
Biological Nanoparticle Detection and Characterization 
• Count and characterize individual viral particles, extra-cellular vesicles, 

and bacteria. 

• High-sensitivity detection with minimal sample preparation.
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A B S T R A C T

Diagnostic approaches that combine the high sensitivity and specificity of laboratory-based digital detection with
the ease of use and affordability of point-of-care (POC) technologies could revolutionize disease diagnostics. This
is especially true in infectious disease diagnostics, where rapid and accurate pathogen detection is critical to
curbing the spread of disease. We have pioneered an innovative label-free digital detection platform that utilizes
Interferometric Reflectance Imaging Sensor (IRIS) technology. IRIS leverages light interference from an optically
transparent thin film, eliminating the need for complex optical resonances to enhance the signal by harnessing
light interference and the power of signal averaging in shot-noise-limited operation In our latest work, we have
further improved our previous ’Single-Particle’ IRIS (SP-IRIS) technology by allowing the construction of the
optical signature of target nanoparticles (whole virus) from a single image. This new platform, ’Pixel-Diversity’
IRIS (PD-IRIS), eliminated the need for z-scan acquisition, required in SP-IRIS, a time-consuming and expensive
process, and made our technology more applicable to POC settings. Using PD-IRIS, we quantitatively detected the
Monkeypox virus (MPXV), the etiological agent for Monkeypox (Mpox) infection. MPXV was captured by anti-
A29 monoclonal antibody (mAb 69-126-3) on Protein G spots on the sensor chips and were detected at a
limit-of-detection (LOD) - of 200 PFU/mL (~3.3 aM). PD-IRIS was superior to the laboratory-based ELISA (LOD -
1800 PFU/mL) used as a comparator. The specificity of PD-IRIS in MPXV detection was demonstrated using
Herpes simplex virus, type 1 (HSV-1), and Cowpox virus (CPXV). This work establishes the effectiveness of PD-
IRIS and opens possibilities for its advancement in clinical diagnostics of Mpox at POC. Moreover, PD-IRIS is a
modular technology that can be adapted for the multiplex detection of pathogens for which high-affinity ligands
are available that can bind their surface antigens to capture them on the sensor surface.

1. Introduction

Monkeypox virus (MPXV) is an enveloped double-stranded DNA virus
belonging to the Orthopoxvirus genus in the Poxviridae family
(Sklenovská and Van Ranst, 2018). MPXV causes Monkeypox (Mpox), an
infectious zoonotic disease first reported in non-human primates in 1958
(von Magnus et al., 1959) and in humans in 1970 in the Democratic

Republic of Congo (DRC) (Ladnyj et al., 1972). In the past, Mpox was
considered a rare sporadic disease with a limited capacity to spread
among humans (Organization and others, 1984). However, the recent
rapid global spread of this infection, which is now recognized as the
most critical orthopoxvirus infection in humans in the post-smallpox
eradication era, has brought this neglected disease back into the
spotlight.

* Corresponding author.
** Corresponding author. Department of Electrical and Computer Engineering, Boston University, Boston, MA, 02215, USA.
E-mail addresses: selim@bu.edu (M.S. Ünlü), pray@health.ucsd.edu (P. Ray).

Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

https://doi.org/10.1016/j.bios.2024.116932
Received 2 July 2024; Received in revised form 9 October 2024; Accepted 10 November 2024

Biosensors�and�Bioelectronics�269�����	 �116932�

Available�online�14�November�2024�
0956-5663/©�2024�The�Authors.�Published�by�Elsevier�B.V.�This�is�an�open�access�article�under�the�CC�BY�license�������
��
4�(�.��
2002�5�24��/.
��5�5�)������� ��

