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and Ignacio Izeddin1,*
1Institut Langevin, ESPCI Paris, CNRS, PSL University, Paris, France; 2Institut de Biologie Int�egrative de la Cellule, Universit�e Paris-Saclay,
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ABSTRACT Viruses have a profound influence on all forms of life, motivating the development of rapid and minimally inva-
sive methods for virus detection. In this study, we present a novel methodology that enables quantitative measurement of the
interaction between individual biotic nanoparticles and antibodies in solution. Our approach employs a label-free, full-field
common-path interferometric technique to detect and track biotic nanoparticles and their interactions with antibodies. It is
based on the interferometric detection of light scattered by viruses in aqueous samples for the detection of individual viru-
ses.We employ single-particle tracking analysis to characterize the size and properties of the detected nanoparticles, and
to monitor the changes in their diffusive mobility resulting from interactions. To validate the sensitivity of our detection
approach, we distinguish between particles having identical diffusion coefficients but different scattering signals, using
DNA-loaded and DNA-devoid capsids of the Escherichia coli T5 virus phage.In addition, we have been able to monitor, in
real time, the interaction between the bacteriophage T5 and purified antibodies targeting its major capsid protein pb8, as
well as between the phage SPP1 and nonpurified anti-SPP1 antibodies present in rabbit serum. Interestingly, these virus-anti-
body interactions are observed within minutes. Finally, by estimating the number of viral particles interacting with antibodies
at different concentrations, we successfully quantify the dissociation constant Kd of the virus-antibody reaction using single-
particle tracking analysis.
WHY IT MATTERS The recent health crisis has emphasized the need for innovative approaches to swiftly and
accurately detecting viral infections and assessing immune responses. In this study, we introduce a rapid, cost-effective,
and reusable experimental setup that allows for the comprehensive characterization of viral particles, antibodies, and
their interactions within a sample.
Our method harnesses the advantages of label-free optical interferometry, capitalizing on the specific binding between
viral particles and antibodies at low concentrations to enable efficient detection. Notably, this approach facilitates the
detection of virus-specific antibodies in serum samples and the determination of their specific affinity to the targeted
virus.
In summary, our newly developed system represents a speedy and dependable tool for detecting viral infections and
evaluating the host's immune response. Its ability to deliver reliable results while being cost-effective and reusable
makes it a valuable asset in combating viral outbreaks.
INTRODUCTION

The rapid and efficient detection and characterization
of viruses are critical in preventing the global spread of
diseases. Early identification of viruses is particularly
important for targeted therapy, expanding treatment
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options, reducing morbidity, and limiting transmission
(1). Consequently, virus detection has garnered signif-
icant interest in the biomedical, pharmaceutical, and
research fields to promote the development of new
testing and diagnosis methods.

Currently, virus detection methods can be broadly
categorized into three groups. Firstly, there are tech-
niques based on measuring infectivity by amplifying
the virus within its specific eukaryotic or bacterial
host. These methods involve mixing serial dilutions
of the virus with their host and immobilizing them in
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a semisolid growth medium, where a viral plaque indi-
cates infection of cells adjacent to infected cells.
Quantification of the infectious virus is then derived
from the number of plaque-forming units (PFUs)
(2,3). While viral plaque-forming assays serve today
as the gold standard, they can be time-consuming, tak-
ing up to several days depending on the virus being
tested.

Secondly, there are techniques that examine the
viral nucleic acid or proteins, such as PCR (polymerase
chain reaction) amplification or antigen-based tests.
PCR techniques offer high specificity by searching
for and amplifying specific genetic material, typically
yielding results within a few hours (4). Antigen-based
tests, on the other hand, detect the presence of spe-
cific viruses in a sample by targeting proteins on
the virus surface using antibodies. These tests are
cost-effective and provide quick results within tens
of minutes (5). However, they are less sensitive and
quantitative compared with PCR detection (6).

The third category of virus detection techniques re-
lies on direct optical measurements of viral particles,
such as dynamic light scattering. This technique can
estimate the average size of viruses and nanoparticles
(NPs) in a solution, but they lack sensitivity to detect
single viruses. Light microscopy techniques offer a
powerful and noninvasive means to study biological
samples with potential for high throughput. However,
conventional optical systems struggle to directly visu-
alize NPs and virus particles due to their small size and
low refractive index difference comparedwithwater, re-
sulting in weak scattering and phase contrasts. Fluo-
rescence microscopy methods have been commonly
used to address this limitation, employing fluorescent
labels to tag capsid proteins (7) or DNA viral genomes
(8). One notable example is flow cytometry, where indi-
vidual viruses are counted and identified thanks tofluo-
rescence labeling. Recent advances using calcium
labeling have also enabled rapid virus detection
through modifications in particle diffusion mobility
(9).Nonetheless,fluorescence techniquesare hindered
by phototoxicity and photobleaching. Therefore,
label-free optical approaches are more suitable for vi-
rus characterization. While all the aforementioned
techniques are appropriate for virus titration, for high-
resolution analysis of virus morphologies, electronic
and atomic force microscopy techniques are well
suited (10,11).

