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Digital bioassays based on single-molecule enzyme reactions represent a new class of bioanalytical
methods that enable the highly sensitive detection of biomolecules in a quantitative manner. Since the first
reports of these methods in the 2000s, there has been significant growth in this new bioanalytical strategy.
The principal strategy of this method is to compartmentalize target molecules in micron-sized reactors at
the single-molecule level and count the number of microreactors showing positive signals originating from
the target molecule. A representative application of digital biocassay is the digital enzyme-linked
immunosorbent assay (ELISA). Owing to their versatility, various types of digital ELISAs have been actively
developed. In addition, some disease markers and viruses possess catalytic activity, and digital bioassays for
such enzymes and viruses have, thus, been developed. Currently, with the emergence of new microreactor
technologies, the targets of this methodology are expanding from simple enzymes to more complex
systems, such as membrane transporters and cell-free gene expression. In addition, multiplex or
multiparametric digital bioassays have been developed to assess precisely the heterogeneities in sample
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molecules/systems that are obscured by ensemble measurements. In this review, we first introduce the
basic concepts of digital bioassays and introduce a range of digital bioassays. Finally, we discuss the
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1. Introduction

Digital bioassays have emerged as a new class of bioanalytical
method with single-molecule detection sensitivity."> The
main principle of digital bioassays is to micro-
compartmentalize assay solutions to encapsulate individual
target molecules stochastically within reactors in a “one-or-
none” manner. The number, as well as the concentration, of
a target molecule in the specimen is determined by counting
the number of reactors showing positive signals originating
from single target molecules after signal binarization into “1”
or “0”.

Digital bioassays can be categorized into two classes based
on the type of signal amplification in the microreactor.*”
Digital polymerase chain reaction (PCR) and other digital
nucleic acid amplification assays form the first category, and
these rely on exponential signal amplification.® The second
category is enzyme-based digital bioassays, and these are the
subject of this review. Herein, we refer to these as “digital
bioassays” for simplicity. In digital bioassays, a single enzyme
molecule produces a signal in a linear fashion with respect to
reaction time. Therefore, the digitalization of single-molecule
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perspectives of new classes of digital bioassays and emerging fields based on digital bioassay technology.

enzyme-based bioassays requires smaller reactors than digital
PCR.

Digital bioassay has been established, when micron-sized
reactor array systems became available.” The most prominent
benefit of digital bioassays is their high sensitivity.
Downsizing of reactor volume is one of the key points to
achieve a high signal-to-noise ratio, that is, signal separation
between positive and negative reactors. Another key aspect of
digital bioassays is the use of a large number of reactors that
enables the detection of the target molecule at very low
concentrations. In addition, the highly parallelized nature of
micron-sized  reactor  systems  allows  quantitative
measurements over a wide range of target concentrations. In
general, tens or hundreds of thousands of reactors can be
prepared, yielding a dynamic range of over 3-4 orders of
magnitude. Another benefit of digital bioassays is that they
allow the study of the heterogeneity of enzymes that are
masked in ensemble measurements. Single-molecule studies
have revealed that the catalytic activity of enzymes differs
from molecule to molecule, suggesting the individualities of
each enzyme molecule. Digital bioassays enable quantitative
analysis of the individualities of enzymes owing to the high-
throughput nature of the method.*™*

Currently, many types of digital bioassays have been
reported because many bioanalytical methods and diagnostic
tests utilize enzymes for signal amplification. A

This journal is © The Royal Society of Chemistry 2022


http://crossmark.crossref.org/dialog/?doi=10.1039/d2lc00223j&domain=pdf&date_stamp=2022-08-19
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2lc00223j
https://pubs.rsc.org/en/journals/journal/LC
https://pubs.rsc.org/en/journals/journal/LC?issueid=LC022017

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 14 July 2022. Downloaded on 4/2/2026 1:46:40 AM.

(cc)

Lab on a Chip

representative application of the digital bioassay is the digital
enzyme-linked immunosorbent assay (ELISA).">'* Owing to
the versatility of digital ELISAs, various types of digital
ELISAs and related assays have been reported.’**® Nowadays,
the concept of digital bioassays has been extended to other
assays, such as membrane transporter assays,””*' nucleic
acid detection®**® with Cas12/13 proteins,>* and cell-free
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gene expression (digital gene expression) for the accurate
screening of random mutation libraries.>

This review focuses on digital bioassays based on single-
molecule enzyme reactions that show the linear amplification
of signals over time. Although there are several excellent
review papers’® in which digital bioassays are featured with
an emphasis on high sensitivity, the fundamental points and
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Fig. 1 Concept of digital bioassay. a) Schematics of conventional (analog) bioassay and digital bioassay. In the digital format, assay mixture is
micro-compartmentalized to stochastically encapsulate single enzyme molecules into reactors with volume of 1 fL. 1 represents the mean
number of enzyme molecule per reactor at the given concentrations of enzyme. b) Fluorescence images of digital bioassay of alkaline
phosphatase (ALP) obtained at the indicated 4 values. c) Probability of reactors with zero, one or two or more molecules of enzyme plotted
against 1 value (left). Probability of reactor with single enzyme molecule among all of positive reactors with one or more enzyme molecules

(right).
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technical issues are not well discussed. This review provides
key points for the design of digital bioassays and introduces
their expanded applications from the perspective of next-
generation digital bioassays.

2. Basics of digital bioassays
2.1. Concept behind digital bioassays

A digital bioassay relies on the stochastic encapsulation of
target molecules into reactors; when the concentration of the
target molecule is sufficiently low to ensure that the mean
number of target molecules per reactor is sufficiently lower
than 1.0, the reactors show discrete fluorescence signals, that
is, binary signals (0 or 1) representing none or one. Fig. 1a
shows schematics of a digital bioassay and a conventional
bioassay in bulk solution for comparison. Once the signal
separation between positive reactors with a single enzyme
molecule and negative reactors without an enzyme has been
established, the absolute number of target molecules can be
determined by counting the positive reactors after signal
digitalization with an adequate threshold. Fig. 1b shows
experimental images of a digital bioassay of the alkaline
phosphatase (ALP) enzyme.>°

The fraction of reactors accommodating target molecules
obeys Poisson distribution:

P(n,2)=e*\"nl (n=0,1,2,3..),

where P(n, 1) and 1 represent the probability of reactors
encapsulating n target molecules and the mean number of

target molecules per reactor, respectively. Thus, the
probability of positive reactor (n = 1) is given by
Pn=1,0)=1-Pn=0)=1-¢" (1)

As shown in Fig. 1c (left), when 2 is less than 0.1, the majority
of the reactors should be empty. In addition, most of the
positive reactors are reactors encapsulating a single enzyme
molecule, and the fraction of positive reactors is almost equal
to P(n = 1) (Fig. 1c, right). Thus, below 1 = 0.1, the probability
of positive reactors is proportional to the target
concentration. Therefore, in digital bioassays, it is
recommended to conduct assays with A < 0.1 where the
frequency of positive reactor is proportional to the target
concentration. Note that the quantification of the target
molecule is still possible even if 2 > 0.1 unless the frequency
of positive reactor is 100%,>” although the non-linear
response against the target molecule concentration should be
taken into account.

2.2. Three components of digital bioassays

Digital bioassay systems include three principal components:
a micron-sized reactor for micro-compartmentalization,
enzymes as target molecules for investigation or labelling
molecules of target molecules, and fluorogenic substrates or
chemical probes that provide the fluorescence signals. In
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addition to these components, other components or
molecules are integrated in each type of assay, such as
antibody-coated microbeads for digital ELISA and lipid
bilayers for digital transporter assays. In the following
section, the microreactors, enzymes, and fluorogenic probes
are introduced.

