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ABSTRACT

Rapid and quantitatively accurate detection of HIV (human immunodeficiency virus) viral load using a simple workflow, automated
instrumentation, and real-time data processing with easily interpretable output is required for an approach to become practical for point-
of-care environments. We recently demonstrated a form of interferometric scattering microscopy called Photonic Resonator
Interferometric Scattering Microscopy (PRISM) that amplifies the contrast of surface-attached nano-objects via a photonic crystal (PC)
surface. Recently, our team also developed net-shaped DNA nanostructures called “Designer DNA Nets” (DDN) that organize multivalent
aptamer arrays to precisely match the pattern of proteins on the outer surface of intact virions to provide high-affinity and selective bind-
ing. In this work, we demonstrate the combination of DDNs and PRISM for detection of HIV by digital counting of captured viruses. We
compare multivalent DDN-based viral capture to monomeric aptamer and nanobody capture, in which the captured virions are tethered
to the PC surface by a DNA linker. We observe that tethered virions are not fully stationary and that their localized dynamic movement
provides a route for label-free digital-resolution detection with a signal-to-noise ratio of 50, while disregarding the presence of image fea-
tures not related to specific virus capture. We obtain a detection limit of 10* virions/ml with a single-step, room temperature 30-min assay
and excellent selectivity for non-detection of a nonspecific virus and the presence of a high concentration of extracellular vesicles. This
study highlights PRISM’s utility as a means for versatile detection of immobilized particles as part of an assay for affinity molecule
evaluation.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0289982
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INTRODUCTION

Acquired immunodeficiency syndrome (AIDS), caused by infec-
tion with human immunodeficiency virus (HIV), continues to impact
39 million people worldwide, and regular monitoring of viral load is an
essential tool for reducing morbidity and detecting drug resistance or
improper treatment adherence. Access to frequent, accurate, and
highly sensitive HIV viral load monitoring is a critical component of
early infection diagnosis, HIV antiretroviral therapy, and routine diag-
nostic testing to keep people informed and help them maintain their
HIV viral load status. Despite available treatments, there are many bar-
riers to sensitive testing for HIV outside of specialty clinical settings,
leaving many unable to monitor their infection status.” In the US,
12.7% of people with HIV (PWH) are unaware of their HIV-1 status.”
Rapid, simple, and inexpensive multiplexed detection of viruses such
as HIV, HBV, and HCV viral loads in whole blood would enable test-
ing in locations without an onsite lab to improve access to timely diag-
nostics, offer personalized care, aid in disease surveillance, and
promote a patient-centered approach to healthcare delivery.® The
resulting capability will be most transformative for underserved groups
(e.g., unstably housed people, who use drugs, people with HIV, and
formerly incarcerated populations) where rates of co-occurring infec-
tions are the highest.”

The gold-standard available tests are based on the detection of
the viral genome, which has been reviewed extensively in other works,
and represent various trade-offs between cost, sensitivity, and point-
of-care convenience.'”'" Typically, these tests require breaking the
viral envelope followed by enzymatic amplification of a specific nucleic
acid sequence. As a simpler alternative, several researchers have dem-
onstrated the efficacy of selectively capturing the intact virus upon a
biosensing transducer'” " [represented schematically in Fig. 1(a)], or
by “decorating” the captured virus with fluorophores or nanoparticle
tags that facilitate visualization.”' ** The advantage of this style of
detection is that the assay is more direct, requires little (if any) sample
pre-processing, is more stringent against interfering materials (e.g.,
enzyme inhibitors), obviates the need for temperature control, and
provides simple quantitative output. When intact virions are selectively
captured upon the active area of a biosensing transducer, a detectable
signal is registered by the accumulated effects of the virus mass (for
acoustic biosensors),”*”” dielectric permittivity (for optical biosen-
sors),”* " or impedance.”’ In order for the detected signal to be recog-
nized above background noise, typically many viruses must
accumulate on the sensor, and a detection event is therefore the aggre-
gate effect of many viruses.