In recent years, highly sensitive optical interfero-
metric microscopy techniques have attracted growing
attention for their potential to characterize viruses at
the single-particle level without the need for labeling.
Various configurations of optical setups have been
employed for different interferometric microscopy
techniques, allowing for the detection, identification,
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and tracking of small particles, molecules, metallic
particles, and other materials in a wide range of appli-
cations (12–15) (see (16,17) for recent reviews).
These imaging methods have been applied to charac-
terize single particles in solutions (18), as well as
sensing and imaging protein interactions sites (19).
Interferometric scattering methods can quantify the
particle size and scattering strength and have demon-
strated excellent sensitivity, even down to detecting
single proteins (17,20). However, the lack of specificity
in label-free interferometric methods poses a chal-
lenge when dealing with structurally similar entities
possessing similar optical properties. Different groups
have addressed this issue in various ways, from sur-
face functionalization to facilitate selective binding
to receptors at specific sites (21,22) to studying pro-
tein interactions by monitoring changes in interfero-
metric contrast (23,24).

In our previous work, we showcased the detection,
tracking, counting, and differentiation of viruses and
vesicles in an aquatic environment (25,26). To accom-
plish this, we developed a full-field, incoherently
illuminated, common-path interferometer operating
in transmission, and employed single-particle tracking
(SPT) analysis in combination with the interferometric
signal's magnitude to distinguish between different
populations of particles of similar size but different
characteristics. In this study, we have enhanced our
system's sensitivity by using a high-speed camera
with a high full-well capacity, leading to interfero-
metric contrast improvement. We have also refined
our estimation of individual particle diffusion coeffi-
cient by adapting an algorithm used for tracking single
fluorescent molecules (code available in the support-
ing material). Consequently, we achieved a threefold
increase in sensitivity, enabling the differentiation be-
tween empty capsids and DNA-filled capsids of the
same virus. More importantly, to make our technique
specific to the virus' molecular nature, we have devel-
oped a novel assay to monitor changes in scattering
and Brownian diffusion upon the addition of specific
antibodies. We first demonstrate this approach using
purified rabbit IgGs, including polyclonal antibodies
targeting the major capsid protein pb8 of phage T5.
We also successfully detected the interaction
between SPP1 phages and anti-SPP1 antibodies pre-
sent in rabbit serum. Within approximately 1 min, we
observe a signature of the antibodies' reaction with
antigens present on the virus capsid, with further ag-
gregation detected within a few minutes. Finally, by
evaluating the variation in the number of virus parti-
cles interacting with antibodies as a function of the
concentration of antibodies in the sample, we quantify
the molecular dissociation rate of the virus-antibody
reaction.



FIGURE 1 Interferometric setup and single-particle interferometric
images. (a) Schematic of the common-path interferometer setup.
The sample is illuminated by an incoherent 455 nm LED with a full
angle of 80� (Thorlabs, M455L3). The light passes through the sam-
ple solution, and the light coming from the LED as well as the light
scattered from the nanoparticles are collected using a water immer-
sion objective lens (Olympus 100�, NA ¼ 1). The collected light is
then focused using a tube lens with a focal lens of 300 mm onto
an Adimec Quartz Q-2HFW camera. (b) Zoomed-in direct image of
an unprocessed frame. Scale bar, 5 mm. Images are acquired at
500 FPS with an exposure time of 1.8 ms. (c) Processed image,
where the stack of frames is normalized to a value of 4000 and
the average of the entire stack is subtracted from each frame. Scale
bar, 5 mm. The bright and dark spots in the processed image (c)
represent the point spread functions (PSFs) of 100 nm diameter
SiO2 particles immersed in water.
MATERIALS AND METHODS

Phages, capsids, and antibodies

In this study, we utilized purified T5 phages and SPP1. The T5 virion
consists of a 90-nm icosahedral capsid (head) and a flexible, non-
contractile tail measuring 250 nm in length. The T5 empty capsid
has a well-defined molecular mass of 26.0 MDa, while the filled
capsid has a molecular mass of 105.4 MDa (27). The initial concen-
tration of T5 bacteriophages was estimated to be 7.3 � 1012 PFU/
mL. We also analyzed full (with DNA) and empty (devoid of DNA)
capsids of T5 using our experimental setup. The full capsids had
an estimated concentration of 1012 heads/mL, while the empty
capsids had an initial concentration of 4 � 1013 heads/mL (28,29).
Before experiments, phages and capsids were diluted in T5 buffer
(10 mM Tris-Cl [pH 7.4], 100 mM NaCl, 1 mM MgCl2).

The SPP1 bacteriophage has a similar morphology to T5 but with
a smaller capsid (30). The SPP1 virion consists of an icosahedral,
isometric capsid with a diameter of approximately 60 nm and a
long, flexible, noncontractile tail. We worked with an initial concen-
tration of 2.24 � 1011 PFU/mL and, before the experiments, the
SPP1 viruses were diluted in a buffer composed of 100 mM Tris-Cl
(pH 7.5), 100 mM NaCl, and 10 mM MgCl2.

Weusedpurified IgGs frompolyclonal serumtargeting theT5major
capsid protein (pb8: 775 copies/capsid), which has a concentration
of 0.84 mg of protein/mL. The serum containing antibodies against
whole SPP1 particles (31,32) was centrifuged at 14,000 rpm for
10 min to remove large aggregates, and we measured a protein con-
centration of 0.1 mg/mL in the supernatant.

