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ABSTRACT: Phycobiliproteins are ﬂuorescent proteins mainly
produced by red macroalgae and cyanobacteria. These proteins,
essential to the survival of these organisms, ﬁnd application in many
ﬁelds of interest, from medical, pharmaceutical, and cosmetic to food
and textile industries. The biggest obstacle to their use is the lack of
simple environmental and economical sustainable methodologies to
obtain these proteins with high purity. In this work, a new
puriﬁcation process is proposed based on the induced precipitation
of the target proteins followed by ultraﬁltration. Purities of 89.5% of
both phycobiliproteins and 87.3% of R-phycoerythrin were achieved
using ammonium sulfate and poly(acrylic acid) sodium salts as
precipitation agents (followed by an ultraﬁltration step), while
maintaining high recovery yields and protein structure stability.
Environmental analysis performed to evaluate the proposed process
shows that the carbon footprint for the proposed process is much lower than that reported for alternative methodology, and the
economic analysis reveals the cost-eﬀective character associated to its high performance. This work is a step toward more sustainable
and eﬀective methodologies/processes with high industrial potential.
KEYWORDS: Gracilaria gracilis, induced precipitation, puriﬁcation, phycobiliproteins, R-phycoerythrin

■

INTRODUCTION
The production of chemicals, materials, and fuels from biomass
is a growing trend in which academia and industry have
invested signiﬁcant eﬀorts during the last decade.1 The goal is
to reduce the global dependence on a petroleum-based
economy, gradually replacing it by a bioeconomy where the
so-called bioreﬁnery plays a major role.2 The development of
bioreﬁnery processes is still much focused on the biofuels,
power, and heat production.3 However, to achieve a full
exploitation of the biomass, a complete cascade of diﬀerent
products should be obtained,4 following an order that should
be dependent on the market value of what is obtained and the
sensitivity of the compounds to the conditions of extraction.
By guaranteeing the stability of the bioactive compounds, the
process value chain should start by the recovery of low-volume
high-value products.1,5
Macroalgae are an example of a biomass that could allow the
development of a bioreﬁnery focusing on a blue economy.
Many high-value products, such as pigments,6 phenols,7 lipids,8
and proteins,9 are already being explored in what should be the
beginning of the bioreﬁnery cascade.10
Phycobiliproteins are a family of ﬂuorescent and hydrophilic
proteins involved in the light-harvesting processes in red
macroalgae. This family of proteins, in red macroalgae, is
© XXXX American Chemical Society

mainly composed of R-phycoerythrin (R-PE) and Rphycocyanin (R-PC).11 R-PE has a soft pink color and orange
ﬂuorescence, composed of (αβ)6γ complexes and with 240
kDa, while R-PC has a blue color and red ﬂuorescence,
composed of (αβ)3 complexes.11,12 Due to their spectroscopic
and ﬂuorescent properties, those proteins can be applied in
diﬀerent ﬁelds from biotechnology, biomedicine, pharmaceuticals, cosmetics, and food products.13 More recently, extracts
rich in phycobiliproteins were also studied as natural dyes to
use as optical active centers for sustainable luminescent solar
concentrators and proving their potential toward cheap and
sustainable photovoltaic energy conversion.14
Despite the eﬀorts from several researchers on the
development of new processes to obtain pure phycobiliproteins, these are still far from industrialization. The purity level
required is deﬁned by the application/product demands, and
the process to be implemented should take these requirements
Received: December 27, 2020
Revised: February 10, 2021

A

https://dx.doi.org/10.1021/acssuschemeng.0c09218
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

Figure 1. Structures of the precipitation agents studied in this work.

from a crude extract, thus leading to a selective precipitation.28−32
Precipitation is normally used as a pre-treatment,20,33
meaning that it is complemented by a set of other puriﬁcation
steps, including chromatographic17 or non-chromatography34
downstream processing steps. However, in this work, the main
objective was to decrease the number of steps required to
obtain pure phycobiliproteins from Gracilaria gracilis, in
particular, R-PE, thus avoiding the application of other
puriﬁcation steps. The screening of various potential
precipitating agents was studied from a large set of polymers,
copolymers, and polyelectrolytes. After the design of a simple
and eﬃcient process to obtain the phycobiliproteins (and
particularly, R-PE), life cycle analysis was carried out to
compare this process with the one previously proposed by us
using aqueous micellar two-phase systems,26 followed by an
economic analysis, based on which the viability and
sustainability of this process is discussed.

into account. Conventionally, the puriﬁcation of phycobiliproteins can be achieved by a set of unit operations that may
include (i) a pre-puriﬁcation step commonly applying
ammonium sulfate precipitation, (ii) one or more puriﬁcation
steps applying membrane separation processes [i.e., ultraﬁltration (UF) and cross-ﬂow UF] and/or chromatographic
processes which are usually column chromatography (i.e., sizeexclusion, ion-exchange, hydrophobic interaction, and aﬃnity
chromatography), and (iii) a last step of dialysis to completely
remove, replace, or decrease the concentration of salts or
solvents from the puriﬁed extracts.15−21 Recently, alternative
methodologies of protein puriﬁcation have been proposed,
such as membrane chromatography,22 centrifugal precipitation
chromatography,23 electrophoretic elution,24 vortex ﬂow
reactor in an adsorption experiment,25 and aqueous micellar
two-phase systems.26 However, most of them have disadvantages related to complexity, diﬃculty to scale-up and high
associated costs, limiting the applicability of these processes at
an industrial scale. This is also true for the process we have
previously proposed based on the use of aqueous micellar twophase systems.26 Despite the good results achieved for the
puriﬁcation of phycobiliproteins and R-PE in particular, the
process included ﬁve main steps, comprising a ﬁrst solid−
liquid extraction, two units of puriﬁcation applying aqueous
micellar two-phase systems followed by two units of operation
to separate the target proteins from the main solvents used. In
this context, the present work will attempt the development of
a simpler process to purify phycobiliproteins and also R-PE.
The ﬁrst approach to be used was the elimination of the fourth
and ﬁfth steps of our previous process involving the separation
of the target proteins after puriﬁcation from the extraction
solvents. For that, the use of induced precipitation seems to be
a good strategy. The recovery and puriﬁcation of proteins by
precipitation is one of the most important operations in
protein puriﬁcation, recurrently used in laboratories and also in
industries.27 This is achieved by the destabilization of a protein
solution that is then separated from the liquid/supernatant by
gravity settling, centrifugation, or ﬁltration. The precipitation
can be driven not only by the ionic strength of the medium but
also by size exclusion, pH, and temperature variations.28,29
Much work has been carried out regarding the use of
ammonium sulfate, which is a classic salting-out agent and
usually the ﬁrst choice in protein precipitation.29 However, and
despite its high eﬃciency promoting precipitation, it is not
selective, which means that it will precipitate all the proteins in
the solution. It is also known that many other compounds can
act as precipitation agents, such as polymers, copolymers, and
polyelectrolytes by diﬀerent phenomena such as crowding or
by direct interaction between the protein and the precipitation
agent that can tune the solubility decrease of the target protein

