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Abstract Microalgae and especially green algae are microor-
ganisms that are used in a wide range of industrial applications
of high economic interest, such as fish farming, food, cos-
metics, pharmaceuticals, and biofuel. In this study, the green
microalga Chlorella vulgaris was examined as raw material
for the recovery of bioactive compounds and the production of
multifunctional extracts. Firstly, the drying of raw biomass,
which is a crucial pre-treatment stage, was examined with
freeze-drying having the best performance. Ultrasound
assisted extraction (UAE) applying various solvent systems
was studied under optimized conditions. For the untreated
microalgal biomass, ethanol was indicated as the preferable
solvent, whereas on dried samples, water was a more suitable
solvent. UV-Vis spectrometry and high-performance liquid
chromatography (HPLC) were used for the determination of
total carotenoid, chlorophyll, and protein content in the raw
materials, extracts, and extraction residues. Moreover, the
suitability of drying technique and extraction solvent system
was evaluated according to the obtained antiradical activity of
the relevant treated biomass and extraction samples using the
DPPH method.

Keywords Antioxidant activity . Carotenoids . Pigments .
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Introduction

Nowadays, the exploitation of marine resources is a pillar of
the EU bioeconomy. Microalgae are a marine resource, which
exhibits large industrial interest, presenting a wide range of
applications. Apart from fish farming, pharmaceutical, cos-
metic, and biofuel industries show great interest in the exploi-
tation of the unique characteristics of microalgal. The nutrition
industry, though, seems to be the sector that benefits more
from their exploitation. Microalgae are a particularly attractive
source of high-value molecules, such as proteins, fatty acids,
and vitamins. However, their high content in natural pigments
that act as antioxidants, such as chlorophylls and carotenoids,
is the feature that gives microalgae high commercial value
(Vigani et al. 2015).

One of these microalgae isChlorella vulgaris, a unicellular,
eukaryotic organism, which contains a notable natural source
of a broad spectrum of novel compounds (Kwang et al. 2008).
Specifically, it contains high concentrations of proteins, vita-
mins, chlorophyll a and b, and primary carotenoids, such as
lutein and β-carotene (Kwang et al. 2010; Plaza et al. 2012).
These carotenoids, along with chlorophylls and other chemi-
cal compounds of Chlorella, such as phenolic compounds,
can scavenge free radicals (Wu et al. 2005; Plaza et al.
2012). The most common applications of C. vulgaris in the
human nutrition sector are as food supplement or additive,
colorant and emulsifier. These products can be found in dif-
ferent forms such as capsules, tablets, extracts, and powders
(Safi et al. 2014; Champenois et al. 2015). Japan owns the first
place in consuming and producing Chlorella for human con-
sumption, in view of its various health benefits, that have been
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determined by clinical studies (Plaza et al. 2012). The benefits
reported are related to Chlorella’s immune-modulating, anti-
tumor, antibacterial, and antiinflammatory properties, as well
as the antiproliferative effects on cancer cells (Kwang et al.
2010; Safi et al. 2014).

Chlorella vulgaris is an optimum alga for biomass produc-
tion, as it is considerably resistant against unfavorable growth
conditions, showing also fast growth rates. However, its bio-
chemical composition varies and depends on cultivation and
production processes (Ahn et al. 2016; Aremu et al. 2016).
Therefore, several growth techniques, such as autotrophic cul-
tivation, including open pond systems and closed
photobioreactors, heterotrophic, and mixotrophic cultivation,
have been implemented (Görs et al. 2010; Doucha and
Lívansky 2012; Abreu et al. 2012; Safi et al. 2014). After
harvesting, the microalgal biomass has an extremely high
moisture content of up to 90%. This fact makes the handling
and logistics of C. vulgaris very expensive, difficult, and un-
stable. Since bioactive content, prolonged preservation and
extended shelf life are dependent on the microalgal biomass
treatment after harvesting process; in the present study, several
drying treatments of C. vulgariswere evaluated (Viswanathan
et al. 2012; Orikasa et al. 2014).

Dehydration represents an essential process in food indus-
tries. The main objectives of food product drying are the min-
imization of microbial growth, the avoidance of the deteriora-
tion due to oxidative reactions, and weight and volume reduc-
tion, which leads to a decrease of storage and transportation
costs (Krokida et al. 2003; Oliveira et al. 2010). However,
microalgae, and especially C. vulgaris, represent foodstuffs
with high nutritional value, containing heat-sensitive com-
pounds which might be altered by the drying treatment
(Ryckebosch et al. 2011). In addition, drying is an energy
consuming and expensive step that increases the overall pro-
duction cost of microalgal products (Chen et al. 2015). The
industrially used techniques for microalgae are greenhouse
drying and spray-drying. However, these methods can lead
to damage of the heat-labile functional pigments, because of
thermal breakdown and complexation (Molina Grima et al.
2013). Therefore, techniques able to adjust the drying temper-
ature, such as conventional hot-air drying, and techniques
avoiding thermal degradation, such as freeze-drying (lyophi-
lization), are suggested. Conventional hot-air drying is the
most widespread drying process in food industries, as long
as it is cost-effective, despite the considerable nutrient degra-
dation it causes (Krokida et al. 2003; Ryckebosch et al. 2011;
Orikasa et al. 2014). On the other hand, freeze-drying is the
gentlest dehydration method and effectively maintains the
sensory and nutritive value of microalgae. Nevertheless, this
technique requires high energy and expensive equipment
(Ratti 2001).

