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Abstract: The microfluidic production of simple (microspheres) and core–shell (microcapsules)
polymer microparticles, often called microencapsulation, has been the scope of several research works
since the 1980s. It is a fast, thrifty, and efficient process because of its controlled properties, tuneability,
and yield, which can reach 100%. However, the question of its greenness, sustainability, and scalability
remains unclear, and more awareness/education is required in this field. The sustainability of
production processes using microfluidic techniques can be realized/discussed based on three pillars:
(i) waste generation, (ii) the solvents employed, and (iii) raw materials. On the other hand, although
the scaling-up of these processes was reported on in several papers as procedures in which hundreds
or thousands of microfluidic chips are set in parallel, the sustainability of this scale-up has not
been addressed to our knowledge. This opinion paper highlights the advantages of microfluidic
encapsulation processes, their greenness according to the above-mentioned pillars, (i–iii) and the
necessary considerations to scale them up while preserving their sustainability.

Keywords: sustainability; polymer microparticles; microcapsules; production processes; raw material;
solvents; microfluidic chips

1. Introduction

Encapsulation is an important process for the food, pharmaceutics, cosmetics, and
other industry domains, in which an active ingredient is immobilized inside a polymeric
shell to protect it from the external environment and to control its release [1–3]. The poly-
meric shell and active ingredient form the polymer microparticle can be (i) a microsphere,
where the active ingredient is integrated within the polymeric matrix, (ii) a microcapsule
with a core–shell morphology, or (iii) Janus microparticles, which are spheres constructed of
two halves—one hydrophobic and the other hydrophilic—with different active ingredients
encapsulated in each half (Figure 1). The production of polymer microparticles can be
performed through a chemical process such as suspension polymerization [4] and coacerva-
tion [5], or a physical process such as atomization (spray drying [6,7] and spray chilling [8]),
extrusion [9], and microfluidics [10–12]. Other processes, including fluidized bed coat-
ing [13] and pan coating [14], allow for the coating of solid particles and the formation of
a microcapsule of a solid core. Each of the aforementioned processes has its advantages,
drawbacks, and challenges to render them sustainable [15]. The latter may be evaluated
according to environmental factors describing waste generation, energy consumption, and
the nature and quantity of solvents employed in different experimental conditions and
scales [16–19].

Most of the mentioned conventional processes do not offer control over the size, mor-
phology, or porosity of the microparticles produced. The three factors are of significant
importance, as they affect the mechanism of flavors and aromas released from the micropar-
ticles and the speed at which drugs are delivered, released, and the time needed between
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treatments in pharmaceutical applications [10,20–22]. Microfluidics emerged in the last
three decades as a fast and less expensive method offering the perfect control of conditions,
durations, homogeneity, and reproducibility without requiring a huge installation. In this
contribution, we describe the microfluidic process and summarize its unique selling points
and challenges in terms of sustainability based on three pillars: (i) green metrics: E-factors,
atom, and energy efficiency; (ii) solvents used, and (iii) raw materials in terms of scalability.
We do not intend to provide a comprehensive or critical review of microfluidic processes
for microencapsulation, but rather to share our opinion of what favors microfluidics over
other processes and what it would take for it to be more sustainable at an industrial scale.
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2. Microfluidics
2.1. Description of the Process

