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Abstract
One of the major challenges we face as humankind is supplying a growing world population with sufficient and healthy foods.
Although from a worldwide perspective sufficient food is produced, locally, the situation can be dire. Furthermore, the production
needs to be increased in a sustainable manner for future generations, which also implies prevention of food waste, and making
better use of the available resources. How to contribute to this as food technologists is an ultimate question, especially since the
tools that can investigate processes at relevant time scales, and dimensions, are lacking. Here we propose the use of microtechnology and show examples of how this has led to new insights in the fields of ingredient isolation (filtration), and emulsion/foam
formation, which will ultimately lead to better-defined products. Furthermore, microfluidic tools have been applied for testing
ingredient functionality, and for this, various examples are discussed that will expectedly contribute to making better use of more
sustainably sourced starting materials (e.g., novel protein sources). This review will wrap up with a section in which we discuss
future developments. We expect that it will be possible to link food properties to the effects that foods create in vivo. We thus
expand the scope of this review that is technical in nature, toward physiological functionality, and ultimately to rational food
design that is targeted to improve human health.
Keywords Sustainable food design . Filtration . Ingredient fractionation . Microfluidics . Microtechnology . Emulsification .
Functionality testing . Sensors . Organs on chip . Protein transition

Introduction
The sustainable development goals of the United Nations revolve in many ways around food-related issues, extending
from prevention of poverty all the way to partnerships to
achieve the defined goals (Fig. 1). Food is obviously related
to the goal to reach zero hunger, but also all other goals are
strongly related to food and its current production methods,
accessibility, and future developments to achieve sustainability for future generations. For the food field, this is in essence a
good position to be in, but at the same time also a position that
comes with responsibility, especially since the UN has
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reported in August 2019 that food shortages are expected to
occur from 2050 onward.
It would lead too far to go into all the 17 goals and point out
where food technologists could contribute; therefore, this review limits itself to the technical production of food and food
ingredients. Although food is produced at huge scale worldwide, we feel that essential improvements are possible if we
would be able to bridge the gap between the scales at which
we design foods and make foods. A food designer thinks in
terms of ingredients, so on a molecular scale, while a food
process engineer would typically think in terms of cubic meter. Many scales in between are essential for preparation of the
smallest food structures, and separation of raw materials, but
these are often disregarded because of the lack of appropriate
tools to measure effects that take place very fast and at small
scale. It is simply difficult to assess the determining mechanisms because they typically take place at micro/nanometer
level and within (sub-)milliseconds, and highly dedicated
equipment is needed.
Within this review, we address two aspects of food production, obtaining ingredients and making food structures in a
mild manner. We focus on processes in which liquids are used,
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Fig. 1 Graphical representation of the sustainable development goals defined by the United Nations (https://sustainabledevelopment.un.org/)

which are either the final products or an intermediate state of
food products (e.g., before drying). We link processes as currently operated to observations done with microfluidic tools.
The underlying mechanisms are discussed, and innovative
processes are suggested that are relatively low in energy consumption and expected to be less detrimental to ingredient
structure. Furthermore, we present a number of tools with
which ingredient functionality may be tested, which could
be a starting point for rapid identification and characterization
of novel ingredients, and thus speeding up food design.
The review wraps up with a section on the use of sensors.
This application takes microfluidic tools even one step further,
namely for the investigation of interactions of food with digestive liquids and even organs. Organ-on-a-chip approaches
are currently being developed for studying human physiology
and medical diagnostics. Although it will take time to implement these findings into the field of food design, the time is
there to consider them as part of the tools needed to make
foods for a sustainable future as pointed out earlier (Fig. 1).

Filtration and Ingredient Fractionation
In food ingredient production, which nowadays also includes
biorefineries, various separation processes are used.
Sometimes this revolves around isolation of only one product
of interest or removal of a toxic component as would be the
case in, for example, chromatography using specific ligands.
However, for food production, mostly enrichment of the component of interest suffices. For example, various streams stemming from milk are enriched in the dairy industry. It is convenient to use liquid starting materials as such and apply, for
example, membrane filtration to separate them into enriched
fractions that then are used in the design of food products. As
membrane filtration in general removes solutes from a fluid
stream by means of retention based on pore size, membrane
separation uses significantly less energy than other separation
techniques based on “thermal treatment” (evaporation), phase
transitions, or addition of solvents. When the starting material
is a solid, it may be favorable to separate directly, e.g., through
electrostatic separation. This avoids dilution of the feed that
would have resulted in energy-intensive removal of water later

on. Still, many materials are in a liquid form when fractionation takes place, and that allows the use of different driving
forces, such as an electric field. Very recently, we found that in
this way, both protein and salt separation are possible in concurrent mode (unpublished results) using an approach similar
to what we used for salt separation [39].
For the current review, we will limit ourselves to standard
membrane separation processes that revolve around pressure
as the main driving force and will illustrate this using examples from the dairy field. Later we compare this to observations done with microtechnological membranes and give an
outlook on what this implies for fractionation of other starting
materials, e.g., in terms of the transition toward plant-based
proteins that currently is very much in the spotlight. In the next
section, a link will be established to the functionality of these
novel components and how this can be investigated using
microfluidic tools.

Membranes in Food Processing
Traditionally, milk is separated to produce a wide range of
dairy products. Given the size range of typical dairy ingredients, the match with membranes is a logical one to make, as
illustrated in Fig. 2.
The pore size of the membrane is normally chosen based
on the component of interest, and given the overlapping sizes
thereof in Fig. 2, it is also clear that multiple membranes
would need to be used in close conjunction to get desired
enrichment of components. This is even further hampered
by the fact that due to the gate keeper function of the membranes, components are rejected and accumulate on the membrane. This so-called fouling process greatly influences the
separation characteristics (yield and flux). Furthermore, commercial membranes have a pore size distribution, which implies that the separation obtained would vary as function of the
pore size (within one membrane). Overall, a very complex
mirage of effects, that to make matters worse, is influenced
by the applied process conditions.
After having mentioned all these effects, one would be very
surprised if any successful process based on membranes were
possible, but there are many successful examples, also operated at very large scale in the dairy industry. Worldwide, more
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Fig. 2 Illustration of the basic idea of milk fractionation with membranes (left) and comparison of size of dairy components and available membranes
(MF microfiltration, UF ultrafiltration, NF nanofiltration, RO reversed osmosis (adapted from [65]; both figures are in [17]))

than 300,000 m2 are installed for food processing, and of that
40% is used in dairy [51]. Among others, the following applications have been reported [114], here arranged based on pore
size of the membrane:
&
&
&
&
&
&
&
&

