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Separation and purification of biomacromolecules either in biopharmaceuticals and fine chemicals manu-
facturing, or in diagnostics and biological characterization, can substantially benefit from application of
microfluidic devices. Small volumes of equipment, very efficient mass and heat transfer together with
high process control result in process intensification, high throughputs, low energy consumption and
reduced waste production as compared to conventional processing. This review highlights microfluidics-
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based separation and purification of proteins and nucleic acids with the focus on liquid—liquid extractions,
particularly with biocompatible aqueous two-phase systems, which represent a cost-effective and green
alternative. A variety of microflow set-ups are shown to enable sustainable and efficient isolation of target

rsc.li/greenchem biomolecules both for preparative, as well as for analytical purposes.
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Introduction

Over the past two decades, microfluidic devices have been the
focus of numerous studies due to their ability to process fluids
either for analyses, reactions or separations in a very efficient
and controllable way. The benefits of these devices, typically
having at least one characteristic dimension in the range of
micrometres and thus, high surface to volume ratio, comprise
small amounts of sample and reagents needed, very efficient
mass and heat transfer and controlled process conditions."?
Microfluidics have shown outstanding breakthroughs in
several fields comprising chemistry, biotechnology, biomedi-
cine and process engineering.

Tremendous improvement in high-throughput bioprocess
development and the productivity of biotransformations and
fermentations, as well as recent trends towards continuous
production in pharma and fine chemicals production, exposed
the downstream processing as a manufacturing bottleneck.
This is particularly evident in the production of biopharma-
ceuticals such as monoclonal antibodies and therapeutic
enzymes, where purification could reach up to 90% of total
production costs. Novel protein-based drugs for treatment of
previously untreatable diseases boosted unprecedented growth
of their market, which is currently hindered by the lack of
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cost-efficient and controlled product isolation.’ Furthermore,
protein extraction from marine organisms (e.g. phycobilipro-
teins),’ plants® (e.g. recombinant pharmaceutical proteins,
such as human growth hormone, recombinant human intrin-
sic factor, hepatitis B virus antigen, etc.) and wastes (e.g. lacto-
ferrin from whey) have gain an increased attention as they can
be used in various applications comprising medicine, food
industry and cosmetics. On the other hand, high-throughput
and high-efficiency separation and purification processes to be
applied on proteins and nucleic acids are needed in diagnosis,
or for biochemical characterization of cells and biological
material. Sample volumes used in general biology and medical
research are becoming smaller and concentrations are dra-
matically decreasing.®

In all cases, accomplishment of high purities and yields of
(bio)macromolecules in a short time strongly rely on innovative
technological solutions. Miniaturization along with a reduced
number of unit operations through process integration leads
to intensification, both on the laboratory/analytical scale, as
well as at the production level. Microchips have been in the
past two decades successfully applied in many bioseparation
techniques comprising cells separation (reviewed in ref. 7), cell
lysis and/or extraction (reviewed in ref. 1, 8 and 9), blood frac-
tionation (reviewed in ref. 10), integrated isolation of products
of biocatalytic processes (partly reviewed in ref. 11 and 12),
steroid extraction,'® antibiotics purification,'® in capillary elec-
trophoresis for protein separation (reviewed in ref. 15), as well
as in chromatography (reviewed in ref. 16-18). Several of these
applications focused on the use of microfluidic devices for
process intensification and reduction of sample volumes.
Therefore, their adoption typically resulted in a decrease of
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processing costs along with the reduction of the reagents/sol-
vents required and time needed to pursue separation. Thereby,
the energy costs and environmental impact of the processes
were also reduced, as previously reviewed.?*°

This review aims at discussing some basic phenomena
underlying benefits of microfluidic devices and their use in
extraction and separation of proteins and nucleic acids with
the emphasis on liquid-liquid extraction (LLE). The use of
more biocompatible and non-destructive solvent systems such
as aqueous two-phase systems (ATPS) applied on the sustain-
able processing of biomacromolecules is also highlighted. A
short overview of other microflow-based separation techniques
for selected biomacromolecules is given along with some
outlook and current trends in the field.

Process intensification via
Mminiaturization

The emergence of microreactor technology and process inten-
sification through miniaturization has provided a new plat-
form for accelerating the development of the next generation
of chemical and biochemical process technologies. The
process intensification provides insights into different scales
and can be defined as the development of novel and sustain-
able equipment that, compared to the state-of-the-art, results
in dramatic process improvements related to equipment size,
waste production, energy consumption and other factors.*
The application of microreactor technology in (bio)chemical
processes meets these criteria, with known reduction of the
equipment size. However, besides spatial benefits, microflui-
dic devices also provide enhanced heat and mass transport,
safety, environmental impact, and others.® An obvious effect of
shrinking a system to the micrometre scale is the large
increase in surface area relative to volume, often by several
orders of magnitude. Specific surface areas of microstructured
devices lie between 1 x 10* and 5 x 10* m* m ™, while those of
traditional reactors are generally about 100 m> m™’.
Decreasing in volume, which typically amount to a few microli-
ters, replaces batch with continuous flow processes and
process parameters such as pressure, temperature, residence
time, and flow rate are more easily controlled for processes
that take place in small volumes.>" A key advantage that minia-
turization brings is the knowledge and ability for building
microscale systems in a controlled and repeatable manner.*

Fluid flow at the microscale

The microfluidics concept was firstly proposed in 1969 by Lew
and Fung®® without being completely aware of the microfluidic
phenomenon per se. These authors demonstrated that the
(micro)circulation flow within the blood vessels and the air
flow within the bronchioles and alveolar ducts and sacs of the
lungs were subjected to a change upon the entry (inlet) of a
new vessel or branch, respectively, and that this flow was deter-
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mined by the low Reynolds numbers (Re). At this point, it was
established the main phenomenon dictating the flow pattern
in natural microscale conditions, though, only later research-
ers became aware of the benefits of working in microscale and
start to understand it.

Nowadays, microfluidics is a research field that develops
methods and devices to control, manipulate, and analyse flows
on nano- to microliter scales.>® The main features of micro-
scale systems are reflected in fluid dynamics therefore, the
understanding of fundamental mechanisms involved in fluid
flow characteristics at the microscale is essential since their
behaviour affects the transport phenomena and microfluidic
applications. Fluid behaviour at the microscale is increasingly
influenced by viscosity rather than inertia. Viscosity, the
internal friction of a fluid, produces a resistance to shear and
a tendency for the fluid to move in parallel layers known as
laminar flow, while the inertia, tendency of a body in motion
to retain its initial motion, counters laminar flow and can ulti-
mately result in turbulent flow.”"*>?* The laminar flows cause
velocity profiles in the microchannel to appear typically para-
bolic in shape, which can lead to a relatively broad residence-
time distribution. While the ratio of inertial to viscous forces
is related with the Re, the capillary number (Ca) represents the
relative effect of viscous drag forces versus surface tension
forces acting across an interface between a liquid and a gas, or
between two immiscible liquids. While the dynamics of single-
phase flow in microchannels is very similar to that in large dia-
meter channels, this is not the case for multiphase flow. A
deeper understanding is needed to describe multiphase flow,
where the modelling-based study of multiphase flow funda-
mentals at the microscale plays a key role.

Flow pattern, such as parallel flow, droplets, segmented or
slugs and annular flow, depends upon the interaction amongst
the gravitational, interfacial, inertial and viscous forces.
Therefore, flow pattern, together with the pressure drop, rep-
resents the most important characteristics of multiphase flow
in micro channels. In the microfluidics, the surface forces that
govern the physical phenomena, like surface tension, frictional
or viscous force, wall adhesion and wall wettability etc.,
become significant in multiphase flow at the microscale. Thus,
the surface forces in the microfluidic devices are dominant
compared with body forces.>® The microchannel geometry and
its inner surface properties (roughness, hydrophobicity) also
contribute for the establishment of a stable flow pattern of
multiphase flow.

