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A B S T R A C T   

The bioaccessibility and subsequent uptake by Caco-2 human intestinal cells of chlorophyll pigments from 
Scenedesmus obliquus were determined for the first time. In order to evaluate the impact of different types of the 
matrix on bioaccessibility of chlorophyll from microalgae, three different products were evaluated: isolated 
chlorophyll extract (ICE); wet ultrasonicated biomass (WUB); and whole dried biomass (WDB). The samples were 
submitted to in vitro digestion model according to the INFOGEST protocol, and Caco-2 cells determined the 
intestinal uptake. Chlorophyll pigments were determined by HPLC-PDA-MS/MS. A total of ten chlorophyll 
pigments (8,318.48 µg g− 1) were separated in S. obliquus biomass, with chlorophyll a (3,507.76 µg g− 1) and 
pheophytin a’ (1,598.09 µg g− 1) the major ones. After in vitro digestion, all tested products showed bioaccessible 
chlorophylls. However, the total bioaccessibility results were as follows: ICE (33.45%), WUB (2.65%), WDB 
(0.33%). Five compounds were bioaccessible in ICE, three in WUB, and one in WDB. The hydroxypheophytin a 
showed the highest bioaccessibility (212%) in ICE, while pheophytin a’ in WUB (11%) and WDB (2%). As a 
result, bioavailability estimates of ICE using the Caco-2 cell showed hydroxypheophytin a (102.53%), followed 
by pheophytin a’ (64.69%) as the chlorophyll pigments most abundant in intestinal cells. In summary, from a 
nutritional perspective, these three types of the matrix (WDB, WUB, and ICE) influence the promotion of 
chlorophyll bioaccessibility. In this way, the data suggest that chlorophylls bioaccessibility from ICE is greater 
than that in WDB and WUB. Therefore, ICE should be considered a product that provides bioavailable chloro-
phyll and could be the best choice, such as ingredients in the development of functional foods chlorophyll-based.   

1. Introduction 

Until March 2020, the global food intake information led us to 
believe a kind of “feeding demand paradox”. On one side, the Food and 
Agriculture Organization of the United Nations (FAO) supported the 
thesis of the syndemic of undernutrition, obesity, and climate change 
was the greatest challenge for human and planetary health in the 21st 
century (Swinburn, et al., 2019; Da Silva, 2019), and the other hand the 
market intelligent agencies notice an increasing interest in demand for 
expensive, environmentally sustainable, sophisticated and innovative 
products, rich in bioactive compounds (Mintel, 2019). At this time, in 
both sceneries, the microalgae biomass could be a jack-of-all-trades. 

The microalgal biomass and products derived thereof are positioning 
firmly in the food health market. The majority of the microalgal biomass 
currently commercialized for food purposes is sold mainly as whole dry 
biomass (WDB), but also wet biomass (WUB) or as isolated extracts 

(ICE). The food industry mainly focuses more on the addition of the 
whole dried biomass (WDB) in nutritional supplement products such as 
tablets, capsules, or powdered form and is promoted as “superfood”, 
“rich in bioactive compounds” (Carpogno & Mathys, 2018; Lafarga, 
2019). 

Nevertheless, research on this topic is scarce, and the evidence on 
potential health benefits is not strong (Carpogno & Mathys, 2018). The 
great concern is the microalgae matrix effect on the bioactive com-
pounds bioaccessibility. The transfer of bioactive compounds from the 
microalgae matrix into mixed micelles during digestion, with the release 
of these compounds from into the circulatory system, is happing? What 
is more efficient for human health, intake food with WDB, WUB, or ICE? 

Another very important endpoint is about the spectrum of micro-
algae bioactive compounds. The chlorophyll is the less explored, even 
though a great bioactive potential, just a few research groups all in the 
world show interest in the study of intake edible seaweed chlorophyll 
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(Chen & Roca, 2018a, 2018b), while the microalgae chlorophyll bio-
accessibility and bioavailability has not been reported so far. 

Finally, after COVID-19, a pandemic inextricably linked in cause and 
effect to food systems exposed the inability of systems to deliver real 
healthy diets. In this way, it has never been so important to obtain sci-
entific results to understand bioactive compounds real bioavailability 
for improved public health. Thus, our contribution was to evaluate the 
possibility of the microalgae Scenedesmus obliquus (no toxins known) 
(Anvisa, 2018; EC-Regulation, 1997; FDA, 2010; HHLW, 1996), be 
considered a real source of bioavailable chlorophyll. Therefore the ob-
jectives of this study were: (i) to characterize the profile of chlorophylls 
in the biomass of Scenedesmus obliquus; (ii) investigate bioaccessibility 
and subsequent uptake by Caco-2 human intestinal cells of chlorophyll 
pigments; (iii) monitor the digestive stability of chlorophyll compounds; 
(iv) to evaluate the effect of the matrix on the bioaccessibility of chlo-
rophylls, considered the following products, whole dried biomass 
(WDB), wet ultrasonicated biomass (WUB), and isolated chlorophyll 
extract (ICE). 

2. Material and methods 

2.1. Chemicals 

Standards of chlorophyll a, chlorophyll b, (with purities ranging from 
95.0% to 99.9%, as determined by HPLC-PDA) were acquired from 
Sigma-Aldrich (St. Louis-MO, USA). Methanol (MeOH), methyl tert-butyl 
ether (MTBE), both of chromatographic grade, ethanol, acetone, ethyl 
acetate, petroleum ether and diethyl ether were purchased from Merck 
(Darmstadt, Germany). All reagents, solvents and enzymes, α-amylase 
(A3176), pepsin (P7000), pancreatin (P1750), lipase (L3126) and bile 
(B8631), used in the in vitro digestion procedure assays were acquired 
from Sigma-Aldrich (St. Louis-MO, USA). Caco-2 cells cultures were 
purchased from Cell Bank of Rio de Janeiro (BCRJ). All reagents and 
solvents used in the experimental part were of analytical purity. 

2.2. Microrganisms and culture media 

Axenic cultures of Scenedesmus obliquus (CPCC05) used in the ex-
periments were obtained from the Canadian Psychological Culture 
Collection University of Toronto, Canada. Stock cultures were propa-
gated in solidified agar-agar (20 g L-1) containing synthetic BG11 me-
dium (Braun-Grunow medium) (Rippka, Deruelles, Waterbury, 
Herdman & Stanier, 1979). The maintenance conditions were 30 ◦C, 
photon flux density of 15 μmol m− 2 s− 1 and a photoperiod of 12 h. 

2.3. Microalgal biomass production 

The biomass production was carried out in a bubble column photo-
bioreactor operating in intermittent regime, fed with 2.0 L of BG11 
medium. The experimental conditions were as follows: initial concen-
tration of inoculum of 100 mg L-1, temperature of 25 ◦C, aeration of 
1VVM (volume of air per volume of culture per minute), a photon flux 
density of 150 μmol m− 2 s− 1, and a residence time of 168 h (Maroneze 
et al., 2016). The biomass was separated from the culture medium by 
centrifugation (Hitachi, Tokyo, Japan) for 10 min at 1500g. The ex-
periments with wet biomass were carried out with the paste collected 
after centrifugation (95% of moisture). For experiments with whole 
dried biomass, the paste collected after centrifugation was subsequently 
freezing at − 18 ◦C for 24 h and freeze-dried (Lyophilizer Liotop L101) 
for 24 h at − 50 ◦C above − 175 μm Hg, and then stored under refrig-
eration until the time of analysis. 