Microfluidics can be defined as an experimental downsizing approach that, on the one
hand, allows for the better control of fluid behavior inside microchannels for sustainable
chemistry, biotechnology, and process engineering. On the other hand, it may be seen as a
microminiaturized production technology containing inlets, outlets, and tunnels, through
which a fluid flow is confined and physically or chemically treated [23]. The production
of polymer microparticles (microspheres and microcapsules) using microfluidics can be
seen as a microminiaturized process, allowing for the control of size, morphology, and
composition in the fabrication of polymer microparticles [20]. Microspheres are spherical
polymer microparticles, in which an active ingredient is inaugurated within the matrix
of the shell. To synthesize them, a dispersed phase liquid and an immiscible continuous
phase liquid are pumped with an external device such as a pressure regulator system,
peristaltic pump, or syringe pump into a microfluidic chip, where they meet at an inter-
section (Figure 2). The continuous liquid segments the dispersed one at the intersection
forming monodisperse droplets either in a dripping or jetting regime. The second step
of the process is droplet solidification either through a physical process (evaporation or
dissolution) if the droplet is a mixture of a polymer, solvent, and active ingredient (polymer
solution mixture) [11] or a chemical reaction (polymerization or crosslinking) if the droplet
is a mixture of a monomer(s), initiator, and active ingredient to be encapsulated (monomer
mixture). The monomer mixture droplet may be solidified using UV- or thermal-induced
polymerization [24,25] either (i) in situ, along the trajectory of the droplets inside the chip
(Figure 2a), or (ii) off-chip, where droplets are collected in a flask and then polymerized in
batches (Figure 2b). On the other hand, polymer solution droplets are solidified through
solvent removal using evaporation or dissolution, in situ or off-chip [10,11]. Microcapsules
are polymer microparticles composed of an active ingredient core isolated inside a poly-
meric shell that can also be produced using microfluidics through a two-step procedure,
including (i) the formation of multiple emulsions of core–shell geometries and (ii) shell
solidification, depending on the nature of the shell, as shown in Figure 3.
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2.2. Advantages over Conventional Processes

Conventional processes used to produce polymer microparticles have been previously
reviewed in several other articles [2,15,26,27]. Each process has its own pros, cons, and
sustainability challenges. For example, interfacial polymerization is a simple, low-cost,
and easy-to-operate process. However, the produced microparticles do not have a narrow
size distribution and sometimes require the excessive use of organic and aqueous solvents;
however, using less solvents has been shown to achieve microparticles with weaker charac-
teristics [15,28]. Room to improve this process exists, including optimizing the quantities
and choices of raw materials and solvents to address the environmental factor and keep
the good properties of the microparticles. Similarly, the coacervation process also produces
stable capsules with high encapsulation efficiency, but always with a large size dispersion.
This process is very sensitive to physical parameters, is relatively slow compared to other
processes, and necessitates a slow and energy-consuming postprocessing step, such as
freeze-drying, to dry the capsules. In addition, toxic crosslinkers, e.g., glutaraldehyde,
are frequently employed [15]. The atomization process allows for large-scale production,
although also without size control unless a spinning disk atomizer [29] is integrated into
the process. The spinning disk requires a larger reactor surface, since the droplets deviate
everywhere and may form satellite droplets, thus, resulting in a loss of matter. Further-
more, the dependency on the disk rotation speed makes the process less productive and
limits the output to droplet sizes of more than 100 µm. These processes, with or with-
out a spinning disk, are highly scalable and do not require any postprocessing, with an
encapsulation efficiency and yield of up to 100% on an industrial scale. However, they
are the most energy-consuming processes and normally use solvents that generate toxic
waste. Extrusion and coextrusion processes also do not require any postprocessing. The
polymer microparticles produced with these processes have a small size dispersion (<5%);
however, the production rate/nozzle is limited, and cannot handle high viscosities without
heating. These processes are not advanced compared to other processes and require good
knowledge and assessments for their successful implementation.

Microfluidics are a versatile process, where devices can be used to produce a wide
range of microparticles with different materials and properties. The size and content
of the microparticles are tuned simply by changing the flow rates of different phases.
Microfluidic processes are highly precise and can produce microcapsules and microspheres
of tailored sizes and shapes, where the coefficient of the variation in size is less than
5%. This particularity is beneficial for certain applications, e.g., drug delivery systems
in which the release rate control is vital and equivalent to the number of medical doses.
It is interesting to note that the solidification time reported in microfluidics ranges from
a few seconds to a few minutes, which is much faster than traditional processes such as
coacervation and suspension polymerization, where reactions may last a few days. Finally,
microfluidic processes require smaller and exact amounts of raw material resources to
operate with a yield that can reach 100%, which, in turn, minimizes the quantity of raw
material waste.