The most typical flow patterns of two-phase flow used for
bioprocess extraction, separation and purification in microflui-
dic devices are parallel, droplet or slug flow. In slug flow of
two immiscible liquids, the continuous phase of a liquid is
segmented by discrete droplets of the distributed liquid phase.
Slug flow is known by several other names, such as Taylor
flow, plug flow and most often, segmented flow.>® Segmented
flow is increasingly being used in various industrial processes
due to its unique hydrodynamic characteristics. Mass transfer
between the two phases is enhanced by internal recirculation
within the liquid slug and droplet of the distributed liquid

This journal is © The Royal Society of Chemistry 2020
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phase, the large interfacial area and the small diffusion
paths.>**¢*” To describe the extraction process in microflui-
dics based on segmented flow, the convective transport and
diffusion in all three directions within the droplet and slug
must be taken into account, while the mass transport of extrac-
tion component through the interphase surface is defined by
diffusion and partition coefficients.>®

Y-shaped inlet channels (Fig. 1A-C) allow the typical for-
mation of parallel laminar flow, with the two immiscible
liquids being introduced concurrently through both inlets and
moving alongside until the exit. However, all the previous para-
meters need to be properly addressed to maintain this micro-
flow stable along the full microchip length. This will be also
crucial to achieve a solute concentration equilibrium and
allow a complete phase separation at the chip outlets. A third
inlet/outlet can be introduced as well in the chip (y-shaped
microchannel; Fig. 1D-F), inducing the formation of a second
interface in the system. In turn, an increase on the interfacial
area occurs, allowing a more efficient mass transfer. From the
extraction and/or purification point of view, the major advan-
tage of this fluid flow system is that there is the phase separ-
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ation at the channel exit, allowing the recovery of the phase
containing the compound of interest to be further processed,
while the contaminants-based phase can be discarded. As a
downside, parallel laminar flow only allows mass transfer
across one or two parallel interfacial areas by diffusion,
demanding long residence times and thus, long micro-chan-
nels are required to achieve a complete separation.

Parallel flow pattern can be shifted to a segmented micro-
flow following some changes in the merging conformation of
the inlets, namely by creating a perpendicular conformation,
also known as T-shape conformation or T-branch (Fig. 1G and H),
or through the so-called flow focusing geometries (Fig. 11-K). In
the first scenario, the organic and aqueous phases are put in
contact through a 90° angle, leading to the formation of small
droplets. In the second case, there is the creation of a three
inlets microchip with two immiscible liquids flowing simul-
taneously: one in the central/inner channel and the other in
the outer channels, preferably contacting at a 90° angle. After
merging but not mixing, the fluids pass through a small
orifice, leading to the droplet formation. In both cases, the for-
mation of droplets/slugs is originated due to the generation

Laminar flow — two vs. three inlets/outlets

Increasing flow rates = smaller and more frequent droplets

Fig. 1 Different examples of microfluidic devices applied for parallel (A to F) and segmented flows (VII to XI). (A) to (C) and (D) to (F) are a represen-
tation of a laminar flow within a microchip with two and three inlets/outlets with a straight and serpentine main channel, respectively. (G) to (K) evi-
dence the two most common conformations originating a segmented flow, namely T-shape/branch conformation (G and H) and flow focusing geo-
metry (I to K). Segmented flow can display distinct regimes, for instance slugs () and droplets (G, H, J, K).

This journal is © The Royal Society of Chemistry 2020
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and competition of shear forces and surface tensions between
the aqueous and the organic phases at this junction. At this
point, there is some flow instability and non-linearity, thus
leading to droplet formation (spherical droplets not touching
the channel walls, Fig. 1G-K), slug/plug-flow (elongated dro-
plets touching the channel walls, Fig. 1I) or annular-flow
(thinner and longer slugs do not touching the walls), as
reviewed in ref. 29 and 30. When parallel to segmented flow
transitions occur, there is a considerable increase in the
surface to volume ratio, leading to a higher mass transfer and
a shorter residence time. These account for the major advan-
tages of this flow pattern. In contrast, the greatest drawback
might be the continuous/disperse phases separation at the
outlets.>'~*

Integration of microfluidic units

Another key feature of microflow devices is their ability to
combine different unit operations either in a consecutive
streamline leading to end-to-end processing,*® or on a single
chip (Lab on a chip). The latter approach has been widely
exploited in analytics by developing a variety of micro total
analysis systems (LTAS).

Recent trends towards continuous manufacturing systems
in pharma and fine chemicals production, supported also by
FDA’s recommendation, clearly opens the space for integrated
processing and control. The use of highly adaptable smaller
equipment with real-time monitoring could result in lower
production costs, improved product quality, increased safety
and shorter processing times.""*> Furthermore, such systems
allow distributed and on-demand manufacturing, preventing
shortages of drugs and chemicals, as well as reduced formu-
lation complexity relative to tablets needing yearlong
stability.>”

Development of a flexible, plug-and-play platform capable
of complex multistep synthesis, multiple in-line purifications,
post-synthesis work-up and handling, semi-batch crystalliza-
tion, real-time process monitoring, and ultimately, formu-
lation of high-purity drug products has recently opened up a
new era in continuous flow pharmaceuticals production.’”
Purification of biomacromolecules like therapeutic proteins,
antibodies, enzymes and nucleic acids mostly requires several
steps of extraction and polishing, which are typically compris-
ing filtration, centrifugation, membrane technologies, and
various types of chromatography, hence yielding high down-
stream processing costs.*® Liquid-liquid extractions using
non-denaturing solvent systems are gaining increased atten-
tion as a cost-effective alternative.*®*’

Liquid—liquid microextraction

LLE comprises the mass transfer of a solute from the feed, i.e.
a liquid containing the molecule of interest, towards the
extraction in a solvent immiscible with the feeding phase. The
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mass transfer of the solute across the interface takes place
until the thermodynamic equilibrium is reached. After the sep-
aration is completed, the extract comprises the solvent con-
taining the solute, while the raffinate consists of the feeding
phase and the remaining solute. As batch extraction is limited
by thermodynamic equilibrium, multi-stage continuous oper-
ation, usually performed in a counter-current flow, is often
applied. For the industrial-scale extractions, mixer-settlers,
extraction columns, and centrifugal extractors are commonly
used.

Typically, LLE is accomplished using an organic solvent to
extract the solute from the aqueous phase. However, most
organic solvents are hazardous for the biomolecules and the
environment.*® As an attractive alternative, aqueous two-phase
systems, ATPSs, (also called as aqueous biphasic systems, ABS)
emerged as a more benign type of LLE since they are mainly
composed of water (65-90%) and do not require the use of
organic solvents in the whole process. Mild operation con-
ditions that allow the biomolecules to keep their native confor-
mations and biological activities are thus provided.** These
systems consist of two aqueous solutions of immiscible com-
pounds, for instance two polymers, a polymer and an in-
organic salt or an IL, among others.”*' The ATPSs present
highly flexible separation systems, since a vast array of com-
pounds can be used in extractions and purifications providing
a good selectivity and yield, as reviewed in ref. 39 and 40.

Due to the previously stated benefits of microflow systems
as compared to conventional apparatuses, there has been an
increased interest in applying these devices for LLEs. This is
evident from the constant increase in the number of publi-
cations published per year containing the keywords “liquid-
liquid extraction” and “microfluidic devices” or “microflui-
dics” or “microchips”, shown in Fig. 2. Both co-current and
counter-current stratified (parallel) flow patterns have a
common advantage over droplet-based flow patterns as they
allow the simultaneous phase separation at the exit of the
microfluidic device during the extraction process. However,
both have as well significant limitations due to the instability
of flow patterns and consequently, the low capacity and pro-
ductivity. Some solutions have been proposed in order to
stabilize the co-flowing immiscible streams, like to introduce
the membrane, or a series of micro-pillars placed in the extrac-
tion channel, which in turn reduces the extraction efficiency.
On the other hand, the development of a multistage counter-
current extraction with high effectiveness indicated that it is
still challenging to balance the pressure loss with micropumps
after every stage. The continuously operated system consisted
of integrated devices for highly efficient droplet-based micro-
fluidic liquid-liquid extraction and phase separation is cur-
rently a very promising option to replace the conventional
macroscale systems in terms of process intensification and to
meet high industry expectations.

Miniaturization of mixing and reaction procedures was
already well optimized. However, extraction and separation of
compounds within a microfluidic device are still the limiting
step to accomplish the entire process in a single microchip.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Number of articles published per year on the use microfluidic devices for LLE by using “liquid—liquid extraction” and “microfluidic devices” or
“microfluidics” or “microchips” as keywords in Web of Science. Data assessed in October 2019.

Assmann and co-workers*? have focused their attention on
reviewing the strategies to stabilize and promote phase separ-
ation while using different types of flow. Instead, we focused
on the combining benefits of microfluidic devices and their
use in conventional and more sustainable LLE on the separ-
ation of proteins and nucleic acids.