The created dried products show great interest thanks to
their content of proteins, carotenoids, and chlorophylls, which

exhibit significant antioxidant activity. Proteins are one of the
most important constituents of microalgal biomass.
Specifically, C. vulgaris reaches 42–58% proteins per dry
weight of biomass and differs according to growth conditions.
The amino acid profile of this microalga fits perfectly to the
standard profile for human nutrition. Chlorella’s proteins
show significant emulsifying capacity, which is better than
commercial ingredients (Safi et al. 2014). In addition,
Chlorella’s carotenoids have multiple therapeutic properties
and may lower the risk of cardiovascular diseases and specific
cancer types (Kwang et al. 2008). Furthermore, the abundant
photosynthetic pigment inChlorella, chlorophyll a, which can
reach 1–2% of dry weight, and its derivatives, such as
pheophytin, have been largely examined for their biological
activities (Kwang et al. 2008, 2010; Safi et al. 2014). Apart
from the dried biomass, rich extracts can be recovered, using
green and food grade solvents, such as ethanol and water, in
combination with ultrasound-assisted extraction (UAE).
Ultrasound-assisted extraction can achieve a significant reduc-
tion of extraction time, as well as an increase of the extraction
yield, by not altering the physical and chemical properties of
the extract (Plaza et al. 2012), as well as the remaining bio-
mass, promoting the holistic exploitation of the microalga.
The holistic exploitation includes the valorization of the ex-
traction residues in other applications, such as animal feed and
aquaculture. This is achieved with the use of green, environ-
mentally friendly, non-toxic, and compatible for food applica-
tion solvents.

In the present study, the effect of pretreatment on the re-
covery of functional compounds from C. vulgaris biomass
was evaluated. Specifically, a comparison of the bioactive
content and antioxidant activity of the untreated raw biomass
to freeze-dried and hot-air-dried biomass was performed. The
applied extraction technique was ultrasound-assisted extrac-
tion (UAE) using water and ethanol as solvents. The extracts,
as well as the biomass pellets produced, were evaluated on
their total carotenoid, chlorophyll a, antioxidant activity, and
protein content using ultraviolet-visible (UV-Vis) spectropho-
tometric assays and high-performance liquid chromatography
(HPLC).

Materials and methods

Materials and chemicals

Chlorella vulgaris biomass cultivated at flat panel
photobioreactors was donated By MEDBIO S.A. (Chios,
Greece). The biomass was stored at −30 °C immediately to
avoid any microbial spoilage and degradation. Solvents and
reagents used in the extraction experiments were of analytical
grade, while for the HPLC analysis, solvents of HPLC grade
were used. Water, ethanol, and acetone were purchased Fisher
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Scientific (UK). 2,2-Diphenyl-picrylhydrazyl (DPPH) reagent
was from Sigma-Aldrich.

Drying treatment

Chlorella vulgaris was delivered wet containing
70.38 ± 2.90% moisture, and freeze-drying method, as well
as hot-air drying method, was applied in order to determine
the effect of drying on the physicochemical properties of the
biomass. The water loss and the moisture content were mea-
sured during the drying processes.

For freeze-drying, samples of C. vulgaris were frozen at
−30 °C for 72 h, in a Sanyo MDF-236 freezer (Osaka, Japan),
and afterwards were dehydrated for 12 h in a Leybold-Heraeus
GT 2A freeze-dryer (Germany) under the effect of high vac-
uum (3 mbar).

During the hot-air drying, a laboratory oven (Binder ED
115, 230V, 1.6 KW) was used at 60 °C for 12 h. Thin layers of
1–5 mm of C. vulgaris wet biomass were placed in the oven
on non-stick baking paper.

Color characterization

The CIELab systemwas applied for the color determination of
the freeze-dried and hot-air-dried samples using a portable
spectrophotometer (MiniScan XE, Hunter Associates
Laboratory Inc., USA), equipped with a 4-mm measuring
head. The dried samples were compared with the reference
sample, which was wet C. vulgaris that was dried in the at-
mosphere placed in a dark and dry place until its moisture
content came in equilibrium with the atmosphere.

In the CIELab color model, the lightness of the samples L
and the chromatic indicators a and b were determined. L takes
values from 0, which represents black, to 100, which repre-
sents a perfect reflecting diffuser. The parameter a represents
the difference between red (+a) and green (−a), and the pa-
rameter b describes the difference between yellow (+b) and
blue (−b). Hue (h) was also calculated using Eqs. 1a–1f. The
units of h are in the forms of degrees (o), where 0° represent
red, 90° represent yellow, 180° green, and 270° blue
(Papadaki et al. 2014).

h ¼ tan−1 b=að Þ;when a > 0 and b≥0 ð1aÞ

h ¼ 0
�
when α ¼ 0 and b ¼ 0 ð1bÞ

h ¼ 90
�
when α ¼ 0 and b > 0 ð1cÞ

h ¼ 180
� þ tan−1 b=αð Þ;when α < 0 ð1dÞ

h ¼ 270
�
;when α ¼ 0 and b < 0 ð1eÞ

h ¼ 360
� þ tan−1 b=αð Þ;when α > 0 and b < 0 ð1fÞ

Saturation or chroma (C) calculation was based on the fol-
lowing equation. High values of C indicate pure color.

C ¼ √ a2 þ b2
� � ð2Þ

The total color difference (ΔE) between the different types
of samples and the reference sample was calculated using the
following equation (Papadaki et al. 2014).

ΔE ¼ ΔLð Þ2 þ Δað Þ2 þ Δbð Þ2
� �1

2 ð3Þ

where ΔL = Lsample − Latmospheric, Δa = asample − aatmospheric,
and Δb = bsample − batmospheric.

MC determination and drying kinetics

Themoisture content of wet and dried biomass was performed
according to Official Methods of Analysis, AOAC (Cunniff
1998) and was determined in a Sanyo Gallenkamp PLC vac-
uum oven (England) at 70.00 ± 0.20 °C. Experiments were
conducted in triplicate. The moisture content was calculated
based on the following equation when the samples reached
constant weight

MC wet basisð Þ ¼ Ww−Wdð Þ=Ww ð4Þ

where MC—the moisture content on wet basis (kg kg−1),
Ww—the wet weight (kg), and Wd—the dried weight of the
sample (kg).