Optical setup and acquisition

In this study, we employed a similar setup for the common-path
interferometer as described in (25), with the addition of a new sensor
featuring an improved full-well capacity and faster acquisition
speed, leading to a significant improvement of the signal/noise ratio.
This improvement enables the detection and tracking of smaller
viruses with better precision.

Fig. 1 a illustrates the schematic drawing of the full-field common-
path interferometer. The sample is illuminated by a 455-nm light-
emitting diode (LED) (Thorlabs, USA, M455L4, 455 nm, 1150 mW)
positioned as close as possible under a coverslip that holds the
droplet sample. The LED light passes through the suspension con-
taining NPs, which scatter the light. A water immersion objective
lens (100�, NA ¼ 1, Olympus, Tokyo, Japan) is used to collect the
light coming from the LED and scattered by the NPs in a transmis-
sion configuration. The light is then directed to a tube lens with a
focal length of 300 mm, forming an image on the camera placed
at its focal distance.

A significant modification in our setup is the introduction of a new
camera (Quartz Q-2HFW, Adimec, Eindhoven, the Netherlands) with
a maximum frame rate of 720 frames/s at full chip (1440 � 1440
pixels) and a full-well capacity of 2 � 106 electrons. With this new
camera, we observed a threefold improvement in the signal/noise ra-
tio compared with our previous measurements with the optical
setup described in (25). The total magnification of our setup, ac-
counting for the objective and tube lens, is 167�, resulting in a
field-of-view of 103 � 103 mm2 on the sample plane. The use of an
incoherent LED is practical as it does not require additional process-
ing to reduce speckle artifacts. In our experimental configuration, we
positioned the LED beneath the coverslip at a distance of a few mil-
limeters (1–2 mm). This configuration allows us to underfill the
numerical aperture of the objective lens, while still being able to cap-
ture the interferometric contrast from NPs.

Unlike most interferometric scattering microscopy setups that
typically employ a common-path reflection configuration and laser
illumination, we opted for a transmission configuration and utilized
an incoherent light source for illumination. While working in a reflec-
tion configuration may offer potentially higher interferometric
contrast due to the partial reflection of the glass interface (0.4%)
attenuating the reference beam, working in a transmission configu-
ration offers greater robustness, ease of use, and the ability to
detect NPs in the volume without requiring precise positioning.
With the faster acquisition and higher full-well capacity camera in
our transmission setup, we achieve not only higher interferometric
contrast but also the ability to monitor faster dynamics.

In a typical experiment, images were acquired at a speed of 500
frames/s. A typical acquisition, corresponding to one time point of
diffusion estimation, consisted of 500 images, resulting in a total
measurement time of 1 s. For our experiments on virus/antibody in-
teractions, we performed acquisitions in a binary logarithmic scale.
Principle of virus detection and interferometric
signal

The measurement modality employed in this study involves
capturing the interference signal between the reference field emitted
by the light source and the light field scattered by the NPs present in
Biophysical Reports 3, 100119, September 13, 2023 3



the liquid. The recorded intensity on a camera pixel can be described
by:

Pdf
�
jEij2 þ jEsj2 þ2jEijjEsjcosDf

�
(1)

where Pd represents the power intensity recorded on the camera, Ei

is the incident field on the NP, Es is the scattered electric field, and
Df denotes the phase difference between the reference electric field
and the electric field extinction of the NPs.

In transmission and for small particles such as viruses, the phase
difference primarily encompasses Gouy and defocus phase shift,
which is caused by variations in the wave vectors at the focal plane
of the objective lens, as well as the phase contribution determined
by the dielectric function of the nano-object (9). Consequently,
constructive and destructive interferences occur depending on the
axial position of the particle within the liquid. The scattered field
emanating from the particle is proportional to the incident reference
field;EsfaEi , where a represents the complex polarizability. In the
Rayleigh approximation regime (NP size << wavelength), af

3emV
�
ep � em
epþ2em

�
, where em and ep denote the permittivities of the sur-

rounding medium and the particle, respectively, and V indicates
the volume of the particle.

For viruses, the scattering field Es is negligible compared with the
incident field Ei, and the static background originating from the LED
illumination dominates over the scattered and interference terms in
Eq. 1. As a result, direct detection of the NPs in suspension is hin-
dered (Fig. 1 b). To extract the interference term containing informa-
tion about the NPs moving in the liquid, we first remove the static
background of each frame in the image stack by subtracting the
temporal average of the 500 frames from each individual frame
(Fig. 1 c). A final step in image processing involves removing stripe
artifacts caused by line amplification of CMOS sensors. A 1D filter is
applied in the Fourier plane to remove these stripes in the image (see
supporting material, section 1 for more information).

