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ABSTRACT: Temperature-dependent aqueous micellar two-phase systems (AMTPSs) have recently been gaining attention in the
isolation of high-added-value biomolecules from their natural sources. Despite their sustainability, aqueous two-phase systems, and
particularly AMTPSs, have not been extensively applied in the industry, which might be changed by applying process integration and
continuous manufacturing. Here, we report for the first time on an integrated microfluidic platform for fast and low-material-
consuming development of continuous protein purification using an AMTPS. A system comprised of a microchannel incubated at
high temperature, enabling instantaneous triggering of a two-phase system formation, and a microsettler, allowing complete phase
separation at the outlets, is reported here. The separation of phycobiliproteins and particularly the purification of R-phycoerythrin
from the contaminant proteins present in the aqueous crude extract obtained from fresh cells of Gracilaria gracilis were thereby
achieved. The results from the developed microfluidic system revealed that the fractionation performance was maintained while
reducing the processing time more than 20-fold when compared with the conventional lab-scale batch process. Furthermore, the
integration of a miniaturized ultrafiltration module resulted in the complete removal of the surfactant from the bottom phase
containing R-phycoerythrin, as well as in nearly twofold target protein concentration. The process setup successfully exploits the
benefits of process intensification along with the integration of various downstream processes. Further transfer to a meso-scale
integrated system would make such a system appropriate for the separation and purification of biomolecules with high commercial
interest.

KEYWORDS: microfluidics, protein separation, ultrafiltration, process intensification, aqueous micellar two-phase systems

H INTRODUCTION through the walls. Therefore, microfluidic devices can efficiently
Over the past two decades, microfluidics has significantly control the temperature, which can be crucial when dealing with
contributed to the development of many research areas and highly endothermic or exothermic reactions, as well as for the
changed the paradigm of industrial chemical production design. process systems demanding fast temperature changes between
It has been successfully applied in several fields including life the subsequent steps.” Since microreactor volumes are typically

sciences and medicine,' > as well as in process engineering.“’5 In
recent years, its implementation in downstream processing has
been gaining attention as it can enhance the separation rates and
improve the purification efficiencies.’”®

Microfluidic units are devices that have at least one
characteristic dimension under the size of one millimeter,
typically in the range between 50 and 500 ym. One of the
consequences of device miniaturization is an extremely high
surface to volume ratio and, thus, a very efficient heat transport

in the microliter scale, less material and time is needed for
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process optimization.'’ Besides, diffusion takes place in a much
shorter distance and mass transfer is thus significantly improved
as compared to conventional reactors,'" especially in multiphase
systems. Microflow processing allows also for efficient flow
regime control and precise residence time determination;
therefore, high process repeatability can be achieved.'” A
continuous operation mode enables higher productivities and
integration of several sequentially linked devices, so multiple
steps can be performed without cleaning the devices during
different stages of the process and transferring the material
between the vessels.">~ "> This further simplifies the downstream
operation and speeds up the whole process.'*™"*

Process intensification by device miniaturization can over-
come crucial drawbacks of many conventional separation
processes requiring large solvent consumption and long
residence times due to poor mixing.'” Therefore, continuous
processing and process intensification have been recognized as
the key green engineering areas paving the way toward more
sustainable technolo%ical platforms in pharma and fine
chemicals production.”” However, despite its potential, the
microfluidics-based preparative separation/purification of bio-
macromolecules is still seldom explored in the literature and
even less on the industrial scale.'® For the latter, meso-flow
devices where the throughput increase is achieved by internal
“scale-out” or “numbering-up” present an ideal approach
enabling fast transfer from lab- to industrial-scale production
without losing the advantages of the microchannels.”*’

Among the downstream process techniques suitable for
separation and purification of biomolecules, downstream
processes applying aqueous two-phase systems (ATPSs) could
be an alternative to conventional chromatographic ap-
proaches.'”'®*'7>* As coacervation systems, they mostly
provide an aqueous environment and mild operational
conditions, allowing the molecule to retain its native
conformation, which makes them attractive alternatives also
for enzymatic synthesis in flow.”* Recently, aqueous micellar
two-phase systems (AMTPSs) as a special version of ATPSs
have been introduced.'”'®** They are composed of water and
small amounts of a nonionic surfactant, creating a benign, more
biocompatible, and cheap extraction system.””*® Their
application in the separation of proteins from cell extracts
containing high amounts of water, such as macroalgae with
water contents over 85%,”” has high potential. As recently
reported, the use of AMTPSs may overcome some of the
drawbacks associated with the processing of fresh algal cells,
which is one of the recurrent bottlenecks associated with algae
processing. 171826

