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ABSTRACT: DNA and protein microarrays are a high-throughput technology
that allow the simultaneous quantification of tens of thousands of different
biomolecular species. The mediocre sensitivity and limited dynamic range of
traditional fluorescence microarrays compared to other detection techniques
have been the technology’s Achilles’ heel and prevented their adoption for
many biomedical and clinical diagnostic applications. Previous work to
enhance the sensitivity of microarray readout to the single-molecule (“digital”)
regime have either required signal amplifying chemistry or sacrificed
throughput, nixing the platform’s primary advantages. Here, we report the
development of a digital microarray which extends both the sensitivity and dynamic range of microarrays by about 3 orders
of magnitude. This technique uses functionalized gold nanorods as single-molecule labels and an interferometric scanner
which can rapidly enumerate individual nanorods by imaging them with a 10× objective lens. This approach does not
require any chemical signal enhancement such as silver deposition and scans arrays with a throughput similar to
commercial fluorescence scanners. By combining single-nanoparticle enumeration and ensemble measurements of spots
when the particles are very dense, this system achieves a dynamic range of about 6 orders of magnitude directly from a
single scan. As a proof-of-concept digital protein microarray assay, we demonstrated detection of hepatitis B virus surface
antigen in buffer with a limit of detection of 3.2 pg/mL. More broadly, the technique’s simplicity and high-throughput
nature make digital microarrays a flexible platform technology with a wide range of potential applications in biomedical
research and clinical diagnostics.
KEYWORDS: biosensing, DNA chip, multiplexed immunoassay, high-throughput imaging, nanoparticles

Protein and DNA microarray technologies continue to be
useful in a myriad of biomedical and clinical
applications, such as high-throughput genetic or tran-

scriptional analysis and multiplexed protein detection.
Insufficient sensitivity and dynamic range are the two most
commonly cited weaknesses of the technology and have
motivated the widespread adoption of newer methods based
on DNA sequencing or sample compartmentalization to
perform sensitive and multiplexed nucleic acid or protein
analysis.1−3

The oft-cited explanation for their low sensitivity is that
microarrays are a type of “solid-phase” biosensor, in which
analyte molecules must diffuse across micron- to millimeter-
scale distances to reach the planar chip in order to be detected.
The time required for such sensors to reach equilibrium with a
low-concentration analyte is dominated by the rate of mass
transport, even in the presence of mixing. The result is that
microarray experiments require long incubation times, and even

overnight incubations are not long enough to detect the lowest-
abundance species.
In practice, however, this mass transport limitation is

drastically worsened by the low readout sensitivity of
commercial microarray scanning instrumentation. Once cap-
tured by the sensor, the analyte molecules must be quantified
by fluorescence labeling or other means. Most commercial
instruments require thousands of fluorophores per microarray
spot to register a positive signal and have a usable dynamic
range of around 100−1,000.4−6 This is compared to a
theoretically ideal transducer which reported the exact number
of captured analyte molecules. Since a typical 100 μm-wide
microarray spot can contain up to 1 billion binding sites,7 this
theoretical transducer would have a readout sensitivity limited
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Department of Electrical and Computer Engineering and §Department of Biomedical Engineering, Boston University, Boston,
Massachusetts 02215, United States
NanoView Biosciences, Boston, Massachusetts 02215, United States

****S** Supporting Information

ABSTRACT:ABSTRACT:ABSTRACT: DNA and protein microarrays are a high-throughput technologyDNA and protein microarrays are a high-throughput technology
that allow the simultaneous quantithat allow the simultaneous quantifification of tens of thousands of dication of tens of thousands of difffferenterentfffferentffff