Interferometric Scattering Microscopy (iSCAT) methods have
proven versatile for the label-free detection of single biological particles
that interact with a surface within the focal plane. Contrast in iSCAT
originates from the optical interference between the electromagnetic
field that results from scattering by the particles of interest and the
wave that reaches the image sensor from the illuminating reference
beam. By normalizing the detected intensity by the reference beam
intensity, the cross term of photon interaction that is dependent on
phase is extracted.”” ! This arrangement leverages the favorable scal-
ing of the scattering cross section, scaled by the third power of the par-
ticle’s diameter, resulting in signal contrast that is proportional to the
particle mass. iSCAT and Mass Photometry (MP) are gaining broad
utilization for studies that measure biomolecular dynamics in a mass-
sensitive and label-free manner.”” *’ The most common method of
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FIG. 1. Overview of PRISM. (a) Schematic view of the PRISM system components.
Light from a helium-neon laser is collimated through a 25 um pinhole before pass-
ing through a rotating half-wave plate to align the light's polarization to a TM orienta-
tion at the PC biosensor surface. A lens focuses the light on the back focal plane of
the illumination objective, resulting in Kohler illumination at the sensing plane. A
mixture of attenuated reference beams and scattered photons from particles on the
photonic crystal surface is sent to a 100 illumination objective and a CCD image
sensor. (b) Schematic of the three capture strategies shown interacting with HIV viri-
ons. From left to right, an aptamer, a DNA net, and a conjugated nanobody are
shown tethered using interactions with an ssDNA strand covalently bonded to the
surface with silane chemistry. The processed image below shows PRISM data for
three captured viruses.

reference beam filtering is to gather continuous videos of a field of
view (FOV), from which one can calculate a pixel-wise time average or
median value, followed by pixel-wise subtraction of these “stationary”
signals to isolate the contributions of transient particles that bind,
unbind, or diffuse.’****" Rolling-window techniques are used to
improve the temporal resolution to examine changes that occur over
the timescale of a few frames, allowing observation of multiple binding
events in the same location or fast cell dynamics.””** Effectively, rather
than applying one reference beam measurement to all subsequent
frames, smaller intervals of time are individually analyzed to determine
the background signal for the nearest N frames, and that signal is sub-
tracted from the frame in the middle of that range.”” Finally, system-
atic modulation of the sample can enable lock-in mechanisms to
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discern particular frequencies of movement,* or a temporal modula-
tion of the light source."” There are also iSCAT image processing
approaches for observing unlabeled particles at the end point of a reac-
tion in which the detected nano-objects attach to capture molecules
during an incubation step, in which determining the total density of
binding is more important than the kinetics of binding events.”

Recently, we introduced Photonic Resonator Interferometric
Scattering Microscopy (PRISM) as a form of iSCAT that is capable of
identifying and counting surface-captured nano-objects on a photonic
crystal (PC) surface.’® Like iSCAT, PRISM is a label-free detection
method in which destructive interference between an illuminating laser
and the forward-scattered light from a nano-object (such as a virus) in
the focus plane generates contrast at the plane of an image sensor
where the illuminating and scattering electromagnetic field compo-
nents interfere. As discussed in our previous work, the PC enhances
the contrast by back-reflecting a large percentage of the illuminating
light to reduce the intensity of the reference beam, while the resonant
coupling of the illumination with the PC surface provides an enhanced
near field that amplifies the forward scattering magnitude from the
virus. Furthermore, the PC’s dispersion efficiently directs outcoupled
scattered photons toward the range of angles captured by the objective
lens’s numerical aperture. When using PRISM to detect intact virions,
any captured virus in the imaging field of view (FOV) can be individu-
ally visualized and counted.'”'"” Unlike conventional biosensing trans-
ducers that have only a small active sensing region, the entire PC
surface serves as an active sensing area. Our PRISM instrument utilizes
a high frame rate image sensor (~360 frames/s, over a 1.5s acquisi-
tion) and image processing strategies that compare the current frame
to the previous frame (or the average of several previous frames) to
highlight only subtle changes that occurred between the two frame
times. In iSCAT and PRISM, the contrast induced by surface attach-
ment of nano-objects is very subtle, and high frame rate imaging with
subtraction of very recently obtained (and averaged) images is neces-
sary to remove image noise caused by mechanical vibration, laser
intensity fluctuation, or any other common-mode variability in spatial
uniformity that occurs at timescales greater than milliseconds. Using
conventional boxcar averaging for PRISM image processing, a newly
arriving virus that is captured on the surface will briefly appear as a
diffraction-limited set of pixels that represent the point spread function
(PSF) that are darker than the surrounding pixels where no change
occurred. After the boxcar averaging time period advances past the
arrival time of the virus, the virus’s contribution to scattering is aver-
aged away and becomes part of the background upon which any future
arriving virus would be compared against. In this way, a captured virus
does not persist in a boxcar-averaged image sequence. Likewise, when a
virus comes into contact with the PC surface but is not captured, it may
be observed to leave the surface (by diffusion) or to translate laterally
across the surface. Using boxcar averaging, a virus that leaves the PC
surface appears briefly as a point spread function sized set of pixels with
negative contrast (when compared to the positive contrast of an arriving
virus). A virus that translates laterally will appear to arrive at one set of
pixels at its leading edge while appearing to leave a set of pixels at its
trailing edge and will appear as a two-sided object with positive contrast
at the leading edge and negative contrast at the trailing edge."’

