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ABSTRACT: Over the last decades, the study of cells, nucleic acid molecules and proteins has evolved from ensemble 
measurements to so-called single-entity studies. The latter offers huge benefits, not only as biological research tools to 
examine heterogeneities among individual entities within a population, but also as biosensing tools for medical diagnostics, 
which can reach the ultimate sensitivity by detecting single targets. Whereas various techniques for single-entity detection 
have been reported, this review focusses on microfluidic systems that physically confine single targets in small reaction 
volumes. We categorize these techniques as droplet-, microchamber- and nanostructure-based and provide an overview of 
their implementation for studying single cells, nucleic acids and proteins. We furthermore reflect on the advantages and 
limitations of these techniques and highlight future opportunities in the field.  

In recent years, the approach of studying cells, nucleic 
acid (NA) molecules and proteins, collectively defined here 
as ‘entities’, is experiencing a transition from traditional 
methods, which provide the averaged response of an en-
semble of molecules or cells, to single-entity studies. The 
latter offers major benefits, not only for the fundamental 
fields of molecular and cell biology, but also for more ap-
plied disciplines such as biosensing for diagnostics. From a 
biological point of view, these studies allow to examine in-
dividual entities within complex biological systems. This 
way, they provide more information on anomalous or ex-
ceptional species, which would be otherwise lost within 
the noise1,2. Thanks to that, the cell heterogeneity concept 
has been established, which considers heterogeneous char-
acteristics as an intrinsic property of individual cells, 
grown in an identical environment3,4. Single-entity studies 
have also revealed other molecular diversities, such as the 
presence of rare mutations in a DNA sample5, differences 
in catalytic activities of individual enzymes6,7 and unique 
kinetic processes of bioreceptor-protein interactions8,9. 
From a diagnostic perspective, the trend of targeting indi-
vidual entities is of interest as well10. Whereas conventional 
detection methods are typically limited to measuring con-
centrations in the low picomolar (pM) range11, prominent 
disease biomarkers are often present at these concentra-
tions only in a late stage of the disease. Hence, measuring 
concentrations in the low femtomolar (fM) or even at-
tomolar (aM) range can provide valuable information for 

early disease diagnostics. In order to reach these concen-
trations or study single-entity heterogeneities, approaches 
based on single-entity detection are increasingly investi-
gated in recent times. 

One of the first approaches for studying and detecting 
single entities was based on examining small parts of the 
complete sample in a serial fashion10. Here, detection was 
performed either by laser-scanning the sample with high 
resolution (e.g. confocal microscopy12,13) or by flowing the 
solution through a tightly focused laser spot, which detects 

Microfluidic system: Network of micrometer-sized 
channels in which fluids can be manipulated in a con-
trolled way. Microchamber: Micrometer-sized space 
with solid side and bottom walls in which a single en-
tity can be physically confined. Dynamic range: The 
range of target concentrations for which the sensor 
readout is proportional to the amount of target mole-
cules in the sample. High concentration limit: limi-
tation of single-entity techniques for quantifying high 
target concentrations due to the presence of more than 
one single entity per detection volume resulting in an 
underestimation of the true concentration. Low con-
centration limit: limitation of single-entity tech-
niques for quantifying low target concentrations due to 
the large number of empty detection volumes, result-
ing in an increased analysis time. 
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passing molecules or cells (e.g. flow cytometry14). Alterna-
tively, individual entities can be captured on a surface and 
subsequently detected and studied (1) through a fluores-
cent label (e.g. total internal fluorescence15), (2) by apply-
ing a force in the piconewton regime (e.g. magnetic twee-
zers9, optical tweezers16,17) or (3) in a label-free manner by 
means of a scanning probe (e.g. atomic force microscopy18) 
or optical microcavities (e.g. whispering-gallery microcav-
ities19).  

The abovementioned approaches commonly interrogate 
only femtoliter (fL) volumes at once, implying that analysis 
of a sample containing few microliters (µL) is very time-
consuming. In addition, at low concentrations, over a mil-
lion of these fL volumes have to be imaged before detecting 
a single target which, moreover, diffuses very slowly into 
the small detection volume20,21. Although this low concen-
tration limit could be overcome by increasing the sample 
concentration, this poses new challenges for true single-
entity detection as it increases the chance of encountering 
more than 1 entity in the observed volume. This is known 
as the high concentration limit and, together with the low 
concentration limit, poses a serious constraint on single-
entity techniques. They are particularly restrictive in the 
field of biosensing, as samples with both low and high mol-
ecule concentrations are targeted, thus requiring a large 
dynamic range22. 

Whereas some excellent reviews have been previously 
written, describing various single-entity detection meth-
ods10,23,24, here we will focus on those approaches that rely 
on physical confinement of the individual entities in 
small containers, such as tiny droplets, microcham-
bers or nanostructures. These methods offer a smart 
strategy to overcome the previously described concentra-
tion limit. As it will be further illustrated, physically re-
stricting the volume, accessible to a single entity, not only 
generates a high local concentration that is easier to de-
tect25, but also allows for high-throughput and parallelized 
detection, pre-concentration of the target prior to confine-
ment and signal amplification in the confined volume22,25. 
To confine single entities in small containers, the sample is 
commonly diluted in such a way that the quantity of single 
entities is much lower than the number of containers. Un-
der this condition and according to Poisson statistics, the 
vast majority of containers does not contain any entity 
whereas the others contain only one26. Subsequent detec-
tion of the isolated entities generates either a negative (0 
molecule) or a positive (1 molecule) signal in the confined 
volume, which represents the basis of a ‘digital’ readout. 
The total number of positive reactions in this digital assay 
can then be used for the quantification of the target in the 
original sample5 and the properties of the isolated single 
entities can be analysed. For a more detailed explanation 
on the statistics behind single-entity studies, the interested 
reader is referred to the excellent reviews from Basu27,28. 

Transportation and confinement of single entities into 
these small containers has been facilitated through micro-
fluidic techniques23,29. This is largely related to the intrinsic 
advantages of microfluidics, including the capability of 

handling small volumes with high precision, high through-
put and in an automated and fast manner as well as the 
possibility to upscale fabrication at a reduced cost30,31. In 
general, microfluidic devices can be classified into: (1) con-
tinuous flow devices, i.e. those manipulating non-seg-
mented flows in microchannels by using pumps and 
valves32 or centrifugal forces33 and (2) droplet-based de-
vices, i.e. those manipulating individual fluid droplets34 
that are either immersed in an immiscible continuous 
phase within enclosed microchannels34 (referred to as con-
tinuous-phase microfluidics (CMF)) or independently han-
dled on a hydrophobic surface by means of electrostatic 
forces35,36 (the latter known as digital microfluidics 
(DMF)). Both types of microfluidics have been used for iso-
lating and studying individual entities and will be therefore 
addressed in this review.  

In summary, this review provides an overview of the 
state-of-the-art microfluidic techniques for detection and 
analysis of physically confined single entities, being cells, 
NA molecules and proteins. For each type of entity, an 
overview is given of the reported confinement strategies 
(i.e. droplets, microchambers and nanostructures). Here, a 
special emphasis is on the following features: throughput, 
versatility, external components, fabrication procedure, 
dynamic range and multiplexing performance. In addition, 
Table 1 links the described confinement strategies with the 
application fields, provides a reference to selected papers 
and the commercially available devices. As such, the large 
body of literature is not only summarised from an entity-
based but also a technology-based point-of-view. Lastly, 
the review is concluded with a summary and outlook of the 
future challenges and opportunities in the field. 

CELLS 

Heterogeneous behaviour of cells under identical envi-
ronmental conditions is a widely accepted concept. To 
study these heterogeneities, various single-cell analysis 
tools have emerged in the last years, many being based on 
microfluidic confinement of single cells in droplets or mi-
crochambers. In this review, single-cell studies will be cat-
egorized according to the target, which can be either (1) the 
complete cell, (2) the NA content or (3) the proteins, pre-
sent in, secreted by or located on the surface of the single 
cell. It should be noted that these NAs and proteins, alt-
hough originating from a single cell, are not analysed on a 
single molecule level. As such, the single-entity approach 
in these studies purely originates from the isolation of a 
single cell and not the subsequent analysis of the NAs and 
proteins of that cell, contrary to the other 2 sections in this 
review dealing with analysis of individually confined NA- 
and protein-entities. 

Single-cell detection 

Detection of whole cells at the single cell level is im-
portant for a number of applications, such as growth eval-
uation37, viability studies38 and drug screenings39. For this 



3 

 

purpose, single cells have been isolated within microfluidic 
systems in either droplets or microchambers (Table 1).  

Droplet-based microfluidic systems have been used for 
the encapsulation and cultivation of a variety of single 
cells, including micro-algal cells37, bacteria40, yeast 40,41 and 
human cells42. In the latter study, for example, Clausell-
Tormos et al. isolated both adherent and non-adherent 
single cells in individual picoliter- (pL) sized droplets for 
performing the growth assays. Although the droplets were 
generated through flow-focussing at a frequency of 800 
droplets/second, the detection setup enabled analysis of 
only 500 droplets/second. The latter defines the true 
throughput of the system, but is not always specified in lit-
erature, which explains why the information in this review 
is often limited to the encapsulation rate.  

In addition to this, more complex droplet-based micro-
fluidic systems can be used for the screening of drugs at the 
single cell level, as demonstrated by Brouzes et al.39 (Figure 
1). Here, the drug library was first confined into aqueous 
droplets of 1 pL to 10 nanoliters (nL) using high-throughput 
flow-focusing (100 droplets/second), with each member of 
the library carrying a unique optical label. Subsequently, 
each library droplet was merged with a droplet containing 
a single human monocytic U937 cell, followed by collection 
and reinjection in a microfluidic chip in order to merge 
them with a second droplet, containing live/dead assay 
dyes. Finally, each droplet was analysed in terms of cyto-
toxicity and the drug-coding allowed to study the effect of 
the drugs in the library on the individual cells.  

 

Figure 1. Droplet-based single-cell detection platform for 
drug library screening. A) The encoded drug library droplets 
were merged with a second droplet, containing a single cell. 
B) After off-chip incubation, the droplets were merged with a 
droplet, containing a live/dead dye and the effect of each li-
brary drug on the cells was evaluated. Adapted with permis-
sion from Ref.39.  

