(9@] chemosensors ﬁw\p\py

Review
Label-Free Sensing in Microdroplet-Based
Microfluidic Systems

Ali Kalantarifard, Abtin Saateh "~ and Caglar Elbuken *

Institute of Materials Science and Nanotechnology, National Nanotechnology Research Center (UNAM),
Bilkent University, Ankara 06800, Turkey; a.kalantarifard@bilkent.edu.tr (A.K.);
abtin.saateh@bilkent.edu.tr (A.S.)

* Correspondence: elbuken@unam bilkent.edu.tr; Tel.: +90-312-290-3550

check for
Received: 31 March 2018; Accepted: 17 May 2018; Published: 24 May 2018 updates

Abstract: Droplet microfluidic systems have evolved as fluidic platforms that use much less sample
volume and provide high throughput for biochemical analysis compared to conventional microfluidic
devices. The variety of droplet fluidic applications triggered several detection techniques to be applied
for analysis of droplets. In this review, we focus on label-free droplet detection techniques that were
adapted to various droplet microfluidic platforms. We provide a classification of most commonly used
droplet platform technologies. Then we discuss the examples of various label-free droplet detection
schemes implemented for these platforms. While providing the research landscape for label-free
droplet detection methods, we aim to highlight the strengths and shortcomings of each droplet
platform so that a more targeted approach can be taken by researchers when selecting a droplet
platform and a detection scheme for any given application.
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1. Introduction

The interest in the ability to manipulate fluids at small scale grew steadily leading to a variety of
platform technologies. The initial methods in the field of microfluidics were mostly inherited from
molecular analysis, microelectronics and microelectromechanical systems [1]. The microfabricated
channels, valves, and pumps were soon brought together for ingenious applications. Although the
advantages of these systems were apparent, such as the use of low sample volume, integration of
different functionalities, higher sensitivity and fine control of heat and mass transport, they had
fundamental limitations due to Taylor dispersion and poor mixing [2]. These limitations originated
from the laminar flow as well as surface adsorption related losses and contamination. To overcome
such shortcomings, excessive channel lengths and higher sample volumes were used. As an alternative
to conventional microfluidic systems, droplet-based techniques have been developed to boost the key
benefits of microfluidics such as low same volume and ability to perform assays rapidly [3].

Droplet-based microfluidic devices rely on the use of individual fluid compartments, i.e.,
microdroplets, rather than a continuous fluid stream. The volume of the droplets varies extensively
from microliters down to femtoliters. The fact that volume scales to the third power of length leads to
remarkably small sample volumes that can still be finely controlled by structures at the microscale [4].
It is to note that a 1 ym diameter spherical droplet has a volume less than 1 fL. The decrease in the
working volume attracted the researchers at the early years [3]. As droplet generation technologies
have matured, the ability to generate monodisperse droplets at high throughput turned out to be
another distinguishing feature of droplet systems. Encapsulation of biological materials such as nucleic
acids, proteins, virus, single cells, into individual droplets paved the way to study large populations
and collect a vast amount of data for statistical analysis [5]. Together with the ability to manipulate
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droplets by merging, splitting, sorting, restoring and incubating them, the researchers devised a
plethora of droplet systems with several interesting features that combine these basic operations for
the application of interest [4].

Almost three decades after its birth, droplet microfluidic systems are at a transition point from
singular proof-of-concept examples to integrated systems for real-life applications. The long-lasting
quest for a killer application for droplet microfluidic systems resulted in droplet digital polymerase
chain reaction (ddPCR) devices that surpass the conventional real-time PCR devices (qPCR) for
precise copy number identification without using any reference curves [3,6,7]. Droplet digital PCR
turned out to be especially critical for detection of rare targets and next-generation sequencing
library quantification.

An awareness of the available sensing methods for droplet-based assays can open new avenues
for biochemical applications of droplets. The end-point detection is usually the component that limits
the droplet-based system in terms of droplet frequency (throughput) and volume of analysis [8].
Therefore, a thorough understanding of droplet sensing technologies is required when designing a
droplet-based assay. In this review, we aim to provide an overlook of label-free techniques that are
used for sensing of droplets. As can be seen from the exemplary systems covered in this article, droplet
microfluidic platforms blur the boundaries between the fundamental disciplines of science (physics,
biology, and chemistry), requiring a more trans-disciplinary approach when designing new systems.
Therefore, in this review, instead of classifying the literature in terms of applications, we prefer to lay
out the basic droplet sensing tools that can be integrated for any given need.

There are numerous reviews on droplet-based microfluidic systems focusing on droplet
generation [9-11], droplet manipulation [12-14] and applications such as single cell analysis [15,16],
biochemical detection [17] and synthetic biology [18]. Specifically, this review aims to summarize the
label-free sensing systems demonstrated using microdroplets. We first describe the main four droplet
platforms and their distinguishing characteristics. The emulsion-based droplet generation methods
have been omitted intentionally to focus primarily on more recently developed droplet microfluidic
technologies. Then, we discuss label-free microdroplet sensing methods by listing some of the seminal
work in each category. Finally, we give a brief comparison of these techniques and provide an outlook
for future studies.

2. Microdroplet Sensing Platforms

This section discusses different types of droplet-based systems. We classify the droplet microfluidic
systems into four categories: dispensed (or printed) droplet systems, segmented droplet systems, digital
droplet systems, and slip-chip devices. Schematic representation of these systems is given in Figure 1.
As seen from this figure dispensed droplet (Figure 1a) and slip-chip (Figure 1b) devices provide
stationary droplets, whereas digital (Figure 1c) and segmented (Figure 1d) microfluidic systems study
moving droplets. Another distinction can be drawn regarding the throughput. Dispensed and digital
microfluidic droplet systems are suitable for low-throughput applications, whereas slip-chip and
segmented droplet systems can be preferred for high-throughput uses.
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Figure 1. Various microfluidic droplet platforms: (a) dispensed droplets; (b) slip-chip; (c) digital
droplets; (d) segmented flow droplets.

2.1. Dispensed Droplet System

In dispensed droplet systems, microdroplets of sample solution are deposited on a substrate
in a well-ordered manner creating a planar array of droplets (Figure 1a) [19]. In these platforms,
the droplets are static and do not contact each other. These systems are equivalent to well-plate assays
with the exception that well size and number of wells can be reconfigured by the dispenser settings.
Dispensed droplet systems can be regarded as virtual well-plate systems. These systems are handy
when immobility of the encapsulated material is a requirement. In addition, as opposed to the moving
droplet systems, dispensed droplet platforms provide easy indexing of droplets that might be critical
when a combinatorial analysis is performed. Although evaporation is a major concern for such systems,
it can also be turned into a benefit. Controlled gradual evaporation of the deposited droplets yields an
increase in analyte concentration that allows analysis of the encapsulated material inside droplets for
obtaining variation in concentration, interaction kinetics, conductivity and osmotic pressure [20-26].

Another major property of dispensed droplets is being immobilized and stationary on a surface.
For heterogonous droplets, this would lead to sedimentation-induced reaction kinetics that might be
of interest for some applications [19]. Also, if droplets are immobilized on patterned surfaces, they can
be used for analysis of droplet content in certain orientations and patterns. For most dispensed droplet
systems the substrate does not contain any sensors and detection is performed using non-contact
methods, camera-based imaging being the most common one [27].

2.2. Slip-Chip System

SlipChip platforms have recently emerged as high throughput microfluidic systems that are
favorable for their simplicity and multiplicity in performing simultaneous reactions without the use of
peripheral components such as flow /pressure sources or valves [28]. A standard SlipChip device is
composed of two patterned plates, a top plate with separated wells and another plate with channels
and wells (Figure 1b). The main strength of a SlipChip platform is the increased throughput and the
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ability to merge and split all droplet reaction chambers simultaneously. This feature allows researchers
to operate reactions between a sample and different reagents individually and simultaneously which
is critical for some applications such as protein crystallization. A SlipChip assay is usually performed
in three steps: supplying reagents, supplying a sample and sliding the plates. Preloading wells with
various reagents and filling patterned channels with a sample allows having reactions of various
reagents with the same sample at constant mixing and reaction time just by sliding the top plate over
the bottom one. Additionally, portability and ease of fabrication have turned SlipChip platforms to be
attractive alternatives for chemical reaction analysis.

