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Abstract
Ultrasensitive detection of biomarkers is of paramount importance in various fields. Superior to the conventional ensemble 
measurement-based assays, single-entity assays, especially single-entity detection-based digital assays, not only can reach 
ultrahigh sensitivity, but also possess the potential to examine the heterogeneities among the individual target molecules 
within a population. In this review, we summarized the current biomolecular analysis methods that based on optical counting 
and imaging of the micro/nano-sized single entities that act as the individual reactors (e.g., micro-/nanoparticles, microemul-
sions, and microwells). We categorize the corresponding techniques as analog and digital single-entity assays and provide 
detailed information such as the design principles, the analytical performance, and their implementation in biomarker 
analysis in this work. We have also set critical comments on each technique from these aspects. At last, we reflect on the 
advantages and limitations of the optical single-entity counting and imaging methods for biomolecular assay and highlight 
future opportunities in this field.
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Introduction

The high-sensitive detection of biomarkers is of great sig-
nificance in biology, environmental science and engineer-
ing, food and agriculture industry, public health, and drug 
development. Among the various detection technologies, 
single-entity analysis provides a new breakthrough in the 
field of biomarker detection [1]. It is because different from 
the conventional ensemble measurements, in single-entity 
assays, each entity acting as the separate microreactor (e.g., 
micro-/nanoparticles, microemulsions, and microwells) to 
reflect the target content can be interrogated individually to 

provide dramatically improved detection sensitivity, which 
can even differentiate the heterogeneities among the indi-
vidual target molecules within a population [2, 3]. Therefore, 
tremendous efforts have been devoted to the single-entity 
analysis, which mainly focus on two key aspects. In the first 
place, how to convert the target molecules’ concentration 
information to readable signals on the entities? Then, what 
are the appropriate ways to acquire the target-induced sig-
nals loaded on the single entities?

In this review, the biomolecular analysis methods based 
on counting and imaging of micro/nano single entities acting 
as the reactors are overviewed. On the one hand, considering 
the signal conversion mechanism, the single-entity assays 
are classified as analog assays and digital assays (Fig. 1). 
Specifically, in the analog assays, the targets are evenly dis-
tributed on the entities through Gaussian distribution, and 
there would be a certain correlation between the target bio-
molecule concentration and the mean signal intensity of all 
the interrogated entities [4], whereas in the digital assays, the 
number of the entities employed is typically far more than 
that of the target molecules [5–7]. In this way, one entity 
associates with only one or none target molecule following 
Poisson distribution, in which the individual entities loaded 
with one target molecule are recorded as “1” (positive) and 
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those without target loaded are recorded as “0” (negative) 
after appropriate signal transduction. Therefore, the num-
ber of targets is directly reflected by the number of posi-
tive/negative entities. On the other hand, considering the 
majority of the existing single-entity assays, particularly the 
digital ones, mainly rely on the fluorescence signal readout 
pathway. Therefore, optical methods, especially fluorescence 
signals and some kinds of scattering signals would be the 
focus of this review due to their convenience and prevalence 
in single-entity counting and imaging. In this review, for 
convenient description, the “counting and imaging” is abbre-
viated as “counting” in the following description.

Based on the comprehensive introduction of the current 
progress in single entity-based biomolecular assays, the pros 
and cons of each method in this critical review are discussed. 
Moreover, in the last section, we point out several promising 
directions that may lead the future trends in single entity-
based biomarker detection toward clinical diagnosis.

Single‑entity optical counting‑based analog 
bioassays

In a typical optical counting-based single-entity analog 
bioassay, the target molecules will induce the optical sig-
nal change on single entities. Generally, the optical sig-
nals of individual entities are all collected, while the mean 
intensity of the whole entity population is used to quantify 
the target dosage. The entities as reactors are in micro or 
nanoscale, which can be microbeads (MBs), micro nucleic 

acid amplicons, QDs, gold nanoparticles (AuNPs), magnetic 
nanoparticles (MNPs), etc. In this section, we will introduce 
the optical counting assays by classifying the reaction car-
ries as micro entities and nano entities.

Optical counting of micro entities for analog 
bioassay

Entities in micron scale are popular reactors for optical 
counting assays because they can be easily detected with 
conventional microscope and flow cytometer (FCM) [8, 9]. 
Among them, Luminex technology is one of the most clas-
sical MB-based bioassays [10–12]. By tuning the ratio of 
different fluorescent dyes for encoding the MBs that cor-
respond to specific type of targets, it permits the simultane-
ous labeling of a library of biomarkers. Consequently, the 
multiplexed detection of targets can be achieved by decod-
ing the fluorescence color information and intensities on the 
MBs one by one in a liquid flow. For example, as shown in 
Fig. 2a, Li et al. designed a Luminex system with stem-loop-
structured probes on the MBs for the detection of multiple 
microRNA (miRNA) targets [11]. In the initial stage, the 
probes were in a closed stem conformation, sterically shield-
ing the biotin label from being accessible to the fluorescence 
reporter. After hybridizing with target miRNAs, the probes 
underwent a conformational switch, restoring accessibility 
of the biotin to streptavidin-phycoerythrin (STV-PE). In 
this way, the quantitative and qualitative assays of multiple 
miRNA targets can be achieved simultaneously by reading 
out the fluorescence code of the MB and the signal of PE.

Fig. 1  Diagram of the analog 
and digital optical counting-
based single-entity assays. Top 
panel: analog measurements 
provide target concentration 
via fluorescence or other opti-
cal signal intensity variation. 
Bottom panel: digital measure-
ments are independent of signal 
intensity variation, simply rely 
on counting the number of 
target-associated positive enti-
ties above a pre-set threshold
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Although the Luminex system enables multiplexed anal-
ysis of biomarkers, it requires the specialized instruments 
with complex optical path to discriminate the MBs encoded 
with different dyes. Therefore, exploiting the strategies that 
rely on the conventional FCM that widely equipped in rou-
tine research laboratories is important to the populariza-
tion of single entity-based assays. In addition, besides the 
multiplex analysis, the ability of detecting ultralow content 
of biomarkers is another key in clinical diagnosis. There-
fore, various nucleic acid amplification strategies have been 

introduced into the micro entity-based assays depending on 
conventional FCM for the sensitive detection of biomarkers 
[13–18]. For example, for the high-sensitive detection of 
miRNA, Fan et al. integrated a two-step signal amplifica-
tion with the single-entity analog assay, which includes the 
target-templated click nucleic acid ligation (CNAL) as the 
first step and the on-MB terminal deoxynucleotidyl trans-
ferase (TdT) enzymatic DNA polymerization as the second 
step (Fig. 2b) [17]. At first, the miRNA target initiated the 
cycling CNAL reaction in the solution to generate a number 

Fig. 2  a Schematic illustration of Luminex system for multiplex 
detection of miRNAs based on conformational switch of stem-loop 
probe upon target hybridization. Reprinted with permission of [11]. 
Copyright 2014, American Chemical Society. b Schematic illustra-
tion of the FCM strategy for the sensitive detection of miRNA based 
on the combining the cycling CNAL system and on-MB TdT exten-
sion. Reprinted with permission of [17]. Copyright 2018, American 

Chemical Society. c Schematic illustration of the MB-assisted TdT-
FCM system for the detection of protein biomarkers. Reprinted with 
permission of [18]. Copyright 2018, Royal Society of Chemistry. d 
Schematic diagram of multiple nucleic acid target detection based on 
the single-miRNA initiated RCA. Reprinted with permission of [19]. 
Copyright 2020, American Chemical Society