2.4. Bioaccessibility and cellular uptake assay 

2.4.1. Microalgae-based products preparation 
An isolated chlorophyll extract from biomass before digestion, 

utilized as control, was obtained as reported in 2.5.1 section to represent 
the original content of S. obliquus chlorophylls. For the in vitro digestion 
simulation process was used three types of microalgae products sub-
mitted to different preliminary treatments: whole dried biomass (WDB), 
wet ultrasonicated biomass (WUB), and isolated chlorophyll extract 
(ICE) (see Figure S1 from Supplementary data). Before the in vitro 
digestion assay, the independent products were subjected to a pre-
liminary homogenization process to ensure the desired consistency. For 
the WDB, aliquots of 0.1 ± 0.02 g of freeze-dried biomass from 
S. obliquus were weighed and combined with 10 mL of saline solution 
(NaCl 120 mol L-1, CaCl2 6 mmol L-1, KCl 5 mmol L-1). The WDB was 
prepared without any previous treatment of cell wall rupture. In paral-
lel, for obtaining the WUB, aliquots of 0.8 ± 0.02 g of wet biomass 
(cellular concentration 4.5 g L-1), equivalent to 0.1 ± 0.02 g of dry 
biomass, and were combined with 10 mL of saline solution. The resulting 
mixture was subjected to 15 min of an ultrasonic probe (Ultronic, 
Indaiatuba-SP, Brazil) to previously breaking the cell wall (an adapta-
tion of Gille, Trautmann, Posten & Briviba, 2016). The ultrasonic pa-
rameters were probe with 13 mm diameter, 400 W, 40 kHz, and an ice 
bath to control the temperature (0 ± 2 ◦C).The isolated chlorophyll 
extract (ICE) was obtained from the exhaustive extraction from the 
lyophilized biomass (0.1 ± 0.02 g) by maceration with ethyl acetate and 
methanol in a mortar pestle followed by centrifugation (see Section 
2.5.1). After extraction, an emulsification process of the extract was 
carried out according to adaptations by Salvia-Trujillo et al. (2017). The 
extracts were resuspended in 18% (w:w) of sunflower oil, 2% (w:w) of 
Tween 80 as a surfactant, and 80% (w:w) of distilled water, followed by 
ultra-disperser homogenization (1860g) for 4 min. A total of 5 g of 
emulsion per extract was prepared to end added 10 mL de saline 
solution. 

2.4.2. Chlorophylls bioaccessibility by in vitro digestion 
The samples were submitted to an in vitro simulated digestion model, 

according to the protocol adapted from INFOGEST (Minekus et al., 
2014). 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 in an orbital shaker (7.5g). Before starting the gastric 
phase, the pH was adjusted to 2.5 with HCl 1 M 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, 7.5g. After this 
step, the pH was changed to 6.0 with 1 M NaHCO3 and the intestinal 
phase start with a porcine and ovine bile solution (3 mL, 40 mg mL− 1 in 
100 mM NaHCO3), 4,000 U mL− 1 of porcine pancreatin and 1,000 U 
mL− 1 of lipase from porcine pancreas. The pH was adjusted to 6.5 in 50 
mL and the incubation occurred for 2 h at 37 ◦C and 7.5g. After the 
completed in vitro digestion, the solution was centrifuged at 8000g, 60 
min at 4 ◦C until aqueous phase separation. The supernatant containing 
the mixed micelles was collected, were covered with nitrogen gas, frozen 
at − 40 ◦C and lyophilized for further extraction of bioaccessible pig-
ments. The ratio between chlorophylls incorporated into mixed micelle 
(supernatant) and its respective concentration in the biomass of 
S. obliquus (control extract) predicts their percentage bioaccessibility, 
and was calculated according to Eq. (1): 

Bioaccessibility (\%) =

(
Micellar fraction content

Total initial content

)

× 100 (1)  

2.4.3. Chlorophylls uptake by Caco-2 cells culture 
Considering the greater representativeness of the total and individ-

ual bioaccessibility of the ICE chlorophylls (after in vitro digestion), 
when compared to the other products (WDB and WUB), only the ICE was 
submitted to the uptake test by Caucasian colon adenocarcinoma cells 
(Caco-2) (Figure S1 from Supplementary data). The cells were cultivated 
according to Natoli, Leoni, D’Agnano, Zucco, and Felsani (2011), were 
seeded in T25 flasks at 2.5 × 105 cells/flask, containing growth medium 
enriched (DMEM) with non-essentials amino acids (2%), 
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penicillin–streptomycin (2%), and heat inactivated fetal bovine serum 
(FBS 15%), maintained at 37 ◦C and 5% CO2. After the culture acquired 
80% of confluence (~10 days), FBS was reduced to 10%, until the for-
mation of monolayers, and then, the experiments were carried out. 
Monolayers were washed with PBS and DMEM (final volume of 5 mL) 
containing 25% of the micellar fraction obtained from the in vitro 
digestion step was added to the monolayers, followed by incubation for 
4 h (at 37 ◦C and 5% CO2 of atmosphere). Subsequently, Caco-2 
monolayers were washed with phosphate buffered saline (PBS), and 5 
mL of pure DMEM medium were added and submitted to incubation for 
more 6 h. After this period, the cells were harvested with rubber 
scrapper, collected and centrifuged at 1500g, 4 ◦C, for 5 min. Cells 
pellets were covered with nitrogen gas, frozen at − 40 ◦C and lyophilized 
for further extraction of the absorbed pigments. Protein content of cell 
samples was determined by a Bradford rapid assay (BIO RAD: Quick 
startTM Bradford), using bovine serum albumin as standard. Once, the 
intestinal cellular uptake of a compound refers to the percentage content 
of the compound uptake by Caco-2 cells compared to the inaccessible 
content of the compound in the micellar fraction, the percentage uptake 
was calculated according to Eq. (2): 

Uptake(%) =

(
Celular uptake content

Micelar fraction content

)

× 100 (2) 

Whereas cellular uptake content is the amount of the chlorophyll 
absorbed by the cells and the micellar fraction content is the amount of 
the chlorophyll that was incorporated into micelles. 

2.5. Chlorophyll analysis 

2.5.1. Chlorophyll extraction from S. obliquus biomass 
The biomass of S. obliquus was extracted in triplicate according to the 

procedure described by Mandelli, Miranda, Rodrigues, and Mercadante 
(2012). Briefly, the chlorophylls were exhaustively extracted from the 
freeze-dried samples (0.1 ± 0.02 g) with ethyl acetate followed by 
methanol in a mortar with a pestle followed by centrifugation (Hitachi, 
Tokyo, Japan) for 7 min at 1500g. The extraction procedure was 
repeated until the supernatant becomes colorless, what happened with 
11 and 6 extractions with ethyl acetate and MeOH, respectively. Then, 
the homogenized sample suspension was filtered through a 0.22 μm 
polyethylene membrane, concentrated in a rotary evaporator (T <
30 ◦C). The dry extracts were stored at − 37 ◦C under a nitrogen atmo-
sphere and kept in the dark until chromatographic analysis. 

2.5.2. Chlorophyll extraction from the fraction of digesta and Caco-2 
assays 

The remaining pigments from in vitro digestion (micelles) and uptake 
by Caco-2 cells (cell pellets) were extracted by ultrasound-assisted 
extraction (UAE) using an ultrasonic processor (Ultronic, Indaiatuba- 
SP, Brazil) with a 13 mm diameter probe according to an adapted 
methodology (Ordóñez-Santos, Pinzón-Zarate & González-Salcedo, 
2015). The lyophilized samples were exhaustively extracted by the 
addition of 15 mL of ethyl ether and petroleum ether (1:1) and subjected 
to 5 min ultrasonic cycles, with a frequency of 500 Hz and 80% power, 
were centrifuged and the supernatant was collected. The process was 
repeated until the supernatant became colorless. After the extracts were 
rotary evaporated and subjected to chromatographic analysis. 

2.5.3. Separation, identification, and quantification by HPLC-PDA-MS/MS 
The pigments were analyzed by high performance liquid chroma-

tography HPLC (Shimadzu, Kyoto, Japan) equipped with binary pumps 
(model LC-20AD), online degasser, and automatic injector (Rheodyne, 
Rohnert Park-CA, USA). The equipment was connected in series to a PDA 
detector (model SPD-M20A) and a mass spectrometry was performed 
with a Shimadzu 8040 triple quadrupole mass spectrometer and atmo-
spheric pressure chemical ionization (APCI) source (Shimadzu America, 

Columbia, MD, USA). The pigments separation was performed on a C30 
YMC column (5 μm, 250 × 4.6 mm) (Waters, Wilmington-DE, USA). 
HPLC-PDA-MS/MS analysis was performed according to Fernandes et al. 
(2017). Prior to HPLC-PDA-MS/MS analysis, the chlorophyll extract was 
solubilized in MeOH:MTBE (70:30) and filtered through Millipore 
membranes (0.22 μm). The mobile phases A (MeOH) and phase B 
(MTBE), using a linear gradient program as follows: from 95:5 to 70:30 
in 30 min, to 50:50 in 20 min. The flow rate was 0.9 mL min− 1, the 
column temperature set to 29 ◦C, and the injection volume was 20 μL. 
The UV–vis spectra were obtained between 450 and 660 nm, and the 
chromatograms were processed at 660 nm. 