3. Sustainability Assessment

As mentioned in the Introduction, the sustainability assessment of microfluidic pro-
cesses to produce polymer microparticles is based on three pillars: (i) waste generation,
(ii) the nature of solvents, and (iii) raw materials.

3.1. Waste Generation

The size of microparticle in classical microfluidic techniques is strongly dependent
on the flow rates, especially the continuous phase flow rate (Qc). The production of
smaller droplets/microparticles with a given system of fluids requires a higher Qc and,
consequently, higher quantities of solvents. For example, Xu et al. [10] produced drug-
loaded poly (lactic-coglycolic acid) (PLGA) polymer microparticles using microfluidics,
where they had to increase the ratio of the continuous phase flow rate to disperse the
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phase flow rate (Qc/Qd) from 4 to 20 to form microparticles of 12 µm size instead of
42 µm. According to our knowledge, no articles in the literature address the recycling
of the continuous phase, a required step for sustainable production, especially when the
continuous phase liquid goes up to 100 times the dispersed phase. This dependency
can be harnessed in systems with an external force (i.e., centrifugal force) controlling
the size of the generated droplets [30,31]. However, this adds other constraints, such as
dependency on the rotation speeds, which are not unlimited. To this end, an evaluation
of the waste generated during a process is of vital importance from a sustainability point
of view. This evaluation requires the use of simple, accessible, and useful green metrics,
such as a complete environmental factor (cEF), to measure the greenness of the production
processes [18]. The cEF measures the amount of waste generated during a certain process
expressed in kg of waste per kg of product (Equation (1)). The ideal cEF of a process
is 0, whereas a higher cEF means more waste generated and, finally, greater negative
environmental consequences. The recycling of the continuous phase and solvents used in
the droplet phase in polymer-based microfluidics is a critical and necessary step to reduce
the cEF of a process.

cEF =
∑ mraw materials + ∑ mreagents + ∑ msolvents + mwater − mdesired product

mdesired product
(1)

We summarized some examples of monomer-based (P1–P5) and polymer-solution-
based microfluidic production processes (P6–P9) of microspheres and microcapsules. All
the ten reported processes in Table 1 have a cEF greater than 7 and can increase up to
more than 1000 (P7), meaning that for every 1 kg of polymer microparticles, at least 7 kg to
more than 1 ton of waste is generated. Although these numbers are colossal, more than
99% of the waste is due to the continuous phase and solvents, and no evidence has been
mentioned in the literature about their sustainability. In fact, in monomer-based processes
(P1–P5), where the droplets do not contain solvents to remove, the solvent waste is mainly
the continuous phase, limiting the cEF to a few tenths. On the other hand, polymer-based
droplets (P6–P9) are composed of more than 95% solvents, which add to the solvent waste
in the continuous phase and lead to cEF values of hundreds to one thousand. This is
why it is of vital importance to recycle the continuous phase and solvents before targeting
industrial-scale and thrifty microfluidic processes with minimal waste.

Table 1. Examples from the literature of microfluidic processes used to produce polymer microspheres
and microcapsules.

Morphology Encapsulated
Ingredient Shell Solidification d

(µm)
Yield
(%) cEF Ref.

P1 Microspheres -
GMA and EGDMA

comonomer and
DEP porogen

In situ UV
polymerization

with
post-off-chip–UV
polymerization

110 ± 3.3 100 12.2 [32]

P2 Microspheres -
GMA and EGDMA

comonomer and
DOP porogen

In situ UV
polymerization

with
post-off-chip–UV
polymerization

75 ± 2.25 100 32.7 [32]

P3 Microcapsules Silicone oil HDDA monomer
and photoinitiator

Off-chip–UV
polymerization 135 ± 2.7 100 16.3 [12]
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Table 1. Cont.

Morphology Encapsulated
Ingredient Shell Solidification d

(µm)
Yield
(%) cEF Ref.

