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Sessile droplets for chemical and biological assays
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Sessile droplets are non-movable droplets spanning volumes in the nL-to-μL range. The sessile-droplet-

based platform provides a paradigm shift from the conventional, flow-based lab-on-a-chip philosophy, yet

offering similar benefits: low reagent/sample consumption, high throughput, automation, and most impor-

tantly flexibility and versatility. Moreover, the platform relies less heavily on sophisticated fabrication tech-

niques, often sufficient with a hydrophobic substrate, and no pump is required for operation. In addition,

exploiting the physical phenomena that naturally arise when a droplet evaporates, such as the coffee-ring

effect or Marangoni flow, can lead to fascinating applications. In this review, we introduce the physics of

droplets, and then focus on the different types of chemical and biological assays that have been

implemented in sessile droplets, including analyte concentration, particle separation and sorting, cell-based

assays, and nucleic acid amplification. Finally, we provide our perspectives on this unique micro-scale

platform.

Introduction

Droplets are formed due to surface tension of a liquid. Be-
cause of their unique properties and size compatibility,
droplets have been integrated into microfluidic devices for
various applications. Generating droplets in pressure-driven
flows is often called droplet microfluidics.1–3 As reviewed in
the literature,1–3 various droplets including water-in-oil, oil-
in-water, gas-in-liquid, liquid-in-gas, and double emulsion
(e.g., water-in-oil-in-water) can be produced in microchannels
or capillaries. One unique feature of droplet microfluidics is
its high-throughput: each droplet is an independent reactor.
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The droplet microfluidics platform has been applied for
chemical reactions, nanoparticle synthesis, various nucleic
acid amplification such as polymerase chain reactions
(PCR), protein expression, drug discovery, chemical/bio-
chemical analyses, and single cell studies.1–3 Commercializa-
tion of droplet microfluidics (e.g., BioRad and Raindance)
has made this technique accessible to many researchers and
application scientists. A number of reviews have been
focused on this topic.1–3

In addition to pressure-driven flows, other mechanisms
such as electric and acoustic actuation have been employed
to generate droplets as reviewed previously.4 One example is
to use electrowetting to control droplets on an array of
electrodes, and this technique is often called digital micro-
fluidics.5 Just like droplets in microchannels, droplets on an
open surface can move, merge, and split by sequentially ap-
plying electric potentials to pairs of electrodes.5–7 These drop-
lets function as nanoliter-sized vessels and have been applied
for chemical and biochemical reactions, immunoassays, ge-
nomics, proteomics, and cell-based assays.5 Acquisition of
Advanced Liquid Logic by Illumina in 2013 suggests the huge
potential of this technique for next generation DNA
sequencing.

While these mobile droplets possess unique properties
and have been exploited for various applications, non-mobile
droplets offer their distinctive advantages. Sessile droplets
are emerging as a platform capable of competing with micro-
plates in terms of versatility and simplicity of operation.

Sessile droplets are non-movable droplets, typically in vol-
ume ranging from 0.1 nL to 10 μL, which is similar to the vol-
ume in high-density microwell plates. Droplets can be con-
fined in patches of different surface energy than the rest of
the substrate. The sessile droplet platform can be regarded
as a microplate without walls. As a result, increasing the
throughput to 6144 (4 × 1536) microwells or higher could be
much easier to realize. However, compared to the microwell
platform, sessile droplets exhibit interesting physical phe-
nomena that have been exploited to improve assay sensitivity,
reduce total assay volumes, decrease the number of assay
steps, and lessen the dependence on sophisticated instru-
mentation. For example, internal convection flows generated
during evaporation can mix solutions without the need of
any external instrumentation,8 natural evaporation by itself
has been harnessed to separate particles based on size,9 and
the whole genome from a single cell has been amplified in-
side a droplet.10 In addition, sessile droplets could open the
door to other interesting applications in high-throughput for-
mat, not capable with a conventional microplate.

In this review, we introduce the readers to these and
other emerging applications of sessile droplets, including
cell culture assays, enzymatic assays, nucleic acid amplifi-
cation, analyte concentration, drug screening, and diagnos-
tics. This review is structured in seven sections. In the
first section, we discuss the reasons for the popularity of
microtiter plates in laboratory, industrial, and clinical set-
tings, and elaborate the challenges of this platform that

could be addressed by sessile droplets. Next, an introduc-
tion to the physics of sessile droplets is presented for bet-
ter understanding of their applications. The following five
sections cover the various applications of sessile droplets
in chemical and biological assays. Finally, we offer our
perspective on the future of this unique sessile-droplet-
based platform.

An alternative to microtiter plates

The microtiter plate is a platform that essentially contains
tens or hundreds of microliter-sized test tubes. The micro-
plate was invented in 1951 by Gyula Takátsy.11 Since then, it
has become an essential tool in most of research, industrial,
and clinical settings, and for that matter in most branches of
the life sciences. A recent survey reported that the top appli-
cations of microplate technology are cell biology, assay devel-
opment, biomarker research, biomolecule concentration
measurements, PCR setup and cleanup, and bioassay valida-
tion.12 With so many applications for a simple technology
one must wonder why the microplate has become so success-
ful and so permissive. One could argue that over time it be-
came a very popular tool in clinical, industrial and academic
laboratories and therefore adopted as the de facto industry
standard.13 Indeed, the market for microplates supplies and
instrumentation is expected to reach US $6.5 billion by
2022,14 4 times higher than in 2009.11 The same survey
reported that the top reasons to use microplate technology
are to automate repeatable tasks and to ensure reproducible
results; while the top factors looked for when purchasing
microplate technology include flexibility, accuracy, and reli-
ability.12 We believe that its simplicity of use, its versatility to
be employed in a variety of assays, and reproducibly, can ac-
count for the microplate past, present, and future success,
and that any new technology looking for replacing micro-
plates must compare against these metrics.

One crucial advantage of the microplate technology is its
ability to operate using only a pipette, which is useful in re-
search laboratory settings, and it can also be integrated into
liquid-handling robotic stations and thus be valuable in in-
dustry.8 This applies to the different types of assays
performed in the life sciences, whether it is for culturing
cells, performing immunoassays, screening for small mole-
cule drugs, or running PCR. It is difficult to encounter other
platforms with similar flexibility.

Another advantage of microplates is that they can be made
of different plastics—from commonly employed polystyrene
to acrylic, polypropylene, and polycarbonate—using well
established mass-production techniques; thus their
manufacturing is inexpensive and straightforward. For differ-
ent optical readouts, the microplate can be made in black or
white. And for different bioassay applications, it comes in va-
riety of formats from 96 to 1536 wells, capable of holding
from 200 μL down to less than 1 μL. Formats commonly
employed in most academic labs are 96- and 384-well plates,
while the low-volume 384- and 1536-wells plates are the
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preferred platform in industry.15 Working with smaller vol-
umes offers several advantages, including (1) less consum-
ables and lower sample/reagent consumption, which trans-
late into cost savings; (2) higher number of samples
processed in parallel, which translates into faster turnaround
time; (3) generation of more and better quality data; and (4)
reduction of space requirements.13 These advantages are es-
pecially important for drug discovery.15 However, working
with smaller volumes faces difficulties on different fronts, in-
cluding mixing, evaporation, and fabrication.

