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Abstract: Investigations of ligand-receptor binding between bivalent antibodies and membrane-bound
ligands are presented. The purpose of these studies was to explore binding as a function of hapten density
in a two-dimensionally fluid environment. A novel microfluidic strategy in conjunction with total internal
reflection fluorescence microscopy was designed to achieve this. The method allowed binding curves to
be acquired with excellent signal-to-noise ratios while using only minute quantities of protein solution. The
specific system investigated was the interaction between anti-DNP antibodies and phospholipid membranes
containing DNP-conjugated lipids. Binding curves for ligand densities ranging from 0.1 to 5.0 mol % were
obtained. Two individual dissociation constants could be extracted from the data corresponding to the two
sequential binding events. The first dissociation constant, KD1, was 2.46 × 10-5 M, while the second was
KD2 ) 1.37 × 10-8 mol/m2. This corresponded to a positively cooperative binding effect with an entropic
difference between the two events of 62.3 ( 2.7 J/(mol‚K). Furthermore, the percentage of monovalently
and bivalently bound protein was determined at each ligand density.

Introduction

Ligand-receptor interactions are involved in a variety of
biological processes such as cell signaling, pathogen identifica-
tion, trafficking of lymphocytes, and the inflammatory re-
sponse.1,2 These binding events are often multivalent, and their
properties can differ markedly from their monovalent constitu-
ents. Indeed, multivalent interactions may achieve higher binding
affinity, afford larger contact areas between surfaces, allow
signaling through oligomerization, and induce changes in the
distribution of molecules at the membrane interface.3 Examina-
tion of the binding modes and the thermodynamic characteristics
of multivalency should provide critical insight into the nature
of multivalent interactions and suggest strategies that might be
employed for inhibiting them.4 An understanding of the latter
may prove crucial for discovering a broad range of pharma-
ceuticals with various functions such as the inhibition of viral
entry or the termination of cancer metastasis.

We have recently demonstrated that microfluidic devices can
be applied to the study of multivalent ligand-receptor interac-
tions.5 Such platforms offer many advantages over traditional

analytical tools including high-throughput capabilities and vastly
decreased reagent volumes. In fact, only 2µL of protein solution
is needed to collect each data point on a binding curve, and all
the points can be obtained simultaneously. Another important
feature is that microfluidic devices made of glass or poly-
(dimethylsiloxane) (PDMS) can serve as supports for phospho-
lipid bilayers, thus offering an attractive platform for studying
multivalent ligand-receptor interactions on model biomembrane
surfaces.5 Supported lipid bilayers are two-dimensionally fluid,
which enables them to mimic cell surface rearrangements.6,7 A
thin layer of water (∼10 Å thick)8,9 between the bilayer and an
underlying support serves as a lubricant and allows ligands
bound to lipid molecules to undergo lateral rearrangements
during the formation of multivalent contacts (Figure 1). Fluidity
is expected to play a key role in binding enhancement on the
surface of biological membranes, since a ligand for the second
and subsequent binding events can be delivered through the
lateral rearrangements of bilayer constituents. In supported lipid
bilayers the concentration of lipids and associated ligands can
be precisely controlled during preparation. Therefore, multiva-
lent interactions on fluid surfaces can be explored over a wide
range of ligand densities and other membrane chemistries
incorporated into the two-dimensionally fluid bilayer.
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One of the most intensely studied multivalent binding systems
involves the bivalent interaction between an antibody and two
hapten moieties.5,10-19 Very few studies, however, have looked
at the relationship between hapten density and apparent binding
constant. This is presumably because of the tedious, time-
consuming nature and great expense of experiments performed
without the benefit of a high-throughput, low-sample-volume
assay. In fact, to the best of our knowledge, previous binding
experiments on fluid membranes have been done with no more
than three different ligand densities.17 This is unfortunate
because the most recent calculations for multivalent ligand-
receptor binding now allow the effects of large proteins binding
with small molecules at the membrane interface to be taken
into account.6 This would make it possible to devise simple
models for determining both the first and second binding
constants for antibody-antigen interactions at the biomembrane
surface provided that binding curves are available for a sufficient
number of antigen concentrations.

