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A B S T R A C T   

The red alga Gracilaria chilensis C. J. Bird, McLachlan & E. C. Oliveira (Agarophyton chilense Gurgel, J.N. Norris & 
Fredericq) is one of the few algae commercially farmed in Chile, where this alga is commonly named “Pelillo”. 
G. chilensis main by-product is agar, a gelling agent used in the food and pharmaceutical industries. This alga is 
also a valuable feedstock for the biorefinery of phycobiliproteins (PBPs), colored and fluorescent water-soluble 
proteins with industrial applications. This work aimed to valorize G. chilensis by sequentially extracting PBPs and 
agar. After freeze-thaw treatment, we successfully extracted two PBPs from alga: R-phycoerythrin (R-PE) and R- 
phycocyanin (R-PC). After two purification steps, we recovered 45 % of both PBPs (R-PE = 0.20 mg g− 1 DW and 
R-PC = 0.23 mg⋅g− 1 DW). After PBPs extraction, we successfully recovered agar from the residual algal matter. 
There were no significant differences between the physical parameters of agars obtained after PBP extraction and 
those from agars directly extracted from G. chilensis (melting and gelling temperature, and agar deformation). 
The agar yield after PBPs extraction was 24.9 ± 1.0 % and showed a gel strength of 726 ± 182.9 g⋅cm− 2, whereas 
agar directly extracted from alga yielded 23.1 ± 2.0 % with a gel strength of 730.5 ± 96.9 g⋅cm− 2. The agar 
obtained after PBPs extraction showed no inhibitory effects on microbial growth and allowed the effective 
separation of nucleic acids without agarose purification. Thereby, the method proposed in this work allowed the 
simultaneous extraction of PBPs and agar from G. chilensis.   

1. Introduction 

The algae production in Chile mainly comes from wild stocks, and 
cultivation on a commercial scale is restricted to the red algae Gracilaria 
chilensis C. J. Bird, McLachlan & E. C. Oliveira (synonym of Agarophyton 
chilense Gurgel, J.N. Norris & Fredericq) [1–3]. G. chilensis is commonly 
named “Pelillo” in Chile. In 2019, Chile produced 21,672 tons and 
53,920 tons of wild-collected and cultivated G. chilensis [4,5]. Until 
2007, the most valuable product from G. chilensis was agar, with a Free 
On Board (FOB) value above 40 M$US. Most of the seaweed biomass is 
processed in the country to produce agar. Agar is a colloidal complex 
composed mainly of polysaccharides able to gel, widely used as a gelling 
agent in the food and pharmaceutical industries [6]. Nonetheless, 

carrageenan production from brown algae wild stocks has reached much 
higher economic revenues for the country in the last decade [4]. 
Thereby, the diversification and new uses of G. chilensis biomass are 
needed to increase its value in order to support sustainable production 
through cultivation [7]. 

In red algae, agar serves as a reserve material and the main con-
stituent of the cell wall. Agar components are agarose, pyruvated 
agarose, and sulfated galactans [6,8]. The molecular composition of 
agar polysaccharides from the genus Gracilaria appears to be species- 
specific. Remarkably, the type and location of sulfate esters, the 
amount and position of the sulfate group, and the amount of 3,6-anhy-
dro-L-galactose affect the agar gelling properties [9]. The agar from 
G. chilensis has a great demand because it has a higher resistance to 
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hydrolysis during storage and a high “sugar reactivity” [8,10]. The agar 
yields range between 20 and 22 %, depending on the harvest season and 
the latitude where the biomass is produced [11,12]. However, in the 
industrial production of agar, only 15–40 % of the total G. chilensis dry 
mass is used, whereas the remaining gets degraded or drained out as a 
waste effluent, which is environmentally and economically disadvan-
tageous [13]. 

The algal biorefinery concept of a sequential separation of algal 
constituents allows the maximum utilization of the biomass to produce 
high value-added components [14]. Valorization of algal biomasses to 
utilize most of their valuable compounds and increase their economic 
value has been reported for several seaweed species [4]. 

In a cascading biorefinery approach, the potential products from red 
algae are usually preferred for their high-value applications are proteins 
and bioactive compounds [13]. 

In addition to agar, G. chilensis produces many biologically active 
phytochemicals, good candidates as high value-added components [15]. 
These compounds include proteins, such as phycobiliproteins (PBPs), 
polyunsaturated fatty acids (PUFA), tocopherol, carotenoids, xantho-
phylls, and chlorophylls, among others [15–17]. Phycobiliproteins 
(PBPs) are colored and fluorescent water-soluble proteins that are pre-
sent in cyanobacteria and other algal Phyla (Glaucophyta, Cryptophyta, 
and Rhodophyta) [18,19]. These proteins are responsible for the con-
duction of light energy toward the photosynthetic reaction centers. PBPs 
consist of a complex between proteins and covalently bound phycobilins 
that act as chromophores [20]. PBPs are classified based on their spec-
tral features, and phycoerythrin (PE), phycocyanin (PC), and allophy-
cocyanin (APC) are the majorly PBPs found [16,21]. All PBPs comprise a 
basic αβ heterodimer that oligomerizes to (αβ)6 hexamers (PE and PC) or 
(αβ)3 trimers (APC) acquiring ring structures. In aqueous solutions, PE 
shows a reddish color, PC a blueish color, and APC a blue-greenish color 
[22]. PE and PC from red algae are called R-phycoerythrin (R-PE) and R- 
phycocyanin (R-PC). 

PBPs have broad applications in food, cosmetics, pharmaceuticals, 
and other fields because of their optical and biological activities [23]. 
The global demand for PBPs is growing at a rate of 5 % per year in the 
world market [24]. Because of their colored nature, PBPs are a prom-
ising option as additives in the food industry and as a biocolorant in the 
cosmetic industry, particularly given the current focus of the food in-
dustry toward the utilization of natural and healthier ingredients [25]. 
Many recent works have addressed PBPs as food colorants as a non- 
harmful alternative for blue and purple pigments with antioxidant 
properties. Although PBPs have a lower comparative stability in the 
presence of heat and light than synthetic food colorants, PBPs are more 
versatile biocolorants due to their antioxidant activity [16]. 

The objective of this study was to develop an efficient method for 
extracting both PBPs and agar from G. chilensis for industrial applica-
tions. Beyond using one of the most relevant agarophytes worldwide 
(G. chilensis) for its agar quality, commercial agar extraction has not 
improved at present [3,4]. Therefore, this study is in line to advance in 
adding value to this commercially relevant alga. 

The sequential extraction of PBPs and agar from red seaweeds has 
been reported for other algae [26–29]. Nonetheless, this study required 
determining specific parameters for successfully extracting PBPs (R-PE 
and R-PC) and agar from G. chilensis. Our results demonstrate that the 
application of this method may provide an integral valorization of 
G. chilensis biomass following a biorefinery approach by recovering PBPs 
and agar, which is essential for supporting sustainable algae production 
through cultivation. 

2. Materials and methods 

2.1. Algal material 

The marine red alga Gracilaria chilensis was manually collected from 
natural populations at Puerto Montt Bay, Chile (41◦ 27′ 56.66′′ S, 72◦ 56′

34.4′′ W) in the autumn of 2019. First, the alga was thoroughly washed 
with water to remove sand and small crustaceans. Then, it was oven- 
dried at 55 ◦C for 72–80 h (until constant weight). 

