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Testing molecular interactions is an ubiquitous need in modern
biology and molecular medicine. Here, we present a qualitative
and quantitative method rooted in the basic properties of the
scattering of light, enabling detailed measurement of ligand–
receptor interactions occurring on the surface of colloids. The key
factor is the use of receptor-coated nanospheres matched in
refractive index with water and therefore optically undetectable
(‘‘phantom’’) when not involved in adhesion processes. At the
occurrence of ligand binding at the receptor sites, optically un-
matched material adsorbs on the nanoparticle surface, giving rise
to an increment in their scattering cross section up to a maximum
corresponding to saturated binding sites. The analysis of the
scattering growth pattern enables extracting the binding affinity.
This label-free method has been assessed through the determina-
tion of the binding constant of the antibiotic vancomycin with the
tripeptide L-Lys-D-Ala-D-Ala and of the vancomycin dimerization
constant. We shed light on the role of chelate effect and molecular
hindrance in the activity of this glycopeptide.
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The formation of supramolecular complexes, involving inter-
actions between biologically relevant macromolecules

through noncovalent reversible bindings, is one of the most
intensely investigated interdisciplinary topics today. Specifically,
the evaluation and quantification of lock-and-key molecular
interactions is of paramount importance in modern biology and
molecular medicine. Traditional UV, mass and NMR spectros-
copies, microcalorimetry, and several surface-sensitive tech-
niques (e.g., evanescent wave spectroscopies, ellipsometry, and
quartz crystal microbalance technique) allow the investigation of
these complex and often cooperative binding events. As each of
these techniques provides information on different aspects of the
interactions, but not a complete description of the phenomena
at play (refs. 1–3 and references therein), there is a continuous
exploration for new methodologies capable of detecting and
measuring binding affinities. Recent examples exploit the dis-
persion of colloids, either by detecting the adhesion of sedi-
mented microspheres (4) or inducing interactions or spectral
changes in suspensions of nanoparticles (ref. 5 and references
therein). Here, we present a tool based on the high sensitivity
offered by the measurement of scattered light intensity (I) when
the binding occurs on the surface of index-matched colloids.

Although broadly used in a large variety of contexts, light
scattering has never been applied to measure binding affinities
in biomolecular interactions (6). As a matter of fact, binding of
insulated ligands and receptors in dilute solutions produces a
negligible increment of scattered light, and the use of mesoscopic
particles hosting multiple receptors or ligands, including real
bacteria, is typically of little help because particles generally
scatter too much light compared with the contributions caused
by molecular adhesion on their surface. We have found that this
difficulty can be overcome by supporting the receptors on
nanoscale latex spheres whose refractive index closely matches

the one of water, a feature that makes them hard to detect with
commercial light-scattering particle sizers. To this aim, we used
highly hydrophobic nanocolloids, easily covered, by lipophilic
interaction, with suitable ligands and�or receptors for the study
of reversible interactions and adhesion processes. The dispersed
phantom scatterer (DPS) technique we describe allows very
sensitive quantitative measurements, so far accessible only with
surface sensing techniques, such as the widespread technology
based on surface plasmon resonance (SPR).

Methods
Phantom Nanoparticles (PnP) Dispersion. PnP are, in the experiment
reported here, monodisperse spherical f luoroelastomer colloids
kindly provided by Solvay-Solexis (Bollate, Italy), having radius
R � 39 � 1 nm, as determined by dynamic light scattering.
Before any use and characterization, we thoroughly dialyzed the
particles to remove physisorbed molecules from the surface. The
refractive index of the particles, determined by measurements at
the Abbe refractometer in dispersion having various volume
fraction � of colloids, is, at our working temperature (T � 30°C)
and wavelength (� � 633 nm), np0 � 1.3248. Despite their
hydrophobicity, the particles are stable against aggregation,
because they bear electric charges. By adsorbing cationic sur-
factants, and detecting the aggregation threshold, we estimated
the charge to be �103 e� per particle. The particles have been
dispersed, in a concentration of � � 10�3 vol, in a 5-mmol
phosphate buffer, pH 7.2. Determination of PnP concentrations
was performed through density measurements by exploiting the
high density (� � 2.1 g�cm3) of the material.