In contrast to fluorescence imaging, the amplitude of the point
spread function (PSF) carries information about the size and the
axial position of the scatterer (33). As an illustration, bright and
dark spots on the image in Fig. 1 c PSF correspond to constructive
and destructive interferences, respectively.
SPT analysis

After processing the raw images as described in the previous
section, we use a modified version of the multiple-target tracing al-
gorithm (34) typically used for detecting and tracking fluorescent
particles. However, since the signals in our experiments can oscil-
late from negative to positive values due to interference, the algo-
rithm needs to be adapted for interferometric imaging compared
with fluorescence imaging. In short, the algorithm steps are the
following: 1) detection and fitting of isolated PSFs with a Gaussian
function to determine their subpixel position in the image. 2) Trace
reconnection: the algorithm determines the most probable recon-
nection of traces to build trajectories of individual NPs diffusing
in the liquid. 3) As a result, we obtain a list of trajectories that con-
tains the subpixel localization of the NP for each time stamp, as well
as the amplitude of the interference signal intensity for each locali-
zation. For bright and dark detections, the localization is performed
in two consecutive steps, and the positions are used interchange-
ably for the tracking process. The modified code for single-particle
detection and tracking code can be found in the supporting material,
section 2.

Since the amplitude of the interference signal depends on the
axial position of the NPs, we extract the maximum value for each
particle during its entire trajectory. This ensures that the NP has
4 Biophysical Reports 3, 100119, September 13, 2023
explored, by Brownian motion, an intensity maximum that character-
izes its scattering behavior.

For each trajectory, we compute the mean-square displacement
(MSD) as a function of lag time (Dt). The MSD is given by
MSDðDtÞ ¼ C½rðt þ DtÞ � rðtÞ�2D, where rðtÞ represents the position
of the NP at time t. By analyzing the MSD, we can determine whether
the diffusion follows a Brownian behavior and estimate the associ-
ated diffusion coefficient. Brownian diffusion is characterized by a
linear dependence of the MSD with the lag time Dt. To verify the
random nature of the NPs diffusion, we apply a linear fit of the log-
arithm of each MSD(Dt): log ðMSDðDtÞÞ ¼ logð4DÞ þ b log ðDtÞ,
where the b coefficient indicates the diffusion regime of the NPs.
For NPs in a liquid suspension, the b coefficient is expected to be
1 for a pure Brownian behavior (35,36). If the distribution of b coef-
ficients is centered around 1, a linear fit is applied to the MSD curves
of each trajectory, MSDðDtÞ ¼ 4DDt, to estimate the diffusion coef-
ficient D of the NPs. Also, we have chosen to call the power coeffi-
cient b instead of the more common a to avoid confusion with the
polarizability parameter.

The diffusion coefficient D is directly related to the hydrodynamic
radius of the NP through the Stokes-Einstein relation D ¼ KBT

6phR,
where KB is the Boltzmann constant, T is the temperature of the so-
lution, h is the viscosity of the medium, and R the hydrodynamic
radius of the NP.

A calibration experiment using SiO2 NPs with a diameter of
100 nm is presented in the supporting material, section 4. We also
tested the setup's performance with SiO2 NPs of 50 nm in diameter;
further details can be found in the supporting material.

Estimation of molecular antibodies' affinity

The virus-antibody reaction is complex due to the numerous possible
interaction sites between the viruses and antibodies. Such complex
reaction can be characterized by consecutive avalanche reactions,
as described in supporting material, section 5. In our approach, we
consider each capsid protein on the virus as one antibody binding
site (37). Each virus in this case contains 775 binding sites (the num-
ber of pb8 capsid proteins). This approximation is valid when the an-
tibodies specifically target a protein on the virus surface.

To describe the system at the equilibrium state, the following
saturation equation can be used (37):

r ¼ ½Ab�bound
½V �0

¼ n½Ab�
Kd þ ½Ab� where ½Ab�bound ¼ n � ½V�bound (2)

where r is defined as the ratio of interacting viruses over the initial
concentration of viruses in the sample, [Ab]bound is the concentration
of bound antibodies, n is the number of possible binding sites per vi-
rus capsid, [V]bound is the concentration of viruses interacting with at
least one antibody, and Kd is the dissociation constant character-
izing the affinity of the interaction between antibodies and viruses
(37).

The concentration of bound antibodies can be estimated by
measuring the number of viral particles that remain free in liquid,
i.e., with the same diffusion coefficient as the control, until the sys-
tem reaches its equilibrium as described in Eq. 2. This can be
achieved by tracking the changes in diffusion coefficient over
time. The concentration of bound viruses can be calculated as
[V]bound ¼ [V]0 – [V](t), where [V]0 is the initial concentration of viruses
and [V](t) the concentration of noninteracting viruses at time t.

Since single antibodies are too small to be detected using our op-
tical setup, we rely on tracking the number of interacting viruses
over time. To estimate the concentration of bound antibodies, we
compare the distribution of measured diffusion coefficients over
time with that of the T5 control sample. When a virus interacts
with an antibody, its effective hydrodynamic radius increases,



resulting in a slower diffusion coefficient and a larger interferometric
signal. Incidentally, this increase of signal leads to a larger volume of
detection. Therefore, by normalizing and subtracting the diffusion
coefficient histograms of the virus-antibody samples and the control
diffusion coefficient histogram, we can determine the percentage of
particles that have not interacted with antibodies.