For the determination of drying kinetics, the weight of the
samples was measured regularly during drying. Examining
the drying processes, a first-order kinetic model was consid-
ered for the description of the moisture transfer

− dX=dtð Þ ¼ k X−X eð Þ ð5Þ

where X—material MC on dry basis (d.b.) during drying (kg
water kg−1 dry solids), Xe—equilibrium MC of dehydrated
material (kg water kg−1 dry solids), k—drying rate (min−1),
and t—processing time (min) (Kyriakopoulou et al. 2013).

Drying kinetics were calculated as the slope of the rate-
drying curve at reduced drying rate. The MC (d.b.) of the
dry biomass X (kg water kg−1 dry solids) is equal to Xi at zero
time, and Eq. 6 is integrated as follows

X ¼ X e− X e−X ið Þe−kt ð6Þ

Extraction experiment

Samples of untreated or dried C. vulgaris were extracted
under ultrasounds in a XO-SM50 Ultrasonic Microwave
Reaction System (Nanjing Xianou Instruments, China) op-
erating at 25 kHz, at 450 W, and at 20 °C for a total dura-
tion of 5 min. The samples were placed in a beaker with
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50 mL in a solid to solvent ratio 1:20 g dry weight per mL
solvent (ethanol or water). The specific solvents were se-
lected based on the bioactive content of C. vulgaris.

The extraction yields (EY) of the extracts and pellets were
calculated based on the following equation.

EY% ¼ g extract or pellet=g dry biomassð Þ � 100% ð7Þ

Determination of pigments

Total carotenoid and chlorophyll contents The total carot-
enoid and chlorophyll a contents were estimated according to
Jeffrey et al. (1997), using 90% acetone as solvent. Equation 8
was used for chlorophyll a determination and Eq. 9 for total
carotenoids.

Ca μg L−1� � ¼ 11:85 A664ð Þ−1:54 A647ð Þ−0:08 A630ð Þ ð8Þ
Cp μg L−1� � ¼ 7:60 A480ð Þ−1:49 A510ð Þ ð9Þ

The qualitative evaluation of total carotenoid content was
done using HPLC analysis.

Characterization of carotenoid-rich extracts HPLC analy-
sis was performed with an HPLC Shimandzu HP 1100 Series
(USA) equipped with a diode array detector and an automatic
Agilent 1200 Series injector. Carotenoid compounds were an-
alyzed with an YMC C30 (Germany) analytical column (5 m,
250 × 4.6 mm I.D.). The solvents consisted of methanol, t-
butylmethylether, and 1% phosphoric acid aqueous solution,
and the flow rate was 1 mL min−1. The linear gradient, as
adapted from Fuji Chemical Industry Co., Ltd., for t-
butylmethylether was as follows: 0 min, 15%; 15 min, 30%;
23 min, 80%; 27 min, 80%; 27.1 min, 15%; and 35 min, 15%
while concentration of 1% phosphoric acid solution was con-
stant at 4%. Detection of carotenoids was accomplished using
a diode array system at a wavelength of 480 nm. Carotenoids
were identified by comparison to external standard (β-
carotene standard) and quantified by use of standard curve.

Protein content

The concentration of total protein in the extracts was measured
using the Bradford protein assay (Bradford 1976) as proposed
by Stoscheck (1990). Furthermore, the concentration of total
protein in the raw material and extraction residues was mea-
sured using the Kjeldahl method (Sáez-Plaza et al. 2013).

Determination of antiradical activity

The AAR was evaluated with the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical (Kyriakopoulou et al. 2013).
Chlorella vulgaris extracts (0.1 mL) were added to 3.9 mL of
DPPH (0.03 mg mL−1) in methanol. A Bel Photonics UV-

M51 spectrophotometer (Piracicaba, Brasil) was used for the
determination of the absorbance at 515 nm after 60 min.
Changes in the absorbance of appropriately diluted samples
were measured at 25 °C, and using a calibration curve, the
percentage of the DPPH inhibitionwas calculated as described
in Eq. 10

%DPPH Inhibition ¼ 1− DPPH•½ �t= DPPH•½ �t¼0

� �

� 100% ð10Þ

Statistical analysis

One-way and factorial analysis of variance (ANOVA) was
used to analyze the differences between the three biomass
types (wet, freeze dried, and hot-air dried) and the two solvent
systems (ethanol and water) with respect to the total caroten-
oid, chlorophyll a, and protein content, as well as the extrac-
tion yield and the antiradical activity. Tukey’s range test was
applied, and all the statistical tests were performed with
STATISTICA (StatSoft).

Results

Effect of drying treatment on physicochemical
characteristics of CV biomass

A comparison between the freeze drying, hot-air drying, and
untreated CV biomass was performed, taking into account the
moisture content, the drying kinetics, the color change, and
the bioactive content variation.

Moisture content and drying kinetics

The initial moisture content ofC. vulgariswas decreased from
70.38 ± 2.90 to 0.88 ± 0.05% (w.b.) and 3.58 ± 0.19% (w.b.)
for freeze drying and hot-air drying, respectively, after 4.5 h of
treatment. The equilibrium moisture contents of C. vulgaris
dried by freeze drying and hot-air drying were determined by
Eq. 4.

Since drying kinetics are the most significant information
required for the design and simulation of dryers, their calcu-
lation was made based on experimental curves given in Fig. 1.
The prediction of the drying constants k was as follows:
k = 2.19 × 10−6 min−1 and k = 1.61 × 10−6 min−1 for FD and
HAD, respectively.