Reduction of bacteria and spores in skim milk
(microfiltration; bactocatch system)
Separation of fat globules, from whole milk or cream
(microfiltration)
Concentration of casein micelles prior to cheese making
(ultrafiltration)
Production of native casein protein isolates (ultrafiltration)
Fat removal from cheese whey (ultrafiltration)
Purification of serum (whey) proteins (ultrafiltration and
dialysis)
Recovery of lactose (nanofiltration)
Brine purification in cheese processing
(nano/ultrafiltration step in the brine circulation)

Lately, also forward osmosis [21, 148] and thermo-dialysis
[46, 47] have been suggested for concentration purposes of
dairy stream such as milk and whey, leading to water removal
at low energy input. For more information on water treatment
by reverse osmosis, which is also very important for food
production, the interested reader is referred through to a recent
review [5].
Developments in membrane systems have seen tremendous growth in the past decades and have revolved around
enhancing mass transfer in the membrane modules. Mass
transfer is scaled to the height of the channels or diameter of
the fibers. One may ask however whether this is the determining scale. The pores are much smaller as the channels, and the
components may even be even much smaller than the pores.
Although from a classic membrane perspective (prevention of
accumulation on the membrane surface), application of turbulence may seem desired, it also precludes separation based on
specific particle behavior driven by processes on a quite different scale, typically the micrometer scale (as described in the
next section).

Behavior at Micrometer Scale
Flow
In pressure-driven membrane systems, all components present
in the feed are brought to the membrane surface due to convective flow, but may also diffuse away from the membrane
and thus resolve part of the problem that they cause. Relevant
particle migration/diffusion phenomena have been studied as
early as 1966 when Segré and Silberberg [117, 118] showed
that particles naturally move away from a wall, which in filtration would be a natural way to keep a separation process
running longer. For small components (< 0.1 μm), Brownian
diffusion is the ruling random mechanism, while for larger
ones (typically > 10 μm), inertial lift will play a role. In the
1980s, people were investigating these mechanisms for membrane applications (e.g., [2, 9]; Georges [10]) and found that
the intermediate category particles that are typically 1–10 μm
are susceptible to shear-induced diffusion. This process occurs
due to particle interactions that effectively move them toward
the middle of the channel, and this was exploited in membrane
processes (e.g., [28, 62, 66]) and even included in flux models
to some extent [26, 27]. Shear-induced diffusion formed the
basis for the critical flux concept [38].
Using particle migration (shear-induced diffusion or
inertial lift) as a basis for filtration/fractionation is now seeing
a revival [30, 115]. Better manufacturing processes that allow
control over pore size and other membrane properties bring
applications closer to reality. In order to make use of these
effects, the amount of liquid that is removed through the permeate needs to be tuned to the diffusive flux in order to prevent particles from going to the permeate. It was shown that
this is possible making use of shear-induced diffusion [136,
137, 138] and also inertial lift [30]. In order to be effective, the
porous area needs to be preceded by a closed channel in which
the particles can migrate away from the wall [126], as also
confirmed by simulations presented by [143, 144]. The pores
can be much larger than the components that need to be
retained [137, 138] since the particles have moved away from
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the wall, and a certain amount of liquid can be removed without accumulating particles on the membrane surface (Fig. 3).
In the work of Dinther that is mentioned before, the pores are
typically 20 μm, whereas the particles/droplets that are separated are only a few micrometers.
This principle, called ShIFT (Shear Induced Fractionation
Technology), is still in its early stages of development, but
does show that if unconventional principles are taken as a
starting point for separation design, novel fractionation technology may be within reach. ShIFT is expected to be more
energy efficient (typically 20–30% of the energy needed compared to regular microfiltration) since flow does not need to be
turbulent [115]. In order for ShIFT to be effective, it is important to have relatively uniform pores to keep the same conditions over the length of the membrane, which may need to be
rather short compared to what is used in microfiltration.
We were able to measure ShIFT effects in a practical system
as illustrated in Fig. 4, in which transmission of emulsion droplets of 2.7 μm, and 5.3 μm diameter (d32) present in a 1:1 volume
ratio, is shown as function of the total volume fraction of droplets
[136] at a specific flux. The membrane/metal sieve had round
pores of 20 μm, and the module had an entrance length of 30 cm
(= closed channel) that preceded the filtration area (1 cm). For the
tested process conditions, the transmission of large particles was
always zero at high concentrations while the transmission of
small ones was even higher than one, indicating enrichment of
this fraction (left part of the graph). At lower concentrations, the
transmission of large particles was higher and of small particles
lower. This indicates that shear-induced diffusion is strongly
concentration-dependent and was not pronounced enough for
segregation to occur given the process conditions that were used
[137]. In other work, we could get this separation to work at
lower concentrations by adjusting the ratio of transmembrane
pressure [115] albeit using another mechanism called fluid skimming, which can be used to send particles of various sizes across
pores or to be captured by them. Basically, the size of the particle
determines how deep it will “sink” into the pore given a certain
flux, and since larger particles need to sink in deeper, they are less
likely to be captured.
The actual fluxes were at least as high as measured in
regular microfiltration (100 L/m2/h). Interestingly enough,
the separation does no longer depend on the pore size since
the pore size is much larger than the two droplets separated. In
this case, the process conditions can be used to tailor the