■

EXPERIMENTAL SECTION

Biomass. The biomass used in this work, fresh Gracilaria gracilis,
́
was kindly provided by ALGAplus (Ilhavo,
Portugal). ALGAplus
farms the macroalgae at Ria de Aveiro lagoon (40°36′44.7″ N,
8°40′27.0″ W) in coastal Portugal under the EU organic aquaculture
standards (EC710/2009). This aquaculture is performed in a landbased integrated multi-trophic aquaculture system (meaning that the
nitrogen input is higher than in the outside natural lagoon due to the
use of eﬄuent water from ﬁsh production). Macroalgae samples were
collected between April and December of 2019, washed with tap and
distilled water, being frozen until needed, but never for longer than 1
month.
Chemicals. Ammonium sulfate [(NH4)2SO4, 99.5%] was acquired
from Merck. Poly(acrylic acid) sodium salts with average molecular
weight of 1200 g·mol−1 (NaPA 1200, 45 wt % in water solution) and
8000 g·mol−1 (NaPA 8000, 45 wt % in water solution), poly(ethylene
glycol) (PEG) with average molecular weight of 8000 g·mol−1 (PEG
8000, pure), and poly(propylene glycol) (PPG) polymer with average
molecular weight of 400 g·mol−1 (PPG 400, pure) were purchased
from Sigma-Aldrich. PEG with average molecular weight of 10,000 g·
mol−1 (PEG 10000, pure) was supplied from Fluka.
Nonionic copolymers composed of PEG and PPG blocks were also
used (Figure 1). Their commercial names were adopted throughout
this work. Pluronic PE 6800 (PPG−PEG−blocks with approx. 8000 g·
mol−1, composed of 80 wt % PEG), Pluronic PE 6400 (PPG−PEG−
blocks with approx. 2900 g·mol−1, composed of 40 wt % PEG), and
Pluronic PE 6200 (PPG−PEG−blocks with approx. 2450 g·mol−1,
composed of 20 wt % PEG) were purchased from BASF. Pluronic P
17R4 (PPG−PEG−PPG−blocks with approx. 2700 g·mol−1, composed of 40 wt % PEG), Pluronic L81 (PEG−PPG−PEG−blocks with
approx. 2800 g·mol−1, composed of 10 wt % PEG), and Pluronic
P123 (PEG−PPG−PEG−blocks with approx. 5800 g·mol−1, composed of 30 wt % PEG) were acquired from Sigma-Aldrich.
B
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As standard, commercial R-PE (CAS 11016-17-4) supplied by
Sigma-Aldrich was used.
Solid−Liquid Extraction. The solid−liquid extraction procedure
was adopted from Martins et al.35 but with some modiﬁcations.
Brieﬂy, the stored fresh G. gracilis at −20 °C was ground in a coﬀee
mill after being deeply frozen with liquid nitrogen for a more eﬃcient
extraction. The extraction was performed using distilled water as
solvent in a solid−liquid ratio of 0.5 gfresh biomass·mLsolvent−1 during 20
min at room temperature (20−25 °C) in an orbital shaker (IKA KS
4000 ic control) at 250 rpm and protected from light. The crude
extract was obtained after centrifugation at 14,000g, 20 min, at room
temperature (20−25 °C) in a VWR microstar 17 centrifuge.
Induced Precipitation. Several precipitation agents were tested
at three diﬀerent concentrations (100, 200, and 300 g·L−1). Each
precipitation agent was dissolved in the crude extract and left
overnight at 4 °C. Pellet and supernatant phases were induced by
centrifugation at 900g, for 15 min at room temperature (20−25 °C)
in the VWR microstar 17 centrifuge using the same conditions
described in the section Solid−liquid extraction. After centrifugation,
the pellet was resuspended in the same initial volume using distilled
water. When particles not soluble in water are observed in the
resuspended pellets (that happened in PEG 10000 and Pluronic PE
6200), a vigorous centrifugation at 9600g for 5 min was applied to
remove these solids before further analysis.
Ultraﬁltration. 500 μL of sample was added in each Amicon
Ultra-0.5 mL Centrifugal Filter Unit 100 K. The sample was
centrifuged at 14,000g during 15 min. The permeate was discarded,
and 400 μL of ultrapure water was added to the concentrate and
centrifuged in the same conditions, being this last step repeated twice.
Last, 500 μL of ultrapure water was added to recover the concentrated
sample after a centrifugation of 2 min at 1000g.
Spectroscopic Methods. The absorption spectra of diﬀerent
fractions were measured between 200 and 700 nm using a UV−vis
microplate reader (Synergy HT microplate readerBioTek). This
technique was used in the initial screening of precipitation agents, in
which the phycobiliproteins were quantiﬁed directly at 565 nm, and
the total amount of proteins was quantiﬁed by the bicinchoninic acid
(BCA) method at 562 nm, considering two calibration curves
previously prepared (R2 = 0.999 and R2 = 0.998, for phycobiliproteins
by direct analysis and total proteins by the BCA method,
respectively). The total protein concentration was determined with
the Pierce BCA Protein Assay and Micro BCA Protein Assay
(Thermo Scientiﬁc, Schwerte, Germany), according to the supplier
recommendations. Bovine serum albumin (from Fisher Scientiﬁc) was
used as the standard protein. The purity parameter was obtained as
the ratio between the phycobiliprotein concentration and the total
protein concentration in the resuspended pellet, with these values
presented in percentage. The yield was calculated as the ratio between
the phycobiliprotein concentration in the resuspended pellet and the
phycobiliprotein concentration in the initial extract.
Parameters as selectivity and R-PC index were calculated according
to Vicente et al.26 In order to determine the selectivity, the partition
coeﬃcient of R-PE (KR‑PE) and total proteins (Ktotal proteins) were ﬁrst
calculated (eqs 1 and 2, respectively). This parameter is the ratio
between the concentration of R-PE (or total proteins) in the puriﬁed
fraction and the discarded phases along the puriﬁcation steps.
Knowing the partition coeﬃcient of both R-PE and total proteins, the
selectivity of the proposed method was determined according to eq 3.
KR ‐ PE =

calculated by the ratio between the maximum absorbance of R-PC
and R-PE, and R-PE and total proteins, respectively (eqs 4 and 5).

K total proteins =
Selectivity =

(1)

[total proteins]purified fraction
[total proteins]discarded fraction

(2)

KR ‐ PE
K total proteins

R‐PC index =

Abs617nm
Abs565nm

(4)

Purity index =

Abs565nm
Abs280nm

(5)