Static Light Scattering. Ninety-degree angle polarized scattered
light from a 5-mW HeNe laser beam was collected and measured
with a RCA 931B photomultiplier. We used conventional spec-
trophotometer cuvettes held in a suitably designed cell holder
provided by a ministirrer, the necessary tubing holding, and
water flow to control the temperature, in turn measured by a
thermistor. Measurements were performed at 30°C. Surfactants,
receptors, and ligands were injected by motorized pumps [Kent
Scientific (Torrington, CT) Genie syringe pump and Ismatec
(Glattbrugg, Switzerland) Reglo piston precision pump]. Stir-
ring, temperature, and injections were controlled by a computer,
through a suitable interface designed ad hoc to program DPS
experiments. Experiments were taken by a programmed se-
quence of injection, stirring, and data acquisition. Typically, each
data point is referred to an addition of a few microliters of a
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surfactant, ligand, or receptor solution to the cuvette initially
containing 1.5 cm3 of bare PnP dispersion. Any injection was
typically followed by 10 min of stirring. Sets of �100 independent
I acquisitions were taken for each condition and analyzed to
eliminate, in the averaging process, possible contributions
caused by dust particles in the dispersion. Fig. 1 shows a scheme
of the experiment set-up.

Material for PnP Coverage. Inert intercalating surfactants, C12E5,
dodecyl �-maltoside (D�M), Triton X-114, Brij 56, and palmitoyl
sulfobetaine were purchased from Fluka, and lysophosphatidylcho-
line was purchased from Sigma. Receptor compounds were syn-
thesized. In compound �N-acetyl-L-Lys-D-Ala-D-Ala (KDADA)-1,
the peptide KDADA was linked to the amphiphilic �-carboxyl-
modified commercial surfactant Brij 56 through an amidic bond
involving the �-amino group of the �N-acetyl-Lys residue, whereas
in compound KDADA-2 the same tripeptide was connected to the
shorter surfactant triethylene glycol dodecyl ether. A �N-acetyl-
Lys-L-Ala-L-Ala (KLALA) linked to the triethylene glycol dodecyl
ether was also prepared. Details on the preparation of compounds
involved in the recognition phenomena, namely KDADA-1,
KDADA-2, and the short-chain-linked KLALA, are described in
Supporting Text, which is published as supporting information on
the PNAS web site. Vancomycin (Van) was purchased from
Aldrich.

Dynamic Light Scattering. Measurements of the I autocorrelation
functions were nonroutinely but periodically taken to ensure that
the PnP were monomerically dispersed in various stages of the
adsorption curves. The data were taken by using a frequency-
doubled 532-nm, 150-mW NdYag laser and through a single
mode fiber collection of the scattered light. Cross-correlations
were calculated with a BI-9000 digital correlator (BI, Holtsville,
NY), after the collected I was divided by a 50�50 fiber beam
splitter.

Results
PnP as Probes of Molecular Interactions. The method relies primar-
ily on the physical and chemical properties of the nanocolloids
used as probes. We have used hydrophobic spherical f luoroelas-
tomer colloids having radius R � 40 nm and refractive index, at
our working temperature and wavelength, np0 � 1.3248. Be-
cause, under the same conditions, the refractive index of water

is nw � 1.3319, such colloids act as PnP, their scattering cross
section being at least 3 orders of magnitude less than ordinary
commercial polystyrene latex spheres. These PnP are charge-
stabilized because of a low density of ionizable anionic terminal
groups of the polymeric chains.

Surfactants added to a PnP dispersion readily adsorb on
their hydrophobic surfaces, generating a self-assembled mono-
layer, and effectively increase the optical polarizability of these
particles, inducing a large change, typically of 1 order of
magnitude, in the amount of scattered light (7, 8). Figs. 2 and
3a (red dots) show the amplitude of the light I scattered at 90°
by a suspension of PnP having volume fraction � � 10�3, upon
adding a surfactant, namely the simple alkyl glycoside D�M.
The progressive growth of the adsorbed surfactant monolayer
results in a decrease of I from the initial value I0 (state A in
Figs. 2 and 3) to a minimum Im (state B) corresponding to a
perfect optical matching of the partially coated particles with
water, followed by a remarkable increase of the signal satu-
rating at a value Is (state C) corresponding to full coverage. In
general, we found that when different molecular species were
added to a dispersion of bare PnP, the scattered I varies along
a similar pattern as a function of the total amount of molecules
either adsorbed on the PnP surface or bound to adsorbed
molecules. These observations can be accounted for in the
weak scattering Rayleigh-Gans regime (9). Accordingly, the
scattered I of PnP particles coated by layers of various
molecular species (A1, A2, and A3) is given by