We performed a series of binding experiments inside mi-
crofluidic devices coated with supported lipid bilayers containing
lipid-conjugated 2,4-dinitrophenyl moieties for binding with their
associated IgG antibodies. Hapten density in the membranes
was varied from 0.1 to 5.0 mol %. The results showed that the
apparent dissociation constant,KDapp, tightened by about a factor
of 10 over this range as the ligand density was increased. The
majority of the changes took place between 0.1 and 3.75 mol
%. A plot of available ligand density vs apparent dissociation
constant afforded the determination of the individual binding
constants for both the first and second binding events. It was
found that the second binding event was less entropically costly
than the first by 62.3( 2.7 J/(mol‚K). This result is opposite
of hapten binding to antibodies in bulk solution, where the
second binding event is more entropically costly than the first.

An estimation of the fraction of protein which is monovalently
and bivalently bound at each ligand density was also obtained.

Experimental Section

Fabrication of Microfluidic Devices. Methods for fabrication of
microfluidic devices were pioneered by Harrison, Manz, and Ram-
sey.20,21 Subsequently, Biebuyck and co-workers showed that micro-
channels could be formed between poly(dimethylsiloxane) molds and
glass surfaces for use with biological materials.22 In our laboratory,
designs for microfluidic channels were created using Corel Draw
software. The fabrication procedure included printing images with a
1200 dpi printer followed by photographic reduction of the printed
patterns, which transferred the images onto black and white high-
contrast Kodak technical pan film. The film was used as a photomask
for 1:1 photolithography. Glass slides were spin coated with photoresist
and exposed to UV light through the photomasks. After treatment with
developing solution, regions protected with the photomask created a
patterned master plate around which PDMS was cured to form an
elastomeric mold. The mold was carefully peeled off, and inlets and
outlets could be added by puncturing the elastomer with a hollow
needle. The stamp was repeatedly washed with acetone and deionized
water in an alternating fashion. The final device was formed by placing
the lithographically patterned PDMS mold into contact with a planar
borosilicate coverslip after brief treatment of both in an oxygen plasma.
Exposure to the oxygen plasma was important for rendering the PDMS
surface hydrophilic.23,24

Solid Supported Lipid Bilayers. Once hydrophilic microchannels
were formed, small unilamellar vesicles (SUVs) in phosphate buffer
solution (PBS) were immediately injected through the inlets. The SUVs
were prepared by standard methods described elsewhere.5,25,26Briefly,
lipids were dissolved in chloroform and allowed to dry under a stream
of nitrogen followed by desiccation under vacuum for 2 h. The lipids
were reconstituted in PBS buffer (pH 7.2) and extruded more than seven
times through polycarbonate filters with 50 nm pores. Upon injection
into a microfluidic device, the lipid vesicles spontaneously fused to
the glass and PDMS surfaces to form a continuous lipid bilayer
coating.5,27Excess vesicles could then be flushed away with pure buffer.
The quality of the supported bilayers on the glass surface was verified
by fluorescence recovery after photobleaching (FRAP) as this surface
was used to take data for all subsequent experimental measurements.
Supported bilayers in this study consisted of egg phosphatidylcholine
(egg PC; Avanti Polar Lipids, Alabaster, AL), fluorescein-phospho-
ethanolamine (Molecular Probes, Eugene, OR), andN-dinitrophenyl-
aminocaproyl phosphatidylethanolamine (DNP-cap PE; Avanti Polar
Lipids, Alabaster, AL), which served as the hapten moiety. It was
assumed in all studies presented herein that the concentrations of hapten
in the upper and lower leaflets of the bilayer were similar.

Preparation of Antibodies. Polyclonal anti-dinitrophenyl-KLH IgG
antibodies were purchased from Molecular Probes and labeled with
Alexa 594 dye using a standard antibody-labeling kit (A10239,
Molecular Probes, Eugene, OR). Labeling yielded∼1.6 fluorophores/
protein as determined by UV absorption spectroscopy. It is known that
the maximum surface coverage of an IgG on a supported membrane is
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Figure 1. A schematic depiction of the role of membrane fluidity in bivalent
interactions. Lateral movement of ligands and/or protein molecules is
required to enable the second binding event. The diagram is not drawn to
scale. Furthermore, no information about the orientation of the ligand with
respect to the membrane surface should be inferred. In fact, some of the
ligands may well be buried in the headgroup region of the membrane.
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relatively low,28 the fluorescence yield obtained in the experiments
presented here is expected to be linearly proportional to the protein
concentration at the interface in agreement with previous work.16,29,30

The dye-labeled protein was concentrated to 27.8µM by using
centrifugal filter devices (Centricon, Millipore) without changing its
pH or ionic strength. The material was stored in a pH 7.2 buffer solution
containing 0.01 M sodium phosphate, 0.15 M NaCl, and 0.2 mM
sodium azide.

