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ABSTRACT: Here we describe the use of DNA-conjugated antibodies for rapid and sensitive
detection of whole viruses using Single-Particle Interferometric Reflectance Imaging Sensor (SP-
IRIS), a simple, label-free biosensor capable of imaging individual nanoparticles. First, we
characterize the elevation of the antibodies conjugated to a DNA sequence on a three-dimensional
(3-D) polymeric surface using a fluorescence axial localization technique, Spectral Self-
Interference Fluorescence Microscopy (SSFM). Our results indicate that using DNA linkers
results in significant elevation of the antibodies on the 3-D polymeric surface. We subsequently
show the specific detection of pseudotyped Vesicular Stomatitis Virus (VSV) as a model virus on
SP-IRIS platform. We demonstrate that DNA-conjugated antibodies improve the capture
efficiency by achieving the maximal virus capture for an antibody density as low as 0.72 ng/mm?,
whereas for unmodified antibody, the optimal virus capture requires six times greater antibody
density on the sensor surface. We also show that using DNA conjugated anti-EBOV GP (Ebola
virus glycoprotein) improves the sensitivity of EBOV-GP carrying VSV detection compared to
directly immobilized antibodies. Furthermore, utilizing a DNA surface for conversion to an
antibody array offers an easier manufacturing process by replacing the antibody printing step with
DNA printing. DNA-directed immobilization technique also has the added advantages of
programmable sensor surface generation based on the need and resistance to high temperatures
required for microfluidic device fabrication. These capabilities improve the existing SP-IRIS
technology, resulting in a more robust and versatile platform, ideal for point-of-care diagnostics

applications.
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INTRODUCTION

Protein microarrays are commonly used in many applications, including biomarker
detection, protein-protein interaction analysis, and drug screening'”. Although protein
microarrays have the potential to be powerful tools for many proteomics and diagnostics
applications, technical challenges related to the microarray production limit the
capabilities of this technology. One challenging aspect of protein microarray production
is printing the proteins onto the microarray surface. Traditional surface chemistries, such
as amine-reactive surfaces, might affect antibody activity by masking the antigen binding
sites due to multiple covalent interactions between the antibody and the surface™. In
addition, some antibodies might lose their activity due to steric hindrance by the surface
and adjacent antibody molecules®. Moreover, issues such as non-uniform spot
morphologies and variable protein immobilization within and across microarrays affect
the accuracy and robustness of the assay’ ". To address these issues affecting the
performance of protein microarrays, researchers have explored alternative methods of
protein immobilization to facilitate antibody activity and improve the assay robustness
and sensitivity. Recent developments in the bioconjugation field make it possible to
modify molecules easily to allow generation of versatile surface chemistries for protein
immobilization. One such technique, DNA-directed immobilization (DDI), combines the
robustness of DNA microarrays with the diagnostic utility of proteins through the use of
protein-DNA conjugates to functionalize a DNA surface for subsequent antigen

10-19
capture .

In DDI, each antibody is encoded by a specific DNA sequence covalently attached to it.
The antibodies immobilize on their complementary ssDNA probes on the sensor surface
via sequence specific DNA-DNA hybridization (Figure 1b). This immobilization
approach has several advantages over direct covalent attachment of antibodies. Previous
studies demonstrated that DNA-tethered antibodies provide increased antigen binding

capacity'”, improved spot homogeneity’’ and assay reproducibility'**

compared to
covalently attached antibodies. Using DNA linkers as a spacer between the sensor surface
and the immobilized molecules potentially enhances the availability of binding sites for

analyte capture by decreasing the steric hindrance and allowing more favorable
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orientations for binding. Moreover, DNA microarray production is less laborious than
protein microarray fabrication due to easy optimization of DNA printing. Additional
advantages of DNA-directed antibody immobilization include the ability to reprogram the
sensor surface by using a different set of antibodies conjugated to the same DNA
sequences, resilience of DNA microarrays to conditions such as high temperature
required during microfluidics fabrication, and surface regeneration by dehybridization of

the antibody-DNA conjugates.