P4 Microcapsules Silicone oil
HDDA monomer

and thermal
initiator

Off-chip thermal
polymerization 135 ± 2.7 100 16.8 [12]

P5 Microspheres - m-Cyrene and
MAN

In situ UV
polymerization 160 ± 4 N/A - [33]

P6 Microspheres
Bupivacaine
amphiphilic

drug

3 wt.% PLGA
polymer in DCM

Off-chip solvent
evaporation 12 ± 0.46 100 165 [10]

P7 Microspheres - 1 wt.% PVC
polymer in THF

In situ solvent
dissolution 80 ± 2.4 97 1024 [11]

P8 Microspheres Quercetin drug

5.25 wt.%
L-lactide/1,3-

dioxolane
(co)polymers in

DCM

Off-chip solvent
evaporation 60 ± 2 N/A - [34]

P9 Microcapsules

PD-L1
aptamers and
chemotherapy

drug
docetaxel

3 wt.% PLGA
polymer in DCM

Off-chip solvent
evaporation 230 ± 8 N/A - [35]

3.2. Nature of Solvents

The most employed solvents are majorly nonrenewable and toxic, so it is important to
consider replacing them according to selection guides, e.g., that of Pfizer. Green solvent
selection guides for chemical processes in general were reviewed by Clark et al. [36], and the
solvents used in microparticle production processes were reviewed in a recently published
article [15]. The usage of solvents in monomer-based microfluidic processes (P1–P5) is
limited to the continuous phase, which must be recycled to reduce the cEF, as seen in
Section 3.2. The continuous phase solvent is water (nontoxic) in all the processes reported
in Table 1; however, it can be organic in the case of hydrophilic monomer droplets. This
makes the recycling of solvents more vital, since organic solvents are usually less green
than aqueous solvents because they undergo strict hazardous waste management that
requires further energy consumption. On the other hand, water is a nontoxic, natural
solvent preferably used in chemistry over other common organic solvents [17]. However,
according to a UN projection, a water crisis is likely to affect more than four billion people
by the 2040s [37] due to a huge demand and demographic growth. Therefore, it is important
and necessary to save water and recycle it for sustainable production processes. While
recycling water is always better, it may not be as feasible in a university laboratory, since
the main objective is to demonstrate the feasibility and proof of concept of a process, rather
than production at a high volume. However, in industrial-scale production, the amount of
water used is less problematic as long as the process is circular, and any losses are negligible
compared to the production volume. Moreover, water is considered an involatile solvent
with a boiling point of 100 ◦C, making it less compatible with polymer-solution-based
microfluidic processes, which usually require solvent evaporation.

Polymer-solution-based microfluidic processes (P6–P9) are mainly employed to pre-
pare drug-loaded microspheres for drug delivery and tissue engineering. PLGA is the
main copolymer used for these applications because of its biocompatibility and ability
to degrade in a controlled manner. It is a biodegradable and biobased polymer, derived
from renewable resources, such as corn starch or sugar cane, having been approved by
the US FDA for use in drug delivery [38]. However, its usage to synthesize drug-loaded
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microparticles is frequently accompanied by the evaporation of toxic solvents, such as
dichloromethane (DCM), present in the droplet phase as in P6, P8, and P9. For example,
Xu et al. [10] (P6) used PLGA in DCM to produce bupivacaine-loaded microparticles, which
are of particular importance due to bupivacaine’s long duration of action as a local anes-
thetic compared to other local anesthetics. Kost et al. [34] (P8) prepared quercetin-loaded
PLGA microparticles in a similar procedure. Quercetin is a naturally occurring flavonoid
that is found in a variety of fruits, vegetables, and herbs. It is an antioxidant and inflam-
matory molecule that has been found to have anticancer properties and shown promise
for use in allergy treatments, asthma, and respiratory conditions. Zhang R. et al. [35]
(P9) prepared core–shell-structured PLGA microcapsules as a drug delivery system for
programmed cell death-ligand 1 (PD-L1) aptamers and the chemotherapy drug docetaxel
by evaporating DCM from the shell phase. Despite all the health-related importance of
PLGA microparticles, the solvent waste generated during the evaporation of solvents such
as DCM is remarkable. Moreover, DCM itself is toxic, hazardous, and should be handled
carefully. When inhaled, DCM can cause a variety of health effects, including dizziness,
headaches, and damage to the liver and kidneys. Therefore, intensive energy-consuming
purification processes must be performed to eliminate all solvent traces that may remain in
the final microparticles. Dimethyl carbonate is a less toxic and less hazardous solvent that
can substitute DCM; yet, it has a higher boiling point (91 ◦C compared to 40 ◦C for DCM),
which requires more energy for evaporation.