Fig. 3 Schematic representation of the ShIFT principle
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Fig. 4 The transmission of large (black symbols) and small (open
symbols) droplets measured as function of the total volume fraction.
Image reprinted with permission from Van Dinther, Schroen, et al.,
[136]; reprinted with permission from Elsevier

average size in the permeate. Besides, no accumulation of
particles occurred on the membrane, and the fluxes were constant as function of time [115, 138].
Besides the ShIFT principle, inertia-driven processes in
ratchets were recently reviewed by Dijkshoorn [30], and also
fluid skimming was described [] as effective ways for particle
separation. The underlaying mechanisms of these innovative
processes are rather different as those that are currently used
on large scale. In order to make most out of the available
options, we need to think out of the box and develop drastically different processes that take effects occurring at small
scale as a starting point (see, e.g., [99] for examples from the
food field), as illustrated in the section on small and large scale
comparison.
Clogging
Current developments in the field of microfluidics allow imaging of various processes that are relevant for membranes.
The scale at which these devices can be made is typically
slightly larger than the dimensions of membrane pores, but
the gap is closing fast. For example, particle migration in a
narrow channel [126, 138] and pore clogging were tested both
for hard [59, 139] and soft particles [15] using pores that were
typically 20 μm wide.
A number of pores containing constrictions with different
angles under which they face the permeating liquid were tested (Fig. 5). It could be concluded that this angle plays a major
role in the occurrence of clogging [60]; angles perpendicular
to the flow being more prone to clogging. Furthermore, these
devices were used to elucidate the effect of cross-flow velocity
on cake formation (accumulation layer), and in the first experiments, we clearly saw that the cross-flow helps controlling
the thickness of the cake layer (Fig. 5, middle panel), which is
not so surprising, but did not affect clogging inside the pores.
This also implies that preventing the first particle from sticking to the wall needs to be prioritized in order to keep a
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Fig. 5 Use of microfluidic
devices with 20 μm constrictions
(shortest distance) to demonstrate
processes occurring in
membranes. In the top left panel
(a) schematic of the pore
constrictions [127]. Top right (b),
a deformable particle passing
through a pore [15]. Bottom left
(c): three images of the cake
thickness measured at different
cross-flow velocities (0, 0.2, and
0.4 mL/min). At the right (d) a
representation of the effect of
cross-flow velocity on cake
thickness [139]. All images were
published open access with
Scientific Reports

process running for longer, and thus, surface modifications are
very relevant to achieve this.
When working with soft particles using exactly the same
devices used previously, the situation becomes more complex.
In the research of Bouhid de Aguiar [15, 16], soft particles that
were close to many food ingredients were tested and unexpected behavior was recorded, as illustrated in the top right
panel in Fig. 5. For gel particles that are relatively large (25–
40 μm), both deformation and water expulsion play a role in
reducing the width of the particle and allowing permeation.
For gel particles as they typically occur in foods and that are
smaller (typically below 5 μm), water expulsion is expected to
be the main mechanism [15, 16].
In membrane processes, it is customary to choose a pore size
based on the size of a component that is not pressurized and from
the above, it is clear that this may not be wise to do since the
“size/width” of a component can be rather different under pressure, and deformation can take place. Furthermore, if the particle
happens to be a droplet, massive deformation may take place,
and even droplet breakup may occur [154]. As mentioned, the
devices are not at the exact scale at which they match membranes
one on one, but the developments are going fast, and the general
learnings that can be taken from these devices are of immediate
importance when designing membrane processes.

Emulsification
During emulsification at large scale, energy is used to break up
oil droplets into smaller ones (that may rapidly re-coalesce and

thus need to be refined again) and is dissipated as heat. In
order to be more energy-efficient, better control over droplet
formation would be needed, as is possible in microfluidic
devices as described in the sub-section directly below.
Besides, additional insights in the interfacial tension acting
during homogenization, which determines the ease of droplet
formation and the stability of the formed droplets, would be of
great value. For this, microfluidic tools have been developed
that operate in conditions comparable to those encountered
large-scale emulsification, as described in the sub-section below that covers this topic.

Upscaling of Microfluidic Devices
The amount of energy used for emulsification in microfluidic
devices is much lower (typically 5% or less) than in equipment used at large scale [112]. However, currently,
microfluidic systems have low throughput, typically in the
microliter/hour range. It is clear that these systems would need
to be parallelized extensively to reach the tens of cubic meter/
hour that are required for food production. This is a big step to
make, but considerable progress has been made.
In microfluidic emulsification, two approaches are of interest either using shear-based techniques or spontaneous droplet
formation as a result of Laplace pressure differences. Within
the former category, T- and Y-shaped junctions and flowfocusing devices can be distinguished, and these have for
example been arranged around a central channel (Fig. 6a), as
demonstrated by [88, 89]. In order to make uniform droplets,
the flow of both the continuous and to-be-dispersed phase
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Fig. 6 Examples of upscaled
microfluidic emulsion devices. a
(Left) Shear-based units grouped
around a central collection pipe
(Takasi [88]; reprinted with permission from the Royal Society of
Chemistry). b (Top right) Top
view of a straight-through emulsification device with droplets
forming from slit-shaped terraces
(image courtesy of Isao
Kobayashi; 2011). c (Bottom
right) Multiple EDGE devices on
one chip ([131]; reprinted with
permission from the Royal
Society of Chemistry)

needs to be controlled very carefully, which also limits the
number of droplet formation units that can be parallelized
since all units need to be individually connected to the feed
stream, leading to an excess of tubing.
The work done on microsieve emulsification may be considered as an upscaled shear-based microfluidic technique,
since the microsieves have very uniform pores. Various aspects, such as pore activation and interaction, that lead to a
reduction in throughput and influence the uniformity of the
droplets that are formed have been discussed [42] and also
compared to membrane emulsification [43]. Although strictly
speaking, membranes are not upscaled microfluidic devices,
they have been successfully used in emulsification at low
energy input. In this case, the pores are less uniform than in
microfluidic systems, but the emulsion droplets that are
formed are rather uniform in size. The membrane surface area
that would need to be used is still large; thus, application is
limited to high added-value products. A good overview of all
emulsification methods can be found in the review of [140].
Membrane emulsification in relation to food is reviewed by
[20].
Within the spontaneous droplet formation category,
microchannels that are organized in planar fashion [] and
straight-through systems that are highly parallelized
microchannels (e.g. [53, 54]) were developed at the National
Food Research Institute in Japan (Fig. 6b). These devices may
have lower droplet formation frequency than their shear-based
counterparts, but droplet size is easier to steer, since only the
to-be-dispersed phase needs to be controlled. In our own lab,
we developed an approach that allows for multiple droplet
formation points in one microfluidic device. In this so-called

EDGE (Edge-based Droplet GEneration) device [131], very
monodisperse droplets can be made, and to some extent, the
device has also been scaled up (Fig. 6c), and used in combination with food-grade materials [131, 133]. More information can be found in the previously mentioned review of [140].
Besides, these devices are specifically discussed for food applications in the review by [67].
Currently, these devices are only considered for high
added-value products, although developments go fast. It is
envisioned that considerable cost reduction in construction
will take place thanks to fast prototyping in polydimethylsiloxane (PDMS) [33], and development of paper-based
microfluidics [63, 68, 69], and through 3D printing [32].