Epifluorescence Microscopy and Total Internal Reflection Fluo-
rescence Microscopy. Fluorescent images of the supported membranes
and antibodies in the microchannels were obtained by epifluorescence
microscopy (E800 fluorescence microscope, Nikon) using a 10×
objective. Total internal reflection fluorescence microscopy (TIRFM)
was performed to discriminate between antibodies in solution and those
bound to the surface.31 This experiment was conducted by reflecting a
1 mW 594 nm helium neon laser beam (Uniphase, Manteca, CA) off
the sample surface through a dove prism optically coupled to the planar
coverslip surface through immersion oil. The laser beam was telescoped
out with a 5× lens set to create an intensity profile that varied less
than 3% across the width of the microchannel array. The evanescent
wave generated at the interface decayed exponentially to its 1/e value
by 70 nm from the surface under the conditions employed.5,32,33 This
allowed information about proteins bound to the supported lipid bilayer
to be obtained with high specificity. All images were captured on a
Photometrics Sensys CCD camera, stored using Metamorph software
from Universal Imaging Corp., and transferred to Sigma Plot for further
processing.

Results and Discussion

Binding Data. A 12-channel microfluidic device fabricated
as described above was infused with an SUV solution containing
1.75 mol % DNP-cap PE, 1 mol % fluorescein DHPE, and 97.25
mol % egg PC to form supported lipid bilayers. Solutions of
anti-DNP antibodies at different concentrations were infused
into each channel and flowed continuously until the bulk
concentration remained unchanged as judged by epifluorescence
microscopy. Figure 2a shows a total internal reflection image
of the surface-bound antibodies across all 12 microchannels.
The concentration of antibodies in the first channel was 0.32
µM and was increased in each subsequent channel until it
reached 27.8µM in the last one. Background subtraction
experiments were needed, since the measured TIRFM signal
could arise from specifically bound antibodies, nonspecifically
bound antibodies, and antibodies in the near surface bulk
solution. This was obtained by monitoring the fluorescence
intensity in an identical setup, but without haptens in the bilayer
(Figure 2b). The results from both of these experiments are
plotted in Figure 2c. As expected, the data from the hapten-
containing bilayers showed saturation behavior while the
background data were nearly linear. Binding curves in all
subsequent experiments reported herein were obtained by
subtracting the background data from the signal data.

The 12-channel microfluidic device collected all points on
the binding curve simultaneously. Therefore, the apparent

binding constant,KDapp, which is equal to the solution concen-
tration of antibodies corresponding to the point at which half-
saturation of the surface is achieved,17,34could be monitored as
a function of time. For the devices employed under the
conditions presented here, the fluorescent intensities stabilized
after approximately 1 h of incubation andKDapp remained
relatively constant for at least another hour thereafter (Figure
3). This observation suggested that the ligand-receptor interac-
tions approached steady-state conditions, which supports the use
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Figure 2. (a, top) TIRFM image of various concentrations of fluorescently
labeled anti-DNP antibodies binding to egg PC bilayers containing 1.75
mol % DNP-cap PE in a microfluidic array. (b, middle) TIRMF image of
anti-DNP antibodies binding to egg PC bilayers without DNP-cap PE lipids.
(c, bottom) Fluorescence intensity of surface-bound protein vs bulk protein
concentration for 1.75 mol % DNP-cap PE containing bilayers (open circles)
and for bilayers without the antigen-linked lipids (solid circles). The solid
lines represent least-squares fits to the data. The fluorescence intensities in
(a) and (b) were uniform down to the diffraction limit.
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of equilibrium expressions to analyze the data. All subsequent
data reported in this paper were therefore collected after waiting
90 min.

Using the methods described above, binding curves were
obtained on supported bilayers as a function of hapten density
for 11 concentrations ranging from 0.1 to 5.0 mol % DNP-cap
PE in egg PC membranes. In addition to the hapten-conjugated
lipid, the membranes contained 1 mol % fluorescein DHPE,
and the remainder was egg PC. All data were repeated at least
three times, and the results were averaged. Five representative
binding curves are shown in Figure 4. A listing of all 11 ligand
densities employed is given in the first column of Table 1.