A crucial feature of AMTPSs is their temperature dependency
as they only form two phases by the proper temperature
manipulation.”>*® When the temperature reaches a value above
the cloud point, two macroscopic phases are formed, allowing
the creation of two very distinct environments in terms of
hydrophobicity,”® which can be further manipulated by the
introduction of salts, cosurfactants, or ionic 1iquids.25’29
AMTPSs have proven to be helpful in the purification of
antibodies,’® natural colorants,”® and proteins,mz&31 and
included in the latter, R-phycoerythrin (R-PE).” R-PE is one
of the most abundant phycobiliproteins with the highest
commercial importance. In the last decades, natural photo-
synthetic pigments like R-PE have been recognized as
biologically active molecules with many health benefits.””” R
PE is a fluorescent protein found in red seaweed.”* It acts as an
auxiliary photosynthetic pigment in red macroalgae, showing

also recognized anti-inflammatory and antioxidant activities, and
can thus be incorporated into pharmaceutical and cosmetic
formulations.® It has been used as a fluorescence-based marker
in cell biology and immunology and as a natural food colorant.*
R-PE is thus a valuable and expensive protein when in a highly
pure form (from 155 €-mg~" as a colorant and up to 564 €-mg ™"
as antibody—R-PE complexes).*® It is currently produced by a
lengthy and costly multistep approach, consisting of water
leaching, ammonium sulfate staged precipitation, and ionic
exchange chromatography.””*® In our previous work, the
extraction and purification of R-PE from fresh macroalgae
were performed using an AMTPS on a macroscale batch system,
achieving an extraction yield of 82.6 + 0.4% and a selectivity of
5.9.%° Yet, the separation using AMTPSs has never been
performed in a continuous operation mode, which could
improve the potential application of AMTPSs at an industrial
scale.

To harness the benefits of continuous operation and process
intensification by miniaturization, this work aimed to develop an
AMTPS for the purification of R-PE from algal extracts using a
microfluidic system comprising several process units. R-PE was
used in this work as a model biomolecule. The main reason for
using it was the previously gathered knowledge regarding its
purification using AMTPS in a batch process.2 Moreover, the
use of the extract obtained from the red macroalgae allowed us
to study the effects of a complex real sample instead of using a
synthetic protein solution, contrary to the common practice that
has been adopted.'® As the use of microfluidics enables precise
temperature control and consequent fast temperature change
needed for the phase separation when AMTPSs are applied, as
well as the integration of subsequent phase separation,
significant improvements in the R-PE purification process
were expected. Furthermore, the microfluidic setup developed
in this study can be used as a high-throughput screening
platform for further optimization of the AMTPS for R-PE
purification, as well as for other biomolecules of interest.
Merging these green solvent systems with such novel process
development techniques might significantly contribute to their
more extensive use both in industry and in research.*

B EXPERIMENTAL SECTION

Materials. The red macroalgae Gracilaria gracilis were kindly
provided by ALGAPlus, Lda, Ilhavo, Portugal. Tergitol 15-S-7
(laboratory grade) was acquired from Sigma-Aldrich (St. Louis),
while the Mcllvaine buffer components, namely, Na,HPO,-2H,0O
(299.5%), citric acid monohydrate (>99.5%), and R-PE standard
aqueous solution (=100 mg-mL_l), were obtained from Merck
(Darmstadt, Germany). Milli Q (MQ) water was used for the
preparation of all solutions and extracts. For the microfluidic setup,
glass microchips (Micronit Microfluidics B.V., Enschede, the Nether-
lands) were used with channel dimensions of 150 gm width, 150 ym
height, and 332 or 676 mm length; two microsettlers (V= 380 and 1290
uL) and an ultrafiltration (UF) module (V = 87 uL) were both
developed in-house. The settlers consisted of a stainless-steel plate into
which a triangular hole with 2 mm depth was incised, and covered with a
poly(methyl methacrylate) (PMMA) plate. For the UF module, the
housing was from two PMMA plates, the gaskets were cut from an
expanded poly(tetrafluoroethylene) (ePTFE) film (GORE-TEX, Gore
& Associates, Inc.) of 0.5 mm thickness, while the membranes used
were either made of regenerated cellulose (RC) or polyethersulfone
(PES), both with a molecular weight cutoff (MWCO) of 100 kDa
Ultracel PLHK09005 (RC) and Biomax PBHK07610 (PES), both from
Millipore Corporation, Billerica. Perfluoroalkoxy (PFA) tubes with an
inner diameter of 500 um (VICI AG International, Schenkon,
Switzerland) were used, and the syringe pumps PHD 4400 were
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Figure 1. Setup of the microfluidic system allowing the fast formation of an AMTPS and phase separation using an isosceles triangle-shaped