I � a��vP�nP,w 	 vA1 �nA1,w 	 vA2 �nA2,w 	 vA3 �nA3,w)2,

[1]

where a is a constant related to the experiment design, vP the
volume of the particle, and �nP,w the difference between parti-
cle’s and water squared refractive indices. Analogously, vx and
�nx,w, with x � A1, A2, and A3, are the adsorbed volumes and
the difference of the squared refractive indices of each specie
that adsorb on the particle and water, respectively. The appro-
priateness of this description is confirmed by the parabolic
behavior of I (line in Fig. 3a, with A1 � D�M, and no A2 and
A3). Analysis of the data in terms of Eq. 1 allowed an extremely
precise detection of the growth of the adsorbed monolayer. This

Fig. 1. Schematic representation of the experimental set-up. The reference
intensity of the laser beam (IL) is detected by a photodiode (PD), and the
scattered I is detected by a photomultiplier (PMT). The cell (C) is placed, at
contact with a magnetic stirrer (S), into a thermostatic chamber (TC), whose
temperature is measured by a thermistor (T). Interfaces connect a computer
(PC) with the receptor and ligand injectors, with the thermostatic bath and a
multimeter, in turn measuring IL, I, and T.

Fig. 2. Naked-eye observation of the I of scattered light when different
amounts of material are adsorbed on the PnP, as depicted in the schematic
representations. (A) Bare nanoparticles. (B) Adsorption of the specific amount
of surfactant necessary for perfect optical matching of particles with water
(residual scattering comes from dust). (C) Complete coverage of the nanopar-
ticles with a surfactant monolayer, part of which functionalized with recep-
tors. (D) Adhesion of ligands on the monolayer caused by the specific binding
to receptors.
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methodology to detect surfactant coating was tested with a
number of commercial or synthetic amphiphiles (see Fig. 6,
which is published as supporting information on the PNAS web
site).

The self-assembling of amphiphilic monolayers at the particle
hydrophobic surface has been exploited to provide the PnP with
various categories of receptors (compound A2 in Eq. 1), by
synthesizing new amphiphilic molecules bearing suitable reactive
groups at their hydrophilic ends. PnP coated by mixtures of
receptor-acting amphiphiles and nonbinding amphiphiles (causing
a scattered IS, see Fig. 3a Inset), are then used as dispersed
nanoprobes of molecular interactions. Indeed, addition of partner
ligands (compound A3) to a receptor-coated PnP solution yielded,
after a transient, to an equilibrium condition of partly associated
ligand–receptor pairs. The binding of ligands on the receptors
anchored on the PnP surface corresponded to an additional ad-
sorption of mass on top of the surfactant monolayer and conse-
quently gave rise to a further increase of the scattered I (state D in
Fig. 2), which proceeds up to a saturated value (IF). The saturation
indicates the lack of available empty binding sites on the PnP. The
volume of bound ligand can be easily obtained from the I mea-
surements by computing the ratio R

R � � I 
 Im

I0 
 Im

 �IS 
 Im

I0 
 Im
�

vA3�nA3,w

vP�nP,w
. [2]

In turn, the dependence of R on cA3, the total amount of ligand
added to the dispersion, can be compared with the expected

Langmuir isotherm for first- or higher-order binding process
to extract the binding constant Kb, the valence of the receptor,
and the total adsorbed mass. This is the essence of the DPS
technique.

Interaction Between Van and Peptide Receptors. To assess this
method we investigated the interactions between the glycopep-
tidic antibiotic Van and its peptidic receptor, measuring the
binding constants and determining the role of the molecular
environment neighboring the ligands in the formation of mo-
nomeric vs. dimeric complexes.