It should be noted that the encapsulation of single cells 
is conventionally based on Poisson statistics31, as generat-
ing microdroplets from a highly diluted target solution re-
sults in less than 1 target per droplet on average. However, 
due to this dilution, the majority of droplets do not contain 
any target, resulting in the waste of reagents and the need 
to analyse a large number of droplets for low concentration 

samples (defined in the introduction as the low concentra-
tion limit of single-entity techniques). This issue can be 
solved by applying a droplet sorting unit, discarding the 
empty droplets, which however decreases the overall 
throughput of the system43. As a more convenient solution, 
new methods have been established that provide passive 
self-alignment of the cells in an ordered stream, prior to 
their encapsulation in individual droplets44–46. By evenly 
spacing the cells in the stream through hydrodynamic in-
teractions, the cell loading can be maximised in such a way 
that nearly every droplet contains a single cell, which aids 
in overcoming the low concentration limit while maintain-
ing a high throughput. 

In addition to droplet-based isolation, individual cells 
have been also confined in microchamber-based plat-
forms to explore cellular heterogeneities47. One of the first 
applications hereof was demonstrated by the group of 
Walt48. They created ordered arrays of fL-sized wells by 
chemically etching the distal face of an optical fiber bundle 
to simultaneously study the viability and the pH depend-
ency of individual adherent mouse fibroblast. Following 
this first application, numerous microwell array systems 
for single-cell studies have been reported in various mate-
rials (e.g. PDMS49–51, PEG-DA52,53, silicon wafers54) with di-
vers shapes and dimensions and with the number of wells 
ranging from hundreds49,55 to thousands56,57 and hundreds 
of thousands54. This increase in throughput of microfluidic 
platforms is an overall trend in the field (i.e. for both mi-
cro-chamber and droplet-based microfluidic systems), as 
the higher the number of chambers that can be confined 
and analysed in parallel, the higher is the chance to detect 
a single target in a sample with a low concentration. Im-
portantly, microchamber-based systems offer the major 
advantage (over the droplet-based approaches) of docking 
single cells in the chambers, which simplifies long-term 
cell studies through their inherently fixed position, con-
trary to droplet-based systems where tracking of a single 
cell over a prolonged time is more complex. However, anal-
ysis of non-adherent cells in microchambers is less conven-
ient as it generally requires the administration of cell-ad-
hesives for an efficient cell isolation53,55, differing from 
droplet-based systems, which can be easily used for both 
adherent and non-adherent cell types.  

However, the potential of microwell array platforms for 
the study of non-adherent stem cells is exemplified by Chin 
et al.58. They generated 10 000 microwells (20-500 µm di-
ameter, 10-500 µm depth), which were treated with cell-
adhesive proteins to increase the cell-occupancy. The array 
was integrated into a microfluidic culture chamber for im-
proved automation and the injected cells were seeded 
through gravitational sedimentation. Using this platform, 
more than 3 000 single hippocampal progenitor cells were 
quantitatively tracked over 4 days and their differentiated 
progeny was imaged with conventional high magnification 
microscopy. Alternatively, the group of Folch reported a 
PDMS-based microwell array, reaching cell-seeding effi-
ciencies above 85% for both adherent and non-adherent 
cells without the need for adhesive proteins, by optimizing 
microwell dimensions for gravitational sedimentation50. 
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This platform was integrated in a microfluidic system for 
the evaluation of odorant-evoked responses of ~2 900 sin-
gle olfactory cells59. More recently, Kobayashi et al.38 re-
ported an approach for faster and more stable cell-seeding. 
Their PDMS-based platform contained 3 168 microwells 
(30 µm diameter, 25 µm depth), each with a pair of thin-
film electrodes at the bottom (Figure 2) which enabled ac-
tive seeding of single cells through dielectrophoretic (DEP) 
instead of gravitational forces. Moreover, the active trap-
ping enabled fast reagent exchange while retaining the 
cells in the wells, without the need for complex valve sys-
tems. The platform was used for evaluating the viability of 
single cancer cells, but also for the evaluation of single-cell 
NAs and surface proteins (as addressed below in the corre-
sponding sections), thereby providing a flexible tool for 
various single-cell studies.  

 

Figure 2. Microwell-based platform for single-cell viability 
studies. A) Schematic representation of the PDMS-based de-
vice containing a microfluidic channel with embedded mi-
crowells, fabricated on thin-film interdigitated electrodes. B) 
Schematic representation of (i) cell trapping through DEP 
forces and (ii) subsequent reagent exchange for viability stud-
ies. Adapted with permission from Ref.38.  

Next to these continuous microfluidic flow systems with 
embedded microwells, an alternative approach was re-
cently applied in our group for cytotoxicity studies on sin-
gle non-adherent yeast cells (Figure 3)60. In this setup, 22 
000 microwells (5.5 µm diameter, 3 µm depth) were etched 
in the grounding plate of a DMF platform and individual 
cells were trapped inside the wells by shuttling the sample 
droplet over the array through electrowetting-on-dielec-
tric (EWOD). A fluorescence viability staining was used to 
evaluate the response of the individual cells to an antifun-
gal drug in a spatiotemporal manner. Moreover, not only 
single cells but also single NAs61 and single proteins62 have 
been detected using this platform, demonstrating its ver-
satility in the wide field of single-entity detection. In addi-
tion, the DMF system can be easily reconfigured between 
successive experiments and allows full automation of pro-
cessing and detection on-chip. 

 

Figure 3. DMF microwell-based platform for single-cell tox-
icity studies. A) The DMF chip consisted of an actuation plate 

and a grounding plate. The latter contained embedded mi-
crowells for cells to sediment. B) Following the sedimentation, 
the cells were actively seeded by shuttling the droplet back 
and forth over the array, which resulted in capturing a single 
cell per microwell. Adapted with permission from Ref.60. Pub-
lished by The Royal Society of Chemistry. 

Single-cell NA analysis 

The detection and analysis of NAs from single cells is rel-
evant for understanding genotypic characteristics of indi-
vidual cells63. This requires the release of the NAs trough 
cell lysis and when performed on individual cells, en-
trapped within a small droplet or microchamber, this re-
sults in a high NA concentration31,64,65. To amplify the NA 
content even further and thus facilitate their detection and 
analysis, droplet-based microfluidic systems have been 
combined with polymerase chain reactions (PCR) on indi-
vidual beads, termed emulsion PCR (ePCR)66,67 (for more 
details, see section on single-NA detection). In this ap-
proach, a single cell is confined and lysed in a nL-sized 
droplet, containing a primer-functionalised microbead and 
PCR mixture. This allows generation of fluorescently la-
belled PCR amplicons on the beads and subsequent recov-
ery of the bead from the emulsion for quantifying its fluo-
rescence, thus enabling detection of specific genes in a 
simplex66 or a multiplex67,68 fashion (Figure 4). However, 
upon breaking of the emulsion, the beads carrying NA mol-
ecules from individual cells are mixed, losing thus a direct 
link with their originating cell. As a solution, advanced bar-
coding techniques have been reported for the identifica-
tion of individual RNA molecules from single cells69,70. 
Complex engineered primers, co-encapsulated with the 
single cells, enable to trace back each RNA molecule to its 
mother cell and even allow to identify the PCR duplicates 
of a single RNA molecule. This approach is currently being 
commercialised by 1CellBiO (inDrop™), 10x Genomics 
(GemCode) and recently also by Bio-Rad/Illumina 
(ddSEQ). Alternatively, single cells can be isolated in aga-
rose droplets, which are cooled after PCR to obtain gelled 
droplets. These droplets, containing NA molecules of sin-
gle cells, prevent mixing of the cell contents71–73 next to fa-
cilitating DNA extraction and increasing the efficiency of 
PCR reactions46,63,74,75.  

 

Figure 4. Multiplexed single-cell NA analysis using ePCR. 
First, primer-functionalised beads were co-encapsulated with 
single cells and a diluted PCR-mix. Subsequently, the cells 



5 

 

were lysed and thermally cycled to initiate PCR. Then, beads 
were recovered from the droplets and analysed by means of 
flow cytometry. Adapted with permission from Ref.67. Copy-
right 2010 American Chemical Society. 

Alternatively, a fully integrated droplet-based DMF 
setup was reported by Rival et al. for single-cell RNA anal-
ysis based on reverse-transcription PCR (RT-PCR).76 In this 
setup, an individual droplet containing a single cell was 
mixed on-chip with a second droplet, containing a lysis 
buffer and oligo-functionalised magnetic beads. Upon ly-
sis, the released RNA was captured on the magnetic beads, 
which were subsequently washed and resuspended in a 
droplet, containing the RT-PCR mix. Following on-chip 
thermocycling, the generated RT-PCR amplicons were flu-
orescently detected, which enabled analysis of the genes 
expressed in the single cell. Although this DMF-based ap-
proach is not applicable for high-throughput analysis, con-
trary to the previously described droplet-based systems, 
the embedded thermocycling and the on-chip integration 
of all fluid manipulations allows full automation of single-
molecule assays. 

An example of a microchamber-based system for the 
analysis of NAs from single cells is the platform with elec-
troactive microwells of Kobayashi et al.38 (Figure 2), ap-
plied to detect specific DNA sequences on chromosomes of 
single cancer cells through fluorescent in situ hybridiza-
tion. Next to this, many other platforms were reported, 
which are, however, out of the scope of this review as they 
are not integrated in microfluidic devices. Nevertheless, 
some of them show great potential for integration, such as 
the microarray-based systems for single-cell RT-PCR of the 
group of Love64 and Dimov et al.77. In these PDMS-based 
platforms, single cells were seeded in 125 pL64- or 20 pL77-
sized microwells through gravitational sedimentation and 
centrifugation, respectively, followed by adding RT-PCR 
reagents, sealing the microwells, lysing the cells and per-
forming RT-PCR. The generated fluorescent signals were 
analysed to evaluate gene expression in single human B 
cells64 and haematopoietic stem cells77. Although these mi-
crowell array setups required manual sample administra-
tion and array sealing, they could be fully automated 
through integration in a microfluidic chip. Furthermore, 
the same platforms have been modified to accommodate 
simultaneous detection of both NAs and secreted or sur-
face-bound proteins from single cells, as detailed below. 