2.3. Digital Droplet System

A digital droplet platform is a droplet platform which is based on electrowetting-on-dielectric
(EWOD) effect. EWOD makes it possible to manipulate individual droplets on a substrate by changing
droplet contact angle with the application of a potential difference (Figure 1c) [29]. Applying AC or
DC voltage to electrodes results in variation of interfacial tension that causes a change in wettability
and, therefore, moves the droplet through virtual channels that are defined by sequential activation
and deactivation of electrodes patterned on the substrate. AC voltage is preferred over DC to
prevent insulator charging which leads to enhanced positioning accuracy of the system. Based on the
configuration of the integrated electrodes, EWOD platforms are categorized into two groups: open and
closed platforms [29]. In the open platforms, all the electrodes (actuation and ground electrodes) are at
the bottom surface of the device and microchannels are exposed to the air. In the closed platforms,
ground and actuation electrodes are integrated at the top and bottom surfaces, respectively. Using oil as
a carrier fluid in closed platforms helps to ease the droplet motion and minimize evaporation that leads
to automated droplet manipulation for extended assay durations. Using electrically controlled digital
droplet platforms, researchers can manipulate droplets precisely and carry out various operations
without using flow sources or additional components such as pumps and valves. Moreover, thanks
to integrated microelectrode arrays, digital droplet platforms are favorable to incorporate detection
methods that require grid based positioning such as matrix-assisted laser desorption/ionization
(MALDI) mass spectroscopy and surface plasmon resonance imaging (SPRi) [29].

2.4. Segmented Flow Droplet Systems

Segmented flow platforms are the most preferred droplet-based systems which are based on
compartmentalization of one fluid (dispersed phase) within another fluid (continuous phase) inside
microchannels (Figure 1d) [30]. Microdroplets are formed inside microchannels sequentially using
different geometries [9]. The size of droplets and frequency of droplet generation can be modulated
by channel geometry and tailoring the flow regime (squeezing, dripping and jetting). The presence
of a microchannel provides these systems an exquisite control on droplet positioning that is used for
multiple droplet operations such as droplet transporting, merging, splitting and mixing. Due to the
availability of a wide range of basic droplet operations, segmented flow droplet platforms are widely
utilized for a vast variety of applications.

The classification provided in this section is intended to facilitate the comparison of various
droplet-based microfluidic systems. It should be noted that some systems may combine these techniques
on a single device. An example of such a hybrid system was demonstrated by Cole and Abate et al.
where they combined a segmented flow droplet system with a dispensed droplet platform to obtain
a system that can be used for single cell studies on a planar array that has the ability to immobilize
specific cells in predetermined locations on a substrate [31]. The system uses segmented droplet
sorting and dielectrophoresis-enhanced printing to achieve higher throughput of programmable
droplet positioning.
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3. Label-Free Sensing Methodologies for Droplet Systems

While optical detection techniques are unarguably the most commonly used method for sensing
applications in droplets, these techniques mostly rely on fluorescent labeling due to high sensitivity,
the ability for multiplexed analysis and real-time detection matching the MHz range droplet generation
schemes [32]. In addition to the well-known shortcomings of labeling (need for additional steps, higher
cost, and invasiveness), the droplet platforms pose further challenges such as stability of fluorophores
and their interaction with the surfactants which are usually absent in continuous flow systems.
Such material incompatibilities may limit the use of optical detection for label-free droplet sensing.
To resolve these issues, electrical detection and mass spectroscopy can be good alternatives. Additionally,
some advanced characterization techniques can also be used for detection inside microdroplets [32]. These
techniques are summarized in Figure 2. For the rest of this article, details of each of these techniques

are given together with representative articles. The aim here is to lay out the available label-free droplet
detection methods that are suitable for various droplet microfluidic platforms.
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Figure 2. Classification of label-free droplet sensing methods. The main droplet sensing methods
(optical, electrical, mass spectroscopy and other) are listed at the inner circle, followed by sub-classes
and droplet platforms used for those sub-classes.

4. Optical Sensing of Droplets

Label-free optical detection of droplets can be grouped into four categories as schematically shown
in Figure 3, absorption spectroscopy, vibrational spectroscopy, evanescent field sensing and image
processing-based sensing. A major benefit of optical detection of droplets is that it is a non-contact

measurement technique and it requires minimal changes to the fluidic system. Therefore, optical
detection techniques can be applied to any platform, relatively easily.
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(a)

Figure 3. Schematic illustration of label-free optical detection techniques: (a) absorption spectroscopy;
(b) vibrational spectroscopy; (c) evanescent field sensing; (d) image processing-based sensing.

4.1. Absorption Spectroscopy

For optical characterization of solutions, absorption spectroscopy is one of the most fundamental
analytical methods (Figure 3a), although its application to microscale droplet-based studies has
been limited fundamentally due to the small optical path lengths and poor sensitivities. Neil and
Mackenzie et al. have addressed this issue by using multiple reflections in an optical cavity formed
by two highly reflective mirrors [33]. They achieved a broadband detection system with relatively
high detection speed. As opposed to simplistic optical detection techniques, they provide spectral
absorption in the whole visible spectrum for characterization of multiple analytes inside droplets with
high temporal and spatial resolution.

An alternative technique to address the optical path length problem is to integrate the optics
horizontally in-line with the microchannel structure and get the incident light to interact with the
sample through the channel width which can be made higher than the channel height. In this
way, by simply increasing the width of the microchannels, sample absorption can be increased.
Mao and Huang et al. have shown such a system, where they have integrated the optics with the
microchannels using optical fibers [34]. They used two fibers that are coupled to the light source and
the spectrophotometer. The reference absorption measurement was performed through the continuous
phase section of the chip using oil absorption. They used an enzymatic reaction of a substrate molecule
inside microdroplets to study reaction kinetics by changing the reaction time by adjusting droplet
velocity inside the microchannel. They also studied the potency of an inhibitor molecule for the model
reaction they have investigated.

An alternative technique is to collect the microdroplets in a cuvette and perform absorption
spectroscopy as is done conventionally. Hung and Lee et al. have performed such a study, where
they used a segmented flow system to study on-chip microdroplet merging and synthesis of CdS
nanoparticles [35]. The microdroplets were collected at the outlet into a 10 mm path length quartz
cuvette for absorption spectrophotometer analysis. The nanoparticles that were formed in the
microfluidic device by droplet fusing and mixing showed better chemical stability with reduced
aggregation compared to the ones formed by pre-mixed chemical solutions.
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The roots of the droplet absorption spectroscopy measurements go back to the very first droplet
studies, where optical absorption through droplets was utilized by a light emitting diode (LED) and
a photodiode (PD) pair [36]. Srinivasan et al. have shown label-free optical characterization for
determination of glucose concentration in bodily fluids such as blood, plasma, serum and urine for a
digital droplet system [37]. They obtained a very good correlation between the reference method and
the digital droplet platform except for urine sample which is attributed to the uric acid interference with
the enzymatic reaction. The limited optical path length problem was addressed by having 500 um gap
between the two plates and using relatively large droplets with droplet volumes of 1.3 uL and 1.5 pL.

This simplistic optical absorption measurement can be scaled up using multiple LED-PD pairs for
multipoint detection to study enzymatic reactions with high temporal resolution. Hassan, Nightingale,
and Niu have demonstrated such a system based on segmented droplet system (Figure 4a) to study
glucose oxidation reaction kinetics and measured the reaction rate using the Michaelis-Menten
model [38]. They used seven sensors placed in a custom-made chip holder rig to obtain real-time
information for segmented droplets that are transferred into a polytetrafluoroethylene tubing after
formation. They used low-cost components to achieve a budget-friendly analysis system that can be
potentially applied in the field.

4.2. Vibrational Spectroscopy

Vibrational spectroscopy is one of the most common methods used for label-free identification
of molecules at a very low concentration based on their molecular vibration fingerprints (Figure 3b).
It provides information about the molecular composition, structure, and interactions within a sample.
There are two techniques used in vibrational spectroscopy: infra-red (IR) and Raman spectroscopy.
In IR spectroscopy, change in dipole moment leads to a peak in the resultant spectrum when the
sample is excited with IR light. The dipole moment changes when there is an antisymmetric vibration
mode in the molecule. On the other hand, in Raman spectroscopy, the scattered light is probed
which is mostly excited by visible light. Inelastic scattering of the light, in which case energy is
transferred between photons and molecules, is the fundamental principle of Raman spectroscopy [39].
Raman spectrum of a molecule is a function of its polarizability change during molecular vibrations.
The Raman signal varies based on the size, shape, and orientation of the electron cloud around a
molecule. Unlike IR spectroscopy, the symmetric vibration which has more change in polarization is
dominant in Raman measurements.

Integration of the vibrational spectroscopy to the microfluidic systems is critical when low
concentration molecules are sought after. For the droplet-based systems, vibrational spectroscopy
should be conducted in a way so that the aqueous medium does not affect the detected signal. Water
molecules have low symmetric stretching leading to a low baseline signal for Raman spectroscopy,
which makes it preferable for droplet fluidic systems in comparison to IR spectroscopy.