biomolecular species. The mediocre sensitivity and limited dynamic range ofbiomolecular species. The mediocre sensitivity and limited dynamic range of
traditionaltraditional flfluorescence microarrays compared to other detection techniquesuorescence microarrays compared to other detection techniques
have been the technologyhave been the technology’’s Achilless Achilles’’ heel and prevented their adoption forheel and prevented their adoption for
many biomedical and clinical diagnostic applications. Previous work tomany biomedical and clinical diagnostic applications. Previous work to
enhance the sensitivity of microarray readout to the single-molecule (enhance the sensitivity of microarray readout to the single-molecule (““digitaldigital””))
regime have either required signal amplifying chemistry or sacriregime have either required signal amplifying chemistry or sacrifificedced
throughput, nixing the platformthroughput, nixing the platform’’s primary advantages. Here, we report thes primary advantages. Here, we report the
development of a digital microarray which extends both the sensitivity and dynamic range of microarrays by about 3 ordersdevelopment of a digital microarray which extends both the sensitivity and dynamic range of microarrays by about 3 orders
of magnitude. This technique uses functionalized gold nanorods as single-molecule labels and an interferometric scannerof magnitude. This technique uses functionalized gold nanorods as single-molecule labels and an interferometric scanner
which can rapidly enumerate individual nanorods by imaging them with a 10which can rapidly enumerate individual nanorods by imaging them with a 10×× objective lens. This approach does notobjective lens. This approach does not
require any chemical signal enhancement such as silver deposition and scans arrays with a throughput similar torequire any chemical signal enhancement such as silver deposition and scans arrays with a throughput similar to
commercialcommercial flfluorescence scanners. By combining single-nanoparticle enumeration and ensemble measurements of spotsuorescence scanners. By combining single-nanoparticle enumeration and ensemble measurements of spots
when the particles are very dense, this system achieves a dynamic range of about 6 orders of magnitude directly from awhen the particles are very dense, this system achieves a dynamic range of about 6 orders of magnitude directly from a
single scan. As a proof-of-concept digital protein microarray assay, we demonstrated detection of hepatitis B virus surfacesingle scan. As a proof-of-concept digital protein microarray assay, we demonstrated detection of hepatitis B virus surface
antigen in buantigen in buffffer with a limit of detection of 3.2 pg/mL. More broadly, the techniqueer with a limit of detection of 3.2 pg/mL. More broadly, the techniqueffffer with a limit of detection of 3.2 pg/mL. More broadly, the techniqueffff ’’s simplicity and high-throughputs simplicity and high-throughput
nature make digital microarrays anature make digital microarrays a flflexible platform technology with a wide range of potential applications in biomedicalexible platform technology with a wide range of potential applications in biomedical
research and clinical diagnostics.research and clinical diagnostics.

A
rtic

le
A
rtic

le
A
rtic

le
A
rtic

le

www.acsnano.orgwww.acsnano.orgCite This: ACS Nano 2018, 12, 58802018, 12, 5880−5887

Nanorod Labels
Derin Sevenler,
Ü Department of Electrical and Computer Engineering and
Massachusetts 02215, United States
á NanoView Biosciences, Boston, Massachusetts 02215, United States

ABSTRACT:ABSTRACT:ABSTRACT:

biomolecular species. The mediocre sensitivity and limited dynamic range ofbiomolecular species. The mediocre sensitivity and limited dynamic range of

have been the technologyhave been the technology

which can rapidly enumerate individual nanorods by imaging them with a 10which can rapidly enumerate individual nanorods by imaging them with a 10



Beating the reaction limits of biosensor sensitivity with
dynamic tracking of single binding events
Derin Sevenlera,b,1, Jacob Truebc, and M. Selim Ünlüa,1

aDepartment of Electrical and Computer Engineering, Boston University, Boston, MA 02215; bCenter for Engineering in Medicine, Massachusetts General
Hospital, Harvard Medical School, Boston, MA 02129; and cDepartment of Mechanical Engineering, Boston University, Boston, MA 02215

Edited by David R. Walt, Brigham and Women’s Hospital–Harvard Medical School, Boston, MA, and accepted by Editorial Board Member John A. Rogers
January 19, 2019 (received for review September 13, 2018)

The clinical need for ultrasensitive molecular analysis has moti-
vated the development of several endpoint-assay technologies
capable of single-molecule readout. These endpoint assays are
now primarily limited by the affinity and specificity of the
molecular-recognition agents for the analyte of interest. In
contrast, a kinetic assay with single-molecule readout could
distinguish between low-abundance, high-affinity (specific ana-
lyte) and high-abundance, low-affinity (nonspecific background)
binding by measuring the duration of individual binding events at
equilibrium. Here, we describe such a kinetic assay, in which
individual binding events are detected and monitored during
sample incubation. This method uses plasmonic gold nanorods
and interferometric reflectance imaging to detect thousands of
individual binding events across a multiplex solid-phase sensor
with a large area approaching that of leading bead-based
endpoint-assay technologies. A dynamic tracking procedure is
used to measure the duration of each event. From this, the total
rates of binding and debinding as well as the distribution of
binding-event durations are determined. We observe a limit of
detection of 19 fM for a proof-of-concept synthetic DNA analyte in
a 12-plex assay format.