Monovalent Binding Model. In the most rudimentary
models, ligand-receptor binding data are fit to simple Langmuir
isotherms16,17,34regardless of the valency of the system under
investigation. The parameter extracted from this procedure is
the apparent dissociation constant,KDapp, which is equal to the
bulk concentration of protein at which half of the maximum

coverage is achieved as noted above. The association of a
monovalent protein, P, in solution with a binding site, L, on
the surface leads to the formation of a membrane-bound
complex, PL. The entire process is characterized by a single
association constant,K:

The subscript s after [L] and [PL] denotes surface-associated
species. Their concentrations have units of mol/m2. The surface
hapten moieties are much smaller than the antibodies, so [L]s

represents the surface density of available binding sites, but will
be less than the total number of haptens when the bilayer
contains a high mole fraction of hapten-conjugated phospho-
lipids. The total density of surface sites, [S]s, is

The surface-normalized fluorescence can be calculated from
the saturation function as previously described:16

F([P]) is the fluorescent yield when the bulk concentration of
fluorescently labeled protein is [P] andF([∞]) refers to the
maximum fluorescent intensity when fluorophore-labeled pro-
teins completely saturate the membrane surface. In the experi-
ments described here, the antibody solution concentration, [P],
equaled the applied concentration,C, because an antibody
solution with a known concentration was continually flowed
through the channels until equilibrium was established. The best
fit of the experimentally determined fluorescence as a function
of [P] yields the values of the surface dissociation constant,
KDapp (which is 1/K). These values are plotted in Figure 5 as a
function of ligand density for the complete set of binding curves
described above. The error bars are much larger on the 0.1 mol
% data than for the rest of the hapten densities because the signal
obtained was only slightly higher than the background that
needed to be subtracted. This source of error was a much smaller
factor at higher densities. The data show thatKDapp became
approximately 1 order of magnitude smaller (tighter) as the
ligand density was increased. The decrease continued until about
3.75 mol %, at which point the binding constant appeared to
level off.

Bivalent Binding Model. Previous efforts have been made
to model the surface association in bivalent systems.16 Beginning

Figure 3. Time-dependent changes in the apparent binding constant for
antibodies binding to antigen-containing membranes. The solid line is a
guide to the eye.

Figure 4. Normalized binding curves of antibody binding to lipid bilayers
containing 0.1 (solid circles), 0.50 (open circles), 0.75 (solid triangles), 1.75
(open triangles), and 3.75 (solid squares) mol % DNP-cap PE.

Table 1

concn of DNP-cap PE
in supported lipid
bilayers (mol %)

apparent
ligand density

(mol/m2)

calcd available
ligand density,
[L]s (mol/m2)

% ligand
avail-
ability

measured
KDapp (M)

fraction of IgG
that is biva-
lently bound

0.10 2.38× 10-9 2.36× 10-9 99.0 1.8× 10-5 0.26
0.30 7.13× 10-9 6.90× 10-9 96.8 1.3× 10-5 0.50
0.50 1.19× 10-8 1.12× 10-8 94.6 9.5× 10-6 0.62
0.75 1.78× 10-8 1.64× 10-8 92.0 7.6× 10-6 0.70
1.00 2.38× 10-8 2.13× 10-8 89.4 5.2× 10-6 0.76
1.75 4.16× 10-8 3.40× 10-8 81.8 4.4× 10-6 0.83
2.50 5.94× 10-8 4.44× 10-8 74.8 3.7× 10-6 0.87
3.10 7.36× 10-8 5.14× 10-8 69.8 2.8× 10-6 0.88
3.75 8.90× 10-8 5.77× 10-8 64.8 2.2× 10-6 0.89
4.37 1.04× 10-7 6.28× 10-8 60.4 2.0× 10-6 0.90
5.00 1.19× 10-7 6.74× 10-8 56.6 1.8× 10-6 0.91

Figure 5. KDappvs mole percent DNP-cap PE in the lipid bilayers for anti-
DNP binding.