In this paper, we explore the use of DDI in combination with a simple, label-free
biosensor developed by our group that can individually count and size the nanoparticles
bound to capture probes on the sensor surface’ **. This sensor, referred to as SP-IRIS
(Single Particle - Interferometric Reflectance Imaging Sensor), has been shown to
perform sensitive and multiplexed detection of whole viruses from serum and blood
samples without the need for labeling and sample preparation”?*. Previous studies
utilizing DNA linkers for protein immobilization and subsequent antigen detection used

12,15,20

techniques that require labeling such as fluorescence microscopy , or that consist of

complicated optical platforms such as surface plasmon resonance (SPR)'"'*!'"** and
micro-ring resonators'. In this work, we show the feasibility of detection of individual
viruses on a DNA surface functionalized with antibody-DNA conjugates using SP-IRIS,
a simple and label-free technique that has a great potential to be utilized as a rapid virus

diagnostics platform.

We first evaluate the axial position of the antibodies in the antibody-DNA conjugates
hybridized to surface DNA probes of different lengths on a 3-D polymeric surface using
Spectral Self-Interference Fluorescence Microscopy (SSFM). Recently, it has been
suggested that orienting and elevating the surface-immobilized antibodies improves the
capture efficiency of the antibodies®”***’. Therefore, it is very important to characterize
the surface properties to optimize the target capture on a microarray surface. While one
previous study used AFM to measure the height of a streptavidin-DNA conjugate and
subsequent axial height increase upon binding of biotinylated IgG molecules'®, this work

did not address the effect of DNA probe length on the axial position of the antibody.
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Furthermore, this work utilized a 2-D gold substrate for DNA immobilization, which was
reported to have around fifty times less immobilization than the 3-D polymeric coating
used in our work”™ . Since increased surface coverage and 3-D structure of this polymer
can greatly affect the orientation and behavior of the immobilized molecules, it is crucial
to evaluate and optimize the probe properties in the context of this surface chemistry.
Following optimization of the DNA probe length for DDI technique, we compare the
virus capture efficiencies of the DNA-tethered antibodies and directly spotted antibodies
on SP-IRIS platform using a Vesicular Stomatitis Virus (VSV) pseudotype (genetically
engineered VSV that expresses surface glycoproteins of Ebola virus) as a model virus.
We show that the DNA-encoded antibodies improve the virus capture efficiency,
resulting in an improvement of the assay sensitivity. These improvements provided by
DDI will have implications for transformation of SP-IRIS platform into a sensitive and

robust technology for viral diagnostics applications.

a) b) DNA spotted sensor surface
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DNA-directed antibody immobilization
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Figure 1. (a) The images of an SP-IRIS chip and an assembled microfluidic cartridge for in-
liquid SP-IRIS measurements. (b) A schematic representation of SP-IRIS substrate surface with
ssDNA spots and the conversion of this DNA chip into a multiplexed antibody array through
hybridization of antibody-DNA conjugates.
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EXPERIMENTAL SECTION

Materials and reagents. Silicon chips (10 mm x 10 mm) with a patterned thermally
grown silicon dioxide of 100 nm were purchased from Silicon Valley Microelectronics
(Figure 1a). For in-liquid single particle detection experiments, the oxide was etched
down to 30 nm (+ 2 nm) due to increased visibility of the virus particles in solution at this
thickness>’. Custom-designed, disposable microfluidic cartridges were purchased from
ALine (Figure 1a). For SSFM measurements, silicon wafers with 17.5 wm thick thermally
grown oxide layer (Silicon Valley Microelectronics) were diced into 15 mm x 15 mm
square chips. HPLC purified 5'-aminated ssDNA molecules were purchased from
Integrated DNA Technologies. 5'-aminated, Atto647 fluorophore labeled 60-bp DNA
was synthesized by IBA GmbH (Goettingen, Germany). Monoclonal antibodies (mAbs)
against Vesicular Stomatitis Virus (VSV) glycoprotein (8G5) and Ebola virus (EBOV)

31733 were provided by John H. Connor and Mapp Biopharmaceutical,

glycoprotein (13F6)
respectively.

Preparation of Vesicular Stomatitis Virus (VSV) pseudotypes. The VSV-based
pseudotype virus expressing EBOV glycoprotein (EBOV GP) was produced by inserting
the cDNA coding the relevant glycoprotein in place of VSV glycoprotein in the genome
as described previously®*. Expression of EBOV GP was confirmed by Western blotting.
Virus stocks were prepared using Vero cells cultured in DMEM with 10% FCS and 1%
L-glutamine. Virus titers were determined by standard plaque assay method.