2.2. PBPs extraction from algal tissue 

Dry G. chilensis (20 g) was ground with a homogenizer to make small 
fragments (<2 cm) and was resuspended in distilled water. The wet 
ground alga was filtered with gauze to remove remaining sand and other 
contaminants. The wet algal biomass powder (10 g) was resuspended in 
200 mL of PBS (phosphate buffered saline: 10 mM phosphate, 100 mM 
NaCl, pH 7.0). 

For freeze-thawing experiments, the algal suspension was frozen at 
− 20 ◦C for 6 h and then thawed at room temperature (RT) for 6 h in 
darkness, similarly to previous reports [28,29] but with a few modifica-
tions. This procedure was repeated twice, and samples were incubated at 
RT for 4–5 days in darkness to release the protein into the liquid fraction. 
The suspension was filtered through gauze and centrifuged at 20,000 ×g 
for 30 min at 4 ◦C to recover the crude protein in the supernatant. 

To study ultrasound-assisted extraction, the algal suspension in PBS 
was cooled on ice and ultrasonication was conducted at 20 kHz (400 W) 
for 10 and 30 min using a Q500 Sonicator with ½′′ standard probe 
#4220 (QSonica, Newtown, CT, USA). A thick suspension was obtained. 
The suspension was filtered through gauze, and Miracloth (Merck, 
Darmstadt, Germany). Then, the sample was centrifuged at 20,000 ×g 
for 1 h at 4 ◦C to recover the crude protein in the supernatant. 

Protein contents were determined using RC DC™ Protein Assay 
(BioRad Laboratories Inc., Hercules, CA, USA) and Bradford method, 
using bovine serum albumin (Pierce Biotechnology, Rockford, IL, USA) 
as standard. The assay was performed in triplicates for each sample. 

2.3. PBPs quantitation: purity, yield, and recovery calculations 

PBPs in the crude extract were determined by UV–Vis spectropho-
tometer (Biochrom Libra S50, Harvard Bioscience, MA, USA), according 
to the empirical formulas described by Beer and Eshel [30] in Eqs. (1) 
and (2): 

R − PE
[mg

ml

]
= [(A566 − A590) − (A456 − A590) • 0.2

]
• 0.12 (1)  

R − PC
[mg

ml

]
= [(A620 − A645) − (A590 − A645) • 0.51

]
• 0.15 (2) 

The peak-maximum absorption readings for calculations were taken 
at wavelengths of 566 nm for phycoerythrin (R-PE) and 620 nm for 
phycocyanin (R-PC). The purity index of R-PE was determined from the 
peak of R-PE absorbance over the peak of protein absorbance (A566/ 
A280). The purity index of R-PC was determined from the peak of R-PC 
absorbance over the peak of protein absorbance (A620/A280). The rela-
tive purity index was determined from the peak of R-PE absorbance over 
the peak of R-PC absorbance (A566/A620). R-PE and R-PC yields 
(expressed in mg⋅g− 1 DW) and recovery were calculated according to 
Eqs. (3) and (4), as previously described [31,32].  

PBP yield
[

mg
g DW

]

=
PBP content in fraction

[mg
mL

]
× collected volume[mL]

PBP in crude extract
[mg

mL

]
× initial volume[mL] × alga mass[g]

(3)   
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PBP recovery (%) =
Yield PBP (R − PC or R − PE)

Yield PBP in crude extract
× 100 (4)  

2.4. Purification of PBPs 

Solid ammonium sulfate to a 20 % of saturation was slowly added 
with stirring to the crude extract. After 3 h of incubation at 4 ◦C, the 
supernatant was collected by centrifugation at 20,000 ×g for 1 h and the 
pellet was discarded. The saturated supernatant was then saturated with 
solid ammonium sulfate to reach 60 %. The sample was centrifuged at 
20,000 ×g for 1 h at 4 ◦C and the saturated pellet was resuspended in 
distilled water. Then, the sample was dialyzed against 0.025 % NaN3 in 
distilled water until exhaustion at 4 ◦C. 

The dialyzed proteins were filtered using a 0.22 μm CMC syringe 
filter and loaded onto an anion exchange column to perform a separation 
based on the ionic strength of the molecules present using Äkta Avant 
(GE Healthcare) and Q-Sepharose® column (1 mL) for protein purifi-
cation. 0.025 M phosphate buffer, pH 5.5 was used as mobile phase at a 
flow rate of 1.0 mL⋅min− 1. Samples were eluted using a linear gradient 
of 0.5 M NaCl, 0.025 M phosphate buffer, pH 7.5. The absorption was 
recorded at λ = 566 for R-phycoerythrin (R-PE), λ = 620 nm for R- 
phycocyanin (R-PC), and λ = 280 nm for proteins. Samples were 
collected into a 2 mL 96-well sampler. Eluted fractions containing R-PC 
and R-PE were freeze-dried and dissolved in 0.05 M potassium phos-
phate buffer, pH 7.0. 

2.5. Protein analysis and PBPs stability 

Proteins were analyzed by SDS-PAGE using 15 % acrylamide gels in 
the Mini-Protean system (BioRad™, Hercules, CA, USA). C-phycocyanin 
from Spirulina sp. (#SC-499343, Santa Cruz Biotechnology) was used as 
a positive control. After electrophoresis, the protein bands correspond-
ing to R-PE and R-PC were identified by intrinsic fluorescence under UV 
illumination, and then protein bands were stained with 0.2 % Coomassie 
blue R-250. The proteins were visualized and recorded using a Gel Doc™ 
EZ System (BioRad). Pierce™ Prestained Protein MW Marker (# 26612, 
Thermo Scientific™) was used as molecular weight standard. Mixture 
containing native R-PE and R-PC (5 μg protein) were assayed in a 
stacking gel of 5 % and a running gel of 10 %. 

The stability of the partially purified PBPs was measured as the 
concentration of the remaining non-denatured R-PE and R-PC after in-
cubation during the storage time (0, 0.5, 1, 3, 6, and 9 months) at − 20 
and 4 ◦C. Also, R-PE and R-PC stability was assessed after 1, 2, 3, and 
4 weeks at 25 ◦C (RT). The samples obtained from anion-exchange 
chromatography were dialyzed against 0.1 M potassium phosphate 
buffer, pH 7.0, for 6 h at 4 ◦C. Then, the samples were incubated in the 
thermal conditions previously described. All the samples were stored in 
darkness throughout the experiment course. R-PE and R-PC concentra-
tions were determined using equations described in Section 2.3. R-PE 
and R-PC denaturation was assessed using Native-PAGE. 

2.6. Agar extraction 

The algal samples obtained after freezing-thawing cycles were stirred 
in 3 % w/v NaOH in a ratio of 1:20 (alga to the alkaline solution) at room 
temperature for 5 h. The samples were heated in a water bath at 85 ◦C 
for 1 h with constant agitation. The alkali-treated alga was filtered with 
gauze and then washed with 1 volume of distilled water to remove the 
excess of alkali. The alkali-treated alga was resuspended in 20 volumes 
of a 0.025 % H2SO4 solution for 2 h, and the sample was filtered with 
gauze. The neutralized sample was put in 20 volumes of hot distilled 
water (above 75 ◦C) and warmed to reach 90 ◦C with constant agitation 
for 2 h to solubilize the most of agar. The warm sample was separated 
from the algal residue by straining through gauze and filtered by 

pressure until all the liquid has been run through. The filtered agar 
suspension was left at room temperature until it coagulated. The coag-
ulated agar solution was poured into a plastic tray (3 × 9 × 2.5 cm) and 
frozen at − 20 ◦C for 5 h; when freezing was completed, the ice was 
crushed, and the sample was thawed at room temperature. The crude 
agar flakes were dried in an oven to constant weight at 50–60 ◦C 
(approximately 24 h). The flakes were cooled and weighed to calculate 
the percentage yield of agar and assess the agar quality. 