Digital Sensing and Sizing of Vesicular
Stomatitis Virus Pseudotypes in
Complex Media: A Model for Ebola
and Marburg Detection
George G. Daaboul,†,# Carlos A. Lopez,†,# Jyothsna Chinnala,† Bennett B. Goldberg,†,‡,§ John H. Connor,^, )

and M. Selim Unlü†,‡,§,*

†Electrical & Computer Engineering Department, Boston University, Boston, Massachusetts 02215, United States, ‡Biomedical Engineering Department, Boston
University, Boston, Massachusetts 02215, United States, §Physics Department, Boston University, Boston, Massachusetts 02215, United States, ^Department of
Microbiology and National Emerging and Infectious Diseases Laboratories, Boston University School of Medicine, Boston, Massachusetts 02118, United States, and

)Boston University Photonics Center, Boston University, Boston, Massachusetts 02215, United States. #These authors contributed equally.

W
ithin the past decade, events
involving influenza pandemics,
development and intentional dis-

semination of highly virulent biowarfare
agents, and deadly global outbreaks of viral
hemorrhagic fevers (VHFs) contributed to
concerns of potential bioterrorism and out-
break episodes and have driven the de-
mand for rapid and simple virus sensing
technologies as a way to provide effective
diagnosis of infection.1!6 To successfully
detect and contain the spread of a patho-
gen at the point-of-need, such technologies
must be fast, sensitive, and field deployable.
Polymerase chain reaction (PCR) is the
current gold standard technique for the

sensitive identification of many pathogens;
however, significant sample preparation is
required before a nucleic acid target can
be amplified, and detection involves the
use of fluorescent reporters. Both of these
steps pose a barrier to field utility. Often,
initial diagnosis of infection with Ebola and
Marburg is done not at the point of care,
but outside of the country.7,8 The sensing of
single virus particles from whole blood and
serum, without the need for sample prepara-
tion, would provide a simpler andmore direct
approach to virus detection and could allow
earlier on-site detection of these viruses.
The rapid detection of natural biologi-

cal nanoparticles like single virions has
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ABSTRACT Rapid, sensitive, and direct label-free capture and

characterization of nanoparticles from complex media such as blood

or serum will broadly impact medicine and the life sciences. We

demonstrate identification of virus particles in complex samples for

replication-competent wild-type vesicular stomatitis virus (VSV),

defective VSV, and Ebola- and Marburg-pseudotyped VSV with high

sensitivity and specificity. Size discrimination of the imaged nano-

particles (virions) allows differentiation between modified viruses

having different genome lengths and facilitates a reduction in the

counting of nonspecifically bound particles to achieve a limit-of-detection (LOD) of 5 " 103 pfu/mL for the Ebola and Marburg VSV pseudotypes. We

demonstrate the simultaneous detection of multiple viruses in a single sample (composed of serum or whole blood) for screening applications and

uncompromised detection capabilities in samples contaminated with high levels of bacteria. By employing affinity-based capture, size discrimination, and a

“digital” detection scheme to count single virus particles, we show that a robust and sensitive virus/nanoparticle sensing assay can be established for

targets in complex samples. The nanoparticle microscopy system is termed the Single Particle Interferometric Reflectance Imaging Sensor (SP-IRIS) and is

capable of high-throughput and rapid sizing of large numbers of biological nanoparticles on an antibody microarray for research and diagnostic

applications.
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Exosomes are a class of membranous extracellular vesicles (EV) that originate from inward budding of the endo-
somal compartment within a cell1. !e interest of scientists and physicians in EVs has grown dramatically over 
the past decade in response to the discovery that these vesicles transfer mRNA, miRNA, and protein from the cell 
of origin to recipient cells2, serving a new route for cell-to-cell communication. Presence of exosomes in circu-
lating bodily "uids, including blood3, urine4 and saliva5, suggests that minimally-invasive diagnosis of a number 
of diseases can be achieved through detection of these vesicles6–9. In particular, EVs are considered valuable for 
liquid biopsies in cancer diagnosis since they carry molecular and proteomic cargo from their tumour cell of 
origin10. In human CSF, EVs are rich reservoirs of biomarkers for neurological disorders and there is increas-
ing evidence that deregulation of EVs secretion play a pathological role in neurodegenerative diseases such as 
Alzheimer’s disease (AD) and Frontotemporal dementia (FTD)11–15.