99Advances in optical counting and imaging of micro/nano single entity reactors for biomolecular…‑



1 3

of ligated ssDNA with 5′-biotin and 3′-OH termini. After 
binding the ligated ssDNA on the magnetic MBs via the 
biotin-STV conjugation, the 3′-OH termini of the ssDNA 
molecules were recognized by TdT to initiate the template-
free DNA polymerization and fluorescent ssDNA accumula-
tion. Finally, FCM was employed to investigate the fluores-
cent signal of MBs one by one to reflect the concentration of 
miRNA. Furtherly, Zhu et al. reported an on-MB TdT immu-
noassay by employing the AuNPs co-functionalized with 
detection antibody and a 3′-OH ssDNA as probes (Fig. 2c) 
[18]. In the presence of the target protein, the AuNPs loaded 
with 3′-OH termini DNA molecules were combined with the 
capture antibody-coated MBs via the sandwich-type immu-
noreaction. TdT enzyme was then added to initiate the effi-
cient extension reaction to yield long ssDNA molecules on 
the MBs to capture the fluorescent probes by hybridization. 
Finally, the amount of the target protein was evaluated by 
interrogating the fluorescent signals of the MB populations 
with FCM. This method could not only achieve the highly 
sensitive protein biomarker analysis, but also accomplished 
simultaneous analysis of multiple biomarkers based on the 
size discrimination capability of FCM. In addition to MBs, 
nucleic acid amplicons can also be used as the single entities 
for high-sensitive biomarker analysis. For example, as shown 
in Fig. 2d, Smith et al. reported a multiple nucleic acid tar-
get detection method based on the single-miRNA initiated 
rolling chain amplification (RCA) [19]. In their design, 
each miRNA was extended from its 3′ end by RCA to form 
miRNA amplicons. After fluorescently labeled with dye-
conjugated ssDNA probes through hybridization, various 
micron-scale miRNA amplicons were analyzed with FCM. 
In this way, sensitive miRNA quantification was achieved 
with a detection limit of 47 fM, which was 2 orders of mag-
nitude lower than the conventional qRT-PCR.

Compared with using large number of entities, the sens-
ing performance will be highly improved if only one entity is 
employed as the reactor because the target-induced signals will 
be highly concentrated to allow for much enhanced sensitiv-
ity. Considering this, our group developed a series of single 
MB-based fluorescence imaging methods for the analysis of 
biomarkers [20–22]. For instance, Zhang et al. reported a sin-
gle MB-based fluorescence imaging strategy for the detection 
of protein kinase (PK) activity in single cell lysates (Fig. 3a) 
[20]. The single MB used in this work was functionalized with 
rare earth (RE) ions via the interaction between RE ions and 
the phosphate backbone of ssDNA immobilized on the MB. 
In the presence of PKs, the fluorescent peptides could be phos-
phorylated and bound with RE ions on the MB. Finally, kinase 
activity was determined by reading the fluorescence signal 
on the single MB with a confocal fluorescence microscope. 
In another work, as shown in Fig. 3b, Chen et al. proposed 
an ultrasensitive immunoassay that could high efficiently 
enrich fluorophores on only a single MB [22]. In this assay, 

the detective antibody and biotinylated ssDNA were co-func-
tionalized on the AuNPs. After the sandwiched immunoassay, 
large amounts of biotin groups on the AuNPs were brought 
on the single MB, furtherly resulting in the enrichment of 
STV-poly HRP. Then, in the presence of  H2O2, the poly HRP 
catalyzed highly efficient tyramide signal amplification (TSA), 
covalently accumulating numerous biotin-tyramide molecules 
and finally loading a lot of STV-conjugated Alexa-Fluor 546 
on the MB. Therefore, the antigen target was quantified by 
monitoring the fluorescence signal enriched in the tiny region 
of the MB surface with a confocal fluorescence microscope.

Surface-enhanced Raman scattering (SERS) is endowed 
with a collection of advantages, including the capability to 
provide the intrinsic molecular fingerprint information in 
biological systems, the photostability that allows long-term 
monitoring, the adaptability to both liquid-form and solid-
form samples, and the narrow bandwidth of the character-
istic peaks that enables multiplexed detection. Therefore, 
the mapping of SERS signal on an MB has emerged to be 
a powerful tool for bioassay. For example, Lu et al. have 
developed AuNP-AuNP bi-layer structure on a single MB 
for the multiplexed assay of protein and miRNA targets [23, 
24]. As shown in Fig. 3c and d, a plasmonic AuNP layer 
carrying capture probes was pre-modified on the surface of 
the single MB. The target protein or miRNA will specifi-
cally introduce the SERS tag AuNPs to the MB surface via 
immunoreactions (sandwich-type antibody-antigen reaction 
or S9.6-DNA/RNA hybrid recognition), forming AuNP-
AuNP gap structures to greatly enhance the SERS intensity 
and improve the detection sensitivity. By using a Raman 
scanning confocal microscope, the SERS signals concen-
trated on the MB surface can be resolved to reflect the target 
concentration. The single MB SERS assay can achieve high 
sensitivity to detect PSA protein and sub-pM miRNA. More-
over, by adopting various capture probe-SERS tag AuNP 
combinations, multiplexed assay can be facilely achieved. 
Besides the advantage of concentrating the SERS tags on 
a limited zone around the surface of only a single MB to 
improve the detection sensitivity, superior to the single-point 
measurements, SERS mapping throughout the MB surface is 
adopted for signal readout, providing per-pixel mean SERS 
intensity on the MB with greatly improved reproducibility. 
The single-MB mapping fashion will effectively suppress the 
signal fluctuation that generally exists in the conventional 
single-point measurement-based SERS methods.

Entities in micron scale are easily operated and suitable 
for the high-throughput detection instruments, which have 
been employed as efficient reaction carriers in the optical 
counting and imaging-based bioassays. However, they have 
relatively small surface-to-volume ratio. In this consid-
eration, abundant number of reporter molecules should be 
enriched on the micro entities to make the signal detectable, 
to some extent limiting the detection sensitivity.
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Optical counting of nano entities for analog 
bioassay

Compared with the micro entities, the ones in nanoscale 
have a smaller diameter and much larger surface-to-volume 
ratio to provide more surface area for specific reactions, 
which have greater potential to improve detection sensitiv-
ity. Therefore, nano entities have also been regarded as criti-
cal reactors in optical counting assay of biomarkers [25]. 
Among them, the ones based on quantum dots (QDs) show 
great promise. On the one hand, the large surface area of 
QDs facilitates the covalent conjugation of various biorecog-
nition molecules for the preparation of fluorescent probes. 
On the other hand, QDs can act as fluorescence resonance 
energy transfer (FRET) donors or acceptors to construct 
various biosensors for the detection of biomarkers. Based on 

this, Zhang’s group developed a series of single-QD-based 
FRET biosensors [26–28]. For example, they proposed a sin-
gle QD-mediated FRET nanosensor by employing multiple 
primer-generation RCA for the sensitive detection of single-
nucleotide polymorphisms (SNPs) in cancer cells (Fig. 4a) 
[27]. With the assistance of nicking endonuclease, the pres-
ence of a mutant target induced cyclic multiple primer RCA, 
resulting in the exponential amplification and generation of 
large numbers of linker probes. The linker probes hybrid-
ized with Cy5-labeled reporter probes and the biotinylated 
capture probes and then bound on the QDs, leading to effi-
cient FRET from the QDs to Cy5. By counting the FRET 
signal with total internal reflection fluorescent microscope 
(TIRFM), this method achieved a large dynamic range of 8 
orders of magnitude and a detection limit of 0.0541 aM in 
SNP detection.