K[P][L] s ) [PL]s (1)

[S]s ) [L] s + [PL]s (2)

F([P])

F([∞])
)

[PL]s

[S]s
)

K[P]

1 + K[P]
(3)
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with this notation, two equilibria can be written corresponding
to the two sequential binding events:

The protein is now represented as B for bivalent. The units of
KA1 are in M-1, while KA2 has units of m2/mol (1/number
density). The total surface site density, [S]s, can be expressed
as

The surface-normalized fluorescence

after substitution of eqs 4 and 5 into eq 6 can be written as

where

and

In this notation, the bivalent binding model takes on the same
general form as the monovalent model and all the experimental
binding curves can be fit to a Langmuir isotherm. The termKA

for bivalent binding is now interpreted as an association or
affinity parameter for the overall process.KA is not a constant,
as it varies with the ligand density in the membrane, which is
being changed in these experiments. It is, however, constant at
any fixed ligand density and, hence, does not perturb the shape
of the Langmuir isotherms. The parameterR, which can vary
between 0.5 and 1.0, also depends on ligand density, but like
KA is constant at each fixed density value. The value ofR should
reach 1.0 when all protein binds monovalently to the surface
and fall to 0.5 when binding is entirely bivalent.

Experimental data are typically expressed in terms of dis-
sociation constants, whereKD ) 1/KA. Therefore, if the
individual dissociation constants are written asKD1 and KD2,
the apparent experimental parameter,KDapp, extracted from the
fit to the isotherm can be written as follows:

When 2[L]s , KD2, KDapp ≈ KD1 and eq 10 simplifies to the
monovalent model. On the other hand, when 2[L]s . KD2, KDapp

≈ KD1KD2/2[L]s. BothKD1 andKD2 can be determined by fitting
this equation to the data in Figure 5 provided that [L]s is known.
Apparent values for the number density of ligands can be
calculated by noting that the area occupied by an egg PC

headgroup is∼70 Å2/molecule35 and further assuming that DNP-
cap PE is roughly the same size. These values are listed in the
second column of Table 1. Such values can, however, be
perturbed if the binding protein is sufficiently large.6 In the
present case each IgG antibody covers an area of about 60 nm2

on the membrane surface.34,36 Therefore, some portion of the
unbound antigens should be covered by proteins at any given
instance (Figure 6). This perturbation to ligand availability
becomes greater at higher ligand densities because the average
distance between ligand moieties decreases. This effect can be
accounted for using an appropriate model for the surface binding
of large proteins.6 The corrected values are listed in column 3
of Table 1, and the explicit calculation used is provided in the
Supporting Information for this paper. The results show that
almost all the ligands (99.0%) are available at 0.1 mol %, but
only 56.8% are available at 5.0 mol %. The percentages of
ligands available at all concentrations are listed in column 4 of
Table 1.

The corrected values of [L]s require a recalibration of the
x-axis for the data in Figure 5. The rescaled data and the curve
fit to it from eq 10 are shown in Figure 7. The fitted values of
the dissociation constants are

These numbers can be utilized to calculate the corresponding
free energy changes for the individual ligand-receptor binding
steps. Invoking∆G ) -RT ln KA under the conditions of this

(35) White, S. H.; King, G. I.Proc. Nat. Acad. Sci. U.S.A.1985, 82, 6532-
6536.

(36) Coleman, P. M.; Deisenhofer, J.; Huber, R.J. Mol. Biol. 1976, 257-282.

KA1 )
[BL] s

[B][L] s

and KA2 )
[BL2]s

[BL] s[L] s

(4)

[S]s ) [BL2]s + 1
2
[BL] s + 1

2
[L] s (5)

F([B])

F([∞])
)

[BL] s + [BL2]s

2[S]s
(6)

F([B])

F([∞])
)

RKA[B]

1 + KA[B]
(7)

KA ) KA1 + 2KA1KA2[L] s (8)

R )
1 + KA2[L] s

1 + 2KA2[L] s

(9)

KDapp)
KD1KD2

KD2 + 2[L] s

(10)

Figure 6. Schematic of large IgG antibodies binding to membranes
containing small antigens. The ligands are covered, bound, or available.

Figure 7. Relationship betweenKDappand the available ligand density for
anti-DNP antibodies binding to antigen-containing lipid bilayers. The solid
line represents a least-squares fit to the data using a hyperbolic function
(eq 10).