Sensor preparation. The chips were cleaned by sonicating in acetone, and rinsed with
methanol and dI water and dried under nitrogen. The chips were then functionalized with
a polymeric coating (MCP-2, Lucidant Polymers), a copoly(DMA-NAS-MAPS) polymer
described in detail elsewhere®. This copoly has reactive NHS groups for covalent
attachment of antibodies and amine-modified DNA molecules. For the coating process,
the chips were treated with oxygen plasma and then immersed in a 1X polymer solution
diluted with Solution A2 (Lucidant Polymers). After 30 minutes, the chips were rinsed
with dI water, dried with nitrogen, baked at 80°C for 15 minutes and stored in a

desiccator until spotting.
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Spotting of biomolecules. Antibodies and amine-modified DNA molecules were
spotted on polymer-coated chips using Scienion S3 Flexarrayer (Berlin, Germany)
piezoelectric arrayer. All antibodies were spotted in PBS with 50 mM Trehalose. All
ssDNA surface probes were spotted at a concentration of 30 uM in sodium phosphate
buffer (150 mM, pH = 8.5). The spotted chips were kept overnight in the spotter chamber
at 67% humidity. Following the overnight immobilization, the chips were washed with 50
mM Ethanolamine in 1X Tris-buffered saline (150 mM NaCl and 50 mM Tris-HCI,
Fisher Scientific), pH = 8.5, for 30 min to quench the remaining NHS groups in the
polymer, then washed with PBST (PBS with 0.1% Tween) for 30 min, rinsed with PBS
and Nanopure water and dried with nitrogen. DNA spots had a diameter of ~100 - 120
um and antibody spots had a diameter of ~150 wm.

Antibody-DNA conjugate synthesis. Antibody-DNA conjugates were synthesized by
using Thunder-Link Oligo Conjugation Kit (Innova Biosciences). DNA concentration
used in the reaction was optimized to yield 1-2 DNA sequences per antibody. 40 uM 5'-
aminated ssDNA was reacted with 1 mg/ml monoclonal antibody (8G5 or 13F6)
according to the manufacturer’s instructions. After conjugation, the concentration of the
antibody-DNA conjugates (antibody part) was measured by Bradford assay, and the DNA
concentration was measured from the absorbance at 260 nm using NanoDrop (Thermo
Scientific). Both 8G5 and 13F6 mAb conjugates were measured to have a DNA-to-
antibody ratio of approximately 1.5, which indicates that some of the antibodies carried
one DNA strand whereas some others carried two. DNA sequences that are used for
conjugation to the mAbs (A and B sequences) and their complementary surface probes
(A" and B') are summarized in Table 1. DNA sequences were designed by using
OligoAnalyzer tool (Integrated DNA Technologies) to minimize the hairpin, self-dimer
and heterodimer structures to increase the hybridization efficiency and prevent cross
hybridization. 5-bp polyA sequence was added as a spacer to the antibody-linked DNA
sequences. Antibody-DNA conjugates will be denoted in the text by adding the letter
representing the DNA sequence to the antibody name as follows: 8G5 — DNA "A" and
13F6 — DNA "B", for antibodies against wild-type VSV (WT-VSV) and EBOV GP
pseudotyped VSV, respectively.
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Table 1. DNA sequences conjugated to the antibodies (A and B) and their corresponding
surface probes (A’ and B’). Complementary regions between the two sequences are

underlined.

Antibody  Oligo sequences (5’ — Aminated)

A: 5" AAAAAGCCTACGAATGAACA
GACTG 3’

8GS A': 5" ATATGTACCCACCGCTATTC
CAGTCTGTTCATTCGTAGGC 3’
B: 5" AAAAATACAGAGTTAGTCGC
AGTGG 3’

13F6

B": 5" ATCCGACCTTGACATCTCTA
CCACTGCGACTAACTCTGTA 3’

Optical set-up and data analysis. Surface density of immobilized antibodies were
measured using the Interferometric Reflectance Imaging Sensor (IRIS), an
interferometric biosensor that can quantify biomass accumulation on Si/SiO; substrates in
a high-throughput microarray format®~®*’. In this set-up, four different wavelength
LEDs illuminate the substrate sequentially and the reflected light intensities are recorded
by a CCD. The intensity values at each wavelength for each pixel are then fitted to a
reflectivity curve from which the optical thickness of the transparent film (SiO; plus any
biomolecule layer) is obtained’®. The thickness values for each pixel are then mapped to a
grayscale image. This image is analyzed by custom software where the thickness of each
spot is calculated by subtracting the average thickness of a circular area around the spot
(background) from the average thickness of a circular region drawn in the spot covering
80% of the spot. The spot thicknesses are converted to biomass densities using the
conversion factor of 1 nm = 1.2 ng/mm” for IgG molecules and 0.8 ng/mm” for DNA
molecules™ .