4.2.1. Infrared (IR) Spectroscopy

There are only a few studies that show infrared spectroscopic detection of droplets since
most applications of droplets require aqueous samples for which water gives very strong signal
suppressing the signal from the analyte. Chan and Kazarian et al. demonstrated the Fourier transform
infrared spectroscopic (FTIR) measurement in a segmented droplet system for a region of interest of
2.5mm x 2.5 mm [40]. They used a 64 x 64 focal plane array detector and obtained a scanning rate
of 8 images/s. To demonstrate the capabilities of the system, first water droplets, then droplets with
dilute lysozyme solutions were used. The droplets were formed inside a wax printed microfluidic
channel. The system has limited temporal and spatial resolution. In order to improve the sensitivity
of the system, Miiller and Dietler et al. combined IR absorption with atomic force microscope
(AFM) detection for an immobilized droplet array system [41]. The thermal expansion due to IR
absorption was measured mechanically by an AFM cantilever achieving a nanoscale spatial resolution.
This system uses a combination of segmented flow droplet generation and droplet printing techniques
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to immobilize the droplets on a planar substrate for simultaneous IR radiation. In order to place the
droplets as an array on the surface, the droplet solution was stamped by a patterned polymer slab
which contains arrayed wells. Each well captured individual droplets so that droplets were placed with
uniform spacing on the detection surface. Droplets were dried, and the monomeric and aggregated
lysozyme content of the droplets were measured using this thermomechanical method.

4.2.2. Raman Spectroscopy

Raman spectroscopic detection of droplets is much more common due to the molecular fingerprint
Raman measurements provide for aqueous samples. Barnes and Beers et al. performed one of
the initial examples of Raman spectroscopy on segmented droplet systems [42]. They detected a
photopolymerization reaction inside an aqueous continuous phase. Thanks to the low Raman response
from the aqueous-phase, they were able to quantify the droplet composition for a photopolymerization
reaction. For the detection system, they used a fiber optic Raman probe in backscattering mode with a
focused beam diameter of 200 um to probe individual droplets. Due to low Raman signal, a single
spectrum was obtained every 3 min.

Cristobal and Servant et al. showed the application of Raman spectroscopy for droplet systems [43].
As an example, they showed the quantitative measurement of fluid mixing inside segmented
microdroplets using standard PDMS microfluidic channels. They collected the Raman spectrum
in 10 s by averaging signals over 750 droplets and the continuous phase fluid separating the fluids.
They used aqueous solutions of K4Fe(CN)g and K3zFe(CN)g which give strong Raman signals due
to C=N stretching bond. The Raman signal is a function of the ratio of the length of the droplet
to inter-droplet distance. Later on, the same group showed another work where they removed the
background signal due to the continuous phase and the bulk PDMS chip [44]. They performed Raman
measurements on a mixing reaction to compare the continuous flow mixing and segmented flow
mixing. In this study they used H,O and D0 solutions which yield a rapid isotopic exchange reaction
when mixed. They reduced the spectrum acquisition time down to 5 s and obtained results averaged
over approximately 900 droplets. Their results clearly show the efficient mixing of two aqueous
solutions inside moving droplets as the droplet is going through bending channels, which is known
to generate stretching and folding vortices inside the microdroplet [45]. This hydrodynamic effect
significantly increases the contact area between the fluids entrapped inside the microdroplet.

These initial studies of Raman spectroscopy droplet sensing used time-averaging to improve the
signal to noise ratio for the low Raman signal amplitude. A major improvement in Raman sensitivity
can be achieved by using surface-enhanced Raman spectroscopy (SERS) using the plasmonic effect of
metallic surfaces. Placing the analyte in the vicinity of a nanostructured metallic surface excited by the
visible light helps to enhance the detected scattering signals [46].

Jiirgen Popp’s group has demonstrated the very first few examples of SERS detection using
segmented droplet microfluidic systems. Their main motivation was to prevent the surface adsorption
of analyte/nanoparticle complex and also obtain a consistent SERS signal using minute amounts of
analyte. The benefit of droplet systems over the conventional single phase continuous microfluidic
systems is the fact that the analyte and metal nanoparticles are confined inside droplets and they do not
interact with the channel walls. Thus, the non-specific adsorption to the channel walls and the spatial
distribution of signal change were eliminated using well-mixed droplets. Moving droplet systems,
such as digital droplet and segmented droplet systems, are favorable for SERS optical detection.
The continuous movement of the droplets results in a homogeneously mixed droplet content which
resolves the issues of non-uniform SERS signals due to the heterogeneous particle distribution creating
Raman hot-spots and gives out a consistent ensemble signal [47].

Strehle et al. showed a model experiment using a glass microfluidic chip which showed the
SERS detection of crystal violet with the presence of gold nanoparticles [48]. Tetradecane was used as
continuous phase and the elimination of memory effect due to confinement of the aqueous sample
solution by the o0il was proven. The Raman spectra were obtained in 1 s from individual droplets
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of volumes changing between 60 nL and 180 nL. It is also important to note that glass channel
microfabrication is more tedious compared to polymeric channel fabrication since it requires wet
etching (using hydrofluoric acid in this case) followed by alignment and bonding of two symmetrical
micromachined glass structures. However, once successfully fabricated, glass channels can be used for
a variety of biochemical analyses.

Using the same platform with a slightly different channel design, Ackermann et al. showed
SERS detection of varying concentrations of an antihistamine and tranquilizer drug, promethazine,
and a cancer drug, mitoxantrone, inside segmented droplets over extended times [49]. The repetitive
measurement of droplets with varying drug concentrations showed no cross-talk between droplets,
demonstrating the strength of segmented flow for successive measurements.

Later on, the same microfluidic chip design was used for identification of nine strains of E. coli
bacteria [50]. The colloid suspension is mixed with ultrasonically lysed bacterial solution, hence,
the SERS spectrum carried information from all the cellular components. An extensive study has been
performed by obtaining more than 600 spectra for each strain ending up in close to 6000 measurements
to obtain a SERS library for E. coli. The database was later used for statistical identification of the given
sample set. They have also demonstrated the time-efficiency of microfluidic segmented flow SERS
measurements (1 s per spectra). The microfluidic device led to an order of magnitude improvement in
terms of measurement time, which is very critical for statistical identification requiring a library of
spectra. The highly controlled microenvironment together with the ability to average through a chunk
of repetitive data led to high repeatability.

Wang and deMello et al. used surface-enhanced Raman spectroscopy for detection of trace
amounts of mercury (II) in aqueous samples for water toxicity testing [51]. They used a segmented
droplet system which continuously moves the droplets through the Raman detection zone. They mixed
the sample solution with gold nanoparticles during droplet formation. They have obtained one order
of magnitude improvement in sensitivity compared to fluorescent detection. The same system was
also used to show SERS detection of trace amounts of paraquat, again for drinking water safety [52].

SERS allows orders of magnitude improvement in signal-to-noise ratio in comparison to
conventional Raman measurement. When the excitation frequency matches the frequency of the
electronic transition of the target molecule an additional enhancement is obtained which is referred to
as surface-enhanced resonance Raman spectroscopy (SERRS). Cecchini and Edel et al. demonstrated
very repeatable SERRS detection at high speeds where multiple spectra (more than 50) can be obtained
from individual segmented droplets [53]. A custom-made detection system was used together with
standard PDMS microfluidic chips and silver nanoparticles for Raman signal enhancement as shown
in Figure 4b. For the additional resonance enhancement malachite green (MG) was used. Syme and
Cooper et al. used SERRS to demonstrate real-time simultaneous detection of two SERRS species [54].
Crystal violet and Rhodamine 6G dyes were used as reporters in addition to silver nanoparticles.
The concentrations of the two dyes were gradually modified using an automated pumping system.
Each spectrum was obtained in 20 ms and the changing droplet concentration was proved using the
amplitude change in the two characteristic peaks in the successive SERRS signals. Such a system
proves the ability of segmented droplet systems to be used for SERRS active target identification using
internal standardization as the second probe molecule in the droplets.