Zhang Y. et al. [11] used the solvent dissolution technique instead of evaporation to
remove tetrahydrofuran (THF) in a claimed fast and environmentally friendly process (P7).
Although it is considered less toxic than other commonly used solvents, such as toluene,
xylene, and DCM, THF can be harmful if inhaled and can cause irritation to the eyes,
nose, and throat, as well as dizziness, nausea, and headaches. THF may be replaced with
2-methyl THF (2MeTHF), which is biobased and less hazardous. Nevertheless, even if the
solvent is not evaporated in this process but rather dissolved in water, it remains considered
as a process waste unless it is recycled for another use. This requires a distillation process,
which can be slow, energy-consuming, and expensive.

In brief, solvents are inevitable in microfluidic processes used to produce polymer
microparticles. Whether monomer-based or polymer-solution-based, sustainability imposes
the usage of solvents that are less hazardous and recycled throughout the process.

3.3. Raw Materials

The selection and compatibility of raw materials are subject to strict chemical reg-
ulations, such as the European Union’s “Registration, Evaluation, Authorization and
Restriction of Chemicals” (REACH) regulation, which was adopted in 2007 to ensure a high
level of protection for human health and the environment from risks posed by chemicals.
The US Food and Drug Administration (FDA) also has chemical regulations that aim to
achieve the same goal as REACH within the United States. However, the sustainability and
challenges associated with the employed raw material (monomers/polymers, initiators,
and surfactants) are also crucial parameters when speaking about the sustainability of the
process, in addition to the waste generation and nature of the solvents. These raw materials
can be classified according to their origin: (i) fossil-based, e.g., methyl methacrylate and
its polymer poly (methyl methacrylate) (PMMA), polyethylene glycol (PEG), and vinyl
chloride and its polymer polyvinyl chloride (PVC); (ii) naturally occurring biobased, e.g.,
chitosan, alginate, cellulose, and lignin; and (iii) synthetic biobased, e.g., polylactic acid
(PLA) and PLGA. The origin of the raw materials puts the sustainability of the production
process under question even if the environmental factor is 0 and the least hazardous solvent
is used. For example, PMMA (MMA monomer), PBH (mixture of 1,6-hexanediol diacrylate
and bisphenol A glycerolate dimethacrylate), and polyacrylamide (acrylamide monomer)
are widely used raw materials, and are of great importance in a diverse range of applica-
tions, such as cosmetics, drug delivery, food preservation, and even construction [25,39,40].
However, they are all derived from a common fossil-based source, disqualifying them as
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sustainable. For example, 2 kg of petroleum is needed to produce 1 kg of PMMA. Naturally
occurring and synthetic biobased raw materials may have less negative environmental
impacts than fossil-based ones if their production processes are optimized to minimize
the use of hazardous substances and the quantity of waste generated. However, they
have different constraints concerning their quality and functionalities. For example, starch,
which is a nontoxic, biocompatible, and biodegradable naturally occurring polymeric carbo-
hydrate with thermoplastic abilities, is difficult to modify and tune, where some chemical
modifications can lead to toxic byproducts, likely to reduce its degradation rate [41,42]. Chi-
tosan is another nontoxic and nonallergic naturally occurring and biodegradable polymer
important for its anti-inflammatory activity and use in drug delivery and tissue engineering
applications. However, it is very sensitive to storing conditions and has poor mechanical
and thermal properties [43,44]. Alginate is a very popular biocompatible and biodegradable
polysaccharide with a wide range of applications, yet it has poor stability and depolymer-
izes at 40 ◦C, as shown in the study by Mao et al. [45]. Regardless of their origin, the
extraction processes of biobased raw materials must be analyzed through green metrics
and taken into consideration in the sustainability evaluation.