In practice, sedimentation can be neglected in our experiments.
The sedimentation rate of 100-nm SiO2 particles is approximately
10�8 m/s (considering the size and density of the particle, the den-
sity and viscosity of the surrounding liquid, and gravity), which is
significantly slower than the acquisition time of a stack of images
(1 s) and the duration of the virus-antibody experiments (1 h).
RESULTS

Sensitivity of the system: Differentiating full versus
empty T5 capsids

We have improved the interferometric contrast by a
factor of 3 using a camera with an improved full-well
capacity (see materials and methods). This enhance-
ment proves to be effective in detecting particles of
smaller size and those with a smaller refractive index
difference from the surrounding medium. With this
improved sensitivity, we used SPT analysis to investi-
gate the ability to differentiate NPs of similar size but
different composition. Specifically, we focused on the
T5 capsids that can either contain tightly condensed
121 kb dsDNA (full capsids) or devoid of DNA (empty
capsids). Although these two populations exhibit
similar diffusion coefficients in liquid, we considered
that the refractive index of the full capsids would be
higher. To explore this, we processed image acquisi-
tions to extract the diffusion characteristics of the par-
ticles along with their corresponding interferometric
signals.

The ability to distinguish between full and empty
virus particles holds significant importance in the
fields of molecular therapy and nanomedicine.
Recent research has compared the various analytical
methods for achieving this differentiation (38). One
of the methods described in this review is mass
photometry, which employs interferometric scattering
microscopy in reflection. Mass photometry relies on
comparing the interferometric contrast of individual
particles bound to an activated coverslip to
distinguish between particles (39). In practice, mass
photometry exhibits higher sensitivity in detecting
the binding and unbinding of smaller particles based
on the interferometric contrast but requires proper
activation of the coverslip for the particles of interest.

The approach that we use in our paper combines the
estimation of size via the MSD with the measurement
of interferometric contrast, which has also recently
been reported in a reflection configuration (18). In
reflection, the sensitivity is potentially better due to
the attenuation of the reference beam, but the volume
of detection is limited to a couple of hundred nanome-
ters from the surface of the coverslip.

Initially, we estimated the diffusion coefficient and
interferometric intensity for each homogeneous solu-
tion of the two populations (Fig. 2, a and b). Each
acquisition was performed at a nominal concentration
of 109 particles=mL. We found a median diffusion coef-
ficient of 3.92 5 0:87 mm2=s for 192 tracked empty T5
capsids compared with 4.05 5 0:98 mm2=s for 471
tracked full T5 capsids (Fig. 2 a). Fig. 2 b shows histo-
grams of the maximum interferometric intensity
measured for each trajectory. As expected, the
average intensity obtained for empty capsids (60.49
5 6.25 a.u.) was lower than that obtained for the full
capsids (86.38 5 9.68 a.u.). This difference in signal
explains the lower detection probability of empty cap-
sids compared with full capsids.

These results demonstrate that, despite the similar
diffusion properties, interferometric intensity can
serve as an indicator to distinguish viruses or NPs of
similar size but different refractive index. In addition,
we observed a slight difference in the average diffu-
sion coefficient between empty and full capsids, as
well as a larger distribution of full capsids compared
with empty ones. These findings align with the
morphological studies of the capsids conducted using
transmission electron microscopy (28).

To further validate the capability of differentiating
empty and full capsids in a heterogeneous sample,
we conducted a second experiment with a suspension
containing both types of capsids at a similar concen-
tration. As expected, we were not able to distinguish
between the two populations based on their diffusion
coefficient, as shown in Fig. 2 c. When fitting the his-
togram of diffusion coefficients with two Gaussian
distributions using least-squared error fitting, we
observed an overlap of the curves, resulting in diffu-
sion coefficients of 3:8251:9 and 3:7751:9mm2=s
for the two populations. However, we clearly observed
a bimodal distribution of the interferometric signal
(Fig. 2 d). The first population, centered at 58:33 a:u:
with a SD of 8:11 a.u., represents the empty capsids.
The second population, centered at 88:03 a:u: with a
SD of 9:75 a:u:, consists of full capsids with higher in-
tensity due to the presence of DNA, which has a higher
refractive index.

Importantly, we also acknowledge the presence of a
potential bias in our observations when estimating
the concentration of virus present in the suspension.
Althoughwe used a similar concentration and observed
similar diffusion mobility for both empty and full
capsids, we tracked approximately 2.5 times more full
capsids than empty capsids. This discrepancy can be
attributed to the fact that full capsids generate a higher
interferometric signal, which enables their detection
Biophysical Reports 3, 100119, September 13, 2023 5



FIGURE 2 Differentiation between full and empty T5 capsids. (a) The boxplot shows the distribution of individual diffusion coefficients for
both empty and full capsids. For empty capsids the median diffusion coefficient is 3.92 mm2=s, with the 25th and 75th percentile values
ranging between 3.35 and 4.61 mm2=s. For full capsids, the median diffusion coefficient is 4.05 mm2=s, with the 25th and 75th percentile values
ranging between 3.48 and 4.75 mm2=s. The ensemble average diffusion coefficients, obtained by fitting the ensemble average MSD, are 3.86
mm2=s for empty capsids and 4.03 mm2=s for full capsids. (b) The boxplot represents the distribution of maximum of intensity values for empty
and full capsids. For empty capsids, the median intensity is 60.49 a:u:, with the 25th and 75th percentile values ranging between 54.57 and
66.28 a.u. For full capsids, the median is 86.38 a:u: and the 25th and 75th percentiles are at 81.175 and 91.9 a.u. (c) The histogram, fitted with
two Gaussian normal distributions, shows the distribution of the estimated diffusion coefficients for a mixture of empty and full capsids. The
estimated parameters are as follows: amplitudes (20.85 counts/33.57 counts), mean values (3.82/3.77 mm2=s), and SDs (1.9/1.9 mm2= s). (d)
The histogram represents the distribution of maximum intensity values. The estimated parameters for the Gaussian fitted distributions are as
follows: amplitudes (101.63/43.26 counts), mean values (88.03/58.33 a.u.), and SDs (9.75/8.11 a.u.).
over a larger axial range and at greater distances from
the microscope focus.