microsettler.

supplied by Harvard Apparatus, Holliston. The tubes were connected
with microsettlers and a UF module via high-pressure polyether-
etherketone (PEEK) tube fittings (Vici AG International, Schenkon,
Switzerland). UV—vis spectrophotometer Shimadzu UV-2600 (Shi-
madzu Scientific Instruments, Columbia, MA) was used for the
absorption spectra measurements.

Algae Preparation and Solid—Liquid Extraction. Fresh G.
gracilis biomass used in this work was cultivated by ALGAplus—
Produgdo e Comercializagio de Algas e seus Derivados, a company
specialized in the production of marine macroalgae, located in Ilhavo,
Portugal. The algae grew in a land-based integrated multitrophic
aquaculture system with high nitrogen content due to the use of
enriched water from fish production. Macroalgae samples were
collected from the aquaculture in the wintertime when the R-PE
content is higher than that during the summer. Samples were washed
three times with freshwater and once with demineralized water. The
biomass was then stored at —20 °C until further use. The solid—liquid
extraction using MQ water was carried out as previously described.”®

AMTPS Characterization. The density of the phases before and
after separation was measured using a benchtop density meter DMA
5000 (Anton Paar GmbH, Graz, Austria). The rheograms were
obtained using a rotational rheometer Physica MCR 302 comprising a
concentric-cylinder measuring system and a CPS0/1° cone-plate
(Anton Paar GmbH, Graz, Austria).

AMTPS-Based Batch Purification. A tergitol 15-S-7-based
AMTPS was prepared by mixing 10 or 20 wt % algal crude extract,
10 wt % surfactant, and 0.18 M Mcllvaine buffer with pH 7 to obtain a
final mass of 20 g. The system was protected from light exposure to
prevent R-PE photodegradation and homogenized at 25 °C for 1 h. To
get a direct comparison, 10 g of material was used for the batch
experiment, while the remaining 10 g were applied in the continuous
purification. For the batch experiment, the system was placed in a water
bath at 40.0 = 0.1 °C for 4 h to reach the thermodynamic equilibrium;
both phases were then carefully separated, and their weights and
volumes were determined.

AMTPS-Based Purification in a Microfluidic System. As shown
in Figure S1 in the Supporting Information, a syringe containing
monophasic AMTPS with an algal crude extract, obtained after the
solid—liquid extraction step, was connected to a glass microchip
(channel dimensions: 150 ym X 150 gm X 332 or 676 mm width,
height, and length, respectively) through a 25.5 cm long PFA tube.
Since the selected AMTPS is in the monophasic state at room
temperature, the inlet solution was inserted into a metal syringe and
placed in a syringe pump without the need for temperature control. The
microchip was placed in a water bath at 60.0 + 0.1 °C to promote phase
separation, while the outlet was connected with a 44 or 97 cm long PFA
tube immersed in a water bath at 40.0 + 0.1 °C and connected with two
types of microsettlers—one with a right-triangle geometry with a

volume of 380 uL (a close-up is shown in Figure S1 in the Supporting
Information) and the other with an isosceles triangle geometry with a
volume of 1290 uL (a close-up is shown in Figure 1; for more details,
please see Figure S2 from the Supporting Information). Various feeding
flow rates in the range between 10 and 30 gL-min~" for the smaller
microsettler and between 80 and 200 pL-min~' for the larger
microsettler were investigated.