Fig. 3  Single MB-based optical imaging analog bioassays. a Illus-
tration of RE-functionalized single MB for capturing PKA-induced 
phosphopeptides toward PKA activity determination. Reprinted with 
permission of [20]. Copyright 2015, Wiley-VCH Verlag GmbH & 
Co. KGaA. b Schematic illustration of the ultrasensitive immunoas-
say by combining the AuNPs amplification and TSA on a single MB. 
Reprinted with permission of [22]. Copyright 2022, Royal Society of 

Chemistry. c Schematic interpretation of the single MB-based immu-
noassay via a plasmon-enhanced SERS mapping strategy. Reprinted 
with permission of [23]. Copyright 2020, American Chemical Soci-
ety. d Scheme of the multiplexed miRNA assay on a single plasmonic 
MB. Reprinted with permission of [24]. Copyright 2021, American 
Chemical Society
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Even though the QD-based FRET strategy is free of wash-
ing and separation steps, efficient FRET requires the care-
ful consideration of the distance and the angle between the 
donor and the acceptor, limiting its practical applications. 
Different from the FRET-based assays, many researches 
employed the nano entities as the carriers to enrich the 
optical signals. Typically, He et al. described an ultrasensi-
tive exosome assay by enriching fluorescence signal on the 
membrane of exosomes (Fig. 4b) [29]. This assay employed 
specific aptamer probes (AAP) to capture target exosomes 
on a piece of glass-coverslip. The bound AAPs triggered the 
in situ hybridization chain reaction (HCR) to enrich numer-
ous activated fluorescence molecules around exosomes. The 
fluorescence signal was then detected under a TIRFM sys-
tem for quantitative analysis. This assay was successfully 
used for quantifying tumor exosomes in plasma and monitor-
ing tumor progression and early responses to therapy.

Nano entities are generally not easy to be separated from 
the redundant probes due to their small size. To address this, 
many groups employed the MNPs in the optical imaging 
assays to simplify the separation procedure and eliminate the 
background signal [30–33]. For instance, Qi et al. reported 
a simple and highly sensitive enzyme-free miRNA assay 
by integrating cycling CNAL with TIRFM detection [32]. 
With the mediation of target miRNA, a lot of ligated prod-
ucts labeled with 5′-AlexaFluor488 and 3′-biotin could be 
produced by the click chemistry reaction (Fig. 4c). Then, 
the fluorescently ligated products were immobilized on the 
MNPs via STV-biotin conjugation. After magnetic separa-
tion, TIRFM imaging of the MNPs carrying fluorescent 
signals was carried out without interference from the free 
fluorescent probes. As a result, as low as 50 fM miRNA 
target could be detected with the ability to distinguish single 
base variation.

Fig. 4  Single nano entity-based optical counting analog bioassays. 
a Principal illustration of the single QD-mediated FRET nanosensor 
for SNP assay. Reprinted with permission of [27]. Copyright 2021, 
American Chemical Society. b Illustration of the TIRFM assay for 
exosomes in plasma. Reprinted with permission of [29]. Copyright 
2019, American Chemical Society. c Schematic illustration of the 

click chemical ligation-based on-MNP system for miRNA analy-
sis. Reprinted with permission of [32]. Copyright 2018, American 
Chemical Society. d Schematic diagram of high-sensitivity detection 
of miRNA with DFM. Reprinted with permission of [36]. Copyright 
2020, American Chemical Society
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In addition to QDs and MNPs, AuNPs are another group 
nano entities for optical counting-based assays. AuNPs pre-
sent a substantial molecular extinction cross-section, reso-
nance Rayleigh scattering efficiency, and enhanced local 
electromagnetic field because of localized surface plasmon 
resonance (LSPR), making them suitable for dark-field 
microscope (DFM) detection [34–36]. Compared with the 
bright-field microscopy, DFM has the innate advantages of 
low background, non-photobleaching, which guarantees the 
high signal-to-noise ratio [37, 38]. Therefore, many DFM 
assays employed AuNPs as single-entity microreactors for 
biomarker analysis by controlling their size, shape, and 
chemical modification. For example, Huang’s group real-
ized the highly sensitive detection of miR21 by the reduced 
signal background through vertical polarization excited 
DFM (Fig. 4d) [36]. The LSPR property of gold nanorods 
(AuNRs) displayed a pronounced green color with low scat-
tering intensity, which was adjusted to red color with strong 
scattering intensity when the core-satellite AuNP assembly 
structure was constructed on the side of AuNRs through a 
catalyzed hairpin assembly (CHA) circuit in the presence 
of miR21. The proposed strategy could not only realize the 
sensitive detection of miR21 with a limit of detection (LOD) 
as low as 2 pM but also achieve the high spatial resolution 
imaging of cancer cells.

It should be mentioned that the nanoparticles are more 
difficult to be separated compared with the microparticles. 
And because of the relatively smaller size, the optical sig-
nal of nanoparticle-based single-entity assays is relatively 
weak, which always need the introduction of special detect-
ing instruments, such as TIRFM and DFM. In addition, it is 
notable that researches also reported single entities, includ-
ing QDs and AuNPs, can be directly adopted as the signal-
ing probes for the analysis of biomarkers in target-induced 
probe release manners [39–42]. However, these strategies 
are beyond the scope of this review, in which only the single 
entities employed as the reaction carries are included.

Generally, in the analog optical counting-based single-
entity bioassays, the targets are evenly allocated on the sin-
gle-entity microreactors, which allows for the high-sensitive 
detection of target molecules by analyzing the overall opti-
cal signals on each entity. The mean optical signal inten-
sity of all the interrogated entity population is statistically 
analyzed to quantify the target level. As such, the hetero-
geneities among the individual target molecules cannot be 
differentiated. And the ultra-low content of target may not 
be accurately detected because the signal induced by trace 
amount of target molecules is always weak, which may not 
be discernable from the inevitable non-specific background 
signals. Fortunately, the optical single-entity strategy has 
also permitted digital sensing formats, which is a great leap 
forward the new-generation bioassays.

Single‑entity counting‑based digital 
bioassays

Digital bioassays represent a new class of bioanalytical meth-
ods that enable the highly sensitive detection of biomolecules 
[4–7]. Different from analog bioassays, in digital assays, the 
reaction solution containing the extremely low concentrations 
of target molecules is compartmentalized into a lot of entities 
acting as microreactors, which is in a one/none target-to-one 
microreactor manner [43–45]. According to Poisson distribu-
tion, when the number of target molecules is far less than that 
of the microreactors, most of the microreactors contain up to 
one single target. Specifically, the microreactors containing 
one target show positive signal and recorded as “1,” while the 
ones without target are recorded as “0.” Therefore, the num-
ber/concentration of the target can be determined by counting 
the entities that show positive or negative signals.

Superior to the conventional analog assays, digital 
assays have plenty of inherent advantages. Firstly, in 
the digital assays, each target molecule is confined in a 
small volume of the entity to initiate an individual reac-
tion, causing the enrichment of signal in a fL~nL volume 
that could prominently improve the detection sensitivity. 
Therefore, digital assays have great potential in detecting 
ultra-low concentration of biomarkers [6, 7, 43]. Secondly, 
the digital assays can reach a wide dynamic range of over 
3~4 orders of magnitude by preparing thousands or even 
millions of microreactors. It is because that digital assays 
solely depend on counting the number of single target 
molecule-induced positive entities for signal readout, and 
the quantification result is not subject to the fluctuation of 
signal intensity in each single microreactor [4, 5]. Last but 
not least, because the biomarker targets are individually 
divided into the independent microreactors, digital assays 
allow the study of the heterogeneity of biomarkers, which 
can hardly be achieved by bulk measurement-based analog 
assays [6, 7]. In this section, digital bioassays are catego-
rized as traditional digital bioassays that rely on the sealed 
microchambers and the recently developed microchamber-
free digital bioassays.