2.7. Assessment of agar yield and quality 

The agar yield was expressed as the percentage of agar obtained from 
an alga sample (dry weight) and corresponds to a total of three inde-
pendent samples per treatment (previous PBP extraction and direct 
extraction from alga). 

The gelling and melting temperature were determined according to 
Fuse and Goto [33]. For this purpose, 1.5 % w/v hydrogels were pre-
pared using agars obtained after PBPs extraction, and directly extracted 
from the alga. Commercial granulated agar was used as a control (BD 
Difco™ #214530, NJ, USA). Before measurements, the hydrogels were 
allowed to gel at room temperature (20 ◦C) overnight in a plastic tray. 
Three different samples pre-treatment were assayed. 

Each 1.5 % w/v hydrogel was melted at 95 ◦C in a water bath to 
determine the gelling temperature. Next, the hydrogel (5 mL) was 
poured into a graduated test tube (18 × 150 mm) and allowed to cool 
gradually with a thermometer inserted in the suspension. The temper-
ature at which the gel solution ceased to flow in the tube was recorded as 
the gelling temperature. The melting temperature was measured by 
adding 5 mL of 1.5 % hydrogel into a test tube and placing a lead shot 
(diameter approximately 1 mm, 25 mg) on the gel’s surface. The test 
tube was clamped in a water bath at 70 ◦C and the temperature was 
gradually increased (about 1 ◦C⋅min− 1). The melting temperature was 
recorded with a thermometer when the lead ball sunk into the gel sus-
pension. Gel strength or agar hardness was measured using a Texture 
Analiser TA.XT2i (Stable Microsystems Ltd., Surrey, UK) with a cylin-
drical probe (P/0.5) as described by Martínez & Buschmann [11]. 
Hydrogels were equilibrated at 20 ◦C for 24 h prior to the test. The 
deformation behavior of agar gel upon compression on hard substrate 
was determined as described by Martínez & Buschmann [11]. The 
deformation level was 40 % of the original height of the sample at a 
speed of 1 mm⋅s− 1 with a 5g force transducer. 

2.8. Agar transparency 

Agar transparency was measured as described by Bertasa et al. [34] 
with some modifications. First, hydrogels (1.0 % w/v) were poured into 
an agarose gel caster to an average thickness of 0.5 mm. After jellifica-
tion, hydrogels were cut into 0.5 × 1.0 cm pieces and were placed into 
cuvettes, and the agar transparency was determined by UV–Vis spec-
trophotometry. Absorbance spectrum detection was determined at 
wavelength 400–650 nm range to compare the samples’ transparency 
qualitatively. Each test was performed in triplicate to ensure result 
reproducibility. 

2.9. Agar suitability for electrophoresis 

The homogeneity of agars obtained after PBPs extraction and direct 
extraction was assessed by gel electrophoresis as described by Zhao et al. 
[28]. Hydrogels (1.0 % w/v) for electrophoresis were prepared using 1 g 
of one of the two types of agars extracted from G. chilensis in 1× TAE 
(tris-acetate-ethylenediaminetetraacetic acid) buffer and 10,000× of 
GelRed® Nucleic Acid Gel Stain (Biotium, Inc., Fremont, CA, USA). In 
addition, a hydrogel prepared using commercial agarose for electro-
phoresis (Seakem® LE Agarose, Lonza, Basel, Switzerland) was used as a 
control. DNA molecular weight markers (100 bp #N3231 and 1 Kb DNA 
ladder #N3232, New England Biolabs, Ipswich, MA, USA) were loaded 
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onto the agar gels and were separated at 100 V for 90 min, using a Mini- 
Sub Cell GT System (BioRad). The DNA bands in the gels were observed 
and recorded using Gel Doc™ EZ System (BioRad). 

2.10. Agar biocompatibility determination 

Solid culture media was prepared using agars obtained after PBPs 
extraction and directly extracted from the alga to illustrate the 
biocompatibility of the agars as previously described [35] with some 
modifications. Briefly, agar plates were prepared using agars obtained 
after PBPs extraction or directly from the intact algae. Commercial agar 
(Difco™ Agar Granulated, #214530, Becton Dickinson and Co., Sparks, 
MD, USA) was used as control. LB agar plates contained 2.5 % LB 
(Difco™ LB Broth Miller, #244620) and 1.5 % agar. PDX plates con-
tained 2.4 % potato dextrose broth (Difco™ Potato Dextrose Broth, 
#254920), 1.5 % agar, and 1 % Triton® X-100; YPD plates contained 
1 % yeast extract, 2 % peptone, 2 % glucose and 1.5 % agar. All culture 
media were autoclaved before plating. LB agar plates were inoculated 
with suspensions (2 × 102 CFU) of Escherichia coli K12 (ATCC #27325), 
and the plates were incubated at 37 ◦C for 16–20 h. PDX and YPD plates 
were inoculated with suspensions containing 8 × 101 CFU of Tricho-
derma reesei Rut-C30 (ATCC #56765) spores and 2 × 102 CFU of Pichia 
pastoris GS115 (ATCC #20864), and the plates were incubated at 30 ◦C 
for 72–96 h. After incubation, the number of colonies was determined 
using ImageJ [36] and compared among the plates. Assays were carried 
out in quadruplicates. Statistical differences (P < 0.05) of colony 
numbers were determined among four kinds of plates by one-way 
ANOVA. 

2.11. Statistical analysis 

The significance of differences between measurements was analyzed 
using Student’s unpaired t-test and one-way ANOVA using GraphPad 
Prism version 7.00, GraphPad Software. Values were reported as the 
mean ± standard deviation (SD). Differences among the means were 
analyzed using the least significant difference (LSD) test with a signifi-
cance level of α = 0.05 and a confidence interval of 95 % (P < 0.05). 

3. Results and discussion 

The extraction of PBP pigments from G. chilensis was performed by 
freeze-thaw of dry biomass suspended in phosphate-buffered saline 
(PBS). The agar extraction was carried out using the algal biomass res-
idue after PBPs extraction. Fig. 1 schematizes the procedure followed 
from protein to agar extraction. 

3.1. Effect of algal pre-treatment on PBPs yield and purity 

To determine the effect of different PBPs extraction methods in 
G. chilensis, we studied the release of R-PE and R-PC from the alga after 
homogenization-incubation, UAE (ultrasound-assisted extraction), and 
freeze-thaw pre-treatments. The results obtained in these trials are 
summarized in Table 1. 

For all these experiments, the alga was resuspended in PBS in a 1:20 
ratio because this buffer showed a higher extraction efficiency in other 
species of Gracilaria [37]. We did not optimize the buffer used in these 
experiments. The crude extracts obtained with the three pre-treatments 
showed a dark purple color, and the extracts showed an absorption 
spectrum with two peaks at 566 and 620 nm, denoting the presence of R- 
PE and R-PC. Also, a peak at 645 nm was detected, which may corre-
spond to APC. 