4.3. Evanescent Field Sensing

Evanescent field sensing is based on the measurement of the exponential decay of an electric field
of the propagated light in the microfluidic devices which enables total internal reflection (Figure 3c).
It is a nondestructive label-free sensing method for detection of media with varying refractive indices
using optical detection systems or resonators such as surface plasmon resonance (SPR), guided-mode
resonance filter (GMRF) and microring resonator. Evanescent waves generated at the surface decay
exponentially in the tangential direction to the surface. Therefore, detection is limited to a thickness
less than a few hundred nanometers in the proximity of the surface.
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One of the earliest examples of droplet evanescent field sensing was demonstrated by Valentino,
Troian, and Wagner using a platform similar to digital droplet systems [23]. Microdroplets of 400 nL
volume were dispensed on a planar surface with integrated thin-film waveguide. Droplets move across
the optical detection region by changing the droplet contact angle by thermocapillary action using
the embedded microheaters beneath the droplets. The system uses conventional optical components
(prism couplers, He-Ne laser source, and photo-diode) and a high-end lock-in amplifier to detect
the evanescent field attenuation due to surface interaction. As a model assay, droplets of various
dye concentrations were studied, giving a logarithmic response to dye concentration. Reaction rate
measurement as a function of surface temperature was also studied using this system.

Malic, Veres and Tabrizian applied surface plasmon resonance imaging (SPRi) for a digital droplet
system [55,56]. SPR is commonly used to study surface binding interactions by probing refractive
index change. Combining the multi-point detection of SPRi with the digital droplet system, they were
able to monitor multiple droplets in the detection window. For this specific system, they did not use
oil immersion and manipulated droplets using a closed digital droplet system, the top plate of which
was modified to accommodate label-free SPR sensing. The evanescent field was generated by exposing
50-nm-thick gold layer to the sample. In addition to the common benefits of low sample volume and
programmability, they also made us of the electric field actuation during DNA probe hybridization
step. They showed DNA immobilization and DNA hybridization on gold-coated EWOD electrodes.
By applying an electric field during surface functionalization step, the probe orientation and density
were tuned resulting in higher DNA binding efficiency. This study demonstrates the potential of
reconfigurable DNA array detection on a digital droplet platform.

Similarly, Arce and Bienstman et al. used a digital microdroplet platform for label-free evanescent
field sensing using silicon microring resonators [57]. They placed twelve ring resonator sensors on
the top plate of a digital droplet platform and performed refractive index change measurement to
determine analyte concentration inside microdroplets. The incident laser was coupled to the chip
with integrated gratings and resonance wavelength shift was measured at multiple sensors using an
infrared camera. As a proof-of-concept experiment, they measured refractive index change due to the
concentration change of sodium chloride, glucose, and ethanol inside the droplets.

Another example of a digital droplet platform for surface plasmon resonance detection was shown
by Wang and Hsu et al. using a photonic crystal (guided mode resonance) [58]. The implementation of
evanescent field sensing was implemented using a similar architecture. A parallel plate digital droplet
system was used. Since the bottom plate is mostly populated with the electrodes for droplet motion,
the three-layer optical sensor was implemented on the top plate. The detection performance of the
system was evaluated using sucrose concentration measurements.

Wildgen and Dunn used whispering gallery mode resonance sensors excited by an evanescent
field (Figure 4c). They used dispensed droplets of 10 uL volume [20]. The droplets are dispensed on
the barium titanate resonators. The evanescently scattered light was measured using a microscope
coupled to an avalanche photodiode. Since the droplets are exposed to air, evaporation is one of the
major concerns for this configuration. Although evaporation can be beneficial to induce mixing inside
the droplets and to improve material transport efficiency, it causes uncertainty for low concentration
analyte detection due to dependence on environmental conditions. In control experiments, they
demonstrated that setbacks due to sample evaporation can be eliminated by dipping the system
in an oil bath, generating a liquid/liquid two-phase system with stationary droplets. Due to the
impracticality of this approach, they performed their label-free measurements with droplets exposed to
air and completed the measurements in the first few minutes after droplet dispensing when evaporation
effects are minimal. They characterized the system by measuring salt concentration in droplets and
finally demonstrated a model streptavidin/biotin binding rate measurement assay.

For dispensed droplet platforms, Yin and Tao et al. used surface plasmon resonance sensing
using the common prism-coupling configuration [59]. A droplet of the solution of interest was
pipetted on the resonance sensing surface and protein interaction kinetics were studied. Specifically,
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association/dissociation rate constants and binding affinity were determined. They also compared
the droplet-based approach to the conventional flow-through systems. As nicely reported, while
dispensed droplet systems provide a reduction in the required sample volume, they may suffer
from the evaporation effects and the lack of mixing for mass transport limited reactions due to the
analyte-depleted region forming at the sensor surface.

4.4. Image Processing-Based Sensing

Combining droplet microfluidic systems with image processing is relatively easy since most
microfluidic systems are tested or operated under a microscope (Figure 3d). Hence, having an image
of the droplets does not require much expertise or budget since camera-attached microscopes are
standard in most microfluidic laboratories. Additionally, thanks to the advancements of the imaging
tools in consumer electronics industry, image processing can be performed much more easily using
standard libraries. The only setback of image processing is that it only provides physical information
about the droplets such as their size, shape, velocity or color. Therefore, for any sort of biochemical
application of droplets, one of these features should be modulated so that image processing of droplets
can be used for label-free sensing.

Glawdel, Elbuken, and Ren used image processing of high-speed camera recordings to understand
the droplet generation dynamics for a T-junction channel geometry [60,61]. Using an automated
setup, segmented microdroplets were formed in a microchannel using different combinations of
continuous and aqueous phase solutions. The capillary number was changed while high-speed
movies of droplet formation process were recorded. Then, analyzing these videos off-line using image
processing algorithms, dispersed phase penetration depth, neck pinch-off thickness, droplet size,
velocity, frequency and inter-droplet spacing were extracted. This study led to a thorough explanation
of droplet formation dynamics and proposed a third-phase, named as lag-phase, during the continuous
formation of microdroplets for T-junction microchannels in addition to the well-known two-phase
model (filling and necking). This was a critical work to understand the droplet formation dynamics
that is also essential for the formation of monodisperse droplets.

Later on, using a similar approach, A. Basu has developed an image processing tool for analysis of
trains of droplets using video recordings [62]. This tool can be utilized to analyze the physical properties
of droplets such as length, width, velocity, trajectory, spacing and shape deformation (Figure 4d).
This technique does not require any fluorescent or dye-based tracer particles; instead, it relies on the
contrast at the interfaces (fluid/fluid, fluid/solid interfaces) due to the refractive index difference.
The software has built-in image processing functions such as background subtraction, edge detection,
shape filling and shape identification (spatial information) as well as frame correlation for temporal
analysis. It comes with a user-friendly interface and can be applied to a variety of applications. In the
same study, the author demonstrated measurement of droplet generator, droplet splitting/merging
analysis, evaluation of single cell encapsulation efficiency etc. This video processing-based technique
can be used for all moving droplet systems. In order for it to be applicable to stationary droplet systems
with full capacity, a video of the droplets can be obtained while moving the stage or the camera relative
to one another. Using automated microscope stages or any type of motorized X-Y stage, this is a
trivial task.

Zang and Roth et al. developed a real-time image processing-based system for label-free detection of
picoliter volume droplets for high-throughput Actinobacteria culturing in a segmented flow system [63].
The droplets were analyzed optically, and empty droplets and microbial hyphae-laden droplets
were identified. Downstream of the detection region, droplets were sorted using dielectrophoretic
separation eliminating the empty droplets. This study demonstrates the strength of real-time
image-processing without sacrificing the throughput of segmented flow droplet systems. For such
applications, optimization of image processing algorithms is required to keep up with the high
throughput performance of the fluidic system.
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Hofmann and Bohm et al. used image processing as an indirect method to quantify the
intra-droplet concentration changes due to metabolic activity of individual cells inside droplets [64].
They used the principle that size of individual droplets changes due to the transport of water between
the continuous and dispersed phase induced by the osmotic pressure difference. The microdroplets
containing yeast cells with YPD-medium shrunk in size when incubated. Hence, by monitoring the
size of spherical microdroplets collected in a measurement chamber, they were able to determine
the droplets containing viable cells. Additionally, analyzing the rate of change of droplet size, they
reported the metabolic activity inside a specific droplet as an indicator of cell count and/or cell
activity level.

