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Abstract

The study of enzyme kinetics is of high significance in understanding metabolic networks in living cells and using enzymes in
industrial applications. To gain insight into the catalytic mechanisms of enzymes, it is necessary to screen an enormous number of
reaction conditions, a process that is typically laborious, time-consuming, and costly when using conventional measurement
techniques. In recent times, droplet-based microfluidic systems have proved themselves to be of great utility in large-scale
biological experimentation, since they consume a minimal sample, operate at high analytical throughput, are characterized by
efficient mass and heat transfer, and offer high levels of integration and automation. The primary goal of this review is the
introduction of novel microfluidic tools and detection methods for use in high-throughput and sensitive analysis of enzyme
kinetics. The first part of this review focuses on introducing basic concepts of enzyme kinetics and describing most common
microfluidic approaches, with a particular focus on segmented flow. Herein, the key advantages include accurate control over the
flow behavior, efficient mass and heat transfer, multiplexing, and high-level integration with detection modalities. The second
part describes the current state-of-the-art platforms for high-throughput and sensitive analysis of enzyme kinetics. In addition to
our categorization of recent advances in measuring enzyme kinetics, we have endeavored to critically assess the limitations of
each of these detection approaches and propose strategies to improve measurements in droplet-based microfluidics.

Keywords Optofluidics - Droplet-based microfluidics - Enzyme kinetics - Fluorescence detection - Label-free detection

Introduction While experimental data concerning the structure of en-

zymes is typically obtained by three well-established methods,

Enzymes are proteins that catalyze biochemical reactions and
are essential for nearly all the metabolic processes that occur
in living cells [1, 2]. Due to their high specificity, enzymes
also find application in a number of industrial processes such
as the synthesis of antibiotics, the production of paper, or
brewing [3-5]. In addition, enzymes play an important role
in many genetic diseases, making them an active research
topic in the health and life sciences [6, 7]. Accordingly, the
study of the kinetics, structure, and function of enzymes as
well as their relationship to each other is of widespread
importance.
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namely X-ray crystallography, NMR, and cryogenic electron
microscopy, numerous alternative techniques can be used to
study the kinetics of enzymes [8—10]. Such methods are nec-
essary due to the great diversity of substrates and products
involved in enzymatic reactions, the need to screen a variety
of reaction conditions, and the varying timescales on which
these reactions take place [11]. The ability to “solve” complete
reaction mechanisms and determine the reaction coefficients
of all involved steps often requires both kinetic and structural
data obtained from different experiments [12, 13]. Modern
enzymology is therefore an interdisciplinary field where the
combination of results from various scientific disciplines is
often needed to provide deep insight.

One such discipline that shows great potential is
microfluidics. Microfluidic systems employ geometrical
structures such as channels and chambers to constrain fluids
to a small, typically submillimeter length scale [14]. This spa-
tially restricted environment influences the physical behavior
of the fluid, with viscous forces becoming more important
when compared to inertial forces. Additionally, mass and heat
transfer is dominated by diffusion rather than convention
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[14-16]. Microfluidic technology is a powerful tool that facil-
itates a variety of complex biological experiments and allows
for the development of highly integrated and fully automated
systems [17, 18]. Expensive and scarce biological samples,
such as enzymes, cells, or DNA, can be handled with ease,
while consuming extremely low volumes [17, 19, 20].

A relatively new but potentially transformative tool for
studying enzyme Kkinetics is droplet-based microfluidics
(DM). These systems leverage immiscibility between input
fluid streams to generate thousands of distinct reaction com-
partments each second using only minute amounts of reagents
[21, 22]. This feature engenders significant application in
ultra-high-throughput experimentation, where enormous
numbers of reactions are screened in short periods of time.
Amongst the biggest challenges facing the use of such tech-
nologies are the establishment of methods capable of creating
user-desired reaction conditions and appropriate strategies for
tracking and probing individual (sub-nL volume) droplets in a
rapid and sensitive manner. The magnitude of recent literature
on microfluidics addresses its broad applicability on develop-
ing strategies for high-throughput screening platforms.

The general aim of this manuscript is to critically re-
view novel microfluidic tools and detection methods for
measuring enzyme kinetics on short- to long-term time-
scales. After a brief introduction into the basic aspects of
enzyme kinetics, we discuss current microfluidic tech-
niques for enzyme analysis and DM research with empha-
sis on unit operations and their advantages in the study of
enzyme kinetics. The second part of this review focuses
on the basic operations (fluidic and detections) commonly
performed when studying enzyme kinetics in droplets and
provides a comprehensive list of available platforms that
use DM for measuring enzyme kinetics.

Enzyme kinetics: basic theory
Enzyme catalysis

Enzyme kinetics describes the study of chemical reactions
catalyzed by enzymes. The primary goal in such studies is to
extract the involved reaction rates and investigate the effects
of varying reaction conditions. As enzymes are essential for
nearly all processes occurring in living cells, knowledge about
rate coefficients is of great importance for understanding met-
abolic networks and their regulation [1, 2, 23]. In addition,
enzyme kinetics is of particular interest in pharmaceutical sci-
ence as many drugs act on enzymes and/or regulate their ac-
tivity [6, 7]. Due to their high specificity, enzymes also find
significant application in industry. Here, enzyme kinetics
plays an important role when trying to improve the enzyme
properties such as temperature stability, activity, or solvent
tolerance [24, 25]. Common and potentially powerful
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approaches for altering the properties of enzymes include di-
rected evolution and rational design [26, 27].

Enzymes are predominantly globular proteins that act on
target molecules, called substrates. Initially, substrate mole-
cules interact with an enzyme’s binding site, before being
transformed into a product (or products) at the active site
[28]. This transformation typically involves several steps. It
is generally agreed that the induced fit model best describes
the binding interaction, suggesting a dynamic adaptation of
both enzyme and substrate leading from an initially weakly
bonded stage to a firmly bonded one [29, 30]. Enzymes, as
with other catalysts, do not alter the thermodynamic equilib-
rium between substrates and products, but rather accelerate
reactions by lowering the energy of the transition state and
thus the required Gibbs energy of activation (A*G®) (Fig.
la) [31, 32]. By varying accessible reaction conditions and
investigating their influence on the observed kinetics, it is
often possible to identify rate-limiting steps within complex
reaction schemes. This aids the identification of potential cat-
alytic mechanisms that are involved in the reduction of the
transition state energy [33-35].