Effective mixing can produce consistent and reproducible
results that lead to better assay statistics, reduce false posi-
tives, facilitate assay miniaturization, reduce reaction times,
and improve compound solubilisation.16 However, for plate
densities higher than 384 wells, complete and effective
mixing represents a challenge, given the viscosity and volatil-
ity of some liquids. For example, complete mixing of a 50 μL
solution in a 384-well plate can take up as long as 50 min
with vigorous orbital shaking, not much different from
mixing by diffusion.17 Although other contact or contact-free

Fig. 1 The microwell plate vs. the sessile droplet. (a) Microwells are effectively test tubes in which assays occur. They are commonly sealed with a
plastic foil to prevent evaporation. A well from a 1536 microplate can hold a volume of up to 10 μL. (b) By comparison, the sessile droplet platform
can harness evaporation to drive reactions and thus increase assay sensitivity and reduce assay times. (c) Example of a colorimetric assay in a
sessile droplet. An enzyme solution is deposited on a pillar and the solvent is evaporated. A sample is loaded over the concentrated enzyme.
Evaporation mixes both sample and enzyme to initiate the assay. Color intensity of the droplet is proportional to the analyte concentration. (d)
Actual photos of the colorimetric assay for glucose detection. Each black scale bar represents 500 μm. (e) Photograph of a droplet array in the
same size of a 96-well microtiter. Adapted with permission from ref. 8. Copyright 2016 American Chemical Society.
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mixing technologies exists, such as those using acoustic
forces, centrifugation, sonication, or magnetic stirring, they
have their own shortcomings:8 some of them being invasive,
can damage cells, are expensive and not readily available in
most laboratories, lack automation compatibility, among
others.16 Another issue reported is that some of these mixing
technologies cause liquids to move, jump, or wick the wells
and therefore plates have to be sealed to prevent contamina-
tion,16 but sealing may interfere with downstream processes.
It is clear that there is no one-size-fits-all answer to mixing so-
lutions in high-density microplates but mixing has become a
major hindrance.

Working with small volumes also poses the problem of
evaporation, which prevents certain assays from scaling down
to nanoliter volumes.18 This problem can be solved by work-
ing in high-humidity environments or overlaying the wells
with a plastic or aluminum foil; however, the foil could inter-
fere with successive steps. Another issue in small wells is the
high surface-to-volume ratio, which can increase reagent ad-
sorption and stability. Finally, the higher the well density the
higher the price: a 1536-well plate can be 4 times more ex-
pensive than a 384-well plate, even though they have the
same footprint and consume the same amount of plastic. Re-
ports of 3456- (1 μL) and 9600-well plates (0.2 μL) have sur-
faced13 but they are not commercially available from major
vendors.

Our recent work8 has demonstrated that sessile droplets
can become an alternative to the microwell plate and solve
some of these issues related to mixing, evaporation, and fabri-
cation complexity, as shown in Fig. 1a and b. We use it as an
introductory example to illustrate the advantages offered by
sessile droplets such as faster reaction due to mixing resulting
from the Marangoni effect (to be explained later). In this
work, droplets rest over plastic pillars fabricated with a regu-
lar milling machine; the droplets remain pinned to the edge
of the pillars for the duration of the assay (Fig. 1c and d).8 A
solution of enzymes is first concentrated by letting solvent to
evaporate. Next, a droplet containing an analyte of interest is
placed on top of the concentrated enzyme. A recirculation
flow emerges as the droplet evaporates that help mix the sam-
ple with the enzymes. By harnessing evaporation to mixing,
we showed that the detection of glucose and proteins from 1
μL samples was faster and more sensitive than a droplet that
does not evaporate.8 Such an assay can be implemented in
the format of 96-pillar array, as shown in Fig. 1e. Over the
next section we will briefly review the physics of droplets, un-
derstand how flows are generated inside a droplet, and exam-
ine the different applications that have emerged from this
and other phenomena.

Physics of droplets and evaporation

In this section, we briefly discuss important concepts of
sessile droplets that are useful for understanding the con-
tents covered in this review. Those readers who are

looking for more details are advised to read a handful of
reviews covering the fundamental physical aspects of
droplets.19–21

In general, a droplet assumes a spherical cap shape when
placed on a substrate as shown in Fig. 2A, although large-
volume droplets can sag under gravity. The radius, r, and
height, h, of this spherical cap are defined by the physical
properties of the solution and its interaction with the sub-
strate. The perimeter of the wetted area on the substrate is
referred as the contact line. Droplets of different solutions
deposited on identical substrates will behave differently, with
behaviors ranging from spreading out, to partial wetting, to a
non-wetting state, as shown in Fig. 2B. This behavior also oc-
curs for the same liquid deposited on different substrates.
This wetting is quantified by measuring the contact angle, θ:
the angle formed at the interface between the substrate, the
liquid, and the air (i.e. the three-phase boundary) and can
range from 0° to 180°. The equilibrium contact angle is given
by the Young's equation: γlv cos θ = γsv − γsl, where γlv, γsv, γsl,
represents the liquid–vapor, solid–vapor, and solid–liquid
interfacial tensions, respectively.22

Unless the vicinity of a sessile droplet is saturated with
the vapor of the liquid, it will unavoidably start drying out,
generating fluid motion instantaneously inside the droplet.23

The evaporation rate of a droplet is influenced by the inter-
dependent and dynamic properties of the liquid (viscosity,
surface tension, volatility), the substrate (surface material,
thickness, thermal conductivity, wettability, and roughness)
and its surroundings (relative humidity, temperature, and
pressure).24 For example, the drying time of a typical droplet
with height-to-radius ratio of 0.5 can range from ∼200 s for
ethanol (a volatile liquid with vapor pressure of 5.95 kPa) to
∼3 h for hexanol (non-volatile, 0.124 kPa).19

In general, when the contact angles is less than 90°, the
evaporation of a droplet follows a two-stage process, often
called the constant contact radius mode.25 In the first stage,
the contact line is pinned to the substrate and the contact an-
gle and drop height decreases as it dries out. The edges of
the droplet evaporate at a higher rate than in the center, so
to maintain the contact line pinned, solvent must flow radi-
ally outward to the edges to compensate for this loss of liq-
uid—assuming a zero shear stress on the free surface of the
droplet.25 This radial fluid flow occurring inside a droplet is
known as capillary flow. If colloids are present in the liquid,
they are carried by the capillary flow to the contact line,
where they start to aggregate leaving a distinct coffee-ring
stain (although the coffee-ring effect is familiar to anyone
who has observed a drop of coffee dry, it was not until 1997
that Deegan and coworkers developed a theoretical frame-
work to explain it26,27). The second stage happens when the
droplet reaches a critical contact angle (2–4°) and the contact
line starts to recede. More than 80% of the initial volume is
lost during this stage.28

Other evaporation modes exist. For contact angles larger
than 90°, the initial stage of evaporation is dominated by a
constant contact angle and a receding contact line. A mixed
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mode consists of a combination of both modes with a simul-
taneous decrease in both the contact area and the contact
angle.23

Due to the heat loss during the phase change, the evapo-
ration process creates differences in temperature across the
surface of the droplet that, in turn, produces surface ten-
sion differences along the droplet free surface.29 This sur-
face tension gradient can also be produced by a surfactant
concentration gradient or by temperature differences be-
tween the substrate, the droplet and its surroundings.30

This Marangoni stress induces a recirculating flow (Fig. 3)
whose magnitude is a function, in part, of the droplet
height and the contact angle; the taller the droplet and the
higher the contact angle the faster the velocity of the
recirculating flow.30 In fact, Marangoni flows can suppress
the coffee ring effect and carry colloids to the center of the
droplet,29 although they can also coexist with capillary
flows.31 This Marangoni flow, as we will see in later sec-
tions, has interesting applications for bioassays.

