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ABSTRACT

Holographic molecular binding assays detect target molecules binding to the surfaces of specifically functionalized
probe beads by measuring the associated increase in bead diameter with holographic video microscopy. Holograms
of individual colloidal beads are analyzed by fitting to analytic predictions of the Lorenz-Mie theory of light
scattering, yielding measurements of bead diameter with the nanometer precision required to detect binding
events. Holographic binding assays share the specificity and robustness of industry-standard bead-based assays.
Direct holographic readout eliminates the processing time, expense and uncertainty associated with fluorescent
labeling. The underlying technology for holographic particle characterization also has a host of other applications
in biopharmaceuticals, semiconductor processing and fundamental research.
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1. INTRODUCTION

The in-line hologram of a micrometer-scale colloidal sphere can be analyzed with predictions of the Lorenz-Mie
theory of light scattering to measure the sphere’s three-dimensional position with nanometer-scale precision, its
refractive index to within a part per thousand, and its diameter to within a nanometer.1,2 The key to extracting
so much high-quality information is to treat hologram analysis as in inverse problem: optimizing a small set
of physically relevant parameters to best account for the detailed structure of the measured hologram.3 This
approach to holographic particle characterization has applications in areas such as biopharmaceutical research and
development4 where the unique ability to differentiate particles by refractive index, and therefore by composition,
can guide product formulation5 and provides real-time feedback for process control.6 The present contribution
focuses instead on the technique’s precision for measuring particle diameter, which is sufficiently fine to monitor
molecules binding to the surface of a micrometer-diameter sphere. The resulting molecular binding assays
share the specificity, sensitivity and flexibility of existing industry-standard bead-based assays. They offer the
substantial benefit of direct holographic readout, which eliminates the cost and complexity of fluorescent labeling
and detection. We have demonstrated holographic immunoassays for antibodies and antibody-based holographic
binding assays for viral antigens from SARS-CoV-2 and H1N1 influenza virus.

2. HOLOGRAPHIC MOLECULAR BINDING ASSAYS

2.1 Bead-based binding assays

Figure 1(a) illustrates the core principle of bead-based molecular binding assays. Micrometer-scale probe beads
are prepared by affixing molecular binding sites to their surfaces. The specificity of the assay is determined by
the differential affinity of the binding site for the target molecule and for other molecules that might be present
in a sample. A population of probe beads is incubated with the test sample, giving target molecules in solution
a chance to find and bind to the beads’ surfaces. Assuming binding to be irreversible, the fraction of occupied
surface sites depends on the concentration, c, of target molecules in solution and the incubation time τ as

φ(c, τ) = 1− exp (−kacτ) , (1a)
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be determined with sub-nanometer precision.11,12 Multiple single-particle measurements can be performed per
second13–15 so that a statistical sample such as the example in Fig 1(d) can be amassed in under 10min.

2.3 Label-free holographic molecular binding assays

Comparing population averages before and after incubation for time τ yields a value for the change in the
beads’ apparent diameter, ∆d(c, τ), that can be used to analyze the binding process. Figure 1(f) shows typical
results for the antibody immunoglobulin G (IgG) binding to beads that are functionalized with protein A, a
pathogen-derived product that specifically and strongly binds antibodies. Each point represents one differential
measurement performed after the probe beads were incubated with a known antibody concentration for τ =
45min.

A comparable incubation time would be required for any binding assay. Standard assays then require a second
incubation with fluorescent labels to ascertain whether or not target molecules have been immobilized on the
bead surfaces. This labeling step not only doubles an assay’s processing time, but requires specialized reagents
whose development time can delay deployment of novel assays. The challenge of quantitating labeled beads’
fluorescence contributes to uncertainty in the assay’s interpretation. Holographic particle characterization, by
contrast, yields results for ∆d(c, τ) directly and thus is a label-free readout mechanism.

The solid curve in Fig. 1(f) is a two-parameter fit to Eq. (1) for the effective layer thickness δ = (8.0±0.5) nm
and the kinetic rate constant, ka = (1.8 ± 0.5) × 103 m−1 s−1, which is consistent with results from orthogonal
measurements based on surface-plasmon resonance detection.16 Holographic readout has the advantage over
these techniques that its probe beads can be synthesized in bulk without requiring microfabrication.

Figure 1(g) presents comparable results for the antibody IgM binding to probe beads functionalized with
protein A. The rate constant in this case is ka = (2.5 ± 0.8) × 105 m−1 s−1, which reflects the substantially
greater activity of IgM and is consistent with its role as a first line of defense in the immune system. Control
measurements performed by replacing antibodies with alcohol dehydrogenase, a protein of comparable size, show
no shift in ∆d(c, τ).

2.4 Effective-medium interpretation

The layer thickness, δ, is not simply related to the size of a target molecule because the Lorenz-Mie model
for light scattering treats the coated sphere as if it were homogeneous and the molecular coating generally has
a different refractive index from the substrate bead. Gaps between bound target molecules, furthermore, are
filled by the fluid medium, which further modifies the refractive index. Rather than modeling the influence of
a multicomponent molecular coating on light scattering by a micrometer-diameter sphere, we instead interpret
results of the straightforward Lorenz-Mie analysis using Maxwell Garnett effective-medium theory.17 Numerical
studies7 confirm that the change in bead diameter obtained from this effective-sphere interpretation is propor-
tional to the fractional coverage of bound target molecules, and therefore that Eq. (1) is valid for these data. The
effective layer thickness, δ, not only depends on the molecules’ physical size but also on the refractive indexes of
the substrate bead, the bound molecules and the medium. This means that the sensitivity of the binding assay
can be optimized by choosing appropriate material parameters with the largest values of δ being obtained for
substrate beads that are most nearly index-matched to the medium.7 Replacing polystyrene substrate spheres
with silica spheres, for example, increases the effective layer thickness for the immunoassays presented in Fig. 1
from δ = 8nm to δ = 15nm and thereby improves the assays’ sensitivity.

3. DISCUSSION

Holographic video microscopy provides the basis for a novel class of label-free bead-based molecular binding
assays. Using functionalized probe beads to immobilize target molecules ensures the assays’ selectivity. The ex-
cellent size resolution afforded by holographic particle characterization ensures their sensitivity. By eliminating
fluorescent labeling, holographic assays are easier to develop and faster and cheaper to run than conventional
bead-based assays. Interpreting results with effective-medium theory minimizes computational complexity while
providing opportunities to optimize sensitivity and throughput. Holographic characterization also is compatible
with optical manipulation techniques, such as holographic optical trapping, which creates additional opportuni-
ties for single-bead holographic assays, including optically-multiplexed arrays for differential medical diagnostic
testing.
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