectrum that indicated a
substantial conformational change upon association with
negatively charged membranes.

The interaction of daptomycin and fibrinogen has been
studied using surface plasmon resonance [11]. The disso-
ciation constant between daptomycin and fibrinogen were
4×10−6 M estimated using one-site binding model.

Methods

Chemicals

PAMAM dendrimer (generation 6) was purchased from
Aldrich (USA). Daptomycin was obtained from Lilly
Research Laboratories, Indianapolis, IN. All other chem-
icals were analytical grade or better. Double-distilled water
was used throughout.

Fluorescence titrations

The PAMAM dendrimer received in methanol which was
removed by evaporation using nitrogen gas. The residue
was dissolved with double-distilled water to a concentration
of 0.014 μM. Daptomycin-PAMAM dendrimer complex
was formed by titration of five microliter aliquots of
74.0 μM aqueous daptomycin into 3 mL of PAMAM
solution using a Hamilton syringe. Both dendrimer and
daptomycin solutions were pH adjusted to either pH 4.0 or
7.0 prior to their addition. Buffers were not used and the pH
value of mixtures did not vary by more than 0.1 pH units
over the course of each titration. Titrations were conducted
in a fluorescence quartz cell equipped with a magnetic
stirrer. The final concentration of daptomycin was 4.6 μM
and each titration was performed in triplicate. The mixture
was stirred for 3 min after each addition. Fluorescence
responses were measured using a Perkin Elmer LS-55

spectrofluorimeter. The excitation wavelength was set at
tryptophan excitation wavelength (285 nm) and the emis-
sion spectra were scanned from 320 to 540 nm in order to
observe the emission response from both tryptophan and
kynurenine. Control studies were conducted by titration of
aliquots of daptomycin to 3 mL of double-distilled water.

Results

Solutions containing PAMAM dendrimer showed no
fluorescence emission maxima over the wavelength range
of 320 to 540 nm. The addition of daptomycin aliquots into
aqueous blank solutions (absence of dendrimer) resulted in
a super imposable linear increase of fluorescence intensity
with daptomycin concentration (≤5 μM) at both pH values
of 4.0 and 7.0 (Fig. 1). No inflections were observed in
these titrations which was important because daptomycin is
known to form aggregates that result in fluorescence
enhancements. The studies reported herein were intention-
ally conducted at daptomycin concentrations below the
critical aggregation concentration [14].

The addition of daptomycin into dendrimer solution at
both pH values of 4.0 and 7.0 resulted in significant
increases fluorescence intensities at 460 nm (which corre-
sponds to the peak maximum for kynurenine emission,
Fig. 1). The concentration dependent fluorescence response
profiles were non-linear and different at pH 4.0 and 7.0.

Fig. 1 Kynurenine fluorescence enhancement of daptomycin at
460 nm in the presence of PAMAM dendrimer generation 6 at
pH 4.0 (filled circle) and 7.0 (filled square), and in the absence of
PAMAM dendrimer generation 6 at pH 4.0 (empty circle) and 7.0
(ex symbol)
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Fluorescence titration binding isotherms were con-
structed by plotting the difference in fluorescence intensity
responses for equimolar daptomycin solutions in the pres-
ence and absence of dendrimer (ΔF, Fig. 2). The resulting
isotherm for pH 4.0 titrations was biphasic wherein the ΔF
values increased until a total daptomycin concentration of
approximately 1.5 μM and then became independent of
daptomycin concentration. Contrariwise, the pH 7.0 iso-
therm displayed increasing ΔF values up to daptomycin
concentration of 0.4 μM whereupon ΔF values decreased
with subsequent additions of titrant. These results suggested
pH-dependent differences in daptomycin-dendrimer inter-
actions both in the mode and values of the binding
parameters. The exact nature of this binding phenomenon
will be presented in a future manuscript; the issue to be
resolved herein is the development of a method for reliably
determining the mode of interaction and accurately deter-
mining the values for binding parameters from fluorescence
titration data.

Discussion

Development of fluorescence titration binding models

The method for using fluorescence titration data in
combination with the total ligand concentration to deter-
mine the mode of binding and estimating the binding
parameters was adapted from the work of Wang and Jiang
[19]. In the ensuring discussion, model equations are

presented for estimating binding parameters associated with
one- and two-site binding models and the effects of
parameter variation on the shapes of the isotherms is
evaluated by model simulation and by comparison to
exemplary daptomycin-dendrimer data to determine wheth-
er the model equations adequately describe the fluorescence
titration isotherms.

One-site binding model

For a single site binding model, the equilibrium dissocia-
tion constant (Kd) and molar ratio of bound drug to carrier
molecule (r) is given by Eqs. 1 and 2:

Kd ¼ Carrier½ �F� Drug½ �F
Drug½ �B

¼ Carrier½ �T� Drug½ �B
� �� Drug½ �F

Drug½ �B
ð1Þ

where [Carrier]F, [Carrier]T, [Drug]F and [Drug]B represent
the concentration of free carrier, total carrier, free drug, and
bound drug, respectively.

r¼ Drug½ �B
Carrier½ �T

¼ Drug½ �F
Kd þ Drug½ �F

ð2Þ

The molar concentration of bound drug is given by Eq. 3
where R is the total number of independent binding
sites R¼n� Carrier½ �T

� �
and n is the number of independent

sites on each carrier molecule.