The mechanism of action of Van and a number of Van-like
antibiotics against the cell wall of Gram-positive bacteria has
been thoroughly investigated (10–12). The binding site of Van
recognizes peptidoglycans terminating in the tripeptide
KDADA), establishing a specific interaction. It has also been
demonstrated that Van tends to generate weak back-to-back
dimers and that both the binding and the dimerization constants
are reciprocally affected by cooperative interactions (13). Con-
sequently, it has been proposed that dimers’ divalency is impor-
tant in the antibiotic action of Van (14–16).

To investigate the interaction of Van with models of bacterial
cell walls, three different tripeptide-surfactants (KDADA-1,
KDADA-2, and KLALA) were synthesized as described in Meth-
ods. PnP were coated by a monolayer in the largest part made of
D�M (A1), with a small fraction (0.5–2%) of amphiphilic
molecules (A2) bearing the C-terminal tripeptide. PnP thus
prepared, each carrying from 1,000 to 3,000 receptor moieties,
were used as model nanobacteria to evaluate antibiotic speci-
ficity and binding strength of Van (A3).

In Fig. 3a (green dots), the constancy of I during the addition
of Van to the dispersion of PnP previously coated with D�M
indicates that no aspecific binding occurred. Fig. 3b shows I
measured after adding Van (full green dots) to a PnP dispersion
previously coated with a 98.2�1.8 mixture of D�M with
KDADA-1 (full red dots). Careful determination of the hydro-
dynamic radius by dynamic light scattering confirmed that here,
as in all of the data presented in this article, PnP were mono-
merically dispersed. Fig. 4a shows the growth of R calculated
from the data in Fig. 3 as the Van concentration cVan is increased,
in solutions differing in the amount of peptidic receptors on the
PnP surface, and thus in the overall concentration cKDADA-1. In
all curves R displays an initial linear increase followed by a
roll-off as cVan�cKDADA-1 � 1, indicating monovalent interaction.
R(cKDADA-1) is very well represented by a simple first-order
binding process characterized by a single binding constant Kb.
The lines in Fig. 4a are the best-fit to a Langmuir isotherm (17)
in which Kb and the asymptotic value of R at large cVan are the
only fitting parameters. The quality of the fits clearly indicates
that our description is adequate. The values of the binding
constant, Kb � 1.0 � 0.2 � 107 M�1, obtained from DPS with the
different surface density of ligands, are larger than previous
determinations of the same quantity by other techniques, such as
UV difference spectroscopy (Kb � 1.5 � 106 M�1) (18), affinity
capillary electrophoresis (Kb � 4.1 � 105 M�1) (19), and SPR
technology (Kb � 1.4 � 106 M�1) (20). Two isotherms with Kb �
106 M�1 and Kb � 108 M�1 are also shown in Fig. 4a. Comparison
of the data demonstrates that the large Kb cannot be attributed
to experimental uncertainty.

Role of Van Dimerization Affinity. The unexpectedly high value of
Kb reported here can be understood in the light of the tendency
of Van to dimerize and the resulting binding strengthening. The
tendency of Van to dimerize was actually manifest in our
measurement, because when Van was added to suspensions in
which the surface density of KDADA was �4%, PnP showed a
tendency to aggregate. The absence of PnP aggregation in our
working condition, together with the fact that the bound Van was

Fig. 3. Light-scattering measurements of interaction between Van and
functionalized PnP. Scattered light I of a PnP dispersion as a function of the
added amount of surfactant, receptors, and ligands. nVan, nD�M, and nmix