single-molecule detection | biosensor | nanotechnology | nanophotonics |
molecular recognition

Several of the promises of precision medicine rely on ultra-
sensitive molecular diagnostic technologies. Liquid biopsies

of circulating genomic, transcriptomic, or proteomic biomarkers
of cancer promise earlier detection and treatment, as well as
improved guidance of targeted therapies in treating minimum
residual disease (1, 2). Similarly, sensitive and specific molecular
diagnostic tests for infectious pathogens are vital for the identi-
fication and management of pre- or asymptomatic individuals (3,
4). Likewise, panel assays of circulating biomarkers could soon
improve the accuracy of diagnosis of injuries such as acute liver
failure or traumatic brain injury (5, 6).
These pressing clinical needs have motivated the development

of a variety of ultrasensitive assay technologies, culminating in
technologies capable of single-molecule detection. A unifying
characteristic of essentially all of these assay technologies is that
they employ molecular-recognition agents (or “capture probes”)
such as antibodies, nanobodies, peptides, oligonucleotides,
aptamers, or other agents that bind specifically to the molecule
of interest. Single-molecule detection technologies commonly
then use droplet emulsions (7) or microwell arrays (8) to isolate
and then enumerate the precise number of analyte molecules
bound to the capture probes.
In terms of signal transduction, it is clear that single-molecule

detection is “as good as it gets” (9). However, transducing the
amount of captured analyte is only one half of the picture—the
analyte must be captured in the first place. Even with single-
molecule detection, assay performance is still limited by the af-
finity of the capture probes. This causes sensitivity and specificity
to vary widely between different probe–analyte pairs. For ex-
ample, it is now relatively routine to quantify some molecular

species (e.g., genomic DNA) with single-copy sensitivity and
precision (10), while the detection limits of other analytes (e.g.,
microRNA) are many orders of magnitude worse (11–13). Probe
affinity can also vary between samples. Variations in extensive
properties of the sample such as pH and ion content change the
free energy of binding, and variable amounts of nonspecific
background binding further complicates quantitation.
Current leading single-molecule detection technologies rely on

signal-amplification reactions. These are endpoint assays: the
probe molecules are incubated with the sample for a set amount
of time, after which the reaction is halted so that amplification
and detection can be performed. What is measured is the
amount of bound analyte at the instant the incubation is halted.
In contrast to endpoint assays, kinetic assays directly measure

probe–analyte interactions during course of the incubation. Ki-
netic assays collect more information than endpoint assays: they
can measure not just concentration but also molecular affinity
via rates of association and dissociation. This could allow for
intersample variations in probe affinity or nonspecific binding to
be identified and mitigated without additional tests. For low
concentrations of analyte, kinetic assays could also be capable of
distinguishing low-abundance specific binding from a larger
background of nonspecific binding, or even measuring analytes
below the so-called “critical concentration” at which there is
fewer than one analyte molecule bound at equilibrium—a feat
impossible for endpoint assays (14).