Microfluidic Tools for Emulsification
Dynamic Interfacial Tension Measurement
For large-scale emulsification, both experimentation and
modeling are very challenging. Given the turbulent conditions
encountered in the homogenizers, visualization needs to take
place at high resolution and short time scales. In addition,
there are limitations in simulations for which the NavierStokes equations need to be solved at a local level, using
mathematical grids of nanometer scale [100, 123]. Any tool
that would be able to facilitate characterization of processes
relevant to emulsification would thus be a great asset. For the
measurement of the dynamic interfacial tension (i.e., at the
moment of emulsion droplet formation), various systems have
been suggested (Fig. 7) that approach relevant time scales, as
reviewed by Baret [7] and Bremont and Bibette [18].
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Fig. 7 Microscopic images during or after interfacial tension
measurement based on droplet size (a) ([124]; reprinted with
permission from the American Chemical Society), (b) ([]; reprinted
with permission from the American Chemical Society), and (c) ([152];

reprinted with permission from the American Chemical Society);
pressure drop (d) ([147]; reprinted with permission from Springer); and
droplet deformation (e) ([19]; open access)

Microfluidic methods for interfacial tension measurements
have been based on droplet size [124, 147, 152], pressure drop
[147], droplet deformability [19], pH change related to adsorption kinetics [98], jetting/dripping transition [76], and
pressure drop in a separate sensor channel [104]. Steegmans
and co-workers [124] used a cross-flow Y-junction (panel a),
Wang et al. [] a cross-flow T-junction (panel b), and Xu et al.
[152] a coaxial device (panel c). In these devices, droplet size
depends on the balance between the shear exerted by the continuous phase and the interfacial tension that keeps the droplet
attached, thus on the capillary number. All these authors used
the droplet size (and capillary number) to determine the interfacial tension at the time of droplet formation. Wang et al.
[147] (panel d) use a relation between pressure drop and radius
of the growing droplet (through which they calculate the
Laplace pressure of the droplet). Brosseau et al. [19] directed
droplets through 121 subsequent expansion chambers where
droplet deformation was recorded (panel e), and the evolution
of interfacial tension was related to droplet velocity, interfacial
tension, and droplet radius.
An overview of droplet sizes and time scales in these measurements is given in Table 1. With the method of Steegmans
et al. [124], the smallest droplets and time scales can be
assessed, which are both relevant for large-scale processes that
operate at sub-millisecond range. The effects of various processes and ingredient conditions have been investigated,
which is described in more detail in the “Outlook” section.

dedicate a small section to them. In essence, the Y-junction
in which two liquid flows meet under an angle of approximately 60° (Fig. 8) is rather similar to the T-junction in which
liquid flows meet under a 90° angle [41] in regard to droplet
formation mechanism (see also Fig. 8 for images during
experimentation). The to-be-dispersed phase is pushed into
the continuous phase that distorts it and ultimately breaks off
droplets. In case of the Y-junction, droplet growth during the
second stage of droplet formation in which the droplet grows
further while feeding from the neck (typically going from
images 4 to 5 below) has less effect on the droplet volume
than reported for T-junctions, which makes the Y-junction
easier to interpret.
The droplet size could be predicted with the following
equation:
rﬃﬃﬃﬃﬃﬃﬃ
1
c
V ¼b
þ φd
Ca vc

Y-Junctions
In order to explain how much microfluidic methods for dynamic interfacial tension measurement differ from conventional techniques such as droplet volume tensiometry, we
Table 1 Overview of
microfluidic tensiometric
methods and characteristic values

We found that the droplet volume (V) scaled with the inverse square root of the capillary number (defined as
Ca ¼ ηcσvc , with ηc the continuous phase viscosity (Pa s), vc
the continuous phase velocity at the junction (m/s), and σ
the interfacial tension (N/m)), the reciprocal value of the velocity of the continuous phase, vc (m/s), and the dispersed
phase flow rate, Φd (m3/s). Further, b and c are proportionality
constants that can be calculated with great accuracy using
(calibration) systems that do not contain any surfactants.
As a next step, droplet sizes were determined in systems
that did contain surfactants, and the scaling relation was used
to calculate the interfacial tension. In Fig. 9, interfacial tension
data with SDS concentrations ranging from 0.01 to 0.5% are
shown. The symbols indicate the values obtained with the
microfluidic setup, whereas the lines show values obtained

Reference

Method

Droplet diameter (μm)

Time scale (ms)a

Steegmans et al. [124]
Wang et al. []
Xu et al. [152]
Wang et al. [147]
Brosseau et al. [19]

Size
Size
Size
Pressure drop
Deformability

8–13
160–270
10–180
400–800
90–120

0.5–10
20–70
1–130
10–8000
10–2000

a

Time between start and end of droplet formation; table reprinted with permission from (Kelly [81])
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Continuous phase

Dispersed phase
1

2

3

4

5

Fig. 8 Oil droplet formation in a Y-junction microfluidic device
(reprinted with permission from Elsevier, [78]). On panels (1–3) (starting
from the left), the first stage of droplet formation, referred to as the growth

step, is shown. Panel (4) shows the second stage of droplet formation,
with a neck still connecting and feeding the forming droplet. Panel (5)
shows the droplet just after detachment

with a droplet volume tensiometer using the same concentrations. As references, horizontal lines are drawn that correspond to the interfacial tension of the bare hexadecane-water
interface (top) and to the interfacial tension at full surface
coverage by SDS (bottom).
In Fig. 9, the trends in interfacial tension are as expected; at
short droplet formation times, the interfacial tension at droplet
breakup is high, and the longer the droplet formation time, the
lower the interfacial tension becomes. Besides, there is also a
clear effect of the surfactant concentration, with high concentrations leading to much faster reduction in interfacial tension.
Quite remarkably, this method allows evaluation of dynamic
interfacial tension at droplet formation rates between 1000 and
10,000 droplets per second, allowing for analysis at submillisecond scale, which is in the same range as the operation
of large-scale emulsification devices. This is not easily approachable by a standard analytical device as illustrated from
the results obtained with the droplet volume tensiometer (solid
lines on the right part of the graph in Fig. 9). SDS adsorption
in the droplet volume tensiometer is fully diffusion-driven,
and although it is often thought that molecular transport in
microfluidic devices is governed by diffusion given the low
Reynolds numbers that are reported that are typically < 10, the