indicate the molar content of, respectively, Van, D�M, and two different
98.2�1.8 (mol ratio) mixtures of D�M with compound KDADA or compound
KLALA. (a) Data obtained by adding increasing volumes of 10 mM solution of
D�M (full red dots) and 5 mM Van solution (full green dots). Black line
represents a parabolic fit to I at low coverage. (b) Data obtained by adding
increasing volumes of 10 mM mixture of D�M and KDADA-1 (full red dots) or
10 mM mixture of D�M and KLALA (open red dots). The addition of Van to
KDADA ligand results in an increase of I up to a saturated value (full green
dots), whereas KLALA ligand prevents the Van recognition (open green dots).
(Inset) Schematic representation of I as a function of the concentration of
added surfactant (red line) and Van (green line); the positions A, B, C, and D,
together with the corresponding I values (I0, Im, IS, and IF), match the sequence
of pictures in Fig. 2.
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1:1 with respect to the PnP-receptor sites, suggests a dimeriza-
tion of pairs of bound Van on PnP surface caused by back-to-
back interactions (21), allowed by the long stems bearing the
receptors (Fig. 5a). This process, although undetected by ad-
sorbed mass measurements, is relevant in the binding process,
because the binding of dimerizing glycopeptides to a transgly-
cosylation site displays a binding constant significantly larger
than the related monomeric adhesion, a situation reminiscent of
the chelate effect (15). This mechanism is compatible with the
geometry of KDADA-1 and the intrinsic mobility of receptors in
the self-assembled monolayer on the PnP. However, the chelate
effect is intrinsically unachievable either in experiments where
ligands and receptors are in solution (e.g., UV methods) (14) or
when the surface constraints do not allow for dimerization as in
the case of receptors covalently linked on sensor chips (22, 23).
Indeed, the Van–KDADA interaction remarkably changes its
apparent properties when KDADA-1 is replaced with KDADA-2,
in which the receptors are connected to a shorter spacer length,
thus constraining ligand–receptor interaction to take place in the
proximity of the D�M layer (Fig. 5b). The results, reported in
Fig. 4b (full dots), show a marked change of slope as Van was
added to the dispersion when cVan�cKDADA-2 � 1. This observa-
tion can be interpreted in terms of weak Van tendency to
dimerize through an adhesion between a surface-bound Van
molecule and a second Van free in solution (Fig. 5b). The data
have been fitted with a second-order Langmuir expected by
combining Van–KDADA-2 binding (Kb) and Van–Van dimer-
ization (KD). Because the receptor’s concentration is known

from the preparation, the fitting procedure involves Kb, KD, and
one coefficient for the amplitude of the signal. The best-fit is in
close agreement with the data and yields Kb � 7.5 � 1.5 � 105

M�1 and KD � 7,200 M�1. The value of KD, larger than the very
loose binding constant of �700 M�1 for the back-to-back
Van–Van dimer in solution (24), is a further indication of
cooperative binding. We interpret this Kb value, in a much better
agreement with the literature data, as the ‘‘true’’ binding coef-
ficient for the monomeric adhesion of Van to KDADA. Note-
worthy, the shape of the curve relative to the Van–KDADA
binding kinetics reported in SPR experiments using self-
assembled monolayers on the sensor chip (25) shows a change of
slope analogous to our data. Indeed, this analogy reflects the
physical properties of the surfaces: in both cases receptors and
inactive surfactant molecules have roughly the same length. The
remarkable difference between the Kb values obtained in the
measurements with KDADA-1 and KDADA-2 offers compelling
evidence that the formation of tetramolecular clusters strongly
enhances the affinity of Van to bacteria wall-like surfaces, thus
confirming previous observations (26).

Discussion
The DPS technique introduced here makes use of dispersed
nanoparticles in a way that is radically different from other
nanoparticle-based detection methods described in the literature

Fig. 4. Binding isotherms of Van on PnP with various monolayer coatings. (a)
R values plotted as a function of the ratio between the concentration of Van
(cVan) and the compound KDADA (cKDADA-1). The three continuous lines are the
best-fit with first-order Langmuir isotherms on data corresponding to differ-
ent numbers of peptide receptor: �1,200 (green dots), 1,800 (red dots), and
2,400 (blue dots) per particle. The obtained values of Kb are 12.3, 9.91, and
8.37 � 106 M�1, respectively. Dashed and dotted lines represent Langmuir
isotherms with Kb � 106 and 108, respectively. (b) R values plotted as a function
of the ratio between the concentrations of Van and of the compound
KDADA-2 (cKDADA-2). The continuous line represents the best-fit with a second-
order binding process (dimeric adhesion) on PnP, each carrying �1,800
KDADA-2 molecules, yielding Kb � 7.46 � 105 M�1 and KD � 7,180 M�1. The
dashed line represents a second-order process with Kb � 107 and KD � 7,180
M�1. (Inset) The same figure on a larger cVan�cKDADA-2 scale.