The homogenization-incubation treatment was not efficient in 
extracting PBPs from G. chilensis. Immediately after this treatment, the 
crude extract from G. chilensis contained 0.01 mg⋅g− 1 DW of both PBPs. 
This yield was significantly lower than that reported for crude extracts 
using the same method on G. chilensis (R-PE = 0.46 mg⋅g− 1 DW; R- 
PC = 0.28 mg⋅g− 1 DW) incubating with 0.1 M phosphate buffer, pH 6.8 
[38]. Comparable results were reported in Gracilaria crassa, with 0.1 M 
phosphate buffer, pH 6.8 (1:13 ratio), with yields R-PE = 0.37 mg⋅g− 1 

DW and R-PC = 0.25 mg⋅g− 1 DW [39]. As shown in Table 1, the crude 
extracts of G. chilensis yielded 0.50 and 0.37 mg g− 1 DW of R-PE and R- 
PC after 35 days of incubation in PBS at 4 ◦C in darkness (Supplementary 
material S1). 

Given those data, it seems that the longer release rate of PBPs seen in 
our G. chilensis samples was related to the buffer used for extraction 
(PBS), which contains a higher concentration of salts than 0.1 M phos-
phate buffer. Therefore, optimization of buffer composition and alga 
(dry weight) to buffer (volume) ratio may be explored to improve PBPs 
yields using this method. 

UAE using PBS buffer (1:20, alga to buffer ratio) allowed the release 
of PBPs using high energy cycles (20 kHz 400 W) for short periods 
(10 min and 30 min). As shown in Table 1, the incubation at RT for 3 and 
10 h after sonication for 30 min increased PBPs yields, but alga released 
other soluble proteins that significantly affected the purity of R-PE and 
R-PC. Also, after 10 min of ultrasound treatment, with and without 3 h of 
incubation post-treatment did not improve the PBP extraction compared 
to 30 min of sonication. Intermittent ultrasound cycles (3 cycles of 
10 min, at 400 W, 20 kHz) did not improve PBP extraction efficiency 
(total PBP average yield 0.12 mg⋅g− 1 DW). Samples sonicated for 1 and 
2 h released a jelly-like material from the alga into the thick suspension. 
This material did not precipitate after centrifugation (20,000 ×g for 2 h 

Mixture of R-phycoerythrin (R-PE) 
and R-phycocyanin (R-PC)

Supernatant

Crude agar

i) Salting-out with ammonium sulfate
ii) Dialysis
iii) Anion-exchange chromatography on 

Q-Sepharose®

Algal biomass residue

i) Alkaline treatment
ii) Washing and neutralization
iii) Boiling and filtration under pressure
iv) Coagulation

i)  Extraction (freeze-thaw and incubation)

Gracilaria chilensis 
dry biomass

Fig. 1. Schematic representation of overall process.  
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at 4 ◦C) and blocked 0.45 and 8 μm pore size filters. Also, the absorption 
spectra of those crude extracts showed peaks at 400–450, which is 
consistent with previous reports indicating that the use of ultrasonic 
probes led to the simultaneous extraction of chlorophylls and PBPs [40]. 
The reduction of potency to 300 W (15 kHz) for 1 and 2 h also resulted in 
the release of interfering compounds (data not shown). Although we did 
not determine the nature of the jelly-like material, we suggest that it 
could be a mixture of polysaccharides since it has been reported that 
G. chilensis contains many polysaccharides (agar, xylans, cellulose) that 
may interfere with PBPs extraction [41,42]. 

In crude extracts from different species of red algae, PBPs are found 
in the range between 1.0 and 15.0 mg⋅g− 1 DW, with an average content 
in the range R-PE = 0.4–5.0 mg⋅g− 1 DW, R-PC = 0.1–3.0 mg⋅g− 1 DW, 
and APC = 0.1–3.5 mg⋅g− 1 DW. PBP contents in algae may vary 
depending on the season and growth depth because of UV exposition 
[31,38,43]. In crude extracts of G. chilensis, R-PE and R-PC contents 
usually vary about 0.3–1.0 mg⋅g− 1 DW and 0.2–0.7 mg⋅g− 1 DW, 
respectively [44]. 

The pre-treatments used in the algae affect the PBPs contents in 
crude extracts. In red algae, the highest PBPs’ yields have been reported 
using UAE, freeze-thaw, and homogenization-incubation pre-treatments 
[31,45–47]. It is important to mention that the APC purification from 
red algae is difficult, and the yields are usually low compared to R-PE 
and R-PC [31]. 

Our R-PE yields using UAE were lower than previously reported for 
other species from the Gracilaria genus under similar conditions. For 
example, UAE treatment (400 W, 35 kHz, 20 min, with 2-cycles of 
freeze-thaw) of Gracilaria lemaneiformis in PBS (1:25), resulted in R- 
PE = 1.32 mg⋅g− 1 DW [37]. Also, UAE (400 W, 45 kHz, 10 min) of 

Gracilaria gracilis resulted in R-PE = 1.79 mg⋅g− 1 DW [40]. However, we 
only used PBS buffer in a 1:20 ratio in UAE experiments and did not 
optimize the buffer composition nor the alga (dry weight) to buffer 
(volume) ratio used for cell disruption of G. chilensis. We did not assess 
the effect of freeze-thaw combined to UAE, either. Therefore, those 
parameters may be optimized to increase the PBPs yield and purity using 
UAE with G. chilensis. 

As shown in Table 1, two cycles of freeze-thaw yielded a total PBP 
content 0.81 mg⋅g− 1 DW. Also, R-PE and R-PC (0.22 and 0.19) purity 
index was higher than those from crude extracts post-UAE. Moreover, R- 
PC yield (0.44 ± 0.04 mg⋅g− 1 DW) in the crude extract was 1.5-folds 
higher than post-UAE treatment, and the algal material released a 
lower content of soluble proteins, which is essential for further steps of 
R-PE and R-PC purification. This result is consistent with previous works 
reporting the effective extraction of PBPs using the freeze-thaw method 
[27,29,37,40,48,49]. After five days of incubation, the PBPs contents 
(0.88 mg⋅g− 1 DW) increased approximately a 10 % compared to samples 
without incubation (0.81 mg⋅g− 1 DW). 

Although all the methods tested in this work allowed PBPs extraction 
from G. chilensis, freeze-thaw pre-treatment was the most advantageous 
method. Moreover, the freeze-thaw method (with and without incuba-
tion) allowed a significant increase in R-PC extraction, and a higher 
purity index of R-PE and R-PC compared to UAE. In our laboratory 
environment we selected an incubation period of five days after freeze- 
thaw pre-treatment since more prolonged extraction did not lead to a 
significant PBP degradation or extraction improvement and led to yields 
and purity index like those obtained with incubation for 35 days. 
Nonetheless, for practical industrial application of this 2-cycle-freeze- 
thaw method on G. chilensis, the subsequent incubation time can be 

Table 1 
Effect of different pre-treatments applied to G. chilensis on PBPs release. Total PBP (mg g− 1 DW), total protein contents (mg g− 1 DW), yield (mg g− 1 DW) and purity 
index of R-PE and R-PC measured in crude extracts.  