High-performance liquid chromatography (HPLC) using the
equipment Chromaster HPLC system (VWR Hitachi) equipped
with a binary pump, column oven, temperature-controlled autosampler, diode array detector (DAD) (HPLC−DAD), and an
analytical column Shodex Protein KW-802.5 (8 mm × 300 mm)
was applied. A 100 mmol·L−1 phosphate buﬀer (pH 7.0) was run
isocratically with a ﬂow rate of 0.5 mL·min−1, and the injection
volume was 10 μL. All samples were previously ﬁltered with the 25
mm GHP Acrodisc syringe ﬁlters with a pore size of 0.45 μm. The
wavelength was set at 280, 565, and 617 nm. All spectra were treated
using OriginPro 2018 program. The peaks were deconvoluted, and
the obtained areas were used, namely the total area and the area of the
R-PE and R-PC speciﬁc peaks. The purity was obtained by the ratio of
the areas of R-PE or R-PC speciﬁc peaks and the total area of the
spectrum, in percentage. The yield was calculated by the ratio of the
areas of R-PE or R-PC speciﬁc peaks in the puriﬁed extract and the
areas of R-PE or R-PC speciﬁc peaks in the initial extract, in
percentage.
Circular dichroism spectra were recorded using a JASCO J-815
circular dichroism spectrometer at 298.15 K in the far UV region (λ =
180−260 nm). Spectra were collected in a 0.1 cm path length quartz
cuvette at a scan rate of 100 nm·min−1 and sensitivity of 100 mdeg.
The response time and the bandwidth were 2 s and 0.5 nm,
respectively. The samples were solubilized in distilled water up to a
dilution where the inﬂuence of the sample interferences was
negligible, being in those conditions the circular dichroism spectra
obtained with high tension voltage below 600 (Figure S1 in
Supporting Information).
Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis. The phycobiliprotein crude extract was analyzed through
electrophoresis that was prepared on polyacrylamide gel (stacking: 4%
and resolving: 20%) with a running buﬀer consisting of 250 mmol·L−1
of Tris−HCl, 1.92 mol·L−1 of glycine, and 1% of sodium dodecyl
sulfate (SDS). The proteins were stained with the usual staining
procedure [Coomassie Brilliant Blue G-250 0.1% (w/v), methanol
50% (v/v), acetic 7% (v/v), and water 42.9% (v/v)] in an orbital
shaker, at moderate speed, for 2−3 h at 20−25 °C. The gels were
detained in a solution containing acetic acid 7% (v/v), methanol 20%
(v/v), and water 73% (v/v) in an orbital shaker at ± 60 rpm for 3−4
h at 20−25 °C. The molecular weight marker used was the
NZYColour Protein Marker II from NZYTech.
Environmental Evaluation: Life Cycle Assessment. The
environmental proﬁle of two scenarios to purify phycobiliproteins
was evaluated by life cycle assessment, according to ISO 14040
standard,36 and covering the impacts from the production of the
chemicals used in the processes, water, and also the electricity
consumption. Table S1 of Supporting Information shows the amounts
of chemicals and water consumed during the experimental procedure,
as well as the amounts of electricity spent. The latter parameter was
calculated for each equipment based on the time of operation,
nominal power, and fraction of occupancy over total capacity. These
amounts are expressed per miligram of R-PE obtained to allow
comparison between the two scenarios proposed in this work. The
impact factors associated with the production of chemicals and
electricity (Portuguese mix) were taken from the Ecoinvent 3.6
database.37 The impact factors for distilled and ultrapure water result
from tap water production38 and electricity consumed during
distillation and UF.37 The impact assessment method was the ReCiPe
2008 Midpoint at the Hierarchist perspective,39 considering the
following impact categories: climate change (equivalent to the carbon
footprint), photochemical oxidant formation, terrestrial acidiﬁcation,

[R‐PE]purified fraction
[R‐PE]discarded fraction
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(3)

The R-PC index and purity index relate the amount of R-PC and RPE, and R-PE and total proteins, in a sample, respectively. Both are
C
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could aﬀect it. Based on other reports,42 eq 6 was deﬁned to calculate
the return based on the results obtained from this work

and fossil depletion. The results were compared with the ones
obtained by Vicente and collaborators when applying aqueous
micellar two-phase systems to purify phycobiliproteins.26
Economic Evaluation. To further expand this study and
understand some of the potential economic constrains of implementing the process optimized in this work into an industrial scenario, an
economic analysis was performed considering the traditional approach
[using (NH4)2SO4] and the alternative precipitation method
proposed in this work. In this analysis, the production cost was
calculated per miligram of R-PE (CoG·mg−1).6,40 Brieﬂy, three areas
need to be fulﬁlled to have a complete process: to set up a target
output or production scenarios, then to determine the sequence of
unit operations and their process parameters, and ﬁnally to collect the
economic data sets to populate the model.
For the process developed in this work, the production scale to be
used at the industrial stage has not been decided and for this reason,
ﬁve diﬀerent scales were analyzed, namely 0.01, 0.1, 1, 10, and 100 kg.
This will give a wide range of operations from the laboratory, to pilot
and, ﬁnally, industrial scales. The sequence of unit operations is
something that will be discussed in later sections as a result of all the
analyses performed in this work, but brieﬂy, it consists of a water
extraction of R-PE from the biomass, then a centrifugation to remove
the spent biomass. For the precipitation stage, it starts with the mixing
of the extract with the precipitant in a tank, followed by the induced
precipitation using a centrifugal step, and a resuspension of the pellet.
The process ended with an UF/diaﬁltration step to remove the nonsuspended proteins, allowing also the ﬁnal polishing.
The economic data sets are composed of diﬀerent areas. For the
capital investment (mainly equipment acquisition costs), cost of
equipment was obtained from the database on the software Biosolve
Process (Biopharm Services Ltd., Buckinghamshire, UK), then
diﬀerent regressions were determined to interpolate the results
considering the diﬀerent scales needed. The same strategy was
employed for consumables (vessel ﬁlters and UF/diaﬁltration
membranes). For material costs (chemicals), as this analysis
comprised small and large scales, their costs were obtained from
Sigma-Aldrich and Alibaba, respectively. Labor has been reported to
be approximately 15% of the total production costs,41 so this
approach was taken here. Last, an additional economic aspect was
denoted as “others,” in which utilities and maintenance costs were
included. This was calculated following Biosolve Process approach,
which estimates these costs as 4% of the capital investment. Full data
for process and economic parameters employed here are included in
Table S2 in Supporting Information.
After the completion of the model construction, diﬀerent analyses
were performed to understand how the CoG·mg−1 of the R-PE
behaves. First, diﬀerent production scales were evaluated, for the
whole range mentioned before (0.01 to 100 kg), following
incremental steps of 0.1 kg. Then, using only the discrete range of
production scales (0.01, 0.1, 1, 10, and 100 kg), sensitivity analysis
was performed by systematically varying the values of the amount of
R-PE content in the biomass (miligram of R-PE per kg of fresh
biomass), the material cost variation, and the duration of the process,
all of them in a range from 10-fold above and below (±10X).
Additionally, the impact of the overall recovery yield was included,
but due to the results obtained, the range was constrained, the worstcase scenario was 30% less of what is reported in the following
sections and the best scenario can only increase up to 100%. This
analysis can provide an insight on how each individual parameter
aﬀects the production costs and help potentially to devise strategies to
control their variations. As a complement to the sensitivity analysis, a
series of Monte Carlo simulations was performed varying the same
parameters, with the same ranges, but under a triangular distribution
and calculating their respective production costs (CoG·mg−1) for each
scenario. Afterward, a multiple linear regression was calculated to
obtain the coeﬃcients and p-value for each parameter.
An additional approach was determined in this work, which results
in the calculation of the potential income, or return, that the product
could provide and to understand how the diﬀerent process parameters

return = [C prod × $prod − $ biom ]
− [(α) × (production cost per kg of biomass)

(6)

In eq 6, return stands for the return per kg of processed fresh
biomass, Cprod is the amount of product per kg of biomass, $prod is the
commercial price of R-PE on the market, and $biom is the cost
associated with the acquisition of the biomass. While, in the second
term, the production cost per kg of biomass is a conversion of the
CoG·mg−1 of R-PE into a CoG·kg−1 of processed biomass. To obtain
this, it is needed to obtain the production cost per batch (CoG/batch)
and to divide it by the amount of biomass processed in that particular
batch. The α is an additional term employed as a multiplier of the
CoG·kg−1 in order to increase or decrease its impact consequently,
allowing us to analyze their eﬀect in case the real production costs are
higher or lower. As part of the return analysis, sensitivity analysis was
performed by varying the Cprod by 0.5X, 1X, or 2X (half or double of
the base concentration) and the α term varied between 1X, 2X, or 5X.
Additionally, R-PE has a wide range of prices depending on the
application, purity, and amount being acquired, and for this reason,
the range of € 5 to € 5000 per kg was analyzed.