It is crucial to consider this larger detection volume
when precise quantification of virus concentration is
required, particularly in our upcoming experiments.
By accounting for this bias, we can ensure more accu-
rate measurements and interpretations of the concen-
tration data.
Real-time monitoring of T5-IgG recognition based on
changes in diffusion constant

Once we established the sensitivity of our system to
measure diffusion coefficients, interferometric signal,
and number of detections for individual viruses, we
proceeded to design an experiment aimed at assess-
ing the recognition of targeted viruses by antibodies
by monitoring changes in these parameters over time.
6 Biophysical Reports 3, 100119, September 13, 2023
We initiated the experiment by immersing the objec-
tive lens in a droplet containing a diluted solution of
purified polyclonal IgG molecules, which contained
anti-pb8 antibodies directed toward the major capsid
protein of T5 phages. T5 phages were then added to
the solution, with each T5 phage possessing about
775 binding sites (pb8 molecules) on its surface. To
ensure sufficient antibody coverage, we used an
excess ratio of 2000 antibodymolecules for each virus
in the sample.

Subsequently, we performed acquisitions of 500 im-
ages at 500 Hz for each time point after mixing the T5
phages with the IgG solution. It is important to note
that our optical system cannot directly detect anti-
body molecules. The measurements were taken on a
binary logarithmic scale to effectively monitor the
rapidly varying behavior at the beginning of the mea-
surements series. This scale was applied to T5-IgG



sample, as well as to the two control experiments:
phages only and antibodies only.

Fig. 3, a and b, illustrate the processed images of T5
phages, respectively, without and in the presence of
specific antibodies at different time intervals (see
Video S1 for the image sequence of T5 phages inter-
acting with anti-pb8 antibodies). Visual inspection of
the T5 control (Fig. 3 a) did not reveal any significant
differences over time. However, upon adding T5
phages to the antibody solution (Fig. 3 b), differences
in terms of contrast, number of spots, and size of the
detected spots became apparent. These modifica-
tions were further confirmed through SPT analysis,
as shown in Fig. 3, c and d.

We observed a progressive decrease in the diffusion
coefficient for the sample containing IgG molecules
and T5 phages. One minute after adding the T5
phages, a median diffusion coefficient of 3:115
0:81 mm2=s was obtained. Over time, this value gradu-
ally decreased to 1:1750:96 mm2=s after 64 min.
According to the Stokes-Einstein equation, the hydro-
dynamic radius of individual particles increases by a
factor of 3 within 64 min (see Fig. 3 c). This modifica-
tion of the diffusivity was accompanied by a contin-
uous increase in the interferometric signal, as shown
in Fig. 3 d. No significant modification in terms of
diffusion coefficient or interferometric intensity was
detected for the T5-only control (Fig. 3, c and d).

It is worth noting that we did not detect any aggrega-
tion in the IgG control solution (see supporting material
for more information). In addition, we conducted
another control test by adding T5 phages to purified an-
tibodies against the surface glycoprotein of vesicular
stomatitis virus and no differences were detected dur-
ing the measurement time (available in supporting ma-
terial, section 7 ). These results confirm the specificity
of the reaction.

The observed increase in hydrodynamic radius and
interferometric intensity of the detected NPs confirms
the aggregation of the virus particles in the presence
of antibodies.

Overall, these results highlight the changes observed
in the diffusion coefficient and interferometric intensity
as indicators of virus-antibody recognition and the ag-
gregation of virus particles in the presence of anti-
bodies.
Monitoring virus-antibody reaction in physiological
serum

In previous sections, we demonstrated the effective-
ness of our assay inmonitoring the interaction between
a specific virus and its corresponding antibodies using
Brownian diffusion and SPT analysis. We then aimed
toexpandourmethodology to themorechallengingsce-
nario of virus interaction with crude serum, which pre-
sents additional complexities due to the presence of
various particles and molecules that may not neces-
sarily interfere with the virus. However, these NPs can
affect the SPT analysis. Our next experiments focused
on the interaction between SPP1 phage and serum con-
taining multiple polyclonal antibodies that target
different epitopes displayed on structural proteins of
the virus (from SPP1 capsid or tails).

To establish a baseline, we conducted control mea-
surements by separately examining SPP1 phages and
the serum solution. Subsequently, we introduced the
virus into the serum solution, resulting in a final con-
centration of 2� 109 PFU=mL of SPP1 phages in the
serum solution.