2.3. Microreactors

Various types of microreactors are currently available for
digital bioassays. The earliest class of single-molecule enzyme
assays was reported by Rotman et al in 1961,>® in which
water-in-oil (w/o) droplets were used for the emulsification of
a fluorogenic assay solution of p-galactosidase (f-gal)
(Fig. 2a). This report represents a pioneering study of single-
molecule bioanalyses. However, the method is not suitable
for quantitative analysis because of the high heterogeneity of
w/o droplet size. Quantitative single-molecule enzymatic
assays have become available when microfabrication
technology has enabled the preparation of regularly shaped
femtoliter reactors.”*® The first quantitative single-molecule
enzymatic assay was demonstrated using a
polydimethylsiloxane (PDMS)-based femtoliter reactor array
system (Fig. 2b).” In this system, an aqueous solution was
encapsulated in micron-sized reactors formed between the
microcavities on a PDMS sheet and a glass coverslip. A
similar method was proposed in which an optical fiber plate
with micron-sized holes on the surface was pressed against a
PDMS gasket sheet to prepare a femtoliter reactor array
(Fig. 2c).>>*° However, PDMS/glass-based reactor systems
require a mechanical compression process for sealing the
microreactors, which is not suitable for reproducible and
high-throughput generation of femto-reactors.

Following the PDMS/glass-based systems, a w/o droplet
array system was proposed; this system contains a million
femtoliter-sized w/o droplets on the device surface.”’ The
device, termed the femtoliter reactor array device (FRAD), is
composed of a coverslip coated with a fluorinated polymer
where a million micron-sized cavities are displayed on the
coverslip surface. The w/o droplets are formed within the
cavities when they are sealed with an oil layer (Fig. 2d).
Owing to the versatility and stability of this system, FRAD has
been utilized in various types of digital bioassays, including
single-molecule enzyme analyses'®'**® and enzyme
screening.”” In addition, a cyclic olefin polymer (COP)-based
device for droplet arrays has been developed (Fig. 2e).***?
This system, termed SiMoA (representing “single-molecule
array”), is made of a COP plate having micron-sized cavities
in which water droplets are held and sealed with oil, similar
to FRAD. Because COP chips are suitable for mass production
by the mold-injection process, SiMoAs have been
commercialized for digital ELISAs.>**> Both FRAD and SiMoA
systems allow the facile and high-throughput generation of
w/o droplets at rates of 10°-10° droplets per device.

Free water droplets can also be used for digital bioassays
(Fig. 2f). Because conventional droplet microfluidic systems

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Micro-compartmentalization methods.

a) Water-in-oil emulsion. b)

\

PDMS (polydimethylsiloxane)/coverslip microreactor system.

Reproduced from ref. 7, Copyright 2005 Springer Nature. c) Optic fiber plate/PDMS microreactor system. Reproduced from ref. 75, Copyright
2007 National Academy of Sciences. d) Femtoliter droplet array device (FRAD). e) Arrayed droplets on COP (cyclicolefin polymer) device, SIMOA
(single molecule array). Reproduced from ref. 33, Copyright 2012 The Royal Society of Chemistry. f) Schematic of droplet microfluidic system.

Reproduced from ref. 39, Copyright 2020 American Chemistry Society.

generate w/o droplets with volumes over 10 pL, relatively
large droplets (@ = 10 pm) are often used for digital
bioassays,*****? leading to a compromise in detection time.
However, there have been a few reports of digital bioassays in
free w/o droplets with femtoliter volumes."®*® Unlike arrayed
microreactor systems, the total number of droplets is
unlimited in principle. Droplet microfluidic systems can
generate millions of droplets every minute, which exceeds
the number of reactors on arrayed systems. Another
beneficial feature of free-droplet systems is that the
encapsulation efficiency of the sample solution is generally
higher than that of array-type systems.

In addition to array and free w/o droplet systems, other
technologies for micro-compartmentalization have been
applied to digital bioassays. One of the distinctive
microreactor technologies is an arrayed lipid bilayer chamber
(ALBiC) technology, which has been applied for digital
bioassays of membrane transporters.”” In this review, ALBiCs
and related technologies are introduced in subsection 4.7. In
addition, recently developed technologies, such as the
particle-templated method and compartmentalization-free
methods, are introduced as emerging technologies in
subsections 4.2 and 5.2.

2.4. Enzymes

Currently, only a few types of enzymes have been applied in
digital bioassays, although the variety of enzymes is
expanding. This is because enzymes must meet the following

This journal is © The Royal Society of Chemistry 2022

two requirements. First, fluorogenic substrates must be
available for the enzymes. Second, the enzyme must possess
a sufficiently high catalytic power to produce a high
fluorescence signal rapidly.

B-gal,”**3%4142 B olycuronidase (B-gluc)®*® and alkaline
phosphatase (ALP)'"****%> are often used in digital bioassays
because the chemistry of their fluorogenic substrates has
been well established, thus providing several types of
fluorogenic substrates for each enzyme. Horseradish
peroxidases (HRPs) have also been studied in digital
bioassays.”*® Fluorogenic substrates are also available as
esterases. However, a digital bioassay for esters has not been
reported, probably because the fluorogenic substrates are
autolyzed, causing background signals. Nucleases such as
Cas13a and Casl2a are new families employed for digital
bioassay.>**®*"%*° The very stringent activation of the
nuclease activity of Cas proteins upon target polynucleotide
recognition is ideal for digital bioassays that detect single
molecules of RNA or DNA derived from pathogenic entities
such as viruses.

The catalytic power of enzymes is one of the most
important factors in obtaining high signals in digital
bioassays. Fig. 3a shows the distribution of catalytic turnover
rates of several enzymes. As shown, there is log-normal
distribution with a median value of 13.7 turnover per s.*°
Digital bioassays employ enzymes with catalytic turnovers of
10-1000 turnover per s. As discussed in the next subsection,
the catalytic turnover rate depends on the type of fluorogenic
substrate.
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Fig. 3 Enzymes and substrates of digital bioassays. a) Distribution of enzyme's k., modified from ref. 50, Copyright 2011 American Chemistry Society.
The k.at values of representative enzymes used for digital bioassays were indicated. b) Chemical structures and spectra of three major fluorescence
dyes used for fluorogenic substrates: 4-methylumbelliferone (4-MU), fluorescein, and resorufin. Dot lines and lines represent absorbance and
fluorescence spectra, respectively. c) Fluorogenic substrates for ALP: 4-methylumbelliferyl phosphate (4-MUP), fluorescein diphosphate (FDP), and
resorufin-phosphate. d) Autolysis of FDP found in digital bioassay of ALP. Time-lapse images and time courses with two distinctive groups: first and slow
ones. The fast group corresponds to catalysis by single ALP molecule. Slow one represents autolysis of FDP. Modified from ref. 11, Copyright 2021
American Chemistry Society. Note that the original data includes the third group corresponding to enzyme molecules with halved activity due to
heterodimer ALP composed of inactive monomer and active monomer. This group was omitted in this figure for clarity.

In addition to high catalytic power, enzyme substrate
promiscuity is required for the rapid catalysis of synthetic
fluorogenic substrates. Because of the differences in the
chemical structures of fluorogenic substrates compared to
natural ones, the turnover rate of enzymes for fluorogenic
substrates differs. Therefore, the overall fluorescence signal
from the fluorogenic assay of enzymes is a combination of
enzymatic and chemical properties of fluorogenic
substrates.