Biomass treatment Condition Incubation 
time 

Total PBPs 
contents (mg⋅g− 1 

DW)a 

Total protein 
content (mg⋅g− 1 

DW)b 

R-PE yield 
(mg⋅g− 1 DW) 

R-PC yield 
(mg⋅g− 1 DW) 

R-PE purity 
(A566/A280) 

R-PC purity 
(A620/A280) 

Homogenization- 
incubation 

4 ◦C 35 dayse 0.87 ± 0.08* 3.79 ± 0.03 0.50 ± 0.02* 0.37 ± 0.06 0.23 ± 0.01* 0.25 ± 0.03* 

Ultrasound-assisted 
extraction (UAE) 

20 kHz 
(400 W); 
10 minc 

0 0.12 ± 0.03 2.65 ± 0.12 0.09 ± 0.03 0.08 ± 0.02 0.02 ± 0.01 0.01 ± 0.02 

20 kHz 
(400 W); 
10 minc 

3 h 0.14 ± 0.07 2.77 ± 0.09 0.11 ± 0.02 0.09 ± 0.01 0.02 ± 0.02 0.02 ± 0.01 

20 kHz 
(400 W); 
30 minc 

0 0.32 ± 0.05 4.30 ± 0.32 0.21 ± 0.04 0.11 ± 0.01 0.08 ± 0.03 0.07 ± 0.01 

20 kHz 
(400 W); 
30 minc 

3 h 0.62 ± 0.05 4.59 ± 0.15 0.39 ± 0.01 0.23 ± 0.04 0.15 ± 0.01 0.11 ± 0.02 

20 kHz 
(400 W); 
30 minc 

10 h 0.71 ± 0.05 9.59 ± 0.64 0.42 ± 0.01* 0.29 ± 0.04 0.05 ± 0.02 0.03 ± 0.01 

20 kHz 
(400 W); 1 hd 

0 ND ND ND ND ND ND 

20 kHz 
(400 W); 2 hd 

0 ND ND ND ND ND ND 

Freeze-thaw (2 cycles) Incubation at 
RT 

0 0.81 ± 0.02* 3.68 ± 0.03* 0.37 ± 0.03 0.44 ± 0.04 0.22 ± 0.02 0.19 ± 0.02 
24 h 0.82 ± 0.03 3.59 ± 0.09 0.37 ± 0.03 0.44 ± 0.04 0.21 ± 0.04 0.18 ± 0.05 
48 h 0.82 ± 0.01 3.67 ± 0.12 0.37 ± 0.07 0.44 ± 0.06 0.21 ± 0.03 0.20 ± 0.03 
72 h 0.82 ± 0.04 3.78 ± 0.05 0.38 ± 0.04 0.44 ± 0.04 0.23 ± 0.04 0.21 ± 0.01 
96 h 0.83 ± 0.02 3.96 ± 0.12 0.41 ± 0.05 0.42 ± 0.07 0.24 ± 0.01 0.21 ± 0.02 
120 h 0.88 ± 0.11* 4.08 ± 0.14* 0.43 ± 0.08* 0.45 ± 0.03 0.26 ± 0.05* 0.22 ± 0.02* 

ND: not determined. 
a Total PBP contents consider the sum of R-PE and R-PC yields obtained using formula described by Beer and Eshel [30]. 
b Total protein contents were measured using RC DC™ Protein Assay (BioRad Laboratories Inc.) 
c Data are shown as the mean ± SD (n = 2). 
d Data are shown as the mean ± SD (n = 3). 
e Data correspond to two measurements of a single sample. 
* Statistically significant differences (P < 0.05) on PBPs yield and purity index and were obtained among different treatments by one-way ANOVA. 
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eliminated, since the difference between the yields and purity obtained 
does not compensate for the extra time required during industrial 
operations. 

3.2. Partial purification of PBPs: co-elution of R-PE and R-PC 

The traditional methods used in the purification of PBPs from red 
algae involve ammonium sulfate precipitation, and chromatography 
(ion-exchange chromatography, gel filtration, hydrophobic interaction 
chromatography, chromatography on hydroxyapatite), habitually in 
combination [49]. Most works addressing PBP purification from red alga 
are focused on the isolation of R-PE because it is the major component 
with respect to other [16,31,43]. 

Our goal was to achieve a PBP extract containing R-PE and R-PC in a 
1:1 ratio to obtain a purple biocolorant, and both proteins with a purity 
index above 2, so they could be used as a food colorant [31]. Therefore, 
we studied the concentration of ammonium sulfate (AS) that allowed the 
highest recovery of these two proteins. Also, we assessed two different 
anion-exchange resins to obtain the highest titer and purity of R-PE and 
R-PC. 

The Table 2 summarizes yield, recovery, purity index, and relative 
purity ratio of R-PE and R-PC from G. chilensis after various purification 
steps. The efficacy of the purification is followed through the purity 
ratios for each protein (A566/A280 and A620/A280 that indicate the purity 
of R-PE and R-PC, respectively); and the ratio (A566/A620) between both 
PBPs in the fraction. 

As previously reported, PBPs precipitate with different percentages 
of AS depending on the algal species [46,48,49]. Therefore, we opti-
mized the AS concentration that allowed precipitation of both PBPs from 
G. chilensis crude extracts to reach 20, 30, 40, 50, 60 and 70 %. The 
fractions recovered between 20 and 40 % and 40–60 % AS showed a 
bright purple color, suggesting the presence of R-PE and R-PC (Supple-
mentary material Fig. S2). Absorbance spectra from fractions showed 
that 20–40 % AS allowed the enrichment of R-PC, whereas the fraction 
40–60 % contained a higher concentration of R-PE. To recover both 
PBPs, we used the fractions retrieved between 20 and 60 % AS for 
downstream purification by anion-exchange chromatography. 

Given the structural differences among PBPs from different algae, 
chromatography purification should be optimized using different ion- 
exchange resins and protocols [29,48–50]. For PBP purification from 
G. chilensis, we compared the performance of DEAE-Sepharose® FF and 
Q-Sepharose® FF resins (1 mL column) on preparative chromatography. 
The chromatography on Q-Sepharose® FF was optimized using various 
pH (5.5, 6.5, and 7.5) and a linear ionic strength gradient of NaCl. DEAE- 

Sepharose® was assessed using pH 5.5 and the same linear gradient of 
NaCl (shown in Supplementary material S3). R-PE and R-PC were 
detected in all chromatograms, following their characteristic absorption 
at 566 and 620 nm, but the chromatography on Q-Sepharose® devel-
oped at pH 5.5 (Fig. 2-A) exhibited a more efficient purification of both 
R-PE and R-PC than the others assayed. 

A total of 60 fractions were collected from chromatography on Q- 
Sepharose® at pH 5.5, and representative fractions were analyzed by 
SDS-PAGE (Fig. 2-B). In lanes corresponding to the crude extract (lane 
CE) and the fractions collected from the chromatographic peak (eluted 
at 23–25 and 29 mL), appeared protein bands with a relative molecular 
weight of 20 and 22 kDa, which are the expected relative molecular 
weights for α-, and β-chains from R-PE and R-PC from G. chilensis [51]. In 
the lane corresponding to fraction 29 (mL), a band with a relative mo-
lecular weight of 30 kDa was detected, which is consistent with the re-
ported molecular weight of the γ-chain that holds the hexamers together 
in R-PE from G. chilensis [51,52]. As shown in Fig. 2-C, SDS-PAGE 
visualized under UV light revealed that the bands with expected mo-
lecular weight for α-, β-, and γ-chains, emitted fluorescence as C-PC from 
Spirulina sp., that was used as the positive control (lane C+). The lanes 
corresponding to the fractions eluted at 23, 24, and 25 mL (Fig. 2-B) 
contained the maximum amount of R-PE and R-PC with the highest 
purification index throughout the chromatography (as shown in Fig. 2- 
D), whereas the fraction eluted at 29 mL contained several impurities. 