KD1 ) 2.46× 10-5 M

KD2 ) 1.37× 10-8 mol/m2
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experiment (T ) 295 K) yields

The decrease in free energy of the second binding event is,
therefore, almost a factor of 2 greater than for the first. It should
be noted that the activity coefficients are assumed to be unity
for obtaining these thermodynamic values.

Once KD2 was determined, theR value could be easily
calculated for each ligand density using eq 9. The mole fraction
that is bivalently bound is equal to 2(1- R). These values are
listed in the last column of Table 1. As can be seen, nearly all
protein is bivalently bound at the highest hapten density (91%),
but at the lowest hapten density only 26% of the IgG molecules
are bivalently bound. Moreover, the percent of bivalently bound
protein rose steeply at first, with one in two proteins already
bivalently bound at 0.3 mol % hapten density and about three
out of four proteins bivalently bound at 1.00 mol % hapten
density. Above this latter value the percentage of bivalently
bound protein rose more slowly toward 100%.

Comparison between Bulk-Phase and Surface Binding.
The binding of IgG antibodies to hapten-containing membranes
is not a directly cooperative process. In other words, no allosteric
mechanism is at work and the intrinsic affinity of the second
binding event should not be affected by the first. This has been
verified by homogeneous-phase binding measurements, where
KD2 was actually found to be slightly larger (weaker) than
KD1.37,38 This was the case because only one binding site is
available once a first ligand has bound and there are two choices
for unbinding. In other words, entropic considerations lead to
KD1 < KD2 in the homogeneous phase.

For sequential binding at membrane surfaces, there is also
an entropic difference between the first and second binding
events. In this case the result is the opposite and of much greater
magnitude than in the homogeneous phase.37,38 The difference
in entropy at the interface for the two sequential binding events
can be calculated by simply assuming that the enthalpy of both
events is the same. The free energy of each event can be written
as follows:

A difference in free energy,∆G2 - ∆G1 ) T(∆S1 - ∆S2),
results if the two enthalpy values are assumed to be identical.
∆S is therefore 62.3 J/(mol‚K) higher for the second event than
for the first. This difference presumably stems from the fact
that the entropic cost of bringing the protein to the surface and
properly orienting it is almost entirely borne by the first binding

step. Moreover, the second binding site on the antibody is
already at the interface and at least partially aligned and
positioned to undergo the subsequent binding step.∆S2,
therefore, really just contains a lateral diffusion component and
the local entropic changes associated with binding (e.g., the
displacement of water molecules from the binding pocket upon
interaction with the ligand).

The specific contributing factors that lead to the high entropic
cost for bringing the antibody to the interface can be considered
in two parts. First, as the antibody approaches the lipid surface
it must have at least one binding site oriented to face the
membrane. Second, a DNP ligand must be properly oriented at
the interface for binding to take place. The latter consideration
could be particularly important if monovalently bound protein
molecules were more readily able to undergo additional binding
with haptens partially buried in the lipid bilayer than newly
arriving IgG molecules from the bulk solution. It is known that
at least under some circumstances that 2,4-dinitrophenyl moieties
can be partially buried in the membrane.39 The entropic factors
which lower the initial binding constant are almost certainly
lowering the on rate,kon, while leaving the off rate,koff,
unaffected. This argument is bolstered by previous measure-
ments of the off rate for Fab fragments from lipid-linked 2,4-
dinitrophenyl moieties in supported membranes which gave
values ofkoff ≈ 1 s-1, a quite standard value.40

Conclusions

High-throughput microfluidic methods offer a convenient
route for obtaining data on multivalent ligand-receptor interac-
tions on fluid phospholipid membranes. In the present case,
binding data were obtained as a function of hapten density for
the binding of anti-dinitrophenyl-KLH IgG antibodies and two
dissociation constants were abstracted corresponding to the
sequential binding steps. Furthermore, the extent of bivalent
versus monovalent binding could be determined at each hapten
density. The methods used here should be easily expandable to
look at multivalent binding in a variety of systems requiring
the presence of two-dimensional fluidity. Indeed, more complex
questions which might require obtaining dozens if not hundreds
of binding curves can now be addressed rapidly with minimal
protein expenditure.
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∆G1 ) -26.0( 0.4 kJ/mol

∆G2 ) -44.4( 0.7 kJ/mol

∆G1 ) ∆H1 - T∆S1 (first binding event)

∆G2 ) ∆H2 - T∆S2 (second binding event)
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