3096 | Lab Chip, 2022, 22, 3092-3109

2.5. Fluorogenic substrates

Most fluorogenic substrates used in most digital bioassays
contain either of three types of fluorescent chromophores in
their chemical structures: 4-methylumbelliferone (4-MU),
fluorescein, and resorufin (Fig. 3b). These substrates are
chemical conjugates of fluorescent chromophores and a
particular chemical group for enzyme recognition and
reaction.”® Fig. 3c shows representative fluorogenic ALP

This journal is © The Royal Society of Chemistry 2022
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substrates composed of a fluorophore and phosphate ester
group. Upon enzymatic reaction, typically, hydrolytic cleavage
of the substrate occurs, and a fluorogenic chromophore is
released, thus resulting in the resume of a high fluorescence
quantum yield. Fluorescein, resorufin, and coumarin are
suitable base structures because their fluorescence occurs in
an all-or-none manner upon enzymatic cleavage. This
fluorescence switching is crucial for achieving a high
fluorescence contrast between positive and negative reactors.

There are other factors to achieve a high fluorescence
contrast between positive and negative reactors. One is the
compatibility of the fluorogenic substrates with the specificity
spectrum of enzymes. Enzymes have an intrinsic substrate
promiscuity to some degree, enabling recognition and
reaction with nonnatural substrates. When a fluorogenic
substrate is compatible with an enzyme, the enzyme can
catalyze the conversion of the substrate at a high rate, thus
generating a high fluorescence signal. In the case of
Escherichia coli ALP (EcALP), the 4-MU derived substrate,
4-methylumbelliferyl phosphate (4-MUP) is a better substrate
than the fluorescein-derived fluorescein diphosphate (FDP).
Crucially, EcALP catalyzes the dephosphorylation of
coumarin-based substrates at a higher rate than fluorescein-
based substrates. This is attributed to the chemical difference
between FDP and 4-MUP; FDP has two phosphate bonds for
cleavage, whereas 4-MUP has a single phosphate group. The
obligatory double digestion mechanism of fluorescein is
responsible for its slower catalysis. A similar trend was
observed for B-gal, which hydrolyzes resorufin-B-p-
galactopyranoside (RDG) 10-times faster than fluorescein-di-
B-p-galactopyranoside (FDG); the former substrate has a single
galactose moiety, whereas the latter has two.

Another important property of fluorogenic substrates is
the low permeability of fluorogenic substrates/products in
sealing oil. Fluorescent chromophores with high fluorescence
intensity generally contain aromatic rings; therefore, they are
hydrophobic to some degree. As a result, fluorogenic
substrates are often modified with polar groups to achieve
biocompatibility. However, the leakage of the fluorogenic
substrate/product can still occur, thus reducing the signal-to-
noise ratio. For example, the leakage of reaction products
from fluorogenic substrates was reported in a digital bioassay
of EcALP with a fluorogenic 4-MUP substrate.>® The reaction
product of 4-MUP is 4-methylumbelliferone (4-MU), which
has an additional hydroxyl moiety on the coumarin structure
that enhances its water solubility. At neutral pH, where the
hydroxyl group is protonated, 4-MU is electrically neutral and
leaks into the oil phase. Therefore, for digital bioassays with
4-MU-based fluorogenic substrates, the assay mixture should
be at alkaline pH to retain 4-MU molecules in the wj/o
droplets. For example, digital bioassays for EcALP and
influenza virions based on neuraminidase activity with a
4-MU-based substrate were conducted at pH 9.25 and 9.0,
respectively.®>>

The chemical stability of fluorogenic substrates in reaction
mixtures is also important for digital bioassays. Some

This journal is © The Royal Society of Chemistry 2022
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fluorogenic substrates are spontaneously cleaved under
ambient conditions, even in the absence of enzymes. Fig. 3d
shows the time-course of fluorescence signal of digital
bioassay of EcALP with FDP as a fluorogenic substrate. The
base lines; the time-courses of empty reactors showing the
autolysis of FDP."' For quantitative analysis, the background
signal from the autolysis of the fluorogenic substrates has to
be subtracted from the signals from the positive reactors.

Quencher probes have been used in digital bioassays of
nucleases. A representative digital bioassay with nuclease is
CRISPR-Cas12/Cas13-based assays.”>*’ Cas13 is a Cas family
protein that shows high RNase activity when RNA with the
correct target sequence is recognized via CRISPR RNA bound
to the Cas13 protein. When activated upon binding to the
target RNA, Cas13 cleaves RNA molecules in a sequence-
independent manner, although each Cas13 protein has a
preference for the substrate RNA sequence to some degree.
When the CRISPR-Cas13 complex cleaves the quencher probe
RNA labeled with a fluorescent dye and quencher dye, probes
regain fluorescence, allowing digital counting with a high
signal-to-noise ratio. Similar digital bioassays containing the
Casl2a protein that recognize DNA and activates trans-
ribonuclease activity have also been reported.*®*®*° peptide-
linked quencher probes should enable the development of
digital bioassays of peptidases, although this has not been
previously reported.

3. Design principles for digital
bioassays
3.1. Signal digitalization

The most critical point in the design of digital bioassays is
the precise discrimination of positive and negative reactors
for signal digitalization with a threshold value determined
from the signal histogram (Fig. 4a). Importantly, for accurate
classification, the positive reactor signal should be well
separated from the negative signal, ie. the mean signal
values of the positive and negative reactors should be
separated sufficiently by the sum of the standard deviations
of the signals, as follows:

Aﬂ:ﬂp_llN>>O'P+UN,

where up and py represent the mean values of the positive
and negative reactors, respectively, and op and oy are the
standard deviations of the positive and negative reactors,
respectively. For achieving a high detection sensitivity, that
is, a low limit of detection (LOD), the suppression of pseudo-
positives is a crucial point. This is because digital bioassays
require the detection of positive reactors among the
overwhelming number of negative reactors; the probability of
a positive reactor near the LOD is typically 10 to 107°.
Therefore, to avoid pseudo-positive signals, the threshold is
often set to the highest possible value unless this results in
the excessive cut-off of positive reactors. The threshold, 6, is
generally defined from yy and oy as follows:

Lab Chip, 2022, 22, 3092-3109 | 3097
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Fig. 4 Key parameters for digital bioassay. a) Threshold for signal binarization. Schematic of distributions of signals from negative reactors without
enzyme (N) and from positive reactors containing single molecule of enzyme (P). 4 and o represent the mean and standard deviation. b)
Theoretical limit of detection (LOD) determined by the total reaction volume that is the reactor number multiplied by the reactor volume. Lines
represent LOD versus reactor volume for systems with indicated number of reactors. Data points indicate the experimental LOD values from
selected literatures (see main text, and also Table 1), and they are colored according to the corresponding number of reactors. c) Detection time
required for the signal detection of single molecule of enzyme with indicated catalytic turnover rate. The detection time is estimated as the time
for the accumulation of reaction product to 500 nM in a microreactor of indicated volume. Data points indicate the detection times from selected
literatures (see main text, and also Table 1), and they are colored according to the corresponding catalytic turnover rate.

0= px +n-ox (n = 3).

Although the threshold value has not been well documented
in many studies, the reported values for n range from 3 to
10."'%2¢ To ensure the thorough suppression of pseudo-
positive signals and the efficient identification of positive
signals, it is critical to determine experimental conditions for
low and homogeneous signals from empty chambers.