Liao and Yeh demonstrated an interesting sensing mechanism based on contact angle change of
dispensed microdroplets as a function of chemical content concentration [65]. Silicone oil solutions of
differing bovine serum albumin (BSA) concentrations were prepared and dispensed on a gold-coated
glass surface as droplets. A self-assembled monolayer (mercaptoundecanoic acid, 11-MUA) was
formed on the glass surface. It has been shown that the contact angle of droplets increased with
increasing BSA concentrations. The smaller the droplet size the more pronounced was the change
in the contact angle. This principle can be extended to stationary droplet systems where an analyte
may change the contact of the droplet, though such systems will have limited throughput since
contact-angle measurements require more demanding side-view imaging.
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Figure 4. Examples of label-free optical droplet detection: (a) Multi-point optical absorption
measurement of droplets moving inside a tubing; reproduced from [38] with permission of The Royal
Society of Chemistry. (b) Surface enhanced resonance Raman spectroscopy (SERSS) detection
adapted to segmented flow droplets using silver nanoparticles; adapted with permission from [53].
Copyright 2011 American Chemical Society. (¢) Evanescent field sensing using whispering gallery mode
resonance sensors; reprinted under Creative Commons Attribution License 4.0 from [20]. (d) Image
processing-based sensing of segmented droplets; reproduced from [62] with permission of The Royal
Society of Chemistry.
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5. Electrical Sensing of Droplets

Another major domain of microdroplet detection techniques is electrical detection amongst which
impedimetric (Figure 5a) and electrochemical (Figure 5b) detection are the most widely used methods.
Electrical detection of droplets can be both contact and non-contact based. Analytical parameters such
as limit of detection, sensitivity and dynamic range are primarily affected by signal-to-noise ratio and
sampling rate, which depend on the detection instrument. Hence, it is difficult to give overarching
values for the performance of electrical droplet sensing studies. Each work should be evaluated
individually taking into account the specific type of electrical detection method used, the type of
instrument and the choice of electrodes.
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Figure 5. Schematic illustration of label-free electrical detection techniques: (a) impedimetric sensing;
(b) electrochemical sensing; (c) resistive pulse sensing; (d) microwave sensing.

5.1. Impedimetric Sensing

Chen and Troian et al. performed one of the most fundamental studies for capacitive detection
of microdroplets using a digital droplet system that uses thermocapillary droplet actuation [66].
They used coplanar electrodes for impedimetric sensing (Figure 5a) that are originally used as resistive
heaters to generate the thermocapillary movement of the droplets for electrical sensing. They provided
the analytical model for the semicircular electric field generated by coplanar thin film electrodes
and verified it both numerically and experimentally. They also showed droplet sensing results for
symmetric two-prong electrodes and interdigitated electrodes. They demonstrated preliminary results
of sensing of droplet position, volume, and content setting the groundwork for the upcoming studies.

In order to increase the sensitivity, Srivastava and Burns used conductivity sensing with electrodes
that are in contact with the solution [67]. In addition to detecting the presence of the electrodes,
they placed the electrodes in the most common configuration which is fabricated underneath the
microchannel and placed perpendicularly to the channel. They showed a second configuration where
the two electrodes were placed parallel to the channel to detect the volume of the droplet by measuring
the conductivity change between the two electrodes that are placed at the two sides of the microchannel.
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Building on Chen’s work, Elbuken and Ren et al. developed a high-sensitivity droplet capacitive
system using off-the-shelf electronic components significantly reducing the cost and entry barrier
for the implementation of capacitive detection [68]. They showed that droplet size and speed can
be detected by using an electronic circuit that costs less than $20. Additionally, the sensing unit
was very small and can be applied to portable applications. Isgor and Elbuken et al. showed that
using the same electrical circuitry droplet, content can also be measured [69]. The change in the
dielectric content of the droplet, due to the mixing of ethanol and water at varying ratios, can be
detected when a nanometer-thick SiO; layer is used as a passivation layer between the droplets and
the planar electrodes.

Kemna and van den Berg et al. reported the impedimetric detection of viable single cells inside
segmented droplets at moderate throughputs (112 Hz) [70]. They have modeled the system using lumped
electric circuit models with an analogy to electrical circuits. The optimal frequency and electrical
properties of materials can be determined by such a model. They showed that viable mouse myeloma
cells present in water droplets yield a detectable signal using a high-end impedance spectrometer.

Simon and Lee et al. showed an interesting application of impedimetric detection by detecting
polymerized DNA chains inside segmented droplets [71]. Using a microfluidic system and a detection
circuitry similar to the previous study, they combined on-chip thermocycling to demonstrate the
impedance signal difference between droplets with amplified and non-amplified DNA content.
Although, the measurement is susceptive to slight changes in droplet size, once perfected it can
be used for digital droplet PCR to alleviate the need for the fluorescent tagging [72].

Marcali and Elbuken showed impedimetric detection of hemagglutination inside segmented
microdroplets [73]. As a model assay, they used blood typing to form agglutination positive and
negative droplets using a microfluidic chip as schematically shown in Figure 6a. Using narrow
electrodes placed perpendicular to the microchannel, they created a minimized detection zone to
obtain a steady-state reading from droplets. Using the impedance data, they were able to differentiate
between droplets of different content as well as droplets with agglutinated red blood cells.

Impedimetric droplet sensing was implemented on other droplet fluidic platforms, as well. Digital
droplet systems already integrate coplanar electrodes with fluidics; hence, such an implementation is
relatively easy for these systems due to minimal hardware changes required. Sadeghi and van Dam et al.
modified a digital droplet system by simply adding a resistor to the AC actuation circuitry [74].
They showed that they can detect droplet volume, droplet type (DMSO or water) and droplet
content (concentration of potassium fluoride) without sacrificing the droplet actuation and droplet
handing performance of the digital droplet platform. Shih and Wheeler et al. showed the very
first implementation of detection of mammalian cells inside droplets on a digital droplet system [75].
Instead of turning all actuation cells into sensors, they placed dedicated detection electrodes in between
the actuation electrodes. Also, in order to obtain a statistically significant data to distinguish droplets
with varying cell concentrations, they used a buffer exchange method. Just before the impedimetric
analysis, they changed the cell buffer solution inside the droplet with low conductivity solution that
was replaced by the original solution after the measurement.

Ernst et al. showed an integrated capacitive droplet measurement system for a dispensing droplet
platform [76]. The sensor was very well integrated into the print head. Sensing of droplet volume
was achieved by 3D electrodes that are placed through a custom designed printed circuit board (PCB).
The electronics are also placed on the same PCB minimizing the signal loss due to electrical contacts.
The fabrication of the sensor was achieved with a little tweak to the standard PCB fabrication process.
The droplets were dispensed through a via which is used for inter-layer connections in PCB designs.
After PCB fabrication, the via is sliced into two, forming symmetrical semi-cylindrical electrodes
creating an axially symmetric 3D electric field. The droplets were dispensed through the center of
the via and real-time droplet measurement was achieved. The system was not tested for any analyte
sensing. It was mostly designed for droplet size control for bioprinting applications, but conceptually
it can be applied to detect the content of droplets as well.
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Impedance detection of droplets was also implemented on stationary droplets on a dispensed
droplet detection system. Ebrahimi and Alam et al. showed a system which is composed of an
array of nanostructured hydrophobically coated electrodes [22]. The sample was dispensed on the
electrodes and real-time impedance measurement was obtained from stationary droplets. A very
nice feature of this work was that they utilized the concept of evaporation induced concentration
increase. Evaporation of droplets causes a decrease in droplet volume that in turn increases the
analyte concentration beating the diffusion transport limit. The evaporation time was around 20 min
when 3 pL droplets were used; 850 bp synthetic DNA fragments were used for the experiments.
Using a lumped circuit model, they modeled the electrical circuit interpretation of DNA concentration
increase during the experiment. They showed that using evaporation induced sample enrichment,
an order of magnitude improvement can be obtained in the limit of detection. This enrichment
concept has been applied to many other systems and is proven to be a very effective method when the
experiment time and instability of volume are not concerns for the assay. The enrichment technique is
especially well suited for biological applications that require cell culturing which inherently takes time
so that the waiting time for droplet evaporation is not a concern. Such an exemplary application was
shown by Ebrahimi and Alam in 2016 [26]. They showed that using the droplet impedance monitoring
system, the osmotic response of bacterial cells to varying medium conditions can be measured as
an alternative method to determine cell viability. The osmoregularity response of bacteria (E. coli,
S. epidermidis, and S. typhimurium) were generated by evaporation of the droplet while monitoring
the impedance change and deriving the electrical properties of the solution and cells. For dead cells,
the cell membrane was compromised and solutes were free to transport across the membrane whereas
in viable cultures active osmotic response of cells modulated the solution conductivity which was
continuously monitored with the integrated electrodes.

5.2. Electrochemical Sensing

Electrical sensing of droplets was also shown using electrochemical sensing (Figure 5b).
Electrochemical sensing is closely related to impedimetric change and can be confused with
impedimetric studies. In this article, we discuss electrochemical sensing articles that utilize electroactive
species [77]. There are three main types of electrochemical detection: amperometric, potentiometric
and conductometric. As the name implies, the electrical property that is monitored is different for
these techniques.