Color characterization

Wet C. vulgaris samples were in the form of a paste and had
intense green color, which after drying exhibited significant
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changes. In the case of FD, the samples were collected as
powder, which had intense green color and was easily
crushed. On the contrary, after HAD at 60 °C, the samples
had a dark brown color and they were in the form of thin
flakes. Observing the two samples, significant changed in
the texture also occurred arguing on the presence of a harden-
ing effect.

The differences between the drying methods were also
visible through the discoloration of the samples compared
to reference sample dried in atmospheric conditions. The
color difference was determined by the CIELab Color
Space System and the results are shown in Table 1. FD
resulted in lighter color indicated by higher L values, while
the green color was increased (indicated by negative a val-
ue and H value close to 180°). The samples showed four
times higher C values, compared to hot-air dried, which
validates their color intensity. The a and h values of hot-
air-dried samples indicated browning during heating.

Beyond the quality characteristics, however, it is useful to
study the effects of the two drying methods on the bioactive
content of CV, and specifically on the content of total carot-
enoid and chlorophyll a, as well as of proteins.

Total carotenoid and chlorophyll a content

The wet CV biomass prior to any treatment exhibited the
highest concentration of total carotenoids (197.17 ± 3.22 mg
total carotenoids g−1 dry biomass) (Fig. 2). Total carotenoids
are heat-sensitive and highly susceptible to the drying temper-
ature and time. Comparing the two drying methods, FD per-
formed better in retaining the carotenoid content compared to
AD. However, the loss of total carotenoids noted in this case
was significant, reaching up to 57.12 ± 3.74%. Regarding
HAD, the applied temperature of 60 °C leads to overheating
of the surface, contributing to the marked carotenoid degrada-
tion (up to 91.06 ± 2.37%).

In addition, FD is preferred to HAD, giving a final chloro-
phyll a content higher by 60% approx. (Fig. 2). However, the
chlorophyll a loss that occurs, when wet and freeze-dried bio-
mass are compared, is significant. This means that although
chlorophyll a, is not as heat-sensitive as carotenoids, it is
oxidized and affected much easier during the drying process.
The chlorophyll a concentration in the fresh biomass was
82.02 ± 2.34 mg g−1 dry biomass, while the respective con-
centration in the freeze-dried biomass was 17.67 ± 0.55mgg−1

dry biomass and in the hot-air-dried biomass was
10.97 ± 0.53 mg g−1 dry biomass.

Protein content

Total protein degraded over long drying times (>3 h) even in
low temperature, however not as significantly (Fig. 3). At
relatively higher drying temperature (60 °C), a minor decrease
in protein content was observed. The protein concentration in
freeze-dried biomass was 16.12 ± 0.61%, while the corre-
sponding concentration in the hot-air-dried biomass was
15.35 ± 1.09%.

Pigments recovery

Assuming that the recovery of bioactive compounds in wet
biomass is 100%, the dried biomass samples were evaluated
accordingly (Fig. 4). HAD showed 90% approximately
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Table 1 Color parameters of
atmospheric, freeze-dried (FD),
and hot-air-dried (HAD)
Chlorella vulgaris biomass

Color Atmospheric dried biomass Freeze-dried biomass Hot-air-dried biomass

L 17.65 ± 0.38 19.96 ± 0.29 19.07 ± 1.69

a 0.09 ± 0.04 −0.39 ± 0.14 0.57 ± 0.06

b 1.54 ± 0.08 4.04 ± 0.25 1.17 ± 0.21

C 1.54 ± 0.08 4.06 ± 0.22 1.31 ± 0.21

h 1.513 178.53 1.12

ΔΕ – 5.096 1.545

Number of replicates (N) = 3, ± shows the standard deviation
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pigment losses. Specifically, this drying technique achieves
8.95 ± 0.37% total carotenoid recovery and 13.38 ± 0.59%
chlorophyll a recovery. The high drying temperatures, as well
as the hot-air stream that dehydrates and overheats the surface
of the samples, are the main reasons for the massive degrada-
tion of nutrients. On the other hand, FD maintained a high
percentage of biological value and pigments content. For ex-
ample, the recovery of total carotenoids accomplished by this
method was 42.88 ± 2.10%. However, chlorophyll a showed a
different behavior, reaching recovery rates of 21.54 ± 0.70%.

Effect of extraction solvents on the recovery of bioactive
compounds

Extraction yield of extracts and pellets The drying treat-
ment and the nature of solvent were determining factors that
affected significantly the extraction yields and extract bioac-
tivity. The selection of an efficient solvent was required due to
the presence of different compounds with varied chemical

characteristics and polarities (Bampouli et al. 2015). As a
result, two solvents with different polarities (water and etha-
nol) were tested to evaluate the influence of these solvent
characteristic on bioactive compounds extraction from the
microalga. The results of the extraction yields are presented
in Figs. 5 and 6.

In the case of the extracts obtained, as regards the effect of
solvents, biomass yields extracted with water were high
(Fig. 5). Specifically, the yield for the raw biomass was
63.74 ± 2.97%, while for the FD biomass, the yield was
45.00 ± 1.76% and for the HAD biomass 29.17 ± 0.93%.
Although ethanol is a common solvent for C. vulgaris extrac-
tion (Kwang et al. 2008, 2010), this solvent demonstrated
lower yields.

Regarding the pellets, according to Fig. 6, the greater the
yield of the extract was the lower the yield of the extraction
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residue obtained. Comparing the different remaining residues,
pellets of ethanol extraction showed significantly higher
yields. This indicates that although the extracts of the biomass
exhibited high bioactive content, the remaining biomass after
treatment can also give high extraction yields. Among wet and
dried pellets, wet biomass treated with water exhibited the
lowest yields, which was also a result of the difficulty in han-
dling of the biomass due to its nature (sticky paste).