3.2. Theoretical limit-of-detection

The LOD is determined by two factors: the total number of
reactors and the fraction of pseudo-positive reactors. For
simplicity, we assume that there are no pseudo-positives in
this subsection. When the total reaction volume per device
(i.e., the number of reactors multiplied by the reactor
volume) is high, the possibility of capturing target molecules

3098 | Lab Chip, 2022, 22, 3092-3109

in some reactors is also high, leading to a high detection
sensitivity (i.e., low LOD). When the mean number of target
molecules per the total reactor volume is one per device, the
probability of finding a positive reactor is estimated to be
63% according to eqn (1);

Pn>1,2=1)=0.63
To ensure over 95% probability for the detection of positive
reactors, three molecules per total reactor volume is the
lowest limit;

Pln>1,2=3) =095
Therefore, we herein define the theoretical limit of detection

as three molecules per total reactor volume. Fig. 4b shows
the LOD plotted against the reactor volume for 10%, 10°, 10°,

This journal is © The Royal Society of Chemistry 2022
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and 10’ reactors. As shown, the LOD data points from
selected literature®®***%*7>3 plotted in Fig. 4b lie above the
theoretical lines, demonstrating the validity of the above
arguments. Original data from the literatures is shown in
Table. 1.

3.3. Dynamic range

Dynamic range is also an important performance parameter
for analytical methods. As abovementioned, the lower limit
for analysis in digital bioassay is three molecules per total
reactor volume. On the other hand, 1 has to be less than 0.1
for linear response to target concentration. Therefore, for
simple digital bioassay, the order of the dynamic range is
approximately 1/10 of the total number of reactors, e.g. 10°
for assay with 10° reactors. The Poisson distribution also
allows the estimation of target molecule concentration even
when the probability of positive reactor is close to saturation;
A > 0.1. Under such experimental conditions, it could be
more effective to count the number of negative reactors
instead of measuring the number of positive reactors, which
does not respond linearly to target concentration. In this
manner, the dynamic range can be extended to the order of
the total reactor number.

The above argument assumes that the reactors for micro-
compartmentalization are homogeneous, and that the
encapsulation process simply obeys the Poisson distribution.
There are several methods proposed for breaking the limit of
the dynamic range determined by the number of reactors.
One is the method with multivolume reactor devices that
display the array of microreactors with several classes of
volume.” This method was principally developed for digital
PCR that amplifies signal in exponential manner so that
distinctive signal is obtained with a wide range of reaction
volume. This strategy could also be effective for enzyme-
based digital bioassay although it should compensate the

Table 1 Summary of the experimental conditions for digital bioassays
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detection time because a larger reactor requires longer
incubation time to gain sufficiently high signal. Another
method is also based on arrayed type reactor system, termed
Brownian trapping with drift.>> In this method, target
molecules are actively captured with binder molecules
immobilized on reactors during the injection of the target
molecule solution into reactors. Resultantly, the probability
of positive reactors shows exponentially decay along the
direction of solution injection. This method effectively
extends the limit of dynamic range although the probability
of positive reactor no longer shows linear response to target
molecule concentration.

3.4. Enhancing positive signals

The above calculation assumes that all positive reactors are
well separated from negative ones. For efficient signal
digitalization, the mean value of the fluorescence signal from
the positive reactors should be sufficiently high to avoid
pseudo-positive signals. Here, we consider the
concentration of the fluorescent dye for signal digitalization
to be at least 500 nM, based on our own measurements and
an analysis of the literature.'™'®**°¢ Although it is possible
to obtain images of fluorescent dye solutions of 100 nM or
less, high concentrations are required for quantitative
imaging with an objective lens of medium or low numerical
aperture (less than 0.76), ie., that suitable for high-
throughput wide-view imaging. The major factors for
obtaining a high fluorescence signal are the reactor volume
and reaction time, as well as the properties of enzymes and
substrates such as turnover rate, oil permeability, and photo/
chemical stabilities (see subsection 2.5.).

The size of the microreactors is a critical factor for
achieving a high fluorescence signal. In principle, smaller
reactors yield higher signals owing to the higher
condensation effect. Typically, digital bioassays use reactors

lowest

Keatr OF Reactor

turnover Detection volume Reactor LODgeo LODeyp
Enzyme Substrate (s™ time (min) (v =fL) number (n) (= 3/(n % v x N))* (fM) (fM) Ref.
Mutant E. coli. ALP 4-MUP 891 10 44 912 000 0.13 7 26
Tissue nonspecific ALP 4-MUP 873" 20 46 60000 1.8 — 9

1542”
HRP Amplex red 38 2 46 — — — 46
B-Gal from E. coli RDG 534 2 46 — — — 56
B-Glucosidase from P. FDGlu 3.8 260 13 — — — 40
furiosus
Cas12a from L. bacterium FAM-CCCCCC-BHQ1 4850° 60 4300 — — 28.7f>< 38

107
Cas13a from L. wadei FAM-rUrUrUrUrU-31ABKFQ’ 110 <5 3 120000 14 56 (5.7%) 47
Cas13a from L. buccalis FAM- — 60 14000 20000 18%x107° 10x10% 24
rUrUrUrUrU-31ABKFQ’

B-Gal FDG — 10 32 200000 0.78 46 16
dHEBA® qProbe — 10 2600 100920 19%x107° 4x107° 53

@ N, is the Avogadro constant. ? The values were determined from heterogeneity in catalytic activity distribution of single enzyme. ° The values
were determined in conventional biochemical assay. ¢ The value was determined by using three crRNA. ° Digital homogeneous entropy-driven
biomolecular assay ({HEBA).” The values were determined as the lowest concentration for quantification.
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with volumes in the femto- to picoliter range, but several
studies have reported attoliter chamber systems for the
effective detection of slow enzymes.*>*” Thus, reducing the
reactor volume is the principal strategy for achieving a high
signal intensity, in particular in the digital assay for enzymes
with slow catalysis. However, it should be noted that
reducing the reactor depth to less than the depth of focus of
the objective lens can be less efficient and even reduce the
signal intensity. This can happen particularly when the
enzyme exhaust the substrate, and the fluorescent dye
concentration is constant, because the total number of
fluorescent dye molecules that give a fluorescence signal in
imaging should be proportional to the reactor volume under
these conditions. The depth of focus of the objective lens
used in digital bioassays is 1-2 um. Therefore, the size of
microreactors used in digital bioassays is typically 1-10 pm.
Another strategy for signal enhancement is the extension
of the reaction time to allow the greater accumulation of
fluorescent dyes in the reactors. Fig. 4c shows the correlation
between the reactor volume and reaction time require to
reach 500 nM for enzymes with the indicated catalytic
turnover rate: 1, 10, 100, or 1000 turnover per s.
Preferentially, the reaction time should be within 1 h,
especially considering the stability of the optical systems and
their application in diagnostic tests. The data points in
Fig. 4c indicate the reactor volume and reaction time from
the literatures selected based on the clarity of the
experimental conditions.?¢4%447:5¢ The colors of the lines
and points indicate the range of catalytic turnover rate. As
shown, the data points fall on or above the corresponding
lines. Although longer incubation principally results in
higher fluorescence signal, the signal should gradually reach
a plateau level that is theoretically limited by the
concentration of fluorogenic substrate in reactors.

3.5. Suppressing negative signals

Ideally, reactors without target molecules should not cause a
pseudo-positive signal. However, in reality, the complete
suppression of pseudo-positive signals is quite difficult
because these signals have a range of origins, including
optical, device, and sample solution effects.