■

RESULTS AND DISCUSSION
Induced Precipitation of Proteins. Various phenomena
can promote protein precipitation however, substances
(generally in high concentration) changing the environment
of the protein (e.g., some organic solvents, salts, and neutral
polymers); or substances (generally at low concentration)
interacting directly with the protein (e.g., acids, bases,
polyelectrolytes, and some metal ions), have been reported
as the most relevant.27 In this work, a screening of polymers,
copolymers, and polyelectrolytes at diﬀerent concentrations
was performed, being their ability to induce protein
precipitation reported in Table 1 and their performance
compared with the results obtained for (NH4)2SO4 (the
conventional precipitation agent here used as control).
NaPA 1200 and NaPA 8000 are included in the group of
precipitation agents interacting directly with the proteins, while
the rest of the substances screened, that is, polymers and
copolymers, act by promoting changes in the environment of
the initial solvent. Although according to the literature,27 low
Table 1. List of Precipitation Agents Screened According to
Their Ability to Precipitate Phycobiliproteins from the Raw
Extract at Diﬀerent Concentrationsa
concentration (g·L−1)

precipitation agent
NaPA 1200
NaPA 8000
PEG 8000
PEG 10000
PPG 400
Pluronic PE 6800
Pluronic PE 6400
Pluronic PE 6200
Pluronic P 17R4
Pluronic L81
Pluronic P123
(NH4)2SO4

100

200

300

√
√
X
√
√
√
√
√
√
X
X
√

√
√
X
√
√
√
√
√
√
X
X
√

√
√
X
√
√
√
√
√
√
X
X
√

a
The symbols √ and X represent, respectively, the systems with and
without protein precipitation occurring.
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Figure 2. Results obtained for the (A) purity and (B) yield (%) obtained in the resuspended pellets after the precipitation step using diﬀerent
precipitation agents at three distinct concentrations (100, 200, and 300 g·L−1). These analyses were assessed by UV−vis absorption spectroscopy.

as follows: PE 6800 > PE 6400 > P 17R4 ∼ PE 6200 ∼ P123 >
L81. Considering the results of the hydrophilic−lipophilic
balance, it is clear that the decrease in the hydrophilicity of the
Pluronics screened makes them unable to precipitate the
phycobiliproteins, as a result of their reduced capacity to
interact with the water molecules present in the crude extract.
After selecting from Table 1, all the compounds able to
precipitate the phycobiliproteins, and considering the viscosity
of the solutions, and the color intensity in the supernatants
(which is a proxy for the residual amounts of phycobiliproteins
in solution), only Pluronics, PPG 400 and NaPA 1200 and
NaPA 8000 were retained to further evaluate the purity and
yield parameters (Figure 2).
In the view to ﬁnd the best precipitation agent, a
compromise between purity and yield of precipitation was
required. The objective was to select the system providing the
highest purity levels of phycobiliproteins without reducing the
yields of precipitation. After the interpretation of the data
presented in Figure 2 and aiming to proceed with the analysis,
the criteria selected was the following: to identify the
precipitation agents able to simultaneously provide purities
and yields higher than 25 and 80%, respectively. The systems
fulﬁlling this criteria were the traditional (NH4)2SO4 at 200 g·
L−1 (purity = 26.2 ± 0.1% and yield = 96.0 ± 0.5%) and the
polyelectrolyte NaPA 8000 (purity = 29 ± 3% and yield = 79.6

concentrations of precipitation agents are required when their
mechanism of action involves the direct interaction with
proteins, both NaPA 1200 and NaPA 8000 were found to be
able to induce the precipitation of phycobiliproteins at all
concentrations tested. The worst results, without any
precipitation of phycobiliproteins, were obtained for PEG
8000, Pluronic L81, and Pluronic P123, independently of the
concentration applied.
As previously discussed in the literature,43 the main
phenomena behind the protein precipitation with polymers
and copolymers is, in general, a result of the crowding eﬀect,
which happens when high concentrations of these molecules
are introduced in the system, drastically reducing the volume
of water molecules available for protein solvation. In this
context, it is well established that PEGs with high molecular
weights more easily precipitate proteins, which can explain the
diﬀerence in the behaviors of PEG 8000 and PEG 10000.
As the polymers, the copolymers can also decrease the
solubility of proteins in solution due to their interaction with
the water molecules and the volume they occupy in solution.
According to the hydrophilic−lipophilic balance which is a
parameter that helps to describe the higher or lower capacity of
substances to interact with water molecules (data provided by
their suppliers and displayed in Table S3 of Supporting
Information), the screened Pluronic substances can be ordered
E
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Table 2. Purity and Yield (%) Obtained in Diﬀerent Fractions Separately for R-PE and R-PC Based on HPLC-DAD Analysis
purity (%)
initial extract
(NH4)2SO4 at 200 g·L−1
NaPA 8000 at 100 g·L−1

yield (%)

R-PE

R-PC

phycobiliproteins (R-PE + R-PC)

R-PE

R-PC

4.4 ± 1.0
35.0 ± 2.4
50.5 ± 7.4

3.2 ± 1.5
18.5 ± 1.2

7.4
53.4
50.5

100.0 ±2.6
79.5 ±3.6

81.1 ±1.3

± 0.7%). After choosing the best systems and respective
concentrations to induce the precipitation of phycobiliproteins,
the extracts obtained were further analyzed by HPLC-DAD
(Table 2). This analysis identiﬁes which phycobiliprotein (RPE or R-PC, the two most relevant phycobiliproteins present
in the initial extract26,35) and in what extent, was precipitated.
Moreover, it also enabled us to infer on the selectivity
(capacity to separate R-PE from R-PC) of each system (i.e.,
precipitation agent and its concentration).
The results reported in Table 2 show that the (NH4)2SO4 at
200 g·L−1 can precipitate both R-PE and R-PC, while NaPA
8000 at 100 g·L−1 is selective for R-PE, that is, it only causes
the precipitation of R-PE, while the other phycobiliproteins
remain solubilized in the crude extract. The results of
(NH4)2SO4 are not surprising, since it is well known that,
despite its high capacity to induce the precipitation of proteins,
it is not selective. It is eﬃcient in precipitating the R-PE
because of its very high molecular weight (240 kDa20).
Although R-PC (∼112 kDa44) has a lower molecular weight
than R-PE, due to the diﬀerence between their complexes
[(αβ)3 for R-PC and (αβ)6γ for R-PE], the R-PC precipitation
might be induced due to the proximity between the pH of the
aqueous solution of (NH4)2SO4 (5.5) and the R-PC isoelectric
point (5.7).44 On the other hand, NaPA 8000 at 100 g·L−1
interacts directly with R-PE, establishing soluble complexes,
but not with R-PC, promoting a selective precipitation. Since
NaPA 8000 is a polyanion, and at the conditions of the
solution, R-PE is negatively charged [pH (8.1) > R-PE
isoelectric point (4.2),45 site-speciﬁc local interactions might
be happening, thus justifying the establishment of soluble
complexes.30 At this point, it is also important to mention that,
as described in the Experimental Section, all procedures were
carried out protected from light. Besides, the range of
temperature (4−25 °C) and pH (5.5−8.1) registered during
the precipitation procedures, using both NaPA 8000 and
(NH4)2SO4, do not compromised the stability of phycobiliproteins.46
Although the purity has increased after the precipitation
step, the extracts are still not very pure (maximum purity up to
this point around 50%). For that reason, the resuspended
pellets obtained after the precipitation with NaPA 8000 and
(NH4)2SO4 were subjected to an additional step of puriﬁcation
using UF. As previously detailed in the Experimental Section,
ﬁlters with a cutoﬀ of 100 kDa were applied to remove the
small- and medium-size contaminant proteins present in the
macroalgae.26 Yields and purity obtained before and after UF
are plotted in Figure 3 (with more details in Table S4 of
Supporting Information).
Summing up the results, the initial extract has a purity in
phycobiliproteins around 7.4% (this representing 100% of both
R-PE and R-PC extracted from the biomass). By submitting
the extract to a precipitation step using (NH4)2SO4 at 200 g·
L−1, the purity of both phycobiliproteins increased to 53.4%
without compromising the yield of precipitation. By adding an
UF step, the purity increased to 89.5% in phycobiliproteins,

