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Abstract: Investigating the binding kinetics of small molecule analytes to larger ligands, such as
proteins and antibodies, is a compelling task for the field of drug and biomarker development, as
well as the food industry and agro-biotechnology. Here, we improve the limit of detection of the
Interferometric Reflectance Imaging Sensor (IRIS), a label-free, highly-multiplexed biosensor, to
perform real-time affinity measurement of small molecules binding to immobilized antibodies in a
microarray format. As the analytes bind to the surface probes, the biomass accumulation on the
surface is quantified by measuring the optical reflectance from the layered Si/SiO2 chip through the
solution, in a common-path interferometer configuration. As a proof of concept, label-free detection
of biotin molecules binding to immobilized streptavidin probes is performed, achieving 1 pg/mm?2
sensitivity through signal averaging in a shot noise limited operation. Furthermore, we apply the
optimized sensor to the screening of a 20-multiplexed antibody chip (MW~150 kDa ligands) against
Fumonisin B1 (MW = 721.8 Da), one of the most prevalent mycotoxins found in many cereal grains
such as corn and wheat. The simultaneously recorded binding curves of the toxin to the multiplexed
sensor yield a signal-to-noise ratio of ~8 when noise reduction methods of spatial and temporal
averaging are utilized.
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1. Introduction

Small molecules are defined as chemical compounds with a molecular weight below 1 kDa [1].
The relevance of these molecules in the field of drug development, as well as agronomy and food
biotechnology, arises from the fact that most drugs and toxins belong to this category [2]. As a matter
of fact, small-sized molecules have easier access to the cellular membrane, as well as being more
easily recognized by membrane-bound antibodies and receptors. For this reason, research on small
molecules has been ramping up in the most recent years; just in 2019, 73% of FDA-approved drugs
belonged to this category, and 71% in 2018 [3,4].
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Figure 1. Data from 2019 FDA approvals [4] and from the general toxin database T3DM [2].

The most common methods used to study small molecules include both labeled and label-free
techniques, although label-free sensors are preferred. The main reason for that is the kinetic capability
of label-free sensors, which allows for the study of the real-time affinity behavior of molecules,
without an invasive labeling process.

Our approach consists of a label-free sensor based on interferometric imaging. When compared
to Surface Plasmon Resonance (SPR) and SPR Imaging (SPRi) [5], the two most commonly used
techniques in the field of small molecule characterization, our sensor demonstrates a higher level of
multiplexing (440 microarray spots) while maintaining high sensitivity (=1 pg/mm?). The
Interferometric Reflectance Imaging Sensor (IRIS) has been introduced by our group, and has been
widely employed in the kinetic study of oligonucleotides and antibodies [6]. Here, we improved its
sensitivity through the noise reduction methods of temporal and spatial averaging, demonstrating
small molecule sensitivity through a proof-of-concept experiment involving the detection of biotin
binding to streptavidin spots. This experiment was utilized to optimize the spatial and temporal
averaging methods, described in the Results section, then applied to the characterization of a common
corn toxin, namely fumonisin B1.

Fumonisin is a microfungi-produced mycotoxin that affects corn crops all over the world,
intoxicating people who come across it in food products. It is therefore clear why it is of upmost
importance for the food industry to be able to detect and characterize the activity of this toxin. With
the IRIS, we scanned a 20-plexed antibody chip against fumonisin, obtaining real-time precise data
on the affinity of each antibody to the small analyte.

Given the multiplexing level reached by the IRIS in combination with high sensitivity, we are
confident that our tool would provide researchers in the field of antibody development with quick
and precise data on the efficacy of their custom-developed antibodies against any small analyte of
interest.