The noise from the components of the optical imaging
systems is generally low compared to other noise sources.
Camera noise is typically negligible. A typical noise source in
optical imaging systems is the uneven excitation light in the
imaging field. Because it is difficult to suppress this
completely, the effect of uneven excitation should be
corrected during image processing. In some cases, spherical
aberrations can cause systematic noise. Because spherical
aberration is severe only in the peripheral area, this effect
can be minimized by omitting the peripheral area from
image analysis.

One major cause of pseudo-positive signals or high
background noise in reactor array systems is the residual
enzyme assay solution in the device. Because the residual
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solution also generates a high fluorescence signal, uniform
oil sealing to wash out excess enzyme solution is crucial to
maintain a low level of background noise. Sometimes,
exceptionally high noise causing outliers originates from
impurities in the device, such as a residual photoresist.
However, pseudo-positive signals arising from impurities do
not increase fluorescence signal with reaction time.
Therefore, when time-lapse images are analyzed to measure
the rate of increase in fluorescence, pseudo-positive signals
originating from device impurities can be discriminated from
active reactors by differentiating the static and time-
dependent signals.

Some pseudo-positive signals originate from the assay
solution or the specimen. In the case of digital ELISA, the
most typical pseudo-positive result is due to the nonspecific
binding of enzyme-conjugated antibody molecules on
microbeads or the device surfaces."”” Because enzymes can
retain catalytic activity even if they are attached to
microbeads or the device surface, these nonspecifically
bound enzymes cause pseudo-positive signals at the same
level as the positive signal. When clinical specimens are used
as samples, contaminating enzymes in the specimens can
also cause pseudo-positive signals, as seen in digital
influenza virus counting.”> Another pseudo-positive
mechanism, which increases the signal with time, is the
autolysis of fluorogenic substrates, as described in subsection
2.5. Although the rate of spontaneous cleavage is evidently
lower than that of the enzyme-catalyzed reaction, it becomes
more significant when the reaction volume is large, where
the signal increase caused by the enzymatic reaction is
relatively small.

4. Applications of digital bioassays
4.1. Digital ELISA and related assays

A representative digital bioassay expected to be a next-
generation diagnostic test is digital ELISA. Since the first digital
ELISA assay was reported,'® various types of digital ELISAs have
been reported. 11819343639 Although a microreactor system
composed of a PDMS gasket and fabricated optic fiber plate
was used in early studies (Fig. 5a),"*® w/o droplet array
systems have been widely employed'*** after the first w/o array
system was developed (Fig. 5b).>' Furthermore, the widespread
application and further development of digital ELISA were
triggered by the commercialization by an array device termed
single-molecule array (SiMoA) and the related analysis system®®
of Quanterix. This commercialization makes digital ELISA
accessible to nonexperts and has greatly contributed to the
development of disease-related marker assays such as those for
prostate specific antigen (PSA),*® amyloid-f (1-42) peptide,®*
interleukin proteins,’> and tau proteins® (for a more
comprehensive review on the applications of SiMoA, see ref.
34).

The reported LOD values of digital ELISA with array
systems generally range from femtomolar to attomolar
levels,"** which are 2-4 orders of magnitude better than that
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Fig. 5 Digital ELISAs. a) The schematic of digital ELISA with arrayed microreactor system. Reproduced from ref. 13, Copyright 2010 Springer
Nature. b) Digital ELISA with FRAD. Reproduced from ref. 12, Copyright 2012 Royal Society of Chemistry. c) Digital homogeneous ELISA

(homogeneous entropy-driven biomolecular assay).

Reproduced from ref.

53, Copyright 2016 American Chemistry Society. d)

Compartmentalization-free digital ELISA by use of tyramide deposition. Reproduced from ref. 19, Copyright 2016 American Chemistry Society.

of conventional ELISA and are lower than the theoretical
values estimated from the total reactor volume of droplet
array systems. This is because, in the general protocol of
digital ELISA, target molecules are enriched in a pull-down
process using antibody-coated microbeads. However, the
experimentally determined LODs do not reach the theoretical
value of LOD (around the zeptomolar level), when taking the
enrichment process into account.”” One of the major
obstacles to achieving a theoretical LOD is the nonspecific
binding of enzyme-conjugated antibodies, which causes a
pseudo-positive reactor.’> Nonspecific binding of the
conjugate can be mitigated by decreasing the concentration
of the conjugate in the reaction mixture. However, there is a
trade-off between the efficiency of antigen-antibody
formation and the reduction of nonspecific binding. Another
technical challenge in digital ELISA is sampling efficiency:
that is, how efficiently target molecules are incorporated into
microreactors after being captured on antibody-coated
microbeads. In the conventional format of digital ELISA with
arrayed reactors, the sampling efficiency ranges from 5% to
20%.">°° Thus, the improvement of the sampling efficiency
could result in 10-times lower LOD.

A free-droplet format has also been used. The earliest
class of digital ELISA based on droplet fluidics was reported
by Shim et al,'® in which an immunocomplex for the
detection of PSA was encapsulated in femtoliter w/o droplets
with a volume of approximately 10 fL, and 20000 droplets

This journal is © The Royal Society of Chemistry 2022

were analyzed. The LOD of the system was 46 fM, higher by
3-4 orders of magnitude than that for digital ELISA with
arrayed reactors'>'® because an enrichment process was not
implemented. Later, another type of droplet-based digital
ELISA was reported, in which a large number of droplets with
picoliter volumes were analyzed.*® The resultant LOD values
ranged from to 20-30 aM, which are 10-times better than that
of the digital ELISA with the SiIMoA system.

Conventional  digital ELISAs are heterogeneous
immunoassays that require bound/free (B/F) separation;
before being introduced into a microreactor device or
emulsified with droplet fluidics, samples must be subjected
to B/F separation to remove unbound antibody conjugates.
Because this process is laborious and requires additional
instruments, a homogeneous method of digital ELISA is
highly desirable. However, very few homogeneous formats of
digital ELISA have been reported. Kim et al.>® exploited an
entropy-driven nucleic acid strand displacement assay as a
signal amplification process for a homogeneous entropy-
driven biomolecular assay (HEBA) that provides a
fluorescence signal without the B/F separation process
(Fig. 5c). They achieved the attomolar-level detection of
influenza nucleoproteins. Akama et al'® reported another
format for homogeneous digital immunoassay, termed digital
HoNon-ELISA  (digital ~ homogeneous non-enzymatic
immunosorbent assay). In this method, target molecules are
captured in FRAD reactors via capture antibodies that are
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deposited on the reactors. For the detection of target
molecules, magnetic nanoparticles conjugated with
secondary antibodies are actively introduced into reactors via
an external magnetic field to ensure immunocomplex
formation with the target molecules, and the reactors are
sealed with oil. Functional immunocomplexes were detected
as nanoparticles showing tethered Brownian motion. Byrnes
et al. reported another type of homogeneous digital ELISA
that is based on proximity ligation where target molecule
enhances the ligation reaction of two oligo nucleotides
conjugated with antibodies.”> The ligation product is
amplified in subsequent in-droplet PCR that gives high signal
for binarization. The reported LOD is still in pM range,
posing technical challenges for further improvements.

In addition to disease-related marker detection, digital
ELISA can also be applied for enzymatic assays. Wang et al.
reported eSiMoA, a novel ultra-sensitive enzyme assay based
on digital ELISA; in this process, enzymes react with
substrate-conjugated beads on which enzymes deposit
phosphate or nucleotides on catalytic activity.®* Subsequently,
the reacted beads are counted with antibody molecules
against the deposited chemical groups in digital ELISA
format. They achieved highly sensitive assays for protein
kinases, telomerase, and transferases.