Single-cell protein analysis 

In addition to using microfluidics for the study of the NA 
content of a single cell, microfluidic systems can also be 
applied for the analysis of proteins inside, secreted by or 
on the surface of a single cell, as described in the following 
sections.  

Analysis of intracellular proteins  

 In order to evaluate the protein content of a single cell, 
cell lysis is generally required. However, there are some ex-
ceptions, as demonstrated by Huebner et al.78. They first 
reported a droplet-based platform for the direct detection 

of a fluorescent protein, expressed in intact individual cells 
and later used a similar platform for the evaluation of alka-
line phosphatase enzymes, expressed in single E. coli cells 
and accessible for fluorogenic substrate without disrupting 
the cell membrane79. Detection of the majority of intracel-
lular proteins, however, does require lysis of the cell. For 
the evaluation of intracellular enzyme activity, this has 
been established in droplet-based systems by either co-en-
capsulating single cells with lysis buffer80 or through rapid 
laser-induced lysis of droplet-encapsulated single cells81.  

Besides droplet-based approaches, microchamber-
based platforms have also been reported for the detection 
of intracellular proteins. For example, both Eyer et al.82 and 
Xue et al.83 developed a valve-based system in which mi-
crochambers were formed within parallel microfluidic 
channels by applying pressure on integrated valves (Figure 
5). Although the number and size of these chambers was 
different between the 2 studies, in both approaches single 
cells were lysed and the target proteins were captured by 
antibodies, functionalised on the chamber surface, for 
their detection. Whereas the first system enabled detection 
of only 1 target at the time, the microchambers in the plat-
form of Xue et al.83 were functionalised with barcoded cap-
ture antibodies, enabling multiplex detection of up to 7 
proteins and 4 metabolites from a single cell. The latter 
platform was furthermore applied for other single-cell ap-
plications, including the evaluation of protein-protein in-
teractions84 and the detection of proteins secreted by sin-
gle cells (as explained further below)85. Although valve-
based systems allow to address confined entities in a highly 
controlled way, the dimensions of the channels and inte-
grated valves require larger sample volumes and limit the 
number of microchambers in a given area, hereby decreas-
ing the throughput compared to droplet-based and other 
microchamber-based systems. Moreover, actuating multi-
ple valves in complex patterns demands a precise and com-
plex operation mechanism and requires a complex fabrica-
tion procedure. As an alternative, Park et al.86 developed 
an easy-to-fabricate PDMS-based microfluidic chip with 
embedded microwells, in which single cells were trapped 
without the need for an external operation system, i.e. 
through capillary forces and a receding meniscus. Using 
this device, the response of single cells to the mating pher-
omone α-factor was evaluated by monitoring the expres-
sion of green fluorescent protein. Additionally, to obtain a 
highly-efficient cell-seeding and thus enable the study of 
cell-sparse samples, the group of Herr87 reported a centrif-
ugation-driven lab-on-a-disc. In their microfluidic system, 
centrifugal forces were applied to isolate single cells in mi-
crowells, patterned in a polyacrylamide gel. Subsequently, 
the cells were lysed and the released proteins were sub-
jected to electrophoretic separation through the wells into 
the surrounding gel, followed by single-cell western blot-
ting. This approach enabled multiplexed detection of 4 dif-
ferent proteins starting from as few as 200 individual glio-
blastoma cells, contrary to other single-cell protein assays, 
requiring a starting population of thousands of cells87. Us-
ing a similar microwell-based western blot approach, they 
furthermore managed to simultaneously detect multiple 
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cytoplasmic and nuclear proteins of single cells through bi-
directional electrophoresis, providing insight in single-cell 
protein signalling processes88. It should be noted that, con-
trary to the previously reported centrifugation-driven sys-
tem, this microwell-based platform was not fully imple-
mented in a microfluidic device.  

 

Figure 5. Valve-based microfluidic platform for the detec-
tion of intracellular proteins. Single cells were isolated in mi-
crochambers (310 chambers, 1.5 nL) formed by microvalves, 
which are positioned perpendicularly to the sample-contain-
ing microchannel. Upon cell lysis, intracellular proteins were 
captured on the prefunctionalized antibodies and subse-
quently detected through fluorescently labelled detection an-
tibodies. The spatial separation of different capture antibodies 
in the barcode enabled multiplex protein detection. Adapted 
with permission from Ref.83. Copyright 2015 American Chem-
ical Society.  

Analysis of secreted proteins 

In contrast to intracellular protein analysis, which re-
quires cell lysis, secreted proteins can be detected while 
the cell remains intact. In this context, Beneyton et al.89 re-
cently established a high-throughput droplet-based mi-
crofluidic system that allowed analysis of secreted recom-
binant enzymes from single yeast cells. In this approach, 
which resembles the one depicted in Figure 1, single cells 
were encapsulated in droplets of 20 pL, generated through 
flow-focusing at a rate of 3 000 droplets/second and fol-
lowed by an off-chip growth step, reinjection in a second 
microfluidic device, addition of the fluorogenic substrate 
and analysis and sorting of the droplets based on their flu-
orescence at a rate of 300 droplets/second. The latter once 
more illustrates the discrepancy between the droplet gen-
eration and analysis throughput. Whereas this study 
mainly focused on the expression of hydrolytic enzymes, 
encoded from fungal genes, it can easily be translated to 
any other enzyme. Moreover, this platform is valuable for 
the selection of new enzymes by means of directed evolu-
tion or other protein engineering techniques. Alterna-
tively, 2 similar droplet-based setups have been reported 
for the detection of secreted cytokines of single T-cells90 
and dendritic cells91. In both setups, single cells were co-
encapsulated with beads that were functionalized with an-
tibodies to specifically capture cytokines. These captured 
targets were subsequently labelled with fluorescently 
tagged detection antibodies and fluorescent droplets were 

detected through flow cytometry90 or fluorescence micros-
copy91. It should be noted that, in contrast to the majority 
of droplet-based platforms, where droplet analysis is per-
formed in a fluidic flow, the droplets in the latter study 
were imaged after being immobilized in an incubation 
chamber, hosting up to 1 000 droplets at once. This ap-
proach introduces a discontinuity between the droplet 
generation and analysis throughput, with the latter being 
limited by the size of the incubation chamber and field of 
view of the detection system rather than the droplet-gen-
eration rate, similar to what was previously described for 
microchamber platforms. Moreover, the latter platform 
enabled monitoring of proteins on the surface of single 
dendritic cells, as well as their interactions with live T-cells, 
demonstrating the versatility of the approach91. Similar 
platforms have been described for the screening of effec-
tive antibodies, which are secreted by hybridoma cells and 
can be used for diagnostic or therapeutic purposes92,93.  

Next to these droplet-based platforms, microchamber 
systems have been also reported for the detection of se-
creted proteins. One nice example is the above described 
valve-based platform of Xue et al. (Figure 5), which was 
also applied for multiplexed detection of various cytokines 
secreted by the isolated cells, showing its versatility to-
wards different applications85. Although not integrated in 
a microfluidic platform, the promising PDMS-based mi-
crowell system of the group of Love, described above, was 
also used for the detection of cytokines and antibodies, se-
creted from single cells51,94–96. In their approach, cell-host-
ing microwells were sealed with an antibody-coated top-
plate, which enabled localised capturing of the secreted 
proteins and was subjected to immuno-probing after dis-
integration from the chip. More recently, the versatility of 
this system was demonstrated by performing RT-PCR on 
the isolated single cells after analysis of their secreted 
products. By comparing the immune-probing and RT-PCR 
results of single wells, the correlation between protein se-
cretion and gene expression in single human B cells could 
be evaluated64.  

Analysis of surface proteins 

The last group of single-cell analysis techniques focusses 
on the detection of cell-surface proteins. Whereas highly- 
and moderately-abundant surface proteins can be detected 
through conventional flow cytometric techniques, detec-
tion of proteins that are present in low concentrations is 
more challenging as it not only requires protein labelling 
but also additional signal amplification. The latter has been 
carried out in confined volumes, enabling easy detection of 
the amplification product. In this context, 2 similar drop-
let-based platforms have been reported, relying on either 
enzymatic amplification97 or Rolling Circle Amplification 
(RCA)98. In both platforms, the targeted surface proteins 
were first labelled by antibodies, followed by binding of a 
detection label (β-galactosidase (βgal) enzyme97 and DNA 
primer98, respectively) and droplet encapsulation. These 
labels ensured the generation of an intense localized fluo-
rescent signal only in those droplets with the targeted cells, 
enabling the detection of low-abundance surface proteins 
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on single monocytic cells97 and individual cancer cells98. 
Whereas the throughput of droplet generation and analy-
sis differed in the former study97 (2 500 Hz and 1 500 Hz 
respectively), the droplets in the latter study98 were ana-
lysed in an incubation chamber, hereby once more imply-
ing a discrepancy in the droplet generation and analysis 
throughput. A similar pL-droplet based platform has been 
described by Li et al.99 for the detection of single-cell sur-
face proteins through aptamer-based instead of antibody-
based detection.  

Proteins expressed on the surface of single cells have also 
been detected in microchamber-based platforms. For ex-
ample, the previously described electroactive microwell-
based platform of Kobayashi et al.38 (Figure 2) was applied 
for the detection of cancer-related surface proteins as well, 
enabling discrimination of single cancer cells from individ-
ual white blood cells. More recently, the above described 
microwell-based platform of Dimov et al.77 was adapted for 

analysis of lung cancer-related surface proteins and simul-
taneous detection of their genetic expression in thousands 
of single cells (Figure 6)100, demonstrating the versatility of 
the system. In a first step, transmembrane cMET proteins 
were detected through fluorescent imaging of single cells, 
isolated in the 25 600 wells of the platform, after incuba-
tion with anti-cMET antibodies and fluorescently labelled 
secondary antibodies. Subsequently, the cells were lysed in 
their respective wells and their cMET mRNA expression 
was evaluated via RT-PCR, thus enabling to correlate sur-
face protein and mRNA expression in single cells. This plat-
form furthermore allowed to study the effect of transcrip-
tion and translation inhibitors on protein and mRNA 
abundance, as well as the heterogeneous response of sen-
sitive and resistant cell lines to cMET-targeting cancer 
therapeutics. Although integration in a microfluidic device 
was not reported and the initial array contained only 64 
microwells, the platform shows great potential for high-
throughput and automated single-cell gene and protein 
analysis.  

