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Abstract: Thanks to their various promising properties, bioactive peptides extracted from microalgae
have recently attracted great attention from scientists. These compounds have been mostly obtained
by enzymatic hydrolysis. In the present study, proteins from the marine microalga Rhodomonas sp.
were hydrolysated into peptides using alcalase and pepsin. After obtaining the peptides, we charac-
terized them and the crude protein by Fourier-transform infrared spectroscopy. Then, the biological
activities of all protein preparations were evaluated. Antioxidant activity was investigated using
DPPH (2,2-Diphenyl-1-picrylhydrazyl) radical-scavenging and ferric reducing power assays. The
obtained results showed that crude protein presents higher antioxidant activity (74% at 1 mg/mL)
compared to peptides obtained after hydrolysis by pepsin (56.5% at 1 mg/mL) and alcalase (47.5% at
1 mg/mL). The anti-inflammatory activity was also evaluated by inhibition of the denaturation of
albumin assay. An interesting anti-inflammatory activity was obtained using protein extract. It was
improved after enzymatic hydrolysis using pepsin to reach 89% of inhibition at 500 µg/mL. The
obtained data showed that the marine microalga Rhodomonas sp. could be a potential source of
valuable proteins and peptides for the pharmaceutical and cosmetic fields.

Keywords: Rhodomonas; protease; hydrolysis; peptide; anti-inflammatory activity; antioxidative activity

1. Introduction

The overloading of nutrients in aquatic ecosystems provides ideal conditions for the
excessive growth of marine organisms, which comprise approximately half of the total
global biodiversity [1]. In parallel, oxidative stress and reactive oxygen species (ROS)
have been increased in these kinds of environments, which could cause severe cellular
damage [2]. Therefore, in order to defend against oxidative bursts, microalgae and other
oceanic organisms have developed multiple defensive mechanisms, mainly the accumu-
lation of valuable biomolecules, which could stimulate antioxidant activity [3]. Thus, the
interest in extracting new antioxidant agents from aquatic species has remarkably increased.
Aquatic ecosystems include a great diversity of marine species, 245,500 of which have
been identified thanks to advances in molecular biology. All of these organisms constitute
blue biotechnology and are classified into different major categories, namely, vertebrates,
invertebrates, bacteria, fungi, and algae. Algae constitute the most abundant resource in
the aquatic environment. They are a very diverse group, approximately 50,000 species
of which have been isolated and identified [4]. They are chlorophyllous organisms, clas-
sified into macroalgae and microalgae. Macroalgae represent a polyphyletic group of
multicellular algae inhabiting the shallow littoral zone with sufficient light to accomplish
photosynthesis [5]. Microalgae can be prokaryotic or eukaryotic. Prokaryotic microalgae
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are represented by cyanobacteria, which possess a wide variety of ecological characteristics
that have allowed them to colonize most aquatic ecosystems, while eukaryotic microalgae
are classified into Chlorophyceae, Rhodophyceae, and Phaeophyceae. Their chloroplasts contain
several flattened thylakoids that contain chlorophylls and other pigments responsible for
their pigmentation. Microalgae cultivation is an effective process used for CO2 sequestra-
tion and carbon footprint reduction [6]. Thus, microalgae biomass production is a promising
strategy to combine the reduction of anthropogenic emissions with the production of biomass
useful in various fields [7–9]. Microalgae biomass has been considered as a new source of
metabolites [3,10–12]. They are highly explored due to their richness in valuable molecules,
mainly proteins, polysaccharides, fatty acids, and pigments. In particular, many microalgae
strains, such as Arthrospira sp., Aphanizomenon sp., Dunaliella sp. and Chlorella sp., are charac-
terized by their high protein content, exceeding 50%, and are actually used as human food
supplements [8]. In fact, they have protein and amino acid profiles with high dietary value.

Anti-inflammatory activity has been also reported for multiple compounds derived
from different microalgae species, such as those belonging to Chlorella, Dunaliella, and
Phaeodactylum genera [13,14]. Such products could prevent various occurrences caused by
inflammations, such as the increase in protein denaturation, increase in vascular perme-
ability, and biological membrane alteration [15]. In this frame, the isolation of bioactive
peptides is a novel approach attracting scientists’ attention. Nowadays, several therapeutic
peptides, obtained by the proteolytic degradation of some proteins present in bacteria,
plants, and animals, have been reported as potential therapeutic agents [16]. Those peptides
are characterized by specific biological activities coupled with low toxicity.

Antioxidant and anti-inflammatory capacities are among the most popular biological
activities of peptides [17,18]. Both animal and plant proteins are known to contain potential
bioactive sequences; however, most studies to date have involved milk proteins [19]. The
most common and easiest method by which produce bioactive peptides is enzymatic
hydrolysis [16]. It generates peptides with specific molecular weights and a specific amino
acid composition. In addition, it allows the control of the hydrolysis process as well as the
hydrolysis degree. Enzymatic hydrolysis could create particular structural motifs in the
generated peptides, conferring unique structural properties that influence their specific
mode of action [20]. Bioactive peptides are generally 3 to 20 amino acid residues in length
and have molecular weights of less than 6000 Da [21].

Microalgae, especially those produced at an industrial scale, are considered a promis-
ing bioactive peptides source with highly beneficial features. In this frame, peptides with
antioxidant potential have been extracted from various Chlorophycae species, mainly
Chlorella vulgaris, Navicula incerta, Chlorella ellipsoidea, and Dunaliella salina [22–26]. Anti-
inflammatory and antihypertensive peptides have been also isolated from cyanobacteria
species belonging to the Spirulina genus [18].

In general, the average protein content of the microalgae biomass is around 25–30%
of the total biomass. The protein content and amino acid composition of microalgae
biomass are affected by many biotic and abiotic factors and by the genomic variation of
species [12,27]. However, the biological activities of proteins can be determined by their
amino acid composition, their size, as well as their 3D conformation. It is important to
note that proteins and peptides from cryptophytes are not as well studied and exploited as
those from other phyla. Rhodomonas genus is a cryptophyte microalga that is still poorly
studied in terms of its biodiversity, distribution, and food web interactions despite its
widespread occurrence in coastal ecosystems. Indeed, it is widely used in aquaculture
feed due to its high nutritional value. In fact, Rhodomonas species are able to produce a
large variety of metabolites, including proteins, carbohydrates, carotenoids, chlorophylls a
and c, phycoerythrin, as well as fatty acids [28]. Regarding its biochemical composition,
The Rhodomonas genus is considered a suitable microalga for a variety of applications in
biomedical, biotechnological, and nutraceutical domains due to its high production of
commercially valuable compounds such as amino acids, polar lipids, and unsaturated
eicosapentaenoic and docosahexaenoic fatty acids [29]. In addition, it represents a source
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of natural proteins that could compete favorably with the conventional protein sources.
In addition, the Rhodomonas genus constitutes a promising candidate for the production
of phycoerythrin, an interesting fluorescent protein, used as a natural dye in food and
cosmetics as well as a fluorescent marker in biomedical research. This phycobiliprotein is a
potential therapeutic agent that has been shown to have multiple benefits in human health
thanks to its antioxidant, anticancer, and anti-inflammatory properties [30]. This adds
value for the Rhodomonas genus to be considered a potential strain for several promising
bioactivities. These potentialities of Rhodomonas proteins could be improved after the
hydrolysis and generation of peptides. Hence, it will be interesting to isolate peptides from
Rhodomonas species and then study their biological activities, something that has not been
previously investigated.

In the present study, proteins and peptides hydrolysates were prepared from a strain
of the Rhodomonas genus [30] and were then further utilized to investigate their antioxidant
and anti-inflammatory activities.

2. Materials and Methods
2.1. Microalgal Strain, Growth Conditions, and Protein Accumulation Monitoring

A local marine microalgae strain was previously isolated from the Tunisian coast Sidi
Mansour and identified as belonging to the Rhodomonas genus [31]. It was maintained
in culture in F/2 medium [31] at 23 ± 2 ◦C under continuous lighting at an intensity
irradiance of 80 µmol photons/m2/s. Cultures were inoculated at an initial cell density
of 104 cells/mL and were performed in triplicate. Microalgae cell concentrations were
determined by cell counts every 48 h using a light microscope (Motic microscope AE 2000,
Spain) and Malassez counting chamber (Supe Rior, U, 200 mm) [32]. The concentration of
accumulated protein in Rhodomonas sp. cells was estimated every 48 h by Lowry assay [3]
as previously reported by Derbel et al. [30], using bovine serum albumin (BSA) as standard.

2.2. Biochemical Characterization of Rhodomonas sp. Biomass

Rhodomonas sp. biomass was recovered during the stationary phase and then charac-
terized. Total protein content in Rhodomonas sp. biomass was determined by the Kjeldahl
method [33] using a 500 mg dry microalgae sample. Ash content determination was per-
formed gravimetrically after incineration at 550 ◦C in an oven (SANTE, Model: STM-3-12,
220V). Carbohydrates, lipids, and chlorophyll content were determined as previously
detailed by Ben Mohamed et al. [34].

2.3. Preparation of Rhodomonas sp. Proteins Extract

Crude protein from Rhodomonas sp. was obtained after the microalga cell lysis step.
Eight cell lysis methods were tested:

Method I: 30 mg of alumina powder was added to 30 mg of microalgal biomass and
suspended in 3 mL of distilled water. Grinding of the sample was performed using a cold
mortar (PZRT 60 mm Manual Ceramics Grinder) in ice for 15 min.

Method II: 30 mg of microalgal biomass was suspended in 3 mL of distilled water and
vortexed for two minutes. The sample was frozen at −20 ◦C and defrosted until completely
thawed. This procedure was repeated five times to allow cell lysis.

Method III: 30 mg of microalgal biomass was suspended in 3 mL of distilled water and
vortexed for two minutes. Sonication was then performed for 5 min, using an ultrasonic
bath (Ultrasons, J.P. Selecta, Barcelona, Spain), filled with cold distilled water.

Method IV: similar to Method III, differing only by the sonication time: 10 min (cycle:
5 min sonication, 5 min rest time) instead of 5 min.

Method V: this treatment is similar to Method II, differing only by the sonication time:
15 min instead of 10 min.

Method VI: 30 mg of microalgal biomass was suspended in 3 mL of distilled water and
vortexed for two minutes. The sample was then subjected to probe sonication at 20 kHz for
5 min on ice (cycle: 20 s pulse time, 20 s rest time) using a probe sonicator (Sonics, 130 W).
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Method VII: similar to Method VI, differing only by the sonication time: 10 min instead
of 5 min.

Method VIII: similar to Method VI, differing only by the sonication time: 15 min
instead of 5 min.

After lysis steps, cells were centrifuged at 6000× g for 30 min at 4 ◦C and supernatants
were recovered. Proteins’ concentrations in the obtained crude extracts were determined
through Lowry method [3] using bovine serum albumin (BSA) as standard.

Proteins were precipitated as described by Montone et al. [35]. Briefly, ice-cold acetone
was added to each recovered supernatant (2:1). The mixture was incubated at −20 ◦C
during 24 h and then centrifuged at 6000× g for 30 min at 4 ◦C. The obtained pellet was
collected and freeze-dried.

2.4. Cell density and Proteins Production Assessments

Cell growth and proteins’ accumulation rates of the studied strain were monitored
for 22 consecutive days. The microalgal growth was determined by counting using a
light microscope (Motic microscope AE 2000, Madrid, Spain) and Malassez counting
chamber (Supe Rior, U, 200 mm). Proteins’ concentrations were determined through Lowry
method [3] using bovine serum albumin (BSA) as standard.

2.5. Preparation of Rhodomonas sp. Peptides Hydrolysates

The proteins from Rhodomonas sp. at 30 mg/mL were hydrolyzed separately by
alcalase and pepsin. The hydrolysis of proteins by alcalase (Sigma-Aldrich) was performed
using an enzyme:proteins ratio (w/w) of 1:70, at 50 ◦C, pH 9, for 4 h. After hydrolysis, the
reaction was stopped by decreasing the pH of the reactional mixture to 2 with HCl (0.5 M).
The obtained peptides were cooled at room temperature, then centrifuged at 6000× g
for 30 min. The supernatant was recovered and its pH was adjusted to 7 using NaOH
(0.5 M) before being freeze-dried. For hydrolysis of proteins with pepsin (Biobasic), an
enzyme:proteins ratio (w/w) of 1:25 was used. The enzymatic reaction was performed
at 37 ◦C, pH 3, for 4 h [36]. After hydrolysis, the reaction was stopped by increasing the
pH to 8 with NaOH (0.5 M), then the mixtures were centrifuged at 6000× g for 30 min.
Supernatants were collected and then freeze-dried.

The degree of hydrolysis (DH) was determined as previously described by
Soto-Sierra et al. [37] Equation (1).

DH (%) = h/htot (1)

where,
htot = number of peptide bonds in the substrate per g of protein (∼8);
h = number of hydrolyzed peptide bonds per g of protein calculated as follows:

h = (V ∗ N)/(mα NH
2)

where,
V = volume of titrant (NaOH (mL));
N = normality of the titrant (NaOH);
m = mass of protein (g);
α = mean degree of dissociation calculated as follows:

α = 10 (pH.pK)/(1 + 10(pH.pK))

2.6. FTIR Spectroscopy

Fourier infrared spectra were determined for Rhodomonas sp. crude protein as well as
peptide hydrolysates using a VERTEX 70 FT-IR instrument equipped with an ATR A225
module (palladium–diamond). The IR spectra (50 scans) were obtained at room temperature
in the spectral range 4000–400 cm−1, using OPUS 7.2 software (Bruker Optics GmbH, Billerica,
MA, USA). Spectra were analyzed using the same software, and results were exported for
plotting using Origin 8.5.1 software SR2 (OriginLab, Northampton, MA, USA).
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2.7. Antioxidant Activity Evaluation
2.7.1. DPPH Radical-Scavenging Activity

The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical-scavenging ability of the protein
extract and peptide hydrolysates was estimated following the method described by Kirby
and Schmidt [38]. Five hundred microliters of each sample was mixed with 375 µL of
ethanol (99%) and 125 µL of DPPH (Sigma-Aldrich, D132) solution prepared in ethanol
(0.02% (w/v)). Afterward, the mixtures were incubated for 30 min at room temperature
in darkness. Then, A517 was measured. Five concentrations (0.1, 0.3, 0.5, 0.8, 1 mg/mL)
were tested for each sample in triplicates. Ascorbic acid was used as the positive control.
The DPPH (2,2-Diphenyl-1-picrylhydrazyl)-scavenging activity was calculated using the
following Equation (2):

DPPH-radical-scavenging activity (%) = (Acontrol + Ablank − Asample)/Acontrol × 100 (2)
where Acontrol, Ablank, and Asample were the absorbance of the negative control (without
sample), the blank (without DPPH solution), and the samples, respectively.

2.7.2. Ferric-Reducing Power Assay

The ferric-reducing capacities of Rhodomonas sp. proteins and peptides were evaluated
by the method reported by Yıldırım et al. [39]. Briefly, 0.5 mL of each sample was mixed
with 1.25 mL of distilled water and 1.25 mL of potassium ferricyanide (1% (m/v)). The
mixture was incubated for 30 min at 50 ◦C and then treated with 1.25 mL of trichloroacetic
acid (10% (w/v)). After centrifuging for 10 min at 10,000× g, 1.25 mL of the obtained
supernatant was recovered, which was then mixed with 1.25 mL of distilled water and
0.25 mL of ferric chloride solution (0.1% (w/v)). After incubation for 10 min in darkness,
A700 was measured. Five different concentrations (0.1, 0.3, 0.5, 0.8, 1 mg/mL) were tested
for each sample in triplicates. Ascorbic acid (Sigma-Aldrich, Darmstadt, Germany) was
used as positive control. All experiments were performed in triplicate.

2.8. In vitro Anti-Inflammatory Activity Evaluation

The ability of Rhodomonas sp. proteins and peptides to inhibit albumin denaturation
was evaluated using the method described by Chakou et al. [40] with slight modification.
Five different concentrations (0.1, 0.2, 0.3, 0.4, 0.5 mg/mL) were prepared for each proteins
and peptides sample in Tris buffer (0.05 M, pH 6.6). Five hundred microliters of each sample
was mixed with 1% (w/v) of aqueous solution of bovine albumin fraction V (Sigma-Aldrich,
Saint-Louis, MI, USA). The reaction mixture was first incubated at 37 ◦C for 20 min, then
heated at 70 ◦C for 5 min. After cooling at room temperature, the A600 of the mixture was
determined. Diclofenac (Sodic Diclophenac) was used as the positive control. All assays
were set up in triplicates.

The albumin denaturation inhibition percentage was calculated according to Equation (3)
% inhibition = 100 ∗ (Acontrol − Asample)/Acontrol (3)

3. Results and Discussion
3.1. Biochemical Characterization of Rhodomonas sp. Biomass

The composition of Rhodomonas sp. biomass, collected at the early stationary phase, was
determined. The obtained results showed that Rhodomonas sp. accumulated 34.5 mg/100 mg
DW of proteins, 14.18 mg/100 mg DW of carbohydrate, 13 mg/100 mg DW of lipids,
15.73 mg/100 mg DW of ash, and 0.46 mg/100 mg DW of Chlorophyll (Table 1). These
results revealed that organic constituents were the most abundant components with a
proportion greater than 75 mg/100 mg DW [41]. As previously reported, proteins were the
major organic components. In fact, several studies have shown the richness of Rhodomonas
species in proteins. R. lens and R. salina species were shown to contain a large amount
of proteins, ranging from 30% to 60% [42–45]. The carbohydrate content was relatively low
compared with data reported by Fernández-Reiriz et al. [46] showing a carbohydrate content
of 28.9% for Rhodomonas sp. However, the obtained carbohydrate content was comparable
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to that reported for R. lens, i.e., 11% [44]. Furthermore, the majority of microalgae, includ-
ing Rhodomonas genus, accumulate lipids, in particular, triacylglycerols. Under conditions of
macronutrient deficiency, such as nitrogen starvation, the cell stores the carbon flux obtained
from photosynthesis as lipids [47]. In addition, a high ash level was found in Rhodomonas sp.
microalgae biomasses [46]. It is worth noting that microalgae biomass composition is extremely
dependent on the culture media used as well as environmental factors [48,49].

Table 1. Biochemical composition (% of dry weight) of Rhodomonas sp. biomass.

Proteins
(% DW)

Lipids
(% DW)

Carbohydrates
(% DW)

Ash
(% DW)

Chlorophylls
(% DW)

34.5 ± 0.8 13 ± 1 14.18 ± 0.16 15.73 ± 0.89 0.46 ± 0.1

3.2. Cell Density and Protein Production Assessments

In order to determine the culture phase coinciding with maximum protein production
using Rhodomonas sp. strain, cell growth and protein production were monitored (Figure 1).
The obtained data showed a classical sigmoidal growth curve. A lag phase occurred during
the first 72 h. Then, a typically exponential phase was reached and lasted 9 days, followed
by the stationary phase between the 11th and 22nd days.
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Figure 1. Assessment of Rhodomonas sp. cell density and protein production in accordance with
growth phases.

In parallel to cell number monitoring, protein production was taken into consideration.
It was observed that the protein production was in parallel to the biomass production,
reaching its maximum after 21 days of culture. Several studies reported that protein produc-
tion was correlated with nutrient availability. In fact, the maximum protein accumulation
was achieved during the logarithmic phase, and it then decreased according to nutrient
concentrations [50]. However, Sui et al., [51] proved that the highest essential amino acid
values were obtained at the stationary phase for the Dunaliella salina species.

3.3. Total Intracellular Protein Extraction Using Different Lysis Methods

Different cell lysis methods were compared to find the most efficient protocol suitable
for intracellular protein recovery from Rhodomonas sp. The results revealed that biomass
grinding into alumina powder seems to be the most efficient method for Rhodomonas sp.
cell lysis compared to physical disruption by sonication and freeze-thawing (Figure 2).
In concordance, Meijer and Wijffels [52] found that sonic disruption was not efficient for
protein extraction from Rhodomonas species, with an efficiency of 4%, but was still reliable
for Chlorella species, with an efficiency of 103%. Various methods have been employed for
microalgae cellular membrane disintegration or disruption, including mechanical, physical,
or nonmechanical techniques [53]. The success of the lysis method depends on microalgae
cell wall composition [53,54].
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3.4. Peptides Hydrolysed by Alcalase and Pepsin

Enzymatic hydrolysis is a technique for specifically fragmenting a raw material in or-
der to extract peptides of interest in the presence of proteases. During enzymatic hydrolysis,
proteases will break the peptide bonds between two adjacent amino acids in the primary
sequence of a protein, thus generating at least two peptides. The enzymatic hydrolysis of
a protein extract makes it possible to obtain peptide fractions potentially endowed with
biological activities. Alcalase and pepsin were used separately to release peptides from
Rhodomonas sp. protein extract. The use of specific or even nonspecific proteases is the most
common way to produce bioactive peptides, as it takes less time to reach the degree of
hydrolysis, and it is possible to control the hydrolysis process in order to achieve peptides
with specific molecular weights and a specific amino acid composition [55]. Alcalase is
considered the most effective enzyme to produce a high percentage of protein recovery [55].
In addition, it has been reported that pepsin hydrolysate exerts stronger biological activities,
which may be due to the random cleavages of hydrophobic amino acids by pepsin [56].

The peptides obtained after enzymatic hydrolysis revealed a DH of 34.58% and 43.24%
using alcalase and pepsin, respectively. These results indicated that Rhodomonas sp. protein
extract was suitable as substrate for both used proteases.

3.5. Proteins and Peptides Characterization

Fourier-transform infrared (FTIR) spectroscopy is a method widely used for the character-
ization of proteins and peptides [57]. It has been reported that proteins and peptides generate
nine distinct infrared absorption bands (i.e., amide A, amide B, and amide I–VII) [58,59].
The most predominant bands are recorded at approximately 1650 cm−1 and at 1550 cm−1,
corresponding to the amide I and amide II bands.

Figure 3 represents FTIR spectra of proteins and peptides samples. The characteristic
bands of amide I, amide II, and amide III, as well as the C–C and C=O stretching vibration
are detectable in the obtained FTIR spectra.
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Figure 3. FTIR spectra of Rhodomonas sp. crude protein and peptides produced after alcalase and
pepsin hydrolysis.

The main peaks associated with crude protein preparation were observed at 3274 cm−1,
2927 cm−1, 1636 cm−1, 1527 cm−1, and 1044 cm−1, corresponding to N–H stretch, O–H
stretch, C=O stretch at amide I; N–H deformation/C–N stretch at amide II, and C–O stretch,
respectively (Table 2). After the digestion of proteases, the spectra of the produced peptides
revealed the appearance and shift of several peaks compared to the nonhydrolyzed control
(Figure 3). In addition, peaks related to the amide bands, which does not change location,
showed a decreasing amplitude in the peptides’ spectra. The shifted and/or appeared peaks
in the peptides spectra were recorded in various regions, mainly at 1500–1400 cm−1, associated
with C-terminal groups. Protein digestion using proteases generates COO− groups.

Table 2. Summary of wave numbers and corresponding functional groups.

Alcalase Hydrolysate Pepsin Hydrolysate Proteins
Wave Number
Range (cm−1)

Functional Groups
[57,60,61]Wave Number

(cm−1) Area Wave Number
(cm−1) Area Wave Number

(cm−1) Area

3274 −5.315

3269–2920 N–H stretch
O–H stretch

3181 −365.280
3102 −84.440

3088 −203.607
2972 −93.397
2942 −21.223

2927 −31.459

2806 −37.558
2658 −29.335

2605 −5.525
2598 −39.612
2468 −8.542
2094 −55.081
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Table 2. Cont.

Alcalase Hydrolysate Pepsin Hydrolysate Proteins
Wave Number
Range (cm−1)

Functional Groups
[57,60,61]Wave Number

(cm−1) Area Wave Number
(cm−1) Area Wave Number

(cm−1) Area

1636 188.203
1700–1600 C=O related to Amide I1628 −1118.183

1549 −767.192 1571 −1069.794
1590–1520 N–H deformation and C–N stretch at Amide II1527 −26.986

1491 −611.148

1500–1400
COO–

(C-terminal)

1460 −98.967
1436 −71.050

1400 −14.801
1395 −0.296

1388 −799.001

1295 −909.203

1300–1100 Amide III
1235 −272.163

1136 −133.919
1125 −308.975

1044 −2188.419
~1037 vibrations of OH groups1042 −308.375

1035 −175.511

927 −483.800
909 −162.478

888 −377.804
684 −418.802

661 103.442

Recently, FTIR spectroscopy has been considered an efficient approach for the struc-
tural characterization of proteins and peptides [57]. It could provide information on
peptides and proteins size as well as on the secondary structure of protein [60]. It is also
a useful technique for the investigation of protein-related parameters, mainly the effects
of solvent, temperature, and pH on proteins [62,63]. Kristoffersen et al. [57] proved the
potential of using FTIR for monitoring protein sizes during enzymatic digestion.

3.6. Antioxidant Activity

Oxidative bursts can be avoided by the action of antioxidants through different mech-
anisms, including the formation of chelate complexes with pro-oxidant metals, free radical
scavenging, quenching of singlet oxygen and photosensitizers, and the deactivation of
peroxydinitrite and lipoxygenases [64]. Synthetic antioxidant drugs available on the mar-
ket have certain side effects, which are not conducive to long-term use. Hence, interests
are gradually focusing on natural antioxidants, which are safer than chemically synthe-
sized antioxidants, and some of these antioxidants may be more efficient than synthetic
drugs. Therefore, the present study aims to investigate the antioxidant potential of proteins
and peptides derived from the cryptophyte microalga Rhodomonas sp. through DPPH
radical-scavenging and ferric reducing power assays.

DPPH radical-scavenging activities were found to increase proportionately to the
concentration in all tested samples (Figure 4a). The crude protein used at 1 mg/mL showed
an interesting antioxidant activity against DPPH, reaching 74%. This antioxidant activity
was much higher than that previously reported for proteins extracted from Schizochytrium
limacinum and Porphyra columbina [65,66]. In concordance, the crude protein showed
dose-dependent reducing capacities, with a maximum reached at 1 mg/mL concentra-
tion (Figure 4b). The important antioxidant activity obtained for crude protein may be
due to the presence of amino acids involved in free radical deactivation. Antioxidant
peptide molecules can achieve quenching of reactive oxygen/nitrogen species through
two pathways, namely, hydrogen atom transfer (HAT) and single electron transfer (SET)
reactions [67]. Particularly, Met has been considered an important free radical scavenger
in biological systems [68]. This is due to the Met radical, which is very labile to oxidation
and may potentially scavenge free radicals before they attack other amino acid residues
critical to protein structure or function. To obtain additional structural information on the
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antioxidant peptides derived from Rhodomonas sp. protein hydrolysate, the active peptides
need to be purified and their amino acid sequences should be investigated.
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The important antioxidant activity obtained for crude protein indicates that Rhodomonas sp.
could be a good candidate as a natural antioxidant source for use in the food and cosmetic fields.

Moderate antioxidant activities were found for peptide hydrolysates obtained by
enzymatic digestion using alcalase and pepsin, separately. This finding confirms the sug-
gestion of Alzahrani et al. [69] that enzymatic hydrolysis could not increase antioxidant
activity if the specific peptide having antioxidant activity was not liberated or the active
peptide was inactivated by digestion. They suggested also that the inactivation of peptides
could be induced by the presence of exoproteases in the commercial protease preparations,
through the splitting of some amino acids from the active N-terminal or C-terminal of
the peptides. In contrast, studies performed on microalgae Porphyra columbina [66] and
Palmaria palmeadas [70] found that antioxidant activities were enhanced in peptides. Hence,
the impact of protein hydrolysis on antioxidant activity seems to be dependent on the mi-
croalgal species, the degree of hydrolysis, and the type of enzyme used [71]. In this frame,
several studies have reported antioxidant activity enhancement after enzymatic hydrolysis. In
fact, the DPPH radical-scavenging capacity as well as ferric reducing power, obtained using
proteins extracted from Schizochytrium limacinum, were shown to improve significantly after
hydrolysis using pepsin, trypsin, or α-chymotrypsin digestion [65]. Cian et al. [66] found
that the antiradical activity of protein extract of Porphyra columbina was also enhanced after
enzymatic hydrolysis, from 35% to 54% at 4 mg/mL proteins concentration.
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3.7. Anti-Inflammatory Activity

Inflammation is a complex biological process that involves many signaling biomolecules
at the intracellular level as well as coordinated communication between different immune
cells. It appears when healthy tissues are exposed to biological, physical, or chemical stim-
uli. Protein denaturation is a well-documented cause of inflammation; thus, it is considered
as a marker for inflammatory disease [72]. The stimulation and activation of immune cells,
such as macrophages and neutrophils, induce the generation of proinflammatory cytokines
such as tumor necrosis factor (TNF-α), interleukin 1β (IL-1β), and mitogen-activated pro-
tein kinase (MAPK). TNF-α can be involved in several crucial events for the initiation of
inflammation [72]. Interleukin 1β may stimulate signal transduction by activation of the
nuclear factor-κB (NF-κB) and the MAPK. NF-κB, when activated, may, in turn, induce
further expression of multiple cytokines, including TNF-α and IL-1β, and promote the
inflammatory process.

Microalgal anti-inflammatory compounds may act through one or more mecha-
nisms involved in inflammation, including the release of chemicals such as leukotrienes,
prostaglandins, bradykinin, histamine, platelet-activating factor, and interleukin-1 from
tissues and migrating cells [14].

The denaturation of proteins corresponds to proteins losing their secondary, tertiary,
and quaternary structures, resulting in loss of biological function [73]. This process could
be induced by the application of external stress, such as heat, or by exposure to chemicals,
such as organic solvents [15]. Hence, to investigate the anti-inflammatory activity, the
ability of protein extract and peptide hydrolysates to inhibit the heat-induced denaturation
of albumin was evaluated.

As seen in Figure 5, crude protein exhibited an inhibiting effect of about 67% at
0.5 mg/mL. The anti-inflammatory activity was found to be improved after enzymatic
hydrolysis by the acidic protease: pepsin. In fact, at 0.5 mg/mL concentration, pepsin
hydrolysate revealed a much higher capacity to inhibit albumin denaturation (89%). The
in vitro anti-inflammatory activity of pepsin hydrolysate was similar to that of the standard
drug diclofenac used at the same concentration. In addition, the anti-inflammatory activity
of pepsin hydrolysate was much higher than that of the aqueous extracts of the medicinal
plants Cannabis sativa (<70%) and Ficus racemose (<80%) [74].
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Figure 5. Inhibition of albumin denaturation by crude protein extract and peptides at different
concentrations.

In contrast, the anti-inflammatory capacity was lost after hydrolysis by alcalase. Chang-
ing the protease modifies the resulting peptide’s length, sequence, and consequently, bio-
logical activities.
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4. Conclusions

Crude protein and peptides from Rhodomonas sp. were prepared and tested for their
antioxidant and anti-inflammatory activities. Crude protein may potentially serve as a
natural antioxidant source in the cosmetic and pharmaceutical fields. This antioxidant
potential was not increased after enzymatic hydrolysis by alcalase and pepsin. Concerning
the anti-inflammatory activity, it was found to be improved by enzymatic hydrolysis using
pepsin. Despite these encouraging results, further in vivo tests are required.
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