results in Fig. 9 indicate that mass transfer is extremely fast.
We expect that this is due to the very fast retraction of the oil
column after droplet formation, which enhances mass transfer.
In principle, the microfluidic Y-junction can be used for
rapid screening of emulsion components (initial results are
available for proteins; [45]), and the obtained data can probably be used to predict effects occurring in the more classic
emulsification devices that operate at similar time scales. It
is good to mention that the mass transfer conditions may still
be different, and that is therefore a point of attention (see
“Outlook” section).
Emulsion Stability
Besides formation of droplets, the physical stability of droplets during production and storage time is important, i.e., their
susceptibility to coalescence and flocculation. For this,
microfluidic devices can be(come) of great added benefit, as
suggested by [57, 58]. They developed coalescence chambers
in which droplets are generated at microfluidic T-junctions
and then led into a coalescence chamber (see Fig. 10 left for
protein-stabilized droplets). While moving through the chamber, the droplets come into contact with each other, and

0.01%

0.1%

0.5%

Fig. 9 Interfacial tension at the hexadecane-water interface with various sodium dodecyl sulfate (SDS) concentrations in the aqueous
phase, as measured with a microfluidic Y-junction (symbols) and with
a droplet volume tensiometer (solid lines). The dotted lines represent
the equilibrium interfacial tensions between hexadecane and water

(top) and between hexadecane and a 1% wt. SDS solution (bottom).
On the right images of droplets made for the indicated SDS concentrations at a droplet formation time of 1.5 ms. Adapted from [82] with
permission from Elsevier
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Fig. 10 a (Left) Layout of the microfluidic chip with a T-junction (red
rectangle) as droplet formation unit, a meandering adsorption channel
length of 14.8 mm, and a coalescence chamber. The green and blue
rectangles indicate the regions from which images were recorded, with
examples. Reprinted with permission from Elsevier [77]. b (Right)
Images during microcentrifugation of an emulsion that is captured in a

chamber in which a monolayer of droplets is present. During compression, going from left (first image, t = 0.03 s) to right (last image, t =
38.5 s), the continuous phase is expelled at the bottom of the chamber,
while the droplets are compressed but do not coalesce (from [56]). The
size of the smallest droplets is around 60 μm. This image is reproduced
with permission from the Royal Society of Chemistry

possibly coalescence occurs, of which the events are registered through high-speed imaging. In this way, process conditions and emulsion properties (dispersed phase fraction, emulsifier concentration) can be linked to the stability of emulsions
[57, 58, 77]; see also next section for further use of this device.
The shelf life of emulsions in relation to their physical
stability is often tentatively predicted by application of
enhanced gravity conditions, which accelerate the gravitational separation that may occur upon storage. This is
also possible using microchips. A microcontainer filled
with a monodisperse emulsion (preliminary formed in a
microfluidic cross-flow junction) is put in a purpose-built
centrifuge [56]. This leads to the continuous phase being
expelled at the bottom, and droplets becoming hexagonal
in shape (see Fig. 10). For this specific emulsion, this
hardly led coalesce at the concentrations and conditions
used in Fig. 10 (right panel).
This shows that analysis can take place at individual droplet level in combination with time scales that cannot be
assessed with conventional techniques (e.g., > 1000 g is applied). This leads to quantitative dynamic information about
the structural changes occurring. These insights are relevant

for comparison of new ingredients, process conditions (such
as temperature, [37]), and further development toward highthroughput screening.

It is even possible to decouple time scales, as they would
occur during protein adsorption and droplet coalescence. In
Fig. 10a, the layout of a specific coalescence microfluidic
device is presented, but the length of the meandering channel
(after the red rectangle) can be varied, as well as the concentration of the tested protein. In Fig. 11, the droplet coalescence
frequency is plotted as function of the adsorption time (i.e.,
residence time of the droplets in the meandering channel) of
whey protein isolate, a commonly encountered food emulsifier [77]. It is clear that at low concentrations and short residence times, much more coalescence takes place, as is also
illustrated in the photos on the right. It was remarkable that the
droplets were extremely stable already at low protein concentration (0.01 and 0.02%) when given sufficient time for adsorption to take place. The typical concentrations are quite
lower than those applied in usual food emulsions, and this
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Fig. 11 Mean coalescence
frequency as a function of the
adsorption time, and microscope
images from the outlet of the
collision channel with 0.001 ( ),
0.002 ( ), 0.01 ( ), and 0.02 ( )
wt% whey protein isolate. The
error bars indicate the standard
deviation of the three recordings
taken per measurement.
Reprinted with permission form
Elsevier [77]
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could have to do with the fact that in classic emulsification
devices, the droplets do not get sufficient time for protein
adsorption to take place and re-coalescence could then be
the determining factor [77]. We need to keep in mind that
the observation time in the microfluidic devices is very short;
the results obtained should be interpreted in terms of trends
that are expected to occur at longer time scales, but cannot be
translated one on one.

Comparison of “Micro” and Large-Scale
Operation
In this section, we will show through illustrative examples
how data gathered at small scale are useful in the development
of innovative processes and for processes as they are currently
carried out at large scale. We focus on energy efficiency and
discuss how the insights may lead to developing more sustainable food products and ingredients. We first do this for filtration, and emulsification, and follow up with the various tools
discussed earlier. In the outlook section, we discuss the next
steps for the use of microfluidics in rational food product
design.