Fig. 5. Schematic representation of the molecular arrangement on the PnP
surface. The self-assembled monolayer is composed of D�M (as inert compo-
nent) and KDADA-1 (a) or KDADA-2 (b). (a) The long molecular linker between
the receptor and the hydrophobic anchor allows bidentate dimerization
(chelation) of bound Van, thus accounting for a 1:1 ratio between Van and
receptor numbers on the surface. (b) When a short stem connects hydrophobic
tail and receptor, the Van internal dimerization is hampered by steric con-
strains, thus yielding a final ratio of Van�receptor �1:1.
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(5). Nanoparticles in DPS are not meant to provide the signal to
detect molecular interaction, as is the case for colorimetric and
fluorescent probes, but rather they act instead as a nano-finely
dispersed substrate.

Although DPS shares some basic physics with the most used
surface-sensitive optical techniques for the measurement of revers-
ible recognition processes, all detecting molecular interactions
through dielectric constant variations in the proximity of the sensor
surface, many of its features introduce several novelties. Because of
the finely dispersed surfaces (there are �800 cm2 of surface in 1 ml
of PnP suspension with � � 10�3) and the well controlled geometry
of the nanoparticles, DPS enables the quantitative measurement of
binding processes, allowing the detection of �3 �g of matter per ml.
This sensitivity, when expressed as adsorbated mass per surface,
corresponds to 0.04 ng�mm2, on the same level of the best tech-
niques available so far. The insight offered from the study of Van
binding demonstrates the effectiveness of this technique. By ex-
ploiting the potential of light scattering for the precise quantitative
determination of the adsorbed ligand mass, DPS appears particu-
larly suitable for the study of adhesion processes in which significant
clustering effects are involved, as when cooperative phenomena are
at play. Concomitant dynamic light scattering detects undesired
supramolecular aggregates or nonspecific interactions through the
determination of the size of the particulate in suspension.

In comparison with the broadly used SPR technology, DPS has
important differences in its basic approach. Whereas SPR relies
on the detection of kinetic coefficients, whose ratio equals the
affinity parameter, in the DPS technique every measurement is
obtained when equilibrium is reached. Whereas SPR detects the
binding at a surface limiting the experimental cell, DPS uses
surfaces pervading the whole sample. The limiting factor in SPR
is not the sensitivity of the method in detecting the molecular
mass binding the sensor, which is indeed excellent, but rather the
insurgence of artifacts. This fact appears clearly from the SPR
association�dissociation curves, which normally are quite noise-
less, but remarkably vary in shape. Examples are easily found in
literature, even in the specific case of Van binding to peptidic

moieties (27). Indeed, despite the specific interest in directly
accessing kinetic processes, it is now clear that various artifacts
affect the determination of adsorption and desorption kinetic
coefficients, such as mass transport efficiency (strongly depend-
ing on the cell design), hindrance, and distribution of the binding
sites on the substrate covering the sensor (‘‘bulk effect’’) (3).
Although these effects delay both association and dissociation
processes, it is not at all clear how much of the artifacts transfer
in the determination of the binding coefficients. By working in
equilibrium conditions, the DPS technique, while missing po-
tentially interesting kinetic data, is, however, less affected by
artifacts’ sources. The detailed analysis of the binding curves
enables us to distinguish between specific interactions, plateau-
ing when the binding sites are saturated, and the formation of
aspecific complexes. On the other hand, DPS is also affected by
limitations. Extracting binding coefficients from DPS requires
careful optimization of reaction conditions, such as PnP con-
centration, surface density of receptors, and buffer concentra-
tion, to prevent undesired aggregation phenomena, which would
spoil the possibility of interpreting the data through the simple
model yielding Eqs. 1 and 2.

For these reasons, DPS technique appears to have character-
istics complementary to SPR as a modern tool for the study of
specific reversible interactions in a variety of biological pro-
cesses. We believe that this static light-scattering methodology
will find applications well beyond the analysis of antibiotic or
related interactions, branching into cell biology, drug discovery,
or use as a powerful sensor for the precise characterization of
drug delivery systems.
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