Sample enrichment via droplet
evaporation

Detecting very low concentrations of analytes in a small vol-
ume sample is one of the major challenges in sensing. Strate-
gies to tackle this issue involve the development of highly
sensitive sensors or the elaboration of methods to concen-
trate analytes into a small volume before delivering to a sen-
sor. Sample pre-concentration has become one of the first
steps in many chemical and biological assays.32 Concentra-
tion of molecules is often carried out by centrifugation,
electrophoresis, western blots, chromatographic techniques,
membrane dialysis, and solid-phase extraction, among
others.32–35 These techniques are well established in labora-
tory settings but sample processing generally starts with large
volumes (e.g., a few mL). Although most of these techniques
have been miniaturized into microfluidic devices, there is
still an unmet need for simpler methods to concentrate mole-
cules that do not rely on external equipment.

One of the common applications of droplets is for concen-
trating analytes. Letting a droplet evaporate increases the an-
alyte concentration, with the caveat of increasing the concen-
tration of other molecules such as contaminants present in
the sample. For this strategy to be exploited to its full poten-
tial, the footprint of the initial droplet (i.e., the contact line)
ideally should be in a size about the area occupied by a detec-
tion element (e.g., a sensor). This strategy in principle could
be applied to any type of samples.

Most blood proteins used for diagnosing diseases are
found in very low concentrations (aM to pM).36 While
surface-based biosensors are reaching exquisite sensitivity,
even at the single molecule level,37 it is still challenging and
time-consuming to deliver the analytes in highly diluted sam-
ples (<fM) to these biosensors, as most strategies are limited
by the diffusion of the analytes to the sensor surface,38–40 re-
gardless of the sensor sensitivity.41 Imagine a droplet is
placed over a surface containing a small sensor: after evapo-
rating a solution, its volume is reduced, and the concentra-
tion of the analyte increased, thus reducing the traveling dis-
tance of an analyte to the sensor area, thereby overcoming
the diffusion limit. For this approach to work, the area
enclosed by the contact line of the droplet must overlap with
the sensor area for the duration of the assay (as the droplet
evaporates), ensuring that analytes are not absorbed to other
areas of the surface. This is possible by creating a super-

Fig. 2 (A) A droplet adopts a spherical cap forming a contact angle θ at the intersection of the liquid–solid interface (with interfacial tension at γsl)
and the liquid–vapor interface (with interfacial tension at γlv). (B) Illustration of the behaviors of a droplet placed on substrates with different
surface energies. Small contact angles (<90°) result from high-wettability while large contact angles (>90°) result from low-wettability.

Fig. 3 (a) Recirculating flows, also called Marangoni flow, are
produced by surface tension gradients (γ) and temperature gradients
(T) across the droplet surface. (b) A 3D rendering of a droplet shows
radial symmetry of the Marangoni flows. Reproduced from ref. 31 with
permission from The Royal Society of Chemistry.

Lab on a ChipCritical review

Pu
bl

is
he

d 
on

 2
3 

M
ay

 2
01

7.
 D

ow
nl

oa
de

d 
by

 C
in

ve
st

av
 I

PN
 o

n 
2/

19
/2

01
9 

8:
13

:2
0 

PM
. 

View Article Online

http://dx.doi.org/10.1039/c7lc00366h


Lab Chip, 2017, 17, 2150–2166 | 2155This journal is © The Royal Society of Chemistry 2017

hydrophobic surface so that any liquid placed over the sur-
face occupies, from the beginning of the experiments, the
smallest surface area possible.

Fabrizio et al. demonstrated this approach,38 as shown in
Fig. 4A–C. They created a super-hydrophobic surface (contact
angles 160–170°) using silicon micropillars. A 20 μL droplet,
which initially covers a contact area with a diameter of 1.2
mm, is evaporated until it collapses into an area of a few
square micrometers. They were able to detect 100 molecules
of rhodamine with an initial concentration of 10 aM. Detec-
tion of a single lambda DNA molecule from a 3-μL droplet
with an initial concentration of 1 aM was also reported.
Using a single embedded plasmonic nanosensor on a micro-
pilllar array they were able to detect the Raman spectra of ∼5

molecules of lysozyme in 160 nL with an initial concentration
of 1 fM (containing a total of ∼100 molecules). A similar ap-
proach was employed to concentrate two estrogen receptor
isoforms over the tips of SU8 pillars where the proteins
formed stretched fibers upon evaporation. These fibers
containing protein isoforms were studied using Raman
spectroscopy and synchrotron X-ray diffraction.42

For higher sensitivity, each pillar can be potentially trans-
formed into a single SERS sensor by decorating the pillar's
tip with silver nanoparticles aggregates37,44 (SERS or surface-
enhanced Raman spectroscopy is label-free and highly spe-
cific technique used to detect single molecules37). Interest-
ingly, the same pillars give rise to a super-hydrophobic sur-
face, on which a 10 μL droplet initially occupied an area with

Fig. 4 Analyte concentration as a result of droplet evaporation. (A) A 3D rendering of a droplet placed on a silicon pillar array. (B) As the droplet
evaporates its volume becomes smaller. The silicon pillars do not allow the pinning of the droplet, keeping the contact angle and shape of the
droplet constant. (C) The droplet collapses to a region of ∼25 μm from an initial contact diameter of 1.2 mm. Reprinted with permission from
Macmillan Publishers Ltd: Nature Photonics,38 copyright 2011. (D) A mixture of peptides is placed on an array of gold nano-antennas. After the
droplet evaporates, some of the peptides are co-located on the surface of the nano-antennas. Raman spectra obtained from each of these
hotspots can solve the molecular composition of molecules, even for peptides that differ by only one amino acid. Adapted from ref. 43 (E) A po-
rous surface is infused with lubricant, which provides a free-pinning substrate for almost any solution. Gold colloids are mixed with the analytes
and deposited on the surface. As the droplet evaporates, the contact line recedes until it collapses into a 3D aggregate. This aggregate is used for
SERS detection. (F) The process is exemplified by a solution of polystyrene (PS) beads dispersed in ethanol. After 15 min., all the beads have con-
centrated onto a single spot. Reproduced from ref. 39, copyright 2016 Proceedings of the National Academy of Sciences.
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a diameter of 1.2 mm, but upon complete evaporation the
droplet residues occupied an area of only a few pillars (about
40 μm), an area ∼1000 times smaller.44 With this arrange-
ment it is possible to increase the concentration >100-fold of
an analyte.37 In an effort to simplify the fabrication of SERS
substrates, Yang et al. replaced the micro-pillars array with a
polystyrene-silver (PS-Ag) Janus particle array, which not only
presented a high hydrophobicity (150°) but the silver surface
also acted as a SERS substrate. Using 10 μL water droplets
they were able to detect rhodamine 6G, poliovirus RNA poly-
merase, and a virus at concentrations of 1 pM, 1 nM, and 1
fM, respectively.