While analyzing PRISM image sequences during virus capture,
we observed that captured viruses are not stationary, but rather
“flicker” while they are tethered to one location. Therefore, while a
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captured stationary object (such as a dust particle) in a PRISM image
sequence will briefly appear and then disappear from a differential
image sequence obtained by boxcar averaging, a virus that wiggles pro-
vides a persistent image feature that is very easily recognized with a
high signal-to-noise ratio. By using a camera with a sufficiently rapid
shutter speed, each frame captures the particles’ signals at particular
positions within their respective constrained diffusion ranges rather
than an averaged signal over the full range. Hence, from frame-to-
frame, each particle’s scattered photons change sufficiently to be
detected by image processing methods adapted from established
iSCAT principles. Likewise, any nonspecifically attached nano-objects
that are similar in size to our targeted virion but that simply land on
the sensor by gravity or some other nonspecific attachment mecha-
nism will lack the tether of the specific capture mechanism and remain
stationary. Likewise, virions or other nano-objects that laterally diffuse
across the sensor surface or that transiently attach (attach and then
leave) will not have persistent spatial fluctuations in a single location.
Thus, our hypothesis is that observation and counting of image fea-
tures that display persistent fluctuation in one location will enable an
image processing approach that will only provide contrast for specifi-
cally captured tethered intact virions.

In this report, we extended our capability for PRISM-based virus
counting in two important ways. First, we developed the capability for
increasing our imaging field of view by “PRISM Scanning,” in which
up to 100 FOVs are combined to yield a total of 100 000 um?* scanned
surface area. PRISM scanning ensures that rare viral capture events are
found with greater statistical likelihood, utilizing the test sample with
low viral load more efficiently. Because the high frame rate capture
occurs for a very brief (1.5 s) time, PRISM scanning can cover the sens-
ing area in less than 15 min and thus maintain fast sample-to-answer
times. Second, we developed an image processing approach to recog-
nize dynamic features in the PRISM time-series image stack that spe-
cifically identify them as captured virions by their localized fluctuation.
This dynamic data collection removes the need for reference frames to
be taken for background subtraction and allows more flexibility for
multi-area scanning.

The capabilities of PRISM for the direct detection of viral par-
ticles offer an attractive alternative to conventional molecular assays
for virus-specific nucleic acid sequences or viral antigens. For such an
approach to be successful, it is essential for low-concentration viruses
to be captured on the sensor with sufficient selectivity so that non-
target biological nano-objects such as extracellular vesicles (EVs) and
lipoproteins that are present in plasma at orders of magnitude greater
concentration do not mask the presence of viruses.”” Importantly,
because intact virion detection does not incorporate a mechanism for
enzymatic amplification [as used in polymerase chain reaction (PCR)
and enzyme-linked immunosorbent assays (ELISA)], it is necessary to
maintain a high efficiency of virus capture and a high signal-to-noise
ratio for clearly observing captured viruses."’ The purpose of the pre-
sent study is twofold. First, we seek to compare the efficiency of alter-
native ligand capture strategies and, in particular, to evaluate
multivalent, aptamer-based, and nanobody-based approaches. Second,
we seek to utilize a novel approach for clearly recognizing and count-
ing a novel feature of captured and tethered virions that is specific to
the label-free PRISM detection approach, in which tethered viruses
display rapid motion that differentiates them from nano-objects that
are simply adsorbed to the sensor surface. Here, we conducted the
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study with relatively simple test samples with target and non-target
viruses spiked into buffer at known concentrations. We are currently
exploring clinical utility by detecting virus spikes in plasma and by
conducting detection of plasma samples with clinically relevant viral
loads.

This strategy extends the work pioneered by previously reported
techniques, which also capture the intact virus and identify it based on
affinity to proteins on the viral envelope by immobilizing virions on a
transducer surface.””"” Antibodies against HIV capsid protein gp120
are a common component of lateral flow assays for the detection of
HIV,” which served as the recognition element in the device used in a
2013 report by Inci et al., which used plasmonic methods to detect
very low concentrations.”” However, many of these methods rely on
measurement of an aggregate of many virions accumulating on the
sensor surface. Capture and digital counting of individual virions pro-
vides a route toward reduced limits of detection.”””" Other microscopy
platforms have similarly developed affinity molecule screening meth-
ods to aid in the rapid search for the most effective capture method.”’
This approach has clear benefits in responding to emerging viruses
and viral variants that may render previous gold-standard capture
methods less effective.