Figure 3. Summary of the results obtained by HPLC-DAD for the
(A) purity and (B) yield obtained in diﬀerent fractions, namely the
initial extract, the resuspended pellets after precipitation using
(NH4)2SO4 at 200 g·L−1, (NH4)2SO4 at 200 g·L−1 followed by an
UF step, and NaPA 8000 at 100 g·L−1, NaPA 8000 at 100 g·L−1
followed by an UF step, and last initial extract puriﬁed by an UF step
separately for R-PE (pink bars) and R-PC (blue bars).

without aﬀecting the yield of precipitation of R-PE. On the
other hand, and as previously analyzed, after precipitation with
NaPA 8000 at 100 g·L−1, only R-PE precipitated with a purity
of 50.4% (R-PC remained in solution). Meanwhile, and after
applying the UF step, the purity of the extract increased from
50.5 to 87.3% in R-PE with an yield of 79.5%.
The selectivity and R-PC index of the puriﬁed extract
obtained from both puriﬁcation methodologies proposed in
this work were also calculated and compared with the results
obtained for the process using aqueous micellar two-phase
systems26 for the puriﬁcation of R-PE (Table 3). In terms of
selectivity, it was found that both processes proposed in this
work are superior to the systems previously reported by
Vicente et al.26 The R-PC index in the extracts puriﬁed by
(NH4)2SO4 (200 g·L−1) precipitation with an additional UF
step is higher than the NaPA 8000 (100 g·L−1) precipitation
with an additional UF, supporting the selectivity of the induced
precipitation process based on NaPA 8000. Moreover, the
induced precipitation with (NH4)2SO4 has a higher R-PC
F
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Table 3. Selectivity and R-PC index of Both Puriﬁcation Methodologies Proposed
selectivity
R-PC index
purity index

(NH4)2SO4 (200 g·L−1) + UF (this work)

NaPA 8000 (100 g·L−1) + UF (this work)

AMTPSa

19.6 ± 0.1
0.23 ± 0.01
3.1 ± 0.3

15.3 ± 0.4
0.011 ± 0.001
3.4 ± 0.1

13.6 ± 0.0
0.047 ± 0.004

Sigma-Aldrich47
< 0.03
>4.6

a

Best system proposed by Vicente and co-authors.26

index than those presented by Vicente et al., showing its ability
in preserve the R-PC content. On the other hand, systems of
puriﬁcation with NaPA 8000 have the lowest R-PC index in
comparison with all systems presented by Vicente and coauthors being in the purity range of the standard R-PE sold by
Sigma-Aldrich47 (which is <0.03) showing its extremely low
contamination with R-PC, as intended.
Last, an UF step was applied to the initial extract without
any previous precipitation step in order to understand whether
the same results could be obtained by skipping the
precipitation procedure. At this point, the purity obtained
was only of 39.4% in phycobiliproteins, which represents much
lower values than those discussed previously with induced
precipitation as a ﬁrst step, thus showing the need of both steps
in the proposed process.
To conﬁrm the results represented in Figure 3, on the
increase of purity of the extracts in the diﬀerent scenarios
tested, an SDS-PAGE electrophoresis was carried out, being
the results depicted in Figure 4.

the initial extract with other proteins is also evident. Despite
the removal of some impurities by applying an UF step to treat
the initial extract, it is not enough to achieve a signiﬁcant
increment in purity. The step of precipitation of phycobiliproteins by itself (53.4%) is more eﬀective in the puriﬁcation
than the UF alone (39.4%), as proved by HPLC-DAD (data
depicted in Table S4 in Supporting Information). With the
application of UF after precipitation with polyelectrolyte, an
extract with high purity in phycobiliproteins was obtained, with
just a tenuous band of contaminating protein (∼120 kDa)
present, which is in agreement with the results depicted in
Figure 3. It is then evident that the combination of both steps
is able to remove most proteins and peptides apart from α and
β subunits, characteristic of phycobiliproteins.
After assessing the purity of the samples by SDS-PAGE
electrophoresis, the structural integrity of the phycobiliproteins
was checked using circular dichroism. With this technique, the
secondary structure of the proteins along the diﬀerent stages of
puriﬁcation using NaPA 8000 was evaluated and compared
with pure commercial R-PE. The results are depicted in Figure
5, with the high-tension voltage graph displayed in Figure S1 in
Supporting Information.

Figure 5. Circular dichroism spectra of the initial extract (dotted
line), resuspended pellet after precipitation using NaPA 8000 at 100
g·L−1 (smaller dashed line), and resuspended pellet after precipitation
using NaPA 8000 at 100 g·L−1 followed by an UF step (larger dashed
line), and commercial R-PE from Sigma-Aldrich (solid line).
Figure 4. Sodium dodecyl sulfate polyacrylamide gel electrophoresis
analysis of diﬀerent fractions obtained after testing the diﬀerent
scenarios under study. UF stands for ultraﬁltration.