Filtration Processes
In this part, we compare data that were obtained for yeast
removal from beer. Details on the calculations for
microfiltration are given in [115, 134]; we have based these
calculations on very general conditions used for this process: a
pore size of 0.45 μm, cross-flow velocity of 2 m/s, and a flux
of 100 L/(m2 h) (in line with [90], who investigated this process in great detail for beer filtration). The yeast cells are 2 to
10 μm [14, 40], and their concentration is 0.03–0.7% before
beer clarification. According to the standards of the European
Brewing Convention, the critical size of particles entering the
permeate is 0.8 μm [8], which is taken as the cutoff value for
all processes.
Given the size of yeast, shear-induced diffusion (the earlier
described ShIFT process) and skimming/inertial lift are both
relevant. For the calculation below, we took insights obtained
Table 2 Comparison of processes
for yeast separation based on
energy consumption per hectoliter
([115, 134]; reprinted with
permission of Elsevier)

from the work of van Dinther (all entries in the literature list).
The sieve porosity is 15%, the flux is 50 L/(m2 h), and the
cross-flow velocity is 0.19 m/s, which is ~ 1/10th of the value
for microfiltration. The membrane length was 4.6 cm (porous
area) which was preceded by a closed channel of 0.3 m, and
sieve resistance was 1 × 1012 m−1, which is reasonable given
the large pores.
The energy needed for the novel systems is considerably
lower than reported for the standard technology (Kiezelguhr)
and for regular microfiltration (Table 2). Since the flux of the
innovative process is half that of the microfiltration process,
the (membrane) area that needs to be installed is twice as large;
but since the cross-flow velocity is much lower, the energy
costs related to that are much lower and the main cause for the
lower energy consumption, which may legitimize the installation of more membrane area and related investment [115].
For these innovative processes to work properly on large
scale (up until now, only lab-scale has been used), the design
of the sieves/membranes is of essence. Although it is often
claimed that some membranes have much more uniform pore
size as their competitors, for the current innovations, the control over pore size would need to be much greater as normally
possible for porous membranes prepared by phase inversion
as recently reviewed from a materials perspective by [149].
In principle, relatively large but uniform pores would be
needed, and these are to some extent also available. For example, using clean room technology, so-called microsieves
were made and commercialized by Aquamarijn
microfiltration (https://www.aquamarijn.nl/) and also
translated into polymeric versions [141, 142]. Furthermore,
metal sieves with well-defined pores (https://www.
vecoprecision.com/) made through electrochemical
processes are even available at square meter scale. Also in
membranes, small and uniform pores have been produced,
and considerable effort is put into this, especially at The
Advanced Membranes and Porous Materials Centre at
KAUST (Saudi Arabia, profs. Nunes and Peinemann; e.g.,
[92]) although making large surface areas with constant
properties is still a great challenge. Alternatively, also 3D
printing could be a way to go given its unprecedented
control over membrane structure (as recently reviewed by

Process

Energy consumption
(kWh/hL)

Principle

Kieselguhr filtration (electric power
+ steam)
Conventional microfiltration

0.13

Dead-end filtration with filter aid [90]

0.11
0.03

Cross-flow microfiltration in constant flux
regime [90]
Fluid skimming/inertial lift []

7.7 × 10−3

Shear-induced migration [136]

Microfiltration based on fluid
skimming
Concentrated yeast cell
microfiltration
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[64]). At this very moment, the production of larger surface
areas is still far from trivial, but developments are going
extremely fast in this field.

Filtration Tools
The presented filtration tools are very useful to elucidate the
underlying processes in filtration and have rendered many
insights that are otherwise impossible to unveil based on the
traditional, macroscopic, flux/retention approach that is often
used. We could design pores in detail and found for example
that if the pores containing constrictions with walls perpendicular to the permeate flow, their propensity for clogging was
much greater than pores with more gradual constrictions.
Furthermore, we could show that the interaction between the
wall and the particle was a determining factor for the rate of
clogging [60], and that deformability of gel particles led to
unprecedented permeation behavior. Particles that were a
number of times the size of a pore still squeezed through by
expelling water in combination with unexpected
deformations.
Together with the developments mentioned earlier for
membranes with uniform pores, the level of detail that can
be investigated with these microfluidic tools will allow us to
develop membranes on various levels. This ranges from the
actual pore geometry that may be chosen such that minimal
clogging will occur to specific surface modifications that influence the interaction between wall and components in such a
way that no particle will stick, and that thus the onset for
clogging is removed. Obviously, this is still rather futuristic,
but through these tools, the choice of an appropriate membrane could be decided on rather different grounds as currently done (mainly the pore size).

Emulsification Processes
It can be expected that when using microfluidic devices, recoalescence will be lower than for conventional homogenization because they allow more time for interface stabilization,
and in this sense, upscaling of microfluidic devices could be
an interesting option as also mentioned before. Mostly,
upscaled devices are used to produce relatively large droplets
(diameter = 91 μm; [89]). For spontaneous microfluidic
methods, large droplets have been reported for STEP emulsification [93], whereas with EDGE and straight-through devices, smaller droplets can also be formed (diameter = 4–
10 μm) and the size is less sensitive to changes in process
conditions ([3, 55]; Sami [107]). The typical amounts of product that can be achieved make these devices suitable for low
volume, high added-value applications; for large-scale application, the efficacy is not high enough yet, although considerable progress has been made. For example, we have made
adjustments to the EDGE (Edge-based Droplet GEneration)
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device, which is unique in its ability to produce multiple droplets from one droplet formation unit. In doing so, we have
increased its throughput 100-fold and also found that we could
operate the device in two stable droplet formation regimes
[106]. We even have taken the first steps toward upscaling
[107, 112], in which we are at the border of manufacturing
possibilities. Also here, it can be expected, as was the case for
membranes, that more control over the hierarchy of the droplet
formation units will be within reach soon. We like to mention
the fast given developments in 3D printing [32], but also in
making the devices cheaper (paper microfluidics even exist
and have been reviewed; [4, 63]). This will also be instrumental to other multiphase products such as foams, as recently
reviewed [29].
When highest monodispersity is not of the essence, premix
membrane emulsification can be an option. From Table 3, it is
clear that this device operates at fast droplet formation times;
basically, the starting point is a coarse emulsion that is refined
by passage through a microstructured device/membrane as
reviewed by [84]. Very high fluxes have been reported especially for metal sieves similar to the ones previously mentioned in the membrane section (typically hundreds of m3/h/
m2) [, 85]. When using traditional membranes for this, they
can get blocked rather easily, and they are difficult to clean. In
that respect, the system suggested by [, 130], which makes use
of a bed of glass beads supported by a metal sieve (https://
www.vecoprecision.com/), could be of interest. To illustrate
this further, for droplets of 1 μm and below, as is often the
target in food applications, the smallest dimension of a regular
microstructure would need to be ~ 200 nm. Although
microfluidic devices of these dimensions can be made,
making them reproducibly and at high numbers is a great
challenge for microfluidics manufacturers. For the glass
bead system, the typical interstitial void size can be 5 times
the size of the droplet diameter, so in this example could be
5 μm, and that can be achieved much more easily.