Total carotenoid contentAs shown in Fig. 7, ethanol was the
suitable solvent for the extraction of wet biomass, achieving
427.10 ± 22.67 mg total carotenoids g−1 dry biomass, and

water was the optimum solvent for the extraction of freeze-
dried and hot-air-dried biomass, achieving 104.66 ± 1.71 and
30.21 ± 0.87 mg total carotenoids g−1 dry biomass,
respectively.

Selected extracts, specifically, the ethanolic of the wet and
freeze-dried biomass, were evaluated using HPLC. The chro-
matogram of the ethanolic extract of wet biomass obtained at
480 nm (Fig. 8) showed that the presence of eight pigments and
the corresponding HPLC-UV-DAD spectra are presented in the
online supplementary material (Fig.8b). The bioactive com-
pounds detected were as follows: luteoxanthin, loroxanthin,
lutein/siphonaxanthin, β-zeacarotene, canthaxanthin, β-caro-
tene, astaxanthin, and phaeophytin a. All the spectroscopic prop-
erties of the most important compounds found inC. vulgariswet
biomass are summarized in Table 2.

As far as the ethanol extract of freeze-dried biomass was
concerned, its chromatogram demonstrated the presence of
only three pigments: β-carotene at 10.797 min (33.05% of
total identified carotenoids), canthaxanthin at 13.730 min
(20.73% of total identified carotenoids), and astaxanthin at
14.464 min (46.22% of total identified carotenoids). The
chromatogram of the abovementioned extract shows a sig-
nificantly decreased compound content, with the heights of
peaks being less than 30 mAU.

In the case of pellets evaluated with the UV-Vis method,
Fig. 9 shows that through the 5 min extraction, a significant
proportion of carotenoids is left in the extraction residues, while
the objective was to recover quite rich extracts. However, choos-
ing appropriate solvents, such as ethanol for the treatment of wet
Chlorella, this objective is achieved (only 58.43 ± 3.00 mg total
carotenoids g−1 dry biomass remained). In addition, since the
purpose was the implementation of procedures in the food in-
dustry, fast and economical methods are needed, so the 5-min
UAE seems to be an appropriate short extraction treatment.
Moreover, water generally exhibits satisfactory results
concerning not only the extracts, but also the remaining pellets.
The fact that the pellets were still containing some bioactive
compounds is considered important, since they can be available
for other uses, such as aquaculture.

Chlorophyll a content The trend of chlorophyll a was iden-
tical to that of total carotenoids, with ethanol being the solvent
which produces the highest recovery of chlorophyll a in the
extracts (351.01 ± 18.06 mg g−1 dry biomass) (Fig. 10). As
expected also, the concentration of chlorophyll a in pellets
(Fig. 11) was similar to that of carotenoids.

Protein content According to Fig.12, water enhanced the
recovery of proteins in the extracts. For example, the water
extract of wet biomass shows a concentrat ion of
0.49 ± 0.02 mg proteins mL−1 extract, whereas the ethanolic
extract of the same type of biomass recovered only 0.08 mg
protein mL−1 extract. The high protein content in the pellets
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Fig. 7 Concentration of total carotenoids in water and ethanol extracts of
wet, freeze-dried (FD), and hot-air-dried (HAD) Chlorella vulgaris bio-
mass after ultrasound sonication at 25 kHz, 450 W, and 20 °C for 5 min
(expressed in mg total carotenoids g−1 dry biomass). Number of replicates
(N) = 3; the error bars show the standard deviation
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Fig. 6 Yields of pellets of wet, freeze-dried (FD), and hot-air-dried
(HAD) Chlorella vulgaris biomass after ultrasound sonication at
25 kHz, 450W, and 20 °C for 5 min, using water and ethanol as solvents.
Number of replicates (N) = 3; the error bars show the standard deviation
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(Fig. 13) was dependent on the removal of the extractable part
of the biomass. Specifically, the ethanol samples showed
higher protein content, as long as the ethanolic extracts were
poor in protein, resulting to an enriched extraction residue.
Protein levels were found to increase under the drying treat-
ment. This effect is not likely real, but an artifact of increased
cell digestibility and therefore increased signal when quanti-
fied (Nelson 2015).

Antioxidant activity As shown in Fig. 14, the antioxidant
activity of the water extracts was higher. For example, wet
biomass extracted with water presented 24.13 ± 0.79%
DPPH inhibition, while when extracted with ethanol only
2.89 ± 0.15%. In addition to this, it was observed that after
HAD, the antioxidant activity of water extracts was increased

(49.37 ± 1.41%), compared to those after FD (11.64 + 0.19%).
On the other hand, as shown in Fig. 15, pellets underperform
in antioxidants due to the efficient extraction and recovery of
compounds with antioxidant properties, which were in the
extractable fraction of biomass.

Discussion

Chlorella vulgaris is a microalga rich in total carotenoids,
chlorophyll a, and proteins. Two industrially used drying tech-
niques, specifically freeze drying and hot-air drying, were
applied in order to evaluate their effect and compare them,
taking into account four significant parameters: the moisture
content, the drying kinetics, the color change, and the

1 2 3

4 5 6

7 8

a

b

Fig. 8 a High-performance
liquid chromatogram (HPLC) of
the ethanolic extract of Chlorella
vulgaris wet biomass. Detection
480 nm. Column 30 μm.
Solvents: methanol, t-
butylmethylether, and 1%
phosphoric acid aqueous solution.
Flow rate 1 mL min−1. Peaks: 1
luteoxanthin, 2 loroxanthin, 3
lutein/siphonaxanthin, 4 β-
zeacarotene, 5 canthaxanthin, 6
β-carotene, 7 astaxanthin, and 8
phaeophytin a. b HPLC-UV-
DAD spectra of the
chromatographic peaks for the
ethanolic extract of C. vulgaris
wet biomass (numbers
correspond to the peak numbering
of a)
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degradation of the bioactive content. Based on the first param-
eter, comparing the two treatments, the achieved final mois-
ture content of hot-air-dried biomass was greater than that of
the freeze-dried biomass. The samples treated with HAD
showed faster dehydration of the surface of the material,
while, despite the thin layer of the sample, below the surface
there is some remainingmoisture. The intensive drying creates
a hard dry shell on the surface does not allow the diffusion of
the rest of the moisture towards the upper surface and eventu-
ally the air (Giri and Prasad 2007; Oliveira et al. 2010).