In addition to monomers or polymers, the surfactants used to stabilize droplets, as
well as the initiators that initiate the polymerization and the porogens used to control
the microparticle porosity, are raw materials with origins requiring consideration from
a sustainability angle. For example, span 85 is a widely employed surfactant used to
stabilize droplets; however, is not considered to be a biobased surfactant, as it is typically
synthesized from petrochemical feedstocks, such as mineral oil and oleic acid. Sodium
dodecyl sulfate (SDS) is one of the most used surfactants in these production processes. It
is typically produced through the sulfation of a long-chain alcohol, which can be derived
from either biobased plant or animal sources, or from fossil fuels [46,47]. Even if natural
resources are more sustainable than fossil fuels, this does not necessarily mean that the
SDS that comes from animals or plants is more sustainable than that coming from fossil
sources. The extraction process itself should be evaluated using green metrics in both
cases before settling on the idea that biobased sources are more sustainable. Commonly
used photinitiators, such as Darcour 1173, and peroxide thermal initiators (e.g., dibenzoyl
peroxide) are derived from fossil resources. Recently, Ficus carica leaf extract has been
found to be an effective photoinitiator for UV-cured coatings, while soybean-oil-based
initiators have been found to be effective for the thermal polymerization of unsaturated
polyester resins. Again, this does not necessarily mean a more sustainable substitute, as
their extraction process has to be considered.

Porogens widen the range of possibilities for microfluidic processes, as they allow
for the control of porosity, in addition to size, morphology, and content. Porosity can
affect the mechanical and physical properties of microparticles, such as the mechanical
strength and thermal stability, and influences the release rate. Dubinsky et al. [32] were able
to produce polymer microparticles using microfluidics from a comonomer composed of
glycidyl methacrylate (GMA) and ethylene glycol dimethacrylate (EGDMA) using in situ
UV polymerization (P1–P2 of Table 1). The dioctyl phthalate (DOP) and diethyl phthalate
(DEP) porogens were used to obtain different porosities from the same microparticle
composition. The porogens were efficient in controlling the microparticle porosity; however,
their main sustainability disadvantages included (i) leaching that could remove not only
the porogen, but also active ingredients, (ii) the long time required to completely leach out
the porogen, (iii) labor-intensive and time-consuming preparation process, and (iv) and
high cost in some cases [48]. In addition to the usage of porogens, GMA and EGDMA are
not considered to be biobased monomers. GMA is a synthetic monomer, derived from
the reaction of glycidol and methacrylic acid. It does not have a natural origin, but can be
produced through chemical synthesis from fossil-based sources. EGDMA is also a fossil-
based synthetic monomer, derived from the reaction of methacrylic acid and ethylene glycol.
The progressive depletion of petroleum sources makes the search for more sustainable
substitutions urgent.
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In a recent study, Xu and Nisisako [12] formed Janus droplets composed of silicone
oil and hexanediol diacrylate (HDDA) that changed in geometry to a silicon oil-in-HDDA
core–shell double emulsion along the microfluidic chip. Both off-chip–UV and thermal-
polymerization were applied (P3 and P4, respectively), and the porosity of the formed
microcapsules changed drastically as a function of the polymerization method. This
microfluidic method formed monodisperse microparticles with a controlled porosity while
avoiding the usage of porogens and the related disadvantages. Nevertheless, HDDA is
derived from the chemical reaction of hexanediol and acrylic acid, both derived from
petrochemical feedstocks and without a natural origin, making HDDA nonrenewable such
as GMA and EGDMA.