Drug½ �B¼
R� Drug½ �F
Kd þ Drug½ �F

ð3Þ

If the drug contains a fluorophore whose spectral
properties change upon binding then the resulting fluores-
cence intensity change (ΔF) is given by Eq. 4 where ΔE
represents the difference in molar extinction between the
free and bound fluorophore.

ΔF¼ΔE � Drug½ �B¼ ΔE � R� Drug½ �F
Kd þ Drug½ �F

ð4Þ

The free drug concentration in Eq. 3 can be described by
mass balance in terms of the bound and total drug
concentrations which allows for the derivation of a quadratic
equation that describes the bound drug concentration in
terms of the total drug concentration as shown in Eq. 5.

Drug½ �B¼
1

2

Drug½ �TþKd þ R
� ��

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Drug½ �TþKd þ R

� �2�4� R� Drug½ �T
q� �

ð5Þ
Substitution of Eq. 5 into Eq. 4 yields Eq. 6 which

describes the change in fluorescence signal in terms of the

Fig. 2 Binding isotherm of the interaction between PAMAM
generation 6 and daptomycin at pH 4.0 (circle) and 7.0 (square) at
25 °C
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total drug concentration, binding parameters (Kd and R) and
molar extinction changes.

ΔF¼ΔE

2

Drug½ �TþKd þ R
� ��

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Drug½ �TþKd þ R

� �2�4� R� Drug½ �T
q� �

ð6Þ
Experimentally, the value for ΔF is determined by the

difference in fluorescence signals between equimolar
solutions of drug in the presence and absence of carrier.
Titration experiments can be used to generate fluorescence
isotherms wherein the binding and molar extinction
parameters can be estimated by nonlinear regression.

Properties of Eq. 6 were investigated by simulation using
various values for the three adjustable model parameters:
molar signal coefficient (ΔE=120 to 360), dissociation
constant (Kd=0.06 to 0.18 μM−1) and the total number of
independent binding sites (R=0.55 to 1.45). The simula-
tions were compared to the pH 4.0 daptomycin-dendrimer
fluorescence titration data.

In the first series of simulations (Fig. 3), the effects of
varying ΔE (120 to 360) on the fluorescence titration
isotherm caused an amplitude variation of each ΔF value
without changing the overall shape of the isotherm.
Contrariwise, decreases in dissociation constant values
(Kd=0.18 to 0.06 μM−1) resulted in increased slope values
in the ascending portion of the titration profile (Fig. 4). And

increased values for binding capacities (R=0.55 to 1.45)
changed the maximum value of ΔF without effecting the
ascending slope (Fig. 5). Thus a unique set of estimated
parameter values was necessary to provide a complete
description of the daptomycin-dendrimer data. Moreover

Fig. 3 Simulation plots of one-site binding model equations showing
the effect of the molar signal coefficient variation (ΔE=120 to 360)
are compared to the average binding isotherm values for PAMAM
generation 6 and daptomycin at pH 4.0 ( )

Fig. 4 Simulation plots of one-site binding model equations showing
the effect of the dissociation constant variation (Kd=0.06 to
0.18 μM−1) are compared to the average binding isotherm values for
PAMAM generation 6 and daptomycin at pH 4.0 ( )

Fig. 5 Simulation plots of one-site binding model equations showing
the effect of variation in the total number of independent binding sites
(R=0.55 to 1.45) are compared to the average binding isotherm values
for PAMAM generation 6 and daptomycin at pH 4.0 ( )
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the shape of the fluorescence titration isotherm was consis-
tent the simulated profile shapes using the one-site model.

A typical experimental data set is also depicted using the
average values of triplicate titrations of PAMAM dendrimer
generation 6 with daptomycin at pH 4.0. The good
agreement between experimental data and model simula-
tions demonstrates the usefulness of the fluorescence
titration equations for one-site binding model applications.

Two-site binding model

The same approach was used to derive fluorescence
titration equations for a two-site binding model wherein
the concentration of bound molecules is given by

Drug½ �B¼
R1 � Drug½ �F
Kd1 þ Drug½ �F

þ R2 � Drug½ �F
Kd2 þ Drug½ �F

ð7Þ

and Kd1, R1 and Kd2, R2 are the dissociation constants and
the total number of each independent sites for the two
independent binding sites. In this case, a cubic expression
of free drug concentration was derived and used with Eq. 7
to derive Eq. 8 which describes the change in fluorescence
signal between equimolar concentrations of drug in the
presence and absence of carrier in terms of the molar

Fig. 6 Simulation plots of two-site binding model equations showing
the effect of variation in the molar signal coefficients for two
independent binding sites (ΔE1=100 to 500, and ΔE2= −100 to
100) are compared to the average binding isotherm values for
PAMAM generation 6 and daptomycin at pH 7.0 ( )

Fig. 7 Simulation plots of two-site binding model equations showing
the effect of variation in the ratios of second and first site
dissociation constants (Kd2/Kd1=0.1 to 400) are compared to the
average binding isotherm values for PAMAM generation 6 and
daptomycin at pH 7.0 ( )

Fig. 8 Simulation plots of two-site binding equation showing the
effect of variation in the ratios of the total number of second and first
sites (R2/R1=0.1 to 10) are compared to the average binding isotherm
values for PAMAM generation 6 and daptomycin at pH 7.0 ( )
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extinction parameters, total drug concentration and binding
parameters.