Digital bioassays in sealed microchambers

The digital bioassay requires the target molecules in the 
reaction solution to be partitioned into equal small enti-
ties. After the reaction for signal conversion inside the 
individual entities, the signals in each of them can be 
interrogated. Up to now, most of the entities adopted 
for digital bioassays are microchambers. The emulsion 
droplets and microwell arrays are two dominant micro-
chambers used in digital bioassays.
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Emulsion droplets as single entities for digital bioassays

The water-in-oil emulsion droplets are commonly used as 
the single microchamber entities in digital bioassays, which 
can be formed with the help of a microfluid system or direct 
vortex of aqueous phase and oil phase mixture. In this 
review, the emulsion droplet digital bioassays are classified 
on the basis of the involvement of beads.

(1) Water-in-oil emulsion droplet platforms

The droplet digital PCR (ddPCR) is one of the most 
prominent approaches that uses water-in-oil droplets as the 
microreactors to realize high-throughput digital PCR in a 
low-cost and practical fashion [46–49]. The target biomarker 
molecules and PCR reagents are partitioned into ∼20,000 or 
more monodisperse droplets, resulting in zero or one target 
molecule in each droplet. These droplets act as the independ-
ent container for PCR amplification and each droplet can be 
assigned as positive (1) or negative (0) according to a fluo-
rescence intensity threshold. Finally, the copy number/con-
centration of the target molecules is determined by the num-
ber of positive and negative entities by Poisson statistics.

As the pioneer to invent ddPCR, Hindson’s group suc-
cessfully realized the estimation of DNA copy number with 
high-throughput by using the early access beta-prototype 
ddPCR platform (Bio-Rad, Pleasanton, CA) in 2011 [46]. 
After then, to improve the ddPCR platform’s sensing per-
formance, they evaluated key factors that could influence 
the reliability of results obtained from their ddPCR system 
and assessed the linearity of the response and the preci-
sion over a dynamic range of the 20,000-droplet assay [47]. 
Until now, the ddPCR platform has been successfully used 
in virous biomarker analysis, including DNA, RNA, SNP, 
virus, and exosomes. For example, Tian et al. reported a 
highly sensitive and precisely ddPCR method for miRNA 
detection (Fig. 5a) [50]. In the presence of miRNAs, two 
target-specific ssDNA probe A and probe B were ligated 
with each other under the catalysis of T4 RNA ligase 2. 
Then, the ligation products were partitioned into the droplets 
to conduct PCR, resulting in the cleavage of TaqMan probes 
and enrichment of fluorescence signal. Lastly, the amounts 
of target miRNA were reflected by the number of fluores-
cence-positive droplets. Yang’s group developed a dual-
aptamer activated proximity-induced ddPCR strategy for 
the quantitation of tumor-derived exosomal PD-L1 [51]. As 
shown in Fig. 5b, when introducing the target exosomes that 
express EpCAM and PD-L1, the two aptamers would simul-
taneously bind on the surface of exosomes and get close 
to each other. With the help of a connector probe and the 
ligase, the extended ends of the two aptamers were closely 
ligated via proximity ligation assay. After ligation, ddPCR 
was performed to absolutely quantify the ligation products, 

which, in turn, reflected the number of tumor derived exoso-
mal PD-L1. Considering the ravages of the COVID-19 pan-
demic, Bu et al. furtherly demonstrated a novel ddPCR assay 
that was successfully applied to the detection of low copy 
number SARS-CoV-2 [52]. In this assay, low-cost droplet 
printing chips were introduced to generate a lot of well-
dispersed and aligned PCR substrate droplets on a normal 
glass substrate without surface modification. After covering 
with a layer of oil, PCR thermal cycling and imaging were 
directly performed by using flat-panel PCR machines and 
microscopes that are routinely available in bio and medical 
labs. This system generated high-quality digital PCR data 
for SARS-CoV-2 analysis and broadened the application of 
the ddPCR platform.

To overcome the technical barriers in developing ddPCR 
systems, a lot of methods have been proposed for their opti-
mization. Firstly, the traditional droplet generation process 
has to rely on microfluid devices, which is a barrier that 
impedes the adoption of ddPCR, particularly in low resource 
setting-laboratories or ordinary biolabs. To solve this issue, 
Hatori et al. reported a new droplet-generated method by 
vortexing the mixture of water phase and oil phase [53, 54]. 
For example, they reported an approach for the accurate 
quantification of SARS-CoV-2 sequences by vortexing the 
target DNA and PCR reagents to prepare droplets (Fig. 6a) 
[54]. This method allows fast and scalable digital PCR with-
out microfluidics, which generates the droplets by vortexing 
and obtains the results by common bulk techniques (elec-
trophoresis and qPCR). Secondly, in the droplet generation 
procedure, surfactant is essential to stabilize the droplets. 
It is because that the water-in-oil droplets containing the 
targets and various biological agents must endure rapid tem-
perature cycling for PCR. However, the surfactant can prob-
ably induce the crosstalk of positive and negative droplets, 
which would ultimately result in inaccurate detection [55, 
56]. To address this issue, Yang’s group proposed the use of 
colloidosomes self-assembled from fluorinated silica nano-
particle (F-SiO2 NPs) [57]. As illustrated in Fig. 6b, the 
F-SiO2 NPs could self-assemble at the water-in-oil droplet 
interface when they were mixed with the emulsion droplet, 
forming extremely stable colloidosomes. After PCR ampli-
fication inside the colloidosomes, the number of bright and 
dark (positive and negative) colloidosomes was counted 
to evaluate the concentration of nucleic acid biomarker. 
Thirdly, when the reagent is altered, the emulsion droplets 
tend to be fragile, which inhabit the versatility of the emul-
sion droplet-based assays. Considering this, many groups 
developed more robust systems for digital analysis. For 
example, Zhu et al. reported a novel PEG hydrogel bead-
based platform, in which uniform nanoliter-sized hydrogel 
beads (Gelbeads) were generated as microreactors [58]. As 
shown in Fig. 6c, the Gelbeads were developed by using a 
convenient and disposable device made of needles holding 
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aqueous reaction mixture and the microcentrifuge tubes 
holding the oil phase. With centrifugal acceleration, the 
aqueous phase was forced into the fluorinated oil phase to 
form numbers of Gelbeads. By adding PCR and LAMP rea-
gents in the aqueous phase, this thermally stable Gelbead-
based system was successfully used in the single cell phe-
notyping and biomarker detection. This design allows for 
easy adoption of stable microreactor entities without expen-
sive and complicated equipment. Finally, the most widely 
used amplification method in the emulsion-based digital 
assay is PCR, which requires complicated manipulations 
such as thermal cycling. And for the detection of RNA, 
extra reverse transcription procedures or other complexed 
design should be employed before PCR. Therefore, other 
efficient nucleic acid amplification strategies were intro-
duced into the emulsion droplet to achieve the simplified 
operation [59–61]. For example, Zhou’s group employed 
clustered regularly interspaced short palindromic repeats 

(CRISPR)/Cas 13a system to droplet-based digital assay for 
the single-molecule RNA diagnostics (Fig. 6d) [59]. They 
partitioned the mixture of target RNA, Cas13a, crRNAs, 
and fluorescently labeled RNA reporters into thousands 
of monodisperse droplets. According to their design, the 
target miRNA could bind with the crRNA to activate the 
trans cleavage ability of Cas13a. In this way, the fluorescent 
molecules were liberated after cleaving the self-quenched 
RNA reporter, yielding high fluorescent signal confined in 
ultrasmall volume droplets. At last, RNA quantification was 
realized by digitally counting the fluorescent-positive drop-
lets via fluorescence imaging.