Steady-state and pre-steady-state kinetics

One of the oldest and best-known models for studying en-
zyme kinetics was introduced in 1913 by Leonor Michaelis
and Maud Menten [36]. The reaction scheme (1) involves a
substrate, S, binding to an enzyme, E, forming an enzyme-—
substrate complex, ES, in a reversible manner. Finally, the
enzyme catalyzes the formation of the product, P.

kon kcat
E+S = ES — E+P (1)
koff

The Michaelis—Menten equation (2) can be derived assum-
ing the quasi-steady-state condition d[ES|/dt = 0, where v
denotes the reaction rate while V. and Ky are the maximum
achievable reaction rate at saturation and the Michaelis con-
stant, respectively [37].

APl Vi 1)

R [S]o>Km + [E], (2)

Although the Michaelis—Menten equation is a simplistic
model that only describes certain, one-substrate enzymatic
reactions, Michaelis—Menten-type kinetics is still an important
tool. The constants V. = kealElo and Ky = (ko + keat)/kon
can either be extracted by fitting the Michaelis—Menten equa-
tion to measurements of the initial reaction velocity for differ-
ent substrate concentrations or by a full-time course analysis
(Fig. 1b) [13]. In contrast to Michaelis—Menten kinetics, pre-
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Fig. 1T Enzyme catalysis. a An exemplary free energy diagram of an
enzymatic reaction. Compared to the uncatalyzed reaction (black), the
catalyzed pathway (red) exhibits a lower Gibbs energy of activation
(A*G®), while the thermodynamic equilibrium stays unchanged
(AGG). (E, enzyme; S, substrate; P, product; ES, enzyme—substrate
complex; EP, enzyme—product complex; I, transition state). b

steady-state kinetic analysis is concerned with the initial, tran-
sient phase of the reaction before steady-state concentrations
of enzyme—substrate intermediates are reached [38]. Such ex-
periments, which look at a single catalytic turnover, can pro-
vide insight into reaction mechanisms and are often used to
investigate reaction rates which are inaccessible when using
steady-state kinetics alone [13, 39, 40].

Estimation of rate constants for enzymatic reactions

One of the primary goals of enzyme kinetics is the extraction
and estimation of rate constants. This is normally achieved by
fitting experimental data to an appropriate model. Historically,
most approaches have focused on selecting specific reaction
conditions that result in data which can be fitted analytically
[13]. However, in recent years, computer simulations have
become increasingly important and useful, allowing for the
numerical integration of the rate equations and regression
analysis to fit data [13, 41, 42]. This advance allows for a
direct derivation of the intrinsic rate constants from a reaction
scheme. Furthermore, such an approach does not rely on any
mechanistic assumptions apart from the law of mass action
[13, 43]. In this context, a particularly useful aspect of com-
puter simulations is the ability to perform global analysis,
where different datasets from experimental measurements
are evaluated simultaneously to extract a statistically rigorous
and rich information [42]. These new ways of analyzing ex-
perimental data have direct implications on expedient experi-
mental design. Indeed, they favor the measurement of full-
time course kinetics that are difficult to approximate by
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Michaelis—Menten plot. The reaction velocity is half its maximum
value vy, at a substrate concentration equal to the Michaelis constant
Ky and asymptotically approaches vy, with increasing substrate
concentration. The inset shows steady-state measurements for different
substrate concentrations

analytical solutions but often contain a wealth of condensed
information about the reaction coefficients.

Structure-function relationship of enzymes

Understanding the structure—function relationship of enzymes
is one of the most critical topics in contemporary enzymology
[44, 45]. Enzyme kinetic data are not able to directly provide
information about this relationship, but studies investigating
the influence of temperature and pressure on reaction rates can
be used to reconstruct free energy landscapes and their transi-
tion states [46, 47]. By combining free energy landscape in-
formation with structural data, valuable insights into catalytic
mechanisms can be garnered. In this respect, in silico model-
ing has become a powerful tool for evaluating structure—
function relationships, with significant progress being made
in recent years [46, 48]. Indeed, in the future, it is almost
certain that only interdisciplinary approaches will lead to a
deeper understanding of the detailed catalytic mechanisms of
many enzymes. Figure 2 presents a generic workflow suited to
the uncovering of the details of enzyme catalytic mechanisms.

Microfluidic approaches for measuring
enzyme kinetics

There are numerous methods available to the experimentalists
to measure enzyme kinetics. Common approaches include
continuous assays, typically using spectroscopic detection
techniques [49, 50] as well as discontinuous assays based on
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Fig. 2 Enzymology workflow. The scheme shows possible steps involved in investigating enzymatic reactions

radiometry [51], mass spectroscopy [52], chromatography
[53], and capillary electrophoreses [54]. Spectroscopic mea-
surements can often be performed using standard laboratory
equipment and provide fast and reliable results, especially for
absorbance and fluorescence-based assays. That said, they
often require the synthesis of labeled enzymes or specially
designed substrates that are converted to detectable products
during the reaction. Nevertheless, the current discussion will
exclusively focus on optical techniques due to their applica-
bility, sensitivity, and non-invasive nature.

In general, the nature of the reaction under study will de-
termine which detection technique is most appropriate. For
example, when screening large numbers of distinct reaction
conditions, 96- and 1536-well plates and fluorescence plate
readers are popular choices [55]. Conversely, when investigat-
ing rapid kinetics, it is essential to initiate the reaction as
promptly as possible. Here, popular techniques include
stopped- and quenched-flow analyses, which allow for fast
mixing and short dead times on millisecond timescales (Fig.
3) [56, 57]. Furthermore, there exist more specialized methods
such as flash photolysis [58], temperature or pressure jump
[59, 60], and pump-probe configurations [61] to measure even
faster processes. In addition, of these conventional methods,
recent years have seen the introduction of a variety of novel
microfluidic techniques for the measurement of enzyme kinet-
ics. Figure 4 illustrates some of the most interesting and pow-
erful approaches of these techniques. All these methods are
characterized by their need for only minute amounts of sample
per experiment and their ability to leverage the atypical be-
havior of fluids on the microscale. Microfluidic research is
concerned with the behavior and control of fluids that are
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geometrically constrained within environments having inter-
nal dimensions (hydrodynamic diameters) on a scale of mi-
crons [14]. Two of the most important consequences of
downsizing the spatial dimensions of an experimental system
are an increasing influence of viscous rather than inertial
forces and the enhanced role of diffusion (over convection)
in mass and heat transfer [14—16].