The landscape of effective affinity molecules is constantly evolv-
ing, and each exhibits unique strengths. For instance, the cost and
functional stability during shipping and storage limit the effectiveness
of antibodies for point-of-care testing environments. Aptamers are
single-stranded sequences of RNA or DNA designed to fold into stable
shapes that provide high binding affinity for a specific target.
Aptamers have the benefit of being easy to design and test with mod-
ern sequencing and nucleic acid synthesis technology, computer
modeling, and enrichment processes such as SELEX.” °* Unlike anti-
bodies, aptamers may be produced at a large scale without relying on
extensive testing of microbial conditions to ensure proper folding.
Their cost-effective and rapid development potential makes them
attractive for affinity molecules for novel targets.

Previous reports by our team show that multiple aptamers can be
incorporated into designer DNA nanostructures (DDNs) to provide
multivalent binding to intact virions with affinity that is substantially
greater than a single aptamer. Net-shaped DDNs, referred to here as
simply “DNA Nets,” are synthesized in a one-pot reaction using estab-
lished methods with aptamers that are arranged to spatially align with
the periodic patterns of viral envelope surface proteins and binding
sites.”>”° The resulting DDN architecture provides flexibility and
broad coverage, enabling it to bind to numerous proteins present on
the surface of its target virus. DDNs have been previously demon-
strated for the capture of Dengue and SARS-CoV-2 viruses with a
1000- to 10000-fold reduction in the concentration needed for viral
inhibition compared to aptamers. Importantly, DDNs retain their
effectiveness in plasma and saliva.””” Each DDN rapidly conforms to
the virus shape to provide rapid and selective high-affinity multivalent
binding to provide either fluorometric™® or biosensor-based detec-
tion,” with detection limits similar to those achieved by polymerase
chain reaction (PCR). DDNs have also been demonstrated for rapid
detection of the SARS-CoV-2 Trimeric Spike Protein (TSP) spiked
into saliva, urine, and serum via a paper-based microfluidics platform,
with a broad dynamic range of 10°~10® viral copies/mlL.*’

A further alternative to antibodies for the capture of intact virions
is to utilize only the variable domain of the heavy chain (VHH), often
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referred to as “nanobodies.” Nanobodies have been developed for HIV
neutralization”' and virion detection.”” Nanobodies are produced by
expression in bacterial vectors, providing the capability for large-scale
production. In this study, gp120-recognizing nanobodies were modi-
fied with a single-strand DNA (ssDNA) tether [Fig. 1(b)] to facilitate
attachment to the PC surface. In this work, we present the characteri-
zation of a DDN for the detection of intact HIV pseudovirus, demon-
strating a comparison of the selectivity and sensitivity with intact
virion capture by a custom DDN, anti-gp120 heavy-chain antibody
fragments, and a gp120-recognizing aptamer.

Overall, the goal of our work is to develop a simple and rapid
workflow for the detection of pathogenic viruses that does not require
nucleic acid extraction, enzymes, or thermal cycles but yet provides
nearly equivalent limits of detection. We are considering the limita-
tions of conventional laboratory methods such as PCR that are difficult
to translate to point-of-care settings due to the complexity of the assay
and the associated cost of instrumentation.” The cost of the PC biosen-
sor is not expected to serve as an impediment for adoption, as we have
demonstrated mass-manufacturable versions of the same device fabri-
cated in plastic roll-to-roll format for disposable labware®” as well as in
8-in. diameter glass wafer format.”* Similarly, we recently reported a
portable version of the PRISM instrument that incorporates cost-
effective vibration isolation and autofocus with a component cost of
~$20000 USD that we expect could be mass-manufactured for
<$5000 USD."” Although the PRISM instrument is complex in its cur-
rent form, the advantages of the reported virus detection approach are
the following: (1) Simplicity of the assay workflow with an incubation
that does not require temperature control, thermal cycles, or enzymes.
(2) Label-free readout that does not depend upon fluorescent dyes that
are subject to photobleaching. (3) Rapid readout through the use of a
high frame rate image sensor and image sequence analysis. (4) Digital-
resolution counting of high signal-to-background detected features
over a large sensor field of view. This work seeks to demonstrate the
capabilities of Photonic Resonator Interferometric ~Scattering
Microscopy (PRISM) in combination with an image processing
method that provides high signal-to-noise detection in captured intact
virions, for which we recently demonstrated the capabilities of a porta-
ble instrument that would be suitable for environments such as health
clinics.”” Evaluating nucleic acid-based DDNs as an alternative to
protein-based antibodies has potential benefits such as reducing reli-
ance on cold-chain storage, which is not always available in non-
laboratory settings.”’