As shown in Fig. 3 e, we observed a gradual decrease
in the diffusion mobility of individual particles in the
sample containing SPP1 phages and the anti-SPP1
serum. Over a duration of 32min, the measuredmedian
diffusion coefficient decreased from 3.89 50:89 to
2:7950:99 mm2=s. At the same time, there was an in-
crease in the average size of the particles, indicated
by the increase of the interferometric signal from 72.8
59:5 to 129:6511:3 a:u: (Fig. 3 f). Importantly, the
diffusion coefficient and the interferometric signal re-
mained constant over time for both control samples
(Fig. 3, e and f). Despite the presence of various particle
types and multiple antibody molecules within the
serum, the reaction between the serum and targeted
phages was detectable within a few minutes, as evi-
denced by changes in both the interferometric signal
and the estimated diffusion coefficient (Fig. 3, e and f).

To check the specificity of the virus to antibody reac-
tion in the serum, we investigated the interaction be-
tween bovine serum albumin, since serum albumin is
the most common protein found in a serum and may
have interacted with the virus. We observed no signifi-
cant changes in the diffusion coefficient after mixing
T5phagesandbovine serumalbuminata concentration
commonly found in plasma (approximately 50 mg/mL)
over a period of 1 h (see supporting material, section
7). We also examined possible interaction between T5
phages and nonimmune rabbit serum, and similarly
found that the nonspecific serum had no discernible
effect on the trajectories of T5 phages (see supporting
material, section 7 for more information).

Altogether, these experiments advocate for the spe-
cific interaction between T5 phages and their specific
antibodies inside the immune serum as observed in
Fig. 3, e and f.
Quantitative measurements of affinity

While our assay initially provided a qualitative assess-
ment of the interaction between phages and antibodies
Biophysical Reports 3, 100119, September 13, 2023 7



FIGURE 3 Recognition signature between virus-antibodies and viruses-serum. In the top image gallery, snapshots at different time points are
shown for the T5 bacteriophages alone (a) and the T5 phages in interaction with IgG anti-pb8 (b). Scale bars, 5 mm. . A visual inspection reveals
that the T5 control exhibits similar PSFs and contrast of single spots, while the size and contrast of spots progressively increase when an-
tibodies are added to the T5 phages. (c and d) Represent the diffusion coefficient and the maximum intensity, respectively, resulting from SPT
analysis of the T5 and the T5 þ IgG experiments. The interaction between T5 phages and IgG is evident from the increase of interferometric
signal and the progressive decrease in the diffusion coefficient of the particles. (e and f) Show the diffusion coefficient and the maximum
intensity, respectively, of Spp1 þ serum as well as the Spp1 alone and serum alone controls, as function of time. These curves result from
the progressive aggregation of SPP1 phages and antibodies present in the serum, indicating their interaction.
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FIGURE 4 Estimation of the Kd constant of the virus-antibodies interaction. (a) Histogram of diffusion coefficients of the T5 phage control
sample at different time points. (b) Normalized diffusion coefficient histograms for the control of T5 and T5 þ antibody (Ab), with (c) repre-
senting the difference between the two curves. (d) Number of virus particles tracked in the sample solution at different time intervals while
varying the concentration of antibodies (the legend indicates the concentration of antibodies in M). (e) Saturation function curve depicting the
binding reaction as a function of antibodies concentration in the sample solution.
in a solution, our goal was to extract quantitative mea-
surements of affinity from our data. Specifically, we
focused on evaluating the dissociation rate between
the phage T5 and polyclonal IgG antibodies targeting
the pb8 protein on the T5 capsid. For this purpose, we
conducted experiments with varying concentrations of
antibodies in the solution. Our objective was to deter-
mine, for each initial concentration of antibodies, the
number of T5 phages that interact with antibodies
over time.

The recognition between viruses and antibodies
leads to the aggregation of particles, where larger par-
ticles have a higher interferometric contrast and can
be detected in a bigger volume of detection compared
with individual viruses. By monitoring the variation of
individual viruses, we can quantify the aggregation in
the same detection volume as the individual T5 vi-
ruses. We estimated the number of nonaggregated
and aggregated viruses at each time lag by comparing
the distribution of the diffusion coefficient of the
tracked particles. However, a straightforward compar-
ison in number of particles is not possible due to the
variation in the volume of detection. Instead, we
compared the ratios of tracked particles, relative to
the total number of particles, to determine the fraction
of T5 phages that interacted with antibodies. As
described in estimation of molecular antibodies affin-
ity, we utilized the change in the number of interacting
particles to estimate the quantity of interacting parti-
cles in the sample solution.

In Fig. 4 a, we display the histogram of diffusion
coefficients obtained for the control sample at each
time point, confirming their temporal stability. Next,
we compare the diffusion coefficient histograms for
various antibody concentrations and time intervals to
the diffusion coefficient curve of the T5 control sample.
Since the addition of antibodies to the virus solution
leads to fluctuations in the number of tracked particles
across different time intervals, we normalize the diffu-
sion coefficient curves against the control curve, taking
Biophysical Reports 3, 100119, September 13, 2023 9



into account the total number of particles. We then
calculate the percentage of viruses that retain their
initial diffusion coefficient values.

Fig. 4 b illustrates the diffusion coefficient histo-
gram curve obtained 1 min after adding the antibodies
at a concentration of 0.042 mg/mL, corresponding to
2.8� 10�7M. Comparing this curve to the diffusion co-
efficient histogram curve acquired 64 min after adding
antibodies, a clear shift toward smaller diffusion coef-
ficients can be observed (Fig. 4 c). Using the estimated
ratio derived from the comparison of diffusivity, we
can determine the number of viruses that have not
yet interacted with antibodies, considering the total
number of tracked particles for various antibody dilu-
tions (Fig. 4 d).

