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Abstract: A portable quantitative large-area binding sensor based on lensfree holographic
microscopy, microfluidics, a custom LED array, and computational image processing and
feature quantification algorithm has been implemented to sense proteins in solution through
microbead agglutination. © 2021 The Author(s)

1. Introduction

Lens-free holographic microscopy (LFHM) is a method of imaging that computationally reconstructs images
of objects using their diffraction patterns, without the use of bulky and expensive microscope objectives [1].
LFHM simultaneously provides an ultra-large field of view (FOV) and a high level of resolution, particularly
when combined with pixel superresolution (PSR) techniques to achieve sub-micron resolution [2]. Bead-based
agglutination with micro-scale beads is typically used in qualitative pathogen detection that requires large numbers
of cultured pathogen to be seen with the unaided eye [3]. The sensitivity of these agglutination assays can be
greatly improved by using LFHM to analyze small beads and clusters individually. A previous study combining
these two methods sensed viral particles drying on an open substrate [4]. Here, we demonstrate the ability to
use LFHM and PSR techniques to detect bead agglutination in solution undergoing Brownian motion inside a
microfluidic device, enabling us to sense target protein molecules at concentrations as low as 3 ng/ml [5]. We call
this a quantitative large-area binding (QLAB) sensor.

2. Methods

An image sensor with a 4.6 mm × 3.4 mm active area is positioned at the base of the device (Fig. 1). A microfluidic
chip is loaded with the sample and placed directly on top of the image sensor. This assembly is secured and aligned
within a small 3D-printed polylactic acid (PLA) enclosure. The net weight of the device is 760 g, enabling it to
be easily transported. A custom high-speed LED array controlled by a microcontroller is used to illuminate the
sample. To achieve the spatial and temporal coherence necessary for holographic imaging, a bandpass filter (central
wavelength 532 nm) and large pinholes (180 µm in diameter) are placed on the LEDs [1].

To limit motion blur due to Brownian motion of the particles while maintaining a high signal-to-noise ratio,
the LED exposure time and image sensor gain were optimized. A pixel superresolution technique optimized for
small-targets is used to generate a high-resolution hologram [6]. Images of the sample were reconstructed by
back-propagating the holograms to the sample plane to visualize all beads in the full FOV. Individual particles and
clusters are quantified by their size and eccentricity using a custom automated counting routine. Bound ratio is
calculated by dividing the number of beads in clusters by the total number of beads in the FOV.

Fig. 1. (a) Diagram of key internal components of QLAB sensor. (b) External portable enclosure
with dimensions 15 cm × 15 cm × 24 cm. Adapted from [5].



Fig. 2. Binding curves for (a) various concentrations of biotin-coated beads mized with NA dilutions
and (b) 0.0033% anti-mouse-IFN-γ beads mixed with dilutions of mouse-IFN-γ. (a) Red arrow and
red horizontal dotted line indicates the LOD threshold, calculated to be 6.7%. (b) Teal arrow and
teal horizontal dotted line indicate the LOD threshold, calculated to be 22.1%. Adapted from [5].

NeutrAvadin (NA) and Biotin-coated beads with 2 µm diameter are diluted in 1 × PBS then mixed such that
concentrations of NA range from 26.7 pg/mL to 267 µg/mL, and beads range from 0.00033% to 0.033% w/v.
Bead solutions are incubated for 2–17 hrs at room temperature, then loaded into microfluidic chips for binding
quantification. Mouse interferon (IFN)-γ molecules are sensed similarly using Anti-mouse-IFN-γ coated beads.
BSA is used as a negative control.

3. Results

Results from NA binding experiments are shown in Fig. 2a. For lower bead concentrations, binding curves shift
towards lower NA concentrations. The lowest limit of detection (LOD) was 26.7 ng/mL, observed for bead concen-
trations of 0.00033%, and calculated based on the lowest concentration exhibiting a response more than 3 standard
deviations above the blank. There is initially an increase in binding as the concentration of NA increases, caused
by NA molecules linking beads together. As the concentration of NA further increases, biotin groups become
saturated with free NA before bead-to-bead binding can occur, and the bound ratio begins to decrease.

Results from mouse-IFN-γ binding experiments are shown in Fig. 2b. The 2.67 ng/mL LOD for this experiment
was calculated in the same way as NA experiments, and adding BSA controls to this calculation had no effect on
the LOD. No non-specific binding in the BSA controls was found above the LOD.

4. Conclusions

We demonstrate a LFHM and bead agglutination-based QLAB sensor capable of high-speed, large area analysis
of 2 µm particles undergoing Brownian motion in solution. This QLAB sensor detects proteins in solution at
concentrations of > 3 ng/mL over a dynamic range of 2–4 orders of magnitude. Currently, non-specific binding
limits the LOD for this sensor. In the future, changes to sample preparation and chip design will be targeted at
reducing non-specific binding.
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