RESULTS AND DISCUSSION

As described previously,'>*® PRISM is a label-free method for
rapid digital-resolution detection of particles such as viruses. It relies
on the resonant properties of PCs to generate a high reflectance at the
resonance condition of incident light. This results in an attenuation of
the reference beam that improves the contrast of the interferometric
scattering signal generated, and small particles such as virions can be
counted directly on the functionalized surface. The schematic of the
optical path of the instrument, which can be built on a commercial
microscope base or constructed using off-the-shelf parts,'” is shown in
Fig. 1(a). In this work, we used PRISM to image HIV pseudoviruses
captured by three molecules: anti-gp120 aptamers, DNA nets deco-
rated with anti-gpl20 aptamers, and anti-gpl20 “nanobodies”
[Fig. 1(b)].
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The strategy of incubation followed by imaging increases the
potential throughput of the assay, since binding events do not need to
be observed as they happen but can be seen after the fact. In order to
detect captured intact virions, a modification to conventional iSCAT
boxcar averaging image processing was employed. For particles the
size of an HIV virus, diffusion during the collection period of the cam-
era (0.05ms) is relatively unconstrained, as the root mean squared dif-
fusion distance is less than the length of the DNA tether. Therefore,
the PSF of the particle in the imaging plane is characteristic of the
scattered photons for only a small portion of the particle’s total
phase space. However, between frames (~3ms) the diffusion
becomes constrained by the tether, and the particle is likely to
appear at a different location within the bounds of its tethered
motion. This change from frame-to-frame can be observed by find-
ing localized high-frequency fluctuations in the interferometric sig-
nal corresponding to changes in PSF phase, position, and intensity.
Thus, it was necessary to remove other high-frequency fluctuation
information from the videos. This was done by treating the pixels
of each FOV as a vector that changed over time and finding the
principal components of the vector, representing fluctuations that
affected the FOV as a whole [Fig. 2(a)]. Next, pixel-wise calcula-
tions of frame-to-frame variation allowed for the generation of a
clear contrast signal produced by tethered particles according to
Eq. (1), where x; - - - xy represents the series of pixel values for the
video time series and X represents the mean pixel value,

1 N (X,‘ —x,;l)z
N - 1; X ' )

1

Figure 3 demonstrates the change in the contrast for particles as
compared to the background of each video after filtering was applied.
Without principal component analysis (PCA) filtering, the differential
signals of each FOV were largely dominated by other sources of noise
that were more significant than the particle fluctuations. However, by
removing rapidly changing signals that affected the FOV as a whole,
only the movements of particles remained, which are more clearly dis-
tinguished from background contributions.

The ability to examine multiple capturing strategies was made pos-
sible by the modular tethering strategy: each molecule had the same
ssDNA tether of 20 bases (approximately 10 nm), which was comple-
mentary to a strand bound to the surface. Thus, the surface chemistry
and preparation steps were identical in each experimental condition
until the capture molecule was added. Another difference between this
study and our previous work was an emphasis on efficiency and adapta-
tion to the point-of-care environment. Reducing the incubation time of
the test sample to 30 min creates the potential for sample-to-answer in
less than an hour. An improved image tiling and autofocus code also
allowed imaging to be completed in less than 15min. For viral loads
above 10* copies/ml, or about 160 virions/sample, this strategy detects
viruses rapidly; as seen in Fig. 4, the 4 x 10* copies/ml sample was
clearly differentiated from the negative sample. However, the lower con-
centrations were not distinguishable, assuming the requirement for a
threshold for positive identification three standard deviations greater
than the blank density. The DDNs captured a statistically significant
number of particles at 4 x 10° copies/ml, which approaches the typical
limit of detection for laboratory-based PCR assays. Detection of virions
is limited by diffusion, as they must come in contact with the sensor at
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FIG. 2. Image processing workflow. (a) The stack of raw images obtained from the
camera is subjected to framewise principal component analysis (PCA) to determine
sources of noise that systematically affect the entire frame, such as laser fluctua-
tions and background movement. See equations in the supplementary material for
a mathematical description. These contributions (inset) are subtracted from the
image set. All scale bars are 5 um. (b) The RMS value of each pixel's frame-to-
frame difference is calculated; this identifies localized regions of higher fluctuation
independent of the background noise [see Eq. (1)]. The images created by this
transformation of the video data clearly show the location of bound particles (inset).
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FIG. 3. Change in contrast after image processing. For each FOV, a region of inter-
est (ROI) containing no particle (background) and an ROI containing an immobilized
pseudovirus (particle) were selected. Each ROl was subjected to a Gaussian
smoothing kernel followed by the video analysis calculation in Eq. (1). For n =2388
bound particles, the maximum signal within the particle ROl was compared to the
signal of the background via a z-value calculation. For the FOV that was not sub-
jected to PCA noise filtering, each particle’s signal had a wide distribution that was
not generally distinguishable from the signal in a background location. However,
after PCA noise removal, the signal for each particle became clearly distinct from
the background. The average contrast after PCA filtering was approximately z = 52,
meaning that particles exhibited a signal that was greater than the background
mean by 52 times the standard deviation of the background.
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FIG. 4. Dose-response characterization of viruses counted on the surface at differ-
ent concentrations when captured using each molecule. An HIV pseudovirus from a
stock of 4 x 10° copies/ml was serially diluted and incubated on the functionalized
surface for 30 min; for the blank measurement, buffer without virus was incubated
on the surface for the same period of time. For all three capture molecules, the limit
of detection (LOD) determined by 3x the standard deviation of the blank measure-
ment results in an LOD between 4000 and 40 000 copies/ml. Each experimental
group had independent samples N > 4 for each frial; error bars represent standard
error of the mean (SEM) or the mean of each population divided by |N.
Significance was calculated using a two-sample t test.
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the bottom of the 40 ul chamber (see the supplementary material for
analysis).