The results show that as the purity of the extracts increases,
the better the spectrum ﬁts the commercial R-PE spectra,
being indicative of the preservation of the secondary structure
of R-PE after puriﬁcation. The removal of contaminant
proteins with diﬀerent conformations allows the extract to
show a spectrum more similar to the commercial R-PE.
Besides, and according to the literature for R-PE from
Gracilaria chilensis, the R-PE is mainly composed of α-helixes
(71%) and a minor content in β-sheets and random coils (12
and 17%, respectively).49 This also suggests the preservation of
the structural integrity of R-PE after precipitation since the
circular dichroism spectra shows the maxima of negative

As previously mentioned, R-PE and R-PC are composed of
(αβ)6γ and (αβ)3 complexes,12 respectively. Although there are
slight diﬀerences among the α and β subunits present in the
phycobiliproteins, their weight is quite similar, being 18−20
kDa (for α) and 19.4−21 kDa (for β), and for R-PE, an
additional γ subunit of ∼30 kDa is also present.19,44,48 The
SDS-PAGE of the standard R-PE can be checked elsewhere.35
This said, the presence of α and β subunits is a constant in all
samples, as represented in Figure 4. The high contamination of
G
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Figure 6. Process ﬂow diagram proposed to obtain a puriﬁed extract in phycobiliproteins (A) and an extract with only R-PE (B).

signals at ca. 222 and 210 nm, typical of proteins with a high αhelical content.
In conclusion, the proposed processes (A) for puriﬁcation of
phycobiliproteins and for the (B) selective recovery of R-PE
from G. gracilis are represented in Figure 6.
Environmental Evaluation by Life Cycle Assessment.
Aiming to understand the potential environmental impact of
the processes developed in this work, and how they do
compare with the process already reported using aqueous
micellar two-phase systems, the assessment of their environmental impacts was performed. The results of the life cycle
assessment, expressed per 1 mg of R-PE, show that the impacts
of the scenario where (NH4)2SO4 is used are 23−25% smaller
than the impacts of the scenario with NaPA 8000 (Table 4 and

cycles of UF, which contributes to 70−73% of the total
impacts (Figure 7).
Despite the small diﬀerence between the two scenarios, 1
(NaPA 8000) and 2 (NH4)2SO4, the carbon footprint
(corresponding to the climate change results) obtained are
much smaller than those reported by Vicente et al.26 (68.14
and 81.30 kg CO2eq·mgR‑PE−1) as a result of a much lower
electricity consumption in the current process. The process
developed in this work proved not only to be eﬃcient
regarding the puriﬁcation of phycobiliproteins and R-PE in
particular but also to have a low environmental impact.
Economic Evaluation. Envisioning the potential industrialization of the process here developed, a detailed economic
analysis was performed for both systems, scenario 1 using
NaPA 8000 and scenario 2 using (NH4)2SO4 as precipitating
agents. The production cost per miligram of R-PE is highly
variable and deeply inﬂuenced by the process scale (Figure 8).
It is important to mention that as there is no recommendation
of when to incorporate material prices for bulk acquisitions,
this analysis was performed using the laboratory-scale prices
(Table S2 in Supporting Information). Depending on the
precipitating agent used, the CoG·mg−1 tends to stabilize on
0.93 € per mg and 0.32 € per mg for NaPA 8000 and
(NH4)2SO4, respectively.
In practice, diﬀerent aspects of the bioprocess tend to vary,
and thus, a model is very helpful as it is possible to create a
wide range of values for diﬀerent variables to understand how
production costs can be aﬀected. For this reason, sensitivity
analysis was performed on the amount of R-PE content in the
biomass (mg of R-PE per kg of biomass), on the materials cost
variation, and on the duration of the process. For these three
variables, the range of variation was 10-fold (either above or
below the amount used for the model construction). Also, the
recovery yield of the process was analyzed by a decrease of up

Table 4. Life Cycle Assessment for 1 mg of R-PE Obtained
in Both Scenarios under Study. Scenario 1 Represents NaPA
8000, and Scenario 2 Represents the (NH4)2SO4
life cycle assessment parameters
climate change (gCO2eq)

scenario 1
11.6

scenario 2
8.84

photochemical oxidant formation (gNMVOCeq)

0.0453

0.0349

terrestrial acidiﬁcation (gSO2eq)

0.0803

0.0622

fossil depletion (goileq)

3.66

2.73

Figure S2 in Supporting Information). The main reason for
this result is the higher yield when (NH4)2SO4 is used, which
leads to lower values of electricity consumption for obtaining
the same amount of R-PE. Another reason is the smaller
impacts associated with (NH4)2SO4 in comparison with NaPA
8000. The puriﬁcation step has the largest impact in both
scenarios, mainly due to electricity consumption during the
H
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Figure 7. Relative contribution of the operations for the results of life cycle assessment, considering scenario 1 representing NaPA 8000 and
scenario 2 representing (NH4)2SO4. Greenish bars are related to the recovery of phycobiliproteins from the biomass, blueish bars are related to the
precipitation step in the puriﬁcation approach, and grey bar is related to UF.

material at both laboratory and large scales (Table S2 in
Supporting Information).
Using the same variables and ranges, a series of Monte Carlo
simulations were run to understand how the simultaneous
variation of the main parameters aﬀects the production costs.
This was carried out for scales of 0.01 and 100 kg (full data are
presented in Table S5 in Supporting Information). This results
in a collection of statistical data that can show the signiﬁcance
or not of a variable. The main results conﬁrm the importance
of the product content in the biomass and of the material cost
variation, but the eﬀect of the second is almost ten times bigger
for NaPA 8000 than for (NH4)2SO4 at the large scale (Table
5). Interestingly, for all the analyzed scales, the duration of the
process is not statistically signiﬁcant, which means that if the
process is shorter or longer, it will have a negligible eﬀect on
the production cost.
Equations have the form (eq 7)

Figure 8. Results obtained from the analysis of production scale
(amount of biomass processed).

to 30% (worst case scenario), while the best scenario could not
be done up to 30% because of their current level (it will result
in recoveries above 100%), and for this reason, the optimal
results were ﬁxed at 100%. The data collected indicated the
content of product in the processed biomass as the most
important parameter, followed by the material costs (Figure 9).
In general, the impact of all parameters decreases as the
production scale increases, which is related to the amount of
product being generated, as it dilutes the cost variations.
Furthermore, the impact of the amount of product being
generated has been reported continuously to be one of the
most important parameters governing the production
costs.50−52 Finally, it is critical to note that for NaPA 8000,
the variation on material costs is more noticeable than for
(NH4)2SO4. This is because NaPA is a much more expensive

production cost [€ ·mg −1]
= β 0 + β1 × W + β 2 × X + β 3 × Y + β 4 × Z

(7)

From eq 7, W represents the R-PE content, X is the overall
recovery yield, Y is the material cost, and Z is the process
duration. Last, the return per kg of processed biomass was
performed at the laboratorial scale (0.01 kg) and large scale
(100 kg) using prices from Sigma-Aldrich (for 0.01 kg) and
Alibaba (for 100 kg), the latest being considered as an example
of a real-life value. Additionally, the amount of product in the
biomass (Cprod) varied by 0.5X, 1X, or 2X and the CoG·kg−1 of
processed biomass varied by a factor of 1X, 2X, and 5X.
Moreover, the $prod varied from € 5 per kg to € 5000 per kg.
I
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from laboratory to large-scale is much larger compared to the
decrease of (NH4)2SO4 price, which can be related to the
extensive use of (NH4)2SO4. Moreover, this dramatic change
becomes the critical aspect for determining, for speciﬁc
conditions, if there is any return at all.
Given the results obtained here, even after increasing the
potential CoG·kg−1 of biomass by 5-fold, reducing the Cprod by
half, it is possible to have a positive return which is above €
1000 per kg of product. This can be ensured and enhanced if
the bioprocess developed here can increase the purity of the
product, then its market price can be increased. As a reference,
commercial price of R-PE from Sigma-Aldrich (product
52412) sells at € 155 per mg (€ 155,000,000 per kg).