Conventional LLE

Organic solvent-based LLE is most often used for the extrac-
tion and/or purification of molecules that are stable in these
solvents, e.g. steroids'® or dyes.*>™**
easily denaturate in organic solvents, there are only a few

Since biomacromolecules

works reporting the microextraction of proteins and nucleic
acids using this methodology, as summarized in Table 1.
Zhang et al.*® developed a rapid and high efficient approach

for bacterial pathogen identification and quantification, while
applying a laminar flow. The authors designed a microfluidic
device composed of microwell arrays to selectively extract and
purify deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)
of both Gram positive and negative bacteria, such as
Staphylococcus aureus and Pseudomonas aeruginosa. To evaluate
the device efficiency, purified nucleic acids were added to the
aqueous phase alongside labelled bovine serum albumin
(BSA), used as a model protein to access the amount of protein
that might also be retained in the microwells with the nucleic
acids. The DNA purification results showed that 92.9% of
protein and 93.2% of RNA partitioned to the organic phase
(phenol/chloroform/isoamyl alcohol), at a flow rate of 0.45 mL
min~" and pH 8. This result was improved by increasing the
flow rate to 0.65 mL min~", resulting in an almost pure DNA
recovery in the aqueous phase. The DNA recovery was also
proved to be dependent upon the pH of the organic phase. By

Table 1 Proteins and nucleic acids extracted using a conventional liquid—liquid microextraction as well as the microfluidic device specifications and

solvents used

Molecules extracted Microfluidic device Solvents Ref.
Bovine serum albumin A polydimethylsiloxane microfluidic device with one inlet/ Organic phase: phenol/chloroform/isoamyl 46
(BSA), DNA and RNA outlet and a main channel in contact with several micro-wells alcohol, aqueous phase: bacterial lysate

Rhodamine labelled BSA, Two PDMS microchip with two inlets/outlets and a Organic phase: phenol/chloroform/isoamyl 47

DNA and bacterial
plasmid
Rhodamine labelled BSA

other with a T-shape (¢f. Fig. 1)

channel with one outlet (¢f. Fig. 3A)

This journal is © The Royal Society of Chemistry 2020

serpentine main channel: one with a Y-shape inlet and the

Two glass microfluidic devices: one with two inlets while the
other has three, both converging into a straight main

alcohol, aqueous phase: phosphate-buffered

saline (PBS) + DNA and BSA

Organic phase: phenol/chloroform/isoamyl 48
alcohol, aqueous phase: water + SDS

Green Chem., 2020, 22, 4391-4410 | 4395
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reducing the phase pH to 4.6, and only at a flow rate of
0.65 mL min~', a complete DNA recovery (>99.9%) was
obtained in the organic phase, alongside with more than 95%
of BSA. Yet, this allows the recovery of 94.2% of a purer RNA in
the aqueous phase. In general, these results have evidenced
the possibility to manipulate the nucleic acid partition
between both organic and aqueous phases by the fine tuning
of the flow rates as well as the organic phase pH. Therefore,
such results turn this approach into a very appealing option to
be applied in real matrices. The real nucleic acid purification
was attempted from bacterial lysates, using a cell suspension
from 5000 to 5 CFU (colony forming units) and the results
were then compared to a column-based solid phase extraction.
Herein, the chip presented recoveries between 85% and 100%
for both DNA and RNA covering all CFU range, with exception
of the Staphylococcus aureus RNA displaying only a recovery
between 70 and 80%. On the other hand, recoveries from the
alternative method decreased with cell density and attained
only recoveries of nucleic acids between 15 and 20%. This
study showed the great potential of a microfluidic device to be
applied in the biomolecule’s extraction field, even in presence
of a real and complex matrix, such as a bacterial lysate.
Meanwhile, Morales and Zahn®” have analysed the extraction
of rhodamine labelled BSA and DNA using both laminar and
segmented flow patterns. Herein, the authors used a typical
two inlets/outlets chip with a main serpentine channel usually
applied for laminar flow to also perform a segmented regime.
They realized that, by manipulating the flow rates ratio, both
laminar and segmented flows were possible to induce. In
laminar regime, the authors found a much higher flow rate for
the aqueous phase than for the organic phase, which lead to a
capillary number of 0.72. For segmented flow, these were dras-
tically reduced until the flow rates ratio allowed a capillary
number of 0.07. At this point, interfacial forces have domi-
nated the viscous forces and slugs were formed. Once this con-
dition was established, the biomolecules extraction occurred
allowing to recover 78% of BSA in the organic (phenol/chloro-
form/isoamyl alcohol) phase, while 8% of DNA was collected
in the aqueous phase, for the laminar flow. By replacing this
flow pattern for a droplet regime, the biomolecules extraction
was enhanced due to the additional convective process. As a
result, purities around 96% and 97% for the protein and DNA,

Parallel flow

—_—
Flow Direction

“>>~..__ Flow Direction

16.67ms
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respectively, were found. Following these results, the authors
adopted segmented flow, shortened the main channel length,
and constructed a new microfluidic device by replacing the
inlet region for a normal T-shape conformation. This new
device was used to study the extraction of an Escherichia coli
plasmid by introducing directly the bacterial cell lysate into
the microchip. The results were very good, showing recoveries
of the genetic material higher than 90%. However, replacing
the laminar by the segmented flow within the same device
without taking additional measurements such as the outlets
coating, the physical separation of both phases at the outlets
was not achieved, and thus, the authors have carried the phase
separation “off-chip”, representing the main disadvantage of
the approach. This study clearly evidenced that segmented
flow could be much more advantageous from the mass trans-
fer point of view owing to its higher interfacial area, thus pre-
senting a considerable higher extraction efficiency. However,
some of the drawbacks persist, namely the difficulty of phase
separation at the outlet, and the absence of a stable profile
and a well characterized flow regime.

The previous study was a strong indication that the inlets
conformation of microchips is not the only factor influencing
the type of flow. For example, by changing the flow rates ratio,
the flow regime can be shifted. Reddy and Zahn*® corroborated
this accomplishment and have shown the importance of using
a co-solvent to maintain a stable laminar microflow. Here, two
distinct apparatus in a Y-shape conformation with two and
three inlets, respectively, were used. The results showed the
need of adding an anionic surfactant (sodium dodecyl sul-
phate, SDS) to the aqueous phase to achieve a stratified flow.
Without the surfactant, the interfacial tension between the
organic (phenol/chloroform/isoamyl alcohol) and aqueous
phases was much higher, preventing a laminar flow. Besides,
in its absence, the capillary number was so low that a slug
profile was obtained. Thus, at flow rates of 2.5, 1.25, and
2.5 pL min~' for the aqueous-organic-aqueous phases,
respectively, a laminar flow was achieved (Fig. 3A). Though, if
this flow rate was reduced to 1, 0.5, 1 uL min~", the laminar
flow became thinner and gave rise to a tortuous jet with
droplet ejection (Fig. 3B-D), even in the presence of a surfac-
tant. Afterwards, this microplatform was applied to the BSA
extraction from the aqueous phase. The protein diffused

)]

Jet thinning and necking let breaking

16.67ms 16.67 ms

Fig. 3 (A) Microchip inlets with laminar flow at flow rates of 2.5, 1.25, and 2.5 L min™* for the aqueous—organic—aqueous phases. (B—E) By reducing
these flow rates from 2.5, 1.25 and 2.5 to 1, 0.5, 1 uL. min~?, respectively, the laminar flow gives rise to a tortuous jet with droplet ejection. Reprinted
from Interfacial stabilization of organic—aqueous two-phase microflows for a miniaturized DNA extraction module, Vol. 286, Issue 1, Varun Reddy
and Jeffrey D. Zahn, Pages 158-165, Copyright (2005), with permission from Elsevier.
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towards the organic phase, precipitating in the aqueous-
organic interface. However, the extraction of BSA was not com-
plete due to the limited surface area of the interface created.
The publications in this direction are summarized in Table 1.

Aqueous two-phase microextraction

As aforementioned, ATPS can be formed by combining
different compounds. The studies applying aqueous two-phase
microextraction range from the conventional polymer-
polymer-"°! and polymer-salt->>"° based ATPS to the recent
surfactant-salt,”’*® polymer-surfactant,”® protein-polymer,’
IL-water,®! IL-salt> or even the IL-sugar®” for the extraction of
different proteins, as detailed in Table 2. This type of LLE is,
by itself, a great improvement for the solvent extraction field
as well reviewed in ref. 39 and 41 and as such, in this review,
the focus will be on the combined advantages of ATPS and
microfluidic devices.