The bottom outlet from the microsettler was connected to the
syringe pump in a refill mode with the refill speed being half of the
feeding speed, which provided a constant phase ratio in the settler. Both
outlet phases from the microsettler were carefully collected and the
volume and weight of each phase were determined. Sampling was done
at the same time from all outlets and at least two samples were taken
sequentially from each experiment.

The residence time within the microfluidic system was determined
from the total volume from the glass microchannel entrance to the exit
from the last connected device (uL), and the fluid flow rate (uL-min™").

The performance of the R-PE purification was evaluated through the
partition coeflicient estimation, R-PE recovery in both phases, and
selectivity. The partition coefficient for R-PE (Kg pg) was calculated as
the ratio between the R-PE concentration (mg-mL™") in the bottom
(surfactant-poor) and top (surfactant-rich) phases (eq 1), while the
partition coefficient for total proteins (K Pmteins) was calculated based
on total protein concentration ratio between the bottom and the top
phase. The recovery parameters of R-PE in the bottom (R,,,) and top
(Rmp) phases were determined using eqs 2 and 3, respectively.

_ [R-PE]y,
R-PE [R—PE]top (1)
100
Ryw=——"7~
1 () X K @
R - 100
P 1+ Ry + Kepe (©)

where [R-PE],, and [R-PE],,, correspond to the R-PE concentrations
in the bottom and top phases, respectively. Ry represents the ratio
between the top and bottom phase volumes.

The system selectivity was determined as the ratio between the
partition coefficient of R-PE and total proteins (identical to eq 1), as
demonstrated in eq 4.
selectivity = _Kare

Ktotal proteins (4)

Ultrafiltration. To further concentrate the R-PE solution,
miniaturized tangential ultrafiltration (UF) module was constructed

17099 https://dx.doi.org/10.1021/acssuschemeng.0c05042
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as schematically represented in Figure S3 in the Supporting
Information. A membrane of different materials was placed between
the two spacers carved out of a PTFE film, which were further squeezed
between two PMMA plates with two inlets and two outlets to form a
300 um depth channel on each side of the membrane. The membrane
had a filtration surface of 144 mm? and the UF module had a volume of
87 uL. For the UF, the bottom solution from the microsettler was
pumped to the module, the retentate was pumped out using the syringe
pump with half of the feeding speed (i.e, 60 yL-min~"'), and the
permeate was left to freely flow to the test tube. Once the separation had
finished, the UF membrane was flushed with a small amount of water to
collect the R-PE accumulated at the membrane, as described in the
Supporting Information. Rinsing was done at a flow rate of 10 gL-min™"
and stopped when the membrane turned white, and the eluting solution
was no longer pink due to R-PE coloration.

The efficiency of the UF was evaluated by the rejection coefficient of
the UF membrane, which was determined according to eq 5.

[R_PE] permeate
[R_PE]retenmre (5)

where [R-PE] .imeate a0 [R-PE], eniyee are the R-PE concentrations
(mg-mL™) of the permeate and the retentate, respectively. The
concentration factor was calculated as the ratio between the R-PE
concentration in the retentate and its concentration in the bottom
phase after purification had been stopped.

Visual Characterization of the Formation of an AMTPS. For
visual characterization of the two-phase system formation, a 0.5 mm
wide PFA tube incubated in a water bath at 40 °C and connected with
the exit of the microchannel incubated at 60 °C was positioned under a
light microscope with an integrated high-speed camera Motion-Scope
HSMS-226-2 (Motion Scope, Lukovica, Slovenia).

R-PE Concentration Analysis. Estimation of the R-PE concen-
tration (mg:mL™') in samples based on the measurements of
absorption spectra between 200 and 700 nm was assessed using a
UV—vis spectrophotometer. Since R-PE has the characteristic
maximum peak at 564 nm and minimum peaks at 455 and 592 nm,
these absorbances were used to estimate its concentration in an
aqueous solution as suggested by Beer and Eshel.* Due to the
interference of AMTPS compounds, the concentration of R-PE was
calculated using the modified Beer and Eshel** equation

[R-PE] = [(Agey — Aggy) — 0.20437(Agg, — Ayss)le (6)

rejection coefficient = 1 —

where the absorptivity coefficient (&) values were determined to be
0.12355, 0.13270, and 0.12840 for the inlet solution, top, and bottom
phases, respectively. The absorptivity coeflicient for each phase was
defined using an R-PE standard solution in the concentration range
from 0.05 to 0.2 mg:mL™". A blank control was used for each phase, i.e.,
an identical system with water instead of the sample containing R-PE.