DM systems are well suited for high-throughput ex-
perimentation applications since each droplet can act as
an individual reactor (Fig. 4a) [19]. In addition, many
problems associated with single-phase flow, such as the
interaction of analytes with the channel walls and dis-
persion, can be avoided by using segmented flow [19,
62]. Flow-focusing schemes can be used for extremely
fast mixing of reagents (on the order of a few micro-
seconds) making them particularly useful for probing
rapid reactions (Fig. 4b) [63]. Continuous-flow mixers
make use of special geometries (such as groves in the
channel surface) to efficiently mix solutions under lam-
inar flow conditions (Fig. 4c) [64, 65]. Valve-based
microfluidic systems allow for the implementation of
more complex and user-defined fluidic operations and
as such can be viewed as a microfluidic equivalent to
a well plate with extra functionalities (Fig. 4d) [66].
Finally, femtoliter arrays can be used to study the
kinetics of single enzymes (Fig. 4e) [67]. In this
manner, enzymatic reactions miniaturized to a droplet
volume enable detection of their kinetics at extremely
low concentrations. The enzymatic assays transferred to
this microenvironment often target single-molecule de-
tection [68]. Table 1 provides a summary of the
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introduced microfluidic methods, with advantages, dis-
advantages, and their scope of application. Except for
a few specialized applications, DM achieves superior
performance for investigating a wide range of enzymatic
reactions.

Selection of an appropriate method for a specific enzymatic
reaction is the first step when planning a kinetic experiment.
For the reasons discussed above, we will focus our discussion
exclusively on DM tools for studying enzyme kinetics.

Fig. 4 Approaches for measuring
enzyme kinetics using
microfluidics. a In droplet-based
microfluidic systems, reactions
take place within picoliter—
nanoliter-volume droplets. b
Flow-focusing reactors make use
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Droplet-based microfluidics

Droplet generation and properties of water-in-oil emulsions
In recent years, DM systems have proved themselves to be of
great utility in chemical and biological experimentation [15,
69-71]. In simple terms, DM systems generate, manipulate,
and process isolated droplets contained within an immiscible

carrier fluid. Significantly, these platforms allow for the
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production of monodisperse droplets at rates in excess of tens
of kilohertz and provide for independent control over each
droplet in terms of its size, location, and chemical payload
[72]. Critically, the use of droplets in complex chemical and
biological experiments is enhanced by the ease of performing
various integrated unit operations in an automated manner.
Such operations include droplet generation, merging/fusion
[73], sorting [27], splitting [74], dilution [75], storage [76],
and sampling [77].

Precise control over the droplet formation process is essen-
tial in any chemical or biological experiment, with the ability
to control droplet volume, generation frequency, interface sta-
bility, and solute retention being paramount. Droplets can be
formed via passive or active mechanisms [83]. Put simply,
passive strategies leverage geometrical variations of
microfluidic structures to transform arbitrary volumes of fluid
into defined sub-nanoliter droplets at kilohertz to megahertz
rates [84]. Conversely, active strategies require an external
energy input for droplet formation and manipulation.
Although active methods provide for an enhanced degree of
user control, it is noted that such methods typically produce
droplets at low generation frequencies and require the use of
complex control equipment [85]. For this reason, the follow-
ing discussion will exclusively focus on the use of passive
mechanisms.

Figure 5 illustrates various kinds of droplet generators and
highlights fundamental differences between pressure-driven
segmented and continuous flows. The most common config-
urations for the generation of droplets involve flow focusing
[86], co-flow [87], step emulsification [88], and cross-flow (T-
junction) [89] (Fig. 5a). Flow-focusing and T-junction geom-
etries are the most popular approaches for creating
microfluidic droplets. In a T-junction geometry, an aqueous
solution is discretized into droplets by shear forces induced by
a perpendicular flowing oil stream. In the case of a flow-
focusing geometry, water flows in the middle channel and is
enveloped by two oil streams coming from either side. The

Table 1 Microfluidics for studying enzyme kinetics

two liquid phases are then forced through a small orifice, and
droplets are formed by viscous stress exerted on the inner
phase by the surrounding oil flow. While a T-junction and
flow focusing are the simplest geometries for the microfluidic
formation of droplets, they can be successfully used for pro-
ducing a variety of different droplet sizes with uniform size
distribution. Moreover, both geometries are easy to fabricate
and can operate at a high droplet generation rate. A co-flow
droplet generator consists of a 3D flow-focusing geometry,
mainly used for the formation of double emulsions [90]. The
primary disadvantage of this geometry is that it requires the
lithographic fabrication of a microfluidic device with the inner
capillary to be smaller than, and placed within, the outer cap-
illary. For certain applications that require the formation of
droplets smaller than the downstream channel dimensions,
the T-junction geometry is not suitable. While the flow focus-
ing remains the best geometry to produce sub-micron
microfluidic droplets, when operating in the tip-streaming re-
gime, it suffers from polydispersity and formation of satellite
droplets.

Since the typical size of a microfluidic channel ranges be-
tween tens and hundreds of microns, Reynolds numbers are
almost always very small, with fluid flow being laminar (Fig.
5b). Under such conditions, mixing of fluid streams is medi-
ated solely by diffusion, with the extent of mixing being de-
fined by channel dimensions, the mean diffusion coefficient,
and the average residence time. In practice, this means that
when two or more fluid streams are flowing simultaneously
within a channel, each of the streams maintains its own flow
pattern, with mixing occurring via molecular diffusion across
fluid interfaces. For pressure-driven flow with a parabolic
profile, the dispersion of a solute traveling in a laminar-flow
microfluidic channel along the major axis of the channel is
described by Taylor dispersion (Fig. 5¢). Converting a contin-
uous stream into discrete droplets is a plausible way to prevent
dispersion induced by the parabolic velocity profile. When a
droplet is moving through a straight microchannel, two

Method Advantages

Disadvantages Scope of application

Droplet-based microfluidics No dispersion

High throughput

No contact with channel walls
Low sample consumption
Fast mixing

Fast mixing (ps)

Low sample consumption

Flow-focusing reactors

Continuous-flow mixers Fast mixing

Valve-based microfluidics Precise metering
Complex fluidic operations

Single-enzyme arrays Information on the single-enzyme level

High-throughput screening [78]
Fast enzymatic reactions [62]

Complex fluidic system

Dispersion Protein folding [79, 80]
Low throughput Binding reactions [81]
Dispersion Fast enzymatic reactions [65]

High sample consumption
Low-throughput

cross contamination

High surface-to-volume ratio

Complex reactions [66]

Stochastic processes [82]
Enzyme heterogeneity [67]
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flow, and T-junction are shown. b In pressure-driven continuous flows,
a parabolic flow profile across the channel and laminar flow are observed,
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vortices are induced and mixing occurs via the circulating
flows due to the difference in the direction of the fluid motion
relative to the channel walls (Fig. 5d).