The MS/MS detection was achieved according to Giuffrida, Zoccali, 
Giofrè, Dugo, and Mondello (2017) with adaptations, the APCI interface 
operated in positive (+) mode; detector voltage: 4.5 kV; interface tem-
perature: 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 the quality of identification, the MS was used 
simultaneously in SIM (Select Ion Monitoring) and MRM (Multiple Re-
action Monitoring) modes. 

The identification was performed according to the following com-
bined information: elution order on C30 HPLC column, co- 
chromatography with authentic standards, UV–visible spectrum (λ 
máx, spectral fine structure), and mass spectra characteristics (proton-
ated molecule ([M+H]+) and MS/MS fragments), compared with data 
available in the literature (Chen, Ríos, Pérez-Gálvez & Roca, 2017; 
Fernandes et al., 2017; Fernandes, Petry, Mercadante, Jacob-Lopes & 
Zepka, 2020; Gauthier-Jaques, Bortlik, Hau & Fay, 2001; Huang, Hung, 
Wu & Chen, 2008; Loh, Inbaraj, Liu & Chen, 2012). The chlorophylls 
were quantified by HPLC-PDA using analytical curves of chlorophyll a 
and chlorophyll b. Chlorophyll and compounds derivatives from the 
series a were quantified using the curve of chlorophyll a; chlorophyll 
and compounds derivatives from the series b were quantified using the 
curve of chlorophyll b. Total chlorophyll content was calculated 
considering all identified peak areas. 

2.6. Statistical analysis 

The analysis was performed using Statistica 7.0 software (Statsoft, 
Tulsa-OK, USA). The significance of the experimental data was deter-
mined using one-way ANOVA followed by Tukey’s test (p < 0.05). 

3. Results and discussion 

3.1. Profile of chlorophylls in the biomass 

Fig. 1 and Table 1 illustrate all the characteristics and chemical 
structure of chlorophylls and their derivative compounds found in the 
chlorophyll extract obtained from the biomass of S. obliquus. The dis-
tribution of chlorophylls series in microalgae is directly associated with 
the phylum to which they belong. S. obliquus is a species of green 
microalgae belonging to the Chlorophyta phylum. Due to this classifi-
cation, and its morphological characteristics, S. obliquus synthesizes and 
stores in its chloroplasts the chlorophyll a and b series (Mulders, Lamers, 
Martens & Wijffels, 2014; Borowitzka, 2018). The structural difference 
between these two series of chlorophylls is the terminal group linked to 
C7 (Fig. 1, radical R1). While Chl a has a methyl group in this position, 
Chl b owns the formyl group (Roca, Chen & Pérez-Gálvez, 2016). In our 
study, a diverse profile of chlorophylls derivatives was found in the 
S. obliquus biomass, including catabolites formed by oxidative allome-
rization, pheophytinization, de-esterification of phytol, and epimeriza-
tion reactions because of natural metabolism, chemical, or enzymatic 
action. A reason for this is the high sensitivity of chlorophyll structures 
outside their natural environment, resulting from the rupture of the cell 
and chloroplast during obtaining the extract (Gandul-Rojas, Gallardo- 
Guerrero & Minguez-Mosquera, 2009). 
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Our identification was entirely based on chemical evidence provided 
by the analysis compared with data available in the literature. The 
characteristics of the chromatographic and spectrometric data for the 
different compounds analyzed in the present study are shown in Table 1. 
A total of eleven compounds were separated, identified, and quantified, 

ten of which were identified in the control extract, and one compound 
characterized only after the in vitro digestion process (peak 9). Aspects of 
the identification of chlorophylls and their derivatives compound using 
chromatographic information were previously described in detail (Fer-
nandes et al., 2017). However, in this study, we identified some com-
pounds not determined in the previous report, which are discussed 
below. 

The peak 1 presents UV–vis typical of pheophorbide a with λmax at 
409 and 666 nm, protonated molecule at m/z 595, and early elution 
order (5.5 min) before its more hydrophobic precursor (chlorophyll a) 
due to its degree of polarity. Its chemical structure of molecular formula 
C35H36N4O5 (Fig. 1) consists of a macrocycle porphyrin ring, without 
diterpene alcohol phytol, and absence of the central Mg. 

Peak 2 was identified as hydroxychlorophyll a considering their 
UV–visible spectrum characteristics (423 and 663 nm), mass spectra 
with the protonated molecule at m/z 909, and the most abundant 
fragments at m/z 891 [M+H-18]+ and 631 [M+H-278]+, attributed to 
losses of hydroxyl and diterpene alcohol phytol respectively, which was 
similar to that reported by Huang et al. (2008). Other fragments were 
detected, both from the MS/MS, at m/z 613 [M+H- 278–18]+, with an 
additional at m/z 553 [M+H-278–60]+. 

Peak 4 was identified as chlorophyll b’, considering the lack of fine 
structure in the UV–visible spectrum (468, 654 nm), protonated mole-
cule 907 [M+H]+, fragments m/z as well the retention time (11.7 min). 
The elimination of the diterpene alcohol phytol from the C17, propionic 
substituent (numbering scheme in Fig. 1), resulted in the formation 
major fragment at m/z 629 [M+H-278]+. Other fragments were detec-
ted, both from the MS/MS, at m/z 875 [M+H-32]+, formed from the 
respective loss of CH3O group. Fragment 597 [M+H-278–32]+, 569 
[M+H-278–60]+, were attributed elimination of the diterpene alcohol 
phytol, in both fragments, together with the CH3O group and loss of 
CH3COO group, respectively (Fig. 1). The MS/MS fragmentation pat-
terns of b/b’ epimers are basically identical in the APCI-HPLC-MS con-
ditions, with difference only in the intensity of the main fragment 
[M+H]+, which showed higher intensity in chlorophyll b than in its 
epimer b’ (Figure S2 from Supplementary data). In contrast, the epimer 
b’ presented an abundance of fragment ions different, which the m/z 629 
fragment as the most abundant, whereas the [M+H]+ occur with minor 
intensity. These chemical evidences for the identification of these 
chlorophyll epimers has been well documented previously by Gauthier- 
Jaques et al. (2001). 

Chlorophyll a′ (peak 6) was identified, based on retention time of 
peak, UV–visible (λmáx), and confirmed by HPLC-PDA-MS. The pro-
tonated molecule was identified as m/z 893, the same value reported for 
chlorophyll a (peak 5), because it has the same chemical structure 
(C55H72O5N4Mg) and, therefore, also the same chromophore (Huang 
et al., 2008; Bale, Llewellyn & Airs, 2010). Moreover, the chlorophyll a′

epimer showed practically the same characteristic UV–visible spectra 

Fig. 1. Names and structural characteristics of chlorophylls and their derivatives found in Scenedesmus obliquus in the different products analyzed.  

Table 1 
Characterization by HPLC-PDA-MS/MS of the profile of chlorophyll compounds 
present in the microalgae Scenedesmus obliquus.  