 

Figure 6. Microwell-based platform for simultaneous analysis of the expression of cell-surface proteins and genes. First, the 
immunostained single cells were loaded in the microwells by centrifugation and the targeted surface proteins were detected. After 
drying the array, the isolated cells were lysed and the intracellular mRNA of interest was detected through RT-PCR. Adapted from 
Ref.100 with permission of The Royal Society of Chemistry.

NUCLEIC ACID MOLECULES 

DNA and RNA contain tremendous amounts of infor-
mation as their involvement is a prerequisite in nearly 
every biological process, ranging from cell differentiation 
to aging. Unlocking this genetic data could be the key for 
gaining unique insights into various cell mechanisms, 
thereby contributing to the design of new, more accurate 
disease management strategies101. Therefore, developing 
techniques for the detection and analysis of single NA mol-
ecules has become extremely important. In the following 
paragraphs, an overview is provided on how target confine-
ment within microfluidic devices can be used for single NA 
(1) detection, (2) sequencing and (3) stretching. 

Single-NA detection  

A well-established technique for the detection of single 
NAs within individual containers relies on PCR-based am-

plification, for which a variety of systems have been re-
ported and many are even commercially available. More 
recently, the major technical challenges of PCR are being 
tackled through the development of isothermal NA-
amplification strategies and by enzymatically labelling the 
single NA molecules, thereby amplifying the fluorescent 
signal rather than the NAs, as described in the following 
sections.  

PCR-based amplification techniques 

The conventional technique for detecting single NA mol-
ecules, termed digital PCR (dPCR), directly originated 
from the traditional PCR quantification. Whereas the latter 
is performed on multiple NA strands at once, in dPCR, sin-
gle NA molecules are isolated in small containers where 
they are amplified individually by PCR and detected 
through fluorescent probes. Because of the large body of 
literature, we will focus only on those platforms that 
reached the stage of commercialization, with the exception 
of DMF-based and bead-based dPCR platforms (i.e. ePCR), 
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which are relatively new and not commercially available 
yet but worth discussing in the context of this review. For 
a more complete overview of all developed platforms, the 
interested reader is referred to the excellent review on the 
advances of dPCR by Cao et al.5. 

 Today, the most widely used approach for the encapsu-
lation and detection of single NA molecules is the so-called 
droplet digital PCR (ddPCR)5,102–104. In this approach, each 
individual droplet contains either a single NA template or 
none, together with the necessary PCR components for 
subsequent amplification and detection of the confined 
molecules. Bio-Rad® used this technology to develop the 
QX100™ and QX200™, capable of generating approxi-
mately 20 000 droplets of 837 pL for the analysis of single 
NA molecules with a dynamic range of 5 orders of magni-
tude105,106. To increase the throughput and thus the dy-
namic range further, RainDance® commercialised 
RainDrop™ and, more recently, RainDrop PlusTM, a ddPCR 
system that can produce up to 10 000 000 pL-sized drop-
lets, enabling detection over 6 orders of magnitude105,107. 
Rare mutation detection and NA quantification are the 
main applications of these platforms108, which are mainly 
used in hospital laboratories (e.g. pathogen detection109, 
expression analysis110 and cancer detection111). However, 
these commercial systems consist of 3 different devices for 
the successive generation of droplets, thermocycling for 
dPCR and fluorescent analysis of the droplets and thus re-
quire multiple sample transfer and processing steps. As a 
solution, Stilla Technologies recently launched the Naica 
system, enabling ddPCR with a single chip-loading step, 
using only 2 devices: the Naica Geode for combined droplet 
generation and thermocycling and the Naica Prism3 for 3-
color readout112. Using this drastically simplified process, 
ddPCR can be performed in triplex in up to 30 000 droplets, 
over 5 orders of magnitude113.  

Although not commercially available, the ultimate inte-
gration of ddPCR in a single system has been performed on 
a DMF platform (Table 1) by Norian et al.114. They devel-
oped a fully integrated DMF, enabling all key steps of PCR, 
including heating, transporting and fluorescent monitor-
ing, on a single NA molecule isolated in an individual drop-
let of 1.2 nL. As proof-of-concept, they succeeded to detect 
a single copy of a NA strand, characteristic for Staphylococ-
cus aureus and they furthermore were able to quantify the 
target DNA with a dynamic range of more than 4 orders of 
magnitude. Whereas the electronic circuits and the possi-
bility of integrating all fluid manipulations on-chip make 
DMF-based ddPCR more convenient and allow for minia-
turization and fully automated single-molecule assays, it 
poses difficulties in terms of high-throughput analysis, 
contrary to the conventional droplet-based platforms36,104.  

To enable further analysis of NA amplicons in individual 
droplets after ddPCR, the ePCR concept was established 
with the co-encapsulation of primer-functionalized 
beads63,66,115. However, as stated before, when isolating sin-
gle entities by diluting the sample, the vast majority of 
droplets contain no molecules, thus requiring analysis of a 
large number of droplets. Clearly, this becomes even more 

problematic when co-encapsulating 2 different objects 
(e.g. DNA and bead), imposing a trade-off between 
throughput and accuracy103. Nevertheless, Shuga et al.115 
demonstrated the detection of a rare carcinogenic translo-
cation in blood cancer using this approach. Similar to the 
setup depicted in Figure 4, single NA molecules were co-
encapsulated into 2.5 nL droplets with primer-functional-
ised beads and a PCR mixture followed by ePCR. With this 
approach, the authors obtained an extremely low detection 
limit (< 1 × 10−6 copies/genome) while maintaining the 
analysis efficiency and specificity. Furthermore, new clonal 
forms of the translocation were discovered, hereby paving 
the way to investigate the evolution of cancer115.  

In addition to droplet-based approaches, dPCR has been 
also performed on microchamber-based microfluidic 
platforms. This has the advantage of compartmentalizing 
thousands of chambers in a single sealing step and per-
forming the dPCR reactions in parallel, thus speeding up 
analysis time. A first platform, Constellation, was commer-
cialised by Formulatrix and is based on the research of Vo-
gelstein and Kinzler116, who were the first to implement a 
dPCR assay in the µL-sized wells of a 96-well plate. Today, 
these microplate formats have a smaller well-volume and 
an increased number of reaction chambers as each of the 
96 wells contains 496 or more nL partitions at the bottom, 
which are connected through a microfluidic channel and 
can be sealed after loading the wells with the sample and 
PCR mixture (Figure 7)117. Hereby, single NA copies can be 
isolated in the partitions, enabling the visualization of in-
dividually amplified PCR products. This high-throughput 
approach enabled to analyse 96 samples at once and up to 
384 samples per hour118.  

 

Figure 7. Side view of a single well of the Constellation dPCR 
setup. Each well contains hundreds of individual partitions at 
the bottom, which were loaded by forcing liquid from the in-
put well into the connecting channels and were subsequently 
sealed, using a laminating roller along the bottom surface. 
Adapted with permission from Ref.117. Copyright 2014 Formu-
latrix. 

An increase in throughput of dPCR in microchambers 
was achieved by introducing a valve-based platform, which 
resembles the system in Figure 5, and has been commer-
cialised by Fluidigm under the name Biomark™. In this sys-
tem, the sample and PCR premix are loaded into microflu-
idic channels, which are subsequently separated into mi-
crochambers by a NanoFlex™ valve (i.e. parallel structures, 
orthogonally placed to the microchannels). This way, com-
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pletely independent micro-reaction chambers are ob-
tained, in which the PCR reactions are carried out in par-
allel5,119–121. The system enables the isolation of individual 
NA molecules in up to 9 216 reaction chambers of 6.7 nL, 
resulting in a dynamic range of up to 6 orders of magni-
tude122. This has been used, among others, to perform mul-
tigene analysis of bacteria120, early diagnosis of cancer123 
and prenatal diagnosis124. An even higher throughput was 
achieved by performing dPCR on more advanced mi-
crowell array platforms, generally fabricated in silicon 
through photolithography118. Following this approach, 
Thermofisher® developed and commercialized its 
QuantStudio™ 3D Digital PCR system. The system consists 
of a chip, containing an array of 20 000 hexagonal wells of 
0.8–1 nL for dPCR over 5 orders of magnitude5,125. This 
setup has proven its merits in several studies including 
cancer-related miRNA detection126, quantification of path-
ogens127, copy number variation detection128 and mutation 
detection129. 

Isothermal amplification techniques 

The applicability and integration of dPCR on microflu-
idic systems is hampered by the need for sophisticated 
thermal cycling instrumentation and space130. Isothermal 
amplification techniques bypass these limitations by am-
plifying the target at a constant reaction temperature, un-
der simplified conditions and in less complex systems131. 
Because numerous of these isothermal amplification tech-
niques for single NA detection have been developed in re-
cent years, the majority of platforms are still in the research 
stages and thus not commercially available yet, in contrast 
to dPCR.  

Rane et al.132 and Mazutis et al.26 developed a droplet-
based platform for the isolation and isothermal amplifica-
tion of single NA molecules. In these systems, the NAs 
were amplified through droplet-based loop-mediated iso-
thermal amplification (dLAMP) and hyper-branched roll-
ing circle amplification (HCRA) respectively, enabling dig-
ital quantification of the NAs. Moreover, in the latter plat-
form, the amplified DNA was further analysed by adding 
an in vitro translation system, allowing to measure the en-
zymatic activity of the translated proteins. Schuler et al.133 
described another droplet-based platform in which a re-
combinase polymerase amplification (RPA) reaction was 
performed on single NA molecules. This reaction, which, 
in contrast to dLAMP and HRCA, does not require a DNA 
denaturation step, can proceed at temperatures between 
37 and 42 °C134 and results in 104-fold amplification in 10 
minutes. By integrating this droplet-based dRPA in a cen-
trifugal microfluidic disk, the DNA of Listeria monocyto-
genes was quantified in only 30 minutes.  