One problem with this micropillar array is that their fabri-
cation is time-consuming and expensive, and may not be nec-
essary if most of the surface where the droplet sits is properly
functionalized, or if the concentration is high enough that a
few molecules would overlap on the surface sensor once the
droplet dries out. For example, Fabrizios' group created an
array of 10 × 10 silver plasmonic nano-structures, dubbed
self-similar chains, which acted as hotspot regions for Raman
spectroscopy,43 as shown in Fig. 4D. A droplet containing a
mixture of peptides extracted from the BRCT domain of the
BRCA1 protein (which gene has been associated to breast
and ovarian cancer) was evaporated on the nano-structure ar-
ray until it dried out. Performing multicomponent mixture
analysis on the Raman spectra obtained from each hotspot
allowed to discriminate between 25 different peptides, and
most astonishingly, detect a single mutation in a 16 amino-
acid peptide.43

The samples on these experiments used water as a solvent,
but real samples contain a variety of matrices, from blood,
urine, to non-aqueous solvents. The breakthrough came from
a surface that would not foul under any of these matrices. Slip-
pery liquid-infused porous surface (SLIPS)45 is a substrate pat-
terned with nano/microstructures that are permeated with a lu-
bricant fluid, instead of air or liquid as in the case of the
micropillars. SLIPS eliminates the pinning of the contact line
for almost any liquid, including blood and crude oil, so that
the droplet would collapse into a small area. In other words,
hardly any analyte would be lost to the surface and therefore the
collapsed droplet would contain essentially all analytes. Using
SLIPS, droplets of a 50–100 μL of sample are mixed with gold
nanoparticles and upon complete evaporation the same metal-
lic colloids act as a SERS substrate, as shown in Fig. 4E and F.
The authors demonstrated the detection of different biomole-
cules (dyes, nucleic acids, and proteins) at subfemtomolar con-
centrations in either aqueous and non-aqueous solvents, an
impressive feat for the droplet platform.39

Label-free non-optical detection techniques can also bene-
fit from droplet evaporation.41,46 For example, non-faradaic
impedance spectroscopy was employed to detect DNA mole-
cules in deionized water.41 Solutions of 3 μL droplets were
evaporated on texturized super-hydrophobic electrodes and
showed a limit of detection of 10 aM, an improvement of 5
orders of magnitude compared to previously reported imped-
ance sensing approaches.

Droplet evaporation has also been employed for the detec-
tion of organic and inorganic molecules and as a concentra-
tion step for other type of assays. Yanagimachi et al.47,48

showed that heavy metal ions could be concentrated through
anodic stripping voltammetry, in which heavy metals are first
reduced and deposited on a working electrode. The authors
found that the higher the volume of a droplet (5–20 μL) the
higher sensitivity—at the expense of longer evaporation
times.47,48 Using the same approach, enzymes can also be
concentrated and immobilized on an electrode by evapora-
tion, resulting in improved sensitivity.49 Hayes and col-
leagues demonstrated that evaporated droplets can be ana-
lyzed by matrix-assisted laser desorption ionization (MALDI)
and improve sensitivity by a factor of 5 compared to a stan-
dard MALDI plate.50

Similarly, Khine and co-authors demonstrated that evapo-
ration of a droplet on a super-hydrophobic plastic substrate
enhances 16 times the detection sensitivity of proteins than
without evaporating the solution.51 They also showed detec-
tion of proteins in urine samples by adding colorimetric as-
say reagents to the evaporated droplet.

As noted in these early reports, one problem of these strat-
egies is the accompanying increase in the concentration of
other molecules that could interfere with the sensing tech-
nique. One possibly solution is to remove some of the con-
taminants prior to depositing the droplet over the sensor. An-
other solution is to use a permeable selective membrane that
only allows the diffusion of the analyte of interest to the sen-
sor. This strategy was employed to detect heavy metals.48 Al-
though the larger the volume the longer it takes to evaporate,
it is possible to heat the surface or use air currents to acceler-
ate the evaporation rate.

These results highlight how an evaporating droplet can de-
liver analytes to a sensor. Although in some cases the sub-
strate has to be crafted accordingly to produce a super-
hydrophobic surface, this may not be necessary for every ap-
plication if one is only looking to gain at least an order of
magnitude on sensitivity. In the future, one could imagine a
substrate with two or more sensors, and by carefully tailoring
the surface properties, direct some portion of the sample to
each sensor area.

Coffee-ring effect for microparticle
separation

Separation and sorting of cells and microparticles is an essen-
tial step in many biomedical and environmental applica-
tions.52,53 Sorting can be based on physical properties such as
size or density, and applications include the separation of the
different types of blood cells, sorting of tumor cells from nor-
mal cells, or isolation of bacteria from a polluted sample.53

Macroscale techniques for separating cells include centrifuga-
tion and fluorescence-activated cell sorter (FACS), but they re-
quire very bulky and expensive equipment. Dozens of differ-
ent microfluidic techniques have been developed to
discriminate cells based on different properties,52,53 but most
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of these devices are fabricated using sophisticated lithography
techniques and their operations are labor intensive with exter-
nal accessories (e.g., syringe pumps or pressure sources) that
have limited their widespread use outside microfluidics re-
search groups. Hence, there is still an unmet need for low-cost
and simple methods for the separation of microparticles.

One of the most astonishing applications of an evaporating
droplet is precisely the separation and sorting of particles
without necessitating any external equipment or requiring
microfabrication techniques. Induced capillary flows in an
evaporating droplet transport particles towards the contact
line (i.e., rim) where they are trapped at positions where their
diameter matches the height of the liquid meniscus. At the
early stages of evaporation, the magnitude of this drag force—
produced by the capillary force—on microparticles has been
calculated to be on the order of 10−10 to 10−12 N.54–56 As the
droplet evaporates, the particles start forming a series of con-
centric ring structures, with the largest and smallest particles
occupying the innermost and outermost ring, respectively,57

as shown in Fig. 5A and B. Towards the end of the evapora-
tion process, as the contact line recedes, the surface tension
force drags the microparticles to the center of the droplet.55,56

Separations of microspheres and nanoparticles of differ-
ent diameters in one droplet were reported by Wong et al.9

and Monteux and Lequeux.57 The staggering demonstration
was to separate antibodies, bacteria and lymphoma cells in
three concentric rings,9 shown in Fig. 5C. Also, with the use
of dielectrophoresis (DEP), Jung and Kwak reported the sepa-
ration of red blood cells and bacteria on a sessile droplet.54 A
3D microtrap array suspended on a bed of micropillars was
shown to filter microbeads smaller than the pillars gap size,
while bigger microbeads were docked on the microtraps as
the droplet evaporated.58 More recently, BSA (<7 nm) and
nanoparticles (<500 nm) were also shown to form a double
ring; however, it was noted that the electrical charge of the
nanoparticles and their interactions with biomolecules can
greatly affect the ring formation.59 Separation of larger micro-
particles (50–200 μm) has also been achieved by exploiting

Marangoni currents generated during the evaporation of a
droplet at high temperatures.60 One caveat of this method is
that it only works with low volume fractions (<0.05%) and
low contact angles.9,54–57 Although these are only a few exam-
ples, the field is ripe for more applications in different areas.