4.2. Digital ELISA in compartmentalization-free format

Compartmentalization-free formats for digital ELISAs were
developed with the aim of circumventing the laborious and
costly microfabrication process.'®*? These
compartmentalization-free = methods  utilize  “reaction
localization” by the use of enzyme-catalyzed fluorescence
deposition,'® rolling circle amplification of DNA for localized
amplification of signals,"® or enzyme localization on
substrate-coated microbeads,”” instead of the physical
compartmentalization of the solution.

The earliest class of compartmentalization-free digital
ELISAs was reported by Akama et al,"” who exploited
tyramide signal amplification chemistry (Fig. 5d). HRP was
used as a reporter enzyme and conjugated with the antibody.
When reacted with fluorescently labeled tyramide substrates,
HRP converted the tyramide substrates into short-lived
radicals that formed covalent bonds with nearby proteins.
When HRP-conjugated antibody molecules were bound to the
target molecules captured on the microbeads, the tyramide
radical reacted with the contiguous protein molecules on the
microbeads, depositing fluorescent dyes on the microbead
surface. Consequently, microbeads carrying ELISA complexes
were selectively labeled with fluorescent dyes, allowing digital
counting with flow cytometry. This compartmentalization-
free digital ELISA achieved a LOD at the sub-femtomolar
level, although the detection efficiency of the fluorescent
beads was approximately 70% when compared with the
droplet array-based digital ELISA because of the partial
fluorescent labelling of the microbeads. A similar method
based on tyramide chemistry that achieved an LOD around
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the femtomolar level has also been reported, in which the
microbeads were embedded within fibrin hydrogels after
reaction for microscopic imaging.®

Wu et al*® reported another type of
compartmentalization-free digital ELISA, employing phi29
DNA polymerase as the reporter enzyme that amplifies
signals as long DNA strands in concatemer form via rolling
circle amplification. In this study, the sample solution was
casted and evaporated on a coverslip, and, because the
amplified DNA molecules labeled with fluorescent oligo-
probes were sufficiently stable to emit high fluorescence after
drying, this method achieved an attomolar-level LOD, a 25-
fold improvement compared to digital ELISA with the SiMoA
system.

A compartmentalization-free digital bioassay with T4
polynucleotide kinase phosphatase (T4 PNKP)' is also
notable, even though this method is not an immunoassay.
This assay is based on the unique features of T4 PNKP; that
is, this enzyme catalyzes the dephosphorylation of the 3'-PO,
of DNA molecules and then translates to the neighboring
DNA molecules for the next round of catalysis. Thus, once a
single molecule of T4 PNKP attaches to a DNA-labeled
microbead, the enzyme dephosphorylates many DNA
molecules on the microbeads before dissociation. Therefore,
when dephosphorylated DNA strands were fluorescently
labeled, the number of T4 PNKPs could be counted based on
the number of fluorescent beads.

4.3. Digital assays for the detection of SARS-CoV-2

The recent COVID 19 pandemic has drawn unprecedented
demand for simple, rapid, and highly sensitive assays for the
detection of RNA and/or proteins related to severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) obtained
from nasal swabs or other fluid samples from patients or
people to be tested. Quantitative reverse transcription PCR
(RT-qPCR) is currently the gold standard method for
detecting the presence of the viral RNA from samples.
However, RT-qPCR has some disadvantages. For example, RT-
qPCR is not rapid: the standard protocol takes several hours
for full processing. In addition, RT-qPCR requires the use of
expensive instruments, hampering the use of RT-PCR in
small clinics and in less developed countries/areas. As a
result of the acute demand for simple, rapid, and highly
sensitive assays for the detection of SARS-CoV-2, the
development of digital bioassays has accelerated remarkably,
and, since the emergence of COVID 19, this field has made
important progress.

Ge et al. developed a digital ELISA for the detection of the
nucleocapsid protein (N protein) from SARS-Cov-2 using the
aptamer/antibody sandwich method."" They enhanced the
detection limit by a factor of 300 compared to that of
conventional ELISA methods.

An emerging class of digital bioassays to meet the
requirements for the detection of SARS-Cov-2 RNA is Cas13-
based digital bioassays. Cas13a proteins recognize target RNA

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Applications of digital bioassay. a) Digital Casl3 assay for the detection of SARS-CoV-2 RNA. Reproduced from ref. 24, Copyright 2021
American Chemistry Society. b) Heterogeneity analysis of ALP enzyme molecules investigated with FRAD. The histogram shows that ALP has two
fractions: half active and fully active ones, each corresponding to heterodimers from active and inactive monomers and homodimer of active
monomers. Reproduced from ref. 11, Copyright 2021 Wiley. c) Highly accurate screening method based on cell-free gene expression from single
template DNA (digital gene expression). Reproduced from ref. 25, Copyright 2019 American Association for the Advancement of Science. d) ALBiC
(arrayed lipid bilayer chamber) for single-molecule analysis of active transporter protein, FoF; ATPase. Reproduced from ref. 20, Copyright 2014

Springer Nature.

via CRISPR RNA prebound on the protein. The association
with the target RNA activates the ¢rans-RNA cleavage activity
of Cas13a to digest RNA molecules almost nonspecifically.®®
This enables the digital counting of target RNA using an RNA
quencher probe. Tian et al. reported the method for digital
counting of RNA where the Cas13a assay mix was micro-
compartmentalized into w/o droplets (Fig. 6a).>* Owing to the
high catalytic activity of Cas13a (10°* turnover per s), Cas13a
accumulates detectable levels of fluorescent dyes in relatively
large volume droplets (1 pL) as a microcompartment for
digital bioassay. Due to the large size, the incubation for 60
min was required. This method reported an LOD of 6 copies
per puL for a model sample. Shinoda et al. performed digital
SARS-CoV-2 RNA counting using a FRAD.*”” The volume was
only 3 fL, which was sufficiently small to detect signals
within 5 min, and the LOD of this system was approximately
10 fM. In a recent study, they reported higher sensitivity, 6.5
aM or less by employing pull-down enrichment process.®”
These digital counting methods enable simple assay
procedures without a preamplification process with reverse
transcription. The simplicity of the protocol is one of the
remarkable advantages compared with other Casl3a-based
assays, such as SHERLOCK®® which requires nucleic acid
amplification.

The digital counting of SARS-CoV-2 RNA with Cas12a has
also been reported.’”® Because Casl2a recognizes DNA to
activate the trans-cleavage activity against RNA, the protocol

This journal is © The Royal Society of Chemistry 2022

includes a reverse-transcription process. Although the assay
includes additional steps, this method achieved very high
detection sensitivity, a single copy per microliter, owing to
the preamplification process. A similar assay using a sample
prewarming protocol to avoid undesired premature target
amplification by Cas12a was reported to achieve comparable
sensitivity (5 copies per mL).*® A digital counting assay with
the Cas12a system would be suitable for diagnostic tests to
detect patients infected with DNA viruses.*®

Thus, digital assay with Cas proteins has seen rapid
growth. However, it should be noted that the COVID 19
pandemic has accelerated not only digital bioassays but also
other bioanalytic methods. In particular, compact diagnostics
test systems have been developed based on RT-PCR or
strand-exchange reactions.®®®® These methods also achieved
swift and highly sensitive detection of SARS-CoV-2 RNA, and
these have been commercialized already. Compared with
these methods, digital bioassay based on Cas proteins are
not obviously superior in terms of detection sensitivity and
detection time. A remarkable feature of digital bioassays with
Cas proteins, which differentiates them from other methods,
is that Cas protein-based assays do not require thermal cycle
or incubation at higher temperature that inevitably requires
an external heating system, restricting the size reduction of
the total system. Therefore, digital bioassay with Cas protein
should seek more compact and cost-effective systems. In
addition, upon the development of swift assay methods, it
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would become more important to develop simple and swift
methods for preparations of biofluid samples that should be
compatible with digital bioassays and/or other highly
sensitive bioassays.