Droplets can be formed using a wide variety of continuous
and discrete phase combinations, but when studying enzymat-
ic reactions, the discrete phase is almost always aqueous.
Primary criteria used in choosing the continuous phase are
biocompatibility, gas permeability, viscosity, surface tension,
and retention of solutes inside the microdroplets. That said,
fluorinated oils, mineral oils, or silicone oils are normally used
[62, 91, 92]. Amongst these, low-viscosity fluorinated oils are
the best choice for many biological assays. Such oils are
chemically inert and exhibit high gas permeabilities.
Additionally, the solubility of most organic chemicals is ex-
tremely low in fluorinated oils, which aids solute retention in
the dispersed phase [93]. To prevent coalescence of droplets
and maintain a stabilized emulsion, it is necessary to add a
surfactant to the continuous phase [94, 95]. Ideally, surfactants
stabilize the liquid-liquid interface and reduce the crosstalk
between droplets without lowering the interfacial tension [94].
Indeed, when using DM systems for high-throughput screen-
ing, it is essential to prevent coalescence and crosstalk be-
tween the droplets on the timescale of the experimental pro-
cess. Overall, selection of appropriate parameters for the drop-
let generation is a crucial aspect of DM experimentation, with
the search for new and improved surfactants being an ongoing
quest [94].

Optical detection methods

The advantages of reducing sample/reagent consumption and
rapid heat and mass transfer are key in defining the utility of
microfluidic systems in biological experimentation. However,
system miniaturization presents some significant challenges
that need to be considered and addressed. Put simply, although

Step emulsification
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Laminar flow

Taylor-Dispersion

|

d Circulating flow inside droplets

==

with diffusion and ¢ parabolic flow giving rise to a higher effective
diffusivity of solutes, a phenomenon called Taylor dispersion. d In
contrast, segmented flows prevent dispersion of the discontinuous phase
and induce circulating flows within droplets

system downscaling leads to substantial improvements in an-
alytical performance, these gains are in many ways offset by a
reduction in the number of molecules which must be detected
to report the chemical or biological state of the system. For
DM systems, where droplet volumes are typically no bigger
than a few tens of picoliters and droplet velocities are high,
detection is a significant issue faced in almost all experiments.

Due to the relatively small number of molecules that reside
within a picoliter-volume droplet, and the reduced optical path
lengths that are characteristic of microfluidic environments, it
is critical to choose a detection technique which can sensitive-
ly and accurately extract the required chemical and biological
information at small numbers of molecules. Unsurprisingly,
an enormous variety of fluorescence-based detectors have
been used in DM experiments. These commonly involve the
use of camera-based approaches or single-point analysis based
on photomultiplier tube detection. For example, wide-field
fluorescence imaging can be used to record the fluorescent
intensities from thousands of droplets in a simultaneous fash-
ion [96]. By imaging droplet arrays, large-scale (millions)
measurements of enzyme activities of single cells can be
achieved in a direct manner [97]. Indeed, it should be noted
that wide-field fluorescence imaging systems have already
been used to detect one million droplets in a single image to
quantify DNA in droplet-based PCR with a high dynamic
range [98]. A key limitation of fluorescence imaging in quan-
titative analysis relates to the frame rate of a CCD camera
typically being much lower than the frequency of droplet gen-
eration. Accordingly, image-based fluorescence detection is
ill-suited to applications where individual droplets need to
be analyzed individually in flow and on short timescales.
Single-point fluorescence detection schemes solve this prob-
lem by employing a photodetector. The popularity of single-
point fluorescence detection owes much to its facile integra-
tion with DM formats [99, 100], exquisite sensitivity and low
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limits of detection (down to the single-molecule level) [101,
102], high information content, and ability to operate on ultra-
short timescales [103, 104]. Additionally, single-point detec-
tors have been used in microfluidic fluorescence-activated
droplet-sorting platforms for single-cell sorting at kilohertz
rates [105], low-abundance biomarker detection [106], and
protein evolution [107].

Despite the utility of fluorescence-based techniques, they
are not without their problems. Commonly used fluorophores
suffer from photobleaching and are often only suitable for
end-point detection schemes. Conversely, real-time binding
measurements require extended exposure of fluorophores to
the excitation of a light beam. Moreover, the efficient use of
fluorescence-based detection at low (sub-nM) analyte concen-
trations requires the use of fluorophores having large fluores-
cence quantum efficiencies. Although the number of synthetic
fluorophores available to the experimentalist is vast, and al-
most any biological, chemical, or physical process can be
monitored through the addition of a fluorescent moiety, this
feature always presents an unnatural intrusion. In this respect,
it is clearly desirable to have alternative detection strategies
that provide rapid and sensitive detection of analyte molecules
in a label-free manner.

UV-visible absorption spectroscopy is widely used in
chemical analysis for the quantitative determination of molec-
ular species. Its operational and instrumental simplicity has
made it extremely popular for a diversity of macro- and mi-
croscale applications [108]. Moreover, when compared to
fluorescence-based techniques, absorbance spectroscopy is
less susceptible to bleaching and saturation, due to the higher
photostability of non-fluorescent analytes. However, the per-
formance and application of absorbance spectroscopy within
microfluidic systems are severely compromised by reduced
optical pathlengths, which directly affect both sensitivity and
concentration detection limits [109]. This issue is especially
problematic when probing picoliter-volume droplets moving
at high linear velocities through microfluidic channels. To
date, two main approaches have been used to overcome
pathlength issues in DM systems. The first is to use single-
pass extended pathlength techniques, which rely on modify-
ing the fluidic path to stretch the droplet and increase the
optical pathlength, e.g., through the use of Z-shaped channel
structure (Fig. 6a) [110]. Using such an approach, a detection
limit of 400 nM for fluorescein in water was achieved at a
droplet frequency of 65 Hz. Such approaches typically access
concentration detection limits in the high micromolar range. In
contrast, multi-pass and cavity-enhanced techniques increase
the effective optical pathlength by directing the optical beam
multiple times through the analyte solution, yielding detection
limits in the high nanomolar range, but at the expense of
infrastructural complexity and large sample volumes [111,
112]. To address this significant limitation, Maceiczyk et al.
used differential detection photothermal interferometry
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(DDPI) for single-point absorbance measurements in sub-
picoliter-volume droplets in excess of 1 kHz with a detection
limit of 1.4 umol/L for erythrosin B (Fig. 6b) [113].