In order to further accelerate separation of electrically
charged species within microfluidic devices, an externally
imposed electric field has been often introduced. This not
only allows the extraction and separation of biomolecules
between both phases but also the separation between the
fastest molecules.®® Typically, the partition is carried accord-
ingly to the biomolecule affinity/preferential interactions
towards each phase; yet, here there is also the possibility of

Table 2 Proteins studied in literature, their molecular weight and iso-
electric points (pl). This information was gather from Uniprot database®*
and it is organism-dependent

Molecular weight

Protein (kDa) pI
Bovine serum albumin, BSA ~69.3 5.82
(Escherichia coli) B-galactosidase ~116.7 5.30
(Aequoera victoria) green fluorescent ~26.9 5.67
protein, GFP

(Schistosoma japonicum) glutathione 23.4-25.5 6.09-6.73
S-transferase

(Human) Immunoglobulin G, IgG ~150 6.60-7.20
(Staphylococcus aureus) Protein A ~42 4.85-5.10
(Bovine) insulin ~11.4 7.60
(Bacillus licheniformis) a-amylase ~58.5 6.33
(Halobacterium salinarium) ~28.3 4.58
bacteriorhodopsin

(Bovine) trypsin ~25.8 8.40

Table 3

View Article Online

Tutorial Review

further separating the charged molecules according to their
surface charge, upon the use of an external electric field.*
More recently, in 2017, Vobecka and co-workers have searched
the possibility of controlling the droplet motion in ATPS, again
by applying a DC electric field. The authors have shown the
possibility to control electrically the motion of the salt droplets
(phosphate, sulphate and carbonate species) in PEG/salt-based
ATPS, by a DC electric field.®

Polymer—polymer-based ATPS

Polymer-polymer-based were the first ATPS studied, which
explains its extensive characterization and use in literature.*’
These systems have been applied to the microextraction of
trypsin,”® BSA,***! protein A, insulin, immunoglobulin G (IgG)
and green fluorescent protein (GFP).>! Herein, besides the
diversity of analytes studied, several microfluidic devices were
also proposed, as summarized in Table 3.

Miinchow and co-workers®® used the charge of proteins to
develop a microfluidic device able to promote the protein par-
tition by an electric field applied to the chip, thus promoting
an electrophoresis at microscale, while simultaneously cross-
ing its principles with those from the ATPS. For this purpose,
the authors created a three inlets chip that converged into a
straight main channel and one outlet, in which the main
channel was connected to side reservoirs by gel bridges
(Fig. 4). The electric field was applied through the main chan-
nels to allow the mobilization of proteins according to their
electric mobility. Herein, BSA was dissolved in the dextran
(Dex)-rich phase, thus remaining in this phase upon voltages
up to 2.5 V. Nevertheless, by augmenting the voltage, the
authors reported that BSA has migrated to the opposite phase
rich in PEG, thus following the electric potential imposed. In
contrast, when BSA was introduced in the PEG outer phases, it
migrated preferentially to the middle Dex-rich phase, a result
exclusively controlled by the BSA preferential interactions with
the dextran, independently of the electric field path imposed.
Moreover, the migration of BSA for dextran was proven to be
pH-independent.

Polymer-polymer-based ATPS were also used to selectively
deliver chemicals to cells as demonstrated by Frampton and
co-workers.” In this work, the delivery of trypsin to immobi-
lized cells was studied. Trypsin is a cationic enzyme used to

(Bio)molecules studied using polymer—polymer-based ATPS. This table describes the ATPS components and the microfluidic device used

Cells or (bio)molecule extracted ATPS components

Microfluidic device

Ref.

Trypsin PEG 35000, dextran Two PDMS microfluidic devices: one with three inlets and the other with 50
10000 and 500000 seven inlets, both converging into a straight main channel and one
outlet.
BSA PEG 8000, dextran A PMMA microdevice with three inlets converging into a straight main 49

500000

channel and one outlet. The main channel has several gel bridges

connecting it to two reservoirs at which an electric field is applied

BSA, GFP, immunoglobulin G (IgG),
protein A and insulin

PEG 1000, dextran 20

This journal is © The Royal Society of Chemistry 2020

A PDMS microfluidic device with three inlets, converging into a straight 51
main channel and one outlet
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Fig. 4 Schematic representation of the three inlets/one outlet microfluidic device created by Miinchow and co-workers*® for the electrophoretic
partition of proteins. Adapted from ref. 49 with permission from The Royal Society of Chemistry.

detach cells from the supports they are adhered. The authors
have measured the number of cells detached and accumulated
in the polymers flowing in the microchip. Herein, a negatively
charged dextran was applied to clearly evidence the selective
migration of trypsin positively charged to dextran layer. The
authors have demonstrated the highest performance of the
ATPS against the poor results obtained for the conventional
aqueous medium to precisely deliver protein molecules to cells.

Aires-Barros et al.’' studied the partition coefficient of
several labelled proteins, including protein A,
immunoglobulin G (IgG), and Green Fluorescent Protein
(GFP), with a microchip with three inlets, converging into a
straight main channel and one outlet. The authors aimed to
quickly determine the partition coefficient of the bio-
molecules, by achieving it without the final phase separation.
All proteins selected were fluorescent or previously labelled
with a fluorescent marker, making possible their fast “on-
chip” detection and quantification at the end of the main
channel. With this, the authors avoided the need for the
phases’ separation at the outlets, allowing thus the quantifi-
cation of the biomolecules “off-chip”.

With the microfluidic chip developed, the authors reduced
from several hours (macroscale) to 30 minutes (microscale),
the time of analysis of the ATPS compositions, phase separ-
ation and biomolecules quantification. While the time of ana-
lysis was decreased, the partition coefficient values obtained
were similar for both micro and macroscale.

Summing up, these works showed a similar microfluidic
approach or microchip device used on the partition study of
distinct proteins. However, during the development of these

insulin,

4398 | Green Chem., 2020, 22, 4391-4410

studies some disadvantages emerged, e.g. the high viscosity of
polymer—polymer-based ATPS which negatively interfered with
the flow rates, or the similar polarities between phases,
making the success of the separation a more difficult task.>"

Polymer—salt-based ATPS

One of the alternatives found in literature to surpass the
polarity problems highlighted for the polymer—polymer-based
ATPS were those composed of polymers + salts, which were
already reported on the extraction of a wide range of
biomolecules.”""*® The authors pointed out several advantages
for these to be used within a microfluidic device, namely their
faster thermodynamic equilibrium, higher polarity difference
between the phases and their lower viscosity. Polymer-salt
ATPS have been applied on the extraction of BSA,>'”>?62
B-galactosidase,” GFP,>***"* glutathione S-transferase (GST),”>
genomic DNA,*> 1gG,**°1%%  protein A,>* insulin,®*
a-amylase®” and bacteriorhodopsin® (summary of all reports
available in Table 4). Singh and collaborators®* were the pio-
neers to apply polymer-salt ATPS into a microfluidic device. In
this work, a reusable glass microchip with three inlets, conver-
ging into a serpentine main channel later diverging into two
outlets was investigated. This device was initially tested using
fluorescent labelled BSA and p-galactosidase to allow the
visual identification of the preferential affinity of both proteins
for the saline or polymeric phases, respectively. The authors
also studied the partition of both GFP and GST in their native
variants and after being genetically tagged with two different
sequences each. In this way, they intended the manipulation

This journal is © The Royal Society of Chemistry 2020
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Table 4 Biomolecules extracted using polymer-salt-based ATPS, as well as the ATPS components and the microfluidic device used

Biomolecule extracted ATPS components Microfluidic device Ref.
BSA, GFP, immunoglobulin G (IgG), PEG 1000, dextran 20; PEG 1000, A PDMS microfluidic device with three inlets, converging 51
protein A and insulin phosphate buffer (K,HPO,/ into a straight main channel and one outlet
KH,PO,)
BSA PEG 4000, (NH,4),SO, A coaxial capillary microfluidic device composed of 55
tubular and square glass tubes, creating two outer
phases and an inner phase
BSA, p-galactosidase, green fluorescent PEG 4000, potassium phosphate A glass microfluidic device with three inlets which 52
protein (GFP), glutathione S-transferase, buffer (K,HPO,/KH,PO,) merged into a single serpentine main channel and then
genomic DNA diverged into two outlets
IgG PEG 3350, phosphate buffer A PDMS microfluidic devices with three inlets/outlets 54
(K,HPO,4/NaH,PO,), NaCl and a serpentine main channel
PEG 400, 1000, 3350; potassium A PDMS microfluidic devices with three inlets/outlets 66
phosphate salts (K,HPO,/ and a serpentine main channel
KH,PO,)
a-Amylase PEG 4000, K,HPO, A glass microchip with two and three inlets/outlets 67
GFP, LYTAG-GFP and IgG PEG 3350, 4000, 6000, 8000: 8 microfluidic devices in a single PDMS chip with two 36

potassium phosphate salts

inlets converging into a serpentine main channel and a

(K,HPO,/KH,PO,)