Other applications of the coffee-ring
effect

As we noted in the previous section, the coffee ring can sepa-
rate and sort microparticles, and these particles or molecules
are concentrated in the form of concentric rings at the edge
of the droplet. The width of these annuluses is proportional
to the particle concentration and to the droplet radius. This
was the case for the detection of small fluorescent molecules
(between 300–450 Da), in which the width of the annulus was
found to be proportional to its concentration, making possi-
ble the detection of femtomole levels in a 0.1 μL droplet.61–63

Wen et al. demonstrated that fluorescent aptamer-analyte
complexes in serum and diluted blood could be concentrated
at the coffee ring interface, yielding fluorescent intensity sig-
nals 40 times greater than from a liquid droplet,64 as shown
in Fig. 6A. A solution is initially mixed for 30 min with anti-
thrombin aptamer, which fluoresces upon binding to its tar-
get. 1 μL of the solution was allowed to dry, causing the
α-thrombin-aptamer complexes to migrate to the edge and
form a coffee ring that results in an increased assay sensitiv-
ity. They reported the limit of detection (LOD) of 54 pM for
serum and 105 pM for diluted blood. These examples show
that by just evaporating a sample and letting the analyte ac-
cumulate in the coffee ring, the signal intensity can be
greatly enhanced by at least an order of magnitude. However,
the optimization of several conditions, including tempera-
ture, pH, and viscosity, are required, indicating that tweaking
is needed to apply the same technique to other types of
molecules.

Most molecules are not fluorescent so other techniques are
required to identify and quantify them. Raman spectroscopy

Fig. 5 Separation of particles employing the coffee-ring effect. (A) As a droplet evaporates, colloids are transported to the edge of the droplet,
forming bands in which the smallest particles are localized closest to the contact line while the biggest particle are located further from it. Adapted
with permission from ref. 9. Copyright 2011 American Chemical Society. Examples of (B) separation of polystyrene microbeads of different diame-
ters and (C) sorting of bacteria, cells, and antibodies. Adapted with permission from ref. 54. Copyright 2007 American Chemical Society.
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is a technique that can identify molecules based on their vi-
brational modes.65 Although every molecule has a unique Ra-
man spectrum, the intensity of the Raman signal is orders of
magnitude smaller than fluorescence,65 and thus sample en-
richment would be very useful. Raman spectroscopy was used
to analyze the contents of coffee ring deposits, detecting sev-
eral molecules in volumes ranging from 1–10 μL with concen-
trations as low as 1 μM,66 as shown in Fig. 6B and C. This
technique, also known as drop coating deposition (DCD) Ra-
man, has allowed the identification of different biomolecules
on Teflon-coated stainless steel. The molecules identified by
DCD-Raman include glucose, insulin, lysozyme, lactoferrin,
albuminum, bacterial toxins, and liposomes.34,66–68

The Raman scattering can be increased when molecules
are in close proximity to a roughen noble-metal surface;65

this process is known as surface enhanced Raman spectro-
scopy (SERS). SERS was combined with DCD to diagnose the
causes of adenoviral conjunctivitis in 2 μL sample of human

tears.69 The coffee ring was employed to self-assemble silver
nanoparticles at the edge of an evaporating droplet, which
then served as SERS hot-spots to detect organic and inorganic
molecules,70 as shown in Fig. 6D. Another study has been
carried out to determine the size of a coffee ring structure as
a function of the initial droplet diameter, nanoparticle size
and concentration, and surrounding humidity,71 which could
be important to take into account when designing new bioas-
says based on the coffee ring. Coffee rings as small as 10 μm
can be formed with 100 nm particles.71

Detection of biomarkers is critical in the diagnosis of dis-
eases. Current gold standard techniques include ELISA, west-
ern blots, and lateral flow assays; however, these techniques
involve time-consuming sample processing, costly laboratory
equipment, and skilled personnel.64 One major trend in diag-
nostics is to develop low-cost, robust, and simple-to-use
tests.72 This requires working with sample and reagent vol-
umes as small as possible and minimizing the reliance on

Fig. 6 Coffee ring effect for concentration and detection of analytes. (A) A drop from a solution containing α-thrombin and a fluorescently labeled
anti-thrombin aptamer is placed on a hydrophobic surface. Upon evaporation, the molecular complex is concentrated on the coffee ring, which
enhances the assay sensitivity. Reprinted with permission from ref. 64. Copyright 2013 American Chemical Society. (B) Ring-pattern formation of
lactoferrin, a protein found in tears. (C) Raman spectra obtained at three marked locations in (B) and only one on the dried ring (i) showed the
spectrum whereas other two spots (ii and iii) had undetectable Raman shift. Reproduced from ref. 67 with permission from The Royal Society of
Chemistry. (D) (a) A droplet containing an analyte and silver nanoparticles is deposited on a hydrophobic substrate. (b and c) As the droplet evapo-
rates, the nanoparticles start self-assembling on the edge of the droplet, trapping the analyte. (d) Analytes are detected by confocal Raman
spectroscopy. Reproduced from ref. 70 with permission from The Royal Society of Chemistry.
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external instrumentation. In fact, the ideal test should pro-
duce a detectable signal in a short period of time, preferable
with a signal that is easy to interpret. Harnessing the coffee-
ring effect can offer some of these characteristics. As a proof-
of-concept to detect malaria, Haselton and colleagues devel-
oped an assay based on the change in color of the coffee-ring
pattern and on the deposition of particle aggregates in the
center of the droplet. They employed a mix of fluorescent
1-μm microparticles of different colors (green or red) and mag-
netic nanoparticles.73 The magnetic nanoparticles and the
green microparticles were functionalized with a ligand [NiĲII)
nitrilotriacetic acid or NiĲII)NTA] that induces particle aggrega-
tion in the presence of the analyte while the red microparticles
were nonreactive. When the analyte is not present, both micro-

particles migrate to the edge of the droplet forming a yellowish
coffee ring while the magnetic nanoparticles are pulled to the
center of the droplet by a magnetic field. When the analyte is
present, magnetic nanoparticles and green microparticles start
to aggregate giving rise to a green disk at the center of the
droplet while the edge of the droplet (coffee ring) becomes
more reddish. The fluorescent intensity of the green disk is
proportional to the amount of analyte present, as shown in
Fig. 7A and B. Using this antibody-free approach, they
detected poly-L-histidine, a surrogate of a malaria biomarker,
pfHRPII, to concentrations as low as 200 nM.31 A variant of
this method was later reported, in which all microparticles
were replaced with 1 μm gold-plated polystyrene spheres
(AuPS) functionalized with NiĲII)NTA.72 A 1-μL solution