An early work on electrochemical sensing of microdroplets was carried out by Cai and
Cooper et al. [78]. They showed a microchamber with two integrated electrodes (counter and reference
electrodes were combined) for amperometric analysis of lactate. The sample solution was pipetted
into the chamber that is covered by oil to prevent evaporation. Measurements were performed with
droplets containing lactate, either spiked or generated as a metabolite by individual heart cells inside
droplets. The study demonstrated that lactate can be detected at very low volumes by miniaturizing
the electrodes and the working sample.

Label-free electrochemical detection of droplets was mostly used for segmented droplet systems.
A major challenge in such systems is to have a nice contact between the liquid sample, i.e., the droplet,
and the measurement electrodes. The early examples of such systems used electrodes that are
pierced into the microchannel that probe the droplet that is aligned with the electrodes. Han and
Zheng et al. [79] and Gu and Ding et al. [80] used such an approach to integrate amperometric
sensing with PDMS microfluidic segmented droplet devices using platinum and gold electrodes,
respectively. Han et al. used guidance microchannels to facilitate the insertion of the electrodes into
the microchannel.

Sassa and Suzuki et al. showed a segmented flow system for coulometric detection inside droplets
by squeezing the droplets into the sensing region for better contact [81]. Liquid droplets of discrete
volumes were formed using syringe pumps and an auxiliary side channel inside microchannels.
The droplets were transferred to the sensing region that has a shallower channel section to allow for
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better positioning of the sample over the electrochemical sensing region. Different types of sensor
geometries were fabricated and coulombic detection of hydrogen peroxide was shown for analysis
of oxidase substrates. The working electrodes designed as an array of thin electrodes gave the best
results in terms of sensitivity.

Lin and Chen et al. used a very novel approach to get around the contact problem [82]. They used
standard glass/PDMS devices and a T-junction geometry to form segmented droplets. In the sensing
section, they applied selective surface coatings so that the two-phase flow is converted into a laminar
flow where the aqueous phase gets into contact with the bottom surface of the chip with the oil
phase contacting the upper channel. The electrodes were placed underneath the channel and made a
strong contact with the droplets. As an example of enzymatic kinetic study, they studied oxidation
of glucose inside droplets by hydrogen peroxide (H,O,) measurement. By measuring the resultant
H,O; concentration for six different input glucose concentration levels, they were able to obtain the
Lineweaver-Burke curve in 20 min.

Itoh and Suzuki et al. showed a very interesting application of amperometric detection using
segmented flow droplets on a portable microfluidic device [83]. They have implemented a system
for measurement of ATP concentration in fish (jack mackerel) extracts for quantification of freshness.
They used a glass/PDMS device and formed aqueous droplets separated by air. By avoiding the
use of an oil-based continuous solution, they avoided the contact problem between the sample and
the electrodes. However, this sacrificed the control of sample integrity which heavily depends on
the hydrophobicity of the channels. The droplets containing the sample and the substrate solutions
were formed separately and merged before the detection region using the commonly used enlarging
channel geometry. Detection was achieved using a three-electrode sensor with the enzymes (glycerol
kinase and glycerol-3-phosphate oxidase) immobilized on the sensor itself which contains a Nafion
membrane for additional selectivity. The system measures the amount of H,O, concentration formed
at the end of a two-step enzymatic reaction. The turn-around time of the system (from obtaining the
sample to result) is around 30 min. Their results show that fish start losing ATP and hence, freshness,
significantly after 5 h of death even if they are refrigerated.

The researchers have extended their study by further developing this system by measuring the
K-value which is a metric used for quantitative assessment of ATP breakdown to uric acid through
the concentration of byproducts of a series reactions [84]. They used two sensing sites to measure
multiple reaction byproducts (Figure 6b). The freshness of jack mackerel, yellowtail, and sea bream
was measured by comparing the results with HPLC measurements. Although it depends on the type
of the fish, 5 h after death can be generalized as a threshold value for fresh fish.

Rattanarat and Chailapakul et al. have demonstrated that sensitivity of label-free droplet
electrochemical sensing can be improved by modification of electrodes [85]. They used graphene/
polyaniline nanocomposite to coat screen printed carbon paste electrodes to determine the amount
of residual 4-aminophenol (4-AP) in commercial paracetamol formulations. The measurement
potential voltage was optimized for chronoamperometric measurement. The system gave a very linear
response to 4-AP concentration and was able to provide the required limit of detection determined by
universal guidelines.

5.3. Resistive Pulse Sensing

Another label-free detection technique that was integrated to droplet fluidics is resistive pulse
sensing (RPS). RPS is a technique forming the foundation of Coulter counting principle. It was very
successfully combined with a segmented droplet fluidic platform by Gibb and Albrecht et al. as shown
in Figure 5c [86]. They used two glass nanopores that were pulled from quartz capillaries and pierced
to the PDMS microchannel from two side walls as shown in Figure 6¢. One of the pores was used
for material transport while the other was used for the electrical reference signal. The pore diameter
was 24 nm. In addition to routine droplet size characterization, they showed that they can transfer
DNA fragments of 10-kbp in and out of the droplet. The number of DNA fragments removed or
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injected is a function of the dwell time (changes with droplet size and velocity), applied potential and
DNA concentration. In addition to this article, there are also studies in the literature that show the
characterization of microdroplets in emulsions using standard resistive pulse sensing units [87]. Since
these systems do not use any of the droplet platforms explained in this review, we do not discuss them.

5.4. Microwave Sensing

Yesiloz, Boybay, and Ren have demonstrated a novel label-free sensing mechanism by combining
a segmented flow system with microwave sensing as schematically shown in Figure 5d [88]. They used
a microwave resonator that is composed of two concentric circular electrodes (Figure 6d). The outer
electrode was excited and the change in resonance frequency was measured from the other electrode.
They used a custom-made microwave circuitry to detect the frequency change which is a function of
electrical properties of the medium inside the microchannel that is placed over the sensor. The system
operates at high frequencies (at GHz range) and provides a high signal-to-noise ratio compared to
MHz-range frequency impedimetric characterization systems. They have extensively characterized
the performance of the system using droplets of varying glucose, potassium chloride solutions as well
as with droplets using biological samples and antibacterial solutions. They have shown that the use of
high-frequency signal provides high sensitivity even in high throughput droplet systems.
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Figure 6. Examples of label-free electrical droplet detection: (a) Impedimetric detection of
hemagglutination inside segmented droplets; reproduced from [73]. (b) Electrochemical detection of
ATP concentration in fish extracts to determine fish freshness; reprinted with permission from [84].
American Chemical Society (2013). (c) Resistive pulse sensing integrated to a segmented droplet system
using quartz capillaries; adapted with permission from [86]. Copyright 2014 American Chemical Society.
(d) Microwave sensing of segmented droplets at GHz range; adapted from [88] with permission of
The Royal Society of Chemistry.
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6. Mass Spectrometry

Mass spectroscopy (MS) is a powerful technique for molecular analysis. It can provide detailed
information regarding protein structure and function, enzyme reactions, biomarker identification,
and contamination analysis for foods, beverages, soil etc. Such a wide range of test capability makes
MS particularly interesting for droplet fluidic systems. A major downside of label-free MS analysis of
droplets is the fact that it is a destructive measurement method. Therefore, it is an end-point detection
rather than a flexible detection method that can be integrated into the droplet assay flow.

The only interface that is required between a droplet fluidic system and the mass spectroscopy
devices is the ionization of the sample. lonization at ambient conditions is an active field of research and
is a developing field. In this review, we limit our discussion to more standardized ionization methods
that can be integrated with multiple types of droplet platforms. Amongst various ionization methods,
two techniques stand out: matrix-assisted laser desorption/ionization (MALDI) and electrospray
ionization (ESI) as schematically shown in Figure 7a,b, respectively.

Figure 7. Schematic illustration of label-free mass spectroscopic detection techniques: (a) matrix-assisted
laser desorption/ionization (MALDI) MS; (b) electrospray ionization (ESI) MS.

6.1. Matrix-Assisted Laser Desorption/lonization (MALDI) MS

MALDI MS, which is usually preferred for analysis of larger molecules such as peptides, requires
the sample to be mixed with a matrix which absorbs UV light (Figure 7a). The UV irradiation increases
the temperature of the sample/matrix solution placed on a MALDI target as arrays of droplets.
The rapid increase in temperature desorbs and ionizes the sample and allows analysis using the
time-of-flight measurement principle. For most standard MS analyzers, the sample volume is around
1 pL. As described in Section 2.3, digital droplet systems move droplets on an array of electrodes. Since
both MALDI-MS and digital microfluidic systems are array-based systems, their integration were the
first examples of MS analysis of droplets.