Isothermal amplification techniques for single-NA de-
tection have been also implemented in microchamber-
based platforms. For example, Gansen et al.135 and Zhu et 
al.136 integrated LAMP with the principle of limited dilution 
in a PDMS-based microwell array. Both systems further-
more enabled compartmentalization of the sample in the 

wells without any mechanical operations by relying on in-
herent fluidic phenomena (i.e. the interplay between flu-
idic forces and interfacial tension)135 or pre-stored energy 
(i.e. the pressure difference, generated by degassing the 
bulk PDMS)136 respectively, thus requiring only limited to 
no external power. In another attempt for power-free sin-
gle-NA compartmentalization, both Shen et al.137 and Ro-
driguez-Manzano et al.138 developed a SlipChip (Table 1) for 
performing RPA- and LAMP-based NA amplification, re-
spectively. In these setups, 2 plates with embedded micro-
chambers were aligned and brought in contact to create a 
fillable fluidic network. Upon sliding of the plates, individ-
ual nL-sized chambers were created where single NA mol-
ecules were isolated and thousands of isothermal amplifi-
cation reactions were initiated in parallel. The first system 
was used for detecting single genomic DNA molecules of 
Staphylococcus aureus137. The second platform, combined 
with a variety of common cell phones as read-out system, 
demonstrated an affordable and pump-free system for 
quantification of the hepatitis C viral load. Alternatively, 
the commercially available valve-based Biomark™ system 
was applied by Blainey and Quake139 to test the presence of 
DNA contamination in commercial protein preparations 
using multiple displacement amplification. This resulted in 
a limit of detection of 1 contaminating molecule per micro-
liter, which is more sensitive than a conventional dPCR139.  

Enzyme-linked amplification techniques 

Although PCR-based and isothermal amplification tech-
niques are the most prevalent methods for the quantifica-
tion of NAs23,140–144, they have several drawbacks such as 
quantification bias due to erroneous amplification of non-
target sequences145,146. An alternative approach, circum-
venting this problem, is the indirect signal amplification by 
means of enzymes, turning a fluorogenic substrate into a 
measurable fluorescent product. As this technique does 
not rely on the replication of the NAs, no erroneous ampli-
fication of non-target sequences can occur, although other 
aspecific signals remain147. This concept is similar to the 
digital version of the well know enzyme-linked immuno-
sorbent assay (ELISA), which will be addressed in more de-
tail in the section on single-protein detection. It should be 
noted that the application of capture beads in these en-
zyme-linked amplification approaches enables to pre-con-
centrate a highly diluted sample before isolating the single 
molecules in confined volumes. This way, the number of 
confined volumes that must be interrogated to detect sin-
gle targets decreases, providing the means to partially 
overcome the low concentration limit and thus decrease 
the detection limit of the platform.  

Guan et al.140 reported a droplet-based microfluidic ap-
proach for a digital enzyme-linked oligonucleotide hybrid-
ization assay (dELOHA) to detect single molecules of RNA 
(Figure 8). In this assay, an excess of magnetic beads with 
DNA capture probes was added to the RNA sample, allow-
ing a single target RNA to hybridize to a single bead. There-
after, enzyme-labelled ssDNA detection probes were hy-
bridized to the RNA-DNA complex on the beads. Poisson 
statistics were applied a second time to encapsulate single, 
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enzyme-functionalised beads with the enzymatic substrate 
in pL droplets. These droplets were generated through 
flow-focusing on a PDMS-based chip, followed by in-line 
incubation of the emulsion and on-chip digital concentra-
tion readout. The performance of the platform was demon-
strated by quantifying the Neisseria gonorrhoeae 16S rRNA 
in a clinical setting and the dELOHA was proven to be ca-
pable of quantifying DNA with a LOD of around 10 aM. 

 

Figure 8. Droplet-based ELOHA for single NA detection. 
Single magnetic beads with an enzyme-labelled sandwich 
complex were co-encapsulated in a single droplet, together 
with the fluorogenic substrate. After on-chip incubation, the 
fluorescent signal of the droplets was analysed for the quanti-
fication of the target RNA. Adapted by permission from Mac-
millan Publishers Ltd: Scientific Reports (Ref.140), copyright 
(2015).  

Alternatively, Song et al.147 reported the detection of sin-
gle DNA molecules in the fL-sized microwell arrays of the 
commercially available microchamber-based Simoa™ 
platform (for more details, see section on single-protein 
detection). In their approach, DNA molecules were incu-
bated with detection probes and subsequently bound to 
paramagnetic beads, functionalized with capture probes. 
Next, the captured ssDNA was labelled with an enzyme 
and the bead-complexes were seeded via gravitational 
forces in fL-sized wells, together with the enzyme sub-
strate. The resulting fluorescent signals allowed for a digi-
tal concentration readout of the original sample, which en-
abled the detection of Staphylococcus aureus genomic 
DNA in whole blood samples and river water. The obtained 
sensitivity of 10 aM147 was comparable to the sensitivity of 
the previously described dELOHA. In addition to the Si-
moa™, the DMF-based microwell array platform, which 
was developed in our group (Figure 3), has been applied for 
the detection of single NA molecules through an enzyme-
linked amplification61. Whereas the capturing and enzy-
matic labelling of single NAs on magnetic beads was per-
formed in a similar fashion as on the Simoa™ platform, the 
bead-sample was transported over the wells through 
EWOD actuation instead of continuous microfluidics, en-
abling a highly flexible and reconfigurable droplet actua-
tion. Using a magnet to attract the magnetic beads into the 
microwells moreover enabled to seed the beads with an un-
precedented efficiency (98%), thus further addressing the 
low concentration limit. The developed platform was able 

to quantify DNA from bacteria down to fM levels and was 
furthermore used to detect single proteins, as will be fur-
ther elucidated in the section on single-protein detection.  

Single-NA sequencing 

In order to obtain the most fundamental information of 
an NA strand, the precise order of the nucleotides (i.e. the 
sequence), has to be determined. Most NA sequencing 
methods rely on PCR-based amplification methods alt-
hough direct sequencing is possible as well. Since there is 
a large body of literature on this topic, we will focus on the 
microfluidic platforms that reached the stage of commer-
cialisation. Note that all commercial sequencing platforms 
apply microchamber-based confinement-techniques, as 
the sequential addition and extraction of nucleotides from 
individual droplets is challenging. 

The first next-generation sequencing platform to be 
commercialised was 454 Sequencing. The device, initially 
brought to the market by Life Sciences and later by Roche, 
combined both droplet- and microwell-based confinement 
techniques (Figure 9)148. First, single NA templates were 
co-encapsulated with single beads in individual droplets to 
be amplified through ePCR. Next, the amplicon-carrying 
beads were retrieved from the droplets and seeded in indi-
vidual optical fiber microwells. The sequence of the NA 
amplicons on the beads was then determined through py-
rosequencing, generating light upon incorporation of a nu-
cleotide. However, this setup had certain shortcomings, as 
the transfer of the beads to the microwells had to be per-
formed manually and the pyrosequencing required multi-
ple enzymes and optical scanning, turning it into a less au-
tomated and more costly approach. As such, over the years, 
454 Sequencing lost its competitiveness with novel se-
quencing techniques and therefore, the manufacturer de-
cided to stop the production in 2013.  

 

Figure 9. The working principle of 454 Sequencing. ePCR is 
followed by pyrosequencing in microwell arrays. Adapted by 
permission from Macmillan Publishers Ltd: Nature Biotech-
nology (Ref.148), copyright (2008). 

Thermo Fisher Scientific distributed a second platform, 
called Ion Torrent™. It operates in a similar way as 454 Se-
quencing but is based on an electrochemical rather than an 
optical signal readout149,150. After ePCR, the beads are 
seeded in microwells, equipped with individual ISFET-
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sensing elements. These sensors can detect single ions, re-
leased upon incorporation of a nucleotide, hereby deter-
mining the sequence of the bead-bound amplicons. Con-
trary to 454 Sequencing, the fully electronic detection sys-
tem and lack of optical components turn this device into a 
low-cost, high-speed and high-throughput instrument. 

A third platform is distributed by Pacific Biosciences, un-
der the name Single Molecule Real Time (SMRT) sequenc-
ing. SMRT is based on the unique properties of a special 
kind of metal nanowell, called zero-mode waveguide151. 
Due to the size and shape of the waveguide, incident light 
of a certain wavelength decays exponentially, resulting in 
the illumination and thus observation of only a tiny spot in 
the well152. By immobilizing a DNA polymerase in that spot 
at the bottom of the waveguide and subsequently isolating 
a single DNA molecule in it, the incorporation of different 
fluorescently labelled nucleotides by the polymerase could 
be detected and hence the sequence of the target NA 
strand could be retrieved (Figure 10)151. The system is ex-
tremely high-throughput as a single coverslip can contain 
millions of zero-mode waveguides wells, resulting is mas-
sive parallelism152. Contrary to the previously described 
platforms, SMRT avoids to introduce sequence read biases 
through PCR and has long read lengths, which makes it 
suitable to obtain the sequence of entire genomes101. 

 

Figure 10. The confinement principle of SMRT sequencing 
of Pacific Biosciences. A DNA polymerase was enclosed in a 
single well, together with a single ssDNA template. Each well 
was illuminated from the bottom, with the zero-mode wave-
guide minimizing the focal spot of detection in which the in-
corporation of a fluorescently-labelled nucleotide was de-
tected. Adapted from Ref.151. Reprinted with permission from 
AAAS. 

Single-NA stretching 

Instead of uncovering the exact sequence of a single NA 
molecule, simply determining its length or combining this 
with a thorough labelling of the molecule (i.e. optical map-
ping) can also provide relevant fundamental information, 
reveal the identity of an organism or be used for diagnostic 
purposes101. However, NA molecules generally form a 3D 
“ball of wool” structure, hereby hampering length and even 
location analysis153. For that reason, single NA molecules 
must be confined in specialised structures to allow lineari-
zation or stretching, such as nanochannels, nanoslits and 
cross-slots (Table 1). Below, the different confinement ap-
proaches for NA stretching and related applications will be 
discussed.  