Significance

Low-abundance molecular biomarkers are a promising reser-
voir of diagnostic information for the early detection and
precise treatment of a range of diseases. Yet, most leading
assay technologies are currently limited by the affinity and
specificity of the molecular-recognition agents they use. This
binding “reaction limit” could be beaten by measuring the
duration of individual molecular-binding events as they hap-
pen in real time. We developed a technology to measure the
duration of thousands of individual binding events across a
large sensor area. These duration measurements allowed spe-
cific analyte binding to be distinguished from nonspecific
background binding. The sensor is large enough to accommo-
date 12 ultrasensitive tests at once.
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lyte) and high-abundance, low-affinity (nonspecific background)
binding by measuring the duration of individual binding events at
equilibrium. Here, we describe such a kinetic assay, in which
individual binding events are detected and monitored during
sample incubation. This method uses plasmonic gold nanorods
and interferometric reflectance imaging to detect thousands of
individual binding events across a multiplex solid-phase sensor
with a large area approaching that of leading bead-based
endpoint-assay technologies. A dynamic tracking procedure is
used to measure the duration of each event. From this, the total
rates of binding and debinding as well as the distribution of
binding-event durations are determined. We observe a limit of
detection of 19 fM for a proof-of-concept synthetic DNA analyte in
a 12-plex assay format.
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MicroRNAs (miRNAs) are a family of noncoding, functional RNAs. With recent developments in 
molecular biology, miRNA detection has attracted significant interest, as hundreds of miRNAs and 
their expression levels have shown to be linked to various diseases such as infections, cardiovascular 
disorders and cancers. A powerful and high throughput tool for nucleic acid detection is the DNA 
microarray technology. However, conventional methods do not meet the demands in sensitivity and 
specificity, presenting significant challenges for the adaptation of miRNA detection for diagnostic 
applications. In this study, we developed a highly sensitive and multiplexed digital microarray using 
plasmonic gold nanorods as labels. For proof of concept studies, we conducted experiments with two 
miRNAs, miRNA‑451a (miR‑451) and miRNA‑223‑3p (miR‑223). We demonstrated improvements in 
sensitivity in comparison to traditional end‑point assays that employ capture on solid phase support, 
by implementing real‑time tracking of the target molecules on the sensor surface. Particle tracking 
overcomes the sensitivity limitations for detection of low‑abundance biomarkers in the presence 
of low‑affinity but high‑abundance background molecules, where endpoint assays fall short. The 
absolute lowest measured concentration was 100 aM. The measured detection limit being well above 
the blank samples, we performed theoretical calculations for an extrapolated limit of detection (LOD). 
The dynamic tracking improved the extrapolated LODs from femtomolar range to ∼ 10 attomolar (less 
than 1300 copies in 0.2 ml of sample) for both miRNAs and the total incubation time was decreased 
from 5 h to 35 min.

Among nucleic acids, molecules essential to all known forms of life, RNAs have an important role in understand-
ing the nature of cellular processes as they function as transmitters for genetic information in cells, and regulate 
transcriptional and post-transcriptional processes1, hence they can serve as biomarkers for monitoring cellular 
activity. Most common RNA biomarkers are messenger RNAs (mRNAs) and non-coding RNAs such as micro-
RNAs (miRNAs). Recent advances have enabled the discovery of these nucleic biomarkers, and their potential in 
clinical applications such as cancer and neurodegenerative disease detection2, 3. Although conventional nucleic 
acid detection technologies have been adequate for mRNA detection, sensitive miRNA detection, especially in 
multiplexed format, has remained a challenge due to its relatively short sequence length, low abundance and 
sequence similarity within families of biomarker miRNAs4, 5.

MicroRNAs are small, non-coding RNA molecules containing 18± 25 nucleotides that regulate post-tran-
scriptional factors of gene expression by binding directly to the target mRNA to alter protein translation or 
interacting directly with expressed proteins6, 7. Recently, it has been shown that not only the presence/absence 
of a gene but also minor "uctuations in expression levels of a particular gene can also be indicative for a disease 
and its stage8, 9. #erefore, miRNA quanti$cation becomes crucial to track minute changes in gene regulation. 
Increased or decreased levels of speci$c miRNAs have been shown to play a signi$cant role in pathological 
processes and currently, more than 1900 human miRNAs are reported to be linked to various diseases10. #ese 
nucleic acids have been found to be linked with viral11, 12 and bacterial13 infections, as well as non-infectious dis-
eases such as cardiovascular disorders14 and cancer15. Consequently, miRNA detection has become an emerging 
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of low‑affinity but high‑abundance background molecules, where endpoint assays fall short. The 
absolute lowest measured concentration was 100 aM. The measured detection limit being well above 
the blank samples, we performed theoretical calculations for an extrapolated limit of detection (LOD). 
The dynamic tracking improved the extrapolated LODs from femtomolar range to ∼ 10 attomolar (less 
than 1300 copies in 0.2 ml of sample) for both miRNAs and the total incubation time was decreased 
from 5 h to 35 min.
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