From 10 g of alga, the two-steps purification retrieved 20 and 23 mg 
of R-PE and R-PC, respectively, resulting in a 45 % recovery for both 
proteins. Most works are focused on R-PE purification, and R-PC is not 
usually purified from red algae because R-PC yields from Rhodophyta 
are meager than from cyanobacteria [16,21]. Although our R-PE’s yield 
and recovery values were below the average after anion exchange 
compared to other works, these values were within the range previously 
reported for this protein in red algae [28,42]. 

The rationale for assessing different pH on chromatography was to 
confirm whether we could obtain eluted fractions enriched in one of 
both PBPs. We found that chromatography on Q-Sepharose® at pH 6.5 
and 7.5 enhanced the yield and purity of R-PC compared to R-PE 
(Supplementary material S3). These results are consistent with R-PC 
isoelectric point (pH 5.0–5.5), and with previous reports that indicated 
that at pH 6.8, R-PC from red algae forms an (αβ)6-hexamer and the 
(αβ)3-trimer is predominant [53]. So, chromatography at pH 6.5–7.5 
increased the content of the more stable (αβ)3-trimer form of R-PC. Also, 
it has been reported that R-PE exists as a stable aggregate of (αβ)6γ over a 
wide pH range due to the riveting of two (αβ)3-trimers by the γ subunit 
[53]. Therefore, pH modifications on anion-chromatography do not 

Table 2 
Yield (mg g− 1 DW) recovery (%), purity ratio, and relative purity ratio of R-PE and R-PC from G. chilensis after various steps of purification.  

Purification steps Yield (mg⋅g− 1 DW) Recovery (%) Purity ratio Relative purity ratio (A566/A620) 

R-PE R-PC R-PE R-PC R-PE (A566/A280) R-PC (A620/A280) 

Crude extracta 0.44 ± 0.06 0.46 ± 0.04  100.0  100.0 0.26 ± 0.06 0.23 ± 0.03  1.13 
20–60 % AS extractb 0.40 ± 0.06 0.41 ± 0.01  90.9  89.1 1.07 ± 0.02 0.9 ± 0.02  1.19 
DEAE-Sepharose® 

Phosphate buffer pH 5.5a,c,f 
0.21 ± 0.04 0.19 ± 0.02  47.7  41.3 1.88 ± 0.13 1.92 ± 0.05  0.97 

Q-Sepharose® 
Phosphate buffer pH 5.5a,d 

0.20 ± 0.01* 0.23 ± 0.01*  45.4  45.6 2.18 ± 0.11* 2.04 ± 0.09*  1.07 

Q-Sepharose® 
Phosphate buffer pH 6.5a,e,f 

0.17 ± 0.03 0.16 ± 0.05  38.6  34.7 1.97 ± 0.08 1.82 ± 0.04  1.02 

Q-Sepharose® 
Phosphate buffer pH 7.5a,c,f 

0.15 ± 0.02 0.18 ± 0.07  34.1  39.1 1.76 ± 0.07 1.96 ± 0.06  0.89  

a Data are shown as the means ± SD (n = 3). 
b Data are shown as the means ± SD (n = 2). 
c Pooled eluted fractions (between 20 and 35 mL). 
d Pooled eluted fractions (between 22 and 26 mL). 
e Pooled eluted fractions (between 20 and 40 mL). 
f Please refer to Supplementary material S3 for more detailed information. 
* Statistically significant differences (P < 0.05) were obtained among purification steps by one-way ANOVA. 

S. Brain-Isasi et al.                                                                                                                                                                                                                             



Algal Research 67 (2022) 102821

7

allow the separation of R-PE and R-PC and only promote the enrichment 
of one of both proteins in the eluted fractions. 

The purity ratio or index is an essential indicator for the quality of R- 
PE and R-PC. As shown in Fig. 2-D, the pooled fractions eluted between 
22 and 26 mL contained the highest purity ratio of R-PE and R-PC (2.18 
and 2.04, respectively, as shown in Table 2). The R-PE purity ratio was 
within the average range previously reported for this protein from red 
algae, which usually ranges between 0.5 and 4.0 [23,28,48]. However, 
the R-PC purity ratio obtained in this work was higher than the average 
R-PC purity index described for red algae, ranging between 0.5 and 1.5 
[24]. In addition, the absorbance ratio A650/A280 was <0.001, which 
demonstrated negligible/absence of APC (data not shown). According to 
previous studies, PBPs with a spectral purity in the range of 0.7 and 2.9 
are considered food grade [31,45]. Therefore, R-PE and R-PC from 
G. chilensis purified in this work are suitable for the food industry, and 
the purified extract containing R-PE and R-PC (1:1) could be used as a 
purple biocolorant itself. 

In addition, we assessed the stability of R-PE and R-PC purified from 
G. chilensis during storage time (Supplementary material S4). Our results 
showed that purified PBPs from G. chilensis showed similar stability to 
temperature during storage time as reported for PBPs from Gracilaria 
gracilis [54]. Therefore, bearing in mind that R-PE and R-PC from 
G. chilensis were stable at − 20 and 4 ◦C for one month, these proteins 

might be used as biocolorants for food products that should be stored at 
low temperatures, such as ice creams or yogurts. However, stability 
using preservatives and compatibility studies are necessary for using R- 
PE and R-PC in food [39]. 

Our work provides preliminary data to further optimize the AS 
concentration and the anion-exchange conditions for the obtention of a 
single PBP (R-PE or R-PC) from G. chilensis. Also, to efficiently separate 
each PBP from the anion exchange extract obtained in this study, further 
experiments should be performed using methods reported in the liter-
ature, such as hydroxyapatite chromatography [32,46,53] and gel 
extraction [31,46]. 

3.3. Yield and physical properties of agar obtained after PBPs extraction 

The yield and physicochemical properties of agars extracted from 
G. chilensis were determined. The parameters corresponding to agar 
from algal residue after PBPs extraction and directly extracted from dry 
alga are presented in Table 3. 

Gracilaria species must be treated with alkali prior to agar extraction 
because Gracilaria species contain a high concentration of sulfate and 
sulfated saccharides that reduce agar gel strength. The alkaline pre- 
treatment allows the conversion of L-galactose-6-sulfate to 3,6-anhy-
dride-L-galactose and removes sulfate excess, resulting in an agar with 
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Fig. 2. Partial purification of PBPs crude extract. (A) Chromatogram of crude PBPs extract separated by anion-exchange chromatography using Q-Sepharose® Fast 
Flow resin, 0.025 phosphate buffer, pH 5.5, and a linear gradient of 0.5 M NaCl: R-PE (red line), R-PC (blue line), total protein contents (grey line), and NaCl gradient 
(yellow line); numbers correspond to fractions loaded in SDS-PAGE. (B) SDS-PAGE of eluted fractions detected by Coomassie R-250 dye: lane CE corresponds to the 
crude extract; numbered lanes correspond to the collected fractions shown in the chromatogram. (C) SDS-PAGE of eluted fractions visualized under UV light: lane CE 
corresponds to the crude extract and numbered lanes correspond to the collected fractions shown in the chromatogram; C+ corresponds to positive control (C- 
phycocyanin), from Spirulina sp. (#SC-499343, Santa Cruz Biotechnology). Protein molecular weight values (kDa) are shown on the left side of the gels. Red arrows 
on the left side of the gels indicate the relative molecular weights of bands corresponding to α-, β-, and γ-chains. (D) Purity index of R-PE (red line), and R-PC (blue 
line) throughout elution volume. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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higher gel strength [55]. However, alkaline hydrolysis must be adapted 
to the type of algae used, providing the highest rate of sulfate removal 
possible while avoiding yield losses that this process can produce, which 
can occur if the agar is dissolved in the alkaline solution [56]. 