One of the most commonly used nanostructures for 
NA stretching are nanochannels154, which have been ac-
tively investigated for high-throughput and high resolu-
tion DNA analysis155. The major advantage of using na-
nochannels lies in its ability to linearize DNA to its full 
length without any knots or bumps, only as a result of the 
channel dimensions and the fluidic flow (Figure 11)156,157. 
Lam et al.158 have developed a silicon nanofluidic chip con-
taining around 4 000 nanochannels with a length of 0.4 
mm and a diameter of 45 nm. Using this array of nanochan-
nels, the authors could successfully stretch large bacterial 
artificial chromosomes and detect structural variations in 
the DNA, map the genome and use it as scaffold for next 
generation DNA sequencing. However, the main issue of 
these nanochannels is the difficulty in producing the small 
cross-sectional dimensions of the channel (45 nm). Never-
theless, they form the most frequently used approach for 
length analysis of DNA or DNA mapping and even have 
commercial applications (Irys® and Saphyr™ technology of 
Bionanogenomics).  

 

Figure 11. Nanochannel-based stretching of single NA mole-
cules. DNA is elongated in a nanochannels due to the presence 
of confining walls. Adapted with permission from Ref.159. Cop-
yright 2017 Bionanogenomics. 

An interesting alternative to the 2D nanochannels are 
the 3D nanoslits, which are in essence very wide nanochan-
nels that enable stretching of DNA in a planar way rather 
than linearly (Table 1). In contrast to nanochannels, 
nanoslits have been used for more theoretical applications, 
including the determination of specific DNA hydrodynam-
ics or the evaluation of the influence of ionic strength on 
DNA stretching160,161. Moreover, nanoslits have been inte-
grated in more complex setups for related applications, 
such as optical mapping, enabling for example the identi-
fication of DNA defects or disease-related genes. However, 
investigating a single DNA molecule at a time can be very 
time consuming. Therefore, Jo et al.162 recently developed a 
high-throughput, PDMS-based device for optical DNA 
mapping, using a combination of microfluidic channels 
and nanoslits (Figure 12A). In this disposable platform, 
DNA was flown through the microchannels and, because 
of its dimensions in the relaxed state, did not diffuse into 
the nanoslits. However, upon activation of a lateral electric 
field, single molecules electrophoretically moved to and 
entered a nanoslit, resulting in progressive stretching and 
extension to its full length. The combination of aligning 
multiple nanoslits with a cheap and disposable chip made 
this an interesting concept for high-throughput optical 
DNA mapping.  

In addition to optical mapping, there is nowadays more 
and more interest in the directed self-organisation of single 
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NA molecules. In this context, Reisner et al.163 developed a 
microfluidic platform containing nanoslits, patterned with 
an array of very small nanopits (Figure 12B), which enabled 
to control the position and local conformation of single 
DNA molecules. In this system, single molecules were 
found to contain stretched areas within the nanoslits and 
relaxed areas in the nanopits. Whereas these nm-sized na-
nopits complicate the fabrication procedure, controlling 
the geometry of the nanopits enabled to guide the DNA in 
a specific manner over the surface and link specific points 
(i.e. pits) on the chip, which could be of great interest in, 
among others, the field of nanoelectronics. 

 

Figure 12. Applications for nanoslit-based NA stretching. A) 
Optical mapping using a PDMS microfluidic device which 
consisted of 2 parallel microchannels, connected by an array 
of aligned nanoslits, in which DNA was stretched. Adapted 
with permission from Ref.162. Copyright (2007) National Acad-
emy of Sciences, U.S.A. B) Directed self-organization using a 
microfluidic chip. The chip contained reservoirs for DNA and 
buffer storage. Between the 2 microchannels, a nanoslit was 
designed, containing an array of small nanopits (300x300 nm 
width, 100 nm depth). Adapted with permission from Ref.163. 

The techniques, described above, focus on the stretching 
of single DNA molecules through structural confinement 
in nanochannels and nanoslits. Alternatively, DNA can be 
stretched in a so-called cross-slot (Table 1) by applying op-
posite flow forces161,164. In this setup, DNA is introduced 
into the cross-slot through the top lane while an ionic 
counter flow is generated from the opposite side through 
the bottom lane. If a DNA fragment arrives at the intersec-
tion, it can only be extended in the lateral direction and 
not towards the bottom or the top lane. When the coun-
teracting flow forces are stopped, the DNA will relax back 
to its original state. This approach has the advantage that, 
although the microfluidic channels are relatively large (800 
µm) and thus more easy to fabricate than nm-sized na-
nochannels, the actual confinement area is comparable, 
with the sidewalls formed by the opposing liquid flow. 
Moreover, the opposing liquid, flattening the DNA, can be 
easily exchanged, allowing detailed investigation of haz-
ardous effects of chemicals or drugs on the folding or re-
striction of DNA164 and even enabling single-molecule se-
quence detection, as shown by Dylla-Spears et al.165. In 
their PDMS-based cross-slot, single molecules were first 
stretched to their full length, followed by the successive 
addition of various sequence labels to the counteracting 
flow to fluorescently detect marker locations on the 
stretched DNA.  

PROTEINS 

Proteins carry out a variety of functions, ranging from 
the transport of molecules to the facilitation of metabolic 
reactions in many crucial biological processes. Because of 
this, proteins are linked to various pathological conditions 
and can serve as biomarkers in diagnostics. Therefore, de-
tection and analysis of individually confined protein mole-
cules is of great interest in the field. In the following sec-
tions, approaches for the study and detection of (1) single 
enzymes and (2) single proteins will be discussed. 

Single-enzyme analysis 

To study fundamental characteristics of individual en-
zyme molecules, Rotman166 introduced already in the ’60s 
the concept of isolating individual enzymes together with 
their fluorogenic substrate in a confined volume. This en-
abled single-enzyme detection with conventional micro-
scopic techniques and revealed a large heterogeneity in 
single-enzyme kinetics166.  

The potential of microfluidic droplet-based systems for 
single-enzyme studies was demonstrated 50 years after 
Rotman’s initial report by Arayanarakool et al.167, who gen-
erated aqueous droplets (2.5-3 µm diameter) of β-gluco-
sidase molecules and fluorogenic substrate in a continuous 
oil phase, using a T-junction nanofluidic network. To in-
crease the parallelization and throughput of these enzyme 
studies and thereby improve their sensitivity, Guan et al.168 
and Shim et al.169 reported droplet-based microfluidic plat-
forms in which respectively thousands of 4.2 pL droplets 
and millions of 10 fL droplets were generated per second by 
means of flow-focusing. By capturing the generated drop-
lets in a monolayer, the fluorescence intensity of up to 200 
000 droplets could be analyzed in parallel (Figure 13).  

 

Figure 13. Droplet-based confinement of single enzyme 
molecules with an enlarged diagrammatic view of the droplet 
array and the enzymatic conversion of fluorogenic substrate 
to fluorescent product. Adapted from Ref.168 with the permis-
sion of AIP Publishing. 

Whereas droplet-based systems enable high-throughput 
detection of single enzyme molecules, a more thorough en-
zymatic study would require immobilization of the drop-
lets to allow large-scale time-resolved analysis. This is re-
solved in microchamber-based systems, where the posi-
tion of single molecules is inherently fixed. For example, 
the group of Walt applied their optical fiber microwell ar-
rays, integrated into a PDMS-based microfluidic system 
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using an oil-sealing mechanism, to monitor the catalytic 
activity of single βgal molecules170. Besides optical fiber mi-
crowell arrays, microwells of varying dimensions were pat-
terned into a PDMS surface for single-enzyme studies. For 
example, Jung et al.171 integrated 100 fL-sized microwells 
(4.4 µm diameter, 6.5 µm depth) in a multilayer PDMS-
based microfluidic device, enabling controlled and auto-
mated sealing of the wells by pushing the microchambers 
to the bottom of the microfluidic channel through a hy-
draulic pressure system. To overcome the need for external 
operating systems, Ota et al.172 more recently developed a 
PDMS-based microfluidic device, using an immiscible liq-
uid phase to enclose single βgal molecules and their sub-
strate in thousands of 120 fL microchambers (5 µm diame-
ter, 6 µm depth), built into the walls of a microfluidic chan-
nel (Figure 14A). In order to increase the throughput of 
these high-throughput microwell-based studies even fur-
ther, the group of Noji micropatterned through-hole struc-
tures in a hydrophobic carbon-fluorin (CYTOP) layer on 
top of a glass slide. This way, over 10 000 000 hydrophilic-
in-hydrophobic wells were generated at once173. After se-
quentially applying an aqueous enzyme solution and oil, 
dome-shaped droplets of the aqueous solution were re-
tained on the exposed hydrophilic glass surface, while the 
hydrophobic surface remained covered with the oil (Figure 
14B). Using this platform, the kinetics of single βgal and F1-
ATPase molecules were studied173. More recently, the pos-
sibility to implement the microwell arrays in a microfluidic 
device was proven by assembling a flow cell, containing an 
access port for sample injection, on top of the microwell 
array174. 

 

Figure 14. Confinement of single enzyme molecules in poly-
mer-based microwell arrays, implemented in a continuous mi-
crofluidic platform. A) Schematic representation of target iso-
lation in the microwells in the bottom-walls of a PDMS chan-
nel by sequentially flushing the aqueous reagent and an im-
miscible oil into the device. Adapted with permission from 
Ref.172. Copyright 2012 American Chemical Society. B) (i) Sche-
matic representation of droplet retaining on a hydrophilic-in-
hydrophobic micropatterned CYTOP surface and (ii) image of 
resulting array. Adapted from Ref.173 with permission of The 
Royal Society of Chemistry. 

Single-protein detection 

As stated above, the first reports on single-protein detec-
tion aimed at studying single-enzyme kinetics. In this con-
text, it was also found that for low enzyme concentrations, 

quantification could be obtained by digitally counting the 
number of active wells. Hence, this concept was applied for 
ultrasensitive protein detection by building enzyme-la-
belled immuno-complexes, similar to regular ELISAs, on 
microscopic beads and measuring them individually in 
confined reaction chambers. This approach, called digital 
ELISA (dELISA)175, outperforms the currently existing as-
says in terms of sensitivity as it reaches the ultimate single-
protein resolution. It should be noted that target pre-con-
centration using capture beads enables to partially over-
come the low concentration limit and increases the sensi-
tivity of the platform, as was previously described in the 
section on single-NA detection.  