Droplet-based systems for measuring enzyme
kinetics

DM systems are of enormous value in the study of enzymes
for two general reasons. First, they are perfectly suited to high-
throughput screening of a variety of reaction conditions due to
their ability to create huge numbers of discrete droplets with
controllable payloads, and second, rapid reactions can be
probed with precision, due to ultra-fast reagent mixing via
chaotic advection [62]. Droplets moving through a
microfluidic channel unite and have the advantages of batch
reactors (such as the absence of residence time distributions)
with the benefits of flow reactors (such as the ability to con-
tinuously change reaction conditions). Moreover, the space-
to-time relationship of moving droplets allows for image-
based detection schemes with different positions in the image
corresponding to different reaction/incubation times. This
means that the integration time for signal acquisition is
decoupled from the achievable time resolution of the measure-
ment, which makes it possible to average the signal from a
great number of droplets passing a detection point to improve
the sensitivity. Figure 7 shows a schematic of an enzymatic
reaction occurring within a droplet. A droplet provides a mi-
croenvironment, isolated from the channel walls and other
droplets by the surrounding continuous phase. This, in princi-
ple, makes droplets almost perfect microreactors, but often,
retention of solutes within each droplet is not complete.
Accordingly, the choice of an appropriate fluidic system,
where the solutes are retained inside the droplets, is of great
importance.

General workflow

The main application of DM is high-throughput experimenta-
tion. Apart from rapid and controlled heat and mass transfer
and the reduced reagent consumption inherent to most
microfluidic systems, there are a range of additional benefits
associated with using segmented flows when screening a large
number of reactions [16]. First, highly monodisperse droplets
can be generated readily at kilohertz frequencies, where every
single droplet can be viewed as a discrete reactor moving at a
constant velocity [83]. In addition, the volume of such drop-
lets is small, typically between femtoliters and nanoliters, and
there is no contact between the droplet and channel walls,
preventing contamination and other unfavorable interactions
[83]. Finally, the sequential and automated use of established
unit operations greatly facilitates the implementation of com-
plex analytical procedures. Almost all experiments involving
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droplets require the performance of additional manipulations
subsequent to droplet generation. In this respect, a variety of
functional components for droplet manipulations have been
documented in literature. These include tools for droplet
mixing [62], splitting [74], merging [73], incubation [114],
reinjection [115], and dosing [19].

Certain basic operations are commonly performed when
studying enzyme kinetics in droplets. These are typically re-
agent encapsulation into a droplet, reagent mixing, incubation,
and detection. Additional operations are then used on a case-
by-case basis to create concentration gradients, multiplex

Fig. 7 Enzymatic reaction
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reactions, or barcode droplets. This general workflow is now
summarized, with an explanation of the involved operations
and possible implementations. Table 2 presents a brief sum-
mary of the operations discussed below. Methods for creating
concentration gradients, reagent delivery, mixing, and detec-
tion are schematically illustrated in Fig. 8.

DM systems are ideal for a range of high-throughput screen-
ing experiments. To make full use of their many advantageous
features, it is essential to find ways of creating different reaction
conditions by varying parameters such as temperature, substrate
concentration, pH, and concentration of enzyme inhibitors. The
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reaction temperature is normally hard to control at the single-
droplet level, but fast heat transfer in microfluidics makes it
possible to rapidly and precisely control temperature on a global
level between different experiments. In contrast, a vast range of
different reaction conditions (within a single segmented flow)
can be created via concentration gradient or multiplexing tech-
niques (Fig. 8a). Concentration gradients are most easily created
in a continuous flow prior to droplet formation, with the varia-
tion of relative flow rates between different fluid inputs over time
being achieved by the control of pumps. Unfortunately, this
method only allows for relatively small dilution factors due to
instabilities and fluctuations at low volumetric flow rates [62,
96]. Other approaches depend on the diffusion of solutes be-
tween adjacent laminar flow streams, followed by division of
the flow into several parallel channels [116], or by the repeated
splitting and recombination of two or more flows in tree-shaped
networks, where the relative flow rates in the different channels
are controlled by the corresponding hydrodynamic resistances
[117]. Such methods are capable of forming complex concen-
tration gradients with excellent control and stability in parallel
channels. However, the common need to parallelize droplet for-
mation limits the number of accessible concentrations per exper-
iment [116, 118]. An additional and elegant way to create con-
centration gradients of several orders of magnitude relies on
Taylor dispersion, where a small volume of analyte is injected
into a flowing stream of buffer [19]. Dispersion takes place due
to a combination of the parabolic flow profile and diffusion of
the analyte, leading to an evolving concentration gradient, which
can then be segmented into droplets. Finally, it is also possible to
create concentration gradients subsequent to the droplet forma-
tion process by the repetitive merging, mixing, and re-splitting of
small delivery droplets with a static sample droplet, whereby a
sequence of droplets with a well-defined differences in sample
concentrations are created [75].