SSFM measurements were performed to determine the optimal DNA probe length for
the DDI method. SSFM can determine the average axial height of fluorophores above a
Si/Si0; layered substrate from the spectral oscillations caused by the interference
between direct and reflected waves of emitted fluorescence®”. SSFM has been shown to

determine the average axial position of DNA molecules tagged with fluorophores with
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39,40

sub-nanometer resolution”"". The optical set-up, data acquisition, and the fluorescence

spectra processing of SSFM to obtain average axial fluorophore heights have been
previously described in detail elsewhere®*,

All virus detection experiments were performed in-solution using SP-IRIS and 30nm-
oxide chips mounted into a microfluidic cartridge (Figure la) via a pressure sensitive
adhesive (PSA). Assembled cartridges were placed on the SP-IRIS stage and connected
to a syringe pump (Harvard Apparatus, PHD 2000). A flow rate of 3 pl/min was used for
all in-liquid experiments. SP-IRIS uses a single wavelength to illuminate the substrate
and a high-magnification objective (40x, 0.9 NA) to image the individual particles
directly on the camera. Captured particles appear as bright dots in the image. Background
normalized intensities of these dots are correlated to particle size via a forward-model*’.
The focus was maintained using CRISP autofocus system (Applied Scientific
Instrumentation, MFC-2000) during scanning of an array of spots. SP-IRIS images were
analyzed using custom software that identifies the particles based on local intensity peaks
and their correlation with Gaussian-type intensity profile. To determine the captured virus
density in a spot, we find the particles in the appropriate size range expected for the virus
of interest in the pre- and post-incubation images. We then subtract the pre-incubation
particle counts from the post-incubation particle counts and divide by the spot area. The
signal is expressed as a density to be able to compare the signals between spots of
different size.

Determination of axial position of antibody-DNA conjugates hybridized to
surface-immobilized DNA of different lengths. 20mer, 40mer, and 60mer ssDNA
surface probes and 8GS5 antibody were spotted on a polymer coated SSFM chip along
with a control DNA sequence with a fluorophore tag (Atto647) on the surface-proximal
end. The spotted and washed chip was incubated with 5 ug/ml 8G5 — DNA "A" conjugate
for 1 hour on a shaker, washed with PBS twice, washed with 0.5 M sodium nitrate buffer
twice and then dipped in cold 0.1 M sodium nitrate buffer*”. The chip was then incubated
with 10 wg/ml fluorescent secondary antibody (Alexa Fluor @635 goat anti-mouse IgG,
Life Technologies) for 1 hour and washed as before. The chip was assembled into a

customized flow cell*’ which was fixed onto a two-axis positioning micro-stage. The
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flow cell was filled with PBS and the fluorescence emission was recorded using SSFM
for 18 replicate spots for each probe type.

Surface antibody density measurements and subsequent in-liquid virus detection
experiments. For investigating the effect of antibody density on the captured virus
density, 13F6 mAb was spotted at six different concentrations (0.3, 0.9, 2.0, 3.1, 4.3, and
5.3 mg/ml) with 6 replicate spots for each concentration on both a 100 nm-oxide chip for
biomass quantification and a 30 nm-oxide chip for in-liquid virus detection. To create a
varying degree of immobilization for 13F6 — DNA "B" conjugate, B’ probe was spotted
at 6 different concentrations (3, 6, 12, 18, 24, 30 uM) on 30 nm- and 100 nm-oxide chips.
Two separate SP-IRIS chips (one 30 nm-oxide and one 100 nm-oxide) were also spotted
with a non-complementary DNA sequence and 8 G5 mAb as negative control chips.

After spotting, the chips were washed as mentioned before and 100 nm-oxide chips
were imaged with IRIS to obtain the thicknesses of ssDNA and directly immobilized
antibody spots. Next, both the DNA and the negative control chips were incubated with
13F6 — DNA "B" conjugate (at 5 pg/ml in PBS with 1% BSA) for 1 hour in a 24-well
plate on a shaker. After the incubation ended, the chips were washed with PBS twice,
with 0.5 M sodium nitrate buffer twice, and then dipped in cold 0.1 M sodium nitrate
buffer and dried with nitrogen. The increase in spot thickness due to the hybridization of
13F6 — DNA "B" conjugate was measured by imaging the chip again with IRIS and
subtracting the initial ssDNA spot thickness from the post-hybridization spot thickness
for each spot. We further subtracted the thickness contributed by the DNA sequences
attached to the antibody to determine the antibody thickness on a given DNA spot.