Fig. 7 Coffee-ring effect for disease diagnosis. (A) Biomarker indicator particles (green), magnetic particles (gray), and non-reactive control parti-
cles (red) are mixed in a droplet. In the absence of the disease biomarker, both colored particles are transported to the rim of the droplet as it
evaporates, and combine to give a yellowish color to the coffee-ring. When the biomarker is present, both magnetic and indicator particles cross-
link and are attracted to the center by the magnet, leaving a distinctive green spot. Red particles get deposited on the edge of the coffee ring. (B)
Fluorescent (top) and bright-field images (bottom) of experimental results with the scheme illustrated in (A). Adapted with permission from ref. 73.
Copyright 2012 American Chemical Society. (C) Charged nanoparticles can interact with proteins in different ways and produce two different types
of deposits: a coffee-ring or a disk. (D) Native human hemoglobin (h-HbA) and sickle cell hemoglobin (h-HbS) interact in the absence (−PS-SU) or
presence (+PS-SU) of anionic polystyrene particles with sulfate surface groups. Bright-field images of the deposit patterns resulted from their in-
teractions. Adapted with permission from ref. 59. Copyright 2016 American Chemical Society.
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containing recombinant HRPII in the presence of AuPS is
spotted onto a glass slide functionalized with NiĲII)NTA. The
intensity of the coffee-ring annulus—containing AuPS aggre-
gates—is proportional to the amount of analyte present. An
improved LOD of 10 pM was reported, but the signal satu-
rated very rapidly after 100 pM. Most important from these
studies is that results are easy to distinguish, even by the naked
eye. The same group later reported that Marangoni flow in a
droplet could be exploited to achieve higher sensitivities by
concentrating the majority of colloid aggregates at the center
of the droplet (stagnation points of the Marangoni flow) in-
stead of the coffee-ring. The spot size at the center scales line-
arly to the biomarker concentration.31

In general, a solution of any protein can produce a coffee-
ring pattern, but information about their concentration or
type of protein is difficult to obtain by simple visual inspec-
tion. As we mentioned above, nanoparticles can self-assemble
at the coffee-ring interface and one hypotheses was if the mor-
phology of the coffee-ring could be affected by the interaction
of the nanoparticles with an analyte. Mixing a sample with
nanoparticles (500 nm in diameter) whose surface contained
different electrical charges proved to be an effective means to
detect a single amino acid change in hemoglobin,59 as shown
in Fig. 7C and D. This technique permits the differentiation
of native human hemoglobin (h-HbA) from sickle cell hemo-
globin (h-HbS), the responsible of sickle cell anemia. When
each protein at a concentration of 15 μM was mixed with an-
ionic polystyrene nanoparticles they formed two distinct de-
posit morphologies: h-HbA generated a ring pattern while
h-HbS created a homogenous disk pattern. Proteins interact
with nanoparticles through electrostatic and/or hydrophobic
interactions, and these interactions can affect their behavior
at the liquid/gas interface. These effects combined modify the
deposition patterns of a drying droplet. Similar effects were
employed for the detection of nucleic acids: hybridization of a
target DNA to 1 μm beads functionalized with DNA probes
suppresses the coffee ring while in the absence of the target
DNA, the coffee ring was formed.74

We should point out that the coffee ring effect is a clear
shift of paradigm from current microfluidic approaches be-
cause no external equipment is needed to drive the separa-
tion. This characteristic also makes droplets a unique plat-
form for point-of-care applications. Certainly, the efficiency
and throughput of sessile droplets is limited compared to the
continuous microfluidic separation techniques because it is
unable to process large sample volumes; however, compared
to microfluidic devices there is no need for microfabricated
structures in the majority of cases.

The abovementioned examples of the coffee-ring effect
nevertheless set the stage for future applications where there
is a need for simple and rapid devices to pre-concentrate an
analyte from a few μL of a sample solution. When designed
well, the coffee-ring effect can provide an easy-to-interpret vi-
sual signal that could be useful in the development of low-
cost, simple-to-use, point-of-care devices. In its current form,
the limits of detection offered by the coffee-ring effect are or-

ders of magnitude greater than ELISA. One possibility to im-
prove the overall performance is to incorporate enzymes that
produce a colorimetric signal. These enzymes could be in-
cluded with the sample or added after the coffee ring is pro-
duced. As we have reviewed, Raman spectroscopy is one of
the few techniques that have harnessed the properties of the
coffee-ring to enhance assay sensitivity, but we believe other
techniques could benefit from pre-concentration of the
analytes as well.

Cell culture and cell-based assays in
droplets

Maintaining and growing cells in vitro is one of the corner-
stones of cell biology.75 Conventional cell culture is carried
out in Petri dishes, although the preferred platforms for
high-throughput cell assays, including drug screening, are
the 96-well or 384-well plates.76 For drug screening systems,
these microplates can be interfaced with robotic stations to
increase throughput and enable automation.77 However, vol-
ume consumption has become the largest issue with this
platform and difficult to adapt for single cell culture.76 Thus,
there is a need to develop accurate, robust, and scalable alter-
native platforms.

As mentioned above, sessile droplets can be operated with
regular pipettes and potentially interfaced to instrumentation
employed for microplates. However, evaporation can alter the
concentration of cell culture media that can lead to detrimen-
tal effects. To prevent evaporation, a substrate can be initially
flooded in oxygen-permeable biocompatible oils (e.g., mineral
or silicon oil).78 Using a standard pipette, a cell suspension is
deposited on the surface under the barrier oil, forming well-
defined droplets, as shown in Fig. 8A, making possible cell
attachment and co-culture of two types of cells. Culture of
single cells in nL-volume droplets deposited with an inkjet
printer has also been demonstrated.79 Fang and his col-
leagues improved this technology by patterning microwells in
glass and PDMS.77,80 After the device is immersed in oil, solu-
tions are loaded into the microwells using a tapered capillary
connected to a syringe pump. This technique, called sequen-
tial operational array (SODA), is very interesting for cell-based
drug combination screening because it allows the manipula-
tion of the droplet contents by transferring, indexing, split-
ting, fusion, metering, aspiration, deposition, and mixing.81

A microfluidic pipet chip was developed to perform similar
operations.76 Using SODA with a polydimethylsiloxane
(PDMS) chip, they carried out a drug-screening assay on lung
cancer cells,77 as shown in Fig. 8D. By replacing the cell cul-
ture medium every day, these authors showed that it is possi-
ble to culture cells for up to 11 days in 500 nL droplets. An
improved version of this platform was developed to perform
cell migration assays. The platform consisted of a 20-μm-
thick polycarbonate porous membrane sandwiched between
two PDMS layers, each containing an array of through-holes
of 1–15 mm diameter.80 Droplets containing reagents and/or
cells on either side of the device are interconnected through
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the porous membrane, as shown in Fig. 8C. With this setup,
Fang and his colleagues demonstrated cell culture (up to 2
days without changing the medium), 3D culture, cell co-cul-
ture, different cell migration assays.80

To facilitate automation and speed assay times, the
“DropletMicroarray” platform was devised with the purpose
to create arrays of thousands of droplets from 700 pL to 3 μL
volumes in a matter of seconds,82 as shown in Fig. 8B. These
droplets can encapsulate adherent and non-adherent cells.
The platform consists of a superhydrophilic porous polymer
that can be rendered superhydrophobic by exposing it to UV
light through a mask. A solution dragged along the surface
leads to the spontaneous formation of droplets on the hydro-
philic islands, in which cells can be cultured for up to 8 hours
in a high-humidity environment, without the need to use oil.