(2) Bead-involved emulsion droplet platforms

Despite the efforts devoted to this area, the background 
signal derived from homogeneous reactions or the complex 
biological samples can hardly be completely eliminated, 

Fig. 5  Emulsion droplet digital 
platforms. a Illustration of the 
ddPCR-based miRNA assay. 
Reprinted with permission of 
[50]. Copyright 2016, American 
Chemical Society. b Working 
principle of the highly sensi-
tive quantification of tumor-
derived exosomal PD-L1 using 
proximity-induced ddPCR 
strategy. Reprinted with permis-
sion of [51]. Copyright 2021, 
Wiley-VCH Verlag GmbH & 
Co. KGaA
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which may become a main obstacle to the emulsion droplet 
platforms. Considering this, many groups introduced the 
beads into the emulsion droplet systems to serve as the 
medium to capture the biomarkers and separate them from 
the background media/signal [62–64].

BEAMing is one of the most famous bead-involved 
emulsion droplet digital bioassay methods, which is 
named on the basis of four of its principal components 
(beads, emulsion, amplification, and magnetics) [65–67]. 
As shown in Fig. 7a, in the BEAMing system, the target 
nucleic acid, PCR primer-coated magnetic beads, and PCR 
reagents are co-encapsulated in the emulsion droplets [65]. 
After the PCR amplification on the beads, the beads are 
released by breaking the droplet and then labeled by fluo-
rescent probe via nucleic acid hybridization. Eventually, 
FCM is used to count the fluorescence-positive beads. With 
this design, the BEAMing system was successfully used in 
the detection of genetic variations and the quantification 
of mutations in the plasma of patients. Besides the PCR 
amplification, other efficient nucleic acid amplification 
strategies were also introduced in the BEAMing system. Li 
et al. introduced RCA to the BEAMing system to increase 
the number of copies bound to the beads by more than 100-
fold (Fig. 7b) [68]. This allowed discrimination of mutant 
and wild-type sequences even when they were present at 
ratios less than 1:10,000. In another work by Chen et al., 
they have developed a novel BEAMing platform by com-
bining emulsion microreactors, single-molecule magnetic 
capture, and on-bead loop-mediated isothermal amplifica-
tion (LAMP) [69]. As illustrated in Fig. 7c, in this work, 
the target DNA initiated the LAMP amplification on the 

beads. Finally, the target DNA was amounted by counting 
the positive beads with FCM.

The digital protein analysis generally relies on the 
immunoassay to bring an enzyme molecule on one single 
bead [70–72]. After distributing the beads into emulsion 
droplets, the enzyme molecules catalyze the fluorescein 
substrates to lighten the emulsion droplets. For example, 
Shim et al. described a multilayered microfluidic device to 
enable the generation and manipulation of highly monodis-
persed femtoliter droplets for the single-molecule-counting 
immunoassay and single enzyme analysis (Fig. 8a) [70]. In 
the presence of antigen target, the single sandwich immu-
noreaction occurred to introduce the biotinylated detection 
antibody on the individual beads, and then the single STV-
conjugated β-galatosidase (β-Gal) could bind on the single 
beads. The femtoliter droplets produced by a microfluid 
device were used to encapsulate the single beads coated 
with β-Gal and fluorogenic substrate fluorescein. By count-
ing the fluorescence-positive droplets, the single-molecule-
counting immunoassay was achieved. Liu et al. developed 
an immunosorbent digital assay for the qualification of 
target exosomal proteins by using droplet microfluidics 
(Fig. 8b) [71]. The single exosomes were firstly distributed 
to beads in a one-to-one manner via sandwich immunoreac-
tion, causing the β-Gal bound on bead. The beads loaded 
with target exosome were further isolated and encapsulated 
into a sufficient number of droplets to ensure only one sin-
gle bead was encapsulated in a droplet. Finally, in the drop-
lets containing the beads with exosome immunocomplex, 
the substrate was catalyzed by β-Gal to emit fluorescein. 
On the basis of the statistics of the fluorescent droplets, the 

Fig. 6  Extension of the emulsion droplet platforms. a Principal illus-
tration of the emulsion droplet generation by vortexing the mixture of 
water phase and oil phase. Reprinted with permission of [54]. Copy-
right 2021, American Chemical Society. b Principle of the colloido-
some-based digital PCR system. Reprinted with permission of [57]. 

Copyright 2019, American Chemical Society. c Schematic of PEG 
hydrogel bead-based platform. Reprinted with permission of [58]. 
Copyright 2021, American Chemical Society. d Workflow of the 
CRISPR/Cas 13a system-based droplet digital assay. Reprinted with 
permission of [59]. Copyright 2020, American Chemical Society
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target exosome concentration down to ~10−17 M could be 
calculated. The simultaneous detection of a large number 
of targets is also important in digital bioassays. Consider-
ing this, Yelleswarapu et al. proposed a multiplexed, digi-
tal protein droplet detection by using fluorescence-coded 
beads (Fig. 8c) [72]. In this assay, each kind of fluorophore 
encoded beads were labeled with certain kinds of capture 
antibodies. After the specific immunoreaction, the β-Gal 
enzymes were immobilized on the beads. Finally, the indi-
vidual beads were encapsulated into droplets and read out 
if they had captured a single target protein.

Microwell array‑based digital bioassays

Etching and microfabrication techniques allow for the design 
of uniform and precisely positioned microwell arrays at fem-
toliter level. The microwell arrays enable large-scale experi-
ments because they can be reused by rinsing and refilling 
[73, 74]. Therefore, microwell technology brings a new 
breakthrough to digital bioassays.

Walt’s group pioneered optical-fiber bundles to create 
high-density microwell arrays [75]. Optical-fiber bundles 
consisted of a few thousands to 100,000 individual fiber-
optic cores with diameters between 2 and 20 μm. The core 
material was selectively etched by acid to create an array 
of uniform fL microwells with a density of approximately 
25,000  mm−2 on one end of the optical-fiber bundle for 
loading fluorescent probes. Meanwhile, the other end of the 
fiber bundle was connected to an epifluorescence micro-
scope. After launching the excitation light into the entire 
array, the returning emitted light was filtered to remove 
any scattered excitation light and then detected by a CCD 
camera. They employed the arrays of femtoliter-sized 
reaction microwells for the detection of proteins, which 
termed as single-molecules arrays (Simoa) [76]. As shown 
in Fig. 9a, in the first step of Simoa, a sandwich immuno-
complex was formed on a single MB, and the immuno-
complex was labeled with a β-Gal enzyme. Then, the MBs 
were loaded into the array of femtoliter-sized wells. After 
sealing the loaded arrays against a rubber gasket in the 
presence of fluorogenic enzyme substrate, each MB was 

Fig. 7  BEAMing-related platforms. a Schematic of BEAMing. 
Reprinted with permission of [65]. Copyright 2003, The National 
Academy of Sciences. b Principle of the RCA-based BEAMing sys-
tem for the quantification of rare sequence variants. Reprinted with 

permission of [68]. Copyright 2006, Springer Nature Customer Ser-
vice Centre GmbH: Springer Nature. c Illustration of a BEAMing 
LAMP system for digital DNA detection. Reprinted with permission 
of [69]. Copyright 2018, Royal Society of Chemistry
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isolated in a femtoliter-volume reaction microwell. Beads 
possessing a single enzyme-labeled immunocomplex gen-
erated a high concentration of fluorescent product in the 
50-fl microwells. In contrast, the microwells without load-
ing MBs showed fluorescence-negative. By distinguishing 
the number of fluorescence-positive microwells, subfemto-
molar protein targets could be digitally detected. With this 
system, various types of biomarkers, including miRNAs 

and virus, were successfully analyzed [77–82]. Although 
the Simoa-based strategies can achieve efficient analysis 
of biomarkers, they subject to the low sample loading and 
the requirement of special instruments, which hamper their 
widespread application.