2. Materials and Methods

2.1. The Interferometric Reflectance Imaging Sensor (IRIS)

The IRIS system has been extensively described in the literature [6,7]. Briefly, a silicon-silicon
oxide (Si/SiOz) layered substrate acts as a common path interferometer by illuminating from the top
with a narrow-band LED. The light reflected by the substrate is acquired by a CMOS camera. The
thickness of the oxide layer (110 nm) is engineered to provide constructive interference at a specific
wavelength for biomass accumulation on the chip surface. More specifically, the intensity of the
microarray spots increases when biomolecules bind to them due to a shift in the reflectance curve
(Figure 2).
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Figure 2. A scheme of the working principle of the IRIS. (a) A narrowband LED illuminates a layered
substrate where probe molecules are immobilized. Light is reflected by the Si/SiO: interface as well
as from the SiOz/biomass interface [8]. (b) When the thickness of the substrate changes due to binding
of biomolecules, the intensity of the spots increases due to constructive interference, which is caused
by a shift in the reflectance curve.

Four wavelength LEDs are utilized to acquire a four image stack of the chip, which is
subsequently used to create a lookup table that will convert the reflectance signal to biomass
accumulation in post-processing analysis [7]. During the real-time acquisition, a single wavelength
LED is utilized (456 nm) and multiple frames are acquired and stacked, forming a real-time video of
the binding experiment. A scheme of the IRIS setup is reported in Figure 3b.
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Figure 3. A scheme of (a) the fluidic cartridge and (b) the IRIS setup. Holes are drilled through the
chip to provide an inlet and outlet for solution flow. The red dashed lines indicate the location of the
fixture that secures the cartridge/chip inside the setup. The blue arrows show the light path in the
interferometer.

After the acquisition, the images are converted from signal to mass per unit area through the
acquired look-up table, and are further processed through custom-made software in ImageJ] and
MATLAB. Fitting is performed in MATLAB (Langmuir 1:1 model).

2.2. Surface Coating and Functionalization

The chips are coated with a DMA-based polymeric coating, commercially known as MCP-2
(Lucidant Polymers). The coating is performed by following the manufacturers’ instructions. Coated
chips are spotted with the M2 Precise Dispensing Spotter (M2). The spotted chips are left at 70%
humidity overnight, then blocked with a 50 mM ethanolamine solution, rinsed in DI water, and
finally dried under nitrogen stream. Chips are stored at 4 °C until used. Before proceeding with the



Proceedings 2020, 4, x FOR PEER REVIEW 40f8

experiment, chips are mounted with a 130um adhesive spacer and a coverglass, as shown in Figure
2a.

2.3. Samples and Reagents

All reagents were purchased from Sigma-Aldrich. The fumonisin and fumonisin antibody
samples were provided by Neogen, Inc. The antibodies were produced by injecting mice with
fumonisin-conjugated Cholera Toxin B (CTx) or Keyhole Limpet Hemocyanin (KLH). Ten antibodies
per type were analyzed, and those are referred to as CTx1-(...)-CTx10, KLH1-(...)-KLH10.

3. Results

3.1. Noise Reduction Methods: Spatial and Temporal Averaging

The IRIS system is based upon detection of biomass accumulation through interferometric
imaging, and the images are acquired with a CMOS camera (FLIR GS3-U3-51S5M-C). In such a
system, the dominant noise component is shot noise. Shot noise is defined as the noise due to the
intrinsic probablilistic nature of light, and it increases with the number of detected photons, with a
square root trend. Given its probabilistic nature, the simplest and most effective way to reduce shot
noise is by averaging. In our specific case, two types of averaging can be performed:

e  Temporal averaging, that is, capturing a well-defined number of frames in a certain time interval
and averaging them together to obtain a single image.
e  Spatial averaging, that is, averaging together a well-defined number of pixels in a single frame.

Both of these averaging techniques contribute to reduce the shot noise, with a potentially
unlimited improvement in sensitivity. Realistically, the sensitivity limit depends on the utilized
hardware and on the computational memory available. For our purposes, we established 100
frames/image to be the best compromise in terms of temporal averaging, where the limiting factor
was the RAM of the computer utilized for the experiments. For what concerns spatial averaging, we
ran a proof-of-concept experiment of biotin binding to streptavidin to demonstrate its impact on the
sensitivity reached by our system.