We sought to characterize the selectivity of the capture molecules
to demonstrate the extent of nonspecific binding of a non-target virus
and extracellular vesicle (EV) nanoparticles commonly found in clini-
cal samples that are similar in size to HIV but lack gp120 outer pro-
teins. Figure 5(a) shows the selectivity of the capture molecules for two
viruses (HIV against SARS-CoV-2) and the nonspecific binding on the
surface for viruses at the highest concentration (4 x 10° copies/ml).

EVs in blood are present at concentrations that would typically
overwhelm the population of viruses, and they are comparable in size.
To test the feasibility of using this system with clinical samples, EVs
derived from cell culture were spiked into blank and high-viral load
dilutions and incubated on the surface decorated with DDNs.
Consistent with typical measurements of EV concentrations in
blood,"” a dilution of 10’ EV/ml was used, which means the viruses
were outnumbered by four orders of magnitude. Even with these over-
whelming numbers, the inclusion of an EV population did not signifi-
cantly change the number of background particles captured in the
blank sample. While the nonspecific binding from other virus popula-
tions remains a challenge for this method, non-virus particles that are
similar in size did not bind to the immobilized DDNs [Fig. 5(b)]. The
detection limit of our approach is dependent upon the number of non-
specific binding events present in baseline measurements, which we
observe as non-zero. As our experiments are performed in an ordinary
lab environment, there is potential for non-virus particulate matter to
attach to the surface during the functionalization steps or during the
assay. The future application of this assay for the study of clinical sam-
ples will depend on effective discrimination between viruses and other
small particles present in plasma, so improved sample filtration and
computational techniques for this task are topics of ongoing studies
conducted by our group and collaborators. One avenue for the
improvement of surface passivity was the application of a PEG block-
ing layer according to previously published protocols.”" This may be
done on the TiO, surface, or the design of the photonic crystal may be
altered slightly to accommodate a SiO, top layer that maintains the
same optical properties. In either case, the PEG layer has the benefit of
preventing some nonspecific binding but maintaining the modularity
of the surface, since the same DNA-tether strategy may be used to
attach any affinity molecule. The only modification is to use a biotin-
functionalized ssDNA rather than amine-functionalized. Further sur-
face optimizations will represent a trade-off between the sensitivity
and complexity of the method and are the subject of future research.

CONCLUSIONS

PRISM is an imaging platform for label-free particle detection
that was leveraged in this study for the detection of intact HIV virions.
Through the use of a modular single-stranded DNA tethering system,
three different capturing molecules were evaluated to determine their
effectiveness and affinity. This work also highlights an image process-
ing technique that allowed the detection and digital counting of virions
by differentiating between tethered particles and other sources of pixel
variation. Analyzing the dose-response results, we determined that the
30-min incubation used in this assay was sufficient to distinguish the
presence of virus at a concentration of 4 x 10° copies/ml when cap-
tured by DDNs in buffer. The other two methods of capture, aptamer
and nanobody, showed a higher limit of detection for this assay, but all
three succeeded in immobilizing viruses such that PRISM could
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FIG. 5. Selectivity of capture. (a) Analysis of nonspecific binding of HIV and selectivity of capture molecules against SARS-CoV-2. A surface with the same blocking treatment
and viral concentration but no capture molecules was prepared to determine the capture rate of viruses by the undecorated surface. This result indicates that better blocking for
the surface is necessary to prevent nonspecific binding. The SARS-CoV-2 comparison shows that the net and nanobody have, in general, more favorable selectivity than the
aptamer. N = 3 for all SARS-CoV-2 data, and error bars represent SEM. (b) Selectivity against extracellular vesicles. Density of particles bound to DDNs when viral samples
were combined with high-concentration extracellular vesicles (EVs) derived from U-87 MG cell culture. The blank trial indicates that very few EVs bind to the surface

nonspecifically.

distinguish their scattering contributions from the background with a
signal-to-noise ratio in excess of 50. The system was also robust to the
presence of extracellular vesicles at high concentrations, giving an indi-
cation of the platform’s ability to reject non-immobilized biological
particles from detection. The specific isolation of tethered viruses by
their constrained diffusion behavior on the photonic crystal surface is
a promising result for future label-free particle counting studies, and
PRISM has proven its versatility as a platform for the design and test-
ing of diagnostic technologies.