Besides the microwell arrays used in Simoa, Noji’s group 
develop another kind of microwell arrays by sandwiching the 
sample solution between a poly-dimethylsiloxane (PDMS) 

Fig. 8  Bead-involved emulsion droplet platforms for protein analysis. 
a Principle of single enzyme molecule analysis with monodispersed 
femtoliter droplets. Reprinted with permission of [70]. Copyright 
2013, American Chemical Society. b Schematic showing the drop-
let digital qualification of target exosomal proteins by using droplet 

microfluidic devices. Reprinted with permission of [71]. Copyright 
2018, American Chemical Society. c Illustration of multiplexed, 
digital protein droplet detection by using fluorescence-coded beads. 
Reprinted with permission of [72]. Copyright 2019, The National 
Academy of Sciences
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or polyacrylamide (PAA) gel with many microcavities on 
the surface and a coverglass (Fig. 9b) [83–85]. For exam-
ple, in 2005, they developed a silicone device presenting a 
large array of micrometer-sized cavities [84]. They used the 
PDMS that was transparent to visible light and spontane-
ously adhesive to smooth surfaces to build up this device. 
Specifically, a cylindrical silicon wafer array was prepared 
and used as the master template to produce series of identi-
cal PDMS sheets by molding. Then, the sample solution 
was dropped in between of a microscope glass slide and 
the patterned PDMS sheet, forming large number of fem-
toliter microwells. By using β-Gal and horseradish peroxi-
dase (HRP) as model enzymes, such microwells allowed the 
quantitative detection of the products yielded by a single 
enzyme molecule. In addition to PDMS, the PAA gel can 
also be employed for fabricating microwells, which were 
used in the restriction enzyme assay [85]. Nevertheless, the 
complexed steps for the preparation of microwell arrays may 
hamper their prevalence.

Droplet array‑based digital bioassays

Besides the methods employed emulsion droplets or micro-
wells as microchambers, many droplet array-based digital 

technologies have also been developed by combining the 
advantages of emulsion droplets and microwells [86–91].

Typically, Noji’s group has developed an emerg-
ing femtoliter droplet array (Fig. 10a) [86]. Firstly, the 
hydrophobic polymer of carbon-fluorine (CYTOP) was 
spin-coated on a cleaned coverglass. Then the resist-
patterned substrate surface was dry-etched with  O2 
plasma by a reactive ion etching system to expose the 
hydrophilic  SiO2 glass surface. After covered with aque-
ous solution, oil was flowed into the substrate surface. 
Because the oil employed here had a higher density than 
water, the hydrophilic  SiO2 glass surface retained the 
aqueous solution, while the hydrophobic surface was 
covered with oil. As a result, many droplets were formed 
simultaneously. With this droplet array, they success-
fully measured the single-molecule antigen (Fig. 10b) 
[87]. In this assay, the MBs coated with capture antibody 
were introduced. After the antigen-specific immunoas-
say, the β-Gal was immobilized on the MBs. And then, 
the β-Gal-enriched MBs were injected into the digital 
counting device and trapped into the droplets in an array 
to catalyze the chromogenic reaction of fluorescent sub-
strate. The antigens were digitally quantified by moni-
toring the fraction of bright droplets. Furthermore, they 

Fig. 9  Microwell array-based digital bioassays. a Principle of the 
Simoa workflow. Reprinted with permission of [76]. Copyright 2010, 
Springer Nature Customer Service Centre GmbH: Springer Nature. b 

Illustration of PDMS/PAA coverslip microreactor system. Reprinted 
with permission of [84]. Copyright 2005, Springer Nature Customer 
Service Centre GmbH: Springer Nature

109Advances in optical counting and imaging of micro/nano single entity reactors for biomolecular…‑



1 3

assembled a flow cell with the droplet-array system to 
build up a multiconditional and multiparametric digi-
tal bioassay platform, which was capable of exchang-
ing solution between the microreactors [90]. As shown 
in Fig. 10c, in another work, they immobilized single 
analytes in arrayed femtoliter reactors and sealed them 
with airflow. By replacing the solution with buffer or the 
next sample, and repeating the sealing procedure, perfect 
solution exchanges were successfully performed. With 
this new multidimensional digital assay, the quantitative 
determination of inhibitor sensitivities of single influ-
enza A virus particles and single ALP was achieved.

In addition, in order to improve the bead loading effi-
ciency of Simoa, Walt’s group also developed a droplet 
array-based digital ELISA strategy for single protein 
molecule detection (Fig. 10d) [91]. Following the prin-
ciple of Poisson distribution, at most one β-Gal enzyme 
was immobilized on a single MB. Then, the MBs were 
isolated into picoliter-sized droplets such that each drop-
let could fit one bead at most. The droplets were then 
loaded into a chamber at a monolayer to form droplet 
arrays. Eventually, an imaging system was adopted to 

identify the f luorescence-positive MBs which could 
reflect the number of protein target.

Although the droplet array-based digital arrays combine 
the advantages of emulsion droplet and microwell, they also 
have the disadvantages such as the specialized droplet prepa-
ration and complexed microwell fabrication.

Microchamber‑free digital bioassays

Although the microchamber-based digital assays have been 
widely used in the ultrasensitive analysis of biomarkers, they 
may suffer from some drawbacks. For example, with regard 
to the emulsion droplet-based digital bioassays, the emul-
sion droplet is fragile. And specialized devices and accesso-
ries are needed for preparing the droplets, causing the large 
size and complicated measurement of the systems. As for 
Simoa, its sensitivity is limited by low sampling efficien-
cies. According to literature reports, only about 5% of the 
total number of beads can be loaded into the microwells 
by gravity and ultimately be analyzed [92]. And for most 
of the microchamber-based digital assays, complicated 
microchamber preparation procedure is required to make 

Fig. 10  Droplet array-based digital bioassays. a Schematic drawing 
of droplet array preparation procedure developed by Noji’s group. 
Reprinted with permission of [86]. Copyright 2010, Royal Society of 
Chemistry. b Schematic illustrations of the concept of digital analy-
sis of single-molecule antigen based on droplet array. Reprinted with 
permission of [87]. Copyright 2012, Royal Society of Chemistry. c 