Multiplexing reaction conditions is an efficient way to ex-
tend the accessible parameter space (Fig. 8b). The easiest way
to deliver reagents is during the actual process of droplet for-
mation [62, 96]. Subsequently, it is possible to inject liquids
from external channels into passing droplets in a controlled
manner using an electric field to destabilize the interfaces tem-
porally [119, 120]. This process is commonly termed “pico-
injection.” The later technique requires the addition of elec-
trodes close to the microchannels, thus complexifying the
microfabrication and experimental setup, but allows the precise
control of the coalescence at very high frequencies since the
electric field can be actively turned on and off. As an example,
picoinjectors [121] can be used to add a picoliter volume to
chosen droplets at a kilohertz rate. The electrical field ruptures
the film separating the droplet and the reagent, allowing the
reagent to be injected with great precision. Alternatively, merg-
ing of preformed droplets using both passive and active ap-
proaches can be used to meter reagents in a precise and rapid
manner [122]. Controlled coalescence of droplets is an impor-
tant method to perform reactions in droplets especially under
the condition that two isolated droplet reactors containing in-
termediates from previous reaction steps need to be mixed for
continuing to the next step reaction. Passive methods rely on
geometrical or physico-chemical induction. Active methods
provide higher fusion efficiencies at the expense of more com-
plex equipment. Active fusion, for example, can be achieved
through electrical coalescence by flowing a pair of droplets
through a region of high electric field which destabilizes the
interphase of the droplets, causing merging [123]. A combina-
torial approach to produce different reaction conditions could,
for example, involve the fusion of droplets or involve the use
of pico-injectors and preformed droplet libraries [119]. Since
the droplet sequence is generally lost during the process of
multiplexing, it becomes necessary to use barcodes to identify

Table 2 Workflow for measuring

enzymatic reactions in droplets Step Operation Methods

(e))] Concentration gradient On-chip dilution by changing relative flow rates [62, 96]
Taylor dispersion of reagents prior to encapsulation [19]
Flow distribution and diffusion [116, 118]

2) Reagent encapsulation Droplet formation [62, 96]
Picoinjector [119, 120]
Droplet fusion [122]

(2b) Droplet indexing/barcoding Barcodes (e.g., fluorescent dyes) [96, 119]
Secondary indexing droplets [126]

3) Mixing Channel geometry inducing chaotic advection [62, 96, 125]

4) Incubation Sequential in channel or using incubation chambers [96, 119]
Static in an array or off-chip [97, 105]

5) Detection Single-point approaches [19, 119]

Image-based approaches [62, 96]
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parallel channels (117) or using Taylor dispersion of samples injected into
a pressure-driven continuous flow (19). b The easiest way to deliver
reagents into droplets is during their formation (62,96). Afterwards, it is

the different reaction environments within each droplet. Here,
simultaneous “reading” of the barcode and detection of the
enzymatic reaction is essential to maintain analytical through-
put. The most common strategy for barcoding droplets relies
on fluorescent dyes, e.g., by initially adding them to a solution
containing a reagent, which usually guarantees that the con-
centrations of reagent and barcoding dye stay proportional dur-
ing the multiplexing [96, 119].

Normally, mixing of delivered reagents is used to initiate an
enzymatic reaction (Fig. 8c). Mixing inside droplets can be
achieved using channel geometries which lead to chaotic ad-
vection, e.g., winding channels [124]. In this manner, the fluid
inside the droplet undergoes stretching, folding, and reorien-
tation to achieve fast mixing even in sub-millisecond time-
scale under certain conditions. Accordingly, the efficiency
and robustness of the mixing process have a direct influence
on the time resolution of the measurement. Typically, mixing
in picoliter-volume droplets is a diffusion-controlled process,
characterized most easily using the Péclet number. An elegant
and popular approach to increase mixing efficiencies and re-
duce mixing times involves the use of a serpentine channel
geometry to introduce chaotic advection and exponentially
reduce the diffusion distances for mixing as a function of
distance (or time) traveled [62, 96, 125].\

As soon as a reaction is initiated, the incubation can begin
(Fig. 8d). During incubation, maintenance of the droplet

FORFONNY
all

Droplet fusion

jo: Q=

Static detection (traps)

possible to add reagents by picoinjection (122) or the fusion of droplets
(124), whereby electric fields are applied in both cases to temporarily
destabilize the interfaces of the droplets. ¢ The most common approach
to mix reagents inside droplets is by chaotic advection, induced by the
motion of droplets through serpentine channels (125). d Incubation of
droplets on-chip can either be performed in flow (1, 115) or static by
using traps to capture the droplets (128)

sequence (and hence identity) typically requires the use of
narrow channels, whose width does not significantly exceed
the diameter of the droplets. This leads to significant
backpressures in longer channels, which ultimately limits ac-
cessible observation times. The use of wide channels or cham-
bers extends the accessible reaction time; however, this almost
always means that the droplet sequence is randomized,
resulting in finite residence time distributions. Bespoke cham-
bers, separated by narrow channels, which induce a redistri-
bution of droplets upon passage, have been used to minimize
the dispersion [114], and for slow reactions, it is possible to
separate the process of droplet generation and incubation into
two consecutive operations. This enables droplet incubation
off-chip or droplet trapping within static arrays on-chip [92,
97]. After off-chip incubation, they can be reinjected for fur-
ther analysis

The detection and analysis of an enzymatic reaction occur
during or after droplet incubation (Fig. 8d). Methods for mea-
suring reaction progress can be broadly divided into image-
based, single-point, and end-point detection schemes. Image-
based approaches have the advantage of providing simulta-
neous access to different time points of the reaction (through
analysis of multiple droplets) but normally require the use of
epifluorescence microscopy [62, 96]. Recently, Maillot et al.
used a streak camera to extract time-resolved fluorescence
information from droplets and investigate the biomolecular
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out-of-equilibrium reaction between rapidly mixed bovine se-
rum albumin and Paten blue V [127]. They found evidence of
a heterogeneous structural relaxation of the formed protein—
dye complex over a 120-ms timescale. In contrast, single-
point detection schemes require sequential measurements (at
different spatial locations) to access temporal information, but
allow for the adoption of a wider range of detection tech-
niques, such as laser-induced fluorescence, fluorescence life-
time spectroscopy, fluorescence polarization spectroscopy, ab-
sorption spectroscopy, electrochemical detection, and Raman
spectroscopy [77].

Finally, there exist analysis techniques that only allow for
endpoint analysis such as capillary electrophoresis [128]. This
method provides quantitative information regarding complex
analytical environments within droplets; however, it allows
only for a single detection per droplet. Accordingly, it is clear
that all the detection strategies discussed above have specific
advantages and disadvantages. Recently, Ouimet et al. pre-
sented a new microfluidic approach for introducing droplets
to chip electrophoresis by removing the carrier phase based on
its density with a throughput of about 10 s/sample [129]. The
utility of this device was demonstrated for protein—protein
interactions and enzymatic assays. Nevertheless, it should be
noted that the majority of research incorporating DM for the
measurement of enzyme kinetics relies on time-integrated
fluorescence measurements due to excellent sensitivity and
precision, straightforward implementation, and compatibility
with high-throughput screening approaches. That said, the
primary drawback associated with the use of such methods
is need for fluorescently labeled enzymes or special
fluorogenic substrates.