■

CONCLUSIONS
In this work, a new approach, easy to implement, using
induced precipitation, is proposed for the puriﬁcation of
phycobiliproteins, in particular R-PE. A set of polymers,
copolymers, and polyelectrolytes was screened correlating their
ability to selective precipitate proteins from a raw extract of
phycobiliproteins regarding the puriﬁcation of ﬂuorescent
proteins. It was found that the most common used
precipitation agent in proteins(NH4)2SO4at 200 g·L−1 is
able to precipitate both R-PE and R-PC but it is not selective,
while the polyelectrolyte NaPA 8000, even at low concentrations (100 g·L−1), can selectively induce the precipitation of
R-PE among the set of phycobiliproteins present in the extract.
By further using an UF step, purities of 89.5 and 87.3% were
achieved, respectively, for the two phycobiliproteins using the
strategy of (NH4)2SO4 followed by UF and for only R-PE
using NaPA 8000 followed by UF, having this last one’s
structural integrity preserved. Summing up, and despite the
regular use of (NH4)2SO4, its use did not allow the
development of a selective induced precipitation, which is
surpassed by the use of NaPA 8000.
Taking into account the results of selectivity for the system
using NaPA 8000, the environmental impact was determined
and compared with one of the most recent reports of processes
optimized for the puriﬁcation of R-PE using aqueous micellar
two-phase systems. The low carbon footprint of the process
optimized by using induced precipitation with NaPA 8000
shows that the process here proposed has a lower environmental impact. Using the current process results combined
with the economic analysis, it was concluded that a potential
real-life application can provide return dependent on the
market price of the R-PE product. Some of the major factors to
determine the required price are the amount of R-PE content
in the biomass (or the amount extracted from it) and the price
of the materials during a large-scale operation. The use of

Figure 9. Results for the sensitivity analysis of the complete
bioprocess of NaPA 8000 (A) and (NH4)2SO4 (B). Results are
expressed as the diﬀerence of the highest and lowest production costs
calculated after varying between the worst and best scenarios.
Additionally, for reference, the base production cost is shown as the
green line (right Y-axis). The left Y-axis is presented in a logarithmic
scale.

Results provide an in-depth look into diﬀerent scenarios and
how they can inﬂuence the potential economic return for this
process (Figures 10 and S3 in Supporting Information).
Results from this analysis can help to appreciate diﬀerent
issues considered relevant for the eﬃciency and sustainability
of the process. The slope of each line is the inﬂuence of the
Cprod on the return: the higher the Cprod, the more vertical the
line will be. Additionally, the position where the lines intercept
with the y-axis (the point where $prod is 0), is dictated by the
CoG·kg−1 of biomass. The most evident result is the abrupt
diﬀerence on the y-axis intercept for Figure 10A,B, indicating
the impact that the change in the price of the materials has on
the CoG·kg−1 of biomass. From the data on Table S2 in
Supporting Information, the price reduction of NaPA 8000

Table 5. Results for the Monte Carlo Simulations and Multiple Linear Regressiona
NaPA 8000
intercept (β0)
R-PE content (β1)
overall recovery yield (β2)
material cost (β3)
process duration (β4)

(NH4)2SO4

0.01 kg

p-value

100 kg

p-value

0.01 kg

p-value

100 kg

p-value

110.06
−28.5299
−0.94794
22.79631
−1.3313

1.17 × 10−9
1.43 × 10−24
0.042111
3.47 × 10−18
0.586571

1.864961
−0.44852
−0.01485
0.340471
−0.0387

4.19 × 10−11
5.06 × 10−25
0.04056
4.68 × 10−17
0.309369

78.82741
−23.5171
−0.71106
20.58119
0.020603

4.67 × 10−8
4.22 × 10−30
0.202417
1.39 × 10−25
0.991292

0.344542
−0.06802
−0.00254
0.030776
0.000104

2.88 × 10−22
1.42 × 10−41
0.0505
1.39 × 10−12
0.981153

Input variables were in the corresponding multiplier or modiﬁer from sensitivity analysis. To calculate the CoG·mg−1 for R-PE content, material
costs and process duration can be any value that represents a multiplier (used for the modeling were from 0.1X to 10X), while for the recovery
yield, it is a modiﬁer (±30%).
a

J
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Figure 10. Return analysis for NaPA 8000 and (NH4)2SO4. NaPA 8000 results are presented in (A) for laboratory-scale (0.01 kg) and (B) for
large-scale (100 kg), while for (NH4)2SO4 are (C) laboratory-scale (0.01 kg) and (D) for large-scale (100 kg). Green lines are for an alpha of 1X,
red for alpha of 2X, and blue for alpha of 5X; solid lines for a Cprod of 0.5X, dash lines for Cprod of 1X, and dot lines for Cprod of 2X.
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Dias, A. C. R. V.; Domingues, P.; Coutinho, J. A. P.; Ventura, S. P. M.
R-phycoerythrin extraction and purification from fresh Gracilaria sp.
using thermo-responsive systems. Green Chem. 2019, 21, 3816−3826.

de Santiago, University of Aveiro, Aveiro 3810-193,
Portugal; orcid.org/0000-0002-3841-743X
Complete contact information is available at:
https://pubs.acs.org/10.1021/acssuschemeng.0c09218
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
This work was developed within the scope of the project
CICECO-Aveiro Institute of Materials, UIDB/50011/2020 &
UIDP/50011/2020, and CESAM, UIDB/50017/2020 &
UIDP/50017/2020, ﬁnanced by national funds through the
FCT/MEC and by the project SusPhotoSolutions (CENTRO01-0145-FEDER-000005) ﬁnanced by national funds through
the FCT/MEC and when appropriate co-ﬁnanced by FEDER
under the PT2020 Partnership Agreement through European
Regional Development Fund (ERDF) in the frame of
Operational Competitiveness and Internationalization Programme (POCI). S.P.M. Ventura thanks FCT for ﬁnancial
support through the project IF/00402/2015. The authors are
also grateful for the national fund through the Portuguese
Foundation for Science and Technology (FCT) for the
doctoral grant SFRH/BD/122220/2016 of M.M. and SFRH/
BD/138439/2018 of B.P. Soares. J.H.P.M. Santos acknowledges FAPESP for his Post-Doctoral grant 2018/25994-2.
A.C.R.V. Dias acknowledges FCT for her contract CEECIND/
02174/2017. The authors also acknowledge ALGAplus
company for gently providing the macroalgae used in this
work.