Peaka Chlorophyll λmáx 

(nm)b 
[M+H]+ MS/MS fragment ions (m/ 

z)d 

1 Pheophorbide a 409, 
666 

595 ndc 

2 Hydroxychlorophyll 
a 

423, 
663 

909 891[M+H-18]+; 631 
[M+H-278]+; 613[M+H- 
278–18]+; 553[M+H- 
278–18-60]+

3 Chlorophyll b 468, 
651 

907 875[M+H-32]+; 629 
[M+H-278]+; 597[M+H- 
278–32]+; 569[M+H- 
278–60]+

4 Chlorophyll b’ 468, 
654 

907 875[M+H-32]+; 629 
[M+H-278]+; 597[M+H- 
278–32]+; 569[M+H- 
278–60]+

5 Chlorophyll a 432, 
665 

893 615[M+H-278]+; 583 
[M+H-278–32]+; 555 
[M+H-278–60]+

6 Chlorophyll a’ 431, 
665 

893 615[M+H-278]+; 583 
[M+H-278–32]+; 555 
[M+H-278–60]+

7 Hydroxypheophytin 
a 

409, 
666 

887 869[M+H-18]+; 803 
[M+H-63]+; 609[M+H- 
278]+; 591[M+H- 
278–18]+; 531[M+H- 
278–18-60]+

8 Hydroxypheophytin 
a’ 

399, 
663 

887 869[M+H-18]+; 803 
[M+H-63]+; 609[M+H- 
278]+; 591[M+H- 
278–18]+; 531[M+H- 
278–18-60]+

9 Pheophytin b 432, 
656 

886 nd 

10 Pheophytin a 408, 
666 

871 593[M+H-278]+; 533 
[M+H-278–60]+

11 Pheophytin a’ 408, 
665 

871 593[M+H-278]+; 533 
[M+H-278–60]+

a Numbered according to the elution order on C30 HPLC column. 
b Linear gradient Methanol:MTBE. 
c Not detected. 
d Detailed data about mass fragmentation was reported in detail in the liter-

ature (Gauthier-Jaques et al., 2001; Huang et al., 2008; Loh et al., 2012; Fer-
nandes et al., 2017; Fernandes et al., 2020). 
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(431, 465 nm), and fragments MS/MS (615[M+H-278]+, 583[M+H- 
278–32]+, 555[M+H-278–60]+) compared to the corresponding chlo-
rophyll a identified by Fernandes et al. (2017) and in this study. As a/a’ 
species are configuration epimers, their MS/MS fragmentation patterns 
showed the same ion fragmentation behavior for b/b’ species, with the 
protonated molecule being the ion more intense in chlorophyll a and the 
less abundant in chlorophyll a’ (Figure S3 from Supplementary data). 
Additionally, it has been well established that in addition to degrada-
tion, chlorophylls can be susceptible to epimerization at C-132 for 
chlorophyll a′ formation (Kao, Chen & Chen, 2011). 

Peak 9 was identified as pheophytin b through the characteristic 
UV–visible absorption spectra of this compound (432, 656 nm) and 
protonated molecule identified as m/z 886. The pheophytin b was 
detected in the ICE product after the in vitro digestion process, sug-
gesting that this Mg-free derivative of the b series was formed from the 
gastrointestinal conditions. In addition to the compounds described 
above, it was possible to identify chlorophyll b (peak 3), chlorophyll a 
(peak 5), its derivative pheophytin a (peak 10) and the pheophytin a’ 
epimer (peak 11), as well as hydroxyl-containing derivatives were 
identified as hydroxypheophytin a (peak 7), and hydroxypheophytin a’ 
(peak 8). 

Fig. 2 shows the concentrations of chlorophylls and their derivative 
compounds in S. obliquus biomass. A total amount of 8,318.48 µg g− 1 of 
chlorophyll pigments (dry weight basis) was obtained in the extract, 
which corresponds to 8.31% chlorophyll in dry weight. The chlorophyll 
a (3,507.76 µg g− 1) (42.16%) was quantitatively dominant in chloro-
phyll profile of microalgae, followed by pheophytin a’ (1,598.09 µg g− 1) 
(19.21%), pheophorbide a (995.77 µg g− 1) (12.02%) and chlorophyll a’ 
(963.28 µg g− 1) (11.58%). The six minor compounds (peak 2, 3, 4, 7, 8 
and 10) represented 15.03% of the total content. Chlorophyll b (peak 3), 
the second species of native chlorophyll present in the S. obliquus 
biomass showed a concentration of 349.22 µg g− 1 (4.19%), while their 
epimer chlorophyll a’ represents 1.61% (134.61 µg g− 1) of total amount 
chlorophyll pigments. 

As previously reported, the biomass of S. obliquus has chlorophylls of 
a and b series in its constitution. In our results, derivatives of the a series 

contribute 94.19%, and derivatives of the b series account for 5.81% of 
the total fraction of chlorophyll pigments. Compounds of the a series 
showed greater instability and catabolites formed from reactions of Mg 
dechelation, epimerization, de-esterification of phytol, and oxidative 
allomerization were detected. Thus, a series presented phytylated and 
dephytylated chlorophyll pigments, which represented values of 87.98% 
and 12.02%, respectively, in the total composition of derivatives of a 
series. Although there is a smaller amount of substrate for the formation 
of b series derivatives, that is, smaller amounts of parental chlorophyll b, 
the b series showed higher stability, and only derivative compounds 
from epimerization reactions were found in the chlorophyll extract ob-
tained from S. obliquus biomass. 

Chlorophylls a + b series represent 59.54% (4,954.87 µg g− 1) to the 
total chlorophyll content (including peaks 3, 4, 5 and 6) and less than 
36% of de-chelated chlorophylls (pheophorbides and pheophytins). Two 
pheophytins were detected (peak 10, pheophytin a; peak 11, pheophytin 
a’) contributing with 21.67%, and only pheophorbide a (peak 1) was 
found as a dephytylated derivative. According to reports available in the 
literature, at the level of biochemical changes, the enzyme pheophyti-
nase is responsible for catalyzing the conversion of chlorophyll a into 
pheophytin a (Schelbert et al., 2009). In contrast, for the biochemical 
synthesis of derivatives dephytylated and without the central of the 
Mg2+ ion, it is known that the chlorophyllase is the first enzyme 
responsible for catalyzing the conversion of chlorophyll a to chlor-
ophyllide a by hydrolyzing the phytol chain, followed by a Mg deche-
lation by the enzyme pheophytinase that results in pheophorbide a 
(Zepka, Jacob-Lopes & Roca, 2019). However, these enzymatic re-
actions are only one degradation path, among others, that can occur in 
photosynthetic organisms for the formation of these derivative 
compounds. 

The obtained data show that oxidative derivatives as 132-Hydroxy 
derivatives are present in the biomass in concentrations of 6.77%, be-
tween pheophytin and chlorophyll derivatives of a series. This result 
agrees with a study by Yao, Gerde, Lee, Wang, and Harrata (2015) that 
showed that, among the chlorophylls profile, hydroxy-compounds are 
present in low quantity in different microalgae species. Other studies 
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Fig. 2. Quantitative characterization of individual chlorophyll compounds from S. obliquus biomass before digestion and after micellar incorporation on tested 
samples (whole dried biomass, wet ultrasonicated biomass, and isolated chlorophyll extract). Different letters above the error bars indicate significant differences of 
the chlorophyll derivatives between treatments (p < 0.05). 
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reported in the literature have also demonstrated the presence of hy-
droxylated compounds in Scenedesmus obliquus and seaweed (Gilbert- 
López et al., 2017; Chen et al., 2017). Some authors relate the formation 
of these catabolites to the action of the enzyme peroxidase, since in 
samples of peas that received previous treatments to inactivate this 
enzyme, the presence of these allomerized compounds was not detected 
(Gallardo-Guerrero, Gandul-Rojas & Minguez-Mosquera, 2008). 

A total of four chlorophyll derivatives were identified as epimers at 
the C132 position (See Fig. 1) of the parent compounds (chlorophyll b’, 
chlorophyll a’, hydroxypheophytin a’ and pheophytin a’) contributing 
32.96% (2,743.28 µg g− 1) to the total chlorophyll fraction. These results 
do not demonstrate a concordance with the study by Nakamura, Akai, 
Yoshida, Taki, and Watanabe (2003) that reports minute concentrations 
of these catabolites in photosynthetic microrganisms. In contrast, some 
authors report the frequent presence of these compounds when they are 
isolated from natural sources or obtained in laboratories (Vergara- 
Domínguez, Gandul-Rojas & Roca, 2011). 

Finally, after the identification of chlorophyll profile from micro-
algae was possible to determine the dominant polarity of compounds as 
lipophilic since most of the compounds identified (87.98%) have a 
propionic acid esterified with diterpene phytol alcohol in C17 (Fig. 1). 

However, 132-Hydroxy derivatives tend to the polar character. These 
compounds represent 4.77% (hydroxychlorophyll a), 1.44% (hydrox-
ypheophytin a), and 0.56% (hydroxypheophytin a’), values that do not 
interfere with the dominant polarity. 