From the examination of the drying curves in Fig. 1, it is
evident that freeze drying achieves faster dehydration com-
pared to hot-air drying. The thin biomass layers applied results
in high drying rates, allowing faster heat and water mass trans-
fer through the samples. Both drying rates calculated de-
creased sharply in the last drying stages (60 min), where the

material, depending on the treatment, exhibited different final
moisture content. In the case of FD, the initial high rate of
water loss under freeze drying conditions occurs because of
the rapid removal of the unfrozen water in the early stages. In
the case of HAD, water is being evaporated from the free
surface and when there is no change in the drying temperature;
the rate of removal of water is related to the rate of heat trans-
fer to the material and mass transfer from the solid material to
the ambient air (Pu and Sun 2017).

The different treatments, apart from the final moisture con-
tent, also presented significant sensorial changes. In general,
the study on the deterioration of color during drying of high-
value food products is significant for the evaluation of their
outward aspect and because of the close relationship between
antioxidant content and color (Ratti 2001). The determination
of the color change of the samples shows that FD results in a

Table 2 Spectroscopic properties of the most important compounds of Chlorella vulgaris wet biomass extract with ethanol, obtained from the HPLC
system and their ratio in total identified carotenoids

Peak number Retention time (min) Identified compound λmax (nm) III/II (%) Area % of total identified
carotenoids

1 6.804 Luteoxanthin 399, 421, 447 86, 72 254,201 4.74

2 8.897 Loroxanthin (422), 444, 471 40, 11 439,095 8.18

3 11.038 Lutein, siphonaxanthin (428), 455, (475) 1,879,030 35.01

4 13.258 β-Zeacarotene (405), 427, 452 98, 99 590,264 10.99

5 14.123 Canthaxanthin 472 758,318 14.13

6 14.939 β-Carotene (425), 450, 477 25, 53 1,156,995 21.56

7 16.189 Astaxanthin 478 289,041 5.39

8 23.550 Pheophytin a 408, 666 114,909 –

Total identified
carotenoids

5,366,944 100
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Fig. 10 Concentration of chlorophyll a in the extracts of wet, freeze-
dried (FD), and hot-air-dried (HAD) Chlorella vulgaris biomass after
ultrasound sonication at 25 kHz, 450W, and 20 °C for 5 min, using water
and ethanol as solvents (expressed in mg chlorophyll a g−1 dry biomass).
Number of replicates (N) = 3; the error bars show the standard deviation
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Fig. 9 Concentration of total carotenoids in the water and ethanol pellets
of wet, freeze-dried (FD), and hot-air-dried (HAD) Chlorella vulgaris
biomass after ultrasound sonication at 25 kHz, 450 W, and 20 °C for
5 min (expressed in mg total carotenoids g−1 dry biomass). Number of
replicates (N) = 3; the error bars show the standard deviation
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lighter and more intense green color, arguing that this tech-
nique is a more appropriate process to preserve nutraceutical
foods, while HAD alters the color to brown, which is the result
of various reactions, including pigment degradation. High
temperatures during drying exert a great influence in
degrading the color (Ratti 2001). In addition, these high sur-
face temperatures, as well as the migration of soluble solids to
the surface and increase of such soluble materials at the sur-
face as the water evaporates, are responsible for the hardening
effect of HAD samples (Maskan 2001). Moreover, the crack-
ing of the surface of HAD samples was visible, since tissue
splits and ruptured internally due to the temperature rise in the
sample, while at the same time, the moisture transfer was

allowed with higher rate from the cracks formed (Maskan
2001).

Regarding the bioactive content of C. vulgaris biomass
after drying, FD maintained a high percentage of the biolog-
ical value and C. vulgaris pigment content, excluding chloro-
phyll a, the loss of which was significant. In general, the water
removal induces a decrease of the nutritional value of food-
stuffs (Oliveira et al. 2010). Starting with total carotenoids,
they are heat-sensitive compounds, therefore treatments over
50 °C lead to significant content loses (Dey and Rathod 2013).
As Sogi et al. (2015) mentioned, dryers operating at elevated
temperatures show a decline in the concentration of total ca-
rotenoids. Overdrying of microalgae often leads in the loss of
key elements, such as carotenoids and chlorophylls (Sofiyanti
et al. 2015). In that respect, FD is considered a more
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Fig. 11 Concentration of chlorophyll a in the pellets of wet, freeze-dried
(FD), and hot-air-dried (HAD) Chlorella vulgaris biomass after ultra-
sound sonication at 25 kHz, 450 W, and 20 °C for 5 min, using water
and ethanol as solvents (expressed in mg chlorophyll a g−1 dry biomass).
Number of replicates (N) = 3; the error bars show the standard deviation
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Fig. 14 Antioxidant activity of the extracts of wet, freeze-dried (FD), and
hot-air-dried (HAD) Chlorella vulgaris biomass after ultrasound sonica-
tion at 25 kHz, 450 W, and 20 °C for 5 min, using water and ethanol as
solvents (expressed in % biomass). Number of replicates (N) = 3; the
error bars show the standard deviation
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Fig. 12 Concentration of proteins in the extracts of wet, freeze-dried
(FD), and hot-air-dried (HAD) Chlorella vulgaris biomass after ultra-
sound sonication at 25 kHz, 450 W, and 20 °C for 5 min, using water
and ethanol as solvents (expressed in mg proteins mL−1). Number of
replicates (N) = 3; the error bars show the standard deviation
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Fig. 13 Concentration of proteins in the pellets of wet, freeze-dried (FD),
and hot-air-dried (HAD) Chlorella vulgaris biomass after ultrasound son-
ication at 25 kHz, 450W, and 20 °C for 5 min, using water and ethanol as
solvents (expressed in % of dry biomass). Number of replicates (N) = 3;
the error bars show the standard deviation
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appropriate method, because no heating is required. However,
still a high loss of total carotenoids was observed. This is due
to the larger porosity of freeze-dried products compared to
those dehydrated by other techniques. This in fact may in-
crease the oxidation of the samples, as a result of the exposure
of a greater surface area (An-Erl King et al. 2001).