Flow cell integrated droplet array device for the multiconditional and 
multiparametric analysis of biomarkers. Reprinted with permission of 
[90]. Copyright 2021, American Chemical Society. d Single molecule 
protein detection using droplet array-based digital ELISA strategy. 
Reprinted with permission of [91]. Copyright 2020, American Chem-
ical Society
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sure each microchamber is completely sealed in order to 
prevent the cross-reaction between the adjacent chambers. 
Given this, a series of microchamber-free digital assays were 
developed for the analysis of biomarkers [92–99]. Among 
them, the FCM-based ones have outstanding advantages to 
allow for digital detection of biomolecules because FCM 
could rapidly obtain the fluorescence signals on the single 
entities and decode the entities’ size information with high 
throughput. It is notable that the FCM-based digital assays 
have essential differences from the FCM-based analog ones 
mentioned above. On the one hand, in the FCM-based digital 
assays, the number of target molecules is normally far less 
than that of the microreactors and at most one target mol-
ecule is captured on/in each microreactor according to Pois-
son distribution. In contrast, in a typical FCM-based analog 
assay, the target molecules are averagely distributed to the 
microreactors because the number of them is far more than 
that of the microreactors. On the other hand, considering the 
mode of signal readout, in the FCM-based analog assays, the 
mean fluorescence intensity of a number of microreactors is 
obtained and analyzed to reflect the concentration of target 
molecules, whereas in the digital ones, the absolute fluores-
cence intensity of the microreactors is not essential because 
the concentration of the target molecules is determined by 
counting the number of positive microreactors according to 
a pre-set threshold.

Akama et al. presented a novel digital ELISA that did not 
require sealed microchambers [94]. As shown in Fig. 11a, 
by adjusting the concentration of MB, at most one HRP 
enzyme was immobilized on a single MB after a sandwiched 
immunoreaction. Then, the biotin-labeled tyramide substrate 
reacted with HRP to convert into biotin-labeled tyramide 
radical, which could bind to the aromatic moieties of the 
protein on the MBs. Then the STV-labeled fluorescent dyes 
bound to biotin deposited on the MBs. In this way, as low as 
0.09 mIU/mL (139 aM) antigen target with a wide dynamic 
range was digitally analyzed by counting the number of fluo-
rescent MBs with FCM. Although this method achieved the 
microchamber-free digital analysis of the target biomarker, 
the signal strength of some positive beads may be difficult to 
be completely distinguished from the negative ones because 
the weak fluorescent signals deposited on a very small area 
of each MB, leading to an inaccuracy of positive rate.

Considering this, researchers have integrated various 
nucleic acid amplification methods with the microcham-
ber-free digital bioassays to enrich more optical signals in 
the presence of only one target molecule. For example, as 
shown in Fig. 11b, our group developed a digital FCM plat-
form toward the precise quantification of target miRNAs 
[95]. In this platform, at most one target-initiated ligation 
product with 3′-OH termini was bound on one single MB 
via the click nucleic acid ligation (CNAL) reaction. After 
then, the single ligation product induced the TdT extension 

and HCR amplification to enrich fluorescent molecules on 
single MBs. Eventually, as low as attomolar level of target 
miRNA was detected by counting the fluorescence-positive 
MBs with FCM. Similarly, Li’s group proposed the digital 
FCM system for the profiling of exosomal surface proteins 
by introducing RCA reaction (Fig. 11c) [96]. In this design, 
the specific anti-CD63 antibody-conjugated magnetic MBs 
were utilized to capture exosomes. Then the ssDNA that 
comprises an exosomal surface protein-specific recognition 
aptamer and an RCA trigger was introduced to bind with 
the target exosome. After the RCA reaction, plenty of fluo-
rescent probes were hybridized with the RCA products to 
amplify the fluorescent signals. The count of fluorescence-
positive MBs was proportional to the amount of exosomal 
membrane proteins, allowing quantitative analysis by FCM. 
Besides the digital FCM system, Walt’s group developed an 
RCA-based dropcast Simoa strategy, called dSimoa, for the 
ultrasensitive detection of attomolar protein concentrations 
(Fig. 11d) [92]. In this approach, single immunocomplex 
sandwich structures formed on the antibody-coated MBs. 
Then, a STV-DNA conjugate containing an RCA primer was 
bound on the MBs via the interaction between biotinylated 
detector antibody and STV-DNA. After RCA reaction, the 
product DNA concatemer on the MBs hybridized with fluo-
rescently labeled DNA probes for visualization. Finally, the 
MBs were simply dropcast onto a microscope slide and dried 
into a monolayer film for digital signal readout. The dSimoa 
platform achieved attomolar LOD, with an up to 25-fold 
improvement in sensitivity over Simoa.

Compared with the normally used microbeads, for smaller 
entities, less optical molecules are required to lighten them 
up for discriminating them from the negative ones. Consid-
ering this, we devised a versatile single MNP-confined, click 
chemistry-actuated digital DNA walker (ddWalker) machine 
for the analysis of miRNA (Fig. 11e) [98]. By controlling 
the number of MNPs, at most one single DNA walking leg 
was immobilized on a single MNP via the miRNA-mediated 
CNAL reaction. In the presence of nicking enzyme, the flu-
orescence-quenched molecular beacon tracks fixed on the 
MNPs was cleaved to release the quencher and the meta-
stable walking legs. Then, the walking legs hybridized with 
another molecular beacon tracks to initiate the next cycle of 
nicking cleavage, resulting in fluorescent molecules enriched 
on the MNPs. Finally, by digitally counting the number of 
fluorescence-on MNPs with TIRFM, femtomolar-level quan-
tification of miRNA was realized.

In addition, we implemented the analysis of enzyme 
activity by using digital FCM system [99]. As shown in 
Fig. 11f, we proposed a FCM method for the digital quan-
tification of T4 polynucleotide kinase phosphatase (T4 
PNKP) based on the extraordinary space-confined enzy-
matic feature of T4 PNKP that each T4 PNKP-catalyzed 
reaction could be spatially self-confined on a single MB. In 
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this design, T4 PNKP dephosphorylated the 3′-PO4 DNA 
substrates step by step on a single MB until the substrates 
on the surface of the residential MB were exhausted. In 
this way, the 3′-PO4 groups of the DNA substrates were 
converted into the 3′-OH groups, which could be recog-
nized by TdT to initiate the DNA polymerization and the 
hybridization of fluorescent probes. The proportion of 
fluorescence-positive MBs was investigated with FCM to 

digitally monitor the single enzyme activity. As a result, as 
low as 1.28 ×  10−10 U/μL T4 PNKP was clearly detected 
with this strategy. This study also suggested that by using 
T4 PNKP as the signaling enzyme probe, the novel digital 
mechanism is promising to be extended to digital ELISA 
or other microchamber-free digital bioassays.

Microchamber-free digital strategies have a good appli-
cability. Therefore, we prospect that the development of 

Fig. 11  Microchamber-free digital bioassays. a Schematic illustra-
tion of a typical droplet-free digital ELISA system. Reprinted with 
permission of [94]. Copyright 2016, American Chemical Society. b 
Schematic illustration of the workflow of the digital FCM platform 
for miRNA detection. Reprinted with permission of [95]. Copyright 
2020, Royal Society of Chemistry. c Schematic illustration of the 
RCA-assisted FCM for profiling exosomal surface proteins. Reprinted 
with permission of [96]. Copyright 2021, American Chemical Soci-

ety. d Schematic of dropcast Simoa strategy for the ultrasensitive 
detection of protein. Reprinted with permission of [92]. Copyright 
2020, American Chemical Society. e Schematic work principle of the 
single MNP-confined, click chemistry-actuated ddWalker for digi-
tal miRNA analysis. Reprinted with permission of [98]. Copyright 
2020, American Chemical Society. f Design principle of the digital 
T4 PNKP assay. Reprinted with permission of [99]. Copyright 2021, 
American Chemical Society
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microchamber-free digital bioassays will further promote 
the analysis of biomarkers.