Emulsification Tools
Emulsification is most efficient when there is minimal rapid
re-coalescence of the droplets and for that, emulsifiers should
stabilize the interface before droplet collision takes place.
Typical droplet formation time scales are given in Table 3
for various emulsification devices, including the microfluidic
devices presented earlier (an extensive overview of characteristic times during emulsification can be found in Marilyn
[97]). In the coalescence channel, the time for adsorption to
take place (droplet formation time and adsorption time in the
meandering channel) is relatively long and can be used to
compare with emulsion formation in colloid mills, direct
membrane emulsification, and spontaneous microfluidic
emulsification. Y-junctions can be used to study faster processes such as the high-pressure homogenizer, premix
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Table 3 Adsorption time range of
various emulsification devices
and of the used microfluidic
devices ([81]; reprinted with
permission of the author)
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Emulsification device

Droplet formation time range (s)

High-pressure homogenizer
Colloid mill
Direct membrane emulsification
Pre-mix membrane emulsification
Spontaneous microfluidic emulsification

10−4–10−2 [116]
10−1–100 [116]
10−2 [129]
10−6–10−1 ([]; [87])
10−2–10−1 [55]

Shear-based microfluidic emulsification
Y-junction
Coalescence channel

10−4 [88]
10−4–10−2 ([79]; [80])
10−2–10−1 [77]

membrane emulsification, and shear-based microfluidic
emulsification.
In principle, it is possible to use the microfluidic methods,
such as the Y-junction and coalescence channel, to conduct
formulation screening in high-throughput mode, allowing detailed analysis of the kinetic behavior of the surface active
components, therewith having the potential to speed up product formulation design. Currently, most papers have been dedicated to simple surfactants, and some work was done on
proteins in emulsions [44, 45, 50]. It is expected that also other
emulsifiers such as polymers and particles can be used [110],
that is, as long as the wettability of the microfluidic device is
not affected [119, ]. If that happens, one of the phases may
start sticking to the device wall, therewith disturbing droplet
formation and further analysis. Still, the devices were found to
be rather resilient, as demonstrated in a paper of [108] also for
protein-stabilized emulsions and foams produced with EDGE
devices [132].
It is good to point out that the devices are very sensitive,
and remarkable differences in emulsion stability were found
when using, for example, oxidized dairy proteins that have
lower interface stabilization efficiency than their nonoxidized counterparts [11–13, 77]. For oxidized plant proteins, we found for example that a moderate level of oxidation
contributed to short-term emulsion stability (ongoing research
within our group: [50]). Protein oxidation leads to, among
others, hydrolysis and aggregation, the first one leading to
relatively fast reduction of interfacial tension, but also to much
thinner interfacial layers that are less protective against coalescence [77, 111].
In food, emulsifiers are often used as a mixture that may
contain low molecular weight surfactants, proteins, polymers,
etc., which will affect interfacial behavior [95] and possibly
coalescence stability, which can be elucidated with the
microfluidic tools described earlier. The emulsifier mixture
can be used as the continuous phase or added to the dispersed
phase [79] or a second emulsifier can be added after droplet
formation in the coalescence chamber via the extra channel
that is designed for that purpose (see Fig. 10, indicated by the
cross). Also polysaccharide-protein complexes can be used

for this purpose. In literature, it has been described that they
can either be added to emulsions as such or formed in situ by
addition of, for example, a polysaccharide to a proteinstabilized emulsion (e.g., [35, 102, 105]). The use of physically [75] and chemically or enzymatically modified proteins
(e.g., hydrolyzed; [1]), cross-linked [36], succinylated, acetylated, or deaminated proteins [61] has been described, and in
principle, their emulsification efficiency can now be accessed
using the microfluidic methods presented here. Skhiri and coworkers [120] have also investigated surfactant displacement
using microfluidics although at longer time scales than typically relevant for emulsion production. In our view, it is only a
matter of time for these powerful microfluidic devices to become part of formulation research since they allow quantitative comparison at time scales that otherwise could not be
assessed. This draws considerable attention to this innovative
field, as it could be instrumental in, for example, the protein
transition for which a switch needs to be made from animalbased proteins to their plant-based counterparts (e.g., [49]).

Outlook
In the previous section, existing techniques were discussed; in
the current section, we go one step further and give a flavor of
developments that take place and that could put food (including prevention of food waste), and its effect on digestion and
health, onto a completely new level. We first discuss the use of
sensors to warrant food safety based on the quality of the food
[109, 150]. Further, we show digestion in microfluidic chips
[70] and bioavailability of components [71] and take it even
one step further to organs on chips that were recently reviewed
by [122] and how they may be used to generate the information needed for intrinsic rational design of healthy food
products.

Sensors Related to Food Quality
The use of sensors has developed very rapidly in the food field
[34, 74, 150], to signal a change in gas atmosphere (including
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the “bioelectric nose”), the presence of specific microorganisms, and the temperature trajectory that the product went
through in relation to freshness as reviewed recently by [94].
Mostly the gas composition is targeted as reviewed by [73]
and specifically investigated for fish by [48]. Ideally, this leads
to a situation in which the consumer “knows” the freshness of
a product (for examples, see Fig. 12 in which a traffic light
indicator is used), and no longer needs to rely on the expiration date now commonly used. This latter indicator leads to
premature disposal of foods that can safely be consumed and
thus food waste on large scale [91]. Just to illustrate this, in the
Netherlands, approximately one third of the food is wasted at
supermarket level, and also one third of the food arriving at
people’s homes is discarded as waste (https://www.wur.nl/en/
Dossiers/file/Dossier-Food-waste.htm).
In primary analysis of, for example, starting materials,
small chips with nanoparticles and nanowires can be used to,
for example, identify specific microorganisms through interaction with antibodies and through gas composition. A big
advantage of microfluidic (maybe even nanofluidic) sensors
in general is that it is possible to perform detection in extremely small amounts of sample. Whether such sample would also
contain the analyte of interest is still a question that needs to be
answered on a case to case basis. Some concentrations are
simply very low and, in spite of the very high accuracy/
resolution that can be achieved, still require considerable concentration of the samples (e.g., for pathogenic microorganisms, allergens). It is good to know that sensors are already
extensively used in other fields such as the chemical industry
to allow much closer process control by, for example, in-line
monitoring and in pharma to warrant the quality of medication. These developments are expected to make the technology cheaper and bring it within reach for application on many
different levels, ranging from basic analysis to food process
control and food product quality monitoring.
A good overview of sensors developed to assess food safety and quality can be found in [150]. Specific information can

Fig. 12 Examples of sensors used for food products. (Left) Images from
[91] in which the spoilage process was monitored in packaged “golden
drop” plums; in the top part, changes in color of indicator label are shown
in response to CO2. Reprinted with permission from Elsevier. (Right)
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be found in the following references for recognition of microorganisms [52, 151, 153, ], allergens, [146, 148], and other
components [6, 31]. Furthermore, work has been done on
flavors using an electric nose in combination with
microfluidics [23]. Even a number of applications have been
made compatible with smart phones [96] to allow remote
sensing/analysis. All these options make it clear that improvement of quality control, either in the factory, during transport,
or at the consumers’ home can be taken to the next level.