In addition to detection of SARS-CoV-2 RNA, digital
ELISAs/immunoassays have been developed for immune
response analysis of patients. Norman et al. reported digital
ELISAs for the highly sensitive detection of anti-SARS-CoV-2
antibodies in the plasma of patients.”” They developed a
multiplex digital ELISA for the detection of three
immunoglobulins (IgG, IgM, and IgA) against three SARS-
CoV-2 proteins. For the detection of each immunoglobulin,
color-barcoded microbeads, each modified with either of the
SARS-CoV-2 proteins and a corresponding color dye, were
reacted with a sample and subjected to digital counting with
the SiMoA system. This method allows the high-resolution
profiling of the early seroconversion of plasma samples from
patients.

4.4. Molecule-to-molecule heterogeneity analysis

Digital bioassays have contributed to the elucidation of the
molecular mechanisms of enzymes, uncovering the features
of enzymes masked by ensemble averaging in bulk solution
experiments. One of the advantageous features of digital
bioassay methods for enzyme studies is that they provide
direct information on the heterogeneity of the catalytic
activity of enzyme molecules. In particular, with arrayed
microreactor systems, digital bioassays enable time-lapse
analysis, allowing quantitative analysis of the catalytic activity
of single enzyme molecules in a high-throughput manner. To
date, all enzymes that have been quantitatively analyzed so
far show molecule-to-molecule heterogeneity in catalytic
activity. Because such heterogeneity is usually observed on
long time scales, even after time-averaging for minutes to
hours, the heterogeneities found in digital bioassays are
considered to be “static” heterogeneity, unlike the “dynamic
disorder””" that shows dynamic fluctuation in catalytic rate
within a short time (typically, millisecond to seconds).
Although static heterogeneities were reported in the earliest
single-molecule studies,”” population analysis of molecule-to-
molecule heterogeneity has become accessible with digital
bioassay.

Distinctive heterogeneities in enzyme activity have been
found in enzymes with oligomeric structures, for example,
B-gal with a homo-tetramer®® and ALP with a homodimer,"
both of which are often used in digital ELISAs or related
assays. Li et al. reported a non-Gaussian distribution of the
catalytic activity of engineered hetero-tetrameric f-gal
molecules composed of active monomer(s) and mutated
inactive monomer(s). They also measured the mistranslation
frequency of a reconstituted cell-free transcription and
translation system (PURE system) by counting the number of
hetero-tetrameric -gal molecules carrying a single copy of an
active monomer that was occasionally expressed in DNA
encoding the inactive P-gal gene. Ueno et al. reported a
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digital bioassay for the quantitative analysis of the intrinsic
heterogeneity of the ALP enzyme,'! and revealed that ALP has
two distinctive populations, half-active and fully active; the
former is a heterodimer enzyme with one inactive monomer
unit, whereas the latter is a homodimer composed of active
monomers (Fig. 6b). The distinctive heterogeneity of ALP was
found in ALPs from different species, indicating that static
heterogeneity is a common feature of ALPs.

Honda et al. developed a digital bioassay platform for
serial buffer exchange to measure single molecules of
enzymes under multidimensional conditions, i.e., substrate
and inhibitor concentrations.’® They investigated the
heterogeneity of neuraminidase activity among single
influenza virus particles; each virus particle exhibited not
only different neuraminidase activity but also different
sensitivity to the inhibitors oseltamivir and zanamivir. It was
shown that the half maximum inhibitory concentration (ICs,)
values differed by 20% among virus particles. Interestingly,
no correlation was observed between the IC;, values of the
two inhibitors, suggesting that the molecular mechanisms
for the sensitivity/resistance of the virus to oseltamivir and
zanamivir are different.

Functional substrates showing static heterogeneity
between enzyme molecules are considered to be a key for the
acquisition of new functions in evolutionary processes,”* and
the evolutionary optimization of enzyme function can occur
by shifting the population balance between functional
substrates. Leibherr et al investigated the molecule-to-
molecule diversity in the catalytic activity of an in vitro
partially evolved mutant of B-gluc that has high substrate
promiscuity to catalyze hydrolytic reactions against a wide
range of glycoside substrates.® In comparison with wild-type
B-gluc, the promiscuous mutant enzyme showed higher
diversity in catalytic activity. This is an excellent example
demonstrating the power of digital bioassays to provide
important implications about enzyme evolution. From the
viewpoint of protein engineering, molecule-to-molecule
diversity could be considered as a barometer for enzyme
evolvability in directed evolution experiments. More
comprehensive analyses are required to generalize these
findings.

4.5. Activity dynamics analysis

In addition to static heterogeneity, dynamic heterogeneity,
i.e. fluctuations in catalytic activity is also accessible using
digital bioassays. However, compared to single-turnover
measurments,”* this approach is not superior in terms of
time resolution. Therefore, there have been a limited number
of studies on dynamic heterogeneity using digital bioassays.
For example, Gorris et al. reported the activity fluctuation of
B-gal in the presence of the slow-binding inhibitor
p-galactal.”> Because the data did not show a clear transition
between the active and inactive states, they measured the
autocorrelation function to estimate the kinetic features of
the inhibitor association and dissociation. Rojek et al
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attempted heat stimulation of the transitions among the
functional substates of P-gal.”® They concluded that
individual enzymes switch their functional state almost
randomly, and no correlation was found before and after the
heat pulse.

4.6. Digital bioassays for cell-free synthetic biology

Cell-free synthetic biology is a rapidly growing field that aims
to reconstitute cellular functions using molecules outside
cells.””® This trend has contributed significantly to the
elucidation of molecular functions and also to technological
developments for various applications, such as enzyme
screening/selection, drug discovery, metabolic engineering,
and biomanufacturing. The “single DNA molecule in a single
micro-compartment” concept has been employed in a cell-
free method for the directed evolution of enzymes, termed
“in vitro compartmentalization (IVC)”,*" in which a single
molecule of DNA is compartmentalized in w/o droplets with a
cell-free transcription and translation (TXTL) system. The
concept of gene expression from a single DNA molecule in a
single reactor (digital gene expression) is essential for IVC
methods to achieve efficient genotype-phenotype coupling.

Cell-free TXTL has been implemented in a system for
enzyme screening based on digital gene expression (Fig. 6¢
).2® Because the reactors of FRAD are highly monodisperse
and the arrayed system allows time-lapse imaging for highly
quantitative measurements, this method has achieved the
highest enrichment factors, 10*, and demonstrated the highly
accurate selection of catalysis-enhanced ALP enzymes. Digital
gene expression has also been reported in monodisperse w/o
droplets prepared with microfluidics system® and
monodisperse liposomes.*

Another example of a digital concept in cell-free synthetic
biology is gene replication from a single DNA/RNA molecule
in a reactor, so-called digital gene replication.®*®® Ichihashi
et al. reported cell-free gene replication using QP phage RNA
polymerase proteins expressed from cell-free TXTL in a w/o
emulsion.®” They found that TXTL-coupled gene replication
under digital conditions was critical for avoiding or
eliminating parasite RNA molecules. Similar findings have
been reported by Matsumura et al.®*® Recently, over 200 kbp
DNA replication in w/o droplets under digital conditions
using a reconstituted replisome system from E. coli was
reported,® termed reconstituted cycled replication (RCR).®”

Thus, digital gene expression and replication are essential
concepts in the field of cell-free synthetic biology. It is
expected that the further implementation of cell-free systems,
including synthetic molecular systems, into
microcompartments will realize highly functionalized cell-
like systems (artificial cells) with greater autonomy.