The first example of droplet fluidics and MALDI-MS was from Wheeler and Garrell et al. in
2004 [89]. They used a parallel-plate configuration in which droplets of 0.5 pL are exposed to air, i.e.,
no oil immersion. They evaluated the ability of a digital droplet platform to move the matrix/sample
solution to eliminate the manual sample processing and pipetting steps. Therefore, this is a study
exploring the material compatibilities for both technologies. They investigated the potential MALDI
matrices that are compatible with the digital droplet systems. They found out that droplets with up
to 15% acetonitrile concentration have the sufficient contact angle change with electrical actuation
which would allow them to be manipulated on a digital droplet system. The commonly used
2,5-dihydroxybenzoic acid (DHB) matrix was not compatible with droplet platforms. When they
compared the MS analysis of standard MALDI targets and digital droplet/MALDI targets, they
concluded that the latter had lower noise level, but slightly poorer resolution.

The same group has demonstrated the improvement of this platform for in-line sample purification
for sensitive MALDI-MS analysis [90]. They used dispensing and digital droplet systems to generate
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the droplets and purify them, respectively. Peptide solution droplets were formed on the digital droplet
platform by manual pipetting. Then, the droplets were moved to a specific spot and dried. Later,
a DI droplet was positioned over the same spot to dissolve and remove the hydrophilic impurities.
Finally, another droplet of MALDI matrix was positioned on the same spot and dried. The dried spot
was analyzed by MALDI-MS. They demonstrated that even with rinsing using a single DI droplet,
dramatic improvement was achieved in MS results, which is critical for dilute protein sample analysis.
Later on, they incorporated a droplet generation step for this platform to make it an all-electronic
controlled system as a pure digital droplet system [91].

Nichols and Gardeniers demonstrated a similar digital droplet system which uses manually
pipetted droplets to study fast enzymatic reactions using MALDI-MS [92]. The system combined two
droplets to initiate a model protein enzymatic reaction and then another droplet is merged to quench
the reaction. Finally, the droplet was made ready for MALDI-MS analysis by merging it with another
droplet of MALDI matrix. They achieved mixing of droplet contents using electrohydrodynamic flow
initiated by the integrated electrodes.

In order to overcome the potential cross-contamination effects of digital droplet platforms,
MALDI-MS characterization was used by Yang and Wheeler et al. [93]. They demonstrated that
repetitive droplet motion over the same electrodes may lead to contamination due to adsorption
from the droplet to the surface and desorption from the surface to the droplet. They proposed a
replaceable polymer skin to alleviate this problem and enabled the reusability of the electrode platform.
After completing the droplet manipulation on the droplet platform, the skin was removed and placed
onto a MALDI target plate followed by the MALDI-MS analysis.

The use of MALDI-MS for segmented flow systems was also demonstrated, although in principle,
it is much easier to be applied for dispensed or digital droplet systems in which the droplets are
already positioned on a planar surface instead of confining them in microchannels. Still, integration of
segmented flow systems with MALDI-MS detection was successfully demonstrated through droplet
deposition units. The first example of such a system was demonstrated by Rustem Ismagilov’s group
where droplets are formed, stored and injected into tubings rather than microchannels [94]. Finally,
the droplets were deposited onto standard MALDI plates, evaporated and then a matrix solution
was deposited onto the dried spots and dried a second time before analysis. It is important to note
that this system used segmented droplet fluidics and dispensing droplet platforms to obtain the
MALDI-MS targets.

More recently, a similar setup was demonstrated by Kiister and Dittrich et al. that used
high-density MALDI plates with 26444 circular hydrophilic spots of 300 um diameter achieving
oil phase separation passively on the MALDI plates [95]. The sample was dried in less than 60 s using
nitrogen gas blow. The matrix was introduced to the analysis spot through the use of an automated X-Y
stage positioner which was also used in the droplet deposition step (Figure 8a). The droplet dispensing
module used an integrated optical droplet detection unit.

Pereira, Niu, and deMello reported a segmented flow droplet system to couple liquid
chromatography (LC) to MALDI-MS analysis [24]. Compared to conventional interfaces, this novel
droplet interface provided 50% improvement in the analytical performance of trypsin-digested proteins
(Cytochrome C and BSA). De-emulsification of sample droplets was achieved by a hydrophobic
and oleophilic membrane. First, the LC effluent was formed into microdroplets together with the
MALDI matrix using a Tjunction merging geometry. After mixing of the droplet content, the oil
phase was removed by the membrane and the droplets were deposited on a MALDI plate using a
micropositioning stage.

6.2. Electrospray lonization (ESI) MS

Another common method for sample ionization for MS analysis is electrospray ionization (ESI),
which uses high voltage for ionization (Figure 7b). Several studies have demonstrated on-line
integration of segmented flow droplet systems to electrospray ionization mass spectroscopy units.
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The main challenge in such a coupling is the extraction of the aqueous phase which may hinder
Taylor cone formation due to the presence of surfactants or fluorocarbons. Therefore, for successful
ionization of droplets using electrospraying, the non-sample medium (which is usually an oil-based
continuous phase) should be isolated. Fidalgo and Huck et al. have achieved this by using a parallel
sheet flow and by directing the droplet of interest to the aqueous phase using electrokinetic forces [96].
Droplets being pushed out of the oil phase merge with the aqueous phase. Then, droplets were fed to
the ESI-MS analyzer through a fused-silica capillary emitter inserted into a steel sheath. This was a
pioneering work from Wilhelm Huck’s group.

In another work, Kelly and Smith et al. demonstrated the use of interfacial tension to transfer the
dispersed aqueous phase droplets to a neighboring channel with continuous flow separated from the
two-phase flow channel by linearly positioned microposts [97]. The system achieved passive droplet
transfer to a side channel which was coupled to a downstream electrospray injection unit.

Zhu and Fang used a hydrophilic region covering approximately one-fourth of the main channel
width, called the hydrophilic tongue, to direct the segmented samples to the electrospray ionization
module [98]. They used an all-glass device and were able to selectively modify the surface properties
so that the droplet content could be transferred to MS with minimal leakage of the oil phase. Through
pressure control regulation, they were able to control the transfer ratio of the droplet to the ESI-MS
unit: either complete or partial transfer. This system demonstrated droplet transfer rates up to 10 Hz
and was utilized to monitor peptide alkylation reactions.

Robert Kennedy’s group has demonstrated several examples of segmented droplet ESI-MS
analysis systems. They used the standard T-junction droplet generator [99] as well as simplistic Teflon
tubing integrated with a micropositioner and a syringe pump in the withdrawal mode [100,101]
to form segmented samples inside the tubing which facilitated the coupling of the fluidic unit to
the MS analyzer. They have reported sample segmentation with both air [100] and perfluorinated
oil [99,101] as the continuous phase. Injection of other solutions into the droplets was achieved
using Tee connectors [101]. They directly coupled this capillary to a commercial platinum coated
fused silica nanospray emitter. The stability and monodispersity of the droplets were significantly
improved when oil was used instead of air as the continuous phase. As an application, they screened
acetylcholinesterase (AchE) inhibitors [100] and cathepsin B inhibitors [101].
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Figure 8. Examples of label-free mass spectroscopic droplet detection: (a) Matrix-assisted laser
desorption/ionization (MALDI) MS analysis of segmented droplets transferred on a MALDI plate;
reprinted with permission from [95]. American Chemical Society (2013). (b) Direct electrospray
ionization (ESI) MS analysis of surfactant-stabilized segmented droplets; adapted with permission
from [102]. American Chemical Society (2013).

More recently, direct injection of microdroplets without de-emulsification was also demonstrated
in an effort to increase the throughput. Smith and Huck et al. used a commercial tri-block copolymer
to suppress the noise from the oil phase and obtained analysis rates up to 10 Hz by directly coupling
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the droplets through a reinjection module as schematically shown in Figure 8b [102]. They tested the
system using antibody (Trastuzumab)-containing droplets of approximately 400 pL volume. The results
obtained from the droplet system were compared to conventionally sprayed sample solutions and
very similar results were obtained.

7. Other Label-free Droplet Sensing Methods

Apart from the above-mentioned commonly used tools, there are other label-free droplet sensing
systems. In this section, a selection of these systems is given. We would like to emphasize that our
classification is solely based on the commonality of the approach such that the studies listed in this
section are less frequently used techniques compared to the methods explained in the previous sections.