BSA PEG 4000, K,HPO,

Bacteriorhodopsin

of their partition towards the polymeric phase, thus increasing
the purity and recoveries of the extracted proteins from 16 to
~50% for the native and tagged GFP, respectively, and from
nearly zero to around 40% for the wild-type and tagged GST,
respectively. They also used a cell lysate of Escherichia coli to
study the partition of all the components. The recombinant
tagged proteins partitioned almost equally between both
phases, though 75-90% of total proteins were collected in the
salt-rich phase owing to its higher flow rate. Meanwhile, the
genomic DNA was adhered to the walls or stayed near the inter-
face migrating to the saline phase. The f-galactosidase, GFP
and GST, showed a selectivity between 3 and 5, when their par-
tition coefficients were correlated with the data found for total
proteins. During the experiments, some reproducibility issues
were identified and justified by the incomplete phase separ-
ation in the outlets and dead volumes in the chip. Moreover,
the small amounts of materials tested were also pointed out as
source of experimental flaws, these causing some interferences
with the “off-chip” detections.

Tong et al.>® proposed an innovative microfluidic device
composed of capillary glass tubes. Two outer phases and one
inner phase were created by introducing two square capillaries
near the inlet and outlet. This coaxial capillary device allowed
the formation of two interfaces after phase separation. The
operation parameters, i.e. the flow, mass transfer and contact
time conditions, were evaluated through the partition of rho-
damine B. In this work, the BSA partition was tested as well as
the impact of the flow rate, several cycles of extraction and
different BSA concentrations. The recovery of BSA on the outer
phase increased with the number of ATPS cycles, from 34.2%
to 71.1% for the first and third cycles, respectively. Moreover,
when the flow rate of the outer phase augmented, the BSA
recovery rate declined due to mass transfer issues, because of
the reduced contact time.

This journal is © The Royal Society of Chemistry 2020

PEG 8000, KH,PO,/K,HPO,

common outlet at the center of the chip

Glass microchannel systems with two inlets/outlets and 62
a serpentine main channel

A PDMS microfluidic device with a stable three-phase 53
stream in the microchannel

The purification of antibodies is nowadays a hot topic in
the field of microfluidics, especially regarding IgG.>®>">*%°
Aires-Barros et al.”* were the first to attempt the IgG purifi-
cation using a polymer-salt ATPS with a two inlets/outlets
chip. However, the authors have replaced it by a modified
microchip with three inlets/outlets, which allowed the com-
plete phase separation at the outlets. For that, the middle
outlet width was decreased, while the outer outlets were
increased. Once in the main channel, the labelled IgG diffused
from the salt-rich phase towards the polymeric phases until its
concentration reached a plateau at a 10 cm length from the
inlets of a total of a 16.8 cm microchannel length.
Nonetheless, the extraction required all the channel length so
that the IgG remaining in the interface could completely
migrate to the PEG-rich phase. These data was refereed as
being in agreement with both simulation and experimental
results. Moreover, the authors found out that the ATPS size
reduction from macro to microscale was not considerably
affecting the antibody partition, but have reduced the oper-
ation time.>* Rito-Palomares and collaborators®® used a
similar chip to study the partition of IgG to distinct polymeric
phases. In this study, the authors observed that, by increasing
the polymer molecular weight it was possible to manipulate
the affinity of the antibody towards any phase of the ATPS.
When PEG 400 was used, IgG partitioned completely to the
polymeric phase, whereas PEG 3350 led to the recovery of most
of the antibody in the salt-rich phase. PEG 1000 lies in the
between, showing an equal distribution of IgG among both
phases. Again, the authors have demonstrated that similar
results were obtained for the micro and macroscales. More
recently, Aires-Barros and collaborators®®”" proposed two new
chips. In these, the typical device with two or three inlets/
outlets with a final phase separation to determine the bio-
molecule partition coefficient was not used. Firstly, a micro-

Green Chem., 2020, 22, 4391-4410 | 4399
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Fig. 5 (A) Schematic representation of the PDMS microchip developed by Aires-Barros and collaborators®® with 8 microfluidic devices in a single
chip (B). (C-D) Pictures of the ATPS phases inside distinct locations of the device. Reprinted from A multiplexed microfluidic toolbox for the rapid
optimization of affinity-driven partition in aqueous two phase systems, Vol. 1515, Issue 15, E. J. S. Bras, R. R. G. Soares, A. M. Azevedo, P. Fernandes,
M. Arévalo-Rodriguez, V. Chu, J. P. Conde and M. R. Aires-Barros, Pages 252—-259, Copyright (2017), with permission from Elsevier.

chip with three inlets converging into a main channel and one
outlet coupled with fluorescent microscopy to detect the target
molecule was proposed.’” Several other labelled or fluorescent
proteins apart from the labelled IgG, namely BSA, protein A,
insulin and GFP were tested. The results showed a preferable
migration of all proteins for the PEG-rich phase and an
increased salting-out effect from the salt for high saline con-
centrations, similarly to what was reported for polymer-
dextran-based ATPS. The authors justify the results obtained
by the reduction on viscosity when a dextran-rich phase is
replaced by a phosphate-rich phase, consequently increasing
the K. Then, a second chip was developed, containing 8 identi-
cal microfluidic devices with two inlets converging into a ser-
pentine main channel and a central outlet common to all
devices (Fig. 5).°° The outlet was driven by a negative pressure,
which means that it is connected to a syringe pump in a
pulling mode, at a constant flow rate of 2 pL min~". As a
result, each phase flow rate was controlled by its viscosity and
density. Initially, the chip performance was evaluated by the
fractionation of GFP and LYTAG-GFP. Both tagged and
untagged proteins partitioned preferably for the PEG-rich
phase, with the LYTAG-GFP displaying a 2.5 to 6-fold increase
in the partition due to the LYTAG affinity for the PEG mole-
cules. For this tagged protein, the PEG molecular weight had
no effect on the protein partition, whereas the untagged GFP
suffered a slight decrease in the partition when the PEG mole-
cular weight was increased, which can be a result of the higher
viscosity of the polymer, as detailed by the authors.

This microfluidic device was then applied for the IgG extrac-
tion with the aid of LYTAG-Z fusion proteins owing to the
ability of the antibody to bind to the Z-domain, while the
LYTAG had more affinity to PEG. The results obtained for the

4400 | Green Chem., 2020, 22, 4391-4410

ATPS with PEG 8000 showed that in the LYTAG-Z absence,
there was no significant difference between the systems with
lower tie-line length (TLL). On the other hand, in its presence,
the IgG partition increased ~2-fold for the lower TLL and the
highest K was obtained for the highest TLL due to the higher
PEG concentration on the PEG-rich phase. A different behav-
iour was obtained for systems with PEG 3350. Here, the IgG
partition to the PEG-rich phase was evident in both the
LYTAG-Z presence and absence. Nevertheless, a different trend
is observed regarding the partition and the system’ TLL. In the
LYTAG-Z absence, the partition seems to be independent of
the TLL, while in its presence the antibody partition increases
with the decrease of the TLL. This behaviour was discussed by
authors as being related with the steric hindrance effects and/
or exclusion volume effects. In general, with the PEG
3350-based ATPS, it is possible to achieve K values around
59%, these higher than the ones obtained with the PEG
8000-based system. The data was compared with the macro-
scale results showing the same tendency. However, for some
cases, there was an underestimation of K at extreme values,
which was attributed to light dispersion inside the chip. After
optimizing the IgG extraction, the authors focused on the
back-extraction of the antibody to a phosphate buffer phase
spiked with cholinium. For that, a second chip was developed,
this including three inlets, a serpentine main channel and two
outlets. Although the similarity between devices, the latest
suffered some modifications, since this is the combination of
two chips into one, as shown in Fig. 6. This device was divided
in two sections; the first used to extract the IgG and the
second to carry the back-extraction. The first section is
described by the authors as composed of two inlets converging
into a main channel and this diverging again in two channels;

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Schematic representation of the microchip developed by Aires-Barros and collaborators®® to perform the extraction and back-extraction
of IgG. Reprinted from A multiplexed microfluidic toolbox for the rapid optimization of affinity-driven partition in agueous two phase systems,
Vol. 1515, Issue 15, E. J. S. Bras, R. R. G. Soares, A. M. Azevedo, P. Fernandes, M. Arévalo-Rodriguez, V. Chu, J. P. Conde and M. R. Aires-Barros, Pages

252-259, Copyright (2017), with permission from Elsevier.

one is the first outlet for the salt-rich phase, whereas the
second one is the PEG-rich phase that is going to merge with
the third inlet containing the new salt phase spiked with choli-
nium. At the end, both phases left the chip through the
second outlet. This back-extraction was possible due to the use
of LYTAG-Protein A added to the first salt phase having a
higher affinity to cholinium than to PEG. During the extraction
step, the IgG bound to the LYTAG-Protein A partitioned
towards the PEG-rich phase as there was no cholinium
present. Later, on the back-extraction section, the IgG bound
to the LYTAG-Protein A migrated towards the new saline phase
owing to its higher affinity to cholinium. It is noteworthy to
mention that this was carried in a sample spiked with bovine
serum to mimic a real sample. The results showed that the
presence of impurities did not affect the partition profile.
Bacteriorhodopsin and a-amylase extractions were investigated
by Park et al.>® and Novak and co-workers,®’ respectively.