3.2. Micellar incorporation and bioaccessibility of chlorophylls 

Data available in the literature report that the bioaccessibility of 
phytochemicals present in microalgae is relatively low when the com-
pounds are evaluated from whole biomass (Gille et al., 2016; Gille, 
Hollenbach, Trautmann, Posten & Briviba, 2019). This fact is mainly 
associated with the cell wall and/or cell membrane of these microor-
ganisms that act as a natural barrier for lipophilic nutrients, which it 
becomes a critical point in the stage of release of the matrix components 
in the bioaccessibility process (Bernaerts et al., 2020). Hence, some 
authors suggest that microalgal cell disruption is a crucial step for the 
efficient release of the compounds present in the microalgae matrix 
(Bernaerts et al., 2020; Cha, Koo, Song & Pan, 2012; Cavonius, Albers & 
Undeland, 2016; Gille et al., 2016, 2019; Granado-Lorencio et al., 2009). 

Considering these aspects, we analyzed three different products: 
whole dried biomass of S. obliquus (WDB); wet ultrasonicated biomass 

Fig. 3. Bioaccessibility index of chlorophyll derivatives of whole dried biomass, wet ultrasonicated biomass, and isolated chlorophyll extract of Scenedesmus obliquus. 
The numbers correspond to the compounds identified (Table 1 and Fig. 1). 3: Chlorophyll b; 7: Hydroxypheophytin a; 9: Pheophytin b; 10: Pheophytin a; 11: 
Pheophytin a’. 
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(WUB); and the isolated chlorophyll extract (ICE), to eliminate all in-
terferences in the matrix. 

Regrettably, up to now, there are no reports on the bioaccessibility of 
chlorophylls from microalgae, this being the first study. Thus, our dis-
cussions and comparisons with data from the literature are based on 
bioaccessibility analyzes of chlorophylls from other sources, such as 
higher plants or seaweed. Also, due to restricted data availability, some 
methodology applied in this work is compared with studies of caroten-
oids, since these compounds have physical-chemical properties similar 
to chlorophylls and their derivatives. 

The concentration of chlorophyll derivatives bioaccessible from the 
products of WDB, WUB, and ICE may be observed in Fig. 3. The incor-
poration of the compounds into the micellar fraction is presented in 
Fig. 2. The incorporation into the micellar fraction is a value correlated 
with the bioaccessibility of the compounds, as it represents the absolute 
value of chlorophyll derivatives present in the aqueous micellar fraction 
after the in vitro digestion steps. 

Micellar incorporation and bioaccessibility of chlorophyll de-
rivatives differed depending on the product used. Whole dried biomass 
showed the lowest incorporation rate of chlorophyll derivatives in the 
micellar fraction. Pheophytin a’ (peak 11) was the only chlorophyll 
derivative to incorporated into the mixed micelles, in the concentration 
of 28.18 μg g− 1, substantially lower when compared to the concentra-
tion present in the initial content (1,598.09 μg g− 1). The total bio-
accessibility of chlorophylls in this product was 0.34%, specifically 
pheophytin a’ showed an average bioaccessibility of 2%. 

The reason for the low incorporation into micellar fraction content 
and bioaccessibility values of chlorophylls present in WDB is assumed to 
be based on the location of these class of pigments in S. obliquus. Chlo-
rophylls in microalgae are light-harvesting pigments responsible for 
capturing light energy in the photosynthetic apparatus, located closest 
to the inner part of the photosystem (Mulders et al., 2014). Furthermore, 
S. obliquus is known for contains a multilayered cell wall exhibiting a 
characteristic trilaminar structure, with cellulose in the inner layers and 
biopolymers termed algaenans, which are localized in the trilaminar 
outer layers (Burczyk, 1973; Voigt, Stolarczyk, Zych, Malec & Burczyk, 
2014). Resistant biopolymers of different chemical structures, such 
hemicellulose or cellulose-like biopolymers, glucosamine (Burczyk, 
Smietana, Terminska-Pabis, Zych & Kowalowski, 1999), polyamines 
(Burczyk, Zych, Ioannidis & Kotzabasis, 2014) and glycoproteins (Voigt 
et al., 2014) are also found in cell walls of this microalgae. The presence 
of these components contributes to significantly reduces the accessibility 
of the cell wall to enzymatic or physical–chemical rupture (Burczyk 
et al., 2014). Another important factor limiting the bioaccessibility of 
chlorophyll pigments in WDB is low lipid content. This strain of S. 
obliquus presented considerably low lipid content 10.01 g/100 g of dry 
biomass (Vendruscolo et al., 2018) which is a limiting factor for micellar 
incorporation and respective bioaccessibility of chlorophyll compounds. 
Thereby, it is hypothesized that the specific location within the cell, 
together with the chemical constitution of the cell, are the main barriers 
to the release, micellarization and possible accessibility of chlorophyll 
derivatives from the microalgae matrix. 

The low bioaccessibility of chlorophylls using dried biomass is not 
surprising, being both results consistent and supporting a significant 
effect of the constituents of the cell wall, as previously reported for 
bioaccessibility of carotenoids (Granado-Lorencio et al., 2009; Gille 
et al., 2016; Gille et al., 2019; Bernaerts et al., 2020). 

The wet ultrasonicated biomass (WUB) enabled the micellar incor-
poration of three compounds: hydroxypheophytin a (peak 7) in con-
centrations of 9.39, pheophytin a (peak 10) 20.37, and pheophytin a’ 
(peak 11) 180.16 μg.g− 1 dry weight. Thus, a total of 209.92 μg.g− 1 of 
chlorophyll derivatives from WUB were incorporated into the micelles. 
The most incorporated compound, pheophytin a’ represents approxi-
mately 86% of the total incorporated chlorophylls fraction that suggest 
preferential incorporation in the aqueous micellar fraction. The 
remaining 14% is represented by pheophytin a and hydroxypheophytin 

a. In this product, the micellar incorporation efficiency was significantly 
higher (p < 0.05) compared to the WDB. Total incorporation was 7 times 
higher, with pheophytin a’ is 6 times more incorporated. 

The total bioaccessibility of the compounds in this product was 
2.65%. An increase of 2.30% when compared to the WDB product. The 
bioaccessibility range of the compounds was 8% to 11%. In WDB only 
2% of the initial amount of pheophytin a’, estimated before digesta, was 
bioaccessible, whereas in WUB showed bioaccessibility of 11%. On the 
contrary, pheophytin a and hydroxypheophytin a showed no bio-
accessibility in WDB. The ultrasonication of the wet biomass increased 
bioaccessibility these derivatives significantly up to 8% for hydrox-
ypheophytin a and up to 10% for pheophytin a. 

Previous studies have shown that the use of sonication can be 
considered a useful processing method to enhance the bioaccessibility of 
intracellular lipophilic compounds present in algae cells. Recently, Gille 
et al. (2019) proved a significant increase in the bioaccessibility of ca-
rotenoids from the sonicated Phaeodactylum tricornutum biomass. 
β-carotene had a 49% increase in its bioaccessibility, while fucoxanthin 
in 10% and zeaxanthin remained almost unchanged. In contrast, ca-
rotenoids from microalgae Chlorella vulgaris were not bioaccessible 
without ultrasonicated. However, using the sonication treatment, 
increased bioaccessibility of carotenoids significantly up to 18% for 
lutein and up to 12.50% for β-carotene. In accordance with these results, 
our study also demonstrated a significant increase (Fig. 3) in chlorophyll 
derivatives when using the ultrasonicated treatment in the wet biomass. 
WUB revealed an improvement of the bioaccessibility in 2.30% (seven 
times more) and 9% (five times) more for pheophytin a’, the only bio-
accessible compound in WDB. 

As already suggested and presented previously by some authors, in 
addition to the disruption of the microalgae cells, other positive points 
can be considered for the ultrasonicated efficiency in increasing bio-
accessibility. This pre-treatment can be useful in breaking intracellular 
bonds (Gille et al., 2019), such as chlorophyll-protein complexes in 
microalgae (Mulders et al., 2014), releasing intracellular chlorophyll 
derivatives more easily. Also, a significant fraction of fatty acids present 
in the biomass can be released by ultrasonicated (Hadrich et al., 2018; 
Sivaramakrishnan & Incharoensakdi, 2019) and assist in the process of 
micellar incorporation and subsequent increase in bioaccessibility, as is 
typical for liposoluble compounds (Ferruzzi & Blakeslee, 2007). 