Integrating downstream analysis is essential for high-
throughput applications.83 To this end, the contents of single
and multiple cells captured in droplets have been analyzed
by different techniques. For example, some metabolites and

membrane lipids can be analyzed by electrospray ionization
mass spectrometry (ESI-MS) directly from a droplet.83,84 While
the protein content of a laser-lysed cell can be analyzed in a
10 nL droplet using a fluorescent sandwich immunoassay.85

Culture of single and multiple cells for several days has
been demonstrated in droplets down to the nL scale, which
is 2–3 orders of magnitude volume reduction compared to
traditional cell culture techniques.77 For high-throughput ap-
plications, the droplet platform could be interfaced with tra-
ditional robotic dispensing systems, non-contact printing
techniques, and plate-readers. Another major advantage of
this platform is that droplets are accessible for further stud-
ies or assays, even when covered by a layer of oil.

Nucleic acid amplification in sessile
droplets

Nucleic acid amplification is traditionally performed in tubes
or in microwell plates.86 Although ideal for applications with

Fig. 8 Examples of cell culture and cell-based assays in sessile droplets. (A). (a1) Droplets of cell-culture medium are inkjet-printed on a glass
slide, overlaid with oil, and then cells inkjet-printed; (a2) photo of the printed array on a glass slide; (a3) close-up image of 9 droplets and (a4) 1
droplet containing cells after several days of culture. Adapted with permission from ref. 79. Copyright 2011 American Chemical Society. (B). (b1)
The “DropletMicroarray” facilitates the formation of hydrogel pads that encapsulate a cell suspension. (b2) A photo of the micropad array stained
with a dye. (b3) Image of eGFP transfected cells inside a micropad. (b4) DAPI-stained cells after 6 days of culture. Reproduced from ref. 82 with
permission from The Royal Society of Chemistry. (C). (c1) Photograph of a cell-based assay device that comprises an upper central droplet with a
large volume connected through a porous membrane to five small droplets. (c2) A cell migration assay starts by generating organ cell droplets on
a Matrigel layer. (c3) After organoids are formed, cancer cells are seeded on the top droplet. (c4) Some cells will migrate to the bottom layer
through the membrane. Reproduced from ref. 80 with permission from The Royal Society of Chemistry. (D). (d1) Photograph of the sequential op-
erational droplet array (SODA). (d2) Schematic of some steps in a drug combination assay that involves operations with a capillary. (d3) Representa-
tive images of a drug-screening assay performed on lung cancer cells cultured in droplets. Adapted with permission from ref. 77. Copyright 2013
American Chemical Society.
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an initial high amount of DNA material, they have several
limitations when working with low-volume samples, includ-
ing large dead volumes and template adsorption to the walls.
For example, performing single-cell methylation analysis in
tubes is prone to a partial recovery of cell nucleus, decreased
amplification efficiency, loss of DNA during various steps,
among other causes.86 While some microfluidic devices can
perform genetic analysis on single cells, they are operated
with specialized instrumentation and access to individual
chambers for manipulation is difficult. In addition, these de-
vices are fabricated in state-of-the-art cleanrooms at a high-
cost with time-demanding techniques.86,87 Sessile droplets of-
fer a very simple and inexpensive alternative to implement
different nucleic acid amplification methods with less de-
manding instrumentation.

Mann et al. implemented PCR in 1 μL droplets using as
little as 32 pg of cDNA. A glass slide was patterned with 60
circular patches (1.6 mm in diameter) of hydrophobic and hy-
drophilic regions, each capable of holding volumes from 0.5
μL to 1.65 μL. The template was pipetted first on the slide,
followed by the addition of the PCR mix, and finally overlaid
with 5 μL of oil; all of these steps used only a regular pi-
pette.88 PCR products were analyzed off-chip in a polyacryl-
amide gel. Schumacher et al. used this slide to profile DNA
methylation in single cells deposited on the circular re-
gions.86 Preparation, manipulation and handling of this slide
is as simple as placing a slide in a regular thermocycler. This
slide is commercially available from Ampligrid (Beckman
Coulter).

Real-time reverse transcription PCR (qRT-PCR) has also
been demonstrated on 500 nL droplets with a dynamic range
of 103 to 109 microRNA copies per reaction. Fluorescence
from each droplet was tracked using a fluorescence stereo-
scope.89 Yu et al. also successfully demonstrated quantitative
real-time PCR on mineral oil droplets with a volume less than
1 nL. They employed an ink-jet dispenser to speed the drop-
let deposition, facilitating automation and increasing
throughput.87 These authors stated that their chip compares
well with a conventional PCR but requiring 120 times less re-
agent. Yao and colleagues analyzed the gene expression of
single cells captured on a droplet employing qRT-PCR.90 Cells
are first heat-lysed, followed by subsequent addition of the
RT mix and PCR mix, before being detected by a fluorescent
microscope system, as shown in Fig. 9A. More recently, drop-
lets were used to capture single cells, which were then lysed
and analyzed for gene expression employing qRT-PCR.90 A
similar approach was undertaken to perform whole genome
amplification (WGA) from single cells employing multiple
displace amplification (MDA), as shown in Fig. 9B and C.10

Digital PCR has also been implemented on droplets in the
nL range.91 To generate thousands of droplets, fluid flowing
through a capillary is dragged onto an array of hydrophilic
micropillars, which adheres to the top of the pillar, forming
droplets of different volumes (1.2 to 150 nL). This technique,
called surface-assisted multifactor fluid segmentation
(SAMFS), can create droplets at a rate of 50 droplets per s.91

Instead of employing electrical heaters or benchtop
thermocyclers as discussed above, droplets can be heated
employing light from a 1460 nm infrared (IR) laser.92 Nano-
liter droplets were first contact-printed with a regular pipette
on a polystyrene Petri dish. To perform a PCR assay, each
droplet was then laser-heated with powers of 25 mW for
annealing/extension and 50 mW for melting, in 10 second cy-
cles. Interestingly, although polystyrene tends to deform at
temperatures >70 °C, the small contact area of the droplets
did not damage the surface. Advantages of the IR laser in-
clude its fast heating and cooling times and the direct
heating of the PCR mix, but at the cost of having to heat one
droplet at a time.