To confirm the alkali treatment conditions required for agar extract 
from G. chilensis, we performed a few screening trials following the 
conditions previously reported for this alga [11,56]. First, we assessed 
the incubation of algal material at three different alkali concentrations 
(1, 3, and 5 % NaOH) in a water bath at 85 ◦C for 1 h with constant 
agitation. In addition, we tried 1:20 and 1:40 ratios of algal material (dry 
weight) to weight of solution. In these preliminary trials, we found that 
gel strength increased with increasing concentrations of sodium hy-
droxide, which is consistent with previous reports [11,56]. On the other 
hand, although agar yields increased with increasing alkali concentra-
tions (at 85 ◦C), agar gelling, and melting temperatures decreased (data 
not shown). We used 3 % sodium hydroxide for subsequent agar ex-
tractions because this concentration allowed us to balance agar yields 
with lower alkali content waste, which is essential for industrial scale. 

After alkali pre-treatment using 3 % NaOH, high agar yields were 
achieved for both algal residue after PBP extraction and directly 
extracted from G. chilensis. No statistically significant differences 
(P < 0.005) were found between the yields of agar obtained after PBP 
extraction (24.90 ± 1.01 %) and the agar directly extracted 
(23.10 ± 1.98 %). These results indicate that the solubilization of PBPs 
from dry G. chilensis did not affect the agar yield and possibly the cell 
disruption stage for the extraction of PBPs may facilitate the solubili-
zation of the agar in the extraction stages. This finding is consistent with 
agar yields obtained after the sequential extraction of PBPs and agar 
from P. yezoensis, where solubilization of PBPs did not affect agar yields 
[28]. 

As shown in Table 3, gel strength, gelling and melting temperatures, 
and gel deformation results indicated that agar obtained prior solubili-
zation of PBPs was not significantly different (P > 0.05) from that ob-
tained using the conventional method. Agar in a 1.5 % w/v solution from 
samples with a pre-solubilization of PBPs showed a mean gel strength 
ranging from 797 and 519 g⋅cm− 2, whereas mean values of directly 
extracted agar ranged from 799 and 662 g⋅cm− 2. These gel strength 
values are within the range observed for agars from G. chilensis (655 and 
843 g⋅cm− 2) [11]. Furthermore, agars extracted with gel strengths 
>700 g⋅cm− 2 in a 1.5 % solution are regarded by the international 
market as food-grade agars [8]. Therefore, the two agars (with and 
without PBPs pre-solubilization) obtained in this work are high-quality 
agars. 

Melting and gelling temperatures of 1.5 % w/v agars described for 
Gracilaria species are 32 and 39 ◦C and ≥85 ◦C, respectively [8]. 
Therefore, melting and gelling temperatures of agars obtained in this 
work, after PBPs extraction and directly extracted from alga, were 
within the ranges described. Also, melting, and gelling temperatures 
from these agars compare favorably with those of a commercial sample 
of bacteriological grade agar (36 and 88 ◦C for a 1.5 % hydrogel using 

Difco™ Agar Granulated). It is important to mention that melting and 
gelling temperatures shown in Table 3 were performed on fresh agar 
samples. After six months of storing, these parameters were re- 
evaluated, and the values did not significantly vary (P < 0.005). 

Deformation or elasticity behavior of agar gels after pre- 
solubilization of PBPs (6.4 ± 0.6 mm) or directly extracted from dry 
G. chilensis (7.2 ± 0.2 mm) were higher to those reported for agars from 
Gracilaria sp. (1.8–3.2 mm) [57]. However, agar deformation diminishes 
through storage time [58]. We performed agar deformation assays using 
fresh samples (no more than two days old), and we did not study this 
parameter with samples stored for longer time. 

Given the physical characteristics of the agars extracted in this work, 
other experiments to fully characterize agar extracted upon PBPs solu-
bilization will be performed in the future, including quantifying the 
sulfate groups, as well as the amount of 3,6-anhydrogalactose of the 
phycocolloids. 

3.4. Agar transparency evaluation 

The transparency of the agars obtained after PBPs extraction and 
direct extraction was assessed using the absorbance spectra of 1 % w/v 
agar hydrogels, as shown in Fig. 3. A similar spectrum was observed for 
both agars and commercial agar used as control. In absorption spectra of 
both agars, no absorption peaks were detected, and the absorbance 
decreased at higher wavelengths (500–600 nm). The agar obtained after 
PBP extraction showed a lower absorbance than agar directly extracted 
from the alga, which indicates a more translucid agar. The optical 
behavior of these agars is consistent with previous observations with 
agar hydrogels, where this sort of scattering is commonly found in crude 
agars without a decolorization treatment, due to the presence of natural 
impurities and defects in the polymer network [34]. Agar obtained after 
PBP extraction was more translucid than agar directly extracted from 
the alga, so it could be more suitable for applications where this feature 
is critical, such as DNA electrophoresis. 

3.5. Agar biocompatibility determination 

A solid culture medium suitable for microbial growth should allow 
the growth and segregation of single colonies. Also, the medium should 
remain solid at optimal temperatures to grow a wide range of micro-
organisms. Agar for solid culture media is usually extracted from species 
of Gelidium because the resulting agar has a low gelling temperature 
(32–36 ◦C) that allows the addition of other materials to the agar 
reducing the risk of heat-damage [8]. 

Because the agars from G. chilensis obtained in this work showed a 

Table 3 
Yield, gel strength, gelling and melting temperature from agar obtained after 
PBPs extraction and by direct extraction. Values are indicated with ±SD from 
three independent experiments. No statistically significant differences 
(P < 0.005) were detected between the two types of agars by one-way ANOVA.   

Agar extracted after PBPs 
extraction 

Agar directly extracted from 
dry alga 

Yield (%) 24.9 ± 1.0 23.1 ± 2.0 
Gel strength 

(g⋅cm− 2) 
726.7 ± 182.9 730.5 ± 96.9 

Gelling temperature 
(◦C) 

33.1 ± 0.4 33.5 ± 0.2 

Melting temperature 
(◦C) 

86.1 ± 0.4 87.4 ± 0.7 

Deformation (mm) 6.4 ± 0.6 7.2 ± 0.2  

Fig. 3. Agar transparency evaluation. Absorbance of 1.0 % w/v gels using agar 
obtained after PBPs extraction, agar directly extracted from the alga without 
PBPs extraction, and commercial agar (Difco™ Agar Granulated, BD). 
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gelling temperature of 33 ◦C (Table 3), we assessed the microbial growth 
on plates made with agar from G. chilensis obtained after PBPs extraction 
and by direct extraction and compared them with those made with 
commercial agar as a control. We evaluated the growth of Escherichia coli 
K12 (ATCC #27325), Trichoderma reesei Rut-C30 (ATCC #56765), and 
Pichia pastoris GS115 (ATCC #20864). 