Fig. 4 d illustrates two distinct trends in the number of
tracked virus particles that are not interacting with anti-
bodies over time for various antibody concentrations.
Initially, the number of detected viruses decreases
rapidly within few minutes, followed by an asymptotic
behavior indicating that the system has reached its
chemical equilibrium. Using the data points at equilib-
riumat the 64-min timepoint for various concentrations,
we can estimate the number of bound antibodies in the
solution. Although tracking virus-antibodies reaction on
a molecular scale is complex, the use of the saturation
function presented in estimation of molecular anti-
bodiesaffinity is suitable for estimating thedissociation
constant of the reaction. The pb8 capsid protein pos-
sesses 775 binding sites (28). Despite the occurrence
of various levels of aggregation in the presence of anti-
bodies, our analysis involves a comparison between in-
dividual virus particles and aggregated particles,
enabling the estimation of the average dissociation
rate of the antibodies being utilized.

Fig. 4 e displays the saturation function of the bind-
ing as function of the concentration of antibodies. By
fitting the experimental data using the saturation func-
tion expression in Eq. 2, we estimate a dissociation
constant Kd ¼ 1:17� 10�9M: This value falls within
the standard range of affinity describing the interac-
tion between viruses and antibodies at equilibrium
(40). A lower Kd value indicates a stronger reaction be-
tween the two species. So far, we have been interested
in the equilibrium state. However, the variation in the
number of virus particles in the solution over time
can also provide an indication of the reaction speed,
as presented in the supporting material, section 5.
CONCLUSION AND DISCUSSION

In this study, we have introduced a novel label-free anal-
ysis approach to provide fast, reliable, and reusable
detection of biotic NPs, viruses, and antibodies involved
10 Biophysical Reports 3, 100119, September 13, 2023
in interactions with viruses. Our methodology is based
on SPT analysis of NPs in a solution, and we have
achieved enhanced performance through improve-
ments in both hardware and software components.

We have demonstrated the ability to differentiate
between particles of similar size but with different
structures using T5 capsids. This distinction is made
possible by relying on both the interferometric signal
and the diffusion coefficient of individual particles.
This capability holds significant promise for applica-
tions in nanomedicine and drug delivery control, as it
enables the nondestructive monitoring of the load of
small vector viruses (39).

The limit of detection of ourmethod is determined by
two main factors: the number of data points and the
selected tracking parameters. The number of data
points corresponds to the tracked particles using spe-
cific tracking parameters, as described in the support-
ing material, section 8. The average mean estimated
value is dependent on the amount of data used, while
the dispersion error is influenced by the chosen
tracking parameters. To improve the limit of detection,
two strategies can be employed. Firstly, increasing the
measurement time, which increases the number of
data points. Secondly, accepting ahigher dispersion er-
ror can also enhance the limit of detection. In our study,
we employed a chosen particle concentration to ensure
an adequate number of data points during a 1-s acqui-
sition time, thus enabling accurate estimation. It is
worth noting that particles with higher interferometric
contrast generally have a lower limit of detection, as
they can be detected over a larger volume during the
acquisition. Another approach to enhance the limit of
detection in a transmission interferometricmicroscope
is by attenuating the reference beam collected by the
camera detector, thereby increasing the interfero-
metric contrast of specific particles. Such attenuation
would give similar results as a reflection configuration
(19), where the reference beam is only partially re-
flected by the coverslip.

Using SPT analysis, we have successfully detected
the recognition signature between viruses and specific
antibodies, in purified solution and in immune serum.
This signature is characterized by a progressive in-
crease in the interferometric signal and a decrease in
the diffusion coefficient of individual spots. We
observed this recognition signature within the first
few minutes of adding specific antibodies to a virus-
containing solution. Furthermore, our approach allows
for the estimation of the dissociation rate of specific
antibodies. By analyzing the trajectories obtained
from SPT, we can estimate a molecular dissociation
rate of species in their initial form, without significant
manipulation of the initial species. The speed of aggre-
gation in this context is influenced by the concentration



of viruses and antibodies in the sample. The estimation
of the dissociation rate is conducted once the system
reaches equilibrium. For a given antibody concentra-
tion, the dissociation constant (Kd) can be estimated,
regardless of the reaction speed, which depends on
the initial virus concentration in the sample.

It is important to note that, despite the nonspecific-
ity of the label-free virus detection technique used in
this study, which detects all sorts of NPs in a nonpuri-
fied solution such as serum, our measurements rely
on changes of diffusion coefficient and interfero-
metric signal. These changes over time are the
signature of the recognition between viruses and an-
tibodies.

In conclusion, our study successfully demonstrates
the ability to detect the recognition signature between
viruses and nonpurified serum containingmultiple NPs
andproteinswithout the need for sophisticated sample
processing. A simple centrifugation step of a few
minutes is sufficient to remove large aggregates from
the serum. The use of nonpurified serum highlights
the potential of our approach as a rapid and straightfor-
ward method for diagnostic tests targeting specific
viruses or the presence of specific antibodies.
SUPPORTING MATERIAL

Supplemental information can be found online at https://doi.org/10.
1016/j.bpr.2023.100119.
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