■

Research Article

REFERENCES

(1) Zhu, L. Biorefinery as a promising approach to promote
microalgae industry: An innovative framework. Renewable Sustainable
Energy Rev. 2015, 41, 1376−1384.
(2) Chemat, F.; Abert-Vian, M.; Fabiano-Tixier, A. S.; Strube, J.;
Uhlenbrock, L.; Gunjevic, V.; Cravotto, G. Green extraction of natural
products. Origins, current status, and future challenges. TrAC, Trends
Anal. Chem. 2019, 118, 248−263.
(3) Chew, K. W.; Yap, J. Y.; Show, P. L.; Suan, N. H.; Juan, J. C.;
Ling, T. C.; Lee, D.-J.; Chang, J.-S. Microalgae biorefinery: High value
products perspectives. Bioresour. Technol. 2017, 229, 53−62.
(4) Zimmerman, J. B.; Anastas, P. T.; Erythropel, H. C.; Leitner, W.
Designing for a green chemistry future. Science 2020, 367, 397−400.
(5) Suarez Ruiz, C. A.; Emmery, D. P.; Wijffels, R. H.; Eppink, M. H.
M.; van den Berg, C. Selective and mild fractionation of microalgal
proteins and pigments using aqueous two-phase systems. J. Chem.
Technol. Biotechnol. 2018, 93, 2774−2783.
(6) Martins, M.; Fernandes, A. P. M.; Torres-Acosta, M. A.; Collén,
P. N.; Abreu, M. H.; Ventura, S. P. M. Extraction of chlorophyll from
wild and farmed Ulva spp. using aqueous solutions of ionic liquids.
Sep. Purif. Technol. 2021, 254, 117589.
(7) Gall, E. A.; Lelchat, F.; Hupel, M.; Jégou, C.; Stiger-Pouvreau, V.
Extraction and puriﬁcation of phlorotannins from brown algae. In
Natural Products From Marine Algae. Methods in Molecular Biology, Vol
1308; Stengel, D., Ed.; Humana Press, New York, NY, 2015; pp 131−
143.
(8) Da Costa, E.; Melo, T.; Moreira, A.; Bernardo, C.; Helguero, L.;
Ferreira, I.; Cruz, M.; Rego, A.; Domingues, P.; Calado, R.; et al.
Valorization of lipids from Gracilaria sp. through lipidomics and
decoding of antiproliferative and anti-inflammatory activity. Mar.
Drugs 2017, 15, 62.
(9) Gressler, V.; Yokoya, N. S.; Fujii, M. T.; Colepicolo, P.; Filho, J.
M.; Torres, R. P.; Pinto, E. Lipid, fatty acid, protein, amino acid and
L

https://dx.doi.org/10.1021/acssuschemeng.0c09218
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

(27) Bell, D. J.; Hoare, M.; Dunnill, P. The formation of protein
precipitates and their centrifugal recovery. Downstream Process. 1983,
1−72.
(28) Rodriguez, F. Principles of Polymer Systems; 2nd ed.; McGraw
Hill: New York, 1981; p 575.
(29) Matulis, D. Selective precipitation of proteins. Curr. Protoc.
Protein Sci. 2016, 83, 4.5.1−4.5.37.
(30) Dubin, P.; Bock, J.; Davis, R.; Schulz, D. N.; Thies, C.
Macromolecular Complexes in Chemistry and Biology; Springer Science
& Business Media, 1994.
(31) Hammerschmidt, N.; Hobiger, S.; Jungbauer, A. Continuous
polyethylene glycol precipitation of recombinant antibodies:
Sequential precipitation and resolubilization. Process Biochem. 2016,
51, 325−332.
(32) Ingham, K. C. [20] Protein precipitation with polyethylene
glycol. Methods Enzymol. 1984, 104, 351−356.
(33) Niu, J.-F.; Wang, G.-C.; Tseng, C.-K. Method for large-scale
isolation and purification of R-phycoerythrin from red alga
Polysiphonia urceolata Grev. Protein Expression Purif. 2006, 49, 23−
31.
(34) Santos, J. H.; Flores-Santos, J. C.; Meneguetti, G. P.; RangelYagui, C. O.; Coutinho, J. A.; Vitolo, M.; Ventura, S. P.; Pessoa, A. In
situpurification of periplasmatic L-asparaginase by aqueous two phase
systems with ionic liquids (ILs) as adjuvants. J. Chem. Technol.
Biotechnol. 2018, 93, 1871−1880.
(35) Martins, M.; Vieira, F. A.; Correia, I.; Ferreira, R. A. S.; Abreu,
H.; Coutinho, J. A. P.; Ventura, S. P. M. Recovery of phycobiliproteins
from the red macroalga Gracilaria sp. using ionic liquid aqueous
solutions. Green Chem. 2016, 18, 4287−4296.
(36) International Organization for Standardization. Environmental
ManagementLife Cycle AssessmentPrinciples and Framework;
International Organization for Standardization: Geneva, 2006,
accessed at December 2020.
(37) Wernet, G.; Bauer, C.; Steubing, B.; Reinhard, J.; Moreno-Ruiz,
E.; Weidema, B. The ecoinvent database version 3 (part I): overview
and methodology. Int. J. Life Cycle Assess. 2016, 21, 1218−1230.
(38) Lemos, D.; Dias, A. C.; Gabarrell, X.; Arroja, L. Environmental
assessment of an urban water system. J. Cleaner Prod. 2013, 54, 157−
165.
(39) Huijbregts, M. A. J.; Steinmann, Z. J. N.; Elshout, P. M. F.;
Stam, G.; Verones, F.; Vieira, M.; Zijp, M.; Hollander, A.; van Zelm,
R. ReCiPe2016: a harmonised life cycle impact assessment method at
midpoint and endpoint level. Int. J. Life Cycle Assess. 2017, 22, 138−
147.
(40) Torres-Acosta, M. A.; Clavijo, V.; Vaglio, C.; González-Barrios,
A. F.; Vives-Flórez, M. J.; Rito-Palomares, M. Economic evaluation of
the development of a phage therapy product for the control of
Salmonella in poultry. Biotechnol. Prog. 2019, 35, No. e2852.
(41) Heinzle, E.; Biwer, A. P.; Cooney, C. L. Development of
Sustainable Bioprocesses: Modeling and Assessment; Wiley, 2006.
(42) Passos, H.; Freire, M. G.; Coutinho, J. A. P. Ionic liquid
solutions as extractive solvents for value-added compounds from
biomass. Green Chem. 2014, 16, 4786−4815.
(43) Sim, S.-L.; He, T.; Tscheliessnig, A.; Mueller, M.; Tan, R. B. H.;
Jungbauer, A. Protein precipitation by polyethylene glycol: A
generalized model based on hydrodynamic radius. J. Biotechnol.
2012, 157, 315−319.
(44) Wang, L.; Qu, Y.; Fu, X.; Zhao, M.; Wang, S.; Sun, L. Isolation,
purification and properties of an R-Phycocyanin from the
phycobilisomes of a marine red macroalga Polysiphonia urceolata.
PLoS One 2014, 9, No. e87833.
(45) Glazer, A. N.; Cohen-Bazire, G.; Stanier, R. Y. Characterization
of phycoerythrin from a Cryptomonas sp. Arch. Microbiol. 1971, 80,
1−18.
(46) Munier, M.; Jubeau, S.; Wijaya, A.; Morançais, M.; Dumay, J.;
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Mrabet, N. T.; Guéant, J. L.; Fleurence, J. One-step purification of Rphycoerythrin from the red macroalga Palmaria palmata using
preparative polyacrylamide gel electrophoresis. J. Chromatogr. B:
Biomed. Sci. Appl. 2000, 739, 117−123.
(49) Contreras-Martel, C.; Martinez-Oyanedel, J.; Bunster, M.;
Legrand, P.; Piras, C.; Vernede, X.; Fontecilla-Camps, J. C.
Crystallization and 2.2 Å resolution structure of R-phycoerythrin
fromGracilaria chilensis: a case of perfect hemihedral twinning. Acta
Crystallogr., Sect. D: Biol. Crystallogr. 2001, 57, 52−60.
(50) Lim, A. C.; Zhou, Y.; Washbrook, J.; Sinclair, A.; Fish, B.;
Francis, R.; John Titchener-Hooker, N.; Farid, S. S. Application of a
decision-support tool to assess pooling strategies in perfusion culture
processes under uncertainty. Biotechnol. Prog. 2005, 21, 1231−1242.
(51) Torres-Acosta, M. A.; Ruiz-Ruiz, F.; Aguilar-Yáñez, J. M.;
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