Whereas droplet-based microfluidics are widely used 
for cell analysis and NA detection, only a limited amount 
of studies used this microfluidic approach for ultrasensi-
tive protein detection. For example, the high-throughput 
droplet-based microfluidic platform of Shim et al.169, intro-
duced in the section on single-enzyme analysis, was also 
employed for the detection of prostate-specific antigen 
(PSA) molecules. Single PSA molecules were captured on 
functionalised beads, followed by detection with a second 
antibody, labelling with an enzyme and subsequent encap-
sulation in fL droplets (Figure 15). The produced fluores-
cent signal was analysed by trapping the droplets in a mon-
olayer, which could be flushed away in order to trap new 
droplets for sequential analysis. As such, a detection limit 
of 46 fM was obtained with an incubation time on-chip of 
only 10 min.  

 

Figure 15. Ultrasensitive protein detection by confinement 
using droplet-based microfluidics. A) Formation of immuno-
complexes on the antibody-coated beads, which were subse-
quently encapsulated in fL droplets with substrate and incu-
bated on-chip. B) 3 types of droplets were generated: (i) drop-
lets without a bead, (ii) droplets with a single bead but with-
out the signal-generating immunocomplex and (iii) droplets 
with a bead and coupled immunocomplex, which generated a 
fluorescent signal through the βgal enzyme label. Adapted 
with permission from Ref.169. Copyright 2013 American Chem-
ical Society. 

Although the potential of droplet-based microfluidic 
systems for ultrasensitive protein detection has been 
demonstrated above, microchamber-based systems and 
microwell arrays, in particular, are more generally em-
ployed for this purpose (Table 1). Several types of mi-
crowell-based systems have been described in literature. 
The group of Walt, for example, reported on the use of 
their optical fiber microwell arrays for single PSA detec-
tion175. Here, the beads were trapped into the microwell ar-
ray by centrifugation, reaching a seeding efficiency of 60 % 
after 10 minutes. More recently, the system was integrated 
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in a disk-based microfluidic device (Figure 16)176 where vac-
uum pressure was applied to transport the target solution 
over the microwell array and the beads settled through 
gravity. This enabled a faster and more automated loading 
of the beads (60% seeding efficiency in 2 minutes) and seal-
ing of the wells. Using this setup, PSA was detected with a 
detection limit of 400 aM and the concept was commer-
cialised by the Quanterix Corporation under the name Si-
moaTM (Single Molecule Array). In addition to simplex de-
tection, multiplex detection of 4 cytokines was demon-
strated on this platform using subpopulations of beads, 
each with a unique fluorescent label, reaching a detection 
limit between 1.2 and 3.9 fM when spiked in buffer and 
plasma29. This is similar to simplex results and is, moreo-
ver, at least 10 times better when compared to conven-
tional, analogue multiplex assays.  

Another approach was reported by Kim et al.174 who in-
tegrated the previously described CYTOP-based mi-
crowells (Figure 14B) in a PDMS-based microfluidic plat-
form and combined this with prefunctionalised polysty-
rene beads. Following target capturing, the beads were 
trapped in the 65 fL-sized microwells by gravitation, fol-
lowed by sealing with oil and resulting in a similar trapping 
efficiency (i.e. 60%) as reported above. However, the abil-
ity to analyse 1 000 000 microwells in parallel makes this 
platform highly sensitive, reaching a detection limit of 2 
aM for PSA, which is around 20 times higher than the de-
tection limits obtained with the optical fiber microwell ar-
rays175.  

 

Figure 16. Ultrasensitive protein detection by confinement 
in microwell arrays, implemented in a microfluidic system. A) 
Schematic representation of a microwell-based setup that al-
lowed bead trapping into microwells after capture of the tar-
get on the surface of the beads by sequentially flushing the 
aqueous bead-containing substrate solution and a sealing oil 
into the device. B) Picture of the disk-based microfluidic de-
vice, featuring fluidic channels and 24 arrays in total, each 
containing 216 000 microwells. Adapted from Ref.176 with per-
mission of The Royal Society of Chemistry. 

In addition, our group reported the use of the DMF-
based system (Figure 3) for confinement of single proteins 
in microwells62. In this study, single proteins were captured 
on prefunctionalised magnetic particles, after which they 
were manipulated on the DMF chip, allowing fully auto-

mated capture, seeding and analysis of single proteins in-
side the microwell array (62 500 microwells, 38 fL). More-
over, magnet-assisted trapping of the beads allowed to fur-
ther reduce the low concentration limit by reducing the 
number of empty wells, as previously described. Using this 
platform, a detection limit of 10 aM was obtained for bio-
tin-streptavidin interaction using βgal as a reporter en-
zyme, demonstrating a major step forward towards sensi-
tive and fully automated single-molecule assays on-chip. 
Moreover, the same approach, although without full inte-
gration on the DMF platform, enabled the detection of in-
fluenza A nucleoprotein down to 10 fM in nasopharyngeal 
swabs177 and Tau protein down to 55 aM in blood plasma178, 
illustrating once more the potential and versatility of this 
approach.  

Improvement of dynamic range 

As mentioned in the previous section, the low concen-
tration limit for single-protein detection has been partially 
overcome by increasing the throughput of the systems, 
pre-concentrating samples of low concentration with mi-
crobeads and improving the seeding efficiency of those 
beads in microwells. However, for high target concentra-
tions, the chances of capturing multiple target molecules 
per bead increase according to Poisson statistics and thus 
digital counting becomes redundant. To overcome this 
high concentration limit and enlarge the dynamic range of 
digital assays, 2 different microchamber-based methods 
have been investigated.  

The first method involves a combination of both digital 
and analogue readout and has been reported in 2 different 
formats. The first format, using optical fiber microwell ar-
rays for a regular dELISA with advanced signal analysis, 
was presented by the group of Walt179. They performed dig-
ital and analogue counting on images with less and more 
than 70 % active wells, respectively (Figure 17A). Employ-
ing this strategy for the detection of PSA, they successfully 
extended the linear response from 2 orders of magnitude 
in the digital working range to over 4 orders of magnitude 
(250 aM to 3.3 pM). The second format, combining digital 
and analogue detection, was described by Piraino et al.180, 
using mechanically induced trapping of molecular interac-
tions (MITOMI) in a valve-based system. The PDMS-based 
microfluidic platform contained 16 assay chambers which 
were formed by actuating valves or so called deflectable 
buttons in the chip. Half of those buttons were patterned 
with 484 wells (5 µm diameter, 5 µm depth) for digital 
readouts while the other half were flat buttons without mi-
crowells for analogue detection (Figure 17B). Using this 
setup, a dynamic range spanning at least 5 orders of mag-
nitude (10 fM to 5 nanomolar (nM)) was obtained for the 
detection of GFP with only 5 µL serum sample volume.  

As an alternative for combining digital and analogue 
readouts, Ge et al.181 reported a microwell-based platform 
with an extended dynamic range using the concept of 
Brownian trapping with drift (Figure 17C). The system con-
sisted of a microfluidic channel with embedded mi-
crowells, which were grouped into parallel regions and 
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contained beads, functionalized with capture reagents. 
Upon addition of the sample, target molecules were cap-
tured in the wells, followed by a labelling and sealing step. 
For low target concentrations, most molecules were 
trapped in the beginning of the channel (i.e. Region 1) and 
with less than 80 % of the wells being active (i.e. captured 
at least 1 molecule), the target could be quantified using 
conventional Poisson statistics. For exponentially increas-
ing concentrations, however, target molecules were also 
trapped in the downstream regions and the region with 

less than 80% active wells was found to shift downstream 
linearly. By relating the digital signal in that region with its 
location, the sample concentration could be derived. The 
performance of the approach was analysed in a clinical ma-
trix for the detection of TNF-α in 25 % serum, revealing a 
total dynamic range of over 5 orders of magnitude (6 fM to 
2 nM). This was slightly wider than the dynamic range ob-
tained by combining the digital and analogue readout as 
shown by Rissin et al.179 and Piraino et al.180. 

 

Figure 17. Improving the dynamic range of digital assays. A) Schematic representation of the microwell-based combination of 
digital (i) and analogue (ii) readouts. Adapted with permission from Ref.179. Copyright 2011 American Chemical Society. B) Sche-
matic representation of the MITOMI-based combination of analogue and digital readout by implementation of 2 compartments 
(i.e. 1 for analogue and 1 for digital detection) in the assay chamber. Adapted with permission from Ref.180. Copyright 2016 American 
Chemical Society. C) Schematic representation of the microwell-based system using Brownian trapping with drift. While the sam-
ple flowed through the channel with embedded microwells, target molecules were captured on the beads, trapped in the mi-
crowells. Evaluating the spatial distribution of active (i.e. ‘on’) microwells enabled to perform digital quantification with a large 
dynamic range. Adapted with permission from Ref.181. Copyright 2014 American Chemical Society. 
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Table 1. Overview of the main confinement strategies in this review, with an indication of the applied field, combined with references of selected papers 
and the related commercially available devices. 

Confinement 
strategy 

Confinement 
type 

Schematic representation Application field + Selected references 
Commercial 

devices 

Droplets CMF-based 

 

S-cell detection37,39, S-cell NA analysis66–68,71–73, S-cell protein analysis78–81,89–91,97,98 

S-NA detection109–111, S-NA sequencing148 

S-enzyme analysis167–169, S-protein detection169 

inDrop™, GemCode, 

ddSEQ, RainDrop™, 

Qx100™, Qx200™, Naica™  

 DMF-based 

 

S-cell NA analysis76 

S-NA detection114 
None reported 

Microchambers Microwell-based 

 

S-cell detection38,58,60, S-cell NA analysis38, S-cell protein analysis38,86 

S-NA detection62,126,135,136,147, S-NA sequencing148,151 

S-enzyme analysis170–172, S-protein detection62,174,176,179,181 

Constellation, QuantStu-

dio™, 454 Sequencing, Ion 

Torrent™, SMRT, Simoa™  

 Slipchip-based 

 

S-NA detection137,138 None reported 

 Valve-based 

 

S-cell protein analysis82,83,85 

S-NA detection120,139 

S-protein detection180 

Biomark™ 

Nanostructures 
Nanochannel-

based 

 

S-NA stretching158 Irys®, Saphyr™ 

 Nanoslit-based 

 

S-NA stretching162,163 None reported 

 Cross-slot-based 

 

S-NA stretching165 None reported 
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SUMMARY AND OUTLOOK 

In this review, we highlighted the recent advances in the 
field of single-entity detection in confined volumes within 
microfluidic devices. Contrary to the conventional ensem-
ble measurements, single-entity approaches enable the ex-
amination of individual entities within an entire popula-
tion and enable detection of targets in the low fM or even 
aM range. Because of these promising features, single-en-
tity detection techniques are currently becoming the focus 
of attention both for fundamental biological studies as well 
as for the diagnostic field.  