Single virus detection experiments were done in-liquid by mounting the antibody and
DNA chips into microfluidic cartridges. For DNA spotted chip, 13F6 — DNA "B"
conjugate was flowed at a concentration of 5 pug/ml in PBS with 1% BSA for 1 hour
followed by a 400 pl PBS wash step. Then, SP-IRIS images of 6 spots for each probe
density were acquired to obtain the pre-incubation particle counts. Next, 10* PFU/ml
EBOV GP pseudotyped VSV was flowed over the chip for 30 minutes, the channel was
washed with 400 pl PBS and the spots were imaged with SP-IRIS again. For the antibody
chip, the pre-incubation images were acquired after filling the channel with PBS with 1%

BSA. The chip was then incubated with the same virus dilution for 30 minutes and image
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acquisition was performed as described for the DNA chip. The images were then
analyzed for bound virus particles for each spot. The 30 nm-oxide negative control chip
was mounted in a different cartridge and incubated first with the 13F6 — DNA "B"
conjugate and then the same virus dilution as the two previous chips.

Determination of limit of detection (LOD) for EBOV-pseudotyped VSV detection.
For the comparison of directly immobilized and DNA-conjugated 13F6 antibody in terms
of LOD for EBOV GP pseudotyped VSV detection, 13F6 mAb and 5'-amine-modified B’
sequence were spotted on 30 nm-oxide SP-IRIS chips at a concentration of 3 mg/ml and
30 uM, respectively. Spotted and washed chips were mounted in the microfluidic
cartridges, and 5 ug/ml of 13F6 — DNA "B" conjugate (in PBS with 1% BSA) was
flowed for 30 minutes. After washing the channel with 400 pl PBS, the EBOV-
pseudotyped VSV in PBS with 1% BSA was flowed for 1 hour. Five different titers in the
range of 500-32000 PFU/ml were tested. The SP-IRIS image acquisitions were done
before the virus flow (in PBS with 1% BSA) and at the 15™ and 60™ minutes of the
incubation by scanning 5 replicate spots for both directly spotted 13F6 spots and DNA

spots.

RESULTS AND DISCUSSION

Optimization of antibody height from the sensor surface. We first investigated the
axial positions of antibodies immobilized on a 3-D polymeric surface via both direct
covalent attachment and DDI. Our purpose was both to compare the axial positions of
directly immobilized and DNA-tethered antibodies and to optimize the DNA probe
length for the virus detection experiments. To this end, a polymer coated SSFM chip was
spotted with 8G5 antibody, ssDNA probes of three different lengths (20-bp, 40-bp and
60-bp) and a control ssDNA sequence, 18 replicate spots for each condition. The chip
was first incubated with 8G5 — DNA "A" conjugate which is fully complementary to the
20-bp probe (except for the 5-bp spacer sequence) and partially complementary to 40-bp
and 60-bp probes and then with fluorophore labeled secondary antibody (Figure 2b).
Figure 2a shows the spectral interference signature of the ensemble of fluorophores from
a single spot for two different cases: directly immobilized and DNA tethered (40-bp) 8G5
antibody. Figure 3 demonstrates the effect of DNA probe length on the average
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fluorophore heights that are calculated by subtracting the average polymer thickness from
the fluorophore-to-surface distance to yield the average axial positions of 2° antibody-1°
antibody-DNA complexes. Average polymer thickness (average height of binding sites in
the polymeric scaffold) was measured from the control DNA sequence labeled with
Atto647 fluorophore at the surface-proximal end. Without any DNA linkers, antibody
complex had an average axial height of 11.8 nm, which is in good agreement with our
previous SSFM results that showed an average ~6 nm axial height for Cy3-labeled 8G5
mADb directly spotted on the polymer (data not shown). 20mer DNA tether increased the
average height of 2° antibody-1° antibody complex by 5.8 nm, which is smaller than the
expected increase for a fully extended length of a 20-bp DNA (6.8 nm). This is due to the
thermal fluctuations causing different orientations and random rotations for short DNA
molecules in the polymeric scaffold"'. Moreover, DNA molecules penetrate into the
polymer and distribute themselves axially depending on the length of the DNA. Shorter
DNA sequences penetrate into the polymeric scaffold deeper, which might also have
contributed to reduced average fluorophore height. 40mer DNA probe, 20-bp of which is
complementary to the Ab-DNA conjugate, elevated the antibody a further 8.3 nm, which
is more than what is expected from the addition of another 20-bp long DNA. This large
increase in height for the 40-bp spacer is due to the fact that longer DNA strands
immobilize at higher axial positions in the polymer scaffold and steric hinderance and
electrostatic repulsion orients the DNA molecules. The fluorophore height increased an
additional ~2.4 nm for the 60-bp probe case. This small height increase is most likely due
to the fact that the ssDNA portion of the 60-bp (40-bp long) assumes a random coil
conformation, decreasing the height of the antibody”. We selected the 40-bp as the
optimal probe height since it provided substantially greater elevation of the antibody from
the surface compared to the 20mer probe. 60-bp probe does not provide a significant
advantage over 40-bp probe and also, it is easier to overcome design challenges such as