Table 4 summarizes the number of colonies grown on agar plates. All 
microbial strains grew similarly, without statistical differences in colony 
numbers on plates from all agar sources (Supplementary Fig. S5). As 
shown in Fig. S5, the color of media plates prepared with agar extracted 

in-house was darker than the purchased agar. The two types of agars 
extracted from G. chilensis did not appear to show a general inhibitory 
effect on microbial growth. Also, colonies are distinguishable by shape 
and color in both agars. These results are consistent with a previous 
work reporting the suitability of agars extracted from Gracilaria sp. 
(G. debilis and G. salicornia) for the successful growth of bacterial and 
yeast strains [59]. Also, our results are consistent with previous works 
assessing the growth of bacterial strains on agar plates made with agar 
obtained after PBPs extraction and direct extraction from P. haitanensis 
[28] and G. tenuistipitata [29]. Therefore, the crude agar from G. chilensis 
obtained after PBPs extraction is suitable for use in microbial culture 
plates. 

3.6. Agar suitability for electrophoresis 

We assessed the viability of the agars obtained in this work for 
electrophoresis of nucleic acids. For this purpose, we compared the 
separation of 1 kb and 100 bp DNA marker ladders using 1 % gels pre-
pared with the agar obtained after PBPs extraction, the agar directly 
extracted from the dry alga, and commercially supplied agarose (Fig. 4). 
An effective separation of DNA was observed with the agars obtained 
after PBPs extraction (Fig. 4-A) and directly extracted from dry alga 
(Fig. 4-B). The contrast of 100 bp DNA marker ladder was poor for both 
crude agars, although the bands separate well. However, the DNA bands 
shown in Fig. 4-A and B are sharp and the bands’ relative migration 
distances are consistent in both crude agars. 

As expected, the bands’ intensity was weaker in both crude agars 
when compared to that observed in the commercial agarose (Fig. 4-C), 
mainly due to the impurities present in crude agars that fluoresce under 
UV light. Agar directly extracted contained more fluorescent impurities 

Table 4 
Number of colonies observed from microbial cultures on grown on solid plates 
containing 1.5 % agar from agar obtained after PBPs extraction, by direct 
extraction from dry alga and commercial agar. Values are indicated with ±SD 
from four independent experiments. No statistically significant differences 
(P < 0.05) of colony numbers were obtained among three kinds of plates by one- 
way ANOVA.  

Microbial strain Number of colonies 

Agar extracted 
after PBPs 
extraction 

Agar directly 
extracted from 
dry alga 

Commercial 
agar 
(Difco™ Agar 
Granulated) 

Escherichia coli K12 
(ATCC #27325) 

248 ± 7.0 256 ± 10.9 244.5 ± 12.5 

Trichoderma reesei 
Rut-C30 spores 
(ATCC #56765) 

58.5 ± 6.4 62.5 ± 11.4 60.5 ± 7.0 

Pichia pastoris GS115 
(ATCC #20864) 

204 ± 11.6 214 ± 6.8 216.75 ± 3.4  
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Fig. 4. Agar suitability for DNA electrophoresis. DNA electrophoresis of molecular weight markers (100 bp and 1 Kb Ladder, NEB) in 1.0 % gels in 1× TAE using (A) 
agar obtained after extraction of PBPs, (B) agar directly extracted from algae without PBPs extraction, (C) commercial agarose (Seakem® LE Agarose, Lonza). 
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than agar obtained after PBP extraction, which is consistent with results 
of agars’ absorbance (Fig. 3), showing more impurities in agar directly 
extracted. 

Although we did not measure the agarose to agaropectin ratio in our 
agar preparations, it is known that agars from G. chilensis contain a ratio 
of agarose to agaropectin of about 20:1 [56]. Our results suggest that the 
crude agars obtained in this work contain an agarose to agaropectin 
ratio that allows nucleic acids electrophoresis. Furthermore, our results 
are consistent with previous reports of successful DNA electrophoresis 
using unpurified agar itself and agars obtained after PBPs extraction 
from other algal species [28,29]. Because of these data, agar from 
G. chilensis with a previous PBPs extraction step could provide a low-cost 
alternative for DNA electrophoresis without agarose extraction. 

4. Conclusion 

This work demonstrates that using a biorefinery approach makes it 
possible to produce a high-value component (PBPs) without affecting 
the main by-product’s quality and yields (agar). Furthermore, we 
demonstrated that crude extracts enriched in PBPs could be extracted 
using a simple and low-cost method (freeze-thaw). Also, we purified R- 
PE and R-PC from crude extracts using a two-step purification protocol 
(salting-out with ammonium sulfate and anion-exchange chromatog-
raphy), obtaining a mixture of both PBPs with a purity index that meets 
the requirements of the food industry for food colorants. 

Using our method, the agars obtained after PBPs extraction showed 
the same yields and quality as those from agars obtained after direct 
extraction from dried alga. Moreover, we demonstrate that agars from 
G. chilensis obtained after PBPs extraction are useful as solidifying me-
dium for several microbial species and DNA gel electrophoresis. These 
findings are the basis for further studies toward developing more effi-
cient methods for the extraction of PBPs and agar from G. chilensis. 

More experiments considering the algal genetic background and the 
environmental variability of agar and phycobilin content in the alga 
G. chilensis should be performed to scale up this method successfully. 

However, our method could be used and adapted by local commu-
nities without requiring complex equipment to produce crude extracts 
that are useful as raw materials for diverse industries. The alga pre- 
treatment (freeze-thawing) proposed in this work for PBPs extraction 
is inexpensive, straightforward, and does not require costly industrial 
equipment. Also, the fractions recovered after ammonium sulfate pre-
cipitation showed a bright purple color due to the extraction of both 
PBPs and could be used as food pigments without further purification. 

Given that G. chilensis is an essential resource for our local economy, 
this work represents a significant step toward valorizing this alga, which 
is critical to supporting its sustainable cultivation. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.algal.2022.102821. 
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resources of Chile over the period 2006–2016: moving from gatherers to 
cultivators, Bot. Mar. 62 (2019) 237–247, https://doi.org/10.1515/bot-2018- 
0030. 

[5] J. Cai, A. Lovatelli, J. Aguilar-Manjarrez, L. Cornish, L. Dabbadie, A. Desrochers, 
S. Diffey, E. Garrido Gamarro, J. Geehan, A. Hurtado, D. Lucente, G. Mair, W. Miao, 
P. Potin, C. Przybyla, M. Reantaso, R. Roubach, M. Tauati, X. Yuan, Seaweeds and 
microalgae: an overview for unlocking their potential in global aquaculture 
development, FAO Fish. Aquac. Circ. (2021) 1–48, https://doi.org/10.4060/ 
cb5670en. 

[6] B. Matsuhiro, C.C. Urzúa, Agars from Gracilaria chilensis (Gracilariales), J. Appl. 
Phycol. 2 (1990) 273–279, https://doi.org/10.1007/BF02179785. 

[7] A.H. Buschmann, M. del C. Hernández-González, D. Varela, Seaweed future 
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