Digestion on Chip
Currently, the development of sensors for specific analytes is
taking a high flight. However, much less effort is put into
using microfludics in digestion research. Obviously, the complexity thereoff may be expected to be quite higher as for
analysis of components, but we think that there are considerable similarities. Foods as such are complex mixtures, and that
already puts considerable demands on sensors that are developed for that purpose. In Fig. 13, two examples are shown of
digestive microfludic tools that are used to monitor digestion
of fish oil [72] and of protein [22]. In the figure on the left,
small structures are used to capture oil droplets that flow
through the system. Once all features contain a droplet, digestive liquid is pumped into the system, and digestion can be
monitored in time through the size of the droplets.
In the work of Cheng and co-workers [22], a “long”
microchannel is used to digest proteins for a specific time that
can be very accurately controlled through the pump rate and
channel dimensions. The resulting peptides in the efflux can
be monitored at high signal to noise ratio using MALDI-TOF
MS. This application was developed in the field of proteomics, and we feel that similar approaches are valid for food
proteins that would not behave essentially different. Both systems are thus of interest and could be early indicators for
bioaccessiblity of food [70].

Packaged apples of which the ripeness is indicated through an ethylene
sensor (https://www.nanopack.eu/2018/02/09/future-packaging-already/
intelligent-packaging/)
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Fig. 13 Examples of microfluidic systems used to investigate digestion of
oil (left; [71]) and protein (right; [22]). The left chip contains capturing
features for oil droplets that are digested as function of time, leading to
reduction in droplet size. In the right figure, protein solutions are sent
through a long channel in the presence of digestive enzymes that are

dosed in, and digestion is monitored through the peptides formed using
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS). Both images are reprinted with permission from
the Royal Society of Chemisty

We expect that the microfluidic emulsification devices
mentioned before, such as the Y-junction, can be used to investigate digestion. Although indirectly, we have found that
elaborate interfacial design was not able to prevent digestion
of food emulsions, although literature seems to suggest else
[24]. In a droplet volume tensiometer and a reflectometer [25],
the interfacial structure disintegrated under digestive conditions. Using for example the coalescence cell, it will be possible to distinguish between oil hydrolysis (decrease in droplet
size) and destabilization of the interface leading to coalescence, simply by monitoring the changes in the size of the
droplets through extensive image analysis, which would also
allow for statistically sound conclusions.

encapsulates with a controlled release as function of pH [101,
103]. What would also be very relevant is to investigate the
processes occurring in the colon as published very recently for
a system that also includes the mucus layer [121], but it would
even be more interesting if in this way also the personal
microbiome could be taken into account.
As mentioned, developments in the field of sensors go very
fast, and that is essential to bring more complex systems as the
digestive chips and organs on a chip to the next level. In
pharma, great progress is made. For example, some organs
on a chip are commercially available. We foresee that also in
the food field these systems will find their place, most probably first to detect components and microorganisms with great
resolution. For this, concentration of samples is a field that
needs to be co-designed, since some components are present
in such low concentrations (e.g., allergens, pathogens) that in
the volumes typically used in microfluidic device detection
would be very cumbersome and mostly not possible due to
statistical considerations. What we are most enthusiastic about
is the potential link this technology may establish between
composition/structure of food and the effects in humans, even
at individual level, which would bring the fields of nutrition
and food technology together at unprecedented level.

Organs on a Chip
Organs-on-chips have been developed primarily to investigate
processes that take place at cell/organ level as replacement for
test animals and are known for their precise control over the
microenvironment unlike “classic” cell culture. In essence, these
devices can be dedicated to one organ and even made specific on
individual level starting from stem cells [128]. Often the term
personalized medicine is used in conjunction with organs on
chip, which also puts this application of microfluidic systems in
the pharmacological field and not really in the food field.
Still it is interesting to philosophize what the use of such
combination of devices as shown in Fig. 14 could mean for food,
especially when a system would be personalized [122]. Staying
close to pharma, this could be a way to, for example, test the
effect of various components very efficiently, e.g., for allergies
that ingredients may induce, and effects related to bacteria on
person level. Besides this, the use of organs on a chip can be
seen as the next step after digestion on a chip and will allow
testing the bio-efficiency of the components that are present in
food at cell level. This would give essential information on how
the structure in food may contribute or interfere with release of
components as has been investigated to some extent in our lab for

Concluding Remarks
To achieve sustainable healthy food products, microfluidic
insights can be of great relevance. In this review/opinion paper, we discuss this extensively for isolation of components
and for emulsion formation. At small scale, it has been demonstrated that both processes can be achieved at much lower
energy input as in classic technology. Furthermore, we have
given examples of how microfluidic devices have been instrumental in quantifying clogging of pores and emulsifier adsorption. Given the similarity in time scales at which processes can
be investigated, the findings obtained through microfluidic
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Fig. 14 Various organs on chips
can be used to evaluate the overall
effect in humans based on various
readout techniques ([122];
published open access)

observation are also expected to be immediately relevant for
processes as currently carried out on large scale.
The developments currently taking place in related fields
make us enthusiastic about the options they may give in the
field of food. Most importantly, we think that it will be possible to link food ingredient functionality and food structure to
effects taking place during digestion in the near future. But
that will not be the end point for microfluidic techniques. Also
effects as they take place in cells can be monitored through
organs on a chip methods, which will be instrumental in including nutritional effects in food design. In that respect, the
many insights presented here are only the tip of the proverbial
iceberg of options that the technology has on offer and that
hold the potential to revolutionize the way that we design the
sustainable, healthy foods of the future.
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