For the extraction of the bacteriorhodopsin (integral mem-
brane protein found in “purple membrane”, the Archaea cell
membrane, mainly in Halobacteria species) from a pre-treated
cell lysate, two microfluidic devices were investigated. One of
these devices was used for the protein microextraction and the
other for the micro-dialysis allowing the sucrose removal (used
for the sample pre-treatment) and a higher protein purification
(Fig. 7). In this work, the pH effect and the influence of the
number of ATPS cycles on the protein purity and recovery were

This journal is © The Royal Society of Chemistry 2020

studied, as well as the effect of the buffer flow rate and the pH
on the sucrose removal during the micro-dialysis. The results
showed that the bacteriorhodopsin recovery increased with the
pH rise to 7.0 and decreased with the number of ATPS cycles.
However, its purity increased with the number of ATPS cycles
and with the pH decrease, an opposite behaviour to the
sucrose, which slightly decreased with the pH increase.

The authors concluded that when only the ATPS was
applied, the recovery rate obtained was around 90%, the
sucrose removal was about 17.4% and the total purity corre-
sponded to 0.435, which represents a 1.16 purification-fold.
However, after the micro-dialysis (Fig. 7B), the protein recovery
rate decreased to 79%, although the sucrose removal and
purity increased to 65.3% and 0.503 (1.55 purification-fold),
respectively. Concerning the o-amylase extraction,®” the
authors compared the influence of two vs. three inlets/outlets
microchips and the advantages of the latest. In the first chip,
the diffusion time was considerable higher than in the second
due to the longer diffusion path needed, respectively 40.6
seconds and 8.2 seconds. The extraction efficiency of the two
inlets chip was only 29% compared to the 52% of the micro-
fluidic device with three inlets, as a result of the two interfaces
present. Both results are lower than the obtained in the batch
system (74%). Nonetheless, the latest approach required
2.5 hours just to allow the phases to reach the thermodynamic
equilibrium not to mention the additional timing for the

Green Chem., 2020, 22, 4391-4410 | 4401
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Fig. 7 Schematic representation of the two microfluidic devices applied on the purification of bacteriorhodopsin.>® (A) Represents the extraction
process using ATPS to purify the protein from the cell lysate sample; and (B) corresponds to three-flow desalting micro-dialysis applied on the
removal of contaminant proteins and excess of sucrose after fractionation of the sample stream from the laminar-flow extraction process. Reprinted
from Y. S. Huh, C.-M. Jeong, H. N. Chang, S. Y. Lee, W. H. Hong and T. J. Park, Biomicrofluidics, 2010, 4, 14103, with the permission of AIP

Publishing.

phase separation and enzyme quantification. Thus, the three
inlets/outlets microchip seemed a better option since within a
few seconds it was possible to achieve a reasonable extraction
efficiency.

Other ATPSs

As mentioned before, the possible combinations to form ATPS
extend far beyond the polymer-polymer and polymer-salt mix-
tures discussed above. Polymer-surfactant,’® IL-salt,>® IL-
sugar®® and protein-polymer®® based ATPS have been reported
and many of them applied on the microextraction of IgG and
membrane proteins,”® bacteriorhodopsin,”® BSA®> and amino
acids (Iysine, glutamic acid and tryptophan).®® The specifica-
tions of each ATPS components and microchip characteristics
are gathered in Table 5 in addition to the respective bio-
molecule being extracted.

Starting with a less complex biomolecule, Campos and col-
laborators® created a device for an electrophoretic extraction
of amino acids. This chip displayed 5 inlets converging into a
straight main channel and one outlet (Fig. 8), being the elec-
tric field applied in the perpendicular inlets (inlets 1 and 5

Table 5

from Fig. 8). The authors used sodium caseinate in buffer as
the donor phase of the amino acids, namely lysine, glutamic
acid, tryptophan, and PEG as the acceptor phase. When the
electric field was applied, the amino acids migrated accord-
ingly to their charge. After applying an electric field, the PEG
phases introduced in inlets 2 and 4 acted as a virtual mem-
brane for the selective extraction of compounds with distinct
mobility. This means that the amino acids with higher mobi-
lity will cross this boundary whereas, the ones with lower
mobility will remain in the donor phase.

Results showed that, when no electric field was applied, or
its strength was 7.4 kV m™", no migration of the amino acids
from the donor phase was observed. Only when the electric
field was >14.7 kv m™, the amino acids with higher mobility,
particularly lysine, crossed the phase boundary. This means
that ~70% of glutamic acid and tryptophan were recovered in
the donor phase while only ~47% of lysine remained in the
same phase. To improve the amino acids selectivity, authors
functionalized lysine and glutamic acid with fluorescein iso-
thiocyanate to create a higher difference in their mobility.
Consequently, at an electric field of 14.7 kv m™", the glutamic
acid and lysine ratio was 87% higher than with no electric
field and by further increase this field to 22.1 kv m™*, both

(Bio)molecules extracted using alternative ATPS as well as the ATPS components and the microfluidic devices used

Cells or (bio)molecule

extracted Type of ATPS  ATPS components Microfluidic device Ref.
BSA IL-sugar [C4mim][BF,], o-Fructose Glass microchannel systems with two inlets/ 62
outlets and a serpentine main channel
Bacteriorhodopsin IL-salt 1-Hexyl-3-methylimidazolium A PDMS microfluidic device with a stable three- 53
hexafluorophosphate ([Cemim][PF], phase stream in the microchannel
KH,PO,/K,HPO,
Lysine, glutamic acid Protein- Sodium caseinate, PEG 6000 A polycarbonate chip with 5 inlets, a straight main 60
and tryptophan polymer channel and one outlet. An electric field is applied
in two of the inlets
IgG and membrane Polymer- PEG 6000, Zwittergent 3-10 + SDS + Triton A PDMS microchip with three inlets/outlets and 59
proteins surfactant X-114 serpentine microchannels

4402 | Green Chem., 2020, 22, 4391-4410
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Fig. 8 Photograph of the microfluidic device used in literature.®® It is
visible the application of an electric field in inlets 1 and 5. The donor
phase contains the amino acids being extracted to the acceptor phases
(1, 2, 4 and 5). The extraction occurs inside the dashed line. Adapted
from ref. 60 with permission from The Royal Society of Chemistry.

amino acids could be separated almost completely, although
promoting the loss of glutamic acid to the collector channel.
This showed that the chip had not been well planned since the
outlet region could present more outlets, resulting in the com-
plete, or at least, more efficient separation of the phases con-
taining the different amino acids. Even though the authors
used laminar flow, they did not make use of its easier way to
separate the phases at the outlet, besides they never men-
tioned how the phases were separated, only that they were ana-
lysed by HPLC.

Liu et al.”® reported the separation of membrane proteins
(liposoluble) from the water soluble ones using a polymer-sur-
factant-based ATPS inside a three inlets/outlets microfluidic
device. This approach is known to purify membrane proteins
without leading to their denaturation, which is only possible
due to the different affinities of the lipo- and water-soluble
proteins towards the surfactant- and polymeric-rich phases,
respectively. Initially, a labelled IgG was used as a model bio-
molecule to evaluate the microchip performance considering
the channel width, diffusion time and interface area. The
results revealed a good antibody partition from the surfactant
phase (zwittergent 3-10 + SDS + Triton X-114) towards the PEG-
rich phase with a recovery of 90.8%. The extraction and detec-
tion of the membrane proteins then proceeded using capillary
electrophoresis, SDS-PAGE and nano-HPLC-MS/MS. As
expected, the water-soluble proteins diffused towards the outer
polymeric phases while the membrane proteins stayed in the
surfactant-rich phase. The results showed a 90% purification
of membrane proteins within 5 to 7 seconds, which corres-
ponds to the highest purification found so far.