ΔF¼ΔE1 � R1 � Drug½ �F
Kd1 þ Drug½ �F

� �
þΔE2 � R2 � Drug½ �F

Kd2 þ Drug½ �F

� �

ð8Þ
where [Drug]F, a, b, c and θ are given by the following
relationships and are defined in terms of binding parameters
and the total drug concentration.

Drug½ �F ¼ � a
3 þ 2

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � 3bð Þp

cos q
3

a ¼ Kd1 þ Kd2 þ R1 þ R2 � Drug½ �T
b ¼ Kd1Kd2 þ Kd2R1 þ Kd1R2 � Kd1 þ Kd2ð Þ Drug½ �T
c ¼ � Kd1Kd2 Drug½ �T
q ¼ arccos

�2a3 þ 9ab� 27c

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 � 3bð Þ3

q 0 < q < pð Þ

ð9Þ
Once again, the binding and fluorescence parameters can

be estimated from titration experiments wherein the
fluorescence changes at equimolar drug concentrations (in
the presence and absence of carrier) are plotted as a
function of total drug concentration.

A series of simulations using two-site binding model
equations were conducted by varying ΔE1 (100–500) and
ΔE2 (−100–100) independently and by varying the ratios of
Kd2/Kd1 (0.1–400) and R2/R1 (0.1–10). Nearly all of the
titration profiles were biphasic involving an ascending and
descending portion except in the single simulation wherein
both ΔE1 and ΔE2 had positive values. Varying ΔE1

(Fig. 6) resulted in an amplitude effect on each of the ΔF
values in both the ascending and descending phases.
Varying ΔE2 affected the ΔF values in the higher
concentration portion of the titration profile (Fig. 6). The
simulation in which both ΔE1 and ΔE2 had positive values
illustrates a two-site titration curve wherein ligand binding
at both sites results in fluorescence enhancement. Clearly
the shape differences between this titration curve and a
titration curve resulting from a one-site model are subtle.

The effect of varying the affinity of ligand for the two
independent sites is illustrated in Fig. 7. In all of these
simulations the value of Kd1 was constant so the main
effects were observed in the descending profile: at higher
concentrations wherein the high affinity sites (Kd1) are
saturated. A dissociation constant ratio of 400 implies that
the binding affinity at the second site is many times less
than at the high affinity site. Nonetheless the descending
profile provided clear evidence for a second site. The
bottom profile in Fig. 7 illustrates the expected titration
profile when the higher affinity site is associated with a
decrease in fluorescence.

The effect of varying the second site capacity constant is
illustrated in Fig. 8. Again the major effects were observed
in the descending portion of the titration profile. Under the
conditions of the simulations, a low capacity second site R2/
R1=0.1) would be difficult to distinguish from a single site
binding model.

A typical experimental data set is also depicted using the
average values of triplicate titrations of PAMAM dendrimer
generation 6 with daptomycin at pH 7.0. The agreement
between these data and two-site model simulations using
the best estimates for each of the model parameters was
good. Variations in any of the parameter produced titration
profiles that were clearly different from these exemplary
data. This result provides visual evidence for the utility of
the fluorescence titration model equations in selecting an
appropriate binding model and accurately estimating bind-
ing parameters.

Nonlinear regression analysis for estimation
of the binding parameters

In this study, the nonlinear regression was performed using
WinNonlin (software version 5.0.1, Pharsight Corporation).
For the experimental data set obtained from the average
values of triplicate titrations of PAMAM dendrimer
generation 6 with daptomycin at pH 4.0, curve fitting using
one-site binding equation appeared to completely describe
the experimental data. The estimated values of ΔE, Kd and
R were 239.45, 0.12 mM−1, and 0.90, respectively. The
two-site binding equation was used to describe the
experimental data set obtained from the average values of
triplicate titrations of PAMAM dendrimer generation 6 with
daptomycin at pH 7.0. The model-predicted isotherms
agree well with the experimental data, and the estimated
values of ΔE1, ΔE2, Kd1, Kd2, R1 and R2 were 259.73,
−49.70, 0.01 mM−1, 2.00 mM−1, 0.24, and 1.22, respec-
tively. These results demonstrate the pH-dependent differ-
ences in daptomycin-dendrimer interactions both mode of
binding and the binding parameters values. The nature of
these differences and their implications for describing the
mechanisms of daptomycin-dendrimer binding will be
presented in a future manuscript.
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