The droplet platform offers a reduction of reagent con-
sumption of at least 120 times compared to conventional
PCR assays,87,89 making analyses much more cost-effective.
Performing nucleic acid amplification in droplets also of-
fers faster heat transfer and thermal equilibrium.93 In ad-
dition, droplets in oil remain stable for several days as
no signs of coalescing were found,87,92 and the same oil
also protects each reaction from contaminating each
other.87 As we noted, other methods such as cell lysis can
be performed on the same droplets without losing or di-
luting biomolecules. Also, there are no dead volumes,
which translate into enhanced kinetic reactions.86 How-
ever, one issue to consider is that the majority of en-
zymes absorb to the water/oil interface, thus a higher con-
centration of polymerases is required for a successful
PCR.93 Droplets contents can be easily retrieved for fur-
ther downstream analysis (e.g., DNA sequencing). Finally,
the instrumentation for thermal cycling and for the fluo-
rescent readers (in the case of real-time monitoring) is
considerably simplified in the sessile droplet platform,
which makes them ideal for point-of-care applications or
for resource-limited settings.93

Conclusion

The present review summarizes the different types of assays
that have been adapted to the sessile droplet platform.
Table 1 summarizes the most common applications for ses-
sile droplets. Most assays performed in a microtiter plate
have been transferred to the sessile droplet platform but
using smaller volumes and with greater flexibility and versa-
tility. Although the droplets are not movable, and thus the
range of analysis is limited to the same location, the interest-
ing physical phenomena that arise when a droplet evaporates
compensate for this limitation, as it enables other types of
applications. Droplets provide an alternative paradigm to the
lab-on-a-chip philosophy yet operating in a similar volume
range. Performing biochemical assays in droplets can im-
prove assay performance, allow the processing of a large
number of samples in parallel, and most importantly, there
is no need for time-consuming and specialized micro-
fabrication.10,94 In addition, sessile droplets remain accessi-
ble at all times for downstream analysis.
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Fig. 9 Nucleic acid amplification in sessile droplets. (A) RT-PCR from single cells. A silicon chip with hydrophilic spots is initially filled with oil. (a)
Single cells are deposited using a capillary and confined to these spots. (b) Heat-lysis of cells is followed by the addition of the RT mix and finally
(c) the PCR mix. The droplet increases in volume as reagents are added. (d) Gene expression is monitored with a fluorescent stereoscope.
Reprinted from ref. 90. (B) The process to perform an MDA assay on single cells deposited in sessile droplets. (C) Photo of the MDA platform
containing 100 nL droplets. Reproduced from ref. 10, copyright 2016 Proceedings of the National Academy of Sciences.
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Simple and inexpensive analytical techniques are con-
stantly sought for point-of-care devices.9 Sessile droplets offer
these attributes and other advantages, making them ideal
candidates for point-of-care applications. Droplets can be
highly stable, the volumes can be easily tuned, and as we
have mentioned, there are multiple simple methods to pro-
duce a large number of droplets without resorting to micro-
fluidic techniques. In addition, droplets can be potentially
interfaced to liquid handling units and microplate readers,
which makes them an ideal platform for scientists in indus-
try looking to migrate their assays to higher density plates
and use less sample and reagent volumes. As long as the de-
sign of the sessile droplet platform conforms to one of the
microwell layouts, the related instrumentation can be
adapted for the sessile droplet platform.

There are several challenges and opportunities for the ses-
sile droplet platform. As we discussed above, evaporation is a
major drawback in most assays performed in a microwell
plate but in some sessile droplet applications it can be
exploited to drive assay reactions or to concentrate an ana-
lyte. However, it is desirable to know beforehand the type of
samples to be analyzed and the concentrations looked for,
because an undesirable feature of the evaporation process is
the concomitant increase in the concentration of contami-
nants. Note that this recurring issue also takes place in other
microfluidic platforms, and it has partially been solved by
pretreatment (e.g., cleaning-up) of samples. Another chal-

lenge is related to controlling the droplet surroundings; air
current, temperature, and humidity can alter the evaporation
rate of a drying droplet and possibly affect the assay out-
come. One solution is to enclose the droplets in a box with
controlled humidity and temperature to provide the same
conditions all the time, although this could increase the cost
and complexity of the instrumentation. These challenges and
mitigation strategies should be considered when deciding to
implement new assays using the sessile platform.

Miniaturizing common analytical laboratory techniques in
the form of devices containing microfluidic channels is the
predominant purview of microfluidics. Integration of these
different bioanalytical techniques into autonomous mono-
lithic devices is at the core of the lab-on-a-chip technology.96

Sessile droplets, on the other hand, are more analogous to
the way macro-scale chemical and biology laboratories oper-
ate today: manipulating samples on tubes or wells using pi-
pettes. Both platforms have their strengths and weaknesses;
research has been largely focused on microfluidic channels
and movable droplets, thus we hope this review on the ad-
vantages, challenges, and opportunities of the sessile droplet
platform leads to more interest in scientific community.
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Table 1 Applications of sessile droplets

Applications Mechanism used Assay examples
Assay
volumes Comments

Mixing Marangoni flow Colorimetric assays8 >1 μL Has not been employed widely
Sample
enrichment

Coffee-ring effect Detection of different proteins, glycans, and
hepatotoxins;34,66,67 detection of antibiotics,
tetracycline,63 fluorescein62

0.1 to
20 μL

Width of the coffee-ring is proportional to con-
centration; requires special substrates for Ra-
man spectroscopy; detection of concentrations
as low as 1 μM

Sample
enrichment

Evaporation Pre-concentration of heavy metal ions,47,48

enzymes,49 proteins,37–39,44,50,51 DNA,38,41

virus,95 and environmental pollutants39

>0.2 μL Requires a super-hydrophobic surface; possible to
detect single molecule with SERS and in combi-
nation with slippery liquid-infused porous sur-
faces (SLIPS)

Protein
mutation

Coffee-ring effect
and droplet
evaporation

Mixing with nanoparticles to form coffee-ring
for detecting mutations;59 nano-antennas with
droplet evaporation43

>0.8 μL Detected in water; needs a highly concentrated
solution of proteins (μM range)

Particle
separation

Coffee-ring effect Separation of red-blood cells and E. coli using
DEP,54 nanoparticles and microparticles,55–58

antibodies, bacteria and cells9

>0.5 μL Separations carried out often in water

Biomarker
detection

Coffee-ring effect Detection of a malaria biomarker,72,73

thrombin in serum using a fluorescent
aptamer,64 adenovirus in human tears,69 and
nucleic acids74

1–3 μL Rings visible with a naked eye, down to 10 pM in
some cases

Biomarker
detection

Combination of
Marangoni flow
and the coffee-ring
effect

Detection of bacteriophages using microbeads
functionalized with antibodies31

1 μL Only works on PDMS or substrates with similar
low-thermal conductivity

Cell-based
assays

Sessile droplet Cell culture,76,78,82 3D cell-culture,80

single-cell culture,79 drug-screening,77,82

single-cell protein analysis,85 cell migration80

10 nL
to 1 μL

To avoid evaporation, droplets can be placed in a
high-humidity environment, or by flooding a sub-
strate with mineral oil

Nucleic acid
amplification

Sessile droplet PCR,88,92,93 real-time PCR,87 single-cell PCR,86

RT-PCR,89 single-cell RT-PCR,90 digital-PCR,91

MDA10

100 pL
to 1 μL

Mineral oil is used to prevent evaporation
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