Proof-of-Concept: Biotin Detection (244 Da)

Biotin is a well-known molecule in the biophysics field, since its interaction with streptavidin is
almost as strong as a covalent bond. This exceptional feature makes it so that biotin is oftentimes
conjugated to other molecules to anchor them to a surface through its interaction with streptavidin.

Here, we demonstrated detection of biotin binding to a streptavidin functionalized chip.
Streptavidin was immobilized at a spotting concentration of 1 mg/mL and biotin was flowed for 10
min at a concentration of 1uM, preceded and followed by a wash in PBS-1X. The velocity of the flow
was kept constant at 200 uL/min.

Due to its incredibly high affinity with streptavidin, the binding curve looks like a step. For this
experiment, 50 streptavidin spots were imaged simultaneously. In Figure 4, the binding curve
detected for single spots is shown, and in green we show the average of these curves. As it is clear
from this figure, on a single spot the biotin binding signal can be barely distinguished from the
background noise, while averaging 50 spots increases the SNR ratio from ~2 to ~50. These
considerations were utilized and applied to the detection of a dangerous food toxin, as described in
the following paragraphs.
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Figure 4. Biotin-Streptavidin binding experiment. (a) binding curves as measured on 50 single spots.
Average shown in green. (b) binding curve obtained by averaging 50 streptavidin spots.

3.2. Characterization of Fumonisin B1 Toxin

Fumonisin is a corn fungi-produced mycotoxin. It affects corn crops all over the world, causing
mycotoxicoses which can sometimes lead to death. It is therefore crucial for the food industry to be
able to efficiently identify and characterize this toxin.

In our assay, we immobilized 20 antibodies that resulted positive to the toxin in an ELISA assay
(data not shown) onto an IRIS chip, that was previously activated with MCP-2 polymer as indicated
in the materials and methods. The spotted chip was mounted on the IRIS setup and dry images of
the spots were acquired, as shown in Figure 5. The image of the chip shows 440 spots, 40 negative
spots (BSA) and 20 spots dedicated to each antibody. The antibodies were divided into two
subgroups, since they were purified from mice injected with two different fumonisin cojugates,
namely Cholera Toxin B subunit (CTx) and Keyhole Limpet Hemocyanin (KLH). The different
intensity of the spots is related to the different concentration at which they were spotted, which
depended on the purification yield.

Figure 5. Dry IRIS image of a spotted chip. Ten antibodies per type (KLH, CTx) were spotted, twenty
spot each, along with 40 negative spots (two columns).

As a first stabilization step, PBS 1X was flowed for 20 min across the surface of the chip, followed
by fumonisin at 100 uM, and real-time images were acquired in order to obtain the binding curves.
PBS 1X was then flowed again in the chamber, to perform dissociation.

Binding of fumonisin was detected on 18 out of the 20 antibodies In Figure 6, six curves are
shown as a representative set. There, the dotted black curve represents the negative, the red line
indicates the fitted association part of the binding curve, while the blue line highlights dissociation.
The curves were fitted with a simple 1:1 Langmuir model. The association and dissociation constants
of the selected six antibodies are reported in Table 1. The complete data set is available at [8].
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Figure 6. Binding curves for fumonisin B1 binding to six different antibodies. Complete data set
available at [8]. Figure from [8].

Table 1. Association, dissociation and equilibrium constants for ten fumonisin antibodies screened
against fumonisin at 100uM. Complete data set available at [8].