!e limited utility of exosomes in diagnostics is mainly due to di#culties in speci$cally characterizing them 
using a scalable phenotyping method. Exosomes have diameters in the range from 30–100 nanometers, i.e., 
which is too small to be accurately sized by conventional methods such as optical microscopy and "ow cytometry 
(FC) without labels. Alternatively, immunocapturing of exosomes on antibody coated beads16 facilitates analysis 
by FC. However, such indirect detection is not quantitative and measurements are further complicated due to 
aggregation of exosome-bead complexes. A number of references report on the direct visualization of exosomes 
with electron microscopy17 but this technique is not suitable for large scale application due to its complexity and 
low-throughput. Western blot is currently used to verify that isolated vesicles are indeed exosomes through char-
acterization of exosomal proteins. However, even the analysis for a single antigen demands large amounts of puri-
$ed exosomal proteins isolated by extensive and time-consuming (hours to days) procedures. Such requirements 
limit the throughput and substantially increase the cost for multi-parameter measurements.
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ABSTRACT: Here, we demonstrate real-time multiplexed virus
detection by applying a DNA-directed antibody immobilization
technique in a single-particle interferometric reflectance imaging
sensor (SP-IRIS). In this technique, the biosensor chip surface
spotted with different DNA sequences is converted to a multiplexed
antibody array by flowing antibody−DNA conjugates and allowing
for specific DNA−DNA hybridization. The resulting antibody array is
shown to detect three different recombinant vesicular stomatitis
viruses (rVSVs), which are genetically engineered to express surface
glycoproteins of Ebola, Marburg, and Lassa viruses in real time in a
disposable microfluidic cartridge. We also show that this method can
be modified to produce a single-step, homogeneous assay format by
mixing the antibody−DNA conjugates with the virus sample in the
solution phase prior to incubation in the microfluidic cartridge, eliminating the antibody immobilization step. This homogenous
approach achieved detection of the model Ebola virus, rVSV-EBOV, at a concentration of 100 PFU/mL in 1 h. Finally, we
demonstrate the feasibility of this homogeneous technique as a rapid test using a passive microfluidic cartridge. A concentration of
104 PFU/mL was detectable under 10 min for the rVSV-Ebola virus. Utilizing DNA microarrays for antibody-based diagnostics is an
alternative approach to antibody microarrays and offers advantages such as configurable sensor surface, long-term storage ability, and
decreased antibody use. We believe that these properties will make SP-IRIS a versatile and robust platform for point-of-care
diagnostics applications.
KEYWORDS: imaging biosensor, DNA-directed antibody immobilization, homogeneous virus tagging, multiplexed detection,
point-of-care diagnostics

Rapid and sensitive detection of viral infections is of
significant importance for improving patient care and

containing outbreaks that threaten public health. Current
techniques employed in clinical diagnosis of viral infections
include polymerase chain reaction (PCR), enzyme-linked
immunosorbent assay, or virus isolation in cell culture.1,2

These tests often require sending patient samples to a central
laboratory with necessary equipment and trained personnel
and can take time on the order of days or weeks in the case of
virus isolation from cell culture, hampering the fast contain-
ment of the virus and delaying the appropriate course of
treatment. This situation is exacerbated when there is an
excessive number of samples to be tested in an epidemic.
Epidemics are one of the challenging problems that have
caused widespread deaths since the beginning of the known
human history. Starting from the post-classical era, humankind
has faced several epidemics such as the plague,3 viral
hemorrhagic fever,4 cholera,5 smallpox,6 measles,7 polio-
myelitis,8 and influenza.9 It is estimated that more than 20
million people died from the Spanish flu (Swine flu H1N1)
from 1918 to 1920.10 The rapid spread of the novel
coronavirus, SARS-CoV-2, has reminded us that such
pandemics are not historical anecdotes and exposed the