METHODS
Materials

PP1-ZPUA UV-curable polymer and acrylsilane were purchased
from Gelest. Pierce Protein-Free Blocking Buffer (TBS) was purchased
from Thermo Fisher. PDMS Sylgard 184 kits were purchased from
Krayden and Fisher Scientific. (3-Glycidyloxypropyl)trimethoxysilane
(GPTMS) was purchased from Millipore Sigma and stored in a vac-
uum desiccator after opening for no more than a month to prevent
decomposition. Repel-silane was purchased from Millipore Sigma. All
oligonucleotides were purchased from Integrated DNA Technologies.
4-Methoxyphenyl 2-azidoacetate was purchased from Iris Biotech
GmbH. The nanobody protein was bought from Bon Opus
Biosciences. U-87 MG extracellular vesicles (EVs) were obtained from
the lab of Professor Hisey.

Extracellular vesicle production and isolation

U-87 MG EVs were produced using CELLine AD 1000 bioreactor
flasks (Cole-Parmer Argos Technologies) as previously described.””**
Briefly, 25 x 10° U-87 MG cells were inoculated into the lower cell
chamber of the bioreactor flask in complete Dulbecco’s Modified Eagle
Medium (DMEM, Gibco) with fetal bovine serum (FBS) and penicil-
lin-streptomycin (PS), and roughly 750 ml of the same media was
loaded into the upper media chamber. Over several weeks, the media
in both chambers were adapted to DMEM/F-12 supplemented with
chemically defined serum replacement CDM-HD (FiberCell Systems)

and PS. The upper media chamber was refreshed once per week, and
around 15 ml of conditioned media was harvested from the lower cell
chamber thrice per week for roughly 4 months, with cell chamber
media refreshed immediately following collection. EVs from the condi-
tioned media were isolated using differential ultracentrifugation and
size-exclusion chromatography (SEC). Suspended cells were first pel-
leted by centrifugation at 200 x g for 5 min, and debris was then pel-
leted by centrifugation at 2000 x g for 10 min. Crude large and small
EVs were then isolated by differential ultracentrifugation by first pellet-
ing large EVs at 20000 x g for 30 min, followed by pelleting crude
small EVs at 100000 x g for 60 min and resuspending the pellet in
500 ul phosphate-buffered saline (PBS). The small EVs were then fur-
ther purified from co-isolated contaminants by collecting and pooling
EV-rich fractions 1-4 from a 35 nm qEV Original SEC column (Izon
Science). These U-87 MG small EVs were then used in the study.

PC biosensor fabrication

PCs were fabricated using a slight modification of the method
reported previously.'” Briefly, a silicon mold of a line-and-space pat-
tern with 120 nm depth, 400 nm pitch, and 50% duty cycle was created
using electron-beam lithography. This was cleaned with oxygen
plasma descum and coated with repel-silane (Cytiva) to prevent adhe-
sion. Glass coverslips were degreased with solvent (Acetone, IPA, and
milliQ water), treated by oxygen plasma for 10 min (1 mTorr pressure,
200W), and immersed in a solution of 5% acrylsilane in 20:1
EtOH:H,O adjusted to pH 4 for 5min. Slides were rinsed in EtOH,
blown with a nitrogen stream, and baked for 3 min at 110°C. PPI-
ZPUA UV-curable polymer was drop-cast onto the mold and covered
by the treated coverslip; this was cured under a xenon lamp for 40s
before being peeled off of the mold and repeated on another coverslip.
A Lesker dielectric sputterer was used to add approximately 96 nm of
TiO, to this surface (verified by ellipsometer reading) to achieve a reso-
nant wavelength of 630 = 3 nm.
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PC surface functionalization

As described previously,” PCs were degreased and treated with
oxygen plasma before being placed in a vacuum oven at 80°C for 6 h
in a chamber with liquid GPTMS (Millipore Sigma). The PCs were
rinsed with toluene, methanol, and milliQ water. The tether strand (an
oligonucleotide with an amine modification) was added to the PC sur-
face at 50 uM in a borate buffer with pH 8.5. These were equilibrated
overnight at 4°C.