As far as the chlorophyll a content is concerned, since
chlorophylls are not as heat-sensitive as carotenoids, oxidation
is a more determining factor than temperature. The chloro-
phyll a concentration in the fresh biomass was as high as
reported in different studies (Görs et al. 2010; Kwang et al.
2010). Chlorella biomass contains an above-average ratio of
chlorophyll a per dry mass (Görs et al. 2010). Although, the
rest of the pigments seemed to remain after FD, the chloro-
phyll a concentration is a lot lower than the untreated sample.
As chlorophyll a has the tendency to be oxidized, C. vulgaris
freeze-dried samples, which have an increased surface area,
are expected to be exposed to oxygen and, thus extensive
oxidation is caused. The most common mechanism of chloro-
phyll a degradation is the transformation into pheophytin (An-
Erl King et al. 2001), which is due to the loss of Mg2+, an ion
that is in the center of the chlorin ring of chlorophyll
(Milenković et al. 2012).

However, the protein content in the three samples showed a
different trend. The degradation of proteins after drying was
low. In the case of FD, that was mainly due to the selection of
low temperature treatment, while in the case of HAD heating
seemed to favor the protease activity leading to high protein
recovery (Nelson 2015).

The obtained C. vulgaris-dried biomasses, as well as the
wet biomass, were extracted with two efficient solvents (water
and ethanol), and the effect of the drying treatment in combi-
nation with the nature of solvent was determined taking into
consideration three important parameters: the extraction yield,

the bioactive content (total carotenoid, chlorophyll a and pro-
tein content), and the antiradical activity. Water extracts dem-
onstrated higher biomass yields than ethanolic ones.Water is a
polar solvent and represents a small molecule, which may
easily penetrate C. vulgaris cells. It also enhances cell lysis
and does not denature the extractable components. On the
other hand, the molecular structure of ethanol prevents the
effective penetration into C. vulgaris cells. The superiority
of water against solvents of lower polarity is reported by
Plaza et al. (2012) when water, ethanol, and hexane were
compared and the highest yields were obtained with water.
The ethanol extraction yield was increased in the case of wet
biomass, where the internal moisture seems to acts as a co-
solvent. In the case of water, the yields are significantly re-
duced when drying is applied and especially HAD. This is due
to the high exposure of the surface to the warm air, resulting in
a hard and cracking surface, whichmakes difficult the impreg-
nation of the solvent during extraction (Lewicki 2006; Giri
and Prasad 2007). On the contrary, FD creates a porous struc-
ture and gives a powder, thereby increasing the contact surface
between the solvent and the cells. This resulted in a simulta-
neous improvement of the extraction process and better ex-
traction yields.

However, despite the low extraction yields of ethanol
(Fig. 5), this solvent was very selective on the recovery of
total carotenoids and chlorophyll a. This result is in agreement
with the experiments of Kwang et al. (2010), where the best
results were obtained with 90% ethanol. The increased effi-
ciency reported was a result of the high proportion of water-
soluble contents inC. vulgaris. This means that ethanol, when
in an aqueous environment (such as the raw biomass), can
recover a great fraction of the contained carotenoids. On the
contrary, water exhibited best results in combination with FD
samples. Ice crystals, created in the tissue matrix during FD,
disrupt the cell structure, thus promoting the solvent extraction
and achieving high extraction of carotenoids (Sogi et al.
2015). In addition, the moisture content in freeze-dried bio-
mass has been greatly reduced. Thus, the aqueous extraction
of dry biomass is favored because of the better solvent im-
pregnation and diffusion in the inner of biomass, as the solid-
liquid extraction relies on diffusion phenomena.

The ethanolic extract of C. vulgaris wet biomass, which
shows by far the highest concentration of pigments using
the UV-Vis method, was evaluated also through the HPLC
method. In general, the analysis of carotenoids is compli-
cated due to the diversity and the presence of different
isomeric forms of these compounds. HPLC is considered
a reliable method for algal pigment analysis, and it has
been proposed in several studies (Cha et al. 2010; Kwang
et al. 2010; Plaza et al. 2012). However, the difficulty of
the carotenoid identification based on their UV-Vis spectra
should be taken into account because a lot of carotenoids
possess very similar or identical spectra (Crupi et al. 2010).

a

b b

c

d

e

0

2

4

6

8

10

12

14

16

Wet Biomass Freeze-Dried

Biomass

Hot air-Dried

Biomass

)
%

(
y

t
i

v
i

t
c

A
t

n
a

d
i

x
o

i
t

n
A

Solvent System and Biomass Type

Fig. 15 Antioxidant activity of the pellets of wet, freeze-dried (FD), and
hot-air-dried (HAD) Chlorella vulgaris biomass after ultrasound sonica-
tion at 25 kHz, 450 W, and 20 °C for 5 min, using water and ethanol as
solvents (expressed in % biomass). Number of replicates (N) = 3; the
error bars show the standard deviation
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As a way to decrease misidentification, the analysis was
based not only on the maximum wavelength absorption of
the specific compounds but also in their spectral shape.
The wavelengths of the maximum absorption (λmax), as
well as the spectral shape, which indicates the relationship
between the peak heights of the longest-wavelength ab-
sorption band (III) and the middle absorption band (II),
calculated from the minimum between the two peaks
(%III/II), were compared with those from pure standards
(Young 2004). The life cycle and the illumination strongly
influence the carotenoid pattern of C. vulgaris (Senger
et al. 1993). Specifically, the compound of the first peak
of the chromatogram was identified to be luteoxanthin, a
carotenoid with λmax: 400, 422, and 448 nm and identical
UV-Vis spectra (Young 2004). Based on the λmax and the
spectral shape of the compound of the second peak, it is
attributed to loroxanthin. Loroxanthin is a unique xantho-
phyll that is detected only in specific green algae
(Chlorophyceae), including C. vulgaris (Aitzetmüller
et al. 1969). The absorption spectrum of loroxanthin in
ethanol, exhibits λmax at 446 and 474 nm and the degree
of fine structure (%III/II) is 45% (Young 2004).
Loroxanthin is identified as a hydroxy lutein and is spec-
troscopically similar to lutein (λmax of lutein: 422, 445,
474 nm), with the only difference in the spectral shape
(lutein: %III/II 60) (Aitzetmüller et al. 1969; Young
2004). The third peak of the chromatogram shows a max-
imum absorption at 455 nm, presenting also λmax at 428
and 475 nm. In general, siphonaxanthin is a keto-
carotenoid of green algae and presents a maximum absorp-
tion in 455 nm in ethanol (Young 2004; Sugawara et al.
2014). On the other hand, lutein, which is the predominant
carotenoid in C. vulgaris, has λmax at 422, 445, and
474 nm. It is concluded that in the third peak, there is not
a complete separation of lutein and siphonaxanthin and this
is why the absorption spectra has this specific shape. β-
Zeacarotene is an intermediate in the biosynthesis of β-
carotene and other carotenoids and presents maximum ab-
sorption in ethanol at 406, 428, and 454 nm (Young 2004).
Hence, it was presumed that the pigment in the fourth peak
shows plausible characteristics of β-zeacarotene.
Canthaxanthin is a secondary carotenoid, which is found
in C. vulgaris, presents λmax at 474 nm in ethanol, and has
the similar absorption spectra with the carotenoid of the
fifth peak in the chromatogram (Gouveia et al. 1996;
Young 2004). The absorption spectra of the sixth peak
were a typical spectra of β-carotene. β-Carotene is an abun-
dant carotenoid in C. vulgaris and has λmax in ethanol at
425, 450, and 478 nm and little fine structure (%III/II 25).
In addition, astaxanthin is a secondary carotenoid of
Chlorella with λmax at 478 nm. The seventh peak was
attributed to astaxanthin due to the great resemblance.
Finally, pheophytin a is the degradation pigment of

chlorophyll a and shows two maximum absorptions at
409 and 666 nm. The compound in the sixth peak showed
the same absorbance and the same UV-Vis spectra with
pheophytin a, as reported in similar studies (Milenković
et al. 2012).

In contrast to total carotenoids and chlorophyll a, the recov-
ery ofproteins in extracts is enhancedwithwater. This behavior
can be explained by the high hydrophilic content of Chlorella
and by the fact that proteins are water soluble molecules.
Furthermore, an increase of protein content in the aqueous
extracts derived from dried biomass was observed. The water
diffusion in the dried biomass cell is enhanced, increasing the
extractability of water soluble compounds, such as proteins
(Kwang et al. 2010).

The determination of the antioxidant activity of the extracts
showed that water extracts presented higher antiradical capacity
than ethanolic extracts. Generally, the antioxidant activity is
linked to bioactive compounds, such as carotenoids, phenolic
acids and chlorophylls (Jaime et al. 2005). Also, phenolic acids
are known as hydrophilic antioxidants and carotenoids as lipo-
philic. Thus, phenolic acids are more soluble in polar solvents
such as water and less ethanol. Since the DPPH method detects
better the antioxidant activity of phenolics rather than that of
carotenoids (Müller et al. 2011) andwater recoversmore phenolic
acids than ethanol, the antioxidant activity of the water extracts is
higher. That means that the presence of phenolic compounds in
the extracts has a positive impact on their total antioxidant activity
(Plaza et al. 2012). Furthermore, the heat energy during hot-air
drying ruptures the molecular structure of the covalent complex
and releases many antioxidant compounds. The high antioxidant
activity of the thermally processed samples is a result of the
increased concentration of the abovementioned or other phyto-
chemical components released during drying. Also, during ther-
mal processing, the cells are being stressed and produce more
metabolites to resist change. These metabolites are polar, and
the combination of polar solvent (water) with intense drying con-
ditions allows recovery of substances with antioxidant activity
(Orikasa et al. 2014).

In conclusion, the most suitable drying method among
FD and HAD is the former, which greatly limits moisture
and maintains the nutrient and bioactive content. If the aim
is to recover pigments, then drying is not needed and the
optimum solvent for the extraction is ethanol. However, if
in terms of logistics and effective handling dried biomass
is considered, despite that the content of bioactive com-
pounds is considerably degraded, the optimal solvent for
the recovery of compounds of interest is water. In the case
that the goal is to have high protein recover, FD is sug-
gested in combination with water. Finally, if the prepara-
tion of extracts with high antioxidant capacity is required,
HAD is considered the optimum treatment, especially
when the biomass is extracted with water. The selection
of food grade solvents al lows the applicat ion of
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C. vulgaris extracts and extraction residues, which have a
remarkable bioactive content, in food systems.
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