PRL 100, 108301 (2008)

PHYSICAL REVIEW LETTERS

week ending
14 MARCH 2008

Measuring the Kinetics of Biomolecular Recognition with Magnetic Colloids
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We introduce a general methodology based on magnetic colloids to study the recognition kinetics of
tethered biomolecules. Access to the full kinetics of the reaction is provided by an explicit measure of the
time evolution of the reactant densities. Binding between a single ligand and its complementary receptor is
here limited by the colloidal rotational diffusion. It occurs within a binding distance that can be extracted
by a reaction-diffusion theory that properly accounts for the rotational Brownian dynamics. Our reaction
geometry allows us to probe a large diversity of bioadhesive molecules and tethers, thus providing a
quantitative guidance for designing more efficient reactive biomimetic surfaces, as required for diagnostic,

therapeutic, and tissue engineering techniques.
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Successful strategies for bioadhesion require a combi-
nation of several tethered ligand-receptor pairs with dis-
tinct attraction ranges and binding kinetics [1,2]. For
instance, the recruitment of leukocytes in response to tissue
inflammation involves two different couples [3,4], one
designed for rapid capture from the solution and the other
for slow consolidation of adhesion and signalization. Such
diversity being partly controlled by the structure of the
spacer molecule, our understanding of the bioadhesion
mechanisms requires the elucidation of the relationship
between the range of interaction for a given pair and the
time required to form a bond [5,6]. Here we introduce a
new methodology to measure the time evolution of the
ensemble-averaged probability to form a single-bond be-
tween ligands and receptors bound to opposing surfaces by
a variety of tethers.

Our experimental method is based on the manipulation
of Brownian superparamagnetic colloidal particles
(Carboxyl-Adembeads, Ademtech) of 200 nm diameter
under a magnetic field. These particles can be driven to
organize into one-particle-thick chains in the direction of
the external field, which also sets the interparticle distance
[7]. The chains assemble within a few seconds and persist
as long as the field is maintained. If the particles are
functionalized with ligands and receptors, recognition
bonds will form between adjacent particles and the chains
may persist after the removal of the field. However, if no
link between adjacent particles is formed, the particles
redisperse instantly once the field is turned off. In our
experiments, the particles are grafted with a controlled
number np of streptavidins per particle, and are put in
presence of a given number N of biotinylated ligands.
That number N has to be small compared to the total
number of particles. Under this so-called doublet condi-
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tion, the removal of the field leads to a suspension consist-
ing solely in individual particles and doublets, as shown on
Fig. 1. Moreover, each persisting doublet of particles in-
volves a single receptor-ligand-receptor sandwich. Since a
doublet scatters more light than two individual particles, as
given by Mie theory [8,9], the precise number of doublets
D(t) is determined from measuring the optical density
difference (ADQO) as a function of the time under the
applied field [10].

In our first set of experiments, the particles are cova-
lently grafted with streptavidins (Sigma Aldrich) as fol-
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FIG. 1 (color online). Scenario for the formation of doublets of
magnetic colloidal particles.
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lows. 100 uL of particles at 1% wt are washed 3 times in a
MES buffer (20 mM, pH = 5.5). Then, 50 uL of an EDC
(N-(3-dimethylaminopropyl)-N-ethylcarbodiimide) solu-
tion (2 g-L7!) and 50 uL of a NHSS (N-hydroxy-
sulfusuccinimide) solution (2 g-L™') are added to the
suspension. The suspension is incubated at 44 °C for
20 min. To end the activation step, the particles are washed
3 times in a phosphate buffer (10 mM, pH = 7.2).
Coupling with streptavidins is obtained by mixing 50 uL
of a streptavidin solution (4 g - L™!) to the suspension. The
concentration of streptavidin is adjusted to the intended
coverage. The suspension is incubated at 44 °C for 30 min.
The particles are washed 3 times in a glycin phosphate
buffer (1.5 g-L™! with 0.4% of a nonionic surfactant
F-127) and, finally, after 30 min, with a phosphate buffer
(10 mM, pH = 7.2, with 0.4% of F-127).

In Fig. 2, we plot D(¢) for two distinct experimental
situations: one with no ligand at all and the other with 3 X
107" mol - L™! of biotinylated Bovin Serum Albumine
(biot-BSA). Particles and ligands are initially mixed and
incubated for 5 min. The optical density of a sample,
DO = —log(I/I,), where I and I are, respectively, the
transmitted light and the incident light is measured with a
spectrophometer (Perkin Elmer) at a wavelength of
700 nm. The intensity of the applied magnetic field is
kept constant at a value of 30 mT. After each period under
field, the DO is measured. The number of doublets and
ADO are proportionally related. The error bars are ob-
tained from the maximum fluctuation of the background
signal. At zero ligand concentration, we detect a very small
signal, which sets the background noise. In the presence of
ligands, we systematically find an exponential shape for
D(1), as revealed by the fit to the experimental data shown
in Fig. 2. D(r) saturates at a value denoted N., that
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FIG. 2 (color online). Number of doublets D(¢) in arbitrary
units as a function of the time under field. The mass fraction of
particles is 0.04%, corresponding to a concentration of
10719 mol - L™!. The particles are grafted with approximately
90 streptavidins. The final concentration of ligands (BSA with 12
biotins) is 0 (@) or 3 X 107! mol - L™! (O). Inset: plot of the
association rate 1/ Texp s a function of the number of receptors
ng.