4.7. Digital bioassays for membrane transporter

Membrane transporter proteins play pivotal roles in many
cellular activities such as signal transduction, energy
transduction, the active uptake of nutrient molecules, the
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efflux of waste products or xenobiotic molecules, and
membrane quality control.’®®° Therefore, there are great
demands for quantitative analytical methods for membrane
transporter proteins. Among the membrane transporter
proteins, ion channel proteins can generate a high flux of
ions across membranes (of the order of 10” ions per s) driven
by the electrochemical potential across the membrane.
Therefore, even single ion channel molecules can dissipate a
large amount of energy, allowing electrochemical detection at
the single channel level.”” However, most transporters are
slow (generally slower than 10 transport events per s). In
addition, transport substrates are not always electrically
charged; therefore, transporters for such neutral substrates
are quite difficult to detect using electrochemical methods.

Recently, there have been increasing reports on new
microsystems for digital bioassays of membrane transporters.
The principal idea is the accumulation/ejection of transport
substrates into or from a microreactor sealed by lipid
bilayers. Transport activity is generally monitored using
fluorescent probes encapsulated in the reactors. Tonooka
et al. reported the detection of the passive Ca** transporting
activity of a-hemolysin with picoliter droplets covered with a
lipid bilayer.”* Watanabe et al. reported another microsystem
termed ALBIC (arrayed lipid bilayer chamber) comprising 10°
droplets covered with a lipid bilayer (Fig. 6d). The chamber
volume was only 7 fL, which is sufficiently small for the
detection of slow transporters.”’ They successfully detected
the transporting activities of not only a passive transporter,
o-hemolysin, but also an active proton transporter, FyF;
ATPase, at the single-molecule level. To enhance the
detection sensitivity further, an ALBiC with attoliter volume
was developed.”” Another beneficial feature of ALBIC is that
it allows the formation of an asymmetric bilayer with
different lipid compositions in the upper and lower lipid
layers.”” Taking this advantage, Watanabe et al. reported a
single-molecule kinetic study of a phospholipid scramblase
protein.”> A monodisperse liposome system has also been
used for digital bioassays of transporters such as
a-hemolysin and F,F; ATPase.** These lipid bilayer
microsystems are expected to pave the way for the digital
bioassays of a wide variety of membrane proteins.

5. Digital bioassays: perspectives
5.1. Enzyme variety

There are restrictions on the types of enzymes that are
applicable to digital bioassays. One of the main reasons for
this is that fluorogenic substrates are only available for a
limited types of enzymes such as phosphatases, glycolysis
enzymes, and nucleases. Therefore, the expansion of the
chemical variety of fluorogenic substrates is required.
Another way to expand the enzyme variety in digital bioassays
is to utilize detection methods other than fluorescence
imaging. Zhang et al. reported an electrochemical system for
a digital influenza virus counting.”® Electrochemical digital
bioassays are currently inferior in detection sensitivity and
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time compared to digital analysis with optical imaging/
detection methods. However, given that many biosensors
currently in widespread use are based on electrochemical
detection, the potential of this strategy is particularly notable.
In addition to electrochemical detection, mass spectrometry
would also be an appropriate alternative detection method,
especially considering that mass spectrometric analysis has
been utilized for the analysis of the secretion activity of single
cells entrapped in the FRAD system.’*

5.2. Emerging technologies

The current methodology for micro-compartmentalization is
also limited to a few major methods, such as FRAD, SiMoA,
and w/o droplets. However, these methods require
microfabrication for device preparation, and this has
hindered the widespread use of digital bioassays. In this
regard, the particle-template droplet generation method has
great potential as an easily accessible method for generating
monodisperse  droplets.”> Recently, hydrogel particle-
templated droplet formation was developed, and, using this,
the digital counting of p-gal has been demonstrated.*?

5.3. Challenges facing digital ELISA

Digital bioanalytical methods represented by digital ELISA
are expected to have applications as ultrasensitive clinical
diagnostic agents. However, there are some challenges
preventing their clinical use. One is the false-positive signals
that prevents digital ELISA from reaching its theoretical
detection sensitivity.'> One of the major causes of false-
positive signals is the nonspecific binding of antibody-
enzyme conjugates to microbeads or device surfaces.
Nonspecific binding could be minimized by coating the
device surface with microbeads. Another challenge for the
clinical application of digital ELISA is the size reduction of
the total system down to a palmtop size or the scale of
lateral-flow test kits to enable digital bioassays to enter the
rapid diagnostic market. A straightforward strategy for
downsizing the digital ELISA system is to use a small
fluorescence imaging system. In this regard, smartphone-
based detection systems have already been reported.’>°® In
addition to downsizing the detection system, it is also
necessary to reduce the size of the sample liquid-handling
system. On-chip liquid handling methods, such as digital
microfluidics®”®® would be suitable for downsizing the
sample handling system for digital ELISA. An alternative is to
improve wetwares. For example, the application of a
homogeneous ELISA in digital format would enable a very
simple digital immunoassay that does not require the B/F
separation process. In addition to B/F separation, the
enrichment process is another hurdle for downsizing of the
liquid-handling process. Thus, the bead pull-down process
should be replaced with another method that enables
downsizing of the process.

Another challenge of digital ELISA is how to implement
the power of digital bioassay to discriminate molecule-to-
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molecule individuality. Multiplex digital assays by use of
multiple  fluorogenic  substrates = demonstrated  the
discrimination of ALP isoforms at single-molecule level.**
Because in digital ELISA target molecule is recognized by
antibody, it should be hard to directly detect molecular
individuality of target molecules. However, it would be
achievable to detect the oligomeric state of target molecules
by the quantification of the number of bound antibody-
conjugated enzyme molecules. The formation of hetero
molecular complex state with other proteins would be also
achievable by use of multiple antibody-conjugated enzymes.
These could be next challenges of digital ELISA to access the
individuality of target molecules.

5.4. Integration of molecular systems

Digital bioassays have seen not only sophistication but also
expansion to other fields, such as cell-free synthetic biology.
This is because digital bioassays offer quantitative methods
to analyze biomolecular systems reconstituted in
microcompartments, such as artificial cell reactors. In
addition to cell-free TXTL and DNA replication systems, the
integration of other cell-free systems, such as DNA
computing systems or biosensing systems, would open new
avenues to create microreactor systems with higher autonomy
and capability for information processing. For example,
Gines et al. reported a novel digital counting method for
microRNA molecules by implementing a DNA computing
reaction system in microdroplets.”® Such integration of
molecular systems into microreactors for more intelligent
information processing would represent a new trend in the
field of digital bioassays.

6. Conclusions

Digital bioassays have been established as novel bioanalysis
methods that offer ultrahigh sensitivity and allow for the
analysis of the enzyme heterogeneity that is masked in
conventional ensemble averaging. Digital ELISA, a
representative digital bioassay, is expected to be a next-
generation diagnostic assay and has shown tremendous
progress in the development of ultrasensitive antigen/
antibody detection and quantification. The digital bioassay
concept has been applied to realize the single-molecule
analysis of membrane transporters and to build functional
cell-free microsystems for enzyme screening, information
processing, and the reconstitution of autonomous molecular
systems. Technologies for digital bioassays are being
constantly updated, and novel technologies that could
revolutionize the digital bioassay field are emerging.
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