Thus, considering the hypotheses mentioned above, we evaluate the 
bioaccessibility of chlorophylls and their derivatives from the isolated 
extract (ICE). As such, the extract contained chlorophyll catabolites 
without the presence of interfering substances of matrix composition, 
such as constituents of the cell wall and macromolecules (e.g., proteins 
and polysaccharides). It is essential to point out that, the bioaccessibility 
of lipophilic compounds, such as chlorophylls, is usually relatively low. 
Thus, one of the factors that can positively contribute and reduce this 
limitation is the presence and co-ingestion of fat (Ferruzzi & Blakeslee, 
2007; Fernández-García et al., 2012). Considering these factors, the 
isolated chlorophyll extract was suspended in 18% (w:w) of sunflower 
oil, to assist the micellar incorporation process and subsequent bio-
accessibility/uptake of the compounds. 

The ICE product allowed the greater incorporation efficiency of 
chlorophyll derivatives in the mixed micelles in significantly concen-
trations (p < 0.05) in comparison to the other products (WDB and WUB). 
The total value incorporated compounds were 2,782.49 μg g− 1. Partic-
ularly, chlorophyll b (peak 3), hydroxypheophytin a (peak 7), pheo-
phytin b (peak 9), pheophytin a (peak 10), and pheophytin a’ (peak 11) 
were effectively incorporated into the micelles at concentrations of 
ranging from 15.36 to 2,074.93 μg g− 1 (Fig. 2). 

Furthermore, that pheophytins and their epimers and allomers de-
rivatives of the a series are prevalent after the digestion process, which is 
related to the absence and strong instability of parental chlorophyll a 
during digesta. In ICE, at 74% of the pigments incorporated in the mixed 
micelles was pheophytin a’, approximately 12% pheophytin a and 9% 
hydroxypheophytin a. In contrast, compounds of b series in ICE 
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contribute with the content of approximately 4% of the pigments 
incorporated into micelles. 

In the ICE the bioaccessibility was significantly increased up to 212% 
for hydroxypheophytin a, up to 167% for pheophytin a, and up to 130% 
for pheophytin a’. Also, b series compounds that were not bioaccessible 
in the previous products showed bioaccessibility. Chlorophyll b, the 
fourth most bioaccessible compound in ICE, showed a bioaccessibility of 
about 4%. Pheophytin b was also bioaccessible. However, as this com-
pound was possibly formed during the digestion process since it was not 
detected in the control, we were unable to estimate the percentage value 
of its bioaccessibility. Noteworthy, Mg-free chlorophyll derivatives were 
more bioaccessible than native chlorophylls. Besides this, pheophytin a’ 
was the only bioaccessible derivative in all products (2% to 130%). 

Their structural specificities can explain the difference in the incor-
poration rate between the a and b series compounds in the micellar 
fractions. As previously pointed out, the a series derivative (C7:CH3; 
Fig. 1) present greater hydrophobicity, which favors the incorporation 
in mixed micelles because of more optimal solubility. In contrast, the 
formyl group in C7 (COH) increases the hydrophilicity of chlorophyll b 
molecule and their derivatives relative to chlorophyll a pigments (Fer-
ruzzi, Failla & Schwartz, 2001), with this, they are incorporated in the 
micelles in smaller proportions. This behavior was predominant in all 
products and is in accordance with previous studies (Ferruzzi et al., 
2001; Chen & Roca, 2018b). Among the derivatives incorporated in the 
micelles, the degree of hydrophobicity increasing in the following order: 
chlorophyll b, hydroxypheophytin a, pheophytin b, pheophytin a and 
pheophytin a’. 

Specifically, the isolated chlorophyll extract was approximately 98 
times more bioaccessible than whole dried biomass and 13 times higher 
than wet ultrasonicated biomass. This fact suggests that without phys-
ical barriers and with a greater concentration of fat, a higher number of 
compounds were incorporated in mixed micelles, and consequently 
greater was the accessibility of the compounds. Presumably, the oily 
fraction stimulates bile secretions and pancreatic lipase levels, which in 
turn increases the micellization capacity of the catabolites (Fernández- 
García et al., 2012). 

Our study results are in accordance with those found by Bernaerts 
et al. (2020) where the bioaccessibility and incorporation of carotenoids 
in mixed micelles, from microalgae Nannochloropsis sp., could be 
significantly improved with the application the isolated oil/carotenoid 
extract from the microalgae. Similarly, carotenoids extracted from the 
Scenedesmus almeriensis biomass and added to olive oil, showed a sig-
nificant improvement in the transfer to the micellar phase, when 
compared to the carotenoids present in the lyophilized biomass (Gran-
ado-Lorencio et al., 2009). 

In comparison with other sources, the depicted results for WDB and 
WUB revealed a low bioaccessibility compared to values determined for 
edible seaweeds (4% to 17%), whereas ICE, showed a higher bio-
accessibility (Chen & Roca, 2018b). Compared to sources of traditional 
chlorophylls, such as spinach (Hayes et al., 2020), the bioaccessibility 
index for Mg-free derivatives of the a series was higher in ICE (24–50%), 
however lower for compounds of b series (19–46%). 

Consistently, the concentration of hydroxypheophytin a, pheophytin 
a and pheophytin a’ incorporated in the micelles were higher in ICE 
when compared to the initial content (Fig. 2). In agreement with other 
authors, our results show that the content of native chlorophylls is 
affected during the in vitro digestion (Ferruzzi & Blakeslee, 2007; Scrob, 
Hosu & Cimpoiu, 2019), which causes an increase in the concentration 
of derivative compounds. Hydroxypheophytin a was the compound that 
most increased in the micellar fraction, in levels up to 2 times more than 
the initial fraction. In contrast, pheophytin a had an increase of up to 
1.66 times and pheophytin a’ was 1.30 times higher. Thus, it was ach-
ieved a bioaccessibility index over 100%, since the bioaccessibility of a 
compound is proportional to micellar fraction content and initial con-
tent. In addition to the increase in the bioaccessibility index, these re-
sults explain the individual bioaccessibility of the compounds in the ICE 

in relation to that found in WUB (Fig. 3). This behavior was only ob-
tained in this product due to compounds being more susceptible to 
chemical transformations than when partially or totally confined in the 
cells in the biomass (WUB and WDB products). Furthermore, as in higher 
plants, a large part of the chlorophylls in S. obliquus biomass may be 
linked to proteins, in the configuration chlorophyll-protein complexes, 
which increases the stability of these compounds (Westphal, Schwar-
zenbolz & Böhm, 2017). However, this is highly speculative, as several 
factors can change the bioaccessibility of chlorophylls. 

3.3. Impact of in vitro digestion on chlorophylls stability 

Chlorophylls are very susceptible to undergo modifications during 
the digestion process. Particularly, the chelate (central Mg2+), the 
isocyclic ring (C-132), the basic porphyrin structure, and the ester bond 
of the phytol alcohol (C-173) are the main parts of the molecular 
structure that undergo changes (Gallardo-Guerrero et al., 2008). A first 
metabolization step of chlorophylls is often the formation of derivatives 
that keep the phytol chain and are Mg-free, denominated of pheophytins 
(Ferruzzi & Blakeslee, 2007). This modification in the structure of 
photosynthetic chlorophylls occurs by pheophytinization reaction that 
substitution of the central Mg2+ of the tetrapyrrol ring by two hydrogen 
atoms (Chen, Ríos, Pérez-Gálvez & Roca, 2015). This structural rear-
rangement in the chlorophyll molecule can be seen in Fig. 4. 

Acidic conditions promote this reaction, which makes the gastric 
phase a propitious medium for the complete disappearance of native 
chlorophylls in favor of Mg-free derivatives. In our study, it is likely that 
all chlorophyll a present in the S. obliquus biomass has been transformed 
into its Mg-free derivative, pheophytin a. 