corresponds to the actual maximum number of ligands
that can contribute to the formation of doublets. Since all
binding events are independent, the probability p(¢) that a
bond occurs between two particles within a duration ¢ is
given by p(f) = D(t)/Ny. Our results show that this
probability p(f) follows a first order kinetics: p(¢) = 1 —
exp(—1/Texp) Where the experimental time 7y, is indepen-
dent of N. Here 7., refers to the binding time between one
bead carrying one ligand and a second bead carrying np
receptors. A linear variation of the binding rate 1/7, with
the number of receptors ny is observed—see the inset of
Fig. 2. The fundamental output of our experiments is there-
fore the association time 7 = ng7cy,, Which represents the
average time required for a bead carrying one ligand to
bind a bead carrying one receptor. This also implies that
the probability p(r) follows the Kinetic equation
dp(t)/dt = —p(t)ng/7. For this ligand-receptor pair the
dissociation time is much larger than the experimental
time, and it does not contribute to the kinetics. Note how-
ever that our method can easily be extended to the case of
shorter-lived ligand-receptor pairs provided that their bond
lifetimes, independently determined by one of the several
available techniques [11], are larger than a fraction of a
second.

We now focus on the consequences of changing the
ligand tether and its number of specific reactive sites, as
a manner of exploring a wide range of binding kinetics.
Three different families of linker configurations have been
designed, see Fig. 3. The first one, denoted as family (i),
consists in streptavidin-coated beads with biotinylated
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FIG. 3 (color online). Schematic representation of the three
distinct molecular architecture families. 7: corresponding mea-
sured times of recognition. r¢: capture radii deduced from
theory.

108301-2



PRL 100, 108301 (2008)

PHYSICAL REVIEW LETTERS

week ending
14 MARCH 2008

BSA (grafted with either 4 or 12 biotins) as ligands. In this
family, due to the globular structure of these two proteins
(BSA and strepatvidin) and their relative stiffness, both
ligands and receptors are rigidly linked to the particles
surfaces. In the second family (ii), BSA is replaced by a
Fc fragment on which 6 small biotinylated polymer chains
are grafted, each chain consisting in a polyethylene glycol-
like short polymer with a radius of gyration of either 1 or
2.5 nm. In this case, streptavidins still remain rigidly linked
to the particles surfaces. In the third family (iii), both
ligands and receptors are linked to the surfaces by the
two types of biotinylated PEG spacers described above—
see Fig. 3. For family (ii) and (iii), the polymer tethers
consist in LC-LC (Pierce, spacer Olength 30.5 A) and
PEG3;4¢ (Nektar, spacer length 189 A). The Fc-fragments
have been biotinylated by a protocol provided by Pierce
(EZ-link Sulfo-NHS-Biotinylation-Kit) and the number of
biotins per fragment has been determined by a HABA-
Avidin method. For the measurement of the surface den-
sities of receptors, the protocol consists in quantifying the
number of excess fluorescent probes (biotin-FITC, or
streptavidin alexa-554). In the case of streptavidin covered
particles, families (i) and (ii), different amounts of grafted
particles are added to a 1 mL solution of biotin-FITC
(Sigma Aldrich) at 107° mol - L™! in a borate buffer
(10 mM, pH = 8.2, with 0.4% of F-127). The samples
are incubated at room temperature, under agitation, for
10 minutes. Magnetic particles are eliminated by sedimen-
tation under a magnetic field. The concentration of excess
biotin-FITC is determined by measuring the emission fluo-
rescence intensity at 518 nm from an excitation at 492 nm
(Xenius, Safas). In the case of biotin, family (iii), the
fluorescent probe is streptavidin alexa-554 (Molecular
Probes) and the same protocol is followed. For each
studied configuration, we have always taken np sufficiently
small to insure that there was neither multivalent binding
between adjacent colloidal particles nor “loop binding” on
the same particle.
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FIG. 4 (color online). Probability p(s) that a bond occurs
between two particles as a function of time under field for three
distinct cases. (@): family (i), 50 streptavidins per particle, 12
biotins per BSA. (1J): family (ii), 70 LC-LC-biotin per particle.
(M): family (iii), 20 PEG-biotin per particle.