Biobased monomers are monomers that are derived from renewable resources, such
as plants, animals, or microorganisms. Examples of biobased monomers include lactic
acid, succinic acid, levulinic acid, and methacrylic Cyrene (m-Cyrene). m-Cyrene is de-
rived from Cyrene™, a biobased solvent originating from cellulose feedstock, through
transesterification in the presence of methacrylic acid [49]. In a recent study, polymer
microparticles were synthesized with controlled porosity from m-Cyrene without using
porogens and without changing the in situ UV polymerization method (P5) [33]. The
porosity of the microparticle was measured with X-ray microtomography and modified by
adding methacrylic anhydride (MAN), a chemical used as a precursor for the synthesis of
methacrylate polymers, copolymers, and crosslinkers, to the dispersed phase in different
concentrations. MAN enters in the synthesis procedure and m-Cyrene, which reduces
excessive purification reactions. Despite this advantage, and although a biobased monomer
(i.e., m-Cyrene) was used in this process, MAN is a fossil-based nonrenewable raw material.
In addition, it is toxic and can cause various health effects when inhaled or ingested, and
should be handled carefully in laboratories with the necessary equipment.

4. Scalability

As seen in Sections 3.1 and 3.2, microfluidic processes can be considered sustainable if
and only if the solvents and continuous phase are recyclable. An industrial-scale pilot with
thousands of parallel monomer-based microfluidic chips, in situ polymerization, and a back-
loop to recycle the continuous phase may be ideal for this goal. At lab-scale, the microfluidic
chip may produce up to 0.4 mg·h−1 in the dripping regime and up to 1 mg·h−1 with a jet
break-up [10]. Therefore, a thousand parallel microfluidic chips in a jetting regime should
be able to generate up to 24 kg/day of microparticles. This level of productivity is probably
less expensively achieved using microfluidics than using conventional technologies such as
spray drying, where the thermal efficiency may decrease down to 20% in some cases, with
heat accounting for approximately 60% of the total process cost [50]. However, to achieve
this level of productivity, the pumping system delivering the fluids must also be scaled
up. On a laboratory scale, a peristaltic pump, syringe pump, or pressure regulator that
pumps two to four liquids requires 10–30 W of input power. Therefore, a straightforward
numbering-up to one thousand parallel microfluidic chips would result in a 10–30 KWh
equivalent energy cost, which is not significant.

Monomer-based microfluidics require a source of heat energy or UV light to perform
the in situ polymerization of the droplets. On a lab scale, the required heat flux for
thermal-initiated polymerization is of the order of some Watts per chip. In the case of
massive parallelization, it would be even smaller, as thermal losses would be much smaller.
Thermal losses would be negligible, and the only serious demand would be tied to latent
heat (evaporation and second-order phase transition). Taking the maximum production
rate of one chip (24 g/day), the energy consumption of these processes is estimated at a
few Watt hours per g of microparticles for one chip. Consequently, a pilot of ten thousand
parallel chip pilots would require a few kilowatt hours of energy to produce approximately
240 kg/day. This is a good level of production, especially that the microparticles are as a
result homogeneous in size and content to target important applications in cosmetics and
pharmaceutics. The UV polymerization at lab scale requires a UV lamp with a light intensity
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(I) ranging between 0.1 and 1 W/cm2 and a few seconds residence time of the microparticles
inside the chip. For example, Dubinsky et al. [32] used a UV lamp with I = 0.2 W/cm2

(3.62 × 1017 photons/s/m2) to polymerize GMA and EDGMA monomer droplets during
15 s in a reactor area of 0.75 cm2 (channel length: l = 125 mm; channel width w = 0.6 mm).
The energy consumption in this example is estimated at approximately 3–4 Watts/day/chip
at the maximum production rate (24 g/day), corresponding to 0.1–0.2 W/g of microparticles.
To scale-up the process into a pilot with ten thousand parallel chips, a ten-thousand-times
larger area would be required to illuminate with the same light intensity, which implies the
same energy consumption at an industrial scale (0.1–0.2 W/g). This energy consumption
is even less than the energy required for thermal-initiated polymerization for this level
of production.