B RESULTS AND DISCUSSION

AMTPS Characterization. As mentioned above, AMTPSs
are temperature-dependent systems and thus the phase
separation is triggered by the temperature increase. The binodal
curve of the Tergitol-based AMTPS has been previously
reported and has shown that temperatures above 38 °C result
in a two-phase system creation at the surfactant concentration
and pH selected in this study.” In this sense, a temperature of 40
°C was selected to perform the batch purification of R-PE.
Additionally, our previous results have shown that R-PE
maintains its structural integrity at this temperature.” Besides,
the apparent viscosity and density data of the homogeneous
phase and both aqueous phases were determined to estimate the
fluid flow regime in the channels.

As evidenced from Table 1, the density of all three phases was
close to the values for water, while the viscosity of the top phase,
which is rich in surfactant, was more than 20 times higher than
that measured for the bottom/surfactant-poor phase.

Table 1. Densities and Apparent Viscosities at Temperatures
at Which the Phases were Present in the Microfluidic
System”

temperature  density =+ std apparent viscosity at
phase °C) (gmL™") shear rate 500 s™* (Pa-s)
homogeneous 22.00 1.020 + 0.001 N.D.
phase
surfactant-rich 40.00 1.008 + 0.001 20.5
(top) phase
surfactant-poor 40.00 1.016 + 0.002 0.785

(bottom) phase
“N.D.—Not determined.

AMTPS-Based Batch Purification. AMTPS-based batch
purification was performed using two different concentrations of
crude algal extracts in the system, namely, 10 and 20 wt %. At
least half an hour of incubation time at 40 °C was required for
the phase separation to be observed macroscopically, which was
in accordance with our previous work with a Tergitol 15-S-7-
based AMTPS.* Table 2 shows the results of recovery of R-PE

Table 2. Selectivity and Recovery Data Obtained for the
Batch System Using Two Concentrations of Algal Extract, 10
and 20 wt %

algal extract concentration (wt %) recoveryy, (%) selectivity
10 85+S 3.7+£02
20 88 +3 40+0.8

in the bottom/surfactant-poor phases after the complete
separation of phases for 4 h (or 240 min) of incubation at 40
°C. These data are compared for both crude algal extract
concentrations. The main results suggest an increase in the
amount of phycobiliproteins in the system, which led to an
increase in both the recovery and selectivity parameters.
However, the relatively slow phase separation could be
accelerated by expediting the temperature increase to reach
the temperature of a two-phase formation, but at the same time
prevent protein denaturation by fast cooling, which, in a batch
system, is hampered by the relatively inefficient heat transfer.

AMTPS Formation and Separation in a Microfluidic
Device. Microscale systems have several orders of magnitude
higher surface to volume ratios than conventional batch vessels,
which enables very efficient heat transfer and, consequently, fast
temperature changes. Thus, our approach was developed by
exposing the homogeneous crude extract solution to a
temperature shock at 60 °C for just a few seconds. This was
expected to be enough to trigger and accelerate the phase
separation without compromising the viability of the phycobi-
liproteins, and particularly, R-PE.

The change from batch to a continuous process was first
performed using the microflow system presented in Figure S1 in
the Supporting Information comprising a 676 mm long
microchannel incubated at 60 °C, a 97 cm long PFA tube, and
a microsettler of 380 uL volume, all incubated at 40 °C.
Regarding the flow rates used, the residence times in the
microchannel incubated at 60 °C were between 30 and 91 s.
Further phase separation occurred in a tube connected with a
vertically positioned microsettler (Figure S1 in the Supporting
Information), yielding an overall residence time between 18.9
and 58 min. The top/surfactant-rich phase was pumped out
from the microsettler using a syringe pump due to its much
higher viscosity in comparison with the bottom/surfactant-poor
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phase (Table 1), which freely flows from the system. However,
at flow rates above 30 yL-min~', the phase separation was not
efficient, as the bottom phase contaminated the outlet of the top
phase. This was related to the very small difference in densities
between both phases (Table 1) and the small size and right-
triangle geometry of the microsettler.