The pheophytinization reactions from native chlorophyll also can be 
observed for b series. Nevertheless, the substrate for this reaction is 
limited to the low content of parental chlorophyll b in the initial matrix. 
Also, chlorophyll b showed higher stability in digestive conditions that 
chlorophyll a, as about 4% were intact in the micellar fraction. In 
comparison, 27% were transformed into pheophytin b, and the rest was 
lost. This effect is attributed to the interference sterically of the formyl 
group at C7, which makes the rate of this reaction always higher for chl a 
(Gallardo-Guerrero et al., 2008). 

In a study with chlorophyll pigments isolated in an oily matrix, after 
the in vitro digestion process, chl a was almost entirely (97%) trans-
formed to Mg-free derivatives, whereas chl b was around 61% (Gandul- 
Rojas et al., 2009). In contrast, gastric conditions caused the complete 
disappearance of chlorophylls a and b, in favor of the respective Mg-free 
derivatives (Ferruzzi et al., 2001; Gallardo-Guerrero et al., 2008). 

Among all the transformations that can occur in the isocyclic ring of 
chlorophyll compounds, the mildest one is the epimerization of the C132 

(Fig. 4). This reaction is acid- or base-catalyzed reaction and involves 
only a slight change in the polarity of the molecule (Mazaki, Watanabe, 
Takahashi, Struck & Sheer, 1992; Gandul-Rojas, Gallardo-Guerrero, 
Roca & Aparicio-Ruiz, 2013). 

Our data showed 132-epimer pheophytin a in the micellar fraction in 
greater proportions than the other chlorophyll derivatives. This result is 
not surprising, since the gastrointestinal tract, specifically the gastric 
phase (pH 2.5), induce the formation of these compounds. According to 
our data, epimerized pheophytin was previously detected in the micellar 
fraction of other matrices, however in lower concentrations (Ferruzzi 
et al., 2001). 

It is unclear whether the epimerization occurs preferably in native 
chlorophylls or their Mg-free derivatives. However, the low levels of 
132-epimer chlorophyll a and high levels of 132-epimer pheophytin a in 
the initial content points to preferential epimerization in Mg-free chlo-
rophylls. Nevertheless, as the concentrations of pheophytin a did not 
decrease and showed an increase in the micellar fraction, this was not 
the substrate used for the formation of epimer pheophytin a’ (in ICE). 
Thus, it is evident that the proportion of pheophytin a’ in the micellar 
fraction comes from the content of chlorophyll a our chlorophyll a’ 
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presented in the initial extract, due to the successive reactions of 
pheophytinization and epimerization for structure native. 

In WDB and WUB products, it is possible that the initial content of 
pheophytin a and 132-epimer pheophytin a remains stable during pas-
sage through the gastrointestinal tract or has been synthesized from the 
substrates parental chlorophyll a, their epimer a’ or pheophytin a. 

Allomerized derivatives (oxidative compounds) were also detected 
in relevant proportions in the micellar fraction after digesta. These 
compounds are formed by oxidation of the native chlorophyll molecule 
with the addition of oxygen in the isocyclic ring (Gross, 1991; Hynninen 
& Hyvärinen, 2002). In our study, we detected the presence of 132-hy-
droxy derivatives, due to substitution in the isocyclic ring of the H atom 
at C132 by an hydroxyl group (–OH; Fig. 4). 

As previously shown, (Ferruzzi et al., 2001; Chen & Roca, 2018a) for 
chlorophylls containing Mg, oxidative reactions occur before pheophy-
tinization and then yielded allomer derivatives are pheophytinizated 
during digestion. In this line, obvious proportional increase of hydrox-
ypheophytin a is accounted for the disappearance of hydroxychlorophyll 
a. However, a second hypothesis can be considered since native chlo-
rophyll a is the main substrate for the formation of this compound. It is 
possible that the structure of chlorophyll a, present in the initial content, 
undergoes subsequent reactions of oxidative allomerization and pheo-
phytinization to form the hydroxychlorophyll a derivative. Neverthe-
less, considering the reaction rate and the preference for the 
pheophytinization reaction, it is more evidence to consider the first 
hypothesis. 

It is worth noting that pheophytins are less susceptible to allomeri-
zation than the corresponding chlorophyll (Hynninen & Hyvärinen, 
2002). This trend was observed in the initial matrix profile, where 
hydroxychlorophyll a represented 4.77% of the total chlorophyll 

content and hydroxypheophytin a contributed about 1.44%. However, 
when we analyze the stability of these compounds, considering the 
content in the micellar fraction, the allomers derivatives are represented 
exclusively by hydroxypheophytin a (from 4.47% in WUB to 9.17% in 
ICE). Similar results were also found in the study by Chen and Roca 
(2018b), where the chlorophyll profile before the digesta of Ulva sp. 
Contained 132-hydroxychlorophyll a (5.14%) and 132-hydrox-
ypheophytin a (6.64%) and in the content of the aqueous micellar 
fraction only 132-hydroxypheophytin a was detected (30.09%). At the 
same time, when the stability of chlorophyll pigments in edible seaweed 
after the digestion process (before incorporation into the micelles) was 
assessed, these oxidative derivatives without Mg were more stable than 
the derivatives oxidative with central Mg (Chen & Roca, 2018a). 

Enzymatic or chemical reactions can favour the degree of allomeri-
zation. Gallardo-Guerrero et al. (2008), in a study with peas, found 
allomerized chlorophylls after the in vitro digestion process and related it 
to the activity of the enzyme peroxidase. On the other hand, when 
testing pure chlorophyll pigments, the origin of the allomerization re-
actions was considered purely chemical. Thus, factors such as triplet 
molecular oxygen 3O2 of the digestive environment may favour the 
formation of these compounds (Gandul-Rojas et al., 2009). 

Specifically, the content of chlorophylls present in the micellar 
fractions after digesta was quite particular; however, the composition of 
the chlorophyll structures was similar between the products. The Mg- 
free compounds represent 99% of the total micellar fraction in ICE, of 
this, 9% are allomer derivatives, and 74% are epimer derivatives. At the 
same time, chlorophyll chelated with Mg represents<1% of the total 
composition. Meanwhile, for WDB and WUB, 100% are Mg-free com-
pounds. With 85% in the form of epimers and 4% represented by 
allomers in WUB. 

Fig. 4. Changes in the structure of chlorophyll during the in vitro digestion process.  
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Another important difference is that when chlorophyll pigments are 
widespread in the biomass (WDB and WUB), the digestive stability of the 
compounds seems to be greater, since we did not observe any difference 
in the micellar profile with that of the initial matrix. On the other hand, a 
significant loss in the absolute content in the micellar fraction was 
observed. Thus, it is possible that the reduced release of chlorophyll 
pigments from the cell to the gastrointestinal tract, due to the resistance 
of the cell wall, may influence the stability of the compounds. However, 
this is only a hypothesis since we evaluated the stability of the com-
pounds considering the micellar fraction profile. 

In contrast, in ICE, the stability of the pigments was less, as we 
detected an increase in the absolute content of Mg-free compounds, 
epimer, and allomer derivatives. What shows that isolated free chloro-
phylls are more susceptible to structural transformations than incorpo-
rate into biomass. 

In summary, with the present study, we can observe that the stability 
of chlorophyll pigments after in vitro digestion seems to be largely 
dependent on factors related to the type of chlorophyll and matrix. 

3.4. Uptake of micellar chlorophyll derivatives by Caco-2 cells 

Besides the bioaccessibility of chlorophyll compounds, we investi-
gated their uptake in Caco-2 cell monolayers. However, due to the low 
efficiency of chlorophyll derivatives bioaccessibility in extracts from 
biomass (WDB and WUB), we consider only of the isolated chlorophyll 
extract (ICE) to perform this trial. The cell model used serves as a sur-
rogate for intestinal enterocytes, and has been utilized successfully 
previously to analyze the uptake of chlorophyll derivatives (Chen & 
Roca, 2018b; Ferruzzi et al., 2001; Gallardo-Guerrero et al., 2008; 
Gandul-Rojas et al., 2009). 