In Fig. 4, we show p(z) for three selected situations
within each family. By determining the surface densities
of receptors, we obtain the value of the association time 7
for each of the six designed cases shown in Fig. 3. The
longest 7 corresponds to the most constrained situation in
family (i), where both the ligand and the receptor are firmly
attached to the colloids. Any extra degree of freedom
added to either the ligand or the receptor reduces the
time required for the association to occur, the 7-value for
the last and loosest configuration is 200 times smaller than
the value of the first and most constrained one. We also
note that the largest changes occur for the family (iii),
when both receptors and ligands are carried by flexible
spacers. We now show how the measured variations in the
kinetics of the recognition events can be quantitatively
associated with the reaction range imposed by the molecu-
lar structure of the spacer.

Smoluchowski [12] and Solk and Stockmayer [13], pio-
neered work recognizing the importance of Brownian dy-
namics as a key factor controlling the kinetics of reactions
in solutions. Extension and refinement of their ideas by
several authors [14,15] allows to understand the associa-
tion kinetics of free ligand-receptor pairs in solutions on
the basis of the translational and rotational diffusion that
must bring the reactive species within a capture radius with
the proper orientation [16—18]. We model our experiment
by a closely related reaction-diffusion approach, where we
consider reactions between bead 1 that carries one ligand
and bead 2 holding one receptor. The distance between
beads is governed by the intensity of the magnetic field.
Experimentally we do not find any significant role of the
magnetic field intensity above the so-called chaining
threshold, which suggests that the rotation of the particles
is the main control factor of the sampling dynamics. Since
Neel relaxation is, for our magnetic beads, much faster
than Brownian dynamics [19], we can assume that the
characteristic rotation diffusion time 7, is independent
of the magnetic field, and is given by the usual value 7, =
87nr3/(kzT), where kg is Boltzmann’s constant, T the
absolute temperature, 7 the solvent viscosity and r the
radius of the beads [20]. In order for the association to
occur, the ligand and the receptor need to come into
intimate contact. However, they possess a finite number
of extra degrees of freedom, due to their own flexibility or
to the nature of the spacers that tether them to the colloids.
Since these local motions are much faster than colloidal
dynamics, they can be accounted for by a capture cone 6,
such that a reaction will occur provided that #; and 6, are
smaller than 6. This angle also defines a so-called capture
patch with radius rc = ry/2(1 — cosf¢). By solving the
reaction-diffusion equations for this situation [21,22], we
find that the long-time behavior of p(¢) shows an exponen-
tial relaxation. The characteristic time is found to be
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provided that ro << r. In Fig. 3, we assign to the six
different ligand and receptor architectures the capture radii
obtained from the above formula. The values of capture
radii clearly fall into the expected molecular range, show-
ing that Eq. (1) provides the reaction range for the tethered
ligand-receptor pairs. In particular, for the most con-
strained situation in family (i) one extracts a value of ro =~
1 A, remarkably close to the geometric patch radius ex-
tracted from bulk solution measurements. Indeed, the so-
lution association rate ky =7 X 10* m*mol~'s™! for
avidin biotin, can be fully understood by requiring that
the two species, with their known Stokes radii [23], are
brought by diffusion into contact with their orientations
restricted [24] within a reaction patch of radius =1 A. Our
results thus show that, for surface-bound ligands and re-
ceptors, the recognition mechanism is limited by diffusion,
as in bulk solution. Furthermoreo:, for the family (iii), we
find capture radii of 4.7 and 11 A, roughly proportional to
the square root of the spacer length, and thus in line with
the respective radii of gyration.

Time and length scales combine in this method to allow
for extracting a molecular nanometric dimension from a
kinetic measurement performed over many hundreds of
seconds. The elementary time step in this setup is the
exploration time of the rotational Brownian dynamics,
Tt ~ 1 ms for our beads, which is the time necessary
for the exploration of a solid angle of 47 radians.
However, finding a successful orientation between the
receptor and the ligand requires many elementary attempts,
because most of them are near misses of the target. For the
most constrained situation that we have designed, 10°
attempts are required on average before a connection can
be made, while only roughly 10* attempts are necessary
with the largest tethers.

As a summary we developed a method to study the
recognition kinetics of tethered biomolecules that contrary
to other available techniques [2,11] does not rely on mean-
field assumptions to extract phenomenological association
rates. Instead, it was designed (i) to limit the reactions to
one ligand only; (ii) to give ensemble averages that are not
tempered [11] by the intrinsic fluctuation effects of small
size systems; (iii) to work within the linear regime of time
dependence on the receptor number nyp so that one can
measure a zero force [2] reaction time per ligand-receptor
pair, independently from any model. A reaction-diffusion
theory was then written to further deconvolute the reaction
time from colloidal dynamics, to provide the capture ra-
dius, a fundamental quantity for the kinetics of diffusion-
limited reactions. Beyond this case of diffusion-limited
binding, we also foresee several experimental and theoreti-
cal developments for this simple and versatile technique, to
tackle rate-limited biorecognition reactions.
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