major gaps in today’s infectious disease diagnostics. In many
countries, because of the huge demand in RT-PCR tests,
clinical laboratories have faced shortages of trained personnel,
test reagents, and lab space.11 The system has been rapidly
overwhelmed, causing longer wait times and delaying
appropriate isolation procedures. To ease the burden on
centralized laboratories and ramp up the testing capacity, rapid
point-of-care (POC) tests in the lateral assay format have been
developed. Although these tests can provide fast and simple
detection, they lack the sensitivity needed to detect low viral
loads at the early stages of infection, which is when detection is
essential for stopping community spread.12 There is a
continuing need for alternative viral diagnostic techniques
that can meet high sensitivity requirements in easy-to-use and
portable POC platforms without the need for laboratory
environment and trained personnel. An ideal POC platform
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A B S T R A C T

Bacterial infectious diseases are a major threat to human health. Timely and sensitive pathogenic bacteria
detection is crucial in bacterial contaminations identification and preventing the spread of infectious diseases.
Due to limitations of conventional bacteria detection techniques there have been concerted research efforts
towards developing new biosensors. Biosensors offering label-free, whole bacteria detection are highly desirable
over those relying on label-based or pathogenic molecular components detection. The major advantage is
eliminating the additional time and cost required for labeling or extracting the desired bacterial components.
Here, we demonstrate rapid, sensitive and label-free Escherichia coli (E. coli) detection utilizing interferometric
reflectance imaging enhancement allowing visualizing individual pathogens captured on the surface. Enabled
by our ability to count individual bacteria on a large sensor surface, we demonstrate an extrapolated limit of
detection of 2.2 CFU/ml from experimental data in buffer solution with no sample preparation. To the best of
our knowledge, this level of sensitivity for whole E. coli detection is unprecedented in label-free biosensing.
The specificity of our biosensor is validated by comparing the response to target bacteria E. coli and non-
target bacteria S. aureus, K. pneumonia and P. aeruginosa. The biosensor’s performance in tap water proves that
its detection capability is unaffected by the sample complexity. Furthermore, our sensor platform provides
high optical magnification imaging and thus validation of recorded detection events as the target bacteria
based on morphological characterization. Therefore, our sensitive and label-free detection method offers new
perspectives for direct bacterial detection in real matrices and clinical samples.

1. Introduction

Bacterial infections and contaminations are a serious threat to pub-
lic health, claiming millions of lives every year. The mortalities from
bacterial infections are particularly high in developing countries among
more vulnerable populations including children, elderly and patients
with poor medical conditions. Contaminated food and water are one of
the most frequent causes of bacterial infections and their rapid spread
among consumers. Waterborne diarrheal diseases are estimated to be
responsible for 2 million deaths each year, with the majority occurring
in children under 5 years old (WHO). Escherichia coli (E. coli) is one of
the five most common bacterial contaminants which can lead to bloody
diarrhea and if not treated immediately, to kidney failure and death
(Brazier, 2017). Therefore, timely diagnosis of pathogenic bacteria is a

ω Corresponding author at: Department of Electrical and Computer Engineering, Boston University, 8 St. Mary’s Street, Boston, MA 02215, USA.
E-mail address: selim@bu.edu (M.S. Ünlü).

determining factor in minimizing the spreading of infectious diseases
and enhancing the survival rates (Lazcka et al., 2007).

The most conventional pathogenic bacteria detection methods in-
clude: (i) Culture-based methods, (ii) immunological tests such as
enzyme-linked immunosorbent assays (ELISAs) and (iii) molecular
tests such as polymerase chain reaction (PCR) (Ahmed et al., 2014;
Nurliyana et al., 2018; Rajapaksha et al., 2019). However, these con-
ventional methods have several disadvantages in terms of complexity,
lack of sensitivity, cost, long procedural times and requisite for spe-
cialized facilities and well trained users (Rajapaksha et al., 2019).
Therefore, there is a crucial need for rapid, sensitive and low-cost
bacterial detection methods with minimal sample preparation. This
has led to extensive research in developing biosensors for bacterial
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