Antibody kon(M-'s) korr(s) Kb (UM)

CT1 156+22 682+32 44+22

CT5 30.8+27 513+19 17x6

CT8 20.0+21 5321 27+11
CT10 13.6 £2.7 39+£32 2824
KLH3 9.3+1.1 141+£3.0 151+37

KLH4 31.9+57 215+53 67+22

4. Discussion

The results obtained with the IRIS setup for biotin detection highlight the impact that temporal
and spatial averaging have on the sensitivity of the system. These results will be further improved
by increasing the fill factor (FF) of the surface, and by employing a new camera with a larger full well
capacity and faster frame rate, as shown in Figure 7. The black line in this figure represents the direct
conversion between the measured reflectance signal and biomass accumulation. There, some
important points are highlighted: So, which is the sensitivity of the current system without any
temporal or spatial averaging applied (purple), around 3 ng/mm?. This sensitivity level would not be
enough to even detect binding of large molecules such as antibodies (marked in red, the average
signal obtained with an IgG binding curve). In orange and dark blue, respectively, are the signals
reached with biotin and fumonisin binding experiments. These two points are clearly above the
sensitivity level reached with the current system (Scurent = 1 pg/mm?, in green), by applying spatial
and temporal averaging. However, major improvements can still be made. For example, in the biotin-
streptavidin experiments, the spots only occupied the 5% of the image (that is, 271,286 out of the
available 5,013,504 pixels on the sensor). The ratio between active and inactive pixels on an image is
defined as the fill factor (FF). Regular microarrays do not achieve a good fill factor, since they
prioritize multiplexing and therefore usually feature many small spots. By printing bigger spots, the
fill factor can potentially be improved up to 40%, achieving a sensitivity of 0.2 pg/mm? on the current
system through additional averaging. Moreover, if the current camera (GS3-U3-51S5M-C, FWC =
10,361) was substituted with a camera that features a larger full-well capacity (FWC), like the FLIR
BFS-U3-17S7M (FWC = 98,654), the sensitivity could further be improved to 0.05 pg/mm?[8].
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Figure 7. Conversion between measured reflectance signal and biomass accumulation. Highlighted
are the standard sensitivity of the IRIS system (purple), the sensitivity achieved with spatial and
temporal averaging (green), the sensitivity of a system with a larger FWC camera and a higher FF
(light blue) and three experimental data points of average binding signal (IgG, red; biotin, orange;
fumonisin, dark blue) [8].

For what concerns the accuracy of the kinetic data, fumonisin results are in accordance with
what is expected from ELISA and lateral flow assays, as well as with theoretical predictions [8]. We
carried out simulations to evaluate the estimated biomass accumulation by calculating the expected
number of biomolecules that can bind to the immobilized probes, based on spotting concentration,
spotting yield and spot size. If one predicts the biomass accumulated on streptavidin spots, for biotin
at the utilized concentration, a very similar value to the experimental one is obtained, as
demonstrated in [8] (theoretical: #46 pg/mm? experimental: 40.3 + 1.5 pg/mm?).

These calculations yielded an expected value for biotin higher than the one predicted for
fumonisin, even though biotin has a smaller molecular weight (244 Da vs. 721 Da), but this can be
explained in a fairly simple way. Streptavidin possesses four binding sites for biotin, and therefore,
if one excludes the binding sites made unavailable by the immobilization process, two biotin
molecules are expected to bind to each streptavidin molecule, on average (Figure 8a). On the other
hand, fumonisin antibodies only have two binding sites for the toxin per molecule, and, on average,
one of them is made unavailable by immobilization on the polymeric matrix. Therefore, only one
molecule of fumonisin is expected to bind to each antibody molecule, as shown in Figure 8b, giving
a theoretical value of 27 pg/mm?, fairly close to the experimental value of 20.9 + 7 pg/mm? (average
across all antibodies).

MCP-2 polymer
matrix

Figure 8. A scheme of (a) biotin binding to streptavidin (expected 2:1) and (b) fumonisin binding to

an anti-fumonisin antibody molecule (expected 1:1).
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In conclusion, a highly sensitive, versatile and highly multiplexable sensor has been
demonstrated, with virtually unlimited potential for improvement in terms of sensitivity. We are
confident that our system could be a very useful tool for researchers working on antibody
characterization and drug screening and development.
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