Whereas various single-entity approaches have been re-
ported over the last decades, we put special emphasis on 
those that rely on physical target confinement in small vol-
umes. We believe that they offer immense potential as they 
enable high-throughput and parallelized detection of sin-
gle targets while their implementation in microfluidic de-
vices furthermore improves their potential by (i) allowing 
for miniaturization, (ii) lowering the sample volume, rea-
gents requirements and the reaction time and (iii) increas-
ing the automation. 

As indicated in (Table 1) some of the reported confine-
ment strategies are highly versatile in terms of the target 
entities, whereas others are not. We found nanostructures 
to be limited to NA-related studies, as they are specifically 
tailored for single-NA stretching, whereas droplet-based 
and microchamber-based platforms can be used for a wide 
range of targets (i.e. cells, NAs and proteins). Nevertheless, 
the latter 2 confinement strategies have specific character-
istics, which are beneficial in different applications. For ex-
ample, droplet-based systems can be used for the isolation 
of both adherent and non-adherent cells, whereas micro-
chamber-based platforms generally have to be treated with 
adhesive proteins to enable trapping of non-adherent cells. 
On the other hand, long-term studies of single entities can 
be more easily performed in microchambers because of 
their inherently fixed position, whereas droplet-based sys-
tems only allow for time-resolved measurement when their 
location can be tracked. Nevertheless, several highly versa-
tile droplet- and microchamber-based platforms have been 
reported to be easily exchangeable between targets and ap-
plications. 

In addition to their versatility, the reported confinement 
strategies differ in the need for and complexity of external 
components, required for their operation and readout. For 
example, valve-based systems depend on complex control-
ling systems in order to operate the valves in a precise and 
structured way and to offer proper control over single en-
tities, whereas SlipChips enable isolation of single entities 
in microchambers by simply sliding 2 plates across each 
other. Alternatively, droplet-based and microwell-based 
platforms generally require the operation of pumps and 
valves, although power-free microwell-based systems, re-
lying on pre-stored energy or inherent fluidic phenomena 
only, have been reported as well. Lastly, the electronic cir-
cuits, required for DMF-based platforms, can be operated 

with a minimal amount of power and enable miniaturiza-
tion and integration of multiple assay-steps on-chip, 
hereby reducing the external components in general and 
improving in particular the automation-potential of single-
entity platforms. In terms of the readout instrumentation, 
droplet-based platforms were found to be limited to re-
mote, optical readout systems, either analysing a single 
droplet at a time or multiple droplets at once in a collection 
chamber. Microchamber-based systems, on the other 
hand, allow both remote and ‘invasive’ sensing of multiple 
confined volumes at once, without compromising their in-
tegrity and thus are complementary with optical as well as 
electrochemical readout systems. This enables the use of 
fully electronic detection systems, lowering the cost while 
increasing the speed and throughput. 

As indicated in the review, also the fabrication process of 
the reported single-entity confinement strategies differs in 
complexity. Whereas droplet-, microwell- and SlipChip-
based platforms with µm-dimensions are generally fabri-
cated through conventional lithography or etching proce-
dures, the fabrication of nanochannels and nanoslits is 
more challenging due to their nm-dimensions, required for 
the stretching of single NA molecules. The production of 
cross-slots, on the other hand, is less demanding as their 
overall dimensions are in the µm-range, which can be 
achieved with conventional techniques, whereas their con-
finement area, formed at the intersection of the counter-
acting flows, is comparable to that of a nanochannels. The 
fabrication of valve-based systems, lastly, is rather complex 
because of the need for a multi-layer system with highly 
controllable valves and advanced operating systems.  

Various confinement-based platforms have been re-
ported for the research purposes of all 3 target types men-
tioned in this review. However, most commercially availa-
ble single-entity confinement techniques focus on detect-
ing single NA molecules (Table 1). This can be explained 
partly by the general stimulus in DNA research in the past 
decade and the increased interest in genetics for medical 
applications. However, nowadays, with the advancements 
in microfluidics and microfabrication techniques, the field 
of single-cell and single-protein detection is rapidly evolv-
ing and commercial applications for their detection start 
to find their way to the market. 

Although single-entity studies have improved drastically 
over the last decade, there are still a few challenges that 
need to be addressed. The first challenge is the low con-
centration limit, which plays a crucial role in the low dy-
namic range. This limit is based on the fact that at low sam-
ple concentrations, a high number of confined volumes 
have to be imaged before a single entity will be detected, 
as a large amount of the confined volumes remains empty. 
As highlighted in this review, recent research has either 
tried to deal with this issue by increasing the throughput 
and parallelization level of the systems or tried to over-
come it by decreasing the number of empty droplets or 
wells. Attempts to increase the throughput were especially 
successful for CMF droplet-based and microwell-based 
systems, as their throughput both improved from tens to 
thousands of confined volumes per second or at once. Note 
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that, when evaluating the throughput of a system, one 
should consider the number of single volumes that can be 
analysed at a certain rate or in parallel, rather than their 
confinement rate. For example, whereas improvements in 
microfluidic techniques enable the generation of millions 
of droplets per second, the detection system might enable 
analysis of the droplets at a lower rate only or might re-
quire the droplets to be collected in an incubation chamber 
and analysed with only a few thousand at once. Similarly, 
whereas recent microfabrication techniques allow to gen-
erate microwell arrays with millions of embedded wells, 
the field-of-view of the detection mechanism might enable 
analysis of only a few thousand volumes in parallel, thus 
decreasing the true throughput of the system. As such, the 
detection approach (i.e. serial or parallel detection of con-
fined volumes) plays a major role in overcoming the low 
concentration limit and thus in increasing the dynamic 
range. Nevertheless, CMF droplet-based and microwell-
based platforms enable the highest throughputs when 
compared to SlipChips and especially valve-based systems, 
the latter limited by the dimensional and structural re-
quirements of the valves and channels. DMF droplet-based 
platforms also have a limited throughput, as a DMF plat-
form enables the manipulation and analysis of 1 or only a 
few droplets at once, each confining a single entity. In con-
trary, the recent integration of a microwell array on a DMF-
based platform has proven its potential for single-entity 
studies as it combines the massive throughput and auto-
mation-potential of the respective technologies. As previ-
ously mentioned, in addition to increasing the throughput, 
other attempts to overcome the low concentration limit fo-
cussed at decreasing the number of empty droplets or wells 
in the platform. The latter was established by, for example, 
aligning the entities in an evenly spaced, ordered stream 
before encapsulation in droplets, actively seeding single 
entities in microwells through electrophoretic forces or 
pre-concentrating single entities on beads, which was even 
further improved through magnet-assisted trapping of 
those beads in microwell arrays.  

It should be noted that the low concentration limit is di-
rectly related to the sensitivity of a system, as the lowest 
target concentration that can be detected is directly related 
to the number of volumes that can and have to be analysed 
before detecting a single entity. However, sensitivity is not 
a crucial factor in all applications reported in this review. 
Whereas the study of single-cell behaviour, single-NA 
stretching or single-enzyme kinetics in cellular and molec-
ular biology does require the isolation of single entities, 
this is generally not done from a low-concentration sam-
ple. In contrary, detection of low concentrations of, for ex-
ample, protein or NA biomarkers in diagnostics requires 
extreme detection limits and thus benefits from the strat-
egies, developed to overcome the low concentration limit. 
This is nicely illustrated by the large number of publica-
tions on single-NA and single-protein detection in CMF 
droplet-based and microwell-based platforms (Table 1), for 
which the majority of these strategies have been devel-
oped.  

Another challenge for single-entity studies is the high 
concentration limit, the second factor impacting the dy-
namic range. This limit states that, at high sample concen-
trations, the possibility to detect a single entity decreases 
as the chance of isolating more than 1 entity in the confined 
volume increases. Thus, research has been striving to over-
come the high concentration limit and thus improve the 
dynamic range by, for example, combining a digital and an-
alogue readout on the same platform or by relying on the 
spatial decaying distribution of molecules, trapped in a 
successive regions of a microwell-based platform. Again, it 
should be noted that these improvements in dynamic 
range are especially relevant in medical diagnostics with 
various disease biomarkers being present in a wide range 
of concentrations.  

A third challenge in the field is the simultaneous detec-
tion of different single entity molecules in a single test. 
Only some of the included studies reported multiplexed 
single-entity studies in microfluidic platforms so far. How-
ever, we believe that the majority of platforms have multi-
plex-capabilities and that future research would allow to 
reveal the true potential of this approach for both the mo-
lecular biology and diagnostic field. This could for example 
provide revolutionary new insights in biological processes 
such as the progression of diseases or enable the simulta-
neous detection of multiple biomarkers, related to 1 or 
multiple disorders, to speed up the currently available di-
agnostic tests and improve their performance. 

In conclusion, microfluidic-based platforms for single-
entity detection in solitary confinement offer huge bene-
fits, not only as a biological research tool but also as bio-
sensors for medical diagnostic purposes. Microfluidic and 
microfabrication approaches have and will continue to be 
improved in order to increase the throughput and decrease 
the power and external components, required for the op-
eration of these systems, all with the aim to automate and 
miniaturise high-throughput single entity studies. Alt-
hough it is hard to fully envision what the future holds, we 
predict a wide expansion of their commercial availability.  
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