7.1. Nuclear Magnetic Resonance (NMR) Spectroscopy

Droplet fluidic systems have also been integrated with nuclear magnetic resonance (NMR)
spectroscopy. Similar to MS, NMR is a very advanced characterization system which is standard across
chemical analysis laboratories. However, there is a major difference between NMR and MS for droplet
analysis. Unlike MS analysis, flow through NMR devices allow the sample to be recollected for further
analysis. Thus, NMR characterization can be integrated within a sequential droplet analysis workflow.

Kautz, Goetzinger, and Karger explain a system for the analysis of segmented flow droplets
using a microcoil probe which is more sensitive due to reduced coil diameter and reduced noise [103].
The droplet samples were formed inside tubings using a fluid handling unit. Sample solutions were
placed in a 96-well plate. The droplets were transferred to the NMR probe and the flow was stopped
when droplets were centered on the NMR coil. In this study, they tested the throughput of the unit for
sequential analysis of samples. They also checked cross-contamination between droplets. This study
concluded that high throughput NMR analysis of segmented droplets can be achieved at a rate of
1.5 min/sample including the sample change time. Compared to the commercial high throughput
NMR methods, segmented flow integrated NMR yields 20-fold less solvent consumption. As pointed
out by this article, the main benefit of segmented flow droplet NMR analysis is preventing the sample
dispersion or sample loss experienced in other continuous flow type NMR systems.

Lin and Kautz et al. have further improved this system for trace chemical detection [104]. In this
study, the authors present a high-end analysis tool which can perform MS analysis and segmented
flow NMR followed by LC. 98% of the sample was used for droplet microcoil measurement, whereas
2% was needed for ESI-MS. The authors showed analysis of a bioactive cyanobacterial extract in
addition to the reproducibility and performance characterization results obtained by known quantities
of drugs: cycloheximide, indapamide, digitoxin, and taxol. As in the previous work, a fluorocarbon oil
continuous phase was used, and wash plugs were formed to prevent cross-contamination between
sample plugs. A commercially available NMR probe was used in this study.

In 2013, Kautz, Wang, and Giese demonstrated NMR analysis of very low volume samples for
DNA adduct characterization [105]. Only 1.5 uL of sample was used for the analysis. Although
most commercial microcoil probes use sample volumes on the order of microliters, there is still
significant dead volume due to sample loading and adhesion to the tubing walls. The use of segmented
droplets eliminates all these problems. They have shown the acquisition of 1D and 2D spectra as a
complementary technique to MS for identification of adduct structure.

7.2. X-ray Diffraction/Scattering Analysis

X-ray diffraction and scattering analysis give the atomic structure of crystalline materials.
The integration of droplet systems with X-ray analysis devices bares challenges similar to NMR that is
mostly about interfacing. Rustem Ismagilov’s group has shown fascinating examples of such integration
that resulted in a commercial system called CrystalCards® droplet chips by Protein BioSolutions.

They showed the very first crystallographic characterization of protein crystals formed inside a
segmented droplet system in 2004 [106]. They used a T-junction geometry, where they were able to
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change the ratio of the protein solution and the precipitant to find the optimal concentration of the mix.
They achieved protein crystallization by vapor diffusion inside capillaries using alternating droplets of
the sample and high concentration salt solutions. Using thin-walled capillaries, they were able to get
in-line XRD measurements to screen crystal formation conditions by avoiding the manual handling of
the formed crystals [107].

Stehle and Seiffert et al. showed a similar study where detection of segmented droplets was
performed by a small angle X-ray scattering (SAXS) system [108]. SAXS is used to probe the size,
structure, and concentration of particles. In this example, gold nanoparticles in aqueous solutions
were characterized using two segmented flow systems. In the first one, PDMS chips were used and
pre-formed nanoparticles were loaded into droplets as the dispersed phase and then the outlet of the
chip is coupled to SAXS detectors. Rectangular and circular detection tubes with a wall thickness of
just 10 mm were used. For the second system, glass capillaries were used to form segmented droplets
and nanoparticle synthesis was also achieved inside droplets. Then, droplets were directed to the
SAXS detection unit. This study highlights an important distinction between PDMS segmented flow
systems and glass capillary-type systems. When glass capillaries were used to generate the droplets,
the choice of materials was less restricted in comparison to porous PDMS devices which swell with
solvents. The outputs of both systems were coupled to the SAXS detection and the spectra were
obtained successfully. An elliptical shape X-ray beam was used to reduce artifacts due to the capillary
walls. Model experiments for both systems were provided in this study to prove the ability to use
SAXS for segmented droplet experiments.

As seen from the examples given in this section, when droplets are required to be characterized
by conventional instruments, the major issue is interfacing the droplets with the measurement
platform. For such examples, the droplets formed inside tubings, i.e., segmented droplet systems,
are advantageous since droplets can be transferred between tubings that may have different diameters
and are made up of different materials. Hence, the interfacing of droplet samples can be handled
relatively easily. Additionally, since most of the instruments have a long distance between sample
introduction port and the measurement section, droplets should confine the integrity of the sample
plug by avoiding sample dispersion [109]. Therefore, segmented flow droplets seem to be the best
choice for integration of droplet platforms with advanced characterization systems.

8. Discussion and Conclusions

Droplet microfluidic platforms and their applications show a wide variety. Most studies in this
field were published by multi-disciplinary teams that can bring together multiple modalities for a
given application. The main concern when designing a droplet system is determining the droplet
platform and the detection scheme to be used. As seen in this review, this decision is strongly coupled,
and specifications of the whole system should be taken into account. For most biochemical analysis
systems, the first consideration when determining the type of detection system is the limit of detection,
sensitivity, specificity and dynamic range for the analyte that is being detected. These metrics heavily
rely on the type of the instrument that is used and its coupling with the droplet fluidic system; therefore,
it is not easy to draw an absolute comparison between different methods. Cost, portability and the
need for calibration are some other concerns that should be evaluated considering the specifications of
a given application. We hope the literature provided in this article would be a good starting point for
researchers designing a system from scratch.

Another major criterion when selecting the detection system is the throughput that is required,
i.e., the number of droplets to be sensed in a given time. Droplet fluidic platforms can generate a vast
amount of data from small amounts of liquid by high droplet generation rate abilities. The advancing
droplet technology platforms put a burden on the detection systems to analyze each and every droplet
at high speeds, preferably at rates matching the droplet generation rate so that real-time analysis is
possible. Therefore, continuous improvement is needed in the label-free detection techniques to keep
up with the advancements in droplet technologies, so that the detection module is not the limiting part
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of an integrated system. For very high throughput applications, array-based detection systems, such
as image-processing-based optical detection, are favorable. However, most detection platforms have
singular detection units and multiplexing is achieved by placing multiple sensors on the same device.
For such a case, the footprint of the sensor is an important concern together with the potential cross-talk
between closely placed sensors. In that respect, electrical sensing platforms, especially impedimetric
detection, are quite advantageous due to the know-how accumulated in microfabrication of electronic
circuitries and sensors.

One of the concerns that should be taken into account when selecting a label-free detection method
is the degree of design change required in the fluidic architecture. The ability to decouple the fluidic
design from the sensor design allows the system to be more flexible so that the fluidics, which can be
challenging for some droplet systems, especially when complex samples are being used, and the sensor
design can be modified independently. If the two systems are coupled, design changes would be more
time- and budget-consuming. Non-contact detection techniques are more favorable in this regard. Also,
the compatibility of the detection scheme to the droplet platform should be evaluated which would
facilitate the integration of fluidics with the sensor. For instance, implementation of impedimetric
detection on digital droplet systems was one of the first examples of label-free detection examples,
since the basic digital droplet system already houses the electronics required for droplet motion.

So far, the main goal of the droplet sensor platforms was to achieve high sensitivity for certain
biochemical applications of droplet fluidic systems. Recently, exciting developments have been reported in
analysis of nucleic acids (DNA, RNA, miRNA) as well as nanoscale vesicles such as exosomes. Therefore,
there is a need for further shrinking down of the size of the droplets so that these extremely low
concentration analytes can yield detectable signals inside much smaller confined volumes. Most of
the studies reported in the literature use droplets with dimensions of tens to hundred-micron scales.
We believe the next challenge for the scientific community would be to develop methods for droplet
manipulation and sensing at the nanoscale. In addition, integration of organic photodiodes [110,111]
and nanowire- [112] or graphene- [113,114] based field effect transistors with droplet fluidic platforms
may open new avenues. Although we have seen some integration of these novel optical and electrical
sensing modalities in microfluidics, their adaptation by droplet-based platforms have remained limited,
thus demonstrating a potential for future label-free droplet sensing studies.
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