The extraction of bacteriorhodopsin was performed also
using an IL-salt-based ATPS® in a three inlets/outlets chip.
The authors opted to replace the polymer by a hydrophobic IL
(1-hexyl-3-methylimidazolium hexafluorophosphate, [Csmim][PF])
owing to its ability to remove more easily the contaminant
lipids and hydrophobic proteins, besides its immiscibility with
water. The results for this ATPS were identical to those
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obtained using a polymer-salt ATPS, however, the protein
recovery decrease with the pH from 9.023 of the previous
systems to 8.432. Nevertheless, when an additional step of
micro-dialysis was incorporated in the system (Fig. 7B), the
sucrose removal increased from 35.6 to 75.5%, which is a 10%
increase compared to the conventional ATPS. The total purity
was also improved with the dialysis incorporation from 0.493
to 0.508, corresponding to a 1.41 and 1.55 purification fold,
respectively. These values were higher than those obtained for
the polymer-salt ATPS. Although this system was not as good
as the traditional in terms of the protein recovery, it was much
better as far as purity was concerned.>® This study showed the
importance of coupling microchips to enhance the molecule
purification and shows how crucial it is to carefully select the
ATPS.

Another interesting example is BSA extraction using an IL-
sugar and PEG-phosphate ATPSs in a two inlets/outlets micro-
fluidic device with a parallel flow and a liquid-liquid interface
in the middle of a microchannel enabling the efficient phase
separation at the exit of the Y-shaped channel.®* It was found
that changes in the IL (1-butyl-3-methylimidazolium tetra-
fluoroborate, [C,mim][BF,]) concentration and pH of a
p-fructose-rich phase highly affected the BSA partition coeffi-
cient. Furthermore, the decrease of viscosity of almost 10
times was obtained when using IL-based ATPS as compared to
the PEG-phosphate ATPS, resulting in much more favourable
flow ratio of both phases and thereby several times more
efficient extraction. This microfluidics-based approach using
IL-based ATPS appeared as a very promising tool for protein
extraction.®® An overview of all the research done in this field
up to this date, as well as each type of microfluidic device used
for the extractions and the solvents applied is detailed in
Tables 3-5. Unlike for the conventional LLE, it is here possible
to easily compare distinct works since almost all use the
common two or three inlets/outlets microchips. Additionally,
within the same type of ATPS, the system phase formers are
the same or belong to the same family. For instance, the
polymer—polymer-based ATPS are always composed of PEG and
dextran, which often display the same molecular weight in
different works. These similarities between different works
help drawing some general conclusions, namely regarding the
best system and conditions for a class of compounds. For the
separation of the biomolecules using polymer-polymer-based
ATPS, it was seen that some molecules migrate preferably for
the PEG-rich phase whereas others migrate towards the
dextran-rich phase due to their natural affinity for these
phases. Nevertheless, it was also shown that this affinity can
be manipulated, if necessary, for the success of the separation.
On the other hand, when the polymer-salt results for the
protein extraction are compared with those obtained with
alternative ATPS, it seems that these innovative systems
enhance the proteins extraction/purification.

However, more studies are required in microscale to
confirm this, especially with the adequate choice of the
systems components. Proved only in macroscale,***! ILs-based
ATPS seem to be a good choice, since they can be designed to
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meet the requirements of a specific application, due to their
design solvent nature. Despite some of the good results
already described for microscale, their application to process
real matrices is still scarcely approached. Thereby, and in our
opinion, future works starting by the initial optimization
should then investigate the applicability of the processes opti-
mized but in the real systems or extracts. Moreover, most pro-
teins under study were coupled with fluorescent dyes to facili-
tate their detection and quantification. However, when a real
sample is processed aiming at a biomolecule purification, the
proteins will not always be tagged. This means that other
detection/quantification techniques should be considered and
investigated.

Overview of other (hon-)conventional
separation techniques

It is well known that chromatography and (capillary) electro-
phoresis are high resolution separation and analytical tech-
niques commonly used for the macroscale separation and
quantification of macromolecules, such as proteins and
nucleic acids. The first can separate all types of molecules by
the proper choice of the stationary phase and/or presence of
specific ligands, whereas the second offers the separation of
charged species according to the molecule charge/size ratio
upon the application of an electric field. Both techniques offer
the possibility to distinguish small differences in the bio-
molecule structure and properties, however they have also
great costs associated, time-consuming protocols, and some-
times require skilled personnel and laboratory infrastructures.
By miniaturizing both techniques, such drawbacks can be
overcome while developing portable devices applicable to a
wide range of applications, namely for diagnosis and for moni-
toring the presence of specific proteins in human samples®®
and food.*® Table 6 summarizes the works approaching the
proteins and nucleic acids separation by different techniques
within a microfluidic device. More precisely, electrophoresis
can be differentiated in capillary zone electrophoresis, capil-
lary gel electrophoresis, isotachophoresis, micellar electroki-

Table 6 Number of publications cross-linking the microfluidic field
with the protein and nucleic acids extraction/separation techniques

Microfluidics cross-linked Number of

with publications Ref.

Conventional liquid-liquid 3 46-48

extraction

ATPS 13 36, 49-55, 59, 60, 62,
66, 67

Electrophoresis 39¢ 49,60 and 78-115

Chromatography 22 116-137

Protein crystallization 36 28 and 138-173

%At least 39 papers reporting proteins and DNA electrophoresis within
a microfluidic device. There might be more papers regarding simply
the DNA separation for analysis.
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netic chromatography and isoelectric focusing, though they
are not discriminated in the table. All of these have been exten-
sively applied for protein and DNA analysis as demonstrated
by the several reviews published on the subject, with the
emphasis on the development of the technique at microscale
and improvements on the materials used.'>**”7> Microfluidics
also appear as an attractive approach to revolutionize point-of-
site detection for distinct areas, for instance medical diagnosis
and research, food analysis and environmental monitoring, by
assisting in the creation of label-free DNA biosensing devices,
as recently reviewed by Dutta and co-workers.”® Interestingly,
Nazzaro et al.®® summarized the cost associated with the
equipment and reagents as well as the time required for the
different steps used in routine food protein analysis through
different techniques, including SDS-PAGE, reverse-phase
HPLC, conventional capillary electrophoresis and miniaturized
capillary electrophoresis. Microfluidics allow a reliable, repro-
ducible and sensitive analysis within a few minutes and with
much lower costs than all the remaining alternatives.

The chromatographic separation of proteins can be accom-
plished through different approaches, namely size exclusion
chromatography, ion exchange chromatography, hydrophobic
interaction chromatography and affinity chromatography
depending on the properties of the target biomolecule, as
reviewed in distinct works.'®'7””

Herein, it is much more difficult to introduce all the oper-
ation steps in a single device and still maintaining a good per-
formance. Yet, Yuan and Oleschuk'® have just reported the
late advances in liquid chromatography within a microfluidic
device in terms of the stationary phase and detection of the
molecule being separated. Tetala and Vijayalakshmi'’ have
also overviewed the stationary phase as well as its surface
modification through the addition of functional groups and
ligands, and have summarized some applications for the sep-
aration of nucleic acids and proteins. Some exceptions for the
protein extraction and separation through a combined process
using electrophoresis and ATPS were discussed earlier in detail
since they fit the review scope.