State of the art

In this section, an extended discussion of prior studies that
have utilized DM for the study of enzyme kinetics is present-
ed. Despite the compelling advantages of DM, currently, there
is a surprising lack of appropriate platforms for measuring
enzyme kinetics in high-throughput.

Song et al. [62] were the first to report a successful DM
system for measuring enzymatic reactions in droplets. In this
study, epifluorescence imaging was used to extract kinetic
data from droplets, with millisecond timescale reaction kinet-
ics being accessible through consideration of mixing with
their kinetic models. To ensure adequate sensitivity, the au-
thors used long exposure times (in the range of seconds) to
acquire images constructed from the average signal of many
hundreds of homogeneous (identical) droplets. This approach
is well suited for the detection of rapid reactions, but has little
utility for high-throughput applications, since detection relies
on droplet ensemble measurements. However, most kinetic
experiments in DM have relied on averaging signals over
large numbers of droplets and are thus poorly suited to
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resolving dynamics at the single-droplet level. To address this
issue, Hess et al. presented a novel imaging method based on
stroboscopic illumination to characterize enzyme—inhibitor re-
action kinetics by tracking individual, rapidly moving droplets
that contained varying concentrations of substrate [96]. Fradet
et al. developed a droplet-based microfluidic platform to mea-
sure the kinetics of (3-d-glucosidase using static droplets on
demand. Briefly, droplets containing enzyme and colorimetric
substrate (4-nitrophenyl (3-D-glucopyranoside) were fused
and the accumulation of the product was detected by an opti-
cal microscope [130].This method allows monitoring of both
fast and slow reactions with the same device using minute
amounts of reagents.

Compartmentalized multistep enzyme cascades can be
generated by using enzymes as the functional and structural
element of the membrane. Production of water-in-oil emul-
sions, stabilized by enzyme conjugates called proteinosomes,
can be transferred to a microfluidic platform, allowing for
high-throughput processing [131]. The generation of
proteinosomes exhibiting a two-enzyme cascade was demon-
strated with membrane-bound poly (N-isopropylacrylamide)-
GOx encapsulating horseradish peroxidase. Importantly, the
resulting proteinosomes had superior monodispersity and
higher enzymatic activity when compared to droplets pro-
duced using bulk methods.

Unlike conventional wide-field imaging of a homogeneous
set of droplets in kinetic analysis, (which provide average
values by integrating images over many seconds), single-
point detection schemes can probe reaction kinetics with
single-droplet resolution [132, 133], providing quantitative
and accurate information relating to droplet heterogeneity. In
a related study, Hassan et al. [134] developed a multi-detector
approach, where enzymatic reactions in droplets can be
probed at different positions along a microfluidic channel.
Here, an absorption-based detection scheme was successful
in realizing single-droplet resolution. Such an approach has
the advantage that all detection components can be imple-
mented at low cost, but suffers from a relatively low through-
put and poor concentration limits of detection (Fig. 9b). A
single-point detection absorbance approach for measuring en-
zymatic kinetics was demonstrated by Mao et al. by integrat-
ing optical fibers within a droplet-based microfluidic platform
[135]. The reaction kinetics was measured by changing the
reaction time through the adjustment of the droplet velocity
inside the microchannel. As mentioned previously, DDPI is a
relatively new tool for fast and sensitive single-point absor-
bance measurements in picoliter- and femtoliter-volume drop-
lets with limits of detection as low as 0.1 uM [113]. This
method was successfully applied to extract the Michaelis con-
stant for the reaction of [3-galactosidase and chlorophenol-
red-3-D-galactopyranoside. However, apart from this study,
there has not been any report of high-throughput photothermal
absorbance spectroscopy studies in microfluidics droplets.
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This can be attributed to several problems that arise when
carrying out thermal lens spectroscopy in such environments.
First, at typical droplet generation frequencies, droplets spend
less than a millisecond in the excitation laser volume.
Accordingly, the measurement bandwidth must be large
enough to capture the flowing droplet at a short transit time.
Second, the passing droplets can introduce significant noise at
frequencies up to tens of kilohertz. Finally, even if the refrac-
tive indices of continuous and discrete phases are matched, the
passing droplet will introduce a significant phase shift of the
probe laser beam. This phase shift interferes with noise can-
celation in interferometric methods such as DDPI or differen-
tial interference contrast thermal lens microscopy (DIC-TLM)
[136]. In the context of label-free detection, Polshin et al.
demonstrated the integration of microfluidics with FT-IR mi-
croscopy for real-time monitoring of the enzymatic oxidation
of glucose by glucose oxidase [137].

Towards addressing the challenge of producing
microfluidic-based concentration gradients in a way that every
droplet represents one unique reagent combination, Gielen
et al. used a robotic compartment-on-demand (COD) platform
for the automatic formation of droplets with different substrate
concentrations coupled with absorbance-based detection
[138]. A simple micro capillary technique was used to gener-
ate aqueous droplets by applying negative pressure on a tub-
ing inserted into an open well filled with the sample (e.g., a
titerplate). Precise control of the generated droplet content
enabled the generation of large concentration gradients.
Such concentration gradients were subsequently used to de-
termine the steady-state kinetic parameters of haloalkane
dehalogenase using 150 enzyme/substrate/inhibitor combina-
tions in less than 5 min. This platform is cost-effective, easy to
assemble using only a fraction (~ 100-fold less) of the re-
agents consumed in a microwell format. Droplet microfluidics
with its isolated compartments provides a tool to perform
many individual experiments in parallel. Wei et al. [139] de-
veloped a microfluidic dilution system capable of automati-
cally generating a large and tunable range of concentration
gradients (6 orders of magnitude) in 8-nL droplet arrays.
The system was developed by combining a droplet robot plat-
form with a unilateral dispersion approach. The droplet robot
enables the automated screening of hundreds of samples by
directly interfacing a commercial multiwell plate to the
nanoliter droplet-array chip. The versatility of this system
was validated by screening enzyme inhibitors from a library
of 102 compounds leading to approximate 1600-fold reduc-
tion in enzyme consumption compared with multiwell plate-
based assays. The increasing push towards higher density for-
mats has led to the development of high-throughput/lower-
volume assay formats. Towards this goal, Lee et al. developed
a platform consisting of microvalves for droplet generation
combined with a droplet storage array [140]. Within this array,
high-resolution concentration gradients were obtained by
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merging binary concentrations of droplets. As a proof of con-
cept, a dose-responsive inhibition reaction with f3-
galactosidase was performed. This system can serve as a gen-
eral assay platform capable of high-throughput screening.