formation of secondary structures with the selection of a shorter DNA probe.
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Figure 2. (a) The fluorescence emission spectra of the flurophores measured from a single spot
for both the direct immobilization (dashed line) and 40bp-DNA cases (solid line). Other probe
lengths were omitted for simplicity. (b) A schematic representation of the SSFM substrate
showing the antibodies immobilized on DNA probes of different lengths. Baseline film thickness
(shown by the dash-dotted line) is measured by immobilizing a control DNA sequence with a
surface-proximal fluorophore. Ah represents the average axial height of the fluorophores from the
baseline film thickness.
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Figure 3. The effect of the DNA probe length on the axial position of the antibody. Average
fluorophore heights (Ah) were measured in PBS using SSFM and plotted as a function of DNA
probe length. 0-bp corresponds to directly immobilized antibody. Data points are connected using
a dashed line to emphasize the significant height increase between the 20-bp and 40-bp DNA
probes. Error bars indicate the variation among 18 replicate spots.

Comparing virus capture efficiencies of directly immobilized and DNA-tethered
antibodies: For this experiment, both types of IRIS measurements (biomass
quantification and single-particle imaging) were performed and the correlation between
the surface antibody density and the captured virus density was investigated for an Ebola
virus glycoprotein monoclonal antibody (13F6) that was either directly immobilized on
the sensor chip or tethered to surface via DNA linkers. The EBOV-pseudotyped VSV
titer used for this experiment was 10* PFU/ml. This titer was selected since it provides a
good amount of signal without saturating the spot images with particles, allowing the
particle detection algorithm to find the individual particles more accurately. A plaque
forming unit does not reflect the actual number of viral particles in a virus sample. The
particle to PFU ratio for viruses varies widely. For EBOV GP pseudotyped VSV, we
estimate a conversion factor of at least 100, i.e., 1 PFU corresponds to about 100 virus
particles.

In Figure 4b, the average spot thicknesses (1 nm of spot thickness corresponds to 1.2
ng/mm” of surface antibody density) obtained from biomass measurements were plotted
against the average captured virus densities for different degrees of immobilization (n =6

replicate spots). For the directly immobilized antibody, the captured virus density
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increases linearly with the immobilized antibody density. For the DNA-tethered antibody
(13F6 — DNA "B"), on the other hand, captured virus density reaches the maximum level
with an antibody spot height as low as 0.6 nm (corresponding to a surface density of 0.72
ng/mm?). Directly immobilized antibody requires approximately 6 times denser
immobilization to reach the maximum virus capture. Further, the maximum virus density
for the DNA-conjugated antibody is higher than that of the unmodified antibody. The fact
that the unmodified antibodies cannot reach the virus capture level of DNA-linked
antibodies even at the highest surface density provides evidence for the hypothesis that
not all of the antibodies on the surface remain functional, perhaps due to the blockage of
binding sites or the steric hindrance between the antibody molecules. DNA-conjugated
antibodies, on the other hand, are tethered to the surface via one or two DNA linkers,
which can help expose the antigen binding sites. Also, the significant elevation of the
antibodies from the surface, as shown by our SSFM experiments (~ 14 nm), may provide
increased flexibility and decreased steric hindrance from the surface and adjacent
antibody molecules. Overall, these results indicate that the DNA-conjugated antibodies
show increased capture efficiency compared to covalently attached antibodies. Moreover,
the fact that the optimal performance is observed over a large range of immobilization
densities has implications for the increased reproducibility and robustness of the assay.
Specificity of the antibody-DNA conjugates was also evaluated by first functionalizing
the DNA surface with 8G5 — DNA "A" and 13F6 — DNA "B" conjugates and flowing the
WT-VSV and EBOV-pseudotyped VSV sequentially in the microfluidic channel. Our
results demonstrate the sequence-specific immobilization of the two antibody-DNA
conjugates and subsequent specific detection of two types of viruses (Figure S1 and