To overcome this problem, a larger microsettler with a final
volume of 1290 yL was designed as an isosceles triangle, where
the outlets were located at the vertices of both long sides (see the
close-up in Figures 1 and S2 in the Supporting Information). By
increasing the microsettler volume by 3.4-fold and, despite the
size reduction of the connecting tube (44 cm), the phase
separation was efficient up to a flow rate of 120 yL-min™". At this
flow rate, it was possible to achieve a total residence time close to
12 min, of which 4 s were inside the microchip at 60 °C, 43 s
inside the PFA tube at 40 °C, and 10.8 min inside the
microsettler.

As shown in Figure 2 and in the Video Supporting
Information presenting the annular flow regime with small

(c)

3 0.5 mm

Figure 2. Photo of a two-phase flow in a tube connected with the exit
from the microchannel, incubated for 4 s at 60 °C, confirms the
formation of an AMTPS. Applying the flow velocity of 120 yL-min~",
the residence times from the entrance of the microchannel to the point
of visual inspection in a tube incubated at 40 °C were (a) 19s, (b) 29,
and (c) 49 s.

droplets in a PFA tube exiting the microchip, only 4 s incubation
in a microflow system at 60 °C enabled the formation of two
phases. By following the fluid flow at various distances from the
entrance in the PFA tube and thereby at various residence times,
it is evident that the more viscous top phase, which is also more
hydrophobic due to the higher surfactant concentration than the
bottom phase, positions toward the hydrophobic PFA wall with
time (Figure 2b,c). On the other hand, the number of small
droplets present in Figure 2a decreases with residence time,
implying the coalescence into larger droplets and fusion with the
flow at the wall (Figure 2b,c).

Continuous AMTPS-Based Purification of R-PE in a
Microfluidic Device. The R-PE purification from the
phycobiliprotein crude extract was investigated in the micro-
fluidic system presented in Figure 1. The performance was
evaluated by the R-PE recovery and selectivity in the bottom/
surfactant-poor phase and compared with the batch system
(Table 2). In the microflow device, the purification was achieved
in only 12 min. This allowed us to conclude that comparable
selectivity and recovery data were obtained for the miniaturized
system when compared with the batch system (240 min) but
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requiring much lower times (Figure 3). On comparing the two
tested crude algal extract concentrations, again the systems

100 §

80 4
2
= g
& & 10 wt %
4540_ 2% 20 wt %
§ »n
&

20

Continuous process
(12 min)

Batch process
(240 min)

Figure 3. R-PE recovery in the bottom/surfactant-poor phase for 10
and 20 wt % of aqueous phycobiliprotein crude extracts considering
continuous versus batch processing. The line represents the selectivity
of R-PE.

showed similar performances for both modes of operation. In
both cases, it was possible to process higher amounts of crude
extract without compromising system performance. Thus, 20 wt
% of the crude extract with R-PE was selected for further studies.
New studies of the microflow-based purification system were
performed at various flow rates, for which the results of our
previous work with Tergitol 15-S-7-based AMTPS were used for
comparison.”® The performance of the continuous system was
evaluated by the R-PE recovery in the surfactant-poor and
surfactant-rich phases (Table 3). As expected, at longer process

Table 3. Flow Rate Influence on the Extraction Time and R-
PE Recovery in the Top and Bottom Phases Tested for 20 wt
% of the Extract

recoveryp pg
flow rate extraction time  bottom (surfactant- top (surfactant-
(uL-min~") (min) poor) phase rich) phase
80 17.3 79+ 6 21+6
120 11.6 76 +7 247
160 8.7 73+7 277
200 74 72+ 6 28+ 6

times, the R-PE recovery in the surfactant-poor phase was
higher, reaching a maximum of 79 + 6%. Yet, by increasing the
flow rate to 120 pL-min™', it was possible to reduce the
processing time to almost 6 min while still maintaining an R-PE
recovery in the top phase above 75%. However, when the
processing time was further reduced by increasing the flow rate
to 200 uL-min~!, the outlet phases could not be efficiently
separated.