Miniaturization of protein crystallization has been another
cutting-edge subject over the last years since it requires small
volumes of sample and crystallization reagents, offer a high-
throughput screening and allow the monitorization of the
protein crystallization, which, in turn, facilitates the crystal
structure analysis. Usually, protein crystallization is known to
be the bottleneck of the protein structure analysis owing to the
immense time required until a good crystallization of the
protein is obtained, in addition to the several failed attempts
in trying. Therefore, having a fine tuning of the crystallization
process smooths and accelerates the entire process while
resulting in a high-quality protein study. The advances made
over the years in this field as well as the different approaches
to obtain a good protein crystallization have been reviewed by
distinct authors.””*”® Gavira'’* paid a special attention to the
protein nature and its crystallization process while also review-
ing the different methods being applied to achieve a good
protein crystallization. Furthermore, the protein crystallization
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can be achieved using different approaches, which should be
selected accordingly to the final purpose of the study. If the
intention is to analyse the protein within the microchip by
X-ray analysis, a droplet-based crystallization is the best option
since it allows the formation of a single crystal, facilitating the
protein structure analysis. In contrast, if the protein crystalliza-
tion is intended for other purposes than the protein structure
analysis, a well-based protein crystallization might be the best
option."”®> Looking at protein crystallization from a different
perspective, such as a process step and its scalability, it is
required a minimal, yet efficient mixing and good mass trans-
fer that lead to significant enhancement in crystal character-
istics and reduction of operation time. This can be achieved
using meso oscillatory flow reactor (meso-OFR), in which
protein crystals are subjected to fluid shear forces induced by
oscillatory flow mixing and solid-liquid interfaces. As a result,
there is the occurrence of a strong nucleation by attrition at
low supersaturation that lead to the formation of a high
number of small crystals with different sizes and shapes from
tetragonal, orthorhombic and needle-shaped crystals, to
microcrystals and precipitates. Meso-OFRs offer also the
reduction of the metastable zone and by controlling the oscil-
lation amplitude and frequency it is possible to influence the
induction time and size of the crystals.'”®'®® These results
open the potential to exploit meso-OFRs to control protein
nucleation for the design of protein crystallization. Therefore,
there is a strong need for the development of micro- and
mesoscale devices with integrated in situ analytic techniques
to improve the current knowledge in protein crystallization, for
both structural determination and downstream processing
purposes.

Among the most promising strategies for the successful
protein manufacturing is a holistic approach to develop and
design processes. It aims to control critical quality attributes
through a concerted optimization of both upstream and down-
stream process parameters. By this approach, implementation
of miniaturized system of downstream steps is used during e.g.
the screening of mutants producing specific target proteins,
where problems associated with their isolation and purifi-
cation (e.g. agglomeration, hardly removed side products),
could significantly improve the overall process performance
and scale-up.

In the field of protein analysis, Kitamori’s group has shown
a tremendous breakthrough by implementation of micro and
nanoscale channels. Recent demonstration of a single IgG
molecule detection using enzyme-linked immunosorbent
assay (ELISA) within the sophisticated miniaturized device
confirms the amazing potential of such systems for various
applications.

Critical analysis and perspectives

From the analysis of the published results here discussed, the
use of the microfluidic devices for LLE is on its infancy, still
trying to learn the basics that may eventually lead to its wide-
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spread use and application. Nevertheless, the preliminary
results obtained so far show that this innovative field can
improve extraction/separation processes with faster, more
efficient and selective purifications. However, to increase the
reliability of the results obtained so far, the study of real
matrices is required, since these may affect the flow regime,
the surface properties of the system, as well as the partition
behaviour of target molecules, due to the matrix higher com-
plexity that can be a residue, biomass or a biomaterial. Often,
the target compounds are present in very low concentration
and it is here that microfluidics could be a major advantage
given its well-known process intensification ability. This could
be further enhanced by the ability to use microchips in series,
helping on the clarification, pre-purification, purification and
dialysis in a single run, as it is done today at macroscale. Park
et al.>® have shown the possibility to pursue this approach by
coupling two microchips for the purification of bacteriorho-
dopsin, in which the first chip was mainly for a pre-purifi-
cation and the second allowed the micro-dialysis of sugars,
resulting in a final product with higher purification. The feasi-
bility of microfluidics in series was here demonstrated but it is
still seldom explored in literature. It should be highlighted
that microfluidics are an excellent approach for the purifi-
cation intensification of compounds present in crude extracts
at low concentration that are difficult to achieve by other
approaches, namely antibodies from plasma or serum, growth
factors, among others included in the concept of “high-value,
low volume”.

Process intensification at microscale can be further
improved by counter-current, cross-current or fractional extrac-
tion arrangements similarly to what happens in macroscale."®*
However, different features need to be addressed as in micro-
fluidics, viscosity and surface wetting are more effective at con-
trolling flow than gravity and inertia."®* On the other hand,
multistage counter-current extractions require a good phase
separation, hence limiting more the type of flow used to
laminar flow,"®"™® with few studies of segmented pattern.'®*
The bottleneck of this type of extraction at lower scale resides
in the difficulty to maintain a stable interface and balance the
pressure between the two inlets and outlets. By selectively
modifying the surface of each inlet/outlet as well as each half
of the microchannel it is possible to achieve a successful
counter-current flow. Nevertheless, this has only been reported
for simpler molecules as dyes, evidencing a focus for future
studies.'®"'®? In the same line of scarce application and
experimental considerations is the use of cross-current flow. It
has been studied in microfluidic scale in cells, and particularly
in blood cells separation. Despite the fact that separation of
cells is out of the focus of this review, it helps us to emphasize
the need for new studies to address the advantages and/or dis-
advantages of the microfluidic technique for different flows,
applied to the separation of biomacromolecules.

Over the last decade, almost all research was carried by
applying conventional liquid-liquid microextraction, however
there are several other fractionation approaches that could be
implemented and were not deeply studied so far. As previously
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discussed, ATPS were used, more recurrently the ones based in
conventional solvents, and much less using unconventional
solvents like ILs. In this sense, we believe that much more
could be investigated regarding the use of ILs and other
alternative solvents, considering the set of valuable properties
these solvents present.*>*' These reviews*>*' have already
summarized and discussed all the works done up to date
regarding the ATPS extraction and purification of (bio)mole-
cules and guided towards the best strategy of different families
of compounds. Thus, a previous selection of the system
applied should be carried out prior to its application in micro-
fluidics. Nevertheless, it arises here as an easy and feasible
opportunity. Additionally, these two works>***! also considered
the use of real matrices and the main problems that could
arise during the extraction, so it might also be facilitating
when applying these systems in microscale. Microfluidics and
alternative-based ATPS emerged in the scientific community
approximately at the same time, though the ATPS-based micro-
extraction is clearly behind in the ATPS evolution, and there-
fore, a major opportunity is here displayed. Different proteins
have been reported in the studies contemplating the use of
microfluidics, however, some considerations need to be stated.
Microfluidics can open the door for the purification of globu-
lar proteins, since their potential denaturation may be avoided
easily. Jaspe et al.,'®® have demonstrated that shear rates up to
~2 %105 s* do not seem to destabilize the folded of the glob-
ular horse cytochrome ¢ protein. Furthermore, it was shown
that it would be necessary an extremely high shear rate to
destabilize a small protein (~100 amino-acids) in water. Such
shear rates are very difficult to achieve using laminar flow,
hence the probability of protein denaturation inside a micro-
fluidic device is very low.'® One of the latest researches
reported on the use of alternative purification processes apply-
ing ATPS to purify proteins was the use of aqueous micellar
two-phase systems (AMTPS). Briefly, AMTPS are a case of ATPS
where the phase separation is mainly dictated by changing
temperature. These have been studied on the purification of
several biomolecules, being particularly interesting to be used
in the purification of labile molecules, like proteins**'®'®
and antibodies."®*®'%° By applying these systems, the processes
of separation can gain with the use of unconventional solvents
like surfactants, deep eutectic solvents, and copolymers,
regarding selectivity, extraction efficiency and purity of the
final product.

Finally, it is true that in the last decade microfluidics have
suffered a tremendous improvement and advancement, having
an estimated market projection of $27.91 billion by 2023.'%°
However, it is well recognized the economic demands are still
significative. As recently argued “If the microfluidics solution is
not faster by at least one order of magnitude or offers other sig-
nificant improvements in performance, the cost of the existing
conventional solutions will define the maximum price for a
microfluidic system”.'®* As previously discussed, the manufac-
turing of microfluidics is the major economical drawback to be
surpassed.'®" In this sense, several strategies have been investi-
gated,'®* namely their 3D-printing,'®* as reported last year.
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We believe that the full potential of these devices will only
be assessed when integrated with different units like reaction,
sensing, mixing, pumping, injection, detection, diagnosis®® or
alternative separations'®® into a single chip. Actually, despite
the efforts on this review to present the main developments on
the dual function of miniaturization and separation of pro-
teins and antibodies, much more could be investigated, since
some other strategies of separation like chromatography, elec-
trophoresis, and ultrafiltration'®” can be integrated with ATPS
to improve process conditions and to achieve better selectivity
and purity parameters.'® In the end, and contrarily to what
some (young) scientists have been arguing in different confer-
ences, these approaches can process as much as the appli-
cation requires, with high mass transfer, with the schematics
we want and need e.g. in parallel, in series, several devices con-
nected, with and without temperature shock, and most impor-
tant, integrating different steps in the same microfluidic unit.
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