Figure S2).
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32 surface density are brighter. A negative control antibody and a non-complementary DNA
33 sequence were also spotted on a separate chip (not shown). (b) Effect of surface antibody density
34 (1 nm = 1.2 ng/mm?) on virus capture for both unmodified and DNA-conjugated antibody.
35 Average virus densities obtained from SP-IRIS images were plotted against the average antibody
36 film thickness obtained from IRIS biomass measurements (n = 6 spots). The ellipses indicate the
37 range of surface antibody densities where the optimal virus capture occurs.
38
39 Determining the assay sensitivity for EBOV-pseudotyped VSV detection:
40
41 Comparing directly immobilized and DNA-conjugated antibodies. To determine how
jé the improvement in the capture efficiency of DNA-conjugated 13F6 antibody affects the
jg assay sensitivity, we spotted B’ sequence and 13F6 antibody on SP-IRIS chips. We
jg performed EBOV-GP pseudotyped VSV detection experiments using different virus titers
48 and incubation times with both the covalent and the DNA-directed immobilization
49 . .
50 approaches. We inspected the covalently attached antibody spots to ensure that the
g; immobilization is in the optimal range (4 - 5 nm). We tested different virus titers in the
gi clinically relevant range (10° — 10" PFU/ml) and different incubation times (15, 30 and 60
55 minutes). For all experiments, we first performed DNA-directed immobilization of 13F6
56
57 antibody by flowing the 13F6 — DNA "B" (at 5 ug/ml in PBS with 1% BSA) for 30 min.
58
59
60
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Next, we washed the channel with 400 ul PBS, flowed EBOV pseudotyped VSV, and
analyzed the virus densities on the DNA-tethered and covalently attached 13F6 spots.
Figure 5 shows the comparison of captured virus densities for the two types of
immobilization techniques. Each data point, indicated by a letter next to it, represents
captured virus densities obtained from an independent experiment. (The experimental
conditions for each experiment are shown in the table.) These results show that the
capture efficiency of the DNA-linked antibodies is higher than that of the covalently
attached antibodies across different experiments performed with various virus titers and
incubation times. Capture efficiency improvements are reflected in the #-fold increase
values (Figure 5). The increase in the capture efficiency is much higher at low titers of
the virus and at shorter incubation times, shown by A, B, C, D data points. This is an
expected result since, at lower virus concentrations, there are fewer targets available for
binding and the number of binding events decreases significantly, decreasing the capture
efficiency. Therefore, it becomes more critical for the immobilized antibodies to be
available for binding. As discussed earlier, DNA-conjugated antibodies are elevated
significantly from the surface into the solution, increasing their accessibility. Moreover,
they are more likely to expose their binding sites due to increased flexibility attributed by
the DNA linkers. Similarly, the flexibility and accessibility plays an important role in the
faster binding of the DNA-conjugated antibodies, resulting in improved binding capacity
at shorter incubation times for a given concentration (D vs. E). As the virus concentration
and incubation time increase, the number of binding events increases and the differences
between the capture efficiencies become smaller (E, F, and G), however, DDI still