Fig. 5 shows the uptake rate by the cell cultures of chlorophyll de-
rivatives from the aqueous micellar fraction of ICE. As in the aqueous 
micellar fraction of ICE, hydroxypheophytin a (peak 7), pheophytin a’ 
(peak 11), pheophytin a (peak 10) and pheophytin b (peak 9) were the 
predominant chlorophyll derivatives in Caco-2 cells. These results sup-
port the findings of Ferruzzi et al. (2001) who reported cell uptake 
proportional to the micellar profile of chlorophyll compounds from 
spinach puree. This fact accentuates the relevance of the micellar 
incorporation efficiency for the maximization of cellular concentration 
of these lipophilic molecules. On the other hand, we did not detect the 

presence of parental chlorophyll b in the cell fraction, which we attri-
bute to the low micellar incorporation from the digested (see Fig. 2). So 
far, the uptake of pheophytin a’ by Caco-2 cells has not been reported. In 
our study, this compound stands out as the second most captured by 
intestinal cells. 

As an average of all assays, it was estimated that the intestinal 
epithelial cells accumulated between 0.006 and 22.30 μg of chlorophyll 
derivatives per mg of cell protein, which represents a relative uptake of 
0.43% up to 92%. Specifically, the relative uptake of hydrox-
ypheophytin a (102.53% ± 14.42) was significantly higher than the 
other derivatives captured by the intestinal cells. In contrast, pheophytin 
b showed the lowest relative uptake (0.43% ± 0.03). The other com-
pounds, pheophytin a and their isomer pheophytin a’ were captured in 
similar proportions (55.29% ± 3.83 and 64.69% ± 3.83, respectively). 

The relative content over 100% for the oxidized derivative, confirms 
that the uptake process can promote oxidative reactions. This fact was 
previously reported for the first time by Chen and Roca (2018b). The 
authors evaluated the bioavailability of chlorophyll pigments from 
edible seaweeds and found that the uptake process by Caco-2 cells 
promoted a large increase in oxidized derivatives. In our study, the 
proportion of hydroxypheophytin a to inoculated in Caco-2 cells was 
about 9%, while the proportion increases almost to 15% after the in-
testinal uptake process. 

Although the causes of this phenomenon have not yet been explored, 
it is worth reaffirming that it is known that bioactive phytochemicals 
such as chlorophyll derivatives have strong antioxidant properties 
(Lanfer-Marquez, Barros & Sinnecker, 2005), and, consequently, can 
participate effectively in elimination reactions of free radicals in the 
human intestinal environment (Lobo, Patil, Phatak & Chandra, 2010; 
Orozco, Arriaga, Solomons & Schümann, 2012). 

The accumulation of chlorophyll derivatives in Caco-2 cells repre-
sented 64% of the compounds incorporated in the micelles, while about 
36% were not uptake. In addition, as well as in the micellar fraction, the 
profile of the compounds is predominantly made up of chlorophyll de-
rivatives from a series (around 99%), while pheophytin b contrib-
utes<1%. At the same time, Caco-2 cells after absorption of the aqueous 
micellar fraction of the ICE product contain almost 86% pheophytins (a 
and b series) and 14% oxidized derivatives. 

In addition to the degree of micellar incorporation, factors such as 
the physicochemical properties of the molecules can mediate the extent 

Fig. 5. Concentration and uptake rate of the micellar chlorophyll derivatives present in Caco-2 cells from isolated chlorophyll extract from Scenedesmus obliquus.  
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of uptake of chlorophyll compounds. As previously reported, the degree 
of molecular polarity, ionization, and molecular size highly influence 
the metabolism of intestinal absorption (Chan & Stewart, 1996). 
Furthermore, as well as for carotenoids, it is inevitable that there will be 
no competitive inhibition between different chlorophyll derivatives 
during the uptake process by intestinal cells since they have distinct 
structural properties (Chen & Roca, 2018b). Also, considering the hy-
potheses raised by Gandul-Rojas et al., (2009) it is likely that native 
pheophytins are absorbed by simple diffusion mechanism, while com-
pounds more hydrophilic (as oxidized compounds and epimers identi-
fied in our study), can be transferred to cells Caco-2 by facilitated 
transporter mechanism. Besides, specific receptors that have the func-
tion of facilitating the delivery of the compounds to the apical mem-
brane may be involved in the absorption preference. As recently 
demonstrated, the scavenger receptor SR-BI facilitates, at least partly, 
the absorption of derivative pheophorbide a (Viera et al., 2018). How-
ever, the molecular mechanisms involved in the absorption of chloro-
phyll derivatives are not fully understood and need further studies. 

According to Ferruzzi and Blakeslee (2007), even a minimal ab-
sorption of chlorophyll derivatives can be physiologically significant. 
The intestinal uptake pheophytin a, and pheophytin b are of great value 
due to the well-known antioxidant potential these biomolecules. 
Although it has been captured to a lesser extent, pheophytin b demon-
strated to be a potent natural antioxidant, whose activities can be 
comparable to butylated hydroxytoluene (BHT), a potent antioxidant 
used by the food industry (Lanfer-Marquez et al., 2005). Similarly, a 
study by Hsu, Chao, Hu, and Yang (2013) found that forms of Mg-free 
chlorophylls, such as pheophytins, exert more significant antioxidant 
activities compared to parental chlorophyll (Mg-chelated). However, 
they demonstrated that all these compounds are essential health- 
promoting since could prevent oxidative damage to DNA and lipid 
peroxidation, both by chelating reactive ions and by scavenging free 
radicals. 

The fact that the absorption of hydroxypheophytin a to be biologi-
cally relevant is supported for research by Freitas et al. (2019). This 
study evaluated the lipid-reducing activities of hydroxypheophytin a in 
the zebrafish Nile red fat metabolism assay and in multicellular spher-
oids (MCS) of differentiated 3 T3-L1 adipocytes. The results showed that 
this oxidized compound is a potential candidate as a nutraceutical with 
significant lipid reduction activity for the control of obesity. Earlier, 
other important biological properties including the antiproliferative 
effect on cancer cells (Cheng et al., 2001; Chen, He, Tong, Tang & Liu, 
2016) and anti-inflammatory activity (Shu, Appleton, Zandi & AbuBa-
kar, 2013) have been attributed to hydroxy compounds. 

Chlorophyll derivatives (specifically pheophytins and pheo-
phorbides), also have some singular functions such as controlling 
obesity-associated diabetes (Semaan et al., 2018), antimutagenic activ-
ity (Ferruzzi, Böhm, Courtney & Schwartz, 2002), anti-inflammatory 
(Islam et al., 2013; Subramoniam et al., 2012), antimicrobial activity 
(Gomes et al., 2015), antiviral activity against hepatitis C virus (Wang 
et al., 2009), cytotoxic effects on cancer cells (Zhao, Wang, Wang, Liu & 
Xin, 2014), chemopreventive effect against liver and stomach carcino-
genesis (Simonich et al., 2008), production of ATP (Xu, Zhang, Mihai & 
Washington, 2014), including the neurodifferentiation induction (Ina, 
Hayashi, Nozaki & Kamei, 2007). 

4. Conclusion 

The results of our comparison of using three different forms of 
ingestion of chlorophylls pigments from S. obliquus showed convergence 
with promoting the bioaccessibility. Specifically, our study showed that 
the compounds confined in whole dried biomass have a low bio-
accessibility index, which can be improved in wet ultrasonicated 
biomass. Although, we observed greater efficiency of isolated extract use 
in promoting the higher bioaccessibility of S. obliquus chlorophyll pig-
ments. The bioaccessibility assays showed that only 0.34–33.45% of the 

original total chlorophyll content present in microalgae biomass was 
bioaccessible. Same way, the individual bioaccessibility index varied 
among the chlorophyll-based pigments and within the different products 
analyzed. The study that included the bioavailability of chlorophyll 
pigments from the isolated extract using the Caco-2 cells assay revealed 
that most micellar compounds are uptake by intestinal cells, except 
parent chlorophylls. There is a significant preference for the uptake of a 
series compounds, with precedence by derivative oxidized, rather than 
derivatives Mg-free and epimer form. Besides, we demonstrated for the 
first time the absorption of pheophytin a’ and detected that oxidation 
reactions in Mg-free derivatives occur in this process. It can be 
concluded from these combined in vitro bioaccessibility and bioavail-
ability results that physicochemical characteristics of the matrix and 
compounds are significant in the process of digestion and absorption of 
chlorophyll pigments. As a whole, this study can assist in the formula-
tion and future development of new natural, functional, and nutraceu-
tical foods and products from microalgae-based ingredients. 
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