A successful method to multiplex enzyme kinetics mea-
surements within droplet flows was demonstrated by
Jambovane et al. [141] using a series of valve-based injections
of reagents into droplets, followed by fluorescence imaging.
The authors were able to determine Ky; and %, for two me-
talloproteinases within a single experiment using only 10-pL-
sized droplets. Additionally, Sjostrom et al. [119] used pico-
injectors to add substrate to preformed droplets from a
barcoded droplet library containing enzyme and inhibitor at
varying concentrations. Here, detection relied on single-point
measurements using laser-induced fluorescence (Fig. 9c).
Other studies, notably those by Bui et al. [116] and Damean
et al. [118], have used microfluidic devices that leverage flow
splitting and diffusion to create a concentration gradient of a
fluorogenic substrate in neighboring channels, followed by
the addition of enzyme and parallel droplet generation. Both
studies used epifluorescence imaging to quantify reaction ki-
netics in multiple channels simultaneously. While such an
approach allows for stable and controllable concentration gra-
dient formation, the ability to extend the system to larger
numbers of reaction conditions is limited (Fig. 9d). Han and
co-workers [142] introduced an elegant way to access differ-
ent reaction times using an amperometry-based single-point
detection method, where pneumatic valves are used to control
the length of the incubation channel that droplets must transit
until reaching the detection zone. This approach enables con-
secutive measurements after different incubation times using
endpoint detection methods (Fig. 9e).

Kinetic analysis of large chemical compound libraries
forms an essential part of early-stage drug discovery, and
DM have been developed to enable such measurements.
Due to fast droplet generation rates combined with reduced
sample volumes, high-throughput screening of large chemical
compound libraries is possible. Rather than generating dose-
response curves by traditional methods (which are built from
< 10 data points per compound), Miller and co-workers [19]
have demonstrated the highest level of integration in a fully
automated screening platform. In their system, an autosampler
is used to inject possible inhibitors from a chemical library
containing 704 compounds into a buffer stream. A concentra-
tion gradient (in excess of three orders of magnitude) is then
created by Taylor dispersion and approximately 10,000 drop-
lets per compound formed after the addition of enzyme and
substrate. Droplets could be incubated in a delay channel, with
laser-induced fluorescence detection taking place after an in-
cubation time 0f 210 s. This is currently the only droplet-based
platform for measuring enzyme Kkinetics in a fully unsuper-
vised manner and the first demonstration of an application that
goes beyond proof of principle (Fig. 91).
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Conclusions and future perspectives

In this review, we discussed general strategies for the use of
DM in the study of enzyme kinetics. Although significant
improvements have been made within the last decade, there
is still room left for studies focused on developing strategies
for high-throughput kinetic screening, improving the time res-
olution of kinetic measurements, and the implementation of
novel optical detection schemes in the context of DM.

Herein, we have presented some of the most important
advantages of DM systems for high-throughput screening
and the measurement of fast reactions providing generalized
workflows for measuring enzymatic reactions. This consti-
tutes a niche application of DM since the potential to create
and analyse enormous amounts of kinetic data, using DM
combined with novel computational methods, is undoubted.
The advantages of computer simulations to fit data using nu-
merical integration of the rate equations, as well as the use of
global fitting to extract maximal information regarding reac-
tion constants, provide valuable tools to researchers for
obtaining insights into complex reaction mechanisms. Since
these approaches profit from the combination of multiple data
sets recorded under different reaction conditions, new tech-
niques capable of screening enzymatic reactions are of un-
doubted interest and importance. The biggest challenge for
multiparametric screening experiments is to find new and ef-
ficient ways to create series of droplets with varying and well-
defined payloads in an automated fashion. In addition, the use
of microfluidic platforms instead of conventional analysis of-
fers low sample consumption and high analytical throughput,
which allow extensive sampling of reaction parameter space.
By combining different unit operations with automation, it is
possible to build complex, integrated systems for monitoring
multi-step kinetic processes with real-time detection.

Mixing/mass and heat transfer effects taking place in
droplet-based microfluidic systems are considered one of the
most important features for monitoring fast reactions. To gain
access to the transient phase of enzymatic reactions, which
often provides valuable information about the catalytic mech-
anism, new microfluidic platforms with improved time reso-
lution and sensitivity have to be developed. Additionally, due
to rapid heat transfer (the large surface area-to-volume ratio of
the droplets) and the millisecond mixing, temperature-jump
microfluidic platforms combined with temporally and spatial-
ly resolved imaging represent a promising approach to moni-
tor rapid biomolecular reactions at high temperatures.
Temperature-controlled droplet-based microfluidic platforms
can also provide temperature-dependent single turnover or
steady-state kinetic measurements for extracting thermody-
namic parameters for the involved catalytic steps of an enzy-
matic reaction.

While fluorescence-based detection schemes provide ex-
cellent sensitivities, they are generally limited to applications

involving fluorescent probes. Absorbance-based measure-
ments would provide access to a wider range of reactions,
but unfortunately, few current methods allow the sensitive
measurement of absorbance within rapidly moving droplets.
To address this significant limitation, DDPI has been intro-
duced as a new tool for fast and sensitive single-point absor-
bance measurements in picoliter- and femtoliter-volume drop-
lets [113]. We envision a variety of future applications for
DDPI in high-throughput experimentation, which is currently
dominated by fluorescence-based approaches. DDPI can en-
hance the capabilities of microfluidic detection platforms in
terms of higher sensitivity, and could prove to be crucial to
establish absorbance as a broadly used detection method for
microfluidic analytical applications such as performing digital
absorbance detection of enzymatic assays in femtoliter
droplets.

Finally, we have presented a comprehensive list of avail-
able platforms that use DM and optical detection methods for
high-throughput and sensitive analysis of enzyme kinetics.
Now that researchers have a complete set of DM and detection
tools, it seems to be time to conduct high-throughput and
sensitive analysis of enzyme kinetics that cannot be accom-
plished by using standard approaches. Moreover, the develop-
ment of user-friendly and highly flexible optofluidic platforms
for elucidating complex biocatalytic processes that are diffi-
cult to test with conventional methods could be of interest for
a wide community of researchers working in various fields of
biology including enzymology and protein dynamics.
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