Polymer-solution-based microfluidic processes do not require a polymerization chem-
ical reaction requiring optimization; however, the solvent in the droplet phase is mainly
evaporated or dissolved in a nonsolvent of the polymer solute. Therefore, the necessary
solvent recycling process to reduce the cEF requires post-treatment processes such as con-
densation in the case of evaporation, or distillation in the case of dissolution. This requires
a more complicated design for an industrial-scale pilot and makes the energy efficiency of
the process dependent on the consumption of the post-treatment processes.

Regardless of the process, its sustainability, and the upscaling procedure, most mi-
crofluidic devices are reusable. However, a very small precipitation of any of the liquids
used in the process may block the micrometric channels and stop the whole process. Re-
searchers working in the field of microfluidics are used to such types of problems, requiring
complicated and long procedures, including sonication, heating, and solvent usage, to
unblock the obstructed channel. In many cases, the channel remains obstructed and needs
to be replaced, thus, increasing the environmental impact. Most lab-scale microfluidic
devices are created using soft photolithography, which requires a dark room and uses a
lot of energy. In addition, these devices are mainly composed of synthetic fossil-based
nonrenewable polymers, such as polydimethylsiloxane (PDMS) and PMMA, which are
not biodegradable and difficult to recycle. Current scientific research can aid in the search
for sustainable, transparent, recyclable, biodegradable, and compatible plastics for the
fabrication of microfluidic devices used in daily lab operations. The origin of the plas-
tic material, whether fossil-based or biobased, is not as significant or environmentally
problematic as its degradability and recyclability. This concern is less of an issue on an
industrial scale, as glass and particularly steel microreactors have proven to be viable
options for industrial process engineering since the mid-1990s, and may be used to produce
polymer microparticles.

5. Conclusions

Microfluidics is one of the most important and promising processes for the preparation
of microparticles for a wide range of applications. It is always referred to as a sustainable,
thrifty, and controllable process in most of the literature. While the latter was perfectly
demonstrated throughout the examples of the present opinion paper, sustainability remains
an issue, because it does not only deal with the yield or environmental factor of the process,
but also the nature and amount of solvents used, as well as the raw materials employed.
The recycling of the continuous phase and solvents is a key point in reducing the complete
environmental factor (cEF) of the process; however, it is not the only point. We have seen
that solvents are inevitable, even in monomer-based processes, where the droplets do not
contain a solvent and the solidification does not rely on its evaporation or dissolution.
There is no ideal solvent, with even less hazardous and biobased solvents remaining as
problematic. The nature of raw materials, such as monomers, polymers, and catalysts, is
another point that we highlighted and showed to be important in the determination of
the sustainability of microfluidics. Not only the nature of the raw materials, but also the
way they are extracted must be considered. We saw that the sizes and properties, such as
porosity, can be controlled in various ways, those alone having their own issues. Porogens
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have the disadvantage of leaching, being time-consuming, and high cost, whereas using
chemicals e.g., MAN, comes with toxicity risks, and is not a sustainable solution given the
fossil-based nature of MAN. After considering all the sustainability concerns at lab-scale,
the upscaling of the process must consider several aspects. In monomer-based devices, the
capacity of recycling the continuous phase of thousands of parallel channels, the way to
supply heat or UV, and the life cycle of the microdevices are the main problems, whereas, in
polymer-solution-based, the recycling of solvents through distillation and/or evaporation
must be brought to an industrial level able to integrate with a thousand of microfluidic
devices. Finally, one must consider the material from which the microfluidic channels are
composed of, regardless of the process itself.

Author Contributions: Conceptualization, H.E.I. and S.F.; writing—original draft preparation, H.E.I.;
writing—review and editing, S.F., P.P., F.A.; supervision, P.P., F.A. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Communauté urbaine du Grand Reims, Département de la Marne, Région
Grand Est, and European Union (FEDER Champagne-Ardenne 2014–2020) are acknowledged for
their financial support to the Chair of Biotechnology of CentraleSupélec, URD ABI-AgroParisTech,
and the Centre Européen de Biotechnologie et de Bioéconomie (CEBB).

Conflicts of Interest: The authors declare no conflict of interest.

References
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