provides significant improvement in the virus capture efficiency.
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18 ; 5 4 5 3 10 G 1x10 30 1.6
19 Signal on Ab Spots (Count/mm?) x 10*
20
21 Figure 5. Comparing captured virus densities of covalently immobilized and DNA-tethered
22 antibodies. Each data point corresponds to a different experiment using a certain virus
23 concentration and incubation time. Error bars show the variation between 6 spots for a given
24 experiment. Experimental conditions for each experiment are shown in the table. #-fold increase
25 values (the average virus density on the DNA spots divided by the average density on the direct
26 ibod for each experi Iso given. The solid i I bindi
57 antibody spots) for each experiment are also given. The solid line represents equal binding
28 capacity whereas the dashed line represents a 2-fold increase in binding by DNA-tethered
29 antibody. DNA-conjugated 13F6 demonstrates higher capture efficiency for all of the
30 experiments. For low virus concentrations and shorter incubation times, the virus capture ratio
31 gets larger, indicating the increased assay sensitivity.
32
33 We also performed EBOV-GP pseudotyped VSV detection with serially diluted virus
34 . . .. .
35 samples in the range of 32000 - 500 PFU/ml to determine the limit of detection (LOD)
g? using both immobilization techniques. Figure 6 shows the detected virus density for
38 directly immobilized and DNA-conjugated 13F6 spots as a function of virus
39
40 concentration for 15 minute and 1-hour incubations (n = 5 spots). DNA-conjugated 13F6
41 .. . . . ope .
42 captures significantly more viruses compared to directly immobilized 13F6 for all titers
ji of the virus for both time points. This is consistent with our previous results (Figure 5).
jg Detection thresholds were calculated as the average of the signal densities from five 13F6
47 spots (both direct and DNA-conjugated 13F6 spots) incubated with blank sample plus
48
49 three times the standard deviation. Since the threshold values were similar, the larger of
gg the two values was used.
gg For the lowest titer tested (500 PFU/ml), the DNA-conjugated antibody spots showed
54 significant detection (an average signal density of 4350 particlessmm?®) in 15 minutes
55
56 (Figure 6a), which is above the threshold density of 3098 particles'mm”. Directly
57 . .- . . .
58 immobilized 13F6, on the other hand, did not show a signal above the threshold for either
59
60
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the 500 PFU/ml or the 2000 PFU/ml dilutions in 15 minutes. For the 60-minute
incubation, 2000 PFU/ml titer became detectable by the direct antibody immobilization
whereas the signal for 500 PFU/ml still remained in the noise level (Figure 6b). For virus
diagnostics, it is important that the signal detected is well above the threshold to avoid
type II error (a false negative). Therefore, our results suggest that increased virus capture
obtained with the use of DNA linkers improves the assay sensitivity and accuracy for
short assay times. Our results show that the DNA-conjugated 13F6 has an LOD of 500
PFU/ml in 15 minutes whereas LOD for the direct antibody is 8000 PFU/ml in 15
minutes. For 60 min incubation, LOD can be predicted as 2000 PFU/ml for directly
immobilized 13F6. These results indicate that the DDI technique improves the sensitivity
of EBOV-GP pseudotyped VSV detection by an order of magnitude for 15 minute

incubation.
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Figure 6. Comparison of directly immobilized antibodies with DNA-conjugated counterparts in a
EBOV-GP pseudotyped VSV detection experiment with serially diluted virus samples. Captured
virus densities obtained from SP-IRIS measurements were plotted against the virus titer for (a)
15-minute incubation and (b) 60-minute incubation. Virus solutions were prepared by 4-fold
serial dilutions from 3.2x10* PFU/ml sample. Detection threshold, shown as the dashed line, was
calculated as the mean virus density of the five 13F6 spots plus three standard deviations from a
chip incubated with the blank solution (PBS with 1% BSA).

CONCLUSION

We demonstrated feasibility of DNA-directed antibody immobilization for detection of
individual viruses on a microarray surface using SP-IRIS platform. We first characterized
the elevation of the antibody-DNA conjugates from the surface on a 3-D polymeric
scaffold and determined the optimal length of the DNA linkers. Next, we demonstrated
that DNA-conjugated 13F6 antibody improves the capture efficiency of EBOV-GP
pseudotyped VSV detection. Increased capture efficiency has been shown to improve the
assay sensitivity by an order of magnitude for a short incubation time (15 minutes).
Therefore, application of DDI technique to SP-IRIS can accelerate the development of a
rapid and sensitive point-of-care diagnostics platform. DDI technique also offers high
manufacturing capacity and quality since DNA microarrays are easier to prepare than
protein microarrays and are highly reproducible. A large quantity of DNA chips can be
produced and stored at room temperature for extended period of time without

denaturation. When there is need for viral diagnostics, especially in urgent outbreak

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Analytical Chemistry

situations, these DNA microarrays can be functionalized quickly according to the need.
The DDI technique can also help immobilize the capture probes that show poor
immobilization or poor spot morphologies, thereby improving the assay sensitivity and

accuracy.
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