DDN and nanobody conjugation

We employed DDN design principles to create a 4 x 4 DNA Net
(60 x 60nm?), consisting of four rhombus units in both the x and y
directions, with each rhombus having edges approximately 15nm in
length as detailed in Chauhan et al.”” The DNA Net was designed to
position gp120 spike-targeting aptamers into a complex array of tri-
aptamer clusters, featuring intra-tri-aptamer spacing of approximately
6nm and inter-tri-aptamer spacing of approximately 15nm, which
matches the spacing of spike trimers on viral particles.”’ The conjuga-
tion of DNA with nanobody was processed as previously reported.”’
The nanobody was first reacted with 120-fold of 4-methoxyphenyl
2-azidoacetate for 3 days. Before the addition of DBCO modified
DNA, the nanobody was washed using a 3kDa Amicon centrifugal fil-
ter. The nanobody and DNA reaction was kept in 1x PBS buffer for
24 h. Conjugated nanobodies were stored at —20 °C.

Sample preparation

Aptamer solutions were dissolved in STAR buffer (40 mM Tris-
acetate, 2mM EDTA, 12.5mM magnesium chloride, 10 mM potas-
sium chloride, pH 7.5, passed through a sterile 0.22 ym syringe filter)
to a concentration of 1 uM and heated to 90 °C to ensure proper fold-
ing before application to the slide. DNA nanostructures and nano-
body-DNA conjugates were diluted to 10 nM in the same buffer. After
incubation on the sample for 30 min, unbound capture molecules were
removed by gently washing the surface and replacing the buffer with-
out allowing the surface to dry at any point. 50% TBS Pierce Protein-
Free Blocking Buffer (also filtered via a 0.22 um syringe filter) was
added for 30 min, followed by a rinse with STAR buffer to remove
excess blocking buffer. Serially diluted pseudovirus in STAR buffer
supplemented with 10% MedSchenker Smart Transport Media was
added to the slides in 40 ul 4mm diameter wells and placed on a
shaker at 600 rpm for 30 min. The surface was rinsed twice with the
same buffer the viruses were diluted in and sealed with a glass cover-
slip. For EV spike-in trials, a sample of U-87 MG-derived EVs was
evaluated using Nanoparticle Tracking Analysis (NTA) on a Malvern
NanoSight NS300 instrument and determined to have an average
diameter of 160 nm and a concentration of 5 x 102 particles/ml; this
was diluted by 500-fold and added to the virus solution before incuba-
tion. For EV trials, the volume of washing buffer was doubled to ensure
removal of large particles.

Imaging

Imaging occurred on the PRISM microscope previously
described, shown in Fig. 1(a)."**® Briefly, the PRISM optics are a sim-
ple array built on top of a commercial Zeiss Axio Observer 7 micro-
scope base. A HeNe laser beam is collimated and directed through a
half-wave plate to precisely control the polarization angle with respect

pubs.aip.org/aip/apb

to the stage. A doublet focuses this light onto the back focal plane of
the illumination objective (Olympus LMPLFLN50x) resulting in
Kohler illumination at the sample plane. A custom sample holder sup-
ports the PC above the imaging objective (Zeiss Plan-Apochromat
100x/1.46 Oil DIC), and the interference signal from the reference
beam and scattered photons are directed to a CCD camera (FLIR GS3-
U3-23S6M). Each well was imaged at 300 fps for 1.6 s/FOV with a
shutter speed of 0.05 ms; FOVs are 512 x 512 pixels and approximately
30 x 30 um® An automatic scanning and focus adjustment allowed at
least 50 FOV to be efficiently captured for each independent well.

Image processing

PRISM videos were processed to highlight regions of rapid, local-
ized pixel variation independent of laser speckle; these diffraction-
limited sources of fluctuation correspond to particles immobilized at
the surface. First, laser speckle and mechanical vibrations were
removed from the video by passing the frames’ pixels as a vector into a
principal component analysis (PCA) and subtracting the highest-
intensity fluctuations to remove systematic variation that affected the
entire video field [Fig. 2(a), see also supplementary material E]. The
resulting videos were convolved with a small Gaussian kernel to
smooth noise and highlight contributions from adjacent pixels that
fluctuate together systematically. The videos were transformed into
images: the time average of each pixel, the standard deviation of each
pixel, and the RMS of frame-to-frame differences in each pixel
[Fig. 2(b)]. The latter two frames were normalized by the square root
of the intensity of the average pixel to remove the bias from total light
intensity across the FOV. The summary images were displayed side-
by-side, and regions of significant variation that did not correspond
with a defect visible in the bright-field average image were selected
[Fig. 2(b)]; these regions were consistent with the size of the expected
point spread function (PSF) for immobilized particles on the PC sur-
face. Bias was controlled for in the selection process by randomizing
the order of analyzed videos and mixing videos from “positive” and
“negative” samples together in a blinded procedure.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information on
methods and characterization. Please see the associated document for
a more detailed mathematical description of the video processing, an
example of a calibration of the sensor using nanoparticle binding, a
description of the mass transport governing the binding of viruses to
the photonic crystal surface, and information about DNA sequences
used in the experiments.
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