Perspective

Although researchers have devoted considerable efforts 
to the single-entity optical bioanalysis, further works are 
still required in regard to their applications in fundamental 
biological studies and clinical diagnosis. Considering the 
inherent advantages of digital assays compared with the 
analog ones, especially the ultra-high sensitivity and the 
ability to discriminate the intermolecular heterogeneity, 
the future trend of the single entity-based digital assay is 
prospected from the following aspects.

Compared with the microchamber-based digital assays, the 
microchamber-free ones have shown great potential in the real-
word applications especially in routine biolabs, because they 
avoid the usage of fragile droplets, complex microchamber 
fabrication procedures, and specialized instruments. Therefore, 
it is vital to exploit simpler and more efficient microchamber-
free systems. As mentioned above, FCM is an easily accessi-
ble instrument widely equipped in hospitals and routine labs. 
Although many research groups have employed conventional 
FCM for the MB-based microchamber-free digital analysis of 
biomarkers, the FCM-based digital assay is still in its infancy. 
In order to improve the digital analysis performance of single 
entity-based digital assays, it is still highly desired to develop 
emerging target-responsive spatial-confined reaction mecha-
nisms and robust amplification methods on the MB surface for 
higher sensitivity and simple and automatic instruments for the 
convenience of signal readout.

The next-generation automatic microfluid system, which can 
integrate target capture, signal generation, and signal readout, 
should be the focus of future work. At present, for the con-
venience of operation, the entity-based microfluid technologies 
generally employ entities of large sizes (e.g., a few to hundreds 
micrometer of droplet or microwell in commercialized systems). 
It is generally acknowledged that single entity with a smaller 
diameter will promote the detection performance because they 
require fewer fluorescent molecules on the surface to make them 
bright enough to be discernable to the negative ones. There-
fore, the microfluid devices that can manipulate and easily count 
small size of entities may help to achieve the single molecule 
level detection with quite simple signal amplification or even 
without any signal amplification strategies.

Moreover, we suppose that besides the ones mentioned 
above, more types of ultrasensitive optical-based signaling 
technologies, such as SERS and chemiluminescence, can 
be introduced to the single-entity bioassays. For example, 
Li et al. developed a digital nanopillar SERS platform for 
the digital detection of single cytokine [100]. In this design, 
they fabricated gold nanopillar as microreactor, which acted 

as the small compartment to capture and confine the indi-
vidual cytokine. After the specific immunoreaction, the 
SERS nanotags, which were produced by co-conjugating 
Raman reporter and target antibody onto gold-silver alloy 
nanoboxes, were immobilized on the gold nanopillars. In 
this way, the cytokine target can be digitally measured by 
mapping the SERS signals. The digital nanopillar SERS 
assay achieved high sensitivity with down to attomolar-
level LOD and multiplexed cytokine detection capability. 
However, this work only reported a preliminary design of 
a digital SERS platform. Compared to the mature digital 
platforms such as ddPCR and Simoa, the precision in bio-
marker digital analysis is not so satisfactory. Considering 
the inherent advantages of SERS signals that superior to the 
fluorescence signals, including single molecule sensitivity, 
high throughput, and high photostability, we predict that the 
digital SERS platforms can be promising supplements to 
the digital fluorescence systems after being combined with 
appropriate experiment design and reasonable algorithms. 
Furthermore, it is believed that the integration of other types 
of optical signal with single-entity assay will permit new 
breakthroughs in the field of biomarker analysis.

Besides designing new principles, employing emerging 
devices, and exploring more sensitive optical signaling tech-
nologies, the experimental details are also important factors to 
the accuracy and stability of the single entity-based bioassays. 
For one thing, the heterogeneities among different micro/nano-
reactors may lead to varying signals as well as imprecise results. 
Fortunately, digital bioassays can reduce such influences to a 
large extent, because the biomolecule targets are quantified by 
counting the number of positive single entities according to a 
rationally set threshold, in which the variation of optical sig-
nal intensity on each single entity can be reasonably tolerated. 
Nevertheless, the negative impact of the heterogeneities among 
single entities cannot be thoroughly eliminated. Therefore, 
developing uniform, stable, and well-monodispersed micro/
nano-reactors is still the key to the accurate application of sin-
gle entity-based bioassays. For another, considering the variety 
of biomolecule targets, different labeling methods should be 
introduced into the single entity-based assays. Up to now, lots 
of labeling methods, including electrostatic adsorption, chemi-
cal crosslinking, biological orthogonal reaction, and biological 
affinity reaction, have been widely applied in biological recogni-
tion. In this regard, we believe that developing more robust and 
simple labeling methods is critical to guarantee the accuracy and 
stability of the single entity-based bioassays.

In addition to the technique aspects, we suggest more atten-
tion should be paid to the application of single entity-based 
digital assays. On the one hand, because the occurrence of 
disease is often accompanied with the change of more than 
one biomarker, it would be of great significance if new strate-
gies can be developed to achieve the multiplexed analysis of 
biomarkers by using the conventional instruments or devices 
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such as FCM. On the other hand, the heterogeneity phenom-
enon, such as the presence of rare mutations in a DNA sample 
[101], differences in catalytic activities of individual enzymes 
[102], and different telomere length in various stage of age-
associated diseases [103, 104], widely exists in complex bio-
logical systems. Therefore, revealing the accurate pattern of the 
biomolecule heterogeneity in organisms or life processes is of 
great importance to precisely understanding of the occurrence 
and development of life process and disease, which cannot be 
achieved via the analog assays. Fortunately, digital assay has 
great potential in detecting the heterogeneity of the target mol-
ecules because of its ability to provide information at a single-
molecule level. For example, Noji’s group established a digital 
droplet array-based single-molecule enzymatic assay [105]. 
They counted the number of enzyme molecules by profiling 
their single enzyme activity characteristics toward multiple sub-
strates. They introduced the coumarin fluorogenic substrate, 
which had much shorter excitation and emission wavelengths 
than conventional substrate of fluorescein and resorufin. With 
this substrate, not only single enzyme activity was detected, 
but also multiplexed enzyme analysis was achieved. And if 
the biomarker molecule is telomere that is a highly relevant 
to age-associated diseases and cancer, its length is in a large 
heterogeneity among chromosomes. As is reported, Luo et al. 
developed the single telomere absolute-length rapid assay, a 
novel high-throughput digital real-time PCR approach for rap-
idly measuring the absolute lengths and quantities of individual 
telomere molecules [106]. This technique provided the accu-
racy and sensitivity to uncover associations between telomere 
length distribution and telomere maintenance mechanisms in 
cancer cell lines and primary tumors. As mentioned above, 
digital assay is an important tool for detecting the heterogeneity 
of the target molecules. Therefore, developing more advanced 
single entity-based digital bioassays for monitoring the hetero-
geneity between target molecules is another direction toward 
the clinical diagnosis in the future.

Conclusions

Over the past several years, single-entity optical counting bio-
assays have experienced very rapid growth. Superior to the 
conventional ensemble measurements, single-entity optical 
approaches enable the examination of individual entities within 
an entire population at fM or even aM range. In this review, the 
design principles and the analytical performance of the optical 
counting bioassays employing single entities as reactors have 
been summarized. We have also pointed out the further trends 
in this area to promote the analytical performance of the sin-
gle-entity counting-based assays toward clinical diagnosis and 
therapy. It is believed that with the consistent efforts devoted to 
this area, the practical application of the single-entity counting 
assays will meet its prosperity in the near future.
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