Higher flow rates resulted also in ca. 30% of R-PE losses since
R-PE partitions toward the top phase (Table 3). As shown in
Figure 4, presenting the phase separation in the microsettler at
various inlet solution flow rates, it was impossible to establish a
clear interface at flow rates above 120 uL-min~!, which was
confirmed by the evidence of incomplete phase separation at the
outlets. Again, a very small difference in the density could be
used to explain less effective phase separation at lower residence
times in the microsettler. Therefore, the flow rate of 120 uL-
min~" was selected for further experiments.
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Figure 4. Close-up of the microsettler at different flow rates to determine the efficiency in the phase separation.

Table 4. Comparison of All Tested Membranes Using 20 wt % of Phycobiliprotein Crude Extract

material membrane cutoff (kDa) rejection coefficient” concentration factor” selectivity
regenerated cellulose 100 0.7+0.1 14+ 0.1 34+01
polyethersulfone 100 0.93 + 0.03 1.78 + 0.02 41+£02

“Percentage of R-PE retained by the membrane in the retentate side

. YRatio between R-PE concentrations in the retentate and feed.

Setup of a Microflow Ultrafiltration Module and Its
Characterization. Envisioning higher purity levels required by
some applications, after the purification of R-PE, polishing of the
target protein was achieved by the integration of an ultra-
filtration module at the surfactant-poor phase outlet. With this,
the system allowed us to separate the phycobiliproteins from the
solvent, further concentrating and purifying them. During the
experimental setup, different layouts of the ultrafiltration
module were tested regarding the position of the feeding
solution, the flow rates applied, and the membranes used. The
best results were obtained when the module was standing
upright with the feeding solution coming from the upper side
and the retentate being pumped out from the underside with half
the flow of the feeding solution. Further details on this study can
be obtained in the Supporting Information (Figure S3).

The formation of a protein layer near the membrane is a
complex process influenced by electrostatic and hydrophobic
interactions as well as by the hydrodynamic properties of the
module.”' When the flow rate at the retentate side was decreased
in comparison to inflow, the protein layer became thicker and
the mass transfer to the permeate side was aggravated. The
instability of surface deposition was assumed since the white
membrane displayed an intense pink color at the bottom of the
module after the flow had been stopped for some time (Figure
S4 in the Supporting Information). When the flow of the filtered
solution came from the upper side, some of the unstable protein
deposits fell off the membrane, leaving the filtration module at
the bottom side, where they were withdrawn directly to the
retentate container. This way, the protein layer maintains
approximately the same thickness over a longer period. Once the
ultrafiltration module was set up, two different types of
membranes were studied, namely, one composed of poly-
ethersulfone (PES) and another made of regenerated cellulose
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(RC), both with a molecular weight cutoff (MWCO) of 100
kDa. The results presented in Table 4 showed that the PES
membrane displayed better performance than the membrane
based on RC, which allowed the transport of considerable
amounts of R-PE to the permeate side, as shown in Figure 5. In
this case, the permeate was pinkish, which was not the case for
the PES membrane.

In both cases, the theoretical concentration factor was 2, while
the obtained concentration factors were lower (Table 4). This
was due to the losses associated with the permeation through the

0.5

0.4

retentates

e
w

—— PES

— RC

Absorbance

e
9

0.1

‘Wavelength(nm)

Figure S. Absorbance spectra of the retentate and permeate
fractionated by different membranes, namely, polyethersulfone and
regenerated cellulose. The retentate was pumped out of the
ultrafiltration module at half the speed at which it was pumped into
the module.
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Figure 6. Schematic presentation of the final R-PE separation process with an integrated ultrafiltration module. Photos of the microsettler, UF unit, and
the whole microfluidic experimental setup are presented in Figures S2, S4, and S5 of the Supporting Information, respectively.

membrane or retention on and within the membrane itself. The
best result was obtained for the PES membrane with losses of R-
PE lower than 7%. A smaller concentration factor in the case of
the RC membrane can be attributed to the leakage on the
permeate side (around 33%).

Based on the results obtained with both membranes, it is
assumed that most of the contaminant proteins present in the
bottom phase are bigger than 100 kDa. Electrostatic and
hydrophobic interactions play an important role in ultrafiltration
since both membranes had the same MWCO and yet showed
different performances. In sum, the nature of the membrane
seems to be a crucial parameter, and for this case, the PES
membrane was the best choice. When applying the RC
membrane, the selectivity of the overall process was 7% worse
when compared to the process without UF (selectivity = 3.6 +
0.5). In contrast, using the PES membrane, the selectivity of the
complete process has increased by 13%. Moreover, the dual
function of the ultrafiltration unit was proven with the increase
in the R-PE concentration and the complete removal of the
surfactant from the fluorescent protein, as corroborated by FTIR
analysis (see Figure S6).

Integrated Process in a Microflow System. To achieve a
continuous phase separation and further concentration, an
integrated process schematically presented in Figure 6 and
visualized in Figure SS (Supporting Information) was designed
and tested. The process comprised of three main steps, namely,
(i) (conventional) solid—liquid extraction to recover the
phycobiliproteins from fresh G. gracilis cells, followed by the
(ii) AMTPS microfluidic unit to separate the phycobiliproteins
from the contaminant proteins, ending with (jii) an ultra-
filtration unit to isolate the phycobiliproteins (and R-PE in
particular) from the solvents and surfactants used. A detailed
description and a photo are available in the Supporting
Information (Figure SS). In brief, aqueous crude extract was
mixed with the components to form the AMTPS inside the
microfluidic device. The mixture was then introduced into the
chip at a flow rate of 120 uL-min~’, exposed to a temperature
shock of 60 °C for 4 s, allowing phase separation (Figure 2) but
preventing protein degradation and/or precipitation. Then,
during 12 min of processing time, the system temperature was
equilibrated at 40 °C to reach complete phase separation, while
allowing the recovery of 79% of R-PE into the surfactant-poor
phase and 44% of total proteins in the surfactant-rich phase,
surpassing by 8% the batch process. The integration of an
ultrafiltration module into the process further allowed to double
the concentration of R-PE in the final solution and improved the
selectivity of the process by 13% when using a PES membrane.

Briefly, it means that in each gram of macroalgae samples having
around 85—90% of water, 0.1—0.15 g of macroalgae cells is
present. Considering the worst scenario of only 0.1 g of cells per
gram of fresh macroalgae and, taking into account the proteomic
analysis done in our previous work,”® we may infer about the
efficiency of the miniaturized process proposed. The initial
extract used in this work had 59.4% of R-PE, which represents
0.0594 g of R-PE/0.1 g dry biomass. With losses of 30 %, this
process allowed us to obtain 416 mg of R-PE/g dry biomass.

Overall, the implementation of the microfluidic system
allowed the development of a continuous process that was 20
times faster than the batch scale. Furthermore, the microfluidic
technology offers the opportunity for an easier scale-up by
numbering up the process.”>”'!"1*

B CONCLUSIONS

This pioneering work reports the efficient implementation of a
microfluidic system for the continuous AMTPS-based purifica-
tion of R-PE from an algal extract by applying the process
intensification and integration strategy. The possibility to
achieve very fast temperature changes in a microchannel
enabled us to trigger the instantaneous formation of an
AMTPS, something impossible at a macroscale due to much
slower heat transfer, which could also lead to protein
denaturation. By developing an effective microsettler allowing
high flow rates of inlet solution, the complete phase separation at
the outlets of the system was successfully achieved. By making
use of the advantages of the microfluid flow, we achieved the
efficient purification of R-PE from a real crude extract in a
continuous process. The data provided evidence that in the
continuous system using microfluidics, it was not only possible
to maintain the fractionation performance achieved in the batch
process but also to reduce the processing time more than 20-
fold. By further integrating a miniaturized ultrafiltration unit, the
microflow system allowed the separation of the phycobilipro-
teins from the solvent, further concentrating them 1.8-fold and
improving their selectivity by 13% in 20 times less time than in
the batch process. The miniaturized purification system
developed in this work is perfectly suited for further
optimization and adaptable to other AMTPSs, with low material
and time consumption. Furthermore, a transfer to a meso-scale
integrated system such as that reported for the two-phase
biocatalytic process’” would enable a very efficient throughput
increase, enabling larger-scale purification of this valuable
protein or other industrially relevant biomacromolecules like
antibodies or biobetters.
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