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Abstract: This study aimed to investigate the bioaccessibility of carotenoids and chlorophylls from
the biomass of microalgae Chaetoceros calcitrans. The samples were submitted to an in vitro digestion
protocol, and the compounds were determined by HPLC-PDA-MS/MS. A total of 13 compounds
were identified in all tests. After in vitro digestion, the relative bioaccessibility of carotenoids and
chlorophylls ranged from 4 to 58%. The qualitative profile of carotenoids reflected the initial sample,
with all-E-zeaxanthin (57.2%) being the most bioaccessible compound, followed by all-E-neochrome
(31.26%), the latter being reported for the first time in the micellar fraction. On the other hand,
among the chlorophylls only pheophytin a (15.01%) was bioaccessible. Furthermore, a chlorophyll
derivative (Hydroxypheophytin a’) was formed after in vitro digestion. Considering all compounds,
xanthophylls (12.03%) and chlorophylls (12.22%) were significantly (p < 0.05) more bioaccessible than
carotenes (11.22%). Finally, the considerable individual bioaccessibilities found, especially for zeax-
anthin, demonstrate the bioactive potential of this bioresource. However, the large reduction in the
totality of compounds after in vitro digestion suggests that additional technological strategies should
be explored in the future to increase the efficiency of micellarization and enhance its bioactive effects.

Keywords: brown microalgae; bioactive compounds; carotenoids; chlorophylls; in vitro diges-
tion; bioaccessibility

1. Introduction

As the world’s population becomes more aware of health and global sustainability
issues, the potential for microalgae-based processes and products to contribute to solutions
to these issues is becoming evident. These microorganisms have been considered potential
bioresources to meet the population’s growing needs for a supply of healthier, natural,
and sustainable food products, especially fine chemical compounds with potential health-
promoting effects [1,2].

Microalgae are acknowledged as one of the most promising renewable resources on
the planet. They have some highly relevant characteristics, such as their rapid growth
rate and the ability to survive in adverse conditions and substantially contribute to the
capture of atmospheric CO2 [3,4]. In addition, the countless species of microalgae already
cataloged present a highly diversified biochemical composition that includes a multitude
of valuable biomolecules [5]. Among these species, Chaetoceros calcitrans, belonging to the
Chaetocerotaceae family, is a diatom that contains large amounts of natural antioxidants
such as carotenoids and chlorophylls [6,7].

Carotenoids and chlorophylls constitute groups of large and complex compounds
ubiquitous in microalgae species [8,9]. Many of these structures have exceptional antioxi-
dant capabilities that are continually associated with important biological and functional
properties [10,11]. The primary use of these phytochemicals is as natural pigments with
wide application in the most varied industrial sectors [12]. However, due to their bioactive
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properties, which are constantly being demonstrated, these natural pigments are recognized
as compounds with high added value, which intensifies their application in food products
for health, functional and nutraceutical purposes [13–15].

However, for bioactive compounds to exert some activity at the biological level, these
molecules must be bioaccessible for intestinal uptake and subsequent systemic distribution
in the human body [16,17]. Thus, the bioaccessibility of carotenoids and chlorophylls
is considered an essential area of study which is fundamental to understanding their
nutritional and functional values and optimizing their applications.

Bioaccessibility is dependent on the degree of release, solubilization, and incorpora-
tion of intracellular compounds in mixed-bile-salt micelles [18]. For microalgae, the step
involving intracellular release of the compounds is reported as the main limiting factor
for bioaccessibility due to the structural and physicochemical properties that contribute to
a more rigid cell wall [19,20]. Process intensification technologies such as ultrasoundthat
trigger the partial release of molecules through cell disruption have been suggested as
strategies to enhance the bioaccessibility of carotenoids and chlorophylls [21,22].

Considering these aspects of bioaccessibility, the objective of this work was to evaluate
the bioaccessibility of carotenoids and chlorophylls of ultrasonicated biomass of Chaetoceros
calcitrans, following an in vitro digestion protocol.

2. Results and Discussion
2.1. Pigments Composition before and after Digestion in vitro

A total of 13 compounds were separated in all assays with the microalgae C. calcitrans
(see Table 1). Identification was based on chemical evidence provided by chromatographic
analysis such as elution order and UV-Vis characteristics and was confirmed by MS/MS
experiments (The representative chromatograms HPLC-PDA and PDA-MS/MS (MRM)
spectra can be found in Supplementary Materials). In addition, pigments were identified
or provisionally identified based on a detailed description previously reported for different
microalgae species [21,23–26].

The microalgae cell wall is the first barrier to the effective use of bioactive com-
pounds from this promising group of microorganisms. However, previous studies have
demonstrated the efficiency of using ultrasound to increase micellar incorporation of mi-
croalgae compounds such as Chlorella vulgaris, Chlamydomonas reinhardtii, and Scenedesmus
obliquus [19,21,22]. Therefore, the original content of carotenoids and chlorophylls of the ul-
trasonicated dried biomass of C. calcitrans before digestion (initial content) and the micellar
fraction after digestion, are shown in Table 2.

From a quantitative point of view, the initial extract of carotenoids showed seven com-
pounds, totaling 239.88 ± 1.82 µg·g−1, of which all-E-echinenone (116.65 ± 1.52 µg·g−1)
was the most abundant, followed by all-E-β-carotene (55.44 ± 0.25 µg·g−1). On the
other hand, the initial chlorophyll extract presented five compounds, making a total of
3944.16 ± 41.56 µg·g−1; among these, pheophytin a (3257.52 ± 40.23 µg·g−1) was the
most abundant.

In general, after digestion simulation, the qualitative profile of carotenoids reflected
that of the initial sample. On the other hand, only one of the chlorophylls in the initial
extract was identified after digestion. Among the chlorophylls, the derivated compound
identified as hydroxypheophytin a’ was detected only in the micellar fraction.

Possibly, this chlorophyll derivative was generated due to in vitro digestion condi-
tions [22,27], as these conformational changes (epimerization) in chlorophyll molecules are
frequent with moderate heating [28], similar to the temperature used in the present study
(37 ◦C) to simulate biological conditions. Additionally, the appearance of hydroxypheo-
phytin a’ can occur through successive pheophytinization, allomerization and epimeriza-
tion reactions from the native structure. However, no conclusion can be drawn about
whether epimerization occurs preferentially in native chlorophylls or their Mg-free oxy-
genated derivatives [22]. Our results remain inconclusive, as hydroxypheophytin a’ ap-



Molecules 2022, 27, 3305 3 of 11

pears, while hydroxychlorophyll a, chlorophyll a, and hydroxypheophytin a disappear
after digestion.

Table 1. Chromatographic, UV–vis spectrum, mass characteristics of C. calcitrans pigments obtained
by HPLC-PDA-MS/MS.

Pigments
tR

a UV-Vis Characteristics Fragment Ions (Positive Mode) (m/z)

λmáx (nm) b III/II (%) c AB/II (%) d [M+H]+ MS/MS

All-E-neochrome 5.23 399, 421, 448 94 0 601 583 [M+H−18]+, 491
[M+H−92−18]+

Hydroxychlorophyll a 10.17 430, 664 na e na 909 631 [M+H−278]+

All-E-lutein 12.64 418, 444, 473 50 0 569

551 [M+H−18]+, 533
[M+H−18−18]+, 495
[M+H−18−56]+, 477

[M+H−92]+, 459
[M+H−18−92]+

Chlorophyll a 15.11 432, 665 na na 893
615 [M+H−278]+, 583

[M+H−278−31]+, 555 [M+H
−278−59]+

Chlorophyll a’ 16.73 431, 665 na na 893
615 [M+H−278]+, 583
[M+H−278−31]+, 555

[M+H−278−59]+

All-E-zeaxanthin 17.51 421, 450, 477 25 0 569

551 [M+H−18]+, 533
[M+H−18−18]+,495, 477

[M+H−92]+, 459
[M+H−18−92]+

15Z-echinenone 19.09 335, 447 nc f 20 551 533 [M+H−18]+, 427

Hydroxypheophytin a 24.10 409, 666 na na 887

869 [M+H−18]+; 803
[M+H−63]+; 609
[M+H−278]+; 591

[M+H−278−18]+; 531
[M+H−278−18−60]+

All-E-echinenone 24.04 461 nc nc 551 533 [M+H−18]+, 427

Hydroxypheophytin a’ 27.91 399, 660 na na 887

869 [M+H−18]+; 803
[M+H−63]+; 609
[M+H−278]+; 591

[M+H−278−18]+; 531
[M+H−278−18−60]+

All-E-β-carotene 32.14 424, 450, 476 28 0 537 481 [M+H−56]+, 444 [M−92]+,
413, 399, 355

Pheophytin a 32.87 408, 666 na na 871 593 [M+H−278]+; 533
[M+H−278−60]+

9Z-β-carotene 34.22 353, 421, 443, 473 20 14 537 481 [M+H−56]+, 444 [M−92]+,
413, 399

a: Retention time (Linear gradient in methanol and methyl tert-butyl ether); b: Spectral fine structure; c: Ratio of
the height of the longest wavelength absorption peak (III) and that of the middle absorption peak (II); d: Ratio of
the cis peak (AB) and the middle absorption peak (II); e: Not applicable; f: Not calculated.

A significant reduction of all compounds was observed in the micellar fraction after
in vitro digestion. All-E-β-carotene (8.45 ± 0.15 µg·g−1) and all-E-equinenone
(7.91 ± 0.10 µg·g−1) remained the major carotenoids, followed by all-E-zeaxanthin
(7.10 ± 0.10 µg·g−1), all-E-neochrome (2.33 ± 0.5 µg·g−1), all-E-lutein (1.72 ± 0.03 µg·g−1)
and 15Z-echinenone (0.74 ± 0.03 µg·g−1).

Two hypotheses (i and ii)can be considered to explain the higher micellar content of
all-E-β-carotene in detriment to other xanthophylls: (i) The high content of unsaturated
fatty acids in the biomass of C. calcitrans is one possible cause [29], as several studies
indicate that the presence of more significant fractions of fatty acids than unsaturated
ones promotes the micellarization of carotenes, while the presence of saturated fatty acids
promotes the micellar incorporation of xanthophylls [30–34]; (ii) Although the cell wall was
partially disrupted before digestion, some conjugations between xanthophylls and proteins
may remain, making it difficult to transfer these carotenoids to micelles [16,20,35].

Although many factors need to be evaluated, a convergence in the literature towards
greater micellar incorporation of xanthophylls is evident [36,37]. This trend is observed for
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total micellar carotenoids since the total xanthophylls (19.80 ± 0.30 µg·g−1) are approxi-
mately twice the total carotenes content (8.45 ± 0.15 µg·g−1).

Table 2. Pigment content of C. calcitrans before in vitro digestion (initial content), and the micellar
fraction of carotenoids from ultrasonicated biomass after in vitro digestion. Different letters in the
lines indicate a significant difference using Student’s t-test (p < 0.05).

Pigments Initial Content
(µg·g−1)

Micelar Fraction
(µg·g−1)

All-E-neochrome 7.44 ± 0.05 a 2.33 ± 0.5 b

Hydroxychlorophyll a 221.99 ± 1.00 nd
All-E-lutein 12.01 ± 0.10 a 1.72 ± 0.03 b

Chlorophyll a 306.03 ± 1.04 nd
Chlorophyll a’ 47.77 ± 0.69 nd

All-E-zeaxanthin 12.40 ± 0.10 a 7.10 ± 0.10 b

15Z-echinenone 16.06 ± 0.15 a 0.74 ± 0.03 b

Hydroxypheophytin a 110.85 ± 0.78 nd
All-E-echinenone 116.65 ± 1.52 a 7.91 ± 0.10 b

Hydroxypheophytin a’ Nd 20.89 ± 0.10
All-E-carotene 55.44 ± 0.25 a 8.45 ± 0.15 b

Pheophytin a 3257.52 ± 40.23 a 482.10 ± 1.15 b

9Z-β-carotene 19.83 ± 0.15 nd
Total carotenoids 239.88 ± 1.82 a 28.24 ± 0.45 b

Total carotenes 75.28 ± 0.40 a 8.45 ± 0.15 b

Total xanthophylls 164.61 ± 1.43 a 19.80 ± 0.30 b

Total chlorophylls 3944.16 ± 41.56 a 502.15 ± 1.17 b

nd: Not detected.

Referring to the micellarized chlorophyll fraction, pheophytin a (482.10 ± 1.15 µg·g−1)
remained the majority compound. According to the literature [22], chlorophylls are very
susceptible and can change the digestive process, especially in acidic conditions. A first step
in the metabolization of chlorophylls leads to the central perfusion of Mg in the structure,
giving rise to pheophytins [38], which clarifies the predominance of pheophytin in the
micellar fraction. Likewise, a recent study [27], associated this micellar predominance of
pheophytin with the acidic conditions of the gastric phase (pH 2.5).

2.2. Relative Bioaccessibility

In terms of relative bioaccessibility (%) of C. calcitrans compounds (Figure 1a,b), there
was a variation ranging from 4% to 58% (Figure 1a). Among individual compounds, the
most bioaccessible carotenoid was all-E-zeaxanthin (57.29% ± 1.27), followed by all-E-
neochrome (31.26% ± 0.42), all-E-β-carotene (15.24% ± 0.20), all-E-lutein (14.36% ± 0.33),
all-E-echinenone (6.78% ± 0.01) and 15Z-echinenone (4.59% ± 0.16), while the only bioac-
cessible chlorophyll was pheophytin a (15.01% ± 0.20).

These bioaccessible compounds perform essential physiological and pharmacological
activities which improve human health, well-being and nutritional status. These molecules
are excellent antioxidants, reduce oxidative stress, benefit cardiovascular health. They also
help prevent obesity, diabetes, some types of cancer, and neurological sequelae. In addition,
some compounds such as β-carotene act precisely as vitamin A precursors, and zeaxanthin
and lutein act as eye health regulators [39,40].

Comparatively, the relative bioaccessibility of all-E-zeaxanthin (57.29%) from C. calcitrans
was superior to the findings for sonicated biomass from Phaeadactylum tricornutum (29%) [41],
Nannochloropsis sp. (<15%) [20], S. obliquus (9%) [21], Scenedesmus bijuga (6%) [23], and a
diet supplemented with P. tricornutum (17%) [41]. In addition, the bioaccessibility of all-E-β-
carotene (15.24%) exceeded the values found in the sonicated biomass of
Chlorella vulgaris (12%), Chlamydomonas reinhardtii (<10%) [19], S. obliquus (3%), S. bijuga (8%),
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and Chlorella sorokiniana (13%). Likewise, all-E-lutein (14.36%) surpassed the bioaccessibility
found for sonicated biomass of S. obliquus (12%), S. bijuga (3%) and C. sorokiniana (6%) [21,23].

Figure 1. Relative bioaccessibility of individual (a) and total pigments (b) from C. calcitrans. Different
letters in (b) indicate a significant difference using Tukey’s test (p < 0.05).

On the other hand, a study found bioaccessibility values of β-carotene of P. tricornutum
up to 5 times higher than those established in this work [42]. Likewise, the lutein present in
the diet supplemented with C. vulgaris was found to be approximately 2-fold higher [19].
The bioaccessibility of all-E-equinenone (6.78%) was similar to that found for sonicated
biomass of S. obliquus (6%) [21]. However, we did not find comparative data for its 15Z
isomer (4.59%) and all-E-neochrome (31.26%).

It is important to highlight that, as far as we know, this is the first time that the bioac-
cessibility of all-E-neochrome has been reported, a compound whose bioactive properties
remain neglected, despite its remarkable structure (See Figure 2). In addition to some
oxygenated functional groups (epoxy -O- and hydroxy -OH), neochrome has an unusual
allenic bond (=C=), which has been implicated in increased deactivation of radical species
when present in other isoprenoid structures [43].

The relative bioaccessibility of pheophytin a (15.01%) was higher than that reported
for sonicated biomass of S. obliquus (~10%) [22]. Comparisons with literature data are
extremely limited for the bioaccessibility of this microalgae compound group. Studies to
date are scarce with only one recently published report [22].

Highlighting the totality of compounds, Figure 1b shows the total relative bioaccessibil-
ity for carotenoids (11.78% ± 0.25), carotenes (11.22% ± 0.23), xanthophylls (12.02% ± 0.26)
and chlorophylls (12.22% ± 0.15). Xanthophylls and chlorophylls were slightly larger and
differed significantly (p > 0.05) from the bioaccessible total carotenes. According to the
literature, xanthophylls are generally more bioaccessible than carotenes due to their lower
hydrophobicity [36,37].

When compared to different sources, the total bioaccessible chlorophyll of the son-
icated biomass of C. calcitrans (12.22%) is four times greater than that of the sonicated
biomass of S. obliquus (3%), for example, and is within the range determined for edible
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algae [22,44]. On the other hand, it is relatively low compared to experiments with isolated
microalgae extracts (33%) or conventional sources (24–50%) [22,45].

Figure 2. Chemical structure of the all-E-neochrome.

As already demonstrated for different matrices, including microalgae, the transfer
of carotenoids and chlorophylls to the micellar fraction can be influenced by numerous
factors, especially the location in the matrix and the effect of constituents such as proteins,
fatty acids, soluble fibers and minerals [23,46–48]. These factors may explain the differences
observed in bioaccessibility studies of microalgae compounds to date, as the metabolic
diversity of microalgae is immense, varies from species to species, and is still subject to
modification according to the culture conditions, making it difficult to correlate all the
variables involved.

Finally, when comparing the initial totality of compounds, both classes of pigments
were reduced by more than 80% after mimicking digestion. This fact leads us to consider
exploring alternatives to increase the micellarization efficiency and enhance its bioactive
effects in vivo. The use of emulsions as a vehicle is an attractive option, mainly due to the
increase in stability and incorporation of structures with non-polar characteristics in the
micellar phase [3,21,49]. In addition, the inclusion of biomass in different food preparations
should also be considered since integrated consumption is a future trend [4,50,51].

3. Material and Methods
3.1. Chemicals

The standards all-E-β-carotene, all-E-lutein, and chlorophyll a (with purities ranging
from 95.0% to 99.9%), were purchased from Sigma-Aldrich (Darmstadt, Germany). All sol-
vents for extraction and chromatography analysis were purchased from Merck (Darmstadt,
Germany). The α-amylase (A3176), pepsin (P7000), pancreatin (P1750), lipase (L3126) and
bile (B8631) were purchased from Sigma-Aldrich (St. Louis-MO, USA).

3.2. Microalgae Culture and Biomass Production

Axenic cultures of Chaetoceros calcitrans (CCMP1315) were used in the experiments. Stock
cultures were propagated and maintained in BG-11 medium (Braun-Grunow medium) [52].



Molecules 2022, 27, 3305 7 of 11

The incubation conditions included a temperature of 26 ◦C, a photon flux density of
15 µmol.m−2·s−1 and a photoperiod of 12 h.

The biomass productions were made in phototrophic conditions. The cultivations
were performed in a bubble column photobioreactor under a batch regime fed on 2.0 L of
BG-11 medium. The experimental conditions were as follows: initial cell concentration of
100 mg·L−1, isothermal reactor operating at a temperature of 26 ◦C, luminous intensity
of 25 µmol.m−2.s−1, continuous aeration of 1 VVM (with air enriched with 3% CO2) and
photoperiod of 24:0 h light/dark. The biomass was separated from the BG-11 medium by
centrifugation (1500× g; 10 min; 10 ◦C), and the supernatant was discarded. The paste
obtained after centrifugation was frozen at −18 ◦C for 24 h, and freeze-dried for 24 h at
−50 ◦C above −175 µm Hg. The samples were stored under refrigeration until the analysis.

3.3. Sample Preparation

Before the in vitro digestion, aliquots of 100 mg of freeze-dried biomass were combined
with 10 mL saline solution (NaCl 120 mol·L−1, CaCl2 6 mmol·L−1, KCl 5 mmol·L−1) and
were subjected to 15 min of an ultrasonic probe (Ultronic, Indaiatuba-SP, Brazil) to break
the cell wall (an adaptation of Gille et al. [19]). The ultrasonic parameters were probe with
13 mm diameter, 400 W, 40 kHz, and an ice bath to control the temperature (0 ± 2 ◦C).

3.4. In Vitro Digestion

The samples were submitted to an in vitro simulated digestion model, according to
the protocol adapted from INFOGEST [53] and modified by [27]. The oral phase was
started with 6 mL of a solution of artificial saliva containing 106 U.mL−1 of α-amylase,
followed by incubation at 37 ◦C, 10 min, 7.5× g in a shaking incubator (E-4200 model,
Tecnal, Piracicaba, Brazil). Before starting the gastric phase, the pH was adjusted to
2.5 with HCl 1 mol L−1 followed by 2 mL of pepsin (50,000 U.mL−1 in HCl 100 mM).
The total volume was adjusted to 40 mL, and the solution was incubated for 1 h, 37 ◦C,
7.5× g (E-4200 model, Tecnal, Piracicaba, Brazil). After this step, the pH was increased
to 6.0 with 1M NaHCO3 and the intestinal phase started with a bile solution (3 mL;
40 mg.mL−1 in 100 mM NaHCO3), 4000 U.mL−1 of pancreatin and 1000 U.mL−1 of li-
pase. The pH was adjusted to 6.5 and the total volume to 50 mL, the incubation occurred
for 2 h at 37 ◦C and 7.5× g (E-4200 model, Tecnal, Piracicaba, Brazil). After completion of
the in vitro digestion, the solution was centrifuged at 8000× g, 60 min at 4 ◦C (Thermo,
Langenselbold, Germany). The supernatant containing the mixed micelles was collected,
covered with nitrogen gas, frozen at −40 ◦C and lyophilized for further extraction of pig-
ments. The pigments bioaccessibility was calculated as the ratio between carotenoid content
in the micellar fraction (supernatant) and original content in the C. calcitrans Equation (1).

Bioaccessibility (%) =
Pigments (Supernatant)

Pigments (original content)
× 100 (1)

3.5. Pigments Extraction

The original content of C. calcitrans carotenoids and chlorophylls was extracted accord-
ing to the literature [54]. The freeze-dried biomass (100 mg) was exhaustively extracted with
ethyl acetate and methanol using a mortar and pestle followed by centrifugation (Thermo,
Langenselbold, Germany) for 7 min at 1500× g. In addition, the carotenoids extract was
saponified for 16 h with 10 g 100 mL−1 methanolic KOH at room temperature, and the
alkali was removed by washing with distilled water. All extracts were concentrated in a
rotary evaporator, placed in N2 atmosphere, and kept at −40 ◦C in the dark until analyzed.

The micellarized pigments were extracted according to an adapted protocol [55]. The
lyophilized micellarized samples were exhaustively extracted by adding 15 mL of ethyl
ether: petroleum ether (1:1) and subjected to 5 min ultrasonic cycles (see parameters in
Section 3.3), centrifuged, and the supernatant was collected. The process was repeated
until the supernatant became colorless. Then the carotenoids and chlorophyll extracts
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were rotary evaporated. The carotenoids extract underwent saponification as previously
indicated. Both extracts were then in turn subjected to chromatographic analysis.

3.6. HPLC-PDA-MS/MS Pigments Analysis

The pigments were analyzed by high performance liquid chromatography HPLC (Shi-
madzu, Kyoto, Japan) equipped with binary pumps (model LC-20AD), online degasser, and
automatic injector (Rheodyne, Rohnert Park-CA, USA). The chromatograph with photodi-
ode array detection (PDA) (model SPD-M20A) was connected in series to an atmospheric
pressure chemical ionization (APCI) source (Shimadzu America, Columbia, MD, USA),
and a mass spectrometer Shimadzu 8040 triple quadrupole. The pigments separation was
performed on a C30 YMC column (5 µm, 250 × 4.6 mm) (Waters, Wilmington-DE, USA).
HPLC-PDA analysis was performed according to Rodrigues et al. [24]. Prior to HPLC-PDA
analysis, the carotenoids extract was solubilized in methanol (MeOH): methyl tert-butyl
ether (MTBE) (70:30) and filtered through Millipore membranes (0.22 µm). The mobile
phases A (MeOH) and phase B (MTBE) used a linear gradient program as follows: from
0 to 30 min 5% B; from 30 to 40 min, 5 to 30% B; from 40 to 41 min, 30 to 50% B, from
41 to 50 min, 50 to 5% B. The flow rate was set at 0.9 mL.min−1, the injection volume was
20 µL, the column temperature was maintained at 29 ◦C, the UV-Vis spectra were acquired
between 220 and 700 nm, and the chromatograms were processed at 450 nm.

The MS/MS analysis was conducted according to Giuffrida et al. [56] with adaptations:
the APCI interface operated in positive (+) mode; detector voltage: 4.5 kV; interface
temperature: 350 ◦C; DL temperature: 250 ◦C; heat block temperature: 200 ◦C; nebulizing
gas flow (N2): 3.0 L.min−1; drying gas flow (N2): 5.0 L.min−1; collision-induced dissociation
(CID) gas: 23 kPa (argon); event time: 0.5 s. To improve identification quality, MS/MS
was used simultaneously in SIM (Select Ion Monitoring) and MRM (Multiple Reaction
Monitoring) modes.

The identification was performed according to the following combined information:
elution order on C30 HPLC column, co-chromatography with authentic standards, UV-Vis
spectrum, and mass characteristics (protonated molecule ([M+H]+) and MS/MS fragments),
compared with data available in the literature [21,25,26,57–59]. The pigments were indi-
vidually quantified by HPLC-PDA using five-point calibration curves. The all-E-lutein,
all-E-β-carotene end chlorophyll analytical curves were used to quantify the xanthophylls,
carotenes and chlorophylls, respectively.

3.7. Statistical Analysis

The statistical analysis was performed using GraphPad Prism 5.0 software (GraphPad
Software Inc., La Jolla-CA, USA). Differences between the two variables were detected by
Student’s t-test (p < 0.05) and differences between more than two variables were assessed
by a one-way ANOVA followed by Tukey’s test (p < 0.05).

4. Conclusions

This study investigated the bioaccessibility of carotenoids and chlorophylls from the
diatom C. calcitrans for the first time. The relative bioaccessibility of sonicated biomass
varied over a wide range (4–58%). The qualitative profile of bioaccessible carotenoids
reflected the initial sample, with all-E-zeaxanthin (57.29%) being the major compound,
followed by all-E-neochrome (reported for the first time in the micellar fraction). In
contrast, pheophytin a (15.01%) was the only bioaccessible chlorophyll. Additionally, a
chlorophyll derivative (hydroxypheophytin a’) was detected only in the micellar fraction.
Considering all classes, xanthophylls (12.03%) and chlorophylls (12.22%) were significantly
more bioaccessible than carotenes (11.28%). Although the considerable bioaccessibility of
individual compounds is evidence for the bioactive potential of this source, the reduction
of approximately 80% in the content of the compounds after in vitro digestion suggests that
additional strategies to increase the micellarization efficiency are required in the future.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27103305/s1, Figure S1: Representative chromatograms
HPLC-PDA of Chaetoceros calcitrans carotenoids. Original content (control extract) before digestion
(a). After in vitro digestion (b). See text for chromatographic conditions. The chromatogram was
processed at 450 nm. 1. All-E-neochrome; 3. All-E-lutein; 6. All-E-zeaxanthin; 7. 15Z-echinenone; 9.
All-E-echinenone; 11. All-E-β-carotene; 13. 9Z-β-carotene.; Figure S2: Representative chromatograms
HPLC-PDA of Chaetoceros calcitrans chlorophylls. Original content (control extract) before digestion
(a). After in vitro digestion (b). See text for chromatographic conditions. The chromatogram was
processed at 660 nm. 2. Hydroxychlorophyll a; 4. Chlorophyll a; 5. Chlorophyll a’; 8. Hydroxypheo-
phytin a; 10. Hydroxypheophytin a’; 12. Pheophytin a; Figure S3: PDA and MS-MS (MRM) spectra of
some compounds identified from Chaetoceros calcitrans.
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59. Erdoğan, A.; Çağır, A.; Dalay, M.C.; Eroğlu, A.E. Composition of Carotenoids in Scenedesmus protuberans: Application of
Chromatographic and Spectroscopic Methods. Food Anal. Methods 2015, 8, 1970–1978. [CrossRef]

http://doi.org/10.1021/jf071687a
http://doi.org/10.1016/j.abb.2018.06.001
http://doi.org/10.1016/j.bbalip.2020.158617
http://doi.org/10.1016/j.jff.2018.08.039
http://doi.org/10.1016/j.foodres.2017.12.040
http://doi.org/10.1021/jf071848a
http://doi.org/10.1016/j.jff.2017.11.030
http://doi.org/10.1021/acs.jafc.0c00158
http://doi.org/10.1016/j.nutres.2007.04.002
http://doi.org/10.1016/j.foodchem.2018.01.113
http://doi.org/10.1016/j.foodchem.2008.10.058
http://doi.org/10.1016/j.cofs.2019.02.015
http://doi.org/10.1016/j.algal.2020.102174
http://doi.org/10.1016/j.algal.2019.101566
http://doi.org/10.1099/00221287-111-1-1
http://doi.org/10.1039/C3FO60702J
http://www.ncbi.nlm.nih.gov/pubmed/24803111
http://doi.org/10.1007/s11274-011-0993-y
http://www.ncbi.nlm.nih.gov/pubmed/22805960
http://doi.org/10.1016/j.ultsonch.2015.04.010
http://doi.org/10.1016/j.foodchem.2017.03.145
http://doi.org/10.1021/jf071316u
http://doi.org/10.1016/j.foodres.2014.06.037
http://doi.org/10.1007/s12161-015-0088-8

	Introduction 
	Results and Discussion 
	Pigments Composition before and after Digestion in vitro 
	Relative Bioaccessibility 

	Material and Methods 
	Chemicals 
	Microalgae Culture and Biomass Production 
	Sample Preparation 
	In Vitro Digestion 
	Pigments Extraction 
	HPLC-PDA-MS/MS Pigments Analysis